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END-POINT EVALUATION IN INSTRUMENTAL
TITRIMETRY—II

CONFIDENCE INTERVALS IN EXTRAPOLATION OF LINEAR
TITRATION CURVES

PAVEL JANDERA
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STANISLAV KOLDA
Department of Mathematics

and

STANISLAV KOTRLY®

Department of Analytical Chemistry, College of Chemical Technology, Pardubice,
Czechoslovakia

(Received 11 August 1969. Accepted 10 December 1969)

Summary—The random titration error has been evaluated by single
linear regression analysis of both linear branches of titration curves.
As a simplification the confidence interval of a titration is estimated
by substituting divergent linear confidence limits for the curved
confidence limits of both branches of the curve. The influence of the
angle between both branches upon the confidence interval of a titration
has also been evaluated. The procedure has been proved advantageous
by applying it to several amperometric and photometric titrations
of lead and by comparing the results with those obtained by the
complementary approach of Liteanu and Cormds, and by the usual
statistical treatment of end-points obtained by graphical extrapolation.
The method allows a critical consideration of the experimental con-
ditions with regard to the desired level of precision.

THE WIDESPREAD development and application of linear titration curves e.g., photo-
metric, amperometric, etc., has made it necessary to study the attainable precision
and accuracy of end-point evaluation.

The usual graphical procedure of linear end-point extrapolation based on linear
segments of titration curve has been considered by many to be inadequate. Boulad!
has proposed a simple calculation of the end-point which is taken as the intersection
point of two straight lines, each being defined by two points before and beyond the
equivalance point, respectively. Another simplified end-point evaluation has been
developed by Lydersen? for conductometric titrations. As the ratio of the slopes of
two adjacent branches of the titration curve is constant for a given titration system,
the first branch of the titration curve can be characterized by a single point and the
other one is represented by a straight line calculated by the method of least squares.
In a series of papers, Liteanu and his co-workers®>~7 have shown the advantage of
using single linear regression analysis of both linear segments of the titration curve.
The end-point is calculated as the intersection point of both regression lines,>* and
the slope difference is also useful for the purpose.” The elimination of points with a
suspiciously large deviation has been also discussed.> To evaluate an end-point
confidence interval of a single titration (cf., ref. 6), parallel linear confidence limits are
substituted for the curved borders of confidence belts along the regression lines.
The importance of having a sufficient number of experimental points has also been

* Part I—Talanta, 1970, 17, 151.
443
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stressed and the influence of the angle between both linear branches upon the confi-
dence interval of a titration has been demonstrated by three experimental titration
curves.®

One drawback to these contributions lies in the evident lack of experimental data
necessary to check the influence of various sources of random experimental error in
instrumental titrimetry. It has been difficult, therefore, to judge the validity of the
conclusions reached.

In this paper a new simplifying approach to the evaluation of the confidence
interval of a single titration is given. The results of a detailed study of random errors
in a series of amperometric and photometric titrations, which is the subject of the
next paper of this series,? are partially presented here to allow comparison of various
approaches to the analysis of titration error and to illustrate the influence of the
angle between both branches of the titration curve.

DERIVATION OF EQUATIONS

List of symbols
A . -
o4 Coefficients of estimated regression lines
Analytical (molar) concentration
K == Sa,t — sa,'t’; auxiliary symbol, equation (19)
Kx = sa1% — 5,/t'%’; auxiliary symbol, equation (19)
n,n Numbers of pairs of experimental values x;, y; and xy’, yi’ respectively

Say> Sa1” Estimates of standard deviation of the slope values 4, and 4,’ respectively

Syzs Sy, Estimates of standard deviation characterizing the distribution of y; values either side of the
estimated regression line

t,t Statistical Student’s t-value taken from the Table for n — 2 or (n" — 2) degrees of freedom
and confidence level «

x, x Measured volumes of titrant

Xe Consumption of titrant at end-point

Ax, Confidence interval of the end-point

X1, xi*  Experimental values of the measured volume of titrant

Xy Chosen volume of the titration reagent

X,%’  Arithmetic means from the appropriate set of volume readings

xel, Xe, Values limiting the confidence interval of the end-point

»y Quantities of determinand

Yi»y{  Experimental values for the quantity of determinand

Yx Actual value of the quantity of determinand corresponding to the value of xy
jz’k Value of the quantity of determinand calculated for xy, using the regression line
Ay Confidence interval for yy about the value of Ji

7y Arithmetic means of all experimental values of y; or y;” respectively

o Statistical confidence level

¥ Angle between linear branches of a titration curve

Note—The unprimed symbols refer to the branch before the equivalence point, the primed
symbols refer to the branch of the curve beyond the equivalence point.

Statistical approaches to estimation of the confidence interval of a single titration

The random titration error is characterized by a confidence interval within which
the end-point of a single titration can be found, at a certain probability level. The
relation between the error in the measured values x;, y;, which are used for the end-
point extrapolation, and the appropriate confidence interval, can be solved by single
linear regression analysis on the assumption that for each of the fixed values x;
there is a distribution of the variates y; which follows a normal Gaussian law. The
variance of these distributions is constant and the average values of the distributions
lie on the regression line.

For every actual value of x;, the corresponding confidence interval for y at a
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confidence level o is given by (cf. ref. 9)

— 2
Ay = 215, ! 4+ %xk_x)_ ) 0))
S —
i=1

expressing the spread either side of the value j, calculated from the expression for the

estimated regression straight line® ji, = A, 1 A,x, before the equivalence point.
Similarly, the branch of the titration curve beyond the equivalence point can be

characterized by the straight line j, = A4," -+ A4,"x, with the corresponding confidence

interval
1 - — %)%
Ayk e 2t’syx’ — + M . (2)
D YOI 0%
=1

The values of Student’s t are found in the statistical tables for a chosen probability,
(1 — 2)100 9, and for the degrees of freedom n — 2, n’ - 2, respectively.

The estimates of standard deviations corresponding to the distribution of the
y-values either side of both regression lines are given by the expressions

Z(Ao + Ayx; — yj)2 3)
i=1
Sve = n—2
A/Z (4" + A)/x; — y)? 4
sv'(’ = = 7 ’
7 n—2

The confidence intervals form confidence belts with curved borders along both
extrapolation straight lines (curves 1-4 in Fig 1). The geometrical interpretation of
the confidence interval of a particular titration is also illustrated in Fig. 1. It would
be possible to calculate its value as a difference between the outer intersects of the
confidence limits, Xe, — X, It is more convenient, however, to solve this problem
by simplified models of confidence limits.

Liteanu and C6rmds have tried to find a suitable simplification by cons1dermg
the confidence belts as limited by parallel straight lines at a distance of nf A
+t'sy’ from both regression straight lines § = Ay + 4,x, or = 4, -+ A1 x,
respectlvely, which is a rather subjective choice. The solutlon of the regression lines
yields the expression for the end-point

Ay — Ay
AT ®
The range of the confidence interval of the end-point, Ax,, is limited by the con-
fidence limits of x,, and Xep

8oy + t'sy

Axe = |./\’,‘e2 - xel| =2 m. (6)

A certain drawback to the method of parallel confidence limits consists in neglecting
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F1G. 1.—Theoretical shape of confidence belts along extrapolated branches of a
titration curve.
Ayy denotes the confidence interval for an actual value yi either side of the calculated
value Jy.

the curvatures of the theoretical confidence belts (cf. Fig. 1) which may be pronounced
in the middle part of the branch and close to the equivalence point.

This problem can be solved by another simplifying approach which will be
presented here. The two confidence limits of the confidence belts are also assumed to
be linear, but they are drawn through the mean point on the regression line, defined
by x, , where

%= % x,/n Q)
i=1
7= 3 yin ®)

If it is assumed that the values of the only random variable y are normally distrib-
uted for each x, the confidence intervals of the slope values are represented by

(Ay — 15,5 Ay + 184) 6]
Ay —t'sy's A + s, (10)

where A4, 4, are the estimates of regression coefficients, s Ap S Al' are the estimates of
standard deviations of the slope values of both regression straight lines, and the
Student’s t, t’ values are chosen at the desired confidence level.

The estimates of standard deviations of the slopes are defined as follows

SAl:———‘—Sy—————____X_____ (11)

3 (x; — 29
i=1

’

) S 12)

Sa, = .
/ Z(xi — X)?
=1

The inherent assumption of this model consists in defining borders of confidence
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F1G. 2.—Model of divergent linear confidence limits along the extrapolated branches

of a titration curve.
The linear confidence limits are given by: J—equation (13); 2—equation (14);
3—equation (15); 4—equation (16).
belts as straight lines with slopes given by the confidence limits of the slopes of both
regressions lines. It can easily be shown that these limits are identical with the
asymptotes of the hyperbolically shaped borders of the confidence belts on both
branches of the titration curves. Thus, the equations for the limits in Fig. 2 are
obtained

y=Ay— tsy X + x(4, + 15, (straight line No. 1) (13)
y=Ay -+ tsy X + x(4; — 1s4)) (straight line No. 2) (14)
y=Ay —t'sy ' + x(4," + t'sy)  (straight line No. 3) (15)
y=Ay +t'sy'X +x(4," —t's,)  (straight line No. 4) (16)

The end-point of a titration to be evaluated can be calculated from equation (5)
and is found within an interval defined by the intersect x,, of the straight line limits
Nos. 1 and 3 and by the intersect x,, of the limits Nos. 2 and 4 (Fig. 2).

By solving the appropriate equations we obtain

Ay — 5, % — Ay + t's, %

= 17
xe, All + t,sAl’ _ A1 . tsAl ( )

. - Ay - tsy X— A — t's, )% (18)
€1 All - tlsAll - Al + ISAI

Thus, the confidence interval of the titration is given by

. _ IK(AO — Aol) + Kx(4: — 4))
Ax, = |xez - xe1‘ - 2l (4, — 4, — K®

| (19)
where
K=s5,t—s,'t
and
K} = SAIIXT _ SAllt/.f'.

In most practical cases, the values of K? in the denominator can be neglected since
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the value of the other term is greater by at least two orders of magnitude. Equation
(19) can be simplified to

K-
Ax, =2

X € K(Ao _' Ao,)
A1 - All (Al - Al’)z

(20)

Substituting from equation (5), we obtain the final form of the expression for Ax,:

Spt(xe — X) + 5, 'V'(F — x.)

Ax, =2
Yo A — A4

@n

Factors influencing the confidence interval of a titration

Besides the uncertainty in the measurement of variables, e.g., the readings of the
titrant volume and the physicochemical quantity taken for indication of the end-
point, other important factors determine the level of the titration error, viz. the angle
between both linear branches of the titration curve, the number of experimental
points and their distribution upon the titration curve.

The influence of the angle upon the confidence interval of the titration can be
shown, if the slope value of the regression line before equivalence is calculated, using
expressions for the tangent of y.

In the case of parallel confidence limits we thus obtain

15y + t'sy,
1+ (4,)?

For the divergent linear limits the following expression can be written:

_ [ty — AD(1 = Ay tan y) + Ks(1 + (4))%) tan y1(1 — 4y’ tan 7)|

[+ (4, tan® y ]

Ax, =2 |4," — cotan 9. (22)

Ax, (23)

The symbols K and K; were defined above [equation (19)].

TABLE 1.—COMPARISON OF PRECISION IN SERIES OF AMPEROMETRIC TITRATIONS OF LEAD

Statistical treatment of
10 end-points evaluated,

Confidence intervalst by
. Axe, pl graphical linear
Concentrations, M Parallel  Divergent extrapolation regression
Lead EDTA 4y — Aj|*  limits limits Axe, ul
1-50 x 104 10-2 0-747 192 18-7 87 11-7
0-75 x 10-¢ 5 x 10-? 0-407 24-6 289 27-8 30-2
0-60 x 104 4 x 10-® 0-332 267 275 310 299
0-30 x 10—* 2 x 10-® 0.181 356 34-8 39:6 50-5

* Expressed in galvanometer scale units per ul of titrant.
t Mean of 5 values calculated.

The dependence of the confidence interval of titration upon the angle y is illustrated
by the data in Tables I and I and in Figs. 3 and 4. If the slope of the branches
beyond the equivalence point is low, an approximation |4," — 4;| ~ — tan y can be
accepted. The effect of the angle expressed as the slope difference |4,” — 4,| can
be seen in Figs. 3 and 4, which also allow comparison of the ranges of confidence
intervals obtained by various approaches. Further, the horizontal short lines denote
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Fi1G. 3.—Comparison of confidence intervals of amperometric titrations of lead.
The confidence intervals were evaluated from: O, extrapolated end-points; @,
calculated end-points; A, mean value of 5 individual values obtained by the approach
of parallel confidence limits; A, mean value of 5 individual values obtained by the

approach of divergent confidence limits.
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F16. 4—Comparison of confidence intervals of photometric titrations of lead.
Full line represents the relationship according to equation (6), the dashed line according
to equation (21). The legend for the points is the same as for Fig. 3.
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TABLE II.—COMPARISON OF PRECISION IN SERIES OF PHOTOMETRIC TITRATIONS OF LEAD

Statistical treatment of
10 end-points evaluated,

Confidence intervalst by
] Axo, pl graphical linear
Concentrations, M |4y — A4,|* Parallel Divergent extrapolation regression
Lead EDTA x 10® limits limits Axe, ul

1-50 x 10— 10-3 435 82 7-2 77 8:0
0-75 x 10-% 5x 10 2-18 157 154 157 142
0-30 x 10-3 2 x 104 0-844 27-5 25-1 226 23-8
015 x 10-5 10—+ 0-396 70-5 68-6 62:4 69:6

* Expressed in units of absorbance per ul of titrant.
1 Mean of 5 calculated.

the limits where an actual value of confidence interval is found with a 90 9 probability.
The calculation was based upon the 2¢s estimates found by statistical treatment of
the calculated end-points [equation (5)] of all titrations involved in one series. A
double-sided confidence interval for the actual value of variance was taken into
consideration. The y-square distribution was employed and it was assumed that
there is an equal probability in both directions of a deviation exceeding the calculated
value of the confidence interval.

The values of the confidence intervals were calculated on the basis of data obtained
by statistical treatment of a series of ten titrations which were evaluated either by
graphical end-point extrapolation or by calculation using equation (5). The shift of
estimates of Ax, towards the lower limits can be attributed to the shape of the (¥)?
distribution. These confidence intervals can be compared with the average values of
five intervals which were calculated for every single titration by both procedures
indicated above. The individual confidence intervals which were obtained by all
treatments studied are mostly found within the limits indicated, despite the perceptible
differences especially at higher levels of experimental error. In Fig. 4, where the
values of the confidence intervals of photometric titrations of lead are shown, a
theoretical curve is traced showing the dependence of the confidence interval upon the
difference in the slope values of both branches. The full line is for the approach
with parallel confidence limits [equation (22)] and the dashed line is for the case of
divergent linear limits [equation (23)]. For the evaluation of these functions the
mean values of all four series of titrations were taken, i.e., s, = 3-62 X 1073; s, ' =
2:26 X 1073; s, =279 x 1075, s, ' =268 x 1075 There is no appreciable
difference between both theoretical curves, and the results of all the studied ways of
treating experimental data are distributed close to these curves.

The range of the confidence interval depends also upon the number of experimental
points employed for the computation of the regression lines. This factor can be
seen from the general expressions for the confidence limits given by equations (1)
and (2). The higher the numbers of experimental pairs » or »’, the lower are the values
of the discriminants, and the confidence belts become narrower. Consequently, the
range of the confidence interval of titration is also narrower. This factor can also be
illustrated by equation (21) for the divergent limits, since a greater number of variates
accounts for lower values of the estimated standard deviation of the slopes, s, and
s4,". The number of experimental pairs exerts an influence even upon the Student’s t
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and ¢’ values which are decreasing rapidly with increasing degrees of freedom.® To
obtain a sufficient precision, it is usually necessary to take 6 or 8 pairs of readings at
least for each of the extrapolation straight lines.5 A greater number of experimental
pairs does not lead to a more significant increase in precision.

Equation (21) for Ax, in case of divergent confidence limits shows that the pre-
cision is increased for such an arrangement, when the set of experimental pairs being
represented by the mean values of X or X', respectively, is situated sufficiently close
to the equivalence point. This is counteracted by the requirement that the expressions
3 (x; — Y2 or [ (x; — &)?]V2, respectively, should reach maximum values. An
optimum arrangement satisfying both requirements is obtained for a case with
gradually increasing density of experimental points on the linear part of the branch
approaching the equivalence point.

EXPERIMENTAL

To study the random titration error lead was determined by two linear, instrumental methods,
namely, photometric and amperometric titration with EDTA. Conditions were deliberately arranged
so as to exaggerate the confidence intervals.

Apparatus

Polarograph. An LP55 model polarograph (Laboratory Instruments, Prague) was used in con-
junction with a precise scale galvanometer.

Spectrophotometer. A Zeiss Spekol spectrophotometer was modified for spectrophotometric
titrations.

Burette. A home-made syringe burette of 3-500 ul capacity was used. It was calibrated by
weighing water delivered under medicinal paraffin. For 25 deliveries of 100 ul the standard deviation

was 0-3 ul.

Procedures

Amperometric titrations. The mercury dropping electrode was used as indicating electrode in
combination with a mercury pool as reference electrode. The applied potential difference was chosen
so that the mean value of the limiting current was proportional to the unreacted lead ion concen-
tration. The solution to be titrated (20 ml, ammonium tartrate buffer, pH = 8-5) was stirred and an
inert atmosphere was maintained by passing a stream of nitrogen after each addition of titrant.
The readings of the current oscillations were taken to evaluate the mean value (for details see ref. 8).

Photometric titrations. Xylenol Orange was used as indicator.!® The titrations were carried out
in a volume of 20 ml and the absorbance at 550 nm was measured. A titration curve with linear
branches was obtained. The range of the linear segments of the curve depends upon the amount of
indicator added and upon the pH value, pH = 5 being optimum.

In all titrations studied the experimental conditions were arranged so that the titration error
was affected only by errors in the measured quantity and in measurement of the additions of the
titrant. All other possible sources of error were carefully eliminated. All volumetric glassware was
calibrated. The standard deviation for delivery from a 10-ml pipette was 0-002 ml, for example.

In all instrumental titrations 8-10 readings were taken on each branch of the titration curve, the
sequence of the additions of titrant being even and identical within the series. In Fig. 5, one of
the amperometric titration curves of 15 X 10-4M-lead chloride with 10-2Af EDTA is shown. The
shape of the theoretical confidence belts can be compared with the simplified shapes of confidence
belts obtained by both the treatments discussed. All details of our experiments and of the approaches
used for an independent study of errors of all variables involved are given in Part IIL.8

The end-points of all these titrations were evaluated by graphical extrapolation and by the ap-
proach based upon single linear regression [equation (5)]. A programme for an electronic computer
ODRA 1013 was developed to allow the rapid computation of the end-point and of its confidence
interval by both procedures discussed.



452 PAveEL JANDERA, STANISLAV KoLpa and StanisLav KOTRLY

pd

\ 100

2 %
O O M=
it

\ L

OO Ome

0 100 200 300 400 500
pl
F1G. 5.—Evaluation of an amperometric titration of lead.
A 25-ml portion of 1-5 x 10~M PbCl, was titrated with 10~2M EDTA. The confidence
belts are limited by: I—theoretical borders resulting in single linear regression;
2—parallel linear limits; 3—divergent linear limits. The confidence intervals of the
end-points are shown below each titration curve.

CONCLUSIONS

The analysis of the results obtained revealed that the end-point calculation based
upon single linear regression leads to somewhat more accurate results than the common
procedure of graphical end-point extrapolation.

The confidence intervals of tested instrumental titrations, calculated by both
approaches, assuming either linear parallel confidence limits or linear divergent
limits, are in good agreement with the results of the statistical treatment of the end-
point data of each series. Under the experimental conditions studied both simplified
approaches are capable of expressing the random spread of points on the linear
branches of a titration curve. In these cases both linear simplifications of confidence
belt borders sufficiently approached the hyperbolically curved theoretical limits near
the equivalence point. Considering linear divergent limits, the greater the absolute
values of the differences |x — %| and |x — &/|, the better is the approach of the
asymptotes to the curved limits. In our titrations, the y-values of the theoretical
borders and of the asymptotes were approximately equal or deviated within 109, of
the corresponding Ay, value. As can be seen from the data summarized in Tables I
and II, the divergent confidence limits approach can yield results which are in even
closer accord with the data obtained by the statistical treatment of the end-point
values.

From the practical point of view, both procedures for the evaluation of confidence




End-point evaluation in instrumental titrimetry—11 453

intervals can be used to anticipate the level of random titration error from the experi-
mental points of only one titration. In such a way, the optimum experimental
conditions can be easily chosen to keep the titration error within desired limits.

The approaches studied also offer the possibility of a quantitative evaluation of
some factors influencing the precision of instrumental titration. Besides the obvious
requirement of a satisfactory level of precision in the measurements of both variables,
there is an important effect of the value of the angle between both branches of the
titration curve, or more explicitly, of the extent of the change in physical quantity per
unit of the titration reagent added.

The study of the approach with divergent linear confidence limits pointed out the
importance of the distribution of experimental points on the linear portions of both
branches of the curve. For a higher precision to be obtained the density of readings
should increase to a certain extent towards the equivalence point.

The use of computers for the analysis of titration error by the approaches dis-
cussed can eliminate the tedium of involved computations and offer further possibil-
ities for a deeper study. Thus, a more reliable use of various methods of instrumental
titrations could be achieved.

Zusammenfassung—Der zufillige Titrationsfehler wurde durch ein-
malige lineare Regressionsanalyse beider linearer Aste von Titrations-
kurven ermittelt, Zur Vereinfachung wird der Vertrauensbereich
einer Titration durch Einsetzen divergenter linearer Vertrauens-
grenzen beider Aste der Kurve abgeschitzt. Auch der Einflud des
Winkels zwischen beiden Asten auf den Vertrauensbereich einer
Titration wurde ermittelt. Die Vorteile des Verfahrens wurden durch
Anwendung auf mehrere amperometrische und photometrische
Titrationen von Blei nachgewiesen. Die Ergebnisse wurden mit solchen
verglichen, die nach dem Komplementirverfahren von Liteanu und
Cormos sowie durch die iibliche statistische Verarbeitung von graph-
isch extrapolierten Endpunkten gewonnen wurden. Das Verfahren
erlaubt eine kritische Betrachtung der experimentellen Bedingungen
im Hinblick auf die gewlinschte Genauigkeit.

Résumé—On a évalué Derreur de titrage fortuite par analyse de
régression linéaire simple des deux branches des courbes de titrage.
Dans un but de simplification, lintervalle de confiance d’un titrage
est estimé en substituant les limites de confiance linéaires divergentes
aux limites de confiance incurvées des deux branches de la courbe. On
a aussi évalué linfluence de Pangle entre les deux branches sur
Pintervalle de confiance d’un titrage. On & démontré que la technique
est avantageuse en P'appliquant 4 plusieurs titrages ampérométriques
et photométriques du plomb et en comparant les résultats 4 ceux
obtenus par I'approximation complémentaire de Liteanu et Cormds,
et par le traitement statistique usuel des points de fin de dosage obtenus
par extrapolation graphique. La méthode permet une considération
critique des conditions expérimentales par rapport au niveau de
précision désiré.
REFERENCES

. }. H. Boulad, Bull. Soc. Chim. France, 1936, 408.

. P. L. Lydersen, Z. Anal. Chem., 1966, 218, 161.

(. Liteanu and D. Cormés, Talanta, 1960, 7, 18.

. C. Liteanu and D. Cormds, Acta Chim. Acad. Sei. Hung., 1961, 27, 9.

. C. Liteanu, Rev. Chim. Acad. Rep. Populaire Roumaine, 1962,77, 291,

. C. Liteanu and D. Cormos, Rev. Roumaine Chim., 1965, 10, 361.

. C. Liteanu and E. Hopirtean, Studia Univ. Babes-Bolyai, Ser. Chem., 1966, 11, 135; Chem.
Abstr., 1967, 66, 25720k,

[ S

[ e RV R

- fTRanEn
mmﬁ}{ﬂ :

it



454 PAVEL JANDERA, STANISLAV KoLDA and StanisLav KOTRLY

8. S. Kotrly, P. Jandera and S. Kolda, Sb. véd. praci, Vysokd Skola chem.-technol., Pardubice,
1970 11, 23, 3.

9. C. A. Bennett and N. L. Franklin, Statistical Analysis in Chemistry and Chemical Industry, p. 229.
Wiley, New York, 1954.

10. S. Kotrly and J. erévtél, Collection Czech. Chem. Commun., 1960, 25, 1148.



Talanta, 1970, Vol. 17, pp. 455 to 463. Pergamon Press. Printed in Northern Ireland

PREPARATIVE GAS CHROMATOGRAPHY OF VOLATILE
METAL COMPOUNDS—I

SEPARATION OF ALUMINIUM, CHROMIUM AND IRON g-DIKETONATES

R. BeLcHER, C. R. JENkINS, W. I. STepHEN and P. C. UDEN
Department of Chemistry, The University of Birmingham, P.O. Box 363,
Birmingham, England
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Summary—The analytical gas chromatography of a range of fluori-
nated and unfluorinated f-diketonates of aluminium, chromium and
iron has been studied in detail and conditions have been established
for their complete separation; the complexes of trifluoroacetylpi-
valoylmethane show the best characteristics for this purpose. A range
of liquid phases and column conditions have been considered and
Apiezon substrates have been shown to give optimal resolution. The
technique has been extended to a preparative scale with up to 0'1-g
chelate samples, and the efficiency of the process demonstrated by the
removal of 29, proportions of two metal complexes from a sample of
the third. Implications of the technique for the purification of metals
are discussed.

THE APPLICATION of preparative gas chromatography to the purification of metals as
their volatile derivatives offers great possibilities, for this technique has a high sepa-
ratory efficiency. However, developments in this field have been restricted both by
the lack of volatility and by the high reactivity of many inorganic compounds.
Analytical gas chromatographic separations of many p-diketonates are now well
documented,! and although preparative separations have not yet been reported, the
production of pure metal compounds by this method appears feasible. The f-
diketonates are most attractive in this respect as many of them have both high vol-
atility and thermal stability, they are formed by a wide range of metals, often by
quantitative extraction of the metal ion with the f-diketone,®* and unlike many other
metal compounds, they require no special handling techniques. We now report the
first preparative gas chromatographic separation of metal complexes of this type.
Gas chromatographic separations of metal p-diketonates have usually been
studied by injection of small samples onto short columns of low liquid phase loading.
The aims of the work described in this paper were first to devise an optimal set of
conditions for the complete resolution of a mixture of metal g-diketonates on the
analytical scale, and secondly to increase sample size and adapt column parameters
to a preparative scale with a view to purification of one complex by removal of others.
The aluminium, chromium and iron derivatives of a wide range of S-diketones
were chosen for the initial examination. Several analytical separations of aluminium
and chromium,>® and aluminium and iron trifluoroacetylacetonates’-8 have previously
been achieved, but a complete separation of the chromium and iron complexes of the
same f-diketone has not been reported. Sievers® claims a partial separation of the
trifluoroacetylacetone derivatives of these metals on a polyethylene wax substrate,
but the peaks are ill-defined and base-line return is incomplete. The separation of
complexes with very similiar volatilities is often made more difficult by the existence
455
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of asymmetrical peaks and low column efficiencies, which are the result of undesirable
column interactions.

In the work described in this paper, particularly good separations and minimi-
zation of undesirable column interactions were obtained with complexes of perfluoro-
alkanoylpivaloylmethanes. Previously published studies of these complexes have
been mainly concerned with rare earth complexes,'®11? and metal heptafluoro-
butanoylpivaloylmethanates.'®

EXPERIMENTAL
General nomenclature

The following nomenclature is used for description of the f-diketonates. The abbreviations
refer to the enolate jon used in the formation of the metal complex.

Pentane-2,4-dione (acetylacetone), AA

1,1,1-Trifluoropentane-2,4-dione (trifluoroacetylacetone), TFA

2,2,6,6-Tetramethylheptane-3,5-dione (dipivaloylmethane), DPM

1,1,1-Trifluoro-5,5-dimethylhexane-2,4-dione (trifluoroacetylpivaloylmethane), TPM

1,1,1,2,2-Pentafluoro-6,6-dimethylheptane-3,5-dione (pentafluoropropanoylpivaloylmethane),
PPM

1,1,1,2,2,3,3-Heptafluoro-7,7-dimethyloctane-4,6-dione (heptafluorobutanoylpivaloylmethane),
HPM

Reagents

Acetylacetone was obtained commercially. Trifluoroacetylacetone was prepared by the Claisen
condensation of ethyltrifluoroacetate and acetone with sodium methoxide; dipivaloylmethane
and its fluorinated analogues by the condensation of the appropriate esters and ketones with sodium
hydride.

The aluminium, chromium and iron complexes were synthesized by the addition of the stoichio-
metric quantity of the §-diketone dissolved in ethanol, to an aqueous solution of the metal ion. The
resultant solution was either buffered with sodium acetate or its pH was adjusted to ca. 7 by the
addition of 4M ammonia solution. The precipitated metal chelate was filtered off, dried, and purified
by sublimation under reduced pressure. The TPM complexes appeared initially as oils but solidified
after standing for a few days.

For the preparative gas chromatographic studies the complexes were prepared from *“Specpure”
chromium metal, iron sesquioxide and hydrated aluminium chloride (Johnson, Matthey and Co.).
All possible precautions were taken to exclude the introduction of any foreign ions during these
preparations.

Gas chromatography—analytical separations

The Varian Aerograph Autoprep 700 fitted with a katharometer detector was used as a conven-
tional analytical gas chromatograph. The injection port and detector block temperatures were
maintained from 10 to 20° higher than that of the column, and a mixture of hydrogen and nitrogen
(1:3 v/v) was used as the carrier gas. Samples (0-50 ul of 5 or 109, w/v solutions of the chelates in
chloroform) were introduced into the glass-lined injection port of the apparatus with a microsyringe.
A Pye ““series 104" chromatograph equipped with a flame ionization detector was also used, samples
(0-10 p1 of 1000 or 2000 ppm solutions of the chelates in chloroform) being introduced directly on to
the column.

Phase Separations Ltd. supplied the column packing materials and the Pye 104 columns were
obtained pre-coiled. Before coating the celite supports were treated successively with 4M hydro-
chloric acid, water, 2M sodium hydroxide, water and methanol, and were then silaned with hexa-
methyldisilazane in petroleum ether, and coated by standard methods. The only exceptions to this
treatment were the Universal B supports which were used as obtained, already coated. The procedure
for the coating of Teflon with a liquid phase was that given by Kirkland.

The following columns were used to obtain the analytical results.

(1) 0-46 m x 0-6 cm Cu, 5% SE-30 on PhaseSep N (60-80 mesh) (Autoprep)

(2) 1-8m x 0:6 cm Cu, 109 SE-30 on PhaseSep N (60-80 mesh) or Chromosorb G (60-80 mesh)

(Autoprep)

(3) 1-5m x 0-6 cm glass, 109 SE-30 on PhaseSep N (60-80 mesh) (Pye 104)

(4) 1-8m x 0-6 cm Cu, 109, SE-30 on Teflon (Autoprep)

(5) 1-8m x 0-6 cm Cu, 109, Apiczon M on PhaseSep N (60-80 mesh) (Autoprep)
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(6) 3-05m x 0-6 cm Cu, 1079 Apiezon L on Universal B (60-80 mesh) (Autoprep)
(7) 1-8m x 0-6 cm Cu, 109 Diethylene glycol adipate (DEGA) on Chromosorb G (60-80 mesh)
(Autoprep)

Gas chromatography—preparative sepdrations

The Varian Aerograph Autoprep 700 was used as a preparative chromatograph combining
automatic injection and collection systems, so that a single separation was continually repeated.
The eluates were collected in liquid-air-cooled bottles supplied for the instrument. The column used
was a 6:1 m X 9-5 mm aluminium tube packed with 159 Apiezon L on Universal B (44-60 mesh),
supplied by Jones Chromatography and Co.

Universal B is a support material manufactured by Phase Separations Ltd., which has character-
istics similar to a flux-calcined diatomite but is extremely inert, showing almost complete suppression

TABLE I.--MAJOR FEATURES OF THE MASS SPECTRA OF THE ALUMINIUM, CHROMIUM
AND IRON TRIFLUOROACETYLPIVALOYLMETHANATES

mje Ton

612 [A(TPM),]+ (M)+:

555 [AI(TPM); — C(CHg)s]* (M — 5T)+
543 [AI(TPM),; — CF,]* M — 69+
417 [AI(TPM),]* M — 195)+
367 [AI(TPM), — CF,]* (M — 245)+
241 (TPM-AL-F)* M — 371)*
191 [(TPM-AI-F) — CF,]* M —421)*
637 [Cr(TPM),]* (M)*+:

580 [Cr(TPM); — C(CH,)51+ M — 5D
442 [Cr(TPM),]+ (M — 195)*+
385 [Cr(TPM), — C(CHa)s]* (M — 252)+
247 [Cr(TPM)]* (M — 390)+
641 [Fe(TPM),]+ (M)*+

584 [Fe(TPM), — C(CH,),]* (M — 57)*+
446 [Fe(TPM),J* (M — 195)+
389 [Fe(TPM), — C(CH,),]* M — 252)+
377 [Fe(TPM), — CF;]* (M — 264)*
251 [Fe(TPM)TI+ (M — 390)*+

of the adsorptive effect. This support proved greatly superior to white supports such as Chromosorb
W or PhaseSep N (Phase Separations Ltd.) and also the alkaline surface support Chromosorb G.
Universal B as purchased was found to have characteristics superior to PhaseSep N and Chromosorb
G and W even after these had been subjected to successive acid and alkaline washes and hexamethyl-
disilazane treatment. It is largely to the use of this support that may be attributed the considerable
improvement in resolution on both analytical and preparative columns. Pre-treatment of Universal B
before coating did not produce better results than those obtained by using the ready-coated support as
urchased.

P The sample solution for the preparative separation of equal quantities of the metal TPM complexes
was prepared by dissolving 0-4 g each of AI(TPM),, Cr(TPM), and Fe(TPM), in 6 ml of chloroform.

The sample solution for the separation of Cr(TPM); from 2% Al(TPM); and 27, Fe(TPM); was
prepared by dissolving Cr(TPM); (2:88 g), AI(TPM), (0-06 g) and Fe(TPM); (0:06 g) in 15 ml of
chloroform.

The gas chromatographic conditions used for each preparative separation were as follows:

sample: 0-5-ml injection

column temperature: 160-162°
injection temperature: 170°
detector temperature: 170-175°
collector temperature: 175-180°
filament current: 145 mA
attenuation: X2

hydrogen/nitrogen flow-rate: 133 ml/min (30 psig).

Mass spectrometry
An A.E.L. M.S.9 double focusing mass spectrometer with direct injection probe was used in the
characterization of eluates by means of the metal-(TPM);* and metal-(TPM),* ions. The major

features of the mass spectra are given in Table L.

2
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Emission spectrographic analysis

A Hilger-Watts large quartz spectrograph, with a high frequency plasma torch as the emission
source,!® was used to analyse the eluates from the preparative column. Chloroform solutions of the
chelates were aspirated directly into the plasma.

RESULTS AND DISCUSSION

Analytical separations

The gas chromatographic behaviour of the aluminium, chromium and iron
complexes of some fluorinated and unfluorinated S-diketones was studied on the
analytical scale for two main reasons; to discover which complexes were potentially
suitable for preparative scale elution by virtue of volatility and stability, and to find
the conditions for quantitative separation of all three metals (which necessitated
investigation of the interactions that occurred between the complexes and the chro-
matographic column). In general large samples of the complexes were injected into
columns containing fairly high liquid phase loadings in order to approximate to
preparative gas chromatographic conditions.

Unfluorinated B-diketonates. The major limitation in the gas chromatography of
unfluorinated S-diketonates is their low volatility. Thus even if adequate separations
could be obtained, the high column temperatures would certainly lead to decomposition
on preparative columns. This prediction was confirmed for a mixture of the alumin-
ium, chromium and iron acetylacetonates. All were eluted unchanged at 160° from
column (1), but at the temperature of ca. 200° needed for their elution from column
(2) breakdown of both the aluminium and iron complexes was indicated.

Almost complete separation was obtained for a mixture of the three metal di-
pivaloylmethanates from column (1) at 170° but retention times were similar to those
of the acetylacetonates and no elution of discrete peaks could be obtained on longer
columns.

Trifluoroacetylacetonates. The considerable increase in volatility afforded by
fluorinated f-diketonates shows greater promise for preparative separations provided
that adequate resolution can be achieved. Thus aluminium, chromium and iron
trifluoroacetylacetonates were eluted individually from column (2) at 150° with
retention times of 5%, 10 and 104 min respectively.

However, despite variation of chromatographic parameters, complete resolution
of the chromium and iron peaks was not achieved. This failure was attributed in part
to adsorption effects which have been discussed by Veening and Huber'® and by
Uden and Jenkins.'” These adverse characteristics appeared particularly severe for
the trifluoroacetylacetonates but were greatly reduced for the perfluoroalkanoyl-
pivaloylmethanates.

Trifluoroacetylpivaloylmethanates, pentafluoropropanoylpivaloylmethanates and
heptafluorobutanoylpivaloylmethanates. The chromatography of chelates of these
ligands with aluminium, chromium and iron was evaluated in the hope that they
would show a combination of the favourable characteristics of the chelates con-
taining tertiary butyl groups and of the enhanced volatility of the fluorinated §-
diketonates.

Results obtained with silicone gum columns showed this hope to be partially
realized. Improved separation was found between chromium and iron TPM com-
plexes when compared with the trifluoroacetylacetonates but complete return to
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baseline could not be obtained. The use of PTFE support material {column (4)]
reduced column efficiency to such an extent that no separation at all was observed.

It seemed possible that the PPM and HPM complexes might have shorter retention
times and permit use of lower column temperatures, [Fe(TPM),; and Cr(TPM),
sublime at 58-62°/0-6 mbar; Fe(PPM),, Cr(PPM),, Fe(HPM), and Cr(HPM),
sublime at 40-45°/0-6 mbar], but no reduction in retention time was found and

TABLE II.—RETENTION TIMES OF THE ALUMINIUM, CHROMIUM AND IRON [3-DIKETONATES ON
SILICONE GUM RUBBER SE-30 [coLumN (3) AT 160°C]

Ret. time, Ret. time, Ret. time,
Sample min Sample min Sample min
Al(TFA), 33 Cr(TFA); 6% Fe(TFA), 8
Al(TPM), 11% Cr(TPM), 163 Fe(TPM), 22
Al(PPM), 13 Cr(PPM), 163 Fe(PPM), 19
Al(HPM), 163 Cr(HPM); 21 Fe(HPM), 23

TaBLE III.—RETENTION TIMES OF THE ALUMINIUM, CHROMIUM AND IRON J-DIKETONATES ON
APIEZON M [coLumn (5) AT 159°C]

Ret. time, Ret. time, Ret. time,
Sample min Sample min Sampie min
Al(TFA), 33 Cr(TFA), 63 Fe(TFA), 73
Al(TPM), 9 Cr(TPM), 14} Fe(TPM); 203
Al(PPM), 8 Cr(PPM); 10% Fe(PPM), 12%
Al(HPM), 8 Cr(HPM), 9% Fe(HPM), 113

resolution of the chromium and iron chelates was poorer. The elution pattern
remained constant with variation of liquid phase loading, column and injection
temperatures and increased sample size. Retention data are given in Table IT and
show the decrease in separation with increasing fluoroalkyl chain length.

A considerable change was noted with Apiezon columns. It appeared that inter-
action with the chelates was much smaller than for the silicone gum rubber columns.!3
Table III gives the retention data for an Apiezon column.

The order of elution on the Apiezon column corresponded to ease of sublimation,
and retention times were shorter than on the silicone gum column. The decrease in
interaction with the liquid phase led to a marked improvement in the resolution of
the chromium and iron peaks although the separation again deteriorated with in-
creasing length of the fluorocarbon chain. Completely resolved peaks were obtained
for the chromium and iron TPM complexes and it was found that further improvement
in peak shape and reduction in retention time were attained by using a column of
Apiezon L coated on Universal B support [column (6)].

It was concluded that preparative separations could best be performed with the
TPM complexes on a column with a high loading of Apiezon L on Universal B.

Preparative separations

The effect of increasing the column dimensions and sample size was first in-
vestigated. An increase in peak resolution was obtained when an analytical scale
injection was made into the preparative column (6-1 m X 9-5 mm aluminium, 159
Apiezon L on Universal B); 3} min now separated the peaks instead of the 2 min on
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the 3-05-m column (6). The complexes could be eluted with reasonable retention
times from the 6-1-m column at temperatures as low as 160°. Figure 1 shows that
separation was still good when larger samples were injected (0-5 ml), containing

equal weights (33 mg) of each complex.
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Fic. 1.—Chromatogram of the preparative separation of Cr(TPM), from 2 9, A(TPM),
and 2% Fe(TPM);. [-———~——~ chromatogram of the separation of equal amounts (33
mg) of each chelate]

Sample: 0-1 g of total chelate injected. Column: 6-1m x 9-5 mm Al, 159 Apiezon L
on Universal B (44-60 mesh). Column temp. 162°C. Hydrogen/nitrogen flow-rate:
133 ml/min.

An attempt was then made to separate the chromium TPM complex from 2 % w/w
each of the aluminium and iron TPM complexes. A total of 0-1 g of mixed complexes
was injected automatically in 0-5-ml portions with a syringe operated by an air
piston. A small peak corresponding to the aluminium complex was observed in
addition to the main chromium-TPM peak (Fig. 1) but the katharometer did not
detect any iron complex. On comparing the chromatogram with that obtained in the
earlier separation, it was assumed that either the iron had been eluted after the
chromium peak but not detected, or it had been retained or decomposed on the col-
umn. Since the analysis of the collected chromium chelate showed very low levels
of iron impurity, the assumption that the iron chelate was not emerging from the
column in any considerable quantity during the collection period seems justified.
Furthermore these low levels suggest that any iron possibly present as an impurity
in the support material was not being leached out to any measurable extent.

No detectable quantity of iron complex could be trapped out between the end of
the predicted position of the iron peak and the beginning of the next collection period.
Nevertheless, as a general rule, a time lapse of some 5 min was allowed between the
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end of the chromium peaks and the reactivation of the injection cycle, thus giving a
total time lapse of about 25 min between chromium collection periods.

By successive automatic injection 1g of chromium trifluoroacetylpivaloyl-
methanate was collected in a bottle cooled in liquid air; this collection took place
during the time between the crosses marked on the peak in Fig. 1. The aluminium,
chromium and iron TPM complexes have melting points (60-80°) which are much
lower than those of the corresponding complexes of most other S-diketones. These
complexes, once molten, can be extensively supercooled and resolidify very slowly.

During the first few collection cycles the chromium complex was trapped out
relatively poorly in the liquid-air cooled trap, remaining there as oil, recovery over
the first five injections being about 45 %. Subsequently as solidification of the complex
‘began, collection efficiency improved markedly, rising to over 80 % after 25 injections.
Overall recovery for 1 g of collected complex was about 65 %. Improved trapping
techniques, perhaps employing initial seeding of the trap with crystals of the complex
or using an absorbing medium, should improve overall efficiency considerably. There
was no indication that more than a very small proportion of the chromium complex
was lost by adsorption or decomposition on the column.

Purity of the eluates. Chromium TPM complex which had been passed alone
through the preparative column, and the chromium complex which had been separ-
ated from the aluminium and iron impurities, were analysed by plasma torch emission
spectrography. The Cr(TPM), passed alone through the column contained 0-055 %
Al(TPM), and Fe(TPM),; 0-028 9. The Cr(TPM), separated from 2 %, Al(TPM), and
2% Fe(TPM); contained 00919, A(TPM); and 0-027% Fe(TPM),. The impurity
levels in the original sample of chromium trifluoroacetylpivaloylmethanate were also
of this order.

The separation of the chromium complex from the aluminium and iron complexes
appears most successful, the added impurity levels being reduced to about those in
the original sample. A similar separation of the aluminium TPM complex from 2%
of impurities was attempted with the same preparative column, after the chromium
TPM separations. The analysis of the aluminium complex showed that the iron had
been effectively removed [less than 0-028 %, Fe(TPM), remaining] and that most of
the chromium had been eliminated [0-28 9, Cr(TPM),]. However, the level of the
chromium impurity was higher than would have been expected from the well separated
peaks on the chromatogram. As the column was purged in this case for 36 hr before
purification of the aluminium complex, the probable explanation for the higher
chromium level in the eluate is that a portion of the chromium chelate remained
adsorbed or had otherwise interacted with the column material during the chromium
purification experiment and was not removed by purging. Passage of the aluminium
complex through the column then produced a displacement of the adsorbed chromium
species which was then eluted with the aluminium complex. We have commented on
this type of behaviour previously'? for smaller samples where it is more pronounced
for iron and aluminium chelates than for chromium chelates. However the much
larger quantities of the chromium complex to which the column had been previously
exposed in this experiment clearly made this behaviour more pronounced. A further
separation, that of the iron trifluoroacetylpivaloylmethanate from 29 each of the
aluminium and chromium complexes was then attempted on the same column after a
further lengthy period of purging. The results in this case showed that higher levels
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of the impurity chelates remained after separation even though resolution appeared
good on the chromatogram. The further deterioration could be attributed once
again to a build-up of both aluminium and chromium on the column. Better results
could certainly be obtained in the latter experiments if fresh columns were used for the
purification of each specific chelate. Considerable study must be made of this aspect
of the technique in order to maintain high purities for the products.

CONCLUSIONS

The results demonstrate the feasibility of preparative scale separations of metal
p-diketonates, even for a pair of metals such as chromium and iron, having complexes
with very similar volatilities. The choice of ligand is of major importance to ensure
maximal resolution and adequate volatility, while all chromatographic parameters
must be fully explored and optimized during preliminary analytical investigations.
Adsorption of chelates, a problem which is unlikely to be completely eliminated,
suggests that eluates of the highest purity may best be obtained from a column which
is used only for the purification of that particular metal complex.

The good purity levels obtained for the chromium complex suggest possibilities
for the production of ultrapure metals by preparative gas chromatography. To
produce significant amounts of pure metals however, considerable quantities of the
complexes must be chromatographed as the proportion of metal in the complexes
is low. It seems doubtful whether a batch process such as described here could be
scaled up to separate sufficient quantities of complexes in a reasonable time, but
studies now proceeding in the use of continuous gas chromatographic techniques
may make commercial scale separations possible.

Work has been done by Van Hemert et al.® and Moshier e al.!® which shows
that pure metals may readily be regenerated from fluorinated metal f-diketonates by
reduction with hydrogen gas at an elevated temperature.

Born-Haber calculations might be used to predict the relative stabilities of the
metal-fluorine bonds formation of which could affect recovery of metals in other
preparative applications.

Acknowledgements—The analyses of the eluates by the high-frequency plasma torch method were
carried out in conjunction with Mr. S. Greenfield and the staif of the Analytical Research Department,
Albright and Wilson Ltd., to whom the authors are indebted. The authors wish to thank Dr. J. R.
Majer for his advice on mass spectrometry. One of us (C. R. J.) gratefully acknowledges the receipt
of a maintenance grant from the United Kingdom Atomic Energy Authority, Aldermaston.

Zusammenfassung—Die analytische Gaschromatographie einer Anzahl
fluorierter und nicht fluorierter -Diketonate von Aluminium, Chrom
und Eisen wurde in ihren Einzelheiten untersucht und die Bedingungen
ermittelt, unter denen man vollstindige Trennung erreicht. Die
Komplexe von Trifluoracetylpivaloyimethan haben in dieser Hinsicht
die besten Eigenschaften. Verschiedene fliissige Phasen und Sdulen-
bedingungen wurden in Betracht gezogen; die beste Aulosung ergaben
Apiezon-Triger. Das Verfahren wurde auf den priparativen Malistab
mit Chelatproben bis zu 0,1 g ausgedehnt. Die Wirksamkeit dieses
Trennprozesses wurde durch Entfernung von 2 prozent-Anteilen
zweier Metall-komplexe aus einer Probe des dritten demonstriert.
Es werden Folgerungen fiir die Reinigung von Metallen diskutiert,
die sich aus dem Verfahren ergeben.
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Résumé—On a étudié en détail la chromatographie en phase gazeuse
analytique d’une gamme de f-dicétonates fluorés et non fluorés de
l’aluminium, du chrome et du fer et on a établi les conditions de leur
séparation compléte; les complexes du trifluoracétylpivaloylméthane
montrent les meilleures caractéristiques dans ce but. On a considéré
gamme de phases liquides et de conditions de colonne et I’on a montré
que les substrats & I’Apiezon donnent la résolution optimale. On a
étendu la technique & P’échelle préparative avec des échantillons de
chélates jusqu’a 0,1 g et 'efficacité de la technique a été démontrée par
P’élimination de deux complexes métalliques dans la proportion de
2% d’un échantillon du troisitme. On discute des incidences de la
technique sur la purification de métaux.
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SPECTROPHOTOMETRIC STUDY AND ANALYTICAL
APPLICATION OF RARE EARTH TIRON COMPLEXES—I

DETERMINATION OF NEODYMIUM, HOLMIUM AND ERBIUM

ToMiTSUGU TAKETATSU and NoBuUyo TORIUMI
College of General Education, Kyushu University, Fukuoka, Japan

(Received 6 October 1969. Accepted 22 December 1969)

Summary—The absorption spectra of neodymium, holmium and
erbium Tiron complexes in aqueous solution have been measured from
340 to 650 nm. The absorbance at the wavelength of maximum
absorption band of an aqueous medium containing neodymium
(pH 4-5), neodymium (pH 12-0), holmium (pH 5-0) and erbium (pH
5-0) Tiron complexes was about 4 (at 578 nm), 9 (at 571 nm), 9 (at
450 nm) and 5 (at 376 nm) times greater, respectively, than for the
same quantities of the corresponding chlorides. The spectrophoto-
metric determination of these elements has been investigated. Com-
bining ratios of Tiron to rare earth have been found to be 3:2 and 2:1.

IN GENERAL, absorption spectra of tervalent rare earth ions in solution are complex
and composed of sharp lines which arise from pure electronic transitions within the
4f subshell, which is shielded by the 5s and 5p outer shells from interaction with an
ionic field. If the strength of the ionic field surrounding the rare earth ions is sufficient
to penetrate the shielding, some absorption bands may be shifted in wavelength and
enhanced in sensitivity. Such effects have been observed in the case of formation of
chelate compounds.’=® Moreover, 0,0-type ligands seem to be more effective for
the enhancement of the sensitivity than O, N- and N,N-type ligands. Since Yoe first
introduced Tiron (disodium 1,2-dihydroxybenzene-3,5-disulphonate), which is one
of the 0,0-type ligands, for the colorimetric determination of titanium and iron,? the
reagent has been applied to the spectrophotometric determination of cerium,’ molyb-
denum,® niobium,” uranium?® and scandium.?

We have found that a few of the absorption bands of neodymium, holmijum and
erbium are enhanced remarkably when Tiron is reacted with these metal ions in
weakly acidic and alkaline media. In the present paper, we describe the formulae and
analytical application of these Tiron complexes.

EXPERIMENTAL
Reagents

Metal ion solutions. Standard solutions of neodymium, holmium and erbium chlorides were
obtained by dissolving the 99-9 97 pure oxides in warm dilute hydrochloric acid and then removing
the excess of acid by evaporation. The concentrations of these elements were determined by titration
with EDTA, Xyleno! Orange being used as the indicator.

Tiron. Tiron obtained from the Dojindo Co. Ltd. Research Laboratories was at least 95 % pure
and was used without further purification.

All other chemicals used were of analytical-reagent grade.

Procedure

A hydrochloric acid solution containing less than about 20 mg of the metal ions was transferred
into a beaker and evaporated to near dryness on a water-bath. The residue was dissolved by adding
2 ml of 0-5M Tiron. Then for neodymium, holmium and erbium, 2 ml of 1-0 % hexamine solution were
added to the solution and the pH of the solution was adjusted to 4-5-5-0 with dilute hydrochloric acid

465
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F1G. 1.—Absorption spectra of 0-1M Tiron solutions at various pH values.
pH—() 4°9; (i) 6:2; (i) 715 (iv) 8:3; () 10-2; (vi) 12:2.

and sodium hydroxide solutions, or for neodymium, the pH was adjusted to 12:0 + 0-5 with 0-1M
sodium hydroxide. Then the solution was transferred to a 10-ml volumetric flask and made up to
volume with water. The absorbance for neodymium, holmium and erbium at pH 4-5-5 and for neo-
dymium at pH 12 was measured at 578, 450, 376 and 571 nm respectively. The concentration of the
metal ions was obtained graphically from Beer’s law plots. Water was used as a reference unless
gherwise. All the experiments were carried out at 20-25°.

RESULTS AND DISCUSSION

Absorption spectra of 0-1M Tiron solutions at differing pH were measured between
340 and 650 nm (Fig. 1). With increase of pH, a broad absorption band gradually
appears which gives a maximum at about 430 nm. In alkaline medium of pH 12,
there is a strong absorption band at wavelengths below about 500 nm. Absorption
spectia of aqueous solutions containing neodymium, holmium or erbium and an
excess of Tiron were recorded from 340 to 650 nm as a function of pH (Figs. 2-4).
The absorbances at the absorption maxima for neodymium Tiron complexes are 4-1
(at 578 nm), 4-0 (at 579 nm) and 8-6 (at 571 nm) times greater than that of the chloride
and for holmium and erbium Tiron complexes at pH 5 the absorbances are about 9
(at 450 nm) and 5 (at 376 nm) times greater than those of the corrcfsponding chlorides.
Holmium and erbium Tiron complexes in alkaline media were not examined, because
the main absorption bands occurred below 500 nm.

Figure 5 shows the variation of absorbance at the maxima of absorption bands
for these metal complexes, as a function of pH. The absorption spectra for the neo-
dymium complexes give almost identical patterns in the pH ranges 4-0-5-0 (a-type),
6-0-7-0 (-type) and 11-5-12-5 (y-type). The absorbances for holmium and erbium
Tiron complexes are almost constant over the pH range 4-5-5-0.

Mole-ratio plots for the reaction at pH 4-5-5-0 gave the ratio of Tiron to lanthanide
as 3:2. At pH 7 the same ratio (3:2) was found for Tiron:Nd, but in more alkaline
media (pH 12) constant absorbance at 571 nm is not obtained until the mole-ratio of
Tiron to neodymium is about 5. The absorption spectrum of the neodymium complex
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FiG. 5.—Variation of absorbance at the maxima of absorption bands, as a function of

pH.

at pH 12 changes in a complicated manner as a function of the mole-ratio of Tiron
to neodymium. Even in alkaline media, no hydrolysis of the metal is observed when
the mole-ratio Tiron:Nd = 0-5. The spectrum at the mole-ratio Tiron:Nd = 3:2
almost corresponds to that of the S-type shown in Fig. 2. For determination of these
metal ions, a tenfold excess of Tiron was taken as the minimum requirement.

The absorption spectra of these Tiron complexes are stable with time, especially
in acidic medium. Even in alkaline medium (pH 12) the absorption bands of the
neodymium Tiron complex remained constant for 24 hr, though the absorbance
slightly increased because of a change in the absorption band of the reagent.

The systems follow Beer’s law up to 4 mg/ml (Nd, pH 4-5, 578 nm), 2-5 mg/ml
(Nd, pH 12, 571 nm), 4 mg/ml (Ho, pH 4-8, 450 nm), 5 mg/ml (Er, pH 4-8, 376 nm).

Effects of diverse ions

The effects of other rare earth ions on the determination of neodymium, holmium
and erbium were investigated. The results are shown in Table I. Cerium ions do not
interfere in acidic medium when the procedure is carried out with ascorbic acid
added. Europium ions give an interference for holmium and erbium because the
Tiron complexes have a broad absorption band below 550 nm. Ytterbium Tiron
complexes (which have an absorption band below 430 nm) also give an interference for
erbium.

Composition of the chelates

The continuous variation method was used to investigate the ratio in which
Tiron combines with rare earths. The total concentration of neodymium and Tiron
was maintained at9:5 X 1073M. The continuous variation plots at pH 4-5 (at 578 nm),
7-0 (at 579 nm) and 12-0 (at 579 nm) are illustrated in Figs. 6-8. The peaks at mole-
fractions [Nd]/([Nd] - [Tiron]) of 0:40 and 0-33, indicate, combining ratios of 1-5
and 2 Tiron molecules per neodymium ion. For holmium and erbium at pH 4-8 the
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TABLE I.—DETERMINATION OF NEODYMIUM, HOLMIUM AND ERBIUM IN SYNTHETIC SAMPLES CONTAINING
DIVERSE METAL IONS

Nd (pH 4-5, 578 Nd (pH 120, 571

Metal ions nm)* Metal ions nm)t

added, mg Found, mg added, mg Found, mg
La 18-96 137, La 7-58 655

Ce 912 13-6, Ce 4-57 Interference
Pr 18-16 13-8; Pr 9-03 654
Sm 13-71 137, Sm 6-86 65
Eu 13-81 139, Eu 4-60 66,
Gd 15-74 13-8, Gd 629 655
Tb 16-05 139, Tb 642 66,
Dy 794 137 Dy 319 6-55
Ho 3-29 13-6, Ho 812 65,
Er 19-85 13-6, Er 9-72 6-54
Tm 8-46 13-8; Tm 3:40 66,
Yb 18:81 13:7, Yb 7-53 65,
Lu 13-42 137 Lu 1342 67y
Y 8-03 13-6, Y 4-02 654

Ho (pH 50, 450 Er (pH 5-0, 376

nm)§ mu)}

Found, mg Found, mg
La 18-96 16-34 La 18:96 19-4,
Ce 4-57 1625 Ce 4-57 19-4,
Pr 22-59 Interference Pr 22-59 19-5;
Nd 13-50 16-0, Nd 13-50 197,
Sm 1371 19-9, Sm 1371 192,

Eu 9-20 Interference Eu 9-20 Interference
Gd 1574 16-2; Gd 15-74 19-3;
Tb 16-05 162, Tb 16-05 19-3;
Dy 797 1655 Dy 797 193,
Er 19-85 16'55 Ho 16:44 19-3;
Tm 838 166, Tm 8-38 19-5,

Yb 7-53 166, Yb 7-53 Interference
Lu 13-42 167, Lu 13-42 194,
Y 8-:03 16:6, Y 8-:03 19-5;

* Taken—13-75 mg.
t Taken—6-75 mg.

1 Taken—19-45 mg.
§ Taken—16-44 mg.

combining ratio is also 1-5:1. These Tiron complexes probably exist as binuclear
complexes, Ln, (Tiron)s.

However, the results of the continuous variation plots for neodymium, especially
in alkaline media, are not always accurate because the spectra vary with concentration
of Tiron. Therefore, the method of continuous variation was used again with lower
concentrations of neodymium and Tiron. The ultraviolet absorption spectra as a
function of pH are given in Fig. 9. Although the absorption bands are not observed
if the pH is below 5-0, the bands having a maximum in a range 310-325 nm appear
with increasing pH. The total concentration of neodymium and Tiron was 3-03 X
103M and the absorbance was measured at 310 (pH 7-0) and 325 nm (pH 12:0),
respectively. As shown in Figs. 7 and 8, the results correspond with those for the
visible region.
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FiG. 6.—Continuous variation plots for neodymium, holmium and erbium in weakly
acidic media.
(¢) [Er] + [Tiron], 1-06 x 10-2M; pH 4-8; 376 nm
(it) [Ho] -+ [Tiron], 9-96 x 10-M; pH 4-8; 450 nm
(iif) [Nd| + [Tiron], 953 x 10-3M; pH 4-5; 578 nm.
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Fi6. 7.—Continuous variation plots for neodymium in neutral media.
(¢) [Nd] -+ [Tiron], 3-03 x 10-°M; pH, 7-0; 310 nm
(i) [Nd] + [Tiron], 9-53 x 10-*M; pH, 7-0; 579 nm.
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FiG. 8.—Continuous variation plots for neodymium in alkaline media.
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FiG. 9.—Variation of absorption spectra of neodymium complexes in ultraviolet

Nd, 6:06 x 10~°M; Tiron, 1-2 x 10~*M; reference, reagent. pH: (i), 5:0; (ii), 5'5;

07

\.
051

(e}
F-S

T
~

Absorbance
®,
L )

~
./

(i1)
o2l /’5“’\0\(\
(o)

| ! I

I |
[¢] 02 o4

| ! J

OI‘B 1Q
Mole fraction, [Nd]/{[Nd] + [Tiron])

!
06

(i) [Nd] + [Tiron], 3-:03 x 10-3M; pH, 12-:0; 325 nm
(i) [Nd] + [Tiron], 9-53 x 10-3M; pH, 12:0; 579 nm.

e <
0-af- Ve i—— {vi)
(vii)— 4 \
(i) /74 \
ZF AN \
F N
Vi \
4 \
L A \ \
0-2 &
1/ \ \
J / N
J NN
(i) -' AN
) NN
g AN
L e o (0 DN
/300 320 340

Wavelength, nm

region as a function of pH.

(i), 6:0; (iv), 6:6; (v), 80; (vi), 10:0; (vii), 12:0.

471



472 TomrtsuGU TAKETATSU and Nopuyo ToriuMi

06}
[Tiron]/[Nd]
o5 050 +0l 51 202 353 504
. w

S 04
o
2
5
So3}

o-2f

01 —/\ )

1 ! 1 1 1 1
580 580 580 580 580 580

Wavelength, nm

Fi1c. 10.—Variation of absorption spectra of neodymium Tiron complexes at pH 12 asa
function of mole ratio of Tiron to neodymium.
Nd, 1-24 X 102M.

All the results from the continuous variation and mole-ratio plots at pH 4-5 and
7 show the combining ratio of 3:2 Tiron: Ln. AtpH 12, there is a discrepancy between
the continuous variation and mole-ratio plots; the continuous variation method may
not be suitable here because the spectrum of the neodymium complex at pH 12 is
remarkably dependent upon the concentration of the reagent, as shown in Fig. 10.
The complexity and enhancement of the y-type neodymium complex spectra may be
explained by formation of higher order complexes, e.g., Tiron:Nd = 5, which may
be deduced from the results of the mole-ratio method and from the fact that the co-
ordination number of rare earths may be as high as nine or ten.

Zusammenfassung—Die Absorptionsspektren der Tironkomplexe
von Neodym, Holmium und Erbium in wéBriger L.6sung wurden von
340 bis 650 nm gemessen. Die Extinktionen bei der Wellenlinge der
starksten Absorptionsbande eines wiBrigen Mediums mit den Tiron-
komplexen von Neodym (pH4,5), Neodym (pH 12,0), Holmium
(pH 5,0) und Erbium (pH 5,0) waren um die Faktoren 4 (bei 578 nm),
9 (bei 571 nm), 9 (bei 450 nm) und 5 (bei 376 nm) grofler als mit den
entsprechenden Mengen der betreffenden Chloride. Die spektro-
photometrische Bestimmung dieser Elemente wurde untersucht. Als
Verbindungsverhiltnisse Tiron: seltene Erde wurden 3:2 und 2:1
gefunden.

Résumé-—-On a mesuré les spectres d’absorption des complexes Tiron
des néodyme, holmium et erbium en solution aqueuse de 340 & 650
nm. L’absorption, a la longueur d’onde de la bande d’absorption
maximale, d’un milieu aqueux contenant les complexes Tiron de
néodyme (pH 4,5), néodyme (pH 12,0), holmium (pH 5,0) et erbium
(pH 5,0) est environ 4 (4 578 nm), 9 (2 571 nm), 9 (& 450 nm) et 5
(a2 376 nm) fois plus élevée, respectivement, que pour les mémes
quantités des chlorures correspondants. On a étudié le dosage spectro-
photométrique de ces éléments. On a trouvé que les rapports de
combinaison du Tiron & la terre rare sont de 3:2 et 2:1.
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APPLICATION OF THE UNTERZAUCHER METHOD TO
THE DETERMINATION OF OXYGEN IN COKE

B. P. Kirx and H. C. WILKINSON
The British Coke Research Association, Chesterfield, Derbyshire, U.K.
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Summary—The Unterzaucher method, used for the determination of
oxygen in organic compounds and coal, has been adapted to the
determination of oxygen in coke. Modifications were made to the
conventional apparatus in order to eliminate any contribution made
by the coke moisture to the determined oxygen content. The carbon
dioxide produced from the combustion of the oxygen in the coke was
estimated by a sensitive conductimetric method. Evidence is presented
which indicates that additional liberation of oxygen from the coke
mineral matter does not make a significant contribution to the total
oxygen determined under the prescribed experimental conditions. The
error of the determination is approximately 0-1%. A comparison is
made between results obtained for a series of cokes and chars by the

direct method and by an independent determination, based on neutron
activation.

THE OXYGEN content of coal is related to certain coal properties such as coking power,
liability to spontaneous combustion and oxidation. It is also an indication of coal
rank. Because of its importance, many attempts have been made to derive a suitable
experimental technique for the determination of oxygen in coal. The methods
proposed fall generally within two groups, based on oxidation—? or reduction®~¢ of
the carbonaceous material. Within recent years the well known Schiitze-Unter-
zaucher”-® method used for the determination of oxygen in organic compounds has
been further developed®® and methods based on this approach, i.e., the reduction
of the volatile oxygen compounds by carbon either with or without the addition of a
catalyst, have been used. A survey of the field is given by Crawford, Glover and
Wood!! who determined oxygen in coal by a procedure and apparatus similar to that
described by Oita and Conway.!® This technique was further adapted for our pur-
poses.

The principal difficulty associated with the application of such methods to the
determination of oxygen in coal is that relating to the breakdown of the coal mineral
matter at the temperature of pyrolysis and the inability of the method to assess the
contribution to the total oxygen content made by the oxygen present in the mineral
matter.

In an attempt to surmount these difficulties, methods have been suggested which
incorporate a process of demineralization,'? but such techniques are generally tedious
and may introduce further sources of error into the determination, by causing retention
of halogens or water.

The oxygen content of high-temperature cokes used in foundry and blast-furnace
practice generally lies within the range 0-2-1-09,. It bears a superficial relation to
the oxygen content of the parent coal but is more closely associated with the conditions
of carbonization, particularly the temperature.
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Some oxygen remains in the coke mineral matter after carbonization, but from
generally available information it is considered that the contribution made by the
coke mineral matter to the determined oxygen content is probably considerably
smaller than that made by the mineral matter of coal to its oxygen content. This was
investigated during the course of the work described in this paper.

EXPERIMENTAL

The elimination of moisture and adsorbed gases from the sample

The results of previous work'® has shown that complete release of moisture from the analysis
sample was not attained until temperatures of the order of 350° were reached in the drying of the coke.
In order to remove moisture and adsorbed gases, including oxygen, from the sample and at the
same time to prevent their re-adsorption, a method was devised to permit their removal without
withdrawal of the sample from the apparatus.

For this purpose, the pyrolysis tube of the conventional apparatus (E, Fig. 1) was extended to
include a wide-bore tap D and an evacuation section F which would be heated to a temperature of
approximately 350° by an electric heating tape. Provision was also made to apply vacuum and
simultaneous heating to section F to remove adsorbed gases from the sample. After this pretreat-
ment the sample was moved by means of a pusher and external magnet through tap D into the
pyrolysis tube E.

The effect of mineral matter upon the determined oxygen content

The principal constituents of the mineral matter of coke are silicates, aluminates and ferruginous
substances. The former substances are generally found in combination with alkalis or alkaline
earths, and the iron is largely present as sulphide. It is possible that some of these substances could
release oxygen on pyrolysis at high temperatures, but it is considered that the extent of such decom-
position would be small at a pyrolysis temperature of 1050°, since the principal components of the
mineral matter are dissociated to only a small extent at this temperature. Experiments were under-
taken to confirm these observations.

Laboratory cokes 1-3 were prepared by the carbonization of various proportions of float-and-sink
fractions of one coal. Cokes 4 and 5 incorporated additional shale in the blend, and cokes 21-24 were
prepared from a further coal or coal/shale blend. Samples 1-5, 21 and 22 were carbonized to a
maximum temperature of 950° and cokes 23 and 24 were heated to 1100°. Approximately 100 g were
taken for each test.

The oxygen content of these cokes was determined, with a pyrolysis temperature of 1050°, and the
results are presented in Table I. There was evidence that the amount of oxygen found increased as the
mineral-matter content increased but such increases were not systematic (cf. the oxygen and mineral-
matter contents of cokes 1 and 2, 4 and 5 and 23 and 24).

It is important to bear in mind the inherent variability of coal samples in assessing the significance
of the differences in the determined oxygen contents of the various cokes. Furthermore, small differ-
ences in carbonizing conditions result in the production of cokes which may be considered to be
homogeneous for practical purposes, but by comparison with chemical compounds display a con-
siderable degree of heterogeneity. It is therefore to be expected that there will be a greater inherent
variation in results in the work considered in this paper than would be the case when substances of
uniform quality are used.

Further tests were undertaken in which some samples of the same cokes were demineralized by
treatment with hydrofluoric and hydrochloric acids, washed free from halogens as completely as
possible and dried. The oxygen contents of the demineralized samples were determined, with the
resuits shown in Table II.

The oxygen content of four of the demineralized samples was found to be higher, by a mean value
of 0-087%; oxygen, than that of the corresponding samples containing mineral matter. The oxygen
content of sample 3 was 0-147 lower than that of the corresponding mineral-containing sample.
Further experiments were made using a thermobalance to establish the loss in weight of coke ash, of
the shale used in the preparation of some of the samples, and of mixtures of graphite and shale
where the reducing action of the carbon on the mineral matter could be studied. The average loss in
weight between 830 and 1100° from four different samples of ash was 0-2%;, and from mixturesof90%
graphite and 107 shale was 0:6 ;. The implication of these results is that a 100 mg sample of coke,
having an ash content of 10%; (a reasonable value for the ash content of a high temperature coke),
could lose approximately 0-06 7, by weight by breakdown of mineral matter. This weight loss would
not necessarily be entirely due to loss of oxygen. No measurable weight loss was observed when shale
was heated under the same conditions.



477

Determination of oxygen in coke

-uedfx0 jo vonEmLISep 0oup oYy Joy smereddy—[ *O1y

1182 35udi3)ay

s940m Buyjo0d
e
Bui4o|naiioay

Jajawowlay |
=
abpiriq

32UD4INPUOD 3Y4 Of YD}IMS D DIA
Pa4o8uUUCD S3POILIB{D WNUILD |G =

xm

12Qi0s8q0 |0J1dS

481400 09 =

0,006 40 4usbods
wnui4pid u0gio)d

320UINy 3|GDIAOW

q dwnd

_ uv._‘. _ ==

5r

ad
{3—F==wnnd0A O}

3

1 4 4

x

20,02 40
» aptxo4uad suipo]

0,006 40 12ddo)d

—
=

$0458Qsp ppog
W L

meaou

L\ h\ AL
Jowbig

‘ln H
§0459GS0
—-0p0S
Do OOG +0 13ddo) v
g
}
A usbosIN

$0452QS0
~opos
P

sisess IEMPLOLE]
_ 192

jaL3wnioy



478 B. P. Kirxk and H. C. WILKINSON

TABLE I.—THE RELATION BETWEEN DETERMINED OXYGEN CONTENT AND MINERAL MATTER FOR
LABORATORY COKES

Oxygen 7, Mineral

Sample Blend composition matter

1 2 Mean % d.b.t
1 Coal A (Floats) 0-79 0-75 0-77 1-23
2 Coal A (Floats and sinks) 0-85 0-84 0-84 1-49
3 Coal A (Floats and sinks) 0-92 0-90 091 3-69
4 Coal A (Floats, sinks and shale) 1-01 1-08 1-04 6-00
5 Coal A (Floats, sinks and shale) 1-25 1-20 1-22 10-71
21 Coal B 0-22 0-20 0-21 3:55
22 Coal B and shale 0-30 0-28 0-29 13-77
23 Coal B* 0-08 010 0-09 3-38
24 Coal B and shale* 016 0-16 0-16 14-61

* Carbonized at 1100°.
1 Dry basis.

TABLE II.—THE EFFECT OF DEMINERALIZATION ON COKE OXYGEN CONTENT

Mean oxygen 7, d.m.m.f.f

Before demineralization After demineralization
Sample Mean Mean Ash %*
1 0-78 0-93 0-08
2 0-86 0-94 —
3 094 0-80 —
4 1-10 1-18 —
5 1-36 1-39 0-24
* ¢f. Table 1.

t Dry, mineral-matter-free basis.

The general conclusions forthcoming from these experimental results strongly indicated that there
was little breakdown of mineral matter under the experimental pyrolysis conditions. Any small
release of oxygen attributable to this cause was less than the overall error claimed for the determina-
tion.

The dependence of the determined oxygen content upon pyrolysis temperature

To establish whether complete release of oxygen from the carbon took place at or below 1050°,
tests were carried out in which the sample was heated to this temperature without removal from the
apparatus and the release of oxygen was measured at specific temperatures between 500 and 1000°,
At each temperature the experiment was allowed to proceed (usually for about 20 min) until the
amount of oxygen released was less than or equal to the blank value. The pyrolysis temperature was
then increased, within 1-2 min, to the next highest level.

The results of these tests indicated that whilst the release of oxygen was not entirely complete at
1000°, the quantity liberated between 900 and 1000° and between 1000° and 1050° was quite small.
The data are summarized in Fig, 2.

Higher pyrolysis temperatures were not considered to be feasible, because of the construction of
the apparatus and the increased possibility of decomposition of the mineral matter.

A comparison of direct and indirect oxygen determination on cokes and chars

On the basis of the results of the preliminary experimental work the following technique was used
to determine the oxygen content of several chars, laboratory cokes and commercial cokes, and the
results were compared with corresponding values obtained by a neutron-activation method and with
indirect estimates. Figure 1 shows the apparatus used.

Up to 150 mg of sample, crushed to pass a 0-06-mm mesh test-sieve, were weighed into a small
platinum boat and introduced via the joint L into the evacuation side F of the pyrolysis tube. Oxygen-
free nitrogen entered the apparatus via a rotameter A and purification train B containing copper wire
at a temperature of 500° to remove the last traces of oxygen from the gas. The amount of residual
oxygeninthecylinder gas appeared to be variable, and it was essential to carry out a periodic reduction
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of the resulting copper oxide by passing hydrogen through B, the frequency of this operation being
indicated by the analytical precision. By manipulation of taps C and D the oxygen-free nitrogen was
passed over the sample for 30 min at a rate of 25 ml/min. The nitrogen flow was then isolated from
the sample and the temperature of F raised to about 350° by the surrounding heating tape; at the
same time F was gradually evacuated to approximately 10 ybar. After 30 min the system was isolated
from the vacuum, the heating tape removed and nitrogen allowed to leak into F. When the pressure
was stable throughout the system the sample was moved by means of a pusher and magnet through the
wide-bore tap D to a position just ahead of the furnace G containing the carbon-platinum catalyst at
900 + 5°.

The conductance cells were now brought into a stable condition,' the pyrolysis furnace was
moved over the sample in E and the temperature raised rapidly at approximately 150°/min to a final
temperature of 1050°.

The volatile products of pyrolysis were carried by the nitrogen stream through the reaction tube
G where at a temperature of 900° the carbon-platinum reagent converted the oxygenated gases into
carbon monoxide. Sulphur compounds were removed from the gas stream by copper gauze at 900°
in furnace H. The sulphur-free gases then passed successively through soda-asbestos to remove
acidic gases, Bromac (bromine absorbed on activated charcoal) to remove any unsaturated hydro-
carbons and a further soda-asbestos absorber (M) which removed any liberated bromine.

Carbon monoxide was finally oxidized to carbon dioxide by passage over iodine pentoxide at 118-
120° (furnace J) and the iodine released in this reaction was removed by copper gauze before the
conductimetric estimation of carbon dioxide was made. The basis of the conductimetric method is
described by Strouts et al.1

The results of the first series of tests are presented in Table III, together with the results of oxygen
determinations carried out on our behalf by the A.E.R.E., using neutron-activation analysis. These
results included oxygen present as mineral oxygen and an approximate allowance for this oxygen was
made by deducting 509, of the ash content from the total oxygen content. The adjusted resuits are
shown in columns 6, 7 and 8 of Table IlI. For five of the samples, this adjustment amounted to 0-08 9,
or less. Where available,values of oxygen content estimated by difference are included for comparison
with the determined values.

The results for the two chars were about 0-5% higher by the activation method than by the
chemical method, presumably because of partial retention of oxygen by these materials.'s

There was better agreement between the values obtained for the five demineralized coke samples,
the mean algebraic difference being 0-119; of oxygen with no indication of bias for either method.

In Table IV the results are given of further determinations which were carried out on samples of
laboratory and commercial cokes. These samples were not demineralized. The experimental results
expressed on the dry basis are compared with calculated values for oxygen.

The discrepancy between the determined and “difference” values of the oxygen content of the
cokes varied between 0-89 7; (Sample 12) and 0-08 97 (Sample 17). The mean difference for samples 11,
13, 14, 16, 17 and 20 was 0-14 7, four of the determined values being higher and two lower than the
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TABLE ITI.—COMPARISON OF THE OXYGEN CONTENTS OF CHARS AND DEMINERALIZED COKES DETERMINED
BY TWO METHODS AND BY CALCULATION

Direct Oxygen by Neutron
determination, % difference, activation, % Ash
Sample A B Mean % d.b. A B Mean %

Cellulose

Char A 5-76 5-59 5-68 6:03 650 5-99 6-24 0-57

PVDC Char B 1-49 1-48 1-48 1-77 1-93 1-87 1-90 0-04

Coke 6 1-11 119 1-15 — 1-:04 1-05 1-04 0-08

Coke 7 1-02 1-03 1-02 — 1-26 1-24 1-25 0-16

Coke 8 1-18 1-18 1-18 1-37 1-18 1-14 1-16 0-11

Coke 9 1-27 1-28 1-28 — 1:34 1-29 1-32 036

Coke 10 1-42 1-52 1-47 — 1-34 1-32 1-33 0-12

TABLE IV.—COMPARISON OF THE MEASURED AND CALCULATED OXYGEN CONTENTS OF COKES

% Dry basis
Moisture
% Mineral Oxygen by Oxygen
Sample Ash C H N S Cl  matter* difference determined

A B  Mean
11 2-80 601 8913 068 154 125 008 6-84 1-73 1-74 188 1:81
12 3-70 872 8439 083 159 1-86 003 9-96 3-20 2:30 2-32 231
13 1-65 6-08 8938 083 126 143 0-00 7-03 1-50 1-49 135 142
14 0-98 366 9294 058 146 073 001 4-15 0-86 071 074 072
15 0-36 10-37 8759 031 095 069 003 10-91 0-21 060 054 057
16 0-90 11-79 8584 023 078 118 005 12-58 0-52 075 067 071
17 0-55 11-42 86-41 028 070 146 002 12-39 0-20 026 030 028
18 1-16 10-70 86-88 040 1-11 121 002 11-51 008 051 055 053
19 0-40 11-76 8621 026 1-02 153 004 12:78 —0-31 0-38 039 038
20 1:40 12-56 8471 0-81 0-83 097 000 13-21 0-44 067 074 070

* Mineral matter (d.b.) = Ash - 2S/3.

“difference” values. The causes for greater divergence between the derived and determined results for
samples 12, 15, 18 and 19 are not apparent.

The values of the *“‘oxygen by difference” were obtained by subtracting the sum of the percentages
of carbon, hydrogen, nitrogen, chlorine and mineral matter from 100. The total analytical error
associated with all these determinations is approximately 0-5%, and the calculated oxygen may be in
error by this amount. Whilst an error of this magnitude may not be too serious with respect to the
calculated oxygen content of coal (which is frequently reported as oxygen plus errors) it is of the
same order of magnitude as the oxygen content of many high-temperature cokes. Correction of
the calculated results to a mineral matter free basis would not be expected to produce a significantly
more accurate value for the calculated oxygen content of coke.

DISCUSSION

An examination of the relationship between the determined hydrogen, oxygen and
moisture contents (Table IV) indicates that both hydrogen and oxygen contents tended
in general to increase with the moisture content of the coke. Although experience
suggests that a fraction of the moisture was not eliminated by heating at 350°, never-
theless the atomic ratio of hydrogen to oxygen was considerably greater than the
stoichiometric ratio for water, suggesting that some of the hydrogen was originally
in combination with the coke.

It is interesting that the amount of oxygen released from coke appears to be a
function of pyrolysis temperature between 500 and 1000° (Figs. 2a, 2b, 2¢). There
appeared to be a pronounced maximum rate of release of oxygen at 850°. For the
cellulose char (Fig. 2d) the maximum release occurred at a temperature of 650°.
Apart from this maximum, there was a steady release of oxygen at temperatures
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between 650 and 850°, but a lower rate between 500 and 650° and above 850°. These
observations could be of interest in relation to the nature of the carbon-oxygen
bonding in cokes and carbons and may be worthy of further study.

The reduction in the amount of oxygen released above temperatures of 850-900°
suggests that loss of oxygen from the coke substance was virtually complete at 1000~
1050°.

The presence of mineral matter appeared in certain cases to make a small contri-
bution to oxygen release, possibly due to the presence of carbonates, reformed by the
action of moisture and carbon dioxide upon alkali or alkaline-earth oxides present
in the mineral matter. On the other hand, the small amounts of additional oxygen
detected in the presence of mineral matter may be accounted for on the basis of
constituents of the mineral matter promoting catalytic liberation of oxygen from the
coke.

As already stated, it is considered that the quantity of additional oxygen liberated
in the presence of mineral matter is not significant by comparison with the overall
error of the determination and the advantages in accuracy to be gained by deminerali-
zation of the coke are questionable.

The standard deviation of the analyses by the direct method described was slightly
less than 0-05 57 (10 variates). The determined oxygen content was found to be related
to the determined carbon content by the relationship

O = 43-58 — 0-44C (% d.m.m.f.)

the use of which results in a better value for the oxygen content than the ““difference

value” which is quoted in our Tables.
It does not appear to be essential with coke, as with coal, to remove the mineral

matter from the sample prior to the determination of oxygen, but the coke must be
crushed to pass a 0-06-mm mesh sieve.

It was found to be essential to calibrate and service the apparatus periodically.
After approximately twenty determinations the oxygen content of a reference sample,
e.g., acetanilide, was determined, or a known amount of carbon dioxide was passed
through the apparatus. With these precautions the precision of the determination
can be maintained at better than 0-05 9.

Acknowledgements—This work formzd part of the programme of research of The British Coke
Research Association. We are indebted to The Director for permission to publish this paper.

Zusammenfassang—Das zur Bestimmung von Sauerstoff in organischen
Verbindungen und Kohle verwendete Verfahren nach Unterzaucher
wurde der Sauerstoffbestimmung in Koks angepaBt. Die iibliche
Apparatur wurde abgeiindert, um einen Beitrag der Feuchtigkeit
des Kokses zum ermittelten Sauerstoffgehalt zu verhindern. Das durch
die Verbrennung des Sauerstoffs im Koks entstandene Kohlendioxid
wurde durch eine empfindliche konduktometrische Methode bestimmt.
Es wird gezeigt, daB zusitzliche Freisetzung von Sauerstoff aus den
Mineralbestandteilen des Kokses keinen wesentlichen Beitrag zum
unter den Bedingungen der Vorschrift ermittelten Gesamt-Sauerstoff-
gehalt liefert. Der Fehler der Bestimmung betrigt etwa 0,1 prozent.
Die an einer Anzahl von Koksen und Kohlen mit der direkten Methode
erhaltenen Ergebnisse werden verglichen mit denen einer auf Neutron-
enaktivierung beruhenden indirekten Methode.
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Résumé—La méthode d’Unterzaucher, utilisée pour le dosage de
I'oxygéne dans les composés organiques et la houille, a été adaptée au
dosage de ’oxygéne dans le coke. Des modifications ont été effectuées
sur Pappareil ordinaire afin d’éliminer toute contribution apportée
par ’humidité du coke 4 la teneur en oxygene dosée. Le gaz carbonique
produit par la combustion de loxygene dans le coke a été dosé par une
méthode conductimétrique sensible. On apporte des preuves indiquant
que la libération supplémentaire d’oxygéne de la matiére minérale
du coke ne contribue pas de maniére significative & I’oxygene total
déterminé selon les conditions expérimentales prescrites. L’erreur du
dosage est d’approximativement 0,19;. On efiectue une comparaison
entre les résultats obtenus pour une série de cokes et de produits de
carbonisation par la méthode directe et par une détermination indé-
pendante, basée sur I'activation de neutrons.
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MACRORETICULAR CHELATING ION-EXCHANGERS

R. F. HirscH,® E. Gancuer* and F. R. Russot
Department of Chemistry, Seton Hall University,
South Orange, New Jersey 07079, U.S.A.
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Summary—Two macroreticular chelating ion-exchangers have been
prepared and characterized. One contains the iminodiacetate group
and the second contains the arsonate group as the ion-exchanging site.
The macroreticular resins show selectivities among metal ions similar
to those of the commerecially available microreticular chelating resins.
Chromatographic separations on the new resins are rapid and sharp.

IN RECENT years there has been an increasing interest in highly selective jon-ex-
changers.1'# The goal has been to achieve sharp separations of metal ions without the
addition of complexing reagents to the eluent and to concentrate traces of metals
from large volumes of very dilute solutions.

The inherent lack of selectivity of the conventional strong acid cation-exchanger,
with a sulphonate ion-exchanging group, makes it unsatisfactory for the separation of
many mixtures of metals. Even metal ions which are otherwise quite different from
each other in their chemical behaviour are often unresolved by the sulphonate
resin. For example, the equilibrium constant, K}, for the ion-exchange reaction

IM2 4 Lit = }MEF + Li+

(the bars indicate the species in the resin) is 3-29 for Mg?+, 347 for Zn%*, 3-85 for
Cu*, 3-93 for Ni** and 5:16 for Ca®" on Dowex 50W-X83 Separation of these
metals on this resin must therefore rely on chemical reagents which bind some of the
metals as rapidly eluted neutral or anionic complexes, while the others are not bound
and remain on the resin.4

If the jon-exchanging group on the resin is able to form covalent complexes with
metals—which the sulphonate group cannot—then the resin will exhibit a greater
selectivity among them, due to variations in the strengths of the complexes. One
such group is the iminodiacetate ion, —N(CH,COO™),. The commercial resin
Dowex A-1 (Chelex 100) contains this exchange group. The selectivity constants for
this resin, relative to calcium [KX¥] are 49 for Mn2+, 152 for Co?*, 19-8 for Zn2t,
52 for Ni**, and 500 for Cu®*.5> A second selective group is the phosphonate ion,
—PO,%, which is the ion-exchanging group in Duolite C-63. Selectivities of this
resin relative to nickel [K¥] are 1-3 for Co?+, 2:9 for Mn2+, 205 for Zn?*t, and 53
for Cu?*.® Both types of resin are weak acids, which is to say that the ionic group
has a strong preference for hydrogen ion. Thus in both cases control of the pH of the
eluent is all that is necessary for sharp separations of many metals from each other.

Many other chelating ion-exchangers have been studied.! The main limitation of
these materials is that they are based on a gel or microreticular copolymer matrix.

* Present address: Olivetti-Underwood, Englewood Cliffs, New Jersey.
1 Present address: Engelhard Industries, East Newark, New Jersey.
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This means that the resin undergoes large changes in volume on conversion from one
ionic form to another.” Such volume changes can disrupt the uniform packing of
the resin in a column. In addition, with low degrees of swelling the rate of ion-
exchange reactions becomes slow, which is undesirable in chromatography.

Over the past decade a new type of copolymer has been developed for use in ion-
exchangers. It is called macroreticular, since it has a permanent macroscopic structure
regardless of the ionic form.810 In particular, there is an extensive network of large
pores, up to 50 nm in diameter or even larger, throughout the interior of the resin
beads.* This pore structure allows exchange reactions to proceed rapidly in any
ionic form of the resin, even if the resin is placed in a non-polar solvent, such as
hexane, which does not swell it. Several macroreticular strong acid cation-exchangers
and strong and weak base anion-exchangers have become commercially available'?
and have found use in diverse analytical procedures.!3:14-15

The results that have been published regarding the properties of chelating ion-
exchangers, combined with the data on the macroreticular resins, suggested that the
highly porous copolymer could serve as the basis of selective ion-exchangers with
more satisfactory properties than the microporous materials. In this paper we report
on some newly-prepared selective macroreticular cation-exchangers containing the
iminodiacetate and the arsonate!® groups. Synthetic procedures, properties, and
chromatographic behaviour are discussed.

EXPERIMENTAL
Starting materials and reagents

XAD-1 macroreticular styrene-divinylbenzene copolymer was obtained from the Rohm and
Haas Company, Philadelphia, Penn. The beads were washed with 2M hydrochloric acid, methanol
and acetone, screened to 20-50 mesh, and dried under vacuum before use. All other chemicals were
of the highest available purity, usually reagent grade.

Synthetic procedures™

Iminodiacetate resin. The XAD-1 was chloromethylated with chloromethyl methyl ether in the
presence of anhydrous tin(IV) chloride.!” After washing and drying under vacuum, the chloro-
methylated copolymer was refluxed with 1M sodium iodide in acetone to convert it into the iodo-
methylated form.*® The latter was heated for 10 days at 75° with diethy] iminodiacetate in acetonitrile,
producing the diethyl iminodiacetate derivative of the copolymer. This was hydrolysed by heating
with ethanolic sodium hydroxide to give the iminodiacetate resin.®

Arsonic acid resin. The XAD-1 was nitrated by heating with nitric-sulphuric acid mixture (40:60)
for 2 hr at 60°. After washing and drying, the nitrated resin was reduced by refluxing with tin(Il)
chloride in hydrochloric acid for 2 hr, washed, and diazotized with nitrous acid at 0°. The beads were
then washed with cold aqueous sodium carbonate solution and mixed with 0-5M aqueous sodium
arsenite at 25° for 1 hr and at 60° for an additional hour to obtain the arsonic acid copolymer.®

Characterization of products

Infrared spectra were obtained on a Beckman Model IR-10 Spectrophotometer; there were no
noticable differences when the mineral oil mull and KBr pellet methods of sample preparation were
used.

Relative volumes in the different ionic forms were determined by packing a column with resin in the
sodium form, converting it into the other forms, and observing the volume of the resin bed in each
case.

Hydrogen ion capacity was determined by the standard technique.?!

Metal ion capacities were determined by equilibrating weighed samples (fully converted into the
sodium form) with a measured amount of standard metal ion solution {copper(ID}, zinc or calcium].
An aliquot of the supernatant liquid was titrated with standard EDTA under appropriate conditions. 2
The resuits were checked by washing the sample free from the metal solution with demineralized water,

* These are available in fuller detail from the senior author.
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and treating the resin with 1M hydrochloric acid to displace the absorbed metal ions, which were
then titrated with EDTA.

All capacities refer to the dry resin weight on a hydrogen-form basis.
Chromatography

A resin sample was equilibrated with buffer and packed into a chromatographic column, forming
a bed about 100 mm long and 10 mm in diameter. Two ml of a mixture of metals (0-01.M in each) in
this buffer were added to the column. Elution was carried out with buffer solutions of various pH
values at a flow-rate of 2 ml/min. Fractions were collected and analysed for relative metal ion
concentrations with a Perkin-Elmer Model 290 Atomic Abscrption Spectrophotometer under
standard conditions for each metal.?®

RESULTS AND DISCUSSION
Syntheses

The procedures described above are the optimum ones found in this work. Several
other routes were studied in each case and were less satisfactory. The iminodiacetate
resin could not be obtained from chloromethylated copolymer in as high capacity by
reaction with disodium iminodiacetate, iminodiacetonitrile, or diethanolamine
(procedures suggested in the literature for gel resins'). The procedure chosen, using
diethyliminodiacetate as the aminating reagent, gave somewhat better results with
iodomethylated XAD-1 (959 amination based on product nitrogen content) than
with chloromethylated copolymer (70-80 9 amination).

The arsonic acid resin could not be obtained by reaction of chloro-iodomethylated
copolymer with potassium arsenite or by refluxing XAD-1 with arsenic trichloride in
the presence of aluminium trichloride catalyst, followed by hydrolysis (which was
found to be a satisfactory procedure for preparation of a phosphonic acid resin, using
phosphorus trichloride and aluminium trichloride’®). It is possible that under milder
conditions arsenic trichloride would be a satisfactory reagent for introducing arsenic
into the copolymer.

Several other new macroreticular resins were prepared, but were not thoroughly
characterized. Among the ion-exchanging groups attached to the copolymer were
triphenylbenzylphosphonium and triphenylbenzylarsonium anion-exchangers and
phosphonate cation-exchanger, all with exchange capacities greater than 1 mequiv per
g of dry resin.

Properties of the resins

The iminodiacetate resin had a hydrogen ion capacity of 3-2 mmole/g and a
copper capacity of 1-6 mmole/g. These values are similar to the respective capacities
2:9 and 15, published for Dowex A-1 or Chelex 100 gel-type iminodiacetate resins.*
The high capacity is desirable for efficient operation in chromatography and other
applications. The absence of ester in the resin was indicated by the lack of infrared
absorption at 5-7 um, absorption that was present prior to saponification of the
diethyl iminodiacetate resin.

The volume was measured of the iminodiacetate resin in various ionic forms.
There was no change in volume on interconversion between the Na+, Ht, Cu®*, and
K+ forms. Likewise, no volume change was observed when toluene or methanol was
substituted for water in contact with the hydrogen or sodium forms. Dowex A-1,
on the other hand, shows relative volumes of 0-45 for H*, 0-55 for Zn?*, 1-00 for Na*
and 1-06 for K+ forms in water, and 1-00 in water, 0-70 in methanol, and 0-47 in
acetone for the sodium form.” These results suggest that the macroreticular chelating
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resin will be useful under a wider variety of conditions than the microreticular gel
Dowex A-1.

The arsonate resin had a hydrogen capacity of 3-0 mmole/g. The metal ion
capactities were 13 mmole Cu®*/g, 1-4 mmole Zn®*/g, and 1-1 mmole Ca?"/g at pH 11,
and 0-8 mmole Cu?*/g at pH 3-5. Elemental analysis showed 6-4 % nitrogen and (by
difference) 169, oxygen in the final product. These results suggest the presence of
other exchange groups in addition to the arsonate. A possible distribution of groups
is 1-3 mmole arsonate/g, 1:0 mmole phenolate and 0-5 mmole azo/g (due to side-
reactions of the diazonium intermediate), 3-3 mmole nitro/g (due to incomplete
reduction), and 02 mmole carboxylate/g (due to oxidation of the copolymer during
nitration). While the various side-products do affect the ion-exchange capacity of the
arsonate resin, they would not interfere (with the possible exception of the carboxylate,
which is only a small fraction of the total capacity) with the determination of the
metal ion selectivity of the arsonate group.

The arsonate resin showed little volume change on conversion from one ionic
form into another. Its exchange capacity is sufficient to allow use in various analytical
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FiG. 1.—Chromatographic separations with the macroreticular iminodiacetate ion-
exchange resin.
Buffer solutions: A—pH 4-3, B—pH 3-1, C—pH 2:0, D—pH 1-2.
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applications, as the chromatographic results given below suggest. Unlike the imino-
diacetate resin, which was gray, the arsonate resin was brick red in colour. It is
likely that further synthetic studies would produce an arsonate resin with higher
exchange capacity, fewer impurities, and a lighter colour.

Chromatography

Several mixtures of representative metal ions were used to test the selectivity of
the two new macroreticular resins. Typical chromatograms are shown in Figs. 1 and 2.

The selectivity order for the macroreticular iminodiacetate resin is K+ << Mg* <
Ca*t < Mn** < Ni?* < Co?* < Zn%* < Cu?*. Hering! determined the following
order for a gel type iminodiacetate resin: Nat < Mgt < Ca? < Co?t < Zn?* <
Ni?+ < Cu?*, while Rosset® determined the selectivity of Dowex A-1 as Mgt <
Mn?*t < Co?t << Zn?t << Ni2t & Cu?t. The elution order with the macroreticular
chelating resin is therefore similar to that previously observed with the microreticular
chelating resins.

The arsonate resin showed the selectivity order Mg?t < Ca%t < Mn?*+ < Co?* <
Ni** < Zn?*" < Cu**. Persoz and Rosset® reported the following order of affinity for

Eluent volume,
Fi6. 2.—Chromatographic separations with the macroreticular arsonate ion-exchange

resin.
Buffer solutions: A—pH 4-6, B—pH 3-5, C—pH 2-5, D—pH 15.
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Duolite C-63, the phosphonate resin: Mg* < Ca?t < Ni*+ < Co?* << Mn?*t <
Zn2?+ < Cu?*. The shift in position of the nickel and manganese is most likely due
to the difference in co-ordinating properties between the arsonate and phosphonate
groups.

The sharpness of the column separations would be improved if the ion-exchanger
beads had been smaller and more uniformly sized. It is apparent, however, that sharp
group separations can be carried out quickly with a short resin column and with
suitable adjustments in the pH of the eluent. The eluent need not contain complexing
agents, as is necessary with the strong acid cation-exchangers. The macroreticular
resins should be useful under conditions in which the microreticular resins show
unsatisfactory exchange rates and swelling behaviour.

Acknowledgement—The authors gratefully acknowledge the assistance of the Ton Exchange Division,
Rohm and Haas Company, which supplied the starting materials.

Zusammenfassung—Zwei grob vernetzte chelatbildene Jonenaus-
tauscher wurden dargestellt und charakterisiert. Einer enthalt die
Iminodiacetatgruppe, der andere die Arsenatgruppe als ionenaus
tauschaktive Funktion. Die grob vernetzten Harze zeigen dhnliche
Auswahleigenschaften unter Metallionen wie die handelsiiblichen fein
vernetzten chelatbildenden Harze. Chromatographische Trennungen
an den neuen Harzen sind schnell und scharf.

Résumé—On a préparé et caractérisé deux échangeurs d’ions chélatants
macroréticulaires. Le premier contient le groupe iminodiacétate et le
second contient le groupe arsonate comme point actif pour 1'échange
d’ions. Les résines macroréticulaires montrent des sélectivités parmi
les ions métalliques similaires 4 celles des résines chélatantes micro-
réticulaires commercialement accessibles. Les séparations chromato-
graphiques sur les nouvelles résines sont rapides et nettes.
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Summary—The study of adsorption—desorption phenomena represents
an important extension to the range of organic compounds that can
be determined by electrochemical methods. The present work has
utilized this approach for the determination of a range of methyl-
carbamate insecticides. The tensammetric behaviour of this class of
compound at the mercury electrode has been investigated by a.c.
polarography and the optimum experimental conditions for their
analytical determination have been derived. Cyclic voltammetry has
also been used to study the electrode process and by using the peak
obtained on the cathodic sweep it was possible to extend the limit of
detection to the ppm level.

A vARIiETY of methylcarbamates are used in agriculture as insecticides. Among the
most common are Carbaryl (1-naphthyl methylcarbamate), Aldecarb (formerly
temik) (2-methyl-2-methylthiopropionaldehyde O-methylcarbamoyl oxime) and
Butacarb (3,5-di-t-butylphenyl N-methylcarbamate), of which Carbaryl has been the
most extensively studied.

The analytical methods available for the determination of this class of compound
are numerous. Carbaryl has been determined both by classical methods'2 and a
variety of spectrophotometric methods.>~¢ A number of thin-layer chromatography
(TLC) methods?™! have also been developed of which the method of Benson and
Finocchiaro”? appears to be the most widely used for the determination of Carbaryl
in vegetable matter. Kovacs'? introduced an infrared method the merits of which
were later compared with an ultraviolet and an alkaline distillation method.?® Gas
chromatographic (GLC)"“~*® methods are also in evidence, based mainly on the
conversion of the carbamate into the corresponding phenol.

Substantially less work has been done on the determination of Aldecarb and
Butacarb. Existing methods are confined to colorimetric,2 GLC® and radiotracer®
methods for Aldecarb, and a TLC/radiotracer determination® for Butacarb. No
analytical method appears in the literature for the fourth methylcarbamate studied,
Methiocarb (3,5-dimethyl-4-thiomethylphenyl N-methylcarbamate).

Very little investigation has been made into the electrochemical behaviour of
methylcarbamates. Only Carbaryl has been determined by electrochemical tech-
niques.?*'2¢ One method®* is based on nitrosation of Carbaryl followed by oscillo-
polarography, while the other®® involves the polarographic determination of the
products resulting from nitration of the aromatic nucleus.

The present work describes a method for the direct determination of methy,
carbamates, based on their adsorption—-desorption phenomena. Both a.c. polaro-
graphic and cyclic voltammetric techniques have been used.

91
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EXPERIMENTAL

Reagents

Methylcarbamates were obtained from the Ministry of Technology, Laboratory of the Govern-
ment Chemist. The purity of each compound was checked by melting point determination, and
where necessary they were purified by crystallization from methanol.

A 10~2M stock solution of each compound was prepared. The solutions of Aldecarb and Carbaryl
contained only 209, methanol, but because of low solubility those of Butacarb and Methiocarb
were made with 1009; methanol. Buffer solutions were prepared from analytical grade reagents.

Apparatus

Direct current polarograms were recorded on a Metrimpex polarograph type OH-102. A Kalousek
cell with a separated saturated calomel electrode (SCE) was used. Capillary characteristics, measured
at 0-0 V vs. SCE in 0-1M potassium chloride were ¢ = 4-41 sec, m = 1-88 mg/sec at A = 0-75 m.

The a.c. peaks were measured with a Cambridge Univector and general-purpose polarograph
with the Metrimpex polarograph as the current-output recorder. A Heyrovsky cell was used with a
mercury pool as the anode.

Cyclic voltammograms were obtained on a Chemtrix polarograph Model SSP-2 in the three-
electrode mode. The working electrode was a hanging mercury drop electrode, Metrohm type E410.
A silver wire and an SCE were used as counter and reference electrodes respectively.

Procedure

A sample containing from 0-05 to 10 umole of the insecticide is added to 1 ml of buffer solution
(0-5M boric acid/0-5M sodium hydroxide) in a 10-ml volumetric flask and diluted to volume with
water/methanol so that the final solution contains 2% v/v methanol. As the methanol has an effect
on the shape of the peak it is important that the methanol content in the final solution should not
exceed this value. In the case of Butacarb, however, where solubility problems arise, it was found
that 109 methanol could be tolerated without serious interference, assuming that 4 ml of buffer
solution were used.

For the analysis of insecticide residues it is suggested that the volume of the methanol extract
after clean-up should be reduced to 1-2 ml in a Kuderna evaporator.?” The 10-ml collection flask
is removed and the residue evaporated to dryness in a stream of nitrogen gas. Then 1 ml of methanol
is added to the residue and an aliquot or the whole of this solution is used for analysis.

In the a.c. polarographic method the solution for analysis is transferred to a Heyrovsky cell,
deoxygenated with nitrogen for 3 min, and the a.c. peak is measured from 0 V vs. the mercury pool
anode. For cyclic voltammetry, peaks were recorded over the potential range from 0 to —2:0V ts.
SCE, a mercury drop size of 25-2 mm? being used.

RESULTS AND DISCUSSION

None of the compounds studied shows conventional d.c. polarographic waves.
However, on a.c. polarography all compounds showed current peaks at potentials
in the region from —1-0 to —1-5V. That these peaks were tensammetric in character
was elucidated by the depression of the base line of the supporting electrolyte (Fig. 1),
and the absence of a d.c. polarographic wave. The electrocapillary curves (Fig. 2)
for these compounds showed that they were adsorbed over a voltage region either
side of the electrocapillary maximum where maximum adsorption occurred. At high
negative potentials the capacitive current coincides with that of the supporting
electrolyte since at these potentials the surfactant is not present at the mercury-
solution interface. These sharp capacitive peaks would therefore appear to be due to a
desorption process, and as such reflect periodic changes in the capacity of the double
layer. Contributory evidence of the tensammetric character of these peaks is the
rectilinear dependence of the peak potential on the log of the concentration of in-
secticide. It is also worthy of note that small steps are observed in the d.c. curve
for these compounds at potentials where tensammetric peaks occur. These adsorption
steps are characteristically much smaller than conventional d.c. polarographic waves.

The pH dependence of the tensammetric peaks for Aldecarb, Butacarb and
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FiG. 1.—A.c. polarograms for: (1), 0; (2), 5 x 10~*M Butacarb in 109 methanol at

pH 8:98 (0-2M boric acid/0-2M sodium hydroxide); sensitivity 0-6 uA f.s.d.
Carbaryl are shown in Fig. 3. The optimum pH was found to be 84 (aqueous 0-5M
sodium dihydrogen phosphate/0-5Mf sodium hydroxide buffer). The effect of variation
of buffer concentration indicated that maximum peak height for Aldecarb, Methio-
carb and Carbaryl was obtained in 0-05M buffer. Owing to the surface-active properties
of the alcohols a maximum of 10 %} methanol could be tolerated. A 1-29%/ methanol
solution was desirable. Because of the solubility of Butacarb, 109, methanol
solutions 0-2M in buffer were necessary. A rectilinear dependence of peak current
vs. concentration was obtained for all compounds and the results are summarized in
Table 1. The limit of detection for Aldecarb is 107*M as opposed to 10-5M for the
other compounds. This can be attributed to the solubility, molecular size and ali-
phatic nature of the compound.

The relationship between base-line depression and concentration of the surface-
active carbamate is shown in Fig. 4 for Carbaryl and Aldecarb. A rectilinear relation-
ship occurs over a limited concentration range, above which the form of a Langmuir
isotherm is followed. This would appear to signify that the mercury surface is now
completely covered with the adsorbed species.
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Fic. 2.—Electrocapillary curves for: (1), 0-05M boric acid/0-05M sodium hydroxide
buffer in 2% methanol; (2), 5 x 10~*M Aldecarb in 0-05M buffer/29, methanol;
(3), 10-*M Methiocarb in 0-05M buffer/2% methanol; (4), 5 x 10~°M Butacarb in
0-2M buffer/10%, methanol; (5), 2 x 10~*M Carbaryl in 0-05M buffer/2 %, methanol.

The effect of various cations (0-1M as chlorides) and various anions (0-1M as
sodium salt) on the tensammetric peaks was investigated. In the case of cations the
desorption potentials are increasingly negative in the sequence La®t < Mg?+ < Li*.
The observed effect will to some effect depend on the displacement capability of the
cation and the solubility of the species in solution. In the case of the anions NO,~,
NO;~, ClO -, COz*, CN-, SO,2-, the effect on peak height and peak potential
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FiG. 3.—pH dependence of (1), 2 % 10~*M Carbaryl, and (2), 5 X 10-*M Aldecarb in
0-05M buffer/2 %, methanol; (3), 5 x 10-5M Butacarb in 0-2M buffer/10 %, methanol.
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TABLE I.—CONCENTRATION DEPENDENCES FOR METHYLCARBAMATES

Concentration of Current, A
methylcarbamate -
M a.c. polarography cyclic voltammetry
B C M A B C M A

2 x 10-¢ — — — — — — — —
4 x 10°° — — — — 0-40 — 0-40 —
6 x 10-° — — — — 0-60 0-45 0-60 —
8 x 10-° — — — — 0-87 0-60 075
1 x 1078 0-05 — 0-05 — 1-10 0-70 1-00 —
2 X 10~ 0-07 0-05 0-09 — 2-00 1-30 2-40 —
4 x 107° 017 0-09 022 — 4-40 2-40 4-70
6 x 10-° 0-28 0-14 0-29 — 6-60 3-20 7-60 0-30
8 x 107¢ 0-37 0-18 041 —_ 9-00 4-40 9-20 0-40
1 x 10~* 0-49 024 0-52 0-06 11-00 4-80 11-40 0-50
2 x 1074 L.S. 0-50 L-S. 0-12 — — — 095
4 x 10 — 1-00 — 0-28 — — — 1-70
6 x 10 — 1-41 — 043 — — — 2-80
8 x 10 — 173 — 0-59 — — — 375
1 x 1073 — 2:07 — 0-71 — — — 4-40

B—Butacarb; C—Carbaryl; M—Methiocarb; A—Aldecarb. L.S.—Limited by solubility.

follows no specific pattern. This is primarily because at negative potentials it is the
cation that determines the capacity and structure of the double layer. However, an
interesting observation is that the shifts in the desorption potentials caused by chang-
ing the nature of the halide ion follow the same sequence as the salting-out coefficient
for benzene in aqueous solution®® (Fig. 5). This phenomenon was first noticed by
Gierst and Pecasse?® in a study of the effect of anions on the adsorption—desorption of
pyridine at the dropping mercury electrode. Only the effect of fluoride on the de-
sorption potential for Butacarb is anomalous.

wA

Bose line depression,

I 1 ! 1 I
2x107% 4x107% [ 8x107% 1073

Concentration, M

F16. 4.—Base-line depression vs. concentration for (1), Carbaryl and (2), Aldecarb in
0-05M boric acid, 0-05M sodium hydroxide buffer (pH 8-4), 29 methanol.
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FIG. 5.—Relation between desorption potential of methylcarbamates on mercury,"and
salting-out coefficient for benzene; solutions as used for measurement of electro-
capillary curves; halide concentration, 0-1M.

The extent of adsorption of the organic molecule is therefore not entirely governed
by its own solubility. The solubility of the supporting electrolyte and any extraneous
ions in solution must also be considered. This is an inherent drawback in the analytical
utility of capacitive (tensammetric) peaks. The conditions under which the experiment
is to be conducted must be clearly defined and closely adhered to.

Cyclic voltammetry

The cyclic voltammogram for Butacarb is shown in Fig. 6. A single cathodic-
anodic peak is observed at the sweep rates used. The cathodic peak corresponds to

\
Nl | VT

o
—200mV
e N
/ \ ‘\\

Fi16. 6.—Cyclic voltammogram of 5 X 10~°M Butacarb in 0-2M boric acid/0-2M
sodium hydroxide buffer, 109, methanol. Scan rate, 4 V/sec.
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the tensammetric peak described earlier caused by the desorption of the surface-
active carbamate compound. This peak was utilized for analytical purposes. The
anodic peak observed on the reverse scan is due to adsorption of the carbamate onto
the electrode surface, replacing the cations of the supporting electrolyte. Methiocarb
and Carbaryl show similar behaviour. Aldecarb shows in addition the capacitive

peaks corresponding to adsorption of the surfactant on the cathodic scan, and
desorption on the reverse scan.

A rectilinear dependence of peak current against concentration was observed for
all compounds (Table I). Concentrations of the order of 5 X 107¢M (1 ppm) for
Butacarb, Carbaryl and Methiocarb must be taken as the lower limit attainable with
the apparatus used. The limit for Aldecarb is 5 X 1075M.

Acknowledgements—We wish to thank the Agricultural Research Council for the provision of a
research assistantship for one of us (M. D. B.).

Zusammenfassung—Die Untersuchung von Adsorptions- und De-
sorptionserscheinungen stellt eine wichtige Erweiterung der Auswahl
von organischen Verbindungen dar, die mit elektrochemischen Metho-
den bestimmt werden komnen. Die vorliegende Arbeit benutzte
dieses Verfahren zur Bestimmung verschiedener Methylcarbamat-
Insektizide. Das tensametrische Verhalten dieser Verbindungsklasse
an der Quecksilberelektrode wurde mit Hilfe der Wechselstrompolaro-
graphie untersucht und die optimalen Versuchsbedingungen fiir
die analytische Bestimmung solcher Substanzen ermittelt. Zur
Untersuchung des Elektrodenprozesses wurde auch die cyclische
Voltammetri¢ eingesetzt; mit Hilfe des Peaks, den man beim katho-
dischen Durchlauf erhilt, liel sich die Nachweisgrenze bis zum ppm-
Bereich herabdriicken.

Résumé—L’étude des phénoménes d’adsorption-désorption représente
une extension importante au domaine des composés organiques que
P'on peut déterminer par des méthodes électrochimiques. Le présent
travail a utilisé cette approache pour la détermination d’une série
d’insecticides méthylcarbamatés. Le comportement tensammétrique
de cette classe de composés 4 I'électrode de mercure a été étudié par
polarographie en courant alternatif et I'on en a déduit les conditions
expérimentales optimales pour leur détermination analytique. On a
aussi utilisé la voltamétrie cyclique pour étudier le processus a I'élec-
trode et en utilisant le pic obtenu sur le balayage cathodique il a été
possible d’étendre la limite de détection au niveau de la ppm.
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Summary—The mechanisms of some reactions used in catalytic
analysis are discussed. The knowledge of the mechanism of a catalytic
reaction can help in the development of new catalytic reactions and
the choice of optimal conditions, and to show the possibilities for
further increases in sensitivity.

THE RECENT intensive development of catalytic methods of analysis is a result of
their high sensitivity combined with relatively simple procedures. More than 250
procedures are known for the determination of about 45 elements. Some monographs
have been published!~¢ as well as the biennial reviews in Analytical Chemistry.

Many different types of catalytic reaction have been used for analytical purposes.
In the present paper an attempt is made to generalize the results of investigations on
the mechanisms of catalytic reactions in the hope that it will help in the development
of new, improved, analytical procedures.

The homogeneous reactions used for the catalytic determinations of ions can be
classified according to whether the catalytic ions change their oxidation state or not.

REACTIONS CATALYSED BY IONS THAT CHANGE THEIR
OXIDATION STATE DURING THE REACTION

Most of the useful catalytic methods are based on reactions in this group, which
includes the most sensitive reactions (sensitivity is usually 0-1-10~¢ ppm, sometimes as
low as 1 ppb) and hence those most frequently used.

A catalytic cycle frequently observed is:

Red + M+, p 4+ Mn+ (1)
Mn+ _;_ OX — M(n+l)+ + Q (2)

where Red and Ox are the reagents of the redox reaction, and P and Q are the
reaction products. The role of the oxidant Ox is simply to return the catalyst, the
actual oxidant of Red, to its lower oxidation state, equation (2). Typical examples
are transition metal jons in different oxidation states, such as vanadium, manganese,
iron, copper, osmium, rhenium, or non-metal ions such as iodide and bromide.

A reaction of this type should be suitable for analytical purposes if the following
two conditions are also satisfied:

(a) the oxidation potential Ey of the couple M™+D+/M"+ under the reaction
conditions is higher than the potential Ey,, of the couple P/Red and lower than the
oxidation potential E,, of the couple Ox/Q, i.e.,

Eox > Ey > Eggq

(b) the direct interaction of Red with Ox which is thermodynamically permitted is
hindered kinetically, whereas the oxidation of M”+ by Ox proceeds readily.
499
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REACTIONS WITH ORGANIC SUBSTRATE S

Reactions of this type usually involve the oxidation of an arylamine, phenol or
dye-stuff. The oxidation of arylamines and phenols leads to the formation of coloured
products, whereas the oxidation of dyestuffs most frequently involves decolorization.
Thus the kinetics of such reactions are usually followed colorimetrically.

These oxidations are usually slow, but are catalysed by metal ions. When tran-
sition metal ions (and other one-electron oxidants) are used, the first step of arylamine
or phenol oxidation is always homolytic:?-8

RH - M+ 5 R* 4 H¥ 1+ M+ )

where R’ represents an arylamine radical ArNH’ or an aryloxy radical ArO". The
fow ionization energy of arylamines and phenols permits the ready removal of the
electron.® The radicals are also stabilized by conjugation of the unpaired 2p, electron
from nitrogen or oxygen with the 7-electron system of the aromatic ring.'® Reactants
with substituents which increase the electron density in the conjugated system are
oxidized more easily, therefore, than the corresponding non-substituted or electro-
philically substituted compounds. Thus, the homolytic oxidation of polyphenols,
arylamines, aminophenols, alkyl- and alkoxy-substituted phenols and arylamines
proceeds very readily 1114

The homolytic mechanism of the one-electron oxidation of these compounds by
metal ions has been confirmed by kinetic data, initiation of polymerization processes,
reduction of mercury(I) chloride, etc.’*1% Direct evidence of the formation of free
radicals has been provided by electron paramagnetic resonance.!9-

The large number of possible final reaction products arises because of the different
ways in which the radical R" can react further. These depend on its structure, reactivity
and the reaction conditions,”1%:#5-2% and especially on the localization of the un-
paired electron. For example, the localization of the electron at the 2 and 4 positions
in the 1-naphthol radical results in the formation of three products when «-naphthol
is oxidized by iron(1H) chloride?®:

OH

OH
g® g9
OO OO O OO dn

OH

If a favoured position is hindered by a bulky substituent (such as phenyl, naphthyl,
etc) at this position, the number of products is reduced. Less bulky substituents,
however, do not prevent reaction at this position. Thus the catalytic oxidation of



Catalytic reactions—I

p-phenetidine by halates, with vanadium(V) as a catalyst, proceeds as follows3°:

NH, ‘NH
© + V(V) —> <j + V(Iv) + H*Y

OC.H, OC,H;
‘NH NH
OC,H,
+ —> HN
@ NI{OOCgHs
OC,H; OC,H;
!

HN=<:>=N‘©—OC2H5 + C,H,0H
H,O
NI, + OGNQOCEHS Qo
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“

If the quinolide is stable it might form the final reaction product as in the oxidation

of 1-methyl-2-naphthol (see ref. 14, p. 142).

Reaction of the radical in which the unpaired electron is localized o- to the —O
or —NH group leads to the formation of heterocyclic compounds such as (see ref.

14, p. 149):
NH, NH N NH,
> — [ ]
NH, NH SN NH,
Catechol gives (see ref. 14, p. 146):

T,

The formation of primary radicals from arylamines or phenols and their further
reaction strongly depend on the acidity of the reaction medium. In acidic solutions
the reactions usually lead to the formation of a smaller number of reaction products of
relatively low molecular weight. There are many reasons for such a behaviour.
Reaction (3) proceeds less easily in acidic solution, and the co-ordination of a metal
ion with the free electron-pair of nitrogen or oxygen is more difficult in an acidic
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solution because of the competition of the hydrogen ions for the clectron pair so
that the radical formation is again hindered. The high rate of radical formation in
alkaline solution increases the concentration of R’ so that the number of products
likely to be formed is increased. Alkaline media also stabilize some types of radica_ls
such as semiquinones, formed during the oxidation of polyphenols. The symmetric
radical ‘OPhO~ is formed.! .

Acidity can also affect side-reactions such as hydrolyses, condensations, efc.
Thus quinoneimines, formed during the oxidation of arylamines in neutral or alkaline
solutions slowly hydrolyse to quinone and the amine. Further interaction gives mono-
and diarylidoquinones as the final reaction products. Thus the oxidation of p-
phenetidine shown by equation (4) in solutions of pH > 5 proceeds further:32

o)
H,0O
o=<:>=N~®vqu5 LN @ + HZN—Q—OCZHS
~ O B—

0 0o
NH—@—OCzﬂs NH@—OCsz
(___
CZHSOO NH
0 Q

®)

Arylidoquinones are not very suitable as final reaction products for analytical
procedures based on photometric measurements, because of their low water solu-
bility; they form red-brown precipitates. This is yet another reason for avoiding
alkaline reaction media for such reactions. Temperatures above 40-50° must be
avoided because the rate of hydrolysis of quinoneimines according to equation (5)
strongly increases on heating.

The disadvantage of the formation of polymeric or complex heterocyclic products
(water-insolubility) is largely overcome by using compounds containing hydrophilic
groups (OH, COOH, SO;H efc). Thus sulphanilic acid, amino- and hydroxynaphthyl-
sulphonic acids, aminocarboxylic acids, efc, have received great attention as reagents
in catalytic analysis.®*38 Alternatively, the solubility of the coloured reaction
products can be enhanced by using water—organic solvent mixtures. Yatsimirskii and
Philipov®? used aqueous ethanol as solvent for the oxidation of 1-naphthylamine by
potassium bromate, catalysed by molybdenum(VI).

Yatsimirskii has shown that the sensitivity of a catalytic method depends on the
sensitivity of the method used to monitor the reaction.® Thus, when a spectrophoto-
metric method is used, the reactants should be chosen so as to give a reaction product
of high molar absorptivity. Quinoneimines and arylidoquinones are usually more
intensely coloured than quinones, and their absorption bands fall in the spectral range
where the sensitivity of the detectors is highest. These data, combined with those for
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the solubility of the corresponding compounds, indicate that quinoneimines are the
reaction products most suitable for high sensitivity analysis.

Alternatively, the use of highly coloured products as indicator substances allows
the reaction to be followed immediately after the start of the reaction, when the
concentration x of the coloured reaction product is negligible compared to the initial
reactant concentration C,. The kinetic equation then simplifies to

dx
7 = *Co (6)
where 7 is the time and & is the rate constant.

This equation gives a linear dependence between absorbance and time, which
permits simple recording devices to be used and the time necessary for the analytical
determinations to be shortened to 2-4 min.20-41

When both o- and p-positions in a phenol or arylamine molecule are hindered by
bulky substituents, stable radicals are formed.!® These radicals have molar absorp-
tivities (in the visible part of the spectrum) of the order of 300-500 1. mole™* mm—!
which makes them suitable for catalytic analysis purposes. Their main advantage
is that usually reactions forming such radicals lead only to one product. Although
the radicals are not very soluble in aqueous solution, organic solvent-water mixtures
can be used as a reaction medium. However, such reactions have not yet been
used in catalytic analysis, although their chemistry has been studied in some detail.*®

Nature of the catalyst-reactant interaction

Most often, the first stage of the catalytic reaction is the substitution of water or
another ligand attached to the metal ion, by the amine or phenol. In many instances
this results in the formation of a charge-transfer complex. The catalyst, having free
d-orbitals, acts as a strong Lewis acid and partially receives an electron from the
highest energy nitrogen or oxygen orbital that is populated. The existence of such a
complex was shown in the catalytic oxidation of p-phenetidine, discussed above.*?
The positively charged complex formed between the catalyst and the amine has an
absorption band with a maximum at 540 nm and a molar absorptivity of 10%-10%
1. mole™? mm~!. At temperatures below 5° the complex is comparatively stable but
at higher temperatures an oxidation process takes place, which results in the formation
of an arylamino radical:

V(V) -- H,N . CH, . OC,H; — V(V) ... H,N . C;H, . OC,H,
—> V(IV) 4+ NH . C;H, . OC,H, + H+  (7)

The process proceeds further according to reaction scheme (4).

The formation of such complexes makes it easier to understand, for example, why
titanium(IV) catalyses oxidation processes with oxygen-containing ligands but not
with nitrogen-containing ones and why silver(I) preferentially catalyses oxidation
reactions of nitrogen-containing reactants. Thus the arylamine or phenol chosen
must be suitable for complexation with the catalyst. The pH of the medium must also
be chosen so as not to decrease the degree of complexation with the catalyst.

Copper(1l) in alkaline solution catalyses the oxidation of arylamines and phenols
but in slightly acidic solutions it catalyses only the arylamine oxidation. This can
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be ascribed to the different stability of copper(Il) complexes with oxygen- and nitrogen-
containing ligands.

Complex formation between the catalyst and the reactant offers possibilities for
the regulation of the selectivity of catalytic methods. The tendency of the amine or
phenol to complex with metal ions can be modified if suitable substituents are intro-
duced in the substrate molecule or if the acidity of the reaction medium is adjusted
to a suitable value.

Indirect catalytic oxidation

In this process the catalyst takes part in a reaction which produces the actual
oxidant of the other reactant. Thus copper, iron and titanium compounds catalyse
the oxidation of many organic substances by hydrogen peroxide. Most frequently
the role of the catalyst in these processes is to produce hydroxyl radicals from hydrogen
peroxide, and these are the real oxidant. For example, Fenton’s reagent actsasfollows:

Fe2t + H,0, —~ FeOH2t + ‘OH )
‘OH -+ RH-—>H,0 + R 9)

Catalytic systems of this type are very useful for the oxidation of compounds with
sterically hindered donor atoms or with donor atoms which do not tend to form
complexes with the catalyst. In such instances small uncharged radicals with a high
oxidation potential (such as ‘OH) can be produced by a catalytic reaction and used
up for the oxidation of the substrate.

Another example of this type is the accelerating action of phenols and hydroxy-
carboxylic acids on the oxidation of arylamines catalysed by vanadium(V).30-43-48
The tendency of oxygen donor atoms to complex with vanadium(V) is greater than
that of nitrogen, so that charge-transfer complex formation and hence the oxidation
processes with phenols proceed more readily than with arylamines. The phenoxy
radicals produced oxidize the arylamine very rapidly, and therefore increase the overall
reaction rate. These reactions are examples of activated catalytic processes, which
will be discussed in detail in Part II.

The choice of a suitable oxidant for a catalytic oxidation is as important as the
choice of the reductant, and is primarily governed by the two conditions stated in the
introduction. Usually it is not difficult to find an oxidant with an oxidation potential
higher than that of the reductant. The condition E,, > Ey, however, restricts the
number of possible oxidants especially when the oxidation potential of the couple
Mém+h+/M*+ is high. For example, there are only two oxidants used in the catalytic
reactions of silver(I)—persulphate ion3® and cerium(I1V)*® which can oxidize silver(l)
to silver(IT) (Ey® = 2-00 V). Sometimes this restriction can be overcome by using a
suitable complexing agent to lower the oxidation potential of the couple M +1+/Mn+ %
In such instances the complexes of the ligand with the form of the catalyst that
participates in the rate-limiting reaction step must be labile. Examples of this type
will be discussed in detail in Part II.

The main difficulties in choosing a suitable oxidant arise from the second con-
dition—the existence of kinetic obstacles to direct interaction between the reductant
and the oxidant. Oxidants such as permanganate, cerium(IV), manganese(III), and
cobalt(III) which react readily with organic compounds are seldom used for catalytic
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oxidation process with organic substances. When hydrogen peroxide is used as an
oxidant, the greatest difficulty is the purification of the reagents from commonly
occurring metals ions such as Cu?*, Fe3*, Mn?*, Co?" which catalyse the oxidations
by hydrogen peroxide even when present in very small amounts. However, these
catalytic effects can become an advantage when such ions are to be determined:
many sensitive analytical catalytic procedures have been developed for the deter-
mination of these ions, using hydrogen peroxide as the oxidant.%0—%

Halates are very suitable as oxidants for catalytic oxidations of organic substrates.
At 20-50° they usually react only very slowly with organic compounds in spite of
their relatively high oxidation potential. However, under such conditions they can
oxidize rapidly many metal ions, especially the lower oxidation states of molybdenum,
tungsten, vanadium and osmium.

Persulphate is another oxidant often used in catalytic analysis. It readily oxidizes
silver(I) and copper(I) to higher oxidation states and thus is used in catalytic methods
for the determination of these elements. However, the measurable rate of the un-
catalysed oxidation is a serious disadvantage. This arises because persulphate
dissociates in solution to give sulphate radicals:

82032— e 2'S04_ (10)
which themselves oxidize the organic compound. Other authors®® consider that
persulphate acts through the production of hydroxyl radicals:

'SO,~ + H,0 — HSO,~ 4 'OH (1

REDOX REACTIONS WITH INORGANIC SUBSTRATES

Inorganic reductants used in catalytic reactions are usually monodentate and
charged, and, of course, are smaller than the organic molecules discussed above.
Typical examples are I, Cl-, S,0,%, AsO,~ and NH,.

Reactions in which more than one electron is transferred have been postulated as
proceeding by one- or two-electron mechanisms, that is, by several one-electron steps
or by a simultaneous transfer of two or even more electrons. The one-electron scheme
has been supported by numerous experimental data not only for such reactions as

Ag(IT) 4 Fe(Il) — Ag(I) + Fe(III) (12)
Ag(I) 4 Fe(II) — Ag® -+ Fe(11I)
but also for more complicated reations as, for example, the oxidation of sulphurous
acid with iron(IIl), catalysed by copper(11)%:

Fe(ITT) + H,SO, — Fe(II) + "HSO, - H*
Fe(IT) + "HSO, + H* — Fe(IlI) + H,SO, } slow
2'HSO; — H,S,0; (13)
Fe(IIT) -+ "HSO, -+ H,0 — Fe(Il) 4 SO~ -+ 3H*
Cu(II) -+ ‘HSO, 4 Hy0 — Cu(l) + SO2~ + 3H+} fast
Cu(l) + Fe(lII) — Cu(Il) + Fe(l)

In some inorganic redox reactions, as for instance those involving thallium (III), e.g.,
Hg® + TI(III) — Hg(II) + TI(I) (14)
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a two-electron mechanism is thought to occur.®® Ashurst and Higginson, however,
have shown that the kinetic data for similar reaction with iron(II) strongly indicate a
one-electron mechanism:5°

Fe(Il) + TI(III) = Fe(III) + TKII) (15)
TI(IT) 4 Fe(IT) — TI(T) + Fe(11I)

As Basolo and Pearson emphasized *‘at the present time there is no good evidence
that simultaneous, or near-simultaneous, transfer of more than one electron in a true
electron-transfer reaction ever occurs”.%¢

In most instances the existence of a two-electron mechanism is connected with
the transfer of an atom or a group of atoms from one reactant to the other, as, for
example:%!

0,80%* 4+ OCI~ — 0,80, + CI- (16)

It is of interest in this connection to quote the conclusions of Higginson®? drawn
after considering the mechanisms of many redox reactions:

(@) species derived from transition elements react by a set of one-electron steps;

(b) if both reacting species are derived from non-transition elements, two-electron
reactions usually take place;

(c) if one of the reagents is a transition-element ion and the other compound is
derived from a non-transition element, the one-electron mechanism occurs more often;

(d) if one of the reactants is a free radical, a one-electron reaction is to be expected.

In connection with catalytic analysis it is of interest to note that the reactions with
the participation of transition-element species usually proceed by one-electron
mechanisms. It can be seen that even in the few examples of two-electron reactions
[of type (c)] the main reason that they were included in this group is that it had been
impossible to detect the intermediates which correspond to one-electron mechanisms
with the techniques then available. For this reason the importance of the application
in this field of new physical methods such as EPR and NMR can hardly be over-
estimated.

The one-clectron mechanism of many redox reactions catalysed by transition-
element ions often results in the production of unstable intermediates. Duke has
suggested the term “‘reactates” for such species,% which includes free radicals (SO,~,
‘OH), atoms (Cl, O) or species in unfamiliar oxidation states [Mn(V), Sn(III)]. Many
examples are known of the formation of reactates in the course of the catalytic reactions.
For example, the role of ‘SO,~ and "OH in redox reactions with S,04*~ and H,0,
has already been discussed.

The oxidation of hydrazine by iron(IIl), catalysed by copper(I),** proceeds
through the formation of the radical N,Hj:

N,H, + Fe(IIl) 25 "N,H, + Fe(Il) + H+
NoH, + Fe(lIl) 2% N,H, + Fe(I) + H*
"NoH, -4 Cu(ll) %5 N,H, 4 Cu(l) + H* amn

Cu(l) + Fe(III) 255 Cu(Il) + Fe(1l)
2 'NyH; — N,H — 2NH; + N,
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The catalytic effect is thus due to the greater reactivity of copper(Il) in the oxidation
of 'N,H, compared with iron(III), which is possibly due to the stronger tendency of
copper(1l) to complex with nitrogen-containing donors. The oxidation of iodide by
dichromate, catalysed by iron(Il), proceeds via the formation of Cr(V) and Cr(IV)
as intermediates in the reduction of Cr(VI) and Cr(III) (see ref. 4, p. 309).

The catalysts of inorganic redox reactions act most often by a direct mechanism,
by alternate oxidation-reduction processes with the oxidant and reductant. Thus in
the oxidation of chloride by cerium(IV) the catalyst silver acts through the oxidation
states Ag(I) and Ag(I).** The oxidation of iodide by halates in the presence of
vanadium compounds proceeds via the consecutive formation of V(IV) and V(V).
Another example of this type of mechanism is provided by the oxidation of arsenic(III)
with cerium(1V), catalysed by iodide or osmium(VIII). Thus, one of the most widely
used catalytic reactions is considered®® to proceed via

1= -+ Ce(IV) — Ce(IlI) 4 I°
1° + As(IIT) — intermediate (18)

intermediate + Ce(IV) — Ce(II) + As(V) + I~
An alternative is
I° + Ce(IV) — Ce(III) + I+

(19)
T+ + As(ITD) — As(V) + I~

The catalytic action of osmium also involves its alternate reduction and oxidation.®?

An indirect catalytic mechanism does sometimes occur, probably, for example,
in the oxidation of ammonia by hydrogen peroxide, catalysed by copper compounds.®
Copper(Il) cannot oxidize ammonia, but it reacts with peroxide to form hydroxyl
radicals, which oxidize the ammonia. The oxidation of iodide by hydrogen peroxide,
catalysed by iron compounds, is probably another example of this type.®

In other instances, the catalyst is produced during the reaction as one of the
reaction products, so that the process becomes autocatalytic, as in the oxidation of
arsenite by iodate, catalysed by iodide:?®

10,~ + 3AsOy~ = I + 3AsO,~ (20)

Complex formation between the catalyst and the reagents during the reaction
seems to be important in inorganic catalytic redox reactions although only in a few
instances is there direct experimental evidence for intermediates of this type.”72 At
the same time, many considerations indicate the formation of such complexes. For
example, the addition of ligands that form stable, inert complexes with the catalyst
usually results in an inhibition of the catalysis (ref. 6, p. 95). In some instances
kinetic data are available for the formation of such complexes.%

The oxidation of many inorganic species used in catalytic analysis, such as chloride
or ammonia, needs oxidants with higher oxidation potentials than those used to
oxidize arylamines and phenols. For this reason oxidants such as cerium(IV),
permanganate, chromate, molybdate, iodine and bromine are often used in such
reactions, as are hydrogen peroxide, halates and other oxidants also used for oxidizing
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the organic compounds. For the same reason, the catalysts for these reactions are
usually metal ions which in their highest oxidation state are strong oxidants[cobalt(III),
nickel(III), silver(Il), manganese(IIT), chromium(VI), osmium(VIII), vanadium(V),
etc.]. Because of the higher oxidation potentials associated with the reagents and
catalysts in this group of reactions, very often it is necessary to change the oxidation
potential associated with either the catalyst or the oxidant by complex formation in
order to fulfill the condition Ey, > Ey > Ey.4, which makes possible the catalytic
action of the metal ion.

The sole use of inorganic reactants is analytically advantageous in that there are
usually no side-reactions, or further reactions of the monitored reaction product.
Even in reactions where dimerization of inorganic radicals is possible, together with
further oxidation [see for instance reaction scheme (17)], the number of compounds
formed is restricted. The absence of a number of products in the system makes
possible the application of different methods to follow the reaction kinetics and this
widens the limits of application of catalytic analysis. Amperometric methods are a
good example. They have been applied to catalytic methods for the determination of
sulphides and sulphur-containing compounds, chromium, molybdenum, germanium,
etc., by the oxidation of iodide by hydrogen peroxide or of azide by iodine.”~77

Polarography has similarly been applied in catalytic analysis, based on electro-
chemical reduction or oxidation processes with inorganic substances such as H™,
H,0,, NOg~, ClO,, catalysed by metal ions.?8-8

REACTIONS CATALYSED BY IONS NOT CHANGING THEIR OXIDATION
STATE DURING THE COURSE OF THE REACTION

Reactions of this type include the catalytic rearrangement, decomposition,
substitution and hydrolysis of organic and inorganic compounds in the course of
which the catalyst does not change its oxidation state. The catalytic action can be
due to the polarizing effect of the catalyst on bonds in the molecule of a reactant, or
to the ability of the catalyst to bring the reactants together or to orientate them in a
way suitable for the reaction to proceed.

This group of catalytic reactions has not been developed as an analytical tool to
such an extent as the preceding one, but it is important because it deals with reactions
which make possible the determination of ions with filled outer s-, p- or d-electron
shells, such as AI3*, Ca?t, Zn?t, Cd2t and Pb2h.

The hydrolysis of amino-acid derivatives and phosphate esters is the most studied
of this type of reaction. These reactions are catalysed by metal ions such as Cut,
Zn?t, Mn?** and Cd?". The metal ion catalyst forms a chelate with the reactant.
The positive charge of the metal ion affects the electron distribution in the ligand in
such a way as to facilitate the attack of the hydroxide ion. For example, in the
hydrolysis of alkyl- and aryl-esters of glycine,%2 the metal ion causes an electron
shift from the carbon atom of the carbonyl group, thusfacilitatingattack by hydroxide:

2+

JOH‘ /(3/—1{ " ol

y 7/

sz C\\‘, OCH, ;}HZ“C\*C*OCHz N fH.‘,—*C\

NH, NH, 0 NH, O + CH,0H
S v AN
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The decarboxylation of -keto acids was first used in catalytic analysis by Bontchev
and his co-workers.?3-8¢ For example the decarboxylation of oxaloacetic acid is
catalysed by metal ions such as Zn®*", Mg, Mn** and Cu?t. In the presence of
copper(Il), the decarboxylation proceeds as follows:

f\/

o=c—C-XcH>- 0=C—C=CH,
o/ \\ To —>co, + "Q O  — CHCOCOH + Cu'*
\ G /Cu"\’r

HaO/ H20 H,0 H.0

(22)

The catalyst forms chelates with both the substrate and the product, but the latter
has a Jower stability constant because of the change in inductive effect of the carboxyl
group as it changes from the 8- to the «-position. The substrate therefore displaces
metal ion from the chelate with the product, and the cycle begins again. In such
catalysed reactions any hindrance of chelate formation results in a decreased catalytic
activity. Thus the presence of metal ions has no effect on the rate of decarboxylation
of f-keto acids with a second carboxylic group too far from the keto group to form
strong chelates, or on ketomonocarboxylic acids.®® Hydrolytic reactions show the
same dependence on the chelating ability of the substrate. Moreover, if the catalyst
is already complexed by other ligands, so that the rate of substitution of these ligands
by the substrate is very slow, or if stable inert complexes are formed with these
ligands, the catalytic effect can decrease or even disappear.

Finally, the nature of the complex formed influences the catalysis. It was found,
for example, in the catalytic decarboxylation of dimethyloxaloacetic acid that the
catalyst forms two different complexes with the acid, only one of which can undergo
decarboxylation. 88

The metal ion acts in the catalytic, hydrolytic and decarboxylation reactions
mainly because of its positive charge. It might be expected, therefore, that the effect
of the dipositively charged ions will be of the same order and hence their overall
catalytic action will depend on their complexing abilities. Numerous examples
provide evidence for the validity of this assumption. In the hydrolytic reaction (21)
the order of catalytic activity is

Cu(Il) > Co(II) > Mn(II) > Ca(IL), Mg(ID)
which is identical with the Irving-Williams order. The same reasons are responsible
for the evident connection between the position of the metal-ion catalyst in Sidgwick’s
classification8? and the character of the donor atoms in the substrate molecule. Metal
jons of the third group of this classification which bond to nitrogen more strongly
than to oxygen are good catalysts for reactions of substrates with nitrogen donor
atoms. In the hydrolysis of a Schiff’s base, for example:

CH,—CH, | ‘ CH,—CH,
[ j\‘ [\ [ N+ | 23)
§7 = N=C~ S —> HzN\ . /NH= | S |

T o Cu CHO
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copper(Il) and nickel(II) are the best bivalent catalysts (ref. 85, p. 220). For the same
reason mercury(II), lead(Il) and silver(I) are the most effective catalysts for the
hydrolysis of thiol esters (ref. 85, p. 217). Similarly hydrolysis of substrates con-
taining only oxygen donors is catalysed preferentially by metal ions of the first group
of Sidgwick’s classification, which tend to form complexes with oxygen in preference
to other donors. Thus the hydrolysis of salicyl phosphate:

M7
O\P_‘/O' }P/O—
"~
o~ “oH 0 ’ﬁon
- -
e AL
O _M_"L ' O slow
H*Y \
n+
' o
0| o
- P
O \ OH o-
0 -
- C\
C\o LN 0 + M™ + HPOS (24)

is catalysed by UO,2+, VO, ZrO*, Fe3t and Cu?" whereas Ni2*, Co?*, Zn?* and
Cd?* have no influence on the process.88

From an analytical point of view there are two main shortcomings of catalysed
hydrolytic and decarboxylation reactions, namely, the low sensitivity and selectivity
of these reactions. A comparatively large concentration of the catalyst is usually
necessary to increase the reaction rate by a measurable extent. Yatsimirskii and
Tikhonova,%90 the first authors to use a hydrolytic reaction in catalytic analysis,
were able to determine 10 ug/ml of cadmium and 1 ug/ml of lead (total amounts
of 250 ug of Cd* and 25 ug of Pb%"), using the hydrolysis of the ethyl ester of
cysteine. It is evident that this sensitivity is far less than that of a large number of
other catalytic methods. The sensitivity of the decarboxylation reactions is also low.
The catalytic effect becomes measurable at catalyst concentrations greater than about
1073M, which is quite insufficient for trace analytical purposes. The sensitivity can
be increased, however, by complexing the metal so as to increase the actual charge
on the metal, as has been demonstrated®8 for the decarboxylation of oxaloacetic
acid, which has been developed as a sensitive method for the determination of zinc.%
The use of suitable complexing agents can contribute also to the selectivity of these
catalytic reactions as will be discussed in Part II.

Catalytic substitutions of ligands in the co-ordination sphere of a metal ion are
other examples of this group of reactions. They were first used in catalytic analysis
by Asperger et al. for the determination of mercury.?~® These authors used the
replacement of cyanide from hexacyanoferrate(II) by a water molecule:

[Fe(CN)g]*~ + H,0 = [Fe(CN);H,0*~ + CN- (25)
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The reaction is monitored by adding nitrosobenzene, whichreadily replacesthe water
molecule in the inner co-ordination sphere of the product to form {Fe(CN),PhNOJ]~,
a red-violet, soluble complex.%®

The substitution of cyanide in hexacyanoferrate(Il) by 2,2’-bipyridy! and 1,10-
phenanthroline has also beenused for the determination of mercury(Il) and silver(I).%¢-?

The complete replacement of the cyanide ions in hexacyanoferrate(Ill) by water
molecules gives Fe(H,0)g2", which is rapidly oxidized by atmospheric oxygen. The
resulting iron(I1I) reacts with the unchanged hexacyanoferrate(II) and a blue colloidal
solution of Prussian Blue is formed. Besides mercury(II), silver(I) and gold(III) also
catalyse this reaction, which has been used for determination of these elements.%$-100

The mechanism of these substitution processes and especially the role of the
catalyst is at present not quite clear. It is worth noting, however, that the catalysts
form stable complexes with the ligands whose substitution they catalyse.

The fact that in the reactions of this group the catalyst remains in the same
oxidation state does not exclude the participation of the catalyst in oxidation
processes. Thus the oxidation of iodide by hydrogen peroxide in acidic solution is
catalysed by thorium(IV), zirconium(IV), hafnium(IV), niobium(V) and tantalum(V)
which do not change their oxidation state during the course of the reaction.® In
moderately acidic solutions they are present in the form of the corresponding oxo- or
hydroxo-ions (for example ZrO%*, ThOH3*). Yatsimirskii has suggested'®! that the
catalytic effect of these ions is due to the formation of cyclic peroxides, e.g.

H
AN H
0—0 AN
: . o
: H —» | + 0 (26)
: M -eee OH,
M—O
AN
H

The O—O bond is more labile in the complex, and it decomposes with the for-
mation of free oxygen atoms, although it seems more probable that the reactates
formed during the process are hydroxyl radicals, because the direct formation of
oxygen atoms from the hydrogen peroxide molecule seems energetically less favour-
able than that of ‘OH. The reactates then oxidize the iodide. The catalyst does not
react directly with the substrate and does not change its oxidation state during the
reaction.

It is of interest to note that vanadium(V) and titanium(IV) oxo-ions, which are
not among the catalysts for this reaction, catalyse the oxidation of thiosulphate by
hydrogen peroxide as do Th(IV), Zr(IV), Nb(V), Ta(V) and Hf(IV).% If the role of
the catalyst in these two reactions is only to produce reactates from H,O, (or "OH)
which then oxidize the substrate, the absence of a catalytic effect of V(V) and Ti(1V)
in the first reaction is inexplicable. It seems possible, therefore, that the oxidation of
the reductant occurs by interaction with a peroxide complex of the catalyst. When
bond formation between the catalyst and the reductant is possible, and therefore a
ternary complex can be formed, vanadium(V) and titanium(IV) catalyse the process
(as for thiosulphate oxidation). If such a complex with the participation of the
substrate cannot be formed [V(V) and Ti(IV) do not form iodide complexes] the
oxo-ions of both elements do not influence the reaction (as for iodide oxidation).



512

40
41
42

P. R. BONTCHEV

Zusammenfassung—Die Mechanismen einiger bei der katalytischen
Analyse verwendeter Reaktionen werden diskutiert. Die Kenntnis des
Mechanismus einer katalytischen Reaktion kann bei der Auffindung
neuer katalytischer Reaktionen und der Auswahl der besten Versuchs-
bedingungen von Nutzen sein. Ferner kdnnen Moglichkeiten zu
weiterer Steigerung der Empfindlichkeit erkannt werden.

Résumé—On discute des mécanismes de quelques réactions utilisées en
analyse catalytique. La connaissance du mécanisme d’une réaction
catalytique peut aider dans le développement de nouvelles réactions
catalytiques et le choix de conditions optimales, et montrer les pos-
sibilités de nouveaux accroissements de sensibilité.
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Summary—The acid dissociation constants of 8-quinolineselenol,
8-quinolinol and 8-quinolinethiol in water—dioxan mixtures of varying
solvent composition were determined potentiometrically or spectro-
photometrically. The absorption spectra of 8-quinolineselenol in the
same solvents were also obtained. The acid dissociation phenomena,
stability towards oxidation and the absorption spectra of the reagents
are discussed in connection with the existing forms. It is verified that
8-quinolineselenol exists as a zwitterion in water-dioxan mixtures of
low or high dioxan content.

IN RECENT years, 8-quinolinethiol and 8-quinolineselenol have become of interest as
analytical reagents.)* 8-Quniolineselenol appears to be a more selective chelating
agent than 8-quinolinol and 8-quinolinethiol, probably because of the lower electro-
negativity and larger size of the selenium atom.

Therefore, a study of metal complexes of 8-quinolineselenol is of value, especially
as only a few studies of 8-quinolineselenol complexes have been reported.>~* This
paper deals with a comparative study of the acid dissociation and spectrophotometric
behaviour of 8-quinolineselenol, 8-quinolinethiol and 8-quinolinol in water~dioxan

mixtures.
EXPERIMENTAL

Reagents

8-Quinolineselenol. The reagent was prepared by the modified method of Sekido, Fernando and
Freiser.> The neutral salt of 8-quinolineselenol prepared from 8,8'-diquinolyldiselenide was dried
under reduced pressure. This reagent was proved to be anhydrous and was stable for more than a
week in vacuo.

The sodium salt of 8-quinolinethiol. 8,8-Diquinolyldisulphide was first synthesized by the
method of Edinger.® The sodium salt was then prepared by the following procedures. Pure di-
sulphide, 5-5 g, was dissolved in a mixture of 20 ml of concentrated hydrochloric acid and 6 ml of
507 hypophosphorous acid, and the solution was heated under reflux for about 2 hr. The solution
was cooled and filtered, and then a yellow precipitate was obtained by adding excess of saturated
sodium hydroxide solution dropwise whilst a stream of nitrogen gas was passed through the solution.
The pure sodium salt, obtained by recrystallization a few times from alcohol-ether, was dried in
vacuo. The sodium salt prepared in this way was proved to contain 1-2 molecules of water of crystal-
lization, and to be stable for several months under a nitrogen atomosphere.

8-Quinolinol. The reagent was reagent grade and was further purified by recrystallization from
alcohol, m.p. 73-5-74-5°.

Dioxan. Commercial dioxan was treated with hydrochloric acid and metallic sodium and then
distilled at 101-5-102-:0°. Freshly distilled dioxan was further purified by freezing, and was used
in a few days.

Carbonate-free sodium hydroxide solutions were prepared by the usual method and the other
reagents used were reagent grade where possible.

Apparatus

PpH meter. Horiba Model P, with glass and calomel electrodes, standardized against aqueous
buffers (pH 4-01 and 6-86). The relationship between the pH meter reading (B) and the hydrogen

515
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ion concentration ([H*]) in water—dioxan mixtures is defined as the following according to Van
Uitert and Haas,’
—log [H*] = B+ log Uy + log y + 1)

where U, is a conversion factor at zero ionic strength, y ,. is the mean activity coefficient for the
solvent composition and ionic concentration. The values of log U, and log y ... were taken from the
data of Van Uitert and Haas,” and Harned and Owen,® respectively. Equation (1) was found to
hold, with an error of 0-05 pH units, in this experiment.

Procedures

Nitrogen gas was bubbled through the sample solutions during titration, and the temperature
was controlled to 250 & 0-1° by circulating water through double-walled titration and reference
cells. Titrations were made on the solutions which contain the reagents, perchloric acid and sodium
perchlorate. The range of concentration was from 9-4 X 10-¢ to 1-0 % 10-2Mf for the reagents, and
from 2-0 x 10~% to 2-0 x 10~*M for the acid, ionic strength varied from 0-001 to 0-1, and dioxan
content ranged from 0 to 759 v/v.

Spectrophotometric measurements were also made under various conditions; (a) in solvents of
varying dioxan content, (b) at varying time, (c) in a stream of nitrogen gas, (d) by adding hypophos-
phorous acid as reducing agent.

CALCULATION
Acid dissociation of 8-quinolinol and its analogues takes place as follows
ko,
H;R* —— H* 4 HR and H*R~ 2)
ka,
HR and H+R- H* + R~ 3

S
where R is ©/j (X = O, S or Se). The neutral and zwitterion forms are denoted by HR
\N/

|
X

and H*R-, respectively, and kg, and ka, are stoichiometric acid dissociation constants. The for-
mation functicn of the species HR and H,R* corresponding to equations (2) and (3) is given by
Bjerrum’s method!? as follows

[H*]
ka
where Ny, is the average number of hydrogen ions bound to each reagent molecule. Since the difference
between the numerical values of k,, and ks, for the reagents is large, the first term of equation (4) is

negligible in the acidic region and thus rearrangement of equation (4) leads to equation (5), similarly
the third term is negligible in the basic region and equation (6) is obtained:

Q-
T (Ma 1)
A — Ry

ka, = TR [H*] ©

No— (Na— 1) — Ny —2) =0 @

2

ka, [H*] 6)

Ny is calculated by means of equation (7)

o _ [HRI + [H], + [OH7] — [H*] — [OH],

N T ™

Ty is the total concentration of the reagent, [HR], is the concentration of the reagent in the HR or
H*R~ form, and [H],, [OH],, [H*] and {OH"] are the concentrations of perchloric acid titrated,
sodium hydroxide added, free hydrogen ion and free hydroxide ion, respectively. In the case of
8-quinolinethiol the [HR], term in the numerator of equation (7) can be omitted because the sodium
salt is used. The values of {OH~] are calculated by employing the values of Ky in water-dioxan
mixtures, given by Harned and Owen.®

On the basis of values of ky, and ks, obtained thus, the constants, K,, and K,,, which are good
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approximations to the thermodynamic constants,”® are determined according to the following
equations, with the use of mean activity coefficients given for hydrochloric acid by Harned and
Owen.®

PKay = pha, ®

PKa, = pka, + 2log (i) | ©)

where it is assumed that yu+ == Y~ = Ym+ = ¥ + and yer = 1. Association of solutes which may
be expected to take place in solvents of high dioxan content was ignored.

RESULTS AND DISCUSSION
Potentiometric studies

Results. A number of titrations for 8-quinolinol, 8-quinolinethiol and 8-quinoline-
selenol were performed. In order to examine the accuracy of k,, calculated according
to equations (5), (6) and (7), the formation curves were checked by comparing the
experimental and theoretical values (Fig. 1).

For 8-quinolinol the agreement is quite satisfactory, but for 8-quinolinethiol and
8-quinolineselenol good agreement was not always obtained, because of experimental
error. The causes of error were proved to be oxidation of the reagents by air or
dioxan and the glass electrode error. Therefore, much attention was paid, especially
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Fi16. 1.—Formation curves for 8-quinolinol (—g—), 8-quinolinethiol (—@—, - —O—-)
and 8-quinolineselenol (—m—, — -[1—--) in 509, water-dioxan mixture.
The plots (- -O-—, - ~0O~-) are erroneous data.
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Fi1G. 2.—pK,, of the reagents and pK, of monoprotic acids and glycine.
Reliability of pK,, is 4-0-07 for 8-quinolinol and 8-quinolinethiol, and +-0-1 for 8-
quinolineselenol.
for 8-quinolineselenol, to titration procedure in order to minimize these errors. At
first, titrations for 8-quinolineselenol were carried out under the same conditions as
for 8-quinolinethiol, but the second equivalence point for 8-quinolineselenol did not
coincide with that for 8-quinolinethiol. Dlsagreements of the formation functions
corresponding to these titration curves are serious in the region N, < 0-5 because of
oxidation. Therefore the most reliable data for 8-quinolineselenol were obtained
from the buffer region of the titration curve. To calculate the values of Ny, for strongly
acidic solution, the method of Irving and Rossotti® was applied to equation (7),
otherwise serious disagreement for formation functions was observed in the region
—log [H*] << 3-5. The experimental results agreed with the theoretical ones. Only
K,, for 8-quinolineselenol was determined spectrophotometrically. The acid dis-
sociation constants (pK,,) obtained for these reagents are plotted as a function of
dioxan content in Fig. 2.
Discussion. Activity coefficients in mixed solvents are defined as

log y = log y, + log y* (10)
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where log , log ¥ (= lim y) and log y* correspond to the total, primary and second-
B0
ary medium effect, respectively. Then the following relationship would hold!®

pK, = pK.0 + 2 log v, 1

where K, and K,9 are the acid dissociation constants in the mixed solvent and in pure
water, respectively. In the water-dioxan system the plots of log y, vs. mole fraction
of dioxan in the range n, = 0-0-5 have been found to be linear in the case of a mono-
protic acid. Consequently the plots of pK, vs. mole fraction of dioxan are linear.
The values of pK, of acetic acid, propionic acid, formic acid and glycine, which are
given by Harned and Owen,® are shown in Fig. 2. The former three acids are mono-
protic. In the case of glycine the zwitterion form is predominate in aqueous medium.

In Fig. 2, the pK,, values for 8-quinolinol, 8-quinolinethiol and 8-quinolineselenol
are compared with pK, for monoprotic acids and glycine. The values of pK,, all
increase with mole fraction of dioxan. A substantially linear relationship is obtained
for 8-quinolinol, but for 8-quinolinethiol there is deviation from linearity when the
mole fraction is small.

In Fig. 2 the behaviour of the plot for 8-quinolinol is similar to that for acetic acid,
and the behaviour for 8-ginolineselenol is similar to that of glycine. This suggests that
in the neutral form, 8-quinolinol behaves as a monoprotic acid, and that 8-quinoline-
selenol as a zwitterion. For 8-quinolinethiol the behaviour is similar to that of 8-
quinolineselenol in the region of low dioxan content but to that of 8-quinolinol in the
region of high dioxan content.

If K,p and K, are the acid dissociation constants for the neutral and zwitterion
forms and K, is the tautomeric constant, the following two equations hold:

1 1 1
Ka.2 Ka.C + KaD (12)
% [Zwitterion] K,p
' [Neutral]  K,o

The values of pK,¢ and pK,p were evaluated from the results for pK, and K;. They
are summarized in Table I.

(13)

TABLE 1.—EQUILIBRIUM CONSTANTS FOR 8-QUINOLINOL, 8-QUINOLINETHIOL AND 8-QUINOLINE-
SELENOL IN WATER

Ky PKa, pKao pKap
8-quinolinol 0-04* 974 9-32 972
8-quinolinethiol 3-8t 8:36 8:26 7-68
8-quinolineselenol 1740% 818 818 4-94

* Reference 11.

1 Reference 12.

1 Calculated value from the data of reference 3.
The calculated values of pK,p, are marked on the pK, axis of Fig. 2. The black spot
showing pK,p for 8-quinolinol is in the vicinity of the straight line of pK,, which
suggests that 8-quinolinol behaves as the neutral form in water-dioxan mixtures.

Supposing that equation (11) is applied in this case, and that the reagent behaves

only as the neutral form, the plots of pK,, vs, the mole fraction of dioxan are expected
to be a straight line starting from the spot shown by values of pK,p, in Table I, and
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similarly for 8-quinolinethiol and 8-quinolineselenol. This is shown in Fig. 2. For
8-quinolinethiol, the plots of pK,, differ greatly from the expected when the mole
fraction of dioxan is small but not when the mole fraction is higher. It is considered
that this occurs because of a shift of the tautomeric equilibrium from the zwitterion
to the neutral form with increase of the mole fraction of dioxan. Therefore, 8-
quinolinethiol is considered to occur predominantly as the neutral form in the solvents
with dioxan content > 709, but 8-quinolineselenol is considered to be almost all
in the zwitterion form in 759 water-dioxan mixture. This was also supported
spectrophotometrically.

Spectrophotometric studies

Spectrophotometric measurements in water and water-dioxan mixtures were
carried out both in air and in an atmosphere of nitrogen. Absorption spectra of
8-quinolinethiol, Fig. 3, are characterized by absorption maxima at 446, 316, 277

2.00}-
150
E 1-00t+-
S
a
a
0-50}-
o 1 ) Tyl ) N
260 250 300 350 400 450 500 550 600
Wavelength, nm
F16. 3.—Absorption spectra of 8-quinolinethiol.
[NaR] = 12 x 10~*M, (H;PO, or HC! added); pH = 4-2-5-1 Dioxan %: —0,

30, — - —50.

and 252 nm in water. The first two absorption bands have been attributed to the
zwitterion form and the latter to the neutral form.2 When the proportion of dioxan
increases, the intensities of the first two bands decrease and those of the others increase
(Fig. 3). The changes of the intensities for these bands suggest that the zwitterion
form will be predominant in water and that the tautomeric equilibrium will be shifted
towards the neutral form as the proportion of dioxan increases.

The absorption spectra for 8-quinolineselenol which were obtained in air were
similar to those for 8-quinolinethiol. This fact is in conflict with the conclusion, ob-
tained from potentiometric data, that the zwitterion form is predominant in spite
of increase in dioxan content. However, different spectra, Fig. 4, were obtained when
the measurements were made in an inert atmosphere and as quickly as possible. If
the sample solution was allowed to stand for a certain time with the cell closed but in
air, the spectra obtained become similar to those for §-quinolinethiol. In Fig. 5,
variation of the spectra as a function of time is represented. It is observed that the
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F1G. 4.—Absorption spectra of 8-quinolineselenol.
[HR] = 1-4 x 10~*M, [HCI] = 6 X 10°M. Dioxan %: ~—0, -+ 30, — . — 50,
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FIG. 5.—Variation of the spectra of 8-quinolineselenol in 507, water-dioxan mixture
as a function of time.

[HR] = 1-2 x 10-*M, [HCIO,] = 5 X 10~°M. Time, min:

—+ +—50. Diseleinde — —.
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spectrum of 8-quinolineselenol approaches that of 8,8’-diquinolyldiselenide with time.
The behaviour of the spectra for 8-quinolinethiol obtained under similar conditions
was similar but the shifts were much slower.

To eliminate oxidation, measurements were carried out in the presence of hypo-
phosphorous acid, and stable spectra were then obtained. In Fig. 4itis shown that the
absorption bands at 278 and 460 nm shift towards the red but the intensities of the

6
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bands change little with increase of dioxan content. The band at 260 nm shifts to red,
and tends to overlap the band at 280 nm with increase of dioxan content. In other
words the bands at 260, 278 and 460 nm undergo a blue shift as the solvent polarity
is increased.

In Table 1I, spectrophotometric data obtained in this study or taken from the
literature,'® are summarized. All of the absorption coefficients are “‘apparent values”
calculated from the total concentration of the reagent. Comparison suggests that the
corresponding absorption bands undergo a red shift with decrease in basicity of
ligand atoms. 8-Thiomethylquinoline has an absorption band at 251 nm which
corresponds to the band at 252 nm of 8-quinolinol. 8-Selenomethylquinoline has a
similar band at 252 nm. But the behaviour of the band at 260 nm for 8-quinoline-
selenol is different from these.

TABLE I1.—ABSORPTION MAXIMA, /11, AND MOLAR ABSORPTIVITY (/. mole™ . mm™)

8-quinolinol 8-quinolinethiol 8-quinolineselenol
A £ A £ A &
430 64 446 160 460 130
304 263 316 82 320(sh*)
270 284 277 1-80 x 10° 278 160 x 10®
239 324 x 10° 252 1-44 % 10° 260 1-50 x 10°
8-selenomethyl- 8,8’-diquinolyl-
8-thiomethylquinoline quinoline disulphide 8,8’-diquinolyldiselenide
A & A e A € A €
337 420 337 320 320 320 100
310(sh*) 310(sh*)
251 2:20 x 10° 252 2-50 x 10° 244 246 320 x 10°
232 2:10 x 10° 232(sh*) 240(sh*)

* Shoulder.

Consequently, the absorption bands at 278 and 460 nm for 8-quinolineselenol can
be attributed to the zwitterion form, which correspond to the bands at 277 and 446 nm
for 8-quinolinethiol and to 270 and 430 nm for 8-quinolinol. But the band at 260 nm
for 8-quinolineselenol cannot be attributed to the neutral form. This suggests that in
8-quinolineselenol the zwitterion form is predominant in the solvent mixtures con-
taining up to 709, dioxan. This conclusion agrees with the result obtained potentio-
metrically.

Acknowledgement—The authors acknowledge the invaluable assistance of Mr. Yoshiyuki Mido in
this investigation.

Zusammenfassung—Die Siduredissoziationskonstanten von 8-Chinolin-
selenol, 8-Hydroxychinolin und 8-Chinolinthiol in Wasser-Dioxan-
Gemischen wechselnder Losungsmittelzusammensetzung  wurden
potentiometrisch oder spektrophotometrisch bestimmt. Die Absorp-
tionsspektren von 8-Chinolinselenol in den selben Losungsmittel-
gemischen wurden ebenfalls gemessen. Die Dissoziationseigenschaften,
die Stabilitit gegen Oxidation und die Absorptionsspektren der
Reagentien werden in Verbindung mit den jeweils vorliegenden Formen
diskutiert. Es wird nachgewiesen, daB 8-Chinolinselenol in Wasser-
Dioxan-Gemischen mit niedrigem oder hohem Dioxananteil als
Zwitterion vorliegt.
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Résumé—On a déterminé potentiométriquement ou spectrophoto-
métriquement les constantes de dissociation acide des 8-s¢lénol-
quinoléine, 8-hydroxyquinoléine et 8-thiolquinoléine dans des
mélanges eau—dioxane de composition en solvant variable. On a aussi
obtenu les spectres d’absorption de la 8-sélénolquinoiéine dans les
mémes solvants. On discute des phénomeénes de dissociation acide, de
la stabilité vis-a-vis de I'oxydation et des spectres d’absorption des
réactifs en relation avec les formes existantes. 1l est vérifié que la
8-sélénolquinoléine esiste & I’état de zwitterion dans les mélanges eau-
dioxane a basse ou haute teneur en dioxane.

REFERENCES

. A. Corsini, Q. Fernando and H. Freiser, Anal. Chem., 1963, 35, 1424.

. E. Sekido, Q. Fernando and H. Freiser, ibid., 1963, 35, 1550.

. Idem, ibid., 1964, 36, 1768.

. Idem, ibid., 1965, 37, 1556.

. A. Edinger, Ber., 1908, 41, 937.

. A. Weissberger and E. S. Proskauer, Organic Solvents, 2nd Ed., p. 371. Interscience, New York,
1955.

. L. G. Van Uitert and C. G. Haas, J. Am. Chem. Soc., 1953, 75, 451 and 455.

. H. S. Harned and B. B. Owen, The Physical Chemistry of Electrolytic Solutions, 3rd Ed., pp. 716
and 756. Reinhold, New York, 1967.

. H. M. Irving and H. S. Rossotti, J. Chem. Soc., 1954, 2904 and 2910.

. H. S. Harned and B. B. Owen, op. cit., p. 671.

. S. F. Mason, J. Chem. Soc., 1957, 5010.

. Yu. A. Bankovskii, L. M. Chera and A. F. Ievin'sh, Zh. Analit. Khim., 1963, 18, 668.

. P. D. Anderson and D. M. Hercules, Anal. Chem., 1966, 38, 1703.

. J. Bjerrum, Metal Ammine Formation in Aqueous Solutions, p. 35. Haase and Son, Copenhagen,
1957.

. F. J. C. Rossotti and H. Rossotti, Determination of Stability Constants, p. 59. McGraw-Hill,
New York, 1961.



Talanta, 1970, Vol. 17, pp. 525 to 536. Pergamon Press. Printed in Northern Ireland
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Summary—This paper deals with isovalent ion-combination titrations
based on reactions that can be represented by the equation M+ -
Xn~ — MX, where the activity of the product MX is invariant through-
out a titration, and with the derivative titration curves obtained by
plotting d[M*1/df versus f for such titrations. It describes some of the
ways in which such curves can be obtained; it compares and contrasts
them both with potentiometric titration curves, which resemble them
in shape, and with segmented titration curves, from which they are
derived; and it discusses their properties in detail.

DERIVATIVE titrations are little known and rarely if ever performed, even though it is
possible to envision circumstances in which they should have significant advantages
over other more familiar titration techniques. Malmstadt and Roberts! performed
some spectrophotometric titrations in which the reagent was added at a nearly,
though not quite, constant rate from a conventional burette while the dynode voltage
of a photomultiplier was amplified, inverted, and differentiated with respect to time
by a simple R-C network. Recording the output of this network against time would
have given a true derivative titration curve had the rate of reagent addition been
constant, but Malmstadt and Roberts chose instead to use a second-derivative
autotitrator to terminate the addition of reagent at the inflection point of that curve.
A similar approach was later adopted by De Leo and Stern.? Zenchelsky and
Segatto® performed derivative thermometric titrations in which the temperature of the
titration mixture was sensed by a thermistor connected as one arm of a d.c. Wheat-
stone bridge; the out-of-balance voltage of this bridge was differentiated with respect
to time by an R-C network, the output from which was filtered and recorded against
time. Very heavy filtering had to be used to eliminate noise caused by stirring ir-
regularities, power dissipation in the thermistor,* and other high-frequency phenom-
ena, and severely distorted curves were obtained. Similar experiences were reported
by Perchec and Gilot® and Bark and Doran.®

Recent advances in the art of signal processing should simplify the task of ob-
taining reasonably faithful derivative titration curves. There is no detector employed
in titrations for which the signal/noise ratio is worse than it is for a dropping electrode
in an amperometric titration, and the very low frequency of the noise (i.e., the variation
of instantaneous current during the drop-life) at a dropping electrode introduces a
further complication, yet Kelley and Fisher? were able to obtain derivative polarograms
conforming closely to theoretical expectations, by techniques that should be easy to
adapt to the trivially different conditions arising in titrations. One obvious digital
approach would be to compute successive values of AS/A¢, S being the signal provided

525
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by the detector and ¢ the elapsed time since the start of the titration, and plot them
against ¢ in a constant-rate titration. Signal smoothing or averaging would of course
be advantageous. Another approach would be to equip the motor-driven burette (or
other device used for reagent addition) with a transmitting potentiometer, or its
equivalent, to furnish a signal proportional to the volume V" of reagent added at any
instant, thereby making it possible to compute AS/AV and plot it against ¥, and
further enabling anticipation circuitry to be added so that equilibration could be
ensured for a reaction that becomes slow near the equivalence point.

Derivative titrations are based on the apparatus and experimental techniques of
segmented titration-curve procedures, and, like the latter, are therefore more versatile
than potentiometric titrations. Thermometric, spectrophotometric, conductometric,
fluorometric, and other kinds of detectors can all be used in familiar ways, and the
problem of selecting an indicator electrode that will respond to the concentration of
some suitable species does not arise. Moreover, although derivative titration curves
have shapes strongly reminiscent of the shapes of potentiometric titration curves, they
have very different properties. Like a potentiometric titration curve, a derivative
titration curve has a point of maximum slope that almost coincides with the equiva-
lence point when the equilibrium constant, K;, for the chemical reaction and the
concentrations of the two reacting solutions are reasonably large. But the range of
variation is much larger for the derivative than it is for the potential, and in addition
the derivative undergoes a larger fraction of that variation in the immediate vicinity
of the inflection point. For these reasons it is possible to locate the inflection point
on a derivative titration curve even under conditions so unfavourable that none can be
perceived on the corresponding potentiometric titration curve.

Comparison of derivative titration curves with the segmented ones from which
they are obtained indicates that neither has much, if any, advantage over the other
for end-point location in the extreme situations that arise when K, and the concen-
trations of the reacting solutions are small. The segmented curve then has a wide
region of curvature around the equivalence point, and end-point location consequently
entails long extrapolations of the short linear portions. The discomfort and error
thus produced will not differ materially from those caused by the fact that the deriv-
ative curve for the same titration is approximately linear for some distance on either
side of the inflection point, so that it will not be possible to attain greater accuracy in
locating the inflection point, and by the additional fact that the inflection point differs
appreciably from the equivalence point under these extreme conditions. All of these
considerations will be illustrated by Figs. 1 and 3.

It is when K; and the concentrations of the solutions are moderately large that
derivative curves will be superior to segmented ones for end-point location. Then,
by appropriate selection of the experimental conditions, the derivative can be made
to undergo a very large variation in the immediate vicinity of the equivalence point.
This variation is so sudden and so sharp that it should permit far more precise and
accurate end-point location than can be attained with segmented curves. It is of
course well known that, other things being equal, sigmoid curves are superior for
end-point location to segmented ones.

The advantage of derivative titrimetry is even more pronounced in the fairly
common situation in which the solution being titrated contains two substances that
can react with the reagent. Consider, for example, the thermometric titration of a
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mixture of zinc(IT) and strontium(IT) with ethylenediaminetetra-acetate in a medium in
which zinc is not appreciably complexed. The zinc will react with the reagent first
because the formation constant of its chelonate is much higher than that of the strontium
chelonate. But the two enthalpies of formation differ so little (ca. 259%) that the end-
point of the titration of zinc will be very difficult to locate with reasonable precision.
On the corresponding derivative titration curve, however, the rate of change of
temperature with respect to either time or volume of reagent would drop abruptly
to a value only about £ as large, as the last of the zinc was titrated: inspection of
computed titration curves suggests that the accuracy and precision attainable in the
determination of zinc in this mixture can be little, if at all, inferior to those that can
be secured in work with pure solutions.

Titration curves are also often employed for the evaluation of equilibrium and
rate constants, and for these purposes derivative curves seem markedly superior to
segmented ones. Equilibrium constants were first deduced from amperometric
titration curves by Kolthoff and Laitinen® and by Bobtelsky and Jordan,® whose
lead has been followed by many others; the ways in which they have been obtained
from thermometric titration curves have been reviewed by Tyrrelll®; any segmented-
curve technique may be used in similar ways. In any case, the computation has to be
based on the relatively small difference between the curve actually obtained and the
one that would be obtained if the titration reaction were complete at every point, and
precise results are therefore very difficult to obtain. Although the corresponding
derivative curve really presents the same information, its shape is more sensitive to
variations of the equilibrium constant.

The use of constant-rate titrimetry in studies of homogeneous kinetics was intro-
duced by Cover and Meites!! and Kozak and Fernando.!® Its applications to date
include studies of the rate of the disproportionation of uranium(V)!® and the rate of
the reaction between diphenyl sulphide and bromine. One situation in which the
superiority of derivative titration curves (which for purposes like this must portray
the behaviour of the derivative with respect to time rather than volume of reagent)
would be clearly evident would be that in which some side-reaction consuming the
substance M"* being titrated was induced by the main reaction. Other kinds of
titrimetry would then reveal only that the end-point preceded the expected equivalence
point; it would be easy to infer that the induced reaction was taking place, but its
rate would not be at all easy to evaluate. Derivative titrimetry, on the other hand,
would provide values of d[M"*]/d¢ that could be directly compared with those
expected in the absence of the induced reaction, and the difference between these,
and the manner in which it varied as the titration progressed, would be easy to
interpret in mechanistic and kinetic ways.

Whether the advantages of derivative titrations for all these purposes can be
realized in practice is of course a question that will have to be settled experimentally.
To provide a firm basis for such work we have undertaken a detailed investigation of
their theory for the simplest case: that of an isovalent ion-combination titration.s
This has entailed a more extensive study of the properties of the third derivative of
the titration curve than has been undertaken previously.

We shall consider the general equation

M 4 X~ = MX M
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omitting charges henceforth for simplicity of notation. Assuming that a Cy°F
solution of M is titrated with a CxF solution of X, we define the dilution parameter
r and the titration parameter f by the equations

r=Cy°Cx (2
S=VxCx/V"Cy° 3)

where V° is the volume of the solution of M being titrated and Vx is the volume
of the reagent added to it at the point under consideration. We assume that the
equilibrium constant of the titration reaction

K, = 1/[M][X] 4)

is invariant and is satisfied at every point. Similar definitions and assumptions have

been made and discussed in earlier papers in this series.15:16
The fundamental titration-curve equation for a titration involving reaction (1) is

1—f 1
M] = Cp* —— + . 5
M) = Cof T e ©)
We shall consider the derivative titration curve to be a plot of d[M]/df, which we
shall henceforth denote by D, against f. Descriptions of this plot are applicable,
mutatis mutandis, to one of d[X]/df against f.
Differentiation of equation (5) yields

__ (KMP + C’K[M] — r)?
(L NCYK(KIME + 1)

which is the fundamental equation of the derivative titration curve for an isovalent
ion-combination titration. Figures 1, 2, and 3 show how the curve is affected by
variations of Ky, r, and Cy°, respectively. To facilitate comparisons of these curves
we have normalized them by plotting D/D,, rather than D itself, on the ordinate axis;
D, is the value of D at f==0. In any practical titration the value of [M] at this
point would be indistinguishable from Cy?% and the product K,(Cy®)? would also be
very much larger than unity, although a few curves for which neither of these things
is true are included in Figs. 1-3 to show degenerate forms. When both are true, the

value of D, is given by

(6)

Dy = —(1 +r)Cy" ¢

which is useful in interpreting most of the curves in these figures. It indicates, for
example, that the decrease of D/ D, as r increases, which is shown by Fig. 2, is partly
attributable to an increase of D,. The value of D at f = 1, which we shall represent
by the symbol D;, may be found by substituting [M] = 1/K{/* into equation (6), and
is given by
Dy = —Cy®2(1 + ) ®
Differentiating equation (6) yields a description of the slope d D/df of the derivative
curve:
dD _ 2(rKMJ* + C\°KM] — r)*(rK(MP + 3r[M] 4 Cy")

df (1 + NACyOPK(KIME + 1) ©)
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T 1 T

D/D,

Fi1G. 1.—Calculated derivative titration curves.
Cp® = 0-1M, r = 0-01 and K, = (a) 10'°, (b) 10, (c) 10°, (d) 10%, (e) 10°, and (f) 10%.

On introducing the expression for K, [MJ* obtained by rearranging equation (5), it
can be shown that

rEIMJ? + Cy°Ki[M] — r = C\°K M1 + r)/(1 + 1f).

Since the right-hand side of this equation must evidently be positive for all values of
f> 0, and since the same thing is true of both the denominator and the quantity
within the second parentheses in the numerator on the right-hand side of equation
(9), dD/df must be positive everywhere, as is intuitively apparent.

At the equivalence point

(d—D) = (4r + CMOK%/‘Z)CMO/‘*(I + ) (10a)
df /;

On inspection of Fig. 2 it is clear that the choice of a small value of r is advantageous,
because it maximizes the variation of D around the equivalence point in the same way
that it decreases the necessity for applying a dilution correctionin the parent segmented-
curve technique. As a basis for estimating the relative precision of a derivative
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f
F16. 2.—Calculated derivative titration curves.

Cy® = 0-1M, Ky = 10%, and r = (@) 0, (b) 0:03, (¢) 01, (d) 0-3, and (e) 1.
titration we shall therefore rewrite equation (10a) in the approximate form
(AD

Af
Benedetti-Pichler'” defined the relative precision of a potentiometric titration as the
value of Af corresponding to a fixed uncertainty in the pH or indicator-electrode
potential at the equivalence point. An exactly analogous definition seems inap-
propriate here, since there is very little basis for estimating the absolute uncertainty
that can be expected in measuring a derivative signal. We shall instead assume that
the uncertainty in the value of the derivative at the equivalence point is +10% of its
value at f=0, so that AD,/D,= +0-1, and define the relative precision as the
corresponding value of Af. This appears to us to be an extremely conservative as-
sumption, but experimentation will be needed to obtain a more reliable one.

Combination of equations (7) and (10b) with the assumption that again r will
be made small, and the introduction of the description above of AD,/D,, gives

Af = F0-4/C K2 (1

) = a0, (108)
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Fi1G. 3.—Calculated derivative titration curves.
r =001, Ky = 10%, and Cy® = () 1, (b) 105, () 5 x 10-%,(d) 2 X 105, () 1 X 10-°,
(f)5 x 1077, (g) 2 X 10~7, and (k) 1-1 X 107"M.

As usual,}® it is the quantity (Cy°)2K; that governs the precision attainable in an
isovalent jon-combination titration. The expected relative precision of a derivative
titration is 0-4 97 even if (Cy®)?K, is as small as 10%; this figure compares very favour-
ably with the precision expected in an ordinary segmented-curve titration and is
definitely superior to the corresponding figure for a potentiometric titration.

Differentiating equation (9) yields a description of the second derivative of the
derivative curve:

—6(rKMP + Cy°K [M] — N{[(K[MF)® + 5(K[M]?)?

d*D + H(K[MP) — 1Jr2 — [K M — 1[(C°)%K, + 8rCy°K [M]} (12)
- (1 + rP(Cu®PRAKIMP + 1P
At the equivalence point
dzp )
d—ff = —3rCy°Qr + C®KI®)2(1 + r)2. 13)
r=1
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If r = 0, the second derivative vanishes at the equivalence point: like the corre-
sponding potentiometric titration curve, the derivative titration curve has an inflection
point that coincides with the equivalence point if there is no dilution during the
titration. Moreover, when r = 0, equation (12) becomes
(dzD
df?
The value of K [MJ? exceeds | everywhere up to the equivalence point, is equal to 1
at the equivalence point, and is smaller than 1 everywhere beyond the equivalence
point. Therefore, if r = 0, d2D/df* is positive at f= 0, remains positive until it
vanishes at /= 1, and is negative for all values of f exceeding 1: there is only one
point of inflection on the titration curve.

These things are also true if r is finite but very small. However, increasing r
causes the terms in r2 and r within the braces in equation (12) to increase rapidly, and
there is a certain critical value of r at which d2D/df? just becomes equal to zero when
f=10. If r exceeds this critical value, d®D/df* is negative at f = 0, increases until it
passes through zero at a point that corresponds to a point of minimum slope on the
titration curve, attains positive values over a certain range of values of f, then de-
creases abruptly, passing through zero at a point that corresponds to a point of
maximum slope on the titration curve, and finally remains negative for all values of f
beyond this second inflection point. The critical value of r is approximately 1/(Cy %K,
and is thus indistinguishable from zero in practical titrations.

Decreasing either K or Cy° causes the value of d®D/df?at f = 0 to become more
negative when r is finite, and narrows the range of values of f over which d*D/df?is
positive. There is a degenerate case in which the second derivative never does attain
positive values, so that there is no inflection point on the titration curve.

In connection with equation (13) it was stated above that the point of maximum
slope coincides with the equivalence point if r = 0. In the light of the foregoing
discussion, however, it can be seen that this is not true if r has any finite value, for
then d2D/df? is negative at f= 1; in any real derivative titration (as in any real
potentiometric titration'6) the point of maximum slope precedes the equivalence point.

The locations of the inflection points, where the quantity within braces in equation
(12) must vanish, are most conveniently described by equating this quantity to zero
in the form

(Cx"PK,
2

) = 6(Cy"PKIAMMKIMP — D/(K[MP + 1) (14)
r=0

0y2 1/2
(1~ K[MP) + 8 [@—"-} (KM
+ [(KIMP) + S(K[MP)? + 11(K[MP) — 1] = 0. (15)

This has the solution described by the equation
Cu'Ki"® 4KPIM] + (K[MP + 1)?

ro KM — 1 (16

from which the negative sign in the numerator of the general quadratic solution has
been omitted because it can give risc only to negative or indeterminate values of
Cy°K3%[r, which are physically meaningless. From equation (16) it is again apparent
that any inflection point must precede the equivalence point, so that K,[M]* at the
inflection point will exceed 1, if  has any finite value.
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It is appropriate to begin by considering the locations of the inflection points
when Cy°K}/%/r is large, because this is the situation that is most important in practical
titrations. The second inflection point, which is the point of maximum slope, will
then occur just before the equivalence point, where K[MJ?* barely exceeds 1.* Sub-
stituting

KMP=1+46 (6<1) (17)

into equation (16), replacing (1 -+ 6)*2 by 1 + 6/2, we obtain

CyOK? AL+ 0214 (2 + 0)* 8
r é B

(18q)

Comparison of equations (5) and (17) provides a value for ¢:

8 = CyOK M1 — (L + rf). (185)

By combining equations (18a) and (18b), letting [M] = 1/K{/* and rf = r because the
inflection point under discussion almost coincides with the equivalence point, we
obtain

1 — f=8r(1 + N/(Cx’)K;. (19)

Thus, for example, if » = 1 and K, = 10, as would be the case for the titration of
COF strong acid with C°F strong base in an aqueous medium of low ionic strength
at 25°, the point of maximum slope will occur at (1 — f) = 1-6 X 10713/(C%)?; this
is quite close enough to the equivalence point to justify the approximations embodied
in equation (19) unless C° is very small. It is unexpected that this result should be
exactly identical with that for the point of maximum slope on the potentiometric
titration curve under the same conditions.!¢

The location of the first inflection point when Cy°K}/?/r is large can be obtained
by noting that equation (16) becomes very nearly

CyOK12
r

= Ki[MJ? (20)

if K[M]? is large. As will presently appear, when Cy°K}/?/r is large the point of min-
imum slope is close enough to the equivalence point to justify the approximation (1 +
rf) = (1 4 r), and is yet far enough away from the equivalence point to justify writing
[M] = Cy®(1 —f)/(1 + rf). Introducing these two simplifications into equation
(20) and rearranging yields

L—f= (14 DJ(Cud K @n

so that in the strong acid-strong base titration mentioned in the preceding paragraph,
where r = 1 and K = 10" and where the point of maximum slope occurs at (1 — f) =
1'6 X 10723/(C%? the point of minimum slope occurs at (1 — f) = 6:32 x 1074/
(C0)1/2.

As the value of Cy°® decreases, the values of (1 — f) at both of the inflection points
increase, but that at the point of maximum slope increases much the more rapidly of

* ]t is the ease with which situations important in practice can be described by simplifications
like this that justifies the appearance of X;[M]? in these equations. The superficially preferable
course of solving equation (5) for [M] and differentiating with respect to f yields equations so
complex that the useful simplifications are impossible to discern.
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the two. The behaviour of these values in the typical case in which r = 1 is shown in
Fig. 4. With equation (16) in mind, it is convenient to focus attention on the behaviour
of K[MP at the inflection points. As Cy°K}?/r decreases, the value of K, [MJ? at
the point of minimum slope, which is large when C,°K}/?/r is large, decreases more
and more; meanwhile the value of Ki[M]? at the point of maximum slope, which is
barely above 1 when C\°K?[r is large, increases. There is a minimum value of
Cy°K{"*|r at which an inflection point is possible. This minimum may be found by
differentiating equation (16) to obtain
d(CMOKg/Z/r) _ 2 1/2 2
AKIME) (KJIMP? — DR/(KM]) + 2(K[MP + 1)]
~[4(K*M] + (K IMP + 1)?7]
(K[MP — 1)

. (22)

On equating the numerator of the right-hand side of this equation to zero it is found
that the minimum value of Cy°K{’*/r occurs at K [M]? = 4. On substituting the
latter value into equation (16), this minimum value of Cy°K}/2/r is found to be 11.
By combining these results with equation (5), it can be shown that

f=(Q2r —3)/25 (23)

at the point where the two inflection points coincide. This limiting value of fis
represented by the small circle in Fig. 4. It is especially curious, because similar
functions derived from titration curves have heretofore seemed to be uniformly

0 T

log {1-f)

| !
-6 -4 -2

log Cy

Fi16. 4, —Effects of log Cy® on the values of (1 — f) at (a) the first and (b) the second
inflection points of titration curves for which r = 1 and K; = 10,
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monotonic, that the value of (1 — f) at the point of minimum slope should pass through
a maximum as this limit is approached.

All these considerations can be summarized as follows

1. If r is zero or extremely small the curve has only one inflection point: this is a
point of maximum slope, and it coincides with the equivalence point if r = 0.

2. In a practical titration, in which r has a finite and appreciable value, there may
be either two inflection points or none. There is no inflection point if Cy®K?/r is
equal to or less than 11; there are two inflection points if Cy°K{/?/r exceeds this
value. The first inflection point is a point of minimum slope; if Cy°K}/*/r is very
large, as will be true in practical titrations, the value of Ki[MJ? is large at this point,
and its location is described by equation (21). The second inflection point is a point
of maximum slope and must always precede the equivalence point; if Cy°Kl?[r is
large, the value of K [M]?is barely above 1 at this point, and its location is described
by equation (19). As C°K}/*/r decreases, the value of K,[M]? at the first inflection
point decreases while that at the second inflection point rises, and the ratio of the
values of (1 — f)) at the two inflection points approaches 1. When Cy°K]/%/r becomes
equal to 11, Ki[M]? becomes equal to 4 at each of the inflection points, and the
corresponding values of (1 — f) become equal to (28 — 22r)/25; the inflection points
coincide and therefore vanish.

Zusammenfassung—Diese Arbeit befaBt sich mit isovalenten Ionen-
kombinations-Titrationen, die man durch die Gleichung M"+ +
X — MX darstellen kann, wenn sich die Aktivitit des Produkts
M X bei der ganzen Titration nicht dndert, sowie mit den differenzierten
Titrationskurven, die man durch Auftragen von d [M~-1/d f gegen f
bei solchen Titrationen erhilt, Die Arbeit beschreibt einige Verfahren,
wie man solche Kurven erhalten kann; sie zeigt Ahnlichkeiten und
Unterschiede zu potentiometrischen Titrationskurven, die #hnliche
Form haben, und zu segmentierten Titrationskurven, von denen sie
abgeleitet sind. Die Eigenschaften dieser Kurven werden bis ins
Einzelne diskutiert.

Résumé—Ce mémoire traite des titrages par combinaison d’ions
isovalents basés sur des réactions que 1'on peut représenter par ’équa-
tion M** + X~ — MX, ou Pactivité du produit MX est invariante
tout a travers un titrage, et des courbes de titrage dérivées obtenues en
portant d[M*}/df par rapport & f pour de tels titrages. I décrit
quelques-unes des voies dans lesquelles de telles courbes peuvent étre
obtenues; il les compare et les oppose tant aux courbes de titrages
potentiométriques, qui leur ressemblent en allure, qu’aux courbes de
titrage segmentées, desquelles elles sont dérivées; et il discute en
détail de leurs propriétés.
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SHORT COMMUNICATIONS

Mass spectrometric analysis of carbon monoxide-nitrogen mixtures

(Received 12 December 1969. Accepted 14 January 1970)

Tue PrRODUCTS of a hydrocarbon flame burning in oxygen will contain combustion gases consisting
largely of carbon monoxide, carbon dioxide and water. Analysis of samples of such mixtures with a
conventional single-focussing mass spectrometer such as the A.E.I. M.S.2 or the Atlas CH 4 presents
no difficulties. When, however, the oxidant is air, or the fuel contains nitrogen, or the samples
withdrawn from the flame include some of the surrounding air, the analytical problem becomes more
difficult. The most abundant ions in the mass spectra of both nitrogen and carbon monoxide are the
molecular-ions which are responsible for nearly all the ion current. Both these ions have an integral
mass of 28, so when a mixture of nitrogen and carbon monoxide is admitted to the mass spectrometer
the ion currents due to CO* and N,* ions cannot be separated and are responsible for a single peak in
the mass spectrum. When such a state of affairs is encountered with other pairs of compounds it is
frequently still possible to carry out a satisfactory analysis by using the mass peaks which are due to
fragment ions. Some of these may make up a substantial part of the total ion current and differ in
their occurrence and abundance for pairs of compounds having the same integral mass. From the
mass spectra of carbon monoxide and nitrogen which are shown in Table I, it can be seen that the
fragment ions are of low abundance so that any analysis based onthe measurement of their ion currents
would be subject to considerable error. Such an analysis made for example from the **C* peak from
carbon monoxide and the !*N+ peak from nitrogen would have an error approximately 50 times that of
a method based on the ion current due to the molecular ions.

TABLE L.—RELATIVE PEAK HEIGHTS FROM MASS SPECTRA

mle CO, CO N,
44 100 — —
29 0-07 1-12 0-77
28 8-10 100 100
22 1-50 — —
16 4-08 044 0-01
14 — 5-0 5-0
12 7-0 1-0 —

Relative sensitivities

.. Hyy Pyr
Carbon dioxid (-— - ) — 083
aroon dioxide H40 PCOZ
. H,q PAr)
Carb d (—— R
aroon monoxide H40 PCO
. Hza PAr)
Nit (— SAT) 0.7
itrogen Hw Px,

In fact, the masses of the molecule ions of carbon monoxide and nitrogen are not exactly the
same; the precise mass of CO™* is 27-994914, that of N,* is 28-006148, and the difference is about 1
part in 2500.

The resolution of a single-focussing mass spectrometer operated under conditions of high sensi-
tivity is only 1 part in 1000, so that CO* and N,* mass peaks cannot be resolved. Modern double-
focussing mass spectrometers such as the A.E.I. M.S.9 have resolutions of the order of 1 part in 70000
so that it is possible by using such an instrument to analyse mixtures of carbon monoxide and nitrogen
directly by measuring the intensity of the ion currents at masses 27994915 and 28-006148. These
instruments are, however, extremely costly and a method was therefore developed in which the normal

7 537
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analytical routine of a single-focussing machine was modified to permit the analysis of mixtures of
combustion products containing both carbon monoxide and nitrogen.

In conventional methods of gas analysis it is convenient to convert the inert carbon monoxnde into
carbon dioxide which can be absorbed by alkaline solutions. A number of procedures for carrying
out this conversion have been devised, involving oxidation of carbon monoxide to carbon dioxide
with molecular oxygen or solid metal oxides at high temperatures. These procedures are not suffi-
ciently simple or quantitative to be useful. Recently, however, a suitable oxidant has been proposed
for the conversion of carbon monoxide into carbon dioxide at room temperature. It consists of a
mixture of iodine pentoxide and sulphuric acid adsorbed upon pumice and is available commercially
in the form of a fine powder under the name of Schiitze catalyst.

The method described in this paper involves the recording of mass spectra of a sample containing
both carbon monoxide and nitrogen before and after conversion with the oxidant. The intensity
of the peak at mass 28 would be reduced by an amount directly proportional to the increase in the
44-peak produced by the conversion of carbon monoxide into carbon dioxide. The amount of carbon
monoxide in the sample could be calculated from either the decrease in mass-28 peak intensity or the
increase in mass-44 peak intensity.

EXPERIMENTAL

Materials

Schiitze catalyst was obtained from Kodak Ltd. All gases were obtained from the British Oxygen
Co.

Apparatus

The inlet system of an A.E.I. M.S.2 mass spectrometer was modified by attaching a small Pyrex
glass chamber into which a porcelain boat filled with the oxidant could be introduced. The chamber
could be pumped out and isolated from both the pumping system and the mass spectrometer inlet by
means of taps. The sample volume could be connected to the mass spectrometer by opening a tap.

Method

A sample was introduced into the inlet reservoir of the mass spectrometer from the sample volume
and its pressure was measured by means of a diaphragm micromanometer. The mass spectrum was
then recorded and the reservoir pumped out. A second sample was then admitted from the sample
volume and the reservoir connected to the chamber containing the catalyst. The pressure was meas-
ured on the micromanometer and the mass spectrum again recorded.

Calculation of results

Let the pressure in the reservoir for the first sample be P and the pressure after oxidation be P’, and
p and p’ be the partial pressures of any component before and after oxidation. Let the sensitivities of
the mass spectrometer for carbon monoxide, carbon dioxide and nitrogen be Sco, Sco, and Sy,.
If H is the peak height before oxidation and H’ that recorded after oxidation, then, if no carbon
dioxide is present initially,

H'yy
S P(’Oz
P
= p7+Poo

The partial pressure of carbon monoxide in the original sample may thus be derived from H”;,. If
carbon dioxide is present in the original sample then this must be corrected for, i.e.,
_ P[H's4 — HitP'|P]
Pco P S0
In either case the nitrogen concentration may be determined from the residual H’,s from
,  H'ss —0081H',,
Pxy SNZ
An additional check may be made by calculating the nitrogen concentration from the residual Hyg as
given by

[Hes — 0-081H,, — H’“P/PI + H44PI/P]
Pry, = Sx
2
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it is common practice to us¢ a standa.rld
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i ng a leng
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RESULTS AND DISCUSSION .
whether the oxidation of carbon monoxide to
| conditions expected to be encountered.

ade in a gas mixing plant. The carbon

The method was tested in a number of ways to.check
carbon dioxide was complete under all the experimenta
1. Mixtures of nitrogen and carbon monoxide were m

o
i was varied from 84-81%; to 12:00 Yo wer
mor;ox'ﬁfe ig?atlegzessurc of the gas mixture at the inlet system of the mass spectrometer and hence o

the oxidant was varied from 1-3 to 130 mbar. dituted with equal volumes of carbon

i ide and nitrogen was th e
3. The mixture of carbon monoxi < e idation.

dioxide to determine whether carbon dioxide had any effe ot on e e Tor any exidual carbon

4. A mixture of argon and carbon monoxide was oxid

o were oxidized at the gas inlet system of a gas

5. Mixtures of carbon monoxide and nitrogen xidiz .
chromat(l;éraphy apparatus to check both for complete oxidation and for the effect of varying the

time of exposure of the gas to the oxidant.

TABLE II.—ANALYTICAL RESULTS ON BLENDED GAS MIXTURES

Composition, %,

P, P,

Ar Cco N, Co,
Blend 503 426 77 —
Result 93-0 673 501 50-4 412 416 77 80 —
Blend 472 330 19-8 —
Result 1017 735 480 483 321 326 199 191 —
Blend 507 242 251 —
Result 1230 969 50-2 500 247 243 251 257 —
Blend 439 237 334 —
Result 70-0 525 452 457 257 259 299 293 —
Blend 555 92 353 —
Result 700 52:5 514 517 105 105 381 378 —
Blend 507 242 251 —
Result 530 39-3 504 51-0 246 249 250 241 —
Result 277 210 502 505 247 250 251 253 —
Result 122 81 50-5 501 248 248 247 251 —
Result 14 11 50-5 50-2 242 246 253 262 —
Blend 54-4 456 — —
Result 111-0 83-8 520 524 48-0 476 — —
Blend 100 228 258 41-4
Result 972 743 87 89 245 249 237 232 437

The results of carrying out these tests are summarized in Table IT. It can be seen that the results
are in fair agreement with the blend values. It is in fact very difficult to make up a gas mixture of
known composition merely by connecting reservoirs of the components at different pressures and
allowing free diffusion. The blend values are therefore derived only from the gas pressures of the
reservoirs and should not be considered as standard compositions, from which the results may deviate
by a few per cent. A good test of the method is the agreement between the pairs of results obtained by
different methods. A conservative estimate of the errors would be 2-3 9. The results are not affected
by the pressure at which oxidation takes place and satisfactory results may be achieved at pressures of
~1 mbar. The oxidation of carbon monoxide is complete and is unaffected by the addition of an
excess of carbon dioxide. In a series of experiments in which small volumes of carbon monoxide were
swept with a stream of nitrogen over a boat containing the Schiitze catalyst in the inlet system of a
gas chromatography apparatus, the extent of oxidation was determined by measuring the peak area
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obtained for the carbon dioxide peak. The time of exposure of the carbon monoxide to the oxidant
was varied both by altering the gas flow and admitting the sample at different times. The results
obtained were in agreement with those reported above and the time of exposure could not be made
sufficiently brief to demonstrate incomplete oxidation of a carbon monoxide sample.

Chemistry Department J. R. MAJER
University of Birmingham

P.O. Box No. 363

Birmingham, 15

Summary—A method for the analysis of gas mixtures containing
both carbon monoxide and nitrogen, by using a single-focussing mass
spectrometer, is described. It involves measurement of the mass
spectrum of a gas sample before and after conversion of the carbon
monoxide present into carbon dioxide by means of the Schiitze catalyst.

Zusammenfassung—Die Analyse von Kohlenmonoxid und Stickstoff
enthaltenden Gasgemischen unter Verwendung eines einfach fokus-
sierenden Massenspektrometers wird beschrieben. Das Massen-
spektrum einer Gasprobe wird zweimal gemessen: einmal vor und
einmal nach der Umsetzung des vorhandenen Kohlenmonoxids zu
kohlendioxid mit Hilfe von Schiitze-Katalysator.

Résumé—On décrit une méthode pour I’analyse de mélanges de gaz
contenant a la fois de ’oxyde de carbone et de ’azote en utilisant un
spectrométre de masse a une seule focalisation. Elle comprend la
mesure du spectre de masse d’un échantillon de gaz avant et aprés
conversion de 'oxyde de carbone présent en gaz carbonique au moyen
du catalyseur de Schiitze.
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Analytical applications of mixed ligand extraction equilibria
Nickel-dithizone—phenanthroline complex

(Received 4 December 1969. Accepted 14 January 1970)

THE POPULAR metal reagent dithizone (diphenylthiocarbazone) normally is not useful as a reagent for
nickel because the complex forms very slowly and is less intensely coloured than most dithizonates.
Recently, however, it was discovered! that in the presence of pyridine or other nitrogen bases together
with dithizone, a mixed ligand nickel complex of unusually high absorbance is formed relatively
rapidly. This reaction is not only potentially useful as a highly sensitive method for nickel but should
ermit an independent evaluation of the equilibrium extraction constant for nickel dithizonate.
Although this had been previously reported?® to have the vatue of 10-2-° with chloroform as solvent, a
more recent publication® cited 10°+* as a more reliable value because a longer (10 day) equilibration
period had been employed in order to overcome the slow rate of the nickel-dithizone reaction.
The extraction constant of the mixed ligand complex, NiDz,-phen, (where Dz is the dithizonate
anion and phen is I,10-phenanthroline) is defined as the equilibrium constant of the reaction

e
Ni?+ + 2HDzorg - phenorg é NiDz,'phenorg + 2H*
and may be evaluated by using the expression

[HDz]4 g [phen]ore
[H)?

where ux; represents the fraction of the total aqueous nickel concentration that is in the uncomplexed
hydrated form, and the subscript org indicates a species in the organic phase.

D =K'ex (1)
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This reaction can be seen to be the sum of (a) the extraction of nickel dithizonate

K
Ni?* + 2HDZorg ——> NiDzyorg + 2H*

and (b) the formation of the mixed ligand adduct in the organic phase

. Kyp .
NiDzzorg -+ phenorg ——= NiDz, phenorg

so that K’e,, the mixed ligand extraction constant, can be seen to be the product of the extraction
constant of nickel dithizonate, Kex, and the organic phase mixed-ligand adduct formation constant,
Kip. Hence, if K p is known,* K¢ can be evaluated.

It was therefore decided to determine Ky’ in order to evaluate Kex and to provide a rational basis
on which to design a procedure for determining nickel by use of this reaction.

EXPERIMENTAL

Materials
All materials were of analytical reagent grade.

Extraction equilibration procedure

A 20-ml portion of a chloroform solution containing the desired concentrations of dithizone and
phenanthroline was added to a 60-ml screw-cap vial, followed by 20-ml of an aqueous solution that
was 1-0 x 10-*M in nickel(IT) and buffered to the desired pH with either formate or acetate buffer at
an ionic strength of 0-1, and the vial was then closed with a fitted polyethylene thimble before capping.
The mixture was then shaken for 60 min (found to be sufficiently long for equilibration), allowed to
stand several minutes for phase separation, and then aliquot of the phase having the lower nickel
content was analysed in the manner below. The nickel content of the other phase was then obtained
by difference.

Procedure for determination of nickel (aqueous phase)

Buffer the sample containing up to 15 pg of Ni in 5-10 ml solution with ammonium chloride-
ammonia (pH 10). Add 15-0 ml of chloroform solution of dithizone (6 X 10-*M) and phenanthro-
line (3 x 10~*M). Shake vigorously for 2 min. Let the phases settle, remove the upper (aqueous)
layer with a pipette and aspirator. Add 20 ml of 0-2M sodium hydroxide and shake for 2 min.
Deliver an aliquot of the chloroform phase through a dry filter paper into a 10-mm cuvette. Read the
absorbance at 520 nm against a reagent blank prepared in the same way.

Procedure for nickel (chloroform phase)

Dilute an aliquot of the chloroform phase to 15-0 ml with chloroform, then proceed as for aqueous
phase, starting at addition of sodium hydroxide.

RESULTS AND DISCUSSION

On the basis of preliminary studies it was found that although quantitative nickel extraction could
be obtained from solutions having pH values as iow as 3, this would require higher reagent concentra-
tions and inconveniently long equilibration times. Therefore the procedure finally developed employed
an ammonium chloride-ammonia buffer at pH 10. This pH could be varied within at least 2£0-3 pH
units without effect. The mixed ligand complex was stable enough towards alkali for 1-2M sodium
hydroxide to be used without decomposition of the complex; however, shaking with 0-2M sodium
hydroxide removed excess of dithizone with adequate efficiency. A calibration curve obtained by this
procedure was found to be linear to better than 4 ppt and could be used on known nickel samples with
an agreement of about 5 ppt (Table I). It is likely that the method could be extended to even lower
levels of nickel, but it would probably be necessary to purify reagents before use, either by shaking with
portions of dithizone-phenanthroline solutions for reagents of pH under 8-9 or, as with ammonia,
distilling before use. Without any special effort being made to purify reagents, the blanks observed
in this study had absorbances corresponding to about 0-6-0-8 g of nickel. It should easily be possible
to extend the method down to 0-05-0-10 ug of nickel by using 100-mm cells.

In the presence of phenanthroline, the rate of extraction of nickel (as a mixed ligand complex, of
course) is much faster than with dithizone alone. In fact, the rate of extraction is related to processes
involving mainly nickel phenanthroline complexes.® Nevertheless, the overall extraction is faster at
higher pH values and equilibration can require as long as 30 min in the pH range 3-4. In evaluating
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TABLE I.—ANALYSES OF NICKEL SAMPLES

Absorbance Total nickel, ug Error

at 520 nm Taken Found Abs., ug  Rel., ppt
0-128 2-33 2:28 —0-05 22
0-131 2:33 2:33 0-00 0
0-260 4-67 4-70 +0-03 6
0-259 4-67 4:68 +0-01 2
0-385 7-00 6-99 —0-01 1
0-385 7-00 6-99 —0-01 1
0-517 9-36 941 -+0-05 5
0-516 9:36 9:39 +0-03 3
0-890 16:36 16:25 —0-11 7
0-900 16-36 1643 -+0-07 4

Calibration curve from least squares: Ay = (005453 &
0-00021)Wx; -+ 0-0039 where Wy is the weight of nickel, in ug.

extraction equilibria involving phenanthroline it is necessary to take into account the effect of metal-
phenanthroline complex formation in the aqueous phase.®? This can readily be done by evaluating
s in equation (1) from the expression

pxi = {1 + Bilphen] + Bylphen]® + f;[phen]’} )
where f8, f, and f3; are the cumulative Ni**—phen formation constants, and [phen] is the phenanthro-

line concentration in the aqueous phase, obtained by dividing the organic phase phenanthroline con-
centration, [phen]org, by the phenanthroline distribution constant (Kpg = 10*-°)". In Table II are

TABLE II.—EQUILIBRIUM EXTRACTION OF BIS(DIPHENYLTHIOCARBAZONATO)NICKEL(I[)-PHENANTHRO-
LINE INTO CHLOROFORM FROM WATER AT 25°C AND 01 IONIC STRENGTH

pH log Dxy —log [HDzl5:; —log [phenlorg —log txy log Kex'
475 1:50 321 421 27 51
3-80 0-43 2:66 4-00 33 54
425 0-66 317 4-06 31 56
4-80 1-28 321 421 2-7 5-0

Mean 53 - 0-3

* Initial concentration corrected for amount consumed in Ni reaction.

listed values of sy for various equilibrium runs, calculated from log #, = 8:60, log 8, = 16-70,
log B3 = 24-25,% and values of log K.y’ from equation (1). With the average value 5-3 for log K'ex,
and the previously determined* value 5-96 for log K,sp, the extraction constant for nickel dithizonate,
Kex = K'ex | Kap, yields a value log Kex = —0-7 which is in fair agreement with log Kex = —0-2, ob-
tained from direct measurement by McClellan and Sabel® in a 10-day equilibration run. This not only
confirms McClellan’s interpretation of the low value of the previously reported log Kex = —2-9 but
emphasizes the importance of 1,10-phenanthroline in substantially accelerating the rate of nickel
extraction in this system.

Acknowledgement—The authors gratefully acknowledge financial support of the U.S. Atomic Energy
Commission in this work.

Department of Chemistry BEN S. FREISER
University of Arizona HEeNRY FREISER
Tucson, Arizona 85721, U.S.A.

Summary—The mixed ligand nickel-dithizone-phenanthroline com-
plex provides a sensitive method for determination of nickel and also
permits evaluation of the extraction constant for nickel dithizonate.
The value log Kex = —0-7 was obtained, in agreement with a value of
—0-2 obtained by others, and in contrast to an earlier value of —2:9.
The addition of phenanthroline substantially increases the rate of
extraction.
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Zusammenfassung—Der gemischte Komplex von Nickel mit Dithizon
und Phenanthrolin bietet eine empfindliche Methode zur Bestimmung
von Nickel und erlaubt auch die Ermittlung der Extraktionskonstanten
von Nickeldithizonat. Der Wert log Kex = —0,7 wurde erhalten;
er stimmt iiberein mit dem von anderen Autoren erhaltenen Wert
—0,2, nicht jedoch mit dem &lteren Wert —2,9. Die Zugabe von
Phenanthrolin erhoht die Extraktionsrate betriichtlich.

Résumé—Le complexe mixte nickel-dithizone-phénanthroline fournit
une méthode sensible pour le dosage du nickel et permet aussi I’évalu-
ation de la constante d’extraction pour le dithizonate de nickel. On a
obtenu la valeur log K,, = —0,7, en accord avec une valeur —0,2
obtenue par d’autres, mais en opposition avec une valeur plus ancienne
de —2,9. L’addition de phénanthroline accroit nettement la vitesse
d’extraction.
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Use of a filter in atomic-fluorescence spectroscopy
(Received 24 June 1969. Revised 12 January 1970. Accepted 22 January 1970)

IN AromIC-FLUORESCENCE flame spectroscopy, the limit of detection (defined as the solution concen-
tration producing a given signal:noise ratio, usually 2) may generally be improved by increasing (a)
the intensity of the source of primary radiation, (b) the amount of sample reaching the flame, or (c)
the signal:noise ratio by reducing noise or increasing the signal by using an optical system with a
higher light-gathering power.

High-intensity light sources, mainly microwave-excited electrodeless discharge tubes, have been
used to obtain very low limits of detection, particularly for zinc and cadmium.® Heated spray
chamber burners®® enable more sample to enter the flame, while separated flames** and diffusion
flames® have reduced flame noise, consequently increasing the signal:noise ratio.

Attempts to increase the light-gathering power have incorporated lenses to focus radiation from the
flame onto the monochromator slit,” and the use of a concave mirror to collect radiation from the
opposite side of the flame to the monochromator and focus this onto the slit.”# Although the use of a
mirror increases the signal it also increases the noise so the limit of detection is often not improved.
The light-gathering power of the conventional system is mainly limited by the f~-number of the mono-
chromator used to separate the signal from background radiation.

This communication reports on the use of an interference filter, with auxiliary optics of low f-
number to obtain a large light-gathering power, in place of the conventional monochromator in
atomic-fluorescence spectroscopy. The light-gathering power of this system will effectively be limited
by the f-number of the auxiliary optics. The use of a filter in atomic-fluorescence spectroscopy has
previously been suggested by Jenkins® and West.!* The filter is used to attenuate background radia-
tion rather than to select a certain fluorescence wavelength.

Most of the background radiation can be attributed to flame emission above 300-0 nm, so the
filter—photomultiplier combination should have a low response in this region to reduce noise and
photomultiplier fatigue. By choosing a filter with a suitably wide bandpass below 300-0 nm and a
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photomultiplier with suitable response characteristics in this region, it should be possible to use one
filter—photomultiplier combination for the determination of several elements which have fluorescence
wavelengths below 300-0 nm.

Because larger background scatter and flame noise signals result from the increase in light-gather-
ing power, for a system incorporating a filter to show an advantage over conventional systems both
signals must be limited. Background scatter has been reduced to a tolerable level by shielding the
sources of primary radiation and using a light trap. The increase in flame noise has been limited by
using a bandpass of the a.c. amplifier that rejects most of the flame-noise signal.

Results obtained with the filter—photomultiplier combination are compared with those from
another non-dispersive detecting system, incorporating a solar-blind photomultiplier, that has pre-
viously been used in atomic-fluorescence spectroscopy analysis.!%®  Also, results from the non-
dispersive systems are compared with those obtained from a conventional dispersive system incor-
porating a monochromator.

EXPERIMENTAL

The arrangement of the apparatus is shown in Fig. 1.

FiG. 1.—Arrangement of apparatus. C—condensing lenses, B—burner, L—lamp,
G—stop, P—photomultiplier, F—filter, S—screening, T—light trap.

Primary sources of radiation

A Philips zinc vapour discharge lamp, operated from a variable transformer and a ballast leak
transformer, was used for the investigation on zinc. A specially constructed mercury discharge tube
(internal diameter 18-4 mm, length 0-20 m, argon gas pressure 2-7 mbar, weight of mercury 100 mg)
was used for the determination of mercury. The lamp was operated on full-wave rectified, un-
smoothed a.c. via a 100-ohm power resistor. The full-wave rectification unit was operated from a
variable transformer supplied from a constant voltage source (Advance Volstat CV5 750A).

Aluminium screening, painted flat black, placed around the lamps, limited background scatter of
radiation. A 50 x 20 mm hole in the screening allowed radiation from a selected region of the posi-
tive column of the mercury discharge and from the whole length of the zinc discharge to illuminate the
flame. A protrusion on the detecting system side of this hole prevented radiation from the lamps
entering the detecting system directly.

Flame

An air-town-gas flame was supported on an Evans Electroselenium burner head (from an EEL
flame photometer model 100) the gases and sample solution being mixed in a spray chamber from a
Unican SP90 atomic-absorption spectrophotometer. The holes in the burner head were aligned along
the lens—filter axis. The flame produced by this burner had an approximate cross section o 20 X
10 mm and a height of 0-10 m. All gases were regulated with needle valves and monitored by flow-
meters.

Detecting system

The condensing lenses were of quartz, diameter 80 mm, focal length 80 mm. The photomultiplier
(R.C.A. 1P28) was housed in an aluminium box with a hole cut to the size of the photocathode. The
filter (Baird-Atomic Prominent Ultraviolet Line Filter A.1.) was placed in front of this hole and
secured with a black rubber washer which prevented stray radiation from entering at the edges of the
filter. The spectral response of the filter-photomultiplier combination is shown in Fig. 2, curve e.
An Isotopes Development Ltd. E.H.T. unit 532/D provided power for the photomultiplier, the
signal from which was fed into a lock-in a.c. amplifier (Brookdeal Electronics Ltd. FL 355). The signal
from the amplifier was then fed into a phase shifter-meter unit (Brookdeal Electronics Ltd. MS 320)
the output from which was recorded on a Honeywell pen recorder. The 100 Hz reference signal for
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the phase shifter was obtained by the full wave rectification of the output of a 6:3-V transformer. A
time constant of 1 sec was used for all measurements.

A light trap was constructed from a circular box, diameter 0-30 m, length 0-40 m, open at one end
and lined with black velvet. This was placed on the opposite side of the flame to the detecting system,
with the open end facing the flame, thus reducing the amount of background scattered radiation
entering the detecting system.

Procedure

Standard 1000-ppm solutions of the elements were prepared by dissolving mercury(II) chloride in
demineralized water, and zinc oxide in the minimum quantity of hydrochloric acid, and diluting with
demineralized water. Less concentrated solutions were obtained by further dilution.

A photomultiplier voltage of 1-00 kV was used, and the lamp placed as close to the flame as
possible (50 mm). The air flow-rate to the flame was fixed at 5-0 |./min and the fuel flow-rate for
optimum signal-noise ratio was 1-6 1./min for both mercury and zinc. The aspiration rate of the
solution was 3-1 ml/min.

The condensing lens system was placed 0-10 m from the center of the burner head and the aperture
of the stop adjusted so that the lens system was just filled with radiation from the flame. The photo-
multiplier—filter position was adjusted by aspirating a zinc solution into the flame, irradiating with
zinc resonance radiation and finding the position giving a maximum reading. The position of the
burner head below the optical axis was adjusted until the signal resulting from scattering of primary
radiation from the head was reduced to a tolerable level when the maximum gain of the amplifier was
used. Approximately the middle third of the flame was focussed on to the photocathode. The fluores-
cence signal from a 1-ppm solution of both zinc and mercury remained essentially constant when the
burner head was raised until the tips of the inner cones were just below the bottom of the front stop.

Choice of lamp operating conditions

The lamp currents were adjusted by means of a variable transformer to give a maximum fluores-
cence signal for a 1-ppm solution of the respective elements. The zinc lamp showed a maximum
fluorescence signal at between 0-45 and 0-55 A and the mercury lamp at between 0-15 and 0-30 A.

Tests for scattering

Demineralized water was aspirated at all times when measurements were not being taken. To
verify that the recorded signal was a fluorescence signal and was not caused by scattering within the
flame the following procedure was used: with the amplifier at maximum gain, a 1-ppm mercury
solution was aspirated and the flame irradiated with zinc 213-9-nm resonance radiation. No increase
in signal above background resulted. A similar result was obtained with a 1-ppm zinc solution and
mercury 253-7-nm radiation, and a 1-ppm lead solution with either mercury or zinc radiation.

Measurements made using a monochromator and solar-blind photomultiplier

To make a meaningful comparison of the results obtained when using a filter with those when
using a monochromator, the condensing lenses and filter were replaced by a Jarrel-Ash 0-5-m grating
monochromator incorporating an R.C.A. 1P28 photomultiplier. The flame was placed 40 mm from
the entrance slit with the tips of the inner cones of the flame approximately 10 mm below the bottom of
the slit. Both entrance and exit slits were set at 2-00 mm. The other parameters remained unchanged.

For measurements with a solar-blind photomuitiplier, a Hamamatsu H.T.V. R.166 photomuliti-
plier replaced the R.C.A. 1P28, the filter was removed a{ld. radiation from the flame was focussed
directly onto the photocathode, all other parameters remaining unchanged.

RESULTS AND DISCUSSION

Table I lists the optimum lamp currents and limits of detection for zinc and mercury qbtained with
a monochromator, a filter—photomultiplier combination, or a solar-blind photomultiplier. Calibra-
tion curves of fluorescence signal against concentration for each system are essentially the same as

TABLE I.—LAMP CURRENTS AND LIMITS OF DETECTION FOR ZINC AND MERCURY

Limit of detection, ppm

Element Lamp current, 4 Monochromator Filter Solar-blind

i : - 0-00002
Zinc 0-50 0-007 0-00001
Mercury 0-30 0-02 0-002 0-00025
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those obtained by Mansfield ef al.,'* being approximately linear from the limit of detection up to
5 ppm for zinc and 1000 ppm for mercury.

The limit of detection for zinc is improved by a factor of 700 by replacing the monochromator with
a filter. This result is accounted for by the increased light-gathering power of the optical system, and
a larger portion of the flame being focussed onto the photocathode. The optimum limit of detection
of 1078 ppm for zinc is an improvement on other recorded values obtained by using a Philips zinc
vapour discharge lamp.®

For mercury, the limit of detection with the present filter and photomultiplier is an order of mag-
nitude lower than that obtained by using a monochromator. This smaller improvement (compared
with that obtained for zinc) is accounted for by the increase in light-gathering power being partially
offset by the approximately 10-fold decrease in response of the filter-photomultiplier combination at
2537 nm compared with that at 2139 nm, Fig. 2, curve e. The optimum limit of detection of 2:5 X
10-* ppm obtained with the solar blind photomultiplier is an improvement on the value of 0-08 ppm
obtained by Browner et al.” from an aqueous solution in an air-hydrogen flame, and on the value of
0-1 ppm obtained by Mansfield ef a/.'* from an aqueous solution in an oxy-hydrogen flame.
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Fi1G. 2.—Approximate spectral response characteristics for various photocathodes and
filter-photocathode combinations.
(@) S19; (b) S5; (c) Hamamatsu R166;
(d) Baird-Atomic Prominent Ultraviolet Line Filter A.1. and S19 photocathode;
(¢) Baird-Atomic Prominent Ultraviolet Line Filter A.1. and S5 photocathode;

The spectral response characteristics of the filter~photomultiplier combination and the solar-blind
photomultiplier are compared in Fig. 2, curves e and ¢. The combination shows an approximately
5-fold greater sensitivity than the solar-blind photomultiplier at 213-9 nm, while the solar-blind
photomultiplier shows an approximately 5-fold greater sensitivity at 253-7 nm. Experimentally, the
sensitivity of the solar-blind photomultiplier was found to be approximately 5-fold greater at 213-9
and 2537 nm compared with the curve estimated from published data, F ig. 2, curve c. Consequently,
the apparent signal from a given concentration of zinc was approximately the same with either system,
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but that from a given concentration of mercury was approximately an order of magnitude greater when
the solar-blind photomultiplier was used. The flame-noise signal for the solar-blind photomultiplier
was approximately twice that for the combination.

Comparisons have been made with a single solar-blind photomultiplier. Manufacturers state that
it is extremely difficult to reproduce the solar-blind photocathode to an exact sensitivity, so that a
5-fold variation in sensitivity compared with published figures is quite possible. The use of a photo-
multiplier with an S19 response, Fig. 2, curve 4, in place of the R.C.A. 1P28 with an S5 response,
Fig. 2, curve b, would enhance the sensitivity of the filter-photomultiplier combination in the short-
wavelength region, Fig. 2, curve d, the response around 300-0 nm being little affected.

Because of differences in apparatus it is difficult to compare accurately results of various recorded
investigations. The most valid comparison of limits of detection obtained when a filter-photomulti-
plier combination, a solar-blind photomultiplier or a monochromator is used, is that in which results
are obtained under otherwise identical experimental conditions, as in the present investigation.

The results of this investigation confirm that limits of detection can be improved by using a filter
in place of a monochromator in atomic-fluorescence spectroscopy. With a suitable choice of filter
and photomultiplier the 200-0-300-0 nm region can be covered with a single combination, giving
comparable results to those from a solar-blind photomultiplier. For other wavelength regions a
filter-photomultiplier combination should provide superior limits of detection compared with a
monochromator, providing background noise, from the flame or other source of ground-state atoms,
is low. In particular, the filter-photomultiplier combination should be most useful in conjunction
with the carbon filament.!

General Electric Company Ltd. P. D. WARR
Central Research Laboratories

Hirst Research Centre

Wembley, England

Summary—A detecting system incorporating an interference filter
is described for use in atomic-fluorescence spectroscopy analysis in
the 200-0-300-0 nm spectral region. Results obtained by using this
system are compared with those from a detecting system incorporating
either a monochromator or a solar-blind photomultiplier. Improve-
ments of approximately 700-fold and 10-fold respectively in the limits
of detection for zinc and mercury result from replacing the mono-
chromator with the filter, while results with the filter are similar to
those from a solar-blind photomultiplier. Limits of detection of
10-° ppm for zinc and 2-5 X 10~ ppm for mercury, both in aqueous
solutions aspirated into an air-town-gas flame, are an improvement
on other published results for these elements, obtained by atomic-
fluorescence flame spectroscopy.

Zusammenfassung—Ein Nachweissystem mit Interferenzfilter zum
Gebrauch bei der atomfluoreszenzspektrometrischen Analyse im
Spektralbereich 200-300 nm wird beschrieben. Damit erhaltene
Ergebnisse werden verglichen mit solchen, die mit anderen Nachweis-
systemen, entweder mit Monochromator oder mit tageslichtblindem
Photomultiplier erhalten wurden. Bei den Nachweisgrenzen von
Zink und Quecksilber erzielt man Verbesserungen um den Faktor
700 bzw. 10, wenn man den Monochromator durch das Filter ersetzt;
dagegen sind die Ergebnisse mit dem Filter dhnlich wie mit dem
tageslichtblinden Photomultiplier. Nachweisgrenzen von 10-° ppm
fir Zink und 2,5 x 10~ ppm fir Quecksilber, jeweils in wiBrigen
Losungen in eine Luft-Stadtgas-Flamme gesaugt, bedeuten eine
Verbesserung gegeniiber anderen publizierten Ergebnissen, die durch
Atomfluoreszenz-Flammenspektrometrie an diesen Elementen erhalten
wurden.

Résumé—On décrit un systéme détecteur comprenant un filtre inter-
férentiel pour emploi en analyse par spectroscopie de fluorescence
atomique dans la région spectrale 200,0-300,0 nm. Les résultats
obtenus en utilisant ce syst¢éme sont comparés a ceux d’un systeéme
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détecteur comprenant soit un monochromateur, soit un photomulti-
plicateur aveugle a la lumiére solaire. Il résulte des améliorations
d’approximativement 700 fois et 10 fois respectivement dans les limites
de détection pour le zinc et le mercure du remplacement du mono-
chromateur par le filtre, tandis que les résultats avec le filtre sont
semblables & ceux d’un photomultiplicateur aveugle a la lumiére
solaire. Des limites de détection de 10~® ppm pour le zinc et 2,5 x
10~ ppm pour le mercure, tous deux en solutions aqueuses aspirées
dans une flamme air-gaz de ville, sont une amélioration par rapport a
d’autres résultats publiés pour ces éléments et obtenus par spectroscopie
de flamme de fluorescence atomique.

REFERENCES

1. K. E. Zacha, M. P. Bratzel, Jr., J. D. Winefordner and J. M. Mansfield, Jr., Anal. Chem., 1968,
40, 1733.

. A. Venghiattis, Appl. Optics, 1968, 7, 1313.

. Hell, W. F. Ulrich, N. Shifrin and J. Ramirez-Mufioz, ibid., 1968, 7, 1317.

S. Hobbs, G. F. Kirkbright, M. Sargent and T. S. West, Talanta, 1968, 15, 997.

N. Hingle, G. F. Kirkbright and T. S. West, Analyst, 1968, 93, 522.

M. Dagnall, K. C. Thompson and T. S. West, Talanta, 1967, 14, 1467.

F. Browner, R. M. Dagnall and T. S. West, ibid., 1969, 16, 75.

Omenetto and G. Rossi, Anal. Chim. Acta, 1968, 40, 195,

R. Jenkins, Spectrochim. Acta, 1967, 23B, 167.

S. West and X. K. Williams, 4nal. Chem., 1968, 40, 335.

. M. Mansfield, J. D. Winefordner and C. Veillon, ibid., 1965, 37, 1049.

. L. Larkins, R. M. Lowe, J. V. Sullivan and A. Walsh, Spectrochim. Acta, 1969, 24B, 187.

. J. Vickers and R. M. Vaught, 4nal. Chem., 1969, 41, 1476.

. S. West and X. K. Williams, Anal. Chim. Acta, 1969, 45, 27.

N
HUzZRROURP> >

....
e

—
—
]

b
IS

—_
w
R B

-
-+

Talanta, 1970, Vol. 17, pp. 548 to 551. Pergamon Press. Printed in Northern Ireland

Thermometric titration of sulphate
(Received 21 October 1969. Accepted 14 January 1970)

A voLuMETRIC determination of sulphate with barium ions is often preferred to a gravimetric one
despite difficulties with reliable detection of the end-point. Visual end-point detection is most vulner-
able to interferences, because barium cations form only rather weak complexes with indicators.
Frequently the colour change is not well defined and standardized titration conditions are usually
required. However, the situation can be improved considerably by employing instrumental end-point
detection. These methods were recently reviewed in connection with the determination of sulphur
in organic samples.! Application of a specific ion-sensitive electrode for this purpose was reported
recently.?

We have investigated the possibility of thermometric end-point detection and its applicability to
practical sulphate determination. Thermometric titration of sulphate by barium ions was reported
by Dean and Watts? and later by Mayr and Fisch® but with controversial results. Determination of
sulphate by precipitation with barium ions is also mentioned in work on injection enthalpimetry.?

EXPERIMENTAL
Apparatus

A modified a.c.-thermistor bridge by Richards® with an LTC 23F thermistor was used to detect
the temperature changes. The output of this bridge, which was used at a sensitivity of 5 V/deg was
fed into a Servoscribe recorder; 50-ml or 100-ml polytetrafluoroethylene (PTFE) beakers mounted
in a block of polystyrene foam served as titration vessels. Efficient and constant mixing was provided
by a vibrating paddle mounted on the glass body of the thermistor.” The paddle was driven by a
V-1 vibrator (Advance Instruments Ltd.) at 50 Hz. A motorized Agla micrometer syringe was used
in the early experiments but was later replaced by a Radiometer ABU-12 burette. The titrant and all
other solutions were kept in a water thermostat in order to minimize the temperature drift.
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Reagents

Barium perchlorate, 1-2M aqueous solution, was standardized gravimetrically. Organic sulphur
compounds were microanalytical standards and all other chemicals were analytical-reagent grade.
Distilled demineralized water was used in all experiments.

RESULTS AND DISCUSSION
Effect of ethanol

An ethanol (or acetone)-water medium is frequently used, particularly in sulphate titrations with
visual indicators. It was found that the stoichiometry of the precipitation depends on the concentration
of ethanol (Fig. 1). Adsorption of soluble sulphate on freshly precipitated barium sulphate was
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Fig. 1.—Effect of composition of ethanol/water mixture on the stoichiometry of the
titration of 1 ml of 0.1N sulphuric acid.

suggested as a possible explanation of negative errors observed in the earlier thermometric work.3:4
1t is therefore conceivable that concentrations of ethanol above 50 % v/v eliminate this co-precipitation.
Other surface-active compounds such as thymol were found to have no cffect on the stoichiometry of
the reaction. It should be noted from Fig. 1 that the results at concentrations of ethanol less than
507 have much lower precision than those at above this level.

Determination of sulphate

Results of determinations of sulphate both in inorganic and organic samples (following oxygen
flask combustion or fusion with sodium peroxide) are summarized in Table I. The general procedure
for a titration is as follows.

The sample, containing 1-25 mg of sulphate, is placed in a PTFE beaker and diluted to 30 ml
with ethanol and water (together with 1 ml of a 10% solution of perchloric acid) in such proportions
as to give a 709 ethanolic solution. After equilibration in a water-bath for approximately 10 min
the beaker is fixed in the polystyrene block and the vibrator switched on. Depending on the size of
the sample, the burette speed, recorder chart speed and the bridge sensitivity are adjusted to give a
suitable rate of deflection; typical chart speeds are 30 or 120 mm/min. From the rate of addition of
titrant and chart speed the volume of barium perchlorate can be calculated and hence the amount of
sulphate present.

For the given volume of titration mixture the temperature rise is approximately 0-1° per mi of
0-1N sulphuric acid. The titration itself takes approximately 1-3 min to complete. The minimum
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TABLE I.-—ANALYSIS OF SULPHUR COMPOUNDS

Amount S, %

Sample taken mg Theory Mean found  Rel. std devn., 7§
H,SO, 0-9807 327 31-8 16
H,S0, 2:451 32-7 33-2 22
H,S0, 4902 327 330 36
H,S0, 9-804 327 327 11
H,S0, 24:50 327 32:2 16
Na,SO, 14-20 22:5 229 1-8
Sulphonal* 10-13 28-1 289 71
Sulphonalf 10-13 281 27-0 1-6
Benzyl* 19-24 15-8 16-3 27

thiuronium

chloride

* After oxygen flask combustion.
1 Following fusion with 1-2 g of sodium peroxide.
§ Calculated from at least 7 determinations.

amount of sulphate which can be determined by this method with reasonable accuracy is about 1 mg.

Interferences from various inorganic compounds were also investigated both in equimolar amounts
and in a slight excess. No interference was found from excess of iron(II) chloride, copper(Il)
chloride, nickel choride or silver nitrate. Interferences from excess of sodium fluoride can be elimin-
ated by addition of boric acid. Phosphate and arsenate do not interfere in equimolar concentrations
but low results for sulphate were found if they were present in higher concentrations. When an
inorganic compound was present which was precipitated on addition of the ethanol, iow results were
always obtained.

CONCLUSIONS

The proposed method is very rapid and suffers from only a few interferences. On the other hand-
the accuracy is lower than in other instrumental methods. This might be due to the fact that the short
titration time which is required for the semi-adiabatic arrangement is not long enough for barium
sulphate to be formed exactly stoichiometrically, because of adsorption phenomena which occur
during the precipitation.

Acknowledgement—The authors express their gratitude to Mr. C. E. O’Brien for his help with oxygen,
flask combustions.

Imperial Chemical Industries Ltd. M. B. WILLIAMS
Petrochemical & Polymer Laboratory J. JANATA
P.O. Box 11, The Heath, Runcorn, Cheshire, England

Summary—Direct thermometric titration of sulphate with a solution
of barium perchlorate is proposed. The stoichiometry of the titration
is shown to be critically dependent on the concentration of ethanol in
the titration medium. The titration is rapid and suffers from only a
few interferences.

Zusammenfassung—Die direkte thermometrische Titration von
Sulfat mit einer Losung von Bariumperchlorat wird vorgeschlagen.
Es wird gezeigt, daB die Stochiometrie der Titration empfindlich von
der Athanolkonzentration im Titrationsmedium abhingt. Die
Titration geht schnell und unterliegt nur wenigen Stréungen

Résumé—On propose un titrage thermométrique direct du sulfate avec
une solution de perchlorate de baryum. On montre que la stoechio-
métrie du titrage dépend de maniére essentielle de la concentration de
I’éthanol dans le milieu de titrage. Le titrage est rapide et ne souffre
que de seulement quelques interférences.
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Di-n-butyl carbamoylphosphonate as an extractant of inorganic
ions from hydrochloric acid solutions

(Received 9 October 1969. Accepted 24 January 1970)

Di1-n-BUTYL CARBAMOYLPHOSPHONATE (DBCP)* was found to extract readily the elements scandium,
zirconium, hafnium, thorium, protactinium, uranium and neptunium from their solutions in nitric
acid.!

This study comprises the measurement of the extracting ability of DBCP for 33 elements from their
solutions in 0-5—12M hydrochloric acid. A 0-1M solution of DBCP in chloroform was used as
the extractant. In most cases radioisotopes of the elements were used as tracers for the extraction
experiments. Extraction coefficients of uranium(VI) and thorium were determined spectrophoto-
metrically >3

EXPERIMENTAL

DBCP was synthesized in the laboratory* and purified by recrystallization from ethanol. It is a
white crystalline solid (m.p. 175-176°) with the structure

CH,CH,CH,CH,0_ O
\P/’

CH,.CH,.CH,.CH,O CONH,

The radioisotopes used were prepared as described earlier.! For the determination of the distri-
bution ratio, D, 1 mg of the element was added to hydrochloric acid solutions of various concen-
trations, except in the cases of neptunium, technetium and protactinium, where the behaviour of
carier-free #*°Np, **™Tc and ***Pa was studied. The distribution ratios were measured as in our
earlier work.!

RESULTS AND DISCUSSION

The obtained D values for all the elements studied are compiled in Fig. 1 in a graph of log D vs
molarity of hydrochloric acid. Elements showing D values less than 10~ are presented in a single
group. An examination of Fig. 1 shows that the univalent and bivalent ions studied are non-extract-
able in the whole range of acidity 0-5-12M hydrochloric acid, showing D values lower than 10-2.
Of the trivalent ions, only indium and chromium show less than 1 % extraction in the whole range of
acidity, while all the others, including the lanthanides, show high extraction values in acidities
greater than 6M hydrochloric acid. It is important to note here that among the trivalent ions,
scandium was the only one extracted by DBCP to an appreciable extent from nitric acid solutions,
while, with the exception of cerium(IV), lanthanides are extracted by DBCP only 5% or less from
this medium.! A striking difference is observed between the behaviour of niobium and tantalum, the
former being much the more extractable (maximum for Nb 929 and for Ta 169, both from 10AL
hydrochloric acid).

The maximum extraction values of zirconium and hafnium are 96 % and 98, respectively from
12M hydrochloric acid. They present larger differences at the lower acidities. Among all the elements
studied, thorium shows the highest extractability. It is extracted nearly quantitatively even from

* Originally named by the authors as N-(di-n-butylphosporo)urea, (N-DBPU).
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FiG. 1.—Log D values in 0-1M DBCP-HCI system [the values for As(IlI) and Ge(IV)
correspond to the extraction by chloroform].

4M hydrochloric acid, while the extraction of carrier-free protactinium is very small up to this acid
concentration. The extraction of uranium in the form of UO,** is relatively high even at low acidities,
with a maximum value of 87 %{ from the 10M acid. The distribution ratios of carrier-free neptunium
(IV) and (VI) are very different at all acid concentrations studied, the former being always the more
extractable [maximum extraction values are 98%; and 499 for neptunium(IV) and (V) respectively
from 10M hydrochloric acid].

Blank experiments with the pure solvent did not show any measurable extraction for any of the
elements examined except for arsenic(IIT) and germanium(IV) which are extracted to a high degree
by chloroform.

In summary, the extraction ability of DBCP is greater at high hydrochloric acid concentrations,
a trend which was also observed for the extraction from nitric acid solutions.! On the other hand
fewer elements are extracted from nitric acid solutions, which means that the selectivity of this new
extractant is lower when the extractions are carried out from hydrochloric acid solutions. There are
reasons to believe that the phosphoroamide moiety in the structure of DBCP is important in the
extraction and future work is planned for the study of the extraction mechanism and the structure of
the solvates involved.

Acknowledgements—The authors wish to express their thanks to Mr. S. C. Archimandritis and to
Miss M. Foka for their valuable assistance in the present study.

Chemistry Division D. C. PERRICOS
Nuclear Reactor Center * Democritus” A. K. TsoLis
Athens, Greece E. P. BELKAS

Summary—The extraction of 33 elements by a 0-1M solution of
di-n-butyl carbamoylphosphonate in chloroform has been investigated
as a function of hydrochloric acid concentration. The results show
that this new extractant readily extracts most of the elements in a high
oxidation state, including the trivalent rare earths, from hydrochloric
acid at concentrations greater than 6M.
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Zusammenfassung—Die Extraktion von 33 Elementen durch eine
0,1 M Losung von Di-n-butylcarbamoylphosphonat in Chloroform
wurde in Abhéingigkeit von der Salzsdurekonzentration untersucht.
Die Ergebnisse zeigen, daB3 dieses neue Extraktionsmittel die meisten
hoherwertigen Elemente extrahiert, einschieBlich der dreiwertigen
seltenen Erdenen, wenn die Salzsdurekonzentration hoher als 6 M ist.

Résumé—On a étudié I’extraction de 33 éléments par une solution 0,1M
de carbamoylphosphonate de di-z-butyle en chloroforme, en fonction
de la concentration en acide chlorhydrique. Les résultats montrent
que ce nouvel agent d’extraction extrait aisément la plupart des
€léments qui sont dans un état d’oxydation élevé, y compris les terres
rares trivalentes, de I'acide chlorhydrique & des concentrations plus
grandes que 6M.
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LETTER TO THE EDITOR

Determination of manganese(Il) in the presence of
vanadium(V) and chromium(VI)

SR,

Since Lingane and Karplus® in 1946 introduced the determination of Mn(II) by titration with
KMnOQ, in pyrophosphate solution, this method of analysis is frequently used. Both Mn(II) and
Mn(VII) are converted into Mn(IIT), which forms a very stable complex with pyrophosphate. Since
the intense red colour of the complex precludes the use of a colour indicator, the titration is generally
performed potentiometrically. The titration may be performed at pH 1-8, but the potential break at
the equivalence point is maximal at pH 6-7. Furthermore, several components that interfere at low
pH values do not do so at pH 6-7.2 Vanadium(V), however, if present in more than small amounts,
interferes at pH 6-7. At lower pH this interference is eliminated,! but other difficulties then arise.
Chromium(VI), often present after oxidative attack on samples containing chromium, interferes by
oxidizing Mn(II) to Mn(III) in the solution used.

We have found that amounts of vanadium up to 100 mg do not interfere at pH 6-7, but that
larger amounts make the potential stabilization very slow, although the final result is still correct.
The effect of chromium can be eliminated if the Cr(VI) is first reduced to Cr(IIT) by addition of 210 mg
of sodium nitrite (for a maximum of 1 mmole of dichromate), followed by ditution to about 100 ml,
adjustment to pH 1 with alkali or hydrochloric acid, heating at 40° for a few minutes, addition o
500 mg of urea and heating near the boiling point for 30 min (to remove excess of nitrite and the gases
evolved in that process), then addition of this solution to 300 ml of saturated sodium pyrophosphate
solution, adjustment topH 6-7, and, after an hour, titration potentiometrically with permanganate. If
larger amounts than 100 mg of vanadium are present, the titration is performed at 60°. The increased
temperature is necessary to give rapid potential equilibration. An alternative is to add most of the
titrant at room temperature and the rest after heating the solution to 55-60°. The rest period of an
hour when chromium is present is necessary because the formation of the chromium complex with
pyrophosphate is slow, as noted by Scribner,® who first developed this method of preventing
chromium from interfering.

Relative errors ranged from 0-09; to +-0-3% for up to 1200 mg of vanadium present (15 ex-
periments), and from +0-2%; to +0-5% for 50 mg of chromium (6 experiments). Experiments with
100 mg of chromium gave errors of +0-7%.

I thank C. Slagt, Miss J. de Neef, and J. F. G. van der Grift for experimental help.

Laboratory for Analytical Chemistry J. AGTERDENBOS
State University, Utrecht

Croesestraat T7-A

The Netherlands

25 September 1969
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NOTICE

FOURTEENTH CONFERENCE ON ANALYTICAL CHEMISTRY IN
NUCLEAR TECHNOLOGY

Mountain View Hotel and Motor Lodge, Gatlinburg, Tennessee 37738, U.S.A.
13-15 October 1970

Tue FourTeENTH Conference on Analytical Chemistry in Nuclear Technology will be held in
Gatlinburg, Tennessee, 13-15 October 1970, under the sponsorship of the Analytical Chemistry
Division, Oak Ridge National Laboratory.

Papers up to 25 minutes in length, that describe original, unpublished work related to the following
topics are solicited by the Program Committee.

1. Applications of Digital Computers in Analytical Chemistry.

2. New Sensors and Detectors for use in Studies Related to Environmental Pollution.

3. Problems Associated with the Purity of Reagents for use in Chemical Analysis.

4. Sample Preparation and Dissolution—Vital Steps in Chemical Analysis.

5. Papers on Topics of General Intercst Related to Analytical Chemistry in Nuclear Technology.

Those who wish to make contributions should submit an abstract of 200-500 words not later
than 20 June 1970. The title, name of the author, an estimate of the time that will be required for the
presentation, and in case of multiple authorship, an indication of the name of the speaker should
accompany the abstract.

Abstracts of papers and inquiries concerning the conference including request for programmes,
should be directed to the Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tennessee 37830,
Attention: L. J. Brady, Chairman.

The registration fee, except for full-time students, is $10.00 per person. A registration fee of $5.00
will be required for attendance of one day or any part thereof.

Reservation for lodging should be made by direct communication with The Mountain View Hotel
and Motor Lodge, Gatlinburg, Tennessee 37738, U.S.A.
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End-point evaluation in instrumental titrimetry—II. Confidence intervals
in extrapolation of linear titration curves: PAVEL JANDERA, STANISLAV
Korpa and StanisLav KoTrry, Talanta, 1970, 17, 443. (Department
of Analytical Chemistry, College of Chemical Technology, Pardubice,
Czechoslovakia.)

Summary—The random titration error has been evaluated by single
linear regression analysis of both linear branches of titration curves.
As a simplification the confidence interval of a titration is estimated
by substituting divergent linear confidence limits for the curved
confidence limits of both branches of the curve. The influence of the
angle between both branches upon the confidence interval of a titration
has also been evaluated. The procedure has been proved advantageous
by applying it to several amperometric and photometric titrations
of lead and by comparing the results with those obtained by the
complementary approach of Liteanu and Cérmds, and by the usual
statistical treatment of end-points obtained by graphical extrapolation.
The method allows a critical consideration of the experimental con-
ditions with regard to the desired level of precision.

Preparative gas chromatography of volatile metal compounds—I.
Separation of aluminium, chromium and ircn S-diketonates: R. BELCHER,
C. R. JENKINS, W. I. STEpHENS and P. C. UDEN, Talanta, 1970, 17, 455.
(Department of Chemistry, The University of Birmingham, P.O. Box
363, Birmingham, England.)

Summary—The analytical gas chromatography of a range of fluori-
nated and unfluorinated f-diketonates of aluminium, chromium and
iron has been studied in detail and conditions have been established
for their complete separation; the complexes of trifluoroacetylpi-
valoylmethane show the best characteristics for this purpose. A range
of liquid phases and column conditions have been considered and
Apiezon substrates have been shown to give optimal resolution. The
technique has been extended to a preparative scale with up to 0-1-g
chelate samples, and the efficiency of the process demonstrated by the
removal of 29 proportions of two metal complexes from a sample of
the third. Implications of the technique for the purification of metals
are discussed.
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OBHAPVHEHUE KOHIA TUTPOBAHUSI B
MUICTPYMEHNTAJBHON TUTPUMETPUH—II.
UHTEPBAJIBL JIOBEPUA TIPU 9KCTPANIOJAINN
JMHENHLIX TUTPAOUOHHLIX KPUBBIX:

PaviEL JANDERS, STANISLAV Korba and STanisLAv KoTrLrY, Talanta,
1970, 17, 443.

Pesrome—Corydaiinaag omnbKa THTPAUUMK BHYICICHA €IMHCTBEH-
HBIM JIMHGHHBIM DETPECCHBHBIM anaan3oM o0enx JIMHeHLIX BeTB
TATPAIMONULIX KpUBHX. B ympourenwoit ¢opme uHTepBaX
A0BepuA TUTPALMM IOIYYAeTCA 3AMENIEHNEM HM30THYTHIX Ipene-
J1aX JoBepusi JUBEPrelTHHMU JIMHEAHLIMU IPCHeaMu OBEPUA
Ansa obGenx nerB Kpusoit. Tarie mayuen sPdeKT yriaa Mesmmy
BeTBAMU HA WIITEPBAJ JOBepudA TUTpaluun. MeTox okrasajcsa
BEITOTHLIM B CJIy4yae ero NpUMEHCHUA IHa amIepoMeTpuyeckue u
$oroMeTpNYeCKUE TUTPALME CBUHILA U B CPABHEHNH ¢ pe3yibra-
TaMH MOJy4YeHHBIMU MeTofoM JlnTeany u Hepmema uin o0BKHO-
BEeHHON craTtucTuyeckolf 00paboTKoil KOHLEB TUTPOBAHUSA,
moyyeHnsIX rpadudeckoit srerpanoaanueii. Merox mosposder
KpuTu4eckoe o0CyKAenune ONBITHLIX yCI0BUH B OTHOIUEHUM HA
KeJIaTeAbHy 0 CTeleHb TOYHOCTH.

NPEITAPATBHAA TA30BAfl XPOMATOTI'PAOHUSA
JETYYHUX COEAUHEHUN METAJJIOB—A.
PABJIEJEHUE I-JUKETOHOB AJIIOMNHUA,

XPOMA U HEJIE3A:

R. BELCHER, C. R. JENKINS, W. 1. STerHENS and P. C. UbeN, Talanta,
1970, 17, 455.

Pesome—UayyeHa aHajurumdeckag TrasoBag Xpomartorpadus
pAxa ¢QTopuUpOBAHHEIX N HePTOPNPOBAHHHBIX [-AMKETOHATOB
AMIOMHHMA, XpOMa M jKejle3da ¥ ompefeleHH YCIOBUA [JA HX
TOJIHOTO paspeneHns. Haltaydmmme pesyabTaTHl B €TOM HaIpaB-
JIeHUY TOJYyYeHBl C KOMIIEKCAMU TPUQTOPALETHIIIHBATIONIME-
raHa. VIsydeH pAQN CTAUMOHADHEIX $a3 U YCIOBMIl KOJOHOK;
ONTUMAJBHOE pasfielleHne IOJYyYeHO C anMe30HOBHIME cyOcTpa-
raMu. Meton pacmmper Ha paspeienue mo 0,1 T XeJaToB Ha
npenapatuBHOl ImKade. OfdeKTHBHOCTH MeTORa IOKA3aHA
YVKJIOHEHUEM 2 % MpUMeC ABYX KOMIIJIEKCOB METAJIOB U3 NMpoO0H
Tperero. OOCyXJeHB BO3MOMKHOCTH IIpUMEHEHHMA MeTORa B
OUYHCTKH MeTAJIIOB.



Summaries for card indexes

Spectrophotometric study and analytical application of rare earth Tiron
complexes—I. Determination of neodymium, holmium and erbium:
TomitsuGU TAKETATSU and Nosuyo Toriumi, Talanta, 1970, 17, 465.
(College of General Education, Kyushu University, Fukuoka, Japan.)

Summary—The absorption spectra of neodymium, holmium and
erbium Tiron complexes in aqueous solution have been measured from
340 to 650 nm. The absorbance at the wavelength of maximum
absorption band of an aqueous medium containing neodymium
(pH 4-5), neodymium (pH 12:0), holmium (pH 5-0) and erbium (pH 5-0)
Tiron complexes was about 4 (at 578 nm), 9 (at 571 nm), 9 (at
450 nm) and 5 (at 376 nm) times greater, respectively, than for the
same quantities of the corresponding chlorides. The spectrophoto-
metric determination of these elements has been investigated. Com-
bining ratios of Tiron to rare earth have been found to be 3:2 and 2:1.

Application of the Unterzaucher method to the determination of oxygen
in coke: B. P. Kirk and H. C. WiLKINSON, Talanta, 1970, 17, 475.
(The British Coke Research Association, Chesterfield, Derbyshire,
U.K)

Summary—The Unterzaucher method, used for the determination of
oxygen in organic compounds and coal, has been adapted to the
determination of oxygen in coke. Modifications were made to the
conventional apparatus in order to eliminate any contribution made
by the coke moisture to the determined oxygen content. The carbon
dioxide produced from the combustion of the oxygen in the coke was
estimated by a sensitive conductimetric method. Evidence is presented
which indicates that additional liberation of oxygen from the coke
mineral matter does not make a significant contribution to the total
oxygen determined under the prescribed experimental conditions. The
error of the determination is approximately 0-17;. A comparison is
made between results obtained for a series of cokes and chars by the
direct method and by an independent determination, based on neutron
activation.

Macroreticular chelating ion-exchangers: R. F. HirscH, E. GANCHER
and F. R. Russo, Talanta, 1970, 17, 483. (Department of Chemistry,
Seton Hall University, South Orange, New Jersey 07079, U.S.A.)

Summary—Two macroreticular chelating ion-exchangers have been
prepared and characterized. One contains the iminodiacetate group
and the second contains the arsonate group as the ion-exchanging site.
The macroreticular resins show selectivities among metal ions similar
to those of the commercially available microreticular chelating resins.
Chromatographic separations on the new resins are rapid and sharp.
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Aunnoranum crarei

N3VUYEHUE CIIEEKTPOOOTOMETPNYECKUM
METOOOM M IIPMMEHEHHNE B AHAJIN3E
HOMIIJIERCOB PEJJKO3EMEJIbHBLIX 3JIJEMEHTOB C
TUPOHOM—I. OHPEAEJEHUWNE HEOIUMA,
I'OJIMUA U 2P BUA:

TomitsuGu TAKETATSU and Nosuyo Toriumi, Talanta, 1970, 17, 465.

Pesiome—VI3MepeHs CIEKTpLI HOTTIONEHMA KOMIJIEKCOB HeO-
JuMa, TOIMUA ¢ 3p0OUA ¢ THPOHOM B BOAHOM pacrsope B o0xacTu
340-650 nM. OKCTMHKIMA IpU NN BOJH MAKCUMAIBLHOTO
CBETOIOTJIOUCHI BOJHOTO PACTBOPA COMEPHKALIEro KOMILIEKCH
Tupona ¢ HeoguMmom (pH 4,5), neopumom (pH 12,0), ronmmem
(pH 5,0) u opbuem (pll 5,0) Orima 4xkpar (mpu 578 HM), pKpaT
(npu 571 um), 9xpar (npm 450 M) u Skpart (npu 376 HM) BHIIE,
COOTBETCTBEITIO, YeM JJIA TeX e KOJUYECTB COOTBETCTREHHBIX
xJopugoB. lMceaenoBaHa BOBMOMKHOCTL CIEKTpodoTOMETpIYEC-
KOT0 oIpefelIella 3THX dJIeMenToB. OIpefeiCHLl OTHOWIEHUA
THPONA M PeAKO3eMeJbHEIX DJICMEHTOB 3:2 1 2:1.

INPUMEHEHNE METOIA VIITEPHAVXEPA B
OIIPEAEJEHNI RUCJIOPOOA B HOKCE:

B. P. Kirk and H. C. WiLkmnsoN, Talanta, 1970, 17, 475.

Pesrore—DMerog YHTeprnayxepa, UCIOAB30BAH A ONpefeselnsa
KACJOPONA B OPTaHUUCCKUX COeJIMHEHUAX 1 yIJe, afanTUpOBAH
JJIAL OTIpeAesicHUA KUCHOpofa B Kokce. OOHIKIOBEHHHIH mpubop
usmenen uto Obl uM30eup BKJAJ BJaru B KOKCE B OHpejlesieHie
Kuciaopofa. JIByokmcs yraepopa, o0pa3oBaHa CHUIaHHEM
KHCJIOPOAA B KOKCE, ONpeflelieHa YyBCTBUTENBHLIM KO YKTOMe-
TpuuecKkuM Merofom. llorasaio uro JOMOJNHUTEIbHOE BhIJeJIeHHE
KICJIOPO/ia M3 MHHEPAJbHOTO BelljecTBa KOKCA He IOBLINIAET B
8HAYUTEIbION Mepe ofllee KOJMYECTBO KHCIOPOAA OIpejeselo
PN IPOIMCAHHBIX ONBLITHMX yca0BHAX. Omulka onpencieHNsA
cocrasiaer npubmnkio 0,1 %. CpaBHeHs pe3yabTaTHl IOJIy4eH-
HBle HA pAge 00pas3lnoB KOKCA U JPEBECHOTO YIVIA HeIoCpexcT-
BEHHLIM METOAOM C pe3yJIbTaTaMy He3aBHCHMOIO MeTOfa OCHO-
BaIHOTO HA HCHTPOHOAKTHUBAIMOHHOM AMNAJIM3e.

MAHRPOPETHRVJAAPHBIE XEIATOOBPA3VIOUIUE
UOHOOBMEHHBIKU:

R. F. HirscH, E. GancaEr and F. R. Russo, Talanta, 1970, 17, 483.

Pestorie—IIpHroToBICHH U UCITHITAHKL JIBA MAKPOPETHKYJIAPHBIX
xeqaaroobpasyomux noHooOMelnpika. OJHH 13 HUX COMEpIKAT
HMUHOQUALCTAT-TPYNHYy B 1KayecTBe MOHOOOMEHHOH TIpyImHl,
Apyruii—apconar-rpynny. MaKpopeTHKYJIApHBIE CMOJLI TOKA-
3BIBAIOT CEJEKTUBHOCTDH JJIA HOHOB MOTAIOB MOXOME CeIeKTH-
BHOCTH KOMMEPYECKIX MUKPOPETURYIAPHLIX XeJaTo00pas3yonumx
cmoa. Hoprie emonn mator GoleTpeie w ocrpeie Xpomarorpad-
HYecKHe pasjeseHns.



Summaries for card indexes

Determination of some methylcarbamate insecticides by a.c. polarography
and cyclic voltammetry: M. D. BootH and B. FLEET, Talanta, 1970, 17,
491. (Chemistry Department, Imperial College, London, S.W.7.)

Summary—The study of adsorption—desorption phenomena represents
an important extension to the range of organic compounds that can
be determined by electrochemical methods. The present work has
utilized this approach for the determination of a range of methyl-
carbamate insecticides. The tensammetric behaviour of this class of
compound at the mercury electrode has been investigated by a.c.
polarography and the optimum experimental conditions for their
analytical determination have been derived. Cyclic voltammetry has
also been used to study the electrode process and by using the peak
obtained on the cathodic sweep it was possible to extend the limit of
detection to the ppm level.

Catalytic reactions—I. Mechanisms: P. R. BoNTCcHEV, Talanta, 1970,
17, 499. (Department of Analytical Chemistry, University of Sofia,
1 Anton Ivanov Str., Sofia 26, Bulgaria.)

Summary—The mechanisms of some reactions used in catalytic
analysis are discussed. The knowledge of the mechanism of a catalytic
reaction can help in the development of new catalytic reactions and
the choice of optimal conditions, and to show the possibilities for
further increases in sensitivity.

Acid dissociation and spectrophotometric behaviour of 8-quinoline-
selenol in water—dioxan mixtures: NosoRU NAKAMURA and Eriicur
Sex1po, Talanta, 1970, 17, 515. (Department of Chemistry, Faculty of
Science, Kobe University, Kobe, Japan.)

Summary—The acid dissociation constants of 8-quinolineselenol,
8-quinolinol and 8-quinolinethiol in water-dioxan mixtures of varying
solvent composition were determined potentiometrically or spectro-
photometrically. The absorption spectra of 8-quinolineselenol in the
same solvents were also obtained. The acid dissociation phenomena,
stability towards oxidation and the absorption spectra of the reagents
are discussed in connection with the existing forms. It is verified that
8-quinolineselenol exists as a zwitterion in water-dioxan mixtures of
low or high dioxan content.
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OIIPEAEJEHUNE HEKOTOPLIX MHCEHRTUIINAOB
HA OCHOBE METUJIHAP BAMMHIATA METOJAMU
HEPEMEHHOTOKROBOI TIOJAPOTPAOUUN U
HUKINYECKON BOJBTAMNEPOMETPUM:

N. D. BootH and B. FLEET, Talanta, 1970, 17, 491.

Pesome—ayuenue sBaenunii apcopOuuu-gecopbuumn mnpepcra-
BAfAET OGOl BaKHUI RIIacC OPraHUYECKUX COEflUilelnii KoTophle
MoryT OBITE OIIpENleNIeHB HIEKTPOXUMUUECKUMH MerTomamu., B
Ipenseameil crare 9TH MeTOJIBl MCHOJb30BAHB IJA  OXpe-
AeJelna pAfla MICEKTUIHMAOB 1A OCHOBe MermiakapOaMmiiara.
TencaMmerpuueckoe IOBeficilde STOr0 KJacca COCUMHEHMI Ha
PTYTHOM 3JIEKTPOJie 3Y4YeHO METOIOM IepeMeHHOTOKOBOI IIOMs-
porpaduu u olpejleeHEl ONTHMAIBHEBC YCIOBUA A HX AHAIN-
TUYECKOro omnpefieeHHA. TaKiKe HCIOIL30BAH METO]] LIMKINYeC-
KOil BOJILTAMIICPOMETPHUH 7 H3YUEHUA DIEKTPONIIOro Ipoliccca
U IpuMeleNMeM MNKA MOJNYYEHHOTO B KATOMNOM pPAasBUTHU

YIad0Ch OPOTALYTL YYBCTBUTCIBHOCTL MeETOAA O Jacreil 1a
MUJIIIIOH.

KATAJIUTUYECKUE PEARKIUN—TI, MEXAHU3MBLBI:
P. R. BonTcHEY, Talanta, 1970, 17, 499.

Pesrome—O0cyHleHE MEXAHU3MEl HEKOTOPHIX PeaKUUit MCIosib-
30BAHHBIX B KATAJIHTHYeCKOM aHaiause. llosHaBanme mexanusma
KaTaJIMTUYECKOM PeaKINN MOKeT IIOMOTaTh B paspalboTHe HOBLIX
KAaTJINTHYeCKUX PeaKIyii 1 Ipy BEIGOpe ONTHMANBHLIX YCI0BUi
¥ MOMKET YKA3LIBATh MYTH YJIy4IIeHHUA YyBCTBUTENHHOCTH.

KNCJIOTHAST JUCCOIUALIASI U CHHEKTPO®OTO-
METPUYECKAST XAPARTEPHCTUEKA
8-XITHOJIUIICGEJIEHOJA B CMECSIX BOJIBI U
TTNOKCAHA

NoBorRU NakAMURA and Eucut Sexipo, Talanta, 1970, 17, 515.

Pesrome—OmnpenenenE NOTENHMOMETPUYECKIM NN CIeKTPoQOoTO-
MeTpUYecKIM MEeTOZaMM KONCTAHTH KUCIOTHON IHcCOmMAIUu
8-XUHOJKHCEIe 04, 8-XUHOINHOIA K 8-XHHOJIHHTHONA B CMECAX
BOMH M JMOKCAHA pasdMYHOro cocraBa. Takske ompejesenn
CHEKTPHl CBETONMOPJIOMEHNA S-XMHOJMHCEJEeHoJa B TeX 3Ke
pactBopurensax. OOCYymIeHBl ABIEHNA CBABAHHBIE ¢ KHCIOTION
AMCCONMANNeil, CTA0NIbHOCTE TPOTHB OKMCIEHNA U CHEKTpSH
CBETONOTJIONIEHNA peareHToB B CBASH € CYIIECTBYIOIIMU
dopmamu. IlopTBepsxyeno Haduume 8-XUHOJIMHCENEHOJA B
dopme amPoTeporo HoHA B CMECAX BOIBI M AMOKCAHA C BHICOKHM
¥ HU3KIM COJlepHaHneM TUOKCaHa.



Summaries for card indexes

Theory of titration curves—VII. The properties of derivative titration
curves for strong acid-strong base and other isovalent ion-combination ti-
trations: THELMA MEITES and Louls MErtes, Talanta, 1970, 17, 525.
(Department of Chemistry, Clarkson College of Technology, Potsdam,
New York 13676, U.S.A.)

Summary—This paper deals with isovalent ion-combination titrations
based on reactions that can be represented by the equation Mn+ +
X#~ — MX, where the activity of the product MX is invariant through-
out a titration, and with the derivative titration curves obtained by
plotting d[M+]/df versus f for such titrations. It describes some of the
ways in which such curves can be obtained; it compares and contrasts
them both with potentiometric titration curves, which resemble them
in shape, and with segmented titration curves, from which they are
derived; and it discusses their properties in detail.

Mass spectrometric analysis of carbon monoxide—nitrogen mixtures:
J. R. MAIER, Talanta, 1970, 17, 537. (Chemistry Department, Univers-
ity of Birmingham, P.O. Box 363, Birmingham 15.)

Summary—A method for the analysis of gas mixtures containing
both carbon monoxide and nitrogen, by using a single-focussing mass
spectrometer, is described. It involves measurement of the mass
spectrum of a gas sample before and after conversion of the carbon
monoxide present into carbon dioxide by means of the Schiitze catalyst.

Analytical applications of mixed ligand extraction equilibria. Nickel-
dithizone-phenanthroline complex: BEN S. FREISER and HENRY FREISER
Talanta, 1970, 17, 540. (Department of Chemistry, University of
Arizona, Tucson, Arizona 85721, U.S.A.)

Summary—The mixed-ligand nickel-dithizone—phenanthroline complex
provides a sensitive method for determination of nickel and also
permits evaluation of the extraction constant for nickel dithizonate.
The value log Kex = —0-7 was obtained, in agreement with a value of
—0-2 obtained by others, and in contrast to an earlier value of —2-9.
The addition of phenanthroline substantially increases the rate of
extraction.
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TEOPUsT TUTPAIIMOHHBIX HPUBLIX-—VII.
CBOMCTBA TIPOU3BOAHBIX TUTPALUMOHHBLIX
HKPUBBIX AJT TUTPOBAHUA CHMJIBHBIX HUCIOT
U OCHOBAHUN U JAPYIUX U3OBAJEHTHBIX
KOMBUHATINI MOHOB:

TreLMA MErtes and Louls MErTes, Talanta, 1970, 17, 525.

Peswome—IIpememaman cTaThbs IOCBAINEHA TUTPALMM KoMOu-
Haluii U30BAJICHTHLIX HOHOB, OCHOBAHHLIX I PEAKUUAX IpPel-
cTapieHubX ypapienmem Mo+ 4 Xot — MX, rie akTHBHOCTH
OpoAykTa JiellcpeMeHad B Te4CHMU TUTPAMH If B CIy1ae
[POUBBOIHHIX TUTPAMIORILIX KPUBLIX HpUKazaHa Kak PyHKIHA
d[M+Ydf or f Omnucals HEKOTOPBIC NPUUMHEL HOIYUCHUA TAKUX
KPUBHLIX; OHU CpPABHEHBI C IOTEHITHOMCTPUUCCKUMH KPUBLIMA
TUTPOBAHMS, KOTOPHIC UMEIOT HOX03Kie OPMBI, H C CEIMEHTHPO-
BAHNLIMY KPUBLIMUA THTPOBAHMA U3 KOTOPLIX OHM HPOU3BENIeNLL.
Crarea rtamme obeyspaer HORPOOHO XapaKTepHCTURM DTHX
HKPUBLIX.

AHAJINS3 CMECEN OKUCH VINIEPOJA II A30TA
METOOOM MACC-CIIEKTPOMETPWN:

J. R. MAJeR, Talanta, 1970, 17, 537.

Pesome—Onucan MeTof aHAIN3a TA30BLIX CMeceil comepamux
OKUCH YIJIEpOfa M a30T ¢ IPHMeHeHHMeM MacC-CIIEKTPOMETpa ¢
eNUHCTBEHHEBIM (oKycupopanueM. MeTom COCTOMT M3 U3MEpPeHUs
Mace-crerTpa rasooGpasHoii Mpo6Ll Ipef M IOCHe KOHBRDPCHM
IPUCYTCTRYIOIEITo B Tpofe OKUCH yriaepona B By OKUCE YTIIEPOAa
¢ nenonbzopaimeM xaraiusaropa HloTmea.

NPUMEHEHIHNE B AHAJIM3E SHKCTPARKIOUOHHBIX
PABHOBECU{I CMEIIAHHULIX JIUTAHJIOB:
KOMINJIERC HUKEJA C JUTU30HOM U

OEHAHTPOJIMTHOM:

BeN S. Freiser and HENRY FREISER, Talanta, 1970, 17, 540.

Pestome—CMemanHbI# KOMITEKC HUKEJA ¢ TUTH30HOM M fleHaH-
TPOJMHOM IIpefcTaBiseT co0oli OCHOBY JJIfl YYBCTBUTEIBHOIO
MeTofa ONpefelleHUsT HUKeJA U TaKKe II03BOJISIET OIpeesuThb
KOHCTAHTY 9KCTPAKIMM AuTH30HATA HuKend. Iloxydena Benmu-
rHa lg Kex = —0,7 KoTOpasd corjamaercs ¢ peauduHoin —0,2
MOJIy4YeHHO! JyyIUMH 3BTOPAMHU, & KOTOpaA OTJINYAeCTA OT
panbieil Besuannsl —2,9. Jfo6aBKa QeHaHTPOIMHA B BHAYUTEIb-
HOIi Mepe TOBHIIAeT CKOPOCTh DKCTPAKIMU.



Summaries for card indexes

Use of a filter in atomic-fluorescence spectroscopy: P. D. WARR,
Talanta, 1970, 17, 543. (The General Electric Company Limited,
Central Research Laboratories, Hirst Research Centre, Wembley,
England.)

Summary—A detecting system incorporating an interference filter
is described for use in atomic-fluorescence spectroscopy analysis in
the 200-0-300-0 nm spectral region. Results obtained by using this
system are compared with those from a detecting system incorporating
either a monochromator or a solar-blind photomultiplier. Improve-
ments of approximately 700-fold and 10-fold respectively in the limits
of detection for zinc and mercury result from replacing the mono-
chromator with the filter, while results with the filter are similar to
those from a solar-blind photomultiplier. Limits of detection of
10~° ppm for zinc and 2'5 X 10~* ppm for mercury, both in aqueous
solutions aspirated into an air-town-gas flame, are an improvement
on other published results for these elements, obtained by atomic-
fluorescence flame spectroscopy.

Thermometric titration of sulphate: M. B. WiLLIAMS and J. JANATA,
Talanta, 1970, 17, 548. (Imperial Chemical Industries Limited, Petro-
chemical and Polymer Laboratory, P.O. Box 11, The Heath, Runcorn,
Cheshire, England.)

Summary—Direct thermometric titration of sulphate with a solution
of barium perchlorate is proposed. The stoichiometry of the titration
is shown to be critically dependent on the concentration of ethanol in
the titration medium. The titration is rapid and suflers from only a
few interferences.

Di-n-butyl carbamoylphosphonate as an extractant of inorganic ions
from hydrochloric acid solutions: D. C. Perricos, A. K. TsoLis and
E. P. BeLkas, Talanta, 1970, 17, 551. (Chemistry Division, Nuclear
Reactor Center ‘“Democritus’’, Athens, Greecz.)

Summary—The extraction of 33 elements by a 0-1M solution of
di-n-butyl carbamoylphosphonate in chloroform has been investigated
as a function of hydrochloric acid concentration. The results show
that this new extractant readily extracts most of the elements in a high
oxidation state, including the trivalent rare earths, from hydrochloric
acid at concentrations greater than 6M.
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MPUMEHEHUE OWJIBTPA B ATOMIIO-
DJIYOPECHIEHTHON CIIEKTPOCKOIINU:

P. D. WARR, Talanta, 1970, 17, 543.

Peziome—Omiucana cucTeMa JaT4MKa Ha ocHoBe unTepdepeHn-
HOHHOTO (UILTPA NPUMEHMMAa B aHAJN3e METONOM aTOMIio-
dayopecuenTioif cnekTpockonun B obaacru cnexrpa 200,0-300,0
oM. Ilomyuweninie 9Tol cHCTEMONH pe3ynbTATHL CpPaBHEHL ©
PesYIILbTATAMHY IOJIYUeHHLIMM AATUNKAMU BKIIOYAIOMMMH MOHOX-
pomarop mum solar-blind ¢ortoycunurens. 3aMeHol MOHOXpO-
Maropa ¢ (QUABTPOM moJaydeHo 700-wparmoe ¥ 10-KpaTHOE
TOBLILICHME MYBCTBUTEILHOCTH A HUHKA U PTYTH, COOTBETCT-
BEHHO, & Pe3ynbTaTsl HOJIydeHHLie ¢ (UIbTPOM CpaBHHMbiE C
pesyabTaTaMu HoayueHnsiMH ¢ solar-blind ¢goroycnimnreaem.
Yyscrsaredsinoctd 10-° I.M. fid nuuka u 2,5 X 107 .M. gas
PTYTH, HOJydyellible BOPHIBTUBAHMEM DBOJILIX PAaCTBOPOB B
HTaMA BO3XYX/OHITOBON Ta3, HpeiCcTABIALT coboifl yhydlueHue
B CpaBHEHUH C JPYTHMH JaHHBIMH ATOMHIOQIIyOpeclueHTHOIl
IJIAMEHHOIl  CHCKTPOCKOIMH, ONyOIMKOBAHULIMU JJIA  OTHX
3JIEMEHTOB.

TEPMOMETPUUECKOE TUTPOBAHUE CYJIbOATA:
M. B. WiLLiaMs and J. JANATA, Talanta, 1970, 17, 548.

Pestome—IIpeyiokeH0  HEIOCPeNCTBOIHOE TECPMOMETpUUYECKOe
TuTpoBanue cyiabfara ¢ pacrsopom mepxiopara Gapus. Iloka-
3aH0 4TO CTEXMOMETPHUA TUTPOBAHMA KPUTMYECKH 3ABUCUT OT
KOHIEHTpAUM eIHpTa B TUTPYyeMOM pacrsope. Turpauus
OpicTpa M IOAJERKAET BIMAHMIO TONbKO He(OoJbIIEro 4ircia
BEIIECTB.

JU-H-BYTUJIKAP BAMOMJIGOCOPOHAT B
HKAYECTBE SKCTPAKTAHTA IJA
HEOPTAHUYECKUX HMOHOB U3
COJISTHOKHKCIIBIX PACTBOPAX:

D. C. Perricos, A. K. Tsoris and E. P. BELKAS, Talanta, 1970, 17,
551.

Pesrome—Uazyueno uspievenue 33 saementon 0,1 M pacTBopoM
nu-n-GyrunkapGamonndochonara B Xaopodopme B 3aBUCUMOCTH
OT KOHIIEHTpPAIUU COJAHON KACIOTH. PeaylanTaThl MOKAa3HBAWT
4TO HOBLIH DKCTPAKTAHT JIETKO MBBIEKACT GOJbIIMHCTBO BJIEMEH-
TOB B BLICIUEH CTEMEHM OKUCJICHHUSA, BKIIOYAA TPEXBAJCHTHLIE
PeAKO3EMeNbIIble DIEMEHTH, M3 PACTBOPOB COJANON KHCIOTLI,
KOHIEHTpaInA KOTOpLIX Gosbine yem 6 M.
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