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Your Journal in 1955
WITH this issue we conclude still another milestone

(the twenty-seventh) in the history of ANALYTICAL
CHEMISTRY. The year 1955 has been an eventful one,
with many new services and innovations added-all for
the purpose of serving you, the reader, more effectively.

More than 2100 pages have been required this year to
publish the accepted papers dealing with many varied
facets of the broad field of analysis, and to provide
additional services of practical value to the subscriber.
This figure is in marked contrast with 238-the total
number contained in Volume I (1929). Surely the field
has grown tremendously.

There is no point in enumerating the many addi
tional services that have been introduced in the journal
down through the years. While much has been ac
complished, we hope that we never become com
placent. There are opportunities for further improve
ment every year.

In glancing at Volume I we were very much interested
in the first article--"Quantitative Analysis with l;he
Spectrograph," by Charles C. Nitchie of the New Jemey
Zinc Co. We quote all of paragraph one and part of
paragraph two:

In order to satisfy the requirements of modern industrial
operations, a laboratory must be in a position to turn out
analytical results in the shortest possible time, consistent with
reasonable accuracy. Too often the result of a perfectly good
analysis is of value only as an explanation of defects a,nd
difficulties, rather than as a guide in the production or selection
of the material involved. This is particularly true with
analyses for those minute amounts of impurities, or of neces
sary constituents, which often modify to a remarkable extent
the chemical or physical properties of materials.
. This being the case, it is surprising that so little'attention

has been paid to the spectrograph as a means for carrying out
quantitative analyses. It has long been recognized as an in
strument for qualitative work, but even in this field its useful
ness has not met with the general recognition which it de
serves, particularly in industrial laboratories....

Could any words of ours more dramatically demon
strate the progress that has been made in analysis and
quality control since 1929? We think not. However,
we cannot forego the opportunity of saying what we
have said previously on many occasions, that modern

continuous manufacturing processes, so characteristic
of the chemical process industries, would not be possible
if these tremendous strides in instrumentation had not
been made.

Are You Going to Give i Paper?
ANALYSTS will have no dearth .of meetings in 1956

where they can present· papers. Indeed, one ad
dition to the usual list was commEmted on briefly several
months ago-the XVth International Congress of Pure
and Applied Chemistry, to be held in Lisbon, Portugal,
September 9 to 16. This congress will be devoted ex
clusively to the field of analytical chemistry.

Papers by U. S.-authors should ·be submitted by De
cember 31, 1955,. to H. A. Laitinen, Department of
Chemistry, University of. Illinois, Urbana, Ill., who is
chairman of the National Research Council Committee
to Receive and Review Papers. Each manuscript
should be accompanied by a 200~ to 300-word abstract.

We hope the U. S. will be well represented at Lisbon.
It will at least be 1959 before another analytical congress
can be held at the same time as a general IUPAC meet
ing.

We also would like to report·that the February issue
of ANALYTICAL CHEMISTRY· (out late in January) will be
a:p. "exposition" issue. It will contain complete details
of the SeveI;lth Pittsburgh Conference.on Analytical
Chemistry and Applied Spectroscopy to be held in the
William Penn Hotel, February 27 to March 2.

An exposition will be held again in conjunction with
the conference. The opportunity to view new develop
ments madain instruments during the past year and to
establish personal contacts with a large number of
manufacturers and distributors of laboratory supplies of
all kinds, certainly is a very compelling reason for at
tending the Pittsburgh conference.

Each year the conference has established a; new at
tendance record. We anticipate another new high in
1956. The ACS Pittsburgh Section analysts and the
members of the Spectroscopy Society of Pitts~urgh are
to be congratulated on the continued success of a ven
ture that started only a few short years ago as a modest
one-day meeting.
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X-Ray Diffraction Patterns of Phenols
L. J. E. HOFER and W. C. PEEBLESl

Branch of Coal.fo.Oil Reseatrch, Bureau of Mines, Region V, Bruceton, Pa.

Tal~le I. Melting Points and Three Most Intense Diffraction Lines of Solid PhenolsG

~ Arranged in order 01 first lines. Pattern numbers from Table II.
~ Phenol pattern from reference (1), included for comparison and completeness.

Three Strongest Lines
1st 2nd 3rd

191 (6) Pentachlorophenol
50.6-- 51. 8 50.6- 51. 8 (22) 3-Methyl-5-ethylphenol

208.0-210.0 206 -207 (19) 1-Pyrenol

3-Methyl-6-isopropylphenol (thymol)
Pyroganol
2-Isobornylphenol

9-Pherianthrol
2,4-Dimethyl-6-isobornylphenol
4-0ctylphenol

2,6-Di-tert-butyl-4-ethyl phenol
3-Methyl-2-isopropylphenol
5,6,7,8-TetFahydro-2-hydroxynaphthalens

2,6-Di-tert-butyl-4-methylphenol
p-Nitrobenzene 3zoresorcinol
2,3,5-Trimethy1phenol
2,5-Dimethylpheno1

4,a-Cumylphenol
4-( a, a-Dimethylbenzyl) phenol
2-(a-Ethylpropyl)pheno1
4-tert-Butylphenol
2-Methyl-4-diisobutylphenol
4-Isopropylphenol
5-Indanol
3-Methyl-5-isopropylphenol
4-(a-Meth)[lbenzyl)phenol

1-Hydroxyfluorene
1,2,3,4-Tetrahydro-5-hydroxynaphthalsns
4-tert-Amylphenol
2,4-Di-tert-butylphenol

3,4-Dimethylphenol
4-Cyc10hexylphenol
2,4,6-Tri-tert-butylpheno1
2-Cyclohexylphenol
2-Phenanthro1
Resorcinol

Compound

I-Naphthol
4-Indanol

2,6-Di-tert-butyl-4-chlorophenol
4,6-Di-tert-butyl-3-methylphenol
o-Aminophenol
Dimethyldihydroresorcinol
2,6-Di-tert-butyl-4-cyclohexylphenol
2-Hydroxyfluorene
2-Naphthol
p-Phenylphenol
2-MethYI-4,6-di-tert-butylphenol
Phenolphthalein
p-Benzylidene aminophenol
1-n-HexYI-2,4-dihydroxybenzene
o-Phenylpheno1
3-Pentadecylphenol
Hydroquinone
1-Phenanthrol

3,5-Dimethylphenol

3-Methyl-4-isopropylphenol
2,6-Dimethylphenol

2,4,6-Trinitrophenol
4-(a-Methylbenzyl)-3-methylphenol

2-Hydroxychrysene
Catechol
2,6-Diacetyl-3,5-dimethylpheno
1- Nitroso-2-naphthol
2,6-Dibromo-4-nitrophenol
2,4,6-Trichlorophenol
4,6-Dinitroresorcinol
Phloroglucinol dihydrate
2,4-Dinitrophenol
o-Nitrophenol
o-Iodopheno1
Orcinol

2,4,5-Trichlorophenol

(8)
(8)

W
(8)

(14)
(6)
(6)
(6)
(6)
(6)
(6)
(6)
(6)
(6)

49 (8)

121.8 (6)

51. 5 (8)
132.5-133.5 (8)
77.8-- 78.6 (18)

148.0-149.0 (8)
81. 6- 81. 9 (13)

85 (20)

43.5(14)

6r:';;'·62.5 (8)

70 (20)

95"':" 96 (8)
75 (8)

70 (3)
73 (21)

99 (8)
49.5(16)
61 (8)
55 (8)
54 (8)

67:g.:.· 69.0 (15)
92.0- 93.0 (8)
55.0- 56.0 (7)

62.5 (8)
130 (17)

131.0-131.2 (18)
55.0- 56.0 (12)

168 (8)
110 (8)

78 (14)
62.1 (20)

170 (6)
148.0-149.0 (8)

115.5 (14)
171 (8)
123 (8)

163.0-165.0 (8)
51.6-- 52.6 (18)

261 (6)
183 (6)

68 - 70 (6)
56 (8)

50.5- 51.0 (8)
170.0-173.0 (8)

156 (8)

68 (64) (8)

Melting Point, 0 C.

49.5
127.5-131.0
77.8-- 78.2

153.0-154.0
82.4- 83.4
79.5- 80.5

Found Literature

69:0.:-' 69.8
56.8-- 57.8

69.4- 70.6

92.2- 93.8
73.2- 74.6

67.8- 73.2
72.0- 72.5
53.5- 54.5
99.5-100.0
50.0- 51.8
57.5- 59.5
52.4- 53.8
49.0- 49.8
54.0- 55.0

I'll. 4-122.6
66.2- 68.4
94.0- 94.3
56.0- 56.8

63.0- 65.0
130.0-131. 6
124.0-126.5
46.8-- 52.8

169.5-170.5
109.8--110.8

79.5- 80.5

147:Z':'i49.0

170.6--171. 0
122.6--123.8
163.0-165.0
48.5- 50.8

116.0-117.0

55:&:-'57.6
48.2- 49.6

172.8--174.4
155

59.2- 62.2

106.5-111.5
44.8-- 45.8

94.8-- 96.2 94
47.0- 48.0 47.0- 51.0

248.0-250.0 248.0-250.0
104.2-104.8 105

109
110
144

68
147 -148

(anhyd.) 219
114

45

56: iJ.:'- 57.4 g~

{
6.1
4.68
5.5
6.1

3.73
4.64

3.13
4.74
5.9

3.20

{
4.80
3.91

10.05
8.8
6.70
7.73
2.74
2.63
4.68
2.83
4.20
7.50
7.20

{
4.61
3.57
3.47

5.3
3.23

{
4.76
4.34
3.41
4.29

{
5.6
4.84
5.20
5.3
3.375

8.65
5.31
6.5

{
4.50
3.305
4.93
4.48
3.91

11.9
7.25
6.4
3.87
4.12

{
4.39
4.20
3.27
3.68
6.0

{
II. 7
10.6
3.75
3.87
8.0
7.9
3.98
3.00

4.36
8.2
4.2
3.88
4.18
3.38
4.07
3.86
8.0
7.45
5.25
4.23
3.58
4.55
9.8
3.33

4.69
3.52
5.9
3.86

11. 5
15.1
4.34

10.7
4.05

4.29
3.28
3.795
3.675
4.46
3.88

11.5
5.1
4.48
4.26
3.52

10.7
4.68
4.18
3.92
3.91
6.3
4.57
4.33
4.50
3.66
3.37

{
4.605
4.36
7.50
5.8

10.0
5.9
5.10
4.72
7.9
4.20
6.1
4.10
3.66
4.75
5.2
3.78
3.22

{
6.6
5.7
3.52
6.6

{
3.65
3.37
5.47

{
5.3
5.1
1.98
5.1

{
6.6
3.83
5.85
5.6
5.8
4.72
3.82
3.10
3.59
3.93
4.35
4.00
3.51
5.90
5.10
6.2
3.59

12.35
12.3
10.7
6.9
6.6
6.4
6.30
6.2

{
6.2
4.53
6.1
5.85
5.8
5.6
5.5
5.5
5.4
5.4
5.4
5.4
5.4
5.3
5.2
5.2
5.2
5.2
5.0
5.0
5.0
4.97
4.88
4.88
4.84
4.78
4.74
4.69
4.655
4.59
4.57
4.54
4.53
4.50
4.50
4.46
4.40
4.39
4.14
4.14
4.05

4.05
3.99
3.98
3.85
3.82
3.81
3.795
3.67
3.63
3.60
3.55
3.43
3.39
3.38
3.35
3.31
3.29
3.27
3.25
3.25
3.22
3.20
3.15

24
4

47

36
49

38
b

21
20
42

b

15
6

37
40
25
18
44
13
12
:23
:g3
:gl
19
:26

39
8

30
50
29
35

3
!

43
!

10
!

32
17
.28
45

!
!
!

27
.;1

2
:)4

9
22

7
!

41
!

14
46
16
11
48

I
b
/.
I
b
!
b
b
b
b

o
b

X-ray diffraction analysis is
proposed for the positive
identification of c>~ystalline

;phenols. If the phenols
have a reasonably high
Inelting point, conversion to
the phenyl isocyanate de
rivative for the purpose of
making a diffraction pat
tern is unnecessary. It is
also unnecessary to recrys
tallize the speciInen until
the literature melting point
is attained. The diffraction
patterns of isonlCrs and
closely related compounds
are distinctly different.

PROCEDURE

The specimens were very
finely ground in an agate mor-

I Present adchess, 5064 West
Tuscarawas St., Canton, Ohio.

X-RAY diffraction analysis
is proposed for the posi

tive identification of crystalline
phenols. X-ray powder-diffrac
:Gion patterns of 51 solid phenols
have been made, using charac
teristic filtered FeK", radiation.
:Many phenols are susceptible
to oxidation on contact with
air; but such oxidation,
although it lowers the melting
point, does not appreciably
modify the diffraction pattern.

In the course of x-ray diffrac
tion studies of coal, coal-related
materials, and coal-hydrogena
tion products, it was desirable
to establish the diffraction pat
terns of possible constituents
such as aromatic hyclrocarbons
(10), hydrocarbon derivatives
(9), and phenols. Such com
pilations are of interest in the
coal tar, dye, plastics, fuel"
pharmaceutical, and other in
dustries"

A preceding study by Mc
Kinley, Nickels, and Sidhu (14)
was confined to the phenyl thio
cyanate derivatives of simple
liquid phenols. The present
study is confined to phenols of
high enough melting point to
permit the preparation of ex
truded specimens.
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tar. They were then partly extruded from a section of I9-gage
stainless steel tube with an inside diameter of 0.7 rom. (2). The
specimens were prepared just before use. No binder of any sort
was employed. Details of sample preparation have been de
scribed (11). Binders are particularly troublesome in organic
samples because their contribution to the diffraction pattern is
comparable to and interferes with that of the specimen proper.

Each specimen was exposed in a Debye-Scherrer camera
114.6 rom. in diameter for 6 hours to obtain the long spacings
up to 19 A. in the small-angle region; it was overexposed in a
Debye-Scherrer camera 57.3 mm. in diameter for 2 hours to
bring out the shorter spacings in the large-angle region. Iron
K a radiation (>" = 1.937 A.) was obtained from a commercial
sealed-off x-ray tube equipped with an iron anode, beryllium
windows, and manganese dioxide filters.

The intensities were estimated by means of a calibrated strip
similar to that of Hanawalt, Rinn, and Frevel (5). The strip
was prepared with iron K a radiation and exposures (using a
decimal stop watch) of 0.025, 0.050, 0.100, 0.200, 00400, 0.800,
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1.600, and 3.200 minutes on Eastman No Screen film of the same
emulsion number used in photographing the patterns. The strip
was developed with the same developer and under the same
conditions of time and temperature as was used for developing
the patterns.

DISCUSSION

Table I lists the phenols studied in the order of the inter
planar spacing of the most intense reflection along with the second
and third most intense reflections, with the melting points, and
with a code number to the complete diffraction pattern in Table
II.

Seven of the 51 phenols whose diffraction patterns are presented
have been previously analyzed, and the corresponding data have
been published (1). These phenols are catechol, 2,6-di-tert
butyl-4-methylphenol, I-naphthol, 2-naphthol, o-phenylphenol,

T.ahle II. Powder-Diffraction Data"
d/n 1/11 d/n 1/11 d/n 1/11 d/n I/ll d/n I/I, d/n 1/11 d/n I/ll d/n I/ll
1. Catechol 2. Hydroquinone 3. Resorcinol 4. Pyrogallol 6. 2,5- 7. 2,6- 8. 3,4-

5. Orcinol Dimethylphenol Dimethylphenol Dimethylphenol
8.8 (3) 0.75 16.9 0.50 5.4 0.25 12.3 (1) 1.00
li.4 0.60 9.8 (3) 0.75 4.84 (1) 1.00 8.7 0.30 2.86 0.30 2.52 0.30 2.85 0.40 3.03 0.08
4.72 (2) 0.90 7.4 0.20 4. 605 (2) 0.98 6.8 0.10 2.66 0.25 2.40 0.30 2.70 0.10 2.92 0.08
4.46 0.30 6.5 0.10 4.36 (2) 0.98 6.1 0.60 2.56 0.25 2.21 0.25 2.57 0.20 2.745 0.156
3.85 0.50 5.6 0.60 3.82 0.20 5.5 0.50 2.49 0.25 2.15 0.50 2.42 0.20 2.65 0.10
3.72 0.50 5.4 0.60 3.52 0.85 4.08 0.20 2.34 0.05 2.07 0.06 2.17 0.08 2.54 0.106
3.43 (1) 1.00 4.84 0.60 3.44 0.85 3.91 0.20 2.28 0.20 2.03 0.06 2.10 0.20 2.46 0.08
2.99 0.30 4.39 0.706 3.305 0.20 3.67 0.30 2.21 0.30 2.00 0.06 1.92 0.05 2.395 0.08
2.91 0.20 4.14 (1) 1.00 3.00 (3) 0.95 3.52 (2) 0.98 2.04 0.20 1.91 0.03 1.82 0.25 2.275 0.086
2.72 0.20 3.92 0.65 2.83 0.30 3.35 0.20 1.99 0.15 1.88 0.12 1.78 0.05 2.23 0.08
2.65 0.50 3.78 0.60 2.78 0.10 3.23 (3) 0.75 1.92 0.15 1.83 0.12 1. 72 0.05 2.18 0.15
2.55 0.04 3.58 0.50 2.68 0.20 3.01 0.50 1.83 0.12 1. 76 0.25 2.12 0.10
2.44 0.20 3.42 0.30 2.625 0.20 2.85 0.40 1.76 0.12 1.65 0.04 2.08 0.08
2.39 0.15 3.22 (2) 0.98 2.525. 0.25 2.72 0.15 1.67 0.12 1.61 0.04 2.02 0.08
2.31 0.20 3.10 0.30 2.45 0.25 2.59 0.15 1.63 0.15 1.19 0.02 1.97 0.05
2.23 0.04 2.92 0.40 2.41 0.20 2.45 0.20 1.60 0.05 1.15 0.01 1.95 0.05
2.15 0.05 2.75 0.40 2.35 0.20 2.39 0.20 1.57 0.05 1.12 0.01 1.88 0.05
2.07 0.20 2.56 0.20 2.30 0.20 2.28 0.20 1.55 0.05 1.07 0.01 1.835 0.05
2.03 0.10 2.41 0.30 2.17 0.25 2.22 0.15 1.53 0.05 1.76 0.05
1.99 0.05 2.34 0.10 2.14 0.25 2.19 0.15 1.50 0.12 1. 74 0.05
1.94 0.05 2.26 0.10 2.07 0.20 2.15 0.15 1.47 0.05 1.19 0.05
1.90 0.05 2.19 0.30 1.96 0.07 1.90 0.08 1.43 0.06
1.85 0.05 2.10 0.20 1.925 0.15 1.835 0.10 1.41 0.06
1.80 0.30 2.05 0.05 1.86 0.15 1.79 0.10 1.34 0.12
1. 72 0.15 2.00 0.05 1.81 0.25 1.745 0.10 1.30 0.04
1.69 0.15 1.91 0.15 1.725 0.20 1.64 0.08 1.25 0.04
1.66 0.15 1.82 0.30 1.67 0.20 1.60 0.04 1.23 0.03
1.64 0.15 1.74 0.10 1.62 0.07 1.56 0.04 1.22 0.03
1. 58 0.15 1.68 0.10 1.51 0.07 1.50 0.04 1.19 0.12
1.48 0.05 1.63 0.10 1.36 0.07 1.44 0.03 1.16 0.12
1.41 0.05 1. 60 0.15 1.28 0.07 1.35 0.03 1.14 0.05
1.34 0.04 1.55 0.10 1.26 0.04 1.32 0.05 1.13 0.05
1.32 0.04 1.37 0.03 1.235 0.04 1.16 0.03 1.10 0.08
1.24 0.04 1.295 0.03 1.21 0.04 1.14 0.03 1.09 0.06
1.21 0.05 1.23 0.03 1.18 0.04 1.04 0.04 1.08 0.08
1.17 0.05 1.21 0.03 1.16 0.04 1.02 0.03
1.16 0.05 1.16 0.03 1.13 0.04
1.12 0.05 1.08 0.03 1.12 0.03
1.10 0.04 1.06 0.03 1.11 0.03
1.095 0.04 1.04 0.02 1.09 0.03
1..01 0.04 1.03 0.02 1.08 0.03

1. 01 0.02 1.074 0.03
1.07 0.03
1.05 0.03
1.045 0.03
1.04 0.03
0.986 0.03

9. 3,5- 10. Dimethyl-0.983 0.03 Dimethylphenol dihydroresorcmol I\. 4-lndanol 12. 5-lndanol

12.3 0.20 9.0 0.50 12.1 0.30 18.0 0.10
9.3 0.85 5.9 (2) 0.80 9.9 0.40 8.9 0.10
7.1 0.60 5.5 0.40 8.3 0.30 6.7 0.50
6.1 (3) 0.90 4.655 (1) 1.00 7.2 0.30 6.1 0.30
5.5 0.90 4.51 0.30 6.5 0.50 5.8 0.30
5.0 0.80 4.03 0.50 5.6 (2) 0.60 5.4 (1) 1.00
4.68 (3) 0.90 3.88 (3) 0.75 4.80 (3) 0.50 4.99 0.40
4.39 0.20 3.76 0.15 4.51 0.40 4.68 0.20

6. 2,5- 7. 2,6- 8. 3,4- 4.05 (1) 1.00 3.67 0.15 4.12 0.20 4.43 0.50
5. Orcinol Dimethylphenol Dimethylphenol Dimethylphenol 3.88 0.50 3.53 0.15 3.91 (3) 0.50 3.87 i3) 0.70

3.72 0.10 3.34 0.20 3.76 0.45 3.52 2) 0.75
3.52 (2) 0.95 3.20 0.10 3.60 (1) 1.00 3.315 0.30

9.9 0.85 11.6 0.50 10.2 0.30 10.0 0.15 3.38 0.80 3.01 0.35 3.51 0.30 3.20 0.15
6.2 (2) 0.98 6.1 0.12 7.9 0.65 8.0 0.20 3.26 0.25 2.92 0.10 3.34 0.20 3.095 0.08
5.4 0.10 5.6 (1) 1.00 6.1 (3) 0.70 6.5 0.30 3.15 0.25 2.83 0.30 3.12 0.25 2.98 0.08
5.0 0.40 4.95 0.50 5.1 0.65 5.9 0.40 3.02 0.60 2.74 0.25 2.99 0.08 2.83 0.15
4.61 (3) 0.90 4.50 (3) 0.75 4.76 0.05 5.6 0.15 2.945 0.05 2.58 0.05 2.93 0.08 2.715 0.20
4.21 0.30 4.06 0.12 4.33 0;50 5.0 (1) 1.00 2.87 0.10 2.47 0.25 2.82 0.35 2.64 0.04
3.95 0.85 3.675 (2) 0.956 4.12 0.50 4.57 (2) 0.60 2.805 0.10 2.315 0.25 2.70 0.08 2.51 0.15
3.72 0.30 3.48 0.12 3.98 t 1.00 4.20 0.30 2.73 0.05 2.16 0.15 2.54 0.15 2.44 0.10
3.57 (3) 0.90 3.305 (3) 0.75 3.65 2) 0.90 3.75 (3) 0.45 2.65 0.10 2.09 0.10 2.41 0.08 2.39 0.08
3.39 0.40 3.02 0.40 3.37 2) 0.90 3.35 O.40b 2.60 0.25 2.00 0.10 2.24 0.08 2.30 0.06
3.20 (1) 1. 00 2.93 0.50 3.31 0.40 3.31 0.30 2-.54 0.10 1.965 0.05 2.17 0.08 2.23 0.05
2.975 0.10 2.83 0.20 3.10 0.20 3.13 0.15 2.43 0.30 1.84 0.10 2.08 0.05 2.13 0.04

.. Patterns arranged in order of empirical formula (Chern. Abs.). d/n ~ interplanar spacing in Angstroms; 1/11 ~ estimated relative intensity; (1)
strongest line, (2) second strongest line, (3) third strongest line.

b Broad line probably due to partial coincidence of two or more lines.
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Table II. Powder-Diffraction Data" (Continued)
d/n ]/It d/n 1/1, d/n l/I, din I/I. din lilt d/n lilt din I/r, din I/I.

9. 3,5- 10. Dimethyl- 19. 1~2,3,4- 20. 5,6,7,8-
Dimethylphenol dihydroresorcinol 11. 4-Indanol 12. 5-Indanol T etrahydro-5- Tetrahydro-2-

2.33 0.05 1.76 0.03 2.04 0.05 2.08 0.08
18. 4-tert- hydroxy- hydroxy-

2.26 0.10 1.45 0.03 1.90 0.20 2.05 0.06
17. 2-Naphthol Butylphenol naphthalene naphthalene

2.21 0.25 1.21 0.03 1.81 0.05 2.01 0.08 1.95 0.05 1.82 0.08
2.115 0.25 1.725 0.10 1.97 0.05 1.88 0.05 1. 75 0.12
2.02 lJ.25 1.65 0.03 1.92 0.08 1.17 0.03 1.67 0.04
1.94 lJ.08 1.86 0.06 1. 64 0.04
1.885 1l.08 1.83 0.05 1. 53 0.04
1.82 1l.08 1. 79 0.20 1.29 0.03
1. 79 1l.05 1.75 0.05 1.27 0.03
1. 75 n.05 1.53 0.05 1.13 0.02
1.73 1l.05 1.12 0.02
1.69 1l.04
1.56 0.04
1.20 0.02

21. 3-Methyl-2- 22. 3-Methyl-4- 23. 3-Methyl-5- 24. 3-Methyl-6-
isopropylphenol isopropylphenol isopropylphenol isopropylphenol

10.7 (2) 0.90 10.05 0.45 16.7 0.60 12.35 (1) i .00
7.4 0.30 7.2 0.40 14.5 0.08 8.5 0.30

13. 14. 3·-Methyl- 15. 2,3,5- 6.7 0.6lJ 6.6 (2) 0.98 12.1 0.10 7.3 0.40
4-Isopropylphenol 5-eth:71phenol Trimethylphenol 16. I-Naphthol 6.2 (1) 1. 00 5.5 (3) 0.90 10.7 (2) 0.98 6.15 0.30

5.7 0.50 4.38 0.90 8.3 0.30 5.8 0.10
10.1 0.30 11.6 0.70 10.2 0.50 11.75 0.40 5.3 (3) 0.90 3.99 (1) 1.00 7.1 0.60 5.5 0.20

7.0 1l.30 8.3 0.60 7.7 0.50 6.6 0.30 4.72 0.50 3.76 0.60 6.5 0.30 5.3 (3) 0.70
6.4 (3) 1l.50 7.5 0.70 6.5 (3) 0.75 5.85 (2) 0.90 4.38 0.50 3.57 0.20 5.9 0.30 4,69 (2) 0.90
5.4 (1) 1.00 7.0 0.70 5.8 (1) 1. 00 5.6 0.35 3.96 0.70 3.31 0.60 5.3 (1) 1. 00 4.44 0.50
4.95 0.10 5.9 0.20 5.1 0.50 4.82 0.08 3.78 0.70 3.14 0.30 5.1 0.15 4.25 0.50
4.26 (2) 0.55 5.6 0.30 4.76 0.50 4.38 0.45 3.59 0.30 2.98 0.30 4.88 0.40 4.06 0.08
3.91 0.50 5.1 (2) 0.80 4.38 0.50 4.04 0.18 3.37 0.75 2.84 0.10 4.53 0.10 3.84 0.08
3.83 0.50 4.74 (3) 0.75 4.18 0.40 3.86 0.15 3.23 0.30 2.78 0.10 4.31 0.40 3.67 0.30
3.58 0.45 4.245 0.60 3.95 0.25 3.63 (1) 1.00 3.09 0.10 2.72 0.10 4.12 (3) 0.90 3.49 0.60
3.23 lJ.15 3.99 0.60 3.795 (2) 0.90 3.43 0.06 3.01 0.10 2.65 0.25 3.81 0.50 b 3.32 0.30
3.04 1l.30 3.795 (1) 1.00 3:57 lJ.50 3.20 (3) 0.60 2.87 0.10 2.58 0.35 3.57 0.50 b 3.14 0.20
2.93 1l.15 3.55 0.30 3.42 0.70 2.945 0.40 2.74 0.10 2.47 0.30 3.43 0.10 2.995 0.20
2.75 1l.1O 3.41 0.20 3.30 0.50 2.70 0.40 2.59 0.10 2.34 0.20 3.325 0.40 2.91 0.10
2.67 0.08 3.29 0.10 3.14 0.15 2.395 0.04 2.52 0.12 2.28 0.20 3.22 0.40 2.78 0.15
2.61 0.15 3.16 0.30 3.00 0.20 2.33 0.04 2.29 0.08 2.17 0.20 3.05 0.40 2.60 0.10
2.50 0.20 2.89 0.30b 2.82 0.30 2.25 0.06 2.09 0.08 2.12 0.10 2.87 0.40 2.52 0.12
2.42 0.15 2.65 0.10 2.715 0.05 2.18 0.10 1.90 0.08 2.08 0.05 2.785 0.08 2.39 0.05
2.35 0.08 2.53 0.20 2.56 0.20 2.09 0.06 1. 845 0.08 1.99 0.15 b 2.65 0.15 2.33 0.05
2.31 0.12 2.44 0.05 2.47 0.15 2.02 0.15 1.91 0.08 2.60 0.15 2.27 0.12
2.08 0.12 2.35 0".05 2.38 0.25 1.925 0.25 1.88 0.15 2.50 0.10 2.23 0.15
2.04 0.08 2.30 0.10 2.29 0.15 1.81 0.15 1.83 0.15 2.46 0.08 1.97 0.08
1.99 0.08 2.18 0.05 2.23 0.15 1.75 0.20 1.785 0.08 2.37 0.10 1.93 0.08
1.95 0.12 2.08 0.05 b 2.17 0.12 1.73 0.03 1. 74 0.08 2.31 0.05 1.79 0.05
1.88 0.10 2.04 0.05 2.13 0.25 1.65 0.03 1. 72 0.08 2.27 0.05 1.73 0.05
1.79 0.10 1.99 0.05 2.00 0.05 1. 61 0.03 1. 645 0.15 2.24 0.08
1.73 0.05 1.88 0.08 1.92 0.05 1.59 0.03 1.57 0.05 2.205 0.05
1.66 0.05 1.825 0.08 1.84 0.15 1.55 0.02 1.49 0.05 2.16 0.05

1.68 0.04 1.74 0.08 1.26 0.08 1.42 0.04 2.13 0.08
1.68 0.04 1. 21 0.03 1.40 0.04 2.03 0.12
1.58 0.04 1.17 0.02 1.35 0.04 1.99 0.12
1.24 0.02 1.14 0.02 1.26 0.04 1.94 0.10
1.06 0.02 1.08 0.02 1.17 0.06 1. 79 0.08

1.02 0.02 1.15 0.04 1.71 0.05
1.13 0.04 1.62 0.05
1.11 0.03 1.58 0.04
1.06 0.03 1.55 0.04
1.05 0.03 1.52 0.04
0.997 0.03 1.33 0.03

1.14 0.03

19. 1,2,3,.4- 20. 5,6,7,8-
TetrahYdro-5- Tetrahydro-2-

18. 4-tert- hydroxy.. hydroxy-
17. 2-Naphthol ButyJphenol naphthalene naphthalene

15.6 0.06 18.6 0.20 12.1 0.60 16.7 0.50
25. 2-(a-Ethyl- 26. 4-tert- 27. 28.

7.9 (2) 0.30 11.9 (3) 0.60 8.3 0.30 9.2 0.60
propyl) phenol Amylphenol o-Phenylphenol p-Phenylphenol

5.9 0.04 9.4 0.25 6.8 0.15 8.5 0.10 11.5 (2) 0.70 11.75 0.50 9.5 0.08 20.4 0.30
5.3 0.04 7.9 0.20 6.0 0.80 6.7 0.50 7.3 0.50 10.5 0.20 7.9 0.10 10.05 0.30
5.0 0.10 6.9 0.30 5.7 0.25 6.2 (1) 1.00 6.2 0.10 6.9 0.50 6.6 0.12 7.0 0.08
4.54 (1) 1.00 6.2 0.30 5.2 (1) 1.00 5.6 0.40 5.7 0.40 6.0 (3) 0.75 6.0 0.50 6.0 0.08
4.34 0.03 5.9 0.30 4.82 0.15 5.0 0.40 5.4 (1) I. 00 5.5 0.60 5.7 0.50 4.97 0.25
4.07 (3) 0.25 5.6 0.30 4.59 0.15 4.53 (l)' 1. 00 5.1 0.40 5.2 (1) 1. 00 5.2 (2) 0.90 4.53 P) 1.00
3.90 0.03 5.4 (1) 1.00 4.31 0.15 4.38 0.15 4.46 0.50 4.84 0.20 4.88 0.25 4.20 2) 0.95
3.71 0.10 5.1 (2) 0.80 4.12 0.50 4.21 0.15 4.04 0.40 4.61 0.50 4.39 (1) 1.00 4.06 0.15
3.53 0.20 4.68 0.50 3.92 (2) 0.90 4.05 (2) 0.95 3.91 (3) 0.65 4.41 0.40 3.95 0.12 3.86 (3) 0.90
3.33 0.20 4.18 0.50 3.68 (3) 0.85 3.73 0.40 3.795 0.40 4.22 0.40 3.76 0.10 3.65 0.08
3.15 0.10 3.87 0.50 3.41 0.10 3.375 (3) 0.85 3.60 0.55 3.91 (2) 0.95 3.58 (3) 0.80 3.46 0.15
2.91 0.10 3.76 0.10 3.31 0.25 3.29 0.20 3.51 0.15 3.77 0.25 3.41 0.40 3.26 0.10
2.78 0.08 3.65 0.20 3.03 0.03 3.21 0.40 3.30 0.15 3.62 0.25 3.18 0.40 3.16 0.90
2.68 0.08 3.57 0.20 2.91 0.03 3.05 0.40 3.14 0.15 3.34 0.40 3.11 0.12 3.02 0.25
2.53 0.02 3.43 0.35 2.75 0.03 2.97 0.10 2.99 0.50 3.31 0.45 2.99 0.12 2.81 0.08
2.47 0.02 3.28 0.35 2.62 0.25 2.83 0.25 2.76 0.35 3.19 0.15 2.88 0.40 2.75 0.08
2.42 0.10 3.12 0.35 2.57 0.25 2.77 0.25 2.69 0.08 3.07 0.08 2.81 0.25 2.65 0.10
2.24 0.03b 2.93 0.20 2.51 0.06 2.66 0.10 2.51 0.08 2.98 0.40 2.61 0.12 2.52 0.08
2.14 0.02 2.73 0.15 2.43 0.03 2.59 0.10 2.39 0.30 2.87 0.15 2.50 0.08 2.40 0.25
2.07 0.03 2.64 0.05 2.275 0.10 2.54 0.15 2.29 0.08 2.75 0.12 2.43 0.25 2.31 0.08
1.94 0.04 2.58 0.05 2.05 0.06 2.42 0.15 2.21 0.08 2.67 0.12 2.38 0.10 2.24 0.15
1.795 0.04 2.55 0.05 1.98 (/.06 2.34 0.10 2.12 0.08 2.59 0.08 2.25 0.10 2.19 0.15
1.72 0.04 2.49 0.10 1.92 0.03 2.275 0.30 2.03 0.15 2.48 0.08 2.19 0.12 2.13 0.15
1.62 0.03 2.39 0.05 1.84 (/.06 2.15 0.15 1.99 0.15 2.39 0.15 2.13 0.10 2.03 0.10
1.57 0.01 2.25 0.10 1. 78 (/.05 2.09 0.30 1.94 0.15 2.27 0.08 2.02 0.12 1.91 0.08

2.16 0.10 2.03 0.05 1. 83 0.05 2.22 0.15 1.94 0.10 1.86 0.05
2.10 0.10 1.94 O.lOb 1.26 0.05 2.12 0.08 1.91 0.10 1.82 0.08
2.04 0.03 1.905 0.05 1.17 0.05 2.04 0.08 1.84 0.12 1.66 0.10
1.99 0.03 1.86 0.05 1.08 0.05 1.96 0.10 1.78 0.12 1.68 0.10

a Patterns arranged in order of empirical formula (Chern. Ab•. ). din interplanar spacing in Angstroms; 1/11 = estima.ted relative intensitYi (1)
str!lngest line, (2) second strongest line, (3) third strongest line.

o Broad line probably due to partial coincidence of two or more lines.
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Table II. Powder-Diffraction Data" (Continued)

din lilt din lilt din lilt din Ilh din 1111 din 1111 din 1111 din 1111

25. 2-(a-Ethyl- 26. 4-tert- 27. 28. 33. 4-(a-Methyl 34. 35. 36.
propyl) phenol Amylphenol o-Phenylphenol p-Phenylphenol benzyl) phenol 1-Phenanthrol 2-Phenanthrol 9-Phenanthrol

1.04 0.05 1.93 0.08 1.74 0.10 1.23 0.03 1.93 0.10 1.08 0.02 1. 65 0.04 1.49 0.02
1.87 0.08 1.60 0.05 1.19 0.03 1.86 0.10 1.30 0.02
1.825 0.05 1.56 0.05 1.77 0.10 1.25 0.02
1.71 0.05 1.525 0.05 1.03 0.02

1.67 0.05 1.30 0.05
1.21 0.03
1.14 0.02
1.13 0.02

40. 4-(a.a- <

37. 4.a- 38. 39. 2,4-Di-tert- Dimethylbenzyl)-
Cumylphenol 4-0ctylphenol butylphenol phenol

9.1 0.10 15.1 (2) 0.90 11.7 (3) 0.75 9.1 0.30
6.4 0.30 11.75 0.15 10.6 (3) 0.75 7.8 0.10
5.9 0.30 7.9 0.20 8.2 0.60 6.4 0.50

29. 2- 30. 4- 31. 1- 32. 2- 5.5 (1) 1.00 7.4 0.25 7.2 0.60 5.9 0.40

Cyclohexylphenol Cyclohexylphenol Hydroxyfluorene Hydroxyfluorene 4.93 (3) 0.70 6.7 0.50 6.3 (2) 0.90 5.5 (1) 1. 00
4.46 (2) 0.80 6.4 (1) 1. 00 5.9 0.50 4.90 0.90

13.6 0.50 13.9 0.85 18.8 0.25 16.9 0.10 4.31 0.65 5.85 0.50 5.6 0.15 4.48 (3) 0.95
7.9 (3) 0.60 7.0 0.30 16.8 0.75 10.05 0.40 3.88 0.65 5.6 (3) 0.55 5.3 0.60 4.31 0.90
7.15 0.40 6.3 0.30 9.6 0.25 5.6 0.10 3.64 0.30 5.0 0.50 5.0 (1) 1. 00 3.88 (2) 1.00
6.8 0.40 5.6 0.30 8.3 0.50 5.2 0.10 3.27 0.20b 4.84 (3) 0.55 4.66 0.70 3.70 0.30
5.7 0.40 5.0 (1) 1. 00 6.2 0.20 5.0 0.10 3.00 0.20b 4.515 0.50 4.35 0.40 3.59 0.10
5.4 0.30 4.33 (2) 0.98 5.5 0.80 4.72 (2) 0.90 2.715 0.20b 4.29 0.25 4.10 0.40 3.42 0.15
5.15 0.30 3.87 (3) 0.90 5.2 (1) 1. 00 4.57 (1) 1.00 2.60 0.25 4.11 0.25 3.73 0.25 3.33 0.20
4.88 (1) 1.00 3.53 0.50b 4.65 0.50 4.18 0.40 2.46 0.08 3.99 0.40 3.52 0.25 3.27 0.15
4.53 0.40 3.39 0.30 4.18 (2) 0.95 4.11 0.40 2.39 0.10 3.86 0.10 3.30 0.15 3.08 0.20
4.36 0.15 3.28 0.15 3.89 0.10 3.81 0.05 2.25 0.05 3.71 0.15 3.14 0.25 3.01 0.20
3.66 (2) 0.80b 3.05 0.60 3.79 0.10 3.64 0.10 2.16 0.05 3.58 0.18 3.03 0.15 2.71 0.20b

3.56 0.10 2.87 0.25 3.67 0.10 3.38 (3) 0.85 2.04 0.10 3.45 0.05 2.97 0.15 2.60 0.35
3.42 0.40 2.77 0.25 3.55 0.80 3.07 0.05 1.96 0: 10 3.32 0.25 2.86 0.25 2.47 0.08
3.23 0.30 2.49 0.25 3.45 0.08 2.96 0.05 1.90 0.05 3.205 0.20 2.725 0.20 2.38 0.15
3.06 0.30 2.43 0.20 3.27 (3) 0.90 2.87 0.03 1.86 0.05 3.13 0.15 2.64 0.25 2.32 0.10
2.96 0.30 2.35 0.10 3.14 0.10 2.73 0.05 1.83 0.05 2.99 0.08 2.53 0.15 2.25 0.08
2.715 0.30 2.31 0.10 2.965 0.20 2.62 0.05 1.75 0.10 2.90 0.08 2.32 0.15 2.16 0.08
2.56 0.30 2.28 0.10 2.85 0.15 2.53 0.20 1.67 0.10 2.76 0.15 2.21 0.20 2.10 0.05
2.49 0.15 2.21 0.15 2.73 0.08 2.46 0.03 1. 60 0.03 2.67 0.12 2.17 0.08 2.05 0.15
2.34 0.08 2.07 0.15 2.65 0.04 2.395 0.16 1.55 0.03 2.49 0.05 2.12 0.08 1.98 0.15
2.275 0.08 2.02 0.15 2.54 0.02 2.29 0.03 2.44 0.08 2.04 0.25 1. 91 0.10
2.21 0.08 1.98 0.10 2.45 0.02 2.04 0.03 2.395 0.08 2.00 0.05 1.87 0.10
2.17 0.08 1.92 0.05 2.39 0.40 1.99 0.08 2.31 0.05 1.94 0.05 1.835 0.10
2.07 0.25 1.86 0.10 2.30 0.04 1.95 0.02 2:25 0.03 1.89 0.05 1.80 0.05
2.01 0.08 1.83 0.05 2.26 0.04 1. 81 0.04 2.13 0.03 1. 81 0.05 1. 75 0.10
1.97 0.10 1.76 0.10 2.22 0.06 1.68 0.04 2.02 0.03 1. 68 0.05 1.67 0.10
1. 79 0.08 1.71 0.10 2.13 0.10 1.26 0.02 1.95 0.04 1. 62 0.05 1.64 0.05
1. 74 0.08 1.58 0.10 2.04 0.10 1. 17 0.02 1. 75 0.04 1.60 0.05
1. 70 0.08 1.47 0.04 1.92 0.08 1.55 0.04
1.58 0.06 1.40 0.04 1.90 0.08 1.40 0.04
1.47 0.03 1.38 0.04 1.84 0.06 1.38 0.04
1.38 0.03 1.32 0.04 1. 77 0.06 1.28 0.02
1.23 0.03 1.23 0.04 1.715 0.15 1.16 0.02
1.20 0.03 1.17 0.04 1. 64 0.06

1.16 0.04 1.58 0.02
1.14 0.04 1. 54 0.02
1.13 0.04
1.12 0.04
1.10 0.04 41. 4-(a- 42. 2,6-Di- 43. 4,6-Di- 44. 2-Methyl-
1.08 0.04 Methylbenzyl)-3- tert-butyl-4- tert-butyl-3- 4-diiso-
1.05 0.04 methylphenol methylphenol methylphenol butylphenol

16.7 0.40 8.65 (3) 0.60 10.8 0.25 17.7 0.65
13.9 0.40 7.7 0.55 9.1 0.10 15.3 0.65
9.1 0.15 6.8 0.25 8.2 (3) 0.85 12.7 0.65
7.6 0.20 6.1 (1) 1.00 7.0 0.70 11.3 0.25
7.0 0.15 5.1 0.55 6.6 0.70 9.2 0.25
6.1 0.50 4.64 0.20 5.8 (2) 0.90 8.1 0.10
5.6 0.60 4.46 0.20 5.5 0.10 7.25 (3) 0.70

33. 4-(a-Methyl 34. 35. 36. 5.3 (2) 0.90 4.29 (2) 0.90 4.99 0.50 6.8 0.49

benzyl) phenol 1-Phenanthrol 2-Phenanthrol 9-Phenanthrol 5.1 (2) 0.90 4.09 0.30 4.74 (1) 1. 00 6.5 0.15
4.82 0.50 3.85 0.30 4.55 0.25 6.0 0.40

11.75 0.30 14.9 0.60 10.9 0.30 10.1 0.30 4.64 (3) 0.80 3.62 0.30 4.12 0.25 5.4 (1) 1.00
7.9 0.25 8.85 0.03 9.5 0.40 9.1 0.05 4.20 0.50 3.36 0.25 3.92 0.15 5.15 0.65
7.25 0.40 7.4 0.40 6.6 0.05 7.7 0.10 3.965 0.15 3.27 0.15 3.745 0.15 4.90 0.25
6.8 0.40 6.6 (2) 0.95 5.7 0.30 6.9 (1) 1.00 3.82 (1) 1.00 3.20 0.15 3.60 0.25 4.48 (2) 0.80
6.1 0.40 5.7 2) 0.95 5.4 0.30 6.1 0.60 3.57 0.30 3.10 0.15 3.38 0.30 4.23 0.40
5.8 0.35 4.72 0.20 5.15 0.30 4.97 0.50 3.38 0.05 2.91 0.15 3.13 0.20 4.05 0.20
5.2 (1) 1. 00 4.53 0.20 4.88 (1) 1. 00 4.26 0.50 3.29 0.50 2.81 0.20 3.02 0.08 3.82 0.40
4.68 (2) 1.00 4.05 (1) 1.00 4.68 0.35 3.86 (2) 0.98 3.16 0.50 2.73 0.08 2.92 0.25 3.68 0.10
4.39 (3) 0.50 3.72 0.60 4.50 0.35 3.64 0.30b 3.04 0.15 2.66 0.08 2.85 0.10 3.56 0.50
4.20 (3) 0.50 3.46 0.70 3.98 (3) 0.50b 3.41 (3) 0.95 2.83 0.15 2.53 0.12 2.71 0.35 3.45 0.25
3.88 0.30 3.33 (3) 0.80 3.78 0.45 3.11 0.60 2.76 0.08 2.46 0.12 2.51 0.05 3.25 0.25
3.77 0.30 2.92 0.50 3.59 0.45 3.04 0.30 2.54 0.25 2.28 0.06 2.34 0.06 3.15 0.15
3.62 0.40 2.72 0.10 3.37 (2) .0.55 2.90 0.03 2.46 0.10 2.23 0.25 2.29 0.08 3.07 0.15
3.48 0.25 2.64 0.15 3.23 0.25 2.80· 0.05 2.36 0.25 2.15 0.06 2.19 0.08 2.965 0.25
3.38 0.30 2.515 0.08b 3.09 0.20 2.70 0.30 2.23 0.10 2.09 0.04 2.15 0.08 2.80 0.30
3.28 0.40 2.42 0.15 2.93 0.30 2.57 0.20 2.11 0.15 2.04 0.25 2.11 0.05 2.71 0.20
3.11 0.40 2.30 0.10 2.77 0.05 2.34 0.20 1.93 0.08 1.95 0.10 2.07 0.15 2.59 0.20
2.975 0.25 2.25 0.10 2.67 0.05 2.25 0.20 1.86 0.08 1.81 0.10 1.97 0.15 2.50 0.08
2.87 0.25 2.17 0.04 2.55 0.06 2.17 0.20 1.80 0.08 1. 73 0.03 1.90 0.08 2.38 0.08
2.77 0.35 2.04 0.12 2.50 0.15 2.115 0.20 1.64 0.08 1.69 0.03 1.77 0.05 2.27 0.20
2.67 0.25 1.97 0.12 2.395 0.12 2.02 O.25.b 1.22 0.08 1.59 0.03 1. 74 0.05 2.21 0.20
2.61 0.25 1.89 0.12 2.33 0.04 1.98 0.04 1.51 0.03 1.71 0.05 2.11 0.05
2.53 0.25 1. 75 0.12 2.27 0.25 1.90 0.04b 1.58 0.03 2.05 0.10
2.38 0.10 1. 66 0.12 2.19 0.05 1.835 0.30 1.56 0.03 2.00 0.10
2.29 0.15 1.59 0.03 2.11 0.06 1.74 0.08 1.25 0.03 1.96 0.15
2.24 0.15 1.29 0.03 2.07 0.06 1.65 0.03 1.19 0.03 1.92 0.08
2.19 0.15 1.27 0.04 2 ..02 0.08 1.63 0.03 1.81 0.08
2.15 0.20 1.24 0.02 1.90 0.04 1.60 0.03 1.71 0.06
2.03 0.10 1.21 0.02 1.83 0.04 1.55 0.03 1.58 0.05
1.98 0.20 1.13 0.02 1.71 0.04 1.525 0.02 1.26 0.03

" Patterns arranged in order of empirical formula (Chern. Abs.). din interplanar spacing in Angstroms; Ilh = estimated relative intensity; (1)
strongest line, (2) second strongest line, (3) third strongest line.

b Broad line probably due to partial coincidence of two or more lineE'.
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Table H. Powder-Diffraction Dataa (Continued)
din 1/1, d/n 1/11 d/n 1/1, d/n 1/[, d/n 1/1' d/d 1/11 d/n 1/1,

45. 2-Methyl- 49. 2,4- 50. 2,4,6- 51.
4,6-di-tort- 47. 2- 48. 2- Dimethyl-6-iso- Tri-tert- 3-Penta-
butylphenol 46. i-Pyrenol IsobomylphenoJ Hydroxychrysene bornylphenol butylphenol decylphenol

1O~9 0.40 16.0 0.25 12.3 0.25 20.0 0.25 13.3 0.20 8.8 0.50 13.3 0.35
9.0 0.10 8.1 0.50 10.7 (I) 1.00 11.2 0.40 11.5 (2) 0.98 8.0 (3) 0.90 9.0 0.15
8.0 (3) 0.50 6.6 (2) 0.80 8.7 0.20 10.05 (3) 0.50 9.8 0.40 6.6 0.40 7.4 0.40
7.0 0.30 5.9 (3) 0.75 7.1 0.20 7.25 0.25 7.3 0.20 5.9 0.15 6.6 0.40
6.5 0.10 5.6 0.02 6.7 0.30 6.8 0.12 6.6 (1) 1. 00 5.6 0.30 5.8 0.40
6.1 (2) 0.55 5.3 0.04 5.9 (2) 1.00 6.2 0.15 5.7 0.20 5.3 0.40 5.4 0.20
5.5 0040 5.0 fl. 01 5.4 0.40 5.8 (2) 0.98 5.1 0.30 4.97 (1) 1.00 5.0 0.30
5.2 0.25 4.82 0.05 .5.3 0.15 5.5 0.06 4.72 0.40 4.50 (2) 0.98 4.84 0.30
4,.50 (1) 1.00 4.57 0.20 .5.05 0.10 5.1 0.40 4.50 0.10 3.64 0.30 4.55 (3) 0.45
4.12 0.20 4.38 0.20 4.76 (3) 0.98 4.76 0.15 4.29 (3) 0.60 3.27 0.30 4.14 (I) 1.00
3.96 0.20 4.21 0.10 4.34 (3) 0.98 4.29 0.30 4.18 0.35 3.11 0.08 3.98 0.35
3.82 0.25 4.0.5 0.10 4.245 0.25 4.09 0.15 4.06 0.40 2.92 0.30 3.78 (2) 0.90
a.59 0.08 3.8-3 (2) 0.80 4.11 0.25 3.91 0.40 3.91 0.40 2.78 0.25 3.63 0.30
a.48 0.15 3.67 (I) 1. 00 3.91 0.10 3.68 0.25 3.60 0.40 2.70 0.25 3.40 0.30
3.23 0.20 3.40 0.10 3.73 0.40 3.55 (1) 1.00 3.19 0.15 2.45 0.50 3.29 0.35
3.14 0.05 3.28 0.60 3.55 0.40 3.45 0.40 3.11 0.15 2.405 0.08 3.02 0.40
3.05 0.08 3.02 0.25 3.33 0.20 3.30 0.40 3.00 0.05 2.26 0.05 2.87 0.03
2.96 0.15 2.75 0.25 3.15 0.20 3.05 0.25 2.85 0.12 2.16 0.05 2.75 0.03 b
2.83 0.10 2.67 0.03 3.03 0.20 2.95 0.25 2.715 0.06 2.00 0.40 2.48 0.40
2.77 0.15 2.55 0.03 2.89 0.10 2.87 0.12 2.61 0.03 1.925 0.15 2.41 0.03
2.68 0.08 2.48 0.03 2.77 0.25 2.625 0.06 2.52 0.03 1. 79 0.05 2.36 0.12
2.61 0.10 2.31 0.10 2.70 0.10 2.57 0.06 2.405 0.20 1. 67 0.04 2.26 0.30
2.53 O.OB, 2.13 0.08 2.60 0.20 2.49 0.10 2.31 0.20 1.57 0.04 2.225 0.30
2.34 0.10 2.04 0.08b 2.45 0.15 2.41 0.03 2.14 0.06 1.25 0.03 2.15 0.15
2.25 0.20 2.00 0.08b 2.37 0.1[5 2.36 0.06 2.10 0.06 1.16 0.03 2.08 0.30
2.10 0.10 1.93 0.10 2.32 O.tW 2.29 0.06 2.02 0.06 1.98 0.15
2.04 0.0,; 1.84 0.10 2.15 0.10 2.13 0.15 1.93 0.05 1.87 0.05
1.90 O.Ofj 1. 76 0.10 2.10 0.05 2.06 0.06 1. 85 0.05 1.77 0.03
'1.75 0.03 1.64 0.03 2.04 0.10 2.00 0.03 1.81 0.03 1.71 0.15
1.63 O.O:l 1.60 0.08 1.95 0.10 1.95 0.02 1. 69 0.03 1.67 0.03
1.23 0.03 1.45 0.02 1.90 0.04, 1.89 0.10 1.67 0.03 1. 51 0.05

1.16 0.01 1.87 0.04- 1.79 0.03 1.26 0.02
1.14 0.01 1.825 0.10 1.76 0.03 1.17 0.02

1.76 O.()f~ 1.64 0.02 1.08 0.02
1.60 O.(H 1.59 0.02 1.03 0.02
1.31 O.Ot!
1.15 0.0:/

a Patterns arranged in order of empirical formula (Chem. Ab8.). d/n
B,trongest line, (2) second strongest line, (3) third strongest line.

b Broad line probably due to partial coincidence of two or more Unes.

interplanar spacing in Angstroms; 1/11 estimated relative intensity; (1)

Table III. Illlpure COlllpounds with Diffraction Patterns
Identical to Those of Recrystallized COlllpounds

Melting Point, 0 C.

p-phenylphenol, and thymol (3-methyl-n-isopropylphenol).
'With the exception of the thymol case, the patterns are in rather
good agreement. Since the present data were taken with the
iron radiation of relatively long wave length, the reasonably large
114.6-mm. camera, and the absence of any binder or enfolding
holder, a high degree of resolution was obt,ained. This is il
lustrated by the fact that the present patterns contain more re
flections than the comparable patterns in the index (1). The
method of sample prepamtion as here employed may induce some
preferred orientation, although little or no evidence of this has
been observed.

For purposes of comparison and completeness, the 20 phenols
listed in the index are included in Table·I.

In order to check the effect of impurities on the diffraction
pattern, phenols which had been oxidized through aging were
subjected to x-ray powder diffraction analysis before and after
recrystallization. The results are shown in Table III. In no
case was there an appreciable modification of the pattern as a
result of the presence of impurities.
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Chemical Analysis of Thin /films by X-Ray Emission Spectrography
T. N, RHODIN

Engineering Research Laboratory, E. I. C/U Pont c/e Nemours & Co., Inc., WilMington, Del.

X-ray elDission spectrography has been applied to the
quantitative analysis of thin (approxilDately 100 A.)
evaporated fillDs of iron, nickel, chrolDiunl, and Types
304, 316, and 347 stainless steels deposited on Mylar
polyester backing. Oxide fillDs associated with passiv
ity and atlDospheric oxidation, isolated froID Types
304,316, and 347 stainless steels, were also studied. The
corresponding surface densities of the salDple fillDs
varied froID 1 to 100 X 10-6 gralD per sq. Cnl. Analytical'
sensitivities for the three lDetals corresponding to a
counting rate of 1 count per second ±5% are 0.037,
0.061, and 0.175 X 10-6 gralD per sq. CID. for nickel, iron,
and chronliulD, respectively. COnlparison of the nle
tallic conlp08itional data obtained by x-ray nlethods
for nletal and oxide filtns 300 A. in thickness or less
to those obtained independently by tnicrocolorilDetric
tnethods indicates excellent agreetnent. The conclu
sion is tnade that accuracies within 2% or better can be
obtained for the chetnical analysis of such highly dis
persed satnples by x-rays without the application of
corrections for adsorption deviations.

CHEMICAL analysis of surface films, surface residues, and
corrosion products on metals and alloys is often essential

to an understanding of mechanisms associated with surface
reactions. Difficulties in handling samples on the microgram
scale by classical microchemical analytical techniques have
limited this approach to problems in surface metallurgy (11).

In spite of the very small fluorescent x-radiation excited in
microgram samples of metals, alloys, and related compounds, the
sensitivity and relative simplicity of this method recommend it
strongly as a tool in metallurgical research (2, 4, 5). Some
interesting nonroutine metallurgical applications of x-ray chem
ical analysis have already been surveyed by Koh and Caugherty
(5). Preliminary calculations by the author indicated that
reliable measurements might be achieved utilizing specially
prepared samp~es and low background counting conditions. An
extension of the approach of Koh and Caugherty to the analysis
of ultrathin films (30 to 150 A.) of metals and oxides by x-ray
emission spectroscopy. was undertaken. Results were very
gratifying, once the difficulties of isolating and mounting film
samples and measuring accurately very low counting rates were
resolved.

,IS.
",.RAY TUB' ATHIUM FLUORIDE SINGLE

'\" ~ ",". CRYSTAL ANALYZER

'. ~SOlLER SLOT COLLIMATOR

;~~:R S~~r:~~R~ .,~,

SUPPORT MOUNTl i

If

Figure 1. Cotnparison of surface-satnpling
nlethods

A. Bromine-methanol stripping, total solids collected
B. Mylar tape stripping, surface fragments collected
C. Bromine-methanol stripping. sections of film collected

A.

FILM

M'~'ONS

B.

METAl.

c.

FILM FORMVAR BACKING

FigUJ'e 2. X-ray optics-flat crystal, reflection
nlethod

The experimental survey was made on films of pure metals and
austenitic stainless steels deposited by evaporation onto Mylar
polyester substrates. Oxide films isolated from austenitic
stainless steels were also studied. Effort was directed to clari
fication of the influence of the highly dispersed nature of the
samples (1.0 to lOO'Y per sq. em.) on deviations from absorption
and secondary emission interactions, characteristic of x-ray
analysis of normal size samples (1, 2, 6).

Reliable sampling, in common with microanalytical schemes, is
particularly difficult in the isolation of surface layers. Micro
analysis of polycomponent samples such as oxide films from
polycomponent alloys by wet chemical means is further com
plicated by· requirements of chemical conversion and separation
of microgram quantities. Furthermore, prior knowledge of
approximate sample composition is generally required for' pre
cision microchemistry.

Some effective surface sampling and microchemical schemes for
the analysis of thin films and surface residues have been reported
(7, 12). One such scheme consists of a series of consecutive
microchemical operations in which the isolated film or residue is
washed, ignited, weighed, fused, leached, and finally analyzed
spectrophotometrically (10). Although the reliability of the
microchemical procedure is established, the method is time
consuming and limited to those elements for which reliable
microcolorimetric procedures have been established. A physical
technique yielding complete quantitative data on all metallic
components by a single evaluation with a minimum amount of
manipulation would be extremely valuable in the characterization
of thin films and microgram residues.

EXPERIMENTAL PROCEDURE

Preparation of Film Samples. Isolation and mounting of the
sample were most critical III obtaining good precision and low
background intensity. Many plastic and metallic film materials
were investigated as sample supports. Mylar polyester ·film
was chosen because of the high strength of thin sections (0.00025
inch) and its very low x-ray scattering power. The design of the
Mylar support and sample holder contributed considerably
toward obtaining a low stable background. In view of the
transparency of the samples to both the incident and emitted
x-rays, care was taken to ensure that radiation from the interior
of the sample holder itself did not get back to the detector.

The metal and alloy films were deposited by vaporization of
high purity material in a vacuum (1 X 10-5 mm. of mercury)
directly onto the Mylar substrate. The oxide films were formed
by floating metal films reinforced with Formvar, onto a solution
of 5.0% nitric acid-Q.5% potassium dichromate at 60° C. for
periods from 30 to 100 minutes. The reinforced films were then
scooped onto Mylar, and the metal and then the Formvar were
dissolved away. The immersion time in the oxidizing acid deter
mined the thickness of the oxide film formed. The oxide film was
isolated from the metal by chemical-stripping techniques using
anhydrous 1% bromine-methanol in an inert atmosphere. Film
samples were also obtained from metal coupons using similar
techniques. The area over which the sample was dispersed
varied, but was approximately 4 to 6 sq. em.
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8.5
16.2
26.6

8.5
16.4
26.7

8.5
16.3
26.8

Specific
Intensity,

(Counts/Sec.)!
(y) (Sq. Crn.)

Total
Intensity,

Counts/Sec.

Approx.
Film

Thickness. A. b

1.5
7.1
0.7

6.4
23.0

2.6

31.0
26.2
17.8

Surface
Conen. a ,

-y/Sq. Cm.

Table I. Effect of Film Thickness of Pure Metals on
Specific Radiation Intensity

Component
Metal

Pure Metal
Chromium
Iron
Nickel

Type 304
Chromium
Iron
Nickel

Type 304
Chromium
Iron
Nickel

Table II. Effect of Film Thickness of Type 304 Stainless
Steel on Specific Radiation Intensity

Specific
Surface Approx. Total Intensity,

Conen., a 'Film Intensity. (Counts/Sec.) /
Metal y/Sq. Cm. Thickness. A. Counts/Sec. (y) (Sq. Cm.)

Chromium
Iron 7.7 97 128 16.6
Nickel 6.3 70 170 26.9

Chromium 12.0 169 102 8.5
Iron 12.1 153 200 16.5
Nickel 11.1 125 298 26.8

Chromium 20.5 289 174 8.5
Iron 19.0 240 314 16.5
Nickel 17.8 200 455 26.7

Chromium 31.0 H7 264 8.5
Iron 26.2 332 430 16.4
Nickel

a Obtained by dividinl( weight of film by its area.
b Estimated from surface conen. by using bulk density.

24.06.0

o PURE METAL
• OXIDE FILM

240 f------+----tL---j---/---i-----I

'20f---7£--+~L----j-=_.L::..--i-----I

336,-----r----""TTr;-------,-----,

z'.~z

Three different variations of this technique (Figure 1) deter
mined whether the sample consisted of film and inclusions, frag
mented oxide filia, or large sections of film. Both the metal
and oxide films were weighed on an analytical microbalance.
From these data and accurate measurement of geometric area,
the surface film densities were calculated. Approximate film
thickness was also calculated from measured weights and areas,
and estimated film densities. Microcolorimetric techniques were
used for establishing film standards in the calibration of the x-ray
method. Chemical microanalysis was also used to evaluate x-ray
compositional data obtained on films of unknown composition.
Sources of error from sampling and chemical microanalysis have
been discussed and shown to contribute a maximum standard de
viation of approximately 5% of the elements determined (10).

Measurement of X-Ray Intensities. The x-ray data were
obtained on a North American Philips plane crystal spectro
graph with a Machlett OEG-50 tungsten target tube. The
x-ray tube was operated at 50 kv. and 35 rna. unless otherwise
specified. In addition, several x-ray tubes were checked to get
one with not only a low dispersed background, but also a low
background at wave lengths corresponding to the metals of
analytical interest.

Type 304 1300
Chromium 18.5 160.9 8.7
Iron 75.7 1211.2 16.0
Nickel 8.5 216.8 26.4

a Obtained bv dividing weight of film by its area.
b Estimated from surface conen. by using bulk density.

RESULTS AND DISCUSSION

Radiation Characteristics Specific to Thin Films. Two
effects become important when x-ray emission samples are
scaled down in thickness. The minimum effective thickness
for maximu~ fluorescent yield is not satisfied, and deviations
from adsorption and secondary emission decrease. For nickel,
chromium, and iron the critical thickness associated with maxi
mum yield has been experimentally established by Koh and
Caugherty (5) to be 0.0003 em. This is in good agreement with
the calculated value of Brissey, Liebhafsky, and Pfeiffer (2).
For the highly dispersed samples of this study, total fluorescent
intensities were accordingly lower than for massive samples of

accuracy of the net-counting measurement was attributed in part
to the low stable background of approximately 2 counts per sec
ond for the scaling measurements.

Scattering and blank errors were corrected by measurements
on untreated Mylar and on Mylar treated identically to that
supporting the film sample, except that the sample was absent.
The latter measurement provided for possible contamination of
the Mylar by the procedures used to deposit the sample.

No corrections were made in the x-ray data for the carbon,
manganese, and other minor elements known to be present. The
uncertainty introduced by this omission is negligible except for
the ultrathin oxide films which contained substantial amounts of
silicon. In this case, refinements in the x-ray instrumentation,
required to yield data on silicon, were not available.

SURFACE DENSITV OF EACH COMPONENT, lisa eM

Figure 3. Calibration of x-ray radiation in
tensities for pure metal and for oxide isolated

from.Type 304 stainless steel

The basic method has been described in the literature (3).
The arrangement of the x-ray optics in Figure 2 illustrates the
lithium fluoride analyzing crystal and the Soller blade collimator.
The collimator was Ei inches long and had a collimation spacing
of 0.005 inch. Except for scouting experiments, fixed-angle
counting was done at the proper Bragg setting using; a North
American Philips A62019 argon-filled Geiger tube with a bias
voltage of 1500 volts.

.'\. general indication of composition was obtained by scanning
over a range of diffraction angles corresponding to elements of
interest at a chart speed of 0.5 0 per minute. The first-order
Ka-lines were scaled for all the elements except molybdenum and
niobium for whic!} the La-lines were also measured.

UNCERTAINTIES AND CORRECTIONS

AJthough precisions one tenth of this limit or less are charac
teristic of macroanalysis, an over-all uncertainty of 5% is not
unreasonable for microanalysis when one considers sampling and
contamination errors associated with manipulations in the
microgram range. Mmit of the uncertainty in the analysis of
films results from the sampling procedure. This is indicated by
the improved analytical precision obtained on dispersed samples
of synthetic microgram mixtures of pure metallic oxides. Micro
colorimetric techniques on these materials yielded standard
deviations one tenth as large or approximately 0.5%.

Scaling was done for a fixed time to yield a probable counting
error of 1.0%. Where counting times exceeded 2 minutes the
background count was remeasured every 2 minutes to correct for
driWng of the counting circuits. Actual counting rates were
less accurate than correeted counting rates because of uncer
tainties from scattering, background, and blank determinations.
By extending counting times up to 30 minutes and by making
repeated measurements, net-counting rates of 1.0 ± 5% counts
per second corrected for background, could be measured. The

Type 304
Chromium
Iron
Nickel

12.1
53.8
6.2

8.6
16.1
26.5
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Figure 4. Typical x-ray etnission spectrograID for passive film isolated
frOID Type 304 stainless steel

7270

G Obtained by dividing weight of film by its area.
b Estimated from surface concentration by using bulk den.i~y.

nickel, iron, and chromium, respectively, for
surface densities from 1.0 to 31.0 'Y per sq. em.
The corresponding maximum percentage devia
tion from these values in this dispersion range
is approximately 1%. The analytical sensitivi
ties for the three metals, subject to a net
counting error of 5%, are 0.037,0.061, and 0.175
"y per sq. em., for nickel, iron, and chromium,
respectively.

The effect of film thickness on specific radia
tion intensity was determined for the same
metals in thin films of Types 304, 316, and 347
stainless steels. Data for Type 304 stainless
steel in the film thickness range from 100 to
1300 A. are summarized in Table II. A typical
x-ray spectrogram of passive film isolated from
Type 304 stainless steel is illustrated in Figure 4.
The oxide film was gelatinous with a lack of any
apparent crystallinity, It was approximately
30 A. thick and had a surface density of 1.65
"y per sq. em.

The data are in good agreement with devia
tions calculated by Noakes (8) for a similar
system. For the compositions and film thick
nesses studied, the nickel Ka- and iron Ka-radia-

tions have negative over-all coefficients and the chromium Ka
radiation has a positive over-all coefficient. The maximum per
centage deviation as a function of alloy film thickness for iron was
-2.6% for the conditions studied. Alternatively, the iron con
tent from uncorrected x-ray data for a film of Type 304 stainless
steel, 1300 A. thick, would be too low by this percentage.

A distinction is made between deviations for different thick
nesses of the same material and deviations for the' same cor
responding thickness of a given component in different materials
(example, pure iron V8. iron in stainless steel). Most of the
other deviations were substantially less for the relatively thick
stainless steel deposits. The average deviations calculated from
the calibration plots in figure 5 would yield average speqific
intensities of 26.2, 16.1, and 8.6 (counts per second)/("y per
sq. em.) for nickel, iron, and chromium, respectively, in stainless
steel films. These values differ from those for corresponding
thicknesses of pure metals by -2.6, -1.8, and +1.2%, in the
same order.

Effect of Film Thickness for Oxides. The effect of film
thickness on specific radiation intensity for oxide films up to
300 A. thick isolated from Type 304 stainless steel was also
determined. Data are summarized in Table III. The data,
plotted in Figure 4, are observed to yield average specific radia
tion intensities identical with those of thin films of the corre-

Table III. Effect of FilID Thickness of Oxides on Specific
Radiation Intensity

Specific
Surface Approx. Total Intensity,

Component Conen., Film Intensity, (Counts/Sec.)/
Metal oy/Sq. Cm. Thickness, A. b Count8/Sec. (")') (Sq. Cm.)

Oxide No.1 1.65 30
'2:0Chromium 0.24 8.5

Iron 0.80 13.8 16.6
Nickel 0.08 2.2 27.0

OxideNo.2 4.95 100
8:5Chromium 0.72 6.1

Iron 2.50 41.3 16.5
Nickel 0.24 6.5 27.0

Oxide No.3 15.00 300
'8:5Chromium 2.25 19.1

Iron 7.45 122.9 16.5
Nickel 0.75 18.2 26.9
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Figure 5.

equivalent area. To make a corresponding comparison, meas
urements are expressed in units of specific radiation intensity,
(counts per second)/( "y) (sq. em.). Although the gross excitation
intensity is greater in massive samples, thin films are actually
exposed to a higher average x-ray flux per unit thickness.

The fact that deviations decrease considerably with the state
of dispersion of the sample has already been. reported by Pfeiffer
and Zemany (9) for a large number of metals. Deviations are
defined according to Liebhafsky (6) as the difference between the
percentage of an ~lement actually present in an alloy and the
percentage that one would calculate using the pure element as an
x-ray emission standard. It is evident that ultrathin films of
metals or oxides with surface densities in the range from I to
100 "y per sq. em. are equivalent to highly dispersed samples.
With decreasing sample thickness for films of pure nickel and
iron; the specific radiation intensity increases, because of the
higher average excitation flux per unit thickness, as well as the
lower over-all absorption of the excited radiation (Table I).

Effect of Film Thickness for Metals and Alloys. In the thick
ness range studied (1 to 31 "y per sq. em.), nickel, iron, and
chromium indicate some variation in specific radiation
intensity for the pure metal. The average specific radiation
intensities can be interpolated from the slopes in Figure 3 to be
26.9, 16.4, and 8.50 (counts per second)/(-y per sq. em.) for
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Figure 6. Dependence of specific radiation
intensity on fihn thickness for nickel, iron,
chromium, Type 304 stainless steel, and

isolated oxide films

microdetermination of silicon by x-ray emission spectrography.
The x-ray data for niobium and molybdenum are poor, because
the excitation radiation used did not give sufficient intensity in
the best wave-length rJlonge for these elements. In addition, use
of a krypton-filled Geiger tube instead of an argon-filled Geiger
tube would have been more appropriate for measurement of the
KCI.-wave lengths of niobium and molybdenum (3).

The compositional data for the thicker oxide films marked
"oxide-2" show the compositional character of these films to be
distinctly different from that characteristic of the ultrathin
oxide films. Depletion in iron is associated with a marked
enrichment in chromium. In addition, nickel is depleted and
enrichment in the minor alloying elements is much less marked
than for the oxide-1 films. A more complete discussion of the
properties of oxide films on stainless steels is covered elsewhere
(11). The data summarized in Table IV are presented to il
lustrate how x-ray analysis can be applied directly to the charac
terization of protective films on corrosion-resistant alloys. Dis
tinctions between the two methods for the data in Table IV are
masked by the over-all uncertainty in sampling, characteristic of
both methods. For microgram samples, the observed typical
standard deviation of 1 to 5% is considered reasonable. The
calibration used in calculating the x-ray compositional data was
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sponding pure metals. Oxide films from stainless steels and
related alloys apparently can be accurately analyzed by x-ray
emission within the net-counting error itself, without making
empirical or theoretical corrections for absorption deviations.

The dependence of specific radi~,tion intensity on film thick
ness for films of nickel, iron, chromium, Type 304 stainless
steel, and corresponding oxide films is plotted in Figure 6 to
illustrate the influence of sample dispersion on absorption de
viations. The critical thickness for the occurrence of significant
x-ray deviations is observed to depend on film thickness and
film material as one would predict (8).

A criterion of ±5% error may be assumed as reasonable for
sampling errors characteristic of microanalysis. All errors from
x-ray deviations observed for dispersed samples of pure metals,
stainless alloys, and oxide films, for 'surface film densities up to
100 'Y per sq. ern., fall within this value. For sufficiently dis
persed metal, alloy, or oxide films, characteristic of this study,
typical error from x-ray analysis iE! usually less than 2%.

Comparison of X-Ray and Chemical Data. A comparison of
x-ray and chemical analytical data for thin films of austenitic
stainless allovs. and for ultrathin oxide films isolated from their
surfaces, w~ ;nade using the calibration data obtained. The
data, grouped in Table IV for comparison under the headings
"x-ray" and "chemical," were determined independently of each
<>ther for at least two samples in each case. Although the x-ray
data were determined on the bas;.s of pure metal calibration,
there is no significant correlation of the standard deviations with
predictable absorption effects. TIllS is attributed to the high
state of dispersion of the samples (r;ypical dispersion for anyone
component, 1 to 10 'Y per sq. cm.). The uncertainty is actually
greater for the chemical than for the x-ray data. This indicates
the analytical advantage gained by the simpler sample prep
aration procedure characteristic of l,he x-ray measurements.

Comparison of x-ray to microcolorimetric data in general
indicates excellent agreement. It is observed that the alloy
compositions of the evaporated mer;al films are typical of austen
itic stainless steels except that the silicon and chromium contents
are somewhat on the high side. The data marked "oxide-I"
are characteristic of oxide film associated with passivity of these
steels in acids under oxidizing conditions. They are charac
terized by a definite depletion in iron and enrichment in the
minor alloying elements, silicon, niobium, and molybdenum.
Only microcolorimetric values are available for silicon. At the
time this work was done, instrumentation did not permit the

Table IV. Comparison of X-Ray and Chemical Analytical Data for Films of Austenitic Stainless Steels and for Oxide
Films Isolated from Their Surfaces

Sample size, 25 to 100 "(

Analytical Fe Cr Ni Si Nb MoNature of
0/;',0. Std. dev. % Std. dev. % Std. dev. % Std. dev. % Std. dev. % Std. devFilm Sample Method

Type 304 alloy X-ray 70.5 0.5 20'.2 0.2 8.7 0.1 1'.0thickness, 300 A. Chemical 69.6 1.2 20.6 0.7 9.0 0.1 0.1

Type 316 aUoy X-ray 69.5 1.0 19.4 0.2 11.3 0.1 '1.2 7.2 0.4
thickness, 300 A. Chemical 68.5 1.8 19.6 0.3 10.9 0.2 0.1 0.4 0.7

Type 347 aUoy X-ray 70.6 2.0 18.2 0.2 9.8 0.1 0:2 0:;; 0:2thickness, 300 A. Chemical 69.4 2.1 18.8 0.6 10.2 0.2 0.9 0.1

Type 304 oxide--1 X-ray 37.2 4.0 13.4 2.0 9.4 1.2 2:0thickness, 30 A. Chemical 34.0 3.1 14.0 3.4 10.7 4.0 9.9

Type 316 oxide---1 X-ray 42.1 3.2 12.6 0.7 4.9 0.6 (1.2)
thickness, 30 A. Chemical 45.0 4.2 13.0 2.0 5.4 2.1 14.5 3.2 4.2 1.1

Type 347 oxidc--·1 X-ray 45.4 4.2 17.7 3.0 7.7 0.8 3:2 (3.0) (0.1)
thickness, 30 A. Chemical 44,.5 5.0 20.7 3.2 8.2 2.6 12.9 5.7 1.0 0.4 0.1

'I'ype 304 oxide---2 X-ray 15.0 2.0 4.55 3.7 3.8 0.2 3'.3 o:ithickness, 300 A. Chemical 15.1 :<l.6 46.6 5.0 4.0 0.5

Type 316 oxidc--2 X-ray 25.0 3.2 36.8 3.1 5.0 0.3 ....
0:3

(0.2)
thickness, 300 A. Chemical 25.2 4.0 36.1 4.3 5.2 0.8 4.0 1.6 0.3

Type 347 oxide---2 X-ray 24.8 2.8 36.1 2.1 2.2 0.1 2'.0 &:2 &:3thickness, 300 A. Chemical 25.0 3.2 35.2 4.1 2.2 0.1 1.2

.. Per cent by weight.
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based on the specific radiation intensities obtained for pure
metals. For microanalytical systems with smaller sampling
errors, use of specific radiation intensities calculated from the
corresponding alloy or oxide standards would be preferred.

APPLICATIONS TO MICROANALYSIS

Application of this technique is not limited to microanalysis of
corrosion films and residues, but may be applied to routine
analysis of experimental alloys or other metallic materials using
suitably dispersed samples. An evaluation of the relationship
between absorption deviations and the state of sample dispersion
for each new system would determine the minimum sample dis
persion required for the achievement of a given analytical un
certainty. Once this is done, need for carefully tailored stand
ards may be eliminated in many cases.

In addition to the counting uncertainties characteristic of low
intensity x-ray measurements, special care is required for ade
quate correction of blank and background errors peculiar to
highly dispersed samples. Improvement in x-ray tubes and
radiation detectors could extend microanalytical applications
considerably beyond that described here (4). Finally, this
particular application is most suitable for the analysis of dispersed
samples where errors from absorption deviations are to be
minimized. For trace analysis of large samples, a completely
different instrumental approach is indicated (4).
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flame Spectra of Twenty Metals Using a Recording flame
Spectrophotometer
MARVIN WHISMAN and BARTON H. ECCLESTON
Petroleum Experiment Station, Bureau of Mines, BartiesvilJ'e, Okla.

One phase of the Bureau of Mines study of distillate
fuel storage stability required deterDlination of a large
nUDlber of Dletals present in trace quantities in these
fuels. A BeckDlan Model DU flaDle spectrophotoDleter
was Dlodified for this work by installing an autoDlatic
wave length drive and a recorder, which reduced the
tiDle needed for analysis to about 10 Dlinutes and the
saDlple requireDlents to 10 DlI. These Dlodifications are
described, and spectrograDls of 20 Dletals are given with
tables of the principal flaDle lines and an estiDlated
detection liDlit for each of the Dletals. The data pI'e
sented can be used in planning the analysis for any
particular Dletal or cODlbination of Dlctals, as well as
aiding the identification of lines in flaDle spectra. A
Dlethod of analysis for Dletals in distillate fuels is
briefly outlined.

T HE need for determining metals in trace quantities, both
qualitatively and quantitatively, in Diesel fuels was the

motive for investigating a flame spectrophotometric method in
this laboratory. Most metals present in these oils were present
in concentrations of less than I p.p.m., and it was necessary to
concentrate them to within the detection limit of the instrument.
A dry-ashing technique was used as a means of concentration,
but often the amount of ash obtained provided only a few
milliliters of aqueous solution in sufficient concentration for
analysis. The use of a recording technique was especially
advantageous as the flame spectrum of a sample could be scanned
in a few minutes, using about 10 mI. of solution, and providing
a permanent record suitable for qualitative analysis. Study of
these records frequently revealed unexpected elements that might
have been overlooked using a visual scanning technique. An

estimate of the quantity of each element present was made,
which saved time if subse~quent quantitative measurements were
necessary.

INSTRUMENT MODIFICATION

The instrument used· in this work was a modified Beckman
DU flame spectrophotometer. The electrical modifications con
sisted of the replacement of the Beckman phototube with a
photomultiplier phototube and its associated power supply; the
incorporation of a Sorensen voltage stabilizer; a Leeds & North
rup adjustable zero adjustable range Speedomax ·having a 1
second full-scale pen travel; and a wave-length drive. The fol
lowing block diagram shows the arrangement of these components
in the circuits:

IP28 photomultiplier
Damping circuit r--

Sensitivity circuit

High-voltage power
supply

Bridge balance control
Fine sensitivity control

Sorensen Leeds & Wave-

- a.c. voltage Northrup
I-

length
stabilizer I-second drive

recorder motor

The photomultiplier power supply and cathode follower circuit
are shown in Figure 1. This circuit is essentially that described
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by King and Priestly (5), with modifications. The circuit changes
consisted of the addition of 5000-ohm series resistors (R47 , R48,

Figure 1) in the high-voltage section and the omission of two
condensers in the cathode follower circuit. Two additional sensi
tivity ranges were obtained by adding a 1.0- and a 1.5-megohm
resistor, R.6 and R46• To obtain more stable operation, a 6074
voltage-regulator tube was sublltituted for the VR105 and a 5692
tube for the 6SN7. It was unnecessary to change the bridge bal
ance (R2[, R29 ), or sensitivity control (R28 ) of the photomultiplier
power-supply circuit after the initial settings were made. It was
more convenient to use the calibrated zero and the 1- to 20-mv.
range adjustment of the reeorder. The wave-length drive
synchronous motor was wired in parallel with the recorder chart
motor, so that the wave-length drIve and chart started simultane
ously; in addition, a marking pen on the recorder, operated by a
manually eontrolled microswitch, provided an index point. A
wave-length scale was prepared by operating the microswitch at
definite wave-length intervals, with the recorder and wave-length
drive in operation and the reference marks on the chart numbered
with the appropriate wave lengths. The scales were sprayed with
plastic and trimmed to give strips 1 i~ch wide, which were placed
along sample spectra to identify wave lengths of the principal
peaks.

The equipment is shown in Figure 2. Just below the recorder
is the photomultiplier power supply with its cables to the photo
multiplier housing on the spectrophotometer which replaces the
conventional phototube housing. The panel just below the
photomultiplier supply is not associated with the flame spectro
photometer. Below this unit is the Sorensen voltage stabilizer.

The mechanical modification consisted of addition of an auto
matic wave-length drive powered with a 117-volt, 60-cycle, 20
r.p.m. synchronous motor, in combination with a 100 to 1
worm-gear reducer, as shown in Figure 3. Thi,s rotated the wave
length shaft at 0.2 r.p.m., whereas the recorder paper was being
driven 2.00 inches per minute. The spring tension on the wave
length dial-cam follower was decreased so that the dial rotated
readily. The worm gear was installed on the wave-length drive
shaft and driven by the worm, which was mounted on an exten
sion of the motor shaft. The worm and worm gear were engaged
or disengaged by pivoting the motor and shaft, and a friction
catch held the motor in either position. The Gleason-Avery
synchronous motor can be readily replaced using a different
speed unit when desired.

The burner was a standard bore 4020 hydrogen atornizer
burner. Pressures were set to obtain optimum operating condi
tions. These pressures were 10 pounds per square inch of oxy-
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Figure 1. Electronic circuit for recording flaIne spectrophotoIneter

Ci
C,
C3, eu
C,
06, C12,C13
C" C,
ClD
C14
C15, C16

RI to RIO
RII
Ru
Ru
R14
Rli
RIO
R17
RIO
Ru, Rto
R..

0.2 mid. 600 volts
0,1 mid. 600 volts
0.05 mid. 600 volts
0.01 mid. 600 volts
0.01 mid. mica
50 mid. 50 volts electrolytic
4 mid. 300 volts electrolytic
4 mid. 1500 volts oil
4 mId. 1000 volts oil
22,000 ohms, 1 watt
75,000 ohms, If, watt
100,000 ohms, 'f, watt
150,000 ohms, 'f, watt
200,000 ohms, 'f, watt
300,000 ohms, 'f, w"tt
400,000 ohms, 'f, watt
600,000 ohms, 'f, watt
800,000 ohms, 'f, watt
3.3 megohms
5000 ohms potentiometer (coarse balance)

R"
R"
R24, R25. Rn
R"
R"
R"
R30
R31
R"
Ru,R"
Ru, R38

R"
R"
R..
R", to R..
R"
R"
Ru, Ru
T" T,
T,
CHI
**

2700 ohms, 1 watt
6800 ohms, 1 watt
5000 ohms, 1 watt
500 ohms, 1 watt (recorder connection)
5000 ohms (fine sensitivity potentiometer)
1000 ohms (fine balance potentiometer)
50,000 ohms, 1 watt
15,000 ohms, 1 watt
22,000 ohms, 1 watt
5000 ohms, 4 watts
20,000 ohms, 2 watts
30,000 ohms, 1 watt
500,000 ohms, 1 watt
20,000 ohms, high-voltage adjustment potentiometer
10,000 ohms, 1 watt
1.0 megohm, 'f, watt
1.5 megohms, 'f, watt
5000 ohms, 10 watts
Stancor P6010 (PC 8406 substituted)
6.3-volt filament translormer
15-henry, 75 mao
Cables to photomultiplier housing
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Figure 2. Recorder, pOwer supply, and wave-length drive
attached to BeckDlan DU flame spectrophotoDleter

gen and 1 pound per square inch of hydrogen, which correspond
to 3 liters per minute of oxygen and 12 liters per minute of hydro
gen.

SENSITIVITY AND RESOLUTION

No direct comparison of the modified flame spectrophotometer
sensitivity with the instrument was made before modification,
but the detection limits as determined with the modification are
in fair agreement with those published by Beckman (1) for the
DU flame spectrophotometer with the photomultiplier attach
ment. Stability with the described modification is good, as

Figure 3. Wave-length drive
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Table I. FllUlle Spectra of Aqueous Solutions of Metal Salts

(Metal concn. approximately 100 p.p.m. Beckman flame spectrophotometer with
recording attachment)

Peak Peak Peak Peak
Wave Wave Wave Wave

Length, Intensity· Length, Intensity· Length, Intensity· Length, Intensity·
ml' Element Number ml' Element Number ml' Element Number ml' Element Number

279.5 Mn ~ 389.4 Co 13 356.6 Ni 8 518.0 Ti I"
279.8 Mn 4 389.6 Fe 8 357.5 Co 7 518.0 B l'
285.2 Mg 1 392.0 Fe 7 357.9 Cr 4 519.3 Mn 5'
300.2 Ni 10 393.4 Ca 5 358.1 Fe 9 520.4 Cr 7
305.1 Ni 11 396.8 Ca 6 359.3, Cr 5 524.1 Ba 6'
324.8 Cu 1 399.[0 Co 10 359.5 Co 11 527.0 Fe 13
327.4 Cu 2 402.8 Pb 4 359.8 Ni 14 528.0 V 3'
328'.1 Ag 1 403d Fe 10 360.5 Cr 6 532.8 Fe 14
330.2 Na 2 403.1 Mn 1 361.0 Ni ~ 534.7 Ba 7·
337.0 Ni 9 404.4 K 1 361.9 Ni 5 535.0 TI 2
338.1 Ni 13 405.8 Pb 1 364.0 Pb 3 539.2 Mn 3·
338.3 Ag 2 407.8 Sr 3 368.2 Fe 12 545.0 B 2'
339.3 Ni 6 411.1 Co 9 368.3 Pb 2 546.9 V l'
340.5 Co b 420.2 Rb 1 370.6 Fe 11 553d Sr 5
341.2 Co 3 421.6 Sr 4 371.0 Mg 3· 553.6 Ba 1
341.6 Ni 2 421.6 Rb 2 372.0 Fe 1 554.4 Ca l'
343.2 Co 8 422.7 Ca 2 373.7 Fe 3 555d Cr 8
344.6 Ni 7 425.4 Cr 1 374.6 Fe 4 561.0 Mn 2·
345.4 Co 2 427.5 Cr 2 377.6 TI 1 570d Ca 7 b
346.2 Ni 3 429.0 Cr 3 380.7 Ni 15 573.7 V 2·
346.6 Co 4 455.4 Ba 4 381.6 Fe 6 577 Cr 9
347.4 Co b 460.3 Li 3 383.0 Mg 2· 589.0 Na 1
348.8 Co 14 460.7 Sr 1 . 384.5 Co 12 598d Ca 4b
349.3 Ni 4 471.0 B 4 e 385.8 Ni 12 606.0 Sr 2·
350.6 Co 5 485.1 Ba 3' 386.0 Fe 2 610.4 Li 2
351.5 Ni b 493.0 B 3· 387.3 Co 6 620.3 Ca 3'
351.3 Co b 493.4 Ba 5 388.6 Fe 5 662.8 Sr 6 e
352.5 Ni 1 500d Mn 6e 670.8 Li 1
353.0 Co 1 513.9 Ba 2'

• No.1 denotes moot intense or persistent line for that metal. • Band.
b Shoulder on another peak. d Measured values, corresponding values were not found in tables.
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indicated by zero drift. The resolution is good at O.05-mm. slit
width and permits detection of a smaller quantity of most ele
ments than at O.l-mm. slit width. Part of this improvement
results from the decreased background at narrower slit widths.

FLAME SPECTRA OF METALS

For preliminary investigation 27 metals were used. These
elements were selected because they have been reported among
those occurring naturally in crude oils. Where possible, the
chloride salts of these metals were selected for standard solutions'
20 compounds were chlorides and the remainder were nitrates'
sulfates, and acetates. Using distilled water, a stand:ud solutio~
containing 500 to 2000 p.p.m. of the metal was made, and from
these stock solutions weighed dilutions were made to 100 50
and 10 p.p.m. of the metal.' , ,

The solutions containing 100 p.p.m. metal were burned and
scanned from 700 to 275 m", using a 20 r.p.m. wave-length drive
motor and a slit width of 0.05 mm. The spectrum of each element
was compared with that of distilled water, and the wave length
of the lines and bands characteristic of the element or molecule
were measured in millimicrons. The heights of the more per
sistent peaks were recorded in millivolts. Figures 4, 5, and
spectrograms A and B of Figure 6 present reproductions of these
charts for the 20 metals that yielded flame spectra in this range
and at these concentrations.

Table I is a tabulation of lines and bands found for the 27
elements in order of increasing wave length. The number in
column 3 opposite the element indicates the strength of that line

compared to other lines found for the same element-No.1 being
the strongest line. Unless otherwise indicated the wave-length
values are literature values (4, 6) which for the most part are in
good agreement with experimental values of this laboratory, as
shown in Table II.

Dilutions containing 10 p.p.m. of metal were tested, using a
slit width of 0.10 mm. Although the intensity of lines for some
elements was increased, a more irregular background made
qualitative identification for many of the metals less certain.
Because of this, and to facilitate comparison, all measurements
reported in this paper were made at 0.05-mm. slit width. .

The intensities of the principal lines for each element were
measured, using both a rapid scanning and a manual technique.
These measurements were made for three dilutions of each stand
ard solution containing 100 to 10 p.p.m. of the metal. However,
for sodium it was necessary to reduce these concentrations to
l.0, 0.5, and 0.1 p.p.m. because of the high intensity of the 589.0
sodium peak. To measure the heights of the lines and narrow
bands, a base-line measuring technique was used. This involved
averaging the background height on either side of the peak base
and measuring from this point to the peak crest. For the wide
bands of vanadium, boron, and titanium a measurement was made
from the background on the high wave-length side (685 m,,) to
the top of the band heads. These data are presented in Table
II along with detection limits for the most persistent line or band
of each metal. An empirical approach to calculating minimum
detectable concentrations for each metal was attempted. The
principal peak for each element tested was examined carefully
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Figure 6. Flame spectra
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and the nature of the background in that particular portion of the
~ectrum noted. Because of an irregular background in the
wave-length region of cobalt, nickel, copper, magnesium, and
silver, it was doubtful that these elements could be identified
qualitatively in an unknown sample unless peak heights of 0.02
to 0.03 mv. were obtained. For such elementE! as boron, titanium,
and vanadium, where onl.y broad bands were present in the re
corded spectrum, even greater concentrations were necessary
before a distinction could be made among the three elements.
Other metals, such as calcium, chromium, iron, lead, lithium,
manganese, potassium, rubidium, sodium, strontium, thallium,
and barium, could be identified if peaks in the order of 0.01 mv.
were obtained. Using this method, detection limits were calcu
lated for 20 metals by assuming a straightline relationship among
concentrations from 0 to 10 p.p.m. metal and peak height, as
measured by rapid scanning. The final column is detection
limits, calculated to show the advalJ.tage of a manual measuring
technique. These values were caleulated using the same mini
mum detectable peak heights as above and the height of the
principal peaks at 10 p.p.m., as measured manually.

2.5 No

2.0

:>

E

f-- 1.5
I
Cl

W
I

:.:
<! 1.0
li..
Cl.

.5

Figure 7. Concentration vs. intensity data for
20 Illetals

The data reported were obtained, using a IP28 phototube and
the coarse sensitivity setting on position R18 (800,000 ohms).
The phototube has now been replaced, and the new one has a
sensitivity 2.5 times that of the initial tube. Using this phototube
and the sensitivity on R48 (1.5 megohms), a fourfold increase in
over-all sensitivity can be obtained. BecaUf3e of the above, it
,can safely be assumed that the detection limits tabulated in
Table II can be lowered by a factor of approximately 4. These
detection limits may also be lowered even more by selection of
the optimum slit widths for each element. However, the factor
of enhancement or interference by other compounds will certainly
need to be considered in applying these detection limits to an
actual analysis.

In Figur,e 7 the relationship between concentration and·
intensity of principal lines for 20 metals is shown graphically.
Here it will be noted that intensity is essentially a linear function
of concentration for sodium, strontium, manganese, thallium,
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chromium, barium, iron, cobalt, titanium, vanadium, boron, and
lead. Principal peaks of other metals such as lithium, copper,
calcium, silver, nickel, and magnesium, tend to lose intensity as
concentration increased up to 100 p.p.m. Still others, such as
potassium and rubidium, show an opposite tendency of increased
sensitivity with increased concentration.

An attempt was made to incorporate lithium or strontium as
an internal standard in obtaining these data. Known quanti
ties of the internal standard were added to aqueous samples of
other metals, and a calibration curve was obtained by plotting
the ratio of the peak height of the.standard to the peak height of
the metal versus concentration. The internal standard method
proved unsatisfactory, because of nonlinearity of curves, inter
ferences, and inconvenience of handling. An alternative technique
was adopted for burning an aqueous solution containing 12 p.p.m.
of strontium two or three times each day. The peak at 460.7
mt' was used for checking the operation of the burner and the
electrical circuits. A constant peak height was maintained by
cleaning the burner or, when necessary, by varying the high
voltage adjustment in the electronic circuit. By making such
adjustments to maintain constant operating conditions, the
analysis of a standard solution was duplicated over a period of
several weeks, with an average deviation from the known value
of ±2.0%.

Spectrograms G, H, and J of Figure 6 show examples of spectro
grams obtained when hydrocarbons are burned. Spectrogram
G of this figure was obtained by burning a crude oil diluted with
an equal volume of chloroform. A spectrographic analysis
previously made on this crude-oil sample showed that it contained
about 80 p.p.m. of nickel, 25 p.p.m. of iron, and 23 p.p.m. of
vanadium. Spectrogram H is that obtained when a thermally
cracked distillate fuel is burned. The peaks in this curve are

. caused by the burning hydrocarbon. These are the Swan bands
of carbon (C2 ) at approximately 516.5, 513, 473.7, 471.5, 469.8,
488.5, 436.5, and 553. The prominent peaks at 431.5, 387, and
389 are very likely methine bands. The bands at 343 and 347 are
probably hydroxyl and aldehyde bands, whereas those in the
range 328 to 306 and 290 to 280 can be carbon monoxide, carbon
dioxide, oxygen, ozone, nitric oxide, nitrogen, and hydroxyl.
Spectrogram J of Figure 6 shows the same thermally cracked
distillate fuel containing added 2-ethylhexoates in approximately
the following amounts: 95 p.p.m. of cobalt, 100 p.p.m. of manga
nese, 65 p.p.m. of zinc, and 240 p.p.m. of lead.

Several samples of organometallic compounds were analyzed,
using the flame spectrophotometer. These compounds were
2-ethylhexoates and naphthenates in hydrocarbon solvents and,
except for their high concentration of a single metal, presented a
;imilar problem to crude oils in their analysis. To determine the
metal content of these compounds, acid digestion with sulfuric
and nitric acids was used to break the hydrocarbons down to
water-soluble sulfates. The residue of this digestion was diluted
with a weighed quantity of distilled water and the resultant
solution burned in the flame spectrophotometer. A slow speed
(5 r.p.m.) motor was used to scan through the areas of the spectra
that were of interest. The heights of the peaks were measured
and compared to calibration data, which were established by
acid digesting, in an identical manner, a known quantity of a
metal sulfate and diluting to several different concentrations
before burning in the spectrophotometer.

A similar analysis has been used for semiquantitative analysis
of metals in some distillate fuels and crude oils. A wet-ashing
procedure (2) was used to concentrate the metals in these oils.
Equal weights of sample and sulfuric acid were combined in a
Vycor beaker and cooked on a hot plate until the oil was com
pletely charred. A mume furnace was used to complete the ash
ing, and flame analysis was carried out on a water solution of this
ash.

This information should be of value in planning the analysis
for any particular element or combination of elements. The
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data given on hydrocarbons represent the start toward the anal
ysis of a limited group of metals as they occur in distillate fuels.
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Spectrographic Determination of Nickel and Vanadium in
Petroleum Products by Catalytic Ashing
JAMES E. MCEVOY, THOMAS H. MILLIKEN, and ANDRE L. JULIARD

HoucJry Process Corp., Marcus Hook, Pa,

AIllounts of nickel and vanadiuIll at the level of 0.1 to
1000 p.p.Ill. can be rapidly deterIllined in petroleulll
products by cracking the Illaterials in the liquid phase
on ground active silica-alulllina catalyst. Nickel and
vanadiuIll sorbed on the catalyst by this procedure have
the saIlle spectro-elllission characteristics as artificial
standards prepared by the iIllpregnation of the saIlle
support with dilute nickel nitrate and aIllmonium
vanadate solutions. The spectrographic determination
is Illade by blending the ignited support with a chro-,
mium oxide-graphite mixture, pelleting the blend, and
sparking under controlled conditions. The repeatabil
ity of duplicated results is generally better than ±5%"
and the average deviation between catalytic and con
ventional photollletric results, determined on eight
different lands of oils, is within ±15%. For concentra
tions in the range of 10 p.p.m. only 2 to 5 grams of
sample are necessary; the ashing process requires ap
proximately 3 hours, and the spectrographic determina
tion of the two elements an additional 1.25 hours.

THERE is still a need in the petroleum industry for rapid
and reliable methods for the determination of traces of

nickel and vanadium in petroleum products.
Accurate methods require, as a first step, the concentration of

metallic compounds, and their transformation into inorganic
products. This is done either by slow combustion (1, 3, 4, 7) or
by sulfuric acid charring (5, 6) of the oil, followed by careful
ignition of the coke. More reliable results are obtained by the
sulfuric acid procedure. However, this concentration process is
a slow operation, which can require many days when the sample
has a low metal and a high paraffinic content.

The ashing process can be accelerated without the danger of
losing metal by volatilization or mechanical entrainment, if the
oil is heated with a cracking catalyst of the silica-alumina type
which manifests a powerful adsorbing affinity for nickel and
vanadium. Another advantage of this type of ashing is that
such a catalyst can also act as an ash collector and a spectro
graphic buffer for subsequent analysis.

Murray and Plagge (7) have already advocated the addition of
a small amount of inert material to the oil as an ash collector and
as a spectrographic aid in the determination of nickel and vana
dium in petroleum products. These authors obtained semiquanti
tative results by ashing the oil by dry oxidation after the addition
of 0.02 weight % of silica or silica-alumina and by analyzing the
ash by the rotating sector method.

This paper shows that trace amounts of nickel and vanadium
in different types of oil can be rapidly determined with reason
able accuracy by ashing the oil with 7 to 50 weight % of silica-

alumina which decomposes the sample catalytically, and by
analyzing the ignited product spectrographically. This con
clusion is obtained from a comparison of the nickel and vanadium
content of a series of petroleum products determined simultane
ously by spectrographic analysis after catalytic ashing and by
photometric analysis after sulfuric acid ashing of the sample.

EQUIPMENT

Spectrograph, 1.5-meter ARL grating spectrograph.
Excitation source, ARL Multisource unit with a spark-ignited

direct current discharge.
Densitometer, ARL projection microphotometer.
Developing, ARL thermostatic developing machine, and ARL

film dryer.
Calculator, Dunn-Lowry calculation board.
Spectrophotometer, Beckman, Model DU.

REAGENTS AND STANDARDS

Reagents are all of analytical grade, conforming to the specifica
tions of the Committee on Analytical Reagents of the AMERICAN
CHEMICAL SOCIETY.

References to water concerns distilled water, demineralized by
ion exchange, to a residual salt content of less than 0.2 p.p.m.

Silica-Alumina, very pure synthetic silica-alumina catalyst
containing approximately 87% of silica and 13% of alumina,
having an internal surface of approximately 200 square meters
per gram. This material is ground in an agate mortar to a fine
ness comparable to talc. No quantitative amounts of nickel or
vanadium were detectable by spectrographic or chemical analysis
in this material.

Chromic Oxide, prepared by thermal decomposition of chro
mium nitrate. The nitrate is first fused and dehydrated in a.boro
silicate glass beaker by slow heating on hot plate. The dry prod
uct is then ignited with a blast burner in a porcelain dish for ap
proximately 3 hours. The oxide is cooled in a desiccator and
kept in a dry bottle.

Graphite Powder, spectrographically pure, suitable for briquet
ing. Can be prepared by finely grinding spectrographic graphite
electrodes with a pencil sharpener reserved for that purpose.

Graphite-Internal Standard Mixture. A mixture of 5.000
grams of chromic oxide and 1.000 gram of spectrographic graphite
powder is milled in a ball mill with hard ceramic balls for at least
48 hours.

Standard Stock Solutions. NICKEL SOLUTION, 0.4955 gram
of nickel sesquihydrated nitrate dissolved in 1000 ml. of water.
The nickel concentration of this solution is theoretically 100.0
mg. per liter. This concentration, checked photometrically by
the dimethyl glyoxime method, was found equal to the theoretical
value, within the limit of precision of the determination.

VANADIUM SOLUTION, 0.2296 gram of ammonium vanadate
dissolved in 1000 ml. of water. The vanadium concentration of
this solution is theoretically 100.0 mg. per liter. This concentra
tion, checked photometrically by the phosphotungstic method,
was found equal to the theoretical value, within the limit of pre
cision of this determination.

Standard Working Solutions. These solutions are prepared by
diluting the standard stock solution with water, just before
preparation of the catalyst standards.
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MICROGltAMS OF loll/PER GRAM OF CATALYST

FigurE' 1. Analytical curves for nickel

MICROGRAM OF V PER GRAM OF CATALYST

Figure 2. Analytical curves for vanadium

Catalyst Standards. The spectrographic standards are pre
pared by adding to 10.00 gmms of active silica-alumina a known
amount of nickel:wd vanadium from a, dilute nickel nitrate and
ammonium vanadate solution. The working solutions are ad
justed so that 5 to 10 m!. of solution are added at one time. The
slurry is stirred gently, and evaporated to dryness on a steam
bath. Standards of higher concentration are prepared by repeat
ing the impregnation process.

After the appropriate amount of metal has been added, the
material adhering to the wall of the dish is washed with a small
amount of water, ,and the slurry is stined and again evaporated
to dryness. This washing procedure is repeated three times, to
ensure even distribution of the elements throughout the standard.

After drying the standard is thoroughly ground in an agate
mortar and redried at 105' C. for 2 hours.

Pellets for Arcing. The ignited, metal-impregnated catalyst
and the mixture of graphite-internal standard are weighed into a
I-ounce wide-mouthed screw-cap bottle in the proportions of 1 to
2. Eight lis-inch stainless steel ball bearings are added to the
mixture and the bottle is shaken for 1 minute to obtain a uniform
distribution. The mix is pelleted in a small press. The die is
3/16 ineh in diameter, and 7/s inch deep. It is filled with the mix,
and pelleted at a pressure of 3000 pounds per square inch gage.

The pellet is inserted in the crater of the lower electrode. It is
cut flat at the rim of the crater with a steel razor blade.

silica-alumina standards containing known amounts of these
metals.

Analytical Curves. The analytical curves, represented by Fig
ures 1 and 2, give the relation between the intensity ratios of the
nickel or the vanadium line to the reference chromium line, and
the amount of metal added to the catalyst, for the two types of
excitation conditions.

Each experimental point of the curve is the average value of
10 arcings. The repeatability of the intensity ratio of the analyti
cal line to the chromium-reference line is approximately the same
with the standard catalysts and with the oil ash impregnated
catalyst. The spread of successive ratio determinations of the
same sample can be evaluated from Table I, which gives the
average deviation of six arcings.

The wave length of the analytical and reference line, and
the arcing conditions are given with the analytical curves. These
curves cover a range of concentrations from 3 to 700 l' of metal per
gram of catalyst, and intensity ratios from 0.3 to 1.3. The in
tensity of the vanadium line 3184,.0 A. of Figure 2, marked F, is
compared to the chromium line 3445.6 A. by adding a 50 to 100%
split-field filter.

SPECTROGRAPHIC TE(:HNIQUE

Excitation and Exposure

Photography. E.mulsion, Eastman Spectrum Analysis No.1,
35-mm. film.

Development. Kodak D-I9, rocked for 3 minutes. Short
stop, 5% acetic aeid for 10 seconds. Fixing, Eastman rapid
x-ray fixer with hardener for 3 minutes. Washing, running water
in large reservoir, for 5 minutes. Drying, blower and lamp
heater, 1.5 minutes.

Calibration. With pure iron spectrum, photographed through
a split field, using the two-line method of Churchill (2).

Densitometry. Transmittance measurements for analytical
line pairs are converted into intensity ral;ios using the calculating
board. These ratios are then converted bito percentages of
nickel or van.adium using analytical eurves estabUshed from

Type 0' sparking
Ca.pacitance. microfarads
Inductance, microhenries
Discharge as charge
Discharge point control
Initiator
Resistance, ohms
Output current, amperes
Voltage, volts
Voltage control
Upper electrode, 0.242 inch
Lower electrode, 0.242 inch
Gap, mm.
Slit width, microns
Prespark, seconds
Exposure, seconds
Filter, % transmittanee

High amperage, Type A
60

480
0°

90°
Low power

18
U.5

330
Off

15° eone
3/1a X 3/16 inch crater

6
30
o

20
2 for nickel
2 for

vanadium

Low ampersge, Type B
60

480
0°

90°
Low power

300
2.2

940
On

15° cone
3ha X 3/16 inch crater

4
40
o

60
12 for nickel

4 for
vanadium

PROCEDURE

Sampling. The sample is kept in a glass bottle not more than
two thirds filled.

In handling heavy oils, a representative sample is obtained by
raising the temperature of the oil to 70° C., by shaking the bottle
vigorously, and by transferring to a 400-m!. beaker an amount of
oil large enough for performing a series of catalytic ashing deter
minations. Duplicate samples are prepared by warming the
beaker and stirring the oil thoroughly with a glass rod before the
oil is added to the catalyst.

Spectrographic Determination. Two procedures are used to
coke the oil on the catalyst, the choice being determined by the
metallic content and the volatility of the sample.

Samples with a nickel or vanadium content greater than 1
p.p.m., or nonvolatile samples with a metal content less than 1
p.p.m., are directly blended with the ground catalyst and a small
amount of concentrated nitric acid (Blend Procedure). Volatile
samples with a nickel or vanadium content below 1 p.p.m. are
added dropwise to the hot catalyst (Drop Procedure).

BLEND PROCEDURE. Two to 30 grams of oil are blended, by
means of a glass stirring rod, with 2 grams of catalyst in a No.4 to
6 porcelain dish, and a volume of concentrated nitric acid equiva
lent to 0.1 the volume of the oil is added to the blend. The mix
ture is carefully heated, with stirring, on an air bath, until foam
ing ceases. If any liquid remains after this treatment, successive
I-m!. portions of concentrated nitric acid are added (not to ex
ceed one fourth of the volume of the sample), while the tempera
ture is progressively raised until all the oil is charred. The tem
perature is further increased until fuming is completed.
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DISCUSSION

The reliability of the catalytic cracking method for determin
ing the nickel and vanadium content of petroleum products can
not be directly evaluated from the analysis of synthetic samples,
as knowledge of the organometallic components of petroleum
products is limited.

The reliability. can be indirectly evaluated by checking the
reproducibility of the results obtained with different types of

EXPERIMENTAL RESULTS

Table I gives the results of repeated analysis of a mid-continent
15% bottom obtained from three operators over a period of
6 months, 'by using the catalytic ashing method. The experi
ments were performed with different ratios of catalyst to oil, from
0.1 to 0.3, and with different amounts of nitric acid, from 0 to
2.5 m!. per gram of catalyst. Each intensity ratio is the average
value of six arcings. The ratios and the average values of the
nickel and vanadium determination are given with their standard
deviations.

Table II gives the nickel and vanadium content of the same
sample determined by the accelerated blend procedure. In this
table each value corresponds to a single determination. The
average values of the nickel and the vanadium are given with
their standard deviations.

Table III gives the nickel and vanadium concentration of two
kinds of oil with a low metal content, determined by the blend
and the drop procedure. Figures mentioned with a deviation
value are the average value of duplicate determinations run simul
taneously.

Table IV gives the nickel and vanadium content of different
types of petroleum products determined spectrographically after
catalytic ashing, and photometrically after sulfuric acid ashing.
The samples are classified according to their decreasing nickel
content. Each result represents the average value of duplicate
analyses run simultaneously.

sulfuric acid in a large porcelain dish, the coke is
reduced to a small volume by slow burning in a
Vycor dish, and the reduced product is ignited to
ash in a platinum dish.

Five hundred grams of oil are blended with
100 m!. of concentrated sulfuric acid in a 1.5-liter
porcelain dish, covered with another dish of the
same size. The mixture is slowly heated with in
termittent stirring to a temperature at which
heavy white fumes are evolved. This heating
process requires 4 to 5 hours. Two hundred and
fifty milliliters of concentrated sulfuric acid are
added in 50-mI. portions, at I-hour intervals.
The mixture is kept at the same temperature as
long as the oil is not completely charred. If com
plete coking is not achieved after 24 hours, 50 mI.
more of concentrated sulfuric are added. When
the oil is completely coked, the temperature is
gradually raised to get rid of the excess sulfuric
acid. The dry coke is transferred to a 350-m!.
Vycor dish, and reduced to a small volume by slow
burning on an 'electric heater at about 500 0 C.

The remaining ash is finally transferred to a 100-m!. platinum
dish and ignited for 2 hours at 600 0 C. After cooling, 2 m!. of
hydrofluoric acid and 1 m!. of concentrated sulfuric acid are
added to. the ash. The liquid is evaporated on a hot plate, to
get rid of the silica.

The residual product is fused with sodium carbonate. The
vanadium is leached out of the insoluble carbonates with boiling
water, and the extract is reduced to 50 m!. after being acidified
with diluted hydrochloric acid. The leached carbonates are dis
solved in hydrochloric acid. Traces of remaining nickel are ex
tracted from the platinum dish by a pyrosulfate fusion, and added
to the nickel solution. The nickel solution is also adjusted to 50
m!.

Convenient aliquots of the vanadium and the nickel solution
are treated according to conventional procedures given by Sandell
(8), the nickel being determined as nickelic dimethylglyoxime, and
the vanadium as phosphotungstic complex. Absorbances are
measured with the spectrophotometer, using a 1-cm. cel!.

P.p.m.

9.1
9.4
5.1
6.2
8.2
7.3
7.7
6.0
7.2

7.3±1.4
6.0 ± 0.6

Vanadium

0.35

Intensity
ratio,

V 3184.0/
Cr 2967.6"

0.85 ± 0.06
0.85 ±0.06
0.38 ± 0.05
0.37 ± 0.04
0.39 ± 0.02
0.69 ±0.05
0.58 ± 0.04
0.38 ±1l.02
0.41 ± 0.02

V,P.P.M.

V,P.P.M.

6.3
7.1
6.0
6.6
7.0

6.6 ±0.5
7.3±1.4

0.45
0.35"

Blend Drop

1.4 1.6±0.7
1.6±0.1

0.63

Ni,P.P.M.

(27.4)
12.2
11.1
12.8
12.5

12.1±0.8
13.1 ± 1.0

Weight ratio catalyst/oil = 0.10)

Ni,P.P.M.
Blend Drop

0.71 0.67±0.12
0.67 ± 0.04

Accelerated Blend Procedure

Nickel and Vanadium Determination by Blend
and Drop Procedures

Weight
Ratio,

Oil/Cat.

10

Table II.

Table I. Repeatability and Accuracy of Blend Procedure
(Mid-continent 15% bottom)

Nickel

(Mid-continent 15% bottom.

Acid Added,
Ml./Gram Catalyst

HNO., 3.0
HNO" 3.0
HNO., 3.0 + H2S0., 0.3
H 2SO., 3.0
H 2SO., 10.00

Average value, accelerated procedure
Average value, regular procedure

(from Table I)

Nature of
Sample

Wyoming tar
separator
overhead

San Ordo gas 15 0.47
oil 0.43 ± 0.04"

" Without acid added to slurry.

Intensity
HNO.. Weight ratio,

Date and Ml./Gram Ratio, Ni 3646.3/
Operator Cat. Cat./Oil Cr 3445.6" P.p.m.

5/24/55 A 0.0 0.153 0.85 ± 0.04 12.3
5/24/55 A 0.0 0.171 0.77±0.04 12.1
2/7/55B 0.0 0.189 1.14 ± 0.07 14.1
1/4/55C 1.0 0.247 0.90 ± 0.05 13.1
1/17/55C 1.0 0.303 0.75 ±0.05 12.1
1/4/55 C 2.0 0.119 1.54 ± 0.05 13.6
1/17/55C 2.0 0.154 1.20 ± 0.06 12.5

12/20/54C 2.5 0.232 0.95 ±0.06 13.5
12/20/54 C 2.5 0.244 1.00 ± 0.06 14.9

Average value of spectrographic determinations b 13.1 ± 1.0
Average value of photometric determinations 11.7 ± 0.5

a Deviations of ratios are average deviations. measured from six arcings.
b Deviations of average values are calculated from nine determinations.

The blend procedure can be accelerated by combining the acid
catalyst ashing with a dry oxidation, the blend of the sample with
catalyst and concentrated acid is cautiously heated in a Vycor dish,
while stirring, until foaming ceases and the sludge begins to thicken.
It is then rapidly heated on a hot plate to a temperature at which the
hydrocarbon vapors can be ignited. The temperature is slowly
increased to maintain slow combustion.. The dry coke is finally
oxidized at 600 0 C. as in the regular procedure. The accelerated
procedure can be successfully performed with concentrated nitric
acid, sulfuric acid, or a 1 to 10 mixture of sulfuric and nitric acid.
The time devoted to the coking can be reduced with the acceler
ated procedure from 1.5 hours to 25 minutes.

DROP PROCEDURE. Two grams of catalyst, moistened with a
few drops of concentrated nitric acid, are heated to approximately
250 0 C. in a No.2 porcelain dish. A volume of 30 to 100 mI. of
oil is then added dropwise, at the rate of approximately 2 drops
per second, to the hot catalyst. The temperature is then adjusted,
low enough to allow sorption of the oil on the catalyst, and high
enough to crack and vaporize it within half a second. Inter
mittent stirring is an aid to uniform cracking. ,

After coking, the catalyst is placed in an oven at 600 0 C. for
about 2 hours to oxidize the carbonaceous residue and to convert
the nickel and the vanadium to their oxides. The catalyst is
then finely ground in an agate mortar, blended with the graphite-
chromic oxide mixture as quickly as possible to avoid water ab
sorption, pelleted, and finally arced under the conditions given
in the spectrographic section.

The weight ratio of oil to catalyst is not too critica!. However,
this ratio should not be below 1 and above 15 in the blend pro
cedure, nor below 10 and above 50 in the drop procedure. With
samples of very low metal content, accurate results can be ob
tained by repeated additions of oil, after ignition of the coke
products at 600 0 C.

Photometric Determination. The sample is charred with con
centrated sulfuric acid according to a procedure similar to that
recommended by Milner and others (6). Briefly, the ash
ing proceeds in three steps: The oil is charred with concentrated

Table III.
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a Dry oxidation ashing.

Nickel and VanadiulU DeterlUination by Spectrographic and
PhotolUetric Procedures

V, P.P.M.
Spectrographic Photometric

1120 ± 45 1160 ±3

28 ± 7 32.2 ±0.3
71.0 ± 1.5 78 ±O

35 ± 2 30 ±1

6.7 ± 0.0 7.0±0.3

4.5 ± 0.6 5.9 ± 0.3
a6.0 ± 0.3

0.80 ± 0.06 1.1±0.1

1.8 ± 0.2 2.2 ± 0.2

0.85 ± 0.03 1.1±0.1

Ni, P.P.M.

66.5 ± 0.4 66 ±1
16.0 ± 0.4 28 ±5

17 ± 12.5 ± 0.5

9.5 ± 0.0 12 ±O
9.0 ± 1.0,

12.2 ± 0.4 11.5 ± 0.5
all.8

3.3 ± 0.1 4.2 ± 0.1

1.70 ± 0.05 1.6 ± 0.1

0.40 ± 0.05 0.30 ± 0.05

Spectrographic Photometric

123 ± 10 107 ± 2

mination of vanadium can easily be affected by the slightest
turbidity of the solution.

The agreement between the spectrographic and the photo
metric procedures appears even more clearly in Figure 3, which
gives the relationship between the experimental points corre
sponding to these two procedures for the eight petroleum samples
of Table IV. The straight line indicates the position that the
points should occupy in a perfect agreement of the two procedures.

Statistical computations show that the ratios of the variance
of the results obtained by the spectrographic and the photometric
methods fluctuate between larger limits than t,he theoretical ex
pected value, when the variance is calculated from the range be
tween duplicate determinations of the same sample obtained
simultaneously with the same method (9). This discrepancy can
be due to some random error depending on the nature of the oil,
or perhaps to the choice of working curve. Further investiga
tions are being conducted to clarify this point.
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Table IV.

Nature of Sample

Boscan full crude
South California

residuum
Tia Juana residuum
Kuwait 65% bot

toms
Mid-continent 14%

bottoms (from
blend)

Mid-continent 15%
bottoms

West Texas heavy
gas oil
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phalted gas oil

Kuwait tar sepa
rator overhead
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Figure 3. Relation between nickel and vanadiulU
deterlUinations by spectrographic and photolUetric

procedures

oil under different a.shing conditions,
and by comparing the spectrographic
results with the photometric determi
nation after sulfuric acid ashing. The
latter analysis is generally accepted as
reliable (4, 6).

Tables I and II show that the nickel
and vanadium concentration determined
by catalytic ashing is not appreciably
affected by the ratio of catalyst to oil, or
by the amount or the nature of tbe
acid added to the slurry. Table III
sho\rs furthermore that approximately
the same results are obtained by the
blend l,nd the drop procedures.

Table I shows, that with the mid-con-·
tinent 15% bottom there is an excellent
agreement between the results obtained
by the spectrographic-catalytic ashiug
procedure and the conventional photo
metric-sulfuric ashing procedure. The
difference between the results obtained
by the two methods, equal to 1.4 p.p.m. for nickel and 1.3 p.p.m.
for vanadium, is just at the maximum limit that can be expected
from the fluctuation of individual determinations. Because of the
great retentive cf~pacity of the catalyst for metallic compounds,
slightly higher results obtained by the catalytic ashing method
may be a more accurate value of the metal content of the oil.

Table IV shows that the agreement between the spectrographic
and photometric determination appears also with other kinds of
samples, from full crude to tar separator overhead. The results
for nickel determined by both methods are in fairly good agree
ment, with the exception of the Tia Juana Residuum sample. The
repeatability of the sulfuric acid ashing analysis of this sample
is rather poor. This fact would cast some doubt on the homo
geneity of that sample. The vanadium results, obtained by both
methods, are also in good agreement. At a low concentration
level, below 5 p.p.m., there is a tendency to get slightly lower
results with the catalytic ashing procedure. It is possible that
the results obtained by sulfuric add ashing procedure are slightly
too high, because at low concentrations the photometric deter-



Quantitative Spectrographic Determination of Vanadium in Petroleum
Products by Logarithmic Sector Method
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Table I. Excitation Conditions

period is compensated for by the addition of an internal standard,
titanium. No plate calibration is required with the logarithmic
sector method.

The chief advantages of this method are that a vanadium de
termination can be performed in about I man-hour, which is
half the time required by the densitometric procedure, and that
no expensive densitometer is necessary.

METHOD FOR INTERNAL AND BUFFER STANDARDS

Prepare synthetic standards of various vanadium concentra
tions by using C.P. vanadium pentoxide and spectrographic
graphite as diluent. Vanadium concentrations of 1, 3,9,30,56%
have been found adequate. Mix these samples with the buffer
internal standard mixture in a ratio of 1 part of sample to 9 parts
of buffer-internal standard mixture.

Prepare the buffer-internal standard mixture as follows. Pre
pare a mixture of 1% titanium (as the oxide) in C.P. silicon dioxide
and mix the titanium-silicon dioxide powder with spectrographic
graphite in a ratio of 1 part of titanium-silicon dioxide with 2
parts of graphite. .

All the above chemicals are ground so as to go through 200
mesh screens.

Set the spectrograph as indicated in Table I and arc the
samples.

EQUIPMENT

A Bausch & Lomb large Littrow spectrograph with the cam
era positioned to photograph the 2500 to 3500 A. range is used.
The exposure is controlled automatically with a timer switch.

All electrodes are of high purity spectrographic grade graphite
with the anode 2 inches long and 1/8inch in diameter, flat cut, and
the cathode 1.5 inches long and 0.25 inch in diameter. The end
of the cathode is a 30° cone containing an axial crater l/n inch
in diamet-er, 1/16 inch deep.

A. standard 5000 r.p.m. motor with a 53/ 1s-inch logarithmic
sector disk obtained from the Jarrell Ash Co. is placed in the
optical path.

A direct current motor generator, 115-volt, 6D-ampere, is
used as a source. The arc is initiated by a radio-frequency spark.

The fixed slit used is 20 microns wide, 13 mm. high, and modi
fied with a human hair about 3 mm. below the point of maximum
radius of the logarithmic sector disk.

Photographic equipment consists of Eastman spectrum analy
sis plates No. I, Eastman D-19 developer, a 3% acetic acid short
stop, and Eastman rapid liquid fixer with hardener. Circulating
cold water for wash and a drying oven with circulating warm air
are also required.

The plates are placed on a special viewing box and read with a
Bausch & Lomb optical magnifier, which is modified as follows.
Use a razor blade to cut out a typical line (7) from a plate exposed
under test conditions (after softening emulsion in water). Float
this bit of emulsion containing the line on top of water in a large
evaporating dish. Slowly bring the removed bottom glass from
the magnifier up under the floating piece of emulsion. Take care
that the glass surface is clean and no bubbles are trapped under
the bit of emulsion. Dry in a dust-free location. When thor
oughly dry, brush a thin coating of transparent lacquer or collo
dion over the emulsion and glass, and when dry, reassemble the
magnifier.

D.c. arc with r.f. initiating spark

60 volta across the eleotrodes
7.5 amperes
0.4 pfd.
20 ohms
5 mm.
2500 to 3500 A.
75 seconds
In place

Type of excitation

Circuit constants
Voltage
Current
Capacitance
Resistance

Arc gap
Spectral region
Exposure time
Log sector disk and motor

Vanadium present in minute quantities in certain oils
poses a serious problem to the petroleum industry, as
it causes catalyst poisoning and boiler corrosion. To
keep equipment and catalyst replacement at a mini
mum, it is necessary to know the vanadium concentra
tion in crude oil, charge stocks, and residual fuels. This
paper presents a rapid logarithIDic-sector spectro
graphic method where a sample is ashed by a controlled
procedure and diluted with a buffer of graphite and
silica to which 1% titanium has been added as an in
ternal standard. A portion of this mixture is packed
into a cratered graphite electrode and arced under pre
scribed conditions. The titanium and vanadium line
lengths are determined with a modified Bausch &
Lomb optical magnifier. The vanadium concentration
is determined by referring to calibration curves, plot
ting line length difference versus concentration.

R ECENTLY the petroleum industry has become increasingly
aware of the deleterious nature of vanadium in petroleum

processes. Generally, the vanadium is present as a porphyrin
complex (5, 6) and is oxidized during cracking processes, yielding
a low melting pentoxide or vanadate. These products deposit
readily and contribute to catalyst poisoning, corrosion, and
combustion deposits. Although the vanadium concentration in
the sample is relatively low, the large throughput of crude and
fuel oils causes the deposits to grow rapidly. Because of the cor
rosive effect on "crackers" and the large expense involved in
replacing or regenerating poisoned catalyst, it is worth while
to know the vanadium content of the crude oils and charge stocks,
so that adequate precautions may be taken.

Prior to the use of the spectrograph, colorimetric and polaro
graphic procedures, which were extremely time-consuming and
subject to various interferences, were used. The phosphotung
state colorimetric method especially is hindered by chromium,
and requires prior separation of this element. Thus, because of
the inherent difficulties of polarographic extraction or fusion,
coupled with colorimetric interferences, the use of the spectro
graph is a logical alternative.

Spectrographic determination of vanadium is not new, as
Murray and Plagge (',0, Carlson and Gunn (3), and Anderson and
Hughes (2) have all used the spectrograph to attack this problem.
Carlson and Gunn's technique of quenched electrodes gives only
fair agreement with chemical results. Murray and Plagge's
step sector method compares samples with known standards to
estimate the vanadium concentration.

Anderson and Hughes introduced an internal standard and
used a densitometer to determine vanadium quantitatively.
This method was used in this laboratory for some time, but
because it required 2 to 3 man-hours to perform, a method
using essentially the Anderson procedure with the exception of
substituting a logarithmic sector disk for an expensive densi
tometer was adopted.

The logarithmic sector, which can be considered as a step
sector with an infinite number of steps, is a disk whose periphery
is cut to a logarithmic curve. As the sector rotates in front of
the entrance slit, the image produced on the photographic plate
is a tapered line whose length is proportional to the concentra
tion. Any variation of the vanadium line length caused by dif
ferences in emulsions or by changes in the arc during the exposure
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No condensing lenses, diaphtagIIlB, or filters were used.
Develop the photographic pllllte for 2.5 minutes at 68° F., short

stop for 10 seconds, and fi'\{ for 5 minutes. Wash the plate in cold
running water for 10 minutes and dry in a drying oven maintained
at 95° F.

Draw calibration curves by plotting difference in the line length
of the vanadium line at 2977.5 A" and titanium line at 2956.1 A.
against the log of the vanadium concentration. A typicai
calibration curve with 95% conlidence limits is shown in Figure 1.

ANALYSIS OF SAMPLES

ThorougWy mix the sample in its original container by vigorous
shaking. In addition to shaking viscous samples require heating
and dry samples must be ground in a mortar. If samples do not
require a.sh treatment they are nm directly after mixing.

/' ,

/,~~/';;;'/'1:
/' /'

/' /'
/' /'

/', /'

/.' .,/,/' I
/' ../ ./

/' /'
/' ,,/

/' /'
/'.-:: .. /'/' EQUATION X=-48875t4,3139logy

/' /' /'/' ----- 95% CONFIDENCE LIMITS
/'

/', /'

I ~,_.L;;-----;;~~~;;-----;;~~~;;----,-;:-!-:----;-:-!:::--'
-5,00 -400 -300 -2,00 -100 000 +100 +200 HOO

DIFFERENCE IN LINE LENGTHS (V-Ti)

Figure 1. Vanadium 2977.5 A. calibration curve

Ignite 50 ± 0.1 graIIlB of sample in a porcelain crucible (Coors
No.3) tared to the nearest 0.1 mg. Allow sample to burn gently,
supplying heat only when necessary and cautiously as the heavy
ends have a tendency to mushroom out of the crucible. If water
is present, spattering (1) can be minimized by adding 2 or 3 mI.
of absolute alcohol. When a carbon ash remains, put sample
into a mume maintained at 1000° ± 50° F. until all the carbon
is consumed. Cool in a desiccator and, weigh crucible against
the same tare to 0.1 mg.

ThorougWy mix the ash, weigh 10 mg. into a screw cap vial,
and add nine times the sample weight of buffer-internal standard
mixture, Mter thoroughly mixing the sample-buffer-internal
standard in a mortar, store in original vial.

Pack the mixture into a cratered electrode by pushing the
'hollowed end of the electrode into some of the sample contained
in the cap of the vial, thus packing; the sample level with the top
,of the electrode.

Next arc the samples and develop the plate as previously de
scribed.

Determine the length of lines by moving the modified eyepiece
.along the line being measured until the rate of extinction of the
two lines (element line and the line attached to the face of the
eyepiece) is the same. Then by using the scale in the magnifier,
estimate the line length to the nearest 0.05 mm. Use the image
of the slit hairline a.s the base from which to measure all lengths.
A typical plate is shown in Figure 2.

ANALYTICAL CHEMISTRY

T. V
INT. 560'

:.,,',,$T.·.P.P.M.

Figure 2. Spectrograms showing relationship
between line length and concentration

Subtract the length of the titanium 2956.1 A. line from the
length of the vanadium 2977.1 A line.

CALCULATION

If reporting composition of ash or inorganic sample, report
elemental concentrations directly in per cent, but if reporting
on original sample basis, calculate as per cent or parts per million
by the formulas:

% = % element in ash X % ash X 0.01

P.P.M. = % element in ash X % ash X 100

DISCUSSION AND RESULTS

The complete method, including ashing the sample, requires
1 man-hour to perform and has been successfully applied to
crude oil, charge stocks, residual fuel, and deposit analyses.

Correlation between experimental data and known elemental
concentrations is very high. The average correlation coefficient
for all concentrations equals 0.99. Perfect correlation would
equal 1.00.

Based on the data obtained from repeated tests, the repeat
ability in tefIIlB of 95% confidence limits averages 35%. The
95% confidence limits are a stringent measurement of precision
in that they predict only one result in 20 to exceed these limits.
That means, if a sample of 10 p.p.m. vanadium was run 20 times
only one result would be expected to exceed 14 p.p.m. or be less
than 6 p.p.m. A comparison of logarithmic sector data compared
to densitometric answers is shown in Table II. In all cases the
agreement is excellent and well within the precision of the method.
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Comparison of Log Sector and Densitometric
Results

Log sector Densitometer

% Vanadium in Original
Samples

Table II.

Sample
No.

1
2
3
4
5
6
7
8
9

10

Type

Italian crude
No.6 fuel oil
Shedgum residuum
Bunker C
Krasnoor residuum
Ocan Residuum
No.6 fuel oil
Unidentified residuum
Unidentified residuum
Unidentified residuum

0,0020
0.0140
0.0043
0.0067
0.0012
0.0175
0.0132
0.0177
0,0125
0.0074

0.0024
0.0152
0.0056
0.0063
0.0007
0.0207
0.0172
0.0251
0.0106
0.0054

LITERATURE CITED

(1) Am. Soc. Testing Materials, Philadelphia, Pa., "ASTM Standards
on Petroleum Products and Lubricants." D 482-46 (Note 3}
(l950l.

(2) Anderson, J. W., and Hughes, H. K., ANAL. CHEll., 23, 1358
(1951).

(3) Carlson, M. T., and Gunn, E. L., Ibid., 22, 1118 (1950).
(4) Murray, M. J., and Plagge, H. A:, Proc. Am. Petroleum InIlt. III.

29 M, 84 (1949).
(5) Sacks, W., Can. J. Technol .• 29, 492-5 (1951).
(6) Skinner, D. A., Ind. Eng. Chern., 44,1159-65 (1952).
(7) Wilhelm. H. A., IND. ENG. CHEll., ANAL. En., 9,170 (1937).

RECEIVED for review April 7. 1955. Accepted Augult 8, 1955.



Quantitative Determination 01 Thorium and UraDium in Solutions
by Fluorescen't X-Ray Spectrometry
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series (6) are used, is described. The accuracy and reliability
of the method, as well as the time required for analysis, are con
sidered.

EXPERIMENTAL

For most of the studies the x-ray apparatus was operated at
ratings up to 50 kvp. and 45 mao The raw materials and processed
sludges used in the present investigation contained up to 60%
thorium and 0 to 2% uranium. Therefore, greater emphasis was
placed on the thorium analysis. Figure 2 gives the region and
x-ray spectral positions which were used, obtained by a rapid
scan. The spectra shown were free of interfering element and
absorption edge effects. The analyses were arranged into three
classifications: .

Aqueous Feed Solutions. These include nitric acid solutions
of new minerals, processed sludges, feed stock for solvent extrac
tion development experiments, and product solutions containing
both thorium and uranium.

Aqueous Raffinate Phase. These represent nitric acid solu
tions containing 0 to 10 mg. per ml. of thorium and the impuritie's
which were present in the original material.

Organic Phase. Organic solutions (40% tributyl phosphate
and 60% aliphatic diluent solvent) are included. These solutions
contain essentially thorium, uranium, and small amounts of
impurities. Table I gives the spectra criteria and spectrometer
positions needed in the determination of working curves.

APPARATUS

The fluorescent x-ray apparatus in this laboratory consists of
a General Electric X-ray Model XRD-3 unit with a No.1 SPG
detector unit, a No.1 SPG mica spectrometer, and a Victoreen
Type IB89 counting tube. The argon-filled counting tube was
found to be satisfactory as no serious attempt was made to deter
mine elements below 0.01 % concentration. Detailed directions
(4,5) are given by the manufacturer for the successful operation
and maintenance of the equipment. The smallest spectrometer
defining slit consistent with rapid counting must be used to avoid
overlapping of possible adjacent spectra.

Additional cooling of the sample chamber was provided to
minimize the expansion in volume of the liquid sample. A small
lO-inch heat exchanger of the Graham condenser type was con
structed of brass. It was connected with hose fittings between
the water input of the Machlett AEG-50, tungsten-target, x-ray
tube, and the water output of the cooler.

The original General Electric X-ray sample holder for solids
was modified. Figure 1 gives the completed cell and its compo
nent parts. The screw heads on the sample holder were turned
down to permit manipulation of the cell assembly, and the angle
bracket was made of 3/s-inch hard aluminum. The borosilicate
glass cell is 32 mm. in outside diameter and 15 rom. in over-all
thickness, and a 5-rom. filling tube is sealed to the side. The open
end of the cell is made flat by grinding. In assembling the cell a
O.OO4-inch Teflon washer is centered over the aperture of the
sample plate, a mica window (1.5 to 3 mg. per sq. em.) is placed
upon the Teflon washer, and this is followed by a 0.030-inch
fluorothene washer. The glass cell is centered onto the assembly,
cushioned by a plastic button, and tightened by hand.

The transfer of liquids is best handled by the use of hypodermic
syringes as shown in Figure 1. A piece of I-rom. bore capillary
tubing joined to the syringe by a short length of plastic tube is
superior to commercially available metal needles.

X

BrKal Back
ground

40.47 38.75

X
X
X

33.87

X
X

37.10

X
X
X

35,27

X

X

X-Ray SpectroDleter Positions for
Working Curves

ULal ThLat· SrKal

Table I.

Spectra

Spectrometer setting (29 deg.)

Aqueous feed
Raflinate
Organic phase

The deterDlination by cheDlical Dlethods of thoriuDl
and uraniuDl in the aqueous and organic solutions froDl
solvent extraction investigations was slow and inade
quate. A rapid and accurate x-ray fluorescent spectro
Dletric Dlethod has been developed in which the aqueous
and organic solutions could be analyzed directly.
SaDlple preparation required only the addition of a
suitable internal standard added as a solution. In
ternal standards of strontiuDl solutions were used for
the aqueous saDlples and broDlobenzene solutions for
the OIganic saDlples. Working curves obtained by
plotting intensity ratios of the eleDlent to the internal
standard versus the concentration of that elcDlent gave
straight lines. In all the ranges studied the effect of
Dlatrix iDlpurities was negligible. The accuracy of the
final results is as good as present cheDlical Dlethods.
A saDlple can be analyzed for both thoriuDl and ura
niuDl in 0.5 hour or less.

Figure 1. CODlpleted cell, accessory parts, loading
syringe

THE extraction of thorium and uranium from raw materials
and their partitioning by use of organic solvent techniques

can be accomplished by countercurrent extraction methods.
The establishment of the proper conditions for extraction and
partitioning of thorium and uranium required numerous reliable
analyses for these two elements. A number of variables are
involved in the development of any solvent extraction process;
therefore, numerous chemical analyses are needed for design
purposes, as well as for the determination of the best opera
tional conditions.

A single experiment resulted in many aqueous and organic
solutions which required immediate analysis, but weeks were
needed to obtain suitable analyses by chemical means. Some
of the analyses were unreliable, because of the presence of certain
impurities which are difficult to remove. The preparation of
solid samples from solutions was difficult and at times resulted
in some loss of thorium and/or uranium. Therefore x-ray fluo
rescent methods (1, 3) applicable to solids resulted in doubtful
data attributed to dubious sampling techniques. X-ray fluores
cent analysis of liquids (2, 7) appeared to be feasible, since
the materials are in solution throughout the various processes.

A rapid method for the quantitative determination of thorium
and uranium directly from solutions by use of fluorescent x-ray
spectrometry, in which the characteristic spectra of the K and L
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DISCUSSION

The raw minerals and sludges used in the studies varied widely
in composition. One sludge used in the studies contained 45%
thorium oxide, 15% rare earth oxides, 4.4% silicon dioxide, 7.0%
titanium dioxide, 4.3% ferric oxide, 1.4% zirconium dioxide,
5.3% phosphorus pentoxide, and 1.0% uranium oxide (U.Os).

The effect of the above elements on the aqueous feed curves
(Figure 3) was examined. Solutions were made in which only
thorium and uranium were used, and other solutions were pre
pared in which matrix blends were added in varying quantities.

7.00

[A] = D X R

where

[A I = concentration of A in milligrams per milliliter
R = intensity ratio I(A)II(S)

and

D = A[A]/.lR

As the curves were closely linear, the concentrations of thorium
and uranium were calculated more conveniently:

For each point plotted to give the curve in Figure 3 the total solid
content was about 340 mg. per mI. A comparison of the data
available for thorium indicated that the average values were
reproducible with a precision within ::1::0.5% and an accuracy
within 1% in the range between 10 and 240 mg. per mI. of thorium.
Above 240 mg. per mI. of thorium, the graph deviated from the
1% linear portion of the curve. As it was undesirable for plant
use to correct for dead time losses in the counting tube, counting
rates were adjusted to stay within the 1% linearity limit. For
the range of 1 to 10 mg. per mI. of thorium the accuracy dropped
to about 5%. The uranium analysis gave the same result in the
1- to 5-mg. per mI. range as the thorium analysis in the 1- to
IQ-mg. per mI. range.

The raffinate analysis resolved itself into one in which a smaIl
amount of thorium was present in 97 to 100% matrix. The total
solids were unusually high. A curve plotted from data using
only thorium in 2 to 4M nitric acid reproduced the high matrix
curve remarkably well; an acouracy of about 1% of the amount
present was observed in the concentration range of 1 to 10 mg.
per mI.

Thorium and uranium in the organic phase curves in Figure 5
were almost free of any impurities. Checks between prepared
known samples agreed to better than 1% of the amount present.
The thorium and uranium curyes are linear to 1% throughout
the concentrations studied.

From the above analyses it appeared that the effect of the im
purities of the absorption of x-rays and on the emission fluorescent
spectra was unimportant for the materials studied. This would

ORGANIC PHASE SOLUTION

3rKa
(INTERNAl. STANDARD)

SrKC1
(INTE NAL STANDARD)

AOUEOUS FEED SOLUTION

UJ

'"zo
Q.

'"UJ
a:

"o
...J

and

I(S) = intensity for internal standard
A = counting rate in counts per second for element sought
B = counting rate in counds per second for background
S = counting rate in counts per second for internal standard

I(A) = intensity for element sought

I(A) = A - BandI(S) = S - B

An average of three sets of readings was obtained for every sample
counted. The scaler measured the elapsed time for a predeter
mined number of counts; hence, all data were reduced to counts
per second. For any element counted a background correction was
made:

Th Ltt

Figure 2. X-ray fluorescent spectra for
thorium and uranium determination

where

Known aqueous standard solutions were prepared from high
purity thorium metal, thorium nitrate, pure uranium oxide
(UaO.), mixed phosphates, various rare ,earths, and various heavy
metals. The latter three groups of materials were included in the
preparations to determine the effect of the matrix upon the work
ing curves. Solutions were made by adding thorium, uranium,
and matrix materials in predetermined, weighed amounts to 10
or lOO-mI. volumetric flasks, dissolving in a smaIl quantity of
nitric acid, and diluting to the mark. The solutions in the IQ-mI.
volumetric flasks were used directly, while those in the lOO-mI.
volumetric flasks were divided into aliquot portions for further
dilution. The solutions for the intern!lil standard were prepared
from reagent grade, anhydrous strontium nitrate dissolved in
dilute nitric acid: 300.0 mg. per mI. for aqueous feed samples, and
36.0 mg. per mI. for raffinate samples.

In the preparation of the organic phase standards, nitric acid
solutions containing known amounts of thorium and of uranium
were extracted with 40% tributyl phosphate in 60% aliphatic
diluent. All the organic phase extracts were carefully analyzed
chemically and optically before use. AIl with the aqueous stand
ards, some were used directly, while others were divided into
aliquot portions and further diluted with the mixed solvent. The
.organic internal standard was prepared to contain approximately
80 mg. per mI. of bromobenzene in the mixed organic solvent, and
then it was carefully analyzed chemically for bromine. All sub
sequent standards were adjusted to correspond to the bromine
content of the initial standard.

The analytical sample was prepared by mixing 1.00 mI. of the
appropriate internal standard with 10.00 mI. of sample solutions
beth being at the same temperature. Each solution was trans
ferred as needed to the liquid sample holder which was placed in
the fluorescent x-ray unit. Each sample was set manually at the
positiens indicated in Table I for the sample .type and counted.

Then the intensity ratios, I(A)II(S), versus concentrations of A
in milligrams per milliliter for the same sample series were
plotted to give the working curves in Figures 3 to 5 for both
thorium and uranium. These curves represent single examples of
several curves made using varying amounts of different matrix
blends.
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not be true at very low concentrations or in a very precise anal
ysis. The homogeneity of the solutions tends to minimize the
errors normally present when solid samples are used. Further,
use of ratios of the corrected intensities of the element sought to
that of the internal standard compensated to a large extent for
gross absorption effects.

Some examples of analyses of feed materials, aqueous phases,
and organic phases by the x-ray fluorescent method are given in
Table II. The x-ray data are based upon single samples on each
of which an average of three counts was determined. For the
chemical and optical analysis two or more samples were used and
the results expressed as the average. Approximately 90% of
the samples showed agreement between comparative methods to
1% or better. About 10% of the samples showed differences to
5%, and isolated samples gave considerably higher errors.
Further examination of the samples, which gave high deviations,
indicated a high phosphate and rare earth content. Known
samples were prepared containing weighed quantities of thorium,.
uranium, and a matrix with a high phosphate and rare earth
content. Analysis for thorium arid uranium by the x-ray fluo
rescent method was accurate to 1% or better, but the chemical
methods still gave errors to 5%. Further work is in progress
critically to evaluate these results.

When determining low concentrations of elements accurately,
the presence of impurities in the internal standard may contribute
to small errors in the final result. The curve passed through the
origin of the graph only if all conflicting impurities are absent
and all background effects are fully accounted for. Usually a
family of straight-line curves of approximately the same slope
are obtained when interfering impurities are present. To
correct for this effect it is necessary to determine the intensity
ratio at zero concentration of the element in question which then
is subtracted from the samples analyzed. If the reagents cannot
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be purified readily, the use of a different internal standard with
new spectral positions might remedy the disturbing effect.

Some of the solutions containing a high solid concentration
salted out after the internal standard was added. In such cases
the samples were diluted 1 to 1 to solve this difficulty. No
significant error was introduced by dilution.

Volumetric flasks are to be preferred over pipets, as thorium
bearing solutions increase considerably in viscosity as the amount
of that element increases. Good volumetric practice is impera
tive for best results.

Each sample preparation required only a few minutes. Using
the average of three sets of readings for each element, the de
termination of thorium and uranium required altogether 0.5
hour or less. With some sacrifice in accuracy, single readings on
each element corrected for a predetermined averlj,ge background
value would permit analysis of more than 60 samples for uranium
and for thorium in an 8-hour working period.

CONCLUSION

The x-ray fluorescent method using solutions directly is em
ployed routinely to provide development data on materials which
are difficult or time-consuming to analyze chemically. It is not
limited to thorium and uranium and is being used successfully
for a number of elements above atomic number 22. Usually
the data are reported to ±0.01% or other equivalent units,
although the sensitivity of detection is about 0.004% for a num
ber of elements. For uranium and thorium the limit of detection
is better than 1 count per second above the corresponding back
ground at 0.004%.

Table II. Thorium and Uranium Analysis
X-Hay Fluorescence, Chemical and/or

Mg./Ml. Optical, Mg./Ml.
No. Sample No. Th U Th U

1 Feed 6-A/O 154.00 4.62 154
2 MUR-1 56.90 1.78 56 1.7
3 MUR-2 71.00 2.53 69 2.5
4 MUR-3 89.90 2.42 92 2.5
5 HAU-1 48.18 0.25 50 <0.10
6 11-A/O-Raff-11-27 0.22 <0.1
7 7-A/O-Raff-6-17 13.2 12.8
8 11-A/O 182.24 5.74 182

5:9 .9 3-PP-Feed 265.93 5.89 253
10 3-PP-2-0-A 55.02 1.22 54.1 1.4
11 S-P-A-lE-73 65.21 0.07 0.072
12 6-P-A-1E 142.74 0.06 0.065
13 S-P-OK Liq 53.62 0.00 O.pOO
14 Feed lS-A/O 199.05 3.99 200 4.0

The cost of hundreds of chemical analyses is usually prohibitive
for a systematic study of winning elements from complex ores
and processed materials. Good chemical analyses are' either
time-consuming or are unavailable for a number of materials.

At Mound Laboratory experiments are in progress to study
and to improve further the precision and accuracy of the x-ray
fluorescent method using solutions especially at the lower levels
of concentration. Probabilities for improved results are in
dicated for thorium, uranium, and other elements above atomic
number 22. These results are to be published as soon as the pro
grams are completed.

The method using a compensated fixed standard lends itself
to continuous control analysis. It could be applied directly to
production streams piped from the equipment to the x-ray
fluorescent apparatus, with monitored results recorded on strip
charts.
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Determination of Beta,Beta'-Oxydipropionitrile and Ethylene
Cyanohydrin wlith Acrylonitrile by Infrared Absorption
ELSIE F. DUPRE, ANNE C. ARMSTRONG', ELIAS KLEIN, and ROBERT T. O'CONNOR

Southern Regional Research Laboratory, New Orleans, La.
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chloroform solution. A detailedstudy was made of these spectra
to select bands which would be suitable for quantitative analysis.
In the 8- to ll-micron region (Figure 1) each compound exhibited
a strong band at a wave length at which each of the other two
components was very transparent. These maxima, which were
used for the quantitative analyses, are: acrylonitrile, 10.36
microns; ethylene cyanohydrin, 9.42 microns; and jS,jS'-oxydi
propionitrile, 8.85 microns.

Spectra were scanned over this 3-micron region after balancing
the instrument with chloroform in the absorption cell. Thus,
the effect of solvent was compensated for in making all measure
ments. The spectra of the pure compounds and analytical
samples were then obtained by playback from the tape recorder
immediately after standardization. Entrance slits at the three
selected wave lengths were: 10.36 microns, 0.35 mm.; 9.42 microns,
0.44 mm.; and 8.85 microns, 0.28 mm. Applicability of the
Beer-Lambert law was checked for each of the three compounds
at the selected wave lengths (Figure 2). From the slopes of these
types of Beer-Lambert curves, the average values of absorptivities
for both maxima and background for each of the three compounds
at 10.36, 9.42, and 8.85 microns were obtained. Absorptivities at
the maxima of the selected absorption bands for each of the)hree

8 9 10 II

WAVE LENGTH - MICRONS

Figure 1. Infrared spectra in ehloroforlD
solution, 8 to 11 Illicrons

A. Acrylonitrile
B. 1l,1l'-Oxydipropionitrile
a. Ethylene cyanohydrin

This paper :presents an analytical llwthod for the de
terlllination of jS,jS'-oxydipropionitrile and ethylene
cyanohydrin in adlllixture with acrylonitrile. In several
reactions involving acrylonitrile the efficiency is de
creased by the forlllation of by..products, alllong which
are jS,jS'-oxydipropionitrile and ethylene cyanohydrin.
Studies of the effect of catalY'lt, telllperature, etc., to
reduce the forlllation of these undesirable by-products
require a Illt,thod for their analysis in adlllixture with
acrylonitrile.. A silllple Illulticolllponent analysis by
Illeans of infrared absorption sIIectra is described, which
perlllits a silllultaneous detejrlllination of the three
cOlllpounds. This Illethod, which is being used in con
nection with studies on the cy.anoethylation of cotton,
has been tested by the analysis of known Illixtures and
found to be satisfactory.

I Present address, Florida State College, Tallahassee, Fla.

EXPERIMEl'\l'AL

Infrared absorption measurements were made with a Beckman
IR-2T automatie recording infrared spectrophotometer, using a
single O.4-mm. sodium chloride cell for both standardization and
"playbaek."

Acrylonitrile was prepared from commereial grade material by
drying over sodium sulfate and filtering: n~:o = 1.38886.

Ethylene cyanohydrin was also prepared from commercial
grade material by redistillation: boiling point 82 0 per 4 mm. of
mereury; n~:o = 1.43737.

jS,jS'-Oxydipropionitrile was synthesized by the method de
scribed by Bruson (1): boiling point 155 0 per 4 mm. of mercury;
n~:o 1.43914.

AMOST important problem in the cyanoethylation of cotton
and in other reactions involving 1,he use of acrylonitrile is the

loss of acrylonitrile through the formation of the by-products,
among which ,6,W'-oxydipropionitrile and ethylene cyanohydrin
are prominent. Because these losses are a major element in the
chemical costs of the process, studies oJ the effects of the variations
of catalyst and temperature on this reaction have been made.
Before a quantitative study of the formation of jS,jS'-oxydipro
pionitrile and/or ethylene cyanohyd:in could be undertaken, a
satisfactory analytical method for the measurement of these three
compounds in admixture was essential. No chemical methods
for this analysis were available. This paper describes a method
of multicomponent analysis by means of infrared absorption
spectra.

INFRARED ABSORPTION SPECTRA

Complete infrared absorption spectra in the rock salt region
from 2 to 12 mierons were obtained for the pure compounds in
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Table I. Recovery Tests on Mixtures

IUI'-Olfydi- Ethylene
Acrylo- propIO- Cyanohydrin,

Mixture nitrile, % nitrile, % % Total, %
No. Added Found Added Found Added Found Added Found

I 76.60 75.08 12.70 12.76 10.70 11.61 100.00 99.45
II 78.71 80.38 14.64 14.41 6.65 7.40 100.00 102.19
III 78.92 80.68 21.08 20.13 0.00 0.00 100.00 100.81
IV 87.00 89.06 0.00 0.00 13.00 13.45 100.00 102.51
V 80.97 79.36 12.12 12.03 6.91 7.52 100.00 98.91
VI 68.13 65.89 17.96 16.78 13.91 15.84 100.00 98.51

equations are, in the strictest quantitative sense, applicable only
to this instrument. They should, however, be expected to be
reasonably satisfactory for measurements with any Beckman
IR-2 or IR-2T spectrophotometer, operated under conditions
which permit use of the above suggested slit \yidths. For analysis
under other settings or with other types of instruments the
absorptivities must be redetermined.

Table II. Analyses of Cyanoethylation Mixtures

Per Cent
{J,{J'-Oxy- Ethylene

Acrylo- dipropio- cyano-
Run nitrile nitrile hydrin Water Total

1 95.54 0.00 0.00 1.5 97.04
2 95.58 0.00 0.00 1.6 97.18
3 94.59 0.00 2.14 1.5 98.23
4 93.43 1.64 0.00 2.4 97.47
5 95.34 2.20 0.00 3.5 101.04
6 96.65 0.69 0.72 1.6 99.66
7 96.47 0.05 3.22 3.0 102.74
8 94.88 0.00 0.55 3.4 98.83
9 93.86 0.00 1.84 4.3 100.00

10 93.60 1.37 0.00 3.5 98.47
11 91.82 1.22 1.45 3.9 98.39
12 96.31 0.89 0.97 3.1 101. 27

Pilot plant 85.55 8.34 0.64 3.5 98.03

pure compounds are: acrylonitrile 10.36 microns, 2.14; ethylene
cyanohydrin 9.42 microns, 2.08; and tl,tl'-oxydipropionitrile
8.85 microns, 2.70. By a simultaneous solution of expressions
for the total absorption contributed by each of the three com
pounds at each of the three selected wave lengths, the following
tricomponent equations were obtained:

1.1
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u 0.9z c
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CONCENTR ATION GjL.

From these data the following simultaneous equations were
obtained:
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10.361', slit width 0.11 mm., a = 1. 80
9.421', slit width 0.092 mm., a = 1. n
8.851', slit width 0.08 mm., a = 2.'15

Acrylonitrile
:E:thylene cyanohydrin
Jj,f3'-Oxydipropionitrile

Figure 2. Beer's law in chloroforIll solution

A. Acrylonitrile at 10.36 microns
B. {I,{I'-Oxydipropionitrile at 8.85 microns
C. Ethylene cyanohydrin at 9.42 microns

Absorptivities at the three selected wave lengths for the three
pure compounds have been measured on a Perkin-Elmer Model
21 split-beam spectrophotometer and multicomponent equations
calculated. The instrument settings were: resolution, 915;
response, 2; gain, 7; speed, 4; and suppression, 2. At these
settings entrance slit widths and calculated absorptivities were
found to be:

These equations should give reasonably satisfactory results from
data obtained with the Perkin-Elmer Model 21 spectrophotom
eter operated under the conditions and at the slit widths cited.

Data in Table I illustrate that satisfactory results have been
obtained by the proposed method. The method is being used to
study the effects of variation of catalyst on the formation of
tl,tl'-oxydipropionitrile and ethylene cyanohydrin from acrylo
nitrile during the cyanoethylation of cotton.

where x, y, and z are percentages of acrylonitrile, tl,tl'-oxydipro
pionitrile, and ethylene cyanohydrin, respectively, in an ad
mixture, and A, B, and Care absorptivities of the sample at
8.85, 9'.42, and 10.36 microns, respectively.

The equations were tested by the analysis of mixtures of known
ratios of the three components. Results are shown in Table r.

Mixtures from cyanoethylation of cotton in several laboratory
experiments and in a single pilot plant experiment were analyzed
according to the method described. The results are reported in
Table II.

x = (OA671C - 0.01l9A - 0.0199B) X 100
y = (0.371SA - 0.0158B - o.oonC) X 100
z = (OA821B - 0.0364A - 0.0028C) X 100

DISCUSSION

In the 8- to ll-micron range, selected for the multicomponent
infrared analysis, a strong maximum for each compound, at wave
lengths where the other components are almost completely
transparent, permits satisfactory simultaneous tricomponent
analysis. The selected maxima, completely resolved in the
spectra of an admixture containing all three components, yet
included in only a 3-micron range, facilitate automatic recording
measurements. The method could easily be adapted to null-type
instruments using cell-in-cell-out techniques. Figure 2 illustrates
that the Beer-Lambert law is followed by all three compounds if
the concentration is not more than 10 grams per liter in chloro
form. At higher concentrations a departure from linearity was
found, increased concentration resulting in less than the expected
increase in absorbance. Chloroform solutions of samples contain
ing approximately 10 grams per liter were found to give satis
factory absorbances for the quantitative measurements involved
in studies of the kinetics of the formation of by-products from
aerylonitrile.

The absorptivities given above are, like all infrared quantita
tive measurements, strictly applicable only to the instrument on
which they were obtained. Consequently, the multicomponent



X-Ray Spectrographic Method for the Determination of Vanadium and
Nickel in Residual Fuels and Charging Stocks
ELWIN N. DAViS and BARBARA CROSS HOECK
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Table I. Wave Lengths and SpectroIneter Angles for
VanadiuIn, Nickel, and Iron Lines Using LithiuIn Fluoride

Crystal

EXPERIMENTAL

In considering the determination of nickel and vanadium by
means of the x-ray spectrograph, it seemed possible that sufficient
intensities might be obtained from these elements to permit

the instrument used in this laboratory have been made to facili
tate the analysis of the metallic components of lubricating oils
and gasolines. These have been described in an earlier paper (2)
and have been found to be generally helpful in this procedure.

Models of the Norelco x-ray spectrograph supplied before about
March 1953 were equipped with a collimating device made by
packing a bundle of nickel tubes in an aluminum holder. This
has since been replaced with a collimator made of flat nickel foil
plates 4 inches long, spaced 0.010 inch apart. This collimator is
necessary to obtain sufficient x-ray intensities for this type of
work. The half width of emission lines with this system is about
0.4o. This is sufficient resolution to separate the nickel K alpha
line from the tungsten L1, which is the closest line combination
that will be encountered in this work.

The wave lengths of the K x-ray emission lines of vanadium
are 2.502 A. for the alpha and 2.280 A. for the beta. X-rays of
this order are absorbed heavily in the air path between the sample
and the Geiger tube. To circumvent this difficulty, a helium
path arrangement has been used. The constructional details
of such an assembly are described by Davis and Van Nordstrand
(2). A commercial helium path has recently been made available
by the instrument manufacturer.

One of the limitations to trace element work with the spectro
graph is the x-ray tube. Most tubes currently available emit
a spectrum which, in addition to the lines of the target material,
shows appreciable amounts of other elements, principally nickel,
copper, and iron. If this background intensity is too high, the
measurement of the radiation from a very small amount of the
element in the sample becomes rather difficult. There is no
firm criterion as to when a tube is suitable for use in this type of
work,but Friedman and Birks (5) state that it is inadvisable to
attempt to detect a line intensity of less than one tenth the
background. If one is willing to spend longer periods of time
counting, this ratio might be somewhat lower. X-ray tubes
vary considerably in the amounts of contamination present and
it is possible to select or have selected a tube with a low level of
contamination. The age of a tube is also a factor, with the gen
erallevel of contamination increasing with tube life. One x-ray
tube manufacturer has recently announced the availability of an
x-ray tube of high spectral purity. One of these, an FA60
tungsten target tube, was made available to the authors for this
work. A molybdenum tube should also be satisfactory.

Crystals for x-ray spectrography are available in several dif
ferent materials. Lithium fluoride gives slightly better intensi
ties than any other currently available, and hence was used in
this work.

Spectrometer
Angle Using LiF
Crystal. Degrees

76.92
48.65
57.49

A, A.

2 . .'i02
1.659
1.937

Element

Vanadium Ka
Nickel Ka
Iron Ka

An x-ray spectrographic Inethod is described for the
detennination of nickel and vanadiuID in trace quanti
ties. The IDethod is fast, requires in Inost cases no
Inore than 20 graDls of saInple, and is cOIDparable with
other Inethods in accuracy. A saIDpIe to be analyzed
is first ashed and the ash put in solution. A portion of
this solution is evaporated on a saInple plate and rotated

.under the x-ray beaIn. The intensity of the fluorescent
radiation froIn the samLp,le, which is a function of the
Inetal concentration, is deterInined. Procedures are
described for handling: interference probleIDs which
arise frpID other eleIDeI1lts.

T HE occurrence of trace quantities of vanadium and nickel
in petroleum is of considerable slgmficance to the refiner.

Fluid cracking catalysts are easily poisoned by these elements,
with a resultant loss in catalyst activity and poor product yields.
The refiner, therefore, must know the concentration of nickel
and vanadium in stocks being charged. to fluid cracking units.
The user of residual fuels findB that vanadium causes corrosion
of turbine blades and decomposition of fire brick. As a result
of these effects, much effort iE expended in analyzing charging
stocks and residual fuels for nickel, vanadium, and other ele
ments.

A number of approaches to this analytical problem have been
described in the literature. Gamble and Jones (6), Key and
Hoggan (.9), and Dyroff, Hansen, and Hodgkins (3) describe
emission spectrographic prooedures for a number of elements
in various petroleum fractions. Wrightson (12), Dyroff, Hansen,
and Hodgkins (3), and Glass and others (7) describe colorimetric
methods for vanadium, nickel, copper, and iron in crudes and
other petroleum oils. A polarographic method (unpublished)
has been used in these laboratories for a number of years. These
methods a.re all reported by their authors to yield satisfactory
results.

The purpose of this work was to investigate still another ap
proach to the quantitative determination of nickel and vanadium
by use of '&he x-ray spectrograph with the hope of reducing both
the time and quantity of sample necessary for an analysis.
X-ray spectrography, although a relatively new analytical tech
nique, has been described rather thoroughly in the literature
(1, 5). Dyroff and Skiba (.n have applied the x-ray spectro
graph to the determination of trace amounts of nickel and vana
dium on fluid cracking catalyst~l.

The method finally developed requires ashing of the oil sample,
with the aid of sulfuric acid, and subsequent solution of the ash.
An aliquot of the ash solution is evaporated on a glass disk and
analyzed with the x-ray speetrograph for vanadium, nickel,
and iron. If the iron concentration is more than 10 times that of
the nickel, another aliquot is extracted to remove interfering
iron and then evaporated on a second glass disk and analyzed for
nickel. A sample rotator improves the precision and accuracy
of the determination. The method is' judged to be equal in
speed and accuracy to emission spectrographic methods and
somewhat faster than chemical methods. The elapsed time for
one determination is about 5 hours, of which 1 hour is analyst
working time.

APPARATUS

The apparatus used in this work was a Norelco (North Amer
ican Philips Co.) x-ray spectrograph. Several modifications of
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direct determination on the oil sample. The nickel K alpha line
(Table I) falls in the most sensitive region for x-ray spectrog
raphy. The vanadium line is somewhat less sensitive, because
of its longer wave length, but it was thought that its intensity
might be raised to a sufficient level by use of the helium path.
The examination of charging stocks and residual fuels by this
procedure failed to yield sensitivities of a high enough order to
be useful in a quantitative determination. The possibility of
making a direct determination has not been abandoned, as an
improvement in x-ray tube' characteristics, and the use of a
thin-windowed Geiger tube, may still make such a determination
possible.
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Figure 1. Plot of intensity distribution over
sample area

As the direct determination seemed impractical with the present
equipment, work on a concentrated sample was next considered.
The most convenient method of concentrating the nonhydro
carbon portion of the sample is through ashing. The ashing of
petroleum oils is generally accomplished by one of the following
three methods.

Dry Ashing. The oil is ignited and burns freely until only a
carbonaceous residue remains. Further ignition is done either
over a burner or in a muffle furnace until only the ash remains.
The possibility of loss of metallic components is greatest with
this method.

Wet Ashing. The oil is coked with sulfuric acid and an oxidiz
ing agent, such as nitric acid, is used to oxidize the organic ma
terial. When oxidation is complete, the acid is evaporated,
leaving the ash residue. This method is time-consuming, but no
loss of metallic constituents should occur.

Coking-Ignition. The sample is heated with sulfuric acid to
form a coke, excess acid is evaporated, and the carbon residue is
oxidized by ignition. This method should also retain all of the
ash and is faster than the wet oxidation procedure. •

The details and relative merits of these procedures are reported;~
in the literature by various investigators (6--9, 12). The coking~
ignition procedure has been shown by Gamble and Jones (6) to
yield satisfactory results. Such a procedure has been used in these
laboratories for a number of years and has also been applied to
this work.

Quantitative transfer of the ash from the ashing vessel to the
x-ray sample holder is virtually impossible; hence, solution of the
ash must be effected with subsequent evaporation on the sample
holder. This, in early work, was nothing more than a flat alu
minum plate. The evaporation of aqueous standards on a flat
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plate showed that reproducibility was difficult to achieve. The
distribution of the sample on the holder seemed to be overly
critical, yet the holder was smaller than and completely con
tained in, the area supposedly being viewed by the collimating
system. The assumption had been made t,hat the x-ray photons
detected by the Geiger tube were coming from an area illuminated
by the x-ray tube and bounded by the dimensions of the collimat
ing system. In view of this nonreproducibility, an investigation
was made of the effective radiating area of the sample.

To do this an aluminum plate, made to fit in a sample tray, was
ruled in 0.25-inch squares. A count was then taken on this plate
at the wave length of the nickel K alpha line. A film of nickel
was then evaporated on a piece of aluminum foil and from this a
0.25-inch square was cut. The foil square was moved to cover
successively each square of the plate and a count was taken in
each position.

These data give an intensity pattern as shown in Figure 1.
From this it can be seen that the radiation being detected by the
Geiger tube does not come uniformly from the area being viewed

. by the collimator. Thus, it is evident that to work with small
quantities of a solid sample and obtain reproducible results, a
good distribution of the sample is necessary. Furthermore, to
obtain the best intensity, the sample must be contained in an
area not more than 0.5 inch square.

A uniform distribution of the ash on the sample plate was not
easily achieved. Evaporation on an untreated surface left the
residue in a aeries of concentration rings which varied in size
and spacing with the speed of evaporation and the salt conce~
tration. A number of procedures and conditions were tried
to improve this, such as evaporation under controlled conditions,
the addition of gelatin, poly(vinyl alcohol), wetting agents, and
nonwetting agents, and spraying of the sample onto a hot sample
plate.

Spraying the sample onto a hot disk was unsatisfactory be
cause of loss of sample in the spray mist. Gelatin and poly(vinyl
alcohol) gave good dispersions when used with the aqueous
standard solutions with no acid present. The acid necessarily
present in the ash solution caused a charring of the gelatin or
alcohol and made evaporation to complete dryness difficult.

The use of'water-repellent coating (Desicote) eliminated the
formation of concentration rings and gave a satisfactory distribu
tion.

The aluminum plates used in the earlier work were satisfactory
when used with the aqueous solutions, but were easily attacked
by the acid present in the ash solutions, yielding salts which inter
fered with the determinations. Platinum, although satisfactory
in this respeCt, gave erratic background counts due to its crystal
line structure. Annealing of the platinum improved, but did
not eliminate, these diffraction effects.

As glass gives a uniform background and is unaffected by the
acid, it proved to be the most satisfactory material for the
sample holder. The final work was done using a 15-mm. micro
scope cover glass which had been treated with Desicote.

To minimize further the effect of the lack of uniformity ~ the
sample radiating area, it was found desirable to rotate the sample
during the counting period. A device was constructed (Figure 2) ,
to hold and rotate the sample disk at about 30 r.p.m. The post
supporting the sample was located so that the sample disk rotates
in the area shown by the dotted lines in Figure 1. Table II shows
the result of sample rotation. The data shown under "Without

Table II. Effect of SaDlple Rotation
Without Rotation With Rotation
during Counting, during Counting,

C.P.S. C.P.S.

137.3 124.8
143.1 124.7
140.4 125.0
135.8 124.8
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plotted against quantities of nickel on cover glasses ranging from
oto 15 'Y. Each curve of the family represented a different level
of iron content of 0,5, 25, and 50 'Y. .

A family of curves for iron, in which the counts per second were
plotted against quantities of iron on cover glasses varying from
oto 50 'Y. Each curve of the family represented a different level
of nickel content from 0 to 10 'Y.

The various metals were deposited on the cover glasses by
evaporation of 0.5 mI. of aqueous standard containing the proper
amount of each metal.

Typical ca.libration curves are shown in Figures 3, 4, and 5.
Background intensities from sample to sample were found repro
ducible within the statistical error. The determination of
background on each sample was, therefore, abandoned and all
of the counts per second values shown include background.

Rotation" were obtained. by rotating the disk 0.25 turn following
each count. The "With Rotation" data were obtained by succes
sive counts on the same disk as it revolved. on the rotator at 30
r.p.m. The data represent a fixed 12,800 count on the vanadium
line.

Figure 2. Device for holding and rotating sample

CALIBRATION CURVES

Calibration curves were constructed for the determination of
vanadium, nickel, and iron. In order to take into account the
reduction of nickel radiation by the iron present and the enhance
ment of the iron radiation by the nickel, it was necessary to con
struct families of curves for these two elements. The following
eurves or groups of curves were made.

A single curve for vanadium, in which counts per second were
plotted against quantities of vanadium on cover glasses ranging
from 0 to 15 'Y.

A family of curves for nickel, in which counts per second were

The Buorescent or secondary radiation emitted from the
sought elements in the sample is subject to absorption effects
from other elements which may be present. An examination of a
table of mass absorption coefficients (11) shows that, of those
elements normally found in chargiug stocks or residual fuels,
iron is the only element which should give any appreciable inter
ference due to absorption. This was found to be the case and
in some instances the iron was present in a high enough concen
tration to absorb all of the nickel radiation from the sample.
A generally useful method for handling interference problems
such as this is through the construction of a family of calibration
curves (2) varying the iron concentration through a range of
nickel concentrations. This procedure is used when the iron
concentration is not more than 10 times that of the nickel.
Such a procedure is not practica.l when the iron concentration is
much greater than this ratio because of the extreme reduction in
nickel radiation by the iron. When the iron concentration is
high, the most convenient method of handling the problem is
by the removal of the iron fwm the nickel and vanadium. Any
reagent used in the separation must not remain in the final
sample, as any salt deposit on the disk will interfere with the
determination.

A number of methods were evaluated, but none completely
met the above requirements. The most satisfactory was the
thiocyanate method (10), which gave a good separation of the
iron from the nickel, but also removed part of the vanadium.
The excess thiocyanate was easily destroyed with acid. When
it was necessary to use the separation procedure, it was found
best to determine the vanadium directly on part of the sample
ash solution and to remove the iron from another aliquot before
determining the nickel.
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5

11.2 -10.8 10.6 -10.6 9.50-9.40 10.1 -10.1

1.61 1.38 1.54 1.38
0.59 0.82 0.50 0.52
0.43 0.50 0.11 0.10
1.10 1.18 1.76 1.52
0.90 0.93 0.34 0.37
0.90 1.11 0.34 0.43
0.59 0.50 0.64 0.80
0.59 0.72 0.64 0.75

Table IV. COlllparative Results
Nickel, P.P.M. Vanadium, P.P.M.

Polarograph X-Ray Polarograph X-Ray

6.10- 6.0 5.50- 5.70 4.8 -4.9 5.30- 5.40

Sample
Description

Synthetic blend, 5
p.p.m. V and Ni

Synthetic blend, 10
p.p.ill, V and Ni

Feed stock
1
2
3
4
5
6
7
8

Table V. Deterlllination of Precision
Ni, V,

P.P.M. P.P,M.

1.30 0.40
1.25 0.40
1.25 0.40
1.30 0.35
1.30 0.30

Average 1.28 0.37
Average deviation 0.03 0.04
Precision ±2.3% ±1O%

Table IV shows a comparative study made on a number of
charging stocks and two synthetic blends between the x-ray
method and a polarographic method. In the analysis of feed
stocks, it is felt that the agreement is good. To obtain an esti
mation of the precision of the method, replicate analyses were
run on one sample at intervals covering a week's time (Table V).

Parts per million of metal in the oil sample are obtained by:

. total micrograms of metal in sample
P.p.m. m sample = wt. of sample in grams

CALCULATIONS

The elapsed time required to obtain the fixed counts is con
verted to counts per second by:

C
d total fixed count

ounts/secon = elapsed time in seconds

mine nickel. A O,5-ml. portion of the solution of the ash is
pipetted into a 20-ml. separatory funnel and diluted to about 5
ml. Then 0.5 ml. of 10% ammonium thiocyanate solution is'
added and shaken well. The iron thiocyanate complexes are
extracted with successive isoamyl alcohol washes until the red
color is no longer present in the raffinate. The extract is washed
with water containing a few drops of the ammonium thiocyanate
solution and the wash is added to the raffinate. The raffinate
is transferred to a beaker and evaporated to dryness. A drop
of concentrated sulfuric acid and 2 ml. of 1 to 1 nitric acid are
added to destroy the remaining ammonium thiocyanate, and the
solution is again evaporated to dryness, The residue is redis
solved in a drop of 1 to 5 nitric acid and 0.5 ml. of water with the
aid of gentle heat. Mter solution is completed, the sample is
quantitatively transferred to a cover glass and the evaporation
on the disk is carried out as for the vanadium determination.
The disk is placed on the rotator and a count is taken on the
nickel K alpha line. X-ray operating conditions are shown in
Table III. Each day a count is taken, on the nickel and vanadium
lines, on one of the disks used in the preparation of the calibration
curves. If the values so obtained differ from the original, a factor
is derived to adjust back to the calibration curves, This factor
is applied to all values obtained during the day.

and the quantity of nickel and vanadium on the cover glasses is
obtained from the appropriate calibration curve. Total of micro
grams of metal in the total sample is obtained by:

Total micrograms of V or Ni =
micrograms in aliquot X ml. of ash solution

ml. of aliquot

so40

25,600
12,800
25,600

I. 0 MICRoGRAM OF NICKE.L

2. I MICROGRAM OF NICKEL..

3. 2-5 MICROGRA.MS QF NlCKEL

4, 5 MICROGRAMS OF NICKEL

5. 10 MICROGl<AM5 OF NICKEL

MICROGRA"""S of 1RON

Figure 5. Iron calibration
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Table III. X-Ray Operating Conditions
Tube Tungsten
Kilovolts 50
Milliamperes 45
Crystal . LiF
Helium flow 1 liter/minute
Sample rotator speed 30 r.p.m.
Total counts

Nickel
Vanadium
Iron

1300

900 -

az
o
u
~
rt
UJa. 1100-

~
:)
o
u

1500 r------,------r---,-----,-----,---...,

PROCEDURE

A sample of the appropriate size is weighed into a 250-ml.
Vycor beaker. (Sample size varies with the type of material to
be analyzed and the volume to which the solution of the ash is
made. The 15-mm. cover glass, when treated with Desicote, will
hold about 0.5 ml. of solution. So that only one evaporation will
be required, it is desirable to have a minimum metal concentra
tion of D,S l' each of vanadium and nickel per milliliter of ash solu
tion, A 20-gram sample is adequate for most charging stocks
and a 5- or IO-gram sample is generally sufficient for residual
fuels.) An equal volume of concentrated sulfuric acid is added
and carefully heated on a hot plate until a solid coke is formed.
Additional heat is applied to the sample until the excess acid has
been evaporated and no further fumes are evolved. The resulting
coke is placed in a muffle furnace at 500 0 C. until all carbon is
removed. Mter cooling, a drop of 1 to 1 nitric acid and 2 to 3
ml. of water are added and solution of the ash is completed with
gentle heating. The solution is transferred to a 5- or 1O-ml. volu
metric flask and made to volume with distilled water.

A 0.5-ml. portion of the solution of the ash is pipetted onto a
15-mm. cover glass which has been treated with Desicote. The
cover glass must be level and should be supported above the
table by a disk or a washer which is slightly smaller in diameter
than the glass. A 250-watt infrared lamp is mounted about 6
inches above the cover glass and the sample is evaporated to
dryness. The glass disk is then I?laced.on the sa~ple rotator
and a count is taken on the vanadlUm, nIckel, and Iron K alpha
lines.

If in the above determination the indicated iron-nickel ratio
is greater than 10, the following procedure should be used to deter-
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The indicated precision is ±10% for the vanadium and ±2.3%
for the nickel.
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Combined Radiometric and Fluorescent X-Ray Spectrographic
Method of Analyzing for Uranium and Thorium
WILLIAM J. CAMPBEll and HOWARD F. CARL

Eastern Experiment Station, U. S. Bureau of Mines, College Park, Md.

Showing relationship bet.ween line intensities and concen
trations of respective elements

DETERMINATION OF THORIUM-URANIUM RATIO

After the radioaetivity measurements are completed, the
samples are placed in the fluorescent x-ray spectrograph to
determine the thorium-uranium ratio. These elements have
atomic numbers 90 and 92, so that as a first approximation th",
line-intensity ratio of ThL", to UL", equals the weight-per cent
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Figure 1.

The sample is positioned in a holder at a constant distance from
the Geiger tube window. The radioactivity is counted for a fixed
time, usually 8 minutes, and the intensity is recorded as counts
per minute above background. These values are compared
directly with calibration ourves prepared from radioactivity
standards. A series of calibration curves is prepared for the
various distances from the sample to the detector window. By
choosing a suitable distance, it is possible to remain within the
linear response range of the Geiger tube. Hegardless of the
uranium-thorium ratio, the_radioactivity is expressed as "per cent
equivalent uranium," that amount of uranium in pitchblende in
radioactive equilibrium necessary to give an equal activity.

INSTRUME~TATION

Hadioactivity is measured with standard commercial Geiger
counter equipment, with provisions for accurately positioning
powdered samples.

The x-ray spectrograph used is a modified Norelco 90 0 spec
trometer employing commercially available parts. Anyone of
the commercial units of the North American Philips Co., the
General Electric Co., X-Ray Department, or the Applied Research
Laboratories, should be satisfactory.

Elllploying radioactivity llleaStlll'eInents and fluorescent
x-ray spectroscopy, a rapid method of analyzing ores
for uraniulll and thoriulll has been developed. The
total radioactivity of uranium and thorium is deter
mined and expressed as per cent equivalent uranium.
From the line intensity ratio ULa/ThLa llleasured by
fluorescent x-ray spectroscopy the weight ratio of ura
nium to thoriulll is calculated:. As the relative radio
activity of uranium to thorium is known, the weight
per cent of uranium and thOriUlll can be calculated.
The tillle rt..'quired is approxilllately 20 lllinutes per
analysis for both elelllents. The accuracy is ±10% of
the alllount present in samples containing more than
0.5% of the elelllents and the lower limit of detection is
0.01 to 0.030/0 of either element.

RADIOACTIVITY MEASUREMENTS

The samples, ground to -321; mesh, are placed in suitable
holders and packed to a constant level with the aid of a spatula.

As A public service, the Bureau of Mines, College Park, Md.,
examines a large number of mineralogical samples sub

mitted for idemification and for det,ermining possible commercial
value. This service includes approximately 2000 tests for radio
activity per year. Samples with measurable activity are studied
further to determine the approximate concentration of uranium
and thorium.

For various reasons, principally the time and cost of analyses,
chemical methods are not satisfactory, Optical spectroscopic
techniques have only limited applieation.

Preliminary investigations indicated that a combined tech
nique for determining total radioactivity, with a subsequent
uranium-thorium ratio measurement by fluorescent x-ray spec
trography, offered excellent possibilities,
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Table II. Interfering Emission Lines and Absorption
Edges

Comparison lines

ThLaI = 12.966 k.e. v.
ULa, = 13.613k.e.v.

K.E.V.

13.475
13.413
13.268
13.044
13.424

ratio of thorium to uranium, as shown in Figure 1. A more exact
value is obtained from the following relationship:

ThLa/ULa = C (wt. % Th/wt. % U) (1)

where C is determined for a particular set of instrumental and
operating conditions from samples of known thorium and ura-.
nium content.

Details in instrumentation and sample preparation have been
described in the literature (2-4).

CALCULATION OF URANIUM AND THORIUM CONTENT

The uranium and thorium content is calculated from the fol
lowing equations.

Emission
Lines

YK{3,
Y K{3,
Nb Kal
NbK<x>
PaL{31
U L{3,

K.E.V.

17.011
16.736
16.614
16.520
16.700
16.425

Comparison edges

ThL m = 16.296 k.e.v.
ULm = 17.163 k.e.v.

Absorption
Edge

Br K
IrLl
Pt Lrr
Pb LUI
BiLm

Wt. % thorium = k (% equiv. U - wt. % U) (3)

where

x wt. % uranium
y wt. % thorium/wt. % uranium
k = relative radioactivity of uranium to thorium

(There may be some variation in this constant between minerals.
For this work and the equipment employed, a value of 5.0 was
Ilsed. )

Equation 2 can be solved for x, as the teJms y and percentage
of equivalent uranium have been determined. The correspond
ing thorium content is obtained from Equation 3.

but this may not be true for chemical separation products. An
alternative method has been suggested by Frank Grimaldi of the
U. S. Geological Survey in which the uranium content is rapidly
determined f1uorimetrically (8). Radioactive equilibrium is not
necessary when using this combined chemical and x-ray spectro
graphic procedure.

x
x + y lc = % equiv. uranium (2)

APATITE

u- 0.03 WT. %
Th" 0.17 WT. %

CARNOTITE

u- 0.14 WT. %

ACCURACY AND SENSITIVITY

To check this method a number of chemically analyzed samples
WNe run as unknowns; the results are shown in Table 1. They
indicate the method is accurate to ±1O% of the amount present
except for samples containing less than about 0.5% uranium or
thorium. The technique is independent of the mineral type or
matrix of the sample. As shown in Figure 2, the lower limit of

ThUXI

QUARTZ
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~o kv., 45 mo.
Mo TARGET X-RAY TUBE

Figure 2. Uranium La and thorium La spectra from
low concentrations of respective elements

No corrections are applied for density of sample or for absorp
tion of radiation in the sample. They were not found necessary,
as the samples of higher density have a greater number of ura
nium and thorium atoms for a given weight per cent of these
elements. This compensation of higher absorption but greater
activity per unit volume was verified by the results obtained in
the study on samples of widely varying densities.

Several factors must be considered in order to obtain accurate
uranium-thorium ratios. An obvious error would be the presence
of overlapping lines; these can be detected by obtaining a chart
record over the required spectral range. Also, the possible inter
fering lines can be found in tables similar to those prepared by
Campbell and Parker (6). Any absorption edge occurring be
tween the two lines, or emission line between the corresponding
L m edges causes a variation in the ThLa/ULa ratio. Both
cases result in an increased ThLa/ULa ratio. Possible interfer
ences were tabulated from the paper by Fine and Hendee, as
listed in Table II (7).

Possible interferences are from preferential excitation by
NbKa and preferential absorption by the PbLm and BiLm
edges. A suitable correction can be applied by the use of samples
containing known amounts of these elements. Investigations
have indicated that, unless these interfering elements are present

30 31292826 27

DEGREES 29

Table I. Comparison of Uranium and Thorium Analyses
by Chemical versus Physical Methods

% Uranium Thorium
Equiv. ThLa/ Wt.% Wt. %

Sample U ULa Chemical Physical Chemical Physical
Monazite

1 1.32 45.8 0.16 0.13 5.71 5.95
2 1.42 12.8 0.37 0.40 4.79 5.10
3 1.98 34.6 0.27 0.25 8.37 8:65
4 1.32 8.75 0.45 0.48 3.90 4.20
5 1.15 35.7 0.093 0.14 4.97 5.03
6 1.38 39.0 0.10 0.15 5.75 6.10
7 2.37 24.3 0.40 10.3 9.85

Xenotime 1. 80 2.27 1. 28 1.25 2.87 2.75
Aeschynite 4.39 1. 79 3.23 5.79 5.80
Thorianite

1 1.49 2.75 0.96 2.90 2.65
2 0.64 5.49 0.30 1.63 1. 66

Phosphate rock 0.028 No ThLa 0.025 0.028
Pitchblende 2.90 No ThLa 2.85 2.90
Carnotite

1 0.078 No ThLa· 0.093 0.078
2 0.13 No ThLa 0.15 0.13

Thorite 0.48 6.82 0.20 1.70 1.39
Apatite 0.070 5.74 0.031 0.033 0.17 0.18

DISCUSSION

This physical method of analysis is based on the assumption
that the samples are in radioactive equilibrium. The majority
of mineral samples received by this laboratory are in equilibrium,

detection is 0.01 to 0.03% of uranium or thorium. If increased
sensitivity is necessary, the x-ray line intensity can be increased
by using a more efficient detector and a sodium chloride analyzing
crystal.
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in quantity greater than 5 to 10%, the effect can be neglected
(1,5).

Except when an absorption edge occurs between UL ex and
ThLex lines, the line of longer wave length, ThLex, is absorbed to
a slightly greater extent. The fluorescence yield factors of
uranium and thorium are essentially equal. The excitation
voltage for the thorium L series i" less than for the uranium L
series, so tb!tt for a given applied voltage the excitation voltage
of thorium is exceeded by a larger value. These various effects
are compensating, so that no correction was found necessary
within the limits of these analyses.

The method is based on a linear relationship·between line in
tensities and concentrations of the elements. When the relative
amounts of these elements vary greatly this will be only approxi
mately correct. However, up to about 10% uranium or thorium,
this relationship is linear except for matrices of low x-ray density.

The x-ray intensities are measured in the linear range of the
Geiger tube or a dead time correction is applied. The scintillation
counter with its low counting loss is linear up to 3000 to 4000
counts per second and is sensitive to ULex and ThLex. This
study indicates that the scintillation counter is the superior
detector for this analysis.
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Quantitative Infrared Analysis of Alkyl Phenol Mixtures
F. V. FAIR and R. J. FRIEDRICH
Research and Development Divisionl Pittsburgh Consolidation Coal Co., Library, Pa.

Table I. Preparation of Pure COIllpounds for Calibration

Table II. Boiling Point and Absorption Bands of Methyl
Substituted Phenols

Several authors (1, 2) have used ultraviolet and visible absorp
tion spectroscopy for the analysis of a few mixtures, but the small
number of broad absorption bands confines these methods to
rather simple mixtures. Ando (1), Friedel (5), and Whiffen (13)
have shown that infrared spectroscopy is suitable for analysis,-

Boiling Analytical
Distilla- Point Absorption

tion o C, at 50 Band,
Compound Fraction Mm. of Hg Microns

Benzene 14.89
Phenol 109 9.34
o-Cresol 113 9.04
2,6-Xylenol 115 13.09
m-Cresol 2 121 12.85
p-Cresol 121 12.22
o-Ethylphenol 123 13.30
2,4-Xylenol 3 127 12.27
2,5-Xylenol

~~~
10.04

2,3-Xylenol 9.37
2,4,6-Trimethylphenol 4 132 11.70
m-Ethylphenol 134 11.03
p-Etbylphenol 134 12.07
3,5-Xylenol 137 14.68
3,4-Xylenol 5 142 9.95
2.3,6-Trimethylphenol 144 9.22

Treatment

Azeotropically dried
Redistilled
Redistilled, heart cut
Butylated, distilled
Redistilled, heart cut
Synthesized
Butylated, distilled
Butylated, distilled
Butylated, distilled
Distilled. recrystal-

lized
Synthesized
None
Redistilled. heart cut
None
None
None

Original Source

Thiophene-free ACS grade
Mallinckrodt C.P,
Reilly Co., 98%
Reilly Co., 98%
Hercules Co., synthetic
Pgh. Cons, Coal Co., R&D
Reilly Co.
Reilly Co.
Reilly Co.
Reilly Co,

Pgh. Cons. Coal Co., R&D
U. S. Bureau of Mines
Reilly Co.
U. S. Bureau of Mines
Shell Development
Shell Development

Compound

Benzene
Phenol
o-Cresol
m-Cresol
p-Cresol
2,6-Xylenol
2,4-Xylenol
2,5-Xylenol
3,4-Xylenol
3,5-Xylenol

2,3-Xylenol
0-Ethylphenol
m-Ethylphenol
p-Ethylphenol
2,4,6-Trimethylphenol
2,3.6-Trimethylphenol

DURING research on the low temperature carbonization of
bituminous coal, the need arose for a rapid and accurate

method for determining the isomer distribution of phenolic com
pounds'in the tar fraction boiling below 230 0 C. Because of the
similar properties of many of the isomers, they cannot be quan
titatively separated by distillation, crystallization, or other phys
ical means. Although several methods (3, 8, 12) have been de
veloped based on ehromatography, they are applicable only to a
small number of isomers and require rigid control of conditions.

Chemical methods of analysis are usually limited to the deter
mination of total phenolic compounds. Stevens (11) has pub
lished a method for the separation of m-cresol from p-cresol and
2,4-xylenol from 2,5-xylenol by butylation and debutylation;
however, this method does not permit the differentiation of all
the tar acids.

The limitations of the chemical methods also exist for most
instrumental techniques. The very close oxidation potentials
prevent the application of electrical methods (6,7,9). Emission
spectroscopy is, of course, useless, and very little has been re
ported on the use of a mass spectrometer as applied to this type
of prohlem.

A Illethod is described for deterIllining the quantitative
distribution of phenol, the tbree isoIlleric cresols, the
six isoIllerie xylenols, and several isoIlleric triIllethyl
phenols in eoal tar or tar acid oil. The phenolic COIll
pounds are extracted froIll the other organic cOIllpounds
present with aqueous sodium hydroxide. After spring
ing the phenols with sulfuric a,cid, they are dried using
benzene in a Dean-Stark apparatus. The dried Illixture
of phenols is fractionally distilled at 50 IllIll. of Dlercury
to yield five fractions. The cut: points of initial boiling
point to 113' C., 1130 to 121 0

, 121 0 to 127 0
, 127 0 to 134 0

,

and 134 0 to 144 0 C.-all coluIlln pressures being 50 IllIll.
of Illercury--were selected to reIllove interfering pairs
of isoIllers froIll saIllples subjected to infrared analysis.
Interferences and analytical wave lengths, as well as
details of the procedure, are given.
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Figure 2. Comparison of spectra of 2,4
xy~enol, 2,5-xylenol, and 3,4-xylenol

ences of near-boiling compounds, are strong absorption bands,
and, with the exception of the 9.04-micron band of o-cresol, the
absorbance is proportional to concentration. o-Cresol exhibited
no absorption which obeyed Beer's law; however, experience has
shown that for the concentrations of o-cresol usually found, the
deviation from linearity at 9.04 microns is not a limiting factor
in the precision of the analysis.

Figure 1 illustrates the spectra of p-cresol and 3,4-xylenol and
points out the necessity of separating these two compounds before
analysis, as both compounds have strong absorption bands in the
12.2- to 12.4-micron region. As shown in Figure 2, 3,4-xylenol
must not be present with 2,4- and 2.5-xYlenol. The spectra of
the ethyl phenols are very similar to those of their corresponding
cresol analogs, and these pairs should not be present in the same
cut.

Examination of the boiling points at 50 mm. of mercury (see
Table II) indicates that a precise distillation prevents the men
tioned interferences, especially if an .appreciable amount of m
ethylphenol is present to provide a "flat" between 2,4-xylenol
and 3,4-xylenol. The distillation cuts selected were initial boil
ingpoint to 113° C., 113° to 121°,121° to 127°, 12r to 134°, and
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and Woolfolk, Golumbic, Friedel, Orchin, and Storch (14) have
applied their data to the analysis of many of the isomers found
in coal tar. Essentially an extension of Friedel's work, the method
detailed here includes all of the isomers boiling below 230° C.

Figure 1. Comparison of spectra ofp-cresol
and 3,4-xylenol

EXPERIMENTAL

The methods shown in Table I were used to prepare high purity
compounds for calibration. The distillations were made on a
column, 1 inch by 4 feet (about 30 theoretical plates), which
was fitted with Cannon packing and operated at a reflux ratio
of 5 to 1 with a boilup of 8 ml. per minute. The butylations were
carried out as described by Stevens (11).

The infrared absorption spectra of the pure materials were:
obtained using a Baird double beam recording infrared spectro
photometer equipped with sodium chloride optics. All work de
scribed in this paper was carried out using approximately 2% (by
weight) solutions of the phenols in carbon disulfide with O.l-mm.
cells. The reference cell was filled with carbon disulfide. Bakers
Analyzed C.P. carbon disulfide is suitable without any treatment.
Comparison of the spectra with those listed in the literature
cited showed no extraneous bands.

The individual isomers were run at several concentrations (1.5
to 2.5%), and the wave lengths listed in Table II were selected for
analytical use. All of the bands selected are free from interfer-

Table III. Analyses of Synthetic Mixtures
Mixture Number

1 2 3 4 5
Act., Anal., Dev., Act., Anal., Dev. r Act., Anal., Dev., Act., Anal., Dev., Act., Anal., Dev.,

% % % % % % % % % % % % % % %
Benzene 48.7 49.3 +0.6
Phenol 25.7 25.5 -0.2 17.1 18.0 +0.9
o-Cresol 25.6 25.2 -0.4 33.6 34.3 +0.7
2,6-Xylenol 8.3 8.2 -0.1
m-Cresol 18.6 17.6 -1.0 9.9 10.3 +0.4
p-Cresol 22.5 21.9 -0.6 17.2 18.0 +0.8
o-Ethylphenol 23.7 24.0 +0.3
2,4-Xylenol 26.9 25.0 -1.9 13.6 14.4 +0.8
2,5-Xylenol 22.3 22.5 -0.2 10.1 9.2 -0.9
2,3-Xylenol 19.8 20.5 +0.7
2,4,6-Trimethylphenol 16.1 15.1 -1.0
m-Ethylphenol 25.4 25.4 0.0 50.3 51.0 +0.7
p-Ethylphenol 15.1 15.4 +0.3 13.8 14.7 +0.9
3,5-Xylenol 11.4 11.4 0.0
3,4-Xylenol 16.3 15.1 -1.2
2,3,6-Trimethylphenol 8.1 7.8 -0.3
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134 0 to 144 0 C.-all eolumn pressures being 50 mm. of mercury.
Theile cuts result in the distribution of isomers as shown in Table
n. Synthetic samples were made up to contain the materials
p~edicted in each fra~tion. These samples were analyzed by the
method described here. The results given in Table III indicate
an accuracy of one absolute per cent.

ANALYTICAL METHOD

Sufficient tar or tar acid oil to give a1, least 50 grams of tar
acids is weighed into a separatory funnel/wd extracted four times
with an equal volume of a 10% aqueous solution of sodium hy
droxide. The combined aqueous phases are acidified with 30%
sulfuric acid, and the sprung phenolic compounds separated. The
aqueous phase is exkacted four times with C.P. benzene, and the
benzene phase added to the wet tar acids. The resulting mixture
is dried using a Dean-Stark azeotropic drying apparatus and most
of the benzene is stripped off. If the sample contains less than
5% m-ethylphenol, ,) grams of this compound are added to the
weighed dry tar acids. Ten grams of aeenaphthene (1,2-dihydro
acenaplnthalene) are added to act as a "backer" to ensure the
distillation of all the phenolic compounds. The mixture is then
distilled at a pressure of 50 mm. of mercury on an efficient column
having at least 25 theoretical plates, and the mentioned fractions
are collected, weighed, and set aside for infrared analysis.

Using an analytic:nl balance, samples of the distillation cuts are
weighed in 2-ounce vials, and sufficient earbon disulfide is added
to give approximately a 2% solution of the tar acids. Usually
0.2 gntm of sample and 10 grams of earbon disulfide are used.
Aluminum foil liners in the caps of the vials prevent contamina
tion and evaporation of the solution. The absorption spectrum
of the solution from 9 to 15 microns is obtained using O.I-mm.
cells with carbon (Lisulfide in the reference cell. Transmittance
v!uues are read from the chart at the wave lengths tabulated in
Table II. After eonverting transmittance to absorbance, the
concentration of each component is determined using matrices
(4, 10) prepared from the spectra of the pure compounds. The
sum of the components in each cut may not total 100%; how
ever, if no extraneous absorptions are noted, the analysis is
normalized to plane it on a 100% basis. Experience of the
authors has shown that when the unnorrnalized totals consistently
fall below 95%, the analysis is not trustworthy, and recalibration
of the cell is necessary. The calibration may be checked at any
time by the use of a synthetic sample made up from the pure
isomers, with recalibration usually being necessary every 2 to
4 months. Calculation of the isomer distribution in the original
sample is straightforward once the analysis and weight of each
distillation fraction is known.

ANALYTICAL CHEMISTRY

The vials used for weighing may be reused after washing with
a detergent and then acetone, but the caps and liners should be
discarded after one use since they cannot be easily cleaned.

Although the method described seems to be time-consuming, a
complete analysis can be obtained in 24 man-hours. If desired
the method can be applied to tar acid mixtures containing only
two or three isomers with a resulting increase of precision to
about 0.5% absolute. The method has been in use for a period
of 4 years in this laboratory with satisfactory results.
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Automatic Ultraviolet Spectral Scanning of Chromatographic Effluents
W. C. KENYON, J. E. McCARLEY, E. G. BOUCHER, A. E. ROBINSON, and A. K. WIEBE

Hercules Experiment Station, Hercules PowcJer Co., Wilmington, Del.

ChrOlnatography has been widely employed for sepa
rating complex mixtures to facilitate analysis, which
makes it an ideal supplement to ultraviolet spectro
photometry. Hand collection of cuts and subsequent
determination of their ultraviolet spectra are time
consuming and costly. An attachment to a Cary spec
trophotometer is described with which the ultraviolet
absorption spectrum can be obtained automatically
on each of 200 or more chrornatographic cuts. This
record is displayed on one chart after a 16-hour over
night run, from which qualitative identification and
quantitative determination of the compounds in the
lllixture call be made. Gradient elution is used to in
'crease the versatility of the technique. Cuts to be
scanned are deterIllined on a volume basis for better
quantitative precision, thus avoiding the problem of
constant flow rate. With this apparatus, as many ·as
20 different compounds have been detected in one
sample. A quantitative analysis is presented for a
synthetic rnixture of eight aromatic compounds. The
results agree within ±3% of the amounts present,.

I N THE application of ultraviolet absorption spectra to the
analysis of mixtures of absorbing substances, the analyst is

often plagued by the interferences due to overlapping absorption
bands. It is often possible to simplify mixtures by separating
them into fractions, which may reduce interference enough to
allow successful analysis. One very powerful tool for such sepa
rations is adsorption chromatography. The determination of
the solute concentrations in the eluate from a chromatographic
column by ultraviolet absorption, where applicable, offers certain
advantages. Both qualitative and quantitative analyses can be
made in very dilute solutions, which avoids the necessity for
evaporating the solvent, or other tedious handling procedures
which may often involve the danger of losses. Secondly, the fact
that chromatography can be carried out on very small amounts
of sample with consequent very dilute solutions reduces some of
the problems in the chromatographic process itself. For example,
better resolution is obtained by avoiding column overloading.

In order to make chromatography applicable to the separation
of mixtures of many classes of compounds, it is necessary to in
crease the eluting power of the eluent during a run. For this
purpose gradient elution is a convenient and desirable device.
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Figure 2. Gradient elution systeIn

ELUENT TO
COLUMN

BOTTLE B

MAGNETIC STIRRER.

BqTTLEA

to divide the eluate from the column into equal volume incre
ments. The control unit, shown at the left of the instrument,
operates the spectrophotometer so that it automatically records
the absorption spectrum of each increment of eluate. The frac
tion collector, on the shelf below the instrument, collects the
eluate increments in the order in which they are scanned by the
spectrophotometer. '

Gradient Elution System. The gradient elution system consists
of two bottles and a pair of stopcocks. One of the stopcocks is
used to connect the bottles together and the other is simply an
op.-ofI valve in the eluent supply line as shown in Figure 2.

With both stopcocks closed, bottle B is filled with the less polar
of the two solvents to be used and bottle A is filled with the more
polar solvent. If the two solvents have appreciably different
densities, the liquid levels in the two bottles should be adjusted
so that there is no difference in hydraulic head across the con
necting stopcock. When the connecting stopcock is opened no
flow of solvent occurs between the two bottles until some of the
solvent has been drawn from bottle B through the eluent supply
line. As solvent is drawn from the system and supplied to the
chromatographic column, the levels in the two bottles fall to
gether and the polarity of the solvent in bottle B is constantly
increased by the flow of polar solvent from bottle A.

The type of polarity gradient that this system gives depends
upon the geometry of the system-i.e., the sizes and shapes of
the bottles. For a system of two cylindrical bottles with
solvents of equal density (assuming complete mixing in bottle B)
the fraction of polar solvent in bottle B, and therefore in:'the
eluent, is given by

This technique, of gradually increasing the eluting power of the
solvent, as opposed to stepwise addition of more polar eluents,
has been advocated by several investigators (1-3, 5-8,10,11,14,
16, 17). It has two major advantages, it requires no attention
from an operator and it reduces the tailing of compounds having
nonlinear adsorption isotherms.

In applying these techniques, however, the collection of large
numbers of fractions and the determination of their ultraviolet
absorption spectra were found to be very time-consuming.
Several papers have been published on the use of devices for scan
ning paper chromatograms at one wave length in the ultraviolet
region (4, 12, 13). Two papers describe the passing of the eluate
from a chromatographic column continuously through an absorp
tion cell in an infrared spectrophotometer and determining a
single component 'at one wave length (9,15).

Figure 1. Scanalyzer asseInbled

This equation is essentially the same as the one given by Laksh
manan and Lieberman (10) for a somewhat similar gradient elu
tion system. Although both systems give the same types of
gradients, the advantage of the present system over the one de
scribed by Lakshmanan and Lieberman is that the gradient is
determined by the geometry of the system rather than by inde
pendent adjustments of the flow rates.

A recent paper by Bock and Ling (3) describes a two-bottle
gravity flow elution system very similar to this one which was
independently developed by Parr (14).

Chromatographic Column. The solvent from the gradient elu
tion system is fed to the chromatographic column through a

This paper describes the "Scanalyzer"-a device for automati
cally scanning the complete near ultraviolet absorption spectrum,
from 400 'to 200 m!" of small volume fractions of the eluate from
a gradient-eluted chromatographic column. The fractions
scanned are determined on a volume basis instead of on a time
basis, since experience has shown that flow rates are difficult to
maintain constant. The Scanalyzer requires no attention from
an operator after the start of the run. Over 200 scans are made
during the course of one night (16 hours).

DESCRIPTION OF INSTRUMENT

The complete Scanalyzer is shown in Figure 1. The basic
instrument is a Cary Model ll-M recording spectrophotometer.
The array of bottles mounted on top of the instrument constitutes
the gradient elution system whose function is to supply to the
chromatographic column a flow of solvent whose polarity con
stantly increases during a run. The pair of solenoid valves at the
lower right of the instrument operates in conjunction with the
photoelectric level detector (mounted on the cell compartment)

where X A
XB
V~
V~
V c

V~

V~

XB = XA - XA [1 - V~ ~ v~J
= fraction of polar solvent in bottle A
= fraction of polar solvent in bottle B
= initial volume of solvent in bottle A
= initial volume of solvent in bottle B
= volume of solvent withdrawn from the system

(1)
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Figure 3. Scanalyzer 'flow systeIll

GRADIENT ELUTION
SYSTEM

Fifteen determinations were made of the volume between the
two valves VI and V2• (Although this is greater than the volume
of the absorption cell, it is referred to as the cell volume.) The
data were statistically evaluated and the cell volume was found
to be 3.85 ± 0.06 m!. (95% confidence level).

Control Units. Two different control circuits have been used
for the Scanalyzer. The first system operated on a time cycle
and required a minimum of modification of the spectrophotom
eter. The present system operates on a wave length basis and
eliminates the necessity of scanning unnecessary wave lengths.
This saves both time and chart paper, but it requires the installa
tion of adjustable limit switches in the spectrophotometer.

When the column is packed, it has an appreciable resistance to
the solvent flow, so the system must be kept under pressure in or
der to maintain an eluate flow of 1 mI. per minute. With a No.1
column this is generally between 1 and 8 pounds per square inch.

Absorption Cell. A demountable type absorption cell with
quartz windows and a I-em. stainless steel spacer is used. Poly
ethylene gaskets are used between the spacer and the windows.
The windows are clamped tightly in place by means of stainless
steel plates and Allen capscrews. The cell is rigidly fastened to
the cover of the spectrophotometer cell compartment, so that it
can be put into operation quickly and easily.

Flow Quantizer. The Scanalyzer flow system is shown sche
matically in Figure 3.

The solvent flows from the gradient elution system, through
the chromatographic column, and into the reservoir. At the
beginning of each cycle, valve VI is open and valve V 2 is closed
so that the eluate flows from the reservoir into the absorption cell
and the measuring tube. When the liquid rises high enough in
the measuring tube to come between the lamp and the photocell,
it acts as a cylindrical lens and focuses the light on the photocell.
This causes an increase in photocell current which operates a
50-/La. meter-type relay. The meter relay in turn operates a
secondary relay in the control unit (shown at the left of the instru
ment in Figure 1). The secondary relay closes valve VI (thus
isolating a cell volume of eluate from the reservoir) and starts
the spectrophotometer scanning. When the spectrophotometer
has recorded the absorption spectrum of the cell full of eluate,
the control system opens valve V 2 which empties the eluate from
the absorption cell into the fraction collector. When the cell is
empty, V2 closes and VI opens. The spectrophotometer then
returns to its initial wave length and the cycle is complete.

EMPTYING
VALVE

MEASUlUNG

", ;:~ I I' .,."Ii [SJ
, ,

CONTROL UNIT
ABSORPTION

CELL

CHROMATOGRAPHIC
COLUMN

FRACTION COLLECTOR

~

:ERG~~~~R L!3
MA'~NETIC

S1:IRRER

NITROGEN
CYLINDER

length of 13-gage stainless steel hypodermic: needle tubing
(Superior Tube Co., Norristown, Pa.). The glass to metal con-

nections are facilitated by ~ T stainless steel joints which were

fabricated in the company"s shops.
The chromatographic column is 9 mm. in diameter (Scientific

Glass Apparatus Co., Inc., Bloomfield, N. J." No.1) and has a

perforated base. A ~ T female joint was added to the top of the

column in order to connect. it to the gradient elution system.
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~--- ------------·I
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Figure 4. TiIller-type control unit
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Although the control circuits given here were designed spe
cifically for the Cary Model ll-M, the basic principles are appli
cable to almost any recording spectrophotometer.

Timer Control Unit. The circuit diagram of the timer-type
control unit is shown in Figure 4.

When the eluate in the measuring tube rises to the desired level,
the lens effect of the liquid focuses li~ht upon the photocell
causing an increase in photocurrent. ThiS photocurrent actuates
the meter relay, K I , which applies a direct current voltage from
the bridge rectifier to the secondary relay, K z. The current
drawn by K z flows through a holding coil in K I so that K I remains
actuated until the circuit is opened.

The actuation of the secondary relay, K z, removes the line
voltage from solenoid valve, VI, and applies it to the timer motor
and to the scan 'relay, K 3, whose contacts are put in parallel with
the scan, pen, and chart switches of the Cary by switch, 8 1•

With 8 1 in the "auto" position and K 3 actuated, the spectro
photometer scans from 400 m).' (its initial wave length) toward
shorter wave lengths and the pen and chart operate to record the
absorption spectrum of the eluate in the absorption cell.

The instrument continues to scan until the timer motor has
rotated its cam to the position where it actuates the timer switch,
8 z, which removes the voltage from the scan relay, K 3, thus
stopping the scan.

The scanning time, and therefore the wave-length band
scanned, may be varied by adjusting the timer cam. This, how
ever, changes only the short wave-length limit of the spectrum,
since the record always starts at 400 m).'.

In addition to stopping the scan, the timer switch, 8z, also ap
plies line voltage to solenoid valve, Vz, to a thermal delay relay,
K4, and to the timer motor. After a 2Q-second delay, relay K 4

operates, opening the circuit to relay K z• This resets the meter
relay, K I , and returns relay K z, to its normal position which
closes valve V z and opens valve VI.

The. timer motor continues to run until the cam reaches its
original position. This returns the timer switch to its normal
position which removes the voltage from the motor. Thus,
after each scan the timer resets itself to its initial position so that
it cannot get out of synchronization with the rest of the system.

In the meantime, another thermal delay relay, KG, has actuated
and started the spectrophotometer to scan back to 400 mI'.

Since relay K 3 , is now in the unactuated position, the pen and
chart circuits are inoperative so that the reverse scan is not re
corded.

When the spectrophotometer reaches its 400-ml' lhnit switch,
it stops and waits for the refilling of the absorption cell to initiate
another scan.

Wave-Length Control Unit. The circuit of the present control
unit is shown in Figure 5. It is similar to' that of the timer
operated control system. The only major difference is that the
timer has been replaced by a pair of adjustable limit switches
which are mounted on the cover of the Cary slide-wire compart
ment. These limit switches are operated by the same mechanism
that rotates the Littrow arm of the monochromator.

When the meter relay, K I , is actuated by the eluate in the
measuring tube, it operates the secondary relay, K z, and locks
itself in by means of a holding coil just as it did in the previous
system. The secondary relay, K z, closes valve VI, by removing
its voltage, and applies voltage to the scan relay, K 3, which starts
the scan. The instrument scans until it reaches the short wave
length limit switch which removes the voltage from the scan
motor and applies it to the thermal delay relay, K 4, to relay KG,
and to valve Vz• Relay K 6 opens the pen and chart circuits so
that the record stops when the scan does. Valve Vz opens, empty
ing the cell, and remains open until the delay relay operates 20
seconds later. When the delay relay opens, it resets the meter
relay, K I , and returns K z to its normal position. This moses valve
Vz, opens VI, reverses the scan, and opens relay KG. The instru
ment scans in the reverse direction until it reaches the long wave
length limit switch which removes the voltage from the scan
motor and closes relay K 6• This completes the cycle and the
system remains at rest until the cell refills.

Relay K 6 is an additional refinement of the present system over
the previous one. Since the scan relay, K 3 , is operated through
the contacts of K 6, and K e is operated by the long wave-length
limit switch, the instrument cannot start a forward scan until it
has completed the reverse scan. Thus, if the cell fills before the
reverse scan is finished it will not result in a shortened forward
scan.

Modification of Spectrophotometer. The modifications which
were made in the panel switch circuit of the Cary Model ll-M
are shown in Figure 6. The heavy lines indicate the additional
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~'~ 1'~ 1
L.....,I-HH-------~
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Figure 5. Wave-length type control unit
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Iso-octane was purified according to ASTM D-1017 for the
preparation of spectrophotometric grade iso-octane. All other
reagents were used without further purification.

Calibration. With the exception of phenol and benzoic acid,
the absorptivity, a, of each compound in the test mixture was
determined in iso-octane. The spectra of phenol and benzoic acid
were found to be very sensitive to the presence of low concentra
tions of polar solvents. Consequently, their absorptivities were
determined in mixtures of iso-octane and varying concentrations
of ether. In each case a wave length was found where the ab
sorptivity appeared to be independent of polar solvent concentra
tion (isoabsorptive point). The range of ether concentrations
was read from the gradient elution curve (Figure 7) after deter-

circuitry required for the timer-type control unit. The wave
length control unit requires the circuitry shown in heavy lines
plus the adjustable limit switch circuHry shown in dotted lines.
The limit bypass switch shorts out the adjustable switches so that
in manual operation the fixed limit switches at 400 and 200 miL
may be used.

The modifications do not alter the manual operation of the spec
trophotometer in any way.

Fraction Collector. The fraction collector is a Misco Model
6500 (Microchemical Specialties Co., Berkeley, Calif.). Al
though the fractions are now coHee-ted on a time basis, it is
planned to incorporate into the Scanalyzer control circuit a col
lector actuator which will rotate the eoHector table after every
on cuts, where n is a number from 1 to 6 that can be chosen at will
by a selector switch.

EXPERIMENTAL SECTION

The reagents and components of the test mixture were as fol
lows:

Silicic acid
Ether
Iso-octane
Benzeli.e
Styrene
Anisole
Benzaldehyde
Acetophenone
Phenol
Benzoic acid
Benzyl alcohol

Grade

Chromatographic grade
Anhydrous
ASTM
ACS reagent
N-99

NF

USP
CP
Clilorine-free

Supplier

Mallinckrodt
Mallinckrodt
Enjay Co., Inc.
Baker and Adamson
Dow Chemical Co.
Matheson Co., Inc.
Merck & Co., Inc.
Carbide and Carhon
Merck & Co., Inc.
J. T. Baker Chemical Co.
Matheson Co., Inc.

E I~

.TO
CONTROL
UNIT

150.1\..

© -: ~::
~ 1-1

~~ 1-8

> I 1-11o pPLfT O---fo-------------+1~-1-6
1-10

d
1-7

MASTE1\"1.-. 0 l-lZ
r-<"''--_~O-H+--..,

~.;~+-++-. 0 1-3
1 , 0 1-4

~ ~: ;:;1;1;;;;;~;;;;;;;;;;;;~~"" roO 1-9
~ :. 1

~o +-+-+---------0 :
....-----+++-H++--------oO 4

H-1-f---------05
"--t~-------.o6

++------+t~~....---------e 7
1+0++--+--------00 8

"++++--+-------..-09

110', cb' 1
~:t : I LON~ I

>J+--.N501N'-~~ I If ' ' t ," L

'
~ ... ....-.....,°1.. I' --- ---r-01" 0LIMIT

Z5W g ... I '1'.... I LIMIT I ''---"!",o;.. S! I SWITCHESI .v BY-PASS
< t L.1111-e,I.,.r-,I:>--_,P----!:-o't ;r-~---- ..... ---...I .q-' 'SWITCH

L- • ·...1.lIIa'"l~_H_h ,1..aJ_·'II" It: f-~SHOl\T I

IL.oJL ~ : I >i I t I I
~I:a: >rf----:o();i ~ L :.-_J.. J

~I"
1'i"1", It
L~J .

I
I

Figure 6. Modified Cary spectrophotOIueter panel switch circuit

Heavy lines. Additional circuitry required for 'tim.er-type control uni't
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Figure 7. Elution gradient used for synthetic test
mixture

XA = 0.5; V~ = no mI.; V~ = 900 n1l.; Equation 1

Iso-octane
Iso-octane
Iso-octane
Iso-octane
Iso-octane
Iso-octane + 2.5-3.0% ether
Iso-octane + 3.3-4.5% ether
Iso-octane

254.5 ± 0.5
248.0
278.0
289.0
279.0
283.0
226.5
258.5

2.672
144.0

19.20
8.500
7.080

19.40
96.30

1.667

Table I. Spectral Absorptivities.of Test Mixture
Components
Wave Length,

a ml' Solvent

The volume of the system was determined by placing a cali
brated pipet in place of the column and measuring the total vol
ume required for ten complete scans. This volume was found to
be 3.85 ml.

Procedure. The chromatographic column, Scientific Glass Ap
paratus Co., No.1, 9-mm. diameter, was packed by suction with
the Fisher filtrator. Approximately 10 grams of silicic acid were
slurried in a separatory funnel and small increments were added
until the column was 7 em. in height. Air bubbles were removed
by tapping the column with a wooden tamper during the packing.

Benzene
Styrene
Anisole
Benzaldehyde
Acetophenone
Phenol
Benzoic acid
Benzyl alcohol

The top of the column was leveled with the flat end of the tamper.
Suction was released when the solvent level was less than 1 em.
above the adsorbent. At no time was the column allowed to run
dry.

. With suction off, 1 m!' of a 8-mg. per ml. solution of the test
mixture in iso-octane was added to the column using a pipet.
Suction was then turned on and the sample allowed to penetrate
the column using 2 ml. of iso-octane for washing the walls of the
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mining the volume of eluent consumed when the compound in ques- .
tion first appears in the effluent and again when it could no longer
be detected. Three different ether concentrations were used in
finding the isoabsorptive points.

To eliminate sources of error, the proper concentration of each
compound was run in the same cell and at the same scanning
speed as for the Scanalyzer analysis. All absorbances were in
the range of 0.5 to 1.2. The absorptivity of each compound was
determined by averaging the results of three separate determina
tions. This procedure al:\sumes that any impurity present in the
reference compounds is either negligible or transparent.

The absorptivities, a, wave lengths, and solvents are listed in
Table 1.

2
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Figure 8. Scanalyzer record of synthetic mixture

1. Benzene
2. Styrene
3. Anisole-st;yrene
4. Benzaldehyde

5. Acetophenone
6. Phenol
7. Benzoic acid
8. Benzyl alcohol
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0.5

~l

Time required to prepare sample lmd set up column for over
nighi; run was approximately 1 man-hour.

% compound
~AV(100)

aw

Since the ordinate (absorbance) of the record presented in
Figure 8 is directly proportional to concentration and the ab
scissa is the volume eluted, an examination of the record indicates
how close to ideality this separation has been. Take acetophe
none, for example. Here, four scans are seen on the leading side
of the maximum and nine scans on the trailing side with the last
three scans representing only approximately 3% of the total
acetophenone present in the sample. Therefore, this is a fairly
close approximation to a symmetrical curve. Also, only one
blank scan separates acetophenone from benzaldehyde, while
10 blank scans separate the acetophenone from the phenoL
This again is a fair approximation to this ideal condition. Hence,
the conditions chosen for this experiment are well-suited for the
separation and analysis of acetophenone in this mixture.

Consider styrene. Four scans are found on the leading side
of the maximum and 16 scans on the trailing side. This is far
from representing an ideal separation, especially since the styrene
was not separated from anisole (scans 35 to 41), which displaced
some of the styrene and prevented further tailing' (see above).
In this case, the conditions were not the best suited for this
separation. The other constituents of the mixture fall some
where between the two extremes as represented by acetophenone
and styrene.

Flow rates may have an appreciable effect on the syInnletry
of the curve. The flow rate was approximately 1.2 ml. per minute
for this experiment.

The spectra of phenol and benzoic acid are not the same as
the spectra of the reference material in iso-octane but show the
effect of having small concentrations of ether in the eluent. The
spectra of phenol, 6, have fewer sharp bands than phenol in
iso-octane, while the spectra of benzoic acid, 7, show sharper
bands than when run in iso-octane.

Although only eight constituents were used in the synthetic
mixture, the instrument can be used to analyze more complex
mixtures. As many as 20 components have been detected in
actual samples submitted for analysis in this laboratory. Since
the total sample was eluted after 169 scans and the complete
record had 247 scans (the last 80 blank scans are not shown to
conserve space), a test mixture containing more than the eight
compounds could have been analyzed.

Quantitative Results. Results are listed in Table II.
U is the volume of eluent consumed when the concentration of

the solute in the eluate is at a maximum. In the case of styrene
it is the first maximum and not the maximum brought about
because of displacement by anisole. This value, U, is included
to indicate the relative speed with which the components were
eluted. These values of U are applicable only to the particular
conditions of this experiment. A change in the elution conditions
would bring about a change in the U values.

The following formula was used in the quantitative calcula
tions.

Simultaneous equations were required to determine the ab
sorbances of styrene and anisole in the scans where these com
pounds were not separated. Approximately 2 man-hours were
needed to analyze the data and compute the results listed in
Table II.

The concentration of each component can also be determined
by measuring the volume of each cut and rerunning them in the
spectrophotometer. Although this procedure was not followed
in this case, Figure 9 is an example of what can be done. It is

where

A = absorbance
a = absorptivity of compound
V = cell volume = 3.85 mL
w = weight of sample placed on column = 8.0 mg.
V and a were determined as indicated under calibration.

2 mil/second
361-216 mil
7 lb./a'}. inch
9 min. fraction

Scanning speed!
Scan.ning range
Air pressure
Fraction collector

column. Suction was turned off and the column filled with iso
octane (approximately 4 mL). The :prepared column was re
moved from the filtrator and placed in position on the Scanalyzer.

The large bottle, B, was filled with £100 m!' of iso-octane while
110 ml. of a 1 to 1 mixture of ether and iso-octane was placed in
the small bottle, .1. The 1 to 1 mixture was known to be suffi
ciently polar to elute all compounds in the test mixture.

Instrument settings were as follows:

Figure 8 is an actual reproduction of the original chart paper
record and not an elution graph drawn from the data. The
record reads from left to right and fr.om top to bottom with the
first scan in the upper left corner.

The record shows that the first compound to be eluted under
the conditions of the experiment was benzene, 1, which was
completely separated from styrene, 2. The next section of the
record, 3, shows that styrene was :oot separated from anisole.
The sharp bands were the anisole bands while the broad band at
248 mp belonged to styrene. The other constituents were all
separated and follow in this order:: benzaldehyde, 4, acetophe
none, 5, phenol, 6, benzoic acid, 7, and benzyl alcohol, 8.

The separation of styrene and anisole was accomplished easily
on other occasions when using less polar solvent in" bottle A.
Section 3 is a good example of displacement chromatography.
Although styrene has a maximum concentration in scan 25, it is
eVEm more concentrated in scan 36" where the anisole also has a
maximum. The second styrene maximum occurs because the
styrene remaining on the column is displaced by the anisole.
In the absence of anisole, and with no ether in the eluent, styrene
would stretch out over almost 100 scans.

The Scanalyzer record also presents vividly the advantages of
gradient elution chromatography. Theoretically the ideal chro
matographic separation is represented by a graph-plotting con
centration versus volume of eluent--which resembles closely the
Gaussian distribution. This is to say that the experiment is
performed on the linear portion of the Langmuir isotherm and
that, therefore, the column is not overloaded. Also, for an ideal
separation, the completely separated components of the mixture
should have as few blank scans as possible since each blank
scan can be considered as time wasted.

230 250 270
WAVE LENGTH IN MILLIMICRONS

Figure 9. Ultraviolet spectrulll of
cut 3 (heuz(,ne)

DISCUSSION OF RESULTS

The Scanalyzer record of the synthetic mixture is reproduced in
Figure 8. The synthetic mixture is not an actual sample but in
cludes eight constituents chosen as representatives of several
classes of aromatic compounds, which were available in this
laboratory.
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the spectrmn of cut 3 (scans 6 and 7), run at scanning rate of
0.4 mJ' per second on chart paper supplied by Applied Physics
Corp. This procedure is time-consuming. A more desirable
procedure would be to combine all of the cuts containing a certain
compound, measure the volmne, and run a spectrmn of the com
bined cllts.

APPLICATION TO OTHER SYSTEMS

The principles described in this paper have also been applied
in a preliminary way to infrared scanning of chromatographic
column effluents. An arrangement was devised whereby a
Perkin Elmer Model 112 infrared spectrophotometer could be
used in a similar manner. In this case also the limit switches
were adjustable for any given wave-length interval. In the pre
liminary investigations, however, only the e-H stretching region
around 3.4 microns has been employed. Two major difficulties
are apparent: (1) Gradient elution is difficult, since no suitable
polar solvent is available which 'does not have a e-H absorption
itself; (2) because of the solvents available, such thin cells are

a Expressed as per cent of amount present.

Table II. Analysis of Test Mixture
Per Cent

necessary that infrared absorption does not have the sensitivity
of detection that ultraviolet absorption does.

The principles described should be applicable to detection of
materials separated by other means such as partition and ion
exchange chromatography, liquid-liquid extraction, and frac
tional distillation, provided that the proper concentrations of
absorbing substances in nonabsorbing media can be achieved.
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U,
Ml.
23.1
96.2

138.6
173.2
231.0
323.4
423.5
565.9

+1.35
-1.95
+1.20
+2.03
-0.52
+1.55
-1.34
-0.82

±1.51%

25.95
5.12
6.65
4.43
5.79

13.59
10.44
28.03

100.00

Found Known Errors

26.3
5.02
6.73
4.52
5.76

13.8
10.3
27.8

iOD.23
Standard deviation

Benzene
Styrene
Anisole
Benzaldehyde
acetophenone
Phenol
Benzoic acid
Benzyl alcohol

Total

Chromatographic Separation and Quantitative Estimation of lodine-131
Labeled Derivatives of Sterols, Amines, Acids, and Aldehydes
WILLIAM M. STOKES, WILLIAM A. FISH, and FREDERICK C. HICKEY

Medical Research Laboratory, Providence College, Providence, R. I.

Mixtures of com.pounds labeled with iodine-I31 have
been chrom.atographed. Apparatus has been developed
for following the course of the developm.ent at all stages
by autom.atically scanning the colum.n and recording
the distribution of ~he associated gam.m.a activity. The
m.ethod has been applied to the separation and quanti
tative estim.ation of the com.ponents of selected pairs
of derivatives of the following types: sterols, am.ines,
acids, and aldehydes.

T HE present authors' use of radioactivity as a means of
following the development of a chromatographic separation

and estimating the quantities of the various components, as
well as their purity, was found to offer so many advantages in
the separation of certain sterol mixtures (6, 7) that they were in
terested in extending the method to systems characterized by
other functional groups and improving the convenience and
accuracy of the method. p-Iodobenzoic acid-iodine-131
derivatives of sterols and amines, p-iodoaniline-iodine-131 deriv
atives of acids, and p-iodophenylhydrazine-iodine-131 de
rivatives of aldehydes have been separated. The degree of purity

of certain of the separated fractions has been measured by th
use of carbon-I4-labeled components. The first separation
were followed by manual spot scanning, then automatic scannin
and photographic recording were used, and finally simultaneou
automatic scanning and· graphic recording were develope<

METHOD AND APPARATUS

Preparation of Colwnn. Chromatographic tubes from 1.2 t
4.5 em. in diameter and from 60 to 120 em. in length were pr'
pared from standard borosilicate glass tubing with a constrictio
at the lower end. The tubes were coated with General Electr
SR-53 silicone resin, and a plug of glass wool and a layer of clea
sand were introduced to support the adsorbent.

The adsorbent, two-thirds silicic acid and one-third Celit,
was prepared as previously described (6) with the followir
changes. Celite 503 was found to increase the flow of develop'
and was therefore substituted for the 535 previously used. Tl
Celite was calcined at 500 0 C. to remove any traces of organ
matter. The components were mixed in a ball mill and heatE
for 12 hours at 200 0 C. To eliminate inhomogeneities due to di
ferent rates of fall of the components down the length of tl
column during packing, the adsorbent was mixed within tl
tube by revolving a notched rubber stopper, attached to a gla
rod, through the adsorbent before the application of vacuum.
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Figure 1. Apparatus for autOlnatic radioactive sur
vey of chroIDatographic coluIDn by scintillation

courr1t.~r

The counter, shield, and yoke slide on the vertical steel shaft, E,
mounted on a firm steel base. The sliding assembly is counter
balanced by a lead weight attached to a cable running over a
pulley at the top of the column. A spring-retracting steel centim
eter tape, D, mounted on top of the shield, indicates the distance
the counter has traveled downward from the top of the column.

Parallel to the supporting column and offset to the side is the
driving screw, F, which is driven by a synchronous motor, M,
through a double set of worms and gears, L. In the diagram, the
gear on the driving screw, F, has been displaced upward for clar
ity. The driving screw passes throug-h a bronze bearing attached
to the sliding counter assembly. A spring-loaded, retractable
ratchet, J, engages the groove in the driving screw and draws
the yoke, shield, and counter downward at approximately 1 cm.
per minute. Withdrawal of the ratchet pin permits the manual
return of the counter assembly to the top of the column. A
microswitch, K, in series with the driving motor, limits the motion
of the counter. .
. When the counter was moved manually, a scaler was used to

record the activity. Along with the addition of an electric drive,
a motion picture camera was used to record the total scaler count
at each minute while the counter scanned the length of the col
umn at constant speed. The standard 16-mm. camera was pro
vided with a solenoid-operated plunger, which depressed the
trigger button with just sufficient force and duration to allow
one frame to be exposed at a time. The solenoid was actuated
at minute intervals by the discharge of a condenser through a
timing motor switch. At the expiration of a run the exposed film
was cut from the roll, developed, and read in a microfilm reader.
The film record gave, for each minute interval, the total count
accumulated from the start. Each count was subtracted from the
succeeding one in order to obtain the counts per minute for that
particular time interval and its correspondingsection of the column
length. While this method was satisfactory for slow-developing
systems, such as the sterols studied, it imposed serious delays in
more rapid systems as well as tedious reading, recording, and
computation.

Finally, a count-rate-meter incorporating a pulse amplifier
and discriminator, as well as a highly stabilized power supply,
was constructed. The output of the count-rate-meter was fed
into a Brown recorder. Thus, a continuous plot of the activity
at each level of the column was produced simultaneously with
the scanning of the column. Since the descent of the counter
head along the length of the column and the rate of travel of the
recording pen were constant, the abscissa of the plot was pro
portional to the distance from the starting point on the column,
whereas the ordinate was proportional to the gamma ray activity
at each point.

Table I. Experhnental Results

Analysis from

Chromatographic Radioactive Melting Points of
Added to radioactivity assay of Recovered Compounds
Column' trace, eluates Litera~

Mg. % % Mg~ Found ture

>47.2 >509 52.1 186 186 (6)
<45.6 <49.1 47.9 184.5 184.5 (6)

<32.4 <50.5 45.8 179 (see text)
>31.7 >49.5 54.2 184.5 184.5 (6)

26.1 34.7 33.2 148.0
49.1 65.3 66.8 A 177.4

B 177.4

79.0 57.7 54.1 73.4 51.1 185.0 184 (3)
57.8 42.3 39.3 60.8 42.4 168.0

6.6 9.4 6.5 161-165

99.9 49.2 47.5 194--195 (dec.) 196 (3)

103.3 50.8 52.4 146 (dec.) 148 (3)

Component

Cholestanyl p-iodobenzoate
Cholesteryl p-iodobenzoate

A7-Cholestenyl p-iodobenzoate
Cholesteryl p-iodobenzoate

N-p-Iodobenzoyl-m-toluidine
N-p-Iodobenzoyl-o-toluidine

Acet-p-iodoanilide
Proprion-p-iodoanilide
Diacet-p iodoanilide

0- Nitrobenzaldehyde
p-iodophenylhydrazone

m-Nitrobenzaldehyde
p-iodophenylhydrazone

"F:~

Apparatus. In early runs
the tube WaS attached to a
illter flask and the pressure
reduced to 20 em. of mercury
to accelerate the flow of sol
vent. Recently a turret
arrangement has been em
ployed to allow two columns
to develop simultaneously yet
permit either to be brou~ht

into position for scanning with
out the loss of vacuum. The
first survey method consisted
in moving the counter (sliding
on a steel shaft) manually,
taking 1- to 5-minute counts
'it each centimeter down the
length of the column. Subse
:]uently an electric drive was
tdded.

The apparatus, Figure 1,
lonsists of the chromato-
~raphic assembly marle up
)f the developer reservoir, A,
)hromatographic tube, B, and filter flask, C, all supported by
)lamps f,om a vertical rod (not shown in the diagram), which is
5rmly attached to the main supporting shaft, E.

The lead shield, H, for the scintillationcounter, I, is supported
ly a semiciretllar yoke, G, which permits the counter and shield
o be rotated to the vertical position when it is desired to make
LSe of the well..type crystal to count active samples contained in
est tubes. The radiation reaching the crystal is collimated by
emovable lead plugs with l/S- and 1/.-inch slit widths. The
maller slit width was used in the early stages of column develop
!lent when the activity was concentrated at the top of the column.

Unlike conventional chromatography, where only the surface
coloration is apparent during development, in radiochromatog
raphy the counter responds to the total activity across the column
section subject to the geometry of the counting arrangement and
the minor limitations for self-absorption, scattering, decay, and
background fluctuation; hence, quantitative interpretation is
feasible. In practice the shielding surrounding the counter
permits the penetration of a small fraction of the radiation origi
nating in sections of the column adjacent to the portion in front
of the slit, and the packing and glass scatter liOme of the rays into
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the slit. Preliminary experiments showed these effects to be
small but the background does rise somewhat as a region of high
activity in the column is approached. Within this limitation
and that of the precision of the counting instrumentation, the
areas under the curves are proportional to the activity contained
in the corresponding zones of the column as indicated by the
correspondence within an average of 2.5% between the percentage
composition of the original mixture and the results of analysis.
This conclusion was confirmed by total recovery, in one instance,
within 5% (Table I). For unifunctional compounds these
are also proportional to the mole fraction present. The some
what arbitrary choice of a background is the most serious limi
tation to the quantitative estimation of the various components
of the system.

SYSTEMS ANALYZED

Cholestanyl and Cholesteryl p-Iodobenzoates-Iodine-13l.
These were prepared as described by a published method (6).
The cholestanol-carbon-14 was prepar,ed by the biological reduc
tion of cholestenone-carbon-14 (7) by rat liver.
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Figure 2. Results of lllanual survey of developed
chrolllatographic colullln '

Sections I to 6, cholesteryl p-iodobenzoate-iodine-131
Sections 7 to 12, cholestanyl p-iodobenmate-iodine-131
Counts per Illinute at each centhneter are plotted against dis

tance down the coluDJ.D

A chromatographic column 1.8 by 60 em. was prepared as de
scribed and pretreated with one holdup volume of 1 to 10 ben
z&ne--Skellysolve C. Without allowing the column to run dry,
the activity was applied in Skellysolve C and the same solvent
was used for development. Mter about 12 hours the activity
front had traveled 58 em., and preliminary survey indicated that
the zones were well separated. The column was allowed to run
dry and counts were made at each centimeter down the length of
the column. Figure 2 shows the results. From a calculation of
the areas under each curve, the column was sectioned at such
intervals that each component was divided into six approximately
equal portions. Each portion was eluted with benzene-alcohol,
the dry residues were hydrolyzed, the hydrolyzates extracted
with ether, the dry ether extracts taken up in 90% alcohol, and
the sterols 'precipitated with digitonin. The carbon-14 specific
activity of sections 1 to 5 of the cholesterol zone was 5.1 ± 2.1
count~ per minute per milligram; that of sections 8 to 12 of the
cholestanol zone was 363 ± 6 counts per minute per milligram,
indicating that the zones were practically homogeneous (7) and
that the cholesterol was contaminated with less than 1.4% of
cholestanol. From the composition of the original mixture,
49.1 % was liver sterol, containing at least 95% cholesterol, and
50.9% was added cholestanol. From the areas under the curves
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(Figure 2) it was calculated that the cholesterol fraction com
prised 47.9% of the total.

;l7-Cholestenyl and Cholesteryl p-Iodobenzoates-Iodine-13I.
'The esters were worked up and chromatographed as described,
except that a column 90 em. long was employed. During develop
ment, numerous surveys were made by the photographic record
ing technique. When development was complete, the column
was allowed to run dry, and a final survey was made. When the
data were plotted (Figure 3) an average background was chosen.
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Figure 3. Plot of photographic recording of
autolllatic survey on developed chrolllatographic

colullln

Zone A, ~7-chole8tenylp-iodobenzoate-iodine-131
Zone B, cholest:eryl p-iodobenzoate-iodine-131

The content of each zone was obtained from the expression
(N" - N,,) - B(t2 - t, ) where Nt, and Nt are the scaler readings
at the limits of the particular curve, B is t'he average background
in counts per minute, and t2 and tI are the times, in minutes, when
the counter slit passes the limits of the zone. The results are
given in Table I. The low results for Ll.7-cholestenol were to be
expected, because the original Ll.7-cholestenol was known to con
tain cholesterol as an impurity. The Ll.7-cholestenyl p-iodobenzo
ate softened at 179 0 C., and shrank to a light brown mass between
1800 and 185 0 C., but failed to give a clear melt up to 225 0 C.

N -p-Iodobenzoyl-o-toluidine-Iodine-131 and N -p-Iodoben
zoyl-m-toluidine-Iodine-131. These compounds were prepared
according to the method of Cheronis en, using p-iodobenzoyl
chloride-iodine-131 (6).

A chromatographic tube, 1.4 em. in diameter and 45 em. long,
was filled and packed in the u~ual way. It was prewashed .with
one holdup volume of 1% acetic acid in benzene, and the mixed
N-p-iodobenzoyl-o-toluidine and N-p-iodobenzoyl-m-toluidine
were added, as a suspension, in the same solvent, which was used
also for development. In 5 hours the separation was practically
complete, as shown in Figure 4.

Since the zone corresponding to N-p-iodobenzoyl-o-toluidine
exhibited an unusual convexity. along the trailing edge, this zone
was divided into two portions, A and B in Table I and Figure 4,
as a test for homogeneity. The three sections were eluted with
methanol and the resulting solutions evaporated to dryness.
The solutes were taken up in Skellysolve C, filtered, evaporated to
incipient turbidity at the boiling point, and allowed to crystallize.
The crystals were collected on small filter pltper disks. As indi
cated by the data in Table I the two portions of the ortho zone
had the same melting points.

p-Iodoaniline-Iodine-131. This was prepared according to the
method of Brewster (1) on 1 to 6% scales. The sodimn iodide
131, 1 to 10 me. in aqueous solution, was added with the first
portion of iodine-127. It was found that steam distillation
yielded the purest product with the least difficulty.

Proprion- and Acet-p-iodoanilide-Iodine-131. These were
prepared by a published method (5). .

A chromatographic tube, 1.8 em. in diameter and 75 em. long,
was prepared in the usual way and prewashed with one holdup
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The p.iodophenylhydrazine was stored as the tin chloride
double salt, as it appeared to be more stable to light and air
than is p-iodophenylhydrazine. The derivatives were prepared
by a published method (3).

A chromatographic column, 1.8 cm. in diameter and 60 cm.
long, was prepared in the usual way and prewashed with one
holdup volume of Skellysolve C. The mixed p-iodophenyl
hydrazones-iodine-131 were dissolved, with heating, in the small
est possible volume of 10% 1,4-dioxane in Skellysolve C and
added, by means of a pipet, to the top of the column. Develop
ment was carried out with 5% 1,4-dioxane in Skellysolve C. In
5 hours the front of the ortho compound had traveled about 44
cm. As Figure 6 shows, the zones were symmetrical and the
valley between them was almost at background.
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Figure 4. Recorder trace of developed chromato
graphic column

volume of a 2.5% solut,ion of I-propanol in Skellysolve C. The
mixed anilides were applied to the column in 5% I-propanol in
Skellysolve C. The same solvent was used as developer. After
18 hours the zones were well separated, were symmetrical, and
the radioactivity between them had fallen to background. The
smoothed recorder trace is shown in Figure 5. However, un
expectedly, a third zone appeared which traveled faster than the
two main zones. Iodine analysis indicated that this component
was diacet-p-iodoanilide-iodine-131. The areas under the curves
for the three zones we:re determined and the percentage of each
component was calculated (Table I).
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Figure 6. Recorder trace of developed chromatographic
column

Radioactivity in arhitrary units is plotted against distance
froID. top of column

Zone A and B, N-p-iodobenzoyl-o-toluidille-iodine-131
Zone C, N.p-iodoben.zoyl-m-toluidine-iodine-131

The column was seetioned at appropriate points to isolate the
three zones, and elution was carried out with 1 to 1 I-propanol
Skellysolve C. Since eonsiderable deeom:position had been experi
eneed, on previous runs, during the evaporation of the solvent,
the three zones were analyzed by the following radioactivity
method. The eluates were diluted to known volumes, in volu
metric flasks, and 3-m!. samples were removed for radioactivity
determination in a well-type, high sensitivity, gamma ray counter.

Zone A, o-uitrobenzaldehyde p-iodophenylhydrazone-iodine-131
Zone B, m-uitrobenzaldehyde p-iodophenylbydrazone-iodine-131

The column was then allowed to run dry and air was drawn
through it until no more solvent dropped from the end. The
tube was sectioned to isolate the two zones and the corresponding
components were eluted with diethyl ether. The latter was evap
orated and the samples were dried in vacuo, recrystallized from
methanol (considerable loss was experienced on attempted re
crystallization from ethyl alcohol, especially of the ortho com
pound) and melting points taken as shown in Table I.

Figure 5. Smoothed recorder trace of
developed chromatographic column

Zone A, acet-p-iodoauilide-iodine-131
Zone B, propriou-p-iodoanilide-iodine-131
Zone C, diacet-p-iodoauilide.iudine-131

The activity of these samples was compared to that of a highly
purified sample of proprion-p-iodoanilide-iodine-131 from the
same original preparation which had, therefore, the same molar
degree of labeling. From the total counts per minute of the
samples, the dilution factors and the equivalent weights, the
weight of each component was determined. The results are given
in Table I.

0- and m-Nitrobenzaldehyde p-Iodophenylhydrazone-Iodine
131. p-Iodophenylhydrazine-iodine-131 was prepared from
p-iodoaniline-iodine-I31 by an adaptation' of the method of
Billow (2) for the synthesis of the corresponding 2,4-dichloro
compound.
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Determination 01 Trace Metals in Oils
J. T. HORECZY, B. N. HILL, A. E. WALTERS, H. G. SCHUTZE, and W. H. BONNERl
Humble Oil & Refining.Co., Baytown, Tex.

Since SOIne IDetals in trace quantities have a deleterious
effect on certain processes in the petroleuID industry,
an accurate and rapid procedure is necessary for their
deterIDination. Investigators have shown that SOIDe of
these IDetals are present as organic cOInplexes which are
volatile and that a wet-ash procedure recovers IDore of
the IDetals present in petroleuID fractions than a dry
ash technique. It has never been shown conclusively
that a wet-ash procedure recovers quantitatively the
IDetals froID volatile porphyrinlike cOIDplexes. This
paper presents the results of the wet- and dry-ash pro
,eedures on synthetic blends of nickel, vanadiuID, iron,
and copper derivatives of porphyrins. Inforlllation on
the preparation of tetraphenylporphyrin and its Ille,tal
lic derivatives is presented.

to synthesize. The structure of tetraphenylporphyrin and its
nickel complex may be represented as follows:

Figure 1. " Molecular distillation of nickel tetra
phenylporphyrin in refined coastal residulll

VOLATILITY OF METALLIC TETRAPHENYLPORPHYRINS

Evidence of the volatility of metal derivatives of tetraphenyl
porphyrin was demonstrated by a molecular still distillation of a
13ample of refined coastal residuum in which 187 p.p.m. of nickel
tetraphenylporphyrin was dissolved. Analyses by visible spec
troscopy of the 16 fractions obtained from this distillation are
presented in Figure 1 and show definitely that this particular
metallic porphyrin is volatile, but that no appreciable quantity
is distilled below 1150 0 F. (temperature corrected to atmos
pheric pressure). The volatilities of nickel, vanadium, and
copper tetraphenylporphyrins were proved further by test tube
experiments, which showed that these metallic derivatives sub
limed under reduced pressures at elevated temperatures without
decomposition.

PREPARATION OF MATERIALS

Synthesis of Tetraphenylporphyrin. The method employed
for the preparation of tetraphenylporphyrin was a modification
of the procedure developed by Rothemund and Menotti (8). A
mixture of 100 mi. of fresWy distilled pyrole (Eastman reagent),
200 m!. of benzaldehyde (Eastman reagent), and 200 mi. of
pyridine (Baker reagent) was deaerated and placed in a glass
cylinder liner from which the oxygen was displaced with Seaford
grade nitrogen. The glass liner and its contents were set in a 1
liter bomb (Parr autoclave equipment, Model H.C.-ll) from
which oxygen had been displaced with Seaford grade nitrogen.
One hundred milliliters of pyridine were put in the annular space
between the glass liner and the bomb. Any air in the bomb was
removed by either evacuation or by pressuring the bomb to 30D
pounds per square inch gage with Seaford grade nitrogen and
releasing to atmospheric pressure. In case of the latter procedure,
the operation was repeated several times.
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THE importance of trace metals in petroleum processing has
been reported by several investigators. A review of these

reports has been presented by Milner, Glass, Kirchmer, and
Yurick (6), Karchmer and Gunn (4), and Gamble and Jones (3).
As the deleterious effects of metals such as nickel, vanadium,
iron, and copper on catalytic cracking have been more fully
realized, attempts have been made to produce cleaner feed stocks
for charging to catalytic cracking units. This has been done
primarily "by the elimination of entrainment in distillation col
umns. Several years ago, it was not uncommon to encounter
overhead distillates containing as high as 25 p.p.m. of metallic
contamination. Fractionation efficiency has been so increased
that at present it is very rare if the metallic content exceeds a
few parts per million. Data have been presented by Woodle and
Chandler (1$), by Wrightson (14), and by Gamble and Jones (3)
to support the postulate that metals appear in the overhead frac
tions by volatilization during vacuum distillation. It has been
noted that porphyrin compounds and their metallic complexes
are present in crudes (1, 2, 6, 11). It is also known that these
compounds are volatile and consequently such metal-containing
chelates can be expected to be present in the overhead petroleum
fractions.

The procedure for ashing petroleum fractions developed by
Karchmer and Gunn (4) was shown by these ~orkers to be ap
plicable to the type of stock encountered in the refinery several
years ago. However, in the relatively noncontaminated over
head streams produced currently; the metallic impurities are
present primarily as soluble, nonfilterable types, presumably
volatile metallo-organic complexes. Hence, the conventional
dry-ash procedure would not be expected to give quantitative
results on these clean overhead fractions and, indeed, has been
shown by Milner (6) and Gamble and Jones (3) to give results
which are lower than these obtained by wet-ashing techniques.
This is further proof that the metal constituents in these fractions
are volatile. However, it has never been shown conclusively
that the wet-ash procedure recovers all of the volatile constitu
ents quantitatively. Hence, it was the purpose of this investi
gation to prepare volatile metallic tetraphenylporphyrin deriva
tives and to analyze synthetic blends containing these derivatives
to determine if the wet-ash procedure gave quantitative results.
Samples of tetraphenylporphyrin (TPP), nickel tetraphenyl
porphyrin (Ni TPP), vanadium oxide tetraphenylporphyrin
(VO TPP), iron chloride tetraphenylporphyrin (FeCI TPP), and
copper tetraphenylporphyrin (Cu TPP) were synthesized.
Tetraphenylporphyrin was chosen because it is relatively easy

I Present address, E. 1. du Pont de Nemours & Co., Inc., Wilmington, Del.
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Mol.
Formula Wt. C H N Ni

Ni tetraphenylporphyrin Theoretical 671.38 78.71 4.20 8.35 8.74
(ealed.)

C"H"N,Ni Found 78.85 4.10 8.16 8.78
(ana!.)

The bomb was heated to 360° F. for 48 hours and allowed to
cool slowly in the autoclave for '24 hours. The contents in the
glass liner were filtered through a glass-fritted disk filter and
washed with a mixture of 90 to 10 volume % of ether and acetone
until the filtrate was only a light pink color. The crystals were
washed with hot methanol and dried in a vacuum oven. The
average yield of crude tetraphenylporphyrin was 17.4 grams.
These crude crystals were purified by extraction with 200 ml. of
benzene in a Soxhlet extractor. The benzene was allowed to cool
slowly to about 76° F. (room temperature), and the crystals were
removed from the benzene by filtration. These crystals were re
extracted with fresh benzene and recrystallized. The dry crystals
from the seeond extraction were essentially chemically pure
tetraphenylporphyrin as shown by the following analysis.

Synthesis of Nickel Tetraphenylporphyrin. Nickel tetra
phenylporphyrin was prepared by a modification of Method 2 of
Rothemund and Menotti (9).

Five gramB of pure tetraphenylporphyrin were dissolved in 300
ml. of pyridine (Baker reagent), and 5 grams of nickel acetate
(Baker real';ent) were dissolved in 200 ml. of pyridine. These
solutions were mixed and deaerated by applying reduced pressure
before charging to an oxygen-free glass liner for a I-liter Parr
autoclave bomb (Model H.C.-ll). The glass liner and contents
were placed in the bomb from which air had been displaced with
Seaford grade nitrogen. One hundred milliliters of pyridine were
put in the annular space between the glass liner and the bomb.
The bomb was pressured to 300 pounds per square inch gage with
Seaford grade nitrogen and then released to atmospheric pressure.
This procedure was repeated several times to be sure that the
oxygen content of the bomb was negligible. The bomb was re
pressured to 300 pounds per square inch gage with nitrogen and
heated to 400° F. for 24 hours. The bomb and contents were
allowed to cool slowly in the autoclave for 24 hours to room tem
perature. The contents of the gL\l,sS liner were removed and the
liquid volume decreased approximately 50% by distilling under
reduced pressure. After cooling to room temperature (about
76 0 F.), the crystals were filtered from the liquid and purified
by extraction with benzene in a, Soxhlet extractor. Tlle crystals
obtained from the benzene extract were re-extracted with fresh
benzene. About 5.2 grams of chemically pure nickel tetraphenyl
porphyrin were obtained from the second purification step as indi
cated by the following data.

Synthesis of Iron Tetraphenylporphyrin. The procedure em
ployed for the preparation of iron tetraphenylporphyrin was
Method 1 used by Rothemund and Menotti (9). Five grams of
pure tetraphenylporphyrin and 1 gram of sodium chloride (Baker
reagent) were placed in a I-liter three-necked flask, equipped with
a glass mechanical stirrer, a glas8 reflux condenser, and a gas inlet
tube. Fou:r hundred milliliters of chloroform (Baker reagent)
were added and the mixture was heated and stirred under a
blanket of Seaford nitrogen until all of the tetraphenylporphyrin
was dissolved. In a similar apparatus 2.2 grams of pure iron
powder were dissolved in 400 ml. of glacial acetic acid (Baker
reagent) under a blanket of Seaford nitrogen at the reflux tem
perature. The ferrous acetate solution was forced through a glass
wool filter into the flask containing the chloroform solution of
tetraphenylporphyrin and sodium chloride by means of nitrogen
pressure. This mixture was refluxed for 2 hours, and the amount
of liquid wa~ reduced to slightly less than 400 ml. by distillation.
The contents of the flask were allowed to cool slowly overnight.

The crystals were separated by filtration and were washed
consecutively with a 50/50 mixture of glacial acetic acid and
water, a slllall amount of glacial acetic acid, and acetone and
then were dried in a vacuum oven. The dried crystals were
placed in a Soxhlet extractor and extracted with chloroform.
The amotllrt of chloroform was reduced to 50 ml., and 800 ml. of
hot methanol were added. Thiu mixture was stirred for about 30
minutes and then allowed to cool slowly. The precipitate was
sucked dry and re-extracted with chloroform, then was reprecipi
tated with methanol as before. About 3.2 grams of iron chloride
tetraphenylporphyrin of the following purity were obtained.

Mol.
Formula Wt. C H N Cl Fe

FeCI tetraphenyl- Theoretical 704.00 75.06 4.01 7.96 5.04 7.93
porphyrin (ealed.)

71.28 3.94 7.38 9.54 7.44C"H"N,FeCl Found
(anal.)

Ten grams of c. P. van3dium pentoxide were placed in a 500-ml.
three-necked flask fitted with a glass Trubore stirrer, reflux con
denser, and gas inlet tube; 50 mL of concentrated hydrochloric
acid were added and the mixture was warmed and stirred gently.
After 15 minutes the oxide had usually dissolved. .If not, addi
tional acid was added and heat applied until a clear green solution
resulted. Two milliliters of ethyl alcohol (7) were added, and
the solution was refluxed until a clear blue solution was obtained;
this generally required 20 minutes. The heating mantle was
removed and the stirred solution was neutralized to pH 5 to 7 hy
the addition of a saturated aqueous solution of sodium carbonate.
The light cocoa-colored precipitate was filtered on a sintered-glasB
filter under vacuum, and washed with two 50-ml. portions of
distilled water and two 25-ml. portions of absolute ethyl alcohol.
The precipitate was sucked dry and immediately scraped out of
the funnel into.a 20D-ml. round-bottomed flask containing 5
grams of tetraphenylporphyrin (twice extracted with benzene)
and 30 grams of c. P. naphthalene.

Immediate transfer of the precipitate was found to be very
important, because prolonged exposure of the solid to air resulted
in darkening of its color and failure of the subsequent reaction.
The flask was fitted with a long air condenser and was heated
with a free flame. Water and naphthalene boiled out the top of
the condenser until all the water was gone. More naphthalene
was added at this point if necessary to maintain a convenient
liquid volume. The mixture was then refluxed for 2 additional
hours, or until a bright red melt was obtained. The contents of
the flask were poured into water, and the lumps were broken up
and placed in a Soxhlet extractor. Kaphthalene was extracted
with either acetone or alcohol; the extraction flask was changed
and the porphyrin was extracted with 300 ml. of chloroform.

The extraction required about a week because the sintered
glass extraction thimble became clogged with very finely divided
black material, probably unreacted vanadium oxides. This ma
terial was so finely divided that it passed through the sintered
glass thimble (it also passed through conventional paper thimbles)
and contaminated the solid porphyrin in the flask. The black
material was not volatile whereas the porphyrin was; thus,
vacuum sublimation was chosen as the method of purification.

Filtration of the chloroform extract gave about 3 grams of ma
terial which were dried in vacuo at 110° C. and purified by sub
limation at 450 0 C. and 1 to 5 microns of pressure. A nonvolatile,
black residue remained behind. The dark blue-violet, crystalline
sublimate was triturated to a dark red-violet 'powder prior to

Mol.
Formula Wt. C H N Cu

Cu tej;raphenylporphyrin Theoretical 676.26 78.12 4.18 8.29 9.41
(calcd.)

C"H"N.Cu Found 78.28 4.20 8.23 9.39
(anal.)

Synthesis of Vanadium Tetraphenylporphyrin. The method
used for the preparation of vanadyl tetraphenylporphyrin is as
follows:

Synthesis of Copper Tetraphenylporphyrin. The procedure
employed for the preparation of copper tetraphenylporphyrin
was Method 1 used by Rothemund and Menotti (9). Five grams
of pure tetraphenylporphyrin were placed in a I-liter three
necked flask that was fitted with a glass mechanical stirrer,
a glass condenser, and a gas inlet tube. Four hundre.d
milliliters of chloroform (Baker reagent) were added. This
mixture was heated by means of a heating mantle and
stirred under a Seaford nitrogen blanket until all of the
tetraphenylporphyrin was dissolved. In a similar apparatus 2.5
grams of cupric acet3te (Baker reagent) were dissolved in 400 ml.
of glacial acetic acid (Baker reagent). This solution was then
forced through a glass wool filter into the flask containing the
chloroform solution of tetraphenylporphyrin by applying nitro
gen pressure. This mixture was stirred for 2 hours at the reflux
ing temperature and then allowed to cool slowly overnight to room
temperature (about 76° F.). The crystals were separated from
the liquid by filtration, washed with a 50/50 mixture of glacial
acetic acid and water, and glacial acetic acid, and then sucked dry.
The copper tetraphenylporphyrin was purified by benzene ex
traction in a Soxhlet apparatus, followed by crystallization, re
extraction with fresh benzene, recrystallization, and drying in a
vacuum oven. About 5.5 grams of chemically pure copper tetra
phenylporphyrin were obtained from the second purification step

H N

4.92 9.1
5.15 9.07

Mol.
Wt. C

614.71 85.97
85.87

Theoretical {ealed.)
~'ound (ana!.)

Fonnulu.

Tetrapbenylpol'phyrin
C..HaoN,
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Table II. Comparison of Wet-Ash and Dry-Ash Results
at High Concentrations of Metals

Sample No. 4 5 6 7
Metal add(·d Ni V Fe Cu

10.35

99

10.42
10.15
10.43
10.41
10.41

1.07
1.05
1.10
1.05
1.04
1.03

'1.054

99

0.22
0.23
0.24
0.23
0.23
0.22
0.20

0.225

102

Av.

Recovery, % of synthetic value

Table I. Accuracy of Wet-Ash Procedure on Synthetic
Blends Containing Nickel Tetraphenylporphyrin

Sample No. 1 2 3

Composition, p.p.m. Ni
By synthesis
By wet-ash

Accuracy of Wet-Ash Analyses. During the work: on the syn
thesis of the metallic porphyrin compounds, preliminary results
indicated that nickel was one of the mor~' volatile metal deriva
tives of tetraphenylporphyrin. Therefore, the ability of the wet
ash procedure to determine accurately the amount of volatile
metallo-organic complexes introduced into an oil was first tested
on blends of nickel tetraphenylporphyrin. Blends 1 and 2 were
prepared in white oil containing no detectable amount of extrane
ous nickel; blend 3 was prepared in a gas oil. The data in Table
I present the results obtained.

Baker's c. P. hydrochloric acid and Du Pont c. P. sulfuric acid
were used. The over-all reagent blank was approximately 0.025
p.p.m. of iron, 0.035 p.p.m. of nickel, and no vanadium. Of these
amounts the sulfuric acid contained 0.020 p.p.m. of iron and
0.014 p.p.m. of nickel. Blanks on copper were high and hence
copper in low concentrations was not determined.

The dry and wet ashes were then analyzed chemically for the
desired metals. Nickel was determined by dimethylglyoxime (6),
iron by thiocyanate (10, 12), vanadium by phosphotungstate (6),
and copper by polarography (5). All reagent blanks were care
fully determined and subtracted from the readings obtained on
samples.

It is seen from these data that the nickel was accurately and
totally determined in all concentrations studied, to within
the reproducibility of the test.

Comparison of Dry- and Wet-Ash Results. In order to test
further the accuracy of the wet-ash procedure and to compare
the results with the dry-ash technique, blends containing nickel,
iron, vanadium, and copper in gas oil were prepared. The results
of both types of analyses are compared ip Table II.

Compn. by Synthesis, P.P.M.
15.62 12.44 15.20 16.20

Compn. by Analysis, P.P.M.
Wet Dry Wet Dry Wet Dry Wet Dry

16. J 8.7 11. 5 11.0 15.5 10.4 16.7 7.7
16.4 8.5 n.2 n.o 15.6 9.9 16.3 7.2

8.2 n.7 11. 0 15.4 10.3 16.0 6.7
n.8 10.8 15.8 10.4 16.4
12.3 9.8

9.7

Av. 16.25 8.47 11. 70 10.95 15.55 10.09 16.35 7.20

Recovery, %
of synthetic

101 45value 104 54 95 88 102 72

The data show that all the metals studied were quantitatively
recovered by the wet-ash procedure but not by the dry-ash tech
nique. In the case of vanadium, very little was lost by dry
ashing; however, the difference in the dry- and wet-ash value
is statistically significant.

Mol.
Formula Wt. C H N 0 V

VO tetraphenyl- Theoretical 679.65 77.75 4.15 8.24 2.36 7.50
porpllyrin (ealed.)

C"H"N,VO Found 77.40 4.25 8.45 2.12 7.68
(anal.)

ASHING PROCEDURES

analysis. The powdered sublimate was found to be essentially
chemically pure.

Preparation' of Synthetic Blends. Synthetic metallic tetra,
phenylporphyrin blends in gas oil were prepared for subsequent
analytical studies. The gas oil used in these blends had a boiling
range between 600 0 and 1100 0 F. and contained 0.32 p.p.m. of
nickel, 0.04 p.p.m. of vanadium, 1.0 p.p.m. of iron, and no copper
as determined by several analyses by the wet-ash procedure.
Prior to the preparation of the blends the gas oil was heated to
approximately 300 0 F. under a nitrogen blanket and filtered
through a medium porosity glass-fritted disk filter. To indi
vidual-weighed samples of this filtered gas oil accurately weighed
quantities of nickel tetraphenylporphyrin, vanadium tetra
phenylporphyrin, iron tetraphenylporphyrin, and copper tetra
phenylporphyrin of known purities were added. These mixtures
were agitated mechanically in glass equipment under a Seaford
nitrogen blanket at approximately 300 0 F. for 48 to 72 hours,
followed by filtration through a medium porosity glass-fritted
disk filter by means of reduced pressure. The residue on the
fritted disk was dissolved by sulfuric acid digestion and analyzed
to determine the amount of the particular metal that did not
dissolve in the oil. This quantity of metal was subtracted from
the amount originally added to obtain the actual metal content
of the filter gas oil.

The procedure of Karchmer and Gunn (4) for the determination
of ash in petroleum was used for the dry-ashing technique.
Normally, 1 quart of material was burned. The wet-ashing
procedure was a modification of the method reported by Milner
(6). The modified procedure is simple, rapid, and adaptable
to routine operation. It has been in routine use in this labora
tory for over a year.

Modified Wet-Ash Procedure. An appropriate amount of oil
was weighed into a 700-ml. Vycor beaker and 1.0 ml. of concen
trated sulfuric 'acid was added for each gram of sample. (The
size of sample for analysis depends on the expected concentration
of metals, but usually 100 grams are used when analyzing for
trace amounts. No more than 100 grams should be treated with
sulfuric acid at one time. If more sample is required, additional
100-gram batches should be treated and the subsequent solu
tions combined.) The beaker containing the sample and add
was placed on a high temperature hot plate (about 800 0 F.) and
heated as rapidly as possible. When boiling or frothing started
the mixture was stirred vigorously with a Vycor stirring rod and,
by use of large beaker tongs, the container was removed alter
nately off and on the hot plate to control foaming. How hot and
when to stir definitely affects the sludging characteristics of most
oil samples. In most cases a few minutes were required before a
dry coke was obtained and all danger of spattering and foaming
was passed.

When the sludge began to thicken, the beaker was heated on
the hot plate at a high temperature and was stirred intermittently.
At first, heavy fumes of sulfur oxides were emitted; however, the
organic sludge soon began to crack and the ignitable hydrocarbon
vapors were ignited and allowed to burn until a completely dry
coke remained. The burning could be aided considerably by
stirring periodically. The beaker containing dry coke was re
moved to a muffle furnace and reduced to an inorganic ash at
1000 0 F. aided by a slow flow of air or oxygen. This work, up to
placing in the muffle furnace, must be done under a well con
structed hood. By elimination of the sulfur oxide fumes a,nd
burning the hydrocarbon vapors, the final ashing step in the
muffle furnace may be done in the open laboratory.

Mter the sample had been reduced to an inorganic ash it was
removed very carefully from the muffle furnace and, after cooling,
20 ml. of 1 to 1 hydrochloric acid were added, and the sample was
boiled to effect solution. Then it was transferred quantitatively
to a 25Q-ml. beaker, reduced to 3 to 4 mI., filtered, and made to
a convenient volume for aliquoting. Transferring from the 700
m!. beaker to the 250-ml. beaker is done because of the danger
of forming dry spots in the large beaker. If a large amount of
acid insoluble material is present it may be necessary to fuse the
sample to effect solution. However, this procedure was not
necessary in the samples used in this study.
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Table IV. Recovery of VanadiuIll from Natural Petroleum
Fractions

12 13
Deasphalted Residua

The comparison of wet- and dry-ash results was extended to
cover l.ow concentration of nickel, iron, and vanadium. Copper
was not studied in low concentration because of reagent blank
difficulties. The samples for this study were prepared by dilu
tion of samples 3, 5" and 6 with a cataly1;ic cycle stock containing
0.02 p.p.m. of iron, 0.03 p.p.m. of nickel, and no detectable
amount of vanadium. The three blends were then mixed to
make sample 8. Table III shows the results obtained on this
sample.

Sample No.
Type of stock
ABhing method

Vanadium, p.p.ro.

Av.
Std. dev.

LOBB by dry-ashing.
% of wet ash value

11
Gas Oil

Wet Dry

0.37 0.32
0.39 0.34
0.35 0.30
0.38 0.30

0.372 0.315
0.0171 0.0191

15

Wet Dry Wet·

8.48 7.60 19.2
8.48 7.50 19.6
8.58 7.20 19.4
8.60 7.40 19.2

8.535 7.425 19.35
0.064 0.171 0.195

13

Dry

17.2
16.2
17.1
16.6

16.77
0.465

13

Table III. ComIlarison of Wet-Ash and Dry-Ash Results
at Low Concentrations

(Sample 8)

Metal added Ni V Fe

Compn. by Synthesis. P.P.M.
0.53 0.31 0.52

Compn. by Analysis, P.P.M.
Wet Dry Wet Dry Wet Dry

0.52 0.41 0.29 0.31 0.51 0.46
0.50 0.44 0.33 0.29 0.51 0.44
0.54 0.41 0.33 0.29 0.53 0.43
0.52 0.39 0.33 0.30 0.53 0.41

Av. 0.52 0.41 0.32 0.30 0.52 0.44
Std. dev. 0.0163 0.0206 0.020') 0.0096 0.0115 0.0208

Recovery, % of syn-
thetic value !l8 76 103 !l7 100 85

These data show that significant 10sseE of nickel and iron were
obtained by the dry-ash method, whereas the loss of vanadium
was not statistically significant. By eomparing the dry-ash
results on nickel in Tables II and III, it can be seen that 76%
recovery of nickel was obtained on the 0.5-p.p.m. samples,
whereaE only 54% recovery was obtained on the 15-p.p.m.
samples. Similarly, the recoveries of iron and vanadium were
greater at the low concentration level (see Tables II and III).
The higher recoveries of nickel, iron, and vanadium by the dry
ash procedure at the 0.5-p.p.m. level :~,3 compared to the 15
p.p.m. level cannot be fully explained at this time. One explana
tion may be that 1O().-gram samples of the 0.5 p.p.m. blends were
dry-ashed, whereas I-quart (approximately 800 grams) samples
were used in the work at the 15-p.p.m. level. The initial dry
ashing results on the concentrated blends were obtained at an
early stage of the experimental work by the regular routine
procedure which specifies 1 'quart of sample. However, as the
work progressed it was necessary to reduce the amount of sample
used to 100 grams, because of sample availability. In order to
test this possibility, a series of six dry-aElh determinations were
made using 100-gram portions of sample 4 which contained
15.62 p.p.m. of nickel. The amount determined by dry ash
was H.S p.p.m. (average of 12.2, 12.1, 10.5, 11.6, 11.9, 12.5).
This represents a recovery of 76%, which ehecks exactly with the
value of 76% obtained on sample 8 when using 100-gram portions
during dry-ashing.

These data are in agrE'ement with the results of Gamble and
Jones (3), who have shown that the recovery of metals by dry
ashing is dependent on the amount burned at one time, the size
of the dish in which the sample is burned, and the rate of burning.
Inasmuch as the modified wet-ash procedure described in this
work determines volatile metals quantitatively and in some cases
is as fast or actually faster than the dry-ashing technique, further
studies on improving the recovery by dry-ashing were of limited
interest and hence not pursued.

Recovery of Metals from Natural Petroleum Stocks. Numer
ous experiments on petroleum fractions produced in the refinery
show losses of nickel and iron by the dry-ashing techniques simi
lar to the losses reported in Tables II and IlIon the syn
thetic blends. However, losses of vanadium on some natural

petroleum fractions were higher than those experienced with the
synthetic blends. These data are presented in Table IV.

The dry-ash determinations reported in Table IV were done
on 100-gram portions and hence should be compared to the vana
dium results in Table III. By this comparison it is seen that
significant losses on vanadium were realized from the natural
stocks, whereas no significant loss was obtained on the synthetic
sample. Likewise, the losses of nickel and iron, although similar,
are not the same for all types of refinery fractions. Hence, it
is not feasible to use a single dry-ash to wet-ash conversion factor
for all stocks.

Effect of Ignition after Initial Sulfonation. After the initial
sulfonation step in the wet-ash procedure, the unreacted organic
vapors must be driven off before the sample can be put into the
muffle furnace for reduction to ash. This operation usually re
quires several hours. In an effort to speed up the procedure,
ignition of the vapors after sulfonation and prior to introduction
into the muffle furnace was studied. The results are presented in
Table V.

Table V. Effect of Ignition after Sulfonation
(Sample 8)

Metal added Ni V Fe

Compn. by Synthesis, P.P.M.
0.53 0.31 0.52

Compn. by Analysis, P.P.M.
Non- Non- Non-

Ign.a ign. b Ign. ign. Ign. ign.

0.52 0.52 0.29 0.29 0.51 0.47
0.50 0.50 0.33 0.33 0.51 0.51
0.54 0.52 0.33 0.26 0.53 0.53
0.52 0.50 0.30 0.29 0.53 0.45

Av. 0.52 0.51 0.31 0.29 0.52 0.49
Std. dev. 0.0115 0.0115 0.0206 0.0282 0.0115 0.045

G Ignition.
b N onignition.

These data show that there is no significant difference in the
values obtained when either igniting or not igniting the vapors.
Hence, the procedure can be greatly speeded up by igniting the
oil remaining after the initial sulfonation.
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Paper Chromatographic Method'or Determining Alkaloids in Tobacco
R. N. JEFFREY and W. H. EOFF

Agricultural Research Service, U. S. Department of Agriculture, Beltsville, Md.

APPARATUS

PAPER CHROMATOGRAPHIC CHAMBER, either ascending or de·
scending type.

CYANOGEN BROMIDE TANK, cylindrical jar with ground edgl
and plate glass cover, at least 9 inches in diameter and 19 inchel
high, if full-sized sheets are used.

TRACING Box, or other means of observing papers by uniforrr
transmitted light.

PIPETS, of 10-1-11. delivery.
WARING BLENDOR, or equal (if green leaf samples are used).

REAGENTS AND SUPPLIES

CHROMATOGRAPHIC FILTER PAPER, Whatman No.1, full-size(
sheets.

ACETONE, according to ACS specifications.
ACETONE SOLUTION, 50%.
PAPER PRETREATING SOLUTION, equal parts of O.IM pH 6.5

phosphate buffer and methanol.
DEVELOPING SOLUTION, 100 m!. of tert-amyl alcohol, 20 m!. 0

water, and 0.3 gram of ethyl p-aminobenzoate.
CHAMBER SATURATING SOLUTION, 100 mi. of water and 12.5 mI

of tert-amyl alcohol.
SODIUM ACETATE BUFFER, 0.2M, pH 5.6.
CYANOGEN BROMIDE CRYSTALS.
STOCK SOLUTIONS OF NICOTINE, NORNICOTINE, AND ANA

BASINE, each containing 1 mg. of alkaloid per m!. in 50% acetone
From these, four standards, also in 50% acetone, are made UI
containing the following numbers of micrograms of alkaloid pe
10 1-11. (or mg. per 10 m!.).

in some tobacco sampleS, which are probably related to nicotine
(6). There is no evidence at the present time that significant
quantities of most of these constituents are present in any
tobacco, but it is advantageous to use a method capable of
detecting and distinguishing between various pyridine compoundE
should they appear in quantity in future breeding material.
Observations in this laboratory indicate that the types of alkaloid
formed by a tobacco strain are characteristic of the strain and
that the amount present is dependent on enviromental or cultural
conditions. In many instances the same plants must be used for
analysis and for seed. Thus topping is impossible, resulting in II

much lower total alkaloid content than would be attained in farm
practice, and consequently precision is less important than
simplicity, reliability, and qualitative selectivity. On the bash
of 3 years of experience with various paper chromatographi(
methods and modifications, the following methods seem best
adapted to this use.

A method of determination of the kinds of alkaloids
and their approximate amounts in tobacco and related
species of Nicotiana is described. This method is de
signed for tbe analysis of the large number of samples
required in connection with a plant-breeding program.
Sufficient accuracy for this purpose is obtained by
visual comparison with known spots after separation
by paper chromatography.

N UMEROUS methods have been devised for the determi
nation of nicotine in tobacco and insecticides, and many of

them give satisfactory results when nicotine is the predominant
alkaloid present (5). If other related compounds are present the
numerical value obtained is usually intermediate between the
true nicotine content and the total alkaloid value. The most
frequently used methods provide no indication of which samples
contain nicotine and which may contain principally related
alkaloids. It has been known for some time that certain strains
of commercial tobacco contain principally nornicotine (8), and
that the predominant alkaloid in most of the species of the genus
N icotiana investigated is not nicotine. In most cases nornicotine
is predominant, in some nicotine, and in a few anabasine (10).

Plant breeders have found that certain of these wild species
offer better sources of parental material from which to obtain
resistance to many of the important tobacco diseases than does
commercial tobacco, Nicotiana tabacum, and have made inter
specific crosses with commercial tobacco in the development of
new varieties which are being released for commercial use. If
either parent produces predominantly nornicotine, the first genera
tion of the crosses which have been studied contain predominantly
the non-nicotine alkaloid, but the inheritance of the factors
controlling alkaloid type in later generations requires further
study. Information concerning the physiological effects on the
smoker and the effects on smoking quality of these alkaloids,
other than nicotine, is limited and selection of varieties similar
to present commercial varieties in proportion of different alkaloids
cannot be conducted without improved analytical methods.

Several methods have been devised which differentiate among
pyridine alkaloids. Some have utilized reactions differentiating
secondary and tertiary amines (1, 2) which divide the tobacco
alkaloids into two classes usually referred to as nicotine and
nornicotine. The determination of nicotine by these methods
appears to be satisfactory, but several secondary amines are often
present and nornicotine is not necessarily the one present in
greatest amount. Others have used various column (.n or paper
chromatography (3,7,9,11) methods. The latter type of method
is capable of distinguishing at least 20 to 40 compounds present

Nicotine

8
4
2

.,./10 pl.
N ornicotine

1
4
2

Anabasine
0.2
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The stock and standard solutions are kept in the refrigerator
when not in use and can be kept at least 6 months if protected
from evaporation 01' condensation.

PROCEDURE

Dry Samples. Weigh 0.25- to 0.5-gram samples of dry pow
dered tobacco into 50-ml. flasks. If the alkaloid content is below
1% use more sample, up to 2 grams. Add 25 ml. of 50% acetone,
then let stand for ao minutes with occasional shaking. When
filtered into test tubes it is ready to apply to paper.

Fresh Leaf. Larger samples must be used, greater precautions
must be taken to ensure re:1sonably representative samples, and
the moisture content of the leaf must be considered. From 50 to
100 grams of green tissue are placed in a Waring Blendor with
100 m1. of 50% acetone. An amount of pure acetone approxi
mately equal to the volume of water in the fresh sample is added
in order to make the final solution 50% acetone. In practice this
can be approximated with fresh tissue by adding 90% as many
milliliters of pure !~cetone as grams of fresh tissue. After macera
tion the mixture is filtered and the resulting solution is ready for
application to the paper.

For the chromatographic separation large sheets of Whatman
No.1 paper are pretreated by dipping in a solution composed of
equal parts of 0.11H pH 6.~, phosphate buffer and methanol, drain
ing, drying, and pressing, Ten-microliter portions of the 50%
acetone solutions, obtained in either of the above ways, are placed
on the sheets at intervals of about 1.5 inches (3.8 em.) along a
line 1.5 inches from one edge. Four standards, prepared as de
scribed, are included on each sheet. '1'he samples are normally
placed on the paper on the day on which they are extracted or
on the following da,y. However, no breakdown (7) of refrigerated
~xtracts in this solvent has been observed though no extracts are
kept more than a week, at which time t,he apparent concentration
of alkaloids is usually slightly higher, presumably because of
,vaporation of solvent.

These sheets may be developed overnight by either ascending
)r descending methods using a one-phase developing solution con
Gaining 100 ml. of tert-amyl alcohol, 20 m1. of water, and 0.3
~ram of ethyl p-aminobenzoate. The alcohol is about nine tenths
,aturated with water. "'ater saturated with tert-amyl alcohol
'12.5 m1. of alcohol to 100 ml. of water) is placed in the bottom
)f the tank. In order to obtain the best' equilibrium the tank
lhould. be prepared 4 to 16 hours before use. If a Chromatocab
s used in the descending method, a blank sheet is inserted in
lach of the outside troughs when the tank is prepared. If cylin
Irical glass tanks are used in the aseending method a liner is
tllowed to contact the water phase in the bottom.

The following morning the paper is removed from the tank,
iI'ied in air, lightly sprayed with 0.2M pH 5.6 acetate buffer, and
llaced immediatBly in a tank containing crystals of cyanogen
lromide and located in the hood. The sl,abilization of pH and the
lresence of acetate and of moisture in the paper resulting from
his spraying all appear to assist in obtaining maximum sensitivity
illd reproducibility of the color reaction. The papers are re
noved from the eyanogen bromide tank in about 5 minutes,
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aerated in the hood, and promptly read by transmitted light from
fluoreseent daylight tubes through frosted glass on a tracing box.

By this procedure nicotine produces a lemon-yellow spot, Rr
about 0.6; anabasine a yellow spot, Rr 0.16 which turns pinkish
on standing; and nornicotine a yellow spot at Rr 0.10. Since
four levels of nicotine, three of nornicotine, and one of anabasine
are included, the amount of the principal alkaloids in a sample
can be estimated visually, usually within 10% and always within
25% of the actual amount. The estimatBs are most reliable in
the range of 2 to 4"y. If the amounts are found to be outside the
range of the standards, the determinations are repeated after
dilution of the sample or the addition of up to 10 sueeessive 10
",1. portions of the sample on the same spot. This latter ean
be accomplished by placing the paper on a frame so that an
electric strip heater, about 40 em. long, drawing about 300 watts
is about 3 em. below and parallel to the line of spots. One 10
",1. portion of each sample is added to the corresponding spot
and by the time all unknown samples have been so treated the
first spot is dry and can receive another addition without increas
ing the spot size appreciably. No noticeable loss of alkaloid
occurs if the acids dissolved from the leaf are present. If a 0.5
gram dry tobacco sample and a 10-",1. spot have been used, the
number of micrograms of alkaloid estimated to be present on the
paper may be divided by 2 to yield the percentage by weight of
this alkaloid in the original sample. For a fresh sample the total
volume of the solution is approximately the sum of the grams of
water in the sample expressed as milliliters, the milliliters of 50%
acetone added, and the milliliters of pure acetone added. The
micrograms of alkaloid per spot or per 10 ",1. are estimated
directly from the paper. The percentage of alkaloid on a fresh
weight basis equals

Total vol. of solution (in ml.)
Vol. of extract per spot (in m1.) X

alkaloid found per spot (in grams)
fresh wt. of sample (in grams)

Since the standard volume of extract per spot is 0.01 ml., this
becomes:

Total vol. (in ml.) X micrograms alkaloid per spot
100 X wt. of sample (in grams)

If the percentage of dry weight of the sample is determined on a
similar sample of fresh tissue, this result can be converted to a
dry-weight basis. Since the differences in quantity of alkaloids
between different plants of tobacco are so great, the accuracy of

Table I. Comparison of Alkaloid Content of Samples of Maryland Tobacco
[Determined by' method of present paper, Bowen and Barthel (1), and Willits and coworkers (12)]

Variety

Catterton

Robinson

Grade

Seconds

Dull bright

Seconds

Dull bright

Nicotine. %
Paper B & B

1.45 1.69
1.75 2.08
1.90 1.93

2.05 2.15
2.80 3.20
2.75 2.96

0.45 0.51
0.35 0.26
0.25 0.14

0.85 0.76
0.90 0.69
0.40 0.38

Nornicotine, %
Paper B & B

0.25 0.41
0.10 0.18
0.15 0.42

0.15 0.19
0.10 0.40
0.12 0.14

1.65 1.50
215 1.98
1.90 2.31

1.45 1.31
2.60 3.24
2.15 2.21

Coefficients of
Correlation, T

Other
Alkaloids,
Paper, %-

0.10
0.10
0.10

0.03
0.05
0.01

0.15
0.20
0.15

0.10
0.15
0.10

Total Alkaloids, %
Paper B & B Willits

1.80 2.10 2.20
1.95 2.26 2.31
2.15 2.35 2.46

2.23 2.34 2.56
2.95 3.60 3.63
2.88 3.10 3.38

2.25 2.01 2.69
2.70 2.24 2.75
2.30 2.45 2.82

2.40 2.07 2.38
3.65 3.93 4.35
2.65 2.59 2.69

Nicotine/Total
Alkaloids

Paper, % B & B, %
0.806 0.805
0.897 0.920
0.883 0.821

0.920 0.919
0.955 0.889
0.955 0.955

0.200 0.254
0.130 0.116
0.109 0.057

0.354 0.367
0.247 0.176
0.151 0.147

Coefficients of
Correlation, T

Present paper 113. Bowen and Barthel
Nicotine
N ornicotine
Total alkaloids
Nicotine/t otal alkaloids

0.99**
0.97**
0.87**
0.99**

Willits method V8. Bowen and Barthel
Total alkaloids

Willits method V8. present paper
Total alkaloids

ro.01 with 10 D.F. = 0.71
TO.05 with 10 D.F. = 0.57
** Significant at the 1% level

0.95**

0.93**
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the results can be enhanced more dependably by complete rep
etition on other samples than by replicate chromatography on
the same extracts or by more precise means of measurement of a
given spot.

Certain samples have been observed in which the known
alkaloids, especially those of low R h are displaced. This appears
to be due to the presence in these samples of substances which
modify the movement of the alkaloid; These can be eliminated
by transferring the alkaloid into ether. If the spot is still found
at a different R1 from known alkaloids it is because of an unknown
compound. Several of these have been found, but never in large
quantities. Since the available evidence indicates that they are
3-pyridines, probably closely related to the known tobacco
alkaloids, the quantity is estimated on the assumption that a
given quantity of the unknown causes the same size and intensity
of spot as with nornicotine. This assumption has not re
sulted in serious errors as the amount of these unknowns has
always been small.

COMPARISON OF METHODS

An example of the importance of the ability of the paper
chromatographic method to distinguish between alkaloids may
be given for a sample of N. debneyi. Using the method here
described the sample analyzed 0.05% of nicotine, 0.37% of
nornicotine, and 0.75% of anabasine. By the modified method
of Bowen and Barthel (1) it analyzed 0.02% of nicotine and 0.87%
of nornicotine. That method distinguishes only between tertiary
amines and those which are primary or secondary; thus it, and
probably that of Cundiff and Markunas (2), report most of the
anabasine as nornicotine. Similarly the total alkaloid value by
the Willits method (12) was 1.13%, which would be reported as
nicotine by the analyst in the absence of information to the con
trary. Thus most methods in use today would report the sample
as nicotine, those based on a separation of tertiary and other
amides, as nornicotine, and only paper chromatographic methods
specially designed to give good separation of anabasine and
nornicotine would report it correctly as principally anabasine.

A comparison of other results obtained by the above-mentioned
methods is given in Table I. Two commonly used varieties of
Maryland Broadleaf cured tobacco were analyzed, one of which
(Catterton) contains predominantly nicotine and the other
(Robinson) predominantly' nornicotine. Separate samples were
analyzed of each of two different grades from each of three
different plots of each variety grown in the same field. Results
are presented for nicotine and nornicotine and for the sum of the
other alkaloidlike substances by the present method. Anabasine
was not found in these samples, but small amounts of two other
substances which give color with cyanogen bromide were found.
Results are also given for nicotine and total alkaloid by the modi
fied Bowen and Barthel method (1) and, by difference, a figure
for nornicotine. The total alkaloid content by the method of
Willits, Swain, Connelly, and Brice (12) is also reported, as well
as the sum of the determined alkaloids by the present method.
The ratio of nicotine to total alkaloids is also given, as this is a
recognized measure of the extent of conversion of nicotine into
nornicotine. Correlation coefficients, 7, were computed for the
percentages of ~icotine, nornicotine, and total alkaloids and the
ratio of nicotine to total alkaloids between the various analytical
methods. These are also presented in Table 1. All correlation
coefficients are highly significant based on 10 degrees of freedom
and indicate that the method here described gives results which
are sufficiently similar to the established methods to be acceptable.
Naturally the correlation between total alkaloid results by the
older methods is closer than with the new method, as these other
total alkaloid values are obtained directly by analysis of the same
steam distillate. The results by the chromatographic method
were derived from a different extract and the values for total
alkaloid were obtained indirectly by adding together the values
for individual alkaloids. Nevertheless the agreement is satis-
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factory when the following are considered: the complexity of the
material analyzed, the complete difference in principle of every
step of the separation and determination, and the fact that the
estimation in the proposed method is by visual comparison. At
the same time the new method is able to give additional informa
tion of equalitative nature available only by means of chromato
graphic methods.

DISCUSSION

The advantages of the proposed method are as follows:
This method distinguishes between a larger number of different

pyridine compounds than other methods adapted to use on a
large number of samples. It does not distinguish as many con
stituents as does another chromatographic method published
from this laboratory (11), but is much more rapid.

Approximately 300 ground samples a week can be handled
regularly by one worker with adequate equipment.

Either cured or green samples may be used. Generalizations
should not be made as to the alkaloid composition of a strain of
tobacco from analysis of only one form, because of the frequency
of alkaloid conversion at some stage of growth or curing.

The extraction solvent used, 50% acetone, permits essentially
complete extraction of alkaloids and also dissolves sufficient of
the organic acids so that the alkaloids are not volatilized appreci
ably, even on concentration during the drying of the initial spots.

Pretreatment of the paper with buffer greatly increases uni
formity of the position of the spots and decreases "tailing."

The intensifier used, ethyl p-aminobenzoate, may be added to
the chromatographic developing solution and S.o applied more
uniformly than is possible by spraying.

As little as 0.25 l' of any of the three commonest alkaloids can
be detected as a spot on the paper. This corresponds to 0.2%
of the particular alkaloid in the original sample as normally run,
but if a 2-gram sample of tobacco is used instead of 0.5 gram and
ten 1O-J'1. portions are placed on the original spot, 0.01 % of an
alkaloid can be detected.

If greater precision of estimation of the concentration of the
alkaloids in a given sample becomes desirable the remainder of
the extract .can be placed on the paper as a stripe, chromato
graphed, eluted, and determined spectophotometrically as
previously described (6).
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Polarographic Determination of icrylonitrile in Presence of
/Potassium Persullate

STERLING F. STRAUSE and ELIZABETH DYER
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A polarographic Dlethod of analysis has been developed
for the deterDlination of acrylonitrile in the presence of
potassiuDl persulfate, hydrogen cyanide, formaldehyde,
and other products resulting from the persulfate
initiated attack of oxygen on acrylonitrile. Tetra
llllethylamDlonium iodide is used as the supporting
electrolyte, and the oxidation of the latter is prevented
by the addition of hydroquinone. Rigorous control
tests show that under the conditions used, hydro
quinone and the known oxidation products of acrylo
nitrile do not interfere with the analysis. The potas
siuDl ion was found to interfere, because it forDls a
,continuous polarographic wave with acrylonitrile.
The diffusion (:urrents of acrylonitrile and potassium
ion were shown to be algebraically additive over a wide
range of concentrations; therefore, a calibration equa
tion can be used to determine the concentration of
acrylonitrile in aqueous solutions in the presence of
known aIllounts of potassiuIll ion.

I N A continuation of previous work (10) on the effect of
oxygen on aqueous solutions of acrylonitrile in the presence

of po~assium persulfate, a suitable method of quantitative
analysis for acrylonitrile was required. The literature describes
several methods of analysis, but none appeared to be entirely
satisfactory in the presence of persulfate and the known oxidation
products of acrylonitrile.

One method, which is based on the cyanoethylation of dodec
ylmercaptan (dodecanethiol) (1), has found wide use for the
quan~itative determination of acrylonitrile in high purity sam
ples and in dilute solutions. It has been modified recently for
analysis of colored solutions (6). However, oxidizing agents
interfere and the amount of water present must be limited to
25%. A method involving a modified Kjeldahl reaction (9)
has been reported, but other nitrogen-containing compounds
interfere. Oxidative titration with potassium permanganate
(3) is obviously unsuited to the present system. A very recent
method (13) based on the reaction between acrylonitrile and an
aqueous solution of sodium or potassium glycocholate is not
suitable for kinet.ic studies because of the time element.

Bird and Hale ($) used the polarographic method to determine
acrylonitrile in aqueous solutions. With 0.02M tetramethyl
ammonium iodide as supporting eleet,rolyte, a half-wave potential
of -2.05 volts against the saturated ealomel electrode was ob
tained, and the diffusion current was shown to be proportional
to the concentration of acrylonitrile. It was reported that
the method did not measure other nitriles that might be present.
This method of analysis was ehosen as the most suitable for the
present system; however, it required modifieation and extensive
study in order to establish the reliability of the method in the
presence of a variety of reducible and nonreducible compounds.
The major modification involved a method of compensating for
the reduetion of potassium ion by use of suitable calibration
studies.

APPARATUS AND MATERIALS

Apparatus. The Heyrovsky polarograph, Model XII, made
by E. H. Sargent and Co., was used for all acrylonitrile deter
minations. ~rhe dropping mercury electrode was of the Hey
rovsky type. A length of Corning marine barometer tubing (bore

= ca. 0.05 mm.) was used for the dropping mercury electrode and
was connected to the reservoir by neoprene tubing. The Sargent
Heyrovsky Erlenmeyer-type eleetrolysis vessel was placed in a
circulating water bath maintained at 25.0 ± 0.1 ° C.

The drop time, t, of the dropping mercury electrode immersed
in a solution which was 0.02M with respect to tetramethylam
monium iodide was 5.11 seconds. The mercury mass, m, was
1.0467 mg. per second in air. The value of m 2 / 3t1/6 was 1.35 mg. 2/ 3

sec. -"2.
Materials. MERCURY. The purity of the mercury used was

shown by the formation of a stable foam lasting from 10 to 15
seconds when shaken with distilled water.

ACRYLONITRILE. Eastman Kodak Co. acrylonitrile was dried
over calcium chloride, distilled twice through a 50-cm. Vigreux
column, stabilized with hydroquinone, and stored over calcium
chloride. Samples for analyses were redistilled immediately
before use. The fraction used boiled at 77.2-77.4° C. at 760
mm.; n 2t 1.3886.

POTASSIUM PERSULFATE. Potassium persulfate, Baker and
Adamson reagent grade, was recrystallized from water at 50° C.
and dried in a vacuum desiccator over anhydrous calcium chloride
for several days. Iodometric analysis indicated a purity of better
than 99.5%.

TETRAMETHYLAMMONIUM IODIDE. Eastman material was re
crystallized twice from 50% aqueous ethyl alcohol and dried in
a vacuum desiccator over calcium chloride.

GLYCOLONITRILE. The glycolonitrile was prepared by a stand
ard method (.4), stored with a small amount of ethyl alcohol, and
distilled at 14 to 15 mm. of pressure immediately before use; n 2-3
1.4102.

EXPERIMENTAL

General. The polarographic determinations were performed
on aqueous solutions of acrylonitrile, using 0.02M tetramethyl
ammonium iodide as the supporting electrolyte. The half-wave
potential against the mercury pool anode was found to be -1.75
volts. As the presence of oxygen did not interfere with the well
defined acrylonitrile wave, determinations were made without
the removal of oxygen. With the polarograph used in this work
a shunt ratio of 10 gave the maximum sensitivity without an ex
cessive range of oscillation of current at any voltage during the
analysis. Photographic recordings were used for qualitative
analyses. Diffusion current (id) values were taken as the dif
ference between the mean current values (measured in milli
meter-scale divisions) at applied voltages of -1.5 and -2.0
volts.

The voltages at which manual readings were tll.ken were found
to be critical. The chief reason is that certain substances cause
the supporting electrolyte to start decomposing at a somewhat
less negative potential than usual. None of the substances
tested in this work affected the reading taken at - 2.0 volts,
although a slightly higher voltage led to error. When employing
this method of analysis with a polarograph which shows a dif
ferent half-wave potential for acrylonitrile, the proper voltages
could be determined by applying the correction found for the
half-wave potential. Observations from this work showed that
the shifts of potential due to the use of a different instrument
were consistent for the whole region covered.

EFFECT OF POTASSIUM ION. The half-wave potential for acryl
onitrile was found to be -1.75 volts against the mercury pool,
while that of potassium ion was -1.90 volts. Thus, the diffusion
of the potassium ion begins at the point where the acrylonitrile
diffusion has reached a maximum, and the result is a continuous
polarographic wave when the two substances are present. Pho
tographic recordings show a slight inflection in the current-
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voltage curves, essentially divicfug the polarographic wave
into two sections, although the division is not distinct enough
to permit measurement. However, calibration studies have
shown that the diffusion currents d'le to the potassium ion and
the acrylonitrile are algebraically additive. Therefore, the
concentration of the acrylonitrile can be determined if the po
tassium ion concentration is known.

Calibration studies were carried out with aqueous solutions
containing acrylonitrile and potassium persulfate at varying
concentrations. A graph of diffusion current against the potas
sium ion concentration at various levels of acrylonitrile concen
tration showed straight lines over the entire range of concentra
tions studied.

For use in the analysis of unknown samples, an equation was
developed to relate the diffusion current to the concentrations
of both acrylonitrile and potassium ion.

EFFECT OF OTHER SUBSTANCES. Since the tetramethyl
ammonium iodide was subject to oxidation by persulfate ion
under the conditions of analysis, hydroquinone was added to
prevent this oxidation. A concentration of 6.00 X 1O-4M hy
droquinone was found to be sufficient for a potassium persulfate
concentration as high as jl.OO X 10 -4M in solutions for analysis.
It was also shown that this concentration of hydroquinone did
not affect the diffusion currents of acrylonitrile and potassium'
ion.

The method of analysis for acrylonitrile was required to be
applicable in the presence of potassium persulfate, water, and
the various products of oxidation of acrylonitrile (10)" such as
formaldehyde, hydrogen cyanide, glycolic acid, glycolonitrile
(formed by reaction of formaldehyde and hydrogen cyanide),
carbon dioxide, and carbon monoxide.

Some of these substances may be disregarded for various rea
sons. Carbon monoxide is not reducible at the dropping mercury
electrode, and glycolic acid produces only hydrogen waves (8).
Possible interference by carbon dioxide was calculated to be
negligible for the mixtures analyzed in this work, in which the
maximum carbon dioxide concentration was never more than 3%
of the acrylonitrile. These calculations were based on the data
of Van Rysselberghe, Alkire, and McGee (1.4-) for the polaro
graphic determination of carbon dioxide with a quaternary
ammonium salt as the supporting electrolyte.

Detailed studies (12) showed that the remaining substances,
with the exception of potassium ion, did not interfere with the
determination of acrylonitrile. The acrylonitrile concentration
was from 5 X 10-4 to 1 X 1O-3M and the maximum concentra
tions of the other substances tested were as follows: persulfate
ion, 4.00 X 10-4M; formaldehyde, 2.40 X 1O-4M,' cyanide
ion, 1.00 X 1O-3M; glycolonitrile, 1.93 X 1O-4M.

PROCEDURE FOR CALIBRATION STUDIES. A 0.100M stock solu
tion of acrylonitrile (containing 6.58 m!. of acrylonitrile per liter
of solution) was diluted to give a series of reference solutions
in the concentration range from 1.00 X 10-3 to 1.00 X lO-'M.
The 8.00 X 1O-3M stock solution of potassium persulfa,te (con
taining 1.0813 grams per 500 m!. of solution) was diluted to give
two reference solutions: 8.00 X 1O-4M and 5.00 X lO-,jM. No
stock solutions of either acrylonitrile or potassium persulfate were
used for a period of time longer than 24 hours. The hydroquinone
reference solution was 0.0150M, and the tetramethylammonium
iodide solution was 0.200M.

By making the proper dilutions of reference solutions, a series
of samples was prepared for polarographic analysis. The con
centration of acrylonitrile in the samples was varied from zero
to 1.00 X 1O-3M and that of the potassium persulfate was varied
from zero to 4.00 to 1O-4M. The volume of sample prepared in
each case was 50 ml. All samples were 6.00 X 1O-4M with re
spect to hydroquinone and 0.020M with respect to tetramethyl
ammonium iodide, which served as the supporting electrolyte.
A 12.0-ml. sample was pipetted into the electrolytic cell for each
analysis, and 10 minutes were allowed for the sample to reach
equilibrium temperature after being placed in the constant tem-
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perature bath. Manual readings were taken to determine the
diffusion current.

PROCEDURE FOR ANALYSIS OF SAMPLES. A sample may contain
a known concentration of potassium ion along with acrylonitrile
and various oxidation products of acrylonitrile. The volume of
sample is chosen so that the diluted sample for analysis produces
a diffusion current value in the range covered by the calibration
studies. A prior dilution may be necessary in some cases. The
chosen volume of sample is pipetted into a 50-ml. volumetric
flask, 2 ml. of 0.0150M hydroquinone solution is added, and the
whole is mixed thoroughly. Then 5 ml. of 0.200M tetramethyl
ammonium iodide is added, and the Inixture is diluted to 50 ml.
An aliquot of this diluted sample is placed in the electrolysis
vessel in a constant temperature bath at 25.0 ± 0.1 0 C. After
10 minutes the diffusion current is determined manually by read
ing the current at two predetermined voltages. The concentra
tion of acrylonitrile in the sample is calculated by applying the
values for diffusion current and potassium ion concentration to
the proper equation derived from the calibration studies.

DISCUSSION

Graphical methods may be employed for the determination of
acrylonitrile concentration in the presence of known amounts of
potassium ion by applying the values for diffusion current to
suitable calibration curves. However, better results are ob
tained by developing an equation which relates the three vari
ables. In the present investigation the results of 93 calibration
analyses were examined by statistical procedures. The method
of multiple linear regression analysis was employed, since the
available theory suggested that the data should conform to the
underlying hypotheses of this method. In the derivation which
follows, the statistical symbols conform to the usage of Goulden
(5).

Let Y = an observed value of diffusion current (measured as
millimeters wave height)

X, = potassium ion concentration (M X 105 ) at which Y
was observed

X. = acrylonitrile concentration (M X 104) at which Y was
observed

Yo = true mean of all possible V's
Y c = calculated value of Yo

then the true relationship will be

Yo = A + B,X, + B.X.

and the best estimate will be

Yc = a + b,X, + b.X.

From the data of the present studies the following expression
was obtained by procedures detailed in Goulden (5):

Y. = 0.301 + 0.721 X, + 11.84 X.

Statistics appropriate to gage the validity and reliability of
this equation are the following: the coefficient of multiple de
terInination, R~. I. = 0.9971; the partial coefficients of deter
mination, rh .• = 0.9893, and r~2.l = 0.9969.' These values
support the idea that the proposed equation does in fact represent
the relationship. The variance of estimate, sj,-. 12 = 0.002346,
is added evidence that departures from the linearity and inde
pendence implied by the equation are slight.

The statistical principles employed in the derivation demanded
that the equation of the surface be obtained with X, and X. as
independent variables. However, when determining acryloni
trile it is desirable that values of X 2 may be estimated from ob
served values of Y and X,. The proper equation was obtained
by algebraic transformation:

X 2 = 0.0845 Y - 0.0609 X, - 0.0254

It must be emphasized that the specific equations derived here
apply only to the particular instrument and experimental con
ditions employed in the current investigation. The quantity of
data to be compiled by other workers for the derivation of siInilar
calibratJon equations should be governed by the degree of reli
ability desired.
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This method of analysis is being used in this laboratory for
the determination of acrylonitrile in the presence of a known
concentration of potassium persulfate, along with the various
oxidation products of aerylonitrile mentioned earlier. The
precision of the method eompares favorably with the usual
precision of polarographic analyses. For 31 sets of duplicate
observations of diffusion-current values in the range of 80 to
130 (expressed as millimeters wave height), the variance of
measurement was 0.2337.

The method should be .applicable to polymerization systems
containing acrylonitrile and potassium persulfate initiator. It
should also be suitable for solutions eontaining methacrylonitrile
imtead of acrylonitrile, since the half-wave potentials of these
two compounds differ only by about 50 mv. (11). As sodium,
rubidium, and cesium ions exhibit half-wave potentials very close
to potassium ion (7) it should be possible to determine acrylo
nitrile or methacrylonitrile in the presence of anyone of these
ions when the concentration of the alkali metal ion is known.

ACKNOWLEDGMENT

The authors wish to thank E. Vernon Lewis, of the Department
of Mathematics, for his \'ery valuable advice and assistance
with the statistical calculations. The support of this investiga-

A~ALYTICAL CHEMISTRY

tion by a grant from the Nttional Science Foundation is grate
fully acknowledged.

LITEMTURE CITED

(1) Beesing, D. W., Tyler, W. P., Kurtz, D. M., and Harrison,
S. A., ANAL. CHEM., 21, 1073 (1949).

(2) Bird, W. L., and Hale, C. H., Ibid., 24, 586 (1952).
(3) Dal Nogare, Stephen, Perkins, L. R., and Hale, A. H., Ibid., 24,

512 (1952).
(4) Gaudry, Roger, Org. Syntheses, 27,41 (1947).
(5) Goulden, C. H., "Methods of Statistical Analysis," 2nd ed., chap.

8, Wiley, New York, 1952.
(6) Janz, G. J., and Duncan, N. E., ANAL. CHEM., 25, 1410 (1953).
(7) Kolthoff, 1. M., and LiJIlgane, J. J., "Polarography," 2nd ed.,

vol. 2, p. 425, Interscience, New York, 1952.
(8) Ibid., p. 720.
(9) Petersen, G. W., and Radke, H. H., IND. ENG. CHEK, ANAL.

ED., 16,63 (1944).
(10) Smeltz, K. C., and Dyer, E., J. Am. Chem. Soc., 74, 623 (1952).
(11) Spillane, L. J., ANAL. CHEM., 24, 587 (1952).
(12) Strause, S. F., M.S. thesis, University of Delaware, Xewark,

Del.,1953.
(13) Terent'ev, A. P., Butskus, P. F., and Yashunskil. V. G., Zhur.

Anal. Khim., 9, 162 (1954).
(14) Van Rysselberghe, P., Alkire, G. J., and McGee, J. 1\1., J. Am.

Chem. Soc., 68, 2050 (1946).

RECEIVED for review October 18, 1954. Accepted August 5, 1955.

Polarographic Behavior of Monohaloacelones
Analysis of Mixtures
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lodoacetone, hroDl.oacetone, and chloroacetone each
give one polarographic wave in the pH range 1.5 to
10. Itapid hydrolysis of the compounds prevents Dl.eas
ureDl.ent at higher pH. The reductions are pH
independent, irreversible, and diffusion-controlled;
a two-electron transfer is indicated for the reactions
resulting in each wave, with the finai product being
acetone, which is nonreducible in the potential range
investigated under the conditions used. The polaro
graphic behavior of the three cODl.pounlil,. is sUDl.Dl.arized
and cODl.pared with :respect to the factors ~f pH, ionic
strength, buffer cODl.ponent nature and' concentration,
ketone concentration, temperatul"e, and drop time.
The factors involved in the siDl.ultaneous analysis by
polarographic Dl.easureDl.ent of Dl.ixtures of the three
haloacetones with satisfactory precision are discussed.
SodiuDl. acetate-acetic add buffer (pH 4.6, ionic
strength 0.5) is reconlDl.ended as the preferable Dl.ediuDl.
for such an electrol:rsis. Within the allowable liDl.its
of concentration, Dl.ixtures of all three ketones can be
analyzed with an ert'or of less than 2 relative %.

THE polarographic behavior of the three monohalogenated
acetones-iodoacetone, bromoacetone, and chloroacetone

has been investigated in order to determine the relationship of
half-wave potential, Elf" and diffusion current, id, to pH, ionic
strength and buffer concentration effects, the probable nature of
the reduction, and the extent of applicability of polarography as
a method of analysis for such compounds, i.n.dividually and in
mixture.

I Present address, University of Michigan, Ann Arbor, Mich.
, Present address, Southern Illinois University, Carbondale, Ill.

The ketones have been studied polarographically in unbuffered
solution by Winkel and Proske (16), who gave reduction poten
tials and claimed that the introduction of halogen made possible
reduction of the carbonyl group, which in acetone itself is not
reducible polarographically. Pasternak and Halban (12),
without giving experimental conditions or data, stated that
benzyl bromide and chloride give waves of pH-independent Elf,
resulting from two-electron processes. On the basis of this pH
independence, they surmised that the halogen is being reduced in
the haloacetones and not the carbonyl group. The present
investigation serves to substantiate the latter opinion in regard to
the fundamental feature of the haloacetone reduction.

EXPERIMENTAL

Apparatus. Sargent Model XII and XXI polarographs and
a Leeds and Northrup Type E Electrochemograph were used.
Potential measurements with the Sargent instruments were
checked with a potentiometer. Beckman ModelG and H-2
pH meters were used for pH measurement; a Type E electrode
was used above pH 10. Capillaries used for the dropping mercury
electrodes were prepared from Corning marine barometer
tubing; m values (open circuit in distilled water) were: at 25 0 C.,
1.02 mg. per second at 60 cm. of mercury and 1.58 mg. per second
(90 cm.); at 25 0 C., 1.39 mg. per second (45 cm.); at 0 0 C., 1.09
mg. per second (55 cm.). Jacketed H-type polarographic cells
(7) containing reference saturated calomel electrodes were used;
water at 25.0 0 ± 0.1 0 or 0.0 0 ± 0.1 0 C. was circulated through
the jacket. Resistance of the cell solution system was measured
with a General Radio Co. Type 650-A impedance bridge. All
potentials are reported VB. the saturated calomel electrode and are
corrected for internal resistance drops.

Reagents. Iodoacetone was prepared from Eastman Kodak
practical grade chloroacetone by an exchange reaction with
potassium iodide in 95% ethyl alcohol solution. Vacuum dis
tillation of the reaction mixture after removal of the bulk of the
solvent yielded a product with the following physical properties:
boiling point (4 rom.) 45 0 C., d~' 2.0324 [literature values (2,
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Table I. Composition of Buffer Solutions'
Number pH Components

• Nonbuffered background solutions were prepared using NH,C!. LiCI.
and KCI as electrolyte. Their pH was between 4.6 and 5.0 when chloroace
tone was present, between 3.3 and 3.6 for bromoacetone, and between 3.li
and 3.8 for iodoacetone.

13): boiling point (11 mm.) 58.4° C., d15 2.17]. Bromoacetone
(Jasonols Chemical Corp. and the Delta Chemical Works) was
vacuum distilled: boiling point (13 mm.) 38° C., d~5 1.6132
[literature (3, 8): boiling point (8 mm.) 31.5° C., d23 1.634].
Chloroacetone was prepared from pure acetyl chloride by reac
tion with diazomethane and dry hydrogen chloride in ether solu
tion (15); distillation of the reaction mixture yielded a product
of boiling point (736 mm.) 118-9° C., d~5 1.1260 [literature (1):
boiling point 118-20° C., d~5 1.123].

Stock aqueous solutions of the ketones (approximately 5mM)
were relatively stable to hydrolysis over periods of 3 or 4 houm
when prepared by the initial dissolution of the ketone in a mini
mal quantity of pure acetone before dilution with water, ariel
when stored out of contact with light; the acetone concentra··
tion in each stock solution was not greater than lOmM. Acetone
in cell solution concentrations up to 50mM was polarographically
nonreducible under all conditions used in the investigation.

Buffer solutions (Table 1) were prepared by initial dilution to
within a few milliliters of the desired final volume of calculated
amounts of analytical reagent grade chemicals, plus sufficient
potassium chloride, where necessary, to give the desired ionie
strength. The solution pH was then adjusted to the desired
value by careful addition of buffer components, followed by dilu
tion to the final volume. Ionie strength values were caleulateel
in the usual manner, using the ionization eonstants listed in the
literature.

Nitrogen used for deoxygenating was purified by bubbling it
through concentrated suIJuric aeid, alkaline pyrogallol, distilled
water and, finally, a portion of the test solution being investi
gated.

Procedure for Polarographic Examination. The test solution
was prepared by mixing an accurately measured volume of
stock standard ketone solution with the buffered or nonbuffered
background solution. The test solution in the H-cell was
purged for 5 minutes with nitrogen and then electrolyzed; 8.
nitrogen atmosphere was maintained above the solution through··
out the electrolysis. Values of I, the drop life, determined for
the limiting current portions of each polarogram, were .used to
correct id values for the effect of the electroeapillary curve where
necessary. -':'::[~,~ : j
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1.1 X 10-· for chloro-, bromo-, and iodoacetone, respectively;
the corresponding n values, based on i d at various experimental
conditions and calculated from the Ilkovic equation, are 1.5
± 0.2, 1.7 ± 0.2, and 1.7 ± 0.2. (These values are, of course,
open to considerable error because of the method and assump
tions made in estimating D values.)

Delayed maxima were observed in the neighborhood of -0.5
volt at higher concentrations of iodoacetone-i.e., in all cases the
maximum in question appeared approximately 0.2 to 0.3 volt
beyond the point where the limiting current was first reached.
No attempt was made to suppress these maxima, since in no case
did their presence affect the wave itself (this was carefully
checked) or interfere with the measurement of the limiting cur
rent; they did not appear in polarograms of mixtures. The
maxima resembled a small water wave, but did not occur in the
right location for a water wave and were obviously related to the
concentration of iodoacetone, being most sharply defined with
the higher concentrations of iodoacetone [see (10) for a discus
sion of similar maxima]. As the concentration was reduced
from 0.5 to 0.3mM, the height of the maximum diminished until,
at the latter concentration, it was just barely in evidence. In
general, the maxima were greatest in the acid region, although
present throughout the pH range. Similar maxima have been
encountered with iodoacetic acicl (5). At concentrations of
bromoacetone greater than about ImM maxima developed,
which were greatest in magnitude in the acid region.

Current-Controlling' Processes. Ratios of the currents at
different drop times and at different temperatures were of the
magnitudes expected for diffusion-controlled processes. The
current ratios at two drop times-i.e., heads of mercury-in each
of buffers 1 to 7 were 1.24 ± 0.04, 1.24 ± 0.02, and 1.28 ± 0.02
compared to calculated values of 1.00 for a kinetic-controlled
process, 1.23 for diffusion control, and 1.52 for adsorption control;
these are based on h values of 60 and 90 cm. where the back
pressure corrections were 1.8 and 1.7 cm., respectively. The
percentage temperature coefficients for the current change be
tween 0° and 25° C. in buffers 2 and 5 were 1.5 and 1.5, 2.2 and
2.0, and 2.5 and 2.2 for the chloro-, bromo-, and iodoketones,
respectively; temperature coefficients were calculated by the
usual compound interest formula. For all three ketones, E 1I2

values at 0° C. were slightly more negative than those at 25 ° C.
e.g., 0.02, 0.05, and 0.03 volt for the chloro-, bromo-, and iodo
ketones, respectively.

0.45M KCI + HCI
0.50M NaOAc + HOAc
o.10M NaOAc + HOAc
0.27M KH,PO, + NaOH
0.18M KH,PO, + NaOH
0.50M NH,OI + NH,
O.1OM NH,Cl + NH,
0.50M NH,CI + NH,
0.50M NH,CI + NH,
0.16M Na,HPO, + NaOH
O.14M Na,HPO, + NaOH
O.1OM Na,HPO, + NaOH
0.45M KCI + NaOH

1.5
4.6
4.6
7.0
8.2
8.2
8.2
8.8
9.5

10.5
11.5
12.5
12.6

1
2
2a
3
4
5
5a
6
7
8
9

10
11

POLAROGRAPHIC BEHAVIOR

Each ketone gave one well defined cathodic wave in the pH
range covered, which was 4.6 to 10.5 for chloroacetone and 1.5 to
9.5 for bromo- and iodoacetone. No wave was found at higher
pH because of hydrolysis of the compounds, probably to hydroxy..
acetone which is not reducible in the potential range investi
gated, although Winkel and Proske (17) reported it to be polaro..
graphically reduced at approximately -1.8 volts. Measurements
in the vicinity of this potential could not be made because of the
concurrent or prior discharge of hydrogen ion or the cation of the
background electrolyte. No chloroacetone wave was found at,
pH 1.5 because of the confluence of the wave with a water wave
(11) and subsequent hydrogen ion discharge.

The n value (number of electrons transferred per molecule of
haloketone reacted) approximates 2 over the entire pH range for
all three ketones. Values of D were estimated by comparison of
the molecular volumes of the haloacetones with those of the cor
responding haloacetic acids as being 1.2 X 10-·, 1.2 X 10-·, and

pH

Figure 1. E'j,-pH relationship for iodoacetone at
25° C. and ionic strength 0.5

Variation of El/2 with pH. The E Il2-pH relation for each
ketone is a straight line, indicating pH independence of the
reduction process over the pH range investigated; Et/2 is -0.14
volt for iodo-, - 0.35 for bromo-, and -1.15 for chloroacetone.
There are, however, two significant exceptions. At pH 8.8
and 9.5, E 1I2 for iodoacetone (Figure 1) becomes more negative
by approximately 0.03 volt per pH unit; these values have been
checked repeatedly. Such behavior may indicate interaction
between the electroactive species and ammonia, as the ammonia
concentration in the buffer increases rapidly from pH 8.2 to 9.5
and at the latter pH is approximately 0.8M. If the interaction
product were more difficult to reduce than the noninteracted
ketone, the change in E

'
/2 might reflect the extent of interaction.

Imine formation which has been postulated for ketones in am
monia solution would probably result in a species possessing two
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Error,
%

0.0
0.0
0.6
0.0
1.5
4.8
6.1
1.6
0.8
4.0
0.8
1.6
1.8

Polarographic Analysis of Mixtures of Three Monohaloacetones in Acetate Buffer of pH 4.6 and Ionic
Strength 0.5 .

Chloroacetone Bromoacetone Iodoacetone
id Fou:lldG

, Error, Taken, id FoundB , Error, Taken, id Found G ,

p.a. mmole % mmole pa. mmole % mmole p.a. mmole

3.90 0.88 1.1 0.58 2.96 0.58 0.0 0.65 3.24 0.65
4.03 0.1l1 1.0 0.59 2.99 0.59 0.0 0.62 3.07 0.62
0.78 0.18 0.6 0.121 0.62 0.12 0.9 0.123 0.60 0.12
1.03 o.n 3.3 0.59 2.99 0.59 0.0 0.62 3.09 0.62
1.03 0 .~!3 3.3 0.58 3.03 0.59 1. 7 0.65 3.19 0.64
3.95 0.1l0 2.0 0.121 0.61 0.12 0.9 0.62 2.93 0.59
3.92 0.89 0.0 0.121 0.59 0.12 0.9 0.65 3.06 0.61
4.12 O.1l3 1.0 0.59 2.92 0.57 3.4 0.122 0.62 0.12
4.01 0.111 2.2 0.58 2.85 0.56 3.4 0.131 0.63 0.13
0.411 0.09 6.7 0.121 0.61 0.12 0.9 0.250 1.27 0.26
0.79 0.18 0.6 0.121 0.61 0.12 0.9 0.131 0.64 0.13
0.78 0.18 0.6 0.121 0.59 0.12 0.9 0.122 0.60 0.12

1.4 1.2

0.89
0.92
0.181
0.237
0.237
0.92
0.89
0.92
0.89
0.096
0.181
0.181
Average

Tak'f,n,
mmole

Table II.

IVlixture
No.

1
2
3
A
A'b
B
B'
C
C'
D
D'
E

o Va.lues b\'Sed on diffusion current constants found in pure solutions of individual ketones at 0.5mM concentration level: 2.94 for chloro-, 3.29 for bromo-,
and 3.26 for lOdoacetone.

b Polarograms designated by primes shown in Figure 5.

3.5r----r---.,.----,.----,r---,----,

14.0)

2.0 ~.
~B

3.0 L-__..L-__....J. ..L.-__....L._--lIJ...J'---'----J

o 2 4 6 10
pH

Figure 2. Effect of pH on diffusion current con
stant values for monohaloacetones at 25 0 C. and

ionic strength 0.5
A.' Iodoacetone
B. Bromoacetone (1 scale in parentheses)
C. Chloroacetone
• Nonbuffered solutions
() Solutions buffered with ammonia buffers

-O--c

I
•

3.0

2.5

(1.0)

4.0

3.5

I

12.0)

13.0)

solutions are approximately 5% greater than those in buffered
solutions in the same pH region.

Effect of Ketone Concentration. The variation of I with
concentration is rather unexpected (Figure 3). I for iodoacetone
is relatively constant for each buffer over the concentration range
investigated. In the case of bromoacetone, I is constant in
buffers 1 and 5, but decreases appreciably with decreasing bromo
acetone concentration in the other buffers. With chloroacetone,
I decreases appreciably with decreasing concentration for buffers
2 and 5; with all other buffers a slight decrease is observed from
0.50 to 0.25mM chloroacetone, followed by a relatively sharp
increase when the concentration is further reduced to O.lOmM.

With all the buffers used, increasing the ketone concentration
causes El/2 to become slightly more negative, approximately
0.02 volt. This effect is probably a result of the irreversible
character of the reduction process and the accompanying un
symmetrical nature of the waves obtained. Such behavior did
not occur in the analysis of mixtures of the three compounds,

reducible groups, although the imine reduction wave may be
masked by the background electrolyte aischarge. Unfortunately,
the rapid hydrolysis of iodoacetone in this pH region prevents
investigation at higher pH values to determine whether the
change in El/2 with pH is a true pH dependency or the result of an
interaction with the buffer components.

Perhaps a more probable explanation for the apparent pH
dependency is that El/2 appears to shift, because of geometrical
interference of the crest of the chloride wave with the foot of the
iodoacetone wave, which immediately follows this chloride wave.
An analogous case is that of the effect of the iodoacetone wave
on the bromoacetone wave in mixtures of the three ketones;
for mixture 1 of Table II, E l /2 for bromoacetone was approxi
mately 0.05 volt more negative than when measured in a solution
containing bromoacetone only, whereas El/2 for iodoacetone in
the same mixture becomes more positive by 0.02 volt.

El/2 values for bromoacetone determined in phosphate buffer
(pH 7.0 and 8.2) were approximately 0.08 volt more positive
than El/2 determined in other buffers of corresponding pH.
This effect is associated with the presence of phosphate. As the
ionic strength of the medium is increased by adding potassium
chloride, this "phosphate effect" is diminished until, at an ionic
strength of 2.0, El!2 values in the phosphate buffers agree with
those determined in other buffers at the same ionic strength.
Such behavior was not observed with chloroacetone, but is evi
dent to a slight degree with iodoacetone. In the latter case, El/2
values in phosphate buffer at pH 7 and 8 are slightly more nega
tive than the corresponding values in other buffers.

A possible explanation, based on interaction of phosphate with
ketone to form a more easily reduced species, is not supported by
the experimental data, inasmuch as the effect appears to be in
dependent of phosphate concentration. In addition, such an
interacted species would necessarily have to show behavior with
increased ionic strength, which is practically identical with that
.of the noninteracted form, in order to produce the El/2 values
obtained at ionic strength 2.0.

Variation of Diffusion Current with pH. The diffusion current
constant (I = idIOm·I'tl/G) for chloroacetone decreases by about
6% from pH 4.6 to 8.2, above which it decreases rapidly to 0 at
pH 11.5 as the rate of hydrolysis increases with increasing alka
linity of the solution (Figure 2). Ammonia buffers give I values
about 10% greater than do other buffers with a similar tendency
to decrease as pH increases.

Bromoacetone I values decrease about 15% as pH increases up
to 8.8, and then decrease r/l.pidly to 0 at pH 10.5 because of
increased hydrolysis rate. Buffer 5 (pH 8.2) produced a greater
value for I than an other buffers investigated except buffer 1.

I for iodoacetone increases slightly from pH 1.5 to 4.6 and
sharply (about 10% up to pH 8.2, after which it drops rapidly to
o at pH 10:5 beeause of hydrolysis. Values in nonbuffered
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Figure 3. Relation of diffusion current con
stant values to concentration of monohalo

acetones at 25° C. and ionic strength 0.5
Numbers refer to buffer solutions as designated in Table 1.

effect on El / 2 of iodoacetone, especially in the region of ionic
strength 0.5 to 2.0. The tendency at lower ionic strength is for
the reduction to become less difficult with increasing ionic
strength. I increases slightly as ionic strength is increased ex
cept in nonbuffered solution, where the reverse is true. The
effect of decreased buffer component concentration is notice
able; El/2 is about 0.02 volt more negative in buffer 2a than in
buffer ~2, whereas the average I values are about 20% greater
over the ionic strength range investigated. Such behavior may
indicate interaction between active species and buffer component.
Specifically, in buffer systems with low buffer component con
centrations, the postulated interaction might remove enough
of the reacting buffer component (presumably the acid or base)
so that the background electrolyte becomes essentially the salt
component. Under such circumstances, the resulting behavior
might well resemble that of a nonbuffered system, especially in
view of the relatively small amount of ammonia or acetic acid
needed to give the required pH for a O.IM buffer. The fact
that the ElI2 values in the lower buffer component concentration
runs were somewhat more negative than in nonbuffered runs at
approximately the same pH lends some credence to this theory.
Smaller buffer component concentration and increasing potas
sium chloride concentration enhance the possibility of behavior
of the ·type indicated. Further support for the postulated be
havior is afforded by the a values for the wave in buffer 2a.
(1.25 ± 0.12), which agree almost exactly with those for non
buffered solution (1.19 ± 0.08), whereas corresponding values in
buffers other than 2a are considerably smaller (0.88 ± 0.13).
ElI2 values in buffer 5a are about 0.03 volt more negative tha.n
those in buffer 5, whereas I values are of the same order of
magnitude.

Chi oro acetone

Bromoaceton.

0.201------------------------i
'adaGcttone

2.0

~--er------C)-----50.7---0

0-- 0 0>-----6 0
lD:::'3 -=41--_20 4 0

0-__ 0-5- 0 - 3';5.=-'="---()
-~:-----2---~---.:..--.0 -N---I "'-...._~--....

0.16

0.12~.......-'----.l-----...L.-------'-----.L....I
0.1 0.5 1.0 1.5

}.l

Figure 4. Effect of ionic strength and buffer component
concentration of half-wave potential of monohaloace

tones at 25° C.

0.28

Numbers refer to buffer solutions as designated in Table I; N refers to
nonbuffered ammonium cWoride solution; and half-shaded points are

common to two or more curves.

0.36

I.IS

0.40

1.10

1.14

where unsymmetrical wave shapes could be more easily accounted
for-i.e., the limiting current portion of one wave becomes the
introductory portion of the following wave, etc. (Table II).

Effect of Ionic Strength. Increasing the ionic strength of the
solution renders chloroacetone more easily reducible throughout
the pH range investigated (Figure 4), while the I values, in
general, tend to increase slightly; similar behavior is observed in
nonbuffered solutions where the ionic strength was varied by
addition of the background electrolyte. These effects are the
reverse of the behavior of bromoacetone under similar conditions
and are more pronounced than in the case of iodoacetone. The
effect of lower buffer component concentration is slight but defi
nite. With buffers 2a and 5a, El / 2 for chloroacetone is approxi
mately 0.01 volt more negative throughout the range of ionic
strengths studied than with buffers 2 and 5. I values for buffer
2a are slightly greater than those for buffer 2, whereas they are
of about the same magnitude for buffers 5 and 5a. There is no
significant change with increasing ionic strength in a, determined
as being 0.48 ± 0.04 from the slope of the wave (E1/4 - E3I4 =
0.056/a at 25° C.).

Increase in ionic strength in both buffered and nonbuffered
solution causes ElI2 for bromoacetone to become more negative,
whereas I generally decreases. In buffers 2a, 3, and 4, I increases
slightly with increasing ionic strength. Changes in buffer com
ponent concentration have little effect with buffers 2 and 5,
indicating little if any interaction between reducible species and
buffer components. There is no significant change in a (0.70 ±
0.05) with increasing ionic strength except for phosphate buffers
3 and 4, where a at ionic strength 0.5 is appreciably smaller (0.56)
than with any other buffer at the same ionic strength. Such
behavior may account, in part, for the discrepancy in El / 2 ob
served with these buffers at low ionic strength.

Increase in ionic strength of the medium has no appreciable
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o 0

CHs-LcH2-X + 2e- - CH3-~-CH.- + X- (1)

followed by the rapid combination of this species with hydrogen
ion from the solvent:

Reduction Mechanism. On the basis of the observed polar
ographic behavior, the l1eduction of a monohaloacetone at the
dropping mercury electrode is an irreversible, pH-independent,
diffusion-controlled process involving the fission of the carbon
halogen bond with acetone as the reduction product. This con
clusion is substantiated by the similarity to the polarographic
reduction of other halogen-containing carbon compounds (4),
as well as by the electrolytic reduction of chloroacetone to acetone
in hydrochloric acid solution with graphite or lead electrodes (14)
and the chemical reductIon of chloroacetone to acetone by zinc
and hydrochloric acid (9). The reduction process probably
involves fission of the carbon-halogen bond to form a carbanion:

This mechanism accounts for the pH independence of the reduc
tion processes, since Reac,t.ion 1 is the slow, potential-determining
step with the electrons acting as a displacement reagent. (It is
immaterial whether the electrons add to the carbon atom simul
taneously or in rapid succession and whether Equation 2 involves
H+ or H.O.) The two pJ'incipal energy steps are the rearward
approach of the electrons to the alpha carbon and the simul
taneous fission of the carbon-halogen bond. The formation of
the carbon-hydrogen bond (Equation 2) does not figure in the
controlling electrode reaction-i.e., the reduction is pH independ
ent. Increasing the electron density on the alpha carbon in
creases the energy required for the first phase of the reaction.
The electron density at, the alpha carbon is determined by the
substituent halogen; therefore, the relative difficulty of reduc
tion should be: chloroacetone>bromoacetone>iodoacetone;
the experimental results Verify this conclusion.

I VOLT

I
J ."""

,~ ~~//
. . .

.' II ,"

sired wave; buffers 5, 6, and 7 are. eliminated because of geo
metrical interference of the chloride wave of the buffers with the
iocloacetone wave; and buffers 3 and 4 cannot be used since the
more positive wave for bromoacetone in these media results in
inadequate separation of the iodo- and bromoacetone waves.
Thus, acetate buffer 2 is the only logical choice for use in simul
taneous analysis of mixtures of the three compounds.

The acetate buffer used was prepared of such ionic strength
as to produce a test solution of ionic strength 0.5111 when mixed
with the sample.

A number of mixtures of the three haloacetones were analyzed
with the results shown in Table II and Figure 5. The concen
trations of the three ketones used in mixture 1 are approximately
the highest concentrations of the three ketones which do not re
sult in maxima effects in the waves. The concentrations shown
for mixtures 3 and E are approximately the minimum concen
trations measurable without sacrifice in accuracy through inter
ference of bromo- with iodo- or iodo- with bromoacetone waves.

The I values for each of the three waves in the mixtures re
main relatively constant over the range of concentrations inves
tigated; the average deviation of these values from the I value
in 0.5mM solutions of the individual ketones is of the order of
2% or less; thus, the most important criterion for analytical ap
plication of the method is satisfied. Although a relatively large
shift due to the geometry of the waves is observed for the Ell.
of bromoacetone, no adverse effect is introduced with regard to
the current measurements.

Possible Interferences. Interference due to the possible
presence of polarographically reducible compounds, other than
the three ketones, in any solution for which haloketone analysis
is desired, may be readily predicted from the Ell. values for such
compounds. For example, iodoacetic acid and ethyl mono
bromoacetate would interfere whereas the bromo- and chloro
acids, chloroesters, and chloroacetaldehyde would not. Acetal
dehyde, the only polarographically reducible parent of any of
the halogenated compounds listed, would not interfere since it
does not give a polarographic wave in the acid pH region (6);
in any case, the wave for acetaldehyde occurs at a much more
negative potential ( -1.7 volts) than the chloroacetone wave and
the purging of the solution with nitrogen before electrolysis
would probably remove the bulk of the aldehyde.

E wo. SCE

Figure 5. Polarograms obtained for various
mixtures of IDonohaloacetones

Letters refer to mixture as designated in Table II.

ANALYTICAL PROCEDURE

Measure out a sample containing not more than 10 mg. and
not less than 2 mg. of each of the three ketones (iodo-, bromo
and chloroacetone). Transfer the sample to a 100-ml. calibrated
volumetric flask, add 70 ml. of 0.7M sodium acetate-acetic acid
buffer (pH 4.6), and dilute to the mark with distilled water.

(2)

o 0

CH3-~-CH2-- + H+ - CH3-~-CH3

ANALYTICAL APPLICATIONS

Determination of Individual Haloacetone. The data cited
on the Ell. and I behavior of the haloacetones serve to indicate
the general feasibility of determining any of the monohaloacetones
when present in admixture with other substances, some of which
may be also polarographically reducible. Such data also in
dicate the critical conditions involved in developing a specific
analytical procedure. In general, any of the buffers studied are
satisfactory for analytical work involving the determination of
iodoacetone, with buffers 2, 4, and 6 being preferred on the basis
of minimum I variation with concentration changes and ionic
stren!,rth effects. On a similar basis, buffers 1 and 5 are best
suited for polarographic analytical work involving bromo
acetone. None of the buffers investigated are ideal for analytical
work with chloroacetone; on comparison of ionic strength effects
and eonstancy of I values with ketone concentration change,
buffers 3 and 4 would be most suitable.

Analysis of Mixtures of Haloacetones. As suggested by Win
kel and Proske (16), it is possible to analyze mixtures of iodoace
tone, bromoacetone, and choroacetone by the polarographic
method. The major problem in the analysis of such a multi
component mixture is the selection of a suitable background
electrolyte for the electrolysis.. It is desirable to choose a system
in which the waves are sufficiently well defined for accurate
measurement and in whkh the diffusion currents obtained are,
if possible, direetly proportional to concentrations of the electro
active species. In the CB,se of the haloacetones, it was not pos
sible to choose a medium in which both of these conditions would
be perfectly met. The chloroacetone wave cannot be obtained
in buffer 1 because of the hydrogen discharge preceding the de-
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Rinse the cell and electrode several time~ with the solution to be
analyzed. After purging for 5 minutes with nitrogen, electrolyze
the solution over the potential range of 0 to -1.5 volts V8. the
saturated calomel electrode, maintaining the nitrogen atmosphere'
above the solution. If the electrocapillary curve for the base
solution is not known, note t, the drop time, at potentials of --0.2,
-0.5, and -1.5 V8. S.C.E. Run a similar curve on the base 801u
tion and, if necessary, correct the sample curve for the latter
cU\:'l"e.

Using the intercept method, determine the diffusion current
for each of the three waves. Calculate the amount of each ketone
present from its diffusion current constant, C = id/lm·13t1l6,
where C is the ketone concentration in millimoles per liter, id
the measured diffusion current in microamperes, I the diffusion
current constant for the ketone (Table II), m the mass of mercury
in milligrams per second flowing from the capillary, and t the
drop time in seconds measured at -0.2, -0.5, or -1.5 volts.

The weights or percentages of the three ketones present may
then be calculated from the millimolar concentrations by conver
sion to grams and correcting for the dilutions involved.
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Polarographic Nitrate Determination
RANDALL E. HAMM and C. DEAN WITHROW

Department of Cbemistry, University of Utah, Salt Lake City, Utah

A new polarographic wave has been found for the in
duced reduction of nitrate ion when present in a
chroIDiuID(III)-glycine coIDplex solution. The current
IDeasured frOID this wave is proportional to the nitrate
ion concentration. Procedures have been developed
for deterIDining nitrate in the concentration range
1.0 X 10-5 to 2.5 X 10-3IDole per liter, with as good or
better precision than the older polarographic IDethods
for nitrate. The effects of gelatin, pH, and interfering
ions on this reduction wave have been studied. The
nitrite ion gives a siIDilar reduction wave. As a result
of the study of nitrate and nitrite reduction a rough
calculation has been IDade of the nUIDber of electrons
involved in the reduction processes.

ANUMBER of polarographic methods (1, 4-7) for the deter
mination of nit.rate by means of reduction induced in the

presence of polyvalent cations have been described. The original
observation of Tokuoka (8) and Tokuoka and Ruzicka (9)
showed that the reduction potential of nitrate was shifted to more
positive potentials when certain polyvalent cations were present.
Lanthanum (9), uranyl (5), molybdate (1, 4), zirconyl (6), and
cerium (7, 9) ions have been studied. Collat and Lingane (2)
have recently made a more thorough study of the reduction'prod
ucts in the case of lanthanum, cerium, and uranyl induced
reductions of nitrate and have reported that nitrate can bc
reduced directly from acid solutions.

In the course of a study of the complex ions of chromium(III)
with glycine it was observed (3) that a chromium(III)-glycine
complex, prepared by aging a 1 to 3 mixture, gave an induced
nitrate reduction wave which had some unique properties that
should make it especially valuable for the determination of ni-

trate. This paper is a description of the polarographic method
which has been developed as the result of this new wave. Further
work is in progress in this laboratory in an attempt to establish
the nature of the processes that are responsible for the unusual
shape of the wave; however, the present work has established a
reproducible and highly sensitive method for the determination
of nitrate or nitrite.

EXPERIMENTAL

Equipment. A Sargent, Model XXI, polarograph was used
throughout this investigation. A Beckman, Model G, pH meter,
calibrated with 0.05M potassium acid phthalate solution, was
used for making all pH measurements.

Analyses were performed in an H-type cell which had a satu
rated calomel reference electrode in one side, the experimental
solution in the other side, and a saturated potassium chloride-3%
agar bridge in the cross member. This cell was suspended in a
constant temperature bath which was maintained at 25.0 0 ± 0.1 0

C. for making all measurements. Dissolved oxygen was removed
from the experimental solution by bubbling purified hydrogen
through the cell for about 5 minutes before the recording of a
polarogram.

An external potentiometer circuit was used for determination
of the exact potential applied to the cell, where measurements of
potential were taken.

The dropping mercury electrode' used was a piece of marine
barometer tubing with the characteristics, m'/3tl/6 = 1.65 mg.'/ 3

sec. -11••

Reagents. All of the reagents used except the following were
reagent grade chemicals.

Chromium perchlorate, hydrated Cr(ClO')3, G. Frederick
Smith Chemical Co.

Glycine, Eastman Kodak (white label).
Gelatin, Baker and Adamson.
A stock solution which was 0.100M in potassium nitrate was

prepared from a dried and weighed sample of analytical reagent
grade potassium nitrate. More dilute solutions were prepared
from this by normal volumetric techniques. A stock solution
of sodium nitrite which was approximately O.lOM in nitrite was
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Figure 1. Polarograllls with eaclh curve starting
at -1.2 volts

Table I. Variation of Nitrate Diffusion Current with pH
(In 1.0 X lO-'M KND" 2.5 X lO-'M complex, 5 X lO-'M KOlO" and

0.004% gelatin)

pH Microamperes

3.30 21.6
3.38 29.5
3.60 29.8
3.88 29.6
4.25 29.4
4.67 29.2
5.50 29.3
6.70 29.4
7.11 29.0
7.46 30.4
7.98 31.4
8.11 32.5

RESULTS AND DISCUSSION

The polarographic waves that resulted from solutions con
taining the chromium(III)-glycine complex described are shown
in Figure 1. There are two sets of curves shown; A and C were
from solutions which contained no nitrate, whereas Band D
had nitrate added, 4.0 X 10-5 and 1.6 X 10-3 mole per liter,
respectively. The complex concentration was 0.5 X 10-3

molarfor A andB and 2.5 X 1O-3 molarfor C andD. Theunique
part of these waves is the way in which the current drops sud
denly from the high value to a reduction current which is identical
to the current given by a solution containing no nitrate. With
the nitrate present the reduction wave obtained appears to be
a maximum in the reduction wave from the chromium(III)
glycine complex alone; however, it differs from maxima in gen
eral in that its height is proportional to the nitrate ion concen
tration. A tentative explanation for this reduction wave may be
proposed by assuming that the complex is reduced at the drop
ping mercury electrode to some intermediate unstable state, and
that in some wayan electron is transferred to the nitrate.
Once the nitrate has accepted this electron, further reduction
proceeds rapidly by a series of steps until the final reduction
product or products are formed. At some more negative poten
tial this process becomes competitive with the reduction of the
complex to a stable state and the nitrate can no longer get the
first electron to start its reduction.

Kolthoff, Harris, and Matsuyama (5) found that the potential
at which a sudden current increase took place for nitrate reduction
induced by lanthanum was a function of the direction of scanning
the polarograms. In the present case, on the contrary, it was
found that the potential at which the sudden current decrease
occurred was essentially independent of the direction of scan.
With a rate of voltage scan as low as possible, the difference in the
potential at the sudden current change, for forward and backward
scan, was found to be only 0.004 volt. This difference was more
likely to be a lag in the recorder than a difference in the system.
In all other ways the curves obtained appeared to be independent
of the direction of voltage scan.

Effect of Gelatin. The gelatin was found to have a suppressing
effect on both the blank and the maximum; however, without a
small amount of added gelatin the maximum was difficult to
measure because of irregularities. A small amount (0.004%)
of gelatin was found to smooth out the wave and still cause very
little supressing action. As much as 0.01 % gelatin reduced the
height of tne complex wave (blank) from 5.4 to 4.4 ,..a. and reduced
the height of the nitrate wave from 29.8 to 22.0 ,..a. For all of
the determinations reported 0.004% gelatin was used.

Effect of pH. In order to study the necessity of carefully
controlling the pH in making nitrate determinations, a series of
samples was analyzed polarographically over a range of pH while
all other variables were held constant. These runs are reported
in Table I.

These results show that for any pH in the range 3.4 to 7.5,
within experimental error, essentially constant results can be

/

-0.2

A. 0.5 xilO "'M complex, no nitrate
B. Solution A with 4 X .10 -, moles per liter of nitrate
C. 2.5 X 10 -'M complex, no nitrate
D. Solution C with 1.6 X 10-' moles per liter of nitrate

prepared from reagent grade sodium nitrate (assay 98.8%
NaND.). This solution was analyzed for nitrite by oxidizing with
excess standard permanganate in acid solution and back-titra
tion of the excess permanganate with standard ferrous solution.
More dilute nitrite solutions were prepared from this solution
by normal volumetric techniques.

Preparation of Complex. The chromium(III)-glycine complex
used as a reagent in the nitrate determination was prepared by
mixing 50 ml. of O.lM perchloric acid solution, 50 ml. of O.lM
chromium(III) perchlorate solution, and 50 m!. of 0.3M glycine
solution in a 50D-ml. Erlenmeyer flask. The flask was placed in a
boiling water bath and heated for 2 hours. During the heating
period the violet hexaaquochromium solution gradually became
wine-'red in color. Mter cooling, the wine-red solution was
neutralized with 0.5M sodium hydroxide solution to a pH of
about 6. The resulting solution was diluted to 500 ml. This
solution as normally prepared was clear, but occasionally a small
amount of chromic hydroxide precipitate would form. If a pre
cipitate formed it was ignored, since it was found to have no
effect on the results obtained. A sample of complex prepared in
this manner was found to be still completely effective after a
period of 6 months.

Procedure. Nitrate or nitrite was determined by adding an
appropriate quantity (5 to 25 ml.) of the complex, prepared as
above, 50 m!. of saturated potassium perchlorate solution, 0.4
ml. of 1% gelatin solution, and a pipetted sample of the nitrate
or nitrite solution to a 100-ml. volumetric flask. The volume
was adjusted to the mark, the solution was mixed, and the H-cell
was rinsed thoroughly with this solution before filling. Mter
placing the cell in the constant temperature bath and removing
dissolved oxygen by bubbling hydrogen through the solution
for about 5 minutes, a polarogram was recorded by scanning over
the potential range -1.2 to -2.0 volts V8. saturated calomel
electrode. The solution should have a p'H between 3.4 and 7.5
for best results. The nitrate wave height was taken as the ver
tical distance from the peak of the maximum to the blank curve,
or to the level where the current dropped. The latter was easy to
determine even when no blank was run. For the reagents used
in this investigation, it was found necessary to run and subtract
a blank determination for low nitrate concentrations, because
small amounts of nitrate were present in the reagents.
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Table II. Nitrate Diffusion Current
(In 0.05M RClO. and 0.004% Gelatin Solution)

obtained for a given amount of nitrate, and careful buffering of
the solutions for a nit-rate determination is not necessary.

Nitrate Determination. The results of measuring the height of
the maximum polarographic current at the point of change as a
function of nitrate ion concentration are shown in Table II for
two different values of the complex concentration. At complex
concentrations in the range between these values similar results
were obtained.

Kolthoff, Harris, and Matsuyama (5) observed that it was
necessary to have a certain minimum uranyl ion concentration
in order to get a diffusion current proportional to the nitrate ion
concentration. - The results in Table II show when the nitrate
to complex concentration ratio became greater than about one,
the proportionality of wave height to r.oncentration did not hold.
At the other end of the scale it was found that when the nitrate
to complex concentration ratio became less than 1/25 it became
difficult to measure the curves with accuracy. For this reason
the amount of complex used was decreased for low values of
nitrate ion concentration.

Nitrite Determination. The nitrite ion gave similar polaro
graphic waves when reduced in the presence of the chromium
(III)-glycine complex. Table III lists the data obtained using
this method for nitrite ion.

Table IV. Interferences in Solutions Containing 1.00 X
10-3 M Nitrate

Nitrate Found,
Mmoles/Liter

1.01
1.02
1.00
0.97

1.00
1. 01
1.00
0.96

(0.97)
(0.79)
None

1.02

0.99

(0.95)
(0 61)

Mmoles/Liter

5.05
29.9
78.0

159

19.3
28.0
55.2

10"7

0.20
1. 54
6.92

11.0

20.0

0.50
1.62

R,HPO.

R,C,O.

KC,H30,

Na,B.O,

Salt Added

RCI

Phosphate and borate which reacted with the chromium-glycine
complex to form more stable chromium complexes prevent this
method from being effective. The values found for phosphate
and borate are given in parentheses because the actual values
found would depend upon the time between mixing and actu
ally making the measurements, as the reactions between these
ions and the chromium-glycine complex is a slow one. The pres
ence of metals which are reduced at the dropping mercury elec
trode at potentials more positive than the potential at which ni
trate reduction takes place would interfere if' they were present in
large amounts. Smali amounts of these metals would only in
crease the currents by a small amount and would not seriously
interfere.

Interfering Ions. Previous work has indicated that the sulfate
ion interferes with the lanthanum induced reduction of nitrate,
and that 20 times or more excess of sulfate over nitrate interferes
with the uranyl induced reduction of nitrate (5). The data given
in Table IV show the list of substances and concentrations which
have been checked for interference in the course of this investiga
tion.

CWoride, sulfate, oxalate, and acetate may be present in con
centrations many times that of the nitrate being determined,
however, there was evidence that the highest chloride and sulfate
concentrations investigated gave slightly low results because the
current did not drop completely to the blank. This effect may
have been caused by the high ionic strength of the solution.

k = id/C,
"a./Mmoles/Liter

30.4
29.5
29.8
30.2
29.5
29.5
28.3
27.4

30.6
31.4
30.1
29.4
30.2
29.7
30.0
29.5
29.3
274

Diffusion
Current, p.a.

3.04
5.92

11.9
24.2
42.7
52.9
67.9
82.1

0.61
1. 25
1. 81
2.35
4.83
7.72

10.8
13.6
16.4
18.7

Nitrate,
Mmoles/Liter

0 .. 100·
0.200
0.400
0.800
1.40
1. 80
2.40
3.00

0.020
0.040
0.060
0080
0.160
0.260
0.360
0460
0.560
0.660

0.5

Complex,
Mmoles/Liter

2.5

Table III. Nitrite Diffusion Current
(In ci.05M RClO., 2.5 X lO-'M complex, and 0.04% gelatin)

Nitrite, Diffusion k = id/C
Mmoles/Liter Current, "a. "a./Mmoles/Liter

0.101 2.10 20.8
0.202 4.20 20.8
0.404 8.20 20.3
0.808 17.4 21.5
1.62 32.7 20.2
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Polarography of Carbonyl Compounds in Methanol
WILLIAM ROGERS, JR., and SOL M. KIPNES1

Department of Chemistry, Temple University, Philadelphia, Pol.

The use of organic solvents in polarography has recently
becollle of interest in the analysis oflllaterials that have
an inadequate water solubility, particularly organic
cOlllpounds. The study confirmed the suitability of
anhydrous lllethanol as the solvent for polarographic
reductioDs of a variety of carbonyl cOlllpounds. Well
defined waves with reproduciMt, half-wave potentials
and diffusion current constants were obtained for
alpha and beta dicarbonyls and carbonyl colllpounds
conjugated with a double bond. Wave heights proved
to be greater in lllethanol than in water, as anticipated
£rolll the viscosity coefficients. However, in a series of
Inethanol-water lllixtures of varying cOlllposition the
product, id >< 1/1/2, was not constant. It was also
delllonstrat,ed that cell resistances of lllethanolic
solutions can be lllaintained at a sufficiently low level
to prevent the formation of long drawn-out waves.

segment, immersed in methanolic solutions, showed rn2/3t1/6 values
of 1.12 mg.2/3 sec. -1/2 in 0.3M lithium chloride and 1.10 mg. 2/3

sec. -1/2 in 0.3M tetraethylammonium bromide. The capillary
constants were determined at 25 0 C. with closed circuit at zero
applied potential.

With the cell in operation, the tip of the capillary was at a
distance of 15 ± 1 mm. from the mercury pool, which had a
calculated area of 4.2 sq. cm. In this position resistance measure
ments of the electrolytic solutions were made with a Wheatstone
bridge and oscillator. The values thus obtained for the meth
anoUc solutions were 108 ohms for 0.3Mlithium chloride and 72
ohms for 0.3M tetraethylammonium bromide.

The degassing procedure recommended by Arthur and Lyons
(2) was followed. Oxygen was removed by vigorous bubbling
of purified nitrogen through the solution in the cell prior to the
addition of the mercury for the pool. A final minute of nitrogen
flow was allowed before the exhaust outlet was closed and the
polarogram recorded.

Viscosities were measured with an Ostwald viscometer and
densities with a Westphal balance.

2.97
5.35
5.97
0.76

5.30
5.09
3.34
4.49
4.09
1.46
4.12
2.49
1.46
1.57
0.50

3.90
2.30
4.50
1.46

4.08
5.21
1.72
3.51

( -1.56)"

( -1.14)"

(-1.5:!)"
( -0.4)"

(-1.90)"

(-0.7)"
(-1.4)"

(-1.60)"

(-1.80)"

Polarographic Studies in Anhydrous Methanol,
O.3M in Lithium Chloride

E'l' (Volts)
Conen., VB.

mM Hg Pool

3.00 -0.61
3.25 -1.44
2.50 -0.38
3.00 -1.51

No wave below -2.1
3.00 -1.50
3.00 (1) -0.71

(2) -1.48
3.00 -0.84

Acetylbenzoyl
Diacetyl
Dibenzoylmethane

Benzoylacetone

Diacetyl

Acetylacetone

Cadmium cWoride
Acetophenone
9,10-Phenanthraquinone
Pyruvic acid
n-Butyraldehyde
Benzoin
Benzit

Cadmium chloride
Acetophenone
9,10-Phenanthraquinone
Pyruvic acid
n-Butyraldehyde
Benzoin
Benzit

(1) (-0.93)"
(2) (-1. 68)"

a Adkins and Cox (1) O.lM NH,CI in a 1 to 1 mixture of water and ethyl
alcohol.

RESULTS AND DISCUSSION

Well defined waves were recorded for alpha- and beta-dicar
bonyls and for simple carbonyl compounds conjugated with a
double bond. The reproducibility of half-wave potentials and
diffusion current constants was established for sev\>ral concentra
tions in unbuffered solutions within the thousandth molar range
(Tables I and II). As a basis of comparison some values from
Adkins and Cox (1) are included in the tables. These values were
obtained in a one to one mixture of water and ethyl alcohol with
a mercury pool as the reference electrode. The supporting elec
trolytes were a.2M tetramethylammonium hydroxide and O.IM

Table I. Polarographic Studies in Anhydrous Methanol,
O.3M in TetraethylalllllloniUln BrOlnide

E'l' (Volts)
Conen.. VB.

mM Hg Pool

3.00 -0.42
3.25 -1.32
2.50 -0.13
3.00 -1.80

No wave below -2.2
3.00 -1.26
3.00 (1) -0.53

(2) -1.26
3.00 -0.60
3.00 -0.74
3.00 (1) -1.02

(2) -1.42
3.00 (1) -1.22

(2) -1.62
6.00 (1) -1.53

(2) -1.90
Acetonylacetone No wave below -2.2

" Adkins and Cox (1) 0.2M tetrametbylammonium hydroxide in a 1 to 1
mixture of water and ethyl alcohol.

Table II.

ORGANIC solvents have largely been avoided for polaro
graphic procedures, because of conditions which do not

compare favorably with the aqueous medium. The former pre
sent difficulties caused chiefly by their limited solvent ability for
,he electrolytes required in polarographic procedures, the high
resistances of their solutions, and their relatively greater viscosi
ties. Nevertheless, an organic solvent must frequently be em
ployed where substances are otherwise insoluble.

Bachman and Astle (3) and Hala (5) obtained normal waves
for several cations in glacial acetic acid. Gentry en reported
similar results with ethylene glycol as solvent. The glycol ethers,
particularly Cellosolve, were recommended by Parks and Hansen
(9) in their description of a direct determination of tetraethyllead
and naphthalene in gasoline.

A methanol-benzene mixture was employed by Lewis, Quacken
bush, and De Vries (7) in polarographic studies of organic perox
ides in rancid ffLts. A similar use of this mixed solvent was re
ported by Willets and coworkers (18) and Radin and De Vries
(10). Other solvents investigated include acetone (2) and glyc
erol (10).

Polarographi.: procedures in absolute methanol have been
briefly indicated for a few cations O~, 11), dissolved oxygen gas
(6, 12), and some nitro compounds (10). The purpose of this
investigation was to determine the behavior of methanol as sol
vent in polarographic reductions of organic compounds contain
ing carbonyl groups.

EXPERIMENTAL

The organic compounds, Eastman Ko.dak White Label grade,
were used as received with the exception of tetraethylammonium
bromide, which was recrystallized from 90% ethyl alcohol until
the polarogram showed no anomalous waves. .

Reagent grade Baker and Adamson lithium chloride and meth
anol were found to be of sufficien,; purity. The mercury was
redistilled.

Current-voltage curves were obtained with a Sargent-Heyrov
sky polarograph Model XII. The electrolytic cell consisted of a
simple test tube, 1 inch in diameter and approximately 2 inches
in length. This was fitted with I), four-hole rubber stopper to
p.rovide for nitrogen, inlet and outlet tubes and the dropping
mercury cathode, and lead to the reference anode, a quiet pool
of mercury. The temperature of the cell was maintained at
25 0 ± 0.2 0 C.

The dropping mercury electrode was cut from "marine barom
eter capillary tubing" made by Corning Glass Works. A 6-cm.

Present address, Drexel Institute of'Technology, Philadelphia, Pa.
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Figure 1. Electrocapillary curves in
anhydrous ntethanol

A. 0.3M IithhuIl chloride
B. O.3M tetraethylalUlDoniuD:l brontide

ammonium chlorWe, respectively. Maxima occurred only in
the cases of benzoin and pyruvic acid. These were not sup
pressed by methyl red, but the wave heights were estimated suc
cessfully by utilization of the flat portions of the curves.

Only single waves were obtained for diacetyl and pyruvic acid
in contrast to their behavior in buffered aqueous solutions. The
attempt to elicit second waves in methanol by using a buffer mix
ture, lithium acetate-acetic acid, resulted in curves that rose
sharply at about -1.4 volts, presumably because of the hydrogen
discharge. Evidently the same limitation, as noted by Bachman
and Astle (3) and Hala (p) for glacial acetic acid as solvent, applies
to the use of acetic acid in methanol.

Neither n-butyraldehyde nor acetonylacetone showed waves
below -2.2 volts, where the supporting electrolytes begin to de
compose. Simple saturated carbonyl compounds exhibit ex
tremely negative half-wave potentials in aqueous solutions, in
which, however, quaternary ammonium salts permit a wide span
of applied voltages. In this respect methanolic solutions of tetra
ethylammonium bromide (decomposition potential, -2.2 volts)
showed no significant advantage over those of lithium chloride
(decomposition potential, -2.1 volts). Moreover, lithium chlo
ride displayed a more favorable electrocapillary curve (Figure 1).

The half-wave potentials of the alpha- and beta-dicarbonyls
indicate the comparatively greater influence of the phenyl group
as opposed to the methyl group on the ease of reduction of the
carbonyl compound. Considering only first waves, when more
than oneoccurs, progressively more negative potentials are demon
strated in the series: benzil (-0.53 volt), acetylbenzoyl (0.60
volt), and diacetyl (0.74 volt). The same effect is noted in the
analogous beta dicarbonyls-namely, dibenzoylmethane ( -1.02
volts), benzoylacetone ('-1.22 volts), and acetylacetone (-1.52
volts). In another sense, the effect of increasing the separation
of the carbonyl groups is reflected in the more negative potential
of acetylacetone as compared to diacetyl and finally in the com
plete failure to reduce acetonylacetone.

No evaluations were made of the number of electrons involved
in the various reductions. The case of benzil, however, where a
second wave appears at the same half-wave potential as the single
benzoin wave, indicates the reduction of benzil to benzoin as a
first step.

The influence of viscosity on diffusion currents is anticipated
by combining the Ilkovic and Stokes-Einstein equations. Group-
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Table III. Variation of Diffusion Currents of O.005M
Diacetyl in Methanol-Water Mixtures, O.3M Lithiunt

Chloride, with Viscosities
Wt.% 'I.
Water" id, ~a• Millipoises id X 71 1/2

0.0 19.65 6.79 5\.2
17.9 14.20 10.83 46.6
34.2 12.28 14.02 46.0
49.5 10.92 16.08 43.8
6\.9 9.56 16.38 38.7
75.2 9.28 15.00 35.9
87.8 10.37 12.26 36.3

100.0 I\. 19 8.92 33.4

" Grams of water per 100 grams of methanol plus water.

o'tWATcli? 100%
lOO%McTHANOL 0%
COMPOSITION 0;= SOLVeNT MIXTUIU. tJY WT

Figure 2. Relation of diffusion current of diacetyl,
O.005M in O.3M Iithiunt chloride to square root of

viscosity of ntethanol-water ntixtures

A. Lithium chloride solutions
B. Solvent mixture, alone
C. Diffusion current

ing all constants into K, the relationship may be expressed as
follows:

where r is the effective radius of the diffusing particle. With the
same concentration of diacetyl in methanol-water mixtures of
varying composition the diffusion current was greatest in anhy
drous methanol, almost twice that in pure water. As Figure 2
indicates, the diffusion current drops as viscosity increases and
reaches a minimum where the viscosity is at its maximum. How
ever, the product, id X 7]11', is not constant, becoming lower with
greater proportions of water (Table III). Presumably, the radius
of the diffusing particle is altered because of the changes in degree
or type of solvation or to complexJormation as the methanol is
replaced by water in the solvent mixture. This variance is in
agreement with a polarographic study of the behavior of metallic
cations in a series of ethyl alcohol-water mixtures (8).

High cell resistances during polarographic procedures are
generally avoided. IR corrections must be applied to arrive at
reproducible half-wave potentials. A more undesirable feature
of a high resistance lies in the long drawn-out wave it causes. In
extreme cases, the polarogram is difficult to evaluate and of
doubtful analytical value. Methanolic solutions have favorable
conductances as compared to other organic solvents. The semi
micro cell arrangement utilized in this study, which provided for



1918

a large area of the mercury anode set at a short distance from the
dropping mercury cathode and the exclusion of a liquid junction,
resulted in low and negligible resistances. This was further mani
fested by the sharply defined waves with half-wave potentials
that were reproducible without IR correction at different concen
trations of electroactive material.
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Polarographic Determination of Small Amounts of Tungsten in Ores
DANIEL L. LOVEl

College 01 MinerallncJustries, The Pennsylvania State University, University Park, Pa.

This work was undertaken as part of a research program
on the recovery of tungsten from low-grade ores, which
are tailings from a granitic ore that has been treated
by flotation to recover molybdenite on a commercial
basis. The ·tungsten minerals present are wolframite
and hubnerite. Existing methods of tungsten analysis
in ores containing 0.001 to 0.100% tungstic oxide proved
to be too inaccurate and too time-consuming for this
purpose. The procedure involves extracting interfering
ions from the ore with concentrated nitric acid and
extracting tungsten from the ore with concentrated
hydrochloric acid. The tungsten is determined polaro
graphically from a known volume of constant-boiling
hydrochloric acid as the supporting electrolyte. Few
ions produce polarographic waves that interfere with
the tungsten wave, and those that do interfere are re
moved by the procedure employed here. The time
necessary to complete one analysis is about 6 hours, but
on a routine basis averages less than 1 hour.

T HE regular gravimetric determinations of tungsten in ores
containing from 0.001 to 0.100% tungstic oxide involve very

long procedures that leave much to be desired in accuracy even
when possible interfering ions are not present in the ore. The
development of a polarographic or colorimetric procedure ap
peared to offer the best solution to the problem, although the
possibility of a spectrographic, x-ray, or improved gravimetric
method was not ruled out.

Most ,~olorimetricprocedures are based on the determination of
tungsten by development of the yellowish green tungsten thiocy
anate complex ion first proposed by Feigl and Krumholz (3).
The tungsten cyanate complex ion is readily formed at a temper
ature of 90 0 to 95 0 C. followed by an isopropyl ether extraction
of the complex ion from the cool aqueous solution. The difficul
ties, however, of applying this procedure to low grade tungsten.
ores are not easily overcome, since the absorption'of light by the
tungsten thiocyanate complex is dependent not only on variables
commonly associated with this complex,. such as temperature,
acidity, organic acids, phosphoric acid, ete., but also on variables
encountered in separating aU of the small quantities of tungsten
from the ore and removing all the possible interfering ions.
However, a successful thiocyanate colorimetric determination for
low grade tungsten ores has recently been perfected by the Cli
max Molybdenum Co.

I Present address, U. S. Naval Radiological Defense Laboratories, San
Francisco 24, Calif.

The gravimetric procedure necessary to determine tungsten in
these low grade ores employs a dilute hydrochloric acid or con
centrated nitric acid extraction of the ore to remove interfering
ions, then a concentrated hydrochloric acid extraction to place
the tungsten in solution. After purification by precipitation of
tungstic acid in the presence of cinchinone, the tungsten is
weighed as lead tungstate.

Analytical possibilities using the polarograph have been ap
plied to specific tungsten compounds and alloys with a great deal
of success. The first contributions to the polarography of tung
sten were made by a study of the tungstic heteropoly acids
(11-15,17) with some analytical applications (15). Pagotskyand
Jofa (9) noticed the occurrence of free atomic hydrogen at the
mercury cathode from solutions containing tungsten, and from
this proposed a mechanism for the cathodic reduction of tungsten
trioxide. The first study of the analytical determination of
tungsten in alloys was made by Emerson (2) whose findings were
related to molybdenum-tungsten and cobalt-molybdenum-tung
sten steels. Also, von St.ackelberg, Klinger, Koch, and Krath (16)
developed a good polarographic analysis of tungsten in steel by
precipitating tungstic acid, igniting it to the oxide, dissolving the
oxide in a base, and then making the solution about 9N hydro
chloric acid for a polarographic analysis.

The basic study of the polarography of tungsten has been made
by Lingane and Small (7). Here, special attention is paid to the
characteristics of the various oxidation states of tungsten.
They found that in 4N hydrochloric acid, tungsten(VI) is re
duced stepwise to the tungsten(V) and (III) oxidation states.
The half-wave potential of the second wave is -0.66 volt VB.

saturated calomel electrode (S.C.E.).
It has been observed that tungsten in the presence of peroxides

gives a catalytic reduction wave (4--6). This wave is very large
compared to the normal tungsten wave and would be ideal for
analysis of very dilute solutions. The analytical chemistry of
these catalytic waves, however, has not been completely worked
out.· A further study on the oxidation states of tungsten in
hydrochloric acid has been made by Laitinen, Oldham, and
Ziegler (5), who have proposed a mechanism of reduction at the
dropping mercury electrode. Reichen (10) has developed a
polarographic determination of tungsten in rocks by using a
tungsten wave produced from the supporting electrolyte of dilute
hydrochloric acid containing tartrate ion. The procedure is
short and the accuracy good, although the concentration of tung
sten in the ores must be high. Only iron and vanadium are re
moved in the preparation of the polarographic solution.
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Table I. COIllparison of Polarographic and GraviIlletric DeterIllinations of Tungsten froIll Ores

%WO, %WO,
%WO. idle Determined %WO. idle Determined

Determined id {~./milli- Polaro- Determined id ("a./milli- Polaro-
Sample Gravimetrically ("a.) mole) graphicallyG Sample Gravimetrically ("".) mole) graphicallyG

0.004 0.253 4.40 0.0045 10 0.026,0.025,0.020,0.020 1.50 4.54 0.027
0.245 4.26 0.0043 0.020, 0.026, 0.034, 0.019 1. 74 5.25 0.031
0.245 4.26 0.0043 0.013,0.023,0.026,0.023 1.66 5.01 0.029
0.253 4.40 0.0045 0.028,0.021,0.023,0.020 1.66 5.01 0.029
0.249 4.33 0.0044

0.021,0.025 1.33 4.02 0.02411
2 0.006,0.009 0.514 4.75 0.0091 1.33 4.02 0.024

0.514 4.75 0.0091
12 0.023,0.026 1.26 3.59 0.0220.510 4.71 0.0090

1.28 3.62 0.023
3 0.015,0.012,0.012 0.866 4.63 0.015 1.28 3.65 0.023

0.855 4.57 0.015 13 0.025, 0.026 1.37 3.75 0.024
0.874 4.67 0.015 1.34 3.64 0.024

4 0.013,0.014,0.014 0.805 4.12 0.014 1. 34 3.64 0.024
0.805 4.12 0.014 1.34 3.67 0.024

5 0.015,0.017 0.816 3.54 0.015 14 0.024,0.028 1. 51 4.04 0.027

0.831 3.60 0.015 1.57 4.20 0.028

6 0.015,0.017 0.934 4.05 0.017 15 0.025,0.029 1. 45 3.73 0.026

0.923 4.00 0.016 1.45 3.73 0.026

0.919 3.98 0.016 16 0.031,0.034,0.032,0.028 1. 81 4.44 0.032

7 0.020,0.023 1.22 3.94 0.022 0.026,0.027,0.030,0.028 1. 82 4.45 0.032
0.021,0.020,0.028,0.0311.25 4.04 0.022 0.029,0.027,0.033,0.0291. 23 3.96 0.022

1.22 3.94 0.022 17 0.028,0.033 1. 75 4.00 0.031

8 0.020,0.025 1.26 3.91 0.022 1. 78 4.06 0.032

1.30· 4.03 0.023 18 0.056, 0.067 3.47 3.96 0.062

9 0.022,0.024 0.023
3.51 3.97 0.062

1.28 4.23
1. 31 4.35 0.023 19 0.139,0.142,0.147 6.59 3.11 0.117b

G Calculated from formula (1).
b This value is low because at this concentration the final solution has become saturated and tungstic acid has precipitated. Not used in the calculation

of the average value of idle.

APPARATUS AND REAGENTS

Polawgraphic data were obtained from a Leeds and Northrup
Electro-Chemograph Type E, and H-type polarographic cell
with a saturated calomel electrode. The cell was kept at a tem
perature of 25.0° ± 0.1 ° C. in a constant-temperature water bath.
Dissolved oxygen was removed satisfactorily by bubbling nitro
gen saturated with constant-boiling hydrochloric acid through
the solution for 10 .minutes before each polarographic determina
tion. Oxygen was removed fwm the nitrogen stream by bubbling
tank nitrogen through a vanadous sulfate solution (8). Charac
teristic polarographic properties of the capillary used were:
drop time, 4.62 seconds per drop; m for capillary, 1.31 mg. per
second; and 1.55 mg. 2/ 3 sec. -1/2 for m 2 / 3t l /6 at h = 63.3 cm.
Constant-boiling hydrochloric acid was the supporting electro-
lyte used in all cases. .

To prepare the constant-boiling hydrochloric acid 1000 ml. of
hydrochloric acid (specific gravity, 1.19) were added to 850 m!.
of distilled water and boiled for 0.5 hour.

The standard tungsten solutions were made from Baker's
C.P. sodium tungstate and purified tungstic acid, which were
standardized gravimetrically.

All other chemicals used were of reagent grade.

PROCEDURE

Ten grams of ore are extracted with 50 ml. of concentrated
nitric acid by gently boiling in a tightly covered 600-ml. beaker
for 1 hour. The solution is filtered with suction through a fine
fritted-glass filter and the residue washed five times with hot
water. The residue is removed from the fritted-glass filter and
placed back in the original 600-ml. beaker, where it is extracted
with 250 mLof concentrated hydrochloric acid for 2 hours at a
temperature of 80° C. The resulting solution is filtered through
the same fritted-glaBs filter, and the residue is washed five times
with 1 to 1 hydrochloric acid. The filtrate and washings are
transferred to a 600-ml. beaker, and a few glass beads are added.
This solution is boiled down to a volume of about 15 ml. The
cover glass and sides of the beaker are washed down with about
10 ml. of constant-boiling hydrochloric acid. The volume is
then made up to exactly 30 ml. in a calibrated graduated cylinder
with more constant-boiling hydrochloric acid, and a polarogram
is made of this solution over the range of -0.4 to -0.8 volt V8.

S.C.E. The wave height is converted to microamperes and the
per cent tungsten in the sample found from the equation

% W03 = 0.167 id (ILa.)/sample weight (grams) (1)

RESULTS AND DISCUSSION

'fen grams of ore appear to be about the correct weight of
sample for the concentration range of 0.005 to 0.040% of tungstic
oxide. Above 0.040% of tungstic oxide it is suggested that
smaller weight samples be used, since it is at about this equiva
lent concentration that a precipitlJ,te of tungstic acid is formed
from the final 30 ml. of' constant-boiling hydroqhloric acid solu
tion. The smallest weight of sample is governed by the per cent
of residue lost in the mechanical removal of the residue from the
fritted-glass filter.· For ores containing more than 0.04% tungstic
oxide either a smaller weight sample may be taken or the filtered,
concentrated hydrocWoric acid solution is not evaporated all the
way down to 15 ml. The final solution is then greater than the
30 ml. used here. For very low grade ores or with smaller weight
samples a smaller polarographic cell may be used.

It was found necessary to use a fritted-glass filter in both
filtrations, because any trace of carbohydrate material, or of its
decomposition products in the final solution used in the polaro
graphic analysis, produces a wave overlapping the tungsten wave.
This wave was identified as being the result of the reduction of
5-hydroxymethylfurfural, which is a decomposition product of
almost all acid-treated carbohydrate material. Not being able to
use filter paper in the concentrated hydrochloric acid extraction
of the ore means that more time is needed for this extraction.
From a series of tests it was decided 2 hours was enough time.
The per cent tungstic oxide calculated from several samples, in
which only the heating time for the concentrated hydrocWoric
acid extraction was varied, indicated that practically all the
tungsten had gone into solution in 1.5 hours.

By using a fritted-glass filter it is possible to stir the wash solu
tion and residue thoroughly and thus increase the efficiency of the
washings. However, when transferring the residue from the filter,
a small amount is lost-this amount certainly being less than
0.1 % of the total. There are two ways of removing the residue
from the filter crucible. If the residue has had a chance to be
come fairly dry-e.g., standing overnight-it may be removed
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mechanically with a spatula and washed with a jet of water.
Otherwise, it may be removed just by washing. Glass fiber filter
paper mg.y be used in the first extraction of the ore with nitric
acid. This increases the ease of removal of the residue from the
crucible; however, these residues cannot be stirred while washing
with hot water; thus, the number of washings has to be increased.
nBy using a supporting electl'olyte containing approximately
6N hydrochloric acid, few ions interfere with the tun,gsten wave.
Over 30 of the more common cations were tested for possible in
terfering effects by ,adding small quantities of the cations in their
various oxidation states to 100 ml. of constant-boiling hydro-

. chloric acid and observing whether a polarographic wave was ob
tained in the region of the tungsten wave. Waves produced by
nickel, vanadium, tin, lead, copper, arsenic, and molybdenum
were fOlund that were close enough to the tungsten wave to have
possible interfering effects. Aluminum, silver, gold, boron,
barium, bismuth, calcium, cadmium, cobalt, chromium, iron,
mercIYY, magnesium, manganese, phosphorus, platinum, rho
dium, antimony, strontium, titanium, uranium, zi.nc, and zir
conium were not ,expected to interfere in this analysis and did
not give waves close to the tungsten wave in the supporting
electrolyte used here.

Nickel, vanadilllll, lead, copper, arsenic, and molybdenum are
separated from tungsten by extracting the ore with concentrated
nitric acid. Tin remains in the ore and is thus separated from
the tungsten as il; is not extnLeted by either concentrated nitric
acid or concentrated hydrochloric acid. Small amounts of these
interfermg elements can be tolerated in the final solution used for
polarographic analysis, although it is believed that the separation
of these elements from the tungsten is quantitative. One tenth
of a gram of each of the above·mentioned elements in their various
oxidation states were mixed and added to a standard sodium
tunb'State sa.mple. Using the procedure employed here for tung
sten, a value of 4.09 was obta.ined for idlC for the i;ungsten wave,
which indicated that these elements do not interfere.

The values of idlC for the tungsten ores containing 0.004 to
0.06% tungstic oxide show an excellent reproducibility for a given
sample with an average value of 4.15 for the 4£1 determinations
made in this concentration range (see Table I), The average
value oi id/C for 22 standard sodium tungstate solutions in the
supporting electrolyte used here was 4.19 over a silnilar equivalent
concentration range of tungstic oxide in the ores.

The polarographic procedure for the determination of small
quantities of tungsten in ores as developed here requires about
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half the time of the gravimetric procedure, has a better precision
as shown in Table I, and bas a better accuracy especially in the
low grade ores as shown by the use of sodium tungstate a.s a.

standard. The preparation of the final solution for the colori
metric analysis developed by the Climax Molybdenum Co. re
quires about as much time as the preparation of the solution used
in the polarographic analysis. The precision and accuracy for
the polarographic method are better than those for the colori
metric method in the low grade ores, but not as good in the high
grade ores. They are not as good as in the gravimetric
method for ores containing more than 10% tungstic oxide, be
cause no better than the usual polarographic precision of 1 to 2%
can be expected in any concentration range for a given sample.
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Determination of Mo,lybdenum by Ion Exchange and Polarography
ROBERT L. PECSOK and ROBERT M. PARKHURST

Department of Chemistry, University of CaliFornia, Los Angeles 24, CaliF.

A method for deter:rnining molybdenum, particularly
in. steels, is based on polarographic reduction of molyb
denUDl(VI) in O.IM sulfuric acid-H.~5M citric acid.
Well formed doublet waves are obtained for the reduc
tion to molybdenuru(V) and (III). Diffusion currents
are directly proportional to concentration, but slightly
d,ependent on pH and ionic strength. A. standard addi
tion technique eliminates careful control of experi
mental conditions and nonlinear calibration curves.
All interfering cations are removed with an ion ex
change resin. The final 'solution contains only molyb
date and possibly tungstate and the supporting elec
trolyte. NBS steel samples have been analyzed with
relative errors of less than 3%.

T HE polarographic determination of molybdenum has been
difficult because of the lack of a suitable supporting elec

trolyte in which the waves are well formed with the diffusion
. current proportional to concentration. Holtje and Geyer (4),

von Stackelberg and others (9), Stepien (10), and Carritt (1)
have discussed the molybdenum waves occurring in highly acidic
solutions. Analytically useful waves are obtained in solutions
containing ION or more sulfuric acid, and have been used for the
determination of molybdenum in steels. However, von Stackel
berg's procedure (9) involves its prior separation as molybdenum
disulfide and conversion to molybdenum trioxide by a time-con
suming series of steps. Stepien's procedure (10) involves its
separation as molybdenum trisulfide and conversion to sulfo
molybdate followed by determination in 18N sulfuric acid. Parry
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and Yakubik (7) have described a method for steels using a tar
taric acid supporting electrolyte; however, the method was
tested on composited solutions and not actual steel samples.

The perchlorate wave produced in the presence of molybdenum
has been utilized by Haight (2) for iron and steel samples.
The method requires careful control of anions and the wave is
not proportional to the concentration of molybdenum. A non
linear calibration curve must be prepared for each set of con
ditions.

A rapid polarographic determination of molybdenum in the
presence of large amounts of tungsten was described by Meites
(6), based on the wave produced in citrate buffers at pH 7.
However, the result must be obtained from a nonlinear calibra
tion curve. The method was not applied to samples other
than reagent grade sodium tungstate.

The separation of molybdate from all interfering cations by
ion exchange has been described by Klement un, who completed
the determination gravimetrically. Volumetric methods failed,
as did most common precipitating reagents, but good results were
obtained with 8-quinolinoi.

This paper describes a method applicable to a wide variety of
samples. The molybdate is separated by a simple ion exchange
technique. The determination is made from the polarographic
wavc obtained in a O.IM sulfuric acid-':0.5M citric acid solution.
In this medium the double wave is well formed and the diffusion
currents are directly proportional to the concentration of molyb
denum. The diffusion current constant is somewhat dependent
on pH and ionic strength, but with the dilution technique pro
posed, none of the conditions are critical.

EXPERIMENTAL

A stock solution of sodium molybdate (O.IM) was standardized
by redox titration using a Jones reductor and standard per
manganate (3). All chemicals were reagent grade. The ion ex
change column was prepared in a 50-mi. Kimble Exax buret,
and contained about 20 ml. of analytical grade Dowex 50-XI2,
50- to 100-mesh cation exchange resin supported on glass wool.
Polarograms were recorded on a calibrated Sargent, Model
XXI, polarograph using a three-compartment cell (8). Meas
urements were made at 25 0 ± 0.1 0 C. The capillary had a
flow rate of 1.45 mg. per second and a .drop time of 5.55 seconds
at an applied potential of -0.2 volt. Solutions were deaerated
with purified nitrogen and no maximum suppressors were added.
All potentials were measmed and reported VB. the saturated calo
mel electrode.

All pH measurements were made with a Beckman, Model G,
pH meter.

PREPARATION OF SAMPLE

Samples which do not contain tungsten can be readily dissolved
in dilute sulfuric acid, provided some ammonium persulfate is
added after the initial reaction subsides. The persulfate oxidizes
molybdenum, chromium, vanadium, manganese, and iron to
their highest oxidation states. In order to reduce the chromium,
vanadium, and manganese, which are anionic after the dissolu
tion, to stable cations, a small amount of sodium bisulfite is
added and the excess sulfur dioxide is boiled off. Citric acid is
added for the dual purpose of keeping'the molybdate in solution
in the acidic medium and for its effect on the subsequent polaro
gram.

The solution is then made up to a known volume and poured
through the ion exchange column which has been previously
rinsed with 0.5M citric acid solution. The first 10 to 15 mI.
of the filtrate is discarded, after which the filtrate is essentially
uniform in composition until the breakthrough of the large
amount of iron in the sample. The use of a buret for the column
facilitates the measurement of exactly 10 mI. of the filtrate into
the polarographic cell. It is not necessary to run the entire
sample through the column; therefore, the capacity of the
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resin can be safely reduced or the rate of flow can be increased.
Samples containing tungsten are dissolved in dilute hydro

chloric acid followed by the minimum amount of concentrated
nitric acid required to oxidize the metals to their highest oxida
tion state. The nitric and hydrochloric acids are then removed
by fuming in the presence of sulfuric acid. The remainder of the
procedure is the same as above.

PROCEDURE FOR STEEL SAMPLES

Weigh the sample (0.1 to 0.5 gram if more than 1% molybde
num; 0.5 to 1.0 gram if less than 1% molybdenum) into a tall
form 200-ml. beaker.

Samples without Tungsten. Add 5 ml. of 6N sulfuric acid
and cover beaker with a watch glass. Warm gently on a hot
plate until the reaction diminishes. Add 1 gram of ammonium
persulfate and boil gently for 10 minutes.

Samples with Tungsten. Add 10 ml. of 6N hydrochloric acid
and cover with a watch glass. Warm gently on a hot plate until
the reaction subsides. Add 1 to 2 mI. of concentrated nitric
acid and heat to boiling. Evaporate to incipient dryness. (The
use of an infrared lamp prevents bumping.) Add 10 ml. of 6N
sulfuric acid and again evaporate to incipient dryness. Dissolve
the residue in 5 to 10 ml. of 6N sulfuric acid.

Table I. National Bureau of Standards Steel Salllples
Sample Error,

No. %Mo Composition, % % Mo Found Av. %
111b 0.255 0,706 Mn, 1 . 81 Ni 0.254,0,254 0.261 +2.4

0.028 Cu, 0.070 Cr 0.278,0.259
0.043 AI, 0.003 V

159 0.414 0.807 Mn, 0.137 Ni 0.424,0.432 0.434 +4.9
0.181 Cu, 1.00 Cr 0.441,0.440
0.090Ag,O.054V

106a 0.203 0.546 Mn, 0.277 Ni 0.195,0.196 0.198 -2.4
0.156 Cu, 1.15 Cr 0.202,0.197
1.08 AI, 0.002 V

50b 0.401 0.325 Mn, 0.089 Ni 0.430,0.420 0.410 +2.2
0.110 Cu, 4.08 Cr, 0.417,0.371
1.02 V, 18.05 W 0.410

123a 0.12 0.75 Cb, 0.02Ta 0.113,0.129 0.120 0
0.11 W, 0.037 V 0.125,0.114

36a 0.92 0.432 Mn, 0.243 Ni 0.89,0.93 0.92 0
0.114 Cu, 2.41 Cr 0.92,0.92
0.011 Sn, 0.006 V 0.92, 0.94

132a 4.50 0.27 Mn, 0.14 Ni 4.62,4.55, 4.55 +1.1
0.12 Cu, 4.21 Cr 4.65, 4.40
6.20 W, 1.94 V

153 8.38 0.219 Mn, 0.107 Ni, 8.85, 8.15 8.52 +1.7
4.14 Cr, 8.45Co 8.88, 8.20
1.58 W, 2.04 V

If the sample contains a high percentage of tungsten-€.g.,
NBS 50b in Table I-and does not dissolve with procedure of
samples with tungsten, some molybdenum will be retained
by the tungstic acid precipitate. To avoid this loss, add 10 grams
of sodium citrate and sufficient sodium hydroxide to dissolve
the tungstic acid upon gentle boiling. The sample may then
be acidified with sulfuric acid without danger of reprecipitation.

Dilute to 50 ml. with water and add 0.1 gram of sodium bi
sulfite. Boil until the odor of sulfur dioxide can no longer be
detected. Add 7 grams of citric acid and 3 grams of sodium
citrate. The pH should be between 1 and 2. Transfer to a 100
ml. volumetric flask, filtering if necessary to remove silica and
carbon. Make up to the mark.

Pour several 2- to 3-ml. portions of the solution into the ion
exchange column, allowing each portion to drain to the top of
the resin. Discard the first 10 to 15 mI. of the filtrate. Fill the
column to the zero mark on the buret and allow the next 10.00
mI. to run into a dry polarographic cell. Record the polarogram
from +0.2 to -0.5 volt. Add exactly 1.00 ml. of a standard
sodium molybdate solution to the 10 mI. of test solution in the
cell. (The concentration of the standard molybdate solution
should be such that the addition approximately doubles the con
centration of molybdenum in the cell. For accurate work the
standard should contain O.IM sulfuric acid and 0.5M citric
acid.) Record a second polarogram and measure the diffusion
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currents of ·the first wave. The result may be obtained from the
formula:

p = 100 M VoV.C.il

SCi.VI -\- i.V. - i l Vtl

The results obtained on National Bureau of Standards steel
samples are shown in Table 1.

POLAROGRAPHIC DATA

where P is the per cent of molybdenum in the sample, M is the
atomic weight of molybdenum, Vo is the volume in milliliters to
which the sample is made up, VI is the volume in milliliters of the
sample solution in the polarographic cell, V. is the volume in
milliliters of standard solution added, C. is the molar concentra
tion of the standard solution, S is the sample weight in grams,
and i l and i. are the heights of the polarographic waves before
and after the addition of the standard, respectively. Using the
standard procedure described above, the formula reduces to:

P = 9~OO? C.il .
S(LL ~2 - 11)

RESULTS

These procedures have been tried 'on synthetic samples con
taining large amounts of chromium, vanadium, copper, nickel,
tungsten,_manganese, and cobalt with satisfactory results.

The polarograms of molybdenum in dilute sulfuric acid (pH 1),
with and without the addition of citric acid, are shown in Figure
1. A detailed discussion of the polarographic behavior of molyb
denum in this medium is beyond the scope of this paper and will
be submitted elsewhere. Other hydroxy acids-e.g., tartaric acid
and gluconic acid-have the same effect on the wave as does
citric acid, and it would appear from the work of Strickland (11)
that the numerous polynuclear complexes present in dilute sul
furic acid are changed into simple complexes in the presence of
citric acid. The exact nature of this complex has not yet been
elucidated.

The ratio of the two waves is approximately 1 to 2, indicating
that reduction proceeds from the -\-6 state to the +5 state, and
then further to the +3 state. Either wave may be used in a
determination. At concentrations greater than 1O-4M, the
first wave can be measured more accurately and is less subject to
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Figure 1. Polarograllls of IlllM lllolybdenulll(VI) in O.lM sulfuric acid

A. With O.5M cibic acid
B. O.05M citric acid
C. No citric acid
Solutions adjusted to pH I
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interference from tungsten than the second. Tungstate is not
reducible in this medium when present alone. In the presence
of tungstate, the second molybdenum wave does not become
parallel to the residual current line but continues to increase.
In solutions more dilute than 1O-4M, the uncertainty of the re
sidual current makes it preferable to use the second wave.

The half-wave potentials of the two waves in O.IM sulfuric
acid-0.5M citric acid, pH 1, are -0.070 and -0.430 volt, re
spectively. The first wave is reversible in 1M sulfuric acid-Q.5M
citric acid, but- becomes increasingly irreversible as the pH is
increased or the citric acid concentration is decreased.

The diffusion current constant, I, is 1.50 for the first wave and
3.04 for the second wave (m2/ 3tl /6 = 1.965). These values of I
increase slightly with acidity and decrease with ionic strength;
however, under any given conditions, the diffusion current is
exactly proportional to concentration of molybdenum in the
range 10-4 to 5 X to-3M. In order to simplify the procedure
and increase the accuracy, a standard addition technique is
proposed in which a known amount of molybdenum is added to
the sample solution and a second polarogram taken.

Both nitrate and perchlorate yield large catalytic waves which
interfere with the measurement of the molybdenum wave and
must be removed if present. Chloride ion must not be present
in large amounts because the anodic dissolution of mercury to
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form calomel masks the first molybdenum wave. In the pro
cedure given, none of these anions need be present.
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Simplified lHIigh Temperature Sampling and IDse of pH for
Solubility Determinations
System Uranium Trioxide-Sulfuric Acid-Water
WILLIAM L. MARSHALL, Oak Ridge National Laboratory, Oak Ridge, Tenn.

The solubility of uraniuIll trioxide in aqueous sulfuric
acid at elevated teIllperatures, 150 0 to 290 0 C., has been
deterIllined by directly saIllpling a solution equilibrated
with solid uranium trioxide hydrate at the respective
temperatures and cOIllparing the pH of the isolated
sample at 25 0 C. with control pH data. IsotherIlls of
the solubility of uranium trioxide hydrate in aqueous
sulfuric acid have been obtained froIll 1.0 to 0.00023
molal acid. In the apparatus designed for solubility
deterIllinations particular solutions are saIllpled with
rapidity and ease. The solution sample is delivered at
room temperature, but removed froIll the saturated
solution ~t the equilibration teIllperature. This
sampling Illethod is reproducible and apparently re
liable. The control pH data of uranium trioxide
sulfuric acid-water solutions at 25.00 0 ± 0.04 0 C. have
been determined to a precision within ± 0.004 pH
unit from 0.024 to 0.00024 molal sulfuric acid. These
data have been obtained by the use of a vibrating
reed electrometer and accessory equipment.

THE purpose of this investigation was to obtain experimental
solubility data in the dilute region for the system, uranium

trioxide-sulfuric acid-water, at elevated temperatures and, in
so doing, to devise a method for sampling an equilibrated solution
intennittently with rapidity and ease. In designing the pressure
bomb for containing solutions the interior volume had to be
kept relatively small in order to minimize the bulk size necessary
to withstand pressures of approximately 1246 pounds per square
inch at 300 0 C.

The bomb contained a length of thin-walled capillary tubing
attached at one end to a pressure valve equipped with a sampling

tip. The other end of the capillary passed through the bomb
head and was inserted into the equilibrated solution. Part of
the capillary between the ,bomb head and the pressure valve
passed through a wet ice bath. By means of this design the
solution was rapidly cooled during the sampling process, thereby
eliminating a separate cooling or isolation chamber and facili
tating the procurement of many samples per run. This method
appears more advantageous than the "one sample per experi
ment" filter bomb method which relies either on a difference
in vapor pressure between two internal cells or on gravitational
flow to accomplish-filtration at or near the eq'uilibration tempera
ture (2, 3). In the use of a vapor pressure difference there is an
uncertainty whether solvent distills to the filtrate during the
filtering process. With the direct sampling technique there is
neither a distillation problem nor a need for correction for loss
of solvent or other components to the vapor phase at the equili
bration temperature, as the,liquid phase alone is sampled at the
elevated temperature and can be analyzed for all components.
However, with systems having a positive temperature coefficient
of solubility the precipitation characteristics and solubility range
of the individual system would have to be considered and evalu
ated.

Solid phase particles might be withdrawn through the capillary
during the sampling process. In the system under study, the
uranium trioxide hydrate settles rapidly (within seconds) at
the high temperatures, leaving a clear liquid from which the
sample is obtained. This settling action has been observed
visually by means of the semimicro--phase study apparatus
(10). Also, because the dissolving rate of uranium trioxide
solid is sufficiently slow, any solid which may be withdrawn can
be seen in the liquid sample. No solid was observed. If settling
rates are slow for other systems, a filter may be attached to the
tip of the capillary tubing within the bomb.
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a These values and pH values in Table II are b:l.sed on a determined pH
of 2.075 for 0.01000M HO, 0.0900M in KCI (1).

Table I. pH of Ura.niull1 Trioxide-Sulfuric Acid-Water
Solutions at 25.00° ± 0.04° C.

Solubility studies of uranium trioxide in aql:.eous sulfuric acid
were contemplated in concentrations as low as 0.0002 molal
sulfuric acid. At this dilution, standard analytical methods for
uranium would not achieve the desired accuracy within ±0.5%
on 5-ml. samples. The quantitative use of precise pH control
curves appeared suitable, yielding pH data 9.t, 25° C. adaptable
for calculation of dissocif~tion or hydrolysis 'Constants.

By the use of the above techniques the solubility of uranium
trioxide in sulfuric acid has been determined from 1.0 to 0.00023
molal sulfuric acid between 150° and 290° C. Two empirical
equations have been derived to express the data as a function
of temperature, uranium trioxide molality, and sulfuric acid
molality. As a requisite for the solubility determinations, the
25° C. pH data for uranium trioxide-sulfuric acid-water mix
tures have been determined from 0.70 to 1.20 mole ratio, UOa/
H~O., and from 0.024 to 0.00024 molar sulfuric acid.

_____--;=,.,...,r,p.::H~V:::.al~u;;:ei'_sa",=__----
Mole Ratios UO,/H,SO.
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sufficient C.P. potassium chloride was added to obtain a total
chloride concentration of O.lOOM in each solution. The pH
value. used for the 0.009928M hydrochloric acid (O.lOOM in
chloride) solution was obtained by adding 0.003 pH unit (the
logarithmic difference between 0.01000 and 0.009928) to the
value, 2.075 (1), given for a O.OlOOM hydrochloric acid, 0.0900M
potassium chloride solution. The pH values of 2.576 and
3.073, respectively: were obtained by the same procedure, which
was justified by virtue of the constant ionic strength of all
hydrochloric acid-potassium chloride solutions. The potentials
of these solutions were determined before and after all series
of experimental measurements, and the sample potentials and
pH's were related to these values. The Nernst slope was
found to lie between 59.00 and 59.50 mv. per pH unit, but pre
cise to ±O.10 mv. per pH unit for any series of measurements.
The pH's of uranium trioxide-sulfuric acid-water control solu
tions were measured and are believed to be reproducible within
±0.002 to ±0.004 pH unit.

Apparatus for Measuring Solubilities. A schematic diagram
of the bomb and assembly for measuring solubilities at elevated
temperature is shown in Figure 2. One of the two unique fea
tures is the use of pure Teflon gasketing fitted into a circular
groove in the bomb head. This groove prevents the Teflon
from extruding when subjected to high temperature and pres
sure. There is no need for auxiliary screws to tighten on a pres
sure plate since, when the bomb is heated to temperatures above
100° C., the Teflon expands and effects a leakproof seal. Manual

1. 2039

3.824
3.923
4.039
4.075
4.125
4.215
4.355
4.396
4.501

0.7017 (,.8030 0.9038 1. 004,; 1. 1060

1.994 2.150 2.424 3.04:1 3.613
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2.619 2.784 3.046 3.527' 3.875
2.7302.9003.1553.6053.914
2.905 3.065 3.321 3. 70n 3.978
3.174 3.348 3.593 3.907 4.094
3.588 3.716 3.904 4.13L 4.251
3.672 3.823 3.967 4.202 4.305
3.852 4.005 4.128 4.:127 4.412
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0.02425
0.01210
0.OO-!852
0.003645
0.0024:10
0.001212
0.0004836
0.0003635
0.0002-!17

GROUNDED
SHIELD-

The techniques described are suggested as relatively simple
methods for determinations of phase solu.bility, other types of
equilibria, and rate processes at elevated temperature and pres
sure in either aqueous or nonaqueous systems. The sparsity of
solubility data alone in aqueous systems at high temperature is
indicated by Booth and Bidwell's statement (3) that "of the
great number of sparingly soluble substanees known the solubili
ties of a mere half dozen have been measured to above 300° C..."
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Figure 2. Schell1atic drawing of aqueous solution
sall1pling assell1bly

Figure 1. Schell1atic drawing 'Of
therll10stated electrodes

EXPERIMENTAL

The pH's at 25.00 e, ± 0.04° C. were measured by use of a vi
brating reed electrometer coupled with a. Leeds and Northrup
K-2 pot,entiometer and Brown recorder :for making a record of
the finai potential obtained by means of 1.he apparatus of Kraus,
Holmberg, and Borkowski (7). Thermostated water was cir
culated around both the calomel electrode and the test tube con
taining the sample solution, the salt bridge tip, and the glass
~lectrode. A schematic drawing is shown in Figure 1. The
fluctuation of potential on .the Brown recorder was of the order
of ±0.02 mv. (or ±:O.0003 pH equiv.), but afforded actual read
ings of ±0.004 mv.

MaUinckrodt uranium trioxide hydrate, which has been washed
thoroughly with hot water to remove ail much nitrate impurity
as possible (NOa- after washing <24 p.p.m.), was analyzed
(78.95% uranium), weighed, and dissolved in weighed amounts
of 0.02437 molal sulfuric acid (0.02428 molar) solutions to pro
duce the desired mole ratios, UOa/H,SO.. The molaritie,s re
ported in Table I were obtained by eorrecting for the slight
volume and weight changes upon dissolving uranium trioxide
hydrate in sulfuric: acid solutions. In making these corrections
the absolute densities at 25° C. of uranyl sulfate solutions, and of
water. and weights of the individual components were used. As
one example, the 0.02428 molar sulfurie acid solution was multi
plied by 0.9988 to obtain the corrected value reported in Table I.
These initial uranium trioxide-sulfurie acid-water solutions were
diluted successively by the use of calibrated volumetric pipets
and flasks.

Three control hydrochloric acid-pfltassium chloride solutions
were used for relating the measured potentials to pH: 0.009928,
0.003157, and O.001005M hydrochloric acid solutions to which
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tightening of the bomb prevents any leakage. Upon cooling
back to room temperature the Teflon contracts, thus allowing
the bomb also to be opened manually. However, a wrench is
usually used for tightening and loosening the bomb head, in which
event leakproof sealing is accomplished at or very near room
temperature. After an experimental run the bomb assembly is
cooled within several minutes by removing it from the thermo
stat and placing it directly in a wet ice bath.

The Teflon gasket can be used repeatedly under the above con
ditions to approximately 325 ° C., at which temperature a physical
change occurs within the Teflon (5). Experiments with this
bomb have been performed on aqueous systems at 4500 pounds
per square inch without failure until 325° C. is reached. These
observations indicate that it is not the water vapor pressure (the
pressure of saturated steam at 325°. C. is 1749 pounds per square
inch) which causes the leakage at 325° C., but rather this physical
change of Teflon. It is of course possible, with suitable modi
fication of the bomb and/or elimination of Teflon gasketing,
to operate at temperatures over 325° C.
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pH (25.0°C.)

Figure 3. pH at 25.0° C. of uranium. trioxide-sulfuric
acid-water solutions

Sulfuric acid Inolarity vs. pH

The other feature is the use of 35-mil outer diameter, 20-mil
inner diameter commercial capillary tubing for sampling solu
tions. By virtue of the small size of the capillary tubing the
solution sample, regardless of the temperature of" the system, is
cooled rapidly as it passes through that portion of capillary
inserted in the wet ice bath. The internal pressure of the system
affords the necessary pressure for pushing the liqu.id phase
through the capillary. A high pressure valve is opened slowly
and solution comes out either dropwise or in a stream to deliver
as much as 15 to 20 m!. per minute cooled below room tem
perature.

Procedure for Determining Solubilities. A 60.00-ml. volu.me
of standard sulfuric acid solution and a weighed quantity of
uranium trioxide hydrate were placed in the bomb, such that the
mole ratio of total uranium trioxide to total sulfuric acid was
approximately 3 to 1.' The bomb, loaded with excess solid and
solution, was inserted into an insulated, thermostated aluminum
cylinder. The temperature was controlled to ± 1° C. by means
of a Brown Pyr-O-Vane controller. The whole assembly, in
cluding bomb, thermostat, capillary tubing, and sampling valve,
was attached to a large shaker which was run at a rate of 100
cycles per minute with a displacement of 8 cm., thereby affording
ample mixing ofthe solution and solid.

Solution and solid were equilibrated at a given temperature,
a 3-ml. holdup sample was removed, and a 5-ml. sample of the
equilibrated solution was delivered to a standard 60-m!. test
tube. This sampk solution was thermostated at 25° C. and the
pH determined in the manner described. The mole ratio,
U03/H,SO., was determined from control curves of pH vs. ratio
drawn from the curves shown in Figure 3 for the particular
concentration of sulfuric acid. The pH data of Orban (11) were
used for concentrations greater than 0.023 molal. All uranium
trioxide and sulfuric acid concentrations reported in Table II
have been corrected for slight dilution effects incurred by dis
solving uranium trioxide in standard sulfuric acid solutions.
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It was found by consecutive sampling that after the major por
tion of uranium trioxide had dissolved in the sulfuric acid solution
the system equilibrated within 15 to 20 minutes between 150°
and 290° C. when the temperature was raised. This was evi
denced by agreement of samples obtained at these times with
those obtained several hours later. For the most part, the system
was allowed to equilibrate 1 to 2 hours before sampling and in
some cases overnight. The equilibration temperature was ap
proached from higher and lower temperatures and the solubilities
thus obtained indicated relatively rapid and complete reversi
bility with a somewhat slower rate upon lowering the temper
ature.

RESULTS AND DISCUSSION

pH Data at 25° C. The pH data at 25.00° ± 0.04° C. are
given in Table I and shown in Figure 3. There is a satisfactory
overlap of data for stoichiometric uranyl sulfate (UO,SO.)
obtained by previous investigators (6, 8, 9). However, these
previous data lacked the precision of the measurements obtained
using the present apparatus. A precision within ±0.002 to
±0.004 pH unit for the present data is app;roximately five times

Table II. Solubility of Uranium. Trioxide in Sulfuric Acid-
Water Solutions

UO,!

Molar Concentrationsa
H2S0. pH

Molal Conc(}ntrationsTemp., Mole at
o C. H2SO4 UO, Ratio 25.0° C. H2SO4 va,
150

1.000 1.318 1.318 3.111
0.2883 b 0.3644b 1. 264b 0.294b 0.372b
0.1000 0.1205 1.205 3.628 0.1008 0.1215
0.05043 b 0.05951b 1. 180 b 0.05061b 0.05972b
0.02293 0.02683 1.170 3.785 0.02303 0.02696
0.01147 0.01317 1.148 3.844 0:01151 0.01321
0.001148 0.001230 1.071 4.054 0.001152 0.001234

175
1.000 1.300 1.300 3.081
0.2861b 0.3551b 1. 241 b 0.292b 0.323 b
0.1000 0.1174 1.174 3.566 0.1008 0.1183
0.05043b 0.05821b 1.154 b 0.05061b 0.05841b
0.02293 0.02575 1.123 3.677 0.02303 0.02586
0.01147 0.01254 1.093 3.700 0.01151 0.01258
0.004590 0.004786 1.043 3.701 0.004607 0.004803
0.0002289 0.0002080 0.909 4.154 0.0002297 0.0002087

200
1.000 1.285 1 .285 3.053
0.2912b O. 3f39 b 1 .215b 0.297b 0.361b
0.1000 0.1151 1. 151 3.504 0.1008 0.1160
0.05043b 0.05686b 1. 128b 0.05061b 0.05706b
0.02293 0.02495 1 088 3.544 0.02303 0.02505
0.01147 0.01193 1.040 3.484 0.01151 0.01197
0.004590 0.004459 0.971 3.368 0.004607 0.004475
0.001148 0.001015 0.884 3.560 0.001152 0.001019
0.0002289 0.0001704 0.744 3.954 0.0002297 0.0001710

225
1.000 1.268 1.268 3.019
0.2951b 0.3471 b 1. 176b 0.301b 0.355b
0.1000 0.1132 1.132 3.443 0.1008 0.1141
0.02293 0.02389 1.042 3.302 0.02303 0.02399
0.01147 0.01137 0.991 3.191 0.01151 0.01141
0.004590 0.004188 0.912 3.103 0.004607 0.004203
0.001148 0000902 0.785 3.331 0.001152 0.000905
0.0002289 0.0001497 0.654 3.794 0.0002297 0.0001502

250 1.000 1. 243 1.243 2.967
0.2983 b 0.3466b 1.162b 0.305b 0.3541b
0.1000 0.1114 1.114 3.372 0.1008 0.1123
0.02293 0.02315 1.010 3.095 0.02303 0.02325
0.01147 0.01079 0.941 2.868 0.01151 0.01083
0.004590 0.003898 0.849 2.908 0.004607 0.003913
0.001148 0.000831 0.724 3.224 0.001152 0.000834

270
0.1000 0.1105 1.105 3.330 0.1008 0.1114
0.02293 0.02253 0.983 2.895 0.02303 0.02263
0.01147 0.01036 0.903 2.709 0.01151 0.01039
0.004590 0.003705 0.807 2.813 0.004607 0.003719
0.001148 0.000760 0.661 3.137 0.001152 0.000762

290
0.1000 0.1098 1.098 3.293 0.1008 0.1107
0.02293 0.02210 0.964 2.762 0.02303 0.02220
0.01147 0.01007 0.878 2.622 0.01151 0.01011
0.004509 0.003594 0.783 2.765 0.004607 0.003608
0.001148 0.000716 0.624 3.088 0.001152 0.000719>

a Molarities are on a 25° C. basis.
b Gravimetric and titrimetric analytical values.
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The straight-line portions of given isotherms in Figure 4 can
be represented by the equation,

Log [H2S04) = k[U03)/[H2S04) + c

-is

where [UO,] and [H2S04 ) are expressed as molalities. The equa
tions also are applicable to concentrations of sulfate as high as 1
molal but approach a maximum deviation of +8% at 290° C. at
the highest concentration.

The pH's at 25° C. of solution mixtures saturated with uranium
trioxide at the elevated temperatures are given in Table II and
are shown in Figure 6 as a series of isotherms. The points shown
in Figure 6 were obtained by use of the drawn isotherms of Figure
4 and the particular pH-mole ratio curves. These isotherms in
dicate a reasonable minimum acidity at 25° C. which must be
maintained at a particular concentration of swfate in order to
prevent hydrolytic precipitation of uranium trioxide. This rela-

Figure 5. Variation of C and k with liTO A •

If the slopes, k, are plotted against liTO, where T = ° A., a break
in the resultant curve occurs at 205° C. as shown in Figure 5. A
similar break appears at 205° C. on plots of C V8. liTO A. (Figure
5). Approximate linear relationships are observed on both sides
of 205 0 C. for both k and C plots regardless of whether liTO A. or
litO C. is used for the temperature function; J. O. Blomeke of
this laboratory has observed a transition of uranium trioxide
hydrate heated in water occurring in the neighborhood of 200 0 C.
and, by means of x-ray diffraction patterns, has identified the
hydrates as ",U03 .H20 (at the lower temperature) and /3U03 .

H 20, both observed by Zachariasen (13). If these two solids are
really the stable hydrates in the presence of the saturated ura
nium trioxide-sulfuric acid-water solution, then the breaks at
205° C. presumably represent the transition from ",U03 .H20 to
/3U03.H20.

Equations for k and C as a f(t) are determined, from which
final empirical equations have been derived to express the solu
bility data. These equations are believed accurate to ±1 % in
mole ratio in the respective temperature and concentration ranges
with the exception of 290 0 C., at which temperature the particular
equation is in error by -0.01 to -0.03 mole ratio unit. Both
equations are given as follows and are applicable from approxi
mately 0.05 to 0.0001 molal sulfuric acid:

(For use between 150° and 205° C.)

(
4150 ) [U03]

log [H2S04) = to C. - 14.42 [H
2
SO,]

(For use between 205° and 290° C.)

1 [H SO) ( 1400 1096) [U03
) - t1088CO. + 1.324 (2)og 2 4 = to C. -. [H

2
S04)
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Figure 4. Solubility of uraniuIll trioxide in sulfuric
acid-water solutions i'roIll 150° to 290° C.
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In making a run a consec:utive series of liquid samples at various
temperatures was withdrawn for analysis. At high temperature
the water in the vapor phase whieh originates from the liquid is
not negligible and each depletion of liquid volume by sampling
necessitates further removal of water to the vapor and, conse
quently, a higher concentration of unsatumted components
(ot.her than water) in the iiquid phase. After eareful considera
tion of all factors, it is apparent that a marked change in
sulfuric acid concentration in the liquid phase will produce only
a Emall change in solubility mole ratio, U03/H2S04• This change,
moreover, will be nearly self-correcting if the pH control curve
for the concentration of sulfuric acid neglecting loss of water to
the vapor is used and if the solubility ratio data are plotted
against this same sulfuric acid concentration (Figure 4).
The dttta in Figure 4 are believed to represent the true solubility
relationships along the solubility curves to the stated precision
and to the same degree of accuracy.

Usually, phase equilibria data of this type would be shown on a
three-component triangular diagram-for example, as the system,
uranium trioxide-sulfuric acid-water. However, the data are
presented in Figure 4 to show the striking linearity in dilute
concentrations of the various isotherms and to emphasize the
precision and apparent aecuracy of the mea~lUrements when
plotted in this manner. These data are reproducible to ±0.5%,
except at 0.00023 molal sulfuric acid, at which concentration
there is a somewhat wider divergence. GralTimetric data for
uranium by ignition at 900" C. to U30 S and titrimetric analyses
for sulfate (4), both determined after direct .sampling, are· in
cluded in Table II and Figure 4, and substantitLte the pH analy
tical data at least at the higher concentrations. The data in the
dilute region show considerably better precision than could have
been obtained by standard analytical methods for uranium on 5
ml. solution volumes. On the basis of plots of log [H2S04 ) V8.
[U03 l![H2304 ) there appears to be a direct correlation between
the hydrogen ion activity at a particular temperature and the
mole ratio, UO"/H2S04•

more precise than can be obtained using standard laboratory
pH instruments.

Solubility Data. The solubilities are given in Table II and,
in Figure 4, the log mola,lity sulfuric acid is plotted against the
mole ratio, U03/H2S04• The two-liquid-phase region indi
cated in Figure 4 was found experimentally and is characteristic
of this system (12).
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Figure 6. pH at 25 0 C. of sulfuric acid-water
solutions saturated at various temperatures

with uranium trioxide

tionship should approach ideality as the sulfate concentration
approaches infinite dilution. The deviations expected at finite
concentrations would be attributed to the changes in activity co
efficients of the solution components and to the extent of com
plexing at the elevated tempera.ture.

The "reverse S"-shaped curves of pH data at 25 0 C. for the
saturated solutions at elevated temperature (Figure 6) might well
not exist if pH data were measured at the elevated temperature.
If, however, this type of curve does exist at the high temperature,
the isotherms shown in Figure 6 could represent the general
character of curves of hydrogen ion activity measured at elevated
temperature vs. log molality of sulfuric acid, but would not repre
sent the actual hydrogen ion activity at high temperature. The
assumption is made that the hydrogen ion activity of various
solution concentrations changes proportionally to each other as a
function of temperature. In this event the reversal in curvature
as shown in region A of Figure 6 is characteristic of any acid
base system in which the ratio, base/acid, increases as a particular
function of increase of acid or base concentration. A minimum
in pH as a function of concentration must necessarily appear in
the system in which complexing does not occur or is a minor in
fluence on acidity relative to change of ratio. The second re
versal in curvature shown in region B is indicative of complexing
in the particular system and, in this case, might imply and sub
stantiate polymerization of uranyl ion by equilibria of the follow
ing type:
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This type of equilibria, known to exist at low temperature, would
decrease the concentration of the base component and, effec
tively, increase the acidity of this system.

The solubility relations for the system under investigation,
uranium trioxide-sulfuric acid-water, fall within the most sensi
tive range of pH variation with mole ratio. For the application
of this method to other systems the sensitivity of pH in .the par
ticular solubility range must be considered. There are, however,
possible modifications of the analytical method. For example,
an acid-base system, in which solubilities do not fall in the pH
sensitive range, might be investigated using pH control cl!fVes by
adding a known quantity of standard acid or base to the liquid
phase sample to make the sample pH fall within the sensitive
range for analysis and then correcting for the addition.
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Direct Determination of Moisture in Sodium Hydroxide
CLAYTON L. DUNNING and CHARLES D. HILDEBRECHT

Research Center, Diamond Alkali Co., Painesville, Ohio

A simple, direct m.ethod for the determination of the
m.oisture content of anhydrous caustic soda has been
developed. The m.ethod involves heating the caustic
to about 3500 C. in a closed nickel container. The
m.oisture is purged from. the caustic into tared an- .
hydrous m.agnesium. perchlorate filled U-tubes by
m.eans of a stream. of dry nitrogen. The elapsed tim.e
for analysis is about 45 m.inutes. Individual determ.ina
tions fall within ±0.012% of the true m.oisture content
95% of the tim.e.

T HE established technique for the determination of the
moisture content of anhydrous caustic soda (sodium hy

droxide) has been the indirect method. This consists of sub
tracting the sum of all components analyzed in the caustic sample
from 100% and calling the difference moisture. It is evident
that this method gives, at best, only an approximation of the
true content.

The possibility of using an oven drying method is ruled out in
this case, because of the carbon dioxide present in the air. Sev
eral distillation-extraction methods using an immiscible solvent
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have been tried. Various stills and traps (1-3, 5,) have been
used, but the difficulty seems to lie in the fact that significant
amounts of water remain in the condenser. Collecting a large
volume-i.e., several milliliters-is one way of minimizing this
error. However, if the water content of the sample is low,
this requires extremely large samples.

SlJ1ter (4) devised a distillation-titrimetric method whereby he
used xylene to distill the water from the sample and then ti
trated the xylene-water mixture with Karl Fisher reagent.
The author claimed an accuracy of about 5% of the water present.
However, the procedure takes over 4 hours per sample.

The apparatus and procedure described have been used in this
laboratory for over a year, having been used for the analysis of
caustic soda samples which have ranged from 0.02% to over 1%
water.

in. weight of the U-tubes is equal to the water content of the
caustic.

While the caustic is still molten disconnect the container and
pour the caustic into a dry metal container. Later cool the con
tainer in.water and wash out the remaining caustic. After drying,
the container is again ready for use.

As spattering may occur, extreme caution is necessary when
handling the hot molten caustic; thus, wear a face shield and
gloves when cleaning out the container.

EXPERIMENTAL

It was believed that the temperature neceBBary to drive off
the moisture from the caustic in a reasonable time would prob
ably be above its fusion temperature of approximately 318 0 C.;
however, too high a temperature may cause decomposition of
the caustic resulting in a release of water.

Table II. Precision of Determination of Water in Caustic
Soda with Low Moisture Content

Table I. Precision of Determination of Water in Caustic
Soda with High Moisture Content

(500· C. for 60 minutes)

APPARATUS

Complete. assembly of the apparatus is shown in Figures 1 and
2. Detail of the head assembly is given in Figure 3.

Figure 2. Schematic diagram of apparatus

A. Ascarite column, 1 by 10 inch tubing
B. Anhydrone column, 2 by 20 inch tubing
C. Flowmeter
D. Nickel container, 2'/. by 6 inches with 'Ia-inoh wall thiokQess
E. Caustic sample
F. Thermocouple leads
G. 150-mm. Anhydrone-filled U-tubes

Figure 1. Complete assembly

0.02
0.00
0.03
0.01

0.015

Deviation
from Mean%H,Q

0.97
0.95
0.92
0.96

Mean 0.95

Av. dev. from mean (1.6% of water present)

1
2
3
4

Run No.

PROCEDURE

Thoroughly dry the nickel container and assemble the appa
ratus as shown.

Adjust a flow of nitrogen to 2000 cc. per minute. After several
minutes of purging, run a blank on the system. Disconnect the
U-tubes and weigh them on an analytical balance, then place
them back in position and allow the nitrogen to flow at the same
rate for 45 minutes. Again disconnect the tubes and weigh them.
If the tubes have gained weight, a larger dryer for the nitrogen
gas is needed.

If there is no blank on the nitrogen, check the system for leaks
by introducing a weighed sample of water into the container.
Next place the tared U-tubes in position andadjust the nitrogen
flow to 2000 cc. per minute. Then heat the container to 350 0 C.
and maintain this temperature for 30 minutes, after which re
weigh the U-tubes. If the recovery of water is not quantitative,
there is probably a leak in the system which must be located.

When the system has been found to be leak-free, it is ready for
use. After the system has been purged and an initial weight ob
tained on the U-tubes, place them ill position and adjust the
nitrogen flow to 2000 cc. per minute.

Open the container and quickly pour in the weighed sample
(50 to 100 grams) of caustic. Replace the cover on the container
immediately and tighten.

Begin heating the container and raise the temperature to
350° C. Maintain this temperature for 45 minutes. At the end
¢. ~his ~ime, <llsC()lmec~ the U-tubes and reweigh. The gain

Tempera- Deviation
Run Time, ture, from
No. :Minutes • C. %H,Q Mean

1 60 500 0.067 0.002
2 60 500 0.070 0.001
3 60 500 0.068 0.001
4 60 500 0.068 0.001
5 60 500 0.066 0.003
6 60 500 0.071 0.002
7 30 350 0.077 0.008
8 30 350 0.064 0.005
9 30 350 0.073 0.004

10 30 350 0.062 0.007
Mean 0.069

Av. dev. from mean (4.3% of water present) 0.003

A sample of high moisture content caustio (ca. 1%) was run
at 500 0 C. for 60 minutes. These results are shown in Table I.
More runs were made at lower temperatures and short.er run
times. At 350° C., all the moisture was recovered in 30 minutes.

When making the runs shown in Table II, two different con9

ditions were used. The first six runs were made at 500 0 C. for
60 minutes, and the last four runs were made at 350 0 C. for 30
minutes. As there was' no signifioant variation in the results,
it was decided to use 350 0 C. lUId 45 minute8 in the method.
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Table III. Recovery of Water Added to Caustic Soda
(350° C. for 45 minutes)

II III IV V VI VII VIII
H20, Grams H20, %

Run Sample, In Total Recov- Caled. Found
No. Grams sample Added present ered

1 54.9 0.0377 0.1558 0.1935 0.1866 0.35 0.34
2 54.7 0.0376 0.3770 0.4146 0.4025 0.75 0.74
3 112.4 0.0772 0.0743 0.1515 0.1530 0.14 0.14
4 79.1 0.0543 0.9852 1. 0395 0.9753 1. 30 L23
5 36.8 0.0253 0.0665 0.0918 0.1190 0.25 0.32
6 126.0 0.0866 0.2379 0.3245 0.2601 0.26 0.21
7 62.8 0.0432 0.3802 0.4234 0.3895 0.67 0.61
8 86.9 0.0596 0.1812 0.2408 0.2690 0.28 0.31
9 143.0 0.0982 0.7454 0.8436 0.8665 0.59 0.60

10 52.6 0.0362 0.3127 0.3489 0.3511 0.66 0.66

Figure 3. Detail of head asselllbly

Any carbon dioxide in the nitrogen purge gas reacting with the
caustic would release additional water. To eliminate this pos
sibility an Ascarite column was placed ahead of the magnesium
perchlorate drying train.

H. Thermocuple well
I. Inlet tube for gas stream
J. Cover plate, 'Is-inch nickel plate
K. Exit tube for gas stream
L. Recessed circular well cut to snugly fit lip of nickel

container. The well is lined with an asbestos
gasket

PRECISION

Several determinations were made on one sample of caustic
soda which was kept in a tightly stoppered bottle. The results
are shown in Table 1.

Another sample of caustic which had a low moisture content
was used to evaluate the method. A series of determinations
were made on this sample. The results are shown in Table II.

Table IV. COlllparison of DUl?licate Analyses
(350° C. for 45 minutes)

Difference
Sample between

No. %H,O Duplicates

0.082 0.004
0.078

2 0.036 0.014
0.050

3 0.047 0.002
0.049

4 0.060 0.012
0.072

5 0.039 0.002
0.041

6 0.306 0.008
0.314

7 0.037 0.001
0.038

8 0.075 o.ooa
0.078

9 0.129 0.006
0.123

10 0.145 0.008
0.137

11 0.267 0.011
0.278
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The data from columns V and VI of Table III are shown on Fig
ure 4. Since circumstances required that the water content of
the original caustic sample be determined by the analytical
method being evaluated, it is necessary to assume that there is
no constant error or bias-i.e., line passes through the origin.
The straight line, restricted to pass through the origin, that best
fits the data is shown on Figure 4. The slope of this line does
not differ significantly from the theoretical. This gives rise
to the conclusion that there is no inherent error in the method
of analysis. Thus, there is no correction to be applied to the
results. If this is true, the deviations represent only experimental
error.

Examination of data obtained from duplicate determinations,
for regular caustic samples tested under routine laboratory con
ditions, indicates that individual determinations fall within
±0.012% of the true moisture content 95% of the time (Table
IV). This estimate of error is less than would be predicted from
the data in Table III for synthe.tic samples. There is more
chance for error when performing the additional manipulations
involved in the preparation of synthetic samples, and this no
doubt explains the larger error associated with the analysis of
such samples.

L'LO0.6 0.8
GRAMS PRESENT

0.4

Figure 4. Recovery of water
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ACCURACY

No samples of caustic soda were available that were known to
be completely anhydrous. Therefore, it was necessary to use the
sample of caustic which had been' analyzed by this method
(Table II) in order to ascertain the accuracy of the method.
Known quantities of water were added to varying weights of
sample with the average of the 10 determinations shown on Table
II used as the original water content. The sample was weighed
and placed in the nickel container to which the varying weights
of water were immediately added from a weight pipet. The addi
tion was made by distributing the water over a large area to
minimize local overheating and to prevent any significant loss
of water. The container was then immediately closed and the
determination completed in the usual manner. The results of
these runs are shown in Table III.
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Rapid Estimation of Dialdehyde Content of Periodate Oxystareh
through Quantitative Alkali Consumption
B. T. HOFREITER, B. H. ALEXANDER I, and J. A. WOLFF

Northern Utilization RE,search Branch, Agricultural Research Service, U. S. Department of Agriculture, Peoria, III.

time periods and on products oxidized to different dialdehyde
contents. The results are summarized in Figure 2. For the
reactions which are indicated as having been carried out at 70° C.,
the flasks were immersed to a depth of 1 cm. in a water bath held
at that temperature. The temperatures attained by the liquid
reaction mixtures under conditions used were as follows.

A rapid and reliable lllethod was required for deterllli
nation of the extent of oxidation of nUlllerous salllpies
of periodate oxidized starches prepared in the course of
a research progralll on these lllaterials. Such a lllethod,
described here, is based on the discovery ofreaction con
ditions under which a lllole of alkali is consullled per
lllole of dialdehyde unit in oxystarch. There was good
agreelllent between results obtained by this lllethod
and by other independent procedures over a wide range
of dialdehyde cont,ents. The silllplicity of this lllethod
perlllits It single deterlllination to be made in 10
rinutes.

Heating Time,
Seconds

15
30
45
60

120

Temperature (0 C.) of Reaction
Mixture When Heated

On steam bath In 70° C. bath

47 45
60 49
67 55
72 58
79 63

J ACKSOK and Hudson (6) havE: established that oxidation of
starch by periodate results in cleavage of the anhydroglucose

uuits between carbon atoms 2 and 3, and have assigned the struc
ture shown in l"igure 1 to the repeating unit of the modified starch.
In connection with a research program on periodate oxidized
starches now under way at this bboratory, a rapid and reliable
analytical method was required' for determining, on a routine
basis, the extent of conversion of anhydroglucose residues in
starch to dialdehyde units. Although a number of procedures
for carbonyl determination using hydroxylamine (3), sodium
chlorite (1), cyanide (1), bisulfite (1), hypoiodite (1), sodium
borohydride el), or hydrolysis techniques (.4) were considered,
and some were tested experimentally, none had the rapidity
and simplicity of the method described here, which allows analy
sis of an oxystarch sample in less than 10 minutes.

It can be seen in Figure 2 that the reaction of periodate oxi
dized starch with alkali does not cease upon consumption of 1
mole of alkali per dialdehyde unit. Yet there is apparently
a definite primary reaction which occurs involving this stoichio
metric ratio and which is manifest in an inflection point of the
curves (steam bath) or in the markedly lowered rate of reaction
(70° C.) beyond that point. The rate of secondary reaction is
considerably more pronounced at the higher temperature.
Heating times might be selected to form the basis of an analytical
method to be carried out at 70° C. At this temperature it is
obvious that higher precision might be expected, since slight de
viation from the time selected would have less influence on the
alkali consumption. However, for convenience, and because the
method was required in these studies primarily as a guide, most

Table I. Per Cent Oxidation of Periodate Oxystarch
Deterlllined by Three Independent Methods

Per Cent Oxidationa

EXPERIMENTAL

From 0.1500 to 0.2000 gram of oxystarch of known moisture
content is weighed into a 125-m!. Erlenmeyer flask. To the
flask is added, via pipet, 10 ml. of standardized, carbonate-free
0,25N sodium hydroxide, and the flask is gently swirled and im
mediately placed on a- steam bath having a circular opening
5.5 cm. in diameter for exactly 1 minute. There should be rapid
flow of steam during the heating period. The flask is then
cooled immediately under running tap water with rapid swirling
for 1 minute, and 15 m!. of standardized 0.25N sulfuric acid is
added by pipet. To the contents of the flask are added 50 ml.
of water and L ml. of neutral 0.2% phenolphthalein. Titration
of the acid solution is c'Lrried out using 0.25N sodium hydroxide
delivered from a 10-m!. microburet, graduated to 0.02 ml. Alter
natively, the titration may be carried out potentiometrically if
desired. The percentage of dialdehyde units in the oxystarch is
given by the equation:

Periodate consumed
in preparationb

1.0
5.0

10
20
40
48
59
73
76
78
89

~~
98

d.

Hydroxylaminec

2.2
6.0

11
21
41
50
60
71
77
73
87
94
93
90
94
89

Alkali
consumption

1.4
6.0

11
22
41
50
63
78
78
76
86
96
96
93
94
95

Total meq. base - total meq. acid X 100 = % dicarbonyl units
dry sample wt., mg.
---161

where 161 is the average molecular weight of the repeating unit
in starch, 50% of which has been converted to
dialdehyde units.

a Number of dialdehyde units in 100 repeating units.
b Corrected for additional periodate consumed at nonreducing end groups,

as estimated by formic acid production during the oxidation.
C Determined by slight modification of the method employed by Gladding

and Purves (3).
d Periodate oxidized cellulose.
6 Periodate oxidized dextran.

59
10

97
60
11

AC, Steam
Bath, 1 Min.

99
63
11

Sample
(Figure 2)

A
B
C

Table II. Coniparison of Dialdehyde Contents of Selected Oxystarch
Samples Measured by Alkali Consumption (AC)

(Under two reaction conditions with values obtained by other methods)

Sodium Periodate
AC, 70° C., Borohydride Hydroxyl- Consumed

2 Min. (7) amine in Preparation

99 85
56 60
12 121 Present .address, Agricultural :Research Center.

Beltsville, Md.

RESULTS

In the course of investigating the reaction of
alkali with periodate oxidized starch for analyti
cal purposes two reaction temperatures were
employed, each having been tested for varying

1930



VOL U M E 2 7, NO. 1 2, DEC E M B E R 1 955

of these analyses were carried out using the steam bath tempera
ture as described in the experimental section.

That the consumption of alkali in the initial reaction phase
is actually a measure of dialdehyde content is confirmed by the
good agreement in most cases between analytical values obtained
by the alkali consumption method and those from threeindepend
ent procedures for assaying the dicarbonyl content of oxypoly
saccharides. Comparative data are shown in Tables I and II..

Table III. Precision of Analyses by Alkali ConsuInption
Method

Approximate No. of
Dialdehyde Samples Av. Std. Oper-
Content, % in Set Dev. Dev. Reaction Conditions ator

99 9 1.53 2.14 Steam bath, 1 min. 1
99 10 1.74 2.12 Steam bath, 1 min. 1
99 10 0.88 1.25 Steam bath, 1 min. 2
99 9 1.58 1.99 Steam bath, 1 min. poten-

tiometric to pH 7.1
60 10 0.71 0.92 70° C., 80 sec.
42 9 0.97 1.34 Steam bath, 1 min.

Values obtained by the alkali consumption procedure might be
expected to be somewhat high, since the secondary reaction with
alkali is undoubtedly proceeding during the initial heating period.
This is shown by the trend in Table II for values obtained at
steam bath temperature to be higher than those when reaction
was at 70° C. However, values were not consistently higher
than those obtained from the independent methods used.

x

Figure 1. Repeating unit of
periodate oxystarch

The precision to be expected of the alkali consumption method
is exemplified by the data of Table III, which include analyses
run on different samples, different days, by different operators,
by use of indicator or potentiometer, and at 70° C. versus steam
bath temperature. The average standard deviation of the
analyses for essentially completely oxidized samples was 1.88.

DISCUSSION

Literature reports (2, 5) have indicated the occurrence of an
internal Cannizzaro reaction when certain polyaldehydes pro
duced by the periodate oxidation of carbohydrates were treated
with alkali. In one case (2) stoichiometric consumption of
1 mole of alkali per mole of the simple dialdehyde, L'-methoxy
L-methyldiglycolaldehyde (prepared by periodate oxidation of
a-methyl-L-rhamriopyranoside), was demonstrated. Acid hy
drolysis of the product from the alkali treatment, and identifi
cation of the fragments, confirmed the occurrence of a Cannizzaro
reaction. However, treatment of starch in a similar manner
resulted in consumption of only 0.7 mole of alkali per dialdehyde
repeating unit. In general, periodate oxidized starch, cellulose,
and structurally related polysaccharides are characterized by
instability in even mildy alkaline solution, manifested by deg-
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radation, production of acidic groups, and formation of colored
products. Standardized conditions have been developed under
which 1 mole of alkali is consumed for each dialdehyde group in
oxystarches having widely varying degrees of oxidation. Indi
cations are that the conditions are valid also for periodate oxidized
dextran and cellulose. Although the mechanism of action and
reaction products resulting from this alkaline reaction are un
known at this time, it is probable that the predominating reaction
is a dismutation of the Cannizzaro type.
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Figure 2. Effect of reaction tiIne on consuInption
of alkali at different teInperatures and dialdehyde

contents

- Analyses carried out on steaID hath
--- Analyses carried out in 70° C. water bath

The alkali-consumption procedure is currently in routine use
at this laboratory for assaying periodate oxidized starches in
research directed toward improved procedures for preparing
these materials. Future work on the underlying chemical
changes involved in this alkali reaction is contemplated.
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Co:lorimetric Determination of Palladium
with Alpha-Furildioxime
OSCAR MENIS and T. C. RAINS

Analytical Chemistry Division, Oak Ric/ge National Laboratory, Oak Ric/ge, Tenn.

COLOR REACTION

Figure 1. Molar absorbance index of
palladiullI a-furildioxillIe

Stability of Color. To test the stability of the color in the
aqueous medium, the colors of solutions containing 15, 47, 83, and
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Solutions of Diverse Ions. Reagent grade salts were employed
in the preparation of solutions of inorganic ions. All interfering
cations were added as chlorides except thorium nitrate, lead
nitrate, nickelous sulfate, manganous sulfate, and zirconium
perchlorate. Sodium salts were used for the anion studies.

Other Reagents. All other reagents were analytical grade and
were used without further purification.

The reaction of palladium with a-furildioxime in an acid me
dium was found to give a yellow color which develops very rapidly.
This same yellow color was found to be extractible into chloro
form.

Palladium a-Furildioxime in Aqueous Solution. The yellow
complex of palladium a-furildioxime was formed by transferring
59.0')' of palladium (as palladium chloride) to a 25-ml. volumetric
flask, and adding successively 1 m!. of concentrated hydrochloric
acid, 2.5 ml. of 100% ethyl alcohol, 10 ml. of water, and 1 m!. of
reagent solution of a-furildioxime, followed by dilution with water
to the calibrated volume. As shown in Figure 1, the complex
exhibits an absorption peak at 420 mIL, when measured against a
reagent blank solution. The purified reagent does not absorb
at this wave length, whereas the unpurified reagent absorbs only
slightly.

Palladium a-Furildioxime in Organic Solution. The yellow
complex of palladium a-furildioxime was formed by transferring
74.0')' of palladium (as palladium chloride) to a 30-m!. separatory
funnel, and adding successively 1 m!. of concentrated hydro
chloric acid and the requisite amount of a-furildioxime. A 10
m!. portion of chloroform is sufficient to remove the palladium
complex from the aqueous solution after a 20-second shaking
period. The organic layer is removed and collected in a 25-ml.
volumetric flask. Approximately 0.5 gram of anhydrous sodium
sulfate is added and the extract is diluted to volume with chloro
form. The complex, as shown in Figure 1, exhibits an absorption
peak at 380 mIL, when measured against chloroform, t.he reagent
blank solution.

A spectrophotollIetric llIethoOl for the deterllIination
of llIicrogram quantities of palladiullI with a-furildi.
oxillIe was de.veloped. PalladiullI forllIs with the re
agent in a 0.1 to 1.4N hydrochloric acid llIediullI, a
yellow-colored cOllIplex which .)beys Beer's law at 420
0l1L. The colored cOlnplex is readily extractable into
chloroforllI, in which llIediUltll it adheres to Beer's
law at the 380 1lI1L wave length.. In the aqueous phase,
in the presence of 10% ethyl alcohol, up to 5'Y of pal
ladiullI per Inl. of final volullIe" the colored cOllIplex is
stahle for 20 xninutes, after which tillIe the absorbance
decreases slowly. In the organic phase the colored COllI.
plex is stable for at least 24 hours. This reagent is
highly specific for palladiullI. PlatinullI group llIetals
and gold do not interfere. In the presence of highly
colored ions, extraction with ,ehloroforllI elillIinates all
interference, except interferenee of cyanide ions, which
prevent the forllIation of the jpalladiullI a-furildioxillIe
cOllIplex. The llIethod is very sensitive, as concentra
tions as low as 0.1 p.p.llI. of palladiullI can be deter
llIined in 5-CllI. cells. The pl'ecision at the OptillIUllI
spectrophotollIetric range is within 1%.

APPARATUS AND REAGENTS

Spectrophotometer. Absorbance measurements were made
with a Beckman spectrophotometer, Model DU, in 1-cm. cells.
The absorption spectrum curves were made with the Warren
Spectracord attachment to the Beckman spectrophotometer.

Standard Palladium Solution. A standardized stock solution
was prepared by dissolving palladium chloride in concentrated
hydrochloric a.cid. The palladium content of this stock solution
(2.97 mg. of palladium per ml.) was established gravimetrically
by the diniethylglyoxime method (3). The standard solutions,
which were used in this work, were made by appropriate dilution
of aliquots of this stock solution.

Reagent Solution. A 1% solution of a-furildioxime was pre
pared by dissolving 1 gram of the purified reagent in 30 ml. of
absolute ethyl. alcohol, followed by dilution with water to a volume
of 100 ml. The purification procedure as outlined by Reed and
Banks (3) for the a-furildioxime reagent was followed in its
entirety.

OF THE se\'eral methods generally recommended for the
determination of microgram quantities of palladium, as

indicated in a recent article by Beamish and McBryde (1), the
most sensitive reagent is p-nitrosodiphenyIamine (5). The
method in which this reagent is used requires exact control of
pH and, furthermore, its utility is decreased somewhat by the
interference of high salt concentration, oxidizing agents, and gold.
Recently, Yoe and Kirkland (4) described a method in which
palladium is determined with p-nitl'osodiphenylamine after the
separation of the palladium from most of the platinum group
metals by extra.ction of the diethyldithiocarbamate salts of these
metals.

Reed and Banks used a-furildioxime (3) for the gravimetric
est,imation of palladium and nickel, and also demonstrated that
this reagent can be utilized as a very sensitive, qualitative test
for these elements. It was the purpose of this investigation to
determine the applicability of the o,-furildioxime reaction to the
quantitative estimation of palladium in an aqueous solution and
in an organic solvent extract.
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° For method of calculation see Table 1.

%
0.0

-1.6
-1.6
-1.6

0.6
0.6
1.5
1.5
2.7
3.1

DifferenceG

0.0

-0.9
-0.9
-0.9

+0.3
+0.3
+0.9
+0.9
+1.6
+1.8

59.2
0.3
0.6%

Av.,x
Std. dev., S
Coefficient of variation, V

Ir+4
Pt+,
Fe+++
Cd++
Os+<
Cu++
Na+
U+·
Th+'

Rh+++
Zr+4

Pb++

1\10+6

Cr+++
Mn++
Ni++
Au+++
Co++

Element

Table III. Effect of Certain Cations on Determination of
Palladium in Aqueous Solution by a-Furildioxime Method

Duplicate determinations.
All solutions contained 59.0 'Y of palladium.
Nat in order determined-arranged in order of differences.

Amount Pd,
Present, Found,

Mg. 'Y

0.06 59.0
0.7 59.0
2.0 59.0
2.1 59.0
3.3 59.0
3.7 59.0
3.8 59.0
8.4 59.0

25.0 59.0

0.8 58.1
1.9 58.1
2.3 58.1

4.0 59.4
4.3 59.4
1.0 59.9
1.1 59.9
2.5 61.6
2.5 60.8

EXPERIMENTAL

Calibration Curve for Aqueous Solutions. Aliquots of a stand
ardized, concentrated solution of palladium were transferred
into 25-ml. volumetric flasks, to which 1 mi. of hydrochloric acid,
2.5 ml. of ethyl alcohol, and sufficient water to give a 20-ml.
volume were added. Then 1 ml. of a-furildioxime solution was
added, and the volumetric flask was filled to its calibrated volume
with water. The absorbance was measured in a I-em. cuvette
within 10 minutes at a wave length of 420 m,.. against a reagent
blank solution. The calibration curve is linear and follows
Beer's law. In a range of concentrations from 12 to 74 l' of pal
ladium in a volume of 25 mi., as shown in Table I, the coefficient
of variation for the absorbance index is 2%.

Purified a-furildioxime was used as the chromogenic reagent
for the aqueous solution. It was noted that when the purified
reagent is used the sensitivity is increased by 5% and does not
introduce the necessity for a correction for-the absorbance of the
reagent blank.

Reagent Concentration. A molar excess of at least 20 to 1 of
reagent over palladium in the aqueous solution is required in
order to obtain the maximum absorbance within 3 to 5 minutes.
In the presence of a smaller excess of the reagent, the colored
complex was slow to develop. Large excess of the reagent, as
much as 72M excess, did not affect either the rate or the color
intensity of the compound. Similarly, it was found that for
extraction of the colored compound with chloroform, a large
excess of reagent was required. When solutions were heated
on a water bath at 80° C., however, a 2 to 1M ratio of a-furildiox
ime to palladium was sufficient to yield maximum absorbance in
the organic phase. .

a Differences are not statistically significant at the concentration lev'el
shown above.

142
145
140
141
138
138

141
3.0
2%

Absorbance,
Index.

A,

226
223
222
222
220

223
2.3
1%

Av., ;;
Std. dev., S
Coefficient of variation, V

Av., x
Std. dev., S
Coefficient of variatioD, V

Absarbance,
A

0.067
0.137
0.199
0.267
0.327
0.408

Absorbance,
A

0.133
0.265
0.394
0.525
0.650

Extraction of Palladium a-Furildioxime in
Chloroformo

Pd,
'Y

11.8
23.6
35.4
47.2
59.0
74.0

Pd.
'Y

14.8
29.6
44.4
59.2
74.0

120 l' of palladium were developed by the above procedure.
Complete color development was reached before measurement of
the color intensity could be made, although the absorbance
measurements were taken immediately, as well as over a period
of several hours. The solutions containing low concentrations
of palladium (15 1') were stable for 2 hours, but in solutions con
taining the higher concentrations of palladium a gradual decrease
in absorbance was observed after 20 minutes. The color in the
chloroform extract was stable for the 24-hour period tested.

Effect of Temperature. The solutions were maintained at
room temperature through the experiment, but it was observed
that when a test solution was heated to 80° C., the palladium
a-furildioxime precipitated immediately.

Effects of Hydrochloric Acid. The effect of hydrochloric acid
on the color reaction was studied to determine the optimum
concentration of this acid. In aqueous solutions it was noted
that when the concentration of hydrochloric acid was made
greater than l.4N, a marked decrease in absorbance occurred.
It was also observed that if the color reagent is added to a strong
hydrochloric acid solution, cloudiness occurs. This cloudiness
was eliminated by diluting the sample to 20 ml. prior to the ad
dition of the chromogenic reagent. The development of cloudi
ness in the samples prior to extraction with chloroform did not
impair the efficiency of the extraction. If a precipitate of pal
ladium a-furildioxime is formed in the aqueous phase, it is of
no significance in the method, since it is readily soluble in the
organic phase.

Ethyl Alcohol Concentration. It was observed that the colored
complex of palladium a-furildioxime precipitates when concentra
tions of palladium in excess of 30 l' were tested. To increase the
working range, various concentrations of ethyl alcohol were tried.

Table I. Absorbance Index of Palladium a-Furildioxime
Absorbance

Index,
A.

Table II.

Calibration Curve for Organic Solution. Aliquots of the stand
ardized concentrated solution of palladium were transferred into

It was observed that in a 10 (v./v.) % solution of ethyl alcohol,
concentrations as high as 120 l' of palladium in a final volume of
25 ml. could be analyzed without the occurrence of precipitation,
but higher concentrations of ethyl alcohol only delayed the color
formation and did not increase the stability of the color. The
presence of ethyl alcohol in the aqueous solution, however, in
the extraction procedure is detrimental. Its presence in excess
of 1% by volume reduced the efficiency of the extraction.

where A.
A
b
C

A
Cb

absorbance index
absorbance
length of absorbing layer of material, em.

= concentration in grams/lOOO grams of solution
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a 3D-mI. separatory funnel to which 1 ml. of hydrochloric acid,
1 mI. of a-furildioxime, and'IO ml. of chloroform were added. A
chloroform-insoluble stopcock grease was used, prepared from
starch and glycerol (2). The solutions were shaken for 20 seconds,
following which the chloroform phase was removed and collected
in a 25-ml. volumetric flask. With 10 mI. of chloroform droplets
of chloroform were removed from the aqueous layer and com
bined with the first ·extract. The organic phase was freed of
traces of water by the addition of 0.;> gram of anhydrous sodium
sulfate. The flask was filled to its calibrated volume with chloro
form, following which the absorbanee was measured in a I-em.
curvette at a wave length of 380 mi' against a chloroform blank
solution. The calibration curve, although not shown, is linear
and follows Beer's law.. The data from which this curve can be
constructed are shown in Table II. The coefficient of variation
for the absorbance index in the concentration range from 15 to
74 "y of palladium is 1%.

EFFECT OF DIVERSE IONS

To the extent that the effects of other ions were examined
(Tables III, IV, and V), no serious interference was observed.

ANALYTICAL CHEMISTRY

photosensitive detector increased. This imposes an upper
limit on the quantities of colored ions which can be handled
successfully.

The palladium complex can be extracted readily from the
aqueous phase with chloroform, The absorbance of this com
pound obeys Beer's law when measured at a wave length of
380 m!'. The quantity of reagent may be reduced to a 1 to 2
ratio of palladium to a-furildioxime, but then the solution must
be heated to allow the complex to form and precipitate prior to
the extraction. This would indicate that the compound ex
tracted is Pd(ClOH 70 4N2h as reported by Read and Banks (3) in
the gravimetric method for estimating palladium. The advan
tage of the extraction procedure over the aqueous color system is
that all interferences, due to the absorbance of colored ions which
may be present in the solution, is thus eliminated.

Table V. Effect of Certain Highly Colored Cations on
Determ.ination of Palladium. in Chloroform. Extracts by

a-Furildioxim.e Method

(All solutions contained 74.0 l' of palladium)

" No attempt was made to check any ion that was not highly colored.

Element"

Table IV. :Effect of Certain Anions on Detertnination of
Palladium. in Aqueous Solutions by a-FurildioxiIne

Method

(All solutions contained 59.0 l' of palladium)

Amount Pd,
DifferenceG

Present, Found,
Anion Mg. l' l' %
F- 7' .15 68.1 0.0 0.0
SO.-- 6.90 58.8 0.2 0.3
NO.- 7.29 58.6 0.4 0.7
CIO.- 7.15 58.1 0.9 1.5
CN- 4.0 0 59.0 100

Pt
Rh
Ir
Au
Ru

Amount
Present,

Mg.

7.31
3.94
2.85

13.30
5.45

Av., x
Std. dev., S
Coefficient of variation, V

Pd,
Found,

l'

74.0
75.0
72.7
75.3
71.8

73.8
1.4
2%

Difference
l'

0.0
+1.0
-1.3
+1.3
-2.2

%
0.0
1.3
1.7
1.7
2.8

.A.v., x
Std. dev., S
Coefficient of variation, V

58.6 } Excluding
0.4 CN-
0.7%

" Except in the case of CN -, the differences are not statistically significant
at the concentration tested.

The platinum group metals, including gold, do not form a com
plex with t.he reag,ent. The chlorides of ruthenium, rhodium,
iridium, platinum, and gold do, however, form deeply colored
solutions, and in their presence a sample blank must be used as
a reference solution. The interference due to the presence of
highly colored ions is best eliminated by extraction with chloro
form, as shown by the data presented in Table V. As shown in
Table IV, large quantities of anions can be tolerated with the
exception of the cyanide ion.

DISCUSSION

In a dilute hydrochloric acid medium, microgram quantities
of palladium form a yellow-colored complex with a-furildioxime
which obeys Beer"s law when ELbsorbance measurements are made
at 420 mi'_ In aqueous solutions containing 10% by volume of
ethyl alcohol, with 1 to 5 "y of palladium per mI., a colored com
plex is formed which is stable for at least 20 minutes. After
that period a gradual decrease in absorbance is noted. A large
excess of the reagent is required for the rapid formation of color.
In the case of purified reagents, this large excess can be tolerated,
because it does not absorb ill the wave-length region around 420
m!'. The reagent, under the conditions of this method, is
specific for palladium, excep'G that colored ions absorbing at this
wave length present some minor difficulties. The absorbance
of the interfering substances can be compensated for by incor
porating them in reference solutions. To achieve initial instru
ment balance, however, either the slit must be widened, the in
tensity of the light source increased, or the sensitivity of the

The precision of the method over the range of palladium con
centrations, yielding for spectrophotometric measurement, a
minimum relative error is 1 to 2%.

CONCLUSION

a-Furildioxime can be utilized as the reagent in a highly
selective method for the spectrophotometric estimation of
palladium, Cyanide interferes seriously and must be removed
prior to the addition of the a-furildioxime. At relatively low
concentrations of substances which yield colored ions in solution,
no significant interference occurs. On the other hand, in the
chloroform extraction procedure none of the commonly encoun
tered ions interfere even when present in rela.tively high concen
trations.. The palladium complex is stable for at least 24 hours
in the chloroform extract, whereas in aqueous solutions a gradual
decrease in stability occurs after 20 minutes. The precision of
the method under the conditions reported herein is within 1%.
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Improvements in Isotopic Carbon Assay and Chemical
Analysis of Organic Compounds by Dry Combustion
DAVID R. CHRISTMAN, NANCY E. DAY, PATRICIA R. HANSELL, lind R. CHRISTIAN ANDERSON

Chemistry Department, Brookhaven National Laboratory, Upton, Long Island, N. Y.

If the temperature observed on the thermometers in the wells
of the volumes (V, and V2, Figure 1) is not reasonably constant
(within about 2 0 C.), the calibration and arW.ysis measurements
should all be corrected to a standard reference temperature by a
gas law calculation.

Certain compounds which contain other elements in addition to
carbon, hydrogen, oxygen, and nitrogen often prove intractable
or cause undue attrition on the standard combustion tube.
Iodoform might be cited, as well as alkali salts. The latter leave
a residue which attacks the quartz tube, affects water values,
and may form active carbonate which can undergo exchange and

of a nickel fin and sleeve, has been satisfactory with all compounds
tried so far and is less tedious to use than the standard copper
oxide filling. An automatic advancing mechanism is used to
move an electromagnet which pushes the sample into the furnace;
it is capable of varying speeds, but normally about 10 minutes is
required to move the sample into the furnace.

The parts used inside the combustion tube are conveniently
prepared by hand from pure IG-mil nickel foil. Just prior to
insertion in the quartz tube, these nickel components are heated
to about 1300 C. for 30 minutes in concentrated sulfuric acid and
washed, as recommended by Kirsten, to decrease the time re
quired for obtaining a low blank. The silver, used in the form of
balls of fine wire in the tube, must also be pretreated to reduce
the blank. The procedure of Niederl and Niederl (11) is satisfac
tory and consists of heating the silver components in porcelain
boats in a quartz tube to 400 0 C. for 1 hour with hydrogen and
then 1 hour with oxygen. When the parts are treated in this
manner, a blank of less than 1 mm. in the carbon dioxide trap is
found in 40 minutes, following a preconditioning time of 1 to
2 days. A small blank persists throughout the life of the tube,
but this is also observed when a Pregl filling is used, and its mag
nitude is such that it is ignored in actual practice. This blank is
not due to water, since if the oxygen purification train is func
tioning properly no detectable water blank is observed. A list of
specimen analyses with this filling is shown in Table I.

Table I. Specimen Analyses
C, % H,%

Theoret. Found Theoret. Found

68.84 68.87 4.95 4.83
69.13 4.89
69.12 4.91
68.86 4.93
68.44 4.99

75.35 75.23 8.95 9.02
75.16 8.96

53.64 53.40 3.22 3.22
53.84 3.21

94.34 93.50 5.66 5.69

71.08 70.95 6.71 6.76
70.84 6.72
71.91 6.76
71.08 6.66

45.45 45.57 6.10 6.04
45.62 6.07

87.12 87.28 5.06 5.13
87.91 5.23

79.16 78.60 5.62 5.69
78.90 5.72

Sample,
Mg.

5.255
8.237
5.901

10.680
6.067

4.724
6.894

6.028
7.702

6.340

9.026
7.519
5.205
6.769

4.450
4.359

4.442
5.950

4.654
7.103

Benzanilide

Compound

Benzoic acid

Isocaproanilide

Anthracene

Acetanilide

o-CWorobenzoic acid

Acridine

Glutaric acid

COMBUSTION TUBE AND FILLING

TO PURIFYING

'-l~r·

H'SO'~
PRE~

REGULATOR

I MPORTANT modifications have been made in the apparatus
(1) by which micro samples of organiC' C'ompounds are burned

to carbon dioxide and water, the latter being measured in a low
pressure gas manometer and then employed directly for isotopic
assay. In the search for improvements in what has proved in
4 years to be a basically sound apparatus, several changes have
afforded advantages in rapidity of operation as well as accuracy
and reproducibility of results. The alterations are chiefly in the
combustion tube and filling, the removal of nitrogen oxides, the
trap and manometer system, and the isotopic assay for carbon
14.

COMBUSTION TUBE

CO2 TRAP

Modifications in the apparatus and combustion pro
cedures used in this laboratory afford certain advan
tages over the original design. Improvements are de~
scribed with regard to the combustion tube filling and
arrangement, the removal of nitrogen oxides, the trap
and manometer system, and the carbon-14 assay
method, using proportional gas counters.

Figure 1. Combustion line and gas measurement system,
manometer construction, and pressure regulator

The combustion tube, its filling, and operation have been
changed as described by Kirsten (8, 9) (Figure 1). This system
operates at 930 0 to 970 0 C. with a minimum of tube filling and on
the principle of thermally cracking the organic compound first
and then oxidizing the reactive fragments in the flowing oxygen.
As a result, combustions are complete in much shorter times,
preconditioning time for new tubes is greatly reduced, and the
likelihood of radioactive contamination from sample to sample is
essentially eliminated. The sample is placed inside a platinum
thimble and run directly into the main combustion furnace.
The oxygen flow is about 30 cc. per minute, and the total com
bustion time is only 30 to 40 minutes. This filling, which consists

FROM PURIFYING
SYSTEM

I

~~~....,;=~
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Figure 3. Combustion line as designed by Kirsten and
modified by present gas measurement and collection

system

PIO
MEASURING

BOTTLE
c" TUBE

7'? TRAP

r;==:::;c==;:;:;::;-;=:;r:::;r::;-;===:tf:=-OIF:~~O'"
m(B~ PUMP

DRYtNG
AGENT

CO, TRAP

Sample loading and dilution line

is turned so that the water trap will also be pumped out. The
amount of carbon dioxide and water is then measured normally,
and the carbon dioxide either placed in counting tubes directly
or in bulbs for other treatment.

The manganese dioxide trap is not pumped out during an
analysis, because a slight additional blank is contributed to the
carbon dioxide by such a procedure, and it has been found un
necessary even from the standpoint of possible holdup of carbon
dioxide in this trap. To test this, a sample of benzoic acid con
taining 12 millimicrocuries of carbon-14 per milligram of carbon
(an amount of carbon dioxide producing 70,000 c.p.m.) was burned
and its carbon dioxide passed through the trap. Without pump
ing on the manganese dioxide trap, a sample of inactive acetanilide
was burned and the products were passed through the trap. The
carbon dioxide so obtained was placed directly in a counting tube
and gave a count of 81.6 ± 1.1 c.p.m., as against a background
of 82.5 ± 0.9 c.p.m. with the same tube filled only with p-I{)
gas, with standard deviations as shown. This clearly eliminates
any need to pump down the manganese dioxide trap between
combustions.

The manganese dioxide trap (Figure 1) is 15 cm. long over-all,
22 mm. in outside diameter, with an inner tube about 12 mm. in
outside diameter, having a coarse glass frit sealed into its bottom
end. About 2.5 grams of 10- to 20-mesh manganese dioxide is
placed in the inner tube, covered by a plug of glass wool, which
is topped with a 5- to 6-cm. layer of Anhydrone followed by
another plug of glass wool. The quality of the manganese dioxide
is critical in this application. Ordinary manganese dioxide sus
pended on asbestos gives erratic results. On the advice of the
Shell Development Co. (13) specially prepared manganese di
oxide (Laboratory Equipment Co., St. Joseph, Mich., No. 501-C)
was tried. Experience of the Shell Development Laboratories

Figure 2.

MANOMETER

DRY-ICE TRAP

~BocO"CO'
~ GENE"AlOP

Snc!: TUBE

co,
STORAGE

BULB

thus introduce cross contamination.
Such compounds may be handled by wet
combustion, but the following procedure
has been found. satisfactory:

The sample to be burned is weighed by
difference into a quartz capsule, which
can be introduced into a 25 X 200 mm.
quartz tube with a male 19/38 standard
taper joint. The compound is covered
and mixed with 200 to 500 mg. of cupric
oxide wire. The main tube is fixed with
Apiezon wax to a 4-mm. pressure stop
ceck with two joints, one for the tube
and the other for attachment to the load
ing line (Figure 2). The tube is pumped
out, if the compound is not volatile, and
0.5 atmosphere of oxygen is introduced.
With volatile compounds, it must be
flushed out with oxygen and closed at
1 atmosphere, The quartz tube is then
heated to 700° C. for 1 hour and attached
while hot to the loading line, and the
evolved carbon dioxide is trapped, meas-
ured, and put into counting tubes. The
cOJ:nbus~ion apparatus can then be di~assembled, the cupric
OXIde discarded, and the tube deeontammated by heating in a
concentrated nitric acid-concentrated sulfuric acid bath washed
steamed, and dried for reuse. "

RDfOVAL OF NITROGEN OXIDES

The problem of removal of nitrogen oxides during combustions
of organic compounds has not been satisfactorily solved in the
past. The problem is magnified when the products of the
combustion' are desired for isotopic assay, because the usual
methods, such as heated lead dioxide, cannot be employed. Such
reagents involve an equilibrium with carbon dioxide, as well as
water (12), and would therefore introduce cross contamination
between samples if used for this purpose. Furthermore, when
it is desired to obtain the carbon dioxide in the gaseous form, by
freezing it out with liquid nitrogen, the use of any reagent for the
removal of nitrogen oxide involving the formation of any volatile
product which freezes at liquid nitrogen temperature is precluded.
With these restrictions, the method for the removal of nitrogen
oxide which has been in general use on trains used for isotopic
assay has been reduction over hot copper (1,6). This method is
time-consuming, because of the necessity of freezing out all
volatile products and pumping off the oxygen present before
passing the combustion products over the hot copper. It is also
extremely sensitive to temperature. In many cases, unsatisfac
tory carbon results have occurred when the temperature of the
copper varied as little as 5° C. from the optimum temperature
(about 455° C).

lfelcher and Ingram (2) noted the feasibility of using manganese
dioxide for the absorption of nitrogen oxide, and Kirsten (8)
recommends the use of this compound. Results indicate that it
is completely satisfactory under the conditions prevailing in the
present system. It not only appears to give complete removal of
nitrogen oxide, but it can be used at room temperature, and con
tinuously during the combustion period, thus eliminating the
necessity of the extra step of freezing out and pumping off 'of oxy
gen before the removal of the nitrogen oxide.

The manganese dioxide trap is placed between the water trap
and carbon dioxide trap in such a way that it can be isolated from
the system by means of stopcocks S-. and S-6 (Figure 1) if nitrogen
is absent. When nitrogen is present, the sample is placed in the
fore part of the combustion tube, and the oxygen flow is adjusted
as usual by means of stopcock S-'l, using the manometer as a flow
meter (see followirig section). S-. and 8-6 (2-mm. vacuum stop
cocks) are closed during this operation. After the flow is correct,
the dry ice and liquid nitrogen baths are put in place, S-. and S-6
are opened, and S-. is turned so that it faces the carbon dioxide
trap. This still gives a pressure reading on the manometer, t{)
indicate the oxygen flow, but forces the combustion gases to
pass through the manganese dioxide trap. At the end of the
combustion, S-. and S-r. are closed first, then S-" is closed, and S-.
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indicates that this manganese dioxide is sufficiently pretreated
and regenerated by heating to 120 0 C. overnight (2, 13) and that
under normal combustion conditions the capacity of this material
is 30 to 90 mg. of nitrogen dioxide per gram of manganese dioxide.
This manganese dioxide works equally well under present condi
tions, where the trap pressure is about 1 cm. It is replaced when
30 mg. of nitrogen dioxide per gram of manganese dioxide has
been trapped, although it has not been exhausted by that time.

This calculation is made on the basis of nitrogen as nitrogen
dioxide, although this may not be the oxide present. If the
nitrogen oxide were held in the water trap, incorrect hydrogen
values would be expected. However, no effect has been'noted
on hydrogen analyses of any nitrogen-containing samples. On
the other hand, it has been stated (4) that 1 part of nitrogen
dioxide in 10,000 parts of carbon dioxide will lower the counting
rate' several per cent in proportional counting tubes of design
similar to the present tubes, although no filling gas was employed'
in that case. As no depression in the expected counting rate has
been noted with nitrogenous samples under the present con
ditions, it is apparent that no nitrogen dioxide is present in the
carbon dioxide obtained with the present apparatus. Further
more, if nitrogen oxides were present in the carbon dioxide, an
incorrect determination of the amount of carbon dioxide placed
in the counting tubes would ensue, with a consequent incorrect
specific activity value being obtained even if the nitrogen oxide
had no untoward effect on the counting of the sample. With the
use of manganese dioxide, the expected specific activity has been
obtained in all cases where it was possible to calculate this value,
within the experimental error.

Figure 4. AutoInatic saInple
advancing InechanisIn

Belcher and Ingram (2, 7) have stated that nitrogen dioxide,
End not nitric oxide, is absorbed by manganese dioxide at room
temperature. However, nitrogen dioxide, with a melting point
{)f -9.3 0 C., would not be expected to pass through the dry ice
cooled water trap used in this apparatus. Therefore, the question
·of the identity of the nitrogen oxide present at the various stages
of this absorption system will be investigated further, in an effort
to determine the actual processes involved in this procedure.

TRAP AND MANOMETER SYSTEM

Various modifications of the original system have been ,made in
the interest of efficiency and convenience. For example, the
traps for collecting the carbon dioxide and water have been
·changed to multiple U-traps of the type described by Buchanan
and Nakao (6) (Figure 1).

A convenient method of calibrating the two-liquid, low pressure
manometer for use as a flow meter is to measure the inner diam
.eter of the open-ended tube in the pressure regulator (Figure 1)
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before the oxygen prepurifying furnace, then to calculate the
volume of a height of 2 or 3 cm. in the tube. When this point is
marked on the outer tube, which contains concentrated sulfuric
acid, it is possible to measure the length of time taken for the acid
to rise and fill the calculated volume by shutting off the oxygen
flow at the tank when the meniscus is at the bottom of the inner
tube. In this way, the oxygen flow in cubic centimeters per
minute can be determined for any given reading on the ma
nometer.

In the filling of the low pressure, two-liquid manometers
(Figure 1), several changes in procedure are advantageous. In
order to prevent any of the oil from getting into the lower part of
the manometer, all of the mercury is now distilled in first. If
each of the lower bulbs is filled somewhat more than half full, a
sufficient amount of mercury must be present. The constriction
below the flask from which the mercury is distilled is then sealed
off, to prevent any oil from being carried over to that side of the
manometer. Only then is the oil degassed, by alternate freezing
and thawing. It is almost impossible to keep the oil from bump
ing into the manometer occasionally during this procedure,
making the above treatment of the mercury desirable.

Mter the oil (commonly dibutoxytetraethylene glycol) (1)
has been completely degassed, it is distilled into, the manometer
until approximately the correct amount is present. Before the
top of the manometer is sealed off above the upper bulb, an ad
vantage in the ultimate vacuum obtained above the oil may be
accomplished by slowly allowing air to enter above the mercury,
thus driving the oil into the upper reservoir. The top constric
tion, above the upper reservoir, is then sealed off, after the bulb
containing the unused oil has been sealed off and removed. The
mercury filling bulb is also removed and the manometer removed
from the vacuum line. The glass tube arch connecting to the
vacuum line may be left in place for additional support for the
manometer, if desired.

It is not necessary to be precise about the amount of oil dis
tilled into the manometer, as the zero level of the manometer can
be easily adjusted by addition or removal of mercury at any time.
If desired, a ball joint can be added to the top of the bulb above
the mercury to facilitate this adjustment, with the joint normally
being closed by a stopper sealed in place with Apiezon wax.

It is best to make the capillary portion of the manometer some
what longer than 50 cm., if a 50-cm scale is to be used with the
apparatus, to allow free movement of the sliding vernier at both
ends of the scale.

The arrangement of the calibrated bulbs is a matter of personal
preference. At present, the manometer connects into the system
between 8-4 and 8-7, as shown in Figure 1. It is convenient to
make one of the two bulbs of such a size that it can be used alone
under ordinary conditions (V2, Figure 1). A bulb with a volume
of about 400 cc. will produce a rise per milligram of carbon of
about 4.5 to 5 ·cm. on the manometer, and is a convenient size.
The second bulb (VI), about 200 cc. in volume, is then used in
case the pressure of one of the gases becomes too highat some time.
With water, furthermore, erratic performance occurs if more
than about 0.6 mg. of hydrogen (as water) is present in the 400-·
cc. volume only, because of condensation on the walls. When a
relatively large amount of water is present, it can be allowed to
expand into both volumes. It is best to calibrate the system for
both volume combinations for both carbon dioxide and water,
when this arrangement is used.

If a stopcock and hose attachment is provided on the portion of
the system to which the counting tubes are attached (above the
volumes), this portion of the system can be pumped out by a
separate vacuum pump even during a combustion. This can
result in a considerable saving of time, as the pumping out of air in
this space through the volumes and carbon dioxide trap is rather
slow.

Figure 3 is a picture of the apparatus designed by Kirsten (9),
as modified by the substitution of the authors' measurement and
gas collection system.
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A combustion line incorporating similar features, made by
laboratory personnel, is also in use in thin laboratory. The main
problem involved is in providing a combustion furnace which
operates well at 950 0 C., since the micro combustion furnaces
generally available in this country do not operate satisfactorily,
if at all, at such temperatures. At present, the simplest solution
seems to be the winding of a furnace on a ceramic base with
Nichrome or Kanthal resistance wire, with the temperature
being controlled by means of a Variac and measured with a
thermoeouple.

In this apparatus, the automatic sample-moving action is pro
vided by means of a governor-controlled, variable-speed motor
which is attached directly to a screw drive (Figure 4). A threaded
shoe fits over the top half of the screw and is attached, through a
tube fitting over a shaft, to a platform which moves on a track.
The magnet (Ace Glass, Inc., Vineland, N. J., catalog No. 6556) is
mounted on the plat.form. The shoe and the tube attached to it
can be raised over the shaft attached to the platform, so that the
magnet can be moved back to the front end of the combustion
tube after each analysis. The shoe is held down on the screw
by .a spring which is, attached to a collm on the shaft below the
platform, and to the shoe itself: A microswitch is provided which
turns off the motor when activated by the shoe as it approaches
the combustion furnace.

ISOTOPIC ASSA 1{

Ordinarily the carbon dioxide from a sample can be loaded di
rectly into the counting tube(s) (3, 15) on the combustion line, with
no loss in counting efficiency. If erratic counting behavior has
been encountered wit;h any sample, the carbon dioxide is collected
in a glass bulb and then passed through a tube containing stannous
chloride (10), then th.rough a dry ice multiple U-trap, and finally
collected in a liquid nitrogen trap. This is done on the same
vacuum system used to fill the tubes with the filling gas, and this
loading line is provided with a two-liquid manometer and a
volume system similar to that used on 1;he combustion lines, to
measure the amount of carbon dioxide put into the counting
tubes (Figure 2). Amercury diffusion pump is used on this line,
to facilitate the pumping out of counting tubes after use. Unless
a very active sample has been in a tube, about a half hour of
pumping under these conditions is sufficient to remove all traces
of the activity. The same can be said about the line itself.

It is also possible to decompose barium carbonate samples on
this vacuum line. Concentrated sulfuric acid appears to be a
satisfactory agent for the -liberation of carbon dioxide. The
earbon dioxide evolved is collected in the usual manner in a
liquid nitrogen-cooled trap and distilled into counting tubes.

If difficulty is encountered in the counting of any counting
tube, or if the carbon dioxide therein is desired for any reason,
the counting tube itself can be placed on t,he sample-loading line
a.nd the gases pumped out through the liquid nitrogen trap. The
carbon dioxide is retained by the trap and the filling gas is pumped
off, after which any desired disposition may be made of the carbon
dioxide obtained.

The use of P-lO gas (90% argon, 10% methane) instead of
methane as a filling gas offers the advantage that the proportional
plateau occurs at about 2100 volts rather than at 3800 to 4000
volts. This allows the use of a 3000-volt power supply, and
decreases the possibility of arcing or other high voltage effects.
The counting efficiency starts to fall off with a tube filling of
more tha,n S% carbon. dioxide, but such an amount is adequate
for most samples (about 4 mg. of carbon in a 100 ml. of counting
tube). Another property of this filling gais is that the plateau is
much sharper than that obtained with methane, although some
what, shorter. This makes it much easier to recognize the pla
teau, as the effect 011 the counting rate of being only slightly
above or below the plateau is relatively great. It is advisable to
take a plateau with each filling of each eounting tube, for ac
curate work. This can be done rapidly by taking three or four
I-minute counts, with an external source if necessary.

ANALYTICAL CHEMISTRY

The external check source consists of a small amount of a
cesium-I37 salt evaporated onto a copper strip, the activity
covered with polymer film, and the strip soldered to a hose clamp
which in turn can be slipped over a counting tube and fastened.
The strip is bent into a U-shape, so that the upper edge of the
arm again rests against the side of the counting tube when the
source is in use. This holds the activity at a reproducible distance
from each tube. The source is held about 1.5 inches from the
outside of the tube and approximately opposite the middle of the
cathode volume, and its strength adjusted to give 5000 c.p.m. or
more. If the counting is done in a room in which there are scintil
lation counters, it is preferable to use a strontium-90 source (pure
beta emitter), but in this case each tube should be calibrated
against this external source.

A paper has appeared recently un giving a complete discus
sion of the use of P-lO gas in glass proportional counting tubes,
as well as a description of the amplifier circuit used here for
proportional counting.

Provision is also made on the loading line (Figure 2) for the
dilution of samples which are too active to be counted in their
original concentration. This condition is a function of the
scaling circuit on the counter but with a decade scaler of the type
commonly used, the maximum safe rate is about 200,000 c.p.m.,
at which point a coincidence correction of 1.6% applies with a
scaler of 5 microseconds resolving time. When the activity is
such that more than the maximum counting rate would be ob
served, the sample is put into the loading line in the usual way,
except that the absolute amount of carbon dioxide present from
the sample is noted. A small separate volume (Va) is provided
on the system in such a way that it can be closed off from the
rest of the manifold, and this is now done. The small volume
and the larger ones to which it is attached have been previously
calibrated by weighing with and without water (1), so that the
fraction of the small volume to the rest of the system can be
determined. The fraction of the active sample which is trapped
in the small volume can thus be calculated.

The remainder of the active sample is removed, either by
freezing it into a bulb or by pumping it off (the system should be
pumped on for at least 15 minutes in any case, to remove all of
the active sample). Inactive tank carbon dioxide, which is
passed through a dry ice-cooled, multiple U-trap before storage,
is next introduced from· a storage bulb attached to the system,
and again the absolute amount present is noted. When the
active and inactive carbon dioxide is mixed, the dilution factor
for the active carbon dioxide is the ratio of the amount of
active carbon dioxide to total carbon dioxide times the ratio of
the small volume to the volume of the entire system used. In
order to ensure thorough mixing of the active and inactive carbon
dioxide, it is necessary to freeze and thaw the gas at least five
times before loading it into counting tubes. The results obtained
by this method agree closely with those obtained by chemical
dilution methods, and the procedure is much less time-consuming
and less liable to accidents.

In addition to the mixing for the dilution step above, proper
mixing of the carbon dioxide and the filling gas, either meth
ane or P-lO, is essential. As a general procedure, the filled
tubes are removed from the vacuum line, the bottom end is
cooled in liquid nitrogen for 1 minute, and the tube is turned
upside down and held in a rack for several hours, or preferably
overnight. After such a procedure there is no further variation
in counting rate with time.
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Inherent Errors and Lower Limit of Activity Detection in
Gas-Phase Proportional Counting of Carbon-14
DAVID R. CHRISTMAN and ALFRED P. WOLF

Chemistry Department, Brookhaven National Laboratory, Upton, Long Islane/, N. Y.

The preeision of the lllethod of carbon-14 assay used in
this laboratory-by llleasurelllent with gas proportional
counters-is discussed frolll the standpoint of the
identity and lllagnitude of the various errors involved.
The lower lilllit of activity detection in these gas propor
tional counting tubes has been investigated.

I N VIEW of the interest which has been manifested in the
carbon-14 assay method used in this laboratory (1,4), a dis

cussion of the errors inherent in the system seems appropriate.
The systematic errors affect all analyses equally and are there
fore important only from the standpoint of the correctness of the
absolute activity values reported. Others do not affect different
analyses equally and therefore contribute to the deviation in re
sults between samples. In this article, the errors are discussed
approximately in the order in which they are encountered in
practice, followed by a discussion of the lower limit of activity
detection using the present method of analysis.

The equation used to calculate the specific activity of a given
sample is:

M / C _ net counts per minute
p.c. mg. - 2220 X Ve X E X mg. C

The constant 2220 is the number of disintegrations per minute in
1 illp.C. of activity. Ve is the fraction of the total counting tube
volume, V" which is contained within the silvered cathode vol
ume, V. and is therefore defined by Ve = V,/V, (2). E is the
apparent counting efficiency of the tubes within the volume frac
tion Ve, and is now determined by comparison with a standard
supplied by the National Bureau of Standards (3, 7, 8). The
milligrams of carbon present in the counting tube is determined
by pressure-volume-temperature measurement by means of a
calibrated manometer (1, 4). Each of these factors, except the
constant 2220, is subject to one or more errors of various types.

In no case does the original weighing of the combustion sample
have any bearing on the isotopic assay, so long as the analytical
result indicates reasonably complete combustion of the sample.
This holds because the sample is not quantitatively transferred
to counting tubes, but rather the amount w,hich is placed in the
counting tubes is measured by the pressure change on a calibrated
manometer (1, 4).

The manometer on the sample loading line (4) is calibrated by
observing the rise obtained from carbon dioxide evolved from
weighed amounts of barium carbonate, by decomposition with
sulfuric acid. The purity of this barium carbonate, in terms of
carbon dioxide content, must therefore be accurately known. It
is also necessary to ensure quantitative evolution and trapping
of the carbon dioxide evolved. As this is done at 'a pressure of

about 10-3 mm. of mercury, great care must be taken to prevent
spraying of the barium carbonate powder when it is first attacked
by the sulfuric acid. At the end of the react.ion, the acid must be
heated until solution of the carbonate occurs, in order to ensure
its complete decomposition.

The result of such measurements is expressed as centimeters of
rise per milligram of carbon present, and the root mean square
deviation from the mean of 12 determinations made on the sample
loading line is ± 0.73%. This error in the standard rise affects
all samples equally and so need not be taken into consideration
when comparing activities of different samples among themselves.

A similar error occurs in the calibration of the manometer on
the combustion line itself, where the standard rise per milligram
of carbon is determined by averaging the rise obtained from a
number of standard carbon-hydrogen sample runs and/or from
carbon dioxide evolved from barium carbonate. The reproduci
bility of these determinations is of a similar order to that obtained
.with barium carbonate on the loading line, so for counting tubes
loaded directly from the combustion line and not on the loading
line a similar error must still be considered.

Correction should be made on both calibration and analysis
measurements to a standard reference temperature, in order to
minimize the effect of temperature on the observed gas pressure.
If this is done, the effect of this error is small (probably less than
0.2%).

On the two-liquid manometers previously described (1, 4),
the reproducibility of a given reading of the manometer is about
± 0.01 cm., with two readings being involved in each tube filling
and each calibration determination. The percentage effect of. this
error decreases as the amount of carbon dioxide being measured
increases, but with a filling of 1 mg. of carbon on a system where
the standard rise is about 5 cm. per milligram of carbon, it
amounts to ± 0.2%.

Another error stems from the calibration of the volume fraQ
tion, Ve, within the cathode volume of each counting tube. It
is measured by filling the tube to the various levels necessary with
redistilled toluene from a buret, then calculating the fraction
from the relative volumes so determined. As the use of buret
readings taken to 0.05 m!. gives results nearly identical to those
obtained by weighing the tube at each stage, the more rapid buret
readings are considered sufficient. However, while the root
mean square deviation in results on a given tube, as determined
by anyone person, averages about ± 0.25%, the deviation when
the tube is calibrated by several different p'ersons is ± 0.4%.
Results obtained by four different persons on one tube are as fol
lows: 0.838 ± 0.002; 0.845 ± 0.001; 0.844 ± 0.004; 0.847. The
over-all value is 0.843 ± 0.0035 (root mean square deviation cal-
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culated separately, on the basis of 12 values). Since a tube is
ordinarily calibrated once or twice by only one person, the assign
ment of uncertainty from this source is ± 0.5%. This error,
and that in the manometer readings, are the chief operational
errors which do not affect each sample equally.

An uncertainty exists in the calibration of the counting effi
ciency within the "active volume" of the counting tubes. Its de
termination is subject to all of the above operational errors, and
to the effect of the counting statistics involved, as the calibration
must be made on the basis of counting carbon dioxide evolved
from a standard sample. This determination has been made a
number of times, and the root mean square deviation of the results
of these determinations is therefore a good measure of the actual
effect of the operational and statistical errors on this system. The
results of 30 different determinations of three different treatments
of the standard sample show a root mean square deviation of ±
1.93% from the average value obtained.

In any counting procedure, the statistics of the counting must
be considered.. The standard deviation of any count or series of
counts may be easily calculated by standard methods (5). In
the present work, with tubes of about 100-cc. volume, the back
ground is approximately 70 to 80 counts per minute. When the
sample counting rate is below 3000 counts per minute, the stand
ard deviation due to the background must also be taken into con
sideration. Above that counting rate, the uncertainty in the
background becomes insignificant, statistically, and may be
ignored.

It should also be recognized that, at very low sample counting
rates, deviations due to such untoward effects as electronic aber
rations and external sources of various types become increasingly
important. This does occur occasionally, and must be watched
for at all times. The use of calibrated external sources to de
termine that the counter is behaving normally is of value in this
connection (4).

The precision with which a sample can be determined varies
with the net counting rate of the sample. Table I lists the approx
imate precision at various counting rates, for a typical sample
counted in two counting tubes to a point where 10,000 total

counts are registered, or at least 3 minutes has passed (to reduce
possible errors in the counting time), on each tube. This pre
cision includes operational errors and statistical counting errors,
but does not include any errors which affect the samples equally.
With activities of about 300 counts per minute or more, it is pos
sible to approach a precision of ± 2% by burning and counting a
sample a number of times, as statistical errors are thereby mini
mized and the operational errors become the chief contributors.
At very low net counting rates, the operational errors become
relatively insignificant, with counting statistical deviations and
nonstatistical events playing the dominant role in the precision
obtained.

At low net counting rates, another factor operates to lower the
precision which is attainable. At a gross counting rate of about
100 counts per minute, each count by which the background (70
counts per minute) is incorrect contributes an error to the net
sample counts of about 3%; and, since the background cannot be
counted simultaneously with the sample, on the same counter
and in the same counting tube, some uncertainty in its actual
value is inevitable. With a given counting tube on a given
counter, the background may vary 1 to 2 counts per minute from
hour to hour, about 3 to 4 counts per minute in a day. Occa
sionally a variation of as much as 10 counts per minute has been
observed with I-hour counts taken on different days.

The actual counting efficiency, E, is determined by the mag
nitude of the end effects of the counting tubes, but in practice is
based on a comparison with the National Bureau of Standards
sodium carbonate carbon-14 standard. The absolute value of
this standard is at present open to question, however (3,7,8), and
until the discrepancy concerning it is resolved, an unknown and
possibly large error in the absolute specific activity values ob
tained by this method must be considered. At present, the value
given by the National Bureau of Standards for this standard
namely, 1280 disintegrations per second per milliliter-is used to
calculate the counting efficiency of 0.975. This error does not
affect relative values between samples assayed on the same sys
tem and may be ignored from that standpoint.

LOWER LIMIT OF ACTIVITY DETECTION

l: Deviations shown are ealculated standard deviations.
b Where expected counts are listed, they are based on original activity and standard deviation, then calculating

activity of sample from dilution by weight with inactive material. Corrected for actual amount of carbon dioxide
present.

&: With inactive Bamples,.no correcti~m.ismade for milligrams of carbon present.
d Expected counts per mmute per mIllIgram of carbon are: sample 4, 10.1 ± 0.2; sample 5, 2.02 ± 0.04.

0.2 ± 0.55

0.6 ± 0.54

2.7 ± 0.53

0.6 ± 0.51

10.0 ± 0.56

Av. net sample
counts/mg. C,

c.p.m. a, C,d

It was considered desirable to determine the reasonable lower
limit of detectable activity with this counting system, and to de
termine the precision with which such measurements could be
made. To this end, benzoic acid, the activity of which had been
determined 13 times and was known to within ± 2%, was diluted
with inactive benzoic acid to obtain material which contained
10.1 ± 0.2 and 2.02 ± 0.04 counts per minute per milligram of
carbon. About 1 mg. of carbon, as carbon dioxide, from each
sample, was placed in each of two counting tubes and counted
under optimum conditions. For this purpose, counting tubes
were selected which showed long counting plateaus and stable

background characteristics.
The results are shown in
Table II.

These results show that,
under these conditions, even 2
counts per minute can be de
tected with a standard devia
tion of about 20%. Variation
in the actual division of count
ing time between sample and
background is allowable, but
it is desirable to count the
background as long as the sam
ple itself in such cases (6). In
this case, the background was
counted both before and after
the sample was counted, with
the time period of each back-

0.4 ± 0.71
0.8 ± 0.72
0.2 ± 0.75
1.0±0.78

-0.7 ± 0.73
1.1 ± 0.81

10.6 ± 0.80
9.6 ± 0.80
1. 5 ± 0.78
4.1 ± 0.80

Net, sample a
counts. c.p.m.

2% 3% 4%

5.1 5.5 6.1
3.3 4.0 4.8
2.5 3.4 4.3
2.4 3.3 4.2
2.2 3.2 4.1
2.2 3.1 4.1
2.1 3.1 4.0

Tahle II. Lower Limit of Activity Detection
Background Sample

Precision of Activity Determination at Various
Operational Error Levels

Precision of Specific Activitya,b,c for Several
Operat!onal Error Levels. ± %a,b,cNet Counting

Rate, C.P.M.

50
100
300
500

1,000
3,000

10,000

Tah1e I.

Time Time
Sample Nature of Background counted, Sample counts, counted,

~.J"o. Sa.mple b counts, c.p.m. a min. e.p.rn. a min.

Inactive 72.6 ± 0.30 791 73.0 ± 0.64 176
73.9 ± 0.31 785 74.7±0.66 172

2 Inactive 70.8 ± 0.38 493 71.0±0.65 165
73.2 ± 0.39 479 74.2 ± 0.68 158

3 Inactiye 77.0 ± 0.44 398 76.3 ± 0.58 224
75.5 ± 0.46 360 76.6 ± 0.67 169

4 10.3 ± 0.2 71.5±0.44 370 82.1 ± 0.67 181
10.2 ± 0.2 73.6 ± 0.42 420 83.2 ± 0.68 182

5 2.08 ± 0.04 72.0 ± 0.44 364 73.5 ± 0.64 177
2.14 ± 0.04 74.1 ± 0.45 365 78.2 ± 0.66 178

• Standard deviation of the background taken to be ±2 c.p.m. in each case.
b For one sample in two counting tube:" counted for 3 minutes or 10,000

counts (gross).
C Includes operational and statistical errors, but no correction for absolute

counting e.fficiency~
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ground counting period and the sample counting period being
approximately equal. This means that for each sample the back
ground was counted approximately twice as long as the sample,
Jl.nd each sample was counted to well over 10,000 counts. For the
calculations, the total background time was taken for each tube,
rather than considering the two background periods separately.

METHOD OF CALCUL..<\TING "

The standard deviations shown in the tables were calculated
by the usual methods (5). In Table I, the deviations are a com
bination of the standard deviation of the gross counts involved,
the standard deviation of a normal background count (taken to
be ± 2 counts per minute in all cases), and the indicated contri
butions from the operational errors. The percentage deviations
listed were determined from the square root of the sum of the
squares of the numerical values for each of these deviations. It.
has been shown that under the present conditions the operational
errors are about 2%, and the column under that heading is taken
to apply.

In Table II, the deviations shown are the calculated standard
deviations, in counts per minute, based on total counts in each
case. The deviation for the net sample counts for each tube is
the square root of the sum of the squares of the appropriate back
ground and sample deviations, and the average net sample devia
tions are half the square root of the sum of the squares of the
deviations of the two values used to obtain the average vah,le.
With the inactive samples, no correction is made in the average
value for the amount of carbon dioxide in the counting tube, as
this contributes no statistical variations to the background count
so obtained.

Present experience indicates that with very low counting rates,
such as those under discussion, it is best to do all of the counting,
during the working day. When these countiRg tubes were left
counting overnight, either on background or on sample counts,
deviations were often observed which were far outside of the ex
pected statistical deviations. As a result, all of the data pre
sented in this paper were taken during the working day, when
external conditions appear to have remained more or less con
stant. The counting rates tend to be somewhat lower during the
night than during the day, although this is not found to be uni
versally true.
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It may be significant that the deviation from the expected
counts per minute is generally positive, including those cases
where inactive carbon dioxide was employed. The filling gas
was introduced into the counting tubes from the same vacuum
line in all cases, for both samples and backgrounds, so it is un
likely that this effect is due to contamination from the line. Sam
ple 3 was obtained by burning an inactive sample on a combus
tion line which had never been used with an active sample. It
may be that the presence of carbon dioxide in. these counting
tubes causes a slight rise in the counting rate observed.

In view of these results, it appears that as little as 2 counts per
minute can be detected in a counting tube of this type with the
background conditions prevailing here. Those samples which
show counts indistinguishable from background, in terms of the
standard deviation, are considered inactive. However, even 1
count per minute might be detected by this method, with some
what longer counting periods. Certainly it is possible, with the
counting conditions described, to state definitely that a sample
has less than 2 counts per minute, if such is the case, and for
practical purposes 2 counts per minute is considered the lower
limit of activity detection by the method described.
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Laboratory Methods for EvaluatioA of Evaporation
Losses of Petroleum Products

JOSEPH HOLOWCHAKI and E. L. BALDESCHWIELER2

ProJucts Research DiYision, Esso Research anJ Engineering Co., LinJen, N. J.

Two laboratory IDethods have been developed for the
accurate determination of evaporation losses. The
first procedure is a modified Chenicek-WhitIDan vapor
pressure method, in which IDeas.ured aIDounts of dry
air are bubbled through a known aIDount of a hydro
carbon mixture at a fixed teIDperature and at a rate to
ensure saturation of the air with hydrocarbon vapors.
The vapor pressure of the hydrocarbon IDixture is calcu
lated frOID the volume of the vapor evolved, the total
aIDount of air and vapor, and the pressure of the gas
measuring device. In the second procedure a density
evaporation curve is established to determine the effect
of the evaporation loss on the density of the sample
under investigation. Both procedures are accurate,
convenient, and applicable to almost any type of evap
oration probleID. The vapor pressure IDethod can accu
rately determine evaporation losses as low as 0.04%;
density method can detect losses as low as 0.01%.

ECONOMIC and weather conditions may require extended
storage of crudes and finished petroleum products. The

relatively high volatility and values of these materials justify the
attention paid to evaporation-control measures.

The magnitude of the evaporation losses in handling and stor
age of petroleum and its products has to be determined accurately
in order to provide economic justification for evaporation-loss
prevention programs in balancing the savings against the cost
of equipment and preventive measures. Methods which can
be applied to determine these evaporation losses may be based
on direct measurement, such as by gaging, where the volume is
measured prior to and after the loss has been incurred, or on some
change in physical property such as vapor pressure or density.

The petroleum industry has long felt the gaging method to be
unsatisfactory as a practical procedure in spite of its suitability
as to theory. The most significant factor contributing to its

I Deceased.
• Present address, 17 Central Ave., Cranford, N. J.
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inadequacy is probably the correction to be applied for tempera
ture which has a wide variation within the tank. Another objec
tion to the use of the gaging method for evaporation studies is
that it does not differentiate between mechanical and evapora
tion losses.

The vapor pressure of a liquid consisting of a mixture of hydro
carbons is very sensitive to evaporation Losses. The light com
pounds which contribute most to the vapor pressure are the ones
which are most readily evaporated.

The apparatus and technique as developed by Standard Oil
Co. of Indiana (3, 4) make it possible to interpret vapor pressure
data in terms of evaporation loss. A vapor pressur~vapora

tion loss curve can be constructed for any single sample by measur
ing the lowering of vapor pressure with different percentages of
sample evaporated.

300

Vf>POR
PRESSURE
AT 75°F.
mmHg

....-.............. ~ 1.50%..........................
-_LOSS---------

The samples, when received in the laboratory, should be kept
in a refrigerator wherever possible. All precautions should be
used to reduce losses t6 a minimum during storage and transfer
to the apparatus.

VAPOR PRESSURE METHOD

Apparatus. The general appearance of the apparatus used for
measuring the vapor pressure by evaporation loss is shown in
Figure 2. The design of the apparatus is given in Figure 3.
The essential parts of the apparatus are the air-measuring; buret,
the air- and vapor-measuring buret, the air-bubbling or sample
buret, a drying tube, and a constant temperature circulating
system.

The air- and the /!oir- and vapor-measuring burets are conven
tional gas burets of lOG-ml. and 20D-ml. capacity calibrated to
read to 0.1 and 0.2 ml., respectively. Mercury is used as the
confining liquid in the burets. Mercury lifts consisting of stain
less steel tanks and valves are used for controlling the flow of
mercury. For carrying out this operation, the laboratory
compressed air and vacuum were found to be adequate. A three
way cock directs either pressure or vacuum to each tank; the
arrangement is such that flow of mercury in the buret is indicated
by the "down" or "up" position of the valve handle. The flow
of mercury in and out of the burets is controlled by two stainless
steel blunt needle valves.

Figure 2. Vapor pressure apparatus

Leveling tubes are used to facilitate adjustment" of the pressure
in the buret to that of the atmosphere. The leveling tubes and
burets are of the same diameter and adjacent to each other. This
permits quick and accurate comparison of the relative levels of
the mercury, and facilitates maintenance of atmospheric pressure
in the operation of the air and vapor buret.

The air-bubbling or sample buret of approximately lOD-ml.
capacity consist.s of an ungraduated section attached to a 5-ml.
pipet with 0.05-ml. graduations, making it possible to estimate
to 0.01 ml. A sintered disk of medium porosity through which
air is admitted to the bottom of the column of sample is located
at the bottom of the buret. The rate of bubbling air through the
sample is. controlled by the metal needle valve, which is cemented
to the capillary tubing with high vacuum sealing wax. The capil
lary tube is attached to the sintered disk and is enclosed in the
same water jacket with the buret. The stopcock located at the

5.0

- START OF TEST
-- AFTER 4-MONTH STORAGE

150 '--__-'- -'-__--' --'--__---J

o 1.0 2.0 3.0 4.0
VOLUME PER CENT LOSS

Figure 1. Standing-storage evaporation loss of
crude oil No. I
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Weathering losses occurring during storage or transport can
be determined by means of a vapor pressur~vaporationcurve
of the hydrocarbon mixture prior to and after storage or transfer.
Any less of the lighter components would result in a decrease of
vapor pressure and would be reflected in a lower vapor pressure
evaporation curve on the depleted hydrocarbon mixture. If the
curves of the original and depleted samples are plotted on the
same scale, as in Figure 1, the horizontal distance between the
curves at any given vapor pressure represents the per cent of
the volume of the hydroca.rbon mixture which has been lost by
evaporation.

It is difficult to obtain accurate results with the va.por pressure
method on samples which show small differences in vapor pres
sure for successive increments of sample evaporated, such as
materials with low vapor pressure. On samples of this type, it
is polEible to estimate the losses more .9.ccurately by the density
method, since densities can be determined with greater accuracy
than the vapor pressure.

Densities of liquids consisting of hydrocarbon mixtures are
also sensitive to evaporation losses. However, it is necessary to
establish a density-evaporation curve for each sample under
investigation in order to determine the effect of the evaporation
loss on density.

The modification of the vapor pressure method involves the
substitution of a sintered disk for the capillary in the air-bubbling
or sample buret to ensure a better distribution of the air through
out the sample, the use of a metal needle valve for closer control
of the air rate, and the use of mercury lifts to simplify the air
measuring system and facilitate maintenance of atmospheric
pressure in the operation of the air and vapor buret.

Both of these procedures are sensitive to evaporation effects,
&Dd it is necessary to obtain representative samples of the stock
in the field in order to take full advantage of the accuracy of the
methods. The samples should be taken as described by the
American Petroleum Institute (1).
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bottom of the buret is used for admitting the previously chilled
sample, forced in by water displacement. The buret is calibrated
with water with the sintered-disk cup full of air.

Thll manometer, M-1, as shown in Figure 3, is used to indicate
the pressure of the air-measuring system, while manometer M-2
indicates the pressure differential between the sample buret, G,
and the air and vapor buret, D.

Laboratory-compressed air used for bubbling through the
sample is successively passed through a reducing valve, pressure
regulator, sulfuric acid scrubber, and finally dried by Drierite in
the drying tube, A, before being drawn into the air-measuring
buret.

The air-drying tube, A, and all of the burets are enclosed in
water jackets. The temperature of the water flowing through
the jackets is maintained within a maximum variation of 0.1 0 F.
by recirculation through a constant temperature water bath.
The temperature at which the determinations are ordinarily
made is 75° F. Other temperatures may be used. Temperatures
between 40 0 and 110° F. can be readily maintained by the con"
stant temperature circulating bath.

Capillary tubing is used throughout the entire unjacketed por
tion of the apparatus. The ball joints between the air-measurinl~
buret and the sample buret are sealed with high vacuum sealing
wax. Stopcock grease of high vacuum type is used on all stop
cocks and connections, with the exception of those which come
in contact with the liquid hydrocarbon sample or vapor, in which
case hydrocarbon-insoluble grease is used.

All outlets to the atmosphere through which moist air may be
drawn into the system are protected by Drierite-clrying tubes.

Procedure for Establishing Vapor Pressure-Evaporation Curve.
The apparatus is assembled as shown in Figure 3. The air
measuring system and the air- and vapor-measuring system are
tested for leaks by drawing air into the respective burets, placing
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the system first under pressure and then under vacuum by means
of proper manipulation of the mercury lifts, and noting any
change in volume after the system has been under vacuum or
pressure.

The sample is introduced into the air-bubbling buret, G, by
water displacement. The charging of the sample is done care
fully in order to expel all of the air from the connections to prevent
bubbling any air through the sample. To ensure getting a uni
form sample, approximately 150 ml. of the sample is overflowed
into the separatory funnel. A small amount of sample is then
withdrawn from the buret through the buret stopcock. The
sample is allowed to come to the set temperature of the circulating
water which requires about 10 or 15 minutes. The excess sample
is drained from the buret until the liquid level is slightly above
the zero mark. Any sample that may have drained into the
sintered-disk cup can be forced out with air by putting the air
buret under pressure and gradually opening the metal needle
valve, being careful not to bubble any air through the sample.
After allowing a sufficient amount of time for the complete drain
age of the sides of the buret, the sample level is adjusted to the
zero graduation.

A measured amount of dry air in buret B at a pressure of 10
to 12 em. of mercury is bubbled through the known amount of
sample contained in buret G at a rate of 8 to 12 ml. per minute.
This rate assures essentially complete saturation of the air with
hydrocarbon vapor. The resulting volume of air and vapor is
collected and measured in buret D. The air and hydrocarbon
vapors being collected in buret D are always kept at atmospheric
pressure by maintaining the mercury levels in the buret and level
ing tube equal. The operation of equalizing the mercury levels
in the air and vapor buret D should be done carefully so as not
to put the system under too large a vacuum or pressure to pre
vent forcing some of the sample into the sintered-disk cup.

SINTERED
FOR WATER
DISPLACEMENT
OF SAMPLE

CONSTANT
TEMPERATURE

BATH

@ @ 0
TS. IS. P.L

VACUUM

W ATE R

Figure 3.
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Modified Chenicek-Whitrnan vapor pressure apparatus
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3.
4.
}If-I, M-2.
Mercury lifts.
Y-l, Y-S.
V-l, V-S
Constant temperature bath.
A.
B.
C.
D.

Straight-bore, three-way stopcocks. Type devised for use with Fisher unitized gas analyzers (Fisher Scientific Co., Pitts-
burgh, Pa.)

Metal needle valve, Hershberg-Southworth type (Catalog No. 7537, A. H. Thomas Co., Philadelphia, Pa.)
Precision grade, 4-mm. stopcock, borosilicate glass (Catalog No. 5000, Eck and Krebs, New York, N. Y.)
Mercury manometers
Stainless steel tanks, made from 4·inch s,tainless steel pipe, 4 X 5 inches
Imperial three-way shut-off cocks, '/. inch (Imperial Brass Mfg. Co., Chicago, Ill.)
Vogt S.S. blunt needle valves, '/. inch (Henry Vogt Machine Co., Louisville, Ky.)
Labline constant temperature cIrculating system (Catalog No. 3052, Labline, Inc., Chicago, Ill.)
Air-drying tube
Air buret, 100 ml. calibrated gas buret laboratory type (Burrell Technical Supply Co., Pittsburgh, Pa.)
Air-bubbling buret, approximately 100 mi. ungraduated section attached to 5-ml. pipet with 0.05-ml. graduations
Air and vapor buret, 200 ml. calibrated gas buret (made specially by Scientific Glass Co., Bloomfield, N. J.)
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Tahle I. Com:parison of Observ,ed and Known Vapor
Pressures of Pure Organic Liquids

(Vapor pressure in mm. of Hg at 25° C.)

The amount of sample evaporated is equal to the decrease in
liquid volume in buret C.

The air-passing procedure is repeated until about 3 to 5 ml. of
the hydrocarbon sample has been evaporated. On weathered or
deplet,ed samples of the original material, successive determina
tions until about 3 ml. of the sample has been evaporated usually
suffice, since there is no point in carrying out the last sample to
lower vapor pressures than that of the preceding one.

Several baromet,ric readings should be taken during the course
of the determinations to take into acnount changes in the baro
metric pressure.

The vapor pressure for each air-passing operation is calculated
by dividing the product of the corre,~ted barometric pressure
and the total vapor volume by the total air and vapor volume.
The vapor volume is the difference between the total air and
vapor volume and the total air volume.

The vapor pressures of the various increments are plotted on

Compound

Ethyl ether
Chloroform
Benzene
Carbon tetrachloride

Found

533,533.532
199. Hl9, 201
93, lI5. 94

111. U3, 112

Literature
Value

537.0
199.1
94.0

114.5

semilog paper against the average per cent of sample evaporated,
obtained by averaging the total per cent of sample evaporated at
the beginning and end of each increment.

The vapor pressure--evaporation curves on the depleted samples
of the original material are plotted in Figure 1. Loss of the
lighter components in the depleted samples results in a decrease
of vapor pressure and gives lowered vapor pressure--evaporation
curves. The horizontal distance between these curves is a
direct measure of the evaporation loss.

RESULTS AND CONCLUSIONS

The accuracy of the vapor pressure method is dependent upon
the care in handling the sample, the accuracy of the measure
ments involved, and the degree of saturation of the air with hy
drocarbon vapor. That practical saturation of the air with
vapor is reached by this procedure is demonstrated in Table I by
the close agreement between observed and known vapor pres
sures of various organic liquids.

It is shown in Table I that practical saturation of the air with
vapor of highly volatile material such as ethyl ether can be ob
tained even at a rate three times as great as the 8 to 12 ml. per
minute specified in the method.

The procedure is capable of good reproducibility. The
vapor pressures of each increment of sample evaporated on
successive samples of the same material when plotted on semilog

Table II. Vapor Pressure-Evaporation Loss Data of Crude Oil No.1
(Crude sample No.!. Middle of tank 167. Vol. charged = 99.2 ml. Jacket temp. = 75.0° F. Vol. capillary tube ~ 5.00 ml. Evapn. corr. = 1.00806)

Air Volume Sample Volume Air and Vapor Volume Net Vapor
Bar.a Rdl1;.b, Initial FinBlI Initial Final Av. % Corr. avo Initial Final Total Vapor Pressure,

Time Mm. of Hg rdg., mi. rdg., ml. Difl. rdg., m!. rdg., ml. Diff. evap. % evap. rdg.,ml. rdg., ml. ditf. Volume Mm. of Hg

At Start of Storage Test

10:00 772.0 at 77" F. lI6.9 93.4 3.5 0.00 0.01 0.01 0.005 0.005 0.0 6.2 6.21 2.71 335.5
10:08- 768.9 corr. H3.4 90.4 3.0 0.01 0.02 0.01 0.015 0.02 6.2 12.8 6.61 3.61 419.9
10:18- HO.4 45.01> 45.35 0.02 0.22 0.20 0.12 0.12 12.8 108.3 95.7 50.35 404.5
10:28 H8.0 45.2 52.8 0.22 0.45 0.23 0.335 0.34 0.0 105.6 105.83 53.03 385.3
10:40 H7.2 40.2 57.0 0.45 0.68 0.23 0.565 0.57 0.0 112.0 112.23 55.23 378.4
10:55 771.1 at 78" F. !16.7 40.3 56.4 0.68 0.91 0.23 0.795 0.80 0.0 108.4 108.63 52.23 369.2
11:10 767.9 corr. H5.3 37.7 57.6 0.91 1.14 0.23 1.025 1.04 0.0 108.5 108.73 51.13 361.1
12: 15 118.6 34.3 64.3 1.13 1.37 0.24 1.25 1.26 0.0 118.7 118.94 54.64 353.1
12:30 98.0 36.3 61. 7 1. 37 1.60 0.23 1.485 1. 50 0.0 111.8 112.03 50.33 344.9
12:42 769.4 at 78" F. !16.35 32.91> 63.4 1.60 1.80 0.21 1.705 1. 72 0.0 113.1 113.31 49.91 337.5
12:55 766.2 corr. 117.1 31.4 65.7 1. 81 2.03 0.22 1.92 1.93 0.0 115.4 115.62 49.93 330.9
1:14 H8.2 26.4 71. 8 2.02 2.27 0.25 2.145 2.16 0.0 124.0 124.25 52.45 323.4
1:25 H8.5 28.8 69.7 2.27 2.48 0.21 2.375 2.39 0.0 118.6 118.81 49.11 316.7
1 :39 98.5 24.8 73.7 2.48 2.71 0.23 2.595 2.62 0.0 123.6 123.83 50.13 310.2
1:50 98.5 24.2 74.3 2.71 2.92 0.21 2.815 2.84 0.0 122.6 122.81 48.51 302.6
2:03 98.0 15.3 82.7 2.92 3.16 0.24 3.04 3.06 0.0 134.8 135.04 52.34 297.0
2:1[, 98.5 17.0 81.5 3.16 3.38 0.22 3.27 3.30 0.0 131.1 131. 32 49.82 290.7
2:27 768.4at78.5° F. 98.5 15.9 82.6 3.38 3.60 0.22 3.49 3.52 0.0 131.3 131.52 48.92 284.6
2:39 -765.2 corr. 98.5 14.6 83.9 3.60 3.83 0.23 3.715 3.74 0.0 131.7 131. 93 48.03 278.6
2:48 98.5 13.8E; 84.65 3.83 4.03 0.20 3.93 3.96 0.0 131.4 131. 60 46.95 273.0
2:58 98.5 13.6 84.9 4.03 4.22 0.19 4.125 4.16 0.0 130.4 130.59 45.69 267.7
3:10 98.5 15.05 83.45 4.22 4.42 0.20 4.320 4.35 0.0 126.6 126.80 43.35 261.6
3:21 98.5 13.05 85.45 4.42 4.63 0.21 4.525 4.56 0.0 127.8 128.01 42.56 254.4
3:32 98 ..5 40.0 58.5 4.63 4.75 0.12 4.69 4.73 0.0 87.2 87.32 28.82 252.6
3:40 98.5 9.8 88.7 4.75 4.92 0.17 4.835 4.87 0.0 131.4 131. 57 42.87 249.3

After 4 Months' Storage

9:33 772.3 at 79' F. 97.0 89.65 7.35 0.00 0.02 0.02 0.01 0.01 0.0 12.9 12.92 5.57 331.5
9:38 769.0 corr. 89.65 82.7 6.95 0.02 0.04 0.02 0.03 0.0.3 12.9 25.8 12.92 5.97 355.3
9:44 82.7 47.0 35.7 0.04 0.15 0.11 0.095 0.10 25.0 90.9 65.21 29.51 348.0
9:56 98.0 41.3 56.7 0.15 0.35 0.20 0.25 0.25 0.0 100.8 101.0 44.30 337.3

10:10 98.0 34.55· 63.45 0.35 0.55 0.20 0.45 0.45 0.0 111.0 111. 2 47.75 330.3
10:24 98.0 19.8 78.2 0.55 0.80 0.25 0.675 0.68 0.0 134.2 134.45 56.25 321. 7
10:35 99.0 18.75 81.25 0.80 1.05 0.25 1.025 1.03 0.0 136.8 137.05 55.80 313.1
10: 49 100.0 12.75 87.25 1.05 1.32 0.27 1.185 1.19 0.0 144.6 144.87 57.62 305.9
l.l: 00 100.0 12.10 87.9 1.32 1.57 0.25 1.445 1.46 0.0 143.8 144.05 56.15 299.8
1.l:14 100.0 14.3 85.7 1.57 1.80 0.23 1. 685 1. 70 0.0 138.1 138.33 52.63 292.6
1.1: 30 100.0 16.8 83.2 1.80 2.02 0.22 1.91 1.93 0.0 132.0 132.22 49.02 285.1
l.l : 45 100.0 16.5 83.5 2.02 2.23 0.21 2.125 2.14 0.0 130.8 131. 01 47.51 278.9
11:56 100.0 20.95 79.05 2.23 2.43 0.20 2.33 2.35 0.0 122.6 122.8 43.75 274.0
12:10 100.0 19.0 81.0 2.43 2.63 0.20 2.53 2.55 0.0 124.1 124.3 43.30 267.9
12:24 100.0 33.2 66.8 2.63 2.79 0.16 2.71 2.73 0.0 101.6 101. 76 34.96 264.2
12:40 100.0 43.4 56.6 2.79 2.92 0.13 2.855 2.88 0.0 85.4 85.53 28.93 260.1

1:32 772.6at81°F. 100.0 14.75 85.25 2.90 3.11 0.21 3.005 3.03 0.0 127.6 127.81 42.56 256.1
1 :45 769.2 corr. 100.0 14.9 85.1 3.11 3.31 0.20 3.21 3.24 0.0 126.4 126.6 41.50 252.1
1:56 100.0 16.3 83.7 3.31 3.48 0.17 3.395 3.42 0.0 123.4 123.57 39.87 248.2
2:08 100.0 14.4 85.6. 3.48 3.67 0.19 3.575 3.60 0.0 125.2 125.39 39.79 244.1
2:20 100.0 15.15 84.85 3.67 3.84 0.17 3.755 3.79 0.0 123.0 123.17 38.32 239.3
2:34 100.0 14.25 85.75 3.84 4.00 0.16 3.92 3.95 0.0 123.1 123.26 37.51 234.1
2:46 100.0 12.2 87.8 4.00 4.17 0.17 4.085 4.12 0.0 124.9 125.07 37.27 229.2
2:59 100.0 13.3 86.7 4.17 4.34 0.17 4.255 4.29 0.0 122.5 122.67 35.97 225.5

a Barometer.
bReading.
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2.71 (column 14)
Vapor pressure, rom. of Hg = 768.9 X 6.21 (column 13) = 335.5

INCHES
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MILLIMETERS

•

0-60 P.S.1.

Diagratn of apparatus for evaporation losses
by density tnethod

Rotometers
No. No.

...--2'15'3 2'15'2

Figure 5.

The vapor pressure-evaporation curves on depleted samples of
an original material are plotted on the same graph paper. Loss
of the lighter components in the depleted samples results in a
decrease of vapor pressure and gives lowered vapor pressure
evaporation curves.

The vapor pressure-evaporation curve is obtained by plotting
the vapor pressures (column 15) against the corrected average
per cent evaporated (column 10) on semilog graph paper. The
average per cent evaporated figure is used, because the vapor
pressure recorded is the average pressure of each increment of
sample evaporated. The first increment is not used in plotting
the curve, since the sample may be supersaturated or undbr
saturated with air at the temperature of the vapor pressure de
termination.

graph paper all fall on the same straight line, no point being
more than 2 or 3 rom. of pressure from the curve. The initial
vapor pressure of the sample can be estimated by extrapolation
of the curve to 0% loss.

An error analysis of the results in terms of the accuracy of
the various measurements justifies estimation of evaporation
losses as low as 0.04%. The over-all accuracy of estimating
evaporation loss varies with the slope of the curves, which are
dependent upon the volatility of the hydrocarbon mixture and
the temperature at which the vapor pressures are determined.

Table II shows the type of data required for establishing a
vapor pressure-evaporation curve. These data were obtained
on a crude oil at the start of a standing storage test and after
approximately 4 months of standing storage. The data shown
in Table II are plotted on semilogarithmic paper in Figure l.
The horizontal distance between the two curves represents the
evaporation loss (1.50 volume %) of the crude oil at the end of the
4-month test period.

In order to demonstrate the procedure for establishing a vapor
pressure-evaporation curve, all the recorded data are shown in
Table II.

Figure 4. Apparatus for evaporation losses by
density tnethod

The vapor pressures of the sample for each increment evap
orated were calculated by the following equation:

Vapor pressure, rom. of Hg = corrected barometric pressure X
total vapor vol.

total air and vapor vol.

Using the above relationship and the data recorded in the first
row of Table II, the vapor pressure of the sample for the first
increment evaporated is:

DENSITY METHOD

Apparatus. The general appearance of the apparatus used for
determining the relationship between density and evaporation
loss is shown in Figure 4. The sketch of the apparatus is shown
in Figure 5. The apparatus consists of a supply of compressed
air, a rotameter, pressure regulator, a sample container, and a
25-ml. Bingham-type pycnometer for the accurate determination
of fifth-place densities.

In the initial setup of the apparatus two rotameters, as shown
in Figure 5, were used. With these rotameters it was possible to
control the rate of flow of the air through the gas dispersion
fritted cylinders from 0 to 1500 ml. per minute. However, it was
found that keeping the rate constant at 500 to 600 ml. per minute
was sufficient to give approximately a 1% loss for a I-hour period
for the type of motor gasolines and crudes which were being
studied.

The sample container of approximately 2-liter capacity is con
structed to simulate to some extent conditions of evaporation
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Table V.

Evaporation
First Second Third

Initial wt. of sample container and
contents, g. 1465.136 1440.638 1389.213

Wt. of container, g. 686.671 686.671 686.671
Initial wt. of sample, g. 778.465 753.967 702.542
Initial d. of sample, g./ml. at 25 0 C. 0.72473 0.72531 0.72684
Initial vol. of sample, ml. 1074.145 1039.510 966.570
Final wt. of sample container and

contents, g. 1462.043 1432.285 1376.434
Final wt. of sample, g. 755.372 745.614 689.763
Final d. of sample, g.jmI. at 25° C. 0.725:n 0.72684 0.72928
Final vol. of sample, ml. 1069.022 1025.830 945.814
Evaporation loss, vol. % 0.477 1.316 2.147
Evaporation loss, vol. %, based on

original vol. 0.477 1.360 2.386
Total evaporation loss, vol. %,

based on original vol. 0.477 1.837 4.223

Table III. Data Sheet for Obtaining Density-Evaporation
Curve for Typical PreDliuDl Gasoline

existing in field tests. The rate of vapor removal from the vapor
phase without disturbing the liquid surface is controlled by the
flow of air through a coarse gas dispersion fritted cylinder. A
sampling device for obtaining samples for density measurement is
located halfway between the air inlet tube and the botton stop
cock of the sample container.

Hydrocarbon-insoluble grease is used on all the stopcocks and
connections.

Procedure f9r Obtaining Density-Evaporation Loss Curve.
The apparatus is assembled as shown in Figure 5. The pre
cooled sample is charged by water dillPlacement or air pressure
into the tared sample container. About 100 to 200 ml. of tbe
Il8Dlple is allowed to overflow through the sampling device.
With tbe stopcock of the sampling device closed, the sample
(about 1500 ml.) is charged to a point just below tbe air inlet
tube connection.

After the container and contents have come to room tempera
ture, the initial density of tbe hydrocarbon is determined on a
sample drawn into the bottom of the Bingham-type pycnometer
through a hypodermic needle connected to the end of the sam
pling device. In order to obtain a steady flow of sample through
the hypodermic tubing, it is necessary to place the sample con
tainer under a pressure of approxinIately 2 inches of mercury.
The sample is allowed to flow into the overflow reservoir of the
pycnometer until about 25 ml. of sample has been withdrawn
through a steel drawoff needle. The fifth-place density measure
ments are made according to the ASTM procedure (2).

Table IV. Relationship between Density and Evaporation
Loss on Typical PreDliuDl Gasoline

Vol. %
loss

0.000
0.477
1.837
4.223

Cont.ainer 1
Density

at 77° F.
g.jmI.

0.72473
0.72531
0.72684
0.72928

Vol. %
loss

0.000
0.989
2.828
5.322

Container 2
Density

at 77° F.,
g./mI.

0.72474
0.72588
0.72785
0.73037

Sample No.

1
2
3
4

By density
method

0.75
1.88
2.50
3.51

By' vapor
pressure
method

0.77
1.87
2.46
3.44

An alternative procedure that can be employed for obtaining
samples from the sample container for density measurements is
to use a So-ml. hypodermic syringe equipped with a needle made
from stainless steel tubing (No. 18 or No. 20 Stubb's gage) and
slifficiently long to extend to the same point as the sampling
device. A lo-inch needle was used for the apparatus shown in
Figure 5. .

The air inlet tube is replaced with a stopper, and the sample
cCilntainer and contents are weighed after the sample for the initial
density has been taken. This is taken as the original weight.
Aill of the weighings are made, to the nearest milligram, on a bal
ance with a capacity of 2 kg. in each pan and a sensitivity of 0.2
mg. The stopper is replaced by the air inlet tube, and the rate
of vapor removal from the vapor phase is adjusted by controlling
the air rate to give approximately a 1% loss for a I-hour period.
At the end of this period, the air inlet tube is replaced with the

The density-evaporation curve is obtained by plotting tJ;1e
densities against the volume per cent evaporated. To obtain
evaporation losses on depleted samples of the original material,
the density is determined on the depleted samples and the evap
oration loss read directly from th~ density-evaporation curve.

RESULTS AND CONCLUSIONS

Table III contains the type of data recorded for obtaining a
density-evaporation curve.

The density-evaporation curve is obtained by plotting the
initial density of the sample at zero evaporation loss and the
final densities shown in the three columns in Table III against
the total evaporation loss shown at the bottom of each column.

Two identical sample containers, as in Figure 5, were used to
establish the reproducibility of the density. method. The rate
of vapor removal was varied in each container by controlling the
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flow of air through the coarse gas dispersion fritted cylinder.
The evaporation loss and density data for both containers are
given in Table IV and plotted on Figure 6. The procedure is
capable of good reproducibility, since all the plotted points
fall in the same curve.

The ASTM procedure (2) for the determination of fifth-place
densities by means of the Bingham-type pycnometer has been
well established. The repeatability of the density measurement
with a 25-ml. pycnometer is within ±0.00001, the accuracy
±0.OO002. In terms of the accuracy of the density measurement,
it should be possible to estimate evaporation losses as low as
0.01 %. In actual practice on gasoline samples of high vola
tility, the evaporation losses can only be estimated as low as
0.03%.

Comparative data by the two methods were obtained on peri~

odic samples of crude oil on which an extended storage test was

1947

being investigated. The data, shown in Table V, indicate good
agreement between the two methods.
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Type Carbon Atom Analysis o. Heavy Hydrocarbon, Products
SIMON MIRON
American Oil Co., Texas City, Tex.

A lUethod is described for deterlUining the percentages
of arolUatic, naphthenic, and alkyl carbon atolUs in
hydrocarbon products having molecular weights above
150. This method lUay be used on highly olefinic lUa··
terials, and does not require the assumptions that the
rings present are six-membered and kata-condensed.
Selective hydrogenation is used to differentiate be
tween olefinic and aromatic double bonds. The ring
content is cOlUputed from the molecular forlUula after
complete hydrogenation. The ring size is deterlUined
by using the density-molecular weight correlations of
Kurtz and Lipkin. In some cases the extent of ring
condensation is estilUated from an equation based on
measurable quantities; in other cases it is assumed
that 50% of the condensable ring carbon atolUs are
condensed. The errors which lUay result from the use
of this method are shown to be generally less than the
errors caused by assulUing six-lUembered, kata-con
densed rings.

H EAVY hydrocarbon products are used extensively in com
mercial formulations. Of these heavy materials, some are

the primary products of' controlled manufacturing processes, and
are tailor-made to definite specifications. Many of them, how
ever, are the incidental by-products of pyrolytic or catalytic con
versions, treating processes, and miscellaneous reactions employed
in industry. Owing to a wide range of properties they are useful
in diverse materials, such as plastic compositions, protective
coatings, rubber compounds, asphalt tiles, core oils, and reclaim
ing oils.

The use of these hydrocarbon products in formulating other
materials is largely an empirical art. Conversion of this art to a
science requires the ability to correlate service behavior with
molecular structure. In making such correlations it is desirable
to express the complex structures present in these products in
terms of simple features, such as the amounts and types of rings,
the numbers of olefinic and aromatic double bonds, and the per
centages of type carbon atoms.

A type carbon atom analysis determines the percentages of
aromatic, naphthenic, and alkyl (paraffinic) carbon atoms in a
hydrocarbon product. It is not generally applied to lower··
boiling mixtures, whose compositions may be expressed ade··

quately in terms of whole molecular types. However; materials
boiling above approximately 200 0 C. or having molecular weights
over 150, are apt to contain molecules which are difficult to clas·
sify as pure types, owing to their multiplicity of functions. The
compositions of these materials, referred to in this paper as
"heavy" hydrocarbon products, are more accurately defined in
terms of the percentages of type carbon atoms.

Olefinic carbon atoms may be either naphthenic or alkyl. As
the scheme described in this paper does not differentiate between
these species, the type carbon atom percentages are supple
mented by the number of olefinic double bonds per molecule.

The need for a method of characterizing complex hydrocarbon
products in this laboratory led to a thorough survey of the litera
ture dealing with this subject. Only four of the published meth
ods proved to be broad enough in scope to be classed as general
methods for type carbon atom analysis, but none of these was
entirely adequate for the products encountered.

Three of the literature procedures-viz., the methods of Water
man (32, 33) and of Deanesly and Carleton (5), and the n-d-M
method (27)-are based primarily on correlations of physical
and chemical properties. The fourth scheme, referred to by van
Nes and van Westen (22) as the direct method, uses computations
derived directly from ultimate analysis and molecular weight.

With the exception of the Deanesly-Carleton procedure, the
other three methods require the absence of olefinic double bonds;
moreover, they assume that the rings present are exclusively six
membered and condensed as in naphthalene, anthracene, and
naphthacene ("kuta"-condensation).

The Deanesly-Carleton method is applicable to cracked prod
ucts. In addition, it provides a correlation which presumably
makes it unnecessary to assume that all the rings present are
six-membered and kata-condensed.

Because of its much broader scope, the Deanesly-Carleton
method was studied extensively in this laboratory. Unfortu
nately, it was found unsuitable, except in limited cases, for the
types of products referred to. The reasons for its failure may be
summarized as follows:

The olefinicity is computed by Deanesly and Carleton from
the bromine number. This procedure may lead to erroneous
values for the content of olefinic double bonds (30), and this,
in turn, affects the properties of the computed olefin-free portion
of the molecule. In particular, it was observed in this labo
ratory that halogen addition values on the conjunct polymers
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a Symbols new in this work.

Table I. Explanation of SYDlbols Used in This Paper

and their partially hydrogenated products furnish olefinic double
bond contents as high as 300% of the true value found by hydro
genation.

The correction made to the observed specific dispersion in
order to place the computations on the olefin-free bltsis may lead
to erroneous values of aromltticity, ItS measured by hydrogen
ation. This difficulty cannot be attributed solely to the wrong
value of olefinicity; it was observed in this laboratory even when
"corrected" bromine numbers, based on the true olefinicity found
by selective hydrogenation, were used.

The increment of molecular refraction per double bond (termed
k), whieh is used to arrive at the type of ring system involved,
is based on a limited ntl'mber of ring types. Thus, while several
classes of monocyclic compounds are used in deriving the corre
lation, the only polycyclics used are indene, biphenyl, alkyl
naphthalenes, and alkyl anthracenes. Condensed and uncon
densed five-membered ring systems are absent.

The correlation is limited to three rings per molecule. Many
useful hydrocarbon products extend beyond this value.

For oils containing no aromaticity, the terms involving k
may reduce to zero, in which case k is indeterminate and the ring
type cannot be ascertained.

Many hydrocarbon products are too dark in color to allow an
accurate determination of refraction and dispersion.

The existing methods of type carbon atom analysis were de
veloped primarily for the examination of the heavy fractions ob
tained from petroleum. For such materials it has long been
considered reasonable to assume that the rings present are
six-membered and kata-condensed (23). However, these as
sumptions are unsafe when applie'd generally to heavy hydro
carbon products. Although some of these products are petro
leum derivatives, they may have undergone isomeric or skeletal
changes by virtue of the treatment to which they have been sub
jected. Consequently, they cannot be aEsumed to have the same
basic structures as those present in fractions isolated from petro
leum by simple physical processes. In fact, it has been proved
that the rings present in some ofthesematerialsarepredominantly
five-membered, and are condensed according to a system which is
not kala; moreover, some of these products are known to con
tain uncondensed ring systems, and many are highly olefinic.
For these reasons, before adequate characterizations of the heavy
hydrocarbon products could be made, it was necessary to de
velop a new method for type carbon atom analysis which would
be more general than the methods currently iIi the literature.

The method developed in this laboratory eliminates the objec
tions of the previous methods by the following means:

To avoid assuming only condensed rings, some new con
cepts are presented regarding ring condensation and the means

The method of analysis described in this paper has been used on
hydrocarbon products with molecular weights as high as 1000,
and containing as many as' 10 rings per molecule. Theoretically,
there is no upper limit to its application, but in practice the un
certainty increases above molecular weights of 700, since the ring
size correlations have not been proved entirely valid above this
level.

The method is especially useful for highly olefinic products,
particularly the conjunct polymers. It is of no great advantage
for the analysis of petroleum fractions, or other products in which
it may be assumed that the rings present are exclusively six
membered and kata-condensed. For materials of this type, a
rapid procedure, such as the n-d-1Vl method, is preferred. The
method described herein is time-consuming and of little use for
rontine; it should be considered primarily as a research tool.

for expressing it quantitatively. Equations are provided for
calculating or estimating the extent of condensation in some
ring systems. For other cases, the compromise assumption of
50% condensation is made. .

To avoid asswning that the only type of condensation in
volved is kata, the new scheme employs a compromise between
several possible types of ring fusion.

To avoid assuming that the rings present are six-membered,
the actual ring size is determined by the method of Kurtz and
Lipkin.

To make the method applicable to olefinic products, selective
hydrogenation is an integral part of the procedure.

DESCRIPTION OF METHOD AND DISCUSSION

Notation. For convenience in following the development of
this method, the symbols used are listed in Table 1. In general,
the notation was selected to conform with that usually used
in the conventional methods of type carbon atom analysis. New
symbols which were adopted in this work are indicated by
a footnote in the table.

Preliminary Examination. An inspection of the hydrocarbon
product prior to analysis will often reveal useful information.
As considerable time may be gained if the hydrogenation need
not be selective, it is of particular value to know whether both
olefinic and aromatic unsaturation are present.

Olefinic unsaturation is revealed by a positive halogen addition
value. This is suitable as a qualitative guide, but should not
be relied upon quantitatively. Aromaticity is detected by the
presence of strong absorption in the ultraviolet region around
250 miL and higher. Care must be taken not to confuse olefinic
conjugation with aromaticity, since some conjugated cyclic
hydrocarbons may absorb around 225 to 250 miL and even higher.
Conjugated hydrocarbons should show a positive maleic an
hydride value. If any doubt exists, the sample should be hydro
genated selectively.

With this preliminary information as a general guide, the fol
lowing criteria may be used for specific cases to decide whether
or not the hydrogenation need be selective:

If the unknown sample has a bromine or iodine nwnber greater
than 1 and shows no ultraviolet absorption above 240 miL, a rapid,
nonselective hydrogenation should be carried out. The double
bond content should be computed entirely as olefinic double
bonds.

If the halogen addition value is less than 1 and the sample
shows absorption above 240 miL, a nonselective hydrogenation
should be employed. The double bond content should be com
puted entirely as aromatic double bonds.

If the sample has a positive bromine or iodine number and also
absorbs in the aromatic region or shows other indications of aro
maticity, the hydrogenation should be made selective. After
the olefinic double bonds have been completely saturated, the
selectively hydrogenated product should then be' totally hydro
genated to saturate the aromatic double bonds.

Occasionally a highly aromatic material may exhibit a positive
but relatively low value of bromine or iodine number, even though
olefinic double bonds are absent. Consequently, all materials

Explanation

Weight % hyd~ogen in original producl;
Weight % hydrogen in selectively hydrogenated product
Weight % hydrogen in totally hydrogenated product
Molecular weight of original product
Molecular weight of selectively hycrogenated product
Molecular weight of totally hydrogem.ted product
Average number of double honds per molecule
Average number of olefinic double bonds per molecule
Average number of aromatic double bonds per molecule
Average number of carbon atoms per JiIlOlecule
Avera.ge number of rings per molecule
Average ring size, expressed as number of carbon atoms
Degree of condensation or fusion oI )'ings, expressed as per cent

of condensable ring carbon atoms which are actually condensed
:NIinimum possible degree of condensation of condensable ring

carbon atoms for the system under eonsideration
Estimated degree of oondensation .of condensable ring carbon

atoms
Average number of carbon atoms per ring for maximum possible

condensation
Average number of carbon atoms per ring for the F degree of con...

densation
Average number of ring carbon atoms per molecule
Average number of aromatic carbon atoms per molecule
Average number of naphthenic carbon atoms per molecule
Average number of alkyl (paraffinic) carbon atoms per molecule

(TC)~

CR
CA
CN
Cp

Symbol

H,
HI
H,
Mo
lWI
M,
Q
Qo
QA
n
R
T a
Fa

TO
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it is advisable to hydrogenate under milder conditions, using a
noble metal catalyst.

Average Number of Double Bonds per Molecule. Lipkin,
Sankin, and Martin (20) have presented an equation for comput
ing the total number of double bonds per molecule from the in
crease in hydrogen content after complete hydrogenation. Modi
fication of their equation leads to Equations 1 and 2 for comput
ing the number of olefinic (Qo) and aromatic (QA) double bonds
per molecule from selective hydrogenation data. Equation 3
is used to convert the number of aromatic double bonds to the
number of aromatic carbon atoms (C A ) per molecule.

(1)

(2)

(3)

(4)

Mo (HI - Xo)
Qo = 2.016 (100 - H, )

M I (H2 - H ,)
QA = 2.016 (100 - H2 )

CA = 2QA

Average Number of Rings per Molecule. The percentages of
carbon and hydrogen in the completely hydrogenated product
are corrected for minor amounts of nonhydrocarbon constituents
or for slight experimental errors in the analysis (5) as shown in
Table VII, footnote u. The corrected carbon and hydrogen con
tents are used with the molecular weight to derive the molecular
formula of the hydrogenated product. This is converted to the
conventional type formula, CnH 2n- x , from which the 'average
number of rings per molecule, R, is obtained by Equation 4.

x
R = 1 +2

Although R is obtained in some schemes by means of physical
property correlations, the determination according to Equation 4
is more fundamental and, in principle, -more accurate. It ap
parently applies to any type of ring system except the complex
cyclic hydrocarbons whose rings cannot be represented graphi
cally in the same plane, examples of which are generally rare (7, 16).

Average Ring Size. Prior to 1939 no method was described
in the literature for determining the average size of the rings in
a polycyclic naphthene system. Since that date, the method
of Kurtz and Lipkin (13, 14, 18) has been available for computing
ring size from molecular weight, density at 200 C., and average
number of rings per molecule.

The Kurtz-Lipkin graphs of molecular weight versus density
apply to five- and six-membered ring systems containing up to
five rings per molecule and having molecular weights up to 700.
The general molecular volume equation from which Kurtz and
Lipkin derived these graphs is valid for ring sizes from 3 to 8.
Both the graphs and the equation assume the absence of carbon
atoms common to more than two rings ("buried" carbon atoms)
and spirane systems.

The molecular weight-density graphs were extrapolated in this
laboratory to eight rings per molecule and to molecJllar weight
1000. The ring sizes of products having molecular weights above
1000 or ring contents greater than eight were computed from the
use of the general molecular volume equation (see Example 6
under IIIustrations of the Method). It is understood that all
such cases involve greater uncertainty than those falling within
the scope of the Kurtz-Lipkin graphs.

The ring size of a solid hydrogenated product may be deter
mined from the density of the molten material at any tempera
ture below 2000 C. The computations make use of Kurtz and
Sankin's recent extension of the molecular volume equation to
higher temperatures (15). An illustration of this is presented in
Example 6.

Kurtz and Lipkin referred to the numerical value obtained
from their graphs as average number of carbon atoms per ring.
In this paper, the same number is referred to as average ring size,
while the term used by Kurtz and Lipkin is employed in another
sense.

having high aromaticity and relatively low values of bromine or
iodine number should be considered of doubtful olefinic content,
and should be hydrogenated selectively. However, in these cases
the fact that the bromine or iodine number is' not decreased under
selective -hydrogenation conditions will rule out the presence of
olefinicity. '

On the 'other hand, if a highly olefinic material is believed to
contain a relatively low order of aromaticity, owing to its specific
dispersion or to a poorly defined absorption band in the ultra
violet, the hydrogenation should be made selective. Any resid
ual aromaticity will be revealed after no further hydrogenation
occurs under selective conditions (see Example 2 under Illus
trations of the Method).

Selective and Total Hydrogenation. Aromatic hydrocarbons,
with but few exceptions, require temperatures above 1800 C.
for complete hydrogenation over nickel catalysts (1). Olefins,
on the other hand, are completely and rapidly hydrogenated at
much lower temperatures. In the hydrogenation of products
containing both types of double bonds, it is desirable to carry
out the first stage of the hydrogenation at as Iowa temperature
as practical, in order to assure selectivity. In this work, a tem
perature of 1300 ± 50 C. was adopted as the temperature for
selective hydrogenation of olefinic double bonds.

Pressure and catalyst concentration usually have no critical
effect on selectivity. The hydrogenations described in this paper
employed pressures of 2000 to 3000 pounds per square inch of
hydrogen and concentrations of 20 to 30% by weight of nickel
catalyst.

The refractive index, combined with bromine or iodine number,
is used as the criterion for completion of the selective process.
After the bromine or iodine number reaches zero or levels off to a
low value, filtered samples of the product are periodically tested
for refraCtive index. The sample is considered selectively hy
drogenated when the refractive index is lowered no more than
0.0002 after a further hydrogenation for at least 6 hours at the
same temperature and using a fresh batch of catalyst. This
criterion applies also to total hydrogenation of olefinic, non
aromatic products. An alternative criterion is presented in
Example 7 under IIIustrations of the Method.

Total hydrogenation of the selectively hydrogenated product
is carried out at temperatures considerably above' the selective
temperature. Higher temperatures decrease the time required
for complete saturation of aromatic double bonds. However, it
is desirable not to exceed a temperature of about 2750 C. in order
to obviate the possibility of changes in the skeleton structure of
the product.

Probably the best criterion for complete hydrogenation of
aromatic nuclei is the lowering of ultraviolet absorption to zero
(19, 20). The hydrocarbon product is hydrogenated until its
absorptivity in the aromatic region is nil or extremely low. Thus,
many aromatic products which were hydrogenated in this labora
tory to (F-C) dispersions below 98 were found to have absorp
tivities of 4 to 5 at 250 to 260 m~ or near 220 m~. However, it
was always possible to reduce the absorptivity throughout the
220- to 350-m~ range to about 0.01 or less by further,prolonged
hydrogenation. For stubborn cases, or even as a general prac
tice, it is advisable to use large ratios of catalyst to hydrocarbon,
as recommended by Lipkin, Martin, and Worthing (19).

In rare cases, selective hydrogenation over nickel may be im
possible. If a pronounced decrease in the absorptivity of the
aromatic band is observed at the selective temperature, attack
on susceptible aromatics is indicated. In such instances, copper
chromium oxide (1) or other selective catalysts (4, 12, 29, 31, 34)
are advisable in place of nickel.

Relatively few hydrocarbons undergo hydrogenolysis below
1250 C. (2). If appreciable hydrogenolysis occurs, it is detect
able by a decrease in molecular weight. Van Nes and van Westen
(25) have shown how to correct for slight cracking during hydro
genation. However, if the extent of hydrogenolysis is severe,
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fined as the percentage of condensable ring carbon atoms which
are actually condensed. The application of this definition may
be seen with reference to the examples of Table III.

Criteria for Diagnosing Ring Condensation. If the average
number 'of carbon atoms per ring is multiplied by the average
number of rings per molecule, the average number of ring carbon
atoms per molecule is obtained. If this generalization is applied
to the two extreme structural configurations possible in a ring
system-namely, to completely condensed and completely un
condensed rings-algebraic expressions are obtained which de
note the minimum and maximum number of ring carbon atoms
the system may possess.

Consider a general hydrocarbon system containing R rings per
molecule with average ring size T. Let TO represent the average
number of carbon atoms per ring for the completely condensed
case. Then ToR defines the minimum number of ring carbon
atoms possible in the system. As the ring size is identical with
the average number of carbon atoms per ring for an uncondensed
system, TR represents the maximum nnmber of ring carbon atoms

Illustration of Degree of Ring Condensation
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Table III.

Table II.

a Computed from graphs 5A and 6A of Figure 1.

R
CR
n
Average ring size, r
Avera{~e number of carbon

atoms per ring, (rc)p
roa
roR
rR
(rclFR
F

Table II illustrates the dif-
ference between these two con
cepts for three tricyelic mole
cules made up of 1,he same
rings but differing in the ex-
tent ofring condensation. The
average ring size,' I, of each
molecule is identicllJ. It is
found simply by taking the
arithmetic average of the in
dividual ring sizes and is thus
equal to (6 + 6 +5) + 3, or
5.67. However, the average
number of carbon atoms per
ring is found by dividing
the number of ring carbon
atoms per molecule, CR , by
the number of rings per mole-
Ctue, R. The average num-
ber of carbon atoms per ring thus varies from 5.67 for the un
condensed case to 4.33 for the condensed. system.

Average Number of Carbon Atoms pe:r Ring. The means
for determining the average number of carbon atoms per ring
on the completely hyd:rogenated product is the key to this analy
tical scheme. As this quantity is dependent on the extent
of ring condensation, liS illustrated in Table II, its value is first
determined for the hypothetical fully condensed system anal
ogous to the one under consideration, and adjustment is then
made for the actual or estimated extent of condensation. The
symbol TC is used to designate the average number of carbon
atoms per ring for the fully condensed ring system.

:Figure 1 presents a family of graphs which is used for deter
mining the value of TC for fully condensed :ring systems made up
of four-, five-, and six-membered rings containing no buried car
bon atoms or spiranes. If the type of ring condensation in
volved. is known, or if a certain type·is considered most probable,
the individual graph of :Figure 1 corresponding to that type may
be used (see Example 5). However, for completely unknown
products it is necessary to employ curves which are compromises
between the several possible types of condensation. These are
labeled "average C5" and "average C6" in Figure 1. They are
strictly arithmetical ave:rages, inasmuch as statistical data show
ing the probability of encountering the different types of ring
condensation are not available.

Degree of Ring Condensation. There is no general method
in the literature for detecting and determining the degree of
ring condensation in 9, polycyclic hydrocarbon system. The
scheme offered in this paper is applicable to a limited number
of cases, and for all other cases a compromise assumption of 50%
condensation is made.

The symbol F is used to express the degree of ring condensation
or fusion. In an effort towards simplification, F could be ex
pressed in terms of the percentage of rings present which are
condensed. However, such a definition is apt to lead to confusion.
An .illustration of this is seen in Table III for a series of tetra
cyclic molecules composed of six-membered rings in various stages'
of kata-condensation. By defining F in terms of the percentage
of rings which are condensed, Examples 2 am.d 3 would be 50%
condensed and 4 would be 75% condensed. However, Example
5, with each of its four rings fused to another ring, would of
necessity be considered 100% condensed, despite the fact that
further condensation, ab in Example 6, is possible.

:For this reason, F is defined in terms of ring carbon atoms rather
than rings. Every polyeyclic hydrocarbon system is considered
to have a maximum number of condensable ring carbon atoms.
This number is equivalent to the number of ring carbon atoms
which would be condensed or shared between rings if the system
were as fully condensed as possible without involving buried
carbon atoms. The degree of ring condensation, F, is then de-
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the system may possess. The actual number of ring carbon
atoms in the system has a value limited by the two extremes
rcR and rR. Table II may be referred to for illustration of these
concepts.

Now introduce another parameter, n, the total number of car
bon atoms in the molecule. It is obvious that n can never be less
than the product roR, as this would be equivalent to saying that
there are fewer carbon atoms in the molecule than the minimum
possible number of ring carbon atoms. Hence, the following
generalization may be presented for any hydrocarbon system con
taining rings:

Equation 5 provides two general possibilities. On the one
hand, a product may occasionally be encountered in which
roR = n, within the experimental limits imposed by Figure 1.
In such a case it is clear that ont> is dealing with a completely
condensed ring system. Inasmuch as the total number of carbon
atoms is equal to the minimum possible number of ring carbon
atoms, the system is also free of alkyl carbon atoms. Hence, for
such a case, F = 100% and Cp = O.

On the other hand, most products dealt with probably have
systems in which rcR < n. Such systems have either (1) com
pletely condensed rings with alkyl carbon atoms, (2) partly
condensed rings, or (3) completely uncondensed rings. The
value of F may vary from 0 to 100% for such cases, and additional
information is required in order to estimate F.

Fortunately, this additional information may sometimes be
obtained by examining the relationships between n and the prod
uct rR. Three general cases are possible, depending on whether
n is greater than, equ;11 to, or less than rR.

Suppose that n = rR in a saturated hydrocarbon system.
From the preceding discussion, it is apparent that such a system
could consist of completely uncondensed rings without alkyl
carbon atoms, or of rings which are at least partly condensed and
which contain alkyl carbon atoms. The key to differentiating
these two possibilities lies in detecting the presence or absence of
alkyl carbon atoms. This may be accomplished by examining
the infrared absorption spectrum of the material.

Most alkyl groups give rise to a band in the vicinity of 7.25
microns, which is attributed to the methyl group. This band
occurs even when the CHais present as a methyl branch, or as the
terminal methyl of a long alky I group. The band may be rather
weak if the only methyl group present is the terminal methyl of a
long n-alkyl group. However, chains of alkyl carbon atoms hav
ing at least four CH. groups exhibit a characteristic band of their
own at or near 13.8 microns. Consequently, if a system in which
n = rR shows no absorption bands at both the 7.25- and 13.8
micron positions, it is reasonably safe to conclude that alkyl
carbon atoms are absent, and; therefore, the rings· are com
pletely uncondensed.

However, if a saturated system in which n = rR shows ab
sorption at 7.25 and/or 13.8 microns, alkyl carbon atoms are
probably present. Such a system must be at least partly con
densed, but the exact value of F is indeterminate.

If n > rR, in most cases the value of F cannot be determined.
An exception is the specialized case in which the alkyl carbon
atom or atoms link together more than one ring, such as in di
cyclohexylmethane or 1,2-dicyclopentylethane. These systems
have values of n which are greater than rR. They contain no
methyl groups, and provided the chain linking the rings has no
more than three carbon atoms, do not have an absorption band
at 13.8 microns. Therefore, if a system in which n > rR shows no
absorption at both the 7.25- and 13.8-micron positions, the rings
must be uncondensed. If absorption is present at 7.25 microns,
F cannot bEl determined, because both condensed and uncon

'densed systems in which n > rR may contain alkyl side chains.
Likewise, if there is an absorption band at 13.8 microns but none
at 7.25 microns, F cannot be determined. In this case, the system

3 4 5 6 7 B 9 10 II 12 13 14 15

AVERAGE NUM8ER OF RI NGS PER MOLECULE (R)

Equation 6 would enable F to be computed if (rO)F could be
determined. As this is not'possihle, Equation 6 is modified by
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Figure 1. Relation between the average nUIllber of carbon
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Illolecule for condensed ring systellls

2 0

2 2

2 4

2.6

~ 3.0..
~> 2.8..

a::: 3.4

'""'~ 3.2
z

z
o
~ 3 8..
<>
lL. 3.6
o

0:
'" 4 4
0-

m
':E 4.2
o....
.. 4 0

<>
~ 4.8

'"z
~ 4 6

5.0

5.2

consists of a chain containing at least four methylene groups link
ing together two or more rings or groups of rings. If these ter
minal rings were always single rings, such as in dicycloalkyl
alkanes, F would always be O. However, the terminal rings may
themselves be condensed, as in 1,5-didecalylpentane, and the
element of uncertainty is again present.
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Finally, since rR represents the number of ring carbon atoms
for the completely uncondensed system, it follows that if n < rR
it is mathematically impossible for all the ring carbon atoms in the
system to be un condensed. For such cases one may diagnose at
least partial ring condensation and the minimum possible extent
of condensation may be determined by interpolating between. the
extremes for F = 0 and F = 100.

Derivation of Equation Defining F. For a ring system in
which n < rR, and for which, therefore, F has a value greater than
0, let the average number of carbon atoms per ring be denoted by
(rc)F. Then the average number of ring carbon atoms for this
case is equal to (rc)FR. The number of condensable ring carbon
atoms may be found as the difference between the maximum
and minimum number of ring carbon atoms for the system-that
is, as (rR - roR). This may be understood by a study of
Tables II and III. Likewise, the actual number of condensed
ring carbon atoms is equal to [rR - (rc)FR]. Hence, by equat
ing according to the definition previously given,

(5)raR :$: n
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Equation 10 then provides the means for computing CR, the aver
age number of ring carbon atoms per molecule.

computing the value of F for the special case where n = (re)FR.
This defines the minimum possible extent of condensation in the
system, which is designated as Fmin.

(11)

(12)

(15)

(14)

(16)

CN = CR - CA

Cp = n - CR

% CA = 100 CA
n

% CN = 100 CN
n

% CP = 100 CP
n

of naphthenic carbon atoms per molecule. Equation 12 leads
to the value of Cp , the average number of alkyl carbon atoms per
molecule. Finally, inasmuch as

CA + CN + CP = n (13)

the percentages of type carbon atoms are computed from Equa
tions 14, 15, and 16, as in the convent.ional methods of type car
bon atom analysis.

Estimate of Errors. Two general kinds of errors may affect
the determination of type carbon atoms---experimental errors
in the physical measurements and errors arising from the as
sumptions and correlations used.

Possible e~rors which may result in determining molecular
weights and carbon-hydrogen contents have been discussed
thoroughly by van Nes and van Westen (26) with regard to the
direct method. They have also considered the effects of the pres
ence of oxygen, sulfur, and nitrogen upon the accuracy of the
results (24, 26). These considerations also apply to this method.

The principal errors which may be introduced by using the
assumptions of this method are associated with the determination
of ring size, the use of average C5 and C6 curves in determining
re, and the assumption of 50% condensation for the indetermi
nate cases.

EFFECT OF ERROR IN DETERMINATION OF RING SIZE. The
determination of average ring size is subject to an error which is
usually about ±0.2, but, in exceptional cases, may be as great as
±0.5. In order to estimate the effect of such an error on the de
termination of ring carbon atoms, test cases were set up of hypo
thetical polycyclic naphthene systems containing no alkyl
carbon atoms. These are shown in Table V, wherein examples
of systems comprising 2 and 10 rings per molecule are considered.
The number of ring carbon atoms was computed for each of the 12
examples on the basis of its true ring size and on the basis of a ring
size either 0.5 higher or 0.5 lower than the true value.

The final two columns of Table V show the percentage errors in
the computed values for naphthenic carbon atoms, assuming a
0.5 error in ring size. With but one exception, these errors are
between 8.2 and 12.7%.

EFFECT OF PARAFFINS ON ACCURACY OF RING SIZE DETER
MINATION. By considering a number of hypothetical cases, it was
demonstrated that the presence of as much as 75 mole % of
paraffins in a mixture of cyclic and acyclic hydrocarbons affects
the computed value of average ring size by no more than
approximately ±0.15.

(7)

(9)

(8)

(10)

Diegnosis

F = 100%; Cp = 0
F>O
Determine Froio by Equation 7

and Fest by Equation 8
F = 0; Cp ~ 0
F >- 0; Cp > 0
Fe.', = 50%
F=O
POly"ycloalkylalkane type,
Cp <: 4
Fest = 50 %Presen't

Absent

Absent
Present

F _ Fmi• + 100
est - 2

F. _ 100 (rR - n)
,mm - rR - reR

Estimating Degree of Ring Condensation
Absorption at
7.25 and/or

13.8 fJ

rcR < n > rR

Observation

rcR = n
reR < n < rR

reR < n > rR

rcR < n = rR
rcR < n = rR

Table IV.

2

3A
3B

'!A

4B

Case

Table IV summarizes the method of arriving at a numerical
value for F. It can be seen that cases 3B and 4B have no diag
nostic va.lue for ring condensation. Unfortunately, it is probably
true that the majority of hydrocarbon products analyzed are apt
to fall in one of these classes. However, even for such cases,
instead of assuming eompletely condensed rings, Fest is arbitrarily
taken as 50%.

Example 6 under Illustrations of the Method is that of a hydro
carbon resin examined in this laboratory for which n was found
to be <rR and for which Fmin could, therefore, be computed.

Average Number of Ring CarbonAtoms per Molecule. By
rearranging Equation 6 and solving for (l'e)F, Equation 9 is ob
tained. The value of (rdF, the average Illlmber of carbon atoms
per ring for the system having the F degree of condensation, is
computed by substituting the proper values for r, re, and F or Fest.

Finally, as the maximum possible degree of condensation in any
system is always 100%, one may estimate the degree of condensa
tion, referred to as F"st, as It compromise between F min and 100%.
Thus,

Completion of Analysis. The remainder of the analytical
scheme is practically routine, Since CA has already been deter
mined by hydrogenation, its value is subtracted from CR, as in
Equation. 11, in order to obtain CN, the average number

Table V. Errors Introduced into Determination of Naphthenic Carbon
Atoms bY Use of Erroneous Value of Average Ring Size

For r - 0.5
2 R 10 R

CR, ComputedG

For True
Value of r For r + 0.5

Type of Ring System 2 R 10 R 2 R 10 R

CHing" uncondensed 8.00 40.00 9.00 45.00
C, rings, condensed 6.00 22.00 6.76 25.80
C. rings, uncondensed 10.00 '50.00 11 .00 55.00
C. rings, condensed 7.50 29.50 8 26 32.80 ...
C. rings, uncondensed 12.00 60.00 11.00 55.00
Corings, condensed 9.0036.00 8.2632.80

a Using values of averSIN number of carbon atoms per ring from Figure 1.
b Relative errcrs ±.

Relative Error, %.
in Determining

CR for
Erroneous Case b

2 R 10 R
12.5 12.5
12.7 17.3
ro.O 10.0
10.1 11.2
8.3 8.3
8.2 8.9

ERRORS INTRODUCED BY ASSUMING
AN AVERAGE TYPE OF CONDENSATION.
A study was made to determine the rela
tive errors caused by using the "average
C5" and "average C.' curves of Figure 1.
The value of CR was computed for di
cyclic and decacyclic molecules for each
of the six types of five- and six-mem
bered ring systems of Figure I, using
both the "average" curves and the actual
curves for each type. The relative errors
caused by using the average curves varied
from -14.3 to +12.5% for the twelve
examples.

ERRORS INTRODUCED BY COMBINED
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Table VI. Errors in DeterInination of Per Cent Naphthenic Carbon Atoll1s by
Assull1ption of 50% Condensation and Use of Average Curves of Figure I

% Error in Determination of
Naphthenic Carbon Atoms

Type of Ring Sys tem under Consideration

By combined By assumption of
assumptions kala-condensed

of this method C. rings

ASSUMPTIONS OF THIS METHOD. As

it is expected that most unknown hy
drocarbon products will require the
adoption of Fest = 50% and the use of
the "average C6" or "average C6" curves
of Figure 1, it is helpful to know what
errors are involved in the determination
of naphthenic carbon atoms by the com
bined use of these assumptions. Table
VI presents these data.

The errors were calculated by first
computingrc for each case, and then
(rC)F at F = 50%. The values f~r C R
were then obtained, both by this method
and by assuming six-membered kata
condensed rings. The computed values
of CR were compared with the correct
values of C R for each type of system.
As seen in Table VI, the assumptions of
this method may lead to possible rela
tive errors varying from 22.5% too low
to 50.0% too high. However, by using
the alternative assumptions of C6-kata
condensation, the possible errors vary
from 30.0% too low to 90.9% too high

TOPICS FOR FURTHER INVESTIGATION

The method of analysis described in
this paper is an attempt to provide a
type carbon atom analysis scheme which
is general for all heavy hydrocarbons.
As such, the method falls short in some
respects. Improvement of the method
is possible along the following lines.

1. Average ring size. Graphs for
four-, seven-, and eight-membered rings
should be made available. Extension
of the correlations should be made to at
least 15 rings per molecule and molecular
weight 2000. A means should be pro
vided for determining ring size directly
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Table VII. Properties of Hydrocarbon Materials Characterized
Example number 1 2 3 4 5 6 7
Material Gray tower HF conjunct Alkylation Aromatic Alkylated Hydrocarbon Hydrocarbon

polymer polymer sludge recycle naphthalene resin I resin IT
polymer oil

Boiling range, 0 C. 92-278 at 0.6 166 at 760 mm., 103-189 at
mm.Hg 284 at 6 mm. Hg 0.5mm.

Hg
°API, 60° F. 14.2 21.2 22.1 2.9
Density, 25° C. 0.9705 0.9195 0.9064 1.0502° 0.9441°
Refractive index, 25° C. 1.5435 1. 5179 1. SOlO 1.6405° 1. 5571°
Specific dispersion (F-C), 25° C. 161.5 130.2 106.4 314.2° 218.2°

8:2Bromine number 69.0 188 179 Negligible Negligible
Iodine number 196 437 314 Negligible 18
Maleic anhydride value b 30 354 253 4"i;Color, ASTM 5'/2 >8 >8
Viscosity, Stokes, 25° C.· 4.5 0.14 0.65

512 .Molecular weight 325 265 362 223 258 694
Ultraviolet absorption maximum, ml' 265 248 245 256d 260' 266
Carbon, % 89.16 88.12 81.58 92.03 8944 90.10 89.91
Hydrogen, % 10.72 11.29 11.45 7.82 10.46 8.78 9.97
Total, % C + % H 99.88 99.41 93.031 99.85 99.90 98.88 99.88
Corrected % Co 89.27 88.64 87.69 92.17 89.53 91.12 90.02
Corrected % Ho 10.73 11.36 12.31 7.83 10.47 8.88 9.98
Molecular formula C24.18Hu.60 C19oS6H29.87 C26. 43H 44 .21 C17.UH17.33 CU.23 H:t6.80 C~8'86H45.l1 C52.otHas.71
Type formula Cn H2n_1I.72 CnH2n_II.25 CnH2n......a.6G CnH2n_16.89 CnH2n_ll.66 CnH2n_32.69 CnH2n_ ,6.;;'

° At 20° C.
b MAV= mg. maleic anhydride reacting with 1 g. material under reflux in toluene solution.
C Computed from Gardner llbubble tube" viscosities.
d Considerable absorption present throughout 215- to 300-ml' range; absorptivity at 229 ml' 170.
s Absorptivity at 260 ml' = 8.
1 Oil contained 2.35% ash and 1.00% sulfur, balance probably oxygen.

o Corrected % C = %~~ %H

%H
Corrected % H = %C + %H
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Table VIII. Type Carbon Atom Analyses of Hydrocarbon Products Characterized
Bxample number 1 2 4 5 6 7

Material Gray tower HF coniunct Aromatic Alkylated Hydrocarbon Hydrocarbon
polymer polymer recycle naphthalene resin I resin II

oil

on solid products at ambient
temperatures.

2. The determination of r
and TO should be made appli
cable to all possible types of
hydrocarbons. Thi~ would in
clude systems with buried car
bon atoms, spiranes, higWy
fused systems having carbon
atoms common to four rings,
adamantane-type hydrocar
bons, and stable free radicals.

3. An unequivocal means
for detecting condensation and
identifying the type of eon
densation should be sought.

4. A method should be de
vised for quantitatively meas
uring the extent of ring con
densation in all cases and not
merely the limited. ones de
scribed. in this scheme.

5. A method should. be
sought fO'r differentiating cyclic
and acyclic olefinic carbon
atoms. This would make it
possible to analyze a com
plex hydrocarbon product in
terms of five type8 of carbon'
atoms: aromatic, saturated
naphthenic, satur.9.ted alkyl,
unsaturated naphthenic, and
unsaturated alkyl. Inclusion
of item 6 would add a sixth
possible carbon atom type.

6. Provision should be
made to include alkyne link
ages in the scheme. Selective
hydrogenation of triple bonds
to double bonds might be used
as the basis for this, provided
a suitable means for detecting
the alkyne group can be found.

Hydrogenation conditions
Selective

Temp.,o C. 130± 10 115 ± 5
Pressure, lb. sq. in. 2000-3000 1500-2100

Total
Temp., 0 C. 250-275 150-275 265-282 170-270
Pressure, lb./sq. in. 2000-3400 2000-3000 2200-2900 1500-3500

Catalyst
Type Ni/Ka R a Ni/Ka Ni/Ka Ni/Ka
Weight % 30 5-5.5 30 30 30

Original product
Mo 325 265 223 258 512
Ho (corr.) 10.73 11.36 7.83 10.47 8.78

Selectively hydrogenated
"roduct
HI (corr.) 12.19 13.33

Totally hydrogenated
poduct
If, 331 273 243 265 524
d:o 0.9222 0.9029 0.9120 0.8753 0.9858b
Wt. % C (corr.) 87.12 86.67 87.07 86.36 88.59
II, (corr.) 12.88 13.33 12.93 13.64 11.41
Molecular formula C24.01H42.29 C19.1oH,e.lo C17.6zRn.17 C19.06H35.86 C38.65R69.U
Type formula CnH27l-6.73 CnH27l-a.;o Cn H2n-4.o7 Cn H2n_2.24 Cn H2n- 17.99

Co:nputations
G! 7.24
Qo 2.68 2.98 0.00 0.00
(iA 1.29 0.00 6.58 4.68

10'.0011 3.87 2.65 3.04 2.12
T 5.12 5.80 5.34 5.72 5.52
TO 3.37 4.19 3.76 4.63 3.29

" 24.01 19.70 17.62 19.05 38.65
ToR 13.04 11.12 20.09 9.82 32.90
TR 19.8 15.37 16.24 12.13 55.20
Ji'min, % Ind.' Ind.' Ind.' 100 74.2
Ji'est,% 50 50 50 100 87.1
(TO)F 4.25 4.99 4.55 4.63 3.58
CR 16.45 13.22 13.84 9.82 35.80
CA 2.58 0.00 13.16 9.36 d
CN 13.87 13.22 0.68 0.46 35.80
Cp 7.56 6.48 3.78 9.23 2.85
% CA 10.7 0.0 74.6 49.1 d
%CN 57.8 67.1 3.9 2.4 92.6
%Cp 31.5 32.9 21.5 48.5 7.4

" Ni/K = nickel on kieselguhr; R = Raney nickel.
I, Density of the molten material at 1420 C.
I: Indeterminate.
d Aromatic carbon atoms included with naphthenic.

75-10G
1200-1900

R a

30

694
9.98

10.20

6

150 ± 5
10.83

5

120 ± 5
10.63

Examples. A number of examples are presented from among
the diverse products characterized in this laboratory. The
properties of these products are summarized in Table VII and
the hydrogenation conditions in Table VIII.

EXAMPLE 1. GRAY TOWER POLYMER. This complex oil was
a vacuum-distilled "polymer" obtained in the Gray process by
the clay treatment of a cracked gasoline (28). Its properties
(Table VII) indicated both appreciable olefinicity and aroma
ticity, and, therefore, selective hydrogenation was employed.
After selectivity was complete, a temperature rise of about 100 0 C.
was required to effect further hydrogenation. The characteriza
tion of the oil is shown in Table VIII. The oil was found to be
highly cyclic, with an average' ring size somewhat larger than
that of cyclopentane rings. Its content of olefinic double bonds
was approximately twice as great as its aromatic double bond
content.

EXAMPLE 2. HYDROFLUORIC ACID CONJUNCT POLYMER. This
oil was derived from the acid layer in a catalytic process involving
the contact of a nonaromatic petroleum fraction with liquid,
anhydrous hydrofluoric acid at above 170 0 C. (10, 17). The
position of its ultraviolet absorption band and the high maleic
anhydride value suggested conjugation rather than arornaticity.
However, to eliminate any doubt, selective hydrogenation was
carried out to the point of negligible bromine number, constant
refractive index, and substantially no ultraviolet absorption
between 220 and 310 rnJ.l. Inasmuch as this was possible without

True Unsaturation of Hydrocarbon Resin II
Original 1 2 3 4

75±5 90±5 90±5 100±5
10.01 9.96 10.18 10.20

Table IX.
Sample

Hydrogenation temp., 0 C.
H~'drogenin sample. wt. % .

ILLUSTRATIONS OF THE
METHOD

Experimental Techniques.
Densities were determined by
means of a capillary pycnom-
eter. For highly viscous
liquids and solids, a wide-
mouthed pycnometer was used (3). The accuracy in either case
was within ±0.OO05.

Molecular weights were determined .in benzene solution by the
Menzies-Wright method (21), modified by Hanson and Bowman
(8, 9), with an accuracy within ± 1%.

Carbon and hydrogen determinations were made by the micro
method, with an estimated accuracy within 0.2%.

Bromine numbers were determined by the Francis method (6)
and iodine numbers by the mercuric: acetate~catalyzed Wijs
method (11), using a 3-minute reaction time and 200% excess
iodine.

Ultraviolet absorption spectra were determined in 2,2,4
trimethylpentane or methylcyclohexane solution in a Beckman
Model DU spectrophotometer. A Perkin-Elmer Model 12B
infrared spectrometer was used to rec{)l'd the infrared spectro
grams.

All hydrogenations except that of .Example 2 were performed
in an American Instrument Co. superpressure rocking autoclave
of 1410-ml. capacity and constructed of AISI Type 410 stain
less steel. The hydrogenation described in Example 2 was car
ried out in a 2-liter Monel autoclave equipped with a propeller
agitator rotating at 1750 r.p.m. and a water-cooled Teflon-packed
stuffing box.

The catalysts used in this laboratory were nickel on kieselguhr,
Raney nickel, and copper-chromium oxide. A reduced and
stabilized nickel on kieselguhr' (Harshaw Ni-Q104) is the pre
ferred catalyst for most hydrogenations, selective or otherwise.
Although less active than Raney nickel, it requires no preliminary
activation, is not pyrophoric, and is usually sufficiently active
for all practical purposes. It is generally ground to a fine pow
der before use and employed in an amount equal to 30% by weight
of the material charged.
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raising the temperature above 120°, this fact was taken as evi
dence of the absence of aromaticity. The characterization of
this interesting product is seen in Table VIII.

EXAMPLE 3. ALKYLATION SLUDGE POLYMER. This oil was
obtained from the spent sulfuric acid of an alkylation unit.
The sludge which separated by diluting the acid with water was
extracted from the aqueous mixture by means of a light hydro
carbon, and neutralized with caustic. It contained a relatively
high proportion of sulfur, oxygen, and ash, as noted in Table VII.

The use of corrected carbon and hydrogen values was believed
to compensate for the presence of the nonhydrocarbon constit
uents. The composition of the oil was found to be quite simi
lar to that of the hydrofluoric acid conjunct polymer, which it
resembled closely in its properties.

The alkylation sludge polymer was nonaromatic. It con
tained 3.17 olefinic double bonds per molecule and 2.01 rings per
molecule, the ring size being 5.5. On the basis of F = 50%, the
total oil had 36.8% naphthenic carbon atoms and 63.2% alkyl
carbon atoms. Its double bonds were 59% conjugated (as found
by maleic anhydride value).

EXAMPLE 4. AROMATIC RECYCLE OIL. This commercial prod
uct had properties which suggested a high degree of aromaticity
and it was believed to be an aromatic recycle stock from catalytic
cracking operations. Owing to negligible olefinicity, a nonselec
tive hydrogenation was employed. Removal of the last traces
of ultraviolet absorption in the neighborhood of 229 mIL was diffi
cult and required hydrogenation at 250° to 275. °

The characterization is summarized in Table VIII. The low
value of r for a highly aromatic product suggested the presence
of components resembling acenaphthene (r = 5.7) or its homo
logs, as an error of a few tenths in r is possible.

EXAMPLE 5. ALKYLATED NAPHTHALENE. This product was
known to be essentially an alkylated naphthalene, but was be
lieved to contain a small proportion of naphthenic carbon atoms.
It was characterized in order to check the validity of the. ring
size determination, as well as to obtain an indication of the de
gree to which the material was alkylated. The results are shown
in Table VIII.

The found value of r was 0.28 in error, assuming only aromatic
rings. F was taken as 100%, and the value of ro derived from
Figure 1 was the interpolated value for r = 5.72 and R = 2.12,
using the "average C." curve and the curve for kala-condensed C6

rings. The value obtained for % Cp indicated that the product
was highly alkylated, whereas the value found for % CN showed a
small degree of naphthenicity.

EXAMPLE 6. HYDROCARBON RESIN I. This commercial prod
uct had a softening point in the neighborhood of 100° C. Al
though it was believed to have a low degree of aromaticity, the
product was essentially olefinic. As a nonselective hydrogena
tion was carried out, only the total number of double bonds is re
ported. The hydrogenation was effected in benzene solution be
cause of insolubility of the resin in saturated solvents. The re
sulting solution, which showed negligible ultraviolet absorption,
was distilled under reduced pressure to remove cyclohexane.
Last traces of solvent were removed by powdering the hydro
genated resin and keeping at 60° C. and I-mm. pressure for a
number of hours. The hydrogenated resin formed a snow-white
powder which required a temperature above 130° C. for complete
liquefaction. Its density was measured at 142° C.

Since the product had 10.00 rings per molecule, the Kurtz
Lipkin graphs could not be used for computing the ring size.
The computation was made by constructing special graphs, using
the general equation for the molecular volume of saturated hydro
carbons. An equation valid for a temperature of 142° C. was
first set up, using the data presented by Kurtz and Sankin (15).
A series of hypothetical decacyclic molecules with varying ring
sizes, and condensed according to the schemes of Figure 1 was
studied. For each case the molecular volume was computed from
the general equation, and the molecular weight calculated from
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the formtilaof the compound. In this manner, graphs of density
at 142° C. V8. molecular weight for decacyclic molecules with ring
sizes between 5.0 and 5.6 were prepared. From these graphs,
by interpolating the density of 0.9858 and molecular weight 524,
the ring size of the hydrogenated resin was found to be 5.52.

The completed characterization is shown in Table VIII. In
view of the fact that roR < n < rR for this sample, it was pos
sible to estimate F by means of Equations 7 and 8, and hence
(rO)F by Equation 9. Thus the extent of condensation of con
densable ring carbon atoms was placed at approximately 87%.
The value of CR, found by Equation 10 was taken to be the same
as CN, as the aromaticity was not computed. On this basis, the
resin had 92.6% naphthenic carbon atoms, and 7.4% alkyl car
bon atoms.

EXAMPLE 7. HYDROCARBON RESIN II. This product was a
resin of low iodine number, and the only information desired was
the true olefinicity; hence, only a selective hydrogenation was
carried out, in methylcyclohexane solution.

The temperature was varied stepwise. At each temperature,
hydrogenation was continued until no further pressure drop oc
curred. The point of selectivity was difficult to determine by
refractive index, owing to the highly aromatic nature of the resin.
It was established by recovering each sample, dissolving to a
fixed concentration in a mixture of acetone and benzene, and add
ing a fixed amount of 2% aqueous potassium permanganate.
The first sample which failed to decolorize the solution was con
sidered to be selectively hydrogenated. This was sample 4 in
Table IX. It can be seen that the hydrogen contents also
leveled off at this point. (Sample 2 appeared to represent an
error in analysis.)

Calculation of Qo indicated 0.84 olefinic double bond per mole
cule, whereas the bromine and iodine numbers indicated 0.36
and 0.49, respectively.
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Determination of Molecular Weight of the m-'olyphenyls by
Measuring Their Absorbance
LOUIS SILVERMAN and WILLIAM HOUK

North American Aviation, Inc" Nuclear Engineering and ManuFacturing, Downey, CaliF.

APPARATUS

Beckman Model DU Quartz spectrophotometer and 10-mm.
cuvettes.

Distilling apparatus (6).
Melting point and molecular weight apparatus (5),

EXPERIMENTAL PROCEDURE

The individual pyrolytic products of m-terphenyl were obtained
by vacuum distillation of the sample at 5-micron pressure (6).
Some of the fractions were further purified by solvent extraction
and by crystallization, using acetone, ether, cyclohexane, alcohol,
and chloroform.

Samples of the purified fractions weighing from I to 5 mg. were
dissolved in chloroform, under reflux. The solutions were diluted
to 25 m!' with cWoroform. Aliquots equivalent to exactly 0.4
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At the wave length of maxiInum absorbance, the ab
sorbance of the m.-polyphenyls decreases with increas
ing molecular weight, and the values are directly re
lated, graphi.cally. In this manner, the absorbance of
1:he unknown iis obtained and the molecular weight is
read from the standard curve.

REAGENTS

Cyclohexane. spectrophotometrically pure.
Chloroform, analytical reagent.
Acetone, analytical reagent,
Ethyl ether, .analytical reagent.
Ethyl alcohol, analytical reagent.
m-Terphenyl, Matheson, Coleman and Bell Co.
·m-Quaterpheny1.
·m-Quinquepheny!.
1n-Sexipheny!.
m-Nonaphenyl.

I NCREASED interest in the use of organic materials as cool
ants in high-temperature systems has resulted in the need for

more chemical information about these heat transfer agents.
Engineers designing heat transfer systems would be immensely
benefited if the inevitable products of pyrolysis were identified
and if the physical properties (viscosity, in particular) were
estimated.

Some information on the m-polyphenyls has appeared in the
literature. The properties of the m-polyphenyls of three to five
phenyl groups are given in papers by Woods and others (7),
Bowden (1), and Gillam and Hey (B), Gillam and Hey also
list extinction coefficients for m-polyphenyls with 9 to 16 phenyl
groups. The melting point of a m-sexiphenyl has recently been
reported (3).

The polyphenyls are characterized by their absorbance curves.
As the p-polyphenyl molecules increaEle in molecular weight, the
wave length of peak absorbance increases. On the other hand,
the wave lengths of peak absorbance of the m-polyphenyls (2)
remain within the 250-to 260-mp range. A study was then under
taken to correlate the molecular weights of the m-polyphenyls
with their respeetive absorbances, and thus show that an un
known m-polyphenyl may be identified by its absorbance or
extinction coefficient.
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mg. were pipetted from the first solution and di
luted to 25 m!' with chloroform. The maximum
absorbances of the solutions on the 250- to 260
m~ range (with chloroform as reference) were ob
·tained. The molecular weight of the unknown
m-polyphenyl was then read from a molecular
weight-absorbance curve.

Standard Curve. Solutions of the known m
polypbenyls were prepared in the exact con
centration of 0.4 mg. per 25 ml. of chloroform.
Absorbance was plotted, as ordinate, against
the logarithm of molecular weight, as abscissa
(Figure 3).

Compound

Terphenyl
Quaterpheny]
Quinquephenl'l
Sexiphenyl
Noviphenyl
Duodeciphenyl

Table!. Properties of m-Polyphenyls

x, Slit
M.P., Max., Width, Extinction

M.W. o C. m!' m!' Absorbance Coefficient

230 85.5-86 251 0.90 2.17 31,050
306 86 252 0.84 2.04 39,000
382 97-98 253 0.80 1. 99 47,500
458 147.2-147.8 253 0.80 1. 95 56,000
686 195-200 255 0.74 1.87 80,300
914 Approx.250 256 0.72 1.81 104,000

RESULTS

The identities of the compounds (Table I) were established by
careful determinations of molecular weights by the Rast (6)
method, by melting points, by ultraviolet absorption curves, and
by comparison with data already listed in the literature. The
melting point determinations for the 9-m-phenyl and for the 12--m
phenyl group compounds had not been reported previously, but
molecular weight and absorbance data indicate that these com
pounds exist. Melting points for the 9- and the 12-phenyl
group compounds fall in line.

The extinction coefficients of the compounds listed in Table I
were determined by using 0.4 mg. of polymer dissolved in 25 rol.
of chloroform. These values were plotted against molecular
weight and a straight-line plot was obtained (Figure 1).
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Figure 3. Absorbance of m-polyphenyls

2.10

It is essential that the pyrolysis products be separated carefl,llly
and purified. Then the absorbance at the maximum (250 to
260 m~) can be read and the molecular weight may be deter~

mined directly from the standard curve. The identity of all of
the m-polyphenyls shown in Table I, which have been separated
from numerous pyrolyzed m-terphenyl samples, has been es
tablished. By using more dilute solutions, the possibility of ex
tending the curves in Figures 1, 2, and 3 to include m-polyphenyls
containing more than 12-phenyl groups becomes evident.

weight and this curve (or the log plot in Figure 3) becomes the
working curve for routine analysis of pyrolyzed m-terphenyl
samples. The decrease in the slope of the curve (Figure 2) as the
molecular weight increases is attributed to the decrease in the
number of molecules per unit volume of solution.
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The extinction coefficients of these polyphenyls change with
concentration. As the concentration decreases, the extinction
coefficient increases. Gillam and Hey (2) obtained higher re
sults by using a spectrograph and photographic technique. Their
extinction coefficients can be duplicated by using very dilute
solutions (0.0008 mg. per 25 m!' of chloroform). Woods and
coworkers (7) obtained higher results (Table I), which can be
duplicated by using a concentration of about 0.002 mg. per 25
ml. of chloroform. The reason for using 0.4 mg. per 25 mi. is the
technique convenience as shown in the procedure.

The curve in Figure 2 is a plot of absorbance against molecular
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Isotope Analysis Using Dimethylmercury
VERNON H. DIBELER

National Bureau of Stane/are/s, Washington, D. C.

A siIllple technique is described for the cOIllplete con
version of Illilligram quantities of eleIllental Illercury
to dimethylIllercury and fOl~ Illass spectroIlletric analy
sis of isotope abundance ratios. Mercuric chloride,
prepared by direct cOIllbination of the eleIllents, is
reacted with a slight excess of diIllethylzinc to forIll the
Illercury alkyl. Experiments using Illercury-198 estab
lish the absence of measurable fractionation in the syn
thesis, or of exchange, with Illercury vapor during
analysis. Measurements of isotope abundance ratios
using dlIllethylIllercury are cOIllpared with results ob
tained by other laboratories Illeasuring Illercury vapor.

VOLATILE organometallic compounds for isotope abundance
measurements were first used by Aston (1) in his early studies

of the isotopic constitution of the elements. Although measure
ments wen~ usually made on the atom ions, the formation of
hydride ions by rearrangement complicated the mass spectrum
and the calculation of abundance ratios. Consequently, the
use of the elements or appropriate inorganic compounds have
been preferred especially for establishing upper limits to the exist
ence of rare isotopes.

In 1951, however, on the basis of accumulated experience in
mass spectra and the development of semimicrotechniques for
the preparation of tetramethyllead, this compound was sug
gested (2, 3) for use in routine isotopic analysis of milligram
quantities of lead. Since thai; time, a number of laboratories have
attained considerable experience with this method and at least
one study (4) has shown that ~Lnalyticalresults obtained by using
the volatile lead alkyl are eomparable with those obtained by
evaporating lead chloride or lead iodide.

Although no measurable variation in the natural abundance
of mercu.ry isotopes has been reported, the element is now avail
able in a, wide range of isotopic compositions for various research
purposes, including nearly pure mercury-198 and -202 for use
in spectroscopic lamps as standards of length. Necessary isotope
abundance measurements associated with these researches are
commonly made by using the vapor of the element. However,
accurate measurements on samples differing appreciably from
normal composition require rigorous exclusion or removal of
mercury background, usually accomplished by prolonged bake
out and frequent cleaning of the ion source. Furthermore,
laboratories also engaged in the precise measurement of lead-204
abundance using lead atom ions prefer to exclude mercury vapor
from their mass spectrometers at all times. Thus, the use of a
volatile organometallic compound appears to be particularly
attractive for routine abundance measurements of mercury
isotopes.

It ifi the purpose of this paper, therefore, to describe a simple
method for the preparation of milligram quantities of dimethyl
mercury and a mass spectrometric technique using this compound
for isotope assay. Further, the method is evaluated by experi
ments using a slightly contaminated sample of mercury-198
and by means of comparative measurements by several labora
torief' on identical samples of a stock of ordinary mercury pre
pared as a density standard at the National Physical Laboratory,
Teddington.

EXPER,IMENTAL DETAILS

Preparation of Dimethylmercury. A schematic diagram of
the apparatus used in the preparation of the mercury alkyl is
shown in Figure 1. The manifold and connections are con-

structed of borosilicate glass tubing, 5 mm. in inside diameter.
All stopcocks and joints are lubricated with a low vapor pressure
fluorocarbon grease. Several 15-cm. lengths of 3-mm.--<lUtside
diameter borosilicate glass tubing, A, are flame-sealed at one
end (the addition of a 2-ml. bulb at this end facilitates vacuum
handling of the volatile reactants) and sealed to inner 14/20
standard tapers, B, at the opposite end. One or 2 mg. of the
mercury to be analyzed is placed in each dry, clean tube by means
of a calibrated micropipet. The sample tubes are then connected
to the manifold as shown in Figure 1. The manifold and tubes
are evacuated to a few microns pressure by means of a mechanical
pump through a trap refrigerated with solid carbon dioxide.
Stopcock C is then closed, and chlorine gas is admitted to the
system at a pressure slightly less-than 1 atm. All D stopcocks
are then closed and the mercury droplets warmed gently in the
tubes with a microburner until a rapid, vigorous reaction occurs.
The resultant mercuric chloride sublimes readily to the cooler
walls of each tube, permitting complete reaction of the mercury.
Then the excess chlorine is pumped away and dimethylzinc
(commercially available in high purity) is metered in slight
excess of the calculated stoichiometric quant.ity by means of the
gas pipet, E, and condensed into the appropriate sample tube
held at liquid nitrogen temperature. The D stopcocks are
manipulated properly throughout the procedure to prevent cross
contamination of mercury samples. Finally, the tubes are f1ame
sealed, cut from the standard tapers, and stored at room tem
perature until analyzed by the mass spectrometer.

TO DRYAI~5 T~,---,<C')r__---'

VACUUM PUMP

B

Figure 1. Schematic diagraIll of apparatus
used in preparation of dimethylmercury

Pressure-volume-temperature measurements and mass spectro
metric analyses made immediately after the tubes warm to room
temperature indicate a rapid, essentially quantitative conversion
to the mercury alkyl. In several preparations, small amounts of
water vapor were condensed into the tubes after formation of the
dimethylmercury in order to destroy any excess dimethylzinc.
No significant differences in results were observed. There was
also no evidence for fractionation effects in preparations using
slightly less than stoichiometric quantities of dimethylzinc.

Several samples of dimethylmercury synthesized from approx
imately 95 atom % mercury-198 were sealed in vacuo together
with droplets of ordinary mercury. No measurable decrease in
mercury-198 abundance was observed in the dimethylmercury
after standing several hours at room temperature.

Known mixtures of mercury-198 and ordinary mercury were
also converted to dimethylmercury. The mercury alkyl exhib
ited the expected isotope abundance ratios within the estimated
experimental errors.
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6
Hg vapor

Palmer (7)

0.18±0.02
10.00 ± 0.11
16.91 ± 0.08
23.11±0.06
13.18 ± 0.05
29.83 ± 0.16
6.78 ± 0.03

0.154 ± 0.005 b
9.98"

16.95
23.19
13.21
29.74

6.78

Von Ubisch and
SiUg (8)

8 '13,14,15
Hg vapor Hg vapor

Abundance, Atom %

0.151 ± 0.002"
10.00 ± 0.02
16.93 ± 0.02
23.15 ± 0.02
13.16 ± 0.04
29.83 ± 0.02

6.77 ±0.03

9
Hg(CH,h

This Research

0.156 ± 0.01
10.12 ± 0.10
16.99 ± 0.09
23.07 ± 0.12
13.27 ± 0.07
29.64 ± 0.15

6.79 ±0.05

COlnparison of Isotope Analyses Using Dhnethylm.ercury and
Mercury Vapor

Fleming (5)

Isotope

196
198
199
200
201
202
204

Table I.

Observer

NPL sample number
Form

a Mean of three runs and standard deviation.
b Single determination.
C Weighted mean of three samples. Individual analyses differed by less than 0.2%, relatively.

Mass Spectrometric Measurements. The published (3) mass
spectrum of dimethylmercury shows the Hg+, Hg(CHa)+, and
Hg(CHa)2 + ions to be of comparable abundance, Of these,
however, only the molecule ion is free qf interference from mercury
background and from the rearrangement hydride ions that com
plicate the atom ion and monomethyl ion spectra, Furthermore,
it is convenient and advantageous to measure the abundances
of the isotopic molecule ions by using ionizing electron energies
sufficient to produce the molecule ions without forming ions by
the dissociation of hydrogen atoms from the molecule. The
nearly monoisotopic dimethylmercury-198, synthesized in the
previous section, provides a sensitive means of determining
the optimum electron energy for the measurement of Hg(CHa)2+
ions in the absence of Hg(CHa) (CH2)+ and other ions resulting
from further loss of hydrogen atoms.

Abundance measurements are made using a 180 0 mass
spectrometer designed for routine analysis of gases and volatile
liquids. The instrument has a 5-inch radius of curvature and an
estimated resolving power of 1/350. Sample vapor enters the
ion source from a 4-liter reservoir through a molecular leak, and
data are obtained by electrostatic scanning. The molecule ions
of the dimethylmercury samples were measured several times
using, alternately, 70- and lO-volt (uncorrected) electrons. The
relative abundances of the mercury isotopes are calculated di
rectly from the peak heights observed at 10 volts after correction
for ions containing carbon-13 and deuterium atoms in normal
abundance. However, a more precise measure of the mercury
196 abundance is obtained in the following manner: The Hg196_
(CHa)2+/Hg198(CHa)2+ ratio is measured using 70-volt electrons
and a correction made for dissociated ions as determined from the
pure H g198(CHa), spectrum at 70 volts. This ratio is then used
to calculate the 10-volt H g196(CHa)2 + peak height from the ob
served lO-volt H gl98(CHa)'+ peak. The calculated Hg196(CHa),+
peak height at 10 volts usually agreed with the observed value
well within the record reading error.

Although the abundance ratios are measured under different
experimental conditions, the results obtained using dimethyl
mercury and routine techniques generally agree well within the
stated limits with careful measurements obtained for mercury
from the same source using the vapor. The mean of the collected
values shown in Table I is not in complete agreement with Nier's
1950 measurements (6) on laboratory-supply mercury. How
ever, the differences may result from alteration in the abundance
ratio of the carefully purified sample used in this research.

The agreement shown in Table I is particularly gratifying in
view of the simple synthesis for milligram quantities of dimethyl
mercury and the apparent suitability of the physical and chem
ical properties of this compound to mass spectrometric analysis.
For example, the use of the mercury alkyl in a properly designed
inlet system, such as that used in commercially available gas anal
ysis mass spectrometers, avoids the uncertain degree of isotopic
fractionation occurring in the evaporation of a liquid or a solid.
Also, when used in sample introduction systems free of lubricated
stopcocks, only elementary precautions are required in evacuating
a previous sample of dimethylmercury in order to prevent
memory effects in subsequent samples. Furthermore, dimethyl
mercury analyses are unaffected by a background of mercury
vapor or absorbed mercury in the inlet system or analyzer tube.
This is particularly useful in analyzing isotopic compositions
differing appreciably from ordinary mercury. Finally, there is
no interference between ions commonly used in the analysis of
tetramethyllead-Le., Pb(CHa)a + ions (mle = 248 to 254) and
the molecule ions of dimethylmercury (mle = 226 to 234)
thus permitting routine isotope analysis of both these elements
using the same mass spectrometer.
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a Alpha counts per hour per milligram of cerium.

count per hour per milligram of cerium. All commercial cerium
compounds showed a definite count above the blank value.

The radioactive impurity can be separated by fractional crystal
lization. This is shown by samples 4 and 5 (specially prepared
by Company B) which are the first and second crop of crystals,
respectively, from a series of cerous nitrate crystallizations.

If all the alpha radioactivity in the cerium compounds were due
to thorium impurity, the percentage of thorium would vary from
a few hundredths of 1% for sample 1 to several per cent for sample
15. The calculated alpha counts per hour per milligram of
cerium for varying amounts of thorium impurity are shown in
Table II.

Thorium was detected in three of the cerium compounds,
samples 2, 10, and 11, by isolation and identification of its ra-

ANALYSIS OF COMMERCIAL CERIUM SALTS

Fifteen commercial cerium salts were analyzed. The salts
were purchased from the major cerium producers and were the
highest quality obtainable. They are listed in Table I and are
arranged in order of increasing alpha radioactivity. A wide
range of radiochemical purities is represented by alpha activities
of from 6 to 1245 counts per hour per milligram of cerium. In
every case, except samples 6 and 7, the compounds came directly
from the manufacturer, and the bottles had not been opened
previously. A Kahlbaum sample, sample 12, was a museum
specimen which had not been opened since it was originally
packaged by the German concern in 1912.

In general, the cerous salts contained less radioactivity than
the ceric salts. This may indicate that the manufacturers are
concentrating thorium, the most probable radioactive impurity
in·cerium salts, in the process of producing the ceric compounds.
The amount of radioactivity in the same cerium compound may
vary considerably-for example, the alpha activity in the three
ceric ammonium nitrate samples, samples 7, 11, and 13, varied
from 89 to 202 to 693 counts per hour per milligram of cerium.
Salts from the same source may vary considerably in radiochemi
cal purity. The cerous oxide from company A, sample 1, had
a count of only 6, whereas their ceric oxide, sample 14, had a
count of 853, or contained over 100 times as much radioactivity.

Radiochernical Purity of Ceriurn Cornpounds
Compound Source RadioactivityG

Ce,O"xH,O A 6
Ce(NO,)a'6H,O B 16
Ce,(SO.),·6H,O A 16
Ce(NO,),· 6H,O (Crop' No.1) B. 16
Ce(NO,),· 6H,O (Crop No.2) B 26
(NH.),Ce(SO.)a·2H,O B 30
(NH.),Ce(NO,). B 89
CeCh·7H,O C 129
Ce,(C20')"xH,O A 143
Ce(IO,). B 186
(NH.),Ce(NO,). B 202
Ce(NO,)a'xH,O (dated 1912) D 364
(NH.j,Ce(NO,)o A 693
CeO"xH,O A 853
Ce(SO.), C 124.;

Table I.
Sample

1
2
3
4
5
6
7
8
9

10
11
12
13
14
'15

Radiochetnically pure ceriurn was prepared as a carrier
for tri. and quadrivalent ions in extrernely low level
radiochernical analyses, such as urinalysis. One re
quirernent for 8uch.a reagent is that the alpha activity
should not exceed one count per hour per tnilligrarn of
ceriurn. Analyses of a series of cOlnrnercial salts showed
that none of the cornrnercial c6rnpounds was suitable
for such low level radiochernical work. The alpha ac
tivity in the cornrnercial salts was due to thoriurn irn
purity, which 'varied frorn a few hundredths ofa per cent
to several per cent depending on the salt and its source.
Radiochcrnically pure ceriurn 'was prepared by three
rnethods: fractional precipitation of the iodate from
hOJnogeneous solution, fractional crystallization of the
double rnagnesiurn nitrate, and fractional crystalliza
tion of ceric arnrnonium nitrate.

I Present address. Inorganic Chemicals Division, Monsanto Chemical Co.,
Nicholas Road, Day1;on. Ohio.

W ITH the growth of r,adio~hemi~try th~re is a~ increasing
need for a new specIficatIOn of chemlCal PUrity, that of

radiochemical purity. Many reagent grade chemicals may
meet nIl the present specifications and yet be totally unsuitable
for low level radiochemical work, because of the presence of small
quantities of naturally occurring radioaetive elements.

An important need for radiochemically pure compounds
arose in the determination of the amounts of radioactive materials
ingested by exposed personnel. For example, in the develop
ment of urinalysis procedures cerium salts were needed as carriers
for tri- and quadrivalent ions (1). One requirement was that
the alpha radioactivity should not exceed one count per hour per
milligram of cerium. Although a series of commercial compounds
was analyzed, none was satisfactory for such low level radio
chemical work.

PROCEDUR.E:

The following procedure was used to determine the alpha
aetivil;y in the cerium compounds. A dilute nitric acid solution
of each of the compounds was prepared so that the concentra
tion of cerium' was about 100 mg. of cerium per milliliter of solu
tion. In some cases, such as hydrated oxides, oxalates, etc., it
was necessary to convert the compounds to the nitrates. Twenty
five microliters of the solution, containing approximately 2.5 mg.
of cerium, was mounted in 100 to 150 small droplets on a 2-inch
stainless steel disk. The droplets were evaporated by placing
the disk under an infrared lamp. The disk was ignited gently
to convert the dried cerium compound to the oxide. Strong
ignition was avoided, as high temperatures caused the oxide
to shrink and lose its adherence to the stainless steel disk. The
alpha activity on the disk was counted for 16 hours in a Nuclear
Measurements Corp., Model PC-l proportional counter. The
cerium solution was standardized gravimetrically by precipi
tation of cerium oxalate followed by ignition to the oxide. The
alpha activity in eounts per hour per milligram of cerium was
calculated.

Except for the 25-",1. micropipet, all new glassware was used
for each sample. A series of blank determinations on the
micropipet, forceps, disks, etc., gave an alpha activity of
1.2 ± 0.6 counts per hour. Since 2.5 mg. of cerium was mounted
on each disk, the limit of detectability was approximately 0.5
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Figure 1. Decay of radiuDl isotopes separated froDl
ceric aDlDloniuDl nitrate

CeriuDl CODlpounds
Thorium, %

0.03
0.4
0.4

a Activitya,
Count.s/Hr./Mg. Ce

456
46
4.6
0.5

Thorium, %
1.0
0.1
0.01
0.001

Table III. Analyses of CODlDlercial
Sample Compound

2 Ce(NO,j,·6H,O
10 Ce(IO,),
11 (NH,),Ce(NO,)o

a Calculated; assuming radioactive equilibrium.

Table II. Radioactivity in CeriUDl CODlpounds Due to
ThoriuDl IDlpurity

lower spectrum is due to the radioactive impurity in ceric am
monium nitrate. The spectra are nearly identical.

Therefore, the major radioactive impurity in commercial
cerium salts is thorium as proved by the separation and identi
fication of radium-224, by x-ray fluorescence spectroscopy, and
by gamma pulse height analysis.

PREPARATION OF RADIOCHEMICALLY PURE CERIUM

Because none of the commercial cerium salts was suitable for
use in urinalysis, radiochemically pure cerium was prepared in
the laboratory by three methods: fractional precipitation of the
iodate from homogeneous solution (5); fractional crystallization
of the double magnesium nitrate (2); and fractional crystalliza
tion of ceric ammonium nitrate (3).

Fractional precipitation of ceric iodate from homogeneous solu
tion was accomplished by a method similar to that reported by
Willard and Yu (5). Iodic acid and potassium chlorate were
added to a solution of cerous nitrate in approximately 5N nitric
acid. The solution was boiled; and as the cerium was slowly
oxidized, it precipitated as ceric iodate. Several successive
iodate fractions were precipitated. The cerium remaining in
solution after the fifth iodate precipitation was recovered as the
hydroxide. After filtration, the iodate fractions were converted
to nitrates by evaporating with hydrochloric acid and then with
nitric acid. The hydroxide residue was hltered, washed, and
dissolved in nitric acid. After 3 to 4 weeks equilibrium was re
established and samples of the nitric acid solutions were mounted
as described. The alpha activity on each disk was determined.
The results of these analyses are shown in Table IV.

o

RADIUM SERIES

GaDlDla spectra

THORIUM SERIES

Figure 2.
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One gram of cerium as the nitrate was used as the original
material. The reagent grade cerous nitrate hexahydrate had
an alpha activity of 16 counts per hour per milligram of cerium.
The increase in activity in the first iodate fraction to 95 counts
per hour per milligram of cerium is undoubtedly due to thorium
which should concentrate in this fraction. The final residue
should contain any actinium and radium isotopes along with
their daughter activities, and for this reason showed a count of
24. The center fractions composing nearly 90% of the original
cerium sample were radiochemically pure.

Analyses were made of samples from two fractionation series,

dium-224 daughter. Ten milligrams of barium carrier was.added
to a solution containing 1 gram of the cerium salt, and the ba':
rium was precipitated as the sulfate. The barium sulfate was
centrifuged, washed, and mounted on a stainless steel disk.
The disk was counted daily for alpha activity. The thorium
content was calculated from the amounts of the radium daughter
detected. The results of these calculations are shown in Table
III.

The data for Sample 11 are plotted in Figure 1. The straight
lines represent the decay at equilibrium of the alpha-emitting
radium isotopes in each of the three natural decay series, the
radium, actinium, and thorium series, respectively. It is obvi
ous that the radium isotopes separated from the ceric ammonium
nitrate decays at a rate equivalent to that in the thorium series
i.e., radium-224.

The presence of thorium in the ceric ammonium nitrate, Sample
11, was confirmed by x-ray fluorescence spectroscopy en. (Arc
spectrographic analysis is less sensitive than the x-ray method,
because the thorium spectrum is masked by that of cerium.) The
thorium was also detected by gamma pulse height analysis (Figure
2). The upper spectrum is that of thorium nitrate, whereas the

Table IV.

Fraction

Original
1
2
3
4
5

Residue

Analyses of Iodate Fractions
Tot.al Cerium a Activity,

Precipitated, % Counts/Hr./Mg. Ce

16
9 95

19 0
39 0
22 0

3 0
3 24
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NCeand CE, in which cerium had been recrystallized from con
centrated nitric acid as the double magnesium nitrate [3Mg
(N03).. 2Ce(N03 )3. 24H20j. It was estimated that 100 to 150
recrystallizations had been made in each series. Samples from
each fraction in the two series were analyzed for alpha activity
by the method described. If the :radioactive impurity were
thorium, it would be expected to coneentrate in the more'soluble
end-i.e., larger numbered fractions--of a double magnesium
nitrate series. The results of analyses listed in Table V show
that the radioactive impurity did concentrate in the more soluble
end of the series.

The cerium in about one half of each series was radiochemically
pure. The alpha-emitting impurity increased by an order of
magnitude in each of the last four fractions of each series.
~ine bottles of cerium samples taken from various steps in a

cerium purification process, similar to s, commercial process, were
supplied by G. Frederick Smith. Bott.le 1 contained a sample of
technical grade eerie oxide. Several pounds of this material was
leached with hot nitric acid, and a, sample of the nitric acid
insoluble residue, containing silica, some phosphate, etc., was
packaged in bottle 2. 1'0 the nitric acid soluble portion was
added excess ammonium nitrate to precipitate eerie ammonium
nitrate, a sample of which was contained in bottle 3. A series
of fractional cryEtallizat,ions of the eerie ammonium nitrate
yielded a second, third, fourth, and fifth crop of crystals, samples
of which were in bottles 4, 5, 6, and 8, respectively. The filtrates
from the first, second, and third crop of crystals were appar
ently discarded a;s no samples of these materials were available
for a..'lalysis. However, samples of the filtrates from the fourth
and fifth crops of crystals were supp1ied, bottles 7 and 9, respec
tively.

The radiochemical analyses of the nine samples are shown in
Figure 3. The alpha activity in the cerium samples shows the
distribution of thorium in the purifieation process. The fifth
crop of crystals, bottle 8, is very pure, since it contains a maximum
of 0,001 % thorium. Therefore, radiochemically pure cerium
can be prepared by the method of Smith, Sullivan, and Frank
(3), provided a Eufficient number of crystallizations are made.
The yield in this experiment was ra,ther low as only 3 ounces
out of more than 4.75 pounds was recovered in a radiochemically
pure form.

Radiochemical analyses indicate t,hat the original cerium,
bottle 1, contained about 0.75% thorium and that the first
crop of crystals, bottle 3, contained only about 0.25%. The
thorium appears to concentrate in the filtrates as is shown by the
analyses of the samples in bottles 7 and 9. In these cases the
filtrates contain 10 times more alpha activity than the crystals,
bottles 6 and 8, respectively. The nitric acid leach of the
technical grade eerie oxide seems to h,we had little effect on the
separation of thorium as the alpha activity of the cerium in
bottle 2 is only slightly greater than that of the original, bottle 1.

CONCLUSIOl\'S

Radiochemically pure cerium with an alpha activity of less
than one count per hour per milligram of cerium can be prepared
by any of the three deseribed methods. Fractional iodate pre
dpitation seems suitable only as a labJoratory method for rapidly

Table V. Analyses of Double MagnesiulD Nitrate Fractions
a Activity, a Activity,

Fraction NCe Cou:lts/Hr./Mg. Ce Fraction, CE Counts/Hr./Mg. Ce

25 0 25 0
26 I) 26 0
27 I) 27 0
28 I) 28 0
29 I) 29 1
30 a 30 20
31 25 31 374
32 229 32 13.474
33 2,621

ANALYTICAL CHEMISTRY

ALPHA ACTIVITY EXPRESSED
AS COUNTS PER HOUR PER
MILLIGRAM OF. CERIUM

F:igure 3. eerie alDlDoniulD nitrate fractions

preparing small quantities of radioehemically pure eerium.
E"en though a high yield may be obtained, the high cost of chem
ieals prohibits the large scale use of the method. Either fractional
crystallization of the double magnesium nitrate or eerie ammo
nium nitrate is satisfactory for producing large quantities of radio
chemically pure cerium on a routine scale. The number of
crystallizations required to obtain a high radiochemical purity
depends on the purity of the technical grade eerie oxide used as
the source material.

The detection of radioactivity in cerium salts is only one ex
ample of radioactivity in reagent grade chemicals. The authors
have detected radioactivity in several common chemicals and
for this reason are suggesting a new chemical purity specifica
tion, radiochemical purity.
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Determination of Pore Volulllle of Solid Catalysts
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Table I. Pore Diametel' Thresholds for Carbon
Tetrachloride at 25° C.

I N RECENT years increasing attention has been focused on
the porosity of solid catalysts. This interest in catalyst

porosity created a need for a convenient, yet accurate method for
making the large number of pore volume measurements used to
follow variations in catalyst preparation and changes in catalyst
propertieR during use, and to check specifications in catalyst
manufacture. The development of such a method is the subject
of the present study.

J. 000.90 0.95

Relative Pressure. p/po

Carbon tetrachloride adsorption at room
temperature

Used Alumina-Silica Catalyst

Figure 1.
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v

g"

'~ 0.40
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u

Unused Alumina-5Uica Catalyst

0.50

0.60

Unused Alumina-Silica Catalyst

where d is the pore diameter threshold, -y is the surface tension
[26.1 dynes per square centimeter at 25° C. for carbon tetra
chloride (3)], V is the molar volume (97.1 cc. per mole at 25° C.),
/1 is the contact angle (assumed to be 0° C.), R is the gas constant,
T is the absolute temperature, and p/Po is the relative pressure.
The resulting relation between pore diameter threshold and rela
tive pressure is illustrated in Table I.

The pore diameter threshold at a given relative pressure
changes with temperature as the change in molar volume of
carbon tetrachloride is more than offset by the corresponding
change in surface tension. The effect ib practically negligible,
however; a 1 0 change in temperature changes the pore diameter
threshold only 0.7% at a relative pressure of 0.95.

The adsorption of carbon tetrachloride at room temperature on
four different catalyst samples is plotted as a function of relative
pressure in Figure 1. Adsorption was measured using the pro
cedure described. It can be seen that carbon tetrachloride ad
sorption rises sharply above a p/Po of 0.97 for three of the four
samples studied. After carbon tetrachloride had been adsorbed
on the same three samples at a p/Po of 1, the resulting samples had
a tendency to cake and did not flow freely. The above behavior
strongly suggested that carbon tetrachloride vapor was con
densing in the small interstices formed by catalyst particles in
contact with one another. Van Nordstrand, Kreger, and Ries
(9) have arrived at a similar conclusion on the basis of measure
ments of nitrogen adsorption near saturation pressure. It is

Pore Diameter
Threshold, A

8000
4000
2000

800
390
180

0.995
0.99
0.98
0.95
0.90
0.80

Relative
Pressure

A convenient method has been devised for the measu.re
ment of the micropore volume of porous solids at room
temperature. It consists of weighing the carbon tetra
chloride adsorbed by catalyst samples after equilibra
tion with a solution in which the vapor pressure of
carbon tetrachloride had been lowered 5% through
cetane addition. The above type of pore volume meas
urement was found to be just as reliable and mU(lh
more convenient than that consisting of the measure
ment of adsorbed nitrogen at -196° C.

DATA AND DISCUSSION

Carbon tetrachloride very nearly exhibits Raoult's law be
havior in the range of carbqn tetrachloride-cetane composition
under interest. The deviation from ideality, estimated by means
of the Hildebrand-Flory-Huggins equation (.·0 is only 0.3% in a
solution containing 95 mole % carbon tetrachloride. The
relative pressure (partial pressure divided by vapor pressure of
pure liquid) of carbon tetrachloride is therefore constant over
such a solution between 20° and 30° C.

The pore volume of porous solids is conventionally pictured as
consisting of a network of cylindrical micropores. Though this is
undoubtedly an oversimplification, the effective pore diameter
threshold below which all pores are filled can be calculated in
terms of the carbon tetrachloride relative pressure by means of
the Kelvin equation, which is

d _ -4-yVcos/1
- RTln p/Po
•

Although the pore volume of porous solids is commonly deter
mined by measuring condensed nitrogen in a gas adsorption
apparatus (5, 7), this method was considered much too time
consuming to satisfy the above-mentioned needs. The most
convenient way of determining pore volumes would seem to
consist of directly weighing a suitable vapor condensed at its
saturation pressure (1, 8). It has now been found, however, that
such measurements often give inordinately high pore volume
values, because of the existence of interparticle condensation.
This difficulty can be overcome by dissolving enough nonvolatile
soiute (cetane) in the saturating liquid (carbon tetrachloride) to
lower its vapor pressure to the desired extent.
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thus clear that the weight of vapor adsorbed at a plpo of 1 is not
an accurate measure of micropore volume.

For the reasons given it was decided. to make pore volume
measurements at a relative pressure below 0.97. Since too Iowa
relative pressure is also undesirable, a carbon tetrachloride rela
tive pressure of 0.95 was used in the procedure finally decided
upon. As can be seen in Table I, the pore volume measured at
this relative pressure includes all pores having diameters smaller
than 800 A. It is emphasized that the latter definition of pore
volume is arbitrary. In studying other ;;ypes of porous systems
it may be desirable to choose an entirely different pore diameter
threshold than the one chosen in the present investigation.

The relatively high slope of the curve for alumina in the 0.85 to
0.95 relative pressure region (Figure 1) indicates that this
sample has an appreciable number of 250 to 800 A. pores. This
result suggests that the procedure desc'ribed, if used at the ap
propriate relative pressures, can also be utilized to determine pore
size distributions.

Materials and Procedure. Carbon tetrachloride (Baker and
Adamson) was chosen as the saturating liquid, because it is non
polar" commercially available in pure. form, and essentially a
spherical molecule and should therefore exhibit no unusual
packing behavior. Cetane (n-hexadecane) was chosen as the
solute because of its low vapor pressure (0.002 mm. at 25° C.)
and also because it is nonpolar. The cetane adsorbed in the
course of a pore volume measurement was negligible. Before
use the cetane was purified by fractional recrystallization.

The basis of t.he procedure consisted of weighing the carbon
tetrachloride adsorbed after equilibrating dried catalyst samples
with a solution in which the vapor pressure of carbon tetrachloride
had been lowered to 95% of its saturation pressure.

Samples (1 to 2 grams) contained in small weighing bottles
(15 X 20 mm.) were first dried in a vacuum oven at 103° C. for
3 hours at a pressure of 5 inches of mercury. (Drying in an ordi
nary oven at 130° C. may also havce been adequate, but was not
tried.) Samples were then weighed and transferred to a 16
em. vacuum de:siccator (Corning No. 3J18) containing 210 m!. of
carbon tetrachloride-cetane mixture (see below). The desiccator,
which was attached to a graduated cold trap, manometer, and
vacuum pump, was then closed and evacuated until the carbon
tetrachloride boiled. After testing, for leaks, about 10 m!. of
carbon tetrachloride was vaporized and collected in the cold
trap in order to flush out all air. The desiccator contents were
then allowed to equilibrate from 4 to 16 hours at room tempera
ture.

The average temperature of the samples was noted. Air was
then slowly admitted to the desiccator. The desiccator cover was
removed, the weighing bottles were stoppered as rapidly as pos
sible, and the resulting samples weighed. Pore volumes were
then calculated from the gain in weight of the sample and the
density of carbon tetrachloride a.t the desiccator temperature.
The gain in sample weight was first corrected for the weight of
earbon tetraehloride vapor caught upon stoppering the weighing
bottle. This correction was measured by making a parallel
determination using an empty weighing bottle.

A relative pressure of 0.95 was obtained by using a carbon
tetrachloride-cetane solution eontaining 13.1 volume % (4.7
mole %) of -eetane at 20° C. Before each determination an extra
10 m!. of carbon tetrachloride was added to 200 mI. of the above
solution to compensate for the vapor condensed in the cold trap
during the evacuation step. The relative pressure was only
slightly influenced by errors of a few milliliters in this adjustment.
The solution could be re-used, provided its composition was
checked and readjusted using refractive index measurements as
a guide.

Reproducibility of Method. Pore volume values were un
affected by any of the following; variations in the procedure:

Varying the time from 1 to 20 seconds between opening the
desiccator after equilibration and closing the weighing bottles.

Using sample weights that ranged from 1 to 4 grams.
Varying the equilibration period from 1 to 24 hours.

Judging from the data obtained upon checking and rechecking
pore volume values of seven different samples, the accuracy of
the method was estimated to be 0.01 cc. per gram. The pre
cision was even better. If samples were measured side by side in
the same desiccator, differences between duplicate samples were
less than 0.003 cc. per gram in 90% of the cases.

ANALYTICAL CHEMISTRY

Sources of Error. As samples were simply equilibrated in a
desiccator in a room whose temperature commonly ranged from
20° to 25° C., the most likely source of error would be that result
ing from temperature nonuniformity within the desiccator. It
would therefore be desirable to store the desiccator in an air
thermostat or a constant temperature room if higher accuracy is
needed. Yet, as is evident from the smoothness of the data
shown in Figure 1, pore volume measurements using the proce
dure are sufficiently accurate to follow even small variations in
catalyst structure.

Precautions should be taken to keep catalyst samples dry,
because adsorbed water, of course, reduces the pore volume. If
samples are inadvertently exposed to atmospheric moisture,
they should be redried directly before the equilibration step.

Heating high surf~ce silica and alumina-silica samples to
550° C. lowers their micropore· volumes as much as 10%. The
desirability of standardizing the catalyst pretreatment is there
fore obvious.

Comparison with Nitrogen Adsorption Method. Pore volume
values obtained using the prccedure are compared with those ob
tained from nitrogen adsorption measurements in Table II. In
order to make the comparison valid, nitrogen pore volume values
were determined at a plpo of 0.977, where pores having diameters
less than 800 A. were filled. The nitrogen pore volumes, Brun
auer-Emmett-Teller (BET) surface areas (8), and average pore
diameters (d) were derived in the standard way (2, 6) from ni
trogen adsorption-desorption isotherms which were measured
for each of the samples listed. All samples were originally
Aerocat alumina-silica catalysts (microspheroidal type) manu
factured by the American Cyanamid Co.

Table II. COll1parison Between' Nitrogen and
Carbon Tetrachloride Methods

S. Pore Volume. Cc./G.
Catalyst Sq. Meters/ d. Nitrogen at CCI. at
History G. A. 0.977 p/r>o 0.950 p/P.

Unused 635 48 0.76 0.68
541 50 0.67 0.60
510 64 0.81 0.76

Steamed 507 71 0.90 0.88
242 97 0.59 0.59
135 113 0.38 0.37
208 115 0.60 0.58

Used 94 126 0.29 0.28
Steamed 107 138 0.37 0.37

125 157 0.49 0.47

Although the average difference between the nitrogen and
carbon tetrachloride pore volume values listed in Table II is
small, there seems to be no doubt that the nitrogen method gives
larger pore volumes than does the carbon tetrachloride method
when compared on the proper basis. Because the largest dif
ferences are observed for the catalysts having the smallest
average pore diameters, it seems likely that some of the small
pores in such catalysts are accessible to nitrogen but not to the
much larger carbon tetrachloride molecules. These differences
mayor may not be desirable depending on the purpose for which
the data are being obtained. If the entire void volume in a
porous solid is needed, nitrogen measurement would give the
hetter approximation. If the pore volume desired is the volume
accessible to large hydrocarbon molecules, carbon tetrachloride
measurement would give the more realistic value.

For most practical purposes, however, the major considerations
involved in a choice between the above two methods are: Ni
trogen pore volume values determined at a plpo of 1 are unre
liable because of the interparticle condensation phenomenon;
nitrogen pore volume values determined at a plpo of 0.977 are
reliable but require considerable time and effort for their meas-
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urement; carbon tetrachloride pore volume values determined
at a plpo of 0.950 are both reliable and easy to measure.
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Table I. Deterlllination of Zinc after Separation by Ion
Exchange

Zn Added, Fe + + + Added, Ni + + Added. Zn Found,
Mg. Mg. Mg. Mg.

48.8 201.3 53.1 48.5
48.7
48,9
48.7
48.4
48.7
48.9
48.7
48.6
49.1

the ion exchange column (previously equilibrated with 12N
hydrochloric acid) with additional 12Nhydrochloric acid. The
column is eluted with 25 to 50 ml. of the same acid or until all
the nickel has been washed through. The resin is then eluted
with about 100 ml. of 0.5N hydrochloric acid to separate the
iron fraction. The zinc fraction is eluted with about 150 to 200
m!. of 0.005N hydrochloric acid. The exact amounts should be
checked for each column.. Although the flow rates are not
critical, they should be 0.5 to 1.0 ml. per minute.

Determination. Iron and nickel can be determined on sepa
rate samples. A trace of iron seems to persist in the zinc fraction
and can be complexed with tartrate. To the solution of about
200 mI., 3 to 4 grams of ammonium chloride and 7 to 8 grams
of potassium sodium tartrate are added. The amount of zinc
should not exceed 0.1 gram. The solution is then neutralized to
pH 7 with ammonium hydroxide and heated to boiling, and 15
m!. of 3% quinaldic acid (prepared by solution in hot water) is
added with vigorous stirring and heating until precipitation is
complete. The solution is cooled, filtered through a porous porce
lain (Selas) crucible, and washed with cold water. The gravi
metric factor, F = 0.1529, is weighed as zinc quinaldate, Zn
(ClOH 60 2N)2. H 20. The results obtained are shown in Table I.

29.2
28.6
29.3
28.9

= 29.0 ± 0.3 (std. dev.)Av.

Av .. = 48.7 ± 0.20 (std. dev.)

201.3 31.8629.2
MOST analytical chemists are aware of the value of ion

exchange as a tool for the separation of elements, but hesi
tate to apply 'the method to specific problems. By nature, zinc
is one of the elements difficult to determine in the presence of
iron and nickel, and recommended methods for its separation
(1) are tedious and often erratic. However, separation by ion
exchange (2) on Amberlite IRA-400 or Dowex-1 (a quaternary
amine, polystyrene-divinylbenzene) is comparatively simple
and can be made almost automatic by commercial ion exchange
columns. Nickel is not retained even in 12N hydrochloric acid,
iron is eluted by 0.5N hydrochloric acid, and zinc by 0.005N
hydrochloric acid. Once separated, the zinc can be accurately
determined by precipitation with quinaldic acid (3). The sepa
ration of zinc from other elements, as well as its determination
in the gamma range, has heen discussed (2-5).

The analysis of ferrites requires, the deterlllination of
zinc, iron, and nickel to a high degree of accuracy, and
although standard lllethods llleet this requirelllent for
iron and nickel, the accurate deterlllination of zinc re
quires separation by lllethods that are usually tedious
and erratic. Ion exchange offers a rapid and convenient
lllethod of separation, and subsequent precipitation of
the zinc with quinaldic acid yields accurate results.

EXPERIMENTAL PROCEDURE

Preparation of Ion Exchange. The ion exchange column can
be a simple glass tube with the resin supported by glass wool
resting on a one-hole rubber stopper, through which a glass tube
is inserted to provide the outlet. A rubber tube and a screw
clamp are used as the valve. More convenient models, which
have the advantages of a reservoir and a design that does not
let the column run dry, are available commercially (Micro
chemical Specialties Co., Berkeley 3, Calif.).

The height of resin should be about 30 em. and its diameter
1 to 2 em., as the total volume of resin determines the volume
of solution needed to elute the ions. Amberlite IRA-400 or
Dowex-1, 60 mesh, is suspended in distilled water. After the
slurry is allowed to settle for a few minutes the cloudy, super
natant liquor is poured off, removing very fine particles and
allowing a reasonable flow through the resin. To free the slurry
of organic contaminants (a visible cloudy layer) it is poured into
the column and washed .with methanol. Then the resin is rinsed
with distilled water to remove the methanol. The column can
be stored with water for indefinite periods of time; however, it
cannot remain for extended periods-Le., overnight or weekends
in concentrated hydrochloric acid. Just before using, the col
umn is equilibrated with 12N hydrochloric acid.

Separation of Elements. A solution of the chlorides of iron
(as ferric), nickel, and zinc in concentrated hydrochloric acid is
evaporated to 1 to 2 mI., is allowed to cool, and is transferred to
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This study was undertaken because of the need for a
rapid and simple lllethod for the determ.ination of
m.oJybdenum. in excess of 0.24% in a wide variety of
tungsten-bearitng steels. Provisions have been m.ade
for the retention of tungsten in solution, the elim.ina
tion of interfering light absorption caused by the yellow
thiocyana'te com.plex of reduced tungsten, and the use
of a m.inimized conection factor for chrom.ium. to
elim.inate the need for the volatilization of chrom.ium..
Butyl Cellosolve is used to stabilize the orange-colored
thiocyanate .lom.plex of quinquevalent rrlOlybdenum..
Results are shown for tungsten-.bearing standards and
m.ixtures of standards which contain m.axiIna of ap
proxim.ately 9% m.oIybdenum, 18% tungsten, 19%
chrom.ium., and 5% cobalt. Im.lluded are results for a
num.ber of compositions which sim.ulate various trade
steels. The standard deviation of a single deterrrlina
tion is 0.0149. The analysis tim.e is approxim.ately 1
hour per single salllple.

EACH of the methods recently u8ed by the Allis-Chalmers
Research Laboratories for the routine determination of

molybdenum in tungsten-bearing steels has certain disadvantages.
'The butyl acetate method, a widely used, colorimetric method,
depends upon the development of an orange-colored thiocyanate
complex of quinquevalent molybdenum and the stabilization of
this complex by extraction into a water-immiscible layer of butyl
acetate (9). As the concentration of tungsten approaches 1%,
tungsten interferes in two ways: Molybdenum is occluded in any
tungstic oxide that may separate in the presence of perchloric
acid (9), and tungsten remaining in·solution causes interfering
light absorption with the 410 mIt filter used in the filter photom
eter (Photelometer). Even if tungsten could be held in
solution and its interfering light absorption overcome by the use
of a filter of a different wave length,. the method is still subject to
und.esirable anomalous color effects as reported by Hurd and
Allen (.4-). In addition, the butyl acetate must be saturated with
reagents (5, 7) and filtered immediately before use. This is a
time-consuming operation. The extraction is also time-con
suming, and it is difficult to prevent the formation on the ab
sorption cells of a deposit which interferes with light trans
mittance.

The method most recently used by this laboratory for the
routine determination of molybdenum in tungsten-bearing
steels requires a lengthy hydrogen sulfide separation of the
molybdenum prior to color development with hydrogen peroxide
in concentrated sulfuric acid. The method does not permit the
accw'ate determination of the sma.1I amounts of molybdenum
present in some types of tungsten-lmaring stee!.

Other methods used are the polarographic, titrimetric, and
gravimetric. Although these are good alternative methods,
they are too lengthy for routine analysis.

The Celloso1.ve method in current use for nontungsten-bearing
steels, ·an adaptation of the work of Kapron and Hehman (6),
is rapid and eonvenient, la~gely because the butyl acetate ex
traction is eliminated by the use of water-miscible butyl Cello-

1 Present address, Chemistry Depa.rtment, Purdue University, West
Lafayette. Ind.

solve for the stabilization of the orange-colored molybdenum
thiocyanate complex.

In spite of the 'desirable aspects of the Cellosolve method,
direct application cannot be made to many tungsten-bearing
steels. The tungsten interferes as in the butyl acetate method
by occlusion of molybdenum, and by interfering light absorption.
Although the Cellosolve method of Kapron and Hehman (6)
provides for the presence of tungsten, the method is not entirely
satisfactory, because it requires considerable manipulation, and
the reported upper limit for acceptable accuracy is only 0.24%
molybdenum.

Inasmuch as a rapid and satisfactory method for the deter
mination of molybdenum in excess of 0.24% in tungsten-bearing
steels has not been found in the literature, it was proposed that
butyl Cellosolve be incorporated into a colorimetric method
based upon the thiocyanate complex of molybdenum. Modi
fications of current techniques included provision for the re
tention of tungsten in solution, the elimination of interfering
light absorption caused by the yellow thiocyanate complex of
tungsten, and the substitution of a correction factor for chromium
to avoid the previously necessary volatilization of chromium.

APPARATUS

Transmittance measurements were made with a Cenco
Sheard-Sanford Photelometer, Type A, l-cm. cell. This filter
photometer was used because of its simplicity of operation. All
measurements were made in optically matched Cenco fused ab
sorption cells, each of which had a capacity of 8 mi. and a light
path of 1 cm. A green glass light filter with a central transmit
tance maxima of 525 mIt was used. It was not necessary to re
move the fixed diaphragm of the Photelometer.

REAGENTS AND SOLUTIONS

Unless otherwise stated, all reagents are C.P. grade or meeT
ACS specifications. Distilled water is used exclusively.

DISSOLVING MIX. Add 100 m!. of nitric acid and 100 mi. of
hydrochloric acid to 300 m!. of water.

SULFURIC-PHOSPHORIC MIX (1 to 1). Mix equal volumes of
sulfuric and phosphoric acids.

IRON SOLUTION. Dissolve 25 grams of ferrous sulfate (FeSO,.
7H20) in 200 m!. of water containing 5 m!. of sulfuric acid. Oxi
dize by adding 8 mi. of 30% hydrogen peroxide. Heat the solu
tion to expel free oxygen. Cool, and dilute to 500 mi. (1 mi. of
this solution is equivalent to 0.01 gram of iron).

SULFURIC ACID (1 to 1). Mix equal volumes of sulfuric acid
and water.

BUTYL CELLOSOLVE. Technical grade of ethylene glycol
mono-n-butyl ether.

POTASSIUM THIOCYANATE. Dissolve 25 grams of potassium
thiocyanate (KSCN) in 300 mi. of water. Dilute to 500 mi.
Filter through a Whatman No. 31 filter paper and add a few
drops of chloroform to the final solution.

STANNOUS CHLORIDE. Dissolve 175 grams of stannous chlo
ride (SnC!,. 2H20) in 125 m!. of concentrated hydrocWoric acid
at 40° to 50° C. Cool, and add 125 m!. of water. Dilute to 500
m!. with 1 to 1 hydrochloric acid. Add 1 to 3 grams of metallic
tin to the solution.

EXPERIMENTAL

Removal or Solution of Tungsten. Four methods of eliminat
ing tungsten residue interference ~lere investigated by modifica
tion of the Cellosolve procedure used for nontungsten-bearing
steels.

1966
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It is generally accepted that tungstic oxide residues occlude
molybdenum (3, 7), but in the absence of data showing the loss of
molybdenum for various tungsten to molybdenum ratios, the
insoluble residue remaining after the sample had been taken into
solution was removed by filtration after the color development.
A loss of molybdenum was apparent from low results obtained
when approximately 1% of each of tungsten and molybdepum
was present in steel samples.

The use of citric acid and sodium hydroxide for keeping tung
sten in solution has been reported (1) in connection with extrac
tion techniques. The combination of citric acid and sodium
hydroxide proved to be satisfactory when used in the Cellosolve
method, and the color was successfully developed. However,
this technique was not considered to be adequately rapid.

The incorporation of phosphoric acid into the dissolving mix
prevented the formation of insoluble residues in the early stages
of sample processing. However, a heavy precipitate, observed
also by Kapron and Hehman (6), formed soon after the color was
developed and adversely affected the transmittance readings.

100

I- 80
~
U
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readings taken at various wave-length intervals, indicated that
to avoid tungsten interference, readings would have to be taken
at a wave-length setting of no less than 500 mt'. Inasmuch as
Kapron and Hehman made no reference to absorption effects at
wave lengths less than 500 mt', it is possible that the 470 mt'
filter used in their work had transmittance characteristics
different from those provided by the Coleman spectrophotom
eter at 470 mt'.

Selection of Light Filter. Of the light filters available for use
with the Photelometer, the blue filter (410 mt') is more sensitive
to the molybdenum complex than is the green filter (525 mt').
However, the spectral curve for tungsten (Figure I) shows that
tungsten causes interfering light absorption at a wave-length
setting of 410 mt', but not at 525 mt'. The assumption that
tungsten interference would be prevented by the use of the green
filter was verified by actual test. Consequently, even though
the green filter is less sensitive to the molybde~um-thiocyanate
complex than is the blue filter, it must be used to avoid tungsten
interference.

Stability of Molybdenum-Thiocyanate Complex. The color
of the molybdenum-thiocyanate complex has been reported
(6) to be stable for at least 24 hours. However, since there was
no necessity of maintaining stability over this period of time,
stability was verified over only a I-hour period, which provides
ample time for routine manipulations.

Effect of Diverse Ions. Each of several diverse metal ions
likely to be encountered-chroinium, cobalt, manganese, nickel,
vanadium-were added, as solutions, to molybdenum-free steel
standards in an amount well in excess of that ordinarily present.
in the steels under consideration. The proposed procedure was
applied in each case. Table I shows the extent of light absorption
for each of the ions.

550

Absorption of
Transmitted

Light. %
6
3

None
None
None

Added,
%
20
20
10
20

3

Diverse
Ions

Chromium
Cobalt
Manganese
Nickel
Vanadium

Table I. Effect of Diverse Ions

Of the two interfering ions, cobalt is the least significant, be
cause it absorbs a relatively small amount of transmitted light.
Cobalt, 20%, in the sample absorbs approximately 3% of the
transmitted light. In the presence of 10% cobalt, a 1% molyb
denum value tends to be high by approximately 0.01 %. When
the 5% cobalt level is reached, as in the alloy Uniloy 1420, the
interference from cobalt becomes negligible. Because steels
containing cobalt in excess of 6% are encountered infrequently,
no attempt has been made to establish a correction procedure for
cobalt.

Chromium interferes sufficiently so that provision must be
made to correct for its presence. Kapron and Hehman (6)
stress the necessity of volatilization of chromium as chromyl
chloride from stainless steels. However, it was found during
this investigation that volatilization could be omitted and the
interference from chromium could be compensated by the use of a
correction curve. Because the slope of the correction curve is
small, slight inaccuracies in the chromium result have little effect
on the accuracy of the molybdenum determination. Inasmuch
as an analysis is usually made for chromium in those tungsten
bearing samples in which molybdenum is to be determined, the
correction factor can be applied readily. The simplified tech
nique for solution and fuming of the sample eliminates sufficient
steps in the procedure to more than compensate for the extra
calculation involved in the application of the correction factor.

450 500
WAVE LENGTH. mp.

Figure 1. Spectral curve for
tungsten
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A mixture of nitric, hydrochloric, phosphoric, and sulfuric
acids was then tried in the absence of perchloric acid, and not
only provided a clear initial solution, but also prevented sub
sequent turbidity, and established conditions of acidity which
permitted the formation of a green chromium compound which
was used as the basis for a correction for chromium.

Light Absorption Caused by Tungsten~ Erroneous results in
the colorimetric determination of molybdenum may result from
the interfering light absorption caused by the yellow thiocyanate
complex of reduced tungsten when stannous chloride is added.
This absorption is sufficiently pronounced under certain con
ditions to serve as a basis for the colorimetric determination of
tungsten in steel (8). The extent to which the yellow complex
provides interfering absorption depends upon botb acid concen
tration and the choice of light filters or wave-length setting.

According to Hillebrand, Lundell, Bright, and Hoffman (2),
the absorbance maximum of the molybdenum-thiocyanate
complex occurs at approximately 470 mt' (frequently used for
molybdenum), but in order to avoid tungsten interference, trans
mittance readings should be taken at 540 mt'. On the other hand,
Kapron and Hehman (6) take transmittance readings in the
presence oftungsten at 470 mt' (Corning filter No. 430). In order
to resolve this discrepancy, the proposed procedure was applied to
a molybdenum-free steel standard to which the equivalent of 6%
tungsten was added. With a tungsten-free blank in the ref
erence cell, transmittance readings were taken on a Coleman
Model 11 spectrophotometer at intervals from 410 to 540 mt'.
Two major observations were made. First, at 470 mt' a gradual
intensification of the tungsten complex was observed. Second,
the spectral curve (Figure I), prepared from transmittance
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Correction for Chromium. Although perchloric acid is not
used in the procedure for molybdenum} it was used in pOltions
of the experimental work; It was used with nitric, hydrochloric.
phosphoric, and sulfuric acids in the solution and oxidation steps
originally applied 1;0 chromium-bearing samples. As the samples
were bejng processed, it was observed that under certain condi
tions of perchloric acidity, orange, intermediate, and green colors
were formed in the small volumes remaining after the required
fuming of each sample.

To determine the light-absorbing effect of these variously oxi
dized solutions, three sets of samples containing from 0 to 20%
chromium and 0.001 % molybdenum were processed as follows:
The first set was fumed for only 3 or -1 minutes after perchloric
acid oxidation had developed the orange color of chromium; the
second set was fumed to an estimated 5-ml. volume, and the
intermediate colors which formed just prior to the expulsion of
the last of the perchloric acid, tended toward the green rather than
to the orange; the third set was fumed until the green color of
reduced chromium appeared upon the expulsion of the perchloric
acid. (The green color which appeared upon the complete expul
sion of perchloric acid is presumed to have been caused by the
sulfuric-phosphoric acid reduction of hexavalent chromium to
chromic metaphosphate.) Each of the three sets was then carried
through the remainder of the proposed procedure and the log
per cent transmittance readings obtained against water were
plotted against the corresponding chromium values (Figure 2).

~z,00r=:6~~6~i~~~~~;:;:;:::;=:;::::~~ __ -o-6
Z~90 ----0- 6wt:: -:-~---o- <>

'J::; • GREEN COLOR
:5~ 80 6 INTERMEDIATE COLOR
Cl.;:;; 0 ORANGE COLOR

f- 70L-_L__.L1_......L.1_......L.1_-l.__-l._......L_......L1_--,1_--l

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
PER CENT CHROMIUM

Figure 2. Stages of chrOlniuIIl oxidation and
reduction

Straight-line curves were obtained for the orange and the
green solutiom. However, the slopes were markedly different;
the green solutions caused less light absorption than did the
orange solutions. The intermediate colors of the partially re
duced chromium produced readings which fell between the
straight-line curves, but which werc generally closer to the curve
for the green solutions. Inasmuch as absorption interference
caused by the green color of redueed chromium is less than that
caused by the orange color of oxidized chromium, the procedure
which produced the green-colored solution was selected for use.

Because the formation of the green chromium compound
was found to be independent of perchloric oxidation of chro
mium, and because a mixture of 11itric, hydrochloric, phosphoric,
and sulfuric acids obviated the necessity of using perchloric acid
in sample dissolution, the procedure was modified to omit the
use of perchloric acid.

The chromium correction curve adopted for use in the pro
cedure was prepared from mixtmes of National Bureau of Stand
ards potassium dichromate 136 and National Bureau of Stand
ards steel 16c analyzed by the proposed procedure. In order to
make the curve equivalent to the net interference effect of
chromium, transmittance readings were taken against a blank
sample, instc!td of water. (The blank was prepared by applica
tion of the proposed procedure to National Bureau of Standards
16c in the absence of chromium.) The curve plotted from the data
is similar to the curve for the green solution in Figure 2, with the
exception that it originates at 100% transmittance for 0.0%
chromium.

The chromium correction curve was tested by applying the
proposed procedure to National Bureau of Standards sample 16c
to which various combinations of a standard molybdenum solu-

ANALYTICAL CHEMISTRY

tion and National Bureau of Standards potassium dichromate
136 were added. The observed transmittance readings were
corrected as shown under Analytical Procedure and were read on
a tentative calibration curve. Encouraging results shown in
Table II prompted the testing of the method on molybdenum
and tungsten-bearing standard steels.

Table II. Application of ChroIIliuIIl Correction to
Synthetic SaIIlples

Decrease in
Transmittance

Taken, % Caused by Molybdenum, %Chromium,
Chromium Tungstena % Taken Found

0.0 0.5 0.0 1.00 1.00
0.0 8.0 0.0 1.00 1.00

5.0 1.0 1.7 1.00 1.00

10.0 0.0 3.1 1.00 1.00
10.0 1.0 3.1 1.00 1.02

15.0 0.0 4.6 1.00 1.00

15.0 1.0 4.6 0.50 0.51
15.0 1.0 4.6 1.00 1.00
15.0 1.0 4.6 1.50 1.50

15.0 2.0 4.6 1.00 1.00
15.0 4.0 4.6 1.00 1.01
15.0 6.0 4.6 1.00 1.01
15.0 8.0 4.6 1.00 1.00

20.0 0.0 5.9 0.25 0.24
20.0 0.0 5.9 0.50 0.50
20.0 0.0 5.9 1.00 1.01
20.0 0.0 5.9 1.25 1.25

a Added as standard solution.

Calibration Curve for Molybdenum. The tentative calibration
curve referred to above was prepared by applying the proposed
procedure to National Bureau of Standards steel 16c (0.001 %
molybdenum and no tungsten) to which were added varying
amounts of a standard molybdenum solution. Excellent recov
eries of molybdenum were obtained for various combinations
of tungsten, molybdenum, and chromium added to National
Bureau of Standards 16c, provided that the known amount of
molybdenum was added as a standard molybdenum solution.
However, when National Bureau of Standards molybdenum
bearing standard steels were tested, good results were obtained
below 0.90%, but slightly high results were consistently obtained
in the 0.90 to 1.40% range, the upper portion of the curve.

To overcome this difficulty, a new calibration curve was pre
pared by applying the procedure to standard samples and mix
tures of standards containing increments of molybdenum in
combination with various percentages of other alloying elements,
particularly those of chromium and tungsten. Because chro
mium appeared to be the only element which contributed inter
fering absorption in the standards used, and because chromium
was present in the samples used for calibration, the observed
transmittance readings were corrected for chromium by the
following method. The per cent transmittance equivalent to the
per cent of chromium in each sample was obtained from the
chromium correction curve and was substituted into the following
equation:

Observed % transmittance X 100
% transmittance equivalent to chromium

corrected % transmittance for molybdenum

Each log per cent transmittance similarly obtained was then
plotted against the corresponding per cent of molybdenum.

ANALYTICAL PROCEDURE

This method is based upon a basic sample weight of 0.10 gram.
When any necessary deviations are made as indicated in the
following table, the per cent molybdenum corresponding to the
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% transmittance equivalent to chromium

corrected % transmittance for molybdenum

Using the calibration curve, convert the corrected per cent trans
mittance to per cent of molybdenum, making proper allowance
for sample size.

0.21
0.53
0.42

1.17
0.90
1.00
0.94
0.94

0.51

1.68C

0.04
0.06
0.14

0.41

6.17 C

4.92 C

0.40

4.50':'.';.50

4.75-5.25

1.16
0.92
1.01
0.94b
0.94b

0.21
0.53
0.41

0.50

0.40

1.68

0.04
0.07
0.14

6.08

4.95

0.40

4.83

4.08

1.03
1.15
1.00

4.38

4.08

4.11

12.15

12.49
14.09
12.43

13.48
12.41
12.31
13.40
13.40

0.07
18.21

~18.00

~18.00

0.55
1. 72
3.68
1.00
3.07
5.15

11.48
1.94
0.32
0.32
0.81
0.35
0.35
2.31
0.62

15.78
7.68

19.13
0.54
0.54
5.75
9.28

19.12
19.12·
4.11
4.11
3.73
3.73

Chromium Molybdenum Cobalt

11.00-13.00 1.00 max. 0.60 max

3.00
2.50
2.00

1.00

1.00
1.00
1.00
1.04
1.04

2.52
3.09
3.00

1. 31

6.27

18.05

0.00
0.00
0.11
0.18
0.00
3.00

16.25
0.00
3.00
0.00
0.86
0.00
1.00
0.00
0.65
3.00
0.00
1.00
0.94
1.14
0.00
1.43
3.00
0.00
0.00
7.22
0.00
0.00
6.29
6.29
1.82
1.82

6.40

18.05

-=_-::T..:;a..::k..::en=;,::,"ll",o,---o-_ Molybdenum, %
Tungsten Chromium Taken Found·

0.01 0.01
0.10 0.10
0.12 0.10
0.17 0.17
0.18 0.18
0.32 0.32
0.36 0.37
0.41 0.42
0.42 0.43
0.58 0.58
0.74 0.74
0.74 0.73
0.770.79
0.770.79
0.90 0.91
0.94 0.95
0.94 0.96
1.01 1.00
1.06 1.06
1. 18 1. 19
1.18 1.17
1.24 1.22
1.29 1.29
1. 29 1. 29
1.33 1.30
1.34 1.36
2.95 2.90a
2.95 2.92 a

7.07 6.98a

7.07 6.98a
8.68 8.5ga
8.68 8.59 a

Tungsten

1.00 max.

0.90- 1.20 12.00-14.00 0.90-1.20

1.20- 1.70 4.75- 5.25 1.30-1.80

2.00- 3.00 1.10- 1. 75 0.60 max.
2.50- 3.50 11.50-13.00 0.15 max.

5.75- 6.50 3.75- 4.25 5.00-6.25

6.00- 6.75 3.90- 4.40 4.75-5.25

17.50-18.50 3.75- 4.25 1.00 max.

17.50-18.50 3.75- 4.25 1.00 max.

Analysis of Standard Samples and Mixtures
Based on Standards

Die steel, low C-Cr-Si-W-Mo
(NBS 16c + 153)

Type of Steel

Neor (NBS 16c + NBS 36 +
0.5% Coal

Modified Type 420 stainless steel
NBS 16c + British 254
NBS 36a
NBS 36
A-C EAWX
A-CEAWX

Table IV. Analysis of Silllulated Tungsten-Bearing Steels
Taken, % Molybdenum, %

Tungsten Chromium Taken Found-

Buster
NBS 72d
NBS 30d
NBS 159

Uniloy 1420
NBS 155 + 5.0% Coa
NBS 73a + 5.0% Coa
NBS 156 + 5.0% Coa

High speed tool steel, W-Mo-V
(NBS 16c + 134)

High speed tool steel, W-Mo
(NBS 16c + 132)

Vinco (NBS 50b)

Rex AAA (NBS 50b + 5.0%
Coa)

a Added as standard solution.
b Av. of gravimetric and titrimetric results.
C Multiplication factor of 10 applied.

Sample Identity

NBS 12f
NBS 101c
NBS 123a
NBS 123b
NBS 139
British Std. 257
NBS 50b + 16c
NBS 159
British Std. 258
NBS 135
NBS 16c + A-C 19-9 DL
NBS 16c + 36a
NBS 16c + British 254

NBS 134 + 155
British Std.. 253 (0.49% Cu)

NBS 36
NBS 132 + 16c
NBS 36a + A-C 19-9 DL
NBS 16c + 160
A-C 19-9 DL (Cb 0.40, Ti 0.31)
British Std. 254

NBS 36a + 160
NBS 50b + 160 + 16c
NBS 160

NBS 132

NBS 134

Table V.

a Multiplication factor of 10 applied,

Table III. Significant Components of Various Tungsten
Bearing Steels

Composition, %
Type of Steel

Neor (die steel)
AlSl Type 420 modi

fied stainless steel
Die steel, low carbon,

Cr-Si-W-Mo
Buster (shock-resist

ant tool steel,
2'/2% W)

\Uniloy 1420
High speed tool steel,

W-Mo-V
High speed tool steel,

W-Mo
Vinco (high speed

tool steel, 18-4-1)
Rex AAA (high speed

tool steel, 5% Co)

1
2

10

FactorSa'mple Size, Gram

0.10
0.05 plus 0.05 of molyb

dell1.lnl-free steel
0.10 (take a 0.1 aliquot as

described in procedure)
2.80 to 14.00

transmittance readings must be multiplied by a factor to make
proper allowance for sample size.

Molybdenum
Expected,

%
0.00 to 1.40
1.40 to 2.80

(The maximum molybdenum value tested was 8.68%, because
it is unlikely that higher values will be encountered. The 14.00%
value is used in the table in order to maintain proportionality.)

Weigh the sample into a 150-m!. beaker. Add 5 mI. of dissolv
ing mix. Heat to start dissolving action. If necessary, add a
few milliliters of additional hydrochloric acid. (It is not neces
sary to add hydrofluoric acid to keep silicon in solution; the sub
sequently added phosphoric acid fulfills this function.) When
dissolving action ceases, add 5 m!. of sulfuric-phosphoric mix
(l to 1), and heat on an asbestos pad until the sample boils down
to a quiescent or sirupy condition which is accompanied by the
appearance of light white fumes of sulfur trioxide, and, if a mini
mum of 1% chromium is present, is further characterized by the
green color of trivalent chromium. Continue fuming for an addi
tional 3 minutes to ensure complete conversion of chromium to
the green compound. Coo!.

If molybdenum is expected to be less than 2.80%, wash the
sample into a 100-m!. volumetric flask with about 50 m\. of water
and proceed with color development as outlined below. If molyb
denum is expected to exceed 2.80%, wash the sample into a 100
m!. volumetric flask, dilute to the mark with water, and mix thor
oughly. Pipet a lO-m!. aliquot into another 100-m!. volumetric
flask. Add 9 m!. of iron solution and 4 mI. of sulfuric-phosphoric
mix (1 to 1) to approach proper conditions for color development.
Dilute to approximately 50 m!.

In either of the above two cases, add 15 m!. of sulfuric acid
(1 to 1) and cool to room temperature. Develop the color by
adding to the 100-m!. volumetric flask, in the order shown and
with mixing after each addition, 15 m!. of butyl Cellosolve, 5 mI.
of potassium thiocyanate solution, 5 mI. of stannous chloride
solution, and water to dilute to exactly 100 m!. Both the Cello
solve and the thiocyanate may be added consecutively to an
entire group of samples. However, stannous chloride must be
added to only one sample at a time, and the sample must be
immediately diluted to the mark with water and mixed thor
oughly. Allow 15 minutes for full color development.

Transfer a portion of the colored solution to a I-em. absorption
cell, and with the green filter in place in the Photelometer, read
the per cent transmittance. The observed per cent transmittance
must be corrected for the amount of chromium present in the
sample. To do this, determine from the chromium correction
curve the per cent transmittance equivalent to the per cent of
chromium in the sample. (Because the correction curve is based
upon ,a 0.10-gram sample, the use of a smaller sample necessitates
the determination of the correction on the basis of the proportion
ately decreased amount of chromium.) Substitute values into
the following equation:

Observed % transmittance X 100

DISCUSSION

Application of the Procedure. The proposed procedure has
been applied to both tungsten-bearing and nontungsten-bearing
standard samples and mixtures of standards issued by the Na
tional Bureau of Standards and by the Bureau of Analyzed
Samples, Ltd. (British). Where necessary, standard solutions
of tungsten and/or chromium were added to the standards in
order to simulate several types of tungsten-bearing steels not
represented by standard samples (Table III), and, also, to test
the versatility of the method in its application to samples with
compositions different from those listed in Table III. Typical
results are shown in Tables IV and V. Each result represents a
single determination.
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Results. The results obtained over the entire range of molyb
denum tested are in good agreement with the values sought, not
only for the simulated tungsten-bearing steels, but also for the
other combinations. The presence or absenee of tungsten appar
ently does not influen-ce the results. Cobalt up to 5% is also
without effect. Corrections made for chromium appear to be
satisfactory. The largest correction for chromium amounted to
6% of the observed per cent transmittance.

One of the samples included in Table V, A-C 19-9 DL, is not a
certified standard sample, but it bears a molybdenum value
which is the average of results obtained by the Research Lab
oratories and cooperating laboratories. The proposed method
gave good results against the accepted value whenever this
sample was used.

Statistical Analysis. A statistical analysis was made of 55 re
sults for 46 different samples, not including those which required
a multiplication factor of 10. The analysis of these results, made
as outlined by Youden (10), showed the method to be free of
both constant and relative errors.

The standard deviation of a single determination of molyb
denum is 0.0149. Therefore, 95% of the values determined in
the range of 0.01 to 1.34% will be within :i:0.03% from the true
value.

Aliquot Samples. Samples 132, 134,8nd 160 in Table V re
quired a multiplication factor of 10, because a one-tenth aliquot
of the original sample was taken. SlighUy low results were ob
tained. However, they were comparable to the lowest values
reported on the certifieates for each of the samples. The results
obtained for National Bureau of Standards standards 132, 134,
and 160 were 6.98. 8.59, and· 2.90%, respectively. The cor-

ANALYTICAL CHEMISTRY

responding lowest values reported on the respective certificates
were 7.01, 8.58, and 2.91 %.

Elapsed Time. This method produces results in about 1 hour
as compared with 2 hours for the peroxide-sulfuric acid method
and 3 hours for the. titrimetric method. Neither of these slower
methods can be expected to give results which are more accurate
than those obtained by the proposed method.

Limits of Application. Maximum values encountered in the
testing of the method were 8.68% molybdenum, 18.05% tungsten,
19.13% chromium, and 5.00% cobalt. Although it is unlikely
that higher values will be encountered in routine work, it is pos
sible that the method can be applied satisfactorily in such cases.
It may be necessary, however, to extend correction curves and/or
to make other adjustments of the method.
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Use of Vanadium PeRtoxide in Combustion Method
for Sulfur in Refractory Materials
D. B. HAGERMAN and R. A. FAUST

Research ana Development Department, Socony Mobil Laboratories, Paulsboro, N. J.

A m.ethod is proposed for the determ.ination of sulfur
in inorganic materials that are :highly resistant to de
com.position hy pyrolysis. The method is based on the
reaction of sulfur with vanadiulD pentoxide, possibly by
replacem.ent of the sulfur through the form.ation of
metal pyrovanadates. The oxide is m.ixed intim.ately
with the powdered sam.ple and heated in a quartz tube
at 900 0 to 950" C. The liberated gases are absorbed in
a solution of hydrogen peroxide and the resulting sul
furic add is determined alkalim.etrically. Such m.a
terials as inorganic sulfates, siIica-alulllina cata
lysts, and suspensions of barium sulfate in oil have
been successfully analyzed by this m.ethod. Inorganic
sulfides require the addition of chrolllium. to the igni
tion mixture, to obtain com.plete sulfur recovery. An
analysis may :be com.pleted in 35 to 45 m.inutes, thus
offering an appreciable tim.e-saving factor as com.pared
to any of the eonventional wet chem.ical m.ethods.

C
OMBUSTIO:~ methods for determining sulfur have gen
erally proved inadequate when applied to refractory ma

terials. Well established procedures such as the Carius (3),
the Parr oxygen bomb (1), heating in a horizontal (4, 11) or
vertical tube (5) i.n the presence of oxygen or air have failed to
provide a satisfactory means for determining sulfur in such sub
stances as cracking or reforming catalysts, certain inorganic
sulfates, and inorganic sulfides.

There are, however, two methods which do not use combustion
tube technique. One involves fusion of the refractory sample
with sodium peroxide in a metal bomb (2). The other requires
treatment of the material with hydrofluoric and perchloric acids
(9), reduction of sulfates to sulfides, and a final iodometric ti
tration. Both methods are lengthy and the latter procedure is
of uncertain value in estimating sulfur in forms other than sulfate.

To circumvent the disadvantages of the afore-mentioned
methods, attention was directed to some rather meager informa
tion revealed by Kirsten (6-8), who volatilized residual sulfur
from the ash of certain biological materials by heating in a com
bustion tube with vanadium pentoxide. It was also used by
Zinneke (12) in his micro combustion method for sulfur in or
ganic compounds containing phosphorus and fluorine. On the
ba~is of this information, a rapid and simplified analytical method
was developed for the total sulfur assay of inorganic and certain
organic materials by combustion with vanadium pentoxide.

APPARATUS

Furnace Assembly (Figure 1). The apparatus employed
in this investigation consists of a single quartz combustion tube
and furnace unit similar to that described by Peters, Rounds,
and Agazzi (10), except that a single rather than a dual unit was
used.

REAGENTS

BARIUM SULFATE, reagent grade.
CALCIUM SULFATE, (CaSO•.2H.O), reagent grade.
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Figure 1. COInbustion apparatus

PROCEDURE

With the combustion tube in position and the furnace adjusted
to 900 0 to 950 0 C., 30- and lO-ml. volumes of 6% hydrogen
peroxide solution are added to the primary and secondary ab
sorbers, respectively. Air flow through the combustion assembly
islregulated to a rate of 2 liters per minute by applying vacuum
at the absorber exit.

DISCUSSION OF METHOD

Vanadium pentoxide reacted so vigorously at elevated tem
peratures that it fused with the glazed surfaces of the porcelain
boats rendering them unfit for more than a single determina
tion. This difficulty was overcome, however, by lining the
boat with a protective layer of silica before introducing the sample
and .vanadium pentoxide. Also an additional layer of silica was

V,O, method

1. 11, 1. 16, 1. 20
2.35,2.42
0.66.0.66

7 . 39, 7.47, 7.35, 7. 43

1.20
2.39
0.66

7.44,7.50

Theory
or determined

0.01,0.0~0~01· 0.01,0.01,0.01
0.42 0.41,0,41,0.43

Solid Catalysts and Related Substances
Total Sulfur, Wt. %

Table II.

Material Tested

TCR bead catalyst"
A
B

TCR bead catalyst plus mo
lybdenum sulfide

C
D

Na2So.1-catalyst mixture
Petroleum coke deposit

" 30% chromia, 70% alumina.

RELIABILITY OF METHOD

Synthetic samples containing known amounts of calcium sul
fate, sodium sulfate, and inorganic sulfides were mixed with
finely ground silica or chromia-alumina compounds, and were
subjected to the above analytical scheme. Sulfur recoveries
obtained on these materials are presented in Table I. Molyb
denum sulfide required the presence of chromia in the combus
tion mixture, in order to obtain acceptable results. This was
accomplished by including a powdered chromia-alumina matrix,
containing 20 to 30% chromium, in the combustion mixture
(Table I), in the proportion of about five parts of chromium to
one of sulfur.

placed on the combustion mixture to aid in retarding the vigorous
reaction when fusion of vanadium pentoxide with the sample
occurred.

Extending the heating period to 55 minutes was foundneces
sary in the case of those samples containing approximately 15%
or more of sulfur.

An air purification assembly is commonly used with the ap
paratus prescribed for this method and is highly recommended
if the presence of atmospheric sulfur is at all likely. How
ever, the possibility of error from this source in the procedure as
described was considered to be negligible. Replicate determina
tions of as little as 0.01 % sulfur (Table II) appear to justify this
conclusion.

Table I. Analyses of Inorganic Sulfates and Sulfide" in
Synthetic Catalysts

Inorganic Compound Sulfur, Wt. %
Used in Mixture Added Found

Barium sulfate 0.50 0.51,0.48,0.49
Calcium suIlate 0.36 0.36,0.36
Sodium sulfate 0.22 0.22,0.22
Molybdenum sulfide 1. 20 1. 18, 1. 23, 1.16, 1. 20

2.40 2.36,2.42
5.27 5.11,5.10

" Sulfide values obtained by adding to combustion mixture a chromia
alumina catalyst containing 27% chromium.

The agreement between the amount of sulfur added and that
found by the proposed method is acceptable. These results
attest to the effectiveness of the vanadium pentoxide combustion
technique in quantitatively liberating sulfur from materials of
high thermal stability.

Application of the proposed method to the determination of
total sulfur in solid catalysts and related substances was next
investigated. Several experimental catalysts were obtained and
the sulfur content was determined by the vanadium pentoxide
method. These results, compared to either calculated values or
to values obtained by the iodometric procedure (7) are reported
in Table II.

In order to extend the application of the method to the sulfur
assay of organic systems of diverse compositions, such as may be
encountered in petroleum research laboratories, a series of
blended samples was analyzed. The first two samples repre-

SECONDARY
ABSORBER

PRIMARY
ABSORBER

...TO VACUUM

PYROMETER

FURNACE

RHEOSTAT

A I R.... ~;::::=:=s=z:~:::lIMlI:::

HYDROGEN PEROXIDE, 6% solution. Dilute 200 ml. of rea
gent grade 30% hydrogen peroxide to 1 liter with water.

METHYL PURPLE INDICATOR, prepared solution available from
E. Machlett & Co., New York 10, N. Y.

SILICA, powdered reagent grade.
SODIUM HYDROXIDE SOLUTIONS, carbonate-free, 0.10 and O.OIN,

prepared from reagent grade sodium hydroxide.
SODIUM SULFATE, anhydrous, reagent grade.
VANADIUM PENTOXIDE, reagent grade, available from Eimer &

'Amend, New York, N. Y.

Preparatory to analysis of the sample, a thin layer of silica is
distributed evenly on the bottom of the combustion boat, fol
lowed by a similar layer of vanadium pentoxide (approximately
1 gram). A 0.3- to 0.6-gram portion (depending on sulfur con
tent) of the finely-ground sample is distributed on a thin uni
form layer over a prepared bed of the weighed combustion boat
which is subsequently reweighed to obtain sample weight. An
other layer of vanadium pentoxide, followed by a final covering
of silica similar in amount to the first two layers, is added pre
paratory to inserting the boat in the tube. The boat is placed on
a concave metal shield made of thin gage nickel and approxi
mately as long as the boat, to protect the quartz tube against
splattering. With the aid of a metal rod, the shield and boat
are pushed into the tube to a point within 50 mm. of the heated
zone of the furnace. A wire gauze heat-reflector is placed on
the outside of the combustion tube above the sample. Heat
from a Fisher blast burner is applied approximately 30 mm. in
front of the boat. The burner is adjusted to provide a temper
ature of 900 0 to 950 0 C., similar to that obtained in the furnace.
After 3 minutes, the flame is advanced slowly along the tube
until the furnace is reached, allowing 25 to 30 minutes for the
completion of this operation. Following this, the short exit end
of the tube is also heated with the gas flame for 1 to 2 minutes.
The open end of the combustion train is stoppered and the vacuum
line at the absorber outlet is disconnected. The partial vacuum
remaining in the system serves to draw the contents of the
secondary absorber into the primary absorber. After collecting
the water washings of the secondary in the primary absorber
and addition of 3 drops of methyl purple indicator, the sulfuric
acid is 'titrated directly in the absorber using 0.01 or O.IN sodium
hydroxide, depending on the expected sulfur content. Acidity
due to compounds other than sulfuric acid must be determined
in order to apply proper correction.
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sented lubricating oils containing a barium sulfonate additive
in moderately high concentrations. The third sample contained
a suspension of barium sulfate in mineral oil. Other tests were
run on blends consisting of barium sulfonate mixed with an oil
of high disulfide content. These blends ranged in concentration
from approximately 4 to 20% sulfur.

Analytical data on these materials are given in Table III.
On the basis of the above data, the standard deviation for per
cent of sulfur is as follows:

5.4
4.5
3.3
2.3

4.84
7.48

0.59

Wt. % of Barium
Present

1. 49. I. 51
1.80,1.85

0.13,0.14

4.45, 4.66,4.6&
9.27, 9.06,9.13

15.13,15.39
20.72,20.79

1. 51
1.82

0.14

4.54
9.15

15.3
20.8

Added FouDd

Application to Organic Systems Containing
Barium

Sulfur Wt. % of

1
2
3
4

Sample

Barium sulfonate in lubri
cating oil

1
2

Barium sulfate suspended
in mineral oil

Barium sulfonate and di
sulfide oil

Table III.

Std. Dev.

0.006
0.06
0.10

%S
oto 1
1 to 5
Over 5

INTERFERENCES

Other acid-forming constituents interfere, in which case a
gravimetric determination of the evolved sulfur is required.

CONCLUSION

Total sulfur may be readily determined in materials of high
thermal stability by combustion with vanadium pentoxide at
900 0 to 950 0 C. Elements such as calcium, barium, sodium,
and aluminum do not interfere, although acid-forming elements
do cause interference. The method is applicable to organic as
well as inorganic substances. In materials containing molyb
denum sulfide, the presence' of chromium in the combustion
mixture is necessary. Application of the method to the sulfur
assay of paints, ceramics, shale, and minerals is suggested.
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Determination of Lead in Lead Sulfide Ores and Concentrates
CHARLES A. GOETZ alnd FREDERICK J. DEBBRECHT

Iowa State College, Ame$, Iowa

The present work was begun to develop a more accurate
and rapid method for the dete1'lnination of lead in lead
sulfide ores and concentrates.. A method employing
the perchloric acid dissolutiOl;Il of the sample, electro
deposition of lead as lead .dioxide, and complexometric
titration of the lead with HexaVer is proposed. The
entire procedure for the deternrlination of lead can be
completed in less than one hour with a precision of
ahout one part in a thousand. A longer procedure is
given for the elimination of arsfmic, antiDlony, and tin
if thes~eleDlentsare present in sufficient amounts to
interfere in the deposition of lead. The Dlethod avoids
the time-consuming and inaccurate acetate extraction
from separation of lead from barium. Not only is the
complexometric titration faster than drying and weigh
ing the lead dioxide deposit, hut it also.avoids the use
of an eDlpirieal factor for the deposit.

deposited on the anode and cathode, and that the lead could be
determined volumetrically using HexaVer (disodium dihydrogen
1,2-diaminocyclohexane N,N,N',N'-tetraacetate), by adding
an excess of the HexaVer and back-titrating with standard mag
nesium chloride solution. Flaschka (2) titrated lead directly
using Versenate [disodium dihydrogen (ethylenedinitrilo) tetra
acetate] in the presence of tartrate to keep the lead in solution
at a pH of 10.

The authors found that the lead ore samples used for student
analysis (prepared and sold by Hach Chemical Co., Ames, Iowa)
could be dissolved rapidly and completely in about 5 minutes
using boiling 72% perchloricacid, and that the lead could be
quantitatively separated from the barium, iron, arsenic, bismuth,
and silica present in the ores even when appreciable amounts of
sulfate ion were present. The lead dioxide was was'hed and dis
solved using nitric acid and hydroxylammonium chloride, and
the lead determined by direct titration using HexaVer.

THE separation. of lead from b~rium in the presence of sulfate
ions based upon the acetate extraction of the lead has been

shown to be incomplete (1, 5). The separation of lead as lead
dioxide by electrodeposition with subsequent weighing is objec
tionable, because of the empirical conversion factor that varies
with the conditions. This factor varies from 0.845 (3) up to the
theoretical factor of 0.8662 (7).

Loomis (4-) showed that lead and copper could be simultaneously

MATERIALS AND APPARATUS

Solutions. STANDARD HEXAVER. Analytical reagent grade
HexaVer (obtained from Hach Chemical Co., Ames, Iowa) was
used in preparing the &tandard solution, by dissolving about 7.8
grams per liter of distilled water and then standardizing against
the primary standard lead nitrate, standard calcium chloride
solution, and the gravimetrioolly standardized lead perchlorate
solution.

LEAD PERCHLORATE. Twenty-one grams of test lead were dis
solved by boiling in 72% perchloric acid for a few minutes. The
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No. of Av. Av. Std.
Method Detn. Molarity Dev. Dev.

Primary std., CaCO, 8 0.01987 0.00Q01 0.000013
Primary std.. Pb(N03), 9 0.01988 O. 000014 0.000016
0.01981M Pb(ClO.),.3R,O 5 O. 01989 0.000004 0.000007

EXPERIMENTAL

Dissolution of Ore. Concentrated, as well as dilute (1 to 1),
nitric and hydrochloric acids were tried as solvents for the ore
samples, but concentrated (72%) perchloric acid was found to be
far superior to the nitric and hydrochloric acids as the solvent.
The results of the dissolution studies are given in Table 1. In
each case about 0.2 gram of the ore was placed in a 300-m!. tall
form beaker, 20 m!. of the solvent were added, and the beaker
was placed on an electric hot plate adjusted to give a surface
temperature of about 260° C.

The silica residue formed in the perchloric acid solution method
was filtered off, treated with hydrofluoric and sulfuric acids, and
tested for lead using chromate. No lead was found.

To dissolve the ore samples promptly and completely 10 m!. of
the 72% perchloric acid can be used. When large amounts of
silica are present, bumping can be decreased by using 20 m!. of the
acid, or by adding glass beads.

Current use of organic flotation reagents may leave a residue
of these reagents on the lead sulfide. The question of the action
of 72% perchloric acid on these organic residues immediately
arises; thus, 10 different lead sulfide "flotation concentrates"
were tested with hot 72% perchloric acid. One-gram samples
(considerably in excess of the recommended sample size) went
into solution easily and smoothly with no sign of any difficulty.

solution was cooled and diluted with about 30 m!. of water,
boiled to remove chlorine, and diluted to about 5 liters. This
solution was standardized by precipitating the lead as the sulfate
and weighing as such. The solution was found to be 0.01981M.

SODIUM TARTRATE. In 1 liter of water 46 grams of sodium
tartrate monohydrate were dissolved to give approximately a
0.21Yf solution.

SODIU~1 HYDROXIDE. To give a 5M solution 200 grams of
sodium hydroxide were dissolved in water and diluted to about 1
liter.

STANDARD CALCIUM CHLORIDE, An accurately weighed amount
(0.4 to 0.5 gram) of primary standard calcium carbonate (Mallin
ckrodt low alkali grade, dried at 110° C. for 2 hours) was dis
solved in 50 m!. of water containing 5 m!. of 5M hydrochloric
acid. The solution was boiled to expel carbon dioxide, cooled,
and diluted to exactly 250 m!.

INDICATOR. An Eriochrome Black 'I' indicator preparation,
ManVer, commercially available from the Hach Chemical Co.,
Ames, Iowa, was used.

BUFFER (pH 10). The pH 10 buffer solution was prepared by
adding 67.5 grams of ammonium chloride to 570 m!. of concen
trated ammonium hydroxide and diluting to 1 liter.

Primary Standard Lead Nitrate. Test lead was dissolved by
heating in dilute nitric acid, and the dissolved lead preCipitated
as lead nitrate by adding.concentrated nitric acid. The salt was
thrice recrystallized from concentrated nitric acid. The salt was
then dried in vacuo (25 mm. of mercury) at 100° C. for 24 hours.
Twice during the drying the salt was powdered. A gravimetric
analysis of the salt by the sulfate method showed it to be 99.9%
lead nitrate. An emission spectrum showed the absence of foreign
metals.

Electrodes. The anodes used were platinum gauze (45-mesh
wire, diameter 0.0077 inch) formed into cylinders Pis inches in
diameter and 2 inches long. The cathodes were similar, but were
only 0.5 inch in diameter and mounted to provide stirring during
all depositions. The anodes were roughened by sandblasting.
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Figure 1. Effect of variation of pH on
titration of lead with HexaVer and Ver
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Standardization of HexaVer Solution. The HexaVer solution
was standardized against the standard calcium chloride solution
by pipetting exactly 25 ml. of the calCium chloride solution into a
clean flask and adding 1 m!. of the buffer solution and about 0.25
gram of sodium cyanide to eliminate interference froin traces of
copper present in the distilled water. To this were added about
25 mg. of the magnesium salt of HexaVer and about 5 drops of the
indicator.

The solution was then titrated with HexaVer until the pink
color turned to a pure blue. The results of eight consecutive
titrations are given in summary form in Table II.

0.6

Direct Titration of Lead with HexaVer. About 0.2 gram of the
primary standard lead nitrate was accurately weighed and dis
solved in about 50 m!. of water. To this were added 10 m!. of
the 0.2M tartrate solution, and 5M sodium hydroxide was added
dropwise until the precipitate of. lead tartrate first formed just
redissolved. About 1 m!. of the buffer was added, followed by
about 0.25 gram of sodium cyanide, and 5 drops of the indicator.
This lead solution was then titrated with the HexaVer solution
until the violet color changed to a clear blue-green. The results
of nine consecutive titrations are given in summary form in
Table II. Also given in Table II are the results of five titrations
which were similarly titrated using 50-m!. aliquots of the lead
perchlorate solution.

Comparison of HexaVer and Versenate at Various pH Values.
Aliquots of 25 m!. of the lead perchlorate solution were titrated
with the standard HexaVer solution and with a standard Versen
ate solution at various pH values. The difference ir?-the amounts
of solution required to obtain the end point at various pH values
(using pH 10 as the reference) is shown in Figure 1. A sharp
end point was obtained only in the pH region from 9.0 to 10.7.
From this study it is apparent that pH control is less critical using
HexaVer. It also was observed that sharper end points are ob
tained with HexaVer in the direct titration of lead.

Electrodeposition Studies. EFFECT OF ACIDS ON DEPOSITIONS.
It was established that perchloric acid was the ideal solvent for
the ore samples; hence, in the lead deposition studies 25-ml.
aliquots of the lead perchlorate sohition were used in each of the
studies. Varying amounts of concentrated nitric and 72%
perchloric acids were added, and the solution was diluted to about
125 m!. in order to nearly cover the anode in the 300-ml. tall
form beakers. It was anticipated that appreciable amounts of
sulfate would be present in the solutions resulting from the dis-

Remarks

Completely dissolved except for silica residue
60 minutes additional required to dissolve

sulfur bead formed
120 minutes additional heating failed to dis

solve sulfur bead formed
After 120 minutes ore was not in solution
After 120 minutes ore was not in solution

Dissolution Studies of Lead Sulfide Ores
Dissolution

Time,
l\tIinutes

Not soluble
Not.soluble

6
15

45

COlnparison of Standardization Methods for
HexaVer

Table I.

Table II.

Solvent

72% RClO.
Coned. RNO,

1 to 1 RNO,

Crlned. RCI
1 to 1 RCI
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solution of ore samples; thus 0.25 ml. of concentrated slllfuric
acid was added to each run. In each of,the studies (Table III) a
current of 2.5 amperes was used for 1 hour. In each case the de
posited lead dioxide was dissolved and titrated with HexaVer
using the procedure for ore analysis.

It is apparent. from the data presented in Table III that com
plete deposition does not result under the test conditions unless
the solution is contained in excess of 25 ml. of concentrated nitric
acid. The presence of varying amounts of perchloric acid ap
pears to have little effect on the deposition.

CURRENT VERSUS TIME. The deposition of the lead was studied
using 3, 4, 5, 7.5, and'10 amperes of current to determine the
corresponding required deposition time. In each case 35 ml. of
nitric acid and 20 mI. of 72% perchloric acid were added to the
25-mI. aliquot of the lead before dilution to about 125 mI. The
lead dioxide was dissolved and titrated by the procedure for
ore analysis. The data (Table IV) show that about 0.1 gram of
lead can be quantitatively deposited very rapidly at current rates
up to 10 amperes.

In other studies as much as 0.5 gram of lead was deposited on
the anode.

INTERFERING ELEMENT STUDIES. A qualitative analysis of
the ore samples showed that considerable amounts of iron and
barium were present, but only traces of arsenic and bismuth were
found.

To determine whether these ions would interfere in the lead
deposition and its subsequent titration, a series of studies was
made using the primary standard lead nitrate as the lead source.
To accurately weighed samples of the lead nitrate varying
amounts of the foreign ions and 0.25 ml. of concentrated sulfuric
acid were added. The mixture was dissolved by boiling with 20
ml. of 72% perchloric acid. The results are given in Table V.
The barium ion interference resulted only when a barium sulfate
precipitate was formed. The 0.2Ei ml. of concentrated sulfuric
acid added in these studies far exceeds the amount of sulfate
likely to be present or formed when ores are dissolved.

Further interference studies were made using a lead ore sample
as the source of lead. To the accurately weighed sample, vary
ing amounts of arsenic, antimony, bismuth, silver, manganese,
tin, and barium were added and the mixture was analyzed, using
the procedure for determination of lead in lead sulfide ore. The
results are given in Table VI. The error introduced by inter
ferences is significant if it is more than 0.2 mg. Greater amounts
of interfering ions than listed in the table cause a proportionately
larger amoun'~ of error in the lead deposited.

Silica interference is discussed :in the section, Dissolution of
Ore.

PROCEDURE FOR DETERMINATION OF LEAD IN LEAD
SULFIDE ORES

The sample of the ore, containing between 0.1 and 0.15 gram
of lead, is we:ighed out and transferred to a dry 300-ml. tall-form
beaker. Approximately 15 ml. of 72% perchloric acid are added
and the beaker is swirled to disperse the sample. Glass beads
are added to help prevent bumping. The beaker is covered with
a watch glasE' and placed on a Nichrome gauze. Heat is applied
with a Tirrill burner adjusted so that it boils 72% perchloric acid
very gently. By the time the perchloric acid begins to boil, the
sample is in solution, but the solution is allowed to boil very
gently for about 1 minute to expel any hydrochloric acid formed
during the solution process.. The aeaker is then cooled for about
2 minutes, and the walls of the beaker are washed down with dis
tilled water. The solution is diluted with water to about 50 mI.
(about 1 inch in the beaker) and boiled for about 2 minutes to
expel chlorine. (This is very essential.) Next, 30 to 35 mI. of
concentrated nitric acid are added and the solution is placed on
the deposition apparatus. Distilled water is added until the elec
trodes are nearly covered (about 125 to 150 ml. total volume).

The current used for deposition can vary up to at least 10 am
peres. The length of time 'required to obtain complete deposi
tion varies inversely with the current used (see Table IV). It is
also important that the solution be stirred during the deposition.
(In the analyses that follow, the~urrent was 3 amperes and the
time was 1 hour. Stirring was accomplished with a rotating
platinum cathode.)

ANALYTICAL CHEMISTRY

Table III. Variation of Acid Concentrations for Deposition
of Lead

HNO" HeiO" Lead, Gram Error,
No. MI. MI. Taken Found Mg.

1 10 0.1026 0.1001 2.5
2 15 0.1026 0.1008 1.8
3 20 0.1026 0.1011 1.5
4 25 0.1026 0.1020 0.6
5 30 0.1026 0.1026 0.0
6 35 0.1026 0.1026 0.0

7 20 5 0.1026 0.1022 0.4
8 25 5 0.1026 0.1024 0.2
9· 30 5 0.1026 0.1026 0.0

10 20 10 0.1026 0.1023 0.3
11 25 10 0.1026 0.1024 0.2
12 30 10 0.1026 0.1026 0.0

13 20 15 0.1026 0.1023 0.3
14 25 15 0.1026 0.1024 0.2
15 30 15 0.1026 0.1026 0.0

16 20 20 0.1026 0.1024 0.2
17 25 20 0.1026 0.1026 0.0
18 30 20 0.1026 0.1026 0.0

Table IV. Effect of Current on Tilne of Lead Deposition

Time, Current, Lead, Gram Error,
No. Min. Amp. Taken Found Mg.

1 15 3 0.1026 0.1020 0.6
2 30 3 0.1026 0.1024 0.2
3 45 3 0.1026 0.1026 0.0

4 15 4 0.1026 0.1024 0.2
5 30 4 0.1026 0.1026 0.0
6 45 4 0.1026 0.1026 0.0

7 10 5 0.1026 0.1024 0.2
8 15 5 0.1026 0.1026 0.0
9 30 5 0.1026 0.1026 0.0

10 5 7.5 0.1026 0.1022 0.4
11 10 7.5 0.1026 0.1026 0.0
12 15 7.5 0.1026 0.1026 0.0

13 5 10 0.1026 0.1025 0.1
14 10 10 0.1026 0.1026 0.0

Table V. Interference Studies on Lead Deposition Using
Prilllary Standard Lead Nitrate
Interference

Amount, Lead, Gram Error,
No. Taken mg. Taken Found Mg.

1 Iron 20.0 0.1004 0.1004 0.0

2 Arsenic 0.5 0.1000 0.1000 0.0
3 1.0 0.1003 0.0999 0.4

4 Bismuth 2.0 0.1004 0.1004 0.0
5 5.0 0.1007 0.1004 0.3
6 7.0 0.1005 0.0995 1.0

7 Ba:rium 10.0 0.1003 0.1003 0.0
8 20.0 0.1006 0.1003 0.3

Table VI. Interference Studies on Lead Deposition Using
Lead Ore No.1

Interference
Amount, Lead, Gram Error,

No. Taken mg. Taken Found Mg.

1 Arsenic 0.5 0.1001 0.1001 0.0
2 1.0 0.1002 0.0998 0.4

3 Antimony 1.0 0.1000 0.1000 0.0
4 2.0 0.1004 0.0999 0.5

5 Bismuth 1.0 0.1003 0.1003 0.0
6 2.0 0.1005 0.1005 0.0
7 5.0 0.1003 0.1000 0.3
8 7.0 0.1002 0.0991 1.1

9 Silver 3.0 0.1003 0.1003 0.0
10 4.0 0.1002 0.1000 0.2
11 5.0 0.1002 0.0996 0.6

12 Manganese 3.0 0.1001 0.1001 0.0
13 5.0 0.1004 0.1005 0.1
14 7.0 0.1003 0.0999 0.4
15 10.0 0.1000 0.0995 0.5

16 Tin 3.0 0.1000 0.1001 0.1
17 5.0 0.1003 0.1005 0.2
18 7.0 0.1003 0.0999 0.4

19 Barium 2.0 0.1001 0.1001 0.0
20 5.0 0.1000 0.1000 0.0
21 10.0 0.1002 0.1002 0.0
22 50.0 0.1002 0.0952 5.0
23 100.0 0.1000 0.0870 13.0
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Table VII. Consecutive Analyses of Lead Sulfide Ores
Lead Dev.

Sulfide Lead, from Std.
Ore % Av. Dev.

No.1

1 68.95 +0.10
2 68.78 -0.07
3 68.83 -0.02
4 68.77 -0.08
5 68.89 +0.04
6 68.90 +0.05
7 68.81 -0.04
8 68.85 ±O.OO

Av. 68.85 ±0.05 0.062

No.2

1 61.80 -0.11
3 61.79 +0.06
3 61.91 ±O.OO
4 61.84 -0.07
5 61.89 -0.02
6 61.93 +0.02
7 61.96 +0.05
8 61.95 +0.04

Av. 61.91 ±0.05 0.06

No.3

1 44.43 +0.07
2 44.33 -0.03
3 44.39 +0.03
4 44.44 +0.08
5 44.35 -0.01
6 44.28 -0.08
7 44.28 -0.08.
8 44.34 -0.02

Av. 44.36 ±0.05 0.062

No.3 with 50 mg. of arsenic added (using modified procedure)

1 44.23 -0.08
2 44.29 -0.02
3 44.32 +0.01
4 44.40 +0.09
5 44.35 +0.04
6 44.25 -0.06

Av. 44.31 ±0.05 0.063
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Modified Procedure. Arsenic, antimony, and tin that may
interfere in the determination of lead (see Table VI) can be
removed quantitatively as the volatile bromides (8). This vola
tilization was used advantageously by Norwitz and Norwitz (6)
in the deposition of lead. The following procedure may be used
to remove these three interferences.

The sample is put into solution as above with 15 ml. of 72%
perchloric acid. Following the gentle boiling of the concentrated
acid solution, the solution is allowed to cool, 20 ml. of 48% hydro
bromic acid are added, and the solution is evaporated on a hot
plate to the dense white fumes of perchloric acid. Another 20 ml.
of 48% hydrobromic acid are added to the cooled solution, and
the solution again evaporated to fumes of percWoric acid. The
solution is boiled gently for 2 minutes to expel the last traces of
bromide, after which it is cooled for 2 minutes, diluted to about 50
ml. of water, and boiled for about 2 minutes to expel cWorine as
in the above detailed procedure. From this point the procedures
are identical.

This modified procedure adds about an hour to the time re
quired for the determination of lead.

RESULTS OF LEAD ORE ANALYSIS

Using the above procedure, three different lead ore samples
were analyzed (Table VII). Also included in Table VII are the
results of the determination of sample 3 with 50 mg. of arsenic
added using the modified procedure. Though the average is
lower than sample 3 without the arsenic, the results are within
the error of the method.

ACKNOWLEDGMENT

The authors are indebted to S. M. Lane of the American Smelt
ing and Refining Co., East Helena, Mont., for the lead sulfide
flotation concentrates used in the dissolution studies.

RECEIVED fo~ review December 27, 1954. Accepted August 19, 1955. Six
teenth Midwest Regional Meeting, ACS, Omaha, Neb., November 1954.

Mter deposition is completed, the electrodes are washed with
water, and the anode is placed in a 150-mt. beaker containing 25
ml. of water, 0.5 gram of hydroxylammonium chloride, and about
0.25 ml. of concentrated nitric acid. The beaker is tilted suffi
ciently to allow solution of the lead dioxide. The electrode is
washed with water and removed. Ten milliliters of 0.2M tartrate
solution are added, and 5M sodium hydroxide is added dropwise
until the precipitate of lead tartrate just dissolves. (As the so
dium hydroxide is added and the nitric acid neutralized, lead
tartrate precipitates. With continued addition of the sodium
hydroxide, the lead tartrate redissolves.) Approximately I ml.
of the pH 10 buffer, about 0.25 gram of sodium cyanide, and 6
drops of ManVer indicator are added. The solution is titrated
with 0.02M HexaVer until the indicator changes from violet to
blue-green.

(1)
(2)
(3)
(4)

(5)
(6)
(7)

(8)
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Determination of Aldehydes Using Unsymmetrical Dimethylhydrazine
SIDNEY SIGGIA and C. R. STAHL

Central Research Laboratory, General Aniline & Film Corp., Easton, Pa,

A Illethod is presented for deterlllining aldehydes by
reaction with unsYlllllletrical dilllethylhydrazine. An
excess of hydrazine reagent is added to a sample, and,
after the reaction is complete, the excess is titrated with
standard acid. Ketones cannot be deterlllined by this
Illethod. Aromatic aldehydes can be determined in the
presence of ketones, but aliphatic aldehydes cannot.
The hydrazine reagent is alkaline and is stable toward
decolllposition and oxidation, making possible a pre
cision and recovery within ±l%. Because the Illethod is
nonaqueous in nature, its range is extended beyond
just water-soluble samples. Acetals and carboxylic
acids do not interfere..

T HE use of hydrazines for the determination of aldehydes has
. been restricted by one or more factors, the most common of

which are: easeof oxidation of the hydrazines, use of aqueous re
agents limiting analysis to water-soluble samples, and use of
hydrazonium salts which are acidic and will react with acetals as
well as aldehydes. Employing dimethylhydrazine makes it pos
sible to overcome these difficulties.

Kleber (16) tried the determination of some carbonyl com
pounds by addition of excess of phenylhydrazine and acidimetric
determination of the excess. Phenylhydrazine is a poor reagent,
owing to its ease of oxidation by atmospheric oxygen. Blanks
can be run to account for the phenylhydrazine lost through oxida-
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Aldehyde Found
Grams

0.1031

0.1036

0.1036
0.1040

1. 2962

1.2008

1.2233

1.2008

0.0609

0.0611
0.06!3

0.0670
0.0595

standard caustic and back-titrated the excess. Espil and asso
ciates(7, 8) used titanous chloride to reduce the nitrohydrazones.
The difficulties in these methods lie in the quantitative separation
of the hydrazone and drawbacks in the use of titanous chloride.
Schiieniger and Lieb (27, 28) determined the excess 2,4-dinitro
phenylhydrazine with titanous chloride.

p-Nitrophenylhydrazine has been used (24) by isolating the
derivative, reducing with stannous ion, and determining the excess
stannous iodometrically. The procedure is long and suffers from
the difficulty of complete isolation of the derivative.

2,4-Dinitrophenylhydrazine has been tried from a gravimetric
standpoint-namely, removal of the hydrazone derivative and
weighing it (5, 9,10,14,15,25,31). The gravimetric methods give
slightly low recovery, and are limited generally to aqueous or par
tially aqueous media because of the lower solubility of the hydra
zones in water.

2,4-Dinitrophenylhydrazine has been used also for colorimetric
determination of carbonyl compounds (2, 3,17,21,22,26).

In the course of the work being reported, phenylhydrazine and
p-nitrophenylhydrazine were tried, but it was difficult to obtain
a reagent stable toward oxidation. Reagent solutions using 2,4
dinitrophenylhydrazine were employed. The excess of hydra
zine was difficult to detennine in this case, however, as the com
pound is not basic enough to be titrated in solvents suitable for the
reaction.

Unsymmetrical dimethylhydrazine gave a reagent which was
stable for several weeks when stored in a dark bottle. The reac
tion with aldehydes is rapid and complete. This hydrazine also
reacts with ketones, as is indicated by the evolution of heat and
color development. Evidently, however, the basic strength of the
hydrazones of the ketonesis not too much different from the basic
strength of the hydrazine itself. Therefore, on back-titration of
the hydrazine, the excess hydrazine cannot be differentiated from
the hydrazone formed, and a value for base is obtained which
coincides with the amount of hydrazine initially added to the
sample. This behavior makes possible the determination of
aromatic (but not aliphatic) aldehydes in the presence of ketones
(Table II).

Aromatic aldehydes yield hydrazones which exhibit no detect
able basicity. Therefore on titration of the excess hydrazine, a
sharp break in the titration curve is obtained when all the excess
hydrazine is neutralized (Figure 1). However, the aliphatic alde
hyde hydrazones are noticeably basic; on back-titration of the
excess hydrazine, a more gradual break in the titration curve is
obtained (Figure 1), and sometimes a second break if the titra
tion is carried further. When ketones are present, the hydrazone
of the ketone buffers the solution very noticeably. The hydra
zone of the aromatic aldehyde is so weakly basic that, though the
break in the titration curve is subdued by the buffering action of

the hydrazone of the ketone,
the break is stilI visible. How
ever, in the case of the ali
phatic aldehyde, the hydrazone
of the ketone obliterates the
already weak break.

Carboxylic acids, in general,
do not interfere, as they are
relatively weak acids com
pared with the mineral acid
used in the titration (Table
II). If a strong acid is present
in a sample, a separate deter
mination of this acid can be
made, and a correction applied;
or the sample can first be neu
tralized using the hydrazine
reagent before the hydrazine
for the aldehyde reaction is
added. There is no evidence of

0.9580

1.5077

% by
NH,OH.

HCl"

36.6
97.3
96.5
95.1
97.1
98.2
93.2 C

99.6 ±
0.4 (10)
95.9
94.7
98.7
98.8
97.7

0.1213
0.0342

0.0549
0.1512

0.25
0.25
0.25
0.25
0.50
2.0
0.5
0.5

2.0
2.0
2.0
2.0
2.0

Reaction
Time,
Hours

0.1283

0.1380

0.0211
0.0624

36.6 ± (/.1 (4)b
97.3 ± 0.8 (3)b
96.6 ± 0 5 (3) b
94.5 ± 0.5 (3)b
96.6±0.2(3)b
97.6 ± 0.2 (3)b
93.0 ± 0.2 (4)b
99.6 ± 0.3 (IO)"

95.7 ± 0.4 (3)"
92.7 ± 0.3 (3)"
98.7 ± 0.1 (3)"
98.3±0.5(3)1
99.1 ± 0.3 (3)1

0.1660

0.168·1
0.1758

Effect of Acids, Acetals, and Ketones on Aldehyde Deterlllination
Aldehy(le Acid Acetal Ketone

Added, Added, Added, Added,
Grams Gram Gram Grams

Results Obtained in Analysis of Various
Aldehydes

% by
Dimethyl
hydrazine

Table II.

Table I.

Acetaldehyde

A"etaldehyde-acetic acid

Acetaldehyde-dimethyl acetal

Formaldeyde"-methylal

:.\lixture .-\na.lyzed

Formaldehydea

FormaldehydeQ-formic acid

0.1830
0.1631

O.106:l

0.1062

0.1062
0.1002

Salicylaldehyde 1.3053

Ealicylaldehyde--ilalicylic acid 1.1999

Salicylaldehyde--cyclohexanone 1 . 2249

Salicylaldehyde--benzophenone 1.2046

'Baker's formaldehyde solution, 37%.

a NH,OH. HCl used was 0.5.'1' in 1: 1 methanol-water. Samples were re-
fluxed 1 hour and then titrated potentiometrically with 0.5N NaOH.

b 0.211£ DMH in ethylene glycol.
• Determined by bisulfite.
rl Since salicylaldehyde is stable, it was possible to use it as a.pure standard.

SampIe used was made from the bisulfite: a.ddition compound (Eastman
ICodak), distilled onee in laboratory before UHe.

81M DMH in eth:rlene glycol.
I 1M DMH in MeOH.

Parentheses indicate number of determinal;ions used. Precision indicated
is as &verage deviation arrived at from num.ber of determinations made.

Formaldehyde (aqueouil solution)
Acetaldehyde
Propionaldehyde
Butyraldehyde
CinnamaIdehyde
Furfural
Crotonaldehyde
Salicylaldehyded

Anisaldehyde
Benzaldehyde
m-Nitrobenzaldehyde
2,6-Dichlorobenzaldehyde
2,4-Dimethoxybenzaldehyde

tion during the reaction, but these blanks are too large for a satis
factory quantitative method.

Ardagh and Williams (1) used phenylhydrazine for determining
carbonyl eompounds. Excess phenylhydrazine was added to a
sample and the excess was determined iodometrically. Because
of the instability of the reagents toward atmospheric and dis
solved oxygen and also partial reaction of the hydrazones, the
method is unwieldy. It requires oxygen-free conditions and an
extraction to remove j,he hydrazone before the excess hydrazine
can be determined. The work of Ardagh and Williams was an
extension of the work of Von ~\1eyer (32) and has been converted
to a microprocedure (.18).

Severa] procedures for carbonyl compounds use excess phenyl
hydrazine and decompose the excess hydrazine with Fehling's
solution to liberate nitrogen, which is collected. and measured (6,
11,19,20,29,30). These procedures are used only for quantita
tive estimations and cannot be applied for precise and accurate
measurement of most carbonyl compounds.

Hydrazine, as such, cann'ot conveniently be used, but hydrazine
sulfate has been used to detennine certain aldehydes (12, 13, 23).
The acid liberated in the reaction with the carbonyl compound is
measured. The reaction times are generally long and cannot be
applied to acetal-containing samples, owing to the acidity of the
reagent.

2,4-Dinitl'Ophenylhydrazine has been used for volumetric
methods. Clift and Cook (.4) dissolved the hydrazone in excess



cally with standard hydrochloric acid in methanol. Hydrochloric
acid, O.lN, is used to titrate 0.2Jlf hydrazine reagent, and 0.5N
hydrochloric acid is used to titrate the 1M reagent. A blank on
25 ml. of reagent is determined in the same manner. The glass
calomel electrode svstem is used in all cases.

Per cent aldehyde is calculated using the following equation.

% aldehyde =
(m!. for blank) - (m!. for sample) X N of HCl X M. W. X 100

weight of sample X 1000
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One molar reagent is necessary for determining aromatic alde
hydes which react slowly with more dilute reagent, but it should
not be used for aliphatic aldehydes, as a rise in temperature re
sulting from rapid reaction may cause loss of reagent. To keep
the reaction time at a minimum, 100% excess of reagent should
be used in all determinations.

The solubility of disubstituted benzaldehydes in ethylene gly
col is not great enough to allow their determination in this solvent,
but, a,s they do not form acetals under the conditions use.d, it is
possible to determine them in methanol-without loss of aldehyde.
Most other aldehydes give low results in methanol because of
acetal formation.
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hydrazide formation with carboxylic acids even after 4 hours of re
action time, which is far beyond the time intervals used in this
study.

Acetals and ketals do not interfere in this procedure, as the
alkalinity of the reagent prevents hydrolysis to the carbonyl
compounds (Table II). This is one advantage of this approach
over hydroxylamine hydrochloride methods; another is ability
to determine some aldehydes in the presence of ketones. The
shape of the titration curves of all the aromatic aldehydes re
sembles those of salicylaldehyde and not those of the aliphatic
aldehydes. The sharpness of the breaks makes possible the
analysis with ketone present, as it can stand the buffering effect.

The reaction between the dimethylhydrazine and aldehydes
was found to proceed best in polar solvents. Water can be used,
but a nonaqueous solvent was desired because many organic
samples may not be water-soluble and the titration breaks in the
case of the aliphatic aldehydes were poor in water. Alcohols had
the drawback of undergoing acetal formation with the aldehydes,
giving low results. Ethylene glycol was found to operate satis
factorily both as solvent and as reaction medium and did not
undergo any noticeable acetal formation. Alcohol was used in
the determination of a few aldehydes (Table I) as these aldehydes
were not very soluble in the glycol and had carbonyl groups which
were hindered enough to undergo acetal formation slowly enough
to prevent interference. Tetrahydrofuran and chlorobenzene
were tried as solvents, but the reaction proceeded much too
slowly. tert-Butyl alcohol was tried, as this is still a polar solvent
but does not undergo acetal formation very readily; the reaction
was somewhat slow, and poor precision was obtained. Pyridine
was also tried; the reaction proceeded rapidly, as indicated by
the heat evolved and color formation, but the hydrazone and the
excess hydrazine titrated together, making analysis impossible.

~4
z
w
0:3
<1
Cl.

~2

Figure 1'. Titration curves

A. Formaldehyde
B. Salicylaldehyde

REAGENTS

Unsymmetrical dimethylhydrazine (Westvaco Chemical Divi
sion, Food Machinery and Chemical Corp., N. Y.), 0.2M solution
in ethylene glycol for aliphatic aldehyde~, 1M solution in ethylene
glycol for aromatic aldehydes, and 1M solution in methanol for
disubstituted benzaldehydes. Standard 0.1 and 0.5N solutions
of hydrochloric acid in methanol.

PROCEDURE

Twenty-five milliliters of reagent are pipetted into a glass
stoppered flask, and the weighed sample (about 0.002 mole for
aliphatic and 0.01 mole for aromatic aldehydes) is added to the
reagent. The reaction is allowed to proceed at room temperature
for 15 minutes or longer, depending on the aldehyde being deter
mined (Table I). When the reaction is complete, the solution is
washed into a 250-ml. beaker with approximately 50 mt of meth
anol, and the excess dimethylhydrazine is titrated potentiometri-
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1.040

Absorbance,
450 mil

0.038
1.060
1.060
0.130
0.039
0.039
0.033
0.037
0.037
0.037

Absorbance,
450 mil

1.040
1.045
1.045
1.035

0.05
0.05
0.10
0.50
0.50
0.50
0.50
0.50
0.50

0.25
0.25
0.25
0.25 }

0.25

Reactivity of Reagent with VitaInins and Sterols
(Readings taken at 7 minutes)

Concentration,
Millimole/

Liter

Sterols
Present

None
Lumisterol
Cholestetol
Ergosterol
Cholesterol

and
Ergosterol

Compound

N one (blank)
Vitamin D2
Vitamin D.
Vitamin A
Lumisterol
Ergosterol
7-Dehydrocholesterol
Cholesterol
Stigmasterol
Sitosterol

ethylene dichloride was shaken in a separatory funnel with two
50-ml. portions of concentrated sulfuric acid. Mter removal of
the hypophase the ethylene dicWoride was washed with distilled
water and with 2% sodium bicarbonate solution, dried over an
hydrous sodium sulfate, and allowed to percolate through a 20 X
200 mm. column of silica gel (28- to 200-mesh, Davison Chemical
Corp.).

Mercuric p-cWorobenzoate. A concentrated aqueous solution
of sodium p-chlorobenzoate was added to a saturated aqueous
solution of mercuric chloride. The white precipitate was filtered
and washed with water.

Iodine--ethylene dichloride reagent (subsequently referred to as
"the reagent"). To a flask of ethylene dichloride were added 80
p.p.m. of mercuric p-cWorobenzoate and sufficient iodine to
produce an absorbance at 500 m!' of 0.182 ± 0.002 (absorbance
at 450 mIL of 0.076 ± 0.(02). This solution was approximately
0.20mM with iodine.

A Beckman Model DU spectrophotometer with matched l-cm.
cells was used for all absorbance measurements. An incandescent
lamp served as the source of illumination, and the slit width was
varied to accord with the region of the spectrum being examined.

EXPERIMENTAL

Development and Measurement of Colored Vitamin D Com
plex. When a O.lOmM solution of vitamin D 2 or D 3 in ethyl
ene dichloride was added to an equal volume of the reagent,
the pink color of the reagent was superseded by a yellow color
which developed in the solution. This colored vitamin D com
plex showed a sharp absorption maximum at 450 mIL (Figure 1),
reached its maximal intensity in about 7 minutes, then faded
slowly. Different samples of crystalline vitamins D 2 and D 3

showed e,sentially identical behavior..

To obtain the data for the absorption curves (Figure 1), a series
of test tubes, each containing 3.0 m!. of reagent, was prepared,
and to each were added 3.0 ml. of a 0.10 roM solution of the vita
min, but at successive intervals. After several of the tubes had
been used to establish the 450 m!' reading at the time of maxi
mal color development, each of the remaining tubes was used
to obtain a point at a different wave length, the reading being
taken in each case as quickly as possible after the maximum read
ing at 450 m!' had been reached. No attempt was made to cor
rect the absorption curves for light absorbed by free iodine in the

Table 1.

Table II. Constancy of Color Production of Reagent with
O.05InM VitaInin D 2 in Presence of Related Sterols

(Readings taken at 7 minutes)

Concentration,
Millimolel

Liter

Two interrelated problems have thus far impeded the de
velopment of a satisfaetory chemical or physicochemical

method of assay for the vitamins D. First, the vitamins have
proved to be extremely difficult to separate quantitatively from
other closely related compounds. Secondly, known reactions
have lacked specificity or sensitivity, or both, for use with the
vitamin D concentrates from most natural oils and synthetic
irradiation mixtures.

Of the several methods of assay which have been proposed,
none haH come into eommon use. Direct spectrophotometry
in the ultraviolet (.4-) and infrared (8) regions lacks specificity;
measurement of colors derived from the vitamins has found wider
acceptance. Two of these c:olor reactions, one with antimony
trichloride developed originally by Brockmann and Chen (1),
and a second with glycerol dichlorohydrin advanced by Sobel,
Mayer, and Kramer (10), have continuously stimulated interest.
Improvements on the original antimony trichloride procedure
which have been proposed by Raoul and Meunier (9), Nield,
Russel, and Zimmerli (7), and others have produced a method
which has good sensitivity but lacks the desired specificity. A
modification of the Sobel procedure which increased the sensi
tivity of this reagent by a factor of 20 was introduced by Camp
bell (2); however, sensitivity ill still one of its limitations.

In the present work a neW eolor reaction has been discovered
which is highly specific for vitamins D and which, it is hoped,
may give rise to a procedure with fewer shortcomings than
those which are currently available. This paper describes
responses of pure vitamins and related sterols to the reagent.

VitaInins D 2 and D 3 were found to react with an iodine
ethylene dichloride reagent to produce a strong yellow
color which showed nlaxiInal absorption at 450 In!'.
The intensity of the color was enhanced by Inercul'ic
p-chlorobenzoate and certain other cOInpounds. The
reagent showed high specificity for the vitaInins D, no
other cOInpound having been found to give rise to a
siIniIar color. Various sterols produced no color; vita
Inin A produced a weak violet color which showed SOIne
absorption at 450 In!'. While the reagent showed
greater sensitivity as well as greater specificity than the
glycerol dichlorohydrin reagent, it was less sensitive
than the antiInony trichloride reagent. It is easy to
prepare and its use is not COInplicated by the forInation
of fihns or corrosive volatiles.

REAGENTS AND APPARATUS

Vitamin D 2 (crystalline, 40,000,000 U. S. P. units per gram),
Sterwin Chemicals, Inc.

Vitamin D 3 (crystalline, 40,000,000 U. S. P. units per gram),
Sterwin Chemicals, Inc.

Ergosterol, Eastman Kodak Co. Recrystallized twice from
ethyl acetate and once from ethylene dichloride before use;
melting point 165-166° C.

7-Dehydrocholesterol, E. 1. du Pont de Nemours & Co., Inc.
Cholesterol, Eastman Kodak Co. Recrystallized from ethyl

acetate before use; melting p~)int, 147-148° C.
Stigmasterol (melting point, 17(}--171 ° C.), The Glidden Co.
Sitosterols (purified mixture, melting point, 137° to 140° C.),

The Glidden Co.
Lumisterol. Prepared by saponification of the 3,5-dinitro-

benzoate, which was obtained from Smith-New York, Inc.
Vitamin A (crystalline alcohol), Distillation Products, Inc.
Iodine (c.p. resublimed), J. '1'. Baker Chemical Co.
Ethylene dichloride. A 750"011. quantity of a technical grade of

1 Present nddress, The Procter & Gamble Co., Cincinnati 31, Ohio.
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Figure 1. Spectral absorption of (A) iodine-ethylene di
chloride reagent, (B) reagent with 0.05 rnM vitamin D2,

and (C) reagent with 0.05 mM vitamin D s

Factors Affecting Intensity of Color. When the mercuric p
chlorobenzoate was omitted from the reagent, color development
was qualitatively the same but quantitatively about 10 to 15%
as intense. An optimal concentration of the mercury salt was
observed, above which increments in concentration caused a
decrease rather than an increase in absorbance. Similar effects
were observed with. mercuric benzoate (Table IV) and other
mercuric salts; however, mercuric p-chlorobenzoate was the
most effective of the. several mercuric salts tested (Table V).
Other compounds which produced a similar, but weaker, effect
included ferric, ceric, and ammonium benzoates, and commercial
lots of ethylene chlorohydrin, trichloroacetic acid, and iodoben
zene. Benzaldehyde produced as much color as the mercuric
salts but the amounts required varied from 0.06 to 1.5% depend
ing on the source of the material. Apparently an impurity was
responsible for the effect. No definite relation was observed
between the various compounds and their activity as color en
hancers. The time required for maximum color development
varied with the different compounds and their concentrations.

Interference with the color reaction was observed with some
commercial samples of ethylene dichloride. The interfering sub
stances were not removed completely by fractional distillation
but were eliminated by treatment with sulfuric acid and silica gel
by the procedure outlined above. Ethylene dichloride samples
from five different manufacturers, when so treated, had excellent
stability and gave uniform results in the color reaction. Other
chlorinated solvents which were tested included carbon tetra
chloride, chloroform, ethylidene chloride, the trichloroethanes,
and 1,1,2,2-tetrachloroethane. While varying amounts of
yellow color were observed in these solvents, the strong color
with the characteristic sharp absorption peak was observed only
in ethylene dichloride.

Temperature differences between 20 0 'and 35° C. were shown
to have no effect on the reaction. Light conditions-i.e., diffuse

a Improved reagent containing acetyl chloride; from data of Mueller (6).
b From data of Campbell (2).

Table IV. Effect of Mercuric Benzoate Additions on
Intensity of Color Developed with O.05mM Vitamin D 2

Table III. Comparison of Absorptivities of Vitamins D and
Certain Sterols in Three Color Reactions

Absorptivity at Wave Length of Maximum
Absorption

Glycerol
dichloro
hydrin b

360
370

14
0.3
o

Maximum
Absorbance,

450 m!'

0.132
0.640
0.915
0.970
0.990
0.970
0.900

No color
formation

1800
1850

5
8

25

Antimony
trichloridea

Iodine
reagent

530
545

0.0
0.0
0.0

Mercuric Salt

Mercuric
Benzoate

Added, P.P.M.

None
6.3

11.5
12.7
13.5
14.3
19.0
38.6

Mercuric acetate
Mercuric trichloroacetate
Mercuric benzoate
Mercuric p-chlorobenzoate
Mercuric p-aminobenzoate

Compound

Vitamin D2
Vitamin D a
Ergosterol
7-Debydrocholesterol
Cholesterol

Table V. Effect of Various Mercuric Salts on Intensity of
Color Developed with 0.05 rnM Vitamin D,

Optimal Maximum
Conen., Absorbance,
P.P.M. 450 m!'

7 0.600
11 0.990
14 0.990
40 1.060
11 0.890

Reaction thne 7 nrinutes

reagent. However, the reagent before reaction, but in the same
dilution, showed an absorbance of only 0.038 at 450 mp' (Figure 1).
Lower concentrations of iodine in the reagent did not produce
maximal absorbance (450 mp.) of the vitamin D complex.

Specificity of Color Reaction. Six different sterols tested at
0.05 and 0.5mM concentrations showed no apparent reaction with
the reagent (Table I) and produced no interference when present
with vitamins D (Table II).

However, vitamin A (0.20mM solution) produced a medium
blue color which changed after approximately 1 minute to medium
violet. The solution showed a broad absorption band with a
maximum at 555 mp' and some absorption at 450 mp.. In admix
ture with vitamins D, vitamin A interfered to give low values:
Vitamin D 2 (O.lOmM) with vitamin A (O.lOmM) produced an
absorbance of 0.990. Removal of the vitamin A would appear
necessary for use of the reaction with natural materials such as
fish liver oils. The chromatographic method of DeWitt and
Sullivan (3) has been used satisfactorily for this purpose.

Polar compounds such as alcohol and acetone when present in
large quantities reacted with the reagent to produce high absorp
tion in the near ultraviolet with some overlapping into the 4000
to 450-mp. region. However, no interference from such com
pounds was encountered when standard separation procedures
were used prior to color development.

In specificity for vitamins D, the new reaction compared
favorably with well-known reactions (Table III). However, the
sensitivity attained in the study was below that of the improved
(Nield) antimony trichloride reagent.
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daylight compared to darkness-also showed no effect. A
precision within 2% was obtained when the conditions prescribed
for color development were adhered to strictly.

Nature of Colored Compound. Little has been learned about
the nature of the color reaction. The literature is nearly devoid
of mention of color formation between halogens and vitamins D
or related sterols. Although the reaction of TorteUi and Jaffe
(11) may be related in principle to the reaction disclosed here,
the techniques used are different, and the resultin;~ colors are
dissimilar. A blue-green color observed by Green (5) between
his iodine trichloride reagent and tl-carotene may be related
also. Green postulated a mesomeric change in the carotene
molecule under the influence of ICI" Cl-, or Cb - similar to that
produced by antimony trichloride on carotenoids and vitamin D.
Although no direct evidence for a mllchanism was observed in
the authors' experiments, it is suggested ,that a loose union occurs
between iodine and the unsaturated center of the D vitamins.
More specifically, because traces of bromine increased both the
intensit,y of color and the speed with which maximum color was
attained, it appears that iodide ion may be the active fonn which
unites with the vitamin to fonn the colored product. As the
enhancing agents did not change qualitatively the spectral ab-

ANALYTICAL CHEMISTRY

sorption properties of the colored vitamin D complex, their
function may be to promote the reaction by increasing the con
centration of the iodide ion.
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Determiaation of Urea in Blood and Urine with Diacetyl Monoxime
HAROLD L. ROSENTHAL
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The condensation of urea with acid diac,etyl IllonoxiIlle
(Fearon reaction) with concoIllitant ox.idation by ar
senic acid has been extensively studied in an effort to

iIllprove reproducibility and the linearity of response of
the reaction. The concentration of mineral acid and
Gxidizing arsenic acid was found to be critical. By per
forming the reaction in 3.8N hydrochloric acid and
O.08N arsenic acid D1axiIllUIll color is produced wWch
conforIlls to Beer's law at urea concentrations up to
60 "Y per 10-IllI. reaction voiuIlle. Dilution of the reac
tion Illbture results in a deviation froIll Beer's law,
and the urea response curve no longer passes through
the origin. By the study, a rapid and :'lccurate Illethod
for the deterIllination of urea in blood and urine has
heen developed. COIllparative studies with existing
methods and recoyery studies have shown the suit
ability £If the procedure. Analysis ofa saIllple in dupli
cate requires less than I hour.

T HE need for a direct, simple, and accurate method for de
termining urea in blood and biological fluids has resulted in

the development of a variety of direct and indirect procedures.
The indirect methods, which are the most widely used, depend on
the hydrolysis of urea with the enzyme, urease, to form ammonia.
The liberated ammonia is usually determined by direct nessleriza
tion, by aeration and nesslerization, or by aeration and titration
(3, 7, 9, 11). The met.hods for the direct, determination of urea
depend upon the condensation of urea with a-isonitrosopropio
phenone (1) or diacetyl derivatives (2, 5,12,13) in the presence
oi strong acid solutions. The reaction with a-isonitrosopropio
phenone requires special precautions because of the long heating
time required for the production of color, and because of the
photosensitivity of the color formed.

The reaction between diacetyl monoxime and urea [Fearon
reaction (4») to yield. a yellow color appe:~rs to offer distinct ad
vantages for the determination of urea. However, the various
published modifications generally sllffer from the fact that the
color formed does not obey Beer's law and, at low concentrations,

is not proportional to the concentration of urea. Preliminary
studies using the Kawerau (8) modification indicated that both
the concentration of hydrochloric acid and the concentration of
arsenic acid greatly affected the production of the color. A more
complete study of the conditions for the reaction was undertaken
with the concomitant development of a reproducible and accurate
procedure for the detennination of urea in blood and biological
fluids.

REAGENTS

Urea Stock Standard, 1 mg. of urea per ml. Dissolve 100 mg.
of dried, reagent grade urea in 100 m!. of water, adding a few
drops of chloroform as preservative. The solution is stable for
at least 4 months when refrigerated.

Urea Working Standard, 0.05 mg. of urea per ml. Dilute 5 ml.
of stock standard to 100 m!. with water. Add a few drops of
chloroform as preservative.

Diacetyl Monoxime, 2.5% in 5% acetic acid. Dissolve 2.5
grams of diacetyl monoxime in 100 m!. of 5% acetic acid. The
solution is stable at room temperature for at least 6 months. The
appearanc'e of a slight yellow color does not interfe;re.

Arsenic Acid, saturated stock solution. Suspend 50 grams of
arsenic pentoxide (Baker's Analyzed reagent) in 1000 m!. of
concentrated hydrochloric acid, and allow suspension to stand
with occasional mixing one or more days. For use, decant the
clear yellow supernatant or filter through sintered glass. The
solution is standardized as.follows. Dilute 2 ml. of stock solution
with 50 ml. of 4N hydrochloric acid in a 250-ml. Erlenmeyer flask.
Add 2 grams of iodate-free potassium iodide and 15 ml. of carbon
tetrachloride. Mix, and after 10 to 30 minutes titrate the liber
ated iodine with O.IN sodium thiosulfate using the disappearance
of purple iodine color from the carbon tetrachloride as the end
point. This solution is approximately 0.9 to 1.0N with respect
to quinquevalent arsenic ion.

Arsenic Acid Working Solution. Dilute an appropriate amount
of saturated stock solution with concentrated hydrochloric acid
to yield a final solution which is 0.26 to 0.27N with respect to
quinquevalent arsenic.

EXPERIMENTAL

The yellow color formed between diacetyl monoxime and urea
has an absorption maximum at 480 to 485 mIL, as measured with
a Beckman DU spectrophotometer. The Klett-Summerson filter
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Numerals on curves indicate micrograms of urea per reaction tube

Figure 1. Effect of acid concentration
on color formation at various concen

trations of urea

The optimum concentration of arsenic acid for the production
of color is critical over a narrow range of concentrations and
varies with the concentration of urea as shown in Figure 2. For
all urea concentrations tested, maximum color formation is ob
tained with 0.08N quinquevalent arsenic. At greater concen
trations of arsenic acid, color formation is inhibited at some, but
not all, concentrations of urea. Since some color is produced in
the presence of optimal hydrogen ion concentration in the ab
sence of arsenic acid, the data are presented on a relative basis for
comparative purpose.

Effect of Diacetyl Monoxime Concentration on Color Produc
tion. The concentration of diacetyl monoxime necessary for the
production of maximum color was determined by varying the
amount of the reagent in the reaction mixture. Maximum color
production is obtained at a concentration of 0.25% diacetyl mon
oxime. At lower concentrations of reagent, color production falls
off rapidly, and no color is produced in the absence of the reagent.
At greater concentrations of diacetyl monoxime, color production
is depressed.

Effect of Heat on Color Production. Color formation increases
rapidly with heating in a boiling water bath for the first 25 min
utes, in. which time approximately 90% of the color is formed.
Since continued heating for an additional 35 minutes increases
the amount of color by only 10%, a 30-minute heating period was
selected as the optimal time for color formation. The final color
is somewhat photolabile and fades at a rate of approximately 5%
per hour under fluorescent lighting in this laboratory.

Effect of Urea Concentration on Color Formation. With the
information available for the optimal conditions of the condensa
tion reaction, standard curves were prepared with graded quanti
ties of urea. The reaction mixture, in a final volume of 10 mI., was
read photometrically at 470 mt', using a Klett-Summerson pho
tometer. As shown in Figure 3, the color formed under these
conditions (curve A) obeys Beer's law for concentrations of urea
up to 60 'Y per tube, and the curve passes through the origin. At
concentrations above 60 'Y per tube, the curve rapidly decreases
in slope. When the final reaction mixture is diluted to 20 mI.
(curve B), the curve is linear up to a concentration of 80 'Y per
tube, but no longer passes through the origin. On further dilution
to 40 ml. (curve C) the curve remains linear for concentrations up
to 160 'Y per tube, but does not go through the origin. Each of the
curves, however, is reproducible from day to day and the choice
of standard curves for use depends on the sensitivity desired and
on the concentration of urea to be measured.

the yellow reaction product was determined by varying the con
centration of the oxidizing acid in the reaction mixture. All other
components of the reaction mixture were maintained at optimal
concentrations as described under procedure, and the concentra
tions of arsenic acid and urea are expressed in terms of the final
lO-ml. reaction mixture. For absorbance measurements all re
action mixtures were diluted to a volume of 20 ml.

PROCEDURE

On the basis of the above information, the procedure finally
adopted is as follows.

Place 1 ml. of 1 to 10 protein-free filtrate of blood in the bottom
of a test tube and dilute with approximately 4 ml. of water. A
blank solution containing distilled water and a standard solution
containing 0.05 mg. of urea are incorporated in each series of tests.
To each tube are added 3 ml. of dilute arsenic acid solution and 1
ml. of 2.5% diacetyl monoxime solution. The volume is adjusted
to 10 ml., and the solution is mixed by gentle shaking. The tubes
are cappedwith small beakers and placed in a boiling water bath
for 30 minutes. The level of the boiling water bath must at all
times be above the level of the reaction mixture. At the end of 30
minutes the tubes are removed and are placed in tap water
(50. to 150. C.) for 3 minutes. Absorbance is determined Immedi
ately with a Klett-Summerson photometer adjusted to zero with
the blank. The concentration of urea of the unknown sample may
then be determined by reference to a standard curve, or may be
calculated over that portion of the standard curve which is
linear. If desired, the blank, standard, and unknown solutions
may be diluted with water to an appropriate volume before ab
sorbance measurements are made.

For the determination of urea in urine or other fluids containing
no protein, the samples are diluted with water to a suitable con-
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Figure 2. Effect of arsenic acid concentration on
color formation at various concentrations of urea

5

No. 47 was, therefore, selected for use with the Klett-Summerson
photometer.

Effect of Acid Concentration on Color Production. The con
centration of hydrochloric acid necessary for maximum produc
tion of the yellow reaction product was determined by varying
the concentration of hydrochloric acid in the reaction mixture.
All other components of the reaction mixture were maintained at
optimal concentrations as described under procedure. The con
centrations of hydrochloric acid and urea are expressed in terms
of the final 10-mI.. reaction mixt,ure. For absorbance measure
ments all reaction mixtures were diluted to a volume of 20 ml.

The optimum acid concentration (Figure 1) shifted from 3.6N
for 10 'Y of urea to 4.0N for 60 'Y of urea and to 4.5N for 90 'Y of
urea. An average value of 3.8N acid was selected to cover the
working range of concentration from 10 to 60 'Y of urea. High
concentrations of acid inhibit color formation to a great degree,
and little, if any, color is produced when the acid concentration
approaches ION. The data of Figure I were obtained at optimal
arsenic acid concentrations. Because the arsenic solution alone
is sufficiently acid to produce some color, the data are presented
on a comparative basis.

Effect of Arsenic Acid Concentration on Color Production.
The concentration of arsenic acid for the maximum formation of
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RESULTS

DISCUSSION

centration and incorporated ill the test. If proteinaceous mate
rial is present this may be removed by suitable methods before
analysis.
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UREA, "( PER TUBE

Figure 3. Effect of urea concentration
on color formation

cedure is relatively simple, at least five times more sensitive than
existing enzymatic procedures, and is more satisfactory for rapid,
accurate estimations of urea.

Although the procedure is not specific for urea and some color
is given by other compounds containing the ureido grouping (10),
only urea yields a yellow color with an absorption maximum at
480 to 485 mI'. Citrulline and other carbamyl amino acids react
to form compounds with absorption maxima in the vicinity of
550 mI'. Moreover, Koritz and Cohen (10) have shown that
only citrulline, carbamyl-glycine, and substituted ureas have
chromogen equivalents greater than urea. All other substances
tested by these authors have chromogenic equivalents less than
25% of urea. Citrulline does not interfere in our procedure, as
the concentration in biological fluids is apparently too low to be
measured except under unusual physiological conditions. For
highly uremic blood samples, further dilution of the filtrates with
water prior to incorporation in the test may be necessary. Di
lution of the final colored reaction mixture to lesser absorbance is
not recommended unless the standard solution is also diluted, be
cause the absorbance is not reduced proportionately by dilution.

When the yellow reaction product is treated with alkali the
color is markedly reduced at reactions more alkaline than pH 2.
The effect of alkali and the deviation from Beer's law on dilution
indicates that the colored reaction product may be in the form of
a dissociable complex molecule.

Various types of deproteinating agents such as trichloroacetic
acid, tungstic acid, or cadmium sulfate-sodium hydroxide may be
used satisfactorily. When present at high concentrations, tung
stic acid may, however, yield a cloudy reaction mixture. As
much as 5 ml. of tungstic acid-blood filtrate may be used satis
factorily, but greater quantities of filtrate develop a precipitate.
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Table I. COInparison of Diacetyl iHonoxiIne and Direct
Nesslerization Procedures

Blood, Mg.f100 Ml. Urine, Mg.fMJ.
Sample Diacetyl ~Nessler's Diff., % D:1acetyl Nessler's Diff., %

1 106.0 99.0 +6.6 15.0 15.6 -3.8
2 12.9 13.5 -4.4 26.2 25.1 +4.2
3 20.6 20.8 -0.8 1.4.5 13.9 +2.8
4 26.8 25.8 +3.8 ~:6. 2 25.2 +3.8
5 34.5 34.7 -0.6 :n.8 20.4 +6.4
6 21.0 21.4 -1.9 14.0 15.6 -6.6
7 34.2 34.3 -0.3 13.5 12.9 +4.4
8 7.4 7.6 2.6 37.8 36.3 +4.0
9 90.0 88.5 +1.7 31.2 30.5 +2.2

10 96.9 90.0 +7.1 7.5 7.5 0.0
11 48.0 44.6 +7.1 14.8 14.5 +2.0
12 60.0 55.3 +7.8

Because the Fearon reaction is not specific for urea, but reacts
with other substances containing the ureido group such as citrul
line (5-ureidonorvaline), substituted ureas, and c:arbamyl amino
acids, t,hree samples of blood and three samples of urine were
treated with an excess amount of urease by the Gentzkow pro
cedure (6) as modified in this laboratory. Following precipita
tion of the proteins with tungstic acid, the filtrates were analyzed
for residual urea using curve B, Figure 3. It was found that
urease destroyed all of the chromogens in blood itnd 94 to 96% of
the chromogens in urine. It would appear, therefore, that the
proposed procedure primarily measures urea in j.his type of mate
rial.

The concentration of urea in blood and urine was determined
by the diacetyl procedure and compared with the direct nessleri
zation modification of Gentzkow (6). As can be seen from Table
I, the two methods are in good agreement for blood samples con
taining essentially norma.l amounts of urea. At high concentra
t,ions of urea, the diacetyl method yields valUlls up to 8% higher
than the urease method. It is probable that the diacetyl monox
ime procedure for uremic: blood samples yields more nearly cor
rect. values. Since many of the uremic samples were obtained
from persons undergoing drug therapy, it is felt that some sub
stances may inhibit the action of urease enzyme. This factor,
however, requires further study. With urine samples, good
agreement between the two methods was obtained.

Recovery experiments were performed by adding known
amounts of urea to samples of blood and urine. The average
recoveries and standard deviations are shown in Table II. Indi
vidual recoveries rang.ing from 94 to 103% in blood and 92 to
110% in urine were obtained.

The preceding experiments indicate that the condensation of
diacetyl monoxime with urea to yield a yellow color is suitable for
the estimation of urea in blood and biological fluids. The pro-

Table II. Recovery of Urea Added to Blood and Urine as
Determined by Diacetyl Monoxime Procedure

Urea Urea
Added, Recovered,

Mg./I00 MJ. %
5 97 ± 3.9

10 100 ± 4.5
20 100 ± 3.7
40 101 ± 3.3

2.5 102 ± 6.5
5.0 100 ± 3.9

10.0 103 ± 4.4
20.0 103 ± 4.8

a Each sample analyzed in duplicate or l;riplicate.
i Blood samples contained 17.9 to 45.4 mg. of urea per 100 mi.
C Urine samples contained 4.0 to 34.5 mg. of urea. per rol.

RECEIVED for review February 11, 1955. Accepted August 18, 1955. Pre
sented in part before Division of Biological Chemistry, ACS, New York,
N. Y., September 1954.
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the saturation parameter, 8, equals -yH12TdHm , where H1 is
the amplitude of the effective radio-frequency magnetic field.

1983

parameters, r is the filling factor of the radio-frequency coil
containing the sample, 110 is the frequency at the center of the
absorption line, and xo the magnetic susceptibility given by the
expression

From Equations 2 and 3 it is clear that if Dm=. is to be used in
analysis as a measure of No, the other factors must either be con
stant or known. The only factors which require consideration
here are (J(II) and r; 110, C, and T are either known or can be held
constant, within desired limits, by a suitable choice of instru
mentation and operating conditions. In general, however,
(J(II) and r are subject to relatively wide variations depending
upon the physical properties of the sample. In addition, (J(II),
may be heavily influenced by the homogeneity of the static ap
plied field. Thus the use of Dmax as a measure of No is unsatis
factory except under specialized conditions.

For liquids or certain other materials with relatively long T;
and intrinsic line width of the absorption so small as to be negli
gible compared with the artificial broadening, oH, imposed by in
homogeneities in the static field applied to the saI!J-ple, (J(II),
may be held approximately constant by simply fixing the posi
tion of the sample in the static field and holding Hm constant.
Similarly for liquids or other essentially homogeneous materials,
r can be maintained constant by fixing the volume and position
of the sample in the radio-frequency coil. Thus for liquids and
other homogeneous materials it should be possible to utilize
Dm=. as a measure of No.

A further complication which arises in any method of observing
magnetic absorption is radio-frequency saturation. In the equa
tions given above it was assumed that the applied'radio-fre
quency magnetic field is so weak that the Boltzmann distribution
of nuclei among the energy levels is not appreciably disturbed.
Actually the radio-frequency effect may be considerable, espe
cially for systems where T 1 is long, and the observed susceptibility
is reduced'from its maximum value. For analytical applica
tions the effect is troublesome because in general T 1 varies with
No. Moreover, for analytical work it is not considered feasible
to determine T 1 for each specimen and thus apply a correction to
the observed value of Drnax to obtain a value (Dm=.)o in the absence
of saturation. Thus for analytical applications a method for
obtaining (Dm=.)o without a knowledge of T 1 would appear
essential.

Saturation effects have been thoroughly examined by others
(1) and utilizing their methods in the authors' experiments with
water, ethyl ether, and a O.002N aqueous solution of copper sul
fate, it was found that the saturation followed a (1 + 8)-1.6:0 0.1

dependence. Bloembergen, Purcell, and Pound have shown that
when

An investigation was made of the applicability of the
modulation method of magnetic resonance absorption
for the determination of hydrogen in various liquids
and in aqueous suspensions of starch. The materials
investigated contained from (1.1 to 6.7) X 1022 hydrogen
atoms per cc. in the liquid phase. The thermal relaxa
tion time, Th ranged from 0.3 to 3.7 seconds. The in
fluence of T1 on the measurements through radio
frequency saturation was eliminated by an extrapola
tion to zero radio-frequency magnetic field of a series
of measurements at radio-frequency intensities in the
range 10 -4 to 10-, gauss. The precision of the measure
ments was limited to about 2% by electrical noise in the
spectrometer employed. The application of the Illag
netic absorption method for the determination of the
water content of biological tissues on an absolute basis
is briefly discussed.

W ITH the development of techniques suitable for liquids
and solids, the quantitative analytical aspects of magnetic

resonance absorption spectroscopy have become of great in
terest. Unfortunately, of the various methods for measurement
of magnetic absorption, none appears uniquely adapted for
routine analysis. One method, widely used for the observa
tion of nuclear magnetic resonance absorption, utilizes small
amplitude sinusoidal modulation (1), with the detector followed
by a narrow-band amplifier and lock-in amplifier. A small
modulation of amplitude, H m , and angular frequency, W m , is
applied to the static field, Ho, as the frequency of the radio
frequency magnetic field is slowly varied through the
resonance region. For a simple absorption line the observed
signal, D, proportional to the slope of the absorption line, passes
through the extreme values D max and Dmin, corresponding to the
inflection points of the absorption line. It is of interest in the
analytical applications of magnetic absorption to consider the
usefulness of the quantity Dmax as a measure of No, the number
per cubic centimeters of sample of magnetic nuclei of the species
of interest. In the present paper the application of Dm=. is
considered for the determination of hydrogen nuclei in liquids and
in mixtures (suspensions) of liquids and solids in which the hy
drogen nuclei of interest are contained in the liquid phase. A
primary object was to determine whether No can be determined
accurately via Dmax in systems in which radio-frequency saturation
is appreciable under the conditions of measurement, and the ex
tent of saturation is both unknown and variable with No. It
was not the object of the present work to determine the ulti
mate precision of the method, but rather to explore the general
performance in an analytical procedure in order to determine
whether fundamental limitations exist.

THEORY

For a simple absorption line described by a shape function (J( 11),
the signal D observed in the absence of radio-frequency saturation
effects (3) may be expressed as

D = Crxollo fO~(:)J (I)

Here C is a constant for an appropriate choice of instrument

1 Present address. Southwest Research Institute. San Antonio, Tex.

Xo = No"t2/ j,2l(I + 1 )/3kT

Here -y is the magnetogyric ratio, I is the nuclear
is the absolute temperature.

The maximum value of D may be expressed

[
Og(II)JDm= = Crxollo ~ m=.

IhT~ < H m < OH and WmT1 > 1

(2)

spin, and T

(3 )
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40 X -22

a Subject to estimated error of ± 10%.
b Read only to nearest half unit.

a Subject to estimated error of ± 10%.
b Read only to nearest half unit.

The relaxation time, T
"

was not determined for all samples.
As shown in Table I, the values found for T. range from 1.1 to
3.7 seconds. Over this range the quantity (Dmax)o/Noa.ppears to
be independent of T, and demonstrates that the extrapolation
procedure used to obtain (Dmax)o is satisfactory and that the in
trinsic line width of the materials investigated is indeed negligible
compared with the artificial width as set by magnet inhomogene
ities.

Figure 1 shows the values of Dmax/No for Hi = 5.6 X 10-0

32.6
30.1
32,3
32.1
32,3
32.0
31.6
31.6

31.8

±0.8

206.5 b
167,0
195.0
186,5
182,0
166.5
155.0
192.0

(DmdX) 0,

Arbitrary
Units

Mean

Standard deviation

Mean

Standard deviation

T"
Sec.

0.52"
0,28
0.44
0.35
0.29
0.22
0.20
0.46

6.33
5.55
6.04
5.81
5.63
5.20
4.90
6.07

NoX
10-"
Cc.- I

2.70 2.5a 86.5b
2.79

2'.5
88.5

3.05 90,0
4.76 1.1 150.0
5.42 166,5
5.77 3.7 182.0
6.70 2.1 210.0
1.13

2'.'4
37.5

2.26 74,5
3.38 104.5
4.52

2'.'0
145.0

5.63 184.5

Result~ for Starch Suspensions

(Dmax)o X 10"
No '
Arbitrary

Units

Results for Organic Liquids
(Dmax)o X 10"

(Dma1)o, No .
No X 10-", T., Arbitrary Arbitrary

CC. -I Sec. Units Units

32.0
31.7
32.4
31.5
30.7
31.5
31.3
33.3
33.0
30.9
32.1
32.7

31.9

±0,8

Density,
Grams

Cc.

1.029
1.096
1.050
1.072
1.095
1.135
1.157
1.045

Table II.

Water
Content,
Wt.%

92.0
75.9
86.0
81.3
76.9
68.6
63.4
87.1

Sample
No.

1
2
3
4
5
6
7
8

Table 1.

Sample

Iodobenzene
Ethylene bromide
Ethylene chloride
Ethyl malonate
n-Amyl bromide
Ethyl ether
Water
Dioxane, 20%, in CCl,
Dioxane, 40%, in CCl,
Dioxane, 60%, in CCi,
Dioxane, 80%, in CCl,
Dioxane, 100%

The effect of saturation may then be included by use of the ap
proximate equation (3)

Dmax = Crwo r()~(p)J X (1 + 8)-312L UP max

From Equation 4 it appears that a possible method to allow for
the effects of saturation is to plot D max rugainst H,' for a few
values of H,' (near H,2 ,= 0) and obtain by a linear extrapolation
the limiting value (Dm=)o corresponding to Dmax for 8 = O. The
Eimplicit,y of this procedure suggests that it may be satisfactory
for routine analytical UEe.

EXPERIMENTAL

Proton magnetic resonance absorption was investigated for the
following systems: a group of miscellaneous organic liquids, a
series of solutions of dioxane in carbon tetrachloride, and a series
of suspensi.ons of starch in water. The materials were chosen to
obtain a range of No and T,. Solutions and !luspensions were pre
pared in volumetric flasks from weighed quantities of materials.
The starch used was a commercial wheat starch containing less
than 0.1 %of water-soluble materials and 9.8% of absorbed water.
Measurements were performed at room temperature (about
27° G.).

The magnetic absorption measurements were made in a static
field of strength H o, equal to 6380 gauss, provided by a permanent
magnet with poles 6 inches in diameter and a 1.75-inch gap. The
proton resonance was recorded by means of a radio-frequency
spectrometer of the null-balance type (2) oontinuously standard-'
ized by a Watkins-Pound (5) calibrator. The radio-frequency
coil was 22 mm. in inside diameter and 29 mm. in length and was
designed to accept standard borosilicate glass test tubes which
serve as containers for the test specimens. For those experiments
where it was essential to maintain the filling factor constant, a
single test tube was used.

The thermal relaxation time, T
"

of the various systems investi
gated was determined by the saturation method (1). The line
width of the proton resonance was observed to be 1.7 ± 0.1 kc.
in all samples for a modulation amplitude, H m , of 0.23 gauss
(0.98 kc.), and Wm = 2 .. X 50 sec. -1

For each sample D",,,,, was determined for several values of H,
in the range (2 to 6) >< 10-4 gauss. Graphs of Dmax V8. H,' were
extrapolated linearly to H,' = 0 to obtain (Dmax)o. -

At the lowest value of H, for which observations were made, the
signal Dmax for water was approximately 100 times the noise level.
At higher levels of H" the noise decreased markedly. The effect
of the noise is, of course, to decrease the precision with which
Dmax can be determined. This factor appears to be the principal
limitation to the precision of the results obtained here since the
procedUl:e used requires the use of very low radio-frequency levels
in order to be able to utilize a linear extrapolation as a means of
correcting for saturati.on effects. It has not been determined to
what extent improvement is possible through the use of longer
time for observations ,and through improvements in spectrometer
design.

RESULTS AND DISCUSSION

The results obtained for. the organic liquids are summarized
in Table I, which contains the values of (Dmax)o obtained by
extrapolation and values of No for each sample as calculated from
the theoretical composition and the den3ity according to the
relation

Here nm is the number of hydrogen atoms per molecule, A is
Avogadro's number, p is the density of the liquid at the tempera
ture of the observations, and M is the I~J'am-molecularweight.
To obtain No for the dioxan&-Carbon tetrachloride solutions,
No for dioxane was multiplied by the appropriate dilution factor.
According to Equations 2 and 4 the values of (Dmax)o should be
proportional to the values of No. The data are in arrangement
'is shown by the fact that the ratio (Dmaxlo/No is approximately
30nstant. The mean value of the ratio r3 31.9 X 10-22 with a
ltandard deviation of 0.8 X 10-". The indicated error appears
30nsistent with the observed signal-to-noi8e ratio, so that it may
be concluded that deviations observed in the ratio (Dmax)o/No
ire primarily due to this source.
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Figure 1. Relationship between experiU1entally
observed values of Dmax/No for HI = 5.6 X 10-'
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of the amount by which (Dmaxjo is reduced is difficult because the
amount of ~ater which does not contribute cannot be precisely
estimated.

To obtain an upper limit for the effects of sorption, however, it
may be assumed that the contribution is zero for nuclei in water
sorbed sufficiently strongly that the line width is greater than the
line width (1.7 ± 0.1 kc.) observed here for hydrogen nuclei in
liquids. For starch this water amounts to about 7% of the
weight of the dry starch or about 0.03 gram of water per milliliter
for the most concentrated suspension for which data are shown
in Table II. Thus No would be reduced from 4.90 X 1022 to
about 4.7 X 1022 hydrogen nuclei per cc. and (Dmax)o/No would
be increased from 31.6 X 10-22 as given in Table II to 33 X 10-22•

This increase is of the same order of magnitude as the standard
deviation obtained for the values of (Dmax)o/No obtained for the
organic liquids· for which sorption effects are entirely absent.
It seems reasonable to conclude that any systematic effects of
sorption in the present experiments are masked by experimental
errors.

Within the precision of the present experiments it appears that
the Btarch makes no direct contribution and acts essentially as
an inert (nonhydrogen-containing) diluent. Since the method
responds essentially only to hydrogen nuclei in the aqueous phase,
it may be used to determine the amount of water per unit volume
iIi the suspension, and from a measurement of the density of the
suspension one may also determine the per cent of water by
weight.

This procedure has been applied to the data for starch. The
average value of (Dmax)o/No as obtained for the organic liquids
was assumed as a calibration factor. Then the per cent of water
by weight was calculated for the starch suspensions from the
experimental values of (Dmax)o and the density.

The results of the calculation are shown in Figure 2. The
indieated error of ±2% in the water content is attributed to
experimental errors in the magnetic absorption determinations.
Although the precision of the measurements is only fair, it can
be concluded that the calibration factor [(Dmax)o/No = 31.9 ±
0.8 :X 10-22], which was established by measurements on organic
liquids, yields accurate results when used to calculate the water
content of starch suspensions from the experimentally observed
magnetic absorption and density.

The results obtained for the starch suspensions suggest that a
similar relation may exist between (Dmax)o and the water content
of other hygroscopic materials such as vegetable tissues or other
biological systems. Such a possibility is of interest because of
its potential application for the determination of the moisture
content of complex biological systems on an absolute basis. The
principal factors which must be evaluated are: the contributions
of water-soluble, hydrogen-containing constituents (sugars, etc.);
and the contributions of fats, lipides, or other constituents which
give rise to narrow proton resonances and which thus cannot be
distinguished by the techniques used here from hydrogen nuclei
in water. Procedures for obtaining satisfactory samples of
tissue must also be developed. Work on these aspects of the
problem has been undertaken and will be reported later.
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gauss plotted as a function of T I • The dependence on T, as
calculated from Equations 2 and·4 is adjusted for best fit with
the experimental points. The data are in general agreement with
the approximate dependence on TI as expressed by Equation 4.
The limiting value of Dmax/Nofor TI = 0 as obtained from Figure
1 is not significantly different from the mean value of (Dmax)o/No
given iIi Table 1.

Table II summarizes the data obtained for the aqueous starch
suspensions. The water content of the suspensions ranged
from 63 to 92%. As noted below, this range is of interest be
cause it corresponds to the water content of some vegetable
tissues and other biological materials. The table shows values of
(Dmax)o determined for each suspension by the extrapolation
procedure discussed above. The values of No were calculated on
the assumption that the hydrogen nuclei in the starch do not
contribute significantly to the observed signal. This assumption
is based on the fact, established earlier en, that the magnetic
resonance line for the hydrogen nuclei in starch is broad com
pared with the width of the line observed here for hydrogen nuclei
in liquids. The correctness of this assumption is shown by the
fact that the ratio (Dmax)o/No shows no systematic dependence
on the moisture content. The average value of (Dmax)o/No of
31.8 ± 0.8 X 10-22 found for the starch suspensions agrees with
the mean value 31.9 ± 0.8 X 10-22 found for the organic liquids.

The values of TI found for the starch suspensions are somewhat
smaller than those for the organic liquids. As shown in Figure 1,
the observed values of Dmax for HI = 5.6 X 10-4 are consistent
with the shorter T I .

Aside from contributions from hydrogen nuclei in the starch,
there are two other possible contributions to the magnitude of
(Dmax)o that should be considered. The first factor, the hydrogen
nuclei in any water-soluble portion of the starch, can be dismissed
because of the small «0.1 %) amount of soluble material present.
The second factor concerns the hydrogen nuclei. of the water
sorbed by the starch. In the earlier report en it was shown that
the magnetic resonance line for .the hydrogen nuclei of the water
sorbed by starch is broad relative to that for the hydrogen nuclei
of liquid water. It is clear that this broadening will result in
a decrease in the contribution to (Dmax)o of the sorbed water rel
ative to that of an equal quantity of liquid water. A calculation



Determination of a Carbonyl Compound by Extraction of
Its 2,4-Dinitrophenylhydrazone
PAUL E. TOREN and B. J. HEINRICH

Researcb Division, Pbillips Petroleum Co., Bartlesville, Okla.

A spectrophotometric, determination of butadiene
furfural condensation product, a carbonyl compound,
can :be made by reaction of the compound with 2,4
dinitrophenylhydrazine in a two-phase system com
posed of iso-octane and an alcohol-water-phosphoric
acid imixture. The 2,4-dinitrophenylhydrazone is selec
tively extracted into the iso-octane phase and its con
centra.tion determined by absorption measurement
at 340 mI'. The excess reagent remains in the aqueous
phase and does not in.terfere.

THE use of 2,4-dinitrophenylhydrazine for the identification
and determination of carbonyl compounds is well known.

It was not until relatively recently, however, that this reagent was
applied to the determination of parts per million quantities "Of
carbonyl compounds. Two methods were published in 1951
based on the formation of 2,,4-dinitrophenylhydrazones followed
by the addition of alcoholie potassium hydroxide to produce a
red color which could then be measured spectrophotometrically.

Figure 1. Butadiene-furfural
condensatiolll product (R-ll)

agent absorbs in the same region as the 2,4-dinitrophenylhydra
zone product and, thus, interferes with the spectrophotometric
measurement of 2,4-dinitrophenylhydrazone concentration. The
addition of alkali shifts the absorbance of the 2,4-dinitrophenyl
hydrazone into the visible region and removes the spectral inter
ference caused by the reagent. If a method for separating the
product from the reagent could be found, the reagent would no
longer interfere with the direct measurement of the 2,4-dinitro
phenylhydrazone concentration, and the formation and measure
ment of the unstable red color would no longer be necessary.

During the evaluation of the published methods described, it
was noticed that the 2,4-dinitrophenylhydrazone of the carbonyl
compound being studied is much more soluble in iso-octane
(2,2,4-tri~ethylpentane) than is the 2,4-dinitrophenylhydrazine
reagent. This difference in solubility was utilized to develop an
extraction procedure which permits the direct spectrophoto
metric measurement of 2,4-dinitrophenylhydrazone concentra
tion without the addition of alkali.

This procedure was developed as a method for the determina
tion of 2,3,4,5-bis(t;2-butenylene)tetrahydrofurfural, a buta
diene-furfural condensation product whose structure is shown in
Figure 1 (1). This compound is an effective fly repellent known
commercially as R-ll. The procedure is discussed with ref
erence to this particular compound; however, it is believed that
the principle of the extraction procedure described is generally
applicable to the determination of carbonyl compounds.

REAGENTS

Eastman 2,4-dinitrophenylhydrazine and Phillips Reference
Fuel or Spectro Grade iso-octane are used without purification.
Carbonyl free ethyl alcohol is prepared by refluxing 600 to 700
m!. of absolute alcohol for 2 hours with 5 grams of 2,4-dinitro
phenylhydrazine and a few milliliters of concentrated hydro-
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Spectra oftypical R-ll solution
and blank
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Figure 2.

A. Absorption spectrum of R-1l-2.4-dinitrophenyl
hydrazone (approximately 6 X lO-'M)

B. Blank with same reagents
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In the method of Lappin and Clark (2) the 2,4-dinitrophenyl
hydrazone is formed by the direct reaction of the carbonyl
compound with 2,4-dinitrophenylhydrazine in slightly acid
methanol solution. The evaluation of this method by the
authors of the work reported here indicated that the reaction
conditions specified do not; give reproducible results. After
trying a number of modifications of the published procedure, in
cluding changes in reaction time, acid strength, reaction tem
perature, and solvent, they concluded that this method is not
suitable for their purposes. In the procedure of Pool and Klose
(3) the 2,4-dinitrophenylhydrazine reagent in benzene solution is
adsorbed on an alumina column. The sample, also in benzene
solution, is added to the cohmm and the 2,4-dinitrophenylhydra
zones formed are eluted by a further addition of benzene. Al
though it was found that the activity of the alumina column is
critical, this procedure appeared to be reliable and could probably
have been adapted to the use of the work reported. During the
evaluation of these methods, however, another approach pre
sented itself which was more readily applicable to the particular
problem.

The red color formed by the addition of alkali to the 2,4
dinitrophenylhydrazone solutions in the methods described is not
stable and fades appreciably within a few minutes after its for
mation. The formation of the red color is necessary in these
methods, however, because the 2,4-dinitrophenylhydrazine re-

1986
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aqueous phase consists completely of iso-octane, all the alcohol
being found in the aqueous phase. The diagram also shows that
mixing an aqueous phase containing less than 50% alcohol with
an iso-octane phase causes only a small decrease in the volume
of the iso-octane.

The effect of the composition of the aqueous phase on the
relative solubility of the 2,4-dinitrophenylhydrazone in the
iso-octane was measured by determining the fraction of a known
amount of 2,4-dinitrophenylhydrazone retained by the iso-octane
in the presence of aqueous solutions containing different pro
portions of water and alcohol. The results of these measurements
are shown in Figure 5. When the aqueous phase contains 70%
alcohol, less than half of the 2,4-dinitrophenylhydrazone is re
tained by the iso-octane, with 50% alcohol the retention is about
80%, and when the alcohol content of the aqueous phase is 25%
or less, essentially all of the 2,4-dinitrophenylhydrazone is re
tained in the iso-octane phase. Consequently, the aqueous
phase used in this determination contains 25% ethyl alcohol.

With the Cary recording spectrophotometer used to obtain the
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Figure 3. Relationship of absorbance (Illinus
blank) of R-1l-2,4-dinitrophenylhydrazone vs.

concentration of R-ll
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o Absorbance of blank = 0.27
o Unpurified alcohol used in reagent, absorbance of blank = 1.03

100" ETOH

chIoric acid, and then distilling off the alcohol. The 2,4-dinitro
phenylhydrazine reagent solution is prepared daily by mixing
1 volume of a fresh saturated solution of 2,4-dinitrophenylhy
drazine in carbonyl-free alcohol with 3 volumes of 1 to 2 phos
phoric acid (a solution of 1 volume 85% phosphoric acid in 2
volumes of water).

PROCEDURE

Add 10 ml. of iso-octane containing 1 to 20 p.p.m. of the car
bonyl compound to a 40-ml. screw-cap vial containing 10 ml. of
the 2,4-dinitrophenylhydrazine reagent solution. Run a dupli
cate procedure as a blank with 10 ml. of pure iso-octane in place
of the sample. Allow the solutions to react for 30 minutes with
continuous mixing. (In this laboratory a motor-driven rotator
is used which turns the vials end over end at about 50 r.p.m.)
Remove the reagent phase with a suction tube and wash the oc
tane phase for 10 minutes with an equal volume of 1 to 2 phos
phoric acid. Withdraw portions of the octane phases of the
sample and the blank and measure the absorbance of the sample
versus the blank at the wave length of maximum absorbance
(340 mp' for R-ll). Determine the carbonyl concentration from
a calibration curve prepared from samples containing known
amounts of the substance being determined.
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Figure 4•. Phase diagraIll

Ethyl alcohol-iso-octane-water, temperature 30° C.

40 60
% WATER

Figure 5. Effect of coIllposition of aqueous
phase on extraction of R-II-2,4-dinitro

phenylhydrazone by iso-octane

DISCUSSION

A number of solubility relationships are involved in this
method, the first of which is that among the three solvents them
selves. A qualitative phase diagram of the system iso-octane
ethyl alcohol-water was constructed (Figure 4) showing that in
the presence of even a relatively small amount of water, the non-

RESULTS

Figure 2 shows the spectra of a typical R-ll solution and
blank after treatment by the procedure described. The blank
involved in this method is high, but it has been found to be
constant in a series of determinations using the same reagent
solutions. This is illustrated in Figure 3, which is a plot of the
absorbance of the sample minus that of the blank versus carbonyl
concentration. The linearity of the plot shows that the blank,
although high, was constant over the entire series of measure
ments. The point on Figure 3 marked with a square was ob
tained from a measurement in which the reagent solution had
been made up with unpurified alcohol. The blank had an ab
sorbance (versus iso-octane) of more than 1.0 as compared with a
normal blank of about 0.3, but the difference between the ab
sorbances of sample and blank was such that the point fell on the
same calibration line.
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results above, duplicate blanks from a given reagent solution are
reproducible to about 0.02 absorbance units. For tbis reason,
the maximum sensitivity claimed for tbis determination is about
ii' X 10-<lM R-ll, wbich gives an absorbance of about 0.1. The
sensitivity of the method can be increased by concentrating the
carbonyl compound in the iso-octane solvent before performing
the analysis. Tbis procedure is being used to determine con
centrations of 1 X lO-<lM R-ll in milk by extracting 4 volumes
of milk with one of iso-octane.

The data plotted in Figure 3 sh,)w that the calibration line for
R-ll is independent of the reagent solution as long as the si
multaneous blank determination. is also made. Consequently, a
single calibmtion is all that is required for the analysis of any
number of samples over any period of time.

The work described is concerned with only one compound, and
the general applicability of this procedure to all carbonyl com
pounds has not been experimentally verified. However, a
number of semiquantitative experiments with other aldehydes
and ketones indicate that extraetion by iso-octane under the
conditions of this method is probably a general property of
2,4-dinitrophenylhydrazones. In adapting this procedure to
the determination of a different carbonyl compound, a new
calibration is necessary, because the absorption maxima and
molar absorptivities of the 2,4-dinitrophenylhydrazones vary
with the structure of the carbonyl compound (.n. The rate of

ANALYTICAL CHEMISTRY

reaction may also vary and the reaction time should be deter
mined when calibrating for a different carbonyl compound.
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NOTE:

Since the presentation of tbis paper, it has been found that in
some instances-for example, the determination of traces of
acetone in hydrocarbons-it is possible to use 1 to 2 phosphoric
acid alone in the aqueous phase, thus eliminating the need for
repurified alcohol. The rate of the reaction may be decreased
somewhat by tbis change, so the mixing time should be checked
to be certain that the reaction is complete in the allotted time.
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Sensitivity ·of Bromine-Bromide Potelltiometric End Point
WILLIAM C. PURDY, EUGENE A. BURNS, and L. B. ROGERS

Department of Chemistry and Laboratory For Nuclear Science, Massachusetts Institute of Technology, Cambridge 39, Mass.

The sensitivity of the bromine-broD1ide potentioD1etric
end point has been investigated with respect to the fac
tors contributing to the reagent blank in a couloD1etric
titration. The size of the hlank often decreased with an
increase in the surface mt'ca of the indicator electrode,
an increase in the rate of stirripg the solution, and a
decrease in the current passed by the potentioD1eter,
thereby indicating that polarization was taking place.
The blank also depended upon other experiD1ental
factors such as the concentrations of reagents, the elec
trode rnaterial, and the l,lectrode pretreatD1ent. The
size of the potentioD1etri,c blank could be diD1inished
hy proper choice of the e:,periD1ental conditions so that
it closeEy approxiD1ated the corresponding aD1pero
D1etric blank.

ALTHOUGH both potentiometric (.~) and amperometric
(9) methods have been employed in coulometric titrations,

the former have the inherent advantage of being more readily
adaptable to successive determinations of a number of substances
in a mixture by observing in a single titration separate end
points for each. On the other hand, potentiometry is usually
limited to systems containing; a reversible half-cell reaction
whereas amperometry is not. The relative sensitivities for the
two methods have not been compared using a reversible half-cell
reaction, although it is interesting to note that one group of in
vestigators switched from cle,ssical potentiometry (.4-), to a
polarized potentiometric sys"bem when higher sensitivity was
required (3, 11, 12).

It has long been known that potentials for solutions more
dilute than about 1O-7M frequently do not correspond to those
calculated with the aid of the Nernst equation (5). In fact, the

observed potential has usually been found to be independent
of the concentration of the substance in question. Though
factors such as losses by adsorption onto walls of the container,
hydrolysis, and colloid formation may contribute to the end
result, control of the electrode potential may often pass over to
competing reactions because polarization occurs during the meas
urement. The potential of a system, although presumably
measured with no current flowing, is probably rarely ever meas
ured under ideal conditions, because of the limited sensitivity
of the galvanometer and the finite number of turns on the
slide-wire used for balancing the bridge. In instruments of the
vacuum-tube voltmeter type, a small grid current must be
passed to obtain a signal.

The purpose of the present study, therefore, was to examine
the factors that might influence the sensitivity of a classical
potentiometric end point-Le., the magnitude of the blank-on
the assumption that such a potentiometric measurement would
involve the passage of a small current. Then, under the same
conditions as for the potentiometry, the amperometric sensitivity
was determined for the same electrode, and the results were com
pared.

EXPERIMENTAL DETAILS

Reagents and Solutions. Stock solutions of 1M sulfuric acid
were prepared by dilution of the 96% reagent. A stock solution
of 2M sodium bromide was made by dissolving the weighed
amount of sodium bromide in I liter of distilled water. These
stock solutions were used in preparing the O.IM sulfuric acid and
O.2M sodium bromide ordinarily used as the electrolyte.

A standard 0.05143M solution of trivalent arsenic was prepared
by dissolving 1.2718 grams of arsenic trioxide in 1M sodium
hydroxide, neutralizing with IN sulfuric acid, and diluting to 250
ml.

Apparatus. A cell of the type reported by Myers and Swift
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(9) was employed with the following changes: A 150-ml. beaker
was substituted for the weighing bottle; an external cathode, in
contact with O.lM sulfuric acid, was used in the generating cir
cuit; and an external saturated calomel electrode was used as the
anode in the indicating circuit. Both the external generator
cathode and the indicator anode were connected to the cell by
means of potassium chloride-agar salt bridges after preliminary
runs had shown no measurable effect in substituting them for
sulfate bridges.

Platinum indicator electrodes of 11.54, 1.31, 0.201, and 0.0162
sq. em. area (geometric) were employed at different times, but
most of the work was done with the 0.201-sq. em. wire. Elec
trodes of gold, graphite, tungsten, silver, palladium, tantalum,
and platinized platinum of about the same size as the 0.201-sq.
em. platinum wire were also used.

Amperometric end points were detected by means of a Fisher
Elecdropode; potentiometric end points, by means of a Rubicon
potentiometer (Catalog No. 8702) having a 1.5-volt scale which
could be read to the nearest 0.5 mv., a Leeds and Northrup pH
meter (Model 7664), and a Beckman Model G pH meter. The
sensitivity of the galvanometer on the Rubicon potentiometer was
about 5 X 10-8 ampere per mm.; currents passed by the pH
meters, according to each manufacturer, were 2 X 10-12 ampere
for the Leeds and Northrup, and 1 X 10-12 ampere for the Beck
man. Ordinarily, the Leeds and Northrup instrument was
operated as a continuous indicator, whereas the others were
actually in the circuit only for the few seconds required to make
the measurement.

, ,

mined number of seconds, generation was stopped for 30 second!
and a measurement of potential or current then made. Ordinar
ily the solution was stirred vigorously during both the generatior
and the measurement.

Each curve was obtained at least three times in order to ensurE
the reliability of the result. In no case was a definite trend notec
within a series though it was often observed that the first deter·
mination on a particular day did not agree with the others. Be
havior of an electrode was checked each day by making one OJ
more runs under known conditions before investigating neVI
variables.

RESULTS

.Pretreatment of Electrode. During the early stages of thE
study it was frequently observed that the curves could not bE
reproduced, especially in day-to-day comparisons. This led tc
an examination of the effect of various pretreatment procedure:
on the reproducibilities and shapes of the curves.

As shown in Figure 1, preanodized indicator electrodes, an<
those washed with concentrated nitric acid, produced flat line:
until about 10-7 equivalent of bromine had been generated, fol
lowing which the slope changed to a value corresponding to thai
for the bromine-bromide couple (0.03 volt per tenfold change ir
concentration of bromine). In several instances there was!
slight decrease in potential between the initial flat portion of thE
curve and the beginning of the bromine-bromide slope. On thE
other hand, when the indicator electrode had been precathodized
an S-shaped curve was obtained which, however, attained thE
bromine-bromide slope at the same point as the preanodized elec
trode. Deaeration of the bromide-sulfuric acid mixture prior tE
the generation of bromine produced an igitial potential whicl
was less noble than otherwise. In addition, a somewhat large
number of equivalents of bromine had to be generated befor,
attaining the bromine-bromide slope. Longer periods of pre
cathodizing produced the same two effects as deaeration thougl
the increase in the blank was very slight a"nd may not have beel
significant.

10-7 10-6

Equivalents Bromine Generated

Figure 1. Effect of pretreatIllent on reproducibilities
and shapes of curves

Obtained using Leeds and Northrup pH meter and a 0.201 sq. ern. plati
num indicator electrode. Generation current, 100 p.a. to 10-6 equivalent
and 1.00 rna. beyond
Indicator electrode
1. Precathodized 5 minutes in O.lM sulfuric acid
2. Pretreated with bromine solution from a prior blank fun
3. Preanodized 5 minutes in O.IM sulfuric acid
4. Precathodized 5 minutes in a.1M sulfuric acid, and sulfuric acid

bromide solution deaerated 30 minutes with purified nitrogen before
initial generation of bromine

Current for generating the bromine was fed from an electronic
supply (10) through a parallel circuit so that currents from 1 p.a.
to 150 rna. could be selected. The current was determined by
measuring the potential drop across a Leeds and Northrup
decade box connected in series with the electrolytic cell.

Procedure. Ordinarily the generator anode and the indicator
cathode were pretreated simultaneously by a 5-minute electrolysis
in O.lM sulfuric acid using a current of 3 rna. The electrodes
were then washed by filling the cell with distilled water and stir
ring the -solution vigorously for 45 seconds. Three successive
washings were performed in this way. This washing procedure
was always used regardless of the pretreatment. employed.
Additional washings had been found to produce little effect and
were therefore abandoned early in the study.

A solution on which a blank was to be determined was pre
pared by adding an amount of distilled water to the empty cell
so that addition of appropriate volumes of the stock solutions of
sulfuric acid and sodium bromide brought the total volume to
100 ml. In each case a pipet was used to ensure reasonable
reproducibility.

Bromine was usually generated at currents from 100 p.a. to
2 rna., which, from polarographic studies, were known to be in
the range where one could expect 100% current efficiency for the
electrode in question (about 2-sq. em. area).' After a predeter-
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Figure 2. Effect of type of potentioIlleter and electrode
area on potentioIlletric curves

Generation current, 100 /,80. up to 10 -, equivalent and 1.00 rna. beyond
1-4. Leeds and Northrup instrument and platinum electrodes with

geometric areas of 11.5, 1.31, 0.201, and 0.0152 sq. em., respectively.
Curve 1 also. represents data obtained using Beckman instrument
with the 11.5-sq. cm. electrode

5. Rubicon potentiometer and 11.5 sq. cm. elect.rode. a, b, and care
concentrations where large platinum foil, small platinum foil, and
platinum wire, respectively, first gave "true" readings

When pretreatment consisted of the generation of 10-6 equiva·
lent of bromine, followed by three regular washings with dis·
tilled water, an S-shaped curve was also obtained. However
the initial potential was approximately halfway between thOSE
for the preanodized and the precathodized indicator electrodes.

Area of Electrode. As shown by the representative curves il
Figure 2, the curves obtained with electrodes of different areal
were found to depend upon the instrument employed for thE



Figure 4.

1990

measurement. For that reason, the results obtained with each
instrument are discussed separately.

In using the Beckman Model G, the two large foils and the
large wire electrode were found to require the same number of
equivalents of bromine to reach the point where the bromine
bromide slope began. However, the smaller the electrode, the
greater the drift in the readings at lower concentrations of bro
mine. Thus the larger foil was steady al, the initial point, before
any bromine had bE,en generated. However, measurements with
the small foil drifted slowly toward larger potentials until about
4 X 10-8 equivalent of bromine had beeD. generated; those with
the wire electrode, untillA X 10-' equivalent had been generated.
The smaller wire (button) electrode produced readings which not
only drifted but also moved erratically upward and downward in
going from one coneentration to the next; measurements did not
stabilize lmtil5 X 10-6 equivalent of bromine had been generated."

In contrast to the drift usually obtained with the Beckman in
strument, the Leeds and Northrup always produced compara
tively steady readings. Figure 2 show11 that the two-foil elec
trodes gave curves which were essentially identical and which
agreed with those obtained with the Beckman instrument. On
the other hand, the wire electrode produced a curve which started
out the same as those for the two foils, but, although it reached
the bromine-bromide slope at the same point as did the foils, its
potentials beyond that point were about 0.06 volt lower than
those for the two foils. This resulted in an apparent shift of the
inflection point toward higher concentl'9.tions of bromine. The
button electrode was distinctly different from the other three.
It began about 150 mv. lower than the rest, showed a very slight
increase (approximately 0.04 volt) in potential in the region where
the other electrode:3 showed a large chs,nge, and at still higher
concentrations of bromine showed aN. irregular trend toward
higher potentials. It is obvious from this last example that the
reliability of a potentiometric measurement should not be based
upon its stability.
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Figure 3. Effec1t of rate of stirring on potentiometric
curve

Obtained using Beckman Model G pH me,ter, 0.201-sq. em. platinum
electrode, and generation current of 100 .ua.
1. Solution stirred 1 minute after generatioCl had been stopped; then

stirring stopped for 1 minute before meas"lring potential
Stirring rates of
2. 150 r.p.m.
3. 300 r.p.m.
4. 450 r.p.m.
5. 600 and 900 r.p.m.

The Rubicon potentiometer appeared to be "dead" when at
tempts were made to measure solutions containing little or no
bromine. This behavior was similar to that encountered when a
high resistance was being measured, though, in this case, the re
sistance of the circuit was known to be less than 1000 ohms. As
bromine was generated, the dead region gradually dimiuished
until it finally disappeared. Hence, the decision was made to
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define arbitrarily a "true" reading as one in which a I-mv. change
in either direction from the null point on the scale of the potenti
ometer produced a I-mm. deflection on the galvanometer. If
more than a I-mv. change was required to produce such a deflec
tion, a potential was defined as "indeterminate."

The amounts of bromine which had to be generated in 100 mI.
of solution in order to obtain the first true readings were 6 X
10-8,2 X 10-', 3 X 10-6, and 2 X 10-· equivalent for the large
and small foils, the wire, and the button, respectively. At all
lower concentrations for the respective electrodes the readings
were indeterminate. Once a particular electrode had begun to
produce true readings, its values fell on a curve shared by the
larger electrodes. The curves for the large foil did not agree with
the corresponding curves for the Beckman or Leeds and Northrup
instruments either in the inflection point or in the point at which
the bromine-bromide slope was first attained.

Rate of Stirring. Solutions were usually stirred with a glass
paddle at 600 r.p.m. This represented the maximum rate at
which one could stir without introducing large numbers of bubbles
into the solution. It was recognized that stirring the solution
might not lead to results as reproducible as those one might have
obtained had the electrode itself been rotated. However, stirring
was felt to be the better choice because measurements were to
be made with large foils as well as with wires.

oIO~'••----'---L...JLJ.--"--'~I~o·:77---l.--'----'---L-':.LL-'-:'olc.:.-6--'----''--L-l...J....l..l.J:l
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Equivalents Bromine Generated

Effect of init~al concentration of bromide on
potentiometric curve

Obtained using Beckman Model G pH meter, 0.201-sq. em. platinum
electrode, and generation current of 100 /l-a. Electrolyte contained O.lM
sulfuric a.cid in addition to sodium bromide. Curves 1-6 represent ten
fold decrease. in bromide concentration from 0.2M to 0.000002M

Stirring rates of 600 and of QOO r.p.m. gave essentially identical
results, despite the large number of air bubbles stirred into the
solution at 900 r.p.m. However, as shown in Figure 3, rates of
450, 300, and 150 r.p.m. required progressively larger amounts of
bromine to reach the bromine-bromide potential. The extreme is
shown by curve 1, for which the solution was stirred 1 minute
after generation of bromine had stopped, and was then allowed to
stand another minute before the potential was read. Under
such conditions the initial potential for the titration curve was
always significantly lower, and the concentration of bromine re
quired to reach the bromine-bromide slope was much higher.
Hence, the rate of stirring had a marked effect on the apparent
size of the blank.

Composition of Electrolyte. One of the main reasons for
studying the effect of the composition of the electrolyte was to
determine whether or not the presence of small amounts of im
purities in the reagents was contributing to the blank. A study
was first made using different concentrations of bromide in tenfold
dilutions from 0.2M to 2 X lO-oM. Figure 4 shows that between
0.2M and 2 X 1O-4M the predicted change of about 0.06 volt for
each tenfold dilution was obtained in the region where the curves
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followed the theoretical bromine-bromide slope. However, the
2 X 1O-6M solution produced only half the predicted change,
while the 2 X 10 -6M gave very irreproducible results from run
to run. In the last case bromine may not have been generated
at 100% current efficiency, but this factor was completely over
shadowed by the effect of concentration polarization.

When the Leeds and Northrup instrument was operated con
tinuously in the normal fashion, results similar to those reported
above for the Beckman instrument were obtained, except that
erratic curves were produced in 2 X 1O-6M bromide rather than
in 2 X 1O-6M. On the other hand, when the leads to the indica
tor electrodes were disconnected, except for the few seconds re
quired to make a measurement, the polarization phenomena were
decreased so that the curves were in essential agreement with
·those obtained using the Beckman instrument.

The blank was essentially constant regardless of the concentra
tion of bromide. As a result, it was concluded that the impurity
in the bromide reagent made an insignificant contribution to the
blank.

1991

presence of bromine. The value of the potential (-0.125 volt)
was very close to the formal value predicted for silver in 0.2.M
bromide solutions. The tantalum electrode also gave a constant
potential at about 75 mv., but its value could not be interpreted
in terms of known half-cell reactions. The tungsten electrode
was apparently undergoing attack, because a measurable )}oten
tial using the Leeds and Northrup instrument could not be ob
tained until a concentration of 6 X 10-7 equivalent of bromine
had been generated. At higher concentrations of bromine the
potential gradually increased, reaching 160 mv. after 9 X 10-6

equivalent had been generated.
A study was made with the platinized-platinum electrode, be

cause it was felt that an increase in the microscopic or true area
of the electrode might decrease the polarization effects. (The
platinizing solution contained only chloroplatinate--Le., ions
such as lead, which are frequently added to improve the deposit
of platinum black, were absent.) It was interesting to find, there
fore, that such an electrode produced stable reading before bro
mine had been generated in the solution even when the Rubicon
potentiometer was employed. However, its potential was
comparatively insensitive to bromine, maintaining a relatively
stable potential at about 400 mv., and showing only a small S
shaped increase in potential after 5 X 10-6 equivalent of bromine
had been generated. If, instead of the usual precathodization,
the platinized electrode had been anodized for 15 minutes, a flat
line was obtained at 740 mv. over the entire range of bromine
concentration that was usually examined.

800,----~------------------...,

Figure 5. Effect of type of supporting acid and of
concentration of sulfuric acid on potentiOlnetric curve

Obtained using Beckman Model G pH meter, 0.201-sq. em. platinum
electrode, and generation current of 100 p.a. Electrolyte contained O.2M
sodium bromide in addition to acid
1. O.IM sulfuric acid
2. O.IM hydrochloric acid
3. O.IM perchloric acid
4. O.IM phosphoric acid
5. 1.0M sulfuric acid
6. O.OIM sulfuric acid

10-7 10-6

Equivalents Bromine Generated

10-5
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Figure 6. Effect of pretreatment upon potentiometric
curves

In Figure 5 are shown the curves obtained with different acids
and with different concentrations of sulfuric acid. Perchloric,
hydrocWoric, phosphoric, and sulfuric acids had essentially the
same blank when present in comparable molar concentrations.
More important, a tenfold increase in the concentration ofsulfuric
acid from 0.1 to l.OM resulted in less than a twofold increase in
the blank (and a decrea&; in the bromine-bromide potential of
about 0.03 volt), whereas a tenfold decrease in the concentration
produced no significant change in the blank. As a result, it can
safely be concluded that the O.lM concentration of sulfuric acid
usually employed did not make a major contribution to the over
all blank.

Electrode Material. Electrodes having about 0.2-sq. em. geo
metric area were fashioned from platinized platinum (no lead in
the platinizing solution), palladium, tantalum, tungsten, Eilver,
gold, and carbon (pencil lead). The gold electrode produced a
very interesting curve which had the same shape and the same
size blank as that of the platinum, but had potentials 150 mv.
more noble throughout the titration. This shift is in the direc
tion expected if the gold were acting somewhat as an indicator
electrode for its own ions in a solu~ion of bromide. The silver
electrode, which also acted as an indicator for its own ions in a
bromide medium, produced a stable potential unaffected by. the

Obtained during generation of bromine and upon subsequent curves
obtained by dilution of those solutions, using O.201-sq. em. platinum
indicator electrode and. genera tioD current of 100 ~a.

1. Generation cycle with usual precathodizing procedure
2. Dilution cycle for curve 1 using O.lM sulfuric acid, O.lM sodium

bromide, or a mixture of D.l-ill sulfuric acid and O.lil{ sodium bromide
as diluent

3. Generation cycle using an electrode that had been "prebrominated"
4. Dilution cycle for Curve 3 using sulfuric acid-sodium bromide

mixture .
5 and 6. Generation and dilution (with sulfuric acid-sodium bromide

mixture) cycles, respectively, using an indicator electrode that had
been preanodized

1-4. Obtained with Leeds and Northrup instrument
5 and 6. Obtained with Beckman

Interesting results were also obtained with the palladium elec
trode. It was observed that hydrogen was not evolved during
precathodization, even though oxygen was being evolved at the
anode. When such an electrode was used to measure the poten
tial of the bromine, a stable potential at -0.225 volt was ob
tained throughout the usual range of bromine concentrations.
However, after prolonged anodizing, the electrode started out at
about 200 mv. and maintained essentially a constant potential
until the point where the gold and platinum electrodes had reached
the bromine-bromide slope at which point it proceeded to in
crease slowly.. Though it is obvious from these results that the
palladium electrode cannot be used for measuring bromine, its
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avidity for hydrogen and the resulting stable potential lead to
the belief that it could be used as an arbitrary, but very useful
indicator electrode for acid-base titrations.

The carbon electrode gave a curve very similar to that for
platinized platinum, except that its initial potential was about 0.05
volt higher, and the point at which the curve reached a slope
approximating that of the bromine-bromide half-cell was closer
to that obtained with smooth platinum, being about 3 X 10-7

equivalent. b. this case, the larger blank may have been due to
reaction of bromine with the elect,rode, particularly with any
organic binder& that might have been present.

Position of Generating Cathode. The question of the effect of
the position of the generating cathode was investigated briefly,
because it was felt that the hydrogen generated in the solution
might be a factor contributing to the potential on the indicator
electrode. Though curves for internal and external generator
cathodes were e,3sentially the same, the decision was made to use
an external cathode to avoid the possibility of introducing varia
tions as a result of the presence of hydrogen in the solution.

DISCUSSION

From polarographic studies, it is known that the presence of
films on electrode surfaces requires the passage of a measurable
numher of microcoulombs in order to remove them, and thence
to obtain a more nearly true value for the polarographic process
alone: (6, 8). In addition, Wagner (13) has suggested that the
current required to charge a double layer on the surface of a I-sq.
em. electrode would also be appreciable when generating and
measuring 10-7 equivalent or less. From those considerations it
can be predicted that coulometric generations and detection of
trace amounts of bromine would he more accurate using smaller
areas for the generation and the indieator electrodes, because of
the smaller amounts of current required to condition the elec
trode surfaces. Another reason for using small indicator elec
trodes in amperometry was encountered by Lothe (7) in pre
liminary studies on the bromine-bromide system using the exact
setup of Myers and Swift (9) He observed that at generation
rates of the order of 10 j.la., the slope of the current versus the
microequivalents of excess bromine was much smaller than when
currents of 100 to 1000 J.l3. were employed. Furthermore, after
generation had been. stopped, a noticeable decrease in current oc
curred which could, however, be eliminated entirely by removing
the externally imposed potential from 1,he large amperometric
indicator electrode. Apparently, appreciable consumption of
the reagent by the indicator electrode (area of about 20 sq. em.)
was taking place. Therefore, the use of a smaller indicator elec
trode should, in principle, be desirable as a means of deereasing
the blank for both potentiometric and Mnperometric end points.
However, the present study showed that with present equip
ment, polarization effects became noticeable when small elec
trodes were employed in potentiometric measurements whereas
amperometric currents obtained with the button electrode were
too small to be measu.red accurately. The fact that the Rubicon,
which draws a larger current than the other two instruments,
was found to have larger blanks; that the blank decreased with
an increase in electrode size in measurements made with the
Leeds and Northrup instrument; that the results'with the wire
and with the button obtained with the Leeds and Northrup were
in the direction of consumption of bromine; that stirring was
effective in reducing the magnitude of the blank; and that the
operation of the Leeds and Northrup as a continuous reading
instrument, as opposed to an interrupted measurement, produced
larger blanks-all point to the existence of polarization.

There is no question that polarization alone cannot account for
the entire blank. It is likely that oxidizable impurities were
present in the reagents. However, the experiments involving
different concentrations of bromide and of sulfuric acid indicated
that these sources together probably did not account for a major
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portion of the blank. Nevertheless, in an effort to obtain more
information concerning this point, experiments were run on a
solution in which 1.6 X 10-7 equivalent of bromine had been
generated, following which 25 cc. of the solution had been re
moved by pipet, and 25 cc. of another solution substituted for it..
As shown in Figure 6 repetitive dilutions, using an indicator elec
trode which had been preanodized, resulted in a continuation of

.the bromine-bromide slope to smaller concentrations than had
been found to obey the Nernst relationship when bromine was
being generated. The fact that the dilution was carried out with
25 cc. portions of a stock mixture of bromide in sulfuric acid indi
cated that the impurities in these two substances were not of
major proportions. However, it is interesting to note that after
an electrode had been precathodized or had simply been used to
generate bromine in another aliquot of the stock solution of bro
mide-acid, the dilution curve tended to retrace the S-shaped gen
eration curve. Dilution curves for the precathodized electrodes
may indicate the presence of small amounts of hydrogen which
diffused out of the platinum to establish a mixed potential,
whereas those for the preanodized surfaces may indicate the pres
ence of a film either of oxygen gas or a sorbed layer (2) with suffi
cient capacity to counteract the impurity added by the dilution.

�0001,-------------------------,

SOD
>
E

200

0IQL.",.---'-----L--L--'--LL.L.l..lIO~-7o--L--'---L...1--'--LLlI-'-O-,o.•-....!...---'---''-'-...L.J...LLJICTS

Equivalents Bromine Generated

Figure 7. Effect of waiting different lengths of tixne
before Illeasuring potential of O.201-sq. cm. platinum.
indicator electrode with Leeds and Northrup pH meter

Generatio-n current was 100 J,&B.
1-4. 0, 15, 30, and 60 seconds of waiting, with generation current off,

before measuring potential

From these dilution studies it would appear, by inference, that
the chief source of impurities might be the distilled water. How
ever, brief studies with water from different sources, including
doubly-distilled water and distilled water stored for various times,
did not result in significant differences which would justify addi
tional experiments along this line.

Another factor considered as a possible contributor to the
blank was that of incomplete stripping of bromine from the gen
erator anode. As shown in Figure 7, the magnitude of the blank
was indeed a function of the length of time that was waited be
fore measuring the potential. However, a delay longer than 30
seconds before measuring the potential did not appear to produce
a significantly smaller blank.

The question of whether or not the formation of a film and/or
the charging of a double layer can account for the blank has al
ready been mentioned briefly. One of the most important argu
ments, which would appear to indicate that the formation of such
a film is not a major contributor to the blank in the present study,
is the fact that in measurements with the Beckman instrument,
where polarization effects were minimized, blanks for the wire
and for the two foils were essentially identical. It must be con
cluded, therefore, that if film. formation is indeed necessary, the
amount of current required was too small to be detected by the
technique employed in the present study.
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Figure 8. Variation of blanks with size
of electrode using potentioIlletric and

ainperoIlletric IlleasurcIllcnts

Potentiome"tric curves obtained using Leeds and
Northrup pH meter. Generating current was 100 p.a.
1 and 2. Amperometric and potentiometric curves

for 0.201 sq. em. wire
3 and 4. Amperometric and potentiometric curve;3

for 11.54-sq. em. platinum foil

amperometry by imposition of a potential of +0.41 volt on the
indicator electrode by means of a Fisher Elecdropode.. The or
dinates for the two sets of amperometric titrations were selected
in such a way as to normalize them approximately in terms of the
.geometric areas of the electrodes.

The conclusions from these comparisons are most interesting.
With both electrodes, amperometric indication of "exce~s bro
mine," if considered in terms of the first deviation from a linear
extrapolation from the first two or three points of the ampero
metric curve, nearly coincides with the beginning of the rapid rise
of the S-shaped· portion of the potentiometric titration curve.
For both electrodes, however, the first deviation on the ampero
metric curve appears to precede slightly the beginning of the rapid
rise of the values on the potentiometric curve. The difference
seems to be greater for the larger electrode, but it cannot really
be said from the limited data on hand whether or not this dif
ference is significant. Secondly, although the inflection point
of the potentiometric curve (on a linear time-scale or on a loga
rithmic time-scale) cannot be determined with high precision, it
appears to fall at the same concentration as the amperometric end
point. Thirdly, the concentration at which the current first ap
pears to fall on a straight line beyond the amperometric end point
is the concentration at which the potentiometric curve first
begins to follow the bromine-bromide slope. The close corre
spondence of the amperometric and the potentiometric curves
would appear to leave little to choose between them. However,
it is likely that the first indication of excess bromine might be
detected less ambiguously by the amperometric method. Fur
thermore, excess reagent might be detected sooner under condi
tions where an appreciable portion of the blank was not con
tributed by the surface. The presence of an imposed potential
should precondition the electrode surface, thereby decreasing the
magnitude of the blank.

Figure 8' also shows the decrease in slope beyond the end point
that was obtained when larger electrodes are employed. This
decrease was attributed to the consumption of bromine by the
amperometric indicator electrode. If still larger eiectrodes were
used, the bromine was consumed faster (7) and produced notice
able curvature even though the potential was imposed on the
indicator electrode only for the few seconds required to obtain a
measurement of the current.

In view of the conclusions reached above, that the relative
sensitivities of the amperometric and potentiometric end point~

were essentially the same for the electrodes used in the present
study, it was of interest to compare the results of amperometri(
and potentiometric determinations of arsenic when they, too.
were obtained under comparable conditions. As shown in TablE
I, the precision and accuracy of both poteJ:ltiometric and ampero·
metric determinations of 77.0 l' of arsenic(III) were in essentiaJ
agreement. Trial calculations showed that it did not appear tc
matter which of the three corresponding pairs of points was se·
lected as the end point, providing the comparable position on thE
curve for the other method was selected in accordan,ce with thE
discussion given above. However, when the amount of arsenil
was reduced tenfold, the results were high, by both methods
although theamperometric method appeared to be somewhat morE
accurate and more precise than the potentiometric. The advan·
tage was slight, but unambiguous at this level of concentration
It seems likely that the advantage might have been increasea al
still lower concentrations of arsenic in accordance with the reason·
ing outlined above. However, the present study was not ex·
tended to smaller amounts of arsenic, because the precision ever
for the amperometric technique was rather poor even at a leve
of 7 l' of arsenic. It appears that such a study might best bl
carried out using a very small electrode for the reasons mentionec
earlier. A more sensitive galvanometer would then be require<
for amperometric measurements and for detecting the null poin'
in a potentiometric ,measurement. Alternatively, a. vacuum
tube voltmeter requiring the passage of a much smaller curren
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A moderate amount of information has been accumulated which
indicates that the initial portions of the titration curves, prior
to the points beyond which the bromine-bromide slope is obeyed,
are mixed potentials.' Evidence for this is shown in the differences
between the precathodized and the preanodized indicator elec
trodes. With each washing of a precathodized electrode, the po
tential progressively rose, whereas successive washings with a
preanodized electrode gave progressively lower potentials; fur
thermore, the longer the precathodization, the lower the initial
potential. Also, deaeration of the solution prior to generation of
bromine resulted in lower potentials for precathodized electrodes.
Other evidence may be found in the curves for electrode materials

other than smooth platinum. The displacement of the curve
of the gold electrode below that of smooth platinum is perhaps
the most convincing, although the behavior of the other electrodes
is also in accord with this conclusion. The fact that platinized
platinum required a larger blank may have been because of the
presence of more hydrogen on the surface, but it was more proba
bly the result of the fact that the exchange current for the hydro
gen reaction was higher on such a surface with the result that
higher concentrations of bromine were required in order to make
themselves felt by "taking over" control of the potential o{ the
electrode. In general, slower reactions having smaller exchange
currents would require higher concentrations of the species before
they could control the potential of the electrode,' or could mini
mize polarization effects to the same extent as a faster reaction (1).

In view of the fact that the literature often implies that the
amperometric end point is more sensitive than the potentio
metric, it appeared desirable to examine this conclusion using a
single electrode under conditions that were maintained rigidly
the same for both sets of measurements. As shown in Figure 8,
this was carried out with two different sizes of electrodes, the
potentiometry being carried out as described heretofore and the
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might be useful in potentiometry. However, such measures will
not decrease the apparent potentiometric blank if the relative
magnitudes of the exchange currents for the desired I.'eaction and
for a competing one are such that the latter is already controlling
the potential of the electrode.

Table I. CODlparison ofPotentiometric and Am.perom.etric
End Points for CouloDletric DeterIDination of Arsenic

(Using 0.201 sq. em. platinum electrode in vigorously stirred solutions.
After each period of bromine generation, intervals of 30 seconds for 77.0 "y

and 45 seconds for 7.70 "y of arsenic were interposed before connecting the
indicator leads for the few seconds required to obtain a reading)

RECE",ED for review October 8, 1954. Accepted August 24, 1955. Pitts
burgh Conference on Analytical Chemistry, Pittsburgh, Pa., March 1955.

(11) Reilley, C. N., Cooke, W. D., and Furman, N. H., Ibid., 23,
1223 (1951).

(12) Ibid., p. 1226.
(13) Wagner, C., private communication, 1952.

Single b 77.0 77,8 ± 0,6· 76.7 ± 0.9·
Successived 77,0 77.3 ± 0.3 77.3 ± 0.5
Singleb 7.70 8.51±0.28 9.30±0.38
Successived 7,70 8.28±0.18 8.92±0.35
Single" Blank 9.8 ± 0.2 X 10-' eqniv. 8.9 ± 0.2 X 1041 eqniv.

a Inflection point on linear-time basis used as end point; Leeds and
Northrup instrument.

b Three determinations starting with fresh stock solution of bromide and
acid, and with pretreatment consisting only of three regular washings to
remove bromine from previous fun.

C Av. dev.
d Three determinations run in series using a single portion of bromide-acid

solution.
" Quadruplicates.
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Coulogravimetric Dertermination of Zinc and Cadmium
WILLIAM M. MAcNEVIN lind R. D. MclVERl

McPherson Cllemical Laboratory, The Obio State University, Columbus, Obio

m = number of milliequivalents (Zn + Cd)The principle of coulograviDletric analysis, an example
of double Dleasurenlent, has been shown to be appli
cable with the Dlercmry cathode. Mixtures of zinc and
cadmium are deposited electrolytically and weighed.
The nUInber of couloDlbs required is also deterDlined
and results are obtained by solution of simultaneous
equations.

m

coulombs used = wt. of Zn + wt. of Cd
96500 0.03269 0.05621

wt. of Zn + w - wt. of Zn
0.03269 0.05621

(2)

(3)

COULOGRAVIMETRIC analysis or the simultaneous ap
plication of coulometric and gravimetrie measurements was

described earlier (5) in its application to the analysis of mixtures
of chloride and bromide. Chloride and bromide, which cannot
be separated by electrodeposition, were deposited together on a
silver cathode and weighed. The number of coulombs required
t,o deposit both was also determined, and the solution of simlil
taneous equations gave values for the amounts of chloride and
bromide. At about the same time DuRose and Hutchison (1)
reported use of the same principle in determining the composition
of commercial lead-tin alloys plated from fiuoborate electrolytes.

This paper reports the extension of the method to the mercury
cathode, using zinc and cadmium as the pairs of metals. The
mer:cury cathode in electrolytic analysis of individual. metals has
been studied by Lingane (2).

In the work described, the potentials suitable for depositing
both metals on the mercury cathode were determined polaro
graphically. The increase in weight of the cathode, w, and the
total number of milliequivalents, m, of zinc and cadmium were
determined from coulometric measurements. The weights of
zinc and cadmium were obtained from the following considera
tions:

APPARATUS

A Lingane-type potentiostat (3) was used and the contacts of
the galvaIliOmeter relay were adjusted to give control to ±0.01
volt. The cell used is shown in Figure 1. It consisted of a 180
mI. tall-form electrolytic beaker which held the supporting elec
trolyte. The cathode support, E, was constructed from 15-mI.
borosilicate glass tubing which insulated the platinum or tungsten
contact and copper lead from the electrolyte. The anode, A, was
a coil of silver wire or a coil of copper wire heavily plated with
silver. Stirring was provided both by a magnetic stirrer, H, J,
and a propellor-driven stirrer, C. Contact with the calomel elec
trode, K, was made with a saturated potassium chloride-4%
agar salt bridge, F, and outgassing was done with nitrogen through
the bubbler tube, G, D. The cell was covered in order to maintain
an atmosphere of nitrogen over the electrolyte.

A 100-m!. hydrogen-oxygen coulometer of the Lingane type (4)

Wt. of Cd = w - wt. of Zn

0.03269
Wt. of Zn = 0.02352 (0.05621 m - w) (4)

(6)

(5)

v: (2.141 X 10-5)m

v = volume of gas in milliliters
P corrected pressure in mm. of mercury
T = absolute temperature

where

(1)w = weight of zinc + weight of cadmium

1 Present address, U. B. Armyp Box D, Lorraine, Kan.
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Table I. Coulogravimetric Determination of Zinc and
Cadmium

Approx. Errors

% Znin Present, Mg. Found, Mg. Absolute, Mg. Relative, %
Zn + Cd Zn Cd Zn Cd Zn Cd Zn Cd

100 130.8 131.2 0.4 0.3
100 130.8 131.3 0.5 0.4
100 130.8

22:5
131.2

23:0
0.4 0.3

'2:284 117.7 117.5 -0.2 0.5 -0.2
67 91.6 45.0 91.3 45.8 -0.3 0.8 -0.3 1.8
51 91.6 89.9 91.1 90.9 -0.5 1.0 -0.6 1.1
37 65.4 112.4 66.3 111.5 +0.9 -0.9 1.4 -0.8
37 65.4 112.4 65.6 112.4 0.2 0.0 0.3 0.0
37 65.4 112.4 65.5 112.8 0.1 0.4 0.2 0.4
37 65.4 112.4 64.8 113.5 -0.6 0.9 -0.9 1.0
25 52.3 157.3 53.8 156.2 1.5 -1.1 2.9 -0.7

0 224.8 224.4 -0.4 -0.2
0 224.8 224.6 -0.2 -0.1

was used. The electrolyte was 0.25M potassium dichromate, for
which the following vapor pressure corrections were used: 24°C.,
22.2 mm.; 25°,23.5 mm.; 26°,25.0 mm.; 27°,26.5 mm.; 28°,
28.1 mm.; 29°,29.8 mm.; and 30°,31.5 mm.

The value 0.1739 m!. per coulomb was used and the coulometer
was found accurate to within ±0.2% upon comparison with a
silver coulometer. Dichromate was used as coulometer electro
lyte because it eliminated the mold growth which made potassium
sulfate electrolyte unsuitable for more than 24 hours use.

PROCEDURE

The cathode, freshly filled with reagent mercury, was washed
once with distilled water and twice with anhydrous acetone, and
was allowed to stand 20 minutes at room temperature for the
acetone to evaporate, and then weighed.

b,

Figure 1. Electrolysis cell

The unknown zinc-cadmium solution was introduced into the
cell with enough 2M potassium chloride and distilled water to
make the resulting solution 1M in potassium chloride. The solu
tion was outgassed with nitrogen for at least 5 minutes before
introduction of the mercury cathode and the nitrogen was allowed
to bubble throughout the electrolysis. The electrodes, mercury
pool, stirrer, and salt bridge were lowered into place and the
mercury pool stirrer was started at 250 r.p.m.

The electrolysls was begun at -1.45 volt VS. S.C.E. (saturated
calomel electrode). (The sign of the electrode potentials used in
this paper is in accord with the European convention, in which
the calomel electrode is positive with respect to the normal hydro
gen electrode.) When the current dropped to a constant value of
0.2 to 0.6 ma., the coulometer was read and the cathode was re-
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moved from the cell, washed, dried, and weighed just as was donI
prior to electrolysis. The cathode was quickly introduced intI
the cell again and a blank run was made to correct the origina
electr:<>lysis for residual current. Care was takien to duplicate tht
conditions which existed for the actual run, particularly the rat<
of stirring and cathode potential. The blank was run for tht
same length of time, or some fraction of the same time, to deter·
mine the amount of gas liberated and gain in weight of the cathod<
which was due to the flow of the residual current. These blank
corrections were subtracted from the original values and resultf
were calculated from Equations 4, 5, and 6.

RESULTS AND DISCUSSION

Typical analyses of zinc and cadmium mixtures (Table I) sho"
that the major constituent may be determined with acceptabl<
accuracy for many purposes. The precision is not as good a!
for the chloride-bromide determination and this is attributed t<
variations in the rather large blank determination, which amount!
to 2 to 6% of the total volume of gas liberated. The size of thE
blank correction was determined by measurements of the reo
sidual current which flows during the electrolysis.

L&J
I
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Figure 2. Effect of stirring rate and
cathode potential on residual current

It was also observed that the residual current increases regu
larly with increased rate of stirring. Figure 2 shows this effect.
Even at low stirring rates, the speed must be carefully controlled
in order to obtain reproducibility. The residual current in
creases with increased cathode potential as shown in Figure 2,
thus limiting the use of greater cathode potentials to hasten
deposition. The residual current was not influenced by pH
changes from 0.2 to 12.0 nor by changes in chloride ion concen
tration from 0.2 to 4.0M.

This work shows that the principle of simultaneous measure
ments, coulometric and gravimetric, can be successfully used with
the mercury cathode and that mixtures of zinc and cadmium
may be successfully analyzed electrolytically without separation,
with accuracy sufficient for many purposes.
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Spectrophotometric Titration of Chromium and Vanadium
JAMES W. MILES and DUANE T. ENGLIS

Department 0" Chemistry and Chemica/Engineering, University of I/Iinois, Urbana, 1/1.

l\'Iethods have been developed for the sI",ctrophoto
llletric titration of chrOlniulll(VI) with either iron(II)
or arsenic(III) based on the change in absorbance ob
served at 350 lll!'. Similarly, vanadiulll(V) has been
tiqat,ed with iron(II). Solutions containing chrollliulll
and vanadium have beeu determined by oxidation with
potassiulll brOInate and spectrophotolll~'trictitration
of the chrollliulll(VI) with arsenic(III) followed by the
titration of the vanadiulll(V) with iron(II). The
lllethod was tested on solutions containing 1.7 to 17.3
Ing. of chrollliulll and up to 4.8 lllg. of vanadiulll and
successfully applied to steel salllples containing these
delllents.

DICHROMATE solutions have been shown (2) to possess
two absorption peaks in the ultravi.olet region while

chromium(III) exhibits little absorption in the f,ame range. The
high molecular absorbance of the former (for potassium dichro
mate e = 2400 at 350 m!') suggested the possibility of determina
tion of chromium by photometric titration. It was found (5)
that milligram amounts of chromium coul,dbe titrated with
standard ferrous sulfate by observing the Chll,llge in absorbance
:1t 350 mIl. The iron(III) ion absorbs strcmgly at this point,
but this interference may be overcome by addition of phosphoric
acid which complexes the iron and shifts the absorption peak
to the shorter wave-length region. The reveTse titration, ferrous
iron with dichromate, may be similarly performed. Quinque
valent vanadium is also reduced by ferrous sulfate and the
titration can be followed spectrophotometl'ically, although the
molecular extinction coefficient for vanadic acid (e = 150 at
350 m!') if considerably lower than that of dichromate.

3

350

F'igure I. Absorption curves

1. O.OOlON K,C..O,
2. O.OOlON Cr2(S04),
3. O.0002N Fe+++ in 5N H,P04 and IN H,S04

H was thought that if solutions containing mixtures of chro
mium and vanadium were oxidized, then titrated with ferrous
suliate solution and the titration foHowed spectrophotometrically,
breaks in the ourve would indicate the relative amounts of the
two ions present. In practice, good curves were obtained as
predicted, but the results for chromium were consistently high
and those for vanadium were consistently low. This indicated

that some of the vanadium was being reduced along with the
chromium. In addition, the slight slope of the curve, especially
at the second end point, made readings difficult.

In the method of Kolthoff and Sandell (4), selective reduction
of chromium in mixtures of chromium and vanadium is carried
out using arsenious acid in acid ~edium. As neither arsenite
nor arsenate ions absorb at 350 mIl, it seemed likely that the
arsenite reagent could be substituted for the ferrous sulfate in
the spectrophotometric titration of dichromate. It was found
that dichromate could be titrated with arsenious acid, yielding
curves very similar to those obtained with the ferrous sulfate
method. When mixtures of dichromate and vanadate were
titrated with arsenious acid, a sharp break was obtained at the
chromium end point. The vanadium could then be titrated with
the ferrous sulfate and a second end point obtained.

APPARATUS USED

A Model DU Beckman spectrophotometer equipped with the
hydrogen lamp for operation in the ultraviolet range was used for
the absorbance measurements. A Sorenson Isotronic power
supply Model E was utilized instead of a storage battery.

'"u
~ 0.5
lD
a::
o
f/)

lD
0(

'----G..---o--o-o--o-----

0,0 '---'--_-'----'_-'--_:-'=-----''---'-_...L.-_'-- -'

1.0 ML.

Figure 2. Titration of 0.0020N potassiulll dichro
lllate with O.lN ferrous sulfate in 5N phosphoric

acid at 350 lll!,

A special cell, similar to that described by Goddu and Hume
(3), was constructed from quartz. The total capacity was about
150· mi. and the diameter of the part through which the light
passed was about 2 cm. A special frame .was constructed from
aluminum stock which was designed to support the cell and fit
into the I-cm. cell compartment of the Beckman instrument.
The only change required in the instrument was the removal
of the'carriage which normally supports the cell holder. This
permitted the cell to extend well down below the light path. The
cell was fitted with a two-holed rubber stopper to provide for a
buret tip and a mechanical stirring device. All parts of the frame
and cell, with the exception of the lower area through which the
light must pass, were coated with a flat black paint. Titrations
were made with a 5-ml. buret graduated in O.OI-ml. divisions.

METHOD FOR CHROMIUM

From Figure 1 it can be seen that addition of ferrous ions,
which do not absorb in the ultraviolet region, would reduce the

1996
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Si01ultaneous Deter01ination of ChroIlUiu01 and Vanadiu01 by Titration
with Arsenious Acid and Ferrous Sulfate

~=350 M)..{

-'0'.'85
-0.85
-0.87
-0.58
-0.27
-0.20
-0.58

Error.
%
V

Error,
Mg. of

V

-0:041
:-0.041
-0.021
-0.028
-0.013
-0.005
-0.014

filter through asbestos. Trans·
fer the precipitate along wit!
the asbestos. into an Erlen
meyer flask, and add 25 ml. 0
water and 2 ml. of concentrate(
sulfuric acid. . If a black pre·
cipitate of carbonaceous mat·
ter is observed upon the initia
dissolution of the sample in hy·
drochloric acid, heat to boilin~

and add 1 m!' of concentrate(
nitric acid. Boil to expel·thl
oxides of nitrogen and add ]
gram of potassium bromate
Boil for 5 minutes, then ad(
3 grams of ammonium sulfatl

.and continue boiling until nl
vapors of bromine are visible. Add 5 m!' of LV hydrochloric aci<
and boil until the vapors give no test for bromine with starch

. iodide paper. Filter through sintered glass, add 5 ml. of 85l}:
phosphoric acid, and make to approximately 50 ml. Transfe
to a quartz titrating cell and titrate the dichromate with arseni
ous acid at 350 mJL as described above. After the end point ha
been established, replace the buret with one containing ferrou
sulfate and titrate the vanadate. The dichromate titration pro
ceeds rather slowly, especially near the end point, and a fev
minutes should be given for the solution to reach equilibriun
before making absorbance readings in the final additions of arseni
ous acid.

4.792
4.792
2.396
4.805
4.820
2.412
2.403

V
Found,

Mg.

Cr Error, Error, V
Found, Mg. of % Taken,

Mg. Cr Cr Mg.

1.733 ±O.OO ±O.OO None
4.353 +0.020 +0.46 None
1.746 +0.013 +0.75 4.833
1. 750 +0.017 +0.98 4.833
1. 741 +0.008 +0.47 2.41'7
1.740 +0.007 +0.40 4.833
4.360 +0.027 +0.63 4.833
8.678 +0.013 +0.17 2.41'7

17.370 +0.20 +0.034 2.417

Cr
Taken,

Mg.

1.733
4.333
1.733
1. 733
1.733
1.733
4.333
8.665

17.336

Table I.

absorbance of the solution up to the removal of all chromium(VI)
ions, provided the ferric ions were complexed with phosphoric
acid. A plot of such a titration is shown in Figure 2.

Known samples of dichromate solutions were pipetted into the
special titration cell and 3 ml. of 85% phosphoric acid and 25 ml.
of 2N sulfuric acid were added. The rubber stopper was then
placed in the top of the cell with the 5-ml. buret and stirrer in
place. The tip of the buret was adjusted so that it extended .
just below the surface of the solution. The monochromator was
set at 350 mJL and the absorbance at A = 2. The slit and sensi
tivity controls were then adjusted until the pointer registered
zero. (For very dilute solutions of dichromate an initial setting
of A = 1 was found to be more satisfactory.) After adjustment
of the instrument, the O.IN ferrous sulfate solution was added in
0.200-m!. increments. The solution was stirred and the absorb
ance was read after each addition. A graph was then plotted and
the end point was established.

1.0

Figure 3. Titration of dichro01ate-vanadate
O1ixture with arsenite and ferrous sulfate

Table II. Deter01ination of Chro01iu01 and Vanadiu01 iI
Bureau of Standards Steel

w
U
z
.«
'"'"o
'"'"«

3.5
ML. 0.0.2 .4 ,6 ,8 lO 1.2 1.4 1.6

2.51.5

0.5

The above method was tested on Bureau of Standards stee
sample 30-d which contained in addition to chromium and vana
dium, 0.363% of carbon, 0.78% of manganese, 0.031 % of phos
phorus, 0.031 % of sulfur, 0.286% of silicon, 0.092% of copper
0.150% of nickel, and 0.034% of molybdenum. A preliminar~

separation of the iron wa~ found to be necessary to prevent inter
ference from the large excess of ferric ion which absorbed a
350 mJL even though complexed with phosphoric acid. GOO(
results were obtained after removing most of the iron employinl
the method proposed by Cain (1) and supplemented by Willan
(6). By this process, the chromium hydroxide and vanadil

METHOD FOR MIXTURES OF CHROMIUM AND VANADIUM

The spectrophotometric method for mixtures of chromium
and vanadium is based on the selective reduction of chromium(VI)
by arsenious acid, followed by the reduction of the vanadium(V)
with ferrous sulfate.

Known samples of mixtures of potassium dichromate and
vanadic acid were placed in the titration cell and 6 ml. of 85%
phosphoric acid and 2 m!' of concentrated sulfuric acid dissolved
III 10 m!. of water were added. The volume was then made to
approximately 50 m!' with water and stirred. The monochro
mator was set at 350 mJL and the absorbance at A = 2.0, and the
slit control was adjusted until the needle rested at zero. Stand
ard O.IN arsenious acid solution was added in 0.200-ml. incre
ments and absorbance readings were made after each addition.
All absorbances were corrected for dilution of the titrant. The
reaction was slow, especially near the end point, and care was
taken to allow equilibrium to be reached before making readings.
After the addition of about 1.0 m!' past the end point to establish
the break in the curve, the buret containing arsenious acid was
replaced by one containing O.IN ferrous sulfate, and the titration
was continued in the same nianner. Good curves with sharp
breaks at both end points were obtained by this method. A
typical curve is shown in Figure 3.

Results by this method (Table I) were generally good with an
average error of 0.44% for chromium and 0.60% for vanadium
for quantities in the range of 1.7 to 17.3 mg. of chromium and up
to 4.8 mg. of vanadium. The values from chromium are con
sistently a trifle high, while those for vanadium are consistently
a trifle low. This may indicate that a small amount of the
vanadium may have been reduced by the arsenite.

Error,
%

-0.010
-0.003
-0.002
+0.002

DETERMINATION OF CHROMIUM AND VANADIUM IN
STEEL SAMPLES

Dissolve about 1 gram of sample in 10 m!' of dilute hydrochloric
acid (1 m!' of water to 2 m!' of acid), warming slightly to hasten
dissolution. As soon as evolution of hydrogen ceases, dilute to
200 m!' with boiling water and add sodium bicarbonate solution
(80 grams per liter) from a buret until the first permanent pre
cipitate forms, then add 3 ml. of excess. Boil for 1 minute and

(NBS sample 30-d, bromate oxidation and spectrophotometric titration witl
arsenious acid and ferrous sulfate)

Chromium, % Vana.dium, %
Bureau of Spectra- Error, Bureau of Spectro-
Standards photometric % Standards photometric

1.15 1.154 +0.004 0.19 0.180
1.15 1.146 -0.004 0.19 0.187
1.15 1.153 +0.003 0.19 0.188
1.15 1.144 -0.006 0.19 0.192
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hydroxide were precipitated with sodium biembonate while the
reduced iron remained in solution and was discarded in the fil
trate.

The bromate oxidation method is somewhat more diffieult
than the usual persulfate oxidation. However, it was selected
after repeated trials using persulfate gave erratic results for
vanadium. Results are given in Table II.
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Microscop,ic Identification of Microgram Quantities
of L-Arabinose and L-Fucose
Direct Synthesis of Crystalline 2,4-Dinitrophenylhydrazone and
1,1-Diphenylhydrazone Derivatives by Solvent Diffusion Technique
GERALDINE E. SECOR and LAWRENCE M. WHITE

Western Utilization and Research Branch, Agricultural Research Service, U. S. Department of Agriculture, Albany 10, Calif.

The previously described solvent diffusion technique
for thel identification of D-fructose has been extended
to the identification of L-arabinos<e using 2,4-dinitro
phenylhydrazine and pyridine, andl L-arabinose and
L-fucose using 1,I-diphenylhydrazille and 70% ethyl
alcohol. The sugar hydrazones al1e formed by direct
sy»thesis at rOODl temperature and, are observed and
identified nricroseopicaUy. As little as 1 to 10 l' of the
pure or 5 to 15 l' of the chromatographically separated
pentose gives the test.

ATEST has been described for identifying microgram
amounts of some pure and chromatol~raphicallyseparated

pentoses and hexoses, particularly D-fructoEe, by direct synthesis
and microscopic observation of their 2,4-dinitrophenylhydrazones
(in The test given by L-arabinose under these conditions was so
insensitive that it was considered as an interference in the test
for D-fructose. This paper reports an improvement in the sensi
tivity and specificity of the 2,4-dinitrophenylhydrazine test for
L-arabinose and describes a similar test for identifying microgram
amounts of pure and chromatographically separated L-arabinose
and L-fueose as their crystalline 1,1-diphenylhydrazones. In
formation obtained by the combined use of these tests and the
test previously published (3) can be a valuable aid in confirming
the identity of an "unknown" sugar.

APPARATUS AND REAG,IcNTS

Apparatus as previously listed (3).
Micropipet, approximately 0.5-ILI. capacity.
Usual equipment for descending paper chromatography.
Equipment for eluting sugars from chromatograms (3).
Pure L-arabinose, I.-fucose, D-ribose, and D-galactose.
2,4-Dinitrophenylhydrazine-ethyl acetate reagent (3).
Pyridine, reagent grade.
1,1-Diphenylhydrazine reagent. Add 0.25 millimole (21 mg.)

of powdered anhydrous sodium acetate, reagent grade, to 0.25
millimole (55 mg.) of finely ground 1,1-diphenylhydrazine hydro
chloride in a glass weighing bottle. Mix by gently rotating the
container for a few minutes and keep in a desiccator when not in
use. The reagent gradually becomes sticky, owing to absorption
of moisture and liberation of the free base. It should be replaced
with a fresh mixture when it becomes sticky.

Ethyl alcohol, 70%.
Mineral oil, heavy.
Filter paper, Whatman No.1 sheets.
Ethyl ether, anhydrous, reagent grade.

n-Butyl alcohol-ethyl alcohol-water (10: 1: 2).
Duolite A-4 and Amberlite IR 120-H resins (3).

METHODS AND OBSERVATIONS

Using the reagents indicated below for the various tests, pre
pare and assemble the diffusion cell, and observe the progress of
the diffusion as previously described (3). Compare the appear
ance of any reaction product with that of products formed under
the same conditions by authentic sugars, with blanks prepared
with the hydrazine reagents, and with the sugars only on the
slide.

2,4-Dinitrophenylhydrazine-Pyridine Test for L-Arabinose.
Wet the dried sugar spot with fou·r or five applications of the 2,4
dinitrophenylhydrazine-ethyl acetate reagent, using a small glass
rod. Apply sufficient reagent to leave some undissolved after
diffusion is complete. Place 0.5 to 0.6 ILL of pyridine in the well
of the culture slide and immediately assemble and seal the cell.

l,l-Diphenylhydrazine-Ethyl Alcohol Test for L-Arabinose and
L-Fucose. Cover the dried sugar spot with an excess of the 1,1
diphenylhydrazine-sodium acetate reagent. Invert the slide and
tap it to remove reagent not adhering to the sirup. Remove
reagent remaining outside the sugar area with a fine camel's-hair
brush. Place 1 ILL of 70% ethyl alcohol in the well of the culture
slide. Assemble and seal the cell immediately.

OBSERVATIONS. Table I gives a brief description of the prod
ucts formed in the various tests, the time required for the
reaction products to appear, and the approximate amount of
sugar required to give a visible test.

DISCUSSION

2,4-Dinitrophenylhydrazine-Pyridine Test for L-Arabinose.
Under the conditions described for this test only three of the
sugars listed in Table I-L-arabinose, L-fucose, and D-galactose
give a visible reaction product. L-Arabinose is readily separated
from the other reacting sugars by chromatography with n-butyl
alcohol-ethyl alcohol-water (10:1:2), so the test on an eluate
from a chromatogram is specific for L-arabin6se. The present
test using pyridine is about ten times as sensitive for L-arabinose
as was the previous one (3) using acidified moistened dioxane,
and the product is characteristically crystalline instead of gel
like. However, the reaction product appears only after 16 to
24 hours instead of in a few minutes to 3 hours as in the previous
test. The use of pyridine as the solvent also eliminates the pos
sibility of acid hydrolysis of oligosaccharides, although this may
occur in certain cases as a result of the resin treatment. L-Fucose
and D-galactose do not give satisfactory tests with 2,4-dinitro-
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Table I. Appearance of Reaction Products, Reaction Titne, and Sensitivity of Sugars to Tests

2,4-Dinitrophenylhydrazine-Pyridine Test 1,I-Diphenylhydrazine-Ethyl Alcohol Test
Sensitivity, l' Sensitivity, 'Y

Usual appearance Time, Chromato- Usual appearance Time, Chromato-
of product hr. Pure graphed b of product hr. Pure graphed bSugara

L-Arabinose

L-Fucose

n-Ribose

Fine, trichitic, yellow needles in
clusters Or sheaves [Fig, I, F (3) J

Clusters of yellow, Bat, narrow blades
with ragged terminations

16-24

16-24

16-24

5

50

15-25 Small, white, dense clusters of radi
ating filaments-"moldlike" growth

Segmented, dense, white clusters of
fine needles

Loose clusters of blunt-ended, color
less bars or may he plumelike

0.02- 2

0.08- 2.5

0.1 - 2

1-3

10

75

5-10

15-25

16-2425n-Galactose Yellow, clear, nondescript gel, may 16-24
become crystalline on aging or with
large amounts

(lOne hundred micrograms of each of the following sugars gave no visible reaction product after 16 hours with either test: o-xylose,! D-xylose, L-rhamnose.
H20, n-gluiCose, D-mannose, D-fructose, and L-sorbose.

b Amount of sugar applied to paper.
C No visible reaction product with 100 'Y of pure sugar.

phenylhydrazine when pyridine is the diffusing solvent. L
Fucose gives a crystalline product, but relatively large amounts
of the sugar are required to give a test. D-Galactose reacts at
moderate levels, but the product is usually an uncharacteristic
gel. After 24 hours, or when a large amount of D-galactose is
present, the field may show a mixture of the gel, sugar crystals,
and well-defined clusters of fine, long yellow needles. These two
sugars will react with 2,4-dinitrophenylhydrazine to give a visible
product more rapidly, at much lower levels, and form more char
acteristic derivatives if dioxane reagent (3) rather than pyridine
is the diffusing solvent.

The test for L-arbinose may be inhibited if other sugars are
present, the extent depending on the sugar and relative amount.
D-Fructose, D-glucose, L-Sorbose, and D-xylose are only slightly
inhibitory when present in an amount equal to or less than that
of L-arabinose, whereas D-galactose and D-mannose are markedly
inhibitory. D-Fructose and D-mannose would be the only sugars
present with L-arabinose after chromatographic separation with
the n-butyl alcohol-ethyl alcohol-water solvent.

The advantage of the 2,4-dinitrophenylhydrazine-pyridine
test over the 1,1-diphenylhydrazine-ethyl alcohol test for L-arab
inose is that the crystalline arabinose 2,4-dinitrophenylhydrazone
formed is much more characteristic in appearance than is the
arabinose 1,1-diphenylhydrazone. The disadvantages are that
it is only approximately one third as sensitive and that it takes
about 16 hours longer to obtain a positive test,

1,I-Diphenylhydrazine-Ethyl Alcohol Test for L-Arabinose
and L-Fucose. 1,1-Diphellylhydrazine has been known for many
years as a sensitive reagent for the identification and separation
of L-arabinose (1, 2) and L-fucose (1) from other sugars as their
1,1-diphenylhydrazones. The insolubility of L-arabinose and
L-fucose 1,1-diphenylhydrazones and the slight influence of
impurities on their crystallization make these derivatives well
suited to the reaction conditions of the solvent diffusion test.

Under the conditions described for this test only three of the
sugars listed in Table I-L-arabinose, L-fucose, and D-ribose-give
a visible reaction product, although other sugars are known to
react with this reagent under other conditions (1).

The L-arabinose and L-fucose 1,I-diphenylhydrazone crystals
are similar in appearance and can be distinguished from one
another only by careful comparison with tests made using authen
tic sugars.. D-Ribose 1,1-diphenylhydrazone crystals are suffi
ciently characteristic in appearance to be easily differentiated
from those of L-arabinose or L-fucose 1,1-diphenylhydrazone.
Table I shows that the times for the appearance of the reaction
products of the three sugars are short and essentially the same.
The sensitivity of this test for L-arabinose and L-fucose is satis
factory; however, it is so poor for D-ribose that the test is of
little value for this sugar, particularly in eluates from chromato
grams.

The 1,1-diphenylhydrazine-ethyl alcohol test is specific for
L-arabinose on eluates from chromatograms irrigated with
n-butyl alcohol--ethyl alcohol-water (10:1:2), since L-fucose and
D-ribose move much faster than does L-arabinose. 'L-Fucose
and D-ribose move together in this solvent, so interference by
D-ribose is encountered in the test for L-fucose. The extent of
the interference depends on the relative amounts of the sugars.
In general, the sensitivity of the L-fucose test is decreased about
threefold find the time required for the product to appear is
increased by large amounts of D-ribose,

Sugars that do not give a visible product with 1,1-diphenyl
hydrazine may prevent, delay the appearance of, or diminish
the amount of the L-arabinose or L-fucose 1,1-diphenylhydrazone.
The extent of the inhibition depends on the sugar and its relative
amount.

The sugars giving visible products with 1,1-diphenylhydrazine
react over a wide range of ethyl alcohol-water proportions. L
Arabinose and L-fucose gave the best tests at about 70% ethyl
alcohol concentration, while the D-ribose gave the most sensitive
test at 25 to 50% ethyl alcohol. The 70% ethyl alcohol concen
tration was chosen to eliminate interference from D-ribose as
far as possible and to avoid atypical forms of L-arabinose and
L-fucose 1,1-diphenylhydrazones.

The 1,1-diphenylhydrazine hydrochloride, Eastman Kodak
No. 954 White Label, was used without further purification.
Tests made with a purified crystalline preparation (4) showed
less darkening and deterioration on long standing than did those
made with the unpurified reagent; however, the purified reagent
has the disadvantage that its crystal form superficially resembles
that of D-ribose 1,1-diphenylhydrazone and it might be confused
with this product.

Other hydrazine derivatives and solvents are being investi
gated for their utility in identifying microgram quantities of
pentoses, hexoses, and other compounds containing carbonyl
groups by the solvent diffusion technique.
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Molybdenum Determination in Soils and Rocks with Dithiol
LEWIS J. CLARKI ,and JOHN H. AXLEY

University of Mary/am/, College Park, Mr!.

A simple colorimetric method is presented for the de
termination of submicrogram traces of molybdenum
in soils and rocks. The procedure is developed on the
extractable green complex formed between molyb
denum ;lnd dithiol. Interference by ferric iron iselim
inated by reduction with potassium iodide and sodium
thiosulfate. Isoaruyl acetate extracts of the molyb
denum-dithiol complex are color-stable. Photometric
measurements permit accurate determinations over
the range of 0.02 to 10 l' of molybdenum in mineral
materials.

M OLYBDENUM frequently occurs in soils and rocks in
concentrations less than 1 l' per gram, The detection and

estimation of these minute t,races require sensitive and precise
analytical procedures, Methods described in the literature either
lack sensitivity or appear to yield test solutions generally sus
ceptible to color fading and consequent uncertain precision (15).
This inve,stigation was undertaken therefore to develop a simple
colorimetric procedure of requisite color stability for the de
termination of molybdenum in mineral materials.

Substituted dimercaptobenzenes were studied by Clark (.4-) as
precipitants for metals of the hydrogen sulfide group. He gave
to the compound 4-methyl-l,2-dimercaptobenzene (toluene-3,4
dithiol) the shortened name "dit,hiol" and recommended its use
in the determination of tin. Later Hamence (6) discovered that
molybdenum formed an extractable green precipitate with dithiol,
and applied this reaction in a qualitative test for trace amounts of
molybdenum, Miller (10, 11) stlldied the reactions of dithiol
with molybdpllum, tungsten, and rhenium. Wells and Pember
ton (18), Bagshawe and Truman U), and Short (17) used dithiol
in microchemical determinations of molybdenum in metals.
Bickford, Jone,s, and Keene (2) employed the delicate dithiol
complexes for the simultaneous estimation of molybdenum and
tungsten in organic materials. After systematic examination of
reaction conditions, Piper and Beckwith (13) presented a dithiol
method for the determination of sm&.ll amounts of molybdenum
in plants. The foregoing applications suggested the suitability
of this reagent for the determination of molybdenum in mineral
materials.

Soils and rocks., however, were found to possess constituents in
concentrations sufficient to prevent the normal reaction between
molybdenum and dithiol. Procedures were introduced to con
trol interferences from silica, platinum, iron, tungsten, and copper.
The modified method was then applied successfully to the deter
mination of microgram quantities of molybdenum in a wide
variety of inorganic materials.

REAGENTS

Water. Redistill in an all-borosilicate glass apparatus.
Dithiol, 0.2%. Dissolve a I gram vial of dithiol in 500 ml. of

.l% sodium hydroxid.e solution. Stir the mixture occasionally
during a period of 1 hour. Add thioglycolic acid (about 8 m!.)
dropwise until a fain~ permanent opalescent turbidity begins to
form. Transfer to 4-·ounce narrow-mouthed bottles fitted with
plastiQ screw caps. Store the reagent solution in a refrigerator at
5° C. at all times when not in actual use.

Isoamyl acetate, boiling range 135° to 142° C. The reagent
grade product is sufficiently pure as received.

Potassium iodide, 50% (w';v.). Dissolve 10 grams of potas
sium iodide in 20 ml. of water. Prepare fresh solutions daily.

Sodium thiosulfate, 10%. Dissolve 10 grams of sodium thio-

1 Present a.ddress, Soil and Water Conservation Research Branch, Agri
cultural Research Service, U. S. Depa,rtment of Agriculture, Beltsville, Md.

sulfate (Na2S203.5H20) in water and dilute to 100 ml. Store in a
refrigerator at 5° C.

Standard molybdenum solution, 1 l' of molybdenum per ml.
Dissolve 0.075 gram of molybdenum trioxide in 10 ml. of O.IN
sodium hydroxide. Dilute with water to 50 ml., acidify to litmus
paper with IN hydrochloric acid, and dilute to 500 m\. with water.
Dilute 10 ml. of this stock solution (100 l' of molybdenum per ml.)
to 1 liter with water acidified with 1 ml. of IN hydrochloric acid.
Store standard solutions in the dark.

Tartaric acid, 50%. Dissolve 50 grams of tartaric acid in
water and dilute to 100 ml.

APPARATUS

Separatory funnels, Squibb-type, borosilicate glass, 125-ml.
capacity. The stems should not exceed 9 mm. in outside diam
eter, so that the tips can be inserted into 10-mm. cuvettes.

Cuvettes, round, 12 X 75 mm., optically matched to 1%
transmittance.

Photometer. Transmittances were measured with a Coleman
Model 6A Junior spectrophotometer fitted with an accessory
adapter for 12 X 75 mm. cuvettes. Satisfactory readings were
also obtained with two filter photometers: the Fisher Model
7-101 electrophotometer and the Coleman Model No.8 photo
electric colorimeter.

PREPARATION OF SAMPLES

The following procedure provides a sample solution from which
several trace elements may be determined. In addition to
molybdenum, the prepared solution is suitable for the separate
colorimetric estimations of manganese, copper, and zinc.

Mix 2.000 grams of pulverized soil or rock sample with 4.00
grams of anhydrous sodium carbonate in a 35-ml. platinum
crucible. Ignite for 30 minutes in the open over a Meker-type
burner, gradually increasing the flame from low to high heat
during the first 10 minutes. (Fusion in a muffle furnace may cause
appreciable attack of the platinum crucible leading to subsequent
colorimetric interference.) Cool the melt.

Detach the dry filter cake into a 250-ml. beaker. Wash the
crucible with distilled water only, and combine the 30 to 40 ml.
of washings with the fusion cake in the beaker. Pipet 20 ml. of
concentrated hydrochloric acid into the beaker. (To avoid later
colorimetric interference from dissolved platinum do not add
hydrochloric acid to the fusion cake in the platinum crucible.)
Digest the mixture on a steam bath at least 2 hours and preferably
overnight. Crush any residual aggregates (chiefly silica) in the
base angle of the tilted beaker with a flat-tipped stirring rod.

Evaporate the solution nearly but not completely to dryness on
a steam bath. Stir occasionally to break the salt crust. Stir
more frequently as dryness is approached and free liquid is no
longer visible. Continue the evaporation beyond the gelatinous
stage but not to complete dryness. Terminate evaporation when,
on stirring, the nearly dry residue no longer adheres to the tip
of the stirring rod. A distinct odor of hydrochloric acid should
still be perceptible from the residue in the beaker.

Drench the cooled residue with 5 ml. of concentrated hydro
chloric acid. Add 25 ml. of water, stir the mixture, and heat on
a steam bath for 15 minutes. Filter while hot through a 9-cm.
filter paper of medium texture into a 100-ml. volumetric flask.
Wash the residue and paper with several small portions of hot
dilute hydrochloric acid (2 to 98). Use water for the final two
washings. Cool, and dilute to 100 ml. with water. The prepared
sample solution should contain approximately 6 m!. of concen
trated hydrochloric acid.

COLORIMETRIC PROCEDURE

Transfer a 25-ml. aliquot of the sample solution to a 125-m!.
Squibb-type separatory funnel. This aliquot should be equiva
lent to 0.5 gram of sample in 6% by volume concentrated hydro
chloric acid.

Add 10 m\. of concentrated hydrochloric acid to make the solu
tion approximately 4N in that medium. Add 1 ml. of freshly
prepared 50% (w.jv.) potassium iodide solution, swirl,. and let
stand 10 minutes. The appearance of an amber to reddish brown
color indicates the formation of iodine.

2000
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Table II. Recovery of Added MolybdenuIn frOIn
Hydrochloric Acid Digestates Evaporated on the

SteaIn Bath

Net
recovered Difference

5eO 0.0
9.4 -0.6
4.8 -0.2

10.0 0.0

Molybdenum, 'Y

Added

5.0
10.0
5.0

10.0

Rock (2 Grams)

Flint clay (NBS 97)
Plastic clay (NBS 98)
Gabbro
Serpentine

Digestate Evaporated

Fusion cake from 2 grams of flint clay
(NBS 97) + 50 m!. 2 to 3 HCI

50 m!. of 2 to 3 HCI, only

Table I. MolybdenuIn Found after Fusion of Rocks with
Different AInounts of SodiuIn Carbonate .

Molybdenum Found, 'Y per .Gram
After fusion After fuaion

with 10 grams with 4 grams
of Na,CO, of Na,CO,

5.9 5.8
1.1 1.5
0.1 0.2
0.2 0.3
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GAMMAS OF MOLYBDENUM IN 5ML ISOAMYL ACETATE

Figure 1. TransInittance of InolybdenuIn-dithiol at
680 In!,

Add 10% sodium thiosulfate solution dropwise until the color
of free iodine is just discharged. Add 1 m!. of 50% tartaric acid,
stopper the funnel, and mix thoroughly by shaking. Add 2 m!.
of 0.2% dithiol solution, shake 0.5 minute, and let stand 10 min
utes.

Add 5 m!. of isoamyl acetate,. shake the mixture 0.5 minute,
and let stand until the two phases clear (normally 20 to 30 min
utes).

Drain and discard the aqueous phase. Dry the stem of the
separatory funnel with a spindle of filter paper. Insert a pledget
of clinical absorbent cotton into the tip of the funnel and filter
the acetate extract directly into a 12 X 75-mm. cuvette. Close
the cuvette with a cork stopper.

Measure the transmittance at a wave length of 680 mIt using
isoamyl acetate as the reference liquid. Determine the molyb
denum content from a calibration curve based on the transmit
tances of a series of solutions containing from 0 to 10 l' of stand
ard molybdenum treated according to the above procedure.
Correct the result for any molybdenum found in a reagent blank.

Transmittance and absorbance curves are.presented in Figures
1 and 2. It is probable that the determinable content of molyb
denum in the test solution could be increased considerably
beyond the upper 10-1' limit shown.

EXPERIMENTAL RESULTS

Sample Preparation. In accordance with the earlier work of
Hoffman (9) it was found that 2 parts of sodium carbonate to I
part of sample are sufficient for the fusion-decomposition of most
rocks and minerals. The results.in Table I show that molybde
num contents from 2-gram samples of rocks fused with 4 grams
of sodium carbonate compare favorably with the contents deter
mined when 2 grams of the samples were fused with 10 grams of
flux. The smaller fusion mixture facilitates ignition and dehy
dration procedures; and, more importantly, it excludes unneces
sary reagent contaminants.

Each of three different lots of sodium carbonate tested was
found to contain an average of 0.1 '1' of molybdenum per gram.
Robinson and others (16) previously had detected and reported
significant amounts of molybdenum in several lots of anhydrous
sodium carbonate. The general presence of this element as a
contaminant requires careful attention to reagent blanks.

When fused sodium carbonate was dissolved in dilute hydro
chloric acid in·the platinum ignition crucible, a blank value
equivalent to 0.6 l' of molybdenum per gram of sodium car
bonate was obtained. When the dilute acid was added to the
fused sodium carbonate after transfer to a beaker, the blanks
amounted to 0.1 l' of molybdenum, a value equal to that found
when sodium carbonate was processed (without fusion) entirely
in glassware. The colorimetric interference is caused by platinum
brought into solution by attack of the crucible by hydrochloric
acid solutions containing iron (7).

Traces of ·molybdenum may escape detection when samples

high in silica are completely dehydrated with hydrochloric acid.
Sample solutions of flint clay (NBS No. 97) containing 43% of
silica were evaporated to dryness on a steam bath and then
heated in an electric oven at 105 0 C. for 30 minutes. The
resulting molybdenum contents were equal to Or only about 1 l'

higher than those of the reagent blanks. Other sample solutions
of the flint clay, taken-to proximate dehydration on a steam bath
only, gave net values of 5.8 l' of molybdenum per gram. It is
probable that complete dehydration 'renders the molybdenum
insoluble through adsorption by colloidal silica. Any slight
amounts of silica that entered the filtrates following proximate
dehydration did not interfere with subsequent extractions with
organic solvents.

Tests were conducted to determine possible loss of molybdenum
by volatilization from hydrochloric acid solutions during evapora
tions on a steam bath. Known volumes of standard molybdenum
solution were pipetted into 250-ml. beakers containing fusion
cakes from 2-gram samples of flint clay in 50 m!. of 3 to 2 hydro
chloric acid, and also into beakers containing 50 m!. of 3 to 2
hydrochloric acid only. All mixtures were covered and digested
on a steam bath overnight. The digestates from the flint clay
were then dehydrated to proximate dryness on a steam bath
and the pure solutions of hydrochloric acid were evaporated
to complete dryness. The results in Table II show that unde]
both conditions 5.0 l' and 10.0 l' of added molybdenum werE
quantitatively recovered. Grigg (5) and Perrin (12) als(
reported the complete recovery of 5 l' of molybdenum which werE
added to soil extracts and then evaporated in 1 to 1 hydrochloric
acid solution.
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Figure 2. Absorbance of InolybdenuIn-dithio.1 at 680 In,



2002 ANALYTICAL CHEMISTRY

LITERATURE CITED

(1) Bagshawe, B., and Truman, R. J., Analyst, 72, 189-93 (1947).

0.00
0.00

+0.09
+0.90
+0.02
+0.47

Difference

1.00
1.00
1.09
1.90
1.02
1.47

Found

1.00
1.00
1.00
1.00
1.00
1.00

Present
Element Added,

'Y

Arsenic 100
Copper 100
Platinum 10
Platinum 100
Rhenium 10
Rhenium 100

Table IV. Recovery of 1 'Y of Molybdenum Added to Sample
Solutions

Molybdenum, 'Y

Sample In
No. sample Added Found Recovered Difference

C-A 0.42 1.00 1.43 1.01 +0.01
C-B 0.48 1.00 1.54 1.06 +0.06
C-C 0.40 1.00 1.36 0.96 -0.04
C-rock 0.22 1.00 1.22 1.00 0.00
H-A 1.00 1.00 2.15 1.15 +0.15
H-B 1. 21 1.00 2.18 0.97 -0.03
H-C 1.22 1.00 2.23 1.01 +0.01
H-rock 0.37 1.00 1.35 0.98 -0.02

Table III. Effect of Added EleJnents on DeterInination of
1 l' of Molybdenum in Standard Solutions

Molybdenum, 'Y

Tungsten or tin influence was not tested in this work. Pre
sumably most of the tungsten is removed as precipitated tungstic
oxide in the dehydration of silica (8). To ensure noninterference,
however, tartaric acid is added to the sample aliquot to inhibit
reaction between any remaining tungsten and dithiol as demon
strated by Hamence (6). Tin, according to Piper and Beckwith
(13), has a spectral absorption below 470 mJ< and, in trace.
amounts, does not introduce a significant error when the color
of the molybdenum-dithiol extract is measured at 680 mJ<.

Stability. Reagent solutions prepared as directed are stable.
A standard solution containing 1 'Y of molybdenum per ml.
showed no change in transmittance readings point for point
after standing in a dark cupboard for 6 months. Dithiol re
agent solutions also retained full strength when stored in a
refrigerator for 6 months.

Acetate extracts of the molybdenum-dithiol complex show
excellent color stability. Extracts from 12 soil and rock samples
were kept in stoppered cuvettes at room temperature and meas
ured photometrically at five separate intervals during a period of
14 days. Complete stability was found; transmittance readings
on individual samples remained the same throughout the 2
week test.

Recovery of added molybdenum confirms the reliability of the
colorimetric dithiol procedure. Results in Table IV show that
1 'Y of added molybdenum is fully recovered from solutions of
seven different soil and rock samples. The average difference is
computed to be 0.04 'Y of molybdenum.

The precision of this dithiol method, measured by the standard
deviation between determinations on a single sample, is cal
culated to be 0.02 'Y of molybdenum per gram. This value
approaches the sensitivity limit of the spectrophotometer used.

Applications. The modified dithiol method was used to deter
mine molybdenum contents in 207 samples of soils and rocks from
Maryland (3). The 181 soil samples examined had a range of
0.13 to 13.54 l' of molybdenum per gram with an average of
1.33 'Y per gram. The 26 rock samples had a m~lybdenum range
from 0.03 to 1.54 'Y per gram and an average content of 0.39 'Y

of molybdenum per gram.
Although developed for soils and rocks, the colorimetric pro

cedure has also been found satisfactory for determining trace
amounts of molybdenum in sample solutions from activated
sewage sludges and inorganic fertilizer materials.

Color Development. The molybdenum-dithiol reaction pro
ceeds effectively in concentrations of either 0.7 or 4N hydro
chloric acid. The 4N acidity is preferred, since the phases sepa
rate more readily at the higher concentration. The 4N solution
also produced extracts of slightly highet· absorbance and conse
quent sensitivity.

Tests showed that 2 ml. of 0.2% dithiol solution were adequate
for maximum color development over the range 0 to 10 l' of
molybdenum. For 10 l' of molybdenum the mole ratio of re
agent to metal is about 250 to 1.

The reaction is relatively rapid. A standing time of 10
minutes after shaking sample and dithiol permitted complete
compound formation. A standing time of 30 minutes gave no
increase in color intensity. The acetate extract and acidic
phases cleared in about 20 minutes after ,shaking.

Interferences. Strong oxidants decompose dithiol. Addition
of a few drops of adde'd nitric acid or hydrogen peroxide to the
test solution causes destructive oxidation of the reagent. Miller
(10) states that perchloric acid behaves :>imilarly and must be
excluded.

Ferric iron interferes seriously. A synthetic solution contain
ing :L l' of standard molybdenum and 50 mg. of added iron (as
ferric chloride) in 4N hydrochloric acid gave a dense black precipi
tate on the addition of 2 ml. of 0.2% dithiol. The black precipi
tate dissolved when shaken with 5 ml. of isoamyl acetate. The
aqueous phase exhibited the characteristic greenish yellow color
of ferric chloride; the green molybdenum-dithiolate acquired
an atypical yellowish tinge and began to fade within minutes.
The color was probably diminished through oxidation of the
molybdenum-dithiol by the coextracted ferric chloride. Color
interference from 50 mg. of iron(III) was not eliminated by
addition of any of the following compounds: ammonium citrate,
ammonium tartrate, citric acid, phosphoric acid, tartaric acid,
thioglycolic acid, hydroxylamine hydrochloride, sodium fluoride,
sodium sulfite, sodium thiosulfate, or stannous chloride.

Iron interference i;s, however, completely prevented by the
reduction of iron(III) to iron(II) with potl'!,ssium iodide followed
by the decolorization of liberated iodine with sodium thiosulfate.
The sequence of iodide followed by thiosulfate keeps the iron in
the ferrous state, as shown by the complete elimination of ferric
chloride color. Free ,sulfur, usually formed on prolonged stand
ing, is caught on the pledget of cotton and hence does not dis
turb the colorimetric measurement of the extract.

The combination of potassium iodide and sodium thiosulfate
evidently does not reduce molybdenum. The extract from a syn
thetic solution containing 1 l' of standard molybdenum plus the
two reduetants gave the same transmittance reading as the ex
tract from a similar solution containing 1 'y of molybdenum but
no potassium iodide or sodium thiosulfate.

The reduction procedure is applicable to samples of high iron
content. With 5 ml. of 50% potassium iodide and correspond
ingly increased sodium thiosulfate solution it was possible to
determine 2.9 l' of molybdenum in a lateritic soil containing 58%
ferric oxide.

Arsenic, copper, platinum, and rhenium were tested as possible
sources of interference in pure solutions containing 1 l' of molyb
denum. :Results in Table III show that 100 l' of arsenic have
no measurable effect on 1 l' of molybdenum. Similarly, 100 l'

of 'added copper are without effect. Subsequently 1.2 l' of
molybdenum were determined very satisfll,ctorily in an aliquot
sample containing 50 mg. of copper. Platinum at 10 l' inter
feres slightly; and 100 l' of platinum produces an apparent
increase nearly equal in magnitude to the 1 l' of molybdenum
present. Tests show that 10 y of rhenium cause only negligible
interference; but 100 l' of rhenium produce an appreciable
positive error. The latter quantity of rhenium imparts a visibly
purer green color to the extract. Rhenium interference, for
practical purposes, may be disregarded, since soils and rocks
rarely contain as much as 10 l' per gram ()f that metal (14).
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Photometric Determination of Copper in Molybdenum
Products witli Alpha-Benzoinoxime
JOSEPH MADERA

Climax Molybdenum Co. of Pennsylvania, Langeloth, Pa.

The a-benzoinoxime method of Dunleavy and' others
has been applied to a wide range of molybdenum com
pounds. Procedures for the solution of a variety of
samples are described. Ratios of calcium to copper
greater than 2 to 1 caused appreciable interference.
The procedure is suitable for samples containing from
0.001 to 1.00% of copper. The technique is simple
and results are reproducible under routine conditions.

ASPECTROPHOTOMETRIC method utilizing a-benzoin
oxime has been found suitable for rapid and accurate

determinations of copper on a wide range· of molybdenum
compounds.

Feigl en introduced a-benzoinoxime as a specific reagent for
copper in ammoniacal solution. Kar (6) and Silverman (8)
reported its use for gravimetric determinations of copper in
steels. Although Feigl had stated previously that a-benzoin
oxime was specific for copper, Jennings (5) reported that nickel,
cobalt, platinum, and palladium also formed complexes with the
reagent. Dunleavy, Wiberley, and Harley (3) reported a direct
colorimetric method for the determination of copper in plain and
low-alloy steels and cast irons. The effect of the variables-pH,
amount of reagent (a-benzoinoxime), amount of Rochelle salt,
stability of complex, interference of other ions (specifically nickel
and cobalt)-are discussed thoroughly.

EXPERIMENTAL

An attempt was made to apply the a-benzoinoxime method in
this laboratory. The general recommendations found in the
literature (3) were followed and early efforts to obtain reproduci
ble values on standard copper solutions were successful.

The pH range ~f 11.3 to 12.3 was obtained by using phenol
phthalein indicator and a measured volume of a standard sodium
hydroxide solution.

The sample solution was neutralized with 5N sodium hydroxide
until 1 drop imparted a pink color to the solution. A measured
volume of 2.5N sodium hydroxide was added in excess to give
the desired pH range, as read on a pH meter.

The 2.5N sodium hydroxide solution was used as a standard
reagent in routine analysis, eliminating the necessity for using a
pH meter.

REAGENTS AND EQUIPMENT

a-Benzoinoxime (Eastman Kodak), 0.5% solution in 0.25N
sodium hydroxide.

Sodium hydroxide, 5N.
Sodium hydroxide, 2.5N (use volumetric flask).
Rochelle salt, 300 grams in 500 m!. of water.
Chloroform, reagent grade.
Spectrophotometer (Beckman, Model DU was used).
Phenolphthalein indicator.

PREPARATION OF CALIBRATION CURVE

Prepare a calibration curve by adding aliquots of the standard
copper solution containing 0.1 to 0.9 mg. of copper to 0.25-gram
samples of pure molybdenum trioxide and follow the procedure
described. Carry a reagent blank containing no added copper
along with each set of samples and correct the spectrophoto
metric readings for all samples for the reagent blank. Plot
the corrected readings against the concentration in the con
ventional manner. The readings are made at 440 m~ and 1-cm.
Corex cells are used.

PROCEDURE FOR DETERMINATION OF COPPER

In all cases weigh a 0.25-gram sample into a 250-m!. borosilicate
glass beaker.

A. For molybdenite concentrates and purified molybdenum
disulfide, add 5 m!. of sulfuric acid and 10 m!. of nitric acid.
Heat to fumes of sulfur trioxide, and continue to add nitric acid
in lO-m!. portions until sample is in solution. On final addition,
heat to strong fumes of sulfur trioxide. Cool, add 10 m!. of
~ater and 3 ml. of nitric acid, and heat to dissolve soluble salts.
Continue as for sample F. .

B. For molybdic oxide (technical), add 5 m!. of hydrochloric
acid and 5 ml. of nitric acid. Heat to decompose and evaporate
to dryness. Bake, cool, and add 10 m!. of water and 10 ml. of
5N sodium hydroxide. Heat to boiling, and add 10 m!. of water
and 10 m!. of nitric acid. Heat to dissolve soluble salts. Con
tinue as for sample F.

C. For molybdic oxide (pure), weigh a 5-gram sample into a
250-ml. borosilicate glass beaker. Add 10 m!. of sulfuric acid
and heat to strong fumes of sulfur trioxide. Cool, add 5 m!. of
nitric acid cautiously, and heat to fumes of sulfur trioxide.
Cool, add 10 m!. of water, and heat to dissolve soluble salts.
Continue as for sample F.

D. For ferromolybdenum and molybdenum metal, add 50
m!. of water, 5 m!. of hydrochloric acid, and 5 m!. of nitric acid.
Heat carefully to boiling until reaction ceases and the volume
of the solution is reduced one half. (Digestion period is approxi
mately 0.5 hour.) Continue as for sample F.

E. For molybdenum silicide, add 10 m!. of nitric acid and
hydrofluoric acid a few drops at a time, until decomposition is
complete. The solution may be heated gently between additions
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Standard copper solution, 1 mI. = 0.00005 gram of copper.
Standard calcium solution, 1 mI. = 0.000025 gram of calcium.

Table I. COInparative Data frOIn Thiocyanate and
PhotOlnetric Methods of Analysis

Copper Found, Gram
Thiocyanate- Thiocyanate-

Copper Present, electrolyti" photometric Photometric
Gram method method method

0.0050 0.0041i 0.0048 0.0049
0.0050 0.0047 0.0048 0.0049
0.0050 0.0047 0.0047 0.0050

Av.0.0050 Av. 0.0046 0.0048 0.0049

Standard copper nitrate solution~0.05gram copper foil per liter of (l to
99) nitric acid solution. 1 mi. = 0.00005 gram of copper.

Average copper found by thiocyanate method, 92.0%.
Average copper found by thiocyana;e-photometric method, 96.0%.
Average copper found by photometric method, 98.0%.

RESULTS AND DISCUSSION

Copper values on standards and production samples compare
favorably with the a-benzoinoxime and thiocyanate methods
(Tables III and IV). Reproducibility of results was satisfactory
on all samples analyzed.

Copper values on synthetic standards indicate that the a
benzoinoxime method of analysis is more sensitive in detecting
minute amounts of copper than is the method of weighing an
equivalent amount as is done in the thiocyanate-electrolytic
method. Loss of copper by a-benzoinoxime is at a minimum in
actmil procedure.

The calcium ion interfered in the determination of copper in
calcium molybdate. Ratios of calcium to copper greater than 2
to 1 caused definite interference in the recovery of copper (Table
II). Separation of calcium 'is possible, but would lengthen the
method. In other molybdenum compounds the calcium ion
concentration is negligible and results are found to be favorable.

purposes. In addition, a series of production samples of roaster
concentrates, ferromolybdenum, and molybdenite concentrates
were analyzed for copper. The samples were dissolved by stand
ard acid treatment as indicated in the previous procedure.
Comparative data are found in Tables III and IV.

Effect of Calcimn on Standard Copper Solutions
Calcium Added, Copper Present, Copper Found,

Mg. Mg. Mg.

0.00 0.500 0.480
0.60 0.500 0.475
1.30 0.500 0.468
1.90 0.500 0.463
2.50 0.500 0.458
3.10 0.500 0.445
3.80 0.500 0.443

Test

1
2
3
4
5
6
7

Tablell.

Analyst 5 Analyst 5
(thiocyanate (photometrio

Sample Anslyst 1 Analyst 2 Analyst 3 Analyst 4 method) method)

Molybdic oxide standard 0 26 0 24 0 25 0 25 0 22 0 24
Ferromolybdenum standard 0: 22 0: 21 0: 20 0: 23 0: 22 0: 23

J:'ot"s: Average per cent deviation on standard molybdic oxide technical (results from four labora
tones) IS -0.01 % copper (photometric method of analysis).

Aversge per cen~ deviation on standard ferromolybdenum (results from four laboratories) is +0.01 %
copper (photometnc. method of analysis).
C tnalysts·C·1. Chmax Molybdenum Co., Detroit, Mich. 2. Climax Molybdenum Co., Climax.

CI~ o. 3
M
, I limax Molybdenum Co., Golden, Colo. 4. Ledoux and Co., Inc., Teaneck, N. J. 5.

lmax 0 ybdenum Co., Langeloth, Pa.

Determination of Copper on Standard Molybdenum Products
% Copper

Table III.

of hydrofluoric acid if necessary. After decomposition is com
plete, add 10 ml. of sulfuric acid (1 to 1) and evaporate to heavy
fumes of sulfur trioxide. Coo], wash down sides of beaker, and
again evaporate to heavy fumes of sulfur trioxide to eliminate
hydrofluorie acid. Cool, and a.dd 10 ml. of water and 3 ml. of
nitric acid. Heat to dissolve soluble salts. Continue as for
sample F.

F. After samples A, B, C, D, and E are in solution, cool
slightly and add 25 ml. of Rochelle salt solution. Adjust the pH
to range between 11.3 and 12'.3 with sodium hydroxide using
phenolphthalein indicator. Ulle the following procedure: Add
3 to 5 drops of phenolphthalein indicator and 5N sodium hy
droxide from a buret until :I drop imparts a pink color to
the solution, which should persist for
at least 30 seconds. Add 1 ml. of 2.5N
sodium hvdroxide in excess lllld 2 ml.
of 0.5% '.ry-benzoinoxime solution (use
pipet).

Transfer to a 250-ml. separatory
funnel, add 50 ml. of chloroform (buret)
and shake vigorously for 5 minutes.
Filter the chloroform through a reten
tive p~per into a test cell.

Read the absorption of the solution,
after having previously set the instru
ment at llero with a blank on reagents
carried along simultaneously with the
sample.

MeasU!'e the absorbance at 440 mIL.
Slit width is 0.065 mm.
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Table IV. Determination of Copper on Molybdenum
Products

Analyst 5
(photometric

method)

0.16
0.17
0.20
0.20
0.18
0.21

0.16
0.20
0.31
0.28
0.41
0.43

0.10
0.04
0.15
0.13
0.17

Analyst 5
(thiocyanate

method)

0.15
0.15
0.17
0.17
0.16
0.17

0.17
0.22.
0.28
0.28
0.40
0.40

0.09
0.03
0.12
0.10
0.14

copper (photometric method of

1
2
3
4
5
6

7
8
9

10
11
12

13
14
15
16
17

+0.02%

Copper, %

Sample
No.

Average per cent deviation is
analysis).

Analyst 5, Climax Molybdenum Co., Langeloth, Pa.

Molybdenite concentrates

Molybdenum Product

Molybdic oxide technical

Ferromolybdenum

APPLICATION OF METHOD

Synthetic Samples. The reported specificity of a-benzoin7
oxime for copper was investigated by adding pure molybdic
oxide to synthetic solutions. Different methods of analysis
were used in order to compare the per cent recovery of copper.
The results of tbese tests are found in Table I.

A straight-line curve was obtained for the copper- a-benzoin
oxime complex when plotting "absorbance" as the ordinate and
"concentration of copper" as the abscissa.

The calcium ion was found to interfere with the determination
of copper in calcium molybdate. This was investigated by adding
calcium ion to synthetic copper solutions. Results of these tests
are found in Table II. A stmight-line curve was obtained when
plotting "per cent copper found" as the ordinate and "con
centration of calcium" as abscissa.

Standard Samples of Roasted Concentrates and Ferromolyb
denum. These samples were produced and values were deter
mined several years ago by four laboratories using various
methods. They are used in the author's laboratory for control



Direct Volumetric Determination of Total Zinc in Mixed Paint
Pigments with Ethylenediaminetetraacetic Acid
M. H. SWANN and M. L. ADAMS

Paint and Chemical Laboratory, Aberdeen Proving Ground, Mel.

The deterntination of total zinc in nllxed paint pig
ments of unknown contposition involves its separation
from interfering cations with hydrogen sulfide, which
is time-consuming. A ntore rapid, direct, and specific
method can be used to replace the variety of ntethods
in current use, without knowledge of the nature of the
pigment lllixture.

azo dye, purple in color. The sample is then titrated with a
chelating reagent solution, ethylenediaminetetraacetic acid
disodium salt [sodium(ethylenedinitrilo)tetraacetate], which
complexes the zinc present. When all zinc has been complexed,
the first excess of reagent breaks down the indicator by the for
mation of a stronger complex with the' magnesium than the
complex of the dye with magnesium, causing a color change to
blue.

Specifications MIL-P-11414A and TT-P-664 primers containing iron oxide,
zinc chromate, and siliceous extender

Zinc Chromate Zinc Chromate
Present, % Found, %

10.1 10.4
10.1 10.5
10.2 10.2

LITERATURE CITED

(1) Walton, H. F., "Principles and Methods of Chemical Analysis,"
p. 374, Prentice-Hall, New York, 1952.

ANALYTICAL PROCEDURE

A small amount of pigment is tested for sulfides by the addition
of dilute hydrochloric acid. If the odor of hydrogen sulfide is
detected, the modified procedure is followed.

Procedure in Absence of Zinc Sulfide. Approximately 1 gram
of the isolated paint pigment is accurately weighed into a 250-m!.
Erlenmeyer flask having a 24/40 ground joint. If the sample is
believed to contain more than 10% zinc oxide, proportionately
smaller samples may be used. Twenty-five milliliters of the
buffer solution are added, and the flask is stoppered and is shaken
frequently and vigorously for 15 minutes. The solution is then
filtered through paper of fine porosity into a 400-ml. beaker and
diluted to 300 ml. with water. Exactly 25 ml. of the standard
zinc oxide solution are transferred to a 400-ml. beaker and simi
larly diluted to 300 m!. Ten drops of the Eriochrome Black T
indicator are added and the sample and standard are titrated
with disodium ethylenediaminetetraacetate reagent. As it be
comes apparent that the end point is near, 5 additional drops of
indicator are added. In the absence of chromium, the color
change at the end point is from wine-red to blue; if much chro
mium is present, the color change is from orange-red to green.

Procedure in Presence of Zinc Sulfide. Approximately 1 gram
of the isolated pigment is accurately weighed into a 250-m!.
beaker, 25 ml. of 6N hydrochloric acid are added, and the sample
is heated for 30 minutes on a hot plate and finally boiled without
cover for a few minutes to expel the hydrogen sulfide. It is then
cooled and 2 ml. of 85% phosphoric acid are added, followed by
35 m!. of concentrated ammonium hydroxide and 25 m!. of the
buffer solution. The resulting mixture should be alkaline (ap
proximately pH 10). It is then filtered through paper of fine
porosity and the filtrate is diluted and titrated as above. The
25-ml. aliquot of standard zinc oxide solution should be treated
in a similar manner-i.e., 2 ml. of phosphoric add, 25 ml. of 6N
hydrochloric acid, and the 35 ml. of concentrated ammonium
hydroxide are added before diluting and titrating the standard.

o/c zinc (as ZnO) = m!. of reagen~ X nor~ality of reagent X 4.069
o weIght of pIgment sample

Some results of analysis are shown in Table I.

. REAGENTS

Buffer solution (pH 10). Fifty-four grams of ammonium
chloride and 350 ml. of concentrated ammonium hydroxide are
diluted to 1 liter with water.

Eriochrome Black T (0.5%). Eriochrome Black T, 0.25 gram,
and 2.2 grams of hydroxylamine hydrochloride (as stabilizer) are
dissolved' in 50 ml. of methanol.

Disodium ethylenediamine tetraacetate dihydrate (0.2N);
37.2 grams of the reagent are dissolved in water and diluted to 1
liter.

Standard zinc oxide solution. Approximately 3 grams of oven
dried zinc oxide of known purity are accurately weighed, dissolved
in the buffer solution, then diluted to 500 ml. with buffer.
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Zinc Oxide
Found, %

14.1
14.2
14.3

9.9
9.9

10.4

Zinc Oxide
Present, %

9.6
9.7
8.6

Zinc Chromate
Present, %

Specification TT-P-636b primer containing iron oxide, zinc chromate, zinc
oxide, and siliceous extender

Total Zinc
Calculated as
Zinc Oxide, %

14.2
14.3
14.3

Table 1. Deterntination of Zinc Oxide and Zinc Chrontate
in Paint Piglllents

Specification TT-E-00485b enamel containing lead chromate, red lead, zinc
oxide, and siliceous extender

Zinc Oxide Zinc Oxide
Present, % Found, %

9.0 8.8
9.0 8.8

10.1 10.1

T HE detennination of certain cations by complex formation
with chelating agents (1) is particularly well adapted to the

detennination of zinc in mixed paint pigments. A limited mim
ber of the metal ions that can be determined in this manner
occur in mixed paint pigments: calcium, magnesium, barium,
zinc, iron, and chromium. Zinc pigments, with the exception
of zinc sulfide, have the distinction of dissolving in ammoniacal
ammonium chloride which is used to buffer the solution at pH
10 during the titration. No other pigments are soluble in this
solution, except certain chromium pigments which do not inter
fere with the titration of zinc. This provides a means for the
rapid, specific, and direct determination of total zinc; a special
modification can be made for pigments containing zinc sulfide,
which is easily identified by the odor of hydrogen sulfide given
off when acids are added.

The method in current use for determining zinc in mixed pig
ments of unknown composition involves separation of the zinc
with hydrogen sulfide, followed by ferrocyanide titration or igni
tion "of the sulfide to the oxide and weighing. Hydrogen sulfide
separations are ti~e-ccinsuming. The accuracy of the method
described here is equal but not superior to existing methods,
although the absence of excessive handling and transfer of sample
contributes to a high degree of reproducibility' of analytical
results.

In principle, the zinc pigment is dissolved in ~ buffered solution
of ammonium chloride and ammonium hydroxide, and ·the in
soluble pigments are filtered off. An indicator, Eriochrome
Black T, is added which is a magnesium complex of a hydroxylated
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Determination of Silica in Fluosilicates
without Removal of Fluorine
H. R. SHELL

Bureau of Mines, United State!; Department of the Interior, Norris, Tenn.

By the addition of aluD1inuD1(III) to hydrochloric acid
before the evaporations, silica is recovered quantita
tively by the ordinary gravi01etri~ procedure without
the renloval of fluoride.

D URING the experimental work leading to a previous com
prehensive report (6) on the chemical analysis of fluosili

cates, the fact was noted that certain samples could contain sur
prisingly large amounts of fluorine and still give complete re
covery of silica without fluoride removal. For example, a sample
containing 2.25% of unremoved fluorine gave the same value for
silica as a duplicate ;3ample with fluoride removed. The presence
of aluminum(JII) appeared to be the only reasonable explanation.

iLTests were made to determine the effect of added aluminum
(III) on silica recovery with a variety of fluosilicates. The pro
cedure used was an ordinary one for the gravimetric determina
tion of silica (3). A 0.500- or l.OOO-gram sample was fused with
5 grams of sodium carbonate; then the fusion was dissolved in
200 ml. of 1 to a hydrochloric acid containing the required
amount of aluminum chloride. [FoUl' and one half grams of
aluminum chloride hexahydrate give IJJbout 500 mg. of aluminum
(III).] A black glazed casserole, or preferably platinum, was the
container. The solution was evaporated to dryness on the steam
bath. With 1 gram of aluminum(III), in porcelain, a heat lamp
was required to attain complete drynesB. The lamp used was 150
watts 8 inches from the casserole. Acidification with hydrochloric
acid, filtering, and washing were done as usual. A second evapora
tion to dryness and recovery of silicfL were made similar to the
first except that dry pulped filter paper was added to help collect
the small precipitate obtained in the second dehydration. Amount
of pulp added was equivalent to one l1-cm. paper. Ignition,
weighing, and sulfuric acid-hydrofl.uoric acid treatment were
done as usual. The only significant variation was the introduc
'&ion of aluminum(III) ions as aluminu.m chloride hexahydrate.

Results of the tests are in TablE> L Silica found was corrected
for silica content of the added aluminum(III). Recovery of silica
was as complete as with the zinc oxide fusion procedure (5,6).

Recovery of silica was about 0.20% low, but this is normal for
t,wo hydrocWorie acid dehydrations. Both the present work and
tha'& of others (3) have shown that; complete recovery of silica
with 0.5- to l.O-gram samples is not attained with two hydrochloric
acid evaporations. The loss ordinarily experienced is the same
as that noted-~).20%. As stated in the previous report (5), a
correction of O.~lO% could be made, or the silica escaping could be
recovered by standard methods. For nearly all work a known
sample run concurrently, to indicate the correction factor re
quired, should provide all the accuracy needed. One gram of
aluminum(III) was no more benefieial than 500 mg. and was also
more difficult to evaporate to dryness. The absolute minimum
amount of aluminum(III) necessary for each type of sample was
not determined. Zirconium(IV) and titanium(IV) were tried
but did not prevent loss of silica.

A sodium silicate nonahydrate Holution was analyzed for its
silica content. To the first aliquot, 500 mg. of aluminum(III)
plus 100 mg. of fluoride (as NaF) were added. No additions
were made to the second aliquot. Recovered were 470.8 mg.
silica for the first and 472.0 mg. for the second. This slight dif
ference is believed to be caused by the fluffy nature of the first
silica compared with the compact granularity of the second
hence, increased solubility in the wash solutions.

Boric acid or borates have been advocated as suitable for the
prevention of silica loss in the presence of fluoride. One pro
cedure (4), which gives as the proper reagent 20% percWoric
acid saturated with boric acid at 50° C., has been used with varied
success. Boron separates with the silica to an indeterminate ex
tent and is counted as silica, for the hydrofluoric acid evaporation
evolves all the boron contaminant as well as the silicon.' Also,
previous work (6) indicates that silicofluoride is more stable than
fluoborate under acidic conditions and that therefore silica is pref
erentially lost during the dehydrations. With samples contain
ing the silica in an already precipitated form (quartz), the rate of
solution and therefore the loss are not serious; but with reactive,
discrete silicate ions present the loss is much too large for accurate
work. This combination of indeterminate plus and minus errors
and the difficulty of complete perchloric acid removal from sam
ples containing large amounts of silica make the borate additions
suitable for special types of materials only.

Table I. Recovery of Silica in Presence of Alu01inu01(III)
without ReD10val of Fluoride

Sample Al (as SiO, SiO,
Sample Size, AICh.6H20), Found, Present,
Type Gram Mg. % %

Opal glass 91 1.000 None 66.17 67.53 B

1.000 None 65.93 67.53B

1.000 500 67.24 67.53 B

1.000 500 67.28 67.53B

1.000 500 67.25 67.53 B

1.000 1000 67.20 67.53 B

USGS-G1b 1.000 1000 72.45 72.64
USGS-WI· 1.000 1000 52.61 52.66
BS No. 70d 1.000 1000 66.76 66.66B

Synthetic
phlogopite 1.000 500 41.97 42.22
mica 1.000 1000 42.03 42.22

Topaz 1.000 1000 33.66 33.60
Phosphate rock

11.08'56a, fused N a,CO, 1.000 500 11.02B

Not fused 1.000 500 11.091 11.02B

Phosphate rock 120, not 1.000 500 7.801 7.6to
fused 7.7 B

a National Bureau of Standards certificate value.
bU. S. Geological Survey sample G-1; 10% F-, as NaF, added .
• U. S. Geological Survey sample W-1 with 10% F- added.
d National Bureau of Standards feldspar 70 with 10% fluoride added.
, Correction of 0.20% made on this sample only.
1 Correction of 0.10% made on this sample only

The method of analysis outlined [addition of aluminum(III) ]
should give satisfactory recovery of silica for most fluosilicates
encountered in nature, such as micas, amphiboles, tourmaline,
topaz, phosphate rock, or any rock sample cont~ng <10% fluo
rine. The procedure has not been tried on high-fluorine, low
silica samples, as, for example, fluorspar. The only change in
volved in the standard procedure for silica is the addition of
aluminum(III) to the hydrochloric acid used for dehydration.

Fluorine must, of course, be determined on a separate sample.
This determination also is easy, for the zinc oxide-sodium car
bonate fusion, with subsequent solution and filtration (2, 5, 6)
lowers the residual silica to such an extent that it no longer inter
feres in the distillation of fluorine. Addition of a few milliliters
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of phosphoric acid eliminates the interference of aluminum(III)
during the distillation of fluorine with perchloric acid (1, 2, 6).
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Determination 01 Neutral Equivalents by Titration in Alcohol
ERIC ELLENBOGEN' and ERWIN BRAND2

Department of Biochemistry, Columbia University College of Physicians and Surgeons, New York, N. Y.

Neutral equivalents of aInino acids, peptides, and pep
tide derivatives can be deterInined on 2- to lO-Inicro
Inole saInples by titration in alcohol or aqueous alcohol.
By Ineans of the proper indicator Inixtures, sharp end
points are obtained. Although the method is useful
only for virtually pure cOInpounds and not applicable
to Inixtures, it is precise enough to serve as adjunct to
the Inethods usually eInployed in establishing the
cheInical purity of these substances.

I N ORDER to study the kinetics of enzymic proteolysis, meth
ods have been devised to determine amino acids by titration

in alcohol (1) using thymolphthalein as indicator. The success
of such methods is impaired by absorption of atmospheric carbon
dioxide; the end point (colorless to light blue) is often masked by
turbidity due to precipitation of enzyme and buffer salts, and
comparison with a color standard at the end point is difficult.
These disadvantages prompted a reinvestigation of the pro
cedure, and resulted in the development of a method which is
suitable for the titration of carboxyl groups and acid bound by
the amino group of amino acids, peptides, and their derivatives.
Atmospheric carbon dioxide is excluded and indicator mixtures,
rather than single indicators, produce sharp end points even in
slightly turbid or colored solutions.

Forty-five indicators and indicator mixtures have been studied
in order to find some whose color change is sharp enough to be
applicable to titration of weak acid and basic groups. The fol
lowing groups have been titrated so far under the conditions
described: carboxyl, a-amino.X, o-amino.X, .-amino.X, imidazol
.X, phenol, and sulfonate (.X stands for bound HCl, HBr, HI,
H 2S04, etc.). This method is not suitable for the determination of
guanido.X, however.

The sharpest end points were obtained by the following
indicator mixtures: (A) 3 ml. of 0.1 % phenosafranine in 40%
ethyl alcohol plus 4 ml. of 0.1 % m-cresol purple in 95% ethyl
alcohol; (B) 3 m!. of 0.1 % ethylbis-(2,4-dinitrophenyl)-acetate
in methanol and 1 ml. of 0.1 % phenol red in 95% ethyl alcohol;
(C) 3 ml. of 0.1 % ethylbis-(2,4-dinitrophenyl)-acetate in meth
anol and 1 m!. of 0.1 % m-cresol purple in 95% ethyl alcohol;
(D) equal parts of 0.1 % solutions of o-cresolphthalein and amino
azotoluene in 95% ethyl alcohol; (E) equal parts of 0.1 % solu
tions of tropaolin 000 and o-cresolphthalein in 95% ethyl alcohol;
(F) equal parts i'f 0.1 % phenosafranine in 40% ethyl alcohol
and 0.1 % thymol blue in 95% ethyl alcohol; and (G) equal parts of
0.1 % ethylbis-(2,4-dinitrophenyl)-acetate in methanol and 0.1 %
cresol red in 95% ethyl alcohol. The proper choice of indicator
mixture will often depend upon an individual's color perception,
and for this reason, mixture A was employed as most suitable in
this study.

1 Present address, Department of Biochemistry and Nutrition, Graduate
School of Public Health, Uraiversityof Pittsburgh, Pittsburgh 13, Pa. U. S.
Public Health Service Postdoctorate Research Fellow, 1949-51.

2 Deceased.

Table I. Neutral Equivalents of AInino Acids and Peptides
and Their Derivatives

(Mixture A as indicator)

Neutral
Equivalent Re-

Groups Calcu- covery.
Compound Titrated lated Found %

Glycine I(COOH) 75.05 74.7 100.5
L-Tyrosine l(COOH) 181.09 179.8 100.7
L-Tyrosine amide l(OH) 180.09 181.2 99.4
Diiodo-L-tyrosine 2(COOH,OH) 216.51 214.6 100.9
L-Aspartic acid 2(COOH) 66.53 67.1 99.2
L-Lysine.HCI 2(COOH), HCI) 91.29 91.6 99.7
L-Arginine.HCI l(COOH) 210.59 209.3 100.6
Taurine l(SO,H) 125.14 125.4 99.8
L-Glutamic acid gamma ethyl

ester.HCI 2(COOH, HCI) 105.32 105.8 99.5
Acetyl-L-alanine I(COOH) 131.13 131.7 99.6
Benzoyl-L-Iysine methyl

ester.HCI I(HC!) 300.77 301.0 99.9
Tricarbobenzoxylysyllysine

(LD) I(COOH) 677.4 677.5 100.0
Carbobenzoxyglycylalanyl-

alanine (LD) I(COOH) 351 .3 350.3 100.3
Dicarbobenzoxyalanyllysine

l(COOH)(DL) 486 44 487.0 99.8
~-CarbobenzoxY-L-ornithine

l(HCl)methyl ester.HCI 316.77 311.9 101.5
Lysyllysineamide.3HCI (LL) 3(HCI) 127.55 127.6 100.0
Alanylalanine (LD) l(COOH) 160.18 161.0 99.5
Alanyllysine.HCI (DL) 2(COOH, HC!) 126.87 127.4 99.6
Lysyllysine.2HCl.H,O (LL) 3(COOH, HCI) 121. 77 120.6 100.11
Lysyllysyllysine.3HCI (LLL) 4(COOH, HCI) 128.22 129.1 911.3

One milliliter of solution containing 2 to 10 micromoles of sub
stance is placed in a 25-ml. Erlenmeyer flask Ten milliliters of
absolute ethyl alcohol are added, followed by 5 drops of indicator,
the flask is placed under manifold, and oil-pumped nitrogen is
bubbled through the solution for about 3 minutes. The flask is
then transferred to the titration rack. A buret, calibrated in
0.01 mI., is lowered into the flask, a bubbling tube is inserted, and
nitrogen is passed through the solution during the titration in
order to exclude atmospheric ·carbon dioxide. The buret is con
nected by means of a three-way stopper to a reservoir of O.OlN
alcoholic potassium hydroxide. This is prepared by placing 0.6
gram of potassium hydroxide pellets into 100 m!. of absolute
ethyl alcohol and stirring by means of a stream of dry nitrogen
until dissolved. The solution is allowed to stand at room tempera
ture for 2 days under nitrogen in order to allow all carbonate to
settle and is then syphoned off under nitrogen through a porous
plate and diluted with 9 volumes of absolute ethyl alcohol. The
titer of the base is determined by titrating against either stand
ard potassium acid phthalate or O.OlN hydrochloric acid, using
the mixed indicator, and correcting for the indicator blank.
Optimum results are obtained by chosing conditions such that
the total volume of titrant does not exceed 5 ml.

In Table I are listed compounds representative of the different
types.
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Photometric Determination of Chromium as
Perchromic Acid in Ethyl Acetate Solution
ABRAHAM GLASNER and MENACHEM STEINBERG

Department of Inorganic: and Analytical Chemistry, The Hebrew University, Jerusalem, Israel

Figure 1.. Absorption spe<:trum of a ethyl
acetate solution of blue perchromic acid

Chroluiuni Iuay be extracted with ethyl acetate and
deternlined photometrically in the form of the blue
perchromic acid. Large amounts of iron, manganese,
vanadium, molybdenum, and! tungsten do not interfere.
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Figure 2. Absorbance of perchromic acid in ethyl
acetate extracts from aqueous solutions, with varying

initial concentration of dichromate
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The satisfactory results of the direct method are further proof
of the good reproducibility of this method. The results obtained
by the diphenyl-carbazide method are a measure of the amount
of chromium actually extracted by the ethyl acetate. This is
in complete agreement with Brookshier and Freund's results;
they obtained 96 to 97% of chromium in one extraction. Be
cause of this, three extractions are advised for one quantitative
analysis.

the efficiency of the extraction is independent of the amount of
dichromate and Beer-Lambert's law is observed.

In Table I are compared the results of a series of determina
tions made with known amounts of pure dichromate solutions:
(I) by the direct photometric measmement of the ethyl acetate
extract, and (2) by the diphenylcarbazide method, in an aliquot
of the solution from a single extraction.

Table I.

MATERIALS

The following solutions were used. Potassium dichromate
1.5070 grams, Baker's Analyzed, dried at 160 0 C. for 2 hours,
and made up to 1000 m!'

680600500
X, mIL

)
420

~ 650
X

250

'"~ 550
<{
co

0450

~
<{

350

BROOKSHIER and Freund (1) proposed the separation of
chromium from vanadium by extraction of perchromic

acid with ethyl acetate, to be determined subsequently, by the
diphenylcarbazide method (2). This procedure requires the
re-extraction of the chromate with w;~ter, involving a number of
manipulations that could be spared, if the perchromic acid were
estimated directly in the ethyl acetate solution.

The optimum conditions for the extraction of perchromic acid
were investigated by Brookshier and Freund, who found that
the aqueous solution at equilibrium should have a pH of 1.7 ±
0.2, and that the ethyl acetate extractions are fairly stable up to
20° C. Their results were confirmed, and the conditions men
tioned adhered to in the work described here.

850

750

Figure 1 shmy:, t.he absorption spectrum of a perchromic acid
solution in ethyl acetate as measured by a Unicam diffraction
grating spectrophotometer (Model S.P. 350). There is a single
absorption band in the visible region with a maximum at A =

580 mJ<. (The absorption spectrum obtained in a Beckman DU
spectrophotometer exhibited two bands of lesser absorbance
around 300 and 750 mJ<, but no resolution of the main band.)

Fi"ure 2 shows the absorbance of two series of solutions (at
A = 565 m",) obtained by extraction from hydrochloric or sulfuric'
acid solution, containing varying initial amounts of potassium
iichromate. The absorbances are seen to be a linear function
of the concentration of the dichromate, up to and somewhat
above the absorbance one, and independent of the mineral acid
3.dded. Hence, under the experimental conditions employed,

2008
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Hydrogen peroxide, 100 volume M. & B. "for analysis," diluted
as required and determined daily by titration with standard O.lN
potassium permanganate.

Ethyl acetate, Baker's Analyzed.

2009

C Si S P Mn Ni V Mo W Cr

I 0.34 0.25 0.036 0.014 0.64 2.59
(57

0.43
5:66

0.75
II 0.80 4.11 4.40

RECEIVED for review March 22, 1955. Accepted August 5, 1955.

Identical results were obtained whether or not the iron was
precipitated by ammonia before extraction.

The percentage of chromium found by the photometric estima
tion of the blue perchromic acid was:
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II

4.Z-! ± 0.04%

I

0.712 ± 0.008%

PROCEDURE

The solutions were measured out from microburets into 50-ml.
stoppered flasks. For each 5 ml. of the total aqueous solution,
6 ml. of ethyl acetate were added. The flasks were cooled to
about 10° C., then hydrogen peroxide was introduced last, and
the solutions were well mixed for 30 seconds. The liquid layers
were allowed to separate for 2 minutes, whereupon an aliquot of
the blue perchromate solution was transferred by pipetting into
the spectrophotometer tube, and its absorbance was compared
with that of the pure solvent.

One milliliter of the same sample solution was simultaneously
taken for the diphenylcarbazide determination, decomposed by
potassium hydroxide, extracted with water, and further treated
as in (2).

Lastly, the direct method was tested by two analyses of alloy
steel from Bureau of Analyzed Samples, Ltd. The samples
were certified to have the percentage composition:

Radiochemical Separation 01 Actinium and
Its Daughters by Means 01 Lead Sulfate
N. E. ROGERS and R. M. WATROUS

Mound Laboratory, Monsanto Chemical Co., Miamisburg, Ohio

A radiochenlical separation of actiniunl-227 and its
daughter elenlents fronl rat urine was required as an
analytical nlethod in the deternlination of these radio
active elements. A method is described in which actin
iUnl and its decay products are separated fronl urine
salts on precipitated lead sulfate. Approximately 90%
of the radioactivity in rat urine can be recovered by
coprecipitation on lead sulfate in hot solutions. The
lead is removed by precipitation with hydrogen sulfide,
leaving the activity in solutio~. The actinium fraction
is free of interfering salts except for a small quantity
of urine salts coprecipitated with the lead sulfate. The
method requires about 8 hours.

on a controlled diet, the chemical composition of the urine re
mained relatively stable during the course of this work. Com
position of a sample of typical rat urine is presented in Table 1.

Table I. Composition of Digested Rat Urine. Salts
Element %

Potassium" 38.0
Sodium" 7.5
Chlorine 27.5
Magnesium 1 .5
Iron 0.5
Calcium 0.1
Phosphates 5.5
Sulfates 1. 5

" Flame photometer.

I N THE study of the effect of actinium-227 and its daughter
elements on rats, a reliable radiochemical separation of these

elements from rat urine was needed. Data obtained from such
an analytical procedure would be of material assistance in ascer
taining the ratio of radioactivity administered into a rat to that
excreted daily through the kidneys.

Lead sulfate has been used as a carrier for radium in solution.
Ames and others (1) described a method for the determination of
small amounts of radium in uranium orell by the separation of the
radioactivity on precipitated lead sulfate. This method was
later adopted, with slight modifications, for the separation of
radium from large volumes of human urine (7).

The techniquelbf using lead sulfate as a carrier for actinium-227
was reported by McLane and Peterson (5). They stated that
over 98% of a carrier-free actinium tracer is precipitated with
1 gram of lead per liter of 6M sulfuric acid.

Lead sulfate has been used as a carrier for actinium-227 only
in relatively salt-free solutions. The presence of concentrated
rat urine salts tends to contaminate the lead sulfate precipitate
and makes it difficult to obtain quantitative separations.

The major components found in digested rat urine are sodium,
potassium, and magnesium chlorides. As the rats are maintained

Silicon and boron, in moderate amounts, are also present in
digested rat urine'. These two elements are probably leached
from the glassware during the digestion period.

PROCEDURE

To a 3-day sample of rat urine (approximately 120 ml.) in a
250-ml. boiling flask, add 60 ml. of concentrated nitric acid.
Enclose the flask in an electric heating mantle and evaporate the
contents nearly to dryness. Add small portions of nitric acid,
with repeated evaporations, until the solution is clear and the
residual urine salts are white. Finally, evaporate the contents of
the flask to dryness.

Dissolve the dried urine salts in the flask with 10 to 15 ml. of
dilute nitric acid and transfer the contents quantitatively to a
clean 150-ml. beaker. Evaporate the salts to dryness. and' take
up the residue in 100 ml. of O.lN nitric acid. Slowly add 3 ml.
of concentrated sulfuric acid to the solution. Heat the solution
to 75° C. on a hot plate with mechanical stirring, and add drop
wise 100 mg~ of lead nitrate solution (0.5 ml. of a solution prepared
by dissolving 32 grams of lead nitrate in 100 ml. of distilled
water). Stir the lead sulfate precipitate for 30 minutes with the
temperature maintained at 75° C. Rinse the stirring rod and
thermometer with sufficient water to bring the volume of the
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EXF'ERIMENTAL DATA

d Precipitated at 25° C., digested at 4° C.; 0.5 mg. Pb/ml. of solution.
b Calculated.

Table III. Loss of Activity in Filtrate Following Lead
Sulfate Precipitationa

Activity
Sample Loss, %

1 0.52
2 2.30
3 0.18
4 0.31
5 0.21
6 0.60
7 0.15
8 2.00
9 0.38

ill 1.W

Av. 0.77

a Precipitated at 75° C., digested at 60-65° C .• 1 mg. Pb/mI. of solution.

The effect of varying the concentration of lead is sho.wn in Table
IV. The optimum quantity of lead for adsorption appears to be
1 mg. per m!. of solution. Increasing the amount of lead to
2 mg. per m!. does not appreciably alter the adsorption of the
precipitated lead sulfate toward actinium. Decreasing it to
0.5 mg. per m!. does, however, correspondingly decrease the quan
tity of radioactivity carried. The data presented in Table IV
record the loss of activity to the filtrate.

Table IV. Effect of Varying Concentration of Leada

Concn. Lead. Loss of Activity
Mg./MI. to Filtrate, %

0.5 12.10
0.5 9.75
1.0 0.52
1.0 0.15
1.0 0.38
2.0 0.18
2.0 0.31
2.0 0.21

4 Precipitated in hot solution.

McLane and Peterson (5) reported that barium sulfate precipi
tates adsorbed 96% of an actinium tracer at 85 0 C. Because of
the similarity of chemical properties of barium and lead sulfates
it seemed very probable that lead would exhibit higher adsorptive
qualities if precipitated in hot solutions. Accordingly, a number
of experiments were conducted in which the lead sulfate was
precipitated at 75° C. and digested for at least 4 hours at 60 0 to
65 0 C. The actinium and its daughter elements were carried
quantitatively on precipitated lead sulfate from urine salts in hot
solution. The lead sulfate precipitate was set aside for further
work and aliquot samples of the filtrate were counted to determine
the amount of radioactivity lost through removal of urine salts
(Table III).

The lead may be separated from the radioactivity by electrol
ysis (.n. In this method, lead is plated as the dioxide on the
anode from a dilute nitric acid solution. The lead sulfide method
is recommended, however, because in the authors' experience a
more quantitative separation is obtained and the weight of the
dissolved solids remaining in the final filtrate, which contains the
activity, is considerably less. The weight of the salt content of
the filtrate, after evaporation to dryness, was only 25 to 30 mg.
in an average sample. .By comparison, the totlll. weight may run
as high as 50 to 100 mg. per sample when the lead is removed
electrolytically. In either case, the lead is almost completely
removed and carries less than 2% of the radioactivity (Table V).

Table VI shows the total activity recovered from rat urine
with a single lead sulfate precipitation. Varying amounts of
carrier-free actinium-in-equilibrium were added to the urine to
produce between 5700 and 4,800,000 alpha counts per minute.
The actinium was added directly to the raw rat urine sample
prior to digestion with concentrated nitric acid.

76
29
45
32

24
71
55
68

I
2
3
4

Sample

solution to 100 mI. Cover the beaker with a watchglass and let
the precipitate digest at 60 0 to 65 0 C. for at least 4 hours, or
preferably, overnight. Stir occasionally.

Cool the beaker and contents to room temperature, transfer
to a centrifuge tube, and centrifuge. Rinse the beaker thoroughly
with portions of the supernatant liquid, add to the centrifuge
tube, and centrifuge until the supernatant liquid is clear. If
there are floating particles on top of the solution add a drop of
5% aerosol (5% aqueous solution of Aerosol-OT, dioctyl sulfo-
succinate) and centrifuge again. Discard the supernatant liquid
which contains the inactive urine salts. The major portion of the
radioactivity has been carried with the lead sulfate. Set aside
the original l50-mI. beaker for use in the next step.

Add 15 mI. of concentrated hydrochloric acid to the lead sul
fate precipitate. Heat on a steam bath with occasional stirring
until the precipitate is dissolved and then evaporate to dryness.
Add dilute hydrochloric acid slowly to the residue until it dis
solves and transfer to the original l50-mI. beaker with distilled
water. The total volume of the solution in the beaker should
be approximately 50 mI. Adjust the hydrogen ion concentration
of the solution with dilute ammonium hydroxide so that it is
weakly acid (pH 3.0 to 3.5) to alkacid paper.. Heat almost to
boiling and bubble hydrogen sulfide gas into the solution until
it becomes saturated. Add 50 mI. of cold distilled water and
continue to pass in hydrogen sulfide until the solution is clear
and the precipitate settles to the bottom of the beaker. Centri
fuge and then wash the precipitate twice with .j-mI. portions of
hydrogen sulfide water. Dissolve the lead sulfide precipitate in a
little hot concentrated hydrochloric acid, evaporate the resultant
solution to dryness, redissolve in a small quantity of dilute
hydrochloric acid, adjust the pH, and repreeipitate as before.
Mter 'Lhe reprecipitated lead sulfide has been washed with hydro-
gen sulfide water, discard the precipitate. Combine the two
supernatant solutions, heat almost to boiling. and test for com
pleteness of precipitation by saturating the solution with hydro-
gen sulfide gas. Evaporate the combined solution to dryness.

Rinse the sides of the beaker containing the residue with about
10 mI.. of concentrated nitric acid. Reduce the volume of the
solution to 2 to 3 mI. by evaporation. Cool, and rinse the sides
of the beaker again with nitric acid, followed by a second rinsing
with distilled water. Again reduce the volume by evaporation
to 2 to :l m!. Transfer the solution quantitatively to a clean
lO-mI. volumetric flask, using small portions of distilled water to
wash the contents of the beaker into the flask.

Fill the volumetric flask to the mark and m01mt an appropriate
sJiquot on a stainless steel disk, the mount being spread over as
large an area as possible to reduce self-absorption. For best re
sults" the volume of the mounted aliquot should be selected so as
to produce an alpha count within the range of 1000 to 50,000
counts per minute. When the mount is nearly dry, lower the
heat lamp and heat strongly until all excess sulfuric acid has been
volatilized. Carefully ignite the mounted sample in the flame of
a Bunsen burner. Set the ignited sample aside for 3 to 4 hours
to permit the short-lived daughters to attain equilibrium and
then submit the sample for alpha counting.

In preliminary work, lanthanum-140 (40-hour half life) was
used as a stand-in for actinium to determine whether lead sulfate
could be used effectively to carry actinium and its daughter
products quantitatively from the bulk of rat urine salts. In
these experiments, the lead sulfate was precipitated at room tem
perature and digested in an ice bath as recommended by Russell,
Lesko, and Scbubert (7) in their work on the determination of
radium in exposed humans. The results of these experiments,
(Table II) as determined by beta counting, were low and incon
sistent.

Table II. Adsorption. of LanthanuUl-HO on Precipitated
Lead Sulfatea

Activity Fo.=u::nd::,,--o/,,-,o~,.,--,-
Precipitateb Filtrate
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Table VI. Total Activity Recovered froIn Rat Urine with
Lead SulfateB

B Precipitated in hot solution.
b Combined losses of urine and lead salts.
C Represents alpha counts below accurate range of counting instruments

used.

Table V. Loss of Activity by ReInoval of Lead Salts
Activity on

Sample Lead, %

Lead Sulfide Pptn.

18166 8 10 12 14

Thickne.. of Depo,it (ms/cm')

100

...
80!'"'·d

w"
Zl~ 60
§-8g
1D1: 40-"'0
..9g
<Cd:
~~ 20

2 4

Actinium-227 is a beta emitter with a 22-year half life. Its
principal decay products are thorium-227 (18.6-day half life),
radium-223 (11.2-day half life), and a number of short-lived
products including actinon or radon, bismuth, polonium, and
lead isotopes. Since the beta rays are extremely weak, (0.02
m.e.v.), the alpha radiation is utilized for counting purposes
although it comprises only 1.20% (6) of the total radiation.
Both thorium-227 and radium-223 are alpha emitters.

Purified actinium grows rapidly for a number of weeks, owing
to the formation of its daughter products, and then comes to
equilibrium at the end of 185 days. At the end of this period,
actinium decays according to its 22-year half life.

The use of specific carriers employed with precipitation methods
for the determination of actinium-227 and its daughters gave
incomplete separations due to the presence of urine salts. The
removal of total activity from the bulk of these salts was found
to be a practical method.

A study was made. to determine which of the three major
activities of actinium-in-equilibrium was being lost through chem
ical separations. Samples of both urine salts and separated lead
carrier were counted at regular intervals for 30 or more days. A
plot showing the growth and decay curves of the activity in both
the urine salts and lead carrier tends to follow very closely pure
thorium-227. This indicates that nearly all of the activity lost
through chemical separations is thorium-227.
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DISCUSSION

Figure 1. Alpha absorption of radioactive (actiniuIn
227 in equilibriuIn) rat urine salts (dried at 700 0 C.

on sli.,e)

Individual activities may be determined by application of the
data obtained from alpha counting. The authors found the tech
nique of differential decay (3) to be an excellent method of de
termining individual activities using data obtained from counting
procedures. Briefly, it consists of substituting known data in
simultaneous equations and solving for the one possible combina
tion of activities and the proportion of each present. In the work
on actinium, the final filtrate was essentially in equilibrium with
its daughters and it was found expedient to break the chain so
that the counting period could be shortened. This was accom
plished by the removal of thorium-227, the first important
daughter, by homogeneous precipitation with a suitable carrier,
as the iodate (8).

Special acknowledgment is made to J. J. Dauby, Mound Lab
oratory, who carried out the absorption studies reported in this

Activity
Recovered,

%
91
85
87
88
87
86
85
88
92
90
86
94
97
88

102
90

Activity
Lost b ,

%
3.80
2.82
0.59
2.19
1.69
2.31
2.56
0.49
2.75
0.89
2.40
3.40
1.28

c

1 1.96
2 2.30
3 0.41
4 1.88
5 1.65
6 2.10
7 1. 95

Av. 1.75

Electrolysis

8 0.34
9 0.75

10 2.10
11 0.51
12 2.30
13 0.71

Av. 1.12

Total Activity, Counts per Minute
Added Recovered

4.800,000 4,358,000
4,500,000 3,812,000
4,500,000 3,932,000
4,500,000 3,954,000

900,000 784,000
900,000 775,000
900,000 763,000
900,000 792,000
225,000 206,800

66,000 59,600
66,000 56,400
21,000 19,640
21,000 20,400

5,700 5,020
5,700 5,825
5,700 5,120

Approximately 90% of the actinium-in-equilibrium originally
added to the rat urine was recovered in the final filtrate (Table
VI). The combined losses of activity due to the separation of the
urine and lead salts amounted to a little more than 2%. The
discrepancy between the starting alpha counts and total alpha
counts found (activity in the final filtrate plus the combined
losses in the urine and lead salts) is due to sorption on glassware,
inherent errors in the counting instruments, and self-absorption.

Self-absorption appeared to be of little significance except in
the residual or discarded fractions.

In the case of separated urine salts, the solutions contained
very small amounts of radioactivity and a high concentration of
solids (approximately 3 grams per sample), making it necessary
to prepare mounts of appreciable thickness. The weight of a
typical mounted sample varied from 3 to 6 mg. per sq. cm., de
pending on the volume of the fraction required to obtain a mount
of sufficient activity for accurate counting. Reference to Figure
1 (2) shows that 54 to 75% of the alpha radiation in these de
posits would be cO\¥lted by a proportional counter, the remainder
being absorbed within the sample itself. While this may appear
to be a significant error,actually it is of little importance if it
is taken into consideration that only slightly more than 1% of
the total activity is represented. The same is true of the sepa
rated lead fraction, only to a lesser degree, as in this case a
mounted sample would weigh 0.5.mg. per sq. cm. or less.

In contrast, sample mounts of the final radioactive filtrate weigh
less than 0.1 mg. per sq. cm., constituting a loss of not more than
2 to 3% due directly to self-absorption (Figure 1).
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Colorimetric Determination of Low
Concentrations of Oxygen in Gases
c. STAFFORD, J. E. PUCKETT, M. D. GRIMES, and B. J. HEINRICH

Research Division, Phillips Petroleum Co., Bartlesville, Okla.

In order to ascertain the effect" of slllall alllounts of
oxygen on tht, polyrnerization of various hydrocarbon
gases, a rapid and accurate lllethod was required for the
deterlllinatioll of oxygen in these gases in the range of
oto 100 p.p.Dr.. The sodiulll antb.raquinone-{i-sulfonate
colorillletric ruethod has been applied successfully to
the deterlllination of traces of oxygen in gases including
nitrogen, butadiene, butane, ethylene, and propylene.
Analyses of synthetic salllples oJfknown oxygen content
indicat'e an accuracy of ±7% in the range of 10 to 50
p.p.lll. Hydrogen, carbon dimdde, and other acidic
gases, and acetylene do not interfere. Carbon lllon
oxide interferes if present in large alllounts; The ap
paratus is sirrrple and inexpensive and can be lllade
portable. Six salllples can be analyzed in an 8-hour
period. The Dlcthod is adaptable to continuous, auto
lllatic instrumentation.

I
~ ORDER to ascertain the effects of small concentrations

of oxygen on the polymerization. of various hydrocarbon
gases, a rapid and accurate method was required for the deter
mination of oxygen in these gases in the ra,nge of 0 to 100 p.p.m.

The Brady (1) method for determining small amounts of oxygen
by spectrophotometric measurement of the bleaching effect of
oxygen on the red color of the reduced form of sodium anthraqui
none-B-sulfonate has been applied successfully in this laboratory.
In using this method over the past 4 years several refinements
have been made which greatly increase the accuracy, precision,
and convenience of the determination: a more efficient electro
lytic cell for calibration, inclusion of a caustic scrubber for prior
removal of acid gases, and a more efficient packing for the gas
serubbers.

Although Brady (1) stated that hydrocarbons do not affect
the analysis, he did not give any data for oxygen content of
hydrocarbon gases. Data arc presented in this paper for typical
analyses of butadiene, butane, ethylene, and propylene, in which
the oxygen content varied from less thaT; 1 p.p.m. to several
hundred parts per. million. Accuracy of the procedure as ap
plied to hydrocarbon gases is indicated by analyzing 10 known
blends of oxygen in ethylene, ranging in oxygen content from
10 to 50 p.p.m.

Brady indicated that he successfully determined oxygen in

mixtures of carbon monoxide, carbon dioxide, and nitrogen.
In the present work it was found that either carbon monoxide
or carbon dioxide in a hydrocarbon sample interferes if present
in very large amounts. The interference of carbon dioxide was
eliminated by inclusion of a caustic scrubber ahead of the oxygen
reagent. Because interference by carbon monoxide could not
be circumvented easily, several experiments were made to ascer
tain the amount that can be present in a hydrocarbon gas sample
without causing serious interference.

APPARATUS

The assembly is shown in Figure 1. A second nitrogen scrubber
was found to be necessary because some cylinders of commercial

Table I. Analyses of Ethylene of Known Oxygen Content
Oxygen, P.P.l\1. by Weight Deviation

Sample Contains Q Found P.p.m. %
A 12 13 +1 8.3

12 0 0.0
13 +1 8.3

B 13 12 -1 7.7

C 20 18 -2 10.0
20 0 0.0
19 -1 5.0
18 -2 10.0

D 20 22 +2 10.0
21 +1 5.0
22 +2 10.0
21 +1 5.0

E 21 20 -1 4.8
20 -1 4.8
24 +3 14.3
23 +2 9.5
23 +2 9.5

F 25 24 -1 4.0

G 25 25 0 0.0•H 32 37 +5 15.6
35 +3 9.4

J 32 31 -1 3.1
35 +3 9.4
34 +2 6.2

K 53 55 +2 3.8
53 0 0.0
58 +5 9.4

Av. ±l. 7 6.8

a These values include 2.4 p.p.ro. of oxygen which the et.hylene contained
originally.
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"prepurified" nitrogen contain as much as 80 p.p.m. of oxygen.
Nichrome Helipak packing was substituted for glass beads in
the scrubbers.

PROCEDURE

The apparatus is assembled as shown in Figure 1 and calibrate~
by bringing known quantities of oxygen, generated electrolytl-

Table II. Typical Analyses for Oxygen in Gases

Sample
Oxygen,

Deviation from MeanP.P.M. by
No. Description Weight P.p.m. %
A n-Butane 0.50 + 0.02 4.2

0.43 - 0.05 10.4
0.49 + 0.01 2.1
0.48 0.00 0.0

Av. 0.48

B Butadiene 2.9 - 0.2 6.5
3.3 + 0.2 6.5

Av. 3.1

C Butadiene 4.2 - 0.4 8.7
4.0 0.0 0.0
4.7 + 0.1 2.2
4.8 + 0.2 4.3

Av. 4.6

D Butadiene 8.9 - 0.2 2.2
9.2 + 0.1 1.1

Av. 9.1

E Nitrogen 48 - 3 5.9
49 - 2 3.9
53 + 2 3.9
52 + 1 2.0

Av. 51

F llutadiene 70 - 4 5.4
78 + 4 5.4

Av. 74

·G Nitrogen 150 - 6 3.8
164 + 8 5.1
155 - 1 0.6

Av. 156

H Propylene 279 + 5 1.8
269 - 5 1.8

Av. 274

J Ethylene 675 +31 4.8
620 -24 3.7
630 -14 2.2
650 + 6 0.9

Av. 644

2013

cally, into contact with a definite volume of reduced reagent and
measuring the change in color of the reagent. Analysis of a
sample is accomplished by bringing a measured volume of the
sample gas into contact with the reduced reagent and measuring
the change in color of the reagent. For samples high in oxygen
content a flow of nitrogen through the system is used to dilute
the sample before it contacts the reduced reagent.

ACCURACY AND PRECISION

Twenty-seven determinations on 10 samples of known oxygen
content, as shown in Table I, indicate an accuracy of 6.8% rela
tive in the range of 10 to 50 p.p.m. Samples of known oxygen
content were prepared by blending measured volumes of air
with ethylene containing 2.4 p.p.m. of oxygen.

The data in Table II give an indication of the precision of the
method in analyzing several different gases in which the range
of oxygen content varied from less than I p.p.m. to several hun
dred parts per million.

DISCUSSION

One of the authors' first observations in using this method was
that the efficiency of the gas scrubbers was poor when a packing
of glass beads was used, probably because of channeling effects.
Consequently, the glass beads were replaced by Helipak packing.
The scrubbing efficiency was improved, as indicated by a greater
sensitivity of the reagent to small amounts of added oxygen.

Additional difficulty was experienced during the first several
months in obtaining good calibration data. As bubbles of oxygen
could be observed sticking to the walls of the electrolytic cell,
a mechanical vibrator was used to help remove the bubbles.
This technique facilitated the obtainment of apparent good
calculation data, but the data were not reproducible on succes
sive days. Consequently, the electrolytic cell was redesigned so
that the nitrogen carrier gas could be made to flow through the
cell (see Figure 1) and to sweep out the generated oxygen quickly
and thoroughly. Calibration data obtained with the redesigned
cell indicated that all of the generated oxygen was not being.
removed from the original cell, as shown by a l/;reater change in
the color of the reagent for a given quantity of oxygen. Using
the redesigned cell the calibration data are reproducible from day
to day.
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.. Average of four determinations.
b Average of fivo determinations.
• Reagent destroyed after three determinations.

oxide to oxygen ratio is raised to 20 to 1, the results are high
and erratic and the reagent is soon destroyed. Data in Table
III also show that a large amount of carbon dioxide interferes
seriously unless it is removed from the sample gas prior to entering
the oxygen scrubber. After three deterIWnations of oxygen
had been made in a sample containing 5% of carbon dioxide,
the sodium anthraquinone-,6-sulfonate reagent was destroyed.

The apparatus can be constructed easily by a competent
glassblower, and can be made portable. Six samples can be
analyzed by this method in an 8-hour day. The method has
been adapted by Karasek and others (2) to continuous, automatic
analyzer, for monitoring trace amounts (0 to 500 p.p.m.) of
oxygen in gases.
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ing, AMERICAN CHEMICAL SOCIETY, December 1954, Fort
Worth, Tex.
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FoundPresent
Amount
Added

Large excess 13 12 - 1
25 24 - 1

Large excess 25 25 0
26 p.p.m. 20 19 a - 1
80 p.p.m. 20 22a + 2
200 p,p.m, 21 22b + 1

43 +23
290 p.p.m. 20 31 +11

34 +14
27 + 7

5% 13 13 0
70 +57

5% 13 75 +62
99 +86,

Substance

Acetylene

Hydrogen
Carbon monoxide
Carbon monoxide
Carbon monoxide

Carbon monoxide

Carbon dioxide (With
caustic scrubber)

Carbon dioxide (Without
caustic scrubber)

As shown in Table III, a large excess of acetylene or hydrogen
does not decrease the accuracy of the oxygen determination by
this method. Carbon monoxide does not interfere unless the
ratio of carbon monoxide to oxygen is greater than about 10 to 1.
When the carbon monoxide to oxygen ratio is 15 to 1,
the oxygen results are high and erratic. When the carbon mon-

Table III. Effects of Various Possible Interferences on the
Deterurination of Oxygen in Ethylene

Oxygen, P.P.M. by Weight
Devia

tion
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CRYSTALLOGRAPHIC DATA

101. Lead Styphnate (Normal)
Conbibuted by W. C. McCRONE and O. W. ADAMS, Armour Research
Foundation of Illinois Institute of Technology, Chicago 16, III. .

OPbOH

o.N-!r-No.y-DH
NO,

Structural Formula for Normal Lead Styphnate

NORMAL lead styphnate is best prepared by precipitation from a
solution containing styphnic acid (2,4,6-trinitroresorcinol)

and lead nitrate by adding sodium hydroxide. Excellent crys-

Principal Lines
Ii //11 Index" Ii //11 Indexa Ii 1/1.

7.82 10 110 2.76 3 321 1.872 1
6.80 1 011 2.69 1 003,240 1.836 1
6.32 7 020, 101 2.63 1 330, 013 1. 809 1
5.71 7 III 2.55 6 113,050 1. 773 3
5.33 1 120 2.52 17 400,312,232,241 1.748 I?
5.01 2 200,021 2.48 I? 410,331,042,023 1.723 1
4.67 2 210 2.41 7 401, 123, 142, 051 1. 677 1
4.41 8 121 2.33 I? 420,213,151 1.609 2
4.17 4 030 2.29 4 340 1.562 1
4.00 8 002 2.25 7 250,421,033 1.507 1
3.86 1 130 2.21 I? 223,133,242 1.476 1
3.72 7 102,031 2.16 3 430,251 1.381 1
3.54 8 221 2.10 4 060,303,412, 152 1.318 3
3.37 7 300,022 2.06 1 160,313,233 1.277 2
3.23 6 310,230 2.02 4 004,350,422,500 1.257 2
3.06 4 212 1.979 5 1.231 2
2.95 9 320,041 1.932 2 1.206 1
2.81 5 222,141,132 1.905 1 1.109 1

.. There are other reflections which might contribute to these lines and
. the indicated indices are suggested only 86 'poesible contributing reflections.

FigUre 1. TypiCaJ crystals of normal Jead styphnate
precipitated ·from aqueous ethyl aJcohol solution of
styphnic acid. and lead nitrate by sodium hydroxide

tals of the normal salt (Figure 1) were obtained by preparing a
solution of 1 X 10-1 mole of styphnic acid and 2 X 10-' mole
of lead nitrate in 200 mI. of 50% aqueous ethyl alcohol and adding
dropwise with efficient agitation a 0.0917N solution of sodium
hydroxide. Well formed crystals of the pure normal salt are
precipitated throughout the pH range up to about 3.6. As the
solution becomes more basic than pH 3.6, other lead salts begin to
appear.
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SIR: It has been brought to my attention by Arnold S. Roseman,
University of Massachusetts, that the captions of Figures 1 and 2
of my article on "Colorimetric Determination of N-'J;'richloro
methylthiotetrahydrophthalimide" [ANAL. CHEM., 24, 1173-5
(1952)I are confusing.

The original work on this procedure was carried out using a
manually operated spectrophotometer. With this instrument
the absorbance peak at 425 m" was missed and all the data in
Table I and Figure 2 were obtained at 450 m". When a record
ing spectrophotometer was used, the curve shown in Figure 1 was
obtained. This curve showed that a higher degree of accuracy
would be reali2.ed by using 425 m" instead of 450 m" and therefore
the lower wave length was suggested in the procedure. If an ana
lyst were to apply this analytical procedure, hewould make his own
standard curve, in which case it would be best to use the 425 mp

wave length.
Possibly a more significant correction could be made regarding

this article, which states: "The structure of the chromogenic
reaction product has not been precisely determined, but is un
doubtedly of the phthalein type that could be expected from the .
reaction of resorcinol with the dibasic acid portion of the SR-;406
molecule." It has since been found that the color produced is the
result of reaction between resorcinol and the -SCCla group.
This is substantiated by the fact that perchloromethyl mercap
tan (ClSCCI,) gives t·he same color reaction with resorcinQI.
Also, other compounds containing the -SCC!, group, such as
N-phenyl N-trichloromethylthiomethylsulfonamide, give the
same transmittance curve as SR-406 between 300 and 500 mp

when heated with resorcinol under the described conditions.
ALLEN R. KITTLESON

Colorimetric Determination of N-Trichloro
methylthiotetrahydrophthalimide

CORRESPONDENCE

Esso Research and Engineering Co.
Linden, N. J.

all

Orthographic projection of typical crystal of
normal lead styphnate

oaT'
a'~ /:,
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Figure 2.

CRYSTAL MORPHOLOGY
Crystal System. Monoclinic.
Form and Habit. As precipitated from styphnic acid and

lead nitrate by sodium hydroxide rods elongated parallel to a
are usually formed. Slight flattening, so that many crystals lie
on the 001 face, is usually observed. Other forms shown arc:
prism (110), clinodome (011), and the orthodome (101).

Axial Ratio. a:b:c = 0.800: 1:0.640,- 0.799: 1:0.638 (2). _
Interfacial Angles (Polar). 110 A 110 = 102°. 011 A 011 =

65.4°; 65° (2).
Beta Angle. 91.9°; 93 (2).

X-RAY DIFFRACTION DATA
Cell Dimensions. a = 10.06 A.; b = 12.58 A.; c = 8.05 A.

a = 1O.02A.; b = 12.54 A.; c = 8.00 A. (2).
Formula Weights per Cell. 4 (4.05 calculated from x-ray

data).
Formula Weight. 468.31. .
Density. 3.095 (flotation in CH2I2-GCl,); 3.055 (x-ray).

Normal lead styphnate is very insoluble in most of the usual
solvents; hence is usually studied as first precipitated. Many
solvents in which this compound dissolves hot-e.g., ethylene
glycol-form crystalline solvates on cooling.

OPTICAL PROPERTIES
Refractive Indices (5893 A.; 25° C.), '" = 1.554 ± 0.002.

{J = 2.20 ± 0.03. "y = 2.22 ± 0.03. ",' (in 001) = 1.833
± 0.01.

Optic Axial Angles (5893 A.; 25° C). 2E = 57°. 2V = 25°.
Dispersion. r > b, very strong.
Optic Axial Plane. 010.
Sign of Double Refraction. Negative.
Acute Bisectrix. ",Aa = 47° in obtuse {J. 3

Molecular Refraction (R) (5893 A.; 25° C.). ~ = 1.965;
R(obsd.) = 73.9. R(calcd.) cannot be calculated, since the
molar refraction for lead is not known; the partial value not
including the lead is 43.2, indicating that the molar refraction of
lead is about 30.
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CORRECTIONS

Far Ultraviolet Absorption Spectra of Unsaturated
and Aromatic Hydrocarbons

In the article on "Far IDtraviolet Absorption Spectra of
Unsaturated and Aromatic Hydrocarbons" [Jones, L. C., Jr.,
and Taylor, L. W., ANAL. CHEM., 27, 228 (1955») in Figure 13
curve A should have been identified as n-decylcyclohexane.

Redox Determination of Tervalent and Total
Cobalt in Presence of Excess Tungstate

III the article on "Redox Determination of Tervalent and Total
Cobalt in Presence of Excess Tungstate" [Baker, L. C. W., and
McCutcheon, T. P., Al"AL. CHEM., 27, 1625 (1955)] in the last
sentence in the first column the words "It was evident that such
lower states exist in the cobalt determination,,"were printed twice
in error. In the first paragraph on page 1626 (2, 6) in the 17th
line refers to Literature Cited, as do (1, 2, 15) in the 20th line,
and (1, 2, 6, 15) in the 22nd line. In reference (6) the volume
number is 39.



Simple Technique for Imprinting Scale of cl Spacings on
Powder Films

Stanley Ohlberg, Department of Research in Chemical Physics, Mellon
Institute, Pillsburgh 13, Po.

OTHER workers have described techniques for imprinting a
scale on powder films with one of two purposes in mind.

Hagg (3) and Barrett (1) have proposed techniques for imprinting
millimeter scales, in which the scale is used to make film shrinkage
corrections for precise determination of lattine constants. On
the other hand, De Bretteville and Levin (2) have proposed a
method for imprinting a scale of d spacings on powder films in
order to facilitate identification. The simple technique described

AIDS FOR THE ANALYST

light-tight, the camera is closed, and an instantaneous picture of
the undeviated x-ray beam is taken. When the exposed film is
removed from the camera, the approximate location of the image
of the undeviated beam is marked. A drop of developer is placed
over this area and when the black spot appears, the excess de
veloper is wiped off. The distance from the center of the spot
to the end of the film that fitted against the stationary film brace
is measured, and is then marked off on the template from zero
degrees two theta to the end that is subsequently fitted against the
stationary film brace. As this measurement can be only approxi
mately correct, a l-rn..TTl. excess is allowed when the template is
cut at this end.

Next a trial picture is made as described below. A 5-minute
exposure using unfiltered copper radiation and a piece of copper
wire as a standard sample was found satisfactory. The avera.ge

Figure 1. Typical film with imprinted scale (top) and photographic template (bottom)

below is designed for this same purpose and can be set up
with a minimum of time and materials.

PREPARATIOS OF PHOTOGRAPHIC TEMPLATE

The printed side of one of the Nies scales (manufactured by
N. P. Nies, 1495 Coolidge Ave., Pasadena 7, Calif., for use with
cobalt, chromium, copper, iron, and molybdenum radiation with
cameras of diameters of 57.3, 100, 114.6, and 143.2 mm.) is
placed over a piece of unexposed 35-mm. x-ray film. In order to
ensure close contact between the scale and the film, a glass plate
is placed on top of the seale. A 5-second light exposure of the kind
described below is suffieient to blacken that area of the film not
protected by the printing on the Nies scale. The film is processed
in the usual manner, care being taken to hang it horizontally
while drying in order to get uniform shrinkage along the direction
of the scale.

To calibrate the template for a given camera, a developed film
is placed in the camera and over this an unexposed film, punched
to accommodate the pinhole but not the beam stop, is fitted flush
against the stationary film brace. The beam-stop hole is made

Figure 2. Template positioned in camera
and two-part cover

Figure 3. Typical film with imprinted scale

Cut iD half for illustration

2016



Calcd.

0.915
0.840
0.804
0.786
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of the values for tlte d spacings read on either side of zero degrees
two theta is compared with the known values for the standard
sample. If the agreement is not satisfactory, the Nies scale se
lected was incorrect. The magnitude of this disagreement will
indicate which of the remaining six scales should be selected for
the preparation of a new template. The difference between two
readings for the same d spacing in the front reflection region will
indicate the length of film to be cut from the template, in order
that the printed scale will be symmetrical with respect to zero
degrees two theta. The dimensions of the template will change
on standing unless it is stored in a desiccator. Hence, the dried
template is equilibrated in a desiccator for a few days before cali
bration.

IMPRINTING TECHNIQUE

After the sa'Tlple and film are placed in the camera, a photo
graphic template (Figure 1, bottom) is fitted over the film with
the calibrated end flush against the stationary film brace and t~e
other end held firmly by the fingers, so that the template IS
pressed against the film. A two-part cover, made from any
opaque material, is placed around the rim of the camera (Figure
2) to prevent blackening of the edge of the film. An overhead
light (200-watt bulb, 6 feet above the camera) is flashed for about
1 second. The template is removed and the usual x-ray and
photographic procedures are carried out.

Table I. Accepted (4) and Indicated d Spacings for Quartz
Front ReBection. A. Back ReBection, A.

Read from Read from
scale Calcd. scale (al)

4.2+ 4.25 0.915
3.35 3.34 0.839
2.12 2.13 0.804
1.66 1.67 0.786
1.37 1.37
1.15 1.15

A typical film 'with the imprinted scale is shown in Figure 1,
top, and Figure 3. The sample is quartz, the d spacings of which
are accurately known (4). Some of the accepted values are
compared in Table I with those indicated by the scale.
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Device for Automatic Measurement of Integrated
Absorbance

V. Z. Williams, V. J. Coates, and Frank Gaarde, The Perkin-Elmer Corp.,
Norwalk, Conn. •

T HERE is growing indication that the use of the integrated
absorbance,

where
VI, V2 = limits in cm. -1

10 = incident radiation
1 = transmitted radiation

2017

from which can be obtained the absolute intensity coefficient,

I
ad. = dAd.

where
c = sample concentration
I = cell length

will be of value in the infrared for correlation of characteristic
functional group bands (1-3) in addition to their present use for
information on dipole moment (4). Their use for type compound
analysis has been considered, and there have been two recent
papers (5, 6) on type analysis where the use of Ad. as an ordinate
function might have proved better than the one chosen. There
has been little use of ad. as the basic ordinate term for multi
component quantitative analysis, yet herein I~ay be a major
value. In comparison with the present use of ahsorpt.ivit,y,

a. = 10glO (~/o)
~msx

ad. would have the advantages of (1) better adherence to Beer's
law where a. fails for lack of monochromaticity of the exit radia
tion beam, (2) higher accuracy and reproducibility, and (3) with
proper instrumentation, a directly readable number eliminating
operator errors of measurement and calculatio.il, and the dis
advantages of (1) lower ratio of diagonal to off-diagonal terms
in the analytical matrix, and (2) more difficult correction for
false radiation.

There are manr analyses where the advantages outweigh the
disadvantages.

Although the potential value of Ad. as an ordinate function has
been recognized for some time, its study has been deterred by the
extreme tedium of accurate manual measurement and calculation.
Therefore, an attachment to the Perkin-Elmer Model 21 double,
beam infrared spectrophotometer has been developed which will
integrate the absorbance value continuously as the spectrum is
being recorded over a given wave-length or frequency range and
present the integrated value on a counter. A pen system is
attached, so that on the abscissa border of the spectrum unit

Figure 1. Absorbance integrator asseJDbled on
spectrophotometer

Four-digit reset counter reads integrated units and a separate pen
marks a.bscissa
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Figure 4. Effect of slit width on intensity

A. vs. Ad. in C-H stretching region of polystyrene. Al
though resolution and peak absorption values change ap-

preciably, integrated absorption remains constant
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integration multiplier is geared to the recording drum rotation.
The resultant integrated absorbance is presented on a four
digit high speed magnetic impulse counter actuated by a com
mutator. Electrical impulses from the counter actuate a marking
pen on the margin of the recording paper at the proper abscissa
position. The accuracy of the device (over its absorbance range
of 0 to 1) is somewhat better than that of the direct measurement
of peak absorbance, as a range of absorbance is involved and
variations in the instrument linearity are averaged. Multiply
ing the counter reading by a predetermined integration constant
provides intensity values in terms of absorbance X cm.-1

or absorbance micron.
The reproducibility is excellent. Twelve readings over a 40

cm. -1 range of a band with absorbance about 0.9 over a 24-hour
period showed a spread of 1 part in 250 or ± 1 part in 500. The
accuracy is within 1%. These figures are based on absorbance.
The accuracy and reproducibility of transmittance measurement
would have to be roughly three times better to provide equivalent
performance.
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lSOOCTANE IN n-HEPTANE
CELL-IN CELL-OUT METHOD
PEAK INTENSITY REAOINGS

AT V =9BO CM- I

Banel cam on pen cable drive pulley at lower right actuatee ball and disk
integrator, which ia geared to recording drum. An electrical counter and
pen marker are actuated by segmented commutator at integrated output

Figure 3. Beer's law adherence

Absorbance, A.o rs. integrated abaorbance, Ad.. On a typical band as of
iso-octane deviation of Ad. is about one fourth that of A.

Figure 2. Integrator with cover rernol'ed to reveal
rnechanisDl

integrated values are marked by dashes. Thus, a reasonably
accurate absolute intensity value can a1ways be read from the
standard spectrum. For most accurate work the difference in
counter reading between 1'1 and 1'2 is used. For quantitative
analysis a direct number for insertion in the calculation is available.
The poaeible operator error in spectrum measurement, division,
and log conversion is eliminated. The device is applicable to
either linear wave-number or linear wave·length instruments, as
A6. can be converted to AdA by a known function.

The acceBBory is shown in Figure 1 with cover on, mounted on
the Model 21. In Figure 2, the cover is removed to show the
mechanism. A logarithmic barrel cam is mounted on the pulley,
connected to the optical wedge whose rotation determines the
tnansmittance p<:>sition of the recording pen. A rider on this
cam sets the radius position of a ball and disk integrator. The

Figure 5. Reproducibility in presence of noise

Repeat runs of a polystyrene band varying speed of scan
and signal-to-noise ratio. Although noise vanation in A.

changes appreciably 0 variation in Ad. is amall

Figures 3, 4, and 5 illustrate the first t.., advantages listed
above.
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Figure 3. Alulllinulll swivel

Figure 2. End view
of apparatus

o

lateral movement for tubes C
relative to tubes B. It con
sists of two swivels at right
angles to each other. Swivel
X is bolted onto bar K and
held firmly by Z, such that
it can revolve by movement
of handle R if plug S is raised. '
S locks X in either of two
positions on K. W is eccen
trically mounted on X, such
that it shifts to the left or
right when S is in one posi
tion or the other. The di
mensions are so, arranged
that, in one position, tube
C-l is opposite tube B-!.
In the other position F
moves one space to the right,
so that B-1 is· opposite C-2.
The tubes C on bar F can
be shaken by oscillation about
axis T-V when clamp T i8
loosened. Handle M is for
the convenience of the op-
erator in shaking.

The glass parts of the apparatus, Figure 4, consist of 25 tubes B
and 25 tubes C. The lower portion of tube C up to side arm b
cOJ;ltains exactly 25 m!. Qis the pouring spout for transferring
the upper layer to tube B. Cap a is a standard-taper ground
glass joint (T 24/40), which is held in place by metal springs.

The cap is large enough to contain the entire contents of the tube
for centrifuging. For a tube with 25 m!. in its lower phase, the
dimensions are as follows: diameter, 25 mm.; length, 260 mm.;
and side arm, 15 X 70 mm. at a 60° angle from the tube. The
length up to the side arm is approximately 70 mm.

APPARATUS

Figure 1 gives a full length view of the apparatus when the ~
upper phase in tubes C is being poured into tubes B. An end
view is given in Figure 2.

M

Simple Countercurrent Distribution Apparatus

Alex Pinsky·, Agricultural Research Sialion, Rehovol, Israel, and
Samuel Raymond, College of Physicians and Surgeons,
Columbia Universily. New York, N.Y.

T HE principle of the countercurrent distribution technique
introduced by Craig (2) for the analysis and purification of

complex mixtmes has proved to be extremely uselul in the
lmalysis a,nd separation of mixtures. The convenience of the
method has been increased by the introduction of various de
signs of apparatus for mechanically effecting the required opera
tions (3, 4). The apparatus described below has certain ad
vantages in applications where emulsions are a source of difficulty:
Each tube is sep!1rate from its neighbors, permitting removal of
any tube at any time; emulsions can be centrifuged directly
without transfer from one container to another; and the appa
ratus is simple in design and can be built in the usual laboratory
shop. The glassblowing required is within the capability of any
efficient amateur.

The essential. features of the apparatus are: a series of
equilibrating tubes with side arm through which the upper phase
is decanted into an auxiliary series of test tubes, a frame for
mechanically shifting the two series relative to each other, and a
detachable section of each equilibrating tube which can be used
for centrifuging the total contents of the tube. The operation
consists briefly of decanting from one series of tubes to the other,
then shifting the frame so as to decant back into the succeeding
tube of the first ,series.

Figure 1. Countercurrent distribution apparatus
Figure 4. Detail of glass parts of

countercurrent distribution
apparatus

Stand A is a triangular support, 36 em. wide, 29.5 em. high (up
to pivot D), and 122 em. long. Three pipes, N (0.75 il'lCh),
running the whole length of the apparatus, hold the ends rigidly.
I and K rotate indEjlendently about axis D and support bars L
and F, respectively, carrying tubes Band C, numbered 1 to 25
in each series. These tubes are spaced regularly 25 mm. apart
along the bars. The whole apparatus may be firmly bolted to a
table at O. Bar H is bolted onto the triangle, so that when bar I
rests on it, the whole bank of B tubes is exactly vertical. Sup
port E in the up position holds K in a horizontal position suitable
for shaking, and when in 'the down position allows K to rest on
the small metal bar near the base of E.

The aluminum swivel, G (Figme 3), provides stops for the

I Present address, E-C Apparatus Co., 23 Haven Ave., New York 32,
N.Y.

Tube B is an ordinary test tube of the same diameter as tube C
and 140 mm. high. It has a small pouring spout.

PROCEDURE

Filling. With tubes C in vertical position, the lower phase is
poured into each tube C until it overflows through side arm b,
thereby introducing exactly 25 ml. of lower phase into each tube
C. (Any excess which overflows into B is discarded.) Tubes C
are then rotated to a horizontal position about axis D and sup
ported on E in the up position. The required volume of upper
phase is placed in tube C-l through b, together with the substance
to be treated.
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The operating cycle of this apparatus consists of five steps:
equilibrating the two phases in tubes C, decanting upper phase
into tubes B, shifting tubes C one position down the series rela
tive to tubes B, emptying tubes B into tubes C, and returning
tubes C to the original positiollrelative to B.

Equilibrating. Clamp T is loosened and tubes C are equili
brated by oscillation about axis TV. Tubes C are then held in a
horizontal position until the phases separate.

Decanting. With handle R' in position 1, tubes B are raised
to the side arms of tubes C by rotation about axis D. Minor
adjustment at axis TV permits each side arm to enter the mouth
of the corresponding tube. In this position tube C-I is in relation
with tube B-1. Both series of tubes are rotated forward together
until I reE;ts on H, bringing tubes C to the vertical position. In
this opera.tion the upper phase flows into B leaving the lower
phase in C.

Shifting. Tubes C are raised slightly so that b will clear the
rims of B. Handle M is shEted to position 2. With ,minor
adjustment;s at TV, the pouring spouts of series B enter the
mouths of b. In this position tube B-1 is in relation with tube
C-2. Both series of tubes are rotated backward together until
tubes C are horizontal. The upper phases flow back into tubes C
displaced one position along the series.

Returning. Tubes B are returned to the rest position.
Another volume of upper phase is placed in C-1. The cycle of
operation is now repeated from the equilibrating step.

DISCLSSION

The above apparatus proved very satisfactory in the purifica
tion of the antifungal antibiotic, bacillomycin R (1). Trouble
some emulsions developed in some tubes but these were immedi
ately centrifuged, so that there was very little delay.

In order to avoid holdup due to surface tension effects, the
various tubes (including centrifuge tubes) were coated on their
inner surfaces with a liquid silicone lubricant.

At any stage in the procedure the contents of any tube C can
be removed by rotating C backwiLl'd past the horizontal position
until the ent,ire contents of the tube are contained in cap a. a
can then be removed for centriruging or other operation. This
is particularly useful when the phases do not separate readily
after shaking. The emulsion is removed and centrifuged at 500
times gravity to cause it to sepa!'8.te. The separated phases can
then be replaced in the apparatus.

The addition of reagents to bI'eak any emulsions formed is
unnecessary because contents of any tube may be centrifuged
without difficulty. The choice of solvents is therefore not
limited by the possibility of heavy emulsion formation.

The apparatus may be used in the single withdrawal procedure
by the addition of a 26th C tube to collect the upper phase from
tube B-25.

A motor may be attached to F to make the shaking mechan
ical. The conversion of the apparatus into a completely auto
matic one is not considered advisable because this would greatly
increase the cost of the apparatus.
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Assignment of Wave Lengths on Spectra Recorded
with Beckman Model DK-l Spectrophotometer

S. Z. Lewin and R. H. Fairbanks, Department of Chemistry,
New York University, New York, N. Y.

THE Beckman Model DK-I recording spectrophotometer,
whiclG employs the same monochromator as the Beckman

ANALYTICAL CHEMISTRY

Model DU, has a nonlinear wave·length scale. The accurate
assignment of wave lengths on spectra recorded by this instru
ment is therefore not a simple matter. The manufacturer
supplies pressure-sensitive tapes on which are printed the wave
length scales appropriate to each of the scanning speeds of the
instrument, but these tapes are intended only for the approximate
location of wave lengths. They are somewhat elastic, and care
should be taken when applying them to the chart paper not to
stretch them to different extents in different regions. The tape
provides wave-length markers only along a narrow strip of the
chart, and the markers have to be extended to the absorption
peaks either by eye or by the use of drafting equipment. Finally,
they are a continuing source of expense, and a quantity of tapes
must be kept on hand. For more accurate work, the manufac
turer recommends that the wave-length scale of the mono
chromator be used directly.

A very rapid and convenient technique, as accurate as the
direct use of the monochromator scale, consists in transferring
the wave-length scroll markings of the monochromator to a
sheet of transparent plastic, which thereafter serves as the wave
length standard, and the wave lengths of absorption peaks are
read directly by placing it on top of the chart to be measured.
The technique used for acclJrately inscribing the plastic sheet is
as follows.

A spectrum is run with no specimen in either beam, so that a flat
100% line is traced out. The wave-length scroll of the mono
chromator is viewed with the aid of a magnifying glass, and as
each graduation on the scroll passes underneath the hairline of
the rider which sits on the scroll, the sample compartment shut
ter is quickly closed and opened. This places a sharp vertical
line on the chart at a position corresponding to the wave length
involved. (The term "horizontal" refers to the directioIi of feed
of the strip chart, "vertical," to the direction of travel of the re
corder pen.) With care, at scanning speeds of 10 or slower and
O.I-second time constant, these vertical lines can be placed on
the chart paper in exact correspondence to every single marking
on the monochromator wave-length scroll. This procedure should
be repeated on several separate charts to establish the reproduci
bility of the marking technique.

The correct markers are then transferred to a I-inch strip of
paper which is pasted along the center, parallel to the long axis,
of a 12 X 28 inch right rectangle of 0.25-inch Plexiglas (these
dimensions are appropriate for the region 800 to 2850 m!' at
speed 10). By means of a T-square and steel scriber, lines are
scratched on the Plexiglas from top to bottom along the I2-inch
dimension, leaving a gap corresponding to the width of the paper
strip for the tens, and no gap for the hundreds of units. Wave
length designations are inscribed on the reverse side of the plastic
sheet. In order to ensure that the plastic sheet is placed on the
chart with its ruled lines parallel to the axis along which the re
corder pen travels, it is convenient to inscribe a line perpendicular
to the wave-length markers in the center of the plastic sheet.
In using the sheet, this line is lined up with a grid line of the chart
paper.

When running a spectrum, several wave-length markers are
placed on the record by manipulating the sample compartment
shutter as described above. The plastic sheet is then placed on
the chart with the ruled side facing the paper, and is carefully
lined up with the vertical wave-length markers and with the
appropriate horizontal chart grid line. Absorption peak wave
lengths are then read directly off the plastic scale, with visual
interpolation between scale markings. If the plastic sheet is
illuminated from one edge, the light scattered into the ruled
lines makes these lines stand out sharply.

It has been suggested (by Lee Cahn, Beckman Instrument
Corp., Pasadena, Calif., private communication) that a conven
ient procedure for comparisons of different ~ectral charts would
be to inscribe the wave-length grid on a transparent sheet that is
illuminated from below by means of fluorescent lamps, with the
charts placed on top of this viewing fixture.

The use of the plastic wave-length scale described makes pos
sible the greatest accuracy in comparisons of wave lengths of
the absorption peaks of different specimens run on the same
instrument. It is recommended that the markings on the plastic
chart be calibrated by comparison with standard spectra, such
as the emission of mercury, or absorption of water or chloroform.
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Adapter for Suction Filtration Directly into a
Volumetric Flask

Leonard Ginsburg and Louis Gordon, Department of Chemistry,
Syracuse University, Syracuse 10, N. Y.

I N PRECIPITATION reactions it is often desirable to transfer a
filtrate, or the dissolution products ofa precipitate, directly

from a filtering crucible into a volumetric flask. The adapter
indicated as A in Figure
1 facilitates such opera
tions.

Three such adapters
fitted with T male
joints, sizes 10/18,
14/20, and 19/38, will
suffice for T stoppered
volumetric flasks of
500-m!. or less capacity.
These filtering devices
have been used in this
laboratory with water
aspirators for over a
year without any im-
plosion of either Pyrex
or Exax brand volu-
metric flasks. However,
a safety guard around
the 500-ml. flask may
be used in the interest
of safety. Thin-walled flasks should not be used unless test~

indicate their applicability.

Determination of Carbon and Hydrogen in
Spontaneously Flammable Gases

Howard B. Bradley, Laboratory of Linde Air Products Co., A Division of
Union Carbide and Carbon Corp., Tonawanda, N. Y.

ATTEMPTs to determine carbon and hydrogen in silane-contain
inggas mixtures with conventional apparatus have frequently

led to explosions or to low results.. The mass spectrometer is
probably adequate for analyzing most of these mixtures, but
frequently a determination of total carbon and hydrogen is also
desired. A method is described below for carrying out these
determinations by a combustion technique on any gas mixtures
in which there is danger of explosion.

In some cases, silane-containing gas mixtures can be analyzed
in a standard Orsat. The silane reacts with the potassium
hydroxide in the first pipet, liberating its hydrogen and leaving
the silicon behind as soluble potassium silicate; the increase in
volume is equal to three times the volume of silane in the original
mixture. Hydrogen and hydrocarbons can then be burned in the
Orsat combustion tubes in the usual way. However, the total
carbon and hydrogen of some gas mixtures, such as those con
taining alkyl-substituted silanes, cannot be determined in an
Orsat. In the cas. of ethyl silane, for example, the potassium
hydroxide in the first pipet liberates the hydrogen which is bonded
to the silicon, but retains the rest of the molecule without break
ing the silicon-carbon bond; the ethyl group thus escapes de
tection.

Brunn and Faulconer (1) have described an apparatus for the
combustion of highly volatile materials and for flammable
liquids, in which oxygen is mixed with the combustible vapors
before entering the ignition zone. As mixtures of silane and oxy
gen may explode spontaneously, this apparatus should not be
used for this problem.
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Zimmerman (,.0 described an apparatus for the combustion of
materials whose vapors might form explosive mixtures with oxy
gen or air; his combustion tube and method are designed pri
marily for solids and would probably produce flashbacks and
dangerous explosions if used with silanic gases.

The apparatus described below enables one to mix successive
small portions of the gas sample with a large excess of oxygen and
to burn it without uncontrolled explosions, which might rupture
the combustion tube.

APPARATUS

The combustion apparatus is similar to that used for standard
semimicrocombustions (2, 3), except that the combustion tube
is of dear vitreous silica, 10.5 mm. in outside diameter, 8.5 mm.
in inside diameter, and 30 cm. long, with a side arm and three
way stopcock as shown in the sketch. The tube is packed with
ignited asbestos, platinum gauze, platinum catalyst, copper oxide
catalyst, silver catalyst, silver gauze, and ignited asbestos.

The silver-copper oxide can be heated by means of a Fischer
microcombustion furnace (Catalog No. 20-286-1) and the tem
perature of this section should be maintained between 550 0 and
650 0 C.

The platinum section of the train can be wrapped with nickel
chromium alloy micro gauze and heated with fishtail burners to
a temperature between 850 0 and 1000 0 C.

The three-way stopcock on the side arm should be protected
from radiated hea~ with an asbestos shield; a jet of air blowing
on the glass surface close to the joint serves to dissipate con
ducted heat away from the ground-glass joint.

A Niederl gasometer (available from scientific apparatus supply
companies) is used to hold the gas sample.

REAGENTS

COPPER OXIDE CATALYST. Dissolve 60 grams of copper ni
trate in about 200 m!. of distilled water in a porcelain evapo
rating dish. Add 100 grams of Aloxite (Carborundum Co. brand
aluminum oxide cylindrical pellets, 3/16 X 3/16 inch) and evacuate
under a bell jar; this draws the air out of the pores of the pellets.
'When bubbles no longer erupt from the pellets, release the vac
uum; the copper nitrate solution now rushes into the evacuated
pores. Digest on a hot plate for one-half hour. Decant off
excess liquid and dump pellets onto a wire gauze. Heat until
dry, using a direct gas flame. Finally ignite in a muffle furnace
at 800 0 C. for'l hour.

ASBESTOS

Ar. CATALYST

NlEOERL
GASOMETER
ATTACrtES
HERE

1--------- 30 eM. ----------'

PLATINUM CATALYST. Dissolve 5 grams of platinum cWoride
in about 75 m!. of distilled water and transfer to a 300-m!. por
celain evaporating dish. Add 100 grams of Aloxite pellets and
complete the preparation as with the copper oxide catalyst.

SILVER CATALYST. Prepare similarly to the platinum and
copper pellets, using 40 grams of silver nitrate and about 80
-grams of Aloxite pellets.

Silver gauze, 100-mesh pure silver gauze. Platinum gauze,
100:mesh platinum gauze.

PROCEDURE

Collect about 20 ml. of the gas to be analyzed in the Niederl
gasometer and dilute with 40 to 50 ml. of argon. As the
gasometer is calibrated, it is easy to determine how much of the
gas mixture is burned. Connect the gasometer to the three-way
stopcock on the combustion tube. Purge the train with oxygen
in the customary way for 1 hour with the water and carbon
dioxide absorbers attached. Weigh absorbers and very gently
bleed the gas sample into the train.
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Infrared Capillary Cel'l for Volatile Liquids

Raymond H. Pierson and Allen l. Olsen, U.S. Naval Ordnance
Test Station, China take,' Calif.

FRONT VIEW OF SALT
WINDOWS

2"

1
5/ J2"HOLE

TEFLON

5/32 "HOLE

GLASS TUBE

4 mm o.d.
2.5 mm l.d.

NO. 54 DRILL

TAPER

SALT WINDOWS

Determined
C, % R,%
23.4 6.0
37.7 12.6
o 12.6

Sample
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Small flashes and explosions will probably occur at. the junction
of the side arm and the plat.inum gauze section; these explosions
are controlled by pinching the rubber tube from the Nieder!
gasometer or the leveling bulb. The silicon-hydrogen bonds

. will be broken by the hot platirtum catalyst. Organic compounds
may reach the copper oxide catalyst, but will be oxidized there.
Halides, if present, are trapped on t.he hot silver catalyst. The
amount of sample to be burned should be governed by the ap
pearance of the indicating Drierite.

This met.hod has given good result;; with gases containing
silane, SilL., and et.hylsilane, C2H.SiH3 •

Theoretical
C. % R,%

CR,CI 23.8 6.0
95% C,R,SiR, + 5% N, 38.0 12.7
SiR. 0 126

FOR the production of infrared spectra, a capillary cell is some
times preferred to a fLxed space eell, because the capillary

provides a thinner sample film and is easier to reeondition if
the salt windows become contaminated. A problem arises in
using the capillary cell if the sample is volatile. Two simple
modifications for overcoming this d~fficllity utilize reservoirs to
provi.de replacement of material lost through volatilization at
the edges of the salt windows, and are, therefore, applicable
only to single eomponent liquids and to qualitative work. Many
workers (1-6) have proposed designs of infrared eells for handling
volatile liquids. While the present suggestion offers only a partial
solution to the general problem, it de;lcribes apparatus that can
be made in a very short time from ine·{pensive and readily avail
able materials using simple tools.

The simplest modification is accomplished by making a small
depression in the salt windows themselves, as shown in the lower
portion of Figure 1. (The Teflon and glass pieees are not utilized
in this simplest modification.) Two sdt plates held in a demount
able eell frame are drilled at moderate speed either with a steel
drill or with a spherical burring tool (rotary file). By using the
latter tool a hemispherical depression is produced instead of
the cylindrieal one shown in the figure. A hypodermie syringe
and needle are used to fill the cell and to keep the reservoir filled
during production of a spectrum. A little loosening and retight
ening of the frame may occasionally be necessary for the elimi
nation of air bubbles on first filling of the cell. For a moderately
volatile liquid such as ethyl alcohol, less than 1 m!. of .liquid will be
required during a determination. The cell can be used with or
without a spacer. When no spacer is used and it is desired to
determine the average sample thickness, the capillary is best cali
brated by measuring peaks of a suitable solvent in the capillary
cell and in several fixed cells or a, variable-space cell and eal
culating the ca.pillary space from a. plot of thick~ess against
absorption.

The cell described is not suitablefor more volatile substances
such as carbon disulfide or acetone. A modification employing
a Teflon and glass insert has been found adequate for these liquids
and is all:1o illustrated in Figure 1. Because the normal operating
temperatl¥"e at the cell. is about 37 0 to 39 0 C., even this second

Figure I

modification is not suitable for liquids (sueh as ethyl ether)
which have boiling points below 40 0 C. Although drilling is
done in the vertical position, the windows are rotated in use, so
that the reservoir is at about 10 o'clock. In this position there is
an adequate slope for gravity feed of the sample, but the drill
hole and insert are outside the path of the infrared beam. The
Teflon portion of the insert is made by drilling a plug commonly
furnished for closing Perkin-Elmer fixed cells. Drill sizes as
indicated in the figure were found suitable but are not critical
so long as reasonably snug fits are obtained. Teflon may be
undesirable for some liquids, but otherwise its use as an adapter
for the glass tube is advantageous (because of the softness and
cold-flow properties of Teflon) over a direet glass-to-salt window
connection. The total reservoir capacity of the cell shown is
about 0.3 m!. For a 40-minute spectrum trace a total of five
fillings (1.5 mI.) were required with carbon disulfide and one and
one half fillings (about 0.5 mI.) with acetone.

When reasonable care is taken in keeping the capillary filled
during spectrum tracing, there should be no dripping of solvent
onto the base of the instrument. Possibility of accidental sol
vent damage to the instrument finish may be guarded against
in a number of ways-for example, by arranging several layers of
cloth so as to intercept any spillage or droplets. If highly flam
mable liquids are examined in the cell, suitable precautions
should be taken regarding fire or explosion hazards.
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Tryon. .. _ .
Nonferrous metallurgy. 1\1. L. Moss_ .
Pestieides. .T. L. St. John _ .
Petroleum. Harry Levin. . . . . . . . . . . . . . .
Pharmaceuticals and natural drugs. M. M. Marsh and W. W.

Hilty............... . .
Solid and gaseous fuels. H. T. Darby .
Water analysis. S. K. Love and L. L. Thatcher .

Rhenium, separation from molybdenum and spe~trometricdetermina-
tion. R. J. Meyer and C. L. Rulfs. . . . . . . . . . . . 1387
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in. detection of enolizable polynitro compounds. Fritz Feigl and

Vicente Gentil. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432
in detection of gallium. Hiroshi Onishi. . .. . . . . . . . 832
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Riboflavin, estimation in multivitamins, paper chromatography. K.
V. Giri and S. Balakrishnan. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1178

Ribonucleotides, resolution by zone electrophoresis. A. M. Crestfield
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Norman Bekkedahl and Max Tryon .
products, absorptiometric microdetermination of total sulfur. K.

E. Kress , .. . .. . .
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Ruthenium, spectrophotometric determination. G. A. Stoner. ]] Rft

47

70

916

269

107
73

957

951

114

2016
1359

1505
1770

1404

1580

1073

388

823

1342

810

921

852

1895

391

298

571

2009

849

1073
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silver electrode system. E. C. Cogbill and J. J. Kirkland.. . . . . 1611
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of barium carbonate. Harry Teicher. . . . 1416
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and E. J. Bogan. (corresp.). . . . . . . . .. .
co-. of thallium(I) with silver chloride. Louis Gordon et al. .
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L. Cheng ,................ 1165
kinetics and mechanism of formation of slightly soluble ionic pre

cipitates. (symp.) J. D. O'Rourke and R. A. Johnson. . . . . . . .. 1699
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1,3-Propanediol-. 2-amino-2-hydroxymethy\. See Methane-, tris-

(hydroxymethyl) amino-.
Propellants, determining phthalate esters in. Joseph Grodzinski .. " . 1765
Propellants, stabilized solid, test for residual safe life. Carl Boyars

and W. G. Gough .
Propionic acid, ,B-mercapto-, colorimetric reagent for determination of

cobalt. Edward Lyons.... . .. . ... . . . . .. .. . . . . .. . . . . . . . ... . .. 1813
Propionitrile, .a,.B'-oxidi-, determination in admixture with acrylonitrile

by infrared absorption. E. F. Dupre et al. . . . . . . . . . . . . . . . .. 1878
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Horton et al. .
Protactinium, separation from niobium by liquid-liquid extraction.

F. L. Moore.... . .. .. . ..
Proteins, serum, analysis by zone electrophoresis. C. A. J. von

Frijtag Drabbe and J. G. Reinhold.... .... . . . .... . . . . . . .. .. . .. 1090
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of n-butane, isobutane, isobutene, and n-octane from freezing points.
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4-amino-, standard in acidimetry. C. E. Van Hall and K. G.
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in determination of vicinal dithiol group. D. H. Rosenblatt and
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-y-(4-nitrobenzyl)-, reagent for ethylenimines and alkylating agents.
Joseph Epstein et al. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1435

Pyrimidine, 2-hydroxy-4,6-dimethyl-, colorimetric determination.
C. R. Szalkowski and W. J. Mader ,

PYROLYSIS
in detection of Il-hydroxyethylamines. M. J. Rosen .
thermogravimetric, cupferron complexes of scandium, yttrium, and

rare earths. W. W. Wendlandt '" 1277
Pyrrole-type cOlupounds, nitrogen-hydrogen analysis. A. Pozefsky

p;~~i~r~cIfd~k~~~~t~~ph~t~;n'e't~i'c'~lete;~'i~~tio'n:'by '~~li~Ylald~hYd~ 1466
method. Svante Berntsson... .. . . . . . .. . 1659

Radiations, measurements of energy of emitted particles in identifica-
tion of radioisotopes. M. L. Curtis and J. W. Heyd .

RADIO ACTIVATION ANALYSIS
in determination of hydroxy and amino compounds by chlorine-36.

Poul Sorensen .
determination of microgram and submicrogram quantities of

uranium. H. A. Mahlman and G. W. Leddicotte .
determination of phosphorus in aluminum and aluminum oxide.

L. M. Foster and C. D. Gaitanis .... - ....
determiination of trace impurities in silicon. G. H. Morrison and

J. F. Cosgrove .
RADIOACTIVITY

beta. absolute assay in thick solids. A. D. Suttle, Jr., and W. F.
Libby ·· ······ .

correction factors for comparison of activities of different carbon-14-
labeled compoun(l~M.L. Karnovsky et al .

in estimation of sterols. amines, acids, and aldehydes. W. M.

m~~Ou~~i;~n~~',';~p~~d~~ibiiity'~i ~~~~l~ti'~g ~~iid' ~~~pie's' ~f '~hl~~
rine-36 compounds. Poul Sorensen .

procedure for computing growth of radioactive decay products.
H. W. Kirby and D. A. Kremer .

procedure for preparing uniform solid mounts for determining radio-
activity. W. W. Burr, Jr., and J. A. Marcia " , .

Radiochemistry, separation of actinium and its daughters. N. E.
Rogers and R. M. Watrous .....

RADIOISOTOPES
assay of iron-55 and -59 in biological samples. J. H: Rediske et al.
identification by routine energy measurements of emItted partICles.

M. L. Curtis and J. W. Heyd. .
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Sod5um fluosilicate, crystal test, modification for detection of fluo-
ndes. N. 1. Goldstone .

Sodium hydroxide, direct determination· ~f' '~~is't~~e. i~· . ·C· .i;
Dunning and C. D. Hildehrecht : : . 1927

~~~~~attery. R. H. Muller........ . 50A (No.9)

direct analysis by differential measurements of reflectants. C. A.
· Lermond and L. B. Rogers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 340
Infrared determination of trace impurities by fractional crystalliza-

tion. C. C. Bard .t al .
quantita~ive analysis by infrared spectrophotometry. R. S.

BrownIng et al .
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SP~~~;'············································ .

alkyl hydroperoxides. H. R. Williams and H. S. Mosher .
aSSIgnment of wave lengths for recording spectrophotometer

S. z. L~wi,?- and R. H. Fairbanks.. . . . . . . . . . . . . . . . . . . . . . . . . ... 2020
charactenzatIOn of hydr~tedaluminas. L. D. Frederickson, Jr. (corr.) 864
far ultravlOlet absorption of unsaturated and aromatic hydro~

carhons. L. C. Jones, Jr., and L. W. Taylor.. . . . . . . . . . . . . . . . 228
fluorescence, determination of aluminum and gallium in mixtures of
· oxinates. J. W. Collat and L. B. Rogers... . . . . . . . . . . . . . . . . . . 961
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· A. L. Hayden.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1486
mfrared, of 20-isosapo,genin acetates. C. R. Eddy .t al.. . . . . 1067
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· chandran.t al.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1734
Infrared, of side-chain substitution of monoalkyl benzenes. W. J.

Potts, Jr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1027
of 20. metals using recording flame spectrophotometer. Marvin

Wlusman and B. H. Eccleston.. . . . . . . . . . . . . . . . . . . . . . . . . . 1861
ultraviolet, iodine complexes of olefins. D. R. Long and R. W.

Neuzil.. . . .. ... . .... .... 1110
Spectral scanning of chromatog~~ph.i~'e"ffi~~~t~.~ith .~pp~;~i~s· 'f~~

automatic ultraviolet. W. C. Kenyon.t al.. . . . . . . . . . . . . . . . . . . .. 1888
Spectrofluorometer, adaptation of Becklnan DU to spectrofluorom-
SP~~~;'OG~~~';Gornall and Harold Kalant .

miniature fluorescent x-ray. L. S. Birks and E. J. Brooks..
Sp~~:iO~a;A~~~teanalysis. L. B. Gulbransen .

in analyzing petroleum products, graphite bed sample preparation.
L. L. Gent .t al. '.' .

determination of lead in oxygen-free, high-conductivity copper.
S. B. Deal .

determinativn of manganese and niobium for sparking thin sheet
samples. F. P. Landis and L. P. Pepkowitz .

determination of nickel and vanadium in petroleum products.
J. E. McEvoy .t at. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1869

determination of rare earth impurities in zirconium. H. J. H~ttOel
and V. A. Fassel.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1311

determina~ion of rubidium in plant and animal tissue. .B: .L·.
GlendenIng et al. .

emission, chemical analysis of thin films. T. M. Rhodin :
em~ss~on, precision in. H. A. Liebhafsky et al. (corr. 1399) .
elUlSSlOn, quantitative analysis of rare earth elements. V. A.

Fassel .t al.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 10lO
quantitative analysis of petroleum ash residues using logarithmic

sector. E. B. Childs and J. A. Kanehann... . . . . . . . . . . . . . . . . . 222
wet ash.sOectrographic determination of trace metals in petroleum.

SPE~~:'ET:~bleand W. H. Jones. . . . 1456

curyed-crystal ~-ray, applications in micro- and simultaneous analy-
SIS. L. S. BIrks and E. J. Brooks. . . . . . . . . . . . . . . . . . . . . . . . . . . 437

x-ray photoelectron, with electrostatic deflection. R. G. Stein-
SPEC~~~~;,;;~~.tal.. . . . .. . . .. . .. .. .. .. .. . .. .. .. . . . . . .. . . .. .. .. lO46

analysis ~f a"tornobile exhaust gases. J. K. Walker and C. L.O'Hara 825
charactenzatlOn of hydrated aluminas. L. D. Frederickson, Jr.

(corr.).. . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 864
fluorescent x-ray, determination of thorium. Isidore Adler and

J. M. Axel~od.... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. lO02
group-type nItrogen-hydrogen analysis of pyrrole-indole-carbazole

type compounds. A. Pozefsky and Ira Kukin.. . . . . . . . . . . . . .. 1466
heated sample inlet system. V. J. Caldecourt.. . . . . . . . . . . . . . . . .. 1670
mass, analysis of fluorinated polyphenyls. Paul Bradt and F. L.

Mohler•.............................. , .
mass analysis of high 1l1Oiecular weight, saturated hydrocarbons.

R. J. Clerc et al. .
rhenium, determination and separation from molybdenum. R. J.

Meyer and C. L. Rulfs.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 1387
scintillation, analysis of trace impurities in silicon. G. H. Morrison

.tal .
Spectrophotography, analysis of briquetted ullashed plant material.
SP~·C~~O~HuO';~Ma:Tct,,~.W. Melsted... . . . . . . . .. . . . . . . . . . . . . . . . . . . . 751

absolute intensity attachment. R. H. Miiller .4iA (No.3)
automatic infrared. R. H. Muller 23A (No.8)
fiaE-e, recordIng, spectra of metals. Marvin Whisman and B. H.

ccleston.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1861
flame, reduction of rap.id r~ndom fluctuations. C. F. Rothe.. . . . .. 1507
In fluorlmetnc determInation of aluminum and gallium in mixtures.

J. W. Collat and L. B. Rogers _ •............
manual and continuous recording attachments fo~eckmanModel

DU. G. L. Royer .t al. .
photometric titration assembly. D. W. Klingman et al .

SPECTROPHOTOMETRY
asalysis of titanium, vanadium, and niobium. C. E. Crouthamel
d~ .

automatic titration with coulometrically generated titanous ion.
H. V. Malmstadt and C. B. Roberts .

characterization of hydrated aluminas. L. D. Frederickson, Jr.
(corr.) .

determination of aliphatic sulfides. S. H. Hastings and B. H .
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determination of alipha.tic sulfides in crude petroleum oils. H. V.
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Saccharides, mono-, separation by paper chromatography. David
Hamerman et al. .

Salicylaldehyde, for spectrographic 'd~t~r'u~i~~t'i~~'~(py~~~i~ ·~~id·.
Svante Berntsson", .

Salicylald?xime in spectrophotometric deter~i~~tio'n:'~f' ·c·o·pp~r·.
SA~'I:i:.~~~~~enand H. M. Burnett.. . . . . .. . .

:i-amino, cry.stallographic data. John K~c. Jr., and W. C. McCrone
In. volumetnc de"Germination of nitrocellulose and nitroguanidine.

Harry Stalcup and R. W. Williams , .
Salt~. fused, 10 I?o,:arography as· solvent llledia. E. D. Black and
T~lomas De Vrle~_.... .. . .

Sampl~r for ,in-line instrumentation. U. L. Upson .
Samphn~, slmp~ified, at high temperatures.\V. L. Marshall. .. '0' ••

Sapog~nlns:20-1S0-, catalog of i~fraredspeetra. C. R. Eddy et al . ....
SapomficatIOn method for .TOSln esters. A. E. Johnson and R. V.

La\\·rence........ .. .. . . .
SCANDIUM

cupferron comp~,ex, thermogravimetric pyrolysis. W. W. Wend-
landt .

sepa.ration and d.etermination. A. R. Eberle and M. W. Lerner. ° ••

Sch~ehte, determination of wolframite content. Silve Kallmann .....
Sc~[ff reagent, preparation and use in determination of formaldehyde

'n cellulose acet"te formal. D. E. Kramm and C. L. Kolb ..
Scientific comnluuications.. . . . . . . . . . . . . . . . . . o.

Sc()pola~ine, quantitative spectrophotometric ci~t·e~~~i~·ati~~.· R. S.
BrownIng et al.. . . . . . . . . . . . . . . . . . . .. . .

Sea water, deternlination of strontium c::mtent by flame photometry.
SEI;,~;u~~owand T. G. Thompson .

catalyst in ncndistillation Kjeldahl determination of organic
nitrogen. C. 1. Adams and G. H. Spaulding.. . . . . . . . . . .. . ...

coulometric determination. Keith Rowley and E. H. Swift...
SEPARATION

application of techniques' to high boiling shale-oil distillate.
(symp.). G. U. Dinneen .t al.. . .. . .

and determination of millimicrogram amounts of cobalt. R. E.
Thiers .t al.. . . . . .. . .

gas, semiautomatic equipment. C. W. Hancher and Karl i{;m~
mermeyer 0 •••••••••••

of mixtures of tritium and hydrogen using Hertz pumps F. J.
Dunn et OIl •.••....•.•.............................. •.

of protactinium and niobium by liquid-liquid extraction.. F'.. L·.
Moore : .

rapid, of tra<:er amounts of rare earth elements of yttrium group.
D. C. Stewart.. . . . . . . . . . . . . . . . .. . .

of rhodium and iridium, ion exchange. E. W. Berg and W. L.
Senn, Jr , .

801v~nt s;rstem for monocarboxylic nud dicarboxylic acids. Vladi-
mIr Zblno·vsky .

of sul~urCOITlpounds from petroleum (gymp.). C. J. Thompson et al.
Serpentmol, pu-tetrahydro-, crystallographic data. H. A. Rose .
SERUM

determination of cyanide, thiocyanate, and a-hydroxynitriles in.
R. B. Bru~e et aZ 0 ••• o••••

human, estimation of calcium in. Samuel N atelson and Raiph
Penniall .

spectrophot.ometric determination of copper in. Ii: 'E: 'P~t'e~~~~
and M. I~. Bollier ' .

SHALE OIL
detection and determination of benz·, [a]pyrene. H. J. Cahnmann.
identification of frozen liquid samples in distillate \vith x-ray dif

fractometer. H. N. Smith and H. H. Heady..
SILICA •

determination of fluorine in cata:lysts containing alumina and.
C.-C. C:au and J. L. Schafer .

determina-r.ionin fiuosilicates. H. It. Shell ..
SILICATES

determination of boron in. Henry Kramer (corr. 1024) .
determination of lithium in. R. B. Ellestad and E. L. Horstman.
determination of water in rocks. Leonard Shapiro and W. W.

Brannock .
rapid determination of carbon dioxide in rocks. Leonard Shapiro

and W. W. Brannock.. . . . . . .. . .
soluble, in detergents, volumetric determination. A. M. L~,~~~~

et al .
Siliceous materials, spectrophotometric determination of iron in.

J. A. Dean and J. C. Burger, Jr .
Silicic acid., effect of particle size in adsorbant characteristics for

chromatography. E. W. Malmberg .
SILICON

activation analysis of trace impurities in. G. H. l\JIorrison and J. F.
Cosgrove .

power n::c:tifiers. R. H. IV1 liller ....
in presence of fluorine, estimation. S. Harel et al.
separation from boron. C. L. Iiclke .

SILVER
alloys, analysis of residues from treatment with nitric acid. E.

R. C,Lley and C. D. Oviatt .
electrod.e. C. L. Gordon .
organic :reagent for copper. Be:·nard Gehauf and Jerolne Golden-

son .
photolnetric determination in cE,dmium and zinc sulfide phosphors.

A. O. Ratbje .
separa1;ion and determination 01 mercury, copper, and, with dithi-

zone. Harald Friedeberg .
solutions in deternlination of acetylenic hydrogen. Lucien Barnes,

Jr,., and L. J. Molinini. .
Silver chloride, coprecipitation with thallium(I). Louis Gordon.t al..
Smoke, total aldehydes in gaseous phase of cigarette. G. P. Touey.
Soda, organic, determination in aluminate solutions. Henry Shehyn.
SODIUM. .

microdetermination by modified flame photometer. A. K. Solo-
mOll and D. C. Caton .

aJ¥! sodium-potassium alloy, ,determination of oxygen in. Louis
Silverman and Mary Shideler .

Sodium carbonate in standardization of sulfuric acid. E. F. Balis
•tal......... ....... ........

Sodium ·ohloroacetate for detecti.on of ,'l-hydroxyethylamines. M. J.
Rosen o' '" ••••••••••••••••••••••••••••
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determination of bismuth containing other metals. K. L. Cheng infrared gas, of ether and alcohol, weighing pipet method for
el al.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 preparation of. Frank Pristera and Alexander Castelli. .

determination of bismuth with ethylenediaminetetraacetic acid. metal, for determining lead in copper. S. B. DeaL .
P. W. West and Hans Coli , " .. . . .. . 1221 ~r~llary a~idimetric, use of mercury salts. S. R. Palit and G. R.
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