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A MECHANISM OF CATION AND ANION EXCHANGE CAPACITY1

By M elvin A. Cook, Ivan B. Cutler, George Richard Hill and M ilton E. W adsworth 
College of M ines and Mineral Industries, University of Utah, Salt Lake City

and Alex G. Oblad
Houdry Process Corporation, Linwood, Pennsylvania 

Received July 22, 1952

Cation and anion exchange capacity in aluminous clay minerals and polyamine resins, respectively, are attributed to an 
(acid-base) “ ion-pair”  adsorption process in which one ion of the “ ion-pair”  is adsorbed on the solid or colloidal particle 
in the “ compact double layer”  while the other remains hydrated and occupies the “ diffuse double layer.”  In cation ex­
change clays the “ compact double layer” ion is the hydroxyl ion, in anion exchange resins it is the hydrogen ion. This 
mechanism for ion exchange is here developed thermodynamically and correlations with available experimental data are 
discussed. Equilibrium constants and adsorption potentials obtained in these analyses are shown to have the magnitudes 
required by the theory. Previously obscure effects of the ionic strength of the aqueous solution are derived quantitatively 
and the general feature of ion exchange explained.

Introduction
In this paper the mechanism of cation and anion 

exchange in (1) aluminous clay mineral and syn­
thetic zeolites and (2) polyamine resins, respec­
tively, is considered. The factors affecting ex­
change capacity are then presented. The phenom­
ena of ion exchange and especially the mechanisms 
involved in the systems mentioned have been ob­
jects of great activity by workers in many fields. 
Recent published material which initially was con­
cerned with the mechanism of heterogeneous catal­
ysis has shed very considerable light on the subject 
of the mechanism of ion exchange.

In this article we shall employ the model proposed 
by Milliken, Mills and Oblad2 to discuss the chem­
istry and thermodynamic^.of base adsorption and 
BEC (base exchange capacity) of clays and syn­
thetic zeolites and anion exchange capacity (AEC) of 
resins. It will be seen that strong support for the 
mechanism proposed is obtained from (1) the equi­
librium constants and adsorption potentials result-

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) T. H. Milliken, G. A. Mills, and A. G. Oblad, “ Heterogeneous 
Catalysis,” Faraday Society Discussion, 279, No. 8 (1950); Volume 
III, “Advances in Catalysis,”  Academic Press, Inc., New York, N. Y .f 
in press.

ing from the theory proposed, (2) the general corre­
lation of the data, and (3) the explanation of the 
effects of ionic strength which hitherto have re­
mained obscure.

No attempt will be made here to discuss cation 
exchange by the sulfonated resin type of ion ex­
change medium. This type of cation exchange is 
well understood.

Discussion
Milliken, Mills and Oblad (MMO)’ associate catalytic 

activity of natural and synthetic alumina-silica and related 
acid catalysts with “ promoted”  structural changes on the 
surface of the catalyst. These changes are shown to corre­
spond to a shift in coordination of the aluminum ions in 
alumina “ micelles”  from the 6 -coordinated (octahedral) to 
the 4-coordinated (tetrahedral) forms. In the 6 -coordi- 
nated state the calcined catalyst is a potential Lewis acid. 
The catalyst is prepared in such a w'ay as to minimize the 
“ activation energy”  for the transformation. This is ac­
complished by forming the catalyst under conditions where 
the aluminum ions exist as extensively as possible in the 
4-coordinated or acid state by means of promotional in­
fluences of (cristobalite) silica and NH4+. In the calcining 
process NH3 and water are removed and the alumina conse­
quently goes over to the 6 -coordinated state. Because of 
the influence of cristobalite at the linear- interface between 
alumina and silica micelles and the fact that alumina in the 
original or precalcined hydroaluminum silicate is originally 
largely 4-coordinated, the system acquires appreciable strain 
or surface warp when the alumina contained therein goes 
over to the 6 -coordinated structure on calcination. The 
influence of this strain is to low-er the energy level of the

1
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transition state so that it becomes easier for the alumina to 
change over from the 6-coordinated to the 4-eoordinated 
state under the influence of basic materials. Under the 
(promoted) condition in which even a hydrocarbon may act 
as a free base toward the catalyst, however, stronger bases 
such as alkali, quinoline, etc., “ poison”  the catalyst by ren­
dering the 4-codrdinated state energetically more stable 
than the 6-coordinated one. In order that the catalyst 
remain spontaneously regenerative it is necessary for the 
6-coordinated state to be the more stable one; for catalytic 
activity, it is necessary for the energy difference between the 
two states to be sufficiently small that the surface may os­
cillate rapidly back and forth between the two structures 
under the influence of temperature and the weak base ad­
sorbate.

The warped or strained surface is one in which the sur­
face unsaturation is satisfied under the restrictions of 
limited mobility of a solid by sharing of the unsaturation 
bonds, between, for example, two sites on the unstrained 
structure. An adsorption site, represented by S, is thus 
broken into two joined sites (kinetically still a single site) in 
the transition to the higher energy level by adsorption of 
the weak base. The adsorption reaction m ay, therefore, 
be represented by the equation

S +  ( R : ) — »■ S 'R  — ( S ')  (1)

where R : is the (chemisorbed) radical or ion carrying the 
free electron pair. In the reaction of the alumina-silica 
catalyst with hydrocarbon, R : is the hydride ion ( H : ) - . 
The benefit of the catalyst then results from the rearrange­
ments which take place in the carbonium ion under the 
highly pclar environment of the catalyst surface. Here S 
represents the strained catalyst surface.

Mifliken, Mills and Oblad2 further showed that natural 
and synthetic hydroaluminum silicates contain “ acid”  
sites and that the catalytic activity of the calcined form of 
these materials is a function of this “ acidity,”  implying that 
the “ acid”  sites in the hydroaluminum silicates correspond 
to (but are not identical with) the seat of catalytic activity 
of the calcined catalyst. Greensfclder, d  al. , 3 have given 
a discussion of the reactions occurring on these “ acid”  
catalysts.

Milliken, Mills and Oblad2 also showed that base adsorp- 
lion by clays and synthetic hydroaluminum silicates is re­
lated to the number of “ acid”  sites in a one to one corre­
spondence with the active alumina content of the adsorptive 
material. They propose that base adsorption, like catalytic 
activity by aluminum silicates, involves a change of co­
ordination of the aluminum from a 6-state to a 4-state. 
They point out that base adsorption by these materials is 
related not only to the cation involved but is also dependent 
on the O H -  concentration. For example, the amphoteric 
nature of aluminum hydroxide, A l(O H )3, is related to the 
concentration of O i l -

AI(O H ), +  NaO H  NaAlOj +  2 LUO

The amphoteric nature of aluminum is not lost when alumina 
is combined with silica. However, according to the M M O  
model, the pH level at which the amphoteric or coordination 
shift takes place is lowered from 10-12 to 3 -4  or lower.

It is well known that BEC is related to pH. 
The conventional exchange equilibrium expressed 
by the equation
nSmMll+m) +  m M ,(«  m &,M 2<+"> +  raM1<+“ > (2)

however, does not account for the BEC. Here 
and M 2(+n) are two cationic species of 

charge + m  and -\-n, respectively, and the site S 
corresponds to the S" of equation (1) and carries a 
( —e) charge, where e is the electronic charge. It 
may be shown that the family of adsorption curves 
one obtains in the titration of a pure clay (usually 
referred to as H+ clay) represented at constant 
pH by the equation

0, =  f (A  m +” ) (3)

(3) B. Greensfelder, H. H. Yoge and G. M. Good, Ind. Eng.
Chem., 41, 2573 (1045).

may all be superimposed when plotted according 
to the equation

s =  !7(Am *n.Aon~  ) (4)

Here 9 is the fraction of S sites occupied by base, /  
is a function of the activity of the M +B alone and 
g is a function of the product (M +n) (OH- )" 
(yM+nYoH- )- Equation (3) at constant pH and 
equation (4) resemble the Langmuir isotherm except 
that they do not become constant at high base con­
centrations, instead experimentally 6 continues to 
increase slowly as the base concentration increases.

Equation (4) implies that base adsorption by 
clays is an “ ion-pair”  process and that BEC, there­
fore, depends not only on the exchangeable ion 
concentrations, but also on the hydroxyl ion 
concentration. We recognize three possible types of 
adsorption conforming to this condition, namely: (a) 
hydrated ion-pair adsorption, (b) hvdrated-de- 
hvdrated ion-pair adsorption, (c) dehydrated ion- 
pair (or free base-free acid) adsorption.

Type (a) involves only DDL (“ diffuse-double 
layer” ) adsorption and is perhaps best exemplified 
by K+OH-  adsorption on mercury resulting in the 
“ ideal”  electrocapillarity curve. It is clear that 
this type is not involved in base adsorption by 
clays. Type (b) involves the adsorption of one 
ion in the CDL (“ compact-double layer” ) in a de­
hydrated condition and the other in the DDL in a 
hydrated condition. The MMO model of clays 
indicates that this type of adsorption is involved in 
the extraction of bases from aqueous solutions by 
clays. Type (c) occurs prominently in cationic 
and anionic collectors and corresponding depressants 
in flotation,4-7 and in acid and base adsorption by 
wool.8 Cook and Wadsworth discussed these three 
types of acid and base adsorption and showed how 
free energy and selectivity considerations may be 
used to distinguish between them. The equivalent of 
model (b) was proposed for anion exchangers by 
Bishop9 and was implied by the equations for anion 
exchange capacity written by Kunin and Myers10 
and by Jenny.11

On the basis of the MMO model of clays one 
concludes that a pure (dialyzed) clay has no BEC; 
this property is acquired by the CDL adsorption 
(chemisorption) of OH- , according to the equa­
tion (1), specifically

S + O H - — > S O H -  (5)

where S represents an inactive site and SOH-  the 
active site. The symbol SOH-  is intended to im- 
ply no particular structure for the hydroxyl ion 
activated site. Reaction (5) allows the accumula­
tion of charge on the surface which in turn causes 
adsorption of the counter-ions (M+n) in the DDL.

(4) M . A. Cook and J. C. Nixon, T his Journal, 54, 445 (1950).
(5) M. A. Cook and A. W . Last, Utah Engineering Experiment 

Station Bulletin No. 47, 40; No. 14 (May, 1950).
(6) G. A. Last and M . A. Cook, “ Theory of Collector Depressant, 

Equilibria/’ This J o u r n a l , 56, 6 37 , 643  (1 9 5 2 ).
(7) M . E. Wadsworth, R. G. Conrady and M. A. Cook, This 

J o u r n a l , 5 5 ,  1219  (1 9 5 1 ).
(8) M. A. Cook and M . E. Wadsworth, Utah Engineering E xperi­

ment Station Bulletin No. 51, 41; No. 9 (May, 1951), part I.
(9 )  J . A. Bishop, T h is  J o u r n a l , 5 0 , 6  (1 9 4 5 ) ;  5 4 ,  6 9 7  (1 9 5 0 ).
(10) R. K. Kunin and R. J. Myers, ibid., 51, 1111 (1947)
(11) H. Jenny, CoUoid Sci., 1, 33 (1945)
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MMO pointed out that the dialyzed clay is really 
not a H + clay. They show that H+ must be ad­
sorbed, because of ionic dimensions, as a hydro- 
nium ion H30 +. The 4-coordinate structure of 
aluminum thus formed with Hs0 + as the positive 
ion is not a stable structure and shifts over to the 6- 
coordinate hydragillite form of alumina, the molecu­
lar composition being unchanged in this shift. 
Anticipating the results of the present treatment 
one finds additional evidence for this shift from po­
tential energy considerations. It will be shown 
that the OH~ adsorption potential on silica-alu­
mina is in the range 12-14 kcal., or at least has this 
value as a minimum. The DDL adsorption of H + 
would amount to less than 3 kcal. Hence, the 
sum of the CDL adsorption of OH and DDL ad­
sorption of H + probably is less than the potential 
for formation of water from OH“  and H , unless 
the lower limit given above differs by more than 3-5 

■kcal. from the true value which seems unlikely. 
Hence, the H + clay should be unstable. Thus, if 
the counter-ion to the SOIL- site were a H+, 
either water would form regenerating the S site, or 
the H+ would chemisorb to eliminate the surface 
charge depending bn whether the potential for the 
latter reaction were less or greater than that for 
free water formation. The work of MMO seems to 
establish the latter. The hydroaluminum silicate 
is acidic and one must, therefore, take into account 
the reaction

(Ah O H ) ^ A l  s o n -  +  h + (0)

The BEC is related directly to the concentration 
of SOH“  sites which by virtue of their ( — e) charge 
interact electrostatically with the hydrated counter­
ion M +n with a negative potential energy approxi­
mately — ne2/Dr. (D  is the dielectric constant and 
r the average or effective distance between the CDL 
and DDL). The formation of this DDL structure 
is described by the equation

n (S O H -) +  Y D » (S O II ,r .. .  M + -)  (7)

Equations (5), (6) and (7), together with the sur­
face site balance equation

So =  (S) +  (SH O H ) +  (SO ILr. . .M + » )  -  SOU '  (8)

constitute the conditions determining the BEC. 
The actual exchange reaction (2) may lie applied 
accurately only when all of these conditions arc 
simultaneously determined.

Anion Exchange Capacity (AEC).—While de­
tailed surface structure relations are unknown in 
this case the assumption is made that the same 
factors apply in determining AEC as in the BEC 
of zeolites. The equations in this case may be 
written as follows: For the CDL the important 
reaction in the polyamine resins is

R  +  H + ^ ± R H +  (9)

The surface charge may be removed by the reaction
(1UTOH) ^ A :  R H  + +  O H - (10)

implying the instability of the DDL when the 
counter-ion is the OH“ . This is the exact, counter­
part of the non-existence of the II + clay discussed 
by MMO. The third equation for AEC is the

DDL formation with exchangeable anions, namely 
« R H  + +  A  “ » ( R H  +. . . A< — >) (11)

The surface balance equation is, as before 
Ri =  (R ) +  (R H O H ) + - ( R H ,7 . . ,A < -”>) +  R H +  (12) 

Finally the anion exchange reaction is
■w(RH,L . ,A<-»>) +  /i B -“  ^ A :  n (R H + .. .B<-'»>) +  wA~'1

(13)
The g Function.—By introducing the appropriate 

equilibrium constants and solving equations (5),
(6), (7) and (8) simultaneously one obtains

where K u K, and K 3 are the equilibrium constants 
of equations (5), (6) and (7), respectively. K k is the 
dissociation constant of water, 6 = (SOH«. .. M +n) /  
»So, and 7 i, 7 2 , 7 s and y, are the activity coefficients 
of the sites SOH“  and SHOH, (S()H„ . .M n+) and 
S, respectively. The equilibrium constants are 
here defined as

K  i =  H soh- / A s-4oh-
Kl =  .lH+fSsOH-/AsHOH
Ki =  A m +»AngoH-/AsoH-n-• . M +'» (15)

A plot of the left side of equation (14) (all quanti­
ties of which are measurable) against « oh-  should 
give a straight line of intercept

and slope
S = (A im )«/»«-------  (17)

7 1

under conditions where the activity coefficients are 
constant. The condition under which I  and S are 
constants is that the total ionic strength of the 
aqueous solution must remain constant. This is 
not a ;prion obvious but will be shown to be true 
later in this paper.

The equations of this section all have their coun­
terpart in the corresponding anion exchange sys­
tems. These are

=  AVA-rto«/—

where 7 i, 7 2 , 7 3  and yr are the activity coefficients 
of the sites R H +, RHOH, (RHn + . . . A “ ") and R, re­
spectively, 8 is (RHn + . . .A ^ ni/Ra and the K ’s are 
defined as

K\ = A rir/A uAir
K-2 =  A oH-Arh+/ A rhOH (19)
A3 : AA-»A»RH+/A(RH+n • • ■ A -»

Base Adsorption on Clays.— The data of Mar­
shall, et al.,12-13 describing the titration of various 
dialyzed clay minerals by NaOH, KOH and NH4OH

(1 2 )  C . E . M a rsh a ll a n d  W . E . B e rg m a n , This Journal, 46, 52, 
3 2 7  (1 9 4 2 ) .

(1 3 )  C . E. M a rs h a ll  a n d  C . A . K r in b il l ,  xbiil., 46, 1072 (1 9 4 2 ).
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were studied in detail by Cutler and Cook . 14 For T a b l e  I
these bases equation (14) becomes C onstants of E q . 14a for B ase A dsorption by C lays

£ — g— J a m +Aoh-  =  K 'i  ^ A oh-  +  +  x v l

where K ’% = K 3y3/yi, K\ = K 2y2/yx and K\ = K r  
7 s/ ti. Values of (SOH- . . ,M +) were obtained by 
means of membrane electrodes12 and the original 
concentration of base before clay additions; val­
ues of So were determined semiempirically by Cutler 
and Cook . 14

log (OoH- +  K0).
Fig. 1.— Titration data of dialyzed Kaolinite, plotted accord­

ing to the logarithmic form of equation (14a).

Table I lists the value of »So, K '3 and (Kw/A Y  +  
/ K \) obtained from plots made according to equa-

Mineral

Sus­
pension
concn.,

% Base

So
(meq.

per 
100 g.
clay)

K'% X 
103

Ä w /A '2 +  
1/A 'V  

(X  10«»)
Kaolinite 10.0 NaOH 3.0 0 .6 100
Kaolinite 10.0 KOH 3.0 0 .6 8.3
Kaolinite 10.0 NH.OII 3.0 0.45 4 .5  X 101
Montmorillonite 2 .8 NaOH 100 5 .0 4 .0
Montmorillonite 1.0 NaOH 100 0 .6 5.0
M o nt morillonite 3.28 KOH 100 5.0 2.0
Montmorillonite 2.0 KOH 100 2 .5 4 .0
Montmorillonite 1.31 KOH 100 1.6 6 .2
Montmorillonite 3.0 NH.OII 150 8.0 0 .5
Montmorillonite 1.0 NH,OH 150 1.6 2 .5
Montmorillonite 0 .5 NH,OH 150 8 .0 5 .0
Beidellite 10.0 NaOH 95 10.0 1.0
Beidellite 7.0 NaOH 95 5 .5 9.0
Beidellite 11.42 KOII 95 9 .0 1.1
Beidellite 4.45 KOH 95 3 .5 3.0
Beidellite 1.14 KOH 95 1.0 10.0
Beidellite 8..0 NH,OH 95 3 .2 3 .0
Beidellite 5.0 NH.OII 95 1.9 5.3
Beidellite 1.0 NH.OH 95 0.25 40.0
lllite 10.0 NaOH 35 1.4 43.0
Illite 5.0 NaOH 35 0.55 90.0
lllite 10.0 KOH 35 2 .5 4 .0
Illite 5 .0 KOH 35 1.0 13.0
Illite 10.0 NH,OH 33 1.0 10.0
Illite 5.0 NH.OH 35 1.0 10.0

sible to evaluate the separate components in the 
first term of eq. (16) with the information so far 
developed. However, it may be possible to do so 
by carrying out appropriate calorimetric measure­
ments.

Anion Exchange Capacity in Polyamine Resins.
—For univalent anions in the DDL equation (18) 
becomes

A h* A  a-  =  A h-
Ti

KiyiKxr '-A'»
y tK i -/tKi

K i ’ (p)an* +  K ^ ß )K i{ß ) (18a)
tion 14a. In all cases the data were found 
to conform to this theory. A sample plot 
according to equation 14a is given in 
Fig. 1 for the titration of kaolinite by 
KOH, NaOH and NH4OH.

The observed magnitude of K \  is essen­
tially correct for the DDL formation poten­
tial, assuming that 7 3 / 7 1  ~  1.0. If it is 
assumed that AL/AY <C (AY)-1, and that 
7 3 / 7 1  ~  L0, the potential of OH-  adsorp­
tion would be 1 2  to 14 kcal. There is, of 
course, a possibility that the two constants 
are approximately equal. In any event it 
is clear from the data in the last column in 
Table I that 12 to 14 kcal. is a minimum 
for the CDL formation potential for OH~ 
on clay minerals. One thus obtains strong 
support for the type (b) adsorption mecha­
nism from the adsorption potentials de­
rived from the theory itself.

aH+ X  10s.
Fig. 2.— Adsorption of acetic acid on Amberlite IR-4OC0 plotted ac­

cording to equation (18a).

It is of interest also to note that the minimum 
potential for the chemisorption of H+ to give SHOH 
is 5-6 kcal. according to the data in Table I. The 
fact that this is greater than can be explained by 
the DDL potential adds further evidence in favor 
of the present theory. Unfortunately it is not pos-

(14) I. B. Cutler and M . A. Conk, “ Theory of Ton Exchange Re­
actions with Clay Minerals.” paper presented at April, 1952, Chi» ago 
Meeting of American Ceramic Soc.

where AY (a) =  K 3y3/yx and K 0(p) =  yxK w/y2K 2 
+  7 i /7 r A j. The constant A Y ( m) and K 0 at con­
stant temperature are functions of the total ionic 
strength. Figure 2 gives plots of the data of Bishop9 
for acetic acid on Amberlite IR-400 in buffered 
solutions of various ionic strengths plotted according 
to equation (18a) for an Ra of 5.5 meq./g. of resin. 
The variation in the slope of the curves of Fig. 2 with 
ionic strength is shown in Fig. 3, using data of
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T a b l e  II

E q u i l i b r i u m  C o n s t a n t s  f o e  A E C  o n  R e s in s

Acid Buffer Resin K,' A d' Rt (meq./g.)
CHaCOOH 0.0219 Amberlite IR -400 0 .01 7 5 .5
C H 3COOH .04 Amberlite IR-400 .055 1 .3  X  1 0 -« 5 .5
C H 3COOH .227 Amberlite IR-400 .16 1 .7  X  10"« 5 .5
C H 3COOH .453 Amberlite IR -400 .53 4 .1  X  10 - 7 5 .5
CHjCICOOII .1 Amberlite IR -400 . 11 3 .0  X  10-« 9 .5
HC1 1 . 0 Amberlite IR -4B .25 3 .0  X  10-« 9 .2
HC1 0. 1 Amberlite IR -4B .001 9 .4  X  10-» 9 .2
HC1 Amberlite IR -4 .00027 9 .2
ITjRO. Amberlite IR -4 .0453R 0l / ’ 10 .5

Bishop and Heymann and O’Donnell,16 in which we 
have plotted log K/ vs. /W*. This result is in 
accord with the theory as shown below and pro­
vides evidence for the validity of the present 
theory.

Effect of Ionic Strength.—From equation (17) 
for univalent exchangeable anions one obtains

S _  Krya _  fc7A_
7i

(17a)

Fig. 3.— Variation of K '3 in solutions of high ionic strength.

where k3 =  (A - ) (R H +)/(R H  + . . .A - ) is the 
ideal mass action constant. Since k3 does not 
vary with ionic strength it is clear that K '3 
should vary with ionic strength in exactly 
the same way as y.\~, f.e., at not too large 
ionic strength

log K*' =  c V  A +  c"  (20)

where c" is a constant (7). This is verified 
by the correlation shown in Fig. 3.

Defining kx, k2 and k, in the same manner 
as k% above, i.e., as the ideal mass action con­
stants, equation (16) may be written for the 
univalent exchangeable ion case as

1 =  ^ a- 7 h* ( | '  +  ¡ 0  (16a)

Wadsworth and Cook16 using data of Kunin and 
Myers17 and Bishop9 for chloroacetic acid, hydro­
chloric and sulfuric acid on Amberlite obtained ex­
cellent correlations by means of the present theory. 
Table II shows values of K 's, K 0 and R0 found in 
their study. The method of evaluation of K n(n) 
employed by Wadsworth and Cook makes use of 
the fact that, in the region J H* »  A’o(m), the 
slope of the log f(9) vs. log AH* curve is constant. 
(f(8) is used as an abbreviation for the left side of 
equation (18a).) Figure 4 exemplifies the results 
obtained by showing a plot of log f(0) v s .  A H * for 
H2S04.

Here equation (18) becomes

(18b)

In this case as in the case of HC1 on Amberlite 
IR-4, A h + is large compared with K 0(n) over the 
whole range of available data and one thus ob­
tains a straight line on the log f(d) v s .  log A h *  plot.

(15) E .  H e y m a n n  a n d  I. J. O ’ D o n n e l l,  Colloid Sci., 4, 395 (1949).
(16) M .  E .  W a d s w o r th  a n d  M .  A . C o o k ,  “ T h e o r y  o f  A d s o r p t io n  o n  

A n io n  E x ch a n g e  R e s in s ,”  p r e s e n te d  B o s t o n  M e e t in g  (A p r i l ,  1951), 
A m e r ic a n  C h e m ic a l  S o c ie t y ;  Bulletin o f the Utah Engineering Experi­
mental Station, 51, 41, No. 9 (1951), part II.

(17) R. K . K u n in  and R. J. Myers, “ I o n  Exchange Resins,” John 
Wiley a n d  S on s, I n c .,  New Y o r k , N. Y ., 1950.

We see, therefore, that K 0 is given by

« ') -* « • (&  + s) <211
Ko should thus varyas n'ft because of -yu +• Since 
I  =  fc37 A- -Ko, I  should be a linear function of the 
ionic strength.

The values of 7 obtained in the work of Wads-

Log aB+.
Fig. 4.— Adsorption of H 23 0 . on Amberlite IR -4, plotted 

according to the logarithmic form of equation (18b).
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worth and Cook are too small and the error in de­
termining the intercept too large to allow one to de­
termine any effects of ionic strength on the inter­
cept of the/(0) vs. A h +.

The effect of ionic strength on the BEC of clays 
is peculiar. It appears that the concentration of 
the clay suspension itself has a greater influence on

the value of the total BEC than the ordinary salt 
effect in the range of ionic strengths studied. The 
log/(0) vs. log .4qh~ plots for clay minerals at dif­
ferent suspension concentrations indicate that K 3y 3/ 
yi varies directly as the percentage of the clay sus­
pension. An explanation of this behavior was 
presented by Cutler and Cook.14

THE EFFECT OF EXCHANGEABLE BASES ON TIIE 
COLLOIDAL PROPERTIES OF BENTONITE1

By F. J. W illiams, M. Neznayko and D. J. W eintritt

l{esearch Lnhorataries, Hnrniil Sales D iv., National Lead C o., Houston, Terns 
Received July 22, 1952

Base exchange data were related to the colloidal properties of Wyom ing bentonite. This involved the examination of 
purified clays in terms of (1) the exchangeable sodium and calcium on the clay, (2) the effects of solutions of electrolytes on 
the properties of bentonite and (3) field application. In the absence of excess electrolytes the viscosity and filter loss are 
a function of the exchangeable sodium but the relationship is not linear. For systems containing sodium and calcium salts 
simulating field conditions, the viscosity and gel strength passed through maxima characteristic of flocculation phenomena. 
This corresponds to a sodium-calcium ratio of 4 0 /60  though high quantities of total salts may likewise cause flocculation. 
Filtration rate of the colloidal clay, measured under constant pressure, was an index of the stability of the system. Examina­
tion of a natural deposit on the basis of the above relationships provided a clue as to the tremendous variations in rheological 
properties of field samples. Practical applications of the data have been made. Through the establishment of a series of 
standard X -r a y  curves it has been found possible to estimate the per cent, of calcium and sodium of a field bentonite pre­
pared by the described washing method. Differential thermal analysis curves of the same purified bentonites show the 
effect of the transition from sodium to calcium type.

I. Introduction
The deposits of bentonite found in the Wyo­

ming-South Dakota area are generally considered 
to be the most abundant and the highest quality 
montmorillonite clays occurring in the United States. 
On close inspection, however, these clays harm 
been found to vary in their colloidal proper­
ties, even within the same deposit. Experience of 
the authors has shown that one of the most impor­
tant variables in bentonite is the make-up of the 
exchangeable bases. The literature shows continu­
ous investigation of base exchange2-6 but very few 
papers have had direct reference to the base ex­
change equilibrium conditions imposed by nature on 
the Wyoming-tvpe bentonites. Usually investi­
gators have given little attention to the previous 
history of the sample or the make-up of the ex­
changeable bases and excess salt. The omission 
of any one of these factors can prevent a complete 
understanding of the causes for variation of col­
loidal properties.

The purpose of this investigation was to analyze 
the general base exchange processes which are in­
volved in the massive sedimentary bentonite de-

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemis­
try of the American Chemical Society in Los Angeles, California, 
June 16-18, 1952.

(2) G. W. Brindley (E d.), “ X -R ay Identification and Crystal 
Structure of Clay Minerals,”  The Mineralogical Society, London, 1951

(3) C. W . Davis and IL C. Vacher, Revised by J. E. Conley, “ Bento­
nite: Its Properties, Mining, Preparation, and Utilization,”  T. P.
009, LT. S. Dept, of Interior, Washington, 1940.

(4) W. P. Kelley, “ Cation Exchange in Soils,”  Reinhold Publ. 
Corp., New York, N. Y ., 1948.

(5) C. E. Marshall, “ The Colloid Chemistry of the Silicate Min­
erals,” Academic Press, Inc., New York, N. Y ., 1949.

(6) W. F. Rogers, “ Composition and Properties of Oil Well Drilling 
Fluids,”  Gulf Publ, Co,, Houston, Texas, 1948,

posits of this area. Included was the preparation 
of purified homoionic clays as reference standards.

From the purified standards the effect of varying 
the exchangeable bases was established. The col­
loidal properties were determined and the purified 
clays were studied with X-ray and differential 
thermal analyses. The basic work was extended 
to include the effect of several electrolytes on the 
purified clays.

From these data the relative exchangeable base 
make-up of typical bentonite deposits was deter­
mined. Methods for the evaluation of those bento­
nites whose properties deviate from the best Wyo- 
ming-tvpe bentonite are suggested on a more quan­
titative basis than in the past .

Since the interest of the authors is primarily in 
the field of oil well drilling fluids, the standard test- 
methods of that industry were used throughout.

II. Materials and Experimental Methods
The bentonite samples used in this investigation were 

taken from known geological sections and may be described 
as being typical Wyoming bentonites.7 In the preparation 
of the purified bentonite samples a single batch of finely 
ground clay (9 8 %  through 200 mesh) was hydrated, aged 
and converted to the sodium type of leaching with one nor­
mal sodium chloride. The conversion technique was simi­
lar to that used by Hissink.8 B y conversion of the natural 
clay to the sodium type many of the normally rejected, 
large clay aggregates were dispersed prior to centrifugation and 
as a result were available. This method, in effect, gave a 
more average and thereby less selective clay with respect 
to particle size distribution. The bulk of the excess salt 
retained by the clay was removed by filtration and washing, 
the non-clay fraction was removed by centrifugation of a 
4 .7 %  suspension and the balance of the salt was removed by  
five successive treatments with resinous ion exchangers.

(7) From the properties of the Baroid Sales Division, National Lead 
Company, Colony, Wyoming.

(8) D. J. Hissink, Tram. Faraday So«,, 20, 5fil (1024).
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The pH was maintained between 7 and 11 throughout the 
process to avoid forming hydrogen bentonite.

Using the sodium bentonite prepared above, different 
mixed sodium-calcium bentonites were prepared by adding 
calcium chloride as a solution to the hydrated sodium clay 
in steps of 2 0 % , on the basis of the base exchange capacity. 
Excess salts were removed by filtration and washing. The 
final percentage of exchangeable calcium and sodium in each 
sample was determined by base exchange methods.9

The homoionic clays, thus prepared, were submitted to 
X -ray analysis10 and showed no structural change over the 
original clay.

After the preparation of the purified standards, calcium 
sulfate and chloride were added to the sodium montmorillo- 
nite for their effect on the colloidal properties. The salt 
solutions were added to the aged, hydrated clays to prevent 
incomplete hydration.

Collection of field samples involved tailing core-drill 
samples transversely across five deposits of bentonite of 
which one deposit is discussed in this paper. Geologic 
features such as depth of overburden, thickness of deposit, 
mineralogy of the bentonite bed and surrounding area were 
recorded.

The more important rheological properties were based 
on measurement of viscosity, zero and 10-minute gel 
strengths and filter loss.11 The filter loss was determined 
for each suspension because the data can be used to distin­
guish between flocculated and non-flocculated bentonite 
suspensions. The methods used are in accordance with 
API Code 2 9 .12 Prepared clay suspensions were aged for 
20 hours before testing except that electrolytes were added 
to suspensions several weeks old and aging was continued 
for 72 hours. Exchangeable bases and soluble salts were 
determined on the leachates from the base exchange deter­
minations.

The preparation of samples for X -ray spectroscopy in­
volved dipping a microscope slide into an aged, hydrated 
suspension and air drying. The dried sample was then 
placed in a desiccator maintained at 5 0 %  relative humidity 
and allowed to come to equilibrium. Samples were then 
run on a North American Philips High Angle Spectrometer. 
The (001) X -ray asymmetry values on the different bento­
nites were based on the Hendricks and Teller13 formula 
utilizing the technique and interpretation of R oth.14

The pH values of purified and field clays varied from 8.2 
to 9 .0 . No attempt was made to control this value since 
exchangeable base make-up was the primary criterion. All 
sample calculations are corrected to the dry basis.

III. Experimental Results and Discussion 
A. The Effect of Exchangeable Cations in the 

Absence of Electrolytes.— Chemicals and mineral- 
ogical analyses reported in Table I indicate that 
the sodium clay prepared from Wyoming bentonite 
was relatively pure. The base exchange capacity 
showed an increase from 81 to 94 meg./100 g., 
attributed primarily to removal of diluents identi­
fied as quartz, cristobalite and feldspar.

Figure 1 shows the effect of increasing exchange­
able calcium upon the viscosity and the filter loss of 
a 4%  suspension. These curves emphasize how 
dependent the rheological and structural proper­
ties are upen the relative amounts of calcium and

(9) M . Peech Ind. Eng. Chem., Anal. Ed., 13, 436 (1941).
(10) Courtesy of W . F. Bradley, Illinois State Geological Survey, 

Urbana, Illinois.
(11) Viscosity is determined at 600 r.p.m. in a calibrated Stormer 

Viscometer with the center baffle removed. The gel strength is the 
weight in grams necessary to just move the Stormer rotor. Yield is 
the No. of 42 gal. bbl. of 15 cp. suspension obtainable from 1 ton of 
clay. Filter loss is the volume of filtrate in cc. passing a 9-cm. filter 
paper in 30 min. under 100 p.s.i.

(12) API Code 29: Recommended Practice for Standard Field
Procedure for Testing Drilling Fluids with Appendix, Manual of 
Procedures for Laboratory Evaluation of Drilling Mud Materials, 
American Petroleum Institute, Dallas, Texas, 1950.

(13) S. B. Hendricks and E. Teller, J. Chem. Phys., 10, 147 (1942).
(14) R, 8, Roth, Thesis, University of Illinois, Urbana, Illinois, 

1951.

T a b l e  I

A n a l y s e s  o f  S o d iu m  B e n t o n it e  P r e p a r e d  fr o m  W y o m in g  
B e n t o n it e

Wyoming
Centrifuged 

sediu m
X-Ray diffraction, % bentonite bentonite

Major phase Mont. Mont.
Quartz 8 < 0 .5
Cristobalite 3 2-3°
Feldspar < 3 0

Chemical analyses, %

S i0 2 03 .20 .57,80
AhO, 2 0 .54 20 .5 9
FejO, 3 .51 3 .5 4
T i0 2 0 .1 5 0 .1 5
R 2O3 24 .2 0 2 4 .6 8
CaO 1.30 0 .3 9
M gO 2 .4 9 2 .6 6
N a20 2 .1 6 2 .7 2
K 20 0 .5 0 0 .2 3
SO3 .53 .18
c o 2 .30 .00
H 20  (110°) 7 .1 9 7 .42
II20  (900°) 5 .0 6 5 .1 7

Base exchange analysis (meq./100 g.)&

Base Exch. Cap. 81 94
Exchangeable Bases 

Oa 33 0 .5
Mg 22 0 .5
Na 24 93
K 2 0

Excess salts 
S 0 4 19 0
C 0 3 13 < 3
Cl 0 0

0 Possible clay spacing« 6 Ammonium acetate method
expressed on basis of dried clay

sodium. Generally, the sodium bentonite has high 
viscosity and low filter loss while the calcium bento­
nite has an expected low viscosity and high filter loss.

o'
o

tn
Fig. 1 .— Colloidal properties at 4 %  clay as a function of the

sodmntk-cah'ium ratio,
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The sodium bentonite adsorbed 40% of the base 
exchange capacity as calcium before a decrease in 
viscosity was noted. Filter loss did not appear 
affected until some 70% exchangeable calcium was 
present.

B. The Effect of Solutions of Calcium Sulfate 
and Calcium Chloride.—The possibility of finding 
a deposit of natural clay free of electrolytes is 
quite small. Though bentonites show tremendous 
variations in their properties due to the relative 
amount of each ion, base exchanged on the clay, 
they also are influenced by the presence of elec­
trolytes.

Figure 2 shows the effect of calcium sulfate and 
calcium chloride upon the colloidal properties of a 
4.0% suspension of hydrated sodium bentonite. 
With small additions of salt the viscosity passes 
through a minimum, which may be due to an elec- 
troviscous effect. In natural clays this initial vis­
cosity drop would be rarely observed since most 
natural clays, as indicated by the fine ruled area, 
have some excess salts already present. The vis­
cosity reaches a peak with the addition of 60 meq. 
of excess salt per 100 g. With the addition of about 
75 meq. the viscosity and gel strength begin to sta­
bilize while the filter loss increases abruptly.

Fig. 2.— Effect of calcium salts on the properties of sodium 
bentonite suspensions.

This abrupt change in the bulk structure of the
bentonite system as evidenced by the change from 
an unstable, uniformly dispersed system to a stable 
flocculated system has been previously noted.

Slabaugh,15 using hydrogen bentonite, showed that 
the point of transition from one system to the other 
occurs at a certain “ critical salt concentration.” 
The viscosity, gel strength and filter loss indicate 
that the critical salt concentration for the system is 
at 75 meq. per 100 g. Of interest is the apparent 
fact that up to 75 meq. per 100 g. of calcium re­
places sodium quantitatively. At this point the 
almost linear relation ends and the mass action ef­
fect becomes increasingly pronounced.

Other data show that clay concentration has no 
appreciable effect on the completeness of the base 
exchange reaction.

Figure 3 is a plot of the viscosity and filter loss as 
a function of exchangeable calcium. In A no ex­
cess salts are present, while in B there was a contin­
uous addition of calcium sulfate. At 65% ex­
changeable calcium the precipitating reaction 
reached a maximum as indicated by the peak in B. 
A manifestation of this reaction is the abrupt in­
crease in filter loss at the same point. This indi­
cates a disruption in the effective volume of the 
solvated particle.

Fig. 3.— The effect of calcium sulfate on the properties of 
hydrated bentonite.

C. Properties of Natural Wyoming Bentonite.
— For any bentonite it has been shown that the 
rheological properties can be made to vary tre­
mendously by adjustment of the ratio of exchange­
able monovalent to divalent ions. And it has 
been further illustrated that a build-up of excess 
salt will have an additional effect beyond that due 
to the cation alone. The importance of electro­
lytes and their related effects on the occurrence 
and properties of clay are discussed by Rankama 
and Sahama.16

To observe the transition in physical properties 
with a continuous bentonite bed, five deposits were 
investigated. Their properties were obviously af­
fected by the depth of “ protective”  overburden 
and they were therefore related to that dimension.

(1 5 )  W . H. Slabaugh and J. L. Culbertson, T h is  J o u r n a l , 5 5 ,  
744 (1951).

(16) K. Rankama and Th. G. Sahama, ‘ ‘Geochemistry,” The Uni­
versity of.Chicago Press, Chicago, 111., 1950, Ch. 5.
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SAMPLE POSITION IN DEPOSIT, FEET.

Fig. 4.— The variation in properties of a natural Wyoming 
bentonite as a function of overburden.

T h e  d ata  o f F ig . 4 g ive  som e o f the variations w hich  
occu rred  w ith in  a  single deposit. T h e  y ie ld s and 
gel strengths varied  in versely  w ith  the overbu rden . 
T h e  exchangeable sod iu m  an d  calcium  plus m ag­
nesium , and the excess salt as su lfate and carbon ate 
v a ry  in a sim ilar m anner. F o r  exam ple, there were 
6 m eq ./lO O  g. o f  excess salt in the center o f  th e  de­
posit w here th e  overbu rden  w as greatest and 38 and  
31 m eq ./lO O  g. at either o u tcrop . T h e  10-m in. gel 
strength fo r  the sam e d ep osit w as zero a t th e  center 
and 90 and  110 g . a t the ou tcrop s . T h is  is sim ilar 
to  the results obta in ed  w ith  the purified system  re­
p orted  in F ig . 2.

F or  th e  purpose o f  this investigation  it has been 
fou n d  practica l to  consider th e  exchangeable ca l­
cium  and m agnesium  fou n d  in  th e  field clays as 
com plem en tary  to  each  oth er and o f equal e ffective ­
ness.

D. Exchangeable Bases and Structural Rela­
tionships between the Purified Bentonites and the 
Natural Bentonites.— T w en ty -sev en  sam ples were 
studied  from  five deposits and w ere fou n d  to  have 
from  35 to  6 7 %  o f th e  exchangeable  bases as cal­
cium  and m agnesium . In  relation  to  the purified 
system  these figures p lace th e  average W y o m in g  
b en ton ite  in  the 40 to  6 0 %  exchangeable  calcium  
range. T h is  is th e  range w here the purified clays 
show  the greatest am ou n t o f  in stab ility  so th at 
sm all changes in  th e  am ou n t o f ca lciu m  or sod ium  
can induce large changes in the rheolog ica l proper­
ties.

The yield values of purified clays for the same

quantities o f exchangeable ca lcium  and sod iu m  are 
con siderab ly  higher than  the y ie ld  o f  the field clays. 
M u ch  o f the difference is due to  w eigh t d ilu tion  o f 
th e  co llo ida l fraction  b y  such m inerals as quartz, 
feldspar, m ica  and  gypsu m . T h e  properties are 
also in fluenced b y  the vary in g  am ou n ts o f  soluble 
salts depending on  w hether th ey  are added  before  or 
a fter h yd ration  o f the clay . T h e  excess salts also 
cause an appreciab le  effect on  X -r a y  structure cor­
relations as w ill be show n later.

I t  w as observed  in  the y ie ld  curves o f  F ig . 4 
th at oven  dry in g  at 110° to  com p lete  dryness 
caused an apparently  perm anent decrease in y ield . 
Unless the previou s h istory  o f  a sam ple is know n the 
rheologica l properties o f  a n y  g iven  c la y  w ill n ot 
necessarily  b e  reprodu cib le . I t  has been  suggested 
b y  M arshall6 th at the various exchangeable  bases 
b ecom e  attached  to  the clay  la ttice  on  dry in g  or heat­
in g  b u t that fo r  sod ium  and ca lcium  the process is 
essentially reversible under the proper con d itions. 
A ir  dry in g  to  the equilibrium  va lu e  o f abouA 1 0 %  
m oistu re from  an original 2 7 %  m oistu re apparently  
does n ot cause perm anent fixation  o f the ions and 
the clays return to  their form er va lu e  w ith  the 20- 
h ou r aging.

F igure 5 show s the X -r a y  spectrom eter tracings 
from  the series o f  purified m on tm orillon ites. T h e  
correspon d in g  num erical data  are g iven  in T a b le  II . 
T h e  progressive change as ca lcium  is su bstitu ted  fo r  
sod ium  is readily  ev iden t a lthou gh  n ot linear in 
nature. Id ea lly  the sod ium  m on tm orillon ite  w ou ld

Fig. 5.— -X-R ay spectrometer tracings of homoionic and di- 
ionic montmorillonites.
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have a “ single water layer”  resulting in an (001) 
spacing of 12.4 A. and an asymmetry of 1.0 while 
calcium montmorillonite would have a “ double wa­
ter layer” and corresponding values of 15.4 A. and
1.0. These conditions were not achieved by aging 
the samples at 50% relative humidity. In the di­
ionic clays the major ion predominates in influence 
on the (001) d value.

T a b l e  II

X -K ay  D a t a ON THE P urified ( ¡lays
lCxch. Y ie ld , (OUI) (001)

C a 15 cp . K a t io , S p a c in g , A s y m ­
%  B E G bbl./t. C a /N a A. m e t r y

0 182 0 12.6 0 .63
20 182 0 .2 5 12.9 0 .3 3
40 182 0 .6 7 13 .4 0 .5 7
60 152 1 .50 14.9 1 .44
80 88 4 .1 0 15.3 1 .50

100 42 CO 15.7 0 .7 8

excess salt before drying. The X-ray data in Ta­
ble III for field samples R3 and R5 show this to be 
the necessary procedure to get correlation with the 
corresponding data of the purified clay. The im­
portance of this procedure can be realized upon 
comparison of X-ray data in the “ Excess Salt Pres­
ent” column and the “ Salt Free”  column of Table
III. Note the uniformity of the X-ray data prior to 
washing as opposed to the actual physical proper­
ties.

These data point out that X-ray analyses of field 
clays can be misleading with regard to the actual 
calcium-sodium on the hydrated clay if an electro­
lyte phase is involved. The error will be equally as 
great if an attempt is made to correlate X-ray data 
from dry powder samples since rheological data are 
determined in relatively dilute systems and there­
fore the solubility of the non-clav diluents such as 
gypsum will affect the properties.

T a b l e  I I I

X - R a y  D a t a  o n  t h e  F ie l d  B e n t o n it e s

Excess salt present _ Salt free

Sample
No.

Exsh. 
Ca +  Mg 
%  BEG

Yield, 
15 cp. 
bbl./f.

Air-a 
dried 
ratio, 

Ca +  Mg 
Na

Spac­
ing,
A.

(001) Line

Asym­
metry

Est. 
Ca, %

Air-° 
dried 
ratio, 

Ca +  Mg 
Na

Spac­
ing
A.

(001) Line

Asym­
metry

Est. 
Ca, %

R1 67 . 125 0 .2 2 12.7 0 .4 4 10 2.01
R2 49 95 .37 12.8 .30 20 0 .9 6
R3 37 101 .51 12 .8 .30 20 0 .5 9 13.8 0 .6 9 40
R4 54 105 .30 12.8 .41 15 1.17
R5 50 129 .18 12.7 .44 10 1 .00 14.7 1 .87 55

“ Calculated from base exchange analysis. The Ca +  M g /N a  ratios indicate provable conditions on sample used for 
X -ray analysis before and after washing.

In the correlation of d spacings and asymmetry 
values of the purified clays of known exchangeable 
sodium-calcium content with those of the field 
clays it was found that the latter clays had from 0 
to 20% calcium in the exchange positions. Base ex­
change analyses, however, showed that the field 
clays were in the 40 to 60% range and that for the 
quantities of salt involved all of the calcium should 
be in exchange positions on the clay as was shown 
above. The cause for the high exchangeable so­
dium as determined by X-ray was apparently due 
to concentration of the excess sodium salt on drying 
the hydrated field clay down at 50% relative humid­
ity. Thus, it would appear that the mass action 
effect of the concentrated sodium salt forced substi­
tution of calcium by sodium in the lattice with the 
precipitation of CaC03 and CaS04.

To verify this effect, the ionic ratios of hydrated 
field clay were “ fixed”  by washing the clay free of

The differential thermal analysis curves for the 
purified clays do not show the characteristic double 
peak of calcium montmorillonite until 40 per cent, 
calcium is present. The DTA curves of the two 
field samples show additional influence due to mag­
nesium and therefore do not correlate as closely 
with the standard curves as would be desired. More 
check points intermediate to the present five sam­
ples also would be desirable. The triple peak evi­
dent at 105 to 190° possibly indicates that the 
magnesium water is coming off at a slightly lower 
temperature than that of the sodium and calcium.
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X-RAY DIFFRACTION STUDIES IN THE SYSTEM
Al20 3-Sn02-Ti( )21 2

By W. 0. M illigan and B. G. Holmes

The Rice Institute, Houston, Terns 
Received July 22, 1952

Sixty-six gels corresponding to every ten mole per cent, in the ternary system AljOj-SnO j-TiOs were simultaneously 
precipitated by the addition of an excess of water to mixtures of alcoholic solutions of t he appropriate amounts of aluminum, 
stannic and titanium alcoholates. The gels were washed free of excess alcohol, heat-treated for two-hour periods at tem­
perature levels of 400, 600, 800 and 1000°, and examined by standard X -ray diffraction methods. In the ternary diagram cor­
responding to heat treatment at 400°, four principal composition regions were observed. At the vertices of the diagram 
the X-radiograms of y-ALOs, SnOj and anatase were observed, respectively. A large area of the ternary diagram corre­
sponded to “ amorphous”  type X-radiograms. The coinposition region high in SnOo (and intermediate in TiCb) yielded 
X-radiograms consisting of extremely broad bands, characteristic of the isomorphous SnOo-TiCL structure. A t the 600° 
temperature level the “ crystalline”  regions increased in area at the expense of the “ amorphous”  region. A t the 800° tem­
perature level the same trend continued and two very small amorphous regions remained. In the high titania region, mix­
tures of anatase and rutile were encountered, as well as mixtures of rutile and SnCL. On the T i0 2-S n 0 2 leg of the ternary 
diagram, definite evidence of solid solution was observed. A t the 1000° temperature level the samples gave sharper X -  
radiograms and the amorphous area completely disappeared. The phenomenon of mutual protective action against crystal­
lization, previously observed in this Laboratory, occurs at the 400, 600 and 800° temperature levels and was especially 
evident in the AI2O3—S n 02 leg in which two zones of mutual protection were very distinct at 800° in confirmation of earlier 
results obtained for ALOa-SnO» gels prepared from inorganic reagents. In the system ALOj-TiO*, some extra diffraction 
lines were observed at the 800° temperature level, which became more prominent at 1000 and 1400° and suggested the 
possibility of compound formation.

Introduction
Simultaneously precipitated mixtures of two or 

more oxides exhibit after heat treatment several 
phenomena such as: (a) the product may consist of
a.simple mechanical mixture of the separate oxides 
possessing th e additive properties of each constituent; 
(b) the presence of one or more oxides may retard 
or prevent the crystallization of the other, resulting 
in enhanced surface properties; (c) a solid solution 
may occur; or (d) some combination of those proc­
esses may take place. For a survey of previous 
work concerning hydrous oxide systems and com­
position zones of mutual protection, consult ref.
(2 ). Little information is available concerning 
mutual protection in ternary oxide systems. In 
this Laboratory, 6 6  gels in the system Xi0-C r20s 
Zr02 were examined by X-ray diffraction methods 
at a temperature of heat treatment at 500°.3 In 
the ternary diagram, a large “ amorphous”  compo­
sition region was observed. It is the purpose of 
this present paper to extend these results to the ter­
nary system Al20 3 -Sn0 2-T i0 2 at several tempera­
ture levels of heat treatment. In previous studies, 
the presence of inorganic impurities have led to 
complications and in this work the gels were pre­
pared by hydrolysis of alcoholate solutions in order 
that inorganic impurities may be minimized.

Experimental
Preparation of Samples.— Sixty-six gels were prepared, 

corresponding to every ten mole per cent, in the ternary 
system AljOj-SnO r-TiO j.

Solutions of aluminum isopropylate (0.0631 g. of A120 3 per 
m l.), titanium ethylate (0.0656 g. of T i0 2 per m l.) and stan­
nic ethylate (0.0236 g. of SnO-. per m l.) in absolute ethyl 
alcohol were mixed under anhydrous conditions in one com­
partment of a rapid mixing device.4 The aluminum and

(1) Presented before the twenty-sixth National Colloid Symposium 
Which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) H. B. Weiser, W. O, Milligan and G. A, Mills, This Jourhai., 
52, 942 (1948).

(3) W. O. Milligan and L. M, Watt, ibid., 52. 230 (1948).
(4) Hi B, Weiser and W. Q. Milligan, i b i d , , 40, 1071 (19,10),

titanium alcoholates were the purest available commercial 
products and the stannic ethylate was prepared according 
to the procedure of Theissen and Koerner.5 An excess of 
distilled water was placed in the second compartment of t.he 
rapid mixing device. The solutions were then mixed as 
rapidly as possible and the mixed oxides were washed sev­
eral times on a buchner filter with water, acetone and finally 
with water. This procedure removed most of the adsorbed 
alcohol.

The air-dried samples were ground in an agate mortar 
and were heat-treated for two-hour periods at temperatures 
of 400 , 600, 800 and 1000° in a thermostatically controlled 
electric furnace in an atmosphere of dry nitrogen.

X-Ray Analysis.— X -R a y  diffraction patterns were ob­
tained by standard methods, using copper K a  X-radiation. 
A nickel foil beta filter was employed with an exposure time 
of six to (fight hours. Some of the results are .summarized 
in Figs. 1 -3 .

Results and Conclusions
Heat Treatment at 400°.— At the temperature 

level of 400° the X-radiogram of pure alumina 
consisted of broad bands corresponding to the
7 -AI2O3 pattern. Area A represents the composi­
tion of the system where only 7-AI2O3 patterns were 
detected. Both stannic oxide and titania exhibited 
mutual protective action with the alumina. How­
ever, stannic oxide inhibited the crystallization of 
alumina more than it did the titania.

Area B corresponded to the samples which were 
amorphous to X-rays. In this region alumina in­
hibited the degree of crystallization of anatase 
much more than it did the stannic oxide. When 
stannic oxide was mixed with approximately equi­
molar amounts of titania and alumina, crystallinity 
increased; whereas stannic oxide mixed with only 
30% alumina did not crystallize as well.

Area C consisted of samples which gave X-ray 
patterns corresponding to the anatase form of ti­
tania. It was observed that as little as 10% stan­
nic oxide favored the rutile form of titania and at 
the approximate composition of 80% titania and 
2 0 %  stannic oxide the anatase pattern disappeared 
and the stannic oxide or rutile pattern appeared.

(5 ) P . A. THiessen and O, K oerner, Z, einorg. alio***- Chem., 105, 
83 (1931).
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1 00%  T i()2

100%  A120 3 100%  S n 02
Fig. 1.— The AI>03- T i 0 2-S n 0 2 system heat treated at 

400°. The areas correspond to: A, 7 -alumina; B, amor­
phous; C, anatase; D , stannic oxide-titania.

100%  T i0 2

Fig. 2.— The Al20 3- T i 0 2-S n 0 2 system heat treated at 
600°. The areas correspond to: A, 7 -alumina; B, amor­
phous; C, anatase; D , stannic oxide-titania.

Alumina greatly inhibited the crystallization of 
anatase inasmuch as no bands of anatase or y- 
AI2O3 could be detected at a composition of 90% 
titania and 10% alumina.

The samples corresponding to the composition 
illustrated in area D gave the stannic oxide pat­
tern. It was observed that a composition of 90% 
stannic oxide and 10% titania had a tendency to be 
amorphous whereas throughout the remaining area 
the patterns of stannic oxide were relatively sharp. 
In the area corresponding to the range of composi- 
sition of 10% thania and 90% stannic oxide to ap­
proximately 80% titania and 20% stannic oxide 
slightly shifted diffraction lines of stannic oxide 
were found. This indicated the possible formation 
of a solid solution of titania and stannic oxide. It 
was noted that the Sn02-T i0 2 system possessed

100%  T i0 2

phous; C, stannic oxide-titania; I, 7 -alumina +  anatase, 
I I : rutile +  anatase; III, rutile; IV , rutile +  stannic oxide.

properties similar to those of the dual oxide systems 
investigated by Passerini6 in which he reported 
solid solution formation. This phenomenon was 
further investigated and will be described below.

Heat Treatment at 600°.—It was found that 
area A had increased slightly on heating to 600°. 
The 7 -AI2O3 patterns were sharper and no lines of 
stannic oxide or titania were detected superim­
posed in the 7 -AI0O3 patterns.

Area B, the amorphous area, had decreased con­
siderably with increased heating. Alumina exerted 
a greater influence on the crystallization of titania 
than it did on the crystallization of stannic oxide. 
Approximately equimolar amounts of stannic ox­
ide, titania and alumina crystallized as readily as 
the dual oxide composition of 30% alumina and 
70% stannic oxide; these results differ greatly from 
the results obtained from the 400° heat-treatment.

Area C corresponding to the anatase form of ti­
tania became considerably larger on increased heat­
ing at the expense of the amorphous area. In this 
case, the influence exerted on the crystallization of 
anatase by alumina was markedly different than in 
the, 400° case. The alumina did not inhibit the 
crystallization of anatase appreciably until a com­
position of approximately 80% titania and 20% alu­
mina was reached. The transition point between 
the anatase pattern and the rutile or stannic oxide 
pattern remained essentially unchanged on in­
creased heating.

Area D became larger on increased heating and 
the same mutual protection which was observed 
earlier at the composition of 90% titania and 10% 
stannic oxide was noted. The stannic oxide pat­
tern clearly indicated a shift in lattice constants in 
the composition range of 90% titania and 10% stan­
nic oxide to 90% stannic oxide and 10% titania.

An interesting phenomenon was observed in 
Area D with respect to the dual oxide system A120 3-  
T i02. When 10% alumina was added to 90%

(6) L. Passerini, Gaze. chim. ital., 60, 535 (1930)
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stannic oxide only weak broad bands of stannic 
oxide were detected; however, superimposed in the 
broad bands were spots which indicated the pres­
ence of larger crystals of stannic oxide. The ap­
pearance of larger crystals mixed with the smaller 
crystals of Sn02 was observed throughout the range 
of composition of 90% stannic oxide and 10% alu­
mina to 70% stannic oxide and 30% alumina. A 
further study of this phenomenon and the forma­
tion of the solid solution of T i0 2-Sn0 2 was made 
after heat treatment at 800°.

Heat Treatment at 800°.— On heating to 800°, 
the area corresponding to 7 -alumina had become 
smaller with the 7 -alumina patterns becoming much 
sharper. However, Y-alumina bands were observed 
superimposed with rutile bands throughout the 
range of composition from approximately 25% ti­
tania and 75% alumina to 45% titania and 55% 
alumina. No mixed patterns of 7 -alumina and 
stannic oxide were detected.

At 800° the anatase form of pure titania is trans­
formed to the rutile form which is isomorphous 
with stannic oxide. In the area corresponding to 
rutile +  anatase, mixed patterns of rutile and ana­
tase were observed. Alumina apparently exerted 
enough influence on the titania to stabilize the 
anatase form to a greater extent than was indicated 
in the pure titania, even though the strongest line 
of anatase was present in the pure titania sample. 
This and the possible formation of a compound is 
elaborated on further in the discussion of Fig. 1.

The area corresponding to rutile can be subdiv­
ided into four areas: (I) the area corresponding to 
the mixed patterns of 7 -alumina and rutile, (II) 
the area corresponding to the mixed patterns of 
anatase and rutile, (III) the area corresponding to 
the pure rutile pattern and, (IV) the area corre­
sponding to the mixed isomorphous patterns of 
stannic oxide and rutile. It was noted that in 
area (III) the rutile form of titania was greatly 
favored by the presence of small amounts of stan­
nic oxide.

The area corresponding to the samples which 
gave the stannic oxide pattern had greatly increased 
on heating and were interrupted by two small zones 
of composition in which the samples were essen­
tially amorphous to X-rays. The amorphous areas 
and the solid solution phenomenon are discussed 
along with Figs. 2  and 3.

Figure 1 illustrates the dual oxide system Sn02-  
T i02. The compositions 80% titania and 20% 
stannic oxide and 70% titania and 30% stannic 
oxide gave mixed patterns of stannic oxide and ru­
tile. At compositions 60% titania and 40% stan­
nic oxide, and 50% titania and 50% stannic oxide 
mutual protection was at a maximum. These 
patterns were broad bands corresponding to the 
stannic oxide pattern. Mutual protection was not 
observed again until a composition of 90% stannic 
oxide was reached.

In the range of composition from 60% titania 
and 40% stannic oxide to 10% titania and 90% 
stannic oxide solid solution was found which gave 
an X-ray pattern corresponding to the stannic ox­
ide structure. Rutile and stannic oxide are isomor- 
phous structures which crystallize in the tetragonal

system. Figure 4 represents the lattice constants 
plotted against the composition of the solid solu­
tion. In determining these lattice constants Coh­
en’s7 method was used.

3.25

3.15

3.05 '

2.95

Fig. 4.— Lattice constants of rutile and stannic oxide plotted 
against mole per cent.

The dotted portion of Fig. 4 indicates how the 
curves would appear if the dual oxide system Sn02-  
T i0 2 was completely miscible throughout its entire 
range of composition. However, at a composition 
of approximately 40% stannic oxide and 60% ti­
tania two phases appear with X-ray patterns cor­
responding to the (T i0 2-Sn02) pattern and the pure 
rutile pattern.

Figure 2 illustrates the dual oxide system A120 3-  
T i02, in which two zones of mutual protection were 
observed. The first zone detected was in the range 
of composition from 80% alumina and 2 0 %  titania 
to 50% alumina and 50% titania. The second 
zone of mutual protection was noted at the compo­
sition of 2 0 %  alumina and 80% titania.

It was observed that X-ray patterns of 40% 
alumina and 60% titania, and 30% alumina and 
70% titania consisted of lines of rutile and anatase 
plus some extra lines of unknown origin. These 
two samples were later heated to 1400° for two 
hours under nitrogen. On further heating the ana- 
tase-rutile mixed pattern disappeared and no a- 
AI2O3 lines were detected; however, a sharp pattern 
of the unknown compound was found which is not 
listed in the A.S.T.M. X-ray index file. Identifica­
tion of this new phase must await further studies.

An illustration of the dual oxide system A120 3-  
Sn02 is given in Fig. 3. A study of this system was 
made earlier by Weiser, Milligan and Mills. 2 The 
earlier samples were prepared from inorganic salts 
and heated to 565°. It was noted in the samples 
prepared from metallic alcoholates and heated to 
600° only one amorphous zone, which occurred be­
tween the approximate compositions 85% alumina 
and 15% stannic oxide, and 35%, alumina and 65% 
stannic oxide, was detected. On increased heating 
to 800° the oxide system prepared from the alco­
holates behaved very similarly to the system de­
scribed by Weiser, Milligan and Mills in that two 
zones of maximum mutual protection were detected. 
One zone occurred at the composition of 40% alu­
mina and 60% stannic oxide and the other zone oc­
curred at a composition of 80% alumina and 2 0 %  
stannic oxide.

It was noted that when the oxides were prepared
(7) M. U. Cohen, Rev. Sci. Instruments, 6, 68 (1935).
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from their metallic alcoholates two stannic oxide 
crystal sizes were detected at the compositions of 
10% alumina and 90% stannic oxide, 20% alumina 
and 80% stannic oxide, and 30% alumina and 70% 
stannic oxide. The sample 20% alumina and 
80% stannic oxide, contained the maximum 
amount of the larger type crystals indicating that 
20% alumina had a markedly enhancing effect on 
the growth of larger stannic oxide crystals. This 
phenomenon was not observed in the work of 
Weiser, Milligan and Mills.

Heat Treatment at 1000°.—A preliminary study 
was made on the system heated to 1000°. The 
results were very similar to the results obtained 
after the 800° heat treatment with the following 
exceptions : (a) the amorphous area had completely 
disappeared ; (b) all the samples gave much sharper 
X-radiograms ; (c) titania was completely trans­
formed to its most stable form, rutile; (d) the 
zones of mutual protection previously observed 
at the lower temperature levels were not detectable.

The results obtained in the ternary system A120 3-  
SnOî-TiOî are in agreement with the general con­
clusions concerning the existence of multiple com­
position zones of mutual protection against crys­
tallization which have been set forth in earlier pa­
pers.

DISCUSSION
A x o n .— Did you make any particle size measurements in 

the amorphous regions?

W . O. M il l ig a n .— W e made no attempt to do so. W e  
were working with nearly 300 samples and could not study 
extensively each individual one. Such measurements 
would be of value. The question as to whether these ma­
terials are poorly crystalline or truly amorphous would

have to be considered. Some of our patterns did appear to 
be of the truly amorphous type.

A n o n .— I am on your side! I believe you do have 
amorphous regions.

W . O. M il l ig a n .— I have been on both sides at different 
times.

A x o n .— W hen you hydrolyzed the alcoholates did you 
proceed next merely to heat the wet oxide sample mixtures?

\V. O. M il l ig a n .— No. The samples were washed 
successively with water and acetone and finally with water, 
and were then air-dried, prior to heat treatment at elevated 
temperatures.

A x o n .— Did the nature of this treatment, and other fac­
tors, such as pH value, affect the location of the zones of 
mutual protection?

W . O. M il l ig a n .— Although such systematic studies 
have not been made, we would expect all such factors to 
influence the results.

A n o n .— Is there any evidence of a relation between the 
zones of mutual protection and stoichiometric ratios of the 
oxides?

W . O. M il l ig a n .— Certainly no simple relation exists.

A . L. M cC l e l l a n .— W hy are two amorphous zones 
observed in the AlaOj-SnOa leg of the triangle and not in 
the other two legs?

tV. O. M il l ig a n .— A t 800° temperature level, two amor­
phous zones were found in the AbCh-SnCh leg, whereas in 
the other two legs, all of the samples were crystalline, at 
least in part, and two zones of mutual protection were 
detected, in which the degree of crystallinity was markedly 
decreased.

It. D . V o l d .— Did you carry out any studies of the effect 
of different rates of cooling on the properties of these ma­
terials?

W . O. M il l ig a n .— In our work, all such variables were 
held strictly constant. However studies of the type you 
mention would be of great interest.

SPECIFIC HEAT OF SYNTHETIC HIGH POLYMERS.
II. POLYHEXAMETHYLENE ADIPAMIDE AND SEBACAMIDE1

By E. C. W ilhoit2 and Malcolm Dole

T he C h em ica l L abora tory  o f  N orth w estern  U n iversity , E vanston , I ll in o is  
Received July 22, 1952

Data are given for the specific heat of ribbons and of undrawn and drawn filaments of 6-6 Nylon as well as of annealed 
6-6 Nylon from room temperature to 280°. The results of a similar study of 6-10 Nylon in ribbon form are also included as 
well as data for three monomeric analogs of Nylon. N o heats of transition can he detected at the temperature of the second- 
order transition, 47°, but a slight heat of transition of the order of 1 cal. g ._1 has been observed for the crystal structure 
change at 165 °. B y estimating the heat of fusion of perfectly crystalline Nylon from the data on the monomeric analogs, 
it was possible to calculate the degree of crystallinity of the different forms of Nylon over the whole temperature range. 
The undrawn filaments were the least crystalline and the annealed Nylon the most crystalline at room temperature, but at 
220°, the drawn filaments were more crystalline than annealed Nylon. The crystallinity increases from about 160 to 220° 
at which temperature it passes through a maximum.

Introduction
The data on two polyamides and three monomeric 

analogs contained in this paper represent the second 
contribution in a series devoted to the measure­
ment and interpretation of specific heat data on 
synthetic high polymers. The first paper,3 on

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 16- 
18, 1952.

(2) A. E. C. Predoetoral Fellow, 1949-195].
(3) M. Dole, W. P. Hettinger, Jr., N. Larson and J. A. Wethington, 

Jr., J. Chem. Phys., 20, 781 (1952).

polyethylene, contained in addition to the thermal 
measurements, calculations of the degree of crystal­
linity and a statistical theory of crystallite length.

Magne, Portas and Wakeham4 determined the 
average specific heat of Nylon over the temperature 
range —4.5 to +28.5° with an estimated average 
error of about 1% (actual fluctuations in several 
cases amounted to 3 to 5% from the mean). These 
authors also refer to an average value of 0.555 for 
the specific heat over the temperature range 20 to

(4) F. C. Magne, H. J. Portas and H. Wakeham, J. Am. Chem. 
Soc., 69, 1896 (1947).
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250°. None of these results shows in detail how 
the specific heat changes with change of tempera­
ture. The time-temperature cooling curves of a 
number of polyamides were studied by Baker and 
Fuller5 but such measurements are too crude to 
calculate from the data the finer details of changes 
in the specific heat. Furthermore, super-cooling 
enters in to complicate any attempted interpreta­
tion of the results. It was to fill a significant gap 
in knowledge of the thermodynamics of Nylon that 
this research was undertaken.

Experimental
Materials.— The various samples of 6 -6  and 6 -10  nylon, 

polyhexamethylene adipamide and polyhexamefhylene 
sebacamide, in the form of ribbons, undrawn and drawn 
filaments were kindly supplied to us by D r. C . E . Black of 
the Rayon Technical Division, E . I . du Pont de Nemours 
and Company in 1947. The following information ac­
companied the samples.

6 -6

6-10

Nylon, batch V-432  
Relative viscosity, poises 25.1  
N H 2 ends/106 g. 2 4 .0
COOH ends/106 g. 
Number av. mol. wt. 
Stabilizer

Nylon, batch V-431 
Absolute viscosity 

(phenol), poises 
N H 2 ends/106 g. 
COOH ends/106 g. 
Number av. mol. wt. 
Stabilizer

113.1
11,000
1 mole %  acetic acid

141
2 1 .0

159.6
9,250
1 mole %  acetic acid.

6 -6  Nylon undrawn filaments. Batch V-432 rapidly 
extruded from the melt and cooled in the order of one second. 
Each yarn contains 23 filaments and weight is 400 denier.

6 -6  Nylon drawn filaments. The above undrawn yarn 
was hot-drawn. Weight of yarn produced 80 denier, ten­
sile strength was 6.5 g. per denier and elongation at break 
14 .3 % .

The nylon samples were used as received except for drying. 
They were stored in a desiccator before use and after placing 
in the calorimeter, the samples were evacuated for several 
hours before filling the void spaces of the calorimeters with 
helium.

Considerable difficulty was experienced with thermal de­
composition of 6 -6  nylon at temperatures above the melting 
point. Pockets of gas formed which caused the nylon to 
swell and to spill over into the calorimeter which after cool­
ing and solidification produced a hard mass which led to 
much damage to the calorimeter in taking it apart. An­
nealed nylon could not, therefore, be prepared in the calo­
rimeter. It was made by heating the 6 -6  nylon in a puri­
fied nitrogen atmosphere in a glass flask until the nylon 
melted and then by cooling it slowly during 8 hours from 
270 to 200° and during 120 hours from 200° to room tem­
perature. After breaking the glass, the nylon was removed 
from the flask and broken up into lumps for insertion into 
the trays of the calorimeter.

Three monomeric analogs of the polyamides N ,N '-d i-/t- 
hexyladipamide, N,N '-di-«-hexylsebacamide and N ,N '-  
di-»-propyladipamide, were also studied in (he hope of 
obtaining information on the specific heat and heat of fu­
sion of the 100%  crystalline polymer. The first two mono­
mers were kindly made for us by D r. J. G . VanOot of the 
Carothers Research Laboratory, E . I . du Pont de Nemours 
and Company while the third was synthesized by us by first 
preparing adipyl chloride from adipic acid and thionyl 
chloride, then making the propylamine hydrochloride and 
finally converting to the amine by treatment with potassium 
hydroxide. W e are indebted to Professor C . D . Hurd for 
suggesting the use of this compound as an analog and for 
preparative details. The product was recrystallized from a 
solvent containing 8 0 %  and 2 0 %  alcohol, maximum melt­
ing point 178 .5°, melting range 1 73 -179°. The maximum

W. O. Baker and C. S. Fuller, ¡ml. Eng. d im ..  38, 272

melting points and melting ranges of the N ,N '-di-a -hexyl- 
adipamide and sebacamide were, respectively, 159°, 145 - 
159° and 142°, 1 15 -142°. These melting ranges were esti­
mated from plots of the enthalpy as a function of tempera­
ture; the visual melting ranges were only about two de­
grees.

Measurement of the Specific H eat.— The apparatus used 
for the measurements has been described in detail else­
where,6 but modifications in operating procedures had to be 
introduced because of the higher temperatures required for 
the nylon measurements as compared to those on poly­
thene. A very careful and detailed study was made of the 
temperature distribution about the inner surface of the adia­
batic jacket and methods and equations developed for 
keeping heat exchange to a minimum and calculating ther­
mal losses. W e shall not describe these methods in extenso 
as we are now in the process of building a new and more 
symmetrically designed calorimeter and adiabatic jacket 
in which temperature inequalities during the heating should 
be considerably reduced. It is sufficient to say that every 
attempt was made to adjust the temperature controls, the 
heating currents and the air-cooling rates, to values such 
that heat transfer was reduced to a minimum. More 
thermocouple systems were installed so that a record could 
be made of temperature differences between the center of 
one side, the center of the bottom, the edge of the top of 
the adiabatic jacket and the center of the bottom of the 
calorimeter. Corrections due to heat transfer between 
these points were applied to the data, as well as the correc­
tions described in our previous papers.6 The total correc­
tions in any one specific heat measurement amounted to 
about 1 -2 %  of the heat added on the average. Table I 
gives a list of the average fluctuations of the specific heat 
data from a smooth curve.

T a b l e  I

A v e r a g e  D e v ia t io n  op  t h e  O b s e r v e d  S p e cific  H e a t  
D a t a  fr o m  S m o o th  C u r v e s , C a l . G.

6 -6  Nylon annealed 0 .002
6 -6  Nylon drawn .004
6 -6  Nylon ribbon .004
6 -6  Nylon undrawn filament .009
6 -1 0  Nylon ribbon .004
N, N '-Di-n-hexyladipamide .001,
N,N'-Di-n-hexylsebacamide ,0012
N, N  '-Di-M-propyladipamide .0036

In the case of the crystalline monomers which exhibit no 
peculiarities in their thermal behavior and which melt at 
lower temperatures than the polymers, the fluctuations are 
less. It is apparent that some of the observed ceviations 
result from the non-crystalline and fluctuating properties 
of the polymers themselves. Although we are currently 
attempting to improve our experimental accuracy by the 
construction of a new calorimeter and adiabatic jacket, it 
would appear that the very nature of the polymer is such 
that a limit to the significant accuracy of the work will 
soon be reached— unless, of course, the study of the fluctua­
tions becomes important.

Experimental Results
There are three temperature regions of especial 

interest in the case of 6-6 nylon, 40-50° where at 
47 to 49° nylon is said to pass through a second-or­
der transition point,7 in the neighborhood of 165° 
where the crystal structure of nylon changes from 
triclinic to a pseudohexagonal close packed system 
and the region of the melting point, 263°. Specific 
heats of 6-6 nylon in the form of ribbons, undrawn 
filaments, drawn filaments and of annealed nylon

(6) (a) M . Dole, W. P. Hettinger, Jr., N. R. Larson, J. A. Wething- 
ton, Jr., and A. E. Worthington, Rev. Sci. Instruments, 22, 812 (1951); 
(b) M . Dole, N. R. Larson, J. A. Wethington, Jr., and R. C. Wilhoit, 
ibid., 22, 818 (1951).

(7) R. F. Boyer and R. S. Spencer, J. Applied Phys., 15, 398 (1944). 
“ Advances in Colloid Science,” Yol. II, Interscience Publishers, Inc., 
New York, X. Y., 1945, p. |.
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T, °C .

Fig. 1.— Specific heat of polyhexamethyleneadipamide.

1.02

.82

.72

.62

0.52

Fig. 2.— Specific heat of polyhexamethyleneadipamide.

iii these three temperature ranges are illustrated in 
Figs. 1, 2 and 3. As the curves for the drawn and 
annealed nylon are the most regular and as these 
are the two most interesting forms of nylon, specific 
heat values for the drawn and annealed nylon at 
rounded-off values of the temperature are given in 
Table II. Data for 6-10 nylon ribbon are also 
included as this was the only form of 6-10 nylon 
studied.

10.0

8.0

G.O

4.0

2.0

0
200 220 240 260 280

50 70 90 110 130
T, °C .

Fig. 3.— Specific heat of polyhexamethyleneadipamide. 

T a b l e  I I

S m o o th e d  V a l u e s  o f  t h e  S p e cific  H e a t  o f  A n n e a l e d  
a n d  D r a w n  6 -6  N y l o n  a n d  6 -10  N y l o n  R ib b o n s

Temp., °C.
6-

Annealed
-6 Nylon

Drawn
6-10 Nylon 

ribbons

0 0 .311 0 .302 0 .327
20 .333 .345 .373
40 .367 .376 .420
60 .424 .420 .486
80 .468 .458 .512

100 .505 .479 .518
120 .548 .503 .531
140 • 5836 .528 .561
160 .642 .542 .592
180 .620 .560 .588
200 .646 .582 .686
220 .664 .567 1 .95
240 .80 .676 0 .73 7
250 1 .13 1.55 .639
260 2 .7 5 6 .5 .627
270 1 .30 1.35 .632
280 0 .7 5 0 .75 .639

Table III includes smoothed specific heat values 
for three monomeric analogs of 6-6 and 6-10 nylon 
as well as the heats of fusion of each of these sub­
stances as determined from an enthalpy plot.

Interpretation of the Data
Heats of Transition.—Possibly the most interest­

ing question which comes to mind with respect to 
the thermal behavior of nylon is, can a latent heat 
or heat of transition at 47 or 165° be observed? 
In Fig. 4 we have plotted the enthalpy of the four 
forms of nylon for both of these temperatures. 
It readily can be seen that no break in the enthalpy 
corresponding to a latent heat exists at 47°. On 
the contrary, in the case of the undrawn filaments, 
the break, if any does occur, seems to be in the nega­
tive direction; that is, if the enthalpy below 40° 
is extrapolated to temperatures above 40°, the ex­
trapolated values lie slightly above the enthalpy

SPECIFIC HEAT 
or

6 -6  NYLON

o DRAWN 
+ ANNEALED
A UNDRAWN 

F/LAMENT3
• R/BBON 
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0 .49 3
.523
.542
.610
.79

Melting
0 .6 5 8

.640

.642

.642

.642

N, N '- 71- 
Hexyl- 

sebacainide

0 .6 9
.596
.524
.634
.812

Melting
0 .6 8

.641

.646

.652

.657

.663

.669

N ,N '-n-
Propyl-

adipamide

0 .490
.501
.505
.504
.511
.63

Melting
0 .64 2

.656

.657

3 7 .8
179

occur, however, on annealing at 200°. Unfortu 
nately, no quantitative estimates of the extent o 
crystallinity were given by Fuller, Baker and Pape. 
Other studies of the effect of temperature on poly­
amides are those of Clark, Mueller and Stott10 who 
studied nylon in bulk form; Brill11 who discovered 
the crystal structure change of nylon at 165° and 
the effect of water vapor on promoting crystalliza­
tion at 100°; Hess and Kiessig12 who studied the 
change with temperature of the long period in ny­
lon; and Wallner13 who discussed methods of de­
termining crystallite dimensions from the X-ray 
data.

Turning now to the enthalpy effects in the neigh­
borhood of 165°, it can be seen that a slight latent 
heat probably does exist here, particularly in the 
case of annealed nylon, but the latent heat is ex­
tremely small, of the order of 1 cal. g .-1, or about 
one-thirtieth of the heat of fusion actually ob­
served over the melting range. It is uncertain 
from the specific heat data whether a transition has 
occurred in the case of the drawn nylon; there is a 
maximum at 195° and a dip in the curve at 210° but 
this may be due to crystallization occurring during 
the measurement.14 - Transition heat effects in un-

75, 70

100, 95

125, 120

ft;-

«
Ü

165, 155

190. 180

130
0

155
25

180 205
75

215; 205 
220 

9050 
T, °C .

Fig. 4.— Enthalpy of polyhexamethyleneadipamide. The lower set 
of four curves covers the temperature range 0 to 9 0 ° ; the upper set 
130 to 220°. The numbers on the ordinates give the enthalpy values 
for the different curves; the arrows between curves show how much the 
scale is changed. The scale for the undrawn filaments should have 4 .2  
cal. g .-1 added to it.

T able III
Specific Heats and H eat of Fusion of M onomeric 

A nalogs of Nylon 
Specific heats, cal. g ._1 T ~ l 

N,N'-71-
Temp., Hexyl-

°C. adipamide
60 
80 

100 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210

Heats of fusion, cal. g.

3 1 .2  3 4 .8
M ax. m .p., °C . 159 142

observed, but by less than 1 cal. g._1. The un­
drawn filaments were cooled more rapidly from the 
melt than any of the other forms and con­
tain in all probability a greater fraction 
of amorphous nylon. Langkammerer and 
Catlin8 in their study of spherulite forma­
tion in 6-6 nylon demonstrated that trans­
parent filaments of nylon containing no 
spherulites could be formed by rapidly 
quenching molten nylon. They could de­
tect no formation of spherulites by anneal­
ing in the solid phase. However, there is 
no evidence that formation of spherulites 
influences the specific heat, the lack of 
spherulites suggests only that such nylon 
would probably be less crystalline than 
nylon containing spherulites. If a very 
small fraction of the amorphous content 
of the undrawn filaments, say 1 to 2%, 
should crystallize in the neighborhood of 
40°, the enthalpy above 40° would be less 
by the latent heat of crystallization of this 
amount of the nylon. Fuller, Baker and 
Pape9 made a comprehensive study of the 
effect of heat treatment on 6-6 and 6-10 
nylon, using X-ray diffraction measure­
ments and observing changes in Young’s 
modulus and shrinkage in length as indica­
tions of the structural changes occurring 
during the heat treatment. In brief they 
found that the crystallinity of the solid 
polymer depended most critically on the 
rate of cooling from the melt and to a lesser 
extent on annealing at 200° after solidifica­
tion at a lower temperature. A sample 
of 6-10 nylon, about 0.5 mm. thick, 
quenched at 20° on a metal plate did not crystallize 
on annealing at 200° to the same extent as a sample 
originally cooled slowly to 200° (over about 40 
minutes) from the melt. Some crystallization did

(8) C. M. Langkammerer and W. E. Catlin, J, Polymer Set., 3, 305 
(1948).

(9) C. S. Fuller, W. O. Baker and N. R. Pape, J. Am. Chem. Soc., 
62, 3275 (1940).

drawn and ribbon nylon are barely perceptible;
(10) G. L. Clark, M. H, Mueller and L. L. Stott, Ind. Eng. Chem.* 

42, 831 (1950).
(11) R. Brill, J. prakt. Chem., 161, 49 (1942).
(12) K. Hess and H. Kiessig, Z. physik. Chem., 193A, 196 (1944).
(13) L. G. Wallner, Monatsh., 79, 86 (1948).
(14) According to unpublished studies of Dr. C. E. Black of the 

du Pont Company, no transition in nylon has been detected above a 
temperature of 165°.
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Fig. 5.— Enthalpy of polyhexamethyleneadipamide. The scale 

for the undrawn filaments should be increased by 4.2 eal. g ._1; 
otherwise the scales for all curves have been displaced by an equal 
amount between curves.

iii fact, from Fig. 2 only a break at 165° can be seen 
in the specific heat curve of ribbon nylon in con­
trast to the curves for the other forms which' all 
suggest a latent heat of transition at or near 165°. 
The specific heat data for 6-10 nylon indicate a 
possible transition at or near 165°. This is in 
agreement with X-ray evidence.15

The conclusion to be reached from a study of Fig. 
4 is that the enthalpy of crystalline nylon is largely 
independent of the crystal form. Our data do not, 
of course, allow us to compare the enthalpy of the 
a and /3 forms of nylon discovered by Bunn and 
Garner16 because we do not have available pure 
samples of these forms for study. Bunn and Gar­
ner state that the /3-form is usually present in very 
small percentage.

Melting Behavior of Nylon.—With respect to the 
phenomena associated with the melting of nylon, 
it would appear that as slightly suggested by the 
data on polythene, the drawing of nylon produces 
a greater degree of crystallinity as compared to 
the annealed in the neighborhood of the melting 
point. This seems to be clear from the greater 
rise in the enthalpy of the drawn nylon at the melt­
ing point than the rise of any of the other forms of 
nylon, Fig. 5. In Fig. 5 the zero of the enthalpy is 
taken at 280° and each zero is displaced downward 
to the same extent from the curve above it for the 
different samples studied except for the undrawn 
filament whose zero is 4.26 cal. g._1 above the top 
axis. The estimated enthalpy increase on melting, 
as well as estimates of the melting point (defined 
as the temperature where the specific heat passes

(15) Unpublished observation of Dr. C. E. Black.
(16) C. W , Bunn and E. V. Garner, Proc. Ron. Soc. (London), 

189A, 39 (1947).

through a maximum) and of the melting 
range are given in Table IV.

The shapes of the specific heat and enthalpy 
curves are such as to suggest that in the case 
of drawn 6-6 nylon and 6-10 nylon (ribbon 
form) part of the nylon if not all of it melts 
and then perhaps recrystallizes and melts 
again, or that a considerable fraction melts at 
one temperature and a significant fraction at 
a higher temperature. The width of the spe­
cific heat curve at half the estimated maxi­
mum in the specific heat is 31° in the case of
6-10 nylon, 11° for the annealed 6-6 nylon 
and 4° for drawn nylon as compared to 20° 
for polythene. Although the half width for 
drawn nylon indicates a relatively sharp melt­
ing point, the base of the hump of the specific 
heat curve unexpectedly broadens out, sug­
gesting either the phenomenon of recrvstalli- 
zation mentioned above, or the possibility that 
there are some crystallites that melt slightly 
above the point at which most of the drawn 
material melts. Evans, Mighton and Flory17 
describe some experiments on decamethylene 
sebacate in which crystals formed by rapidly 
cooling the melt to 55° melted at 75° despite 
the fact that 75° is about 5° below the maxi­
mum melting temperature. The 70:30 co­
polyester of decamethylene adipate with de­
camethylene isophthalate seemed to recrys­
tallize between 56 and 60° as judged from a 

decrease in specific volume with rise of tempera­
ture in this range.

T able IV
H e a t s  R equired for Fusion, M elting P oints and 

M elting R anges of 6-6 and 6-10 Nylon
6-6  Nylon

Ribbon

Undrawn
fila­

ments

Drawn
fila­

ments
An­

nealed

6-10
Nylon
ribbon

M .p., °C . 
Melting range,

263 264 259 262 225?

°C .
Half width melt­

25 40 18 30 30-40

ing range, °C . 
Hi, cal. g ._1

7
2 9 .0

12 4
3 9 .5

11
3 3 .3

31
2 6 .3

On the basis of modern theories of crystallization 
in linear high polymers18 we should expect the spe­
cific heat to rise smoothly to a maximum and then 
to drop sharply at the temperatures above winch the 
longest crystallites in the solid melt. Such a be­
havior is exhibited by polythene, all forms of 6-6 
nylon, except the drawn form, but not by 6-10 ny­
lon. In fact, the specific heat curve of this last 
substance seems to “ tail off”  toward temperatures 
above the melting point rather than toward tem­
peratures below it.

The Crystallinity of Nylon.— To calculate the 
fraction of crystallinity in the different forms of 
nylon by the methods used for polythene it is 
necessary to know the heat of fusion of perfectly 
crystalline nylon as well as the enthalpy of amor­
phous nylon below the melting point. Because of

(17) R. D. Evans, IT. R. Mighton and P. J. Flory, J. Am . Chem. 
Soc., 72, 2018 (I960).

(18) These theories are reviewed in paper I of this series.
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the vast amount of research done on hydrocarbons, 
it was possible to estimate rather accurately the 
expected heat of fusion of perfectly crystalline poly­
thene by extrapolating to large molecular weights 
the known heats of fusion of the crystalline lower 
molecular weight hydrocarbons. However, in the 
case of nylon there are no similar data. As a start 
on the task of adding to our knowledge along this 
line we have measured the heats of fusion of three 
monomeric analogs of nylon given in Table III. 
We need to know in addition to the values of Table 
III the heats of fusion of crystalline compounds con­
taining two and more of the nylon repeating units 
so that an extrapolation of the heat of fusion per 
gram could be made to infinite molecular weight .

Another difficulty in applying the data of Table 
III results from the large difference of temperature 
between the melting points of the monomers and 
nylon, an extrapolation of nearly 100° being re­
quired to make use of the monomeric heats of fu­
sion in estimating the crystallinity of nylon. If 
the specific heats of liquid and crystalline nylon 
were known accurately, the variation of the heat of 
fusion of crystalline nylon with temperature could 
lie calculated, but we can only estimate the specific 
heat of liquid nylon because of the difficulties of 
making accurate specific heat measurements at 
high temperatures (300°) and because of the de­
composition of (j-G nylon in the molten state; fur­
thermore, there is no direct method of determining 
the specific heat of crystalline nylon.

A third uncertainty in the determination of the 
fraction of crystallinity involves our ignorance con­
cerning the crystal structure of the monomeric 
analogs of nylon. Presumably they should have 
(lie same crystal structure as the crystalline poly­
mers if these heats of fusion are to be used in the 
estimation of the heat of fusion of nylon. The fact 
that the heat of transition at 165° for 6-6 nylon is 
small suggests that the heats of fusion may not 
change appreciably with change of structure, at 
least if the structural changes are no more pro­
nounced than they are for 6-6 nylon at 165°.

As a consequence of the difficulties and uncer­
tainties listed above, only the roughest estimates 
of the crystallinity of the different forms of nylon 
can be made.

Qualitatively, from a study of the enthalpy 
curves it would appear that annealed nylon is more 
crystalline than drawn over the temperature range
0-165° but less crystalline above this range. Such 
an effect was suggested by the measurements on 
polythene but the difference between the drawn and 
the annealed forms is much more marked in the case 
of nylon. The undrawn filaments are the least 
crystalline at room temperature as would be ex­
pected from the rapid rate at which they were 
quenched from the melt.

Black and Dole19 coidd detect no difference be­
tween the density of drawn and undrawn fibers 
after annealing to temperatures above 200°. It 
would be interesting to have density measurements 
of the different forms of nylon at 220°, the tempera­
ture of maximum crystallinity.

For a rough quantitative estimate of the crystal­
(19) C. E. Black and M. Dole, ./. Polymer Sci., 3, 358 (1948).

linity we shall make the following assumptions: 
First, that the specific heat of liquid nylon has a 
temperature coefficient equal to that- of the mono­
meric analog, X,X'-di-n-hexylsebacamide and a 
specific heat of 0.71 at 275°. This yields the equa­
tion for the specific heat

C'p (liquid) =  0.71 +  0.0000 (T  -  275°) (1)

where T is in degrees centigrade. From Table III 
it will be noted that the three liquid monomeric 
analogs of nylon all have about the same specific 
heat. Equation (1) yields specific heat values 
slightly lower than those adopted for liquid poly­
thene.

Second, that the heat of fusion of crystalline 6-6 
nylon is given by equation (2) where 43 is the heat 

Hi =  43 +  0.07 (2 ’ -  179°) (2)

of fusion of X,X'-di-n-propyladipamide corrected 
for the end effect and T is in degrees centigrade.

From a study of the heats of fusion of straight 
chain hydrocarbons it was found that the methyl 
groups on the two ends of the chain contributed 
— 2.5 kcal./mole to the heat of fusion; this result 
was obtained by extrapolating the curve of the 
molal heat of fusion as a function of the number of 
carbon atoms in the chain back to zero number of 
carbon atoms. The molal heat of fusion of N ,N '- 
di-n-propyladipamide is 8.6 keal.; adding 2.5 we 
obtain 11.1 keal. which divided by the molecular 
weight of the adipamide gives 48.6 cal./g. There 
is the possibility that the end effect would not be as 
pronounced in the case of the adipamide as in the 
case of the straight chain hydrocarbons; hence we 
have decided to adopt a value for the heat of fusion 
of the adipamide intermediate between the observed 
value and that corrected completely for the end ef­
fect.

Evans, Mighton and Flory17 calculated the heat 
of fusion of 6-10 nylon from the slope of the linear 
plot of the reciprocal of the absolute temperature of 
melting versus the mole fraction of the 6-10 nylon 
in various copolymers of this substance; the equa­
tion is

Tm -  T  lnK (3)

where Tm° and Tm are the melting temperatures of 
pure polymer and copolymer, respectively. X\ is 
the mole fraction of the unit capable of crystalliz­
ing, the 6-10 nylon in the samples studied, and hu is 
the heat of fusion per repeating unit. They found
25.9 cal./g., a result obviously too low as judged 
from our observations (we found 26.3 cal./g., for 
the heat of fusion of the partially crystalline 6-10 
ribbon). In the case of polyesters, Evans, Mighton 
and Flory obtained much higher heats of fusion 
calculated from the equations

and

Tm

1_______ 1 2 U
Tm Tm° hax u (1)

1 « [ ( ! ) „  M  - „ ) • ]  <«)

than from eq. (3). Equation (4) expresses the 
lowering of the melting point as a function of the 
number average of the number of repeating units 
per molecule while eq. (5) gives the lowering of the
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melting point as the result of dilution with a mono­
meric substance of volume fraction Vi. In eq. (5) 
z/zs is the ratio of the molar volumes of the repeat­
ing unit and diluent and ¿u is the energy of mixing 
parameter. Our data for the heats of fusion of 
the monomeric analogs of nylon suggest that the 
heats of fusion calculated from eqs. (4) and (5) 
are more valid than those from eq. (3).

The temperature coefficient of the heat of fusion 
was estimated by adopting the values 0.65 and 0.57 
for the specific heat of liquid and solid N,N'-di-n- 
propyladipamide at 179°. The specific heat of the 
solid, crystalline nylon is possibly of the order

Cp (solid) =  0.31 +  0.0020 (T  -  0 ° )  (6)

The validity of eq. (1), (2) and (6) undoubtedly 
diminishes the greater the difference between T and 
the constant temperature of the equation. In fact, 
if eq. (1) is integrated between 280 and 0° the 
change in enthalpy is 176 cal. g.-1, about the value 
actually observed for the different forms of nylon. 
Hence, if eq. (1) were used in the crystallinity cal­
culations, unreasonably low values of the crystallin­
ity would be obtained. Nevertheless, it was a help 
in mapping out the enthalpy curve for amorphous 
nylon in the neighborhood of the melting point.

From the enthalpy change of annealed nylon due 
to melting given in Table IV and from the heat of 
fusion at 263° calculated by eq. (2) we estimate that 
annealed nylon has a crystallinity of about 70% at 
220°. If we make the assumption that the per­
centage crystallinity of annealed nylon does not 
change with temperature below 220°, then the equa­
tion for the enthalpy of the amorphous nylon, Hl, 
becomes

H  L =  0.7Hl +  //annealed (7)

Similarly, the equation for the enthalpy of the com­
pletely crystalline nylon, IIC, would lie

H c =  Hi, -  H, (8)

The crystallinity of the other forms of nylon can
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Fig. 0.— Crystallinity estimates for polyhexamethylene- 
adipamide (four forms) and sebacamide (ribbon form) as a 
function of temperature.

now be calculated up to 220° from the expression 
(i9 is the fraction of amorphous nylon present).

100 (1 -  B) = 100 X / / l — (9)
til

or
100 (1 -  9) =  100 10.7 +  7/— IC— (10)

Equation (9) is a general expression for the percent­
age of crystallinity: eq. (10) is restricted to the 
special conditions assumed. Above 220°, the liq­
uid enthalpy of 6-6 nylon can be extrapolated be­
low the melting point using the integrated form 
of eq. (1) and taking the enthalpy of all the nylon 
samples to be —12 cal. g._1 at 263° as compared to 
zero at 280°. Equation (9) can then be used di­
rectly.

The results of the crystallinity calculations 
based on these assumptions are shown in Fig. 6. 
It is interesting to note that the percentage of crys­
tallinity of the different samples of 6-6 nylon does 
not change much beyond a few percentage units, 
which are probably within the experimental error, 
up to about 160°. At this point the crystallinity 
of all the forms of 6-6 nylon begins to increase with 
temperature as compared to the annealed nylon. 
This is reasonable, inasmuch as Fuller, Baker and 
Pape9 demonstrated by X-ray studies that rapidly 
quenched polyamides partially crystallized when 
annealed at 200°. This was true of the specimens 
oriented by cold drawing as well as of the unoriented 
specimens. All forms of nylon begin to melt as the 
temperature is raised above 220°; in other words 
this temperature seems to yield the maximum per­
centage of crystallinity.

At this point it is interesting to point out that in 
contrast to polythene whose drawn fibers had a 
slightly greater density but smaller crystallinity 
than the annealed material, the density of drawn 
nylon fibers before annealing is less than the den­
sity of annealed undrawn filaments if tiie data ob­
tained by Black and Dole19 can be assumed to be 
valid for the samples studied in this research. In 
other words, the density and crystallinity both in­
crease in the order, undrawn filaments, drawn fila­
ments, annealed nylon.

The increase in crystallinity of the drawn material 
with temperature finds possible confirmation in 
the work of Hess and Kiessig,12 who estimated from 
their X-ray data that the long period, the pre­
sumed length of the crystallites, increased from 74 
to 85 A. on heating from 20 to 220°. However, the 
long period for undrawn filaments was greater than 
for the drawn according to Hess and Kiessig de­
spite the smaller degree of crystallinity. As was 
found in the case of polythene, conclusions regard­
ing changes in the crystallinity as deduced from X - 
ray measurements do not always agree with conclu­
sions derived from the thermal studies.

Turning now to the 6-10 nylon ribbon, we can 
estimate rather crudely its crystallinity by adopt­
ing the following equation for the enthalpy of liq­
uid 6-10 nylon and by assuming that the heat of 
fusion of perfectly crystalline 6-10 nylon is 3.6 cal. 
g.~! greater than that of 6-6 nylon (the heat of fu­
sion of the dihexylsebacamide was 3.6 cal. g ._1
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greater than that of the dihexyladipamide).
H h =  - 1 7 6  +  0.629T  (11)

Equation (11) was estimated from a plot of the en­
thalpy of 6-10 nylon as a function of temperature; 
as we would expect IIl to be a quadratic function of 
T, it is obvious that (11) cannot be valid much be­
low the melting point. Crystallinity calculations 
based on these assumptions are shown in Fig. 6. 
The value of 54% at 200° may be assumed to be 
approximately the crystallinity at room tempera­
ture by analogy with the 6-6 nylon ribbon whose 
crystallinity did not change much between 200° 
and room temperature. Hermans and Weidinger'20 
estimated the per cent, crystallinity of quenched 
and annealed 6-10 nylon from X-ray intensity 
measurements and found 50 and 60%, respectively. 
These estimates agree approximately with that of 
ours.
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DISCUSSION
M . J. V old.— M y question relates to how degree of 

crystallinity is best defined. Your definition appears to 
be an experimental one, in terms of heat contents. D o you 
think it can be interpreted as showing the existence of 
regions in which only a very small number of molecules or 
segments are regularly aligned and how extensive must such 
regions be to show up?

M alcolm D ole .— I think that in bur thermal method 
we measure all degrees of order either a few molecules or 
hundreds of molecules crystallized together. To answer 
your question as to how we should define crystallinity, I 
believe that the best definition is in terms of the structural 
entropy of the material as compared with the entropy of

(20) P. H. Hermans and A. Weidinger, J. Polymer Sci., 4, 709 
(1947).

a perfect crystal. However, I know of no way of calculat­
ing the structural entropy. But from the theoretical stand­
point this is the soundest definition of crystallinity.

R . B. D e a n .— I t seems to me that heat measurements 
could conceivably lead to negative crystallinity; for 
example with a high polymer with lots of holes in it and 
with less than the number of contacts that a liquid has.

M alcolm  D ole .— I suppose that if we made some meas­
urements in the liquid range and then extrapolated those 
measurements down below the melting point and if these 
extrapolated enthalpy values were below the actually meas­
ured ones, we would get a negative crystallinity. But, I 
have never heard of such a system, which would, in 
fact, approach that of a gas.

R . D . V old.— M ay you not get into a semantic difficulty 
with crystallinity itself, if the thermal measurements meas­
ure short range order as well as long range order, and if 
crystallinity is defined by the X -ray method in terms of a 
longer range extension of ordered regions in space? The 
X -ray definition is not the same as the thermal definition.

M alcolm  D ole .— I t can be called “ crystallinity as 
measured by the thermal method!”  As I have already 
mentioned, the best definition is that in terms of structural 
entropy. This definition will take into account all degrees 
of order.

S. W . B enson .-— A nother trouble with the definition is 
that you might have strains locked into the liquid or dis­
organized solid, with no crystals present. This effect would 
show up in thermal measurements as some kind of crystal­
linity.

M alcolm  D ole .— W hen you have a long chain polymer 
whose segments are randomly disposed and partial crystal­
lization occurs, the amorphous regions in between the crys­
talline regions are constricted or strained. In our thermal 
measurements, on the complete melting of the polymer, the 
“ heat of relaxation”  of this strain shows up in our results.

A n o n .-— H as not a good bit of work of this kind also been 
done on the study of metals?

M alcolm D ole.— M any specific heat measurements 
have been made on metals and alloys but I do not feel 
qualified to comment on them.

A non .— Ordinarily we consider a copper wire to be crystal­
line. I wonder if by your thermal method some of the 
copper may not be amorphous?

M alcolm D ole .— T his question could be answered by  
measuring the specific heat of a single crystal of copper 
and comparing such data with data obtained on poly- 
crystalline copper.
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A  Geiger counter X -ray spectrometer has been applied to the study of problems associated with the order in crystalline 
and amorphous polymers. Two investigations are dealt with, the study of the percentage of crystallinity in polyethylene 
as a function of temperature and stress, and the changes in the scattering pattern of polystyrene as a function of temperature. 
In connection with the first of these problems, the method which was developed to determine crystallinity is discussed and 
the results of the determination in unstressed polyethylene of crystallinity as a function of temperature are compared with 
those obtained by other methods. The crystallinity and orientation studies on stressed polyethylene are discussed in terms 
of previous stress-birefringence results. The study of the scattering from polystyrene as a function of temperature has 
revealed a change in the pattern in the vicinity of the second-order transition temperature. It is shown that this can lie 
interpreted in terms of changes in configuration of the polymeric chains, and the bearing of these results on the nature ot 
the glass transition is discussed.

Introduction
The study of polymer structure by means of X - 

ray diffraction methods has furnished much infor­
mation about the arrangements of atoms and mole­
cules in these materials. In addition to straight­
forward structure determination, however, the X - 
ray method can be utilized to investigate various 
problems concerned with the over-all type and de­
gree of order present in these materials. This pa­
per is concerned with two such problems: (a) the 
determination of the degree of crystallinity in 
polyethylene as a function of temperature and 
stress, and (b) the changes in the scattering pat­
tern of polystyrene as a function of temperature.

In the usual experimental technique, the record­
ing of the diffraction pattern on a photographic 
film is adequate for a structure determination. In 
the present case, however, a more accurate measure 
of the diffracted intensities was necessary than could 
be attained with the photographic film and for this 
purpose a Geiger counter spectrometer was devised 
to detect the diffracted radiation.3 A brief de­
scription follows of the spectrometer and pertinent 
techniques used.

Experimental
Copper radiation, monochromatized by reflection from a 

pentaerythritol crystal, was used to obtain the diffraction 
patterns. In order to permit more accurate compensation 
for variations in the X -ray tube output than was possible 
with the regulated voltage input, the beam issuing from the 
opposite port of the X -ray tube was monitored with a second 
pentaerythritol crystal and another Geiger counter. By 
using the ratio of diffracted beam count to monitor count, in­
tensity fluctuations were effectively kept down to 0 .5  to l .0 % .  
Collimation of the beam was accomplished by Soller slits 
in front of the sample and the scanning Geiger counter, 
these slits permitting larger specimen areas to be irradiated 
and thus increasing the intensity of the diffracted beam. 
As a result of the geometry of the slit system, the angular 
width of radiation intercepted by the Geiger counter was 
0 .1 5 ° ; the diffracted line width at half maximum intensity 
for the crystalline materials studied was about 0 .80 °. 
Between the first Soller slit and the sample, provision was 
made for the accurate insertion into the beam of a set of 
nickel filters and a fine pinhole collimator. These were 
used to get a measure of the incident beam intensity and of 
absorption by the sample. This X -ray method for deter-

(1J Preaeiited before the twenty-sixth National Colloid Symposium 
Which was held Under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16—iâ, 1952.

( 2 )  D e p a r t m e n t  o f  P h y s i c s ,  U n i v e r s i t y  o f  M i c h i g a n ,  A n n  A r b o r ,  

M i c h i g a n .

( f i t  S ;  IC H m m  a n d  I t  5 ,  S i t r i H  Hmn S e t ,  / n n tr u m e n ta , 2 2 ,  0 2 0  ( 1 0 5 1 ) ,

mining thickness from absorption was shown to be accurate 
to within 1% .

The sample was mounted inside a temperature-controlled 
oven (controlled to within about ± 0 .5 ° )  on an orientation 
jig of such design that the sample could he elongated as well 
as rotated in a plane perpendicular to the incident X -ray  
beam from outside the oven. This enabled determination 
of the density distribution around the Debye-Scherrer dif­
fraction rings and hence provided a measure of crystallite 
orientation. The scanning counter was mounted so that 
it could be moved in a horizontal plane along a graduated 
circle, the axis of rotation being the sample position. This 
circle was calibrated by means of the strong diffraction lines 
of a number of standard materials, the calibration indicating 
that the circle readings were accurate to within the error in 
setting the Geiger counter on the circle, which was ± 0 .0 5 ° .  
The feutputs of the scanning and monitoring counters were 
each fed into a commercial decimal scaling unit. A  relay 
circuit and electrical timer permitted both scalers to be 
started and stopped simultaneously. The counting period 
used at each circle setting was 1 minute.

The readings thus obtained were corrected in the follow­
ing way before being used to plot the diffraction curve. 
After correction for the normal background count of the 
Geiger tubes, the diffraction reading was divided by that 
of the monitor. This result was divided by the correspond­
ing ratio for the pinhole-collimated transmitted beam, thus 
giving a ratio proportional to that of the diffracted beam 
to the transmitted beam. From this value the. air scatter­
ing was subtracted, since it had been related to the same 
transmitted beam intensity. The values thus obtained 
were then corrected for relative absorption by the sample 
and by the exit cellophane window on the oven, which in­
cluded correction for coincidence losses due to relatively 
high counting rates on the transmitted beam. Correction 
was also made for polarization of the beam by the mono- 
chromatizing crystal and by the sample, as well as for inco­
herent scattering.4 These results represent the corrected 
diffraction readings used, he/he-o, and were plotted to give 
the diffraction curve.

In cases where different masses of a given material were 
in the same X -ray beam and it was desired to base the re­
sulting-diffraction curyes on the same scattering mass, the 
above diffraction readings were corrected by means of the 
ratio of pt values of (he samples, determined from the X -ray  
absorption measurements made at the beginning and end 
of each run (p is the density and t the thickness of the 
sample, the product being determined from the absorption 
law I  =  h  exp ( — Mm pt), where pm is the mass absorption 
coefficient of the material).

X-Ray Determination of Crystallinity in Poly­
ethylene.—The basis for the X-ray determination 
of crystallinity in polymers is a comparison be­
tween the integrated intensities scattered by the 
amorphous regions in a completely and in a partly 
amorphous sample. It was shown4-5 that this is a

(4) S. Krimm and A. V. Tobolsky, J. Polymer Sci., 7, 57 (1951).
(5) S. Krimm and A. V, Tobolsky, Textile Re.*earr.h 21, 805 

( i n r . i ) .
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more valid procedure than one in which the intensi­
ties at a given angle are compared. In the case of 
polyethylene, the samples were compared at con­
stant scattering mass with a completely amorphous 
sample, which was obtained by heating the polymer 
to just above its melting point. The use of various 
assumptions involved in this procedure has been 
justified.4

The technique of the method is illustrated in the 
determination of crystallinity as a function of tem­
perature in unoriented polyethylene. Diffraction 
patterns were obtained at 27, 60, 90, 100 and 120, 
some of which are shown in Figs. 1 and 2. The 
broken lines in the patterns indicate the separation 
of the total scattering into components due to the 
amorphous and to the crystalline regions; the lower 
solid line ip each curve is the incoherent scattering. 
The following assumptions were made in separating 
the amorphous and crystalline parts of the scatter­
ing: (1) The diffraction curves of the amorphous 
and crystalline components were assumed to be 
symmetrical in the immediate vicinity of the maxi­
mum. (2) No influence of crystalline interferences 
is present at angles lower than 26 =  18.0°. (3)
The ratio of the amorphous peak intensity at 26 =

Fig. 1.— Radial scattering from unoriented polyethylene, at
27 and 60°.

Fist, %— Radial scattering from unoriented polyethylene, 
at 100 and 120°,

19° to that at 26 =  42° is about 5.1. (4) The ap­
proximate position of the maximum of the amor­
phous scattering in the 27° pattern can be obtained 
from the variation of the peak position with tem­
perature. These assumptions were usually more 
than sufficient to resolve the experimental curves.

By comparing the coherent amorphous scatter­
ing between 26 =  2° and 30° at a given tempera­
ture with that for the sample at 120° it was possible 
to obtain the percentage of amorphous material 
and therefore the quantity of crystalline compo­
nent. The crystallinity values calculated in this 
way are shown in Fig. 3. Also shown is the varia­
tion of crystallinity with temperature as deter­
mined (a) from density measurements, (b) by 
comparing the intensifies of the amorphous halo 
maxima and (c) by comparing the intensities at an 
angle other than that of the peak. It can be seen 
that the latter two methods give results which dif­
fer from the method of integrated intensities and 
also which differ greatly from each other. This is 
to be expected, since the position of the amorphous 
peak changes with temperature and the selection 
of an arbitrary 26 value at which to measure the 
intensity therefore results in the comparison of 
quantities which are not equivalent in their measure 
of the amount of amorphous material. Similarly, 
the peak intensity of the amorphous halo does not 
necessarily reflect the amount of scattering material 
if different structures are compared. This is clearly 
brought out in the comparison of the scattering 
from equal masses of octacosane at 65 and 150°,6 
where the integrated intensities were found to be 
the same but the heights of the amorphous peaks to 
be different. These results further confirm the 
necessity of using an integrated scattering intensity 
as a measure of the amount of scattering material.

Temperature, °C .
Fig. 3.— Crystallinity in unoriented polyethylene as a 

function of temperature: • ,  density; © , amorphous area; 
O, amorphous peak; » ,2 9  =  16.0° intensity.

It is to be noted that the variation of crystallinity 
with temperature as determined by the X-ray 
method is somewhat different from the variation 
determined from density measurements: the X - 
ray values are generally lower, especially at tem­
peratures just below the melting point. It seems 
likely that this is due to the presence of regions in 
the vicinity of the melting crystallites which, 
though amorphous in nature and therefore contrib­
uting to the amorphrmR scattering, are of slightly
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higher density than that to be expected by extrapo­
lation of the liquid density curve to the tempera­
ture in question. This could result from the or­
dering effect of the existing crystallites on those 
chains which have just been “ melted”  into amor­
phous regions. Studies on the formation of nuclei 
in polyethylene cooled from the molten state would 
seem to confirm this idea.6

By means of the above method, the crystallinity 
changes in stressed polyethylene were investigated 
in a series of experiments similar to previous stress- 
birefringence studies.7 The samples were elongated 
20% and any relaxation was allowed to take place. 
After relaxation the temperature was varied both 
below and above the temperature at which elonga­
tion originally took place. At each temperature a 
diffraction curve was obtained and the radial scan 
resolved into amorphous and crystalline com­
ponents as described previously. Comparison of 
the equatorial with the meridional scans at various 
temperatures showed that no orientation of the 
amorphous halo is obtained at this elongation, 
therefore, justifying the above procedure for deter­
mining crystallinity. The crystallinity values were 
determined in the manner described above and are 
shown in Fig. 4. The arrows on the lines connect­
ing crystallinity values indicate the sequence of 
heating and cooling, which was always such that 
the specimen was cooled below the temperature of 
elongation before being heated above it.

Temperature, °C .
Fig. 4.— Crystallinity in polyethylene stretched 2 0 %  at 

various temperatures, as a function of temperature. 
Stretched 2 0 %  at: ©, 2 7 °; » ,  6 0 °; e  , 90°.

The orientation of crystallites in the stretched 
samples was estimated from the intensity distribu­
tion around the Debye-Scherrer diffraction ring. 
In the case of a specimen containing randomly ori­
ented crystallites, the intensity is uniform around 
the ring. When the crystallites become preferenti­
ally oriented the rings break up into arcs, which 
manifest themselves as peaks in the Geiger 
counter scan around the ring. The degree of 
orientation was taken as proportional to the 
width of this peak at half maximum intensity and 
defined as 0 =  (180° — /S)/180°, where is the half 
width in degrees. The orientation determined 
in this manner is shown in Fig. 5. The numbers 
beside each point relate to the extent to which the 
preferred direction of the axes of the crystallites 
deviates from the direction of stretching.4

(6) S. W. Hawkina and R. B. Richards, Textile Research J 4, 515 
(1949).

(7) R. S. Stein, S. TCrinim and A. V. Tubnlfiky, Textile Reeertrch J ,, 
19, a (10-19).

Temperature, °C .
Fig. 5.— Orientation as a function of temperature for 

samples of polyethylene elongated 2 0 %  at various tem­
peratures.

It is interesting to compare these results with 
previous work on the stress and birefringence be­
havior of polyethylene carried through the same 
stress-temperature cycles.7 The crystallinity-tem­
perature curves for the elongated samples follow 
in general form the birefringence-temperature 
curves, thus confirming the original hypothesis 
that the amount of oriented crystalline material 
is a function of temperature only. It is seen from 
the X-ray data that the temperature cycles are re­
sponsible for changes in orientation of the crystal­
lites, these changes being generally reproducible 
over the temperature range extending below the 
original temperature of elongation but irreversible 
when this temperature is exceeded. The orienta­
tion curves also show that a sufficient amount of 
incipient chain order is maintained at 100° (the sam­
ple was kept there for about 1.5 hours) to give an 
oriented crystallization when the sample is cooled. 
If the material is not heated much above the origi­
nal elongation temperature, the retained order is 
high enough so that the material crystallizes with 
approximately the same degree, and direction, of 
orientation as was produced by the original elonga­
tion. ■ This order is undoubtedly partly that of 
chains of newly melted crystallites, since the per­
centage of crystalline material is practically zero 
at this high temperature. It seems likely that the 
major part of the stress-temperature behavior in 
polyethylene is a result of the amount and type of 
orientation of the crystallites rather than the per­
centage of crystalline material.

Studies of crystallinity in more highly elongated 
specimens could not be undertaken by the above 
methods, since it was shown4 that orientation of 
the amorphous regions occurs.



Jan., 1953 X - R a y  S t u d i e s  o f  C r y s t a l l i n e  a n d  A m o r p h o u s  O r d e r  i n  I-fic.H  P o l y m e r s 25

Scattering from Polystyrene as a Function of 
Temperature.—The X-ray diffraction pattern ob­
tained from a specimen of polystyrene is charac­
teristic of that of an amorphous material, viz., it 
consists of broad and diffuse halos. In the radial 
Geiger counter scan of polystyrene there are two 
broad peaks, with spacings, determined in the 
present work, of 8.84 and 4.67 A. (applying 
Bragg’s law to the angular positions of the peak 
maxima). At room temperature the 4.67 A. peak 
is about twice as intense as the 8.84 A. The ori­
gins of these two peaks have been elucidated by a 
study of samples of oriented polystyrene, for which 
it has been possible to show X-ray evidence of ori­
entation by means of the Geiger counter scans.6 
These show a concentration of scattering at the 
equator for the 8.84 A. peak and at the meridian 
for the 4.67 A. peak. It appears that the 8.84 A. 
peak arises from interferences between atoms 
in neighboring main chains, which are about 9-10 
A. apart. The 4.67 A. peak seems to be due to at 
least two different types of interatomic spacings: 
those between atoms in alternate phenyl groups in 
the same chain and those between atoms in phenyl 
groups and main chain atoms in neighboring chains.

The scattering pattern of unoriented polystyrene 
was studied as a function of temperature between 
room temperature and 200°. At temperatures 
above 90° the sample was enclosed in a mica win­
dow cell in order to eliminate any possible flow or 
orientation effects, correction being made for the 
scattering due to the mica. Equilibrium was es­
tablished at each temperature before a scattering 
curve was obtained. It was noted that at tempera­
tures above about 90° the relative intensities of the 
two peaks were different from that at the lower 
temperatures. The ratio of theo intensity of the 
4.67 A. peak to that of the 8.84 A. peak as a func­
tion of temperature is shown in Fig. 6. It can be 
seen that this ratio is fairly constant up to about 
90°, at which point it falls linearly to a lower value 
which is then constant above about 160°. It was 
observed that the positions of the two peaks remain 
practically constant until about 160°, above which 
the spacings increase. The changes are shown in 
the following table.
Temp.,

°C. Bragg spacing, A.
Temp.,

°C. B ragg spacing, A

26 8 .8 4 4 .6 7 135 8 .8 4 4 .6 7
70 8 ,8 4 4 .6 7 170 9 .0 3 4 .7 7
90 8 .8 4 4 .6 7 200 9 .5 0 4 .9 2

It thus appears that a definite structural change 
takes place in polystyrene within the temperature 
range of about 90 to 160°, a change which is not en-

Fig. 6.— Ratio of intensities of two halos as a function of 
temperature for unoriented polystyrene.

tirely explained by the thermal expansion of the 
material. o Then the increase in the intensity of 
the 8.84 A. peak would indicate the presence of 
a larger number of such interatomic units con­
tributing to the 4.67 A. peak, on a relative basis, 
although the exact extent of such a change would 
require a Fourier analysis of the scattering curve. 
This might arise as a result of a change in con­
figuration of the chain with increase in temper­
ature (perhaps due to increased rotational freedom) 
such that neighboring chains are able, on the aver­
age, to maintain a more regular distance of separa­
tion from one another over a longer length of chain. 
Further increase in temperature then would result 
in expansion by means of increased separation of 
chains, as is indicated by the data in the previous 
table. The fact that tire increase in the 8.84 À. 
spacing is relatively greater than that of the 4.67 À. 
spacing would seem to substantiate the belief that 
the latter spacing arises from both inter- and intra­
molecular distances. It is significant that a change 
in slope of the specific volume-temperature curves 
for polystyrene fractions has been reported8 at 
about 160°, in addition to the more abrupt change 
at the transition point. This coincides with the 
present findings that the mechanism of expansion 
of the material is different above and below 160°.

The scattering curves of polystyrene as a function 
of temperature indicate that the material is passing 
through various equilibrium configurational struc­
tures in the temperature range of about 90 to 160°. 
If the above interpretation of this phenomenon is 
correct, viz., its connection with increased rotational 
freedom at higher temperatures, it would suggest 
that the glass transition in polystyrene is associated 
with the temperature at which the barriers to rota­
tional freedom are overcome and therefore that the 
transition is at least partly of the equilibrium type.

(8) T. G. Fox and P. J. Flory, J. Applied Phys., 21, 581 (1950).
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The distribution of crystallite orientations in compacted powders has been examined for zeta and delta sodium palmitate 
and two forms of calcium stearate monohydrate. Crystallite orientation is determined from the dependence of the in­
tensities of lines in the X-ray diffraction pattern on the disposition of the sample to the incident beam. In all four soaps 
crystallites set their (00Z) planes preferentially parallel to the sample surface. Pastes in n-hexadecane, which appears 
to act as a lubricant, are even more readily oriented. In addition to having (00Z) planes parallel to the surface of the sample, 
the crystallites are also oriented in the rubbing direction. Soap crystals in gels of calcium stearate with n-hexadecane (and 
small amounts of water) are not readily oriented by the same mechanical forces effective with pastes or powders. This 
fact suggests that inter-particle cohesion occurs in the gels. An anomaly occurs in that low and (presumed) high orders 
of the (00Z) series show different dependence of intensity on sample disposition to the X-ray beam.

This paper is part of a continuing series of inves­
tigations in which it is sought to elucidate the struc­
ture of gels consisting of a matrix of interlocked and 
grown together crystallites with liquid retained in 
the pore space, particularly soap gels. These gels 
possess a number of physical properties such as 
yield value, texture, syneresis, liquid loss under 
pressure, cohesiveness, flow properties, etc., which 
must ultimately be interpretable in terms of the 
behavior of aggregates of soap crystallites of de­
fined distribution as to size, shape and manner of 
cohesion one t-c another. The size and shape of 
soap particles recovered from such gels could be 
studied and indeed very interesting results have 
been obtained in correlating changes in consistency 
of lubricating greases during working, with changes 
in fiber dimensions as seen with the electron mi­
croscope.3 However, whether the original gel is a 
mechanical dispersion of the observed particles or 
possesses a more elaborate structure built from them 
as suggested by electron micrographs of sodium 
laurate fibers prepared from aqueous solution4 is not 
easy to determine. Application of electron microg­
raphy5 to thin slices of gels of calcium stearate hy­
drate in n-hexadecane shows the existence of a coher­
ent soap structure but still leaves to inference the 
relation of the structure to that of the original gel.

The present work is based on the supposition that 
if inter-particle cohesion is a factor in the structure 
of soap gels, the extent to which the individual 
crystallites are oriented by mechanical forces will be 
affected. Detailed prediction of the distribution 
of orientations to be expected from various model 
structures has not been attempted. Rather, the 
present work is essentially qualitative, exploring to 
see whether the phenomenon gives any promise of 
utility for the study of gel structure or indeed even 
exists. Variation of intensity of the various peaks 
in the diffraction pattern of the soap as a function 
of disposition of the sample to the incident beam 
was chosen as a method of determining the distribu­
tion of crystallite orientations.

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) National Lubricating Grease Institute Fellow, 1951—1952.
(3) A. Bondi, A. M. Cravath, R. J. Moore and W . H. Peterson, 

Inst. Spokesman, 13, No. 12, 12 (1950).
(4) L. Marton, J. W. McBain and R. D. Void, ./. Am. Chem. Soc., 

63, 1990 (1941).
(5) R, D. Void, H. F. Coffer and R, F. Baker, Inst. Spokesman, IS, 

No, 10, 8 (1958).

Determination of Won-random Orientation.— A North 
American Phillips X-ray Spectrometer was used for this 
work, following the procedure described by Schulz.6 The 
samples were prepared for X-ray examination as flat disks 
mounted so that any direction with respect to surface of the 
sample could be brought into the plane of the incident and 
recorded diffracted beam bisecting the angle between them. 
With appropriate precautions, the intensity of the dif­
fracted beam is directly proportional to the volume fraction 
of soap crystals oriented with the corresponding crystal 
plane perpendicular to this direction. The orientation of a 
set of parallel diffracting planes is defined by two coordinates, 
the angle between the outward normals to the planes and 
the sample surface (u), and the angle between the intersec­
tion of the planes with the sample surface and a reference 
direction in the surface parallel to the direction in which the 
sample was rubbed or stroked during the preparation (p). 
Two mounts are required to explore all orientations in order 
to ensure that variations in intensity are due to non-random 
orientation rather than to variation in the volume of sample 
illuminated by the incident beam and varying absorption. 
Each is valid over a range which could be calculated from 
Schulz’s equations but requires also independent experi­
mental verification since the range depends in part on the 
perfection of the mechanical arrangements.

The sample mounts used are shown in Fig. 1. Each con­
sists of a brass ring 2.5" o.d. which fits into a similar brass 
ring 2.5" i.d. fixed on the axis of the sample mount. The 
inner ring can be rotated (angle <f>). In the R  mount the 
sample is contained in a cup 0.625" i.d. and 0.375" deep 
with its surface plane containing the ring axis. The cup 
can be rotated in its own plane (angle A). The incident beam 
is “ reflected”  from the.surface and underlying layers. The 
incident beam is defined by two horizontal slits 1.5" apart, 
the first 0.08" high and 0.04" wide and the second 0.04" 
high and unrestricted in width. A third slit, 0.08" high 
and 0.04" wide, is placed at the counter entrance. Under 
these conditions a randomly oriented powder ( —100 mesh 
NaiPsO?) gave intensities independent of sample orientation 
for 0 <  <r <  45° and all p. In the T  mount the sample is 
contained in an open hole 0.375" in diameter in a brass slide 
0.04" thick. The slide can be turned about its own axis 
(angle a ). A single slit 0.01" wide and 3 mm. high defines 
the incident beam; the counter slit is made 0.02" wide and 
also 3 mm. high. For calibration with Na4p20i a thinner 
slide was used so that the absorption by the salt was com­
parable to that by soap gels and in accord with the value 
(p.T =  0.3-0.5) recommended by Schulfc. Results are 
valid for 45° <  a <  90° within 5%  for all p at a =  90° but 
only for p ~  0° at other values of a.

To explore the total accessible range of crystallite orien­
tations, samples are run in both mounts at a — 45°, p =  0 
where the valid ranges overlap and a conversion factor ob­
tained to permit expression of the intensities on the same 
scale. This factor varies with the Bragg angle since re­
flection measurements weaken lines at small Bragg angles 
relatively more than those at high angles while the reverse 
is true for transmission measurements.

Materials.— The sodium palmitate was prepared in 1942 
from Eastman palmitic acid (I.V . 0.0, eq. wt. 257). Analy­
sis showed that it had not acquired any acidity on storage. 
It was dried to constant weight at 110° before use. A 8

(8) L. G. Schulz, J. Applied Phys., 20, 1030 (1949),



Jan., 1953 Packing Orientation of Soap Crystallites 27

Fig. 1.— Sample mounts for orientation analysis. Inner 
rings R  and T  are interchangeable on the post P which 
stands perpendicular to the plane of incident and diffracted 
beam. In R, X-rays are "reflected”  from the sample while 
in T  they are “ transmitted”  through the sample which is at 
S in both cases. In R  the experimental angles <f> and A are 
respectively equal to the angles a and p of crystallite orienta­
tion relative to the sample surface. In T  the relation is cos 
a =  sin a  sin <p; cos p =  cos <£/sin a.

preparation in the zeta form was obtained by heating a 
sample with 40%  soap and 60% water in a sealed tube to 
the isotropic liquid state and then allowing it to stand 
several days at 65°. A portion of this material was con­
verted to the delta form by mechanical agitation at 40° as 
described by Void, Grandine and Schott.7 The samples 
were allowed to dry in laboratory air resulting in a final water 
content of ca. 3% .

The calcium stearate monohydrate was prepared from a 
stearic acid of m.p. 69.2-69.7, eq. wt. 286, I.V . 0.3, puri­
fied from Armour’s Neofat 65 by 3 recrystallizations from 
acetonitrile. After metathesis in aqueous alcohol between 
calcium chloride and the stearic acid neutralized with car­
bonate free sodium hydroxide, the precipitated calcium soap 
was extracted in a Soxhlet, extractor with water at 100° for 
several hours after the last detectable chloride ion had been 
washed out. The monohydrate was in the VI-H form as 
prepared and yielded calcium stearate in the VI-A form 
upon dehydration. Tire water content of the hydrate de­
termined by loss of weight at 110° was 2.89%. The VI-S 
form was obtained by dispersing 30% of the soap with 65% 
n-hexadecane and 5%  water-in a sealed tube at 155° and 
cooling slowly to room temperature. Solvent-free material 
was obtained by extraction with a light petroleum solvent 
boiling initially at 50°.

The crystallographic state of the materials was checked 
in all four cases by determining their X-ray diffraction 
patterns which corresponded exactly to those found for the 
respective forms by Void, Grandine and Schott7 for the so­
dium soaps and Void and Smith5 for the calcium soaps.

du Pont n-hexadecane (cetane) was used directly except 
for sweeping with nitrogen to remove dissolved oxygen. 
It had n211 n 1.4345 compared to the literature value 7i20n
1.43449.

Gels of calcium stearate in «.-hexadecane and water were 
prepared from a sample of the soap which had been dried to 
constant weight at 115°, by dispersing weighed amounts of 
soap and solvents at 155° in a sealed tube, equilibrating at 
this temperature for two hours or more and “ quenching” 
in a freezing mixture of solid C 0 2 and acetone.

Samples for X-ray study were prepared by piling the pow­
der or gel loosely in the sample cup, compacting with verti­
cal pressure under a glass plate and sliding off the glass plate 
in a fixed direction, vertical in the sample mounts at <t> = 0 ,

(7) R. D. Void, J. D. Grandine, 2nd, and H. Schott, T his Journal, 
50, 128 (1952).

(8) R. D, Vola and T, D, Smith, J. Am> Chem, Soc,, 73, 2006
(1.081),

A =  0 or a =0, <#> =  90°, respectively. The intensities of diffrac­
tion peaks from duplicate surfaces were generally reproduc­
ible within 5-10% , but if the vigor of directional rubbing 
was purposely varied the extent of non-random orientation 
varied also, and to different extents with different samples 
so that a necessary further development is the definition 
and control of shearing motions during sample preparation.

Experimental Results and Interpretation
Solvent-free Soaps.— Results obtained for the 

dependence of intensity of reflections indexed as 
low orders (003-005) of the (0(E) planes for the 
four soaps upon the angle <7 are shown in Fig. 2. 
For the two sodium palmitate samples the results 
are for an arbitrary (but constant) value of p; For 
calcium stearate hydrate VI-H they have been 
shown experimentally to be independent of p. 
The results plotted for calcium stearate VI-S were 
obtained for a paste of solvent-free soap in an ap­
proximately equal weight of n-hexadecane prepared 
at room temperature.

Inclination of planes to sample surface (u).
Fig. 2.— Preferred orientation in solvenVfree soap pow­

ders; low orders of the (001) spacing: I, •. delta sodium 
palmitate; II, O, zeta sodium palmitate; III, S, calcium 
stearate hydrate VI-H; IV, 9 , (no curve) calcium stearate 
hydrate VI-S as a paste in n-hexadecane.

In all four cases the intensity is maximal near a =  
0, which means that most of the crystallites in the 
sample lie with their (OOZ) planes parallel to the 
sample surface. This is a behavior which would be 
expected for plate-like or ribbon-like crystals whose 
(00Z) planes are parallel to the plate surface or rib­
bon surface, respectively. The extent of the ori­
entation differs with the different samples. Many 
factors are involved including particle asymmetry, 
whether the oriented units are individual crystals 
or partly ordered aggregates, the method of sam­
ple preparation, inter-particle friction, etc. It is 
tempting to conclude that the delta sodium palmi­
tate contains the least asymmetric particles and to 
cite this “ fact” in interpretation of the observation 
that in aqueous gels (cc. 30% water) this modifi­
cation is far more friable than the zeta form, but in 
view of the many other variables such a conclusion 
is not presently justified.

Following Stosick,9 Void and co-workers7'8 have 
attempted to interpret the crystal modifications 
of some of the soap forms in terms of two dimen­
sional slabs with stacking disorder and accordingly 
indexed a number of reflections as high orders of the 
(OOZ) spacing. The orientation dependence of the 
intensities of some of these reflections is shown in

(9) A. J. Stoelck, J. Chem. Phys., 18, 1035 (1950).
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Fig. 3. They all appear to tend toward maximum 
intensity at high angles of inclination to the sample 
surface almost exactly contrary to the behavior of 
the low orders. Since all (001) planes in a single 
crystallite should be parallel, this result stands as 
an anomaly for which no truly convincing explana­
tion can be given.

Inclination of planes to sample surface (o-).
Fig. 3.— Preferred orientation in solvent-free soap pow­

ders; empirical high orders of the (001) spacing: I, •,
delta sodium palmitate, 8th and 9th orders; II, O, zeta 
sodium palmitate, 10th, 12th and 15th orders; III, ©, 
calcium stearate hydrate VI-H, 13th order.

As many as ten different modifications of sodium 
soaps have been reported, on the basis of differences 
in X-ray diffraction pattern, but the question had 
been raised as to whether any of these distinct pat­
terns could arise from reproducible non-random ori­
entation of particles of the same crystal form sub­
jected to different mechanical treatment. How­
ever, none of the variations in relative intensity of 
lines for either delta sodium palmitate or zeta so­
dium palmitate which are found when the X-rays 
are incident at different angles, leads to a pattern 
resembling any other reported soap modification.

For calcium stearate hydrate VI-H as a dry pow­
der no variation of any of the intensities occurred as 
the sample surface was turned in its own plane. 
Peaks at d/n equal to 4.4, 4.15 and 3.4 A., desig­
nated by Void and Smith8 as (hk/) bands showed 
essentially the same dependence on inclination to 
the sample surface shown in curve III of Fig. 3. 
This type of packing suggests the dominant oc­
currence of thin crystallites for which these planes 
lie perpendicular to the plate or ribbon surface.

Pastes of Calcium Stearate Hydrate in n-Hexa- 
decane.—A paste of 45% calcium stearate VI-H 
was prepared in n-hexadecane at room temperature 
and the dependence of the intensity of the 003 
reflections on both tip (a) and turning motions (p) 
of the sample surface investigated in the range from 
a =  0 to a =  45°. The results are shown in Fig. 4. 
At a =  0 no dependence should occur since the 
plane normals being observed all stand perpendicu­
lar to the sample surface and along the rotation 
axis. For increasing angles of tip (<r) concentration 
of intensity occurs for planes whose normals lie in 
the rubbing direction. The directional stroking or 
rubbing conceivably exerts a torque tending to turn 
particles so that their long dimension is in the rub­
bing direction. Resistance to such a torque should 
increase with decreasing length-width ratio. Thus

the occurrence of the preferred orientation suggests 
high length-width ratios (i.e.. “ ribbons” ). Failure 
to observe the same effect with the dry powder is 
ascribed to inter-particle friction since it is unlikely 
that the dispersion process used could itself have 
had any gross effect on particle shape.

Angle relative to rubbing direction (p).
Fig. 4.— Preferred orientation in pastes of calcium stearate 

VI-H in n-hexadecane: I, O, <r =  0; I, ©, <r =  5°; III, 
O ,  a  =  10°; IV, • , a =  45°. Intensity is taken as 100 in 
the rubbing direction at each value of a.

The same kind of result was obtained for pastes 
of calcium stearate hydrate VI-S in ?i-hexadecane. 
For this sample, orientation dependence was stud­
ied for the peaks at d/n of 4.55 A. (S peak) and 3.85 
A. (C peak) both of which are empirically high or­
ders of the 00£ spacing, 11 and 13, respectively.8 
The results are shown in Fig. 5. The planes re­
sponsible for the “ S ”  peak are aligned preferentially 
close to the rubbing direction (plane normal at 110° 
to rubbing direction) while for the “ C” peak little 
orientation is observed. This difference in preferred 
direction of presumably parallel crystal planes in the 
same crystallites is similar to that also encountered 
for the sodium palmitate samples and for calcium 
stearate hydrate VI-H. It constitutes a very real 
and serious objection to the index assignments pre­
viously suggested8 despite the numerical coinci­
dences and other supporting data in favor of the 
assignment.

Fig. 5.— Preferred orientation in a paste of calcium stea­
rate VI-S ino n-hexadecane (at a = 60°): O, “ C”  peak at 
d /n  = 3.85 A .; • , “ S”  peak at d /n  =  4.55 A.

Gels of Hydrated Calcium Stearate with n- 
Hexadecane.— Samples of calcium stearate in n- 
hexadecane with water present in varying amounts 
up to one mole per mole of soap, prepared by dis­
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persing the materials in a sealed tube at 155° and 
quick cooling yield mixtures of calcium stearate 
hydrate and a poorly crystallized form'of anhydrous 
soap (VI-N)o which shows only a single broad halo 
(at d/n 4.2 A.) besides very weak (003) and some­
times (005) spacings. Two samples prepared with 
excess water (2 moles per mole soap and 19 moles 
per mole soap, respectively) displayed diffraction 
patterns corresponding to mixed VI-H and VI-S 
forms of calcium stearate hydrate. This was un­
expected since heretofore calcium hydrate VI-S 
had been realized only in samples cooled slowly. 
The (003) spacing in the set of samples (measured 
at a =  0, p =  0) showed progressively increasing 
intensity with increasing water content. These 
results are shown in Pig. 6.

M oles w ater per mole of soap.
Fig. 6.— D iffraction  behavior of gels of calcium  stearate 

(45% ) in n-hexadecanc as a function of w ater content. 
T h e patterns were taken a t <r =  0, p =  0. R e lative  intensi­
ties are adjusted to give the “ B ”  peak a t 4.15 A. an in tensity  
of 100 in all cases. T h e  B  peak occurs w ith  nearly the same 
in tensity  in all four form s of calcium  stearate and its hy­
drate. •  , “ A”  peak, d/n =  4.4 A., occurs only for calcium  
stearate m onohydrate V I-H  (and anhydrous calcium  stearate 
in which the transform ation to  form  V I-A  is inhibited). 
O, “ C ”  peak, d/n  =  3.85 A., occurs for both the V I-H  and 
V I-S  form s of calcium  stearate m onohydrate; O, “ S ”  peak, 
d/n — 4.55 A., characteristic of calcium  stearate m onohy­
drate V I-S  form ; ©, 003 spacing (d/n ca. 16.7 A., vary in g  
b y  ± 0 .7  A. for the different form s).

The determination of a distribution of crystallite 
orientations with more than one species of crystal 
present and virtually identical (001) spacings pre­
sents a complication which, however, did not have 
to be considered in detail because the major phe­
nomenon encountered is the resistance of the gels to 
orientation at all under the mild stresses employed. 
Xo preferred orientation was detected for any of the 
diffraction peaks other than the low orders of the 
(00Z) spacing, nor was any preferred orientation 
established with reference to a rubbing direction in 
the sample surface. Dependence of the intensities 
of the (003) peaks on the angle of tip (<r) is shown in 
Fig. 7. The anhydrous sample and both of those 
with excess water tend to have their (003) planes 
somewhat oriented in a preferred direction slightly 
inclined to the sample surface. With intermediate

water contents systematic orientation does not oc­
cur but very extensive fluctuations are found as a 
function of angle. The fluctuations suggest the 
occurrence of sizeable regions of gel within which the 
soap particles are preferentially disposed to each 
other, but with such regions not broken down by 
the relatively mild stresses of forming the sample for 
X-ray examination.

Inclination of 003 pianos to sam ple surface (a ] .
Fig. 7.— Preferred orientation of (003) planes in gels of cal­

cium stearate in n-hexadecane (4 5%  soap, v ary in g  water 
content). T h e in tensity  is taken as 100 at a  =  0 for each 
sam ple. T h e  w ater contents in moles per mole of soap are I, 
0.0; 11 ,0 .2 7 ; 111,0 .4 2 ; IV , 0.61; V, 1.9; V I, 19.0. T I-A , 
•  , sam ple II  a fter rem oval of m ost of the re-hexadecane.

In an isolated experiment, most of the solvent was 
removed from the gel with 0.27 mole of water per 
mole of soap, by dilution with pentane and filtering 
to leave a somewhat waxy, exceedingly triboelectric 
powder. This sample (II-A of Fig. 7) showed 
maximal intensity of its (003) planes parallel to the 
sample surface in common with the solvent-free 
soaps and with mechanically prepared pastes in n- 
hexadecane. This is taken as confirmatory evi­
dence that the behavior of the gels is due to inter­
particle structure rather than solely to smaller par­
ticle size or more nearly isometric ultimate particles.

Conclusions and Prognosis.— It has been shown 
that reproducible non-random packing of asym­
metric soap particles does occur. The phenomenon 
has been used to test and cast doubt upon the 
interpretation of diffraction patterns of soap 
crystals solely in terms of stacking disorder of 
otherwise perfect crystallites. Further, it has been 
shown that orientation of the constituent particles 
in gels can be made to occur but differs from that 
encountered for solvent-free soaps or mechanical 
pastes. The approach is thus presented as one 
which may, with further refinement, be capable of 
yielding useful results in at least two directions, 
viz., shape distribution and packing characteristics 
of particles in polycrystalline systems and inter-par­
ticle structure in gels.



30 W. H. Peterson and A. Bondi Yol. 57

A STUDY OF SOAP AEROGELS FROM LUBRICATING GREASES1
B y  W. H. P e t e r s o n  a n d  A. B o n d i

Shell D evelop m en t C om p a n y , E m eryv ille , C a lifo rn ia  
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F or a more com plete understanding of lubricating greases, a precise knowledge o f the nature of the soap structure and its 
interaction w ith the oil com ponent was desired. Therefore, the unchanged soap skeleton of a grease was isolated using 
K is tle r ’s technique of obtaining aerogels. T h is technique in volves rem oval of the fluid after the system  has been heated 
above the fluids critical tem perature. In  the present case the operation should be perform ed a t  a tem perature sa fely  below 
the first transition point of the soap. A ccordin gly, the oil phase m ust be replaced b y  a sufficiently v o latile  m edium  w ithout 
however, form ing a fluid interface which would lead to  the collapse of the soap structure. These requirem ents were m et 
b y  displacing the oil from  the grease gel b y  liquid butylene and the la tter b y  liquid ethylene in a pressure bom b. T h e  porous 
soap skeleton obtained a fter release of the ethylene has the dimensions of the original grease gel, the volum e shrinkage being 
of the order of on ly 2 %  and a  surface of approxim ately 80 sq. m ./g. (nitrogen adsorption). M ost of the experim ents w ith 
the skeleton were designed to  test the m echanical properties of reconstituted grease gels in a  v arie ty  of oils. U se of the 
aerogel elim inated the influence of the oil properties on the growth of the soap fibers which ordinarily interferes w ith  such 
interaction studies. R econstitution, i .e .,  replacem ent of the original oil into the skeleton, led to  a grease which closely, dupli­
cated the properties of the original, thus indicating the reversib ility  of the system . R econstitution  w ith  other oils showed 
grease consistency to depend upon the v iscosity  and the p u rity  of the oil used. C onsistency was found to increase linearly 
w ith the logarithm  of the oil v iscosity, b u t decreased as the oil contained larger am ounts of adsorbable im purities.

One of the primary purposes of recent investiga­
tions of lubricating greases has been to determine 
the extent of interaction between soap and oil. 
X-Ray examination2a and thermal differential anal­
ysis213 suggest that up to about 100° there is little 
if any interaction between alkali or calcium soap 
and oil. The oil apparently is held by capillary 
action in the interstices of the soap-fiber tangle 
which the electron microscope has made visible.3 
Transplantation of the gel structure from one oil to 
another without grossly affecting the nature of the 
gel has lent additional support to the concept of 
the two-phase nature of greases.4

At the outset of the work to be reported here, 
which paralleled in time many of the quoted stud­
ies, the question was not only to find a way to as­
certain in a qualitative manner the independence 
of soap gel structure and oil, but also to obtain some 
quantitative information regarding the relationship 
between oil properties and grease properties. Pre­
vious work in this Laboratory had shown that oil 
viscosity has a profound influence on the dimen­
sions of the soap fibers which are formed by af­
fecting the cliffusional processes operative in crystal 
nucléation and growth.5 To complete the picture, 
it was desirable to determine the effect—if any— of 
oil properties on the properties of greases gelled by 
soap fibers of fixed dimensions, which earlier studies 
did not control.5 For this purpose the soap fiber- 
tangle was isolated in unchanged form from a grease 
by the elimination of the liquid in the absence of a

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) (a) M. J. Void, G. S. Hattiangdi, and R. D. Void, Ind. Eng. 
Chem., 41, 2311 (194!); (b) R. D; Void, et al., ibid., 41, 2539 (1949); 
F. H. Stross and S. Abrams, J. Am. Chem. Soc., 73, 2825 (1951).

(3) B. B. Farrington, Ann. N. Y. Acad. Sci., 53, 979 (1951).
(4) G. V. Browning, “ New Approach to Lubricating Grease Struc­

ture," paper presented at 17th Annual Meeting of the N.L.G.I., New 
Orleans, Oct. 3, 1949.

(5) A. Bondi, J. P. Caruso, H. M. Fraser, J. D. Smith, S. T. Abrams, 
A. M. Cravath, R. J. Moore, W . H. Peterson, A. E. Smith, F. H. 
Stross, E. R. White and J. N. Wilson, “ Developments in the Field 
of Soda Base Grease," Proceedings of the Third World Petroleum 
Congress, Section VII, 380-385, 1951.

(6) C. J. Boner, “ Influence of Chemical Structure of Lube Oil on 
the Manufacture of Lubricating Grease," paper presented at N.L.G.I. 
18th annual meeting, Chicago, October, 1950.

meniscus— i.e., at or above its critical tempera­
ture—to form an aerogel,7 and this soap aerogel was 
reconstituted with various fluids so that the proper­
ties of the resulting greases could be related to those 
of the fluid vehicle.

Experimental
Grease Composition and Manufacture.— T h e soda-base 

grease used contained approxim ately 9 1 %  refined mineral 
oil and 9 %  soda soap. T he soda soap was m ade b y  saponi­
fyin g  a m ixture composed of hydrogenated fish-oil fa tty  
acids and a m inor am ount of 12-hydroxystearic acid 8 after 
th ey  had been m elted in p art of the oil. A fter dehydration, 
the balance of the oil w as added and heating continued until 
solution of the soap in oil was accom plished. T h is solution 
was allowed to cool slow ly w ithout stirring and then yielded 
a gel which required m illing to form  a grease.

Preparation of Soap Aerogel from Grease.— Aerogels 
were m ade of both the gel9 and grease. M easured sections 
of gel (approx. 7 /  X  'A "  X  4") were used to detect any 
dim ensional or volum e change resulting from  the oil re­
m oval. T h e  volum es calculated from  measured dimensions 
were checked b y  oil displacem ent.

Grease was used to  obtain a large am ount of gel since it 
could be easily packed into 60-mesh screen holders (18" 
X  3 7 /  X  *//)• T h e layers were re la tiv ely  thin  ( 7 /  to  
i A ")• F ou r screen containers were placed in a pressure 
vessel, separation betw een the screens being m aintained b y  
glass rods. T h e fluent flow was from  top to bottom  and 
parallel to the axis of the screens. Petroleum  C 4 fraction 
was first used to rem ove the oil and subsequently displaced 
b y  an equal am ount of ethylene. T h e charge of butylene or 
ethylene was com pletely renewed each d ay . T his recharg­
ing took about four hours. T h e oil w as recovered from  the 
butylene b y  passing through a  hot w ater heat exchanger to 
flash off the ligh t solvent. T h e volum e of butylene was 
m easured b y  a  gas m eter and the oil w eighed. W hen all 
(99% ) of the oil in the grease had been recovered, ethylene 
w as interchanged w ith the butylene in the sam e fashion and 
for the same num ber of cycles. D uring the ethylene inter­
change the bomb was kept in an ice-bath and the pressure 
m aintained above 500 p .s.i. Before releasing the ethylene 
the bath w as warm ed to  30°. D uring the warm ing, the 
pressure was allowed to  rise to  above critical (750 p .s .i.)  
and m aintained betw een 800 and 1000 p .s .i. b y  release of 
some of the ethylene. A t  30° the rem aining ethylene was 
slow ly released. T h e bom b was then opened and the soap 
aerogel weighed and stored in closed cans.

Reconstitution of Grease from the Aerogel.— R econ stitu ­
tion of the grease from  the aerogel w as usually  effected b y  
adding the required w eight of oil to  the soap aerogel chunks

(7) S. S. Kistler, U. S. Patent 2,249,767.
(8) U. S. Patents 2,308,599; 2,380,960; 2,445,935; 2,445,589 and 

2,588,556.
(9) The hard mass obtained from slow cooling of the soda grease 

prior to milling, is here designated as “gel.”
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T a b l e  I

P r o p e r tie s  o f  L u b r ic a n t s  U sed  to  R e c o n s t it u t e  A e r o g e l
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Lubricant 77°F. Viscosity, cs. i 
100°F.

A (D istillate) 5200 1008
T reated  A 1600 566
B  (D istillate) 880 325
T urbine oil 245 108. 1
D istilled medicinal white oil 105 80. 1
S p ray oil 37.5 20.9
Light medicinal white oil 12.5 8.24
Cetane 3.97 3.05
D ow  C ornin g fluid 200 242 193 .2

and evacu ating the system  to rem ove entrapped air. rl
observe dim ensional changes during reconstitution, measured 
gel pieces were imm ersed in excess oil and the gel recovered 
and measured after draining off the free oil. Otherwise, 
with aerogel from grease the gel-like soap-oil chunks which 
resulted were stirred and mashed ini^o a  grease to incorporate 
a n y  oil not soaked up b y  the gel. T his m ixture was then 
homogenized b y  w orking ligh tly  w ith  a  spatula on a steel 
p la te .

O ils.— T h e  properties of the fluid lubricants used are 
listed in T ab le  I . Some of the oils used were further re­
fined in the laboratory either b y  passing through silica-gel 
columns or b y  vacuum  distillation using conventional tech­
niques.

T est M ethods U sed for the G re ase.— T h e grease prop­
erties exam ined were consistent, as measured b y  the m i­
cro-cone penetrom eter and the m echanical stab ility , as 
measured b y  the Shell R oll T est.

T he micro-cone penetrom eter10 consists of the Standard 
A S T M  penetrom eter w ith  a sm all alum inum  cone of 74° 
angle and 21 m m . high replacing the A S T M  cone. The 
to ta l plunger and cone assem bly weighs 58.3 g. A  standard 
5 cm. diam eter and 3.4 cm . deep cup was used to hold the 
grease. T he sam ple was worked ligh tly  (to  break any 
thixotropic hardening) on a  steel plate im m ediately before 
testin g b y  m eans of a flexible steel spatula. T h e standard 
procedure of takin g penetration b y  bringing the tip  of the 
cone to the surface of the grease and releasing the com; as­
sem bly for five seconds was used. T he depth of penetration 
of the cone w as measured in dm m . For convenience con­
sistency is expressed as 1000/penetration.

T he Shell R o ll T e s t11 apparatus consists of a rotating iron 
cylinder, 180 m m . long and 90 m m . i.d ., in which courses a 
free roller 176 m m . long and 60 m m . o.d . filled w ith  lead to 
weigh 5 k g . ±  100 g. T he cylinder, closed a t  one end and 
fitted a t the other w ith  a  threaded cap, revolves at 160 ±  5 
r.p .m .; 75 g . of grease is charged and at convenient inter­
vals the grease is rem oved from  the cylinder and penetra­
tion values obtained. T h e grease, im m ediately after re­
m oval, is brought to  25 ±  0.2° b y  placing on a cooling plate 
m aintained a t tem perature b y  circulating w ater. T he 
grease is then loaded into the test cup and prom ptly tested 
io avoid  variation  in the results due to thixotropic harden­
ing. R ep eat penetrations are usually  taken. T h e sample 
is then reloaded to the cylinder and the test continued. 
For com parative purposes the initial penetration was ob­
tained b y  extrapolating the roll-life curve back to the first 
0.1 hr.

Results and Discussion
If a grease structure formed by the solid gel agent 

were self-supporting and not interacting with the 
environment, its shape should be independent of 
the fluid contained in it. Upon re-embodying with 
the original fluid, the gel should have the same prop­
erties as the original gel. Interchange of grease 
from one fluid to another can be effected without 
damage to the structure,4 but the removal of the 
fluid from a gel usually results in its collapse due to

(10) Shell Method Series, No. 479/48, Shell Development Company, 
Emeryville, California, 1948.

(11) R. P. McFarlane, Inst. Spokesman, 6, No. 12 (1943).

210°F. Viscosity
index

Specificgravity
<¿'“ 1

Refractiveindex,
7l20D

Averagemolecular
weight

Anilinepoint,
°C.

34 50
26 62 0.9092 1 5020 565 108.4
18.6 61 . 9005 1.4940 530 109
9.32 56 .8950 1.4898 418 99.9
9.25 99 .8660 1.4767 489 119.3
3.65 36 .8819 1.4815 312 88.7
2.27 93
1.20 133 . 7739 1.4352 233

77.5 138 .9711 1.4059 3600

contracting forces exerted by the surface tension 
of the receding fluid meniscus. Such gels cannot 
be reincorporated into the oil except by molecular 
dispersion at high temperatures. The use of a 
technique developed by lustier7 some years ago 
avoids a receding meniscus by heating the gel sys­
tem above the critical temperature of the liquid 
before its release.

Extraction.— Removal of the oil from a grease 
above its critical temperature is clearly pointless 
since the soap structure would be dissolved in the 
oil at a far lower temperature. In fact, in order 
to obtain the soap structure wholly- intact and 
representative, the temperature should not exceed 
the lowest phase transition temperature of the 
soap—in this case about 80°—during the entire 
isolation process. It was therefore decided to dis­
place the oil by low boiling hydrocarbons with 
critical temperatures below 80°.

This requirement restricted the choice of oil dis­
placement fluids, and ethylene (tc = 9.8°) which 
happened to be readily available was used. A sec­
tion of measured dimensions cut from unmilled 
soda-base grease gel was placed in a Jerguson sight- 
glass gage and was extracted with liquid ethylene 
at 0° and ca. 500 p.s.i. After no more oil was ob­
tained in the separator'of the system (see Experi­
mental Section for details of the method), the tem­
perature was raised to 30° and the ethylene released. 
During extraction the gel was observed to shrink 
slightly and the recovered aerogel had indeed lost 
20% in volume. It was considered possible that 
the oil and the liquid ethylene might not have been 
entirely miscible and that 'the receding menisci of 
the interface between the two liquids might have 
developed sufficient interfacial tension to collapse 
the weakest components of the structure. Sepa­
rate experiments on the oil-ethylene system showed 
that indeed the two liquids are only partially misci­
ble and that, especially at high ethylene ratios, two 
phases are in equilibrium over a fair range of con­
centrations. As the interfacial tension between 
these two hydrocarbon liquids is probably only of 
the order of a few dynes/cm. the partial collapse of 
the soap structure indicates the delicacy of this iso­
lation process.

To avoid even partial collapse of the gel struc­
ture, a two-stage process was adopted. The oil was 
first displaced by liquid butylene (U =  160°) with 
which it is completely miscible at room tempera­
ture; then the butylene was displaced by ethylene 
which in turn was released above its critical tem-
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perature. A summary of a typical aerogel prepara­
tion is given in Table II. The resulting aerogel 
(sometimes called the “ soap-skeleton”  of the grease) 
had maintained the volume of the original grease 
lump within 1% and therefore exhibited a bulk 
density equal to the soap concentration in the 
grease, viz., 0.08 g./cm .3. The aerogel appeared as 
a pithy, chalky, rather brittle, opaque, white, po­
rous solid. Soxhlet extraction of the same grease 
with pentane and subsequent evaporation of the 
solvent, on the other hand, resulted in a horny piece 
of soda soap which was slightly heavier than water 
(see Table III).

T a b l e  II

A e r o g e l  P r e p a r a t io n  from  G r e a s e  
A . R eplacem ent of oil b y  butylene in grease skeleton

Yol.
liquid
C4 to Wt. oil

Period vol. free in sample Total
Inter- between space at start Remain- Total soap in

change inter- used in of inter- ing oil oil dis- displaced 
num- changes, inter- change, displaced, placed, oil,
ber days change g. % % %

I 0.25 1 1385 68.8 69.8 0.18
2 2.75 1 431 64.3 90.2 .015
3 1 1.1 154 61.5 97.0 .002
4 1 1 60 55.0 99.4 .001
5 1 4.9 27 70.5 100.7
6 1 1 8 37.5 101.0
7“ 3 4.5 5 100.0 101.2

“ Interchange w ith ethylene follows.

B . M aterial B alance
Charged Recovered

Soap, g. 132 130
Oil, g. 1373 1385
Total, g. 1505 1515
%  Gain 0.7
%  Soap in to ta 8.78 8.64

gel structure when stercoptic views are made.
Reconstitution.— Reconstitution of lubricating 

greases by reincorporation of oil into the aerogel 
had yet to be proved possible. Since the recon­
stitution was not carried out in a truly reversible 
manner, the advancing meniscus of the oil might 
collapse the structure during its penetration into the 
pores. A 15 to 20% shrinkage of the gel did occur 
during the reincorporation process, which— in order 
to prevent entrapment of air—was carried out in 
vacuo. However, electron micrographs of the re­
constituted grease showed no collapse or breakdown 
of structural elements (Fig. 1).

The mechanical properties of the grease reconst i­
tuted with the original oil and soap aerogel derived 
from the unworked grease gel are nearly identical 
with those of the product from the gel prior to ex­
traction (Table IV). The visual appearance of 
the reconstituted gel before working into grease was, 
except for the shrinkage mentioned above, the 
same as that of the original gel. However, the 
aerogel from the grease (worked gel) gave a gel-like 
solid upon reconstitution which required milling (as 
did the original gel) to yield a grease again. The “ set” 
of the structure may result from increased interac­
tion (perhaps cementation) of the soap fibers at 
their contact points during the period in which the 
oil is removed or from local compression of the 
structure by capillary forces during reconstitution. 
The consistency and mechanical stability of the 
worked samples were very nearly alike before and 
after processing, (Table IV), but the pattern of the 
breakdown curve was different as shown in Fig. 2. 
The lack of a hump in the curve for the reconsti­
tuted grease is interpreted to mean that some

T a b l e  I I I

L o ss  in  Soar  St r u c t u r e  V o l u m e  D u e  to  L iq u id  I n t e r f a c e

Per cent, of original after
Method of Nature of Extraction Reconstitutiona

recovering soap structure interface Wt. Vol. Wt. Vol.
Soxhlet extraction w ith  isopentane of oil 

followed b y  room -tem perature evapora­
Liquid  C 5 to C s 1 9 .0 !' 10 .8 10 .8 10 .8

tion of the pentane
y  tip or J

E th ylen e extraction  of oil. E th ylen e  then Liquid ethylene 1 9 .6 6 80 77 81
rem oved a fter heating system  above 30° to oil J

B utylen e extraction of oil followed by eth yl­
ene exchange w ith  butylene. E thylen e 
then rem oved a fter heating system  above

None 8 .8 5 “ 99 88.5 8 7 .5

30°

“ M ethod of reconstitution alw ays led to oil-air interface. b 8 .65%  soap in original gel. c 8 .78%  soap in original gel.

The surface area of the soap aerogel as determined 
by nitrogen adsorption12 was about 80 to 100 m.2/g. 
(Certain irreversible phenomena taking place dur­
ing the nitrogen adsorption process precluded more 
accurate determination of the surface area.) This 
area corresponds to an average fiber diameter of 500 
to 600 A., in agreement with electron microscope 
observation, suggesting that the visible geometric 
area of the soap fibers represents their entire area,
i.e., the absence of pores in or on the fibers. Carry­
ing out the Kistler process on a grease speci­
men mounted on the electron microscope screen 
provides a clear picture of a relatively undisturbed

(12) Kindly carried out by Dr. Harold T. Eyck and Dr. E. E. 
Roper.

T a b l e  IV

M e c h a n ic a l  P r o p e r tie s  of  G r e a s e  b e f o r e  a n d  A ft e r  
A e r o g e l  P rocess

Micropenetration

Type of aerogel
Worked,
original

Worked,
recon­

stituted
aerogel

Roll life, hr.
Recon­
stituted 

Original aerogel

U nworked gel 160 163 4 .5 “ 4 .5 “
W orked gel (grease) 1 0 0 115 1456 1656

“ H ours to 290 m icropen. (N o protection against oxi­
dation during gel preparation.) 4 H ours to  180 m icropen. 
(G rease protected against oxidation during preparation 
before extraction.)

breakdown of large fibers may have occurred in the 
process. The changes wrought by the process cy-
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B. Greii.se a fter extraction w ith butylene and 
ethylene, release of ethylene after heating to 

30° and reconstitution w ith oil.
Fig. 1.— E ffect of K istler’s aerogel technique on soap libers 

of a grease.

elc arc, however, not very serious, since the roll 
lives (as indicated in the curve) closely coincide sif­
ter 70 hours.

Period of rolling in hours.
Fig. 2.— Shear stab ility  of reconstituted grease.

Effect of Oil Viscosity and Composition on Grease 
Properties.—While, as shown above, reconstitution 
with the original oil produces a grease of nearly 
the same “ worked consistency”  as the starting 
material, reconstitution with other oils often gives 
greases which differ in consistency from the grease 
from which the soap aerogel had been derived. 
In the absence of surface-active substances from 
the oils, the grease consistency appears to be unaf­
fected by the chemical composition of the mineral 
oils and depends only on the viscosity in the man­
ner shown in Fig. 3. The curve does not. continue 
to fall toward lower values of viscosity but goes 
through a minimum and increases again for very 
thin liquids. The soap aerogel imparts to silicone 
polymer fluids a higher consistency than to the 
equiviscous petroleum oil, possibly because of the 
more pronounced flocculation of soap particles in 
these fluids, a similar effect is also obtained with 
carbon black.13

Fig. 3.— Relation of oil v iscosity  to grease consistency.

The presence of adsorbable components in the 
oil, as in the case of unrefined or residual oil frac­
tions, leads to noticeable reduction in consistency as 
shown in Table V. This effect is believed to be due 
to the reduced interaction (friction) between soap 
fibers as a result of their having been covered with a 
layer of adsorbed polar material which may screen 
off the mainstay of interaction, namely, the planes 
normal to the dipole sheets.

T a b l e  V

I.v c r k a sk  i.\ G r e a se  C o n s is t e n c y  w it h  H ig h l y  R e p in e d

Lubricant Oil viscosity,
Consistency, 
1000/micro-

type cs. at 77°I1'. penetration, dmm,

D istilled medicinal 
w hite oil 165 7.82

T urbine oil 218 7.70
T reated A 1600 9 .7
A (D istillate) 3200 8 .3

If one considers the consistency, as determined 
bv the cone penetration method, to lx* a measure of 
the yield strength of the gel structure, then only the 
effect of adsorbable impurities on consistency is un­
derstandable. There is no a priori principle which 
could explain the effect, of oil viscosity upon consist­
ency. One might perhaps have expected more

(13) M. J. Forester and D. J. Mead, J. Applied Phj/a., 22, 70.1 
(1911); A, Bondi and C. J. ren tier, T his Journal, 57, 72 (1913).
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rapid flocculation and therefore a harder grease 
with lower viscosity oils in contrast to most of the 
observed curve. The approximately linear rela­
tion between consistency and the logarithm of the 
oil viscosity also does not suggest any simple physi­
cal picture for the nature of this effect. It may 
perhaps be that the commonly used drop-cone pen­
etration measures not only the yield stress of the 
grease but contains also a viscous component, espe­
cially in the range of relatively soft greases which 
have been examined. This problem is the subject 
of a separate investigation.

The shear stability of greases—as measured by 
the rate of consistency loss in the Shell Roll Tester— 
decreases as the oil viscosity increases (Table VI), 
probably owing to the larger shear stress which 
acts on the fibers to break them as the viscosity is 
higher. This effect is well known from pigment

T a b l e  VI
O n. V isc o sit Y A ELATED TO G r e a s e C o n s is t e n c y  an d

S h e a r  St a b il it y

Viscosity,

Con­
sistency® 

after 
0.1 hr. 

working

Rate of 
break­
down

Lubricant rs. at in roll in roll
Lubricant treatment 77° K. test test

Treated A Acid washed
and clay treated

1000 9.71 1 .7 6

B None 880 9.11 1 .87
Distilled 

medicinal 
white oil

Clay treated 
and distil­
led

105 7 .8 8 1.06

Spray oil Acid washed 38.0 
and clay treated

6.50 0 .0 5

Light medic- None 
inai white oil

12.5 5 .9 5 0.50

Cetane Acid and 
caustic washed

: i . 97 6.30 0.81

Silicone DC None 
200

242 U .4 2 .4

“ Consistency, 1000/micropenetration in dmm.

grinding (Fig. 4) where the rate of particle size re­
duction is likewise proportional to the oil viscosity.14 
In grease manufacture this effect of viscosity is en­
tirely overshadowed by the beneficial effect of in­
creased oil viscosity on fiber growth15 and thus on

Viscosity in poise.
Fig. 4.—Halation of viscosity to shear stability.

(I t) E. Fisher and D. Gaits, in Alexander’s “ Colloid Chemistry,” 
Vol. VI, 1946, p. .'100.

(15) R. J. Moore and A. M. Cravath. TmL Eng. Chcm., 43, 2892
(1951).

the shear stability of the type of soda soap grease 
discussed in this paper.

Conclusions
(1) By means of the Kistler aerogel technique, 

authentic soap structures can be recovered from 
lubricating greases. These soap aerogels occupy 
within 1 or 2% the same volume as did the starting 
material. Electron micrographs also showed the 
absence of any significant changes in the processed 
soap structure. (2) Reincorporation of the origi­
nal oil into the aerogel leads to a product which dif­
fers only slightly in its mechanical properties from 
those of the starting material. (3) The consistency 
of greases made by incorporation of the soap aero­
gel into other oils increases with the viscosity of the 
oils over a wide range, nearly independent of the 
oil composition, but their shear stability decreases.
(4) Specific effects were noted with a silicone oil, 
which was gelled to higher consistency than the 
equiviscous hydrocarbon oil, and with oils contain­
ing adsorbable impurities, which depressed the 
consistency presumably by reducing the adhesion 
between soap fibers.

DISCUSSION
A n o n .— D o I  understand th at b y  this technique you  can 

replace the oil w ith water?

VV. H. P e t e r s o n .— U nfortunately  soda soap is soluble in 
water and the fibers would possibly be som ew hat changed. 
In w ater insoluble soaps it should be possible.

A n o n .— W h at happens to  alum inum  soap?

W. H. P e t e r so n .— T h e m ethod appears applicable to 
all kinds of greases.

A. L. M cC l e l l a n .— W hat explanation do you  propose 
to offer for the fact that the reconstituted soap fibers do 
not seem to split lengthwise and cause the increase in pene­
tration you have observed in the original greases?

W. H. Pe t e r so n .— T h e fibers still do to some degree, as 
is evidenced b y  the flattening o f the shear-breakdown curve 
in th at region in which a hump occurs in the curve of the 
original grease. It depends on the rate and degree a t 
which the process of splitting lengthwise goes on as opposed 
to the rate of breakage to shorten the fiber. These rates 
must become similar, otherwise we would n ot parallel the 
original curve toward the end of the 70-hour roll period. 
H owever some changes in the soap structure p robably  occur 
due either to  compression or interaction of the soap with 
itself, while the soap aerogel is being form ed or reconsti­
tuted. T his is shown b y  the set exhibited when soap aerogel 
derived from grease in reconstitution, indicating some inter­
action betw een the soap fibers a t their points of contact.

A n o n .— D o  you  have any direct evidence for the fibering 
o f the soap and the effect of the axia l ratio on grease con­
sistency?

W. H. P e t e r so n .— T h e  evidence for this was published 
in hid. Eng. Chem., 43. 2892 (1951). T h e electron m icro­
graphs show this effect very  n icely  when sam ples are taken 
at different stages (luring the roll test.

It. D. V o ld .— I should like to refer to the paper just 
mentioned. I have the impression th at you  then attem pted 
to account qu an titatively  for the consistency in term s of 
the length -w id th  ratio  of the fibers and th a t now yo u  are 
postu lating a three-dim ensional structure w ith  elastic 
properties, which presum ably will resist rupture, and thus 
contribute an im portant com ponent to  the consistency as 
determ ined b y  penetration method.

W . H. Peterson.— I th ink you  have tw o means of gelling 
oil a t  w ork here. One extrem e is the brush-pile analogy 
in which interaction between fibers is of m inor im portance. 
T h e  other extrem e would he isom etric shapes held together 
b y  flocculation forces. T here is evidence th at the soap
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fibers do interact. So, therefore, part of the contribu­
tion to their consistency is that interaction. But you can, 
if you hold the interaction constant, relate consistency to 
the length-width ratio. If you vary the interaction, as 
we did by  adding the impure oil, then the consistency again 
is interfered with, and can be related to that interaction.

M. J. Vonn.— When the original oil is extracted is it not

possible that some of the polar bodies m ay remain sorbed 
on the soap fibers and thus contribute to the apparent 
effect of the nature of the oil used in reconstituting the 
grease on its final consistency?

W. H. P e t e r s o n .— The oils used were for the most part 
mineral oils selected without regards to composition except 
that they be free of polar bodies.

A NEW APPROACH TO GAS FLOW IN CAPILLARY SYSTEMS1
B y  R. M. B a r k e r

Chemmlrif l)ept.. Aberdeen C'nirersitp, Aberdeen, Scotland 
Received J uly ££, ¡952

An account has been given of some results obtained using the time lag method for the investigation of porosity, tortuosity ' 
factor, mean capillary radius, r, and internal area, A, of porous media. This method leads to results for r and A which 
differ characteristically from these quantities obtained by  the steady state methods due to Adzumi or Arnell. There arc- 
reasons for believing that the time lag method measures true internal areas more exactly than steady state methods. The 
time lag method has been extended to investigations of adsorption and surface diffusion for gases'adsorbed according to 
H enry’s law. Surface diffusion in “ V ycor”  porous glass (where a high surface:volum e ratio is combined with fine capil­
laries) was at room temperatures and above comparable with volume diffusion along the capillaries in the gas phase in a 
number of instances (Os, X 2, A, Kr, CH4, CsHe). During the transient state of flow the separation factor for mixed gases 
diffusing through a septum can be greatly enhanced. Thus in a X 2 :C 2H 6 mixture, where in the steady state there is little 
separation, one m ay have large transient state separation factors. Knhanced transient state separation factors m ay also 
arise with isotopic species such as H>, H D  and I)«.

Problems connected with transport of fluids in 
porous media occur in considerable numbers. 
Capillary rise of liquids, wetting processes, flow of 
underground water or petroleum, resistance to flow 
due to porous beds in combustion chambers, cata­
lyst reactors, fluid catalysts, and in filtration proc­
esses provide just a few examples of technically 
important fluid transport problems.

Parallel with the practical aspec ts of such proc­
esses come fundamental researches into kinetic 
molecular and quasi-thermodynamic treatments of 
flow. Many studies of this kind have been made, 
under a wide variety of conditions.2 Gas flow in 
single capillaries provides a simple means whereby 
several, types of flow may be identified and their 
characteristics defined. These are: molecular
streaming (Knudsen flow); streamline (or Pois- 
euille) flow-; turbulent flow; and orifice flow. To 
these flow' mechanisms should be added surface 
transport, where molecules move within the influ­
ence of the force held of the solid.

In recent years considerable experience has been 
gained of diffusion in channels so restricted as to be 
no more than an average sized molecule in diameter.3 
Such channels are provided by certain types of 
aluminosilicate mineral (zeolites like ehabazite, 
mordenite, levynite, gmelinite, harmotome and 
several others). Attention has also been paid by us 
to the flow of gases in beds of smal . spheroidal par­
ticles (crystals of synthetic analcite) under condi­
tions where diffusion into the crystals did not occur

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) E.g., (a) K. Herzfeld and H. Smallwood in Taylor's "Treatise
on Physical Chemistry,” The Macmillan Co., Inc., New York, N. Y ., 
1931, p. 73. (b) R. M . Barrer, "Diffusion in and Through Solids,”
Cambridge University Press, Cambridge, England, 1941, chap. 2. (<•)
R. 1M. Barrer, Faraday Soc. Discussion. No. 3, 61 (1948).

(3) E.g., II. M. Barrer, Ann. Reps, of the Chem. Soc., 41, 32 (1944). 
R. M. Barrer, Quart. Rev., Yol. I ll, 194!), No. 4, p. 293.

but where flow was comparatively rapid between 
and around the individual crystallites in the bed.4 
In the beds of analcite particles the surface to vol­
ume ratio was not large. More recently gas flow 
and sorption in a “ Vycor” porous glass has been in­
vestigated.5 In this medium the surface to vol­
ume ratio is very high and a state of affairs can be 
achieved where all molecules spend a substantial 
fraction of their lifetime inside the porous medium 
directly within the range of surface forces from the 
medium. This case is intermediate between flow 
almost entirely confined to the gas phase and intra­
crystalline diffusion in zeolite crystals where the 
diffusing molecules are wholly within the influence 
of the force held of the crystals. It thus permits 
the interplay of gaseous and surface flow to be 
studied.

One object of the investigations in analcite beds 
and in porous glass has been to develop a method 
of approach20-4-5 which differs from and is in some 
ways complementary to the traditional steady state 
procedures of Kozeny,6 Carman,7 Adzumi8 and 
others.9 These approaches have shown that in­
formation can be obtained from the steady state of 
flow as to the average capillary size in the porous 
medium, the number of capillaries per unit volume 
and the internal surface of the porous medium. A 
second and independent flow method of determining 
such properties provides a valuable check on the 
results of the first method and thereby helps to 
show what are the limitations of such methods and 
of the physical model of the capillary system which

(4) R. M , Barrer and D. M . Grove, Trans. Faraday Soc., 47, 826, 
837 (1951).

(5) R. M. Barrer and J. A. Barrie, Proc. Roy. Soc., A213, 250 (1952).
(6) J. Kozeny, Sitzber. Akad. Wien., 136, [Ilaj 271 (1927).
(7) P. Carman, Faraday Soc. Discussion, No. 3, 72 (1948).
(8) H. Adzumi, Bull. Chem. Soc. Japan, 12, 304 (1937); also G. 

Loehtmtnn, Angeiv. Chem., 53, 5C5 (1940), and ref. 4.
(9) J. C. Arnell, Can. J. Research, A24, 103 (1946); ibid,., A25, 

191 (1947); P. Carman and J. 0 . Arnell, ibid., A26, 129 (1948).
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th e y  in v o lv e . In  th is c o m m u n ica tio n  th e proce­
dure we are d eve lop in g  h as been  outlin ed  an d  so m e  
o f its  results in dicated .

T h e  M o d e l  fo r  th e C apillary Stru ctu re of the  
M e d iu m .— T h e  pore g e o m e try  o f b ed s o f irregular  
particles is so com p lex  th a t  th e cap illary  n etw ork  
is u su a lly  idealized  as a set o f parallel u n iform  
capillaries n in n in g  th rou gh  the m ed iu m  in the  
direction  o f flow . S o m e sh ortcom in gs o f th is  
sim p le  p ictu re are in evitab le  an d  in stan ces re­
vealed  b y  our exp erim en ts will be g iven  la te r ; its  
a d v a n ta g e  is th a t in term s o f the m od el it p e rm its  
th e flow  processes to  be c learly  and q u a n tita tiv e ly  
fo rm u lated . T h u s , th e actu al b ed  of th ick n ess l, 
b ou n d e d  b y  th e  p lan es x  =  0  an d  x  =  / ,  in w hich  
flow  occu rs in th e +  x  d irection , is replaced b y  a  
b ed  o f identical p e rm e ab ility , o f th ick n ess h and  
com p risin g  a  set o f parallel capillaries all of radius r. 
In  such  a  b e d , li =  kj, w here A? d en otes th e  tortu os­
ity  factor.

F o r  m olecu la r  stre am in g  th e gen eral d ifferen tia l  
eq u a tion  o f flow  in such  a  m e d iu m  is 10

dc
à t

D à- C 
à x 2 (1)

w here C d en otes the con centration  a t tim e t and p oin t  
.r a n d  w here I )  is the d iffusion  coefficient o f gas in

Fig. 1.— Tim e lag, L , for S 0 2 gas at 5°, flowing through a 
column of analcite spheroids. Ingoing pressure =  0.374 
cm. H g (ref. 4).

(10) In terms of the model, D  is the diffusion coefficient in any of 
the capillaries of which the idealized medium is composed. It is of 
course true that equation 1 can be written without reference to any 
model and the modified diffusion coefficient D "  can still be obtained 
f r l1
from L = ----- (eq. '}). Thus D " = k~,D where ¿2 is the tortuosity

(SDn
factor (I.c.).

the porou s m ed iu m . F o r  stream lin e flow , the corre­
sp on d in g  eq u ation  is

ÙC =  j y à V

àt °  à x ’
(2)

and it can he seen th a t  w hile eq . (1 ) is ca p a b le  o f  
explicit so lu tio n , eq . (2 ) b ein g  n on -lin ea r  is n ot. 
P articu lar a tten tio n  has therefore been g iven  to  th e  
m olecu lar stream in g  flow  range.

B a s is  o f a  N e w  P roced u re  fo r  In v estig a tin g  S u r ­
fa c e  an d  P o re  P ro p ertie s .— T h e  so lu tio n  o f e q . (1 )  
can rea d ily  be o b ta in ed  for tra n sien t flow  in th e  
cap illa ry  s y ste m  for th e  b o u n d a ry  con d ition s  

C  =  Co a t  x  =  0 for all t 
C  *= 0 a t  l =  0 for 0 <  x  <  h 
C  —  0 a t  x  — h for all t

T h e  so lu tion  is2c

I)«2*-2/

(3)

E x p e rim en ta l m ea su re m e n ts  to  correspon d to  the  
a b o v e  b o u n d a ry  con d ition s can  ea sily  b e  m a d e 4-5; 
in practice it is sufficient if du rin g  th e run th e  con ­
cen tration  a t the o u tgoin g  su rface sh ou ld  a lw a y s  be  
m u ch  less th an  th a t  a t th e in going  su rface o f th e  
p orou s b ed .

T h e  q u a n tity  Q w hich h as d iffu sed  th ro u gh  u n it  
cross section  a fter a t im e  t is

T h u s , as l increases, Q app roach es th e a s y m p to te

A c c o rd in g ly  th is a s y m p to te  m ak es an  in tercep t

/,2 = feV
i)l) 6 D (6)

upon the axis o f t. F igu re 1 sh ow s th e a p p ro a c h  to  
the ste a d y  s ta te  o f flo w ,4 a n d  th e t im e  la g  L, for  
S 0 2 at 5 °  a n d  w ith  Co corresp on d in g  to  0 .3 7 4  c m . o f 
H g . T h e  p orou s m ed iu m  w as a  9 4 -c m . co lu m n  of 
a n alcite  sph eroids o f m ea n  rad iu s 5  X  10 - 3  cm . 
T h e  to ta l cross-section  o f th e colu m n  w as A c =  
0 .0 9 0 2  c m .2 an d  the p o ro sity  w a s 0 .5 0  c c . /c c .  I t  is 
clear from  F ig . 1 th a t  7/ can  b e  d eterm in ed  w ith  ac­
cu racy . F rom  the valu e of L  th e  ratio  ky/D  
fo llow s a t  once.

F o r  a  gas sh ow in g  negligib le ad sorp tion  and flow ­
ing in a  cap illa ry  (or sy ste m  o f parallel cap illaries) 
o f radius r, the d iffu sion  coefficient D  is g iv en  b y 2c-41

1) 4r I 2R T
3  \  l r \ l

(7)

T h u s  the tim e  lags fo r  a  grou p  of such  g ases  sh ou ld  
b e p ro p ortion al to  y / M ;  or th e  p ro d u c ts  D \ / M  
sh ou ld  be co n sta n t. T h e  correctness o f th is  v ie w  is  
in d icated  in T a b le  I  for a  v a r ie ty  o f gases in  th e  
analcite  c o lu m n .4 V a ria tio n s in  th e p ro d u c t by/M . 
are at least in p art th e resu lt o f a te n d e n c y  o f th e  
u n con so lid a ted  m ed iu m  to  settle  du rin g  th e  course
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of th e exp erim en ts. In  the la st colu m n  of T a b le  I 
are g iven  th e  m ean  pore radii accord in g  to  eq . (7 )  
an d  th e  parallel cap illary  m od el.

T a b l e  I

T r a n s ie n t  F l o w  in  A n .ai.c it e  B ed s  a t  25°

Gas min.
D ,‘>

cm.2 sec. ~1 D V .M
r X 10‘ ,

cm.
H e 4 .9 10.9 21.8 1 30
N e 9 .8 5 .4 6 24.5 1 .40
A 14.7 3 .6 4 23.0 1 .37
K r 21.7 2.40 22.0 1 .34
II* 3 .0 17.7 25.2 1 .51
X , 11.0 4.84 25.6 1.53
O í 12.5 4.26 24.2 1 .44

“ Length of column of analcite =  08 cm. b k» is taken in 
this calculation  to be v 2 .

T h e  valu es of r in T a b le  I m a y  be com p ared  w ith  
v a lu e s ob ta in ed  from  ste a d y  s ta te  flow  m easu re­
m en ts  th rou gh  th e sa m e c o lu m n 4 (T a b le  I I ) .  T h e  
pore radii in c o lu m n  fou r in T a b le  I I  h a v e  been  
d erived  b y  th e m eth o d  of A d z u m i20’8 from  a c o m ­
bined s tu d y  o f K n u d se n  an d  P oiseu ille  flow  (a ssu m ­

ing as b efore  th a t  k2 =  \/'2). T h ese  radii are  
m uch larger th a n  are th ose  in T a b le  I d erived  u sin g  
th e t im e  lag  m e th o d . T h e  reason for th is is d is­
cussed la ter  in th is paper.

T a b l e  II

St e a d y St a t e  F l o w  D a t a in  A n a l c it e  B e d s a t  25°

Gas
Knudsen 

permeability, 
A'k, cm.2 sec. _1

105 X Poiseuille 
permeability,

A'p, run.t see. g. i
10< x  r,

cm.
He 11 .5 9 .3 9 .0 ,
Ne 6 .0 4 .4 0 .0 ,
A 3 .7 0 .2 i . 0»
K r 2 . 9 5 .8 0 .4 »
l b 15.6 14.5 i . 1 n
Ns 4 .6 5 7 .0 5 4:,
0 , 4 45 5 .6 0.0»

Independent Measurement of k2 and of r.— The
mean capillary radius r can be determined by an 
independent method, from sorption measurements. 
These following the B.E.T. or analogous procedures 
give A the surface area of the porous medium in 
cm.2/cm .3. Next the porosity e can be measured 
in cm.3/cm .3, and the ratio 2e/A =  r may be 
derived (eq. (7)) and then from eq. 6 one obtains 
k2.

Barrer and Barrie5 made a close study of flow 
and sorption in “ Vvcor” porous glass. Figure 2 
gives typical sorption isotherms obtained in this 
medium. These are of Type IV in Bnmauer’s 
classification11 and therefore give both e12 and A. 
The value of r =  2e/A can be further checked in 
this system by using Kelvin’s equation13 applied to 
the desorption branch of the isotherm. In most 
porous media a distribution of values of r is ob­
tained bv this method.14 In the case of porous 
glass however the desorption branch of the hvstere-

(11) S. Brunauer, “ Physical Adsorption of Gases and Vapors.’ ’ 
Oxford University Press, New York, N. Y ., 1944. chap. 6.

(12) See eq. 10 for another method of obtaining t.
(13) RT  In p/po = - 2 aV/r (8)

where p/po is the relative pressure of sórbate vapor, and a is the sur­
face tension of liquid sórbate of molecular volume V.

(14) A. G, Foster, Faraday Soc. Discussion, No, 3, 41 (1948).

sis loop w as nearly  vertica l, sh ow in g  th at ev ap ora ­
tion  occurred from  m en isci w h ich  n early  all h a v e  th e  
sam e radius o f cu rvatu re. T h e  v a lu e  of r o b tain ed  
from  K e lv in ’s eq u ation  w as corrected  a ccord in g  to  
th e su ggestion  of F o s te r 14 fo r  th e p resen ce of an a d ­
sorbed film  a b o u t tw o  m olecu les th ic k , w h ich  
persists ju st  a fter  the liq u id  m en iscu s has d is­
appeared .

In  porou s g lass th e  tw o  m e th o d s  agreed excel­
le n tly  and g av e  r. =  3 0  X  1 0 “ 8 c m . In the sa m e  
m ed iu m  k2 w as then  d erived  as 2 .5 6  an d  2 .5 1 , u sin g  
tim e  lag d a ta  for the n o n -so rb ed  gases H e  an d  N e ,  
resp e ctiv ely . A s  soon  as k2 is k n o w n , I )  for m a n y  
gases in the p orou s m ed iu m  fo llow ed  (cf. ref. 5  and  
see a lso  T a b le  I ) .

W y llie  an d  R o s e 15 su g g est th a t  k2 can be d erived  
fro m  th e ratio  R  o f th e specific resistan ce o f a  porou s  
m e d iu m  sa tu rated  w ith  a  c on d u ctin g  fluid to  the  
specific resista n ce  of th e fluid itse lf. T h e y  g iv e  
for th is ratio  R =  t/k2, an d  fro m  th eir  results Avalúes 
of k2 m a y  be calcu lated  in th e ran ge 3 .5 3  to  1 .6 5  
for variou s m ed ia , th e m a jo r ity  g iv in g  v a lu e s  
arou n d 2 .5 . T h is  m e th o d  can  be u sed in d ep en d ­
e n tly  o f th e sorp tion  procedu re u sed b y  us.

In  so m e m ed ia  o f p a rticu la rly  sim p le  stru ctu re  
e stim a te s  o f the to r tu o s ity  fa cto r  h a v e  been m a d e .

(15) M. Wyllie and W . Rose, Nature, 165, 972 (1950).
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In beds of spheres k2 has been alternately given16'17 
as ir/2 and y/2. Carman17 has indeed suggested 
that k2 »  \ /2  for a variety of porous media, but this 
estimate now appears too low. If k2 is not known, 
a reasonable estimate would on present evidence 
be ~  2.5.

Pore Properties by the Time Lag Method.—The
steady state flux dn/dt of non-sorbed molecules 
in Knudsen flow through unit cross section of a 
porous bed is, in terms of the parallel capillary 
model, where N capillaries traverse unit cross 
section of the lied

d a  N  r r 2D C u  . .

dt U
Substituting from eq. (0) (L = k2'2l-/6D) and re­
calling that Nirr-kil = d (where e is in cc./cc. of 
porous medium) one has

t - u *  C° (,0)
This simple e([uation can sometimes give a good esti­
mate of the porosity. Thus in porous glass the 
sorption method gave e = 0.30 cc./cc. while eq. (10) 
gives e = 0.336 and 0.32s using Xe and He, respec­
tively.

When the tortuosity factor k2 has been deter­
mined (or is assumed) the time lag method readily 
gives the internal area A of the solid, for it leads to 
a value for r =  2t/A, whence .1 is obtained.

Barrer and Grove4 determined the surface area 
of analcite spheroids by three flow methods: the 
time lag procedure; and the steady state pro­
cedures of Adzvmi8 and of Arnell.9 In order these 
methods gave A =  7100, 1500 and 1260 cm.2/  
cm.3, respectively. The time lag method gives a 
much larger value, parallel to the notably smaller 
value of r, pointed out earlier in comparing Tables 
I and II. The difference is related to limitations 
of the parallel capillary model.

Thus before the steady state is established (i.e., 
during the time lag period) the penetration of gas 
involves every part of the surface and pore struc­
ture of the medium. In the steady state however 
blind or cul-de-sac pores contribute little to the 
rate of flow. Accordingly the surface area derived 
from steady state data should be too small and the 
average pore radii are correspondingly too large. 
On the other hand the time lag method should give 
a good measure of the total surface area and a 
better idea of the average pore radius.

Adsorption and Surface Flow Processes by the 
Time Lag Method.—An important field of applica­
tion of the new procedure lies in the investigation 
of adsorption, surface flow and gas fractionation 
through septa. Surface flow has been considered to 
occur on a variety of surfaces, but adequate methods 
of investigation have not been developed until re­
cently. Early transient investigations by Wicke18 
and others19 do not carry much conviction because 
the mathematical analysis of the results is unavoid­
ably crude. Steady state investigations by Flood

(16) D. Hitchcock, J. Gen. Physiol., 9, 755 (1926).
(17) P. Carman, Trans. Inst. Chem. Engrs., 15, 150 (1937).
(18) E. Wicke and R. Kallenbach, Kolloid Z., 97, 135 (1941).
(19) R. Haul. An few Chem., 62, 10 (1950).

and Tomlinson20 and by Carman, et aZ.,21,22 appear 
to have placed the reality of surface flow in porous 
media such as finely divided carbon, silica and other 
powders beyond reasonable doubt, and Carman 
and Raal22 have recently summarized a number of 
surface diffusion coefficients of sorbed vapors on 
such media. Their analysis refers only to surface 
flow' in adsorbed films at higher relative pressures 
where dense monolayer or multilayer films and even 
capillary condensation occur. The data establish 
that surface mobility increases rapidly, the greater 
the amount sorbed. This means that, if surface 
flow can still be treated as a diffusion, the equation 
of transient flow must be

with D„ a function of Cs. The analysis used by 
Carman and Raal for the steady state gives merely 
an average Ds over a considerable interval of 
surface concentration. Moreover their method 
does not appear suitable for measuring surface 
diffusion in the most dilute films, where Henry’s 
law governs the sorption equilibria. It is here 
that the time lag method is particularly useful. 
In these most dilute films the equation of surface 
flow in a capillary is

dr, _  dV,
dl " dj2 (12)

where Cs denotes the number of adsorbed molecules 
per cm. length of capillary, while at the same time 
Knudsen flow in the gas phase is governed by

M ~  d.r2 (13 )

In cq. (13) Cg denotes the number of gas .phase 
molecules per cm. length of the capillary. Pro­
vided adsorption equilibrium is maintained between 
flowing gas and the adsorbed film, the total flow 
is represented bv the sum of the above equations, 
where the relation between Cx and Cs follows 
Henry’s law. Thus considering a capillary, at a 
point x one has

2irrC's =  (Ts; 7r r^C =  (\

where C'„ and C denote the number of molecules 
per cm.'2 of surface and per cc. of gas phase, re­
spectively, at x. Thus

<\ _  r » 2 _  2k.
CK ~ r. X  r "  r

(14 )

where ks denotes the Henry’s law sorption constant. 
Adding (12) and (13) and substituting from 14 
gives

ac«
dt

/  D +  —  IKb y I y
I Ox2 IKW j

d x2
(15)

Thus the growth of concentration in the gas phase 
follows Fick’s law with a modified diffusion co­
efficient.

(20) A. E. Flood and R. H. Tomlinson, Can. J. Research, B26, 38 
(1948).

(21) P. Carman and P. le Malherbe, Proc. Roy. Soc. {London), 
A 203, 55 (1950).

(22) P. Carman and F. A, Raal, ibid., A209, 38 (1951).
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In the steady state the flux under the same 
conditions is obtained from

D
&Çg
dz2 +  D ,

ò2G
ÒJ2 (16)

which gives for the flux An/At per unit area of cross 
section

dii
di 1) +  D .

2k A òC'BJ àx
-N D ,

ò(\
àx

07)

(cf. eq. 9 and note that rr-c =  cg)
Surface Diffusion Coefficients.—The relations 6 

and 7(L =  à;2/2/6Z)i where /A is given by eq. (1.1 ) with

leads after suitable rearrangement
to6

Db — Di (18)

where Lne is the time lag for a non-sorbed gas 
such as helium (or neon) and M n e and M  are the 
molecular weights of helium and of the sorbed gas, 
respectively. Accordingly, from fc2, h, r, Li and 
Lne (or Lnc) all of which quantities are accessible to 
direct measurement, the surface diffusion coeffi­
cients can be obtained. A careful study5 of the 
flow of H2, He, Xe, A, Kr, XX, 0 2, CH4 and C2H6, 
together with adsorption measurements, led to 
consistent values of IK, and to the conclusion that 
in a “ Vycor” porous glass membrane for which r. =  
30 X 10-s cm. surface flow is comparable with 
gas phase diffusion for all the gases save H2, He 
and Xe.23

A distinction was once more observed between 
the results deiived from the time lag method above, 
and conclusions drawn from the steady state of 
flow. In the latter case the relative permeation 
velocities were very nearly always in the ratio of 
i / V m  where .1/ denotes the molecular weight 
(Table III). This behavior is to be expected for 
pure gas phase diffusion, but not for surface and 
gas phase diffusion combined. The distinction 
arises from the limitation of the parallel capillary 
model which has been outlined earlier. Thus in 
building up the steady state there is creep of mole­
cules into every crevice and blind pore in the system 
and it is this process which rexmals surface diffusion. 
The total surface of the solid is involved during 
this stage in the flow and sorption processes. In 
the steady state permeation velocity on the other 
hand the crevices and blind pores play little or no 
part ; moreover the bulk of the fluid is transported 
in the steady state by the comparatively few 
capillaries of greatest diameter provided these are 
continuous through the medium. For such capil­
laries surface diffusion will clearly be less important, 
compared with gas phase diffusion. In the steady 
state therefore surface flow may be obscured unless 
this flow is relatively great. A further example of 
the same distinction between the transient and the 
steady state of flow is given in the next section.

Separation of Mixtures.—Equation (15) can be 
integrated with the boundary conditions used for 
eq. (3). The quantity Q which has diffused 
through unit area of the bed in time t is then

(23) Since an account of this work is available elsewhere its fuller dis­
cussion will not be given here (Barrer and Barrie5),

Q = ( HV TT1'2D,
lt d  1

12/,, V (~P "
»*

<‘X1>
D ,it *7i

j
(19)

where Li =  k22l~ /6 Dx and Dx and /A are defined by 
eq. (15) and (17). At any time t =  kLx substitution 
in eq. (19) gives

Q =
WVVr2í-,/( 1 + 2/'") \

í +  -V E  exp -7T- “  ! II-
nWk} 

6 ( (20)

The separation factor curing the transient state 
of flow for two gases sorbed according to Henry’s 
law is then

and L2 now denotes the time lags for species 1 and 
2 and ksi and fcs2 are the corresponding Henry’s 
law sorption constants. For sufficiently large 
values of t = kLx

p =
(i  +  2̂ ) g

(22)

However for the reason noted in the previous 
section surface diffusion tends to become more and 
more obscured as the steady state is approached, 
and so we would anticipate that eq. (21) will define 
the separation factors ever the earlier transient 
stage, but that by the time the steady state is

reached p is not given by eq. (22), but by
This latter prediction is borne out by the experi­
ments of Barrer and Barrie5 summarized in Table
III.

T a b l e  I I I

Gas

Relative 
permeation 
rate (obsd.

Relative
rate

according to

Relative
rate

according to
pair at 292°K.; eq. (22) y/Mt/Mi

He: Ne 2.29 2.33 2.25
CH4: No 1.08 1.70 1.12
NVXfc 0.80 1.36 0.85
0 2:X c .77 1.25 .79
C.H.: Ne .92 1 05 .82
Kr: Ne .50 0.77 .49
H2:Ne 2.85 2.83 3.17

The separation factors defined by eq. (21
suggest that over the early transient stage of Knud- 
sen flow very marked fractionations of mixtures 
might occur. This is true of pairs of molecules of 
the same or nearly the same molecular weight, 
provided they are sorbed to different extents. 
The sorption and flow data of Barrer and Barrie 
for C2H6 and X 2 when applied to eq. (21) give the 
calculated separation factors of Table III over a
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range of values of t = kL\. The molecular weights 
are such that in absence of sorption elTeets there 
would be little fractionation of the gas mixture, 
but because of r,he differing sorptions marked tran­
sient state separations are in fact possible.

The separation of isotopic species can also be 
enhanced in the transient state, even where the 
adsorption of these species is identical. In ab­
sence of sorption elfects one has

L h2: L h d : L d2 =  1 .414:1 .742 :2 .00

and in Table IV are given the separation factors in 
mixtures of H2 +  HD and of II« +  D2. These are 
initially appreciably larger than is anticipated from 
the ratios \ / J / h d / M h ,  or a / M d , / ' M h „  but slowly 
approach these ratios as k increases. It should 
be noted however that the total amount of gas 
transmitted during the period of enhanced separa­
tion may be quite small.

The data for the system 0 2:CH4 are of interest, 
because the time lags for each gas are nearly the 
same (see below). According to eq. (21) therefore 
neither in transient nor in steady state will there be 
an appreciable change in the fractionation factor. 
The time lags and the Henry’s law adsorption 
constants at 292°Iv., for the several gases referred 
to in Table IV diffusing in the “ Vycor”  porous 
glass membrane used24 are given.5

T a b l e  TV

S eta r a t io n  F ac tors  p A ccordin g  to  Kg. 21 fo r  S e v e r a l  
M i x t u r e s  a t  29 2°K .

NY CiTTs 0 ,:C IIi If-: M n H, : D?
k = k = k  = t- =
( / / .  N, P 1 7,0! p ( 7,1!. p 1 7 , i , P

2 .0 3 5 .9 0 . 6  0 . 66 0 . 8 1 .91 0 . 8 3 .1 3
3 0 14 .6 0 . 8 .66 0 . 9 1 .84 0 . 9 3 .1 2
4 .0 7 .3 2 1 .0 .66 1.00 1.80 1.00 2 .8 2
5 . 0 4 .6 0 1 .6 .66 1 10 1 .74 1 .1 0 2 .6 6
6 .0 3 .3 7 1 .8 .67 1 .20 1.67 1 .2 0 2 .4 9
8 .0 2 .2 7 2 .4 .67 1 .30 1.63 1 .30 2.41

10 0 1 .78 5 .0 .67 1.40 1 .60 1 .40 2.31
12.0 1 .53 10 0 .69 1 .50 1.56 1 .50 2.21
14 .0 1.37 15 .0 .69 1 .60 1.53 1 .60 2 09
16 .0 1 .27 2 0 .0 .69
2 0 .0 1.14 100 .69

200 0 .8 3 200 .69

I am indebted to Dr. J. Barrie, for the calcu­
lations in Table IV.

(24) This membrane was 2.09 t in. thick and of 0.924 orn.? cross 
section.

Xa C-2 (To 0 2 CAU TI* HD 1)2
Time lag. min. 39. •"> 200 44.7 43.7 4 .2  f>. I ’>» 7». 93«
Adsorption con­

stant X 10- 5.04 52.07 5.16 7.94 ..............................

(25) Calculated value assuming negligible sorption, from measured 
value for ITi.
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Some previous tests of the K o zen y  C arm an equation have suggested th at perm eation of different liquids through the same 
porous medium follows different flow mechanisms. These anomalies often have been ascribed to the operation of “ surface 
forces.”  T h e purpose of this work was to investigate  the observed discrepancies b y  com paring specific surface areas cal­
culated from different liquid perm eability m easurements, from gas adsorption and from m icroscopy. Four quartz-powder 
samples, sized to fall w ithin particle-size ranges of 1 to 4p, 3 to  13p, 7 to 35p and 22 to 57m, respectively, were used in the 
experim ents. T h e  specific surface areas calculated from gas adsorption, w ater perm eability and isooctane perm eability 
results decreased in the order given and differed b y  a nearly constant percentage for all powders. T he difference between 
w ater and isooctane results could be attribu ted largely to porosity differences. H igh porosities in isooctane were produced 
b y  flocculation caused b y  the presence of a film of adsorbed water. Flocculation m ay alter the value of the K o zen y  constant 
k ;  and since it m akes porosity m icroscopically non-uniform, the K o zen y  porosity function m ay be inapplicable. T here is 
no evidence for a continuous imm obile layer of the flowing liquid.

The nature of fluid flow through a porous solid 
medium has long been the subject of investigation® 
and speculation, but the problem has not been satis­
factorily solved. One particular difficulty, the 
role of special forces, often referred to as “ surface 
forces,”  at the solid-liquid interface is incompletely 
understood. This paper describes an investiga­
tion of the nature of surface forces that affect the 
flow of water and isooctane through compacted

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) Continental Oil Co., Ponca City, Okla.
(3) (a) P. C. Carman, Trans. Inst. Chem. Engrs. (London), 15, 150

(1937); (b) P. K. Sullivan and K. L. Hertel, in “ Advances in Colloid
Science,” E. O. Kraemer, Ed., Vol. I, Interscience Publishers, Inc., 
New York, N. Y ., 1942, p. 37.

beds of crushed quartz. Measurements of solid 
surface area presented to the flowing liquid have 
been employed as a tool to study flow mechanisms.

The Kozeny equation, as modified by Carman,3a 
is widely used to predict the relation between 
permeability, porosity and the surface area of a 
porous medium. The equation is based on three 
separate assumptions, each of which is valid only 
within certain limits.

The first assumption is Darcy’s law, which can be 
written in the simplest form® as

V  =  K P  (1 )

in which V is the volume rate of flow across a 
porous medium under a driving pressure P, and K  
is the permeability. It is recognized that this law 
is valid only in the range of viscous flow. The
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criterion of viscous flow is Reynolds’ number, which 
for porous media takes the form3*

R  =  p V /v A S  (2)
where p and are the density and viscosity of the 
liquid, and S is the surface area per unit bulk 
volume of the porous medium. It is found that 
equation (1) is obeyed when R <  1. The perme­
ability shows an apparent decrease at higher values 
of R. A decrease has been reported1 also for low 
values of R, supposedly because there are stagnant 
layers of liquid near the solid surface which are 
set in motion only at higher pressure gradients. 
However, the range of the reported measurements 
did not extend below about R =  10-1, while other 
workers6-8 have extended the range down to 
R =  10-6 without finding deviations from equation
(1). Measurements are reported here which extend 
the range down to li =  10-s.

The second assumption in the Ivozeny-Carman 
equation is that the permeability can be separated 
into two factors, one depending only on the solid 
and one depending only on the fluid

where Ko is the “ specific permeability” of the 
porous medium, A is the cross sectional area and L 
is the length. This relation has been tested and 
verified by permeation of fluids of different vis­
cosities through the same porous medium.6'8’9-12 
However, notable exceptions have been re­
ported.6’11-14 Some anomalies have been shown 
to disappear when beds are thoroughly packed15 
and when slip corrections are made for gas perme­
ability.11'12 Other explanations have been: an 
immobile layer Qf liquid,16 slippage of liquids,17 
swelling of the solid surface,1819 and an electro- 
kinetic effect.20 Direct measurements of the 
electrokinetic effect21 indicate that it is too small 
to explain the discrepancies. The energy of inter-

(4) W . Siegel, Chap. XI of “ Der Chemie Ingenieur,” A. Euoken 
and M. Jacobs, Eds., Vol. I, 1’art II, Akademisc-he Verlagsgesellschaft 
m.b.H., Leipzig, 1933.

(5) G. Bozza and I. Secchi, Giorn. chim. ind. applicata, 11, 443, 4.87 
(1929).

(6) G. H. Fanoher, J. A. Lewis and K. B. Barnes, Mineral Industries 
Exp. Sta. Bull., Penn. State College, 12, 1933.

(7) O. E. Meinzer and V. C. Fishel, Trans. Am. Geophys. Union, 15, 
Part II, 405 (1934).

(8) M . R. Hatfield, Ind. Eng. Chem., 31, 1419 (19391.
(9) E. Manegold, Kolloid-Z., 81, 269 (1937).
(10) P. C. Carman, J. Soc. Chem. Ind., 57, 225 (1938).
(11) L. J. Klinkenberg, in "Drilling and Production Practice 1941," 

American Petroleum Institute, New York, N. Y., 1942, p. 200.
(12) J. C. Calhcun and S. T. Yuster, in “ Drilling and Production 

Practice 1946," American Petroleum Institute, New York, N. Y., 
1947.

(13) H. B. Bull and J. P. Wronski, T his  Journ a l , 41, 463 (1937).
(14) L. Grunberg and A. .11. Nissan, J. Inst. Petroleum, 29, 193 

(1943).
(15) P. J. Rigden, J. Soc. Chem. Ind., 66, 130 (1947).
(16) J. C. Henniker, Revs. Modern Phys., 21, 322 (1949).
(17) E. C. Bingham, "Fluidity and Plasticity," McGraw -Hill Book 

Co., Inc., New York, N. Y., 1929, p. 29.
(18) F. Fairbrother and H. Varley, J. Chem. Soc., 1584 (1927); 

H. C. Hepburn, ibid., 3163 (1927); D. Hubbard, E. H. Hamilton and 
A. N. Finn, J. Research Natl. Bur. Standards, 22, 339 (1934).

(19) K. Mysels and J. W . McBain, J. Colloid Sci., 3, 45 (1948).
(20) G. H. Bishop, F. Urban and H. L. White, T his Journal, 35, 

137 (1931); H. L. White, B. Monaghan and F. Urban, J. Gen. Physiol., 
18, 515 (1935); B. F. Ruth, Ind. Eng. Chem., 38, 564 (1946).

(21) P. B, Lorenz, to be published.

action between liquid and solid would influence 
the other three suggested phenomena. In the 
present work, water and isooctane were selected 
as liquids having different viscosities and different 
energies of interaction with the quartz which was 
employed as the solid.22

The third assumption of the Kozeny-Carman 
equation is

= ‘ W  -  k h  ( T ^ p  <4>
where e is the fractional porosity of the porous 
medium, So is the surface area per unit volume of the 
solid phase and k is the Kozeny constant. We 
used the value 5.00 for the latter.2 Equation 4 
has been justified in many cases by studying K„ 
as a function of t when Sa is constant,2 or by using 
Ko and e to calculate So and comparing with surface 
areas measured in other ways.3'23’24 However, 
when equation (4) is applied to irregular fine par­
ticles in beds of high t, low values of So are ob­
tained25 which increase systematically with de­
creasing porosity.26'27 Lea and Nurse discuss three 
possible reasons for this behavior: non-uniform 
packing, inadequacy of the porosity function, and 
variations in k. However, they note that results 
after different packing techniques are nearly the 
same.

We have tested equation (4) by measuring surface 
area by gas adsorption and particle counts under 
the light microscope and comparing with permea­
bility areas. Permeability was measured while 
varying both So and 6 in turn, by using four different 
size fractions of powder, and by packing the finest 
powder fraction to several different degrees of 
compaction.

Experimental
Materials.—The quartz powders used were sized care­

fully by meshing, elutriation or sedimentation, from com­
mercially available crushed quartz powder. Table I gives 
the “ mean projected diameters’ ’ and the ranges of size of 
the powder fractions.28 29 After sizing, the powders were 
cleaned with hot chromic acid, rinsed copiously with de­
ionized water, rinsed with reagent grade acetone and dried 
in an oven at 110°. The powders were reheated and cooled 
in a desiccator immediately before use.

T a b l e  I
M icrosco pic  P a r t ic l e  Siz e  M e a s u r e m e n t s

Powder designation M -l E -l S-2 S-l
Mean projected diam., p 43 24 7.9 2.3
Size range, p 22-57 7-35 3-13 0 .7 -4 .1

The water was distilled first from alkaline KMnO,. 
Just before use, this product was redistilled, which elimi-

(22) Cf. F. L, Howard and .J. L. Culbertson, J. 1 m. Chem. Soc., 
72, 1185 (1950).

(23) J. C. Arnell, Can. J. Research, 24A, 103 (1946); ibid., 25A, 191 
(1947); J. C. Arnell and G. O. Henneberry, ibid., 26A, 29 (1648).

(24) C. G. Dodd, J. W. Davis and F. D. Pidgeon, Tina Journal, 
55 ,684 (1951).

(25) P. C. Carman, in "Symposium on New Methods for Particle 
Size Determinations in the Subsieve Range,” American Society for 
Testing Materials, Philadelphia, Pa., 1941, p. 24.

(26) F. M. Lea and R. W. Nurse, Trans. Inst. Chem. Engrs. (Lon­
don), 25, Supplement, "Symposium on Particle Size Analysis, ’ p. 47 
(1947). „

(27) P. C. Carman and P. le R. Malherbe, J. Soc. Chem. Ind. {Lon­
don), 69, 134 (1950); J. Applied Chem. (London), 1, 105 (1951),

(28) Complete size distributions and statistical calculations on the 
powder fractions are presented elsewhere.2*

(29) F. D. Pidgeon and C. G. Dodd, to be published.



42 R. T. Johansen, P. IP Lorenz, C. G. D odp, F. D. Pidgkon and J. W. Davis Yol. 57

nated dissolved air that, might form bubbles in the plug. 
The freshly distilled water had a pH of 7.1. After the water 
had passed through the plug, its pH had decreased to a 
value between 6.5 and 4.9, probably because acidic salts 
from the chromic acid treatment were being removed slowly. 
It was found that water permeability measured more than 
5 days after distillation was not reproducible but became 
progressively lower. Such slow plugging with water has 
been noticed previously . 19 It may be due to the growth of 
microorganisms no: removed by prefiltration.

The “ isooc-tane’ (2,2,4-triinethylpentane) was the purest 
grade obtainable from the Rohm & Haas Co. It was passed 
through a 3-foot column of commercial activated silica gel 
and distilled over sodium under an atmosphere of helium. 
The purified isooctane was stored at 2 to 4° in tightly sealed 
glass jugs. Physical constants were determined after 
standing and compared with values reported by the Na­
tional Bureau of Standards:3" density at 25.00°, 0.6880 g ./ 
ml. (N .B.S., 0.68781 g ./m l.); nwd 1.3914 (N .B.S., 1.39145).

Apparatus.— Figure 1 is a diagram of the apparatus. It 
wras patterned after the design of Dodd, Davis and Pidgeon , 24 

and improved foi greater flexibility, precision and con­
venience. A wide range of pressures could be attained by 
using either mercury or the permeating liquid in the U-tube 
manometer. To avoid evaporation losses and meniscus 
corrections in the latter case, the overflow device was en­
closed, and a manometer tube was attached on the low pres­
sure side with the same diameter as the manometer tube on 
the high pressure side. The attachments on the overflow- 
device were removable so that the cell could be safely vi­
brated.

Danger of contamination and leakage was minimized by 
reducing the number of stopcocks and joints. They were 
lubricated with Apiezon M grease for water runs, with poly­
ethylene glycol for isooctane runs. Neither exhibited any 
detectable solubility in the liquid with which it was used.

The sintered-glass supporting disk was cemented with 
water glass, directly into the precision-bore tubing so that 
it was possible to measure the bottom of the plug accurately.

Formation of Plugs.—Using the vibrational method of 
Bartell and Albaugh , 30 31 the powder plugs were formed in the 
cell which had been partly filled with liquid. An improved 
vibrator was designed, 32 with belt drive and quality bearings 
mounted on á massive frame, so that extraneous vibrations 
were absent. The metering funnel was mounted directly 
on the shaker and modified, according to the size of the par-

(30) F. D. Rossini, K. S. Pitzer, W. ,1. Taylor, J. P. Ebert, J. E.
Kilpatrick, C. W. Beckett, M. G. Williams and H. G. Werner, Natl. 
Bur. Standards ( U.S. ), Circ., C461, 40 (1947). 9

(31) F. E. Bartell aijd F. W . Albaugh, in “ Fundamental Research 
on Occurrence and Recovery of Petroleum, 1946-47,“ American 
Petroleum Institute, New York, N. Y ., 1949, p. 81.

(32) The authors are grateful to Mr. H. C. Hamontre of this station 
for valuable advice ;n redesigning the vibrator.

tides, to deliver the powder continuously over a period of 
1 to 2 hours. With the finer powders a funnel with an an­
nular opening formed by a round knob in the stem broke 
up agglomerates. The cell was turned in the shaker until 
the top of the bed was smooth and level. Obtaining a level 
top on the powder bed was not difficult when the plugs were 
packed in water, but in the case of the two finer-size frac­
tions packed in isooctane, it was necessary to level the tops 
of the beds with a flat metal plunger. The length of the 
packed plug was measured with a cathetometer at nine 
places around the cell to cancel out any slight irregularities 
(>]■ any deviation of the top of the plug from a plane parallel 
to the surface of the sintered disk. An arithmetical aver­
age of these measurements was used.

With the above procedure there was no difficulty in ob­
taining plugs of reproducible porosity in either water or 
isooctane. However, e became higher as the fineness of the 
powder increased, especially in isooctane, where t ~  0.73 
for S-l. Also in isooctanc there was additional packing of 
the two finer powders during the initial stages of permeation 
with a mercury head. In this way S-l powder could be 
packed to 6 =  0.65 and S-2 to e =  0.60. After this, plugs of 
the S-2 powder remained constant, but further high-pressure 
permeation of plugs of S-l powder caused formation of 
channels. This was first indicated by an increase of perme­
ability. Later the channels became large enough to be 
visible. It was found that plugs of the S-l powder could be 
packed to porosities as low as 0.58 by pressing on the metal 
plunger. Permeabilities could be measured at any value of e 
if very low driving pressures were used. High pressures 
caused channeling within the porosity range 0.60 to 0 .6 8 , 
but this was not observed with high pressures on either side 
of this range.

Permeability Measurements.— These were made ac­
cording to formula 7 or formula 12 of Dodd, Davis and 
Pidgeon . 21 Mercury was used in all water runs and in the 
isooctane runs on S-2 powder. Isooctane itself was the 
manometric liquid when it permeated the other powders. 
Three or more separate plugs of each powder were made 
successively and several determinations were made on each 
plug. When measurements had been completed on a plug 
the powder was carefully removed and a blank run was made 
on the disk alone. A blank run made before the plug had 
been formed was inaccurate because some powder always 
penetrated the disk and increased its resistance to flow.

Precision Analysis.—Combining formulas 1 , 3 and 4

Ä, ri A  e3 T A  
I k v K L  (1 -  «TJ

The formula for K  has I he form

(5)

K = const.
"" t (6)

in which I is time, h is fluid head across the plug and h =  ho 
at I =  0 . Porosity is calculated from

1 -  e =  W I D A L  (7)
where IF is the weight of the powder and D  is (he density of 
the solid. From these formulas we find

IF dSo 3 -  e
So X ÒIF 2e (8)

A . ÒS» 3 — e . 1
X YT = 4e + 2 (0)

L öS« 3 -  f I
So X ÒL = ft* to

 1 1 (10)

D w ÒS» 3 -  e
S q X dD = 4e (11)

1 1 e

So x  dL = 2h In (ho/h) 2ho
(12)

The second of equation (12) is based on the fact that the con­
stant of equation ( 6 ) is most accurately determined when 
ho/h =  e (base of natural logarithm), tlsing In 77 =  C / T ,  
where T  is absolute temperature

òSo = JY
So d T  22’2 (13)

Table II gives the per cent, error in S 0 caused by estimated 
errors in individual measurements, using formulas ( 8 ) to (13).
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T a b le  IT

Pr e c isio n A n a l y s is  o f  P'ERME A BI LIT V M eth od

Maximum error
Per cent. 

Water and
error in So

Isooctane
in measurement e -  0.40 and t ~ O.f

IT, % 0.15 0.5 0.3
A, % 0.4 0.8 .6
L, % 1 l . i . 5
1>, % 2 3
//., cm . 0.01 0.07 .07
T , °C. 0.2° 0.2 • , i

IT was obtained from the loss in weight of the metering 
funnel. The largest error was the weight of the unused 
powder, which gained weight from atmospheric moisture. 
In control measurements on the S-l powder, the gain was 
less than 0.5%  of the remaining powder. The plug was 
formed in precision bore tubing, .1 = 5.067 cm . 2 ±  0.4% . 
The variation of .1 for different plugs was virtually zero. 
The uncertainty in /, was about 0.04 cm., so all plugs were 
made at least 4 cm. long to reduce the relative error. The 
value of D  for quartz at 25° is 2.640 g ./ce . 33 The possi­
bility of swelling, mentioned earlier, probably does not oc­
cur in isooctane, 31 but if may occur in water. The 2% 
error in the table is estimated for the S-l powder and corre­
sponds with a layer 100 A. thick with density intermediate 
between quartz and water. Fluid head was measured with 
the cathetometer. The error in Table II is calculated for 
h„ = 2 0  cm., which was the smallest initial fluid head. 
The temperature was measured with a calibrated thermome­
ter and maintained at 25 ±  0.2° by means of an air thermo­
stat. Values o: 17 for isooctane were, interpolated from 
values35 at 2 0  and 20°.

Gas Adsorption Measurements.— Specific surface areas 
of the S-l and S-2 powders were measured by the BET 
method, using nitrogen at 78 to 82°K .3S and an apparatus 
designed and calibrated for precise volumetric and mano- 
metric measurements. 37 Surface areas of the E-l and M-l 
powders were measured by the adsorption of krypton38 in a 
low pressure apparatus incorporating a calibrated multiple 
range McLeod gage. Comparison of nitrogen and krypton 
measured areas on the S-l and S-2 powders justified the 
use of 10.5 A . 2 as the cross-sectional area of the adsorbed 
krypton molecule.

Microscopic Measurements.— Microscopic surface area 
measurements were made by the improved projected area 
method of Pidgeon and Dodd29 employing Fairs comparison 
eye-piece graticules, 39 and the relation between particle 
surface area and the projected area of randomly mounted 
particles. 4 0 ~ ' 2

Results
As in previous work using the pressure decline 

technique,24 the slopes of the plots, which were 
proportional to the permeability, were constant 
within 1%, even though the Reynolds number, /?, 
declined during a single run by a factor as high as 
10, as shown in Table III. The table also gives 
average values of Kq, e, “ mean hydraulic radius” 2

(33) R. B. Sosman, “ The Properties of Silica,’ ’ Chemical Catalog 
Co. (Reinhold Publ. Co.), New York. X. Y ., 1927, chap. 18.

(34) W. R. Ruby and R. P. Loveland. T h is Jo u r n a l . 50, 345 
(1946).

(35) E. B. Evans, J. Inst. Petroleum Tech., 24, 321 (1938).
(36) S. Brunauer, P. H. Ennnett and E. Teller, J. Am. ('hem. Soc., 

60, 309 (1938); P. H. Emmett, in “ Advances in Colloid Science." 
E. O. Kraemer, Ed., Interscience Publishers, Inc., New York, X. Y.. 
1942, p. 1.

(37) W. E. Barr and V. J. Anhorn, “ Scientific and Industrial Glass 
Blowing and Laboratory Techniques." Instruments Publishing Co., 
Pittsburgh, Pa., 1949, chap. X II.

(38) R. A. Beebe, J. B. Beckwith and J. M. Honig, ./. Am. Chem. 
Soc., 67, 1554 (1945).

(39) G. L. Fairs, Chemistry and Industry, 62, 374 (1943).
(40) F. B. Kenrick, J. Am. Chem. Soc., 62, 2838 (1940).
(41) F. V. Toolev and C. W. Parmelee, ./. Am. Ceram. Soc., 23, 304 

(1940).
(42) V. Vouk, Nature, 162, 329 (1948),

of the pores, e/[>So(l — e)], and No for each liquid 
and from gas adsorption and microscopy. Figure 
2 shows the relation between the four measurements 
of So by plotting each against the gas-adsorption 
area. It is seen that S, determined by the grati­
cule, projected area method becomes unreliable for 
the S-l powder, because of technical difficulties.2* 
The plots of water and isooctane areas are strik­
ingly linear, which indicates that, for any given 
liquid, surface areas measured by the permeability 
method arc quite as self-consistent as those ob­
tained hv gas adsorption.

Fig. 2.-—Comparison of surface areas.

Nevertheless, there is an absolute difference 
between gas adsorption, water and isooctane 
areas that should be examined. Higher values of 
*S'o from gas adsorption may be expected, since gas 
molecules can penetrate blind surface cracks in­
accessible 1o flowing liquid. The difference be­
tween surface areas measured by water and by iso- 
octane, which might appear to contradict the 
second assumption of the Kozenv-Carman equa­
tion (equation (3)) depends somewhat on the fact 
that eq. (4) does not completely account for the 
effect of changes in porosity on permeability. In 
Fig. 3 the calculated surface area of S-l powder is 
plotted as determined at various values of «. 
The relation between calculated So and e is similar 
to that found for air permeabilities by Carman and 
Malherbe, some of whose data are plotted on the 
same scale for comparison. If the plot obtained 
with isooctane is extrapolated to the porosity at-

Fig. 3.— A pparent surface areas at different porosities.
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T a b l e  III

S u m m a r y  o f  E x p e r im e n t a l  R e su lt s

Reynolds number 
li X 10‘ 

Min. Max.

Specific 
perme­
ability, 
mill i-

darcysla Porosity

Mean
hydraulic

radius,
M

Specific surface area, m.Vcni.: 

Perm. Gas adsn.

i
Micros­

copy

H .O 20 200 458 0 .4 1 2 .3 0 .2 9 0  ±  0 .0 1 0  (
0 .4 7 0 .3 2

0 30 542 .4 2 2 .7 .2 7 2  ±  .0 0 3  j
IT O (i 20 112 .3 8 1 .2 .5 0 8  ±  .0 1 0  |
C ,I I „ 0 10 200 .4 4 1 Ì .4 5 4  ±  .001 (

0 .7 3 0 .5 5

H aO 0 .1  1 17 .4 0 0 .4 J .5 8  ±  .0 3  (
2 .2 4  ±  0 .0 2 1 .0

CjjHis i o no 150 .0 0 1 . 1 1 .3 5  ±  ,0 2  j
h 2o 0 .0 0 2  0 .0 0 0 1 .5 .4 5 0 . 13 0 .3 0  ±  .01  1

8 .2 2  ±  .0 8 '1 J.
C *H i8 0 .0 5  0 .0 0 8 .8 .5 0 .2 8

©-H t) . -t

tained with wa:er, the “ isooctane area”  is found to 
be identical with the “ water area.”

No systematic comparison of So at various e’s 
was made for the coarser powders. It is found that 
when surface areas of the S-2 and E-l powders are 
plotted against the porosities on the coordinates 
of Fig. 3, the lines connecting water and isooctane 
points have approximately the slope of the straight 
part of the plot .for the S-l powder. With M -l 
powder the porosities were not very different when 
permeability was measured with water and with 
isooctane, yet there is still a difference of 5% in the 
calculated surface areas “ corrected” to the same 
porosity.

Discussion
Our results support previous observations that 

equation (4) is inadequate. Beds of our finer 
powders in isooctane with large e and low S„ had all 
the properties of flocculated sediments listed by 
workers who have studied the variations of sedi­
mentation volumes of particles in different liquids.44 
The major factor that causes variations is the 
presence of surface active impurities.46 In dealing 
with non-polar liquids and hydrophilic solids, 
water is a surface active impurity. It causes large 
e by binding the particles together in relatively 
large floes and may exclude isooctane from contact 
Avith some of the surface, making the measured 
values of S0 low. If the flow is mostly around a 
floe rather than through its pores, flocculation 
effectively produces large irregular “ particles” 
and probably would cause variations in the Kozeny 
constant, k, as the porosity changed.

Rapid flow in flocculated beds probably dis­
places whole floes, which causes compression. by 
allowing them to pack more efficiently, or causes 
channeling by leaving holes.

Rigden has emphasized that, in beds of floccu­
lated powders, e is microscopically non-uniform. 
In this case the experimentally determined t 
lacks physical significance and the porosity func­
tion, e3/  ( I — e)2, is inapplicable. When the floes 
are so closely packed by manual compression that

(43) M . Muskat, “Physical Principles of Oil Production,”  McGraw- 
Hill Book Co., Inc., New York, N. Y ., 1949, p. 130.

(44) W . D. Harkins and D. M. Gans, T h is  J o u r n a l , 36, 86 (1932); 
C. R. Bloomquist and R. S. Shutt, Ind. Eng. Chem., 32, 827 (1940); 
W . Gallay and I. E. Puddington, Can. J, Research, 21B, 171 (1943).

(45) H. J. Da we, Thesis, University of Michigan (1941); P. Tana- 
mushi and S. Tomatsu, Bull. Chem. Soc. Japan, 17, 23 (1942); K. L. 
Wolf and D. Kuhn Angew. Chem., 63, 277 (1951); cf. E. K. Fischer 
and D. M. Gans, in Vol. VI of Alexander’s “ Colloid Chemistry,” 
Reinhold Pub!, Corp., New York, N. Y., 1946, p. 310,

the pore space within the floes and the space be­
tween the floes are equal, the liquid probably flows 
past all of the particles and gives the most accurate 
value for the surface area. This technique was 
used by Rigden,16 and Carman and Malherbe,27 
who state that “ permeabilities should give a low 
value of So at high porosities, but should give 
correct values if the plug is compressed into the 
normal range, . . . and S0 showed a strong tendency 
to become constant for e <  0.6.” Although con­
stant values of So were never reached with the S-l 
powder, Carman and Malherbe show curves for 
some carbon blacks which do level off and give 
constant values of S0. This means that eq. (4) 
is valid within the “ normal range” of porosities.

Nevertheless, it is probable that no packing 
technique can eliminate the influence of floccula­
tion on bed structure and on k. This factor is 
probably responsible for the difference at identical 
e  between water and isooctane areas. Our results 
support this conclusion in several ways. The flow 
mechanism remains unaltered down to the lowest 
values of Reynolds’ number for each liquid. Either 
swelling of quartz in water, or a continuous im­
mobile film of liquid near the solid surface would 
give high apparent So (cf. equations (5) and (11)). 
But permeability areas are lower than gas adsorp­
tion areas. Considering the probable accuracy of 
our results, any immobile film cannot be thicker 
than a few per cent, of the mean hydraulic radius 
of our finest pores (0.13 micron for water and 0.26 
micron for isooctane). These results agree with 
precise measurements of other workers,46 who 
concluded that no such immobile layer exists thicker 
than about 0.02 to 0.1 micron. Of course, it must 
be concluded that there is stagnant liquid in minute 
surface cracks in the quartz particles if the differ­
ence between areas by gas adsorption and water 
permeability is real, and not due to ail unfortunate 
choice of assumed values for k and the area of the 
adsorbed nitrogen molecule. Table II also indi­
cates that any swelling of quartz cannot exceed 0.02 
micron. If there were any slippage of either liquid 
at the interface with quartz, it would give low 
apparent The agreement between permeability 
and microscopy for areas of the coarser powders, 
for which the latter measurements are -probably 
accurate, indicates that slippage is also negligible, 
as previously concluded by Bingham.17 Evidently

(46) R. Bulkley, J. Research Natl. Bur. Standards, 6, 89 (1931); 
S. H. Bastow and F. 1\ Bowden, Proc. Ron. Soc. (London). A 151, 220 
(1935),
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surface forces have a negligible influence on permea­
bility and equations 1 and 3 are justified.

It should be pointed out that our results on per­
meability to water and a hydrocarbon contradict 
those of Bozza and Secchi,5 which are often quoted 
to illustrate that surface forces influence permea­
bility. Since they measured e only in water, a 
porosity correction is impossible.

For dimensionally stable and chemically inert 
systems, such as water or isooctane and quartz, 
permeation follows the Kozeny-Carman law when 
the porosity of the packed bed is uniform enough 
to result in liquid flow over all the particle surface.

This condition might have been achieved had it 
been possible to produce beds formed in isooctane 
without flocculation. The condition apparently 
was realized in the water permeability results de­
scribed above.

DISCUSSION
A. !.. M cC l e l l a n .— I wonder if it would be possible to 

run one of these permeations using liquid nitrogen?
R. T. Jo h a n s e n .— I don’t know! We had enough 

trouble using water and isooctane.
A. L. M cC l e l l a n .— I wonder if nitrogen were used, 

would the areas be more comparable to the BET areas?
It. T. Jo h a n se n .— I d o n ’ t feel qualified to  answer this.

CAPILLARY RISE OF WATER IN SOILS UNDER ITELI) CONDITIONS1
B y  G e o r g e  J o h n  B o u y o u c o s

Soil Science Department, Michigan Stale College, East banning, M ichigan2 
Received July 22, 1962

A new electrical resistance method was developed which makes possible a continuous measurement of the soil moisture 
content of soils under field conditions. This method was applied to the study of the capillary rise of water in soils under 
controlled field conditions. It proved to be very successful and practical. The results obtained show that where excessive 
rainfall did not cause the water tables to rise to wet the soil by close proximity, there was practically no capillary rise from 
the water tables to the upper soil horizons which had a high moisture gradient and a tension gradient. There was also verv 
little movement of water from the wetter to the drier soil layers above. It is concluded that capillary movement of water 
from the water tables supplies little, if any, water to the plants during a season of growth. The roots of plants, accordingly, 
have to go to the water, which they accomplish with greater ease and rapidity than capillarity can bring it to them. Capil­
larity is important in supplying plants with water only through very short distances.

Introduction
Capillary rise of water in soils has received a 

great deal of study on the part, of soil investiga­
tors. It can probably be said, that this study has 
been motivated principally by two practical 
objectives: (1) to determine the role of capillarity 
in lifting and supplying water to the growing 
plants; and (2) to determine the role of capillarity 
in the loss of soil water by evaporation. The pri­
mary practical issues involved have been: (1)
under what soil conditions does capillarity lift 
water to the root zones, or to the surface soil;
(2) from what probable depths; (3) at what rate; 
and (4) in what quantity.

Theoretically, it can be readily demonstrated 
that, given unlimited time, capillarity can lift water 
to great heights. For example, Keen,3 using the 
well known equation for height of capillary rise 
(h =  2T/g Dr), calculated the following theoretical 
heights of rise of water in ideal soils: fine gravel,
1 3 foot; coarse sand, 1.5 feet; fine sand, 7.5 feet; 
coarse silt, 31.25 feet; fine silt, 150 feet.; and clay, 
over 150 feet,. In practice, however, the larger 
magnitudes of capillary rise have never been ob­
served, either in the laboratory or in the field.

It can also be readily demonstrated that, having 
a constant water table and short columns of soil 
with continuous water films, very large amounts of

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) Contribution from the Soil Science Department of the Michigan 
Agricultural Experiment Station, East Lansing, Michigan. Authorized 
for publication by the Director as Journal article No. 1371.

(3) B. A. Keen, Trans. Faraday &oc., 17, 228 (1922).

water can be pumped to the surface by capillarity.4
Under actual field conditions, however, it has 

not been as easily and generally demonstrated that 
there is a significant capillary rise of water either 
from the water tables, or from the wetter soil 
horizons to the drier surface soil horizons. As a 
result, there has been considerable difference of 
opinion as to the practical importance of capillary 
rise of water in field soils. For example, the earlier 
soil investigators, who leaned heavily on the. 
capillary tube hypothesis (which emphasizes 
distance rather than rate) attributed great im­
portance to the capillary rise of water in field soils.

This view is typically illustrated hv McGee3 
who estimated that in the great plains G inches of 
water annually are brought to the surface by 
capillarity from a depth of 10 feet. On the other 
hand, AI way and McDole,6 Moore,7 Bodman and 
Colman,8 and the Rothamsted Experiment Station 
in England,9 found that the upward movement of 
water, caused by capillarity after the water content 
of soils falls below field capacity, is of no practical 
significance. Iiomistroff,10 of Russia, states that, 
water which penetrates beyond 10 to 20 inches 
does not return to the surface except by the way of 
the plant roots. Results obtained by the Roth-

(4) F. H. King, U. S. Geol. Sura. Ann. Rpt. 19, Part 2, 92 (1897- 
1898).

(5) W. J. McGee, U. S. Dept. Ayr. Bur. Soils Bull., 93 (1913).
(6) F. J. Alway and G. R. McDole, J. Ayr. Research, 9 , 27 

(1917).
(7) R. E. Moore, Hilgardin, 12, 383 (1939).
(8) G. B. Bodman and E. A. Colman, Soil Sci. Soc. Am. P toc., 8, 

116 (1943).
(9) Rothamsted Expt. Sta., J. Ayr. Soc., 31, 454 (1941).
(10) W. G. Romistroff, "Da3 YVesen der Diirre,”  Steinkopf, Dres­

den, 1926.
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amsted Experiment Station,9 tend to substantiate 
Romistroff’s claim.

A serious handicap in the study of capillary rise 
or movement of water in soils under field conditions, 
has been the lack of a suitable method. Until a 
few years ago, the only method that was available, 
was the conventional oven dry method, which 
consisted of taking a soil sample, drying it, and 
calculating its moisture content. This method 
not only consumed time and energy but was also 
misleading in studying soil movement in soil of 
non-uniform texture. For example, if soil samples 
were collected at different dates from the same 
field and if the samples varied in texture, any 
difference in moisture content noted, would more 
likely be due to differences in texture than to move­
ment of moisture.

In an effort 'at the Michigan State College) to 
find a more suitable method to measure soil mois­
ture in the field, the plaster of Paris electrical 
resistance method was devised.11 This method 
makes it possible to take a continuous measurement 
of soil moisture electrically. It utilizes two units, 
a small porous absorbent block made of plaster 
of Paris12 and a modified Wheatstone bridge or 
ohmeter. Inside the block are two parallel elec­
trodes with leads. Such a block, when buried 
in the soil becomes part of the soil. It absorbs 
moisture from the soil and gives it up to the soil 
very readily, so that its moisture content tends to 
stay in constant equilibrium with the moisture 
content of the soil. In fact, this block involves

l 5 10 15 20 25
3 4 22.4

Permanent wilting Field capacity
Water in the soil, %.

Fig. 1.—Relationship between block resistance and soil 
_____________  moisture content.

(11) 0 . J. Bouyoueos and A. FT. Mirk, Soil Set., 63, 455 (1947).
(12) A nylon unit also has been developed. Its principle is the 

same as that of tlie plaster of Paris block, but it lasts much longer in 
the soil, is more sensitive and measures a greater range of soil moisture.

the principle of capillarity. The electrical resist­
ance of the block varies with its moisture content 
and that in turn varies with the moisture content of 
the soil in which it is buried. Therefore, by cali­
bration, the moisture content of the soil may be 
determined by measuring t:ie electrical resistance 
of the block. Figure 1 shows the relationship 
between the electrical resistance of the block and 
the total moisture content of the soil.

The key to the success of this block lies in the 
fad that the electrodes are covered or imbedded in 
the plaster of Paris. This gives the block a con­
stant environment so that errors arising from 
differences in soil compaction, texture, structure, 
soil type and electrical lines of force, are eliminated 
or minimized. Only units with such internal 
electrodes have been successful in measuring soil 
moisture under field conditions. Units with ex­
ternal electrodes have proven unsuccessful. This 
accounts for the unsuccessful attempts that have 
been made in the past, to apply the electrical resist­
ance principle to soil moisture measurements.

A very important aspect of this electrical resist­
ance method is that it actually measures moisture 
tension. Its effective range is from field capacity, 
or 500 ohms, to approximately 2,000,000 ohms. 
In the soil moisture free energy concept, this 
represents the equivalent range of tension from 0.3 
atmosphere of pressure to 20 atmospheres of 
pressure. On the basis of this free energy concept, 
different soils at any given electrical resistance 
level hold their water with the same force or tension. 
For example, at 3,000 ohms resistance a clay and a 
sandy soil hold their respective water with the same 
force oi' tension. This means, then, that a sandy 
soil containing 8% of water at 3,000 ohms is just as 
wet as a clay soil containing 30% of water at the 
same electrical resistance level.

'This being the ease, the electrical resistance 
method is able to detect movements of moisture in 
field soils, even though the soils are heterogeneous 
and not uniform in texture. This represents a 
marked advantage over the gravimetric method, 
whose accuracy is greatly affected by soil textural 
differences.

Referring again to Fig. 1 there are two soil 
moisture constants illustrated. These constants 
are important in a discussion of capillarity. The 
first, is the permanent wilting point. This constant 
falls on the curve at about 100,000 ohms resistance. 
The permanent wilting point represents the mois­
ture content in soils at which plants wilt and die. 
The tension with which the water is held at the 
wilting point is equivalent to about 16 atmospheres 
of pressure.

The second soil moisture constant is field ca­
pacity. It falls on the curve at 500 ohms resistance. 
Field capacity is the moisture a field soil contains 
about 3 days after it has been soaked by rain or 
irrigation, the excess water has drained away and 
evaporation has been prevented. Field capacity is 
the maximum amount of water a soil can retain 
under normal field conditions. At held capacity 
the water is held by the soil with a tension e univ­
alent to 0.3 atmosphere of pressure.

It is of interest to note that the water which
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the plants use for their growth is that which falls 
in the range between the field capacity and the 
wilting point. This range is called the capillary 
water available for plants.

Procedure.— It was realized from the outset that the plas­
ter of Paris electrical resistance method provided an im­
proved means of studying the capillary rise of water in soils. 
Accordingly, the method was applied to the study of the 
problem.18

The general procedure was: (1) grow corn in the soil to 
reduce its moisture content to different values at, the 
various depths and thus create a moisture gradient, and con­
sequently a tension gradient from the surface to a depth of 
36 inches; (2) harvest the corn; (3) cover the soil to pro­
tect it from rainfall and prevent loss of moisture by evapora­
tion; and (4) study the movement of moisture by the plas­
ter of Paris electrical resistance method. The plaster of 
Paris blocks were placed in the soil at 6, 12, 24 and 36 
inches depth and left there permanently. The soil had pre­
viously been screened and mixed and was, therefore, very 
uniform in texture. There were three different types of 
soil used. Each soil was contained in metal tanks 3 by 3 
feet without bottom or top, but having water-tight sides. 
The tanks were sunk in different fields, or locations, having 
shallow to very deep water tables.

Experimental Results
The experiment was continued over a period of 

six years. In this paper, the results of only one 
year are presented. However, they are typical. 
They are shown in Figs. 2 to 7. These figures also 
show the rainfall and the calibration of the soils in 
terms of per cent, of available water and total water.

It is readily seen from these graphs that, by the 
time the corn was harvested, a very marked and 
variable moisture gradient had been created at the 
various depths in practically all soils. Remember­
ing that 100,000 ohms resistance represents the 
wilting point, it will be noted that the moisture

(13) G. J. Bouyoucos, S oil S r i., 64, 71 (1947).

content was reduced in some soils, from the wilting 
point at 6-inch depth to field capacity at 36 inches; 
while in other soils, it was reduced from beyond the 
wilting point at 6 inches to the wilting point at 36 
inches. In other words, the maximum range of 
electrical resistance varied from 500 ohms to about
1,000,000 ohms. In terms of the soil moisture 
free energy concept, this represented a tension 
gradient equivalent from 0.3 atmosphere of pres­
sure to 18 atmospheres of pressure. This was a 
very marked tension gradient and provided a wide 
range to show the movement of moisture from one 
level to another.

However, an examination of the moisture curves 
reveals that, with the exception of one case (Fig. 
3, sandy loam, shallow water table), there was no 
appreciable capillary rise of water from the water 
tables to the upper drier layers of soil, even though 
the 36 inches depth of some soils was at field capac­
ity or higher. Consider for example Fig. 6: the 
soil at 36 inches remained at field capacity or higher, 
and yet no water rose to wet even the neighboring 
24 inches depth, during a period extending from 
July 15 to October 31.

Xot only was there no appreciable upward 
capillary rise of water from the water tables, but 
there was also no significant movement of water 
from the wetter soil layers to the drier layers above. 
For example, the 24 inch depth was nearly always 
wetter than the 6 and 12 inch depths, and yet there 
is hardly any indication that water moved from the 
24 inch to the 6 and 12 inch layers above.

The sandy loam in Fig. 3 shows that an upward 
capillary rise of water did take place in this soil. 
It must be st ated here, that in sandy loams there was 
a strong tendency for capillary rise to take place
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when the water table was shallow. This is to be 
expected in view of the less friction capillary rise 
encounters in coarser textured soils.

The results of this investigation point to the 
conclusion, therefore, that where excessive rainfall 
did not cause the water table to rise to wet the soil

by close proximity, there was practically no cap­
illary rise from the water tables to the upper 
horizons of soil which had a high moisture gradient 
and tension gradient. The only evidence that 
there was a capillary rise was in the case of sandy 
loam with shallow water table.
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Discussion
The results obtained in this investigation on the 

capillary rise of water in soils appear quite logical 
in the light of our present knowledge of soil mois­
ture relationships.

Capillary conductivity is fundamentally con­
trolled by the tension gradient which acts as the 
driving force in the movement of water. In 
actual practice, however, and especially under 
field conditions, this tension gradient is beset with 
many difficulties and its force may be opposed or 
counterbalanced by various soil factors. Among 
the most important of these factors are the follow­
ing.

(1) The tenacity with which the water is held by 
the soil increases with an increase in the moisture 
tension. This increase of tenacity and tension 
begins to operate from as high a moisture content 
as field capacity, which is the maximum amount of 
water soils can retain under normal field condi­
tions. Movement of water as free energy increases 
is bound to become extremely slow or non-opera­
tive.

(2) Even where there is free water, as is the 
case in a water table, capillary rise of water can be 
tremendous^ impeded by: (1) the friction of the 
capillaries to the passage of water; (2) the trans­
location and swelling of soil colloids with the 
consequent clogging of the capillary pores; (3) 
the water films and capillary pores becoming dis­

continuous; and (4) capillary pores becoming 
filled with entrapped air.

From the standpoint of the plants, rate of move­
ment is more important than distance of movement. 
This is because the water requirements of plants 
are immediate, large and continuous. While in 
time, water may rise to considerable distances in 
the soil, the rate of rise is too slow to benefit the 
immediate and large demands of the plants for 
water. The conclusion is, therefore, that capillary 
movement of water, especially from the deeper 
water tables, supplies little, if any, water to the 
growing plants during die short season of growth. 
Actually, the water that is the greatest determining- 
factor in plant growth, is that which the soil is 
able to retain from rainfall and irrigation, or the 
available capillary water. The roots of plants, 
therefore, search for this water, which they find 
with ease and rapidity. In this connection it is of 
interest to note the astounding rate and exvent of 
root growth that plants make in a single season. 
Dittmer14 has estimated that a single rye plant 
under favorable conditions develops as a seasonal 
total, a root surface, including root hairs, cf 6873 
square feet and a total root length of 387 miles, 
carrying 6603 miles oi root hairs. The average 
daily increase of root lengths alone was estimated 
at more than 3 miles. Capillarity is of importance 
in supplying plants with water only through very 
short distances and in small amounts.

(14) H. J. Dittmer, Am. J. Botany, 24, 4 17 (1027).

WETTING CHARACTERISTICS OF CELLULOSE DERIVATIVES.
II. INTERRELATIONS OF CONTACT ANGLES12

B y  B .  R o g e r  R a y 3 a n d  F .  E .  B a r t e l l

Contribution from  the Department o f Chemistry, University of M ichigan, Ann Arbor, Michigan
Received July 22, 1952

T h e w etting characteristics of several cellulose d erivatives were determ ined b y  m easuring the advan cin g and receding 
angles of con tact form ed upon them  b y  each of four different w ater-organic liquid pairs. In general, the angle of con tact 
measured through the w ater phase was found to increase as the length and num ber of substituted side chains increase in 
the cellulose derivatives. H ysteresis of contact angle of considerable m agnitude was shown to occur in all system s studied. 
C alcu lation s based upon con tact angle equations takin g into account this hysteresis effect indicate (1)  th at the w ater ad­
vancing con tact angle of a given  solid-w ater-organ ic liquid system , 0?wo, is closely related to the w ater advancing con tact 
angle, of the corresponding so lid -w ater-a ir system  and to the organic liquid receding con tact angle, 0;oa, of ‘.he cor­
responding solid-organic liq u id -air system ; and (2) th at the factors responsible for hysteresis effects in the tw o so lid - 
liqu id -air system s appear to  continue to be operative in the so lid-liqu id-liquid  system , so th at equations can be combined 
in such a w a y  as to  cancel out these factors. Consequently, one can postulate modified Bartel 1-Osterhof equations as fol­
lows: y w„ cos — Yoa cop 0IO„ =  Two COS 0?wo and sim ilarly 7 » ,  cos 0r,w.  — T o . cos 0;„, =  y wo cos 0JWO. W hen these for­
m ulations were applied to each of the fairly  large num ber of system s studied, it was found th at the observed and the calcu­
lated interfacial con tact angles were in good agreem ent.

Many of the substituted derivatives of cellulose 
have properties particularly suited for wetting 
studies. They can be obtained in satisfactory 
purity and can be formed into smooth films, foils

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
of the American Chemical Society in Los Angeles, California, June 
16-18, 1952.

(2) The data in this paper were taken from a portion of a thesis of 
B. Roger Ray, submitted to the School of Graduate Studies of the 
University of Michigan in partial fulfillment of the requirements for 
the Ph.D. degree, December, 1945.

(3) Minnesota Mining and Manufacturing Co. Fellow, 1943-1945.
Present address: Chemistry Department, University of Illinois,
Urbana.

and fibers which have readily reproducible and 
stable surface properties. They have low free surface 
energies and can he classed as typical soft solids; 
that is, adsorptive effects appear to be at a mini­
mum and finite and measurable contact angles in 
àir are produced on them with several organic 
liquids as well as with water. Although several 
of these polymers are of great technical interest, 
there is scant information available on their wetting 
characteristics.

It was deemed worthwhile to make a study of 
each of the three systems of contact angles, solid- 
water-air, solid-organic liquid-air, and solid-
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water-organic liquid, on the surfaces of each of a 
number of cellulose derivatives, using derivatives 
of known composition with surfaces prepared in 
known and reproducible manners. In addition to 
establishing correlations between wetting behavior 
and the physical and chemical characteristics, it 
was hoped that quantitative interrelationships 
could be shown among the three contact angle 
systems. Significant hysteresis effects were found 
to occur on these solids, i.c., two characteristic 
contact angles were found for each system depend­
ing upon whether, in the formation of the angle, a 
given liquid phase had been caused to advance or 
to recede oyer the solid surface.

The first contribution4 of this series presented the 
results pertaining to the contact angles of water 
and of several different organic liquids upon the 
solids in air. Correlations were found between 
wetting and chemical properties (degree of substi­
tution and nature of substituent group) and also 
between wetting and the physical properties (de­
gree of polymerization, density, tensile strength 
and mode of formation of the surface). The pres­
ent contribution gives the results obtained with 
the interfacial contact angles of water against 
organic liquids upon portions of the same samples 
of derivatives.

Experimental Details
M easurem en t of Contact A n gles.—The interfacial con­

tact angles were measured by the vertical-rod, the vertical- 
plate, the tilting-plate or the controlled-drop-volume 
method depending upon the form of the solid surface under 
study. Details of these methods, as well as other details 
of measurements, have previously been given.

All the solid-water-organic liquid systems studied gave 
finite and reproducible angles except systems in which the 
particular organic liquid caused swelling or a partial dis­
solving of the solid. The initially formed angles quickly 
reached constant values which remained unaltered for the 
observation period of 10 to 30 minutes. The reproduci­
bility was good, the average deviation of the individual 
measurements being about ±  10. Each solid was placed 
in contact with the first liquid, i .c . ,  the liquid which was 
to be receded, two minutes before the angle was formed by 
displacing this liquid with the second liquid. The surface 
properties of a sample appeared to be the same whether the 
sample was freshly prepared or had been subjected to two 
years of exposure to laboratory air.

The contact angles, both the angles in air and the inter- 
facial angles, were usually found to be significantly different 
on the opposite sides of foils of the derivatives. These 
foils had been cast from concentrated solutions spread on 
metal plates then later stripped after evaporation of the 
solvent. It was necessary, therefore, to distinguish be­
tween the data obtained on each of the two sides of a foil.

Mutually saturated pairs of liquids were used for the con­
tact angle measurements. Water had a negligible solu­
bility and a negligible effect upon the surface tensions 
of the organic liquids used. Likewise, these organic liquids 
had little effect upon the surface tension of water, as can be 
seen from Tabic I. As reported previously* the various 
solid-water-air contact angles were the same, within tin- 
accuracy of the measurements, for pure water as for water 
saturated with any one of the organic liquids.

M ateria ls .— As has been stated, for the interfacial meas­
urements reported herein portions of the same samples of 
the cellulose derivatives were used as were used for the pre­
viously reported measurements in air.4 Information was 
given in the previous report as to the sources, methods of 
synthesis and compositions of the solid materials.

The carefully purified liquids were stored in dark bottles 
over activated silica gel. The methylene iodide discolored 
slightly when exposed to light and the last traces of surface-

(4) F. E. Bartell and B. 11. Ray, -J. Am. Chem. Soc., 74, 778 (lho2).

active contaminants could be removed from the bromoben- 
zene only by repeated treatments with silica gel. The water 
used was freshly redistilled. It- was stored in Pyrex bottles 
and was delivered by siphon from the interior of the liquid. 
The surface and interfacial tension values of tin- liquids are 
given in Table I. The values shown in columns 2 and 4 
were used in the calculations to follow.

T a b l e  I 
*

-Su r fac e  T e n s io n s  of  P ure  L iq u id s  a n d  of  W a t e r  
S a t u r a t e d  w it h  O r g a n ic  L iq u id s ; I n t e r f a c ia l  T e n s io n s  

of W a t e r  a n d  O r g a n ic  L iq u id s  
Temperature 25 ±  0.1°

Surface

Surface tension 
of water Inter­

tension satd. with facial
of liquid, org. liquid. tension,

7;a- 7VV 'a, hvo,Liquids dynes/cni. dynes/c,m. dynes/on:
Water
Methylene iodide

72.1
50.2 71 .6" 48.0

rt-Broinoiuiphthalene 44.0 7o. tr 41.6
a-Chloro naphthalene 41 .9" 40.5“
Heptane 19.8 70.2" 50.8"
Bromobcnzene 35.9 71.3“ 38.4
" Values are from the. literature

Results
Experimental Data.— In Table II are given the 

observed values of the interfacial contact angles 
formed on surfaces of the derivatives by several 
water-organic liquid pairs. For each system the 
advancing angle, 0“ vo, and the receding angle, %vo, 
are given, as well as the hysteresis effect, A8.6 
Values enclosed in parentheses indicate systems in 
which swelling effects were observed but in which 
the angles did not change appreciably with time. 
Values enclosed in parentheses and with an arrow, 
designate cases of swelling or softening in which 
the angles did change more or less slowly with time, 
finally reaching the stable values recorded in 
Table II.

Each of the four derivatives studied in the form 
of a foil had been produced on commercial equip­
ment by flowing a 20% solution onto a metal roll 
and evaporating the mixed solvents.4 It cannot 
be said with certainty which side in each case had 
solidified in contact witli air. The two sides are 
therefore distinguished in the tables merely as 
sides A and B. For comparison a film of Acetate- 
FM2 was formed on a glass rod from a 20% solu­
tion in acetone-ethanol-chloroform. The “ air- 
side” of this film was found to have wetting char­
acteristics more like side A of the foil than of side 
B, but significantly different than either.

The films of the fatty acid triesters were formed 
by coating glass rods from 10% chloroform solu­
tions. 'Flic evaporation rate and humidity were 
controlled and finally the coated rods were heated 
at 70° for three hours.

Both the advancing and receding interfaeial 
angles increased in magnitude with increase in the 
organophilic character of the derivatives, i.c., 
water wet the solids progressively less as the

(5) The subscripts s, 1, a, w and o stand for solid, liquid, air, water 
and organic liquid, respectively, y represents tension values and 6 
the contact angle. All contact angles were measured through the 
water phase. The superscript a or r is used with 0 to denote an 
advancing or receding condition, again with respect to the water phase 
for interfacial systems.
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T a b l e  11
Intere aci al Contaci Angles OK W.VITùR AND Organic Liquids on Surfaces of Cellulose 1Derivatives

Methylene iodide rt-BromoDaphthalene Bromobenzer.i Heptane
Cellulose Ad *iw0 A0. 9;„o 0SWO A < A9derivative Ueurtrs degrees degrees degrees

Acetate-FM2
Foil, Side A" 111 07 44 100 69 07 119.5 64.5 55 105 50 55
Foil, Side li" 105 50 40 105 55 50 115 46 69 104 14 00
Film 103 70 00

T riacetate
Film 101 .5 81 20 5 100 82 24 110 81 02

Acetopro] donut e-II
Foil, Side A 1 111 77.5 41.5 128 80 48 1 .'.2.5 75 57.5 J 14 75 09
Foil, Side B 1 Iti 00 47 124,5 05 50.5 120 56 07 a 10 50 57

Tripropiona-.e —
Film 120 84.5 05.5 (180) (120) (180) (180) 154 133.5 20.5

A cetob u tyrate-11
Foil, Side A 127 so 44 101 SO 15 70 112 70 42
Foil, Side B 128 80 48 128 74 54 141.5 72.5 69 I JO 67.5 42.5

T rib u ty rate
Film 108 100 08

Tricaproate —
Film (145) (120.5) 21 .5

Kthyl cellulose-11
Foil, Side A 121 05.5 55.5 ( 180) f 105) (71.5) 129 .5 67.5 62
Foil, Side B 118 58 00 (180) (08.5 ) 120 65 58

" T h e  system  cellulose aeetate-w ater-a-ehloronaphthalene gave angles of 110° and 67.5° for side A  and 104.5° and 54° 
for side B. T h e  Ad values were then 42.5 and 50.5°, respectively.

length and number of substituted side chains 
increased. Although there were large individual 
deviations, the contact angles increased in the 
approximate order of acetate, triacetate, aceto- 
propionate, ethyl cellulose, acetobutyrate, tri- 
propionate, tributyrate and tricaproate. The 
solid-water-air contact angles measured in the 
earlier work were found to increase approximately 
in this same order.

Theoretical Considerations
When a liquid drop rests upon a solid surface 

there will exist about the line of intersection a 
balance of interfacial tension forces resulting in a 
definite angle of contact. The relative magnitudes 
of these different tensions determine the magnitude 
of the angle of contact of the liquid. For an ideal 
case the interrelationships can be expressed by the 
Young equation which for a solid-liquid-air (or 
vapor) system is

Vsa Vsl — Via COS Ala ( 1 )
This equation holds for a system in true equilibrium 
and can be applied with assurance only to a system 
in which the surface of the solid is perfectly plane 
and homogeneous in character and in which the 
tension (or the free surface energy) of each inter­
face remains constant. Very few, if any, systems 
have been studied which were of certainty in a 
condition of true equilibrium, unique for the 
system.
' For practically every system studied including 

solid-liquid-air (or vapor) and solid-liquid-liquid 
systems two characteristic angles, an advancing 
angle and a receding angle, were obtained. More­
over, angles (at least temporarily stable) of any 
value between these limiting values could have 
been obtained. Such effect s have been referred to 
as “hysteresis”  effects and the actual difference in

the measured angles themselves has been called 
“ hysteresis of the contact angle.”

Two factors most generally responsible for
“ hysteresis of the contact angle” are: (1) surface 
roughness and (2) changes in the interfacial tension 
relationships.

(1) Surface Roughness.— If a surface is not 
perfectly plane and homogeneous hysteresis effects 
of considerable magnitude may be obtained. For 
rough surfaces the magnitude of the apparent 
hysteresis appears to be largely dependent upon 
the slopes of the sides of the asperities on the surface 
which cause the roughness.6-T The cellulose deriva­
tives studied had very smooth surfaces and possible 
roughness effects have not been considered.

(2) Changes in Interfacial Tension Relation­
ships.—Consider the case of a liquid drop, say 
water, on a solid with a second fluid phase present. 
The interfacial tension between water and the 
other fluid phase will at all times remain constant. 
Nevertheless, the contact angle, measured through 
water, is larger when the water drop is caused 
to advance than when the water drop is caused to 
recede. This difference in angle value can be 
explained by assuming that the tension of water 
against solid or the tension of the other fluid against 
solid, or both, do not remain the same for a receding- 
drop as for an advancing drop. One or both of the 
solid-fluid interfacial tensions must have become 
altered by movement of the drop. Perhaps this 
alteration may have occurred only in the area 
immediately adjacent to the drop periphery where 
water advances over a solid previously in contact 
with organic liquid but recedes over solid pre­
viously in contact with water. The distance over

(6) R. Roger Ray and F. E. Bartell. J. Colloid Sci., in press.
(7) F. F. Bartell and .1. \Y. Shepard, T h is  Jot hn a l . 57, Feb.

n»o3).
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which alteration occurred would be relatively 
unimportant. The alteration may be caused by 
sorption or by layer formation effects. In the 
present investigation the cellulose derivatives 
used were chosen because they-had low free surface 
energies and were not expected to exhibit marked 
sorptive or layer formation effects. Nevertheless, 
since hysteresis of contact angle of considerable 
magnitude occurred on the surface of each cellulose 
derivative, possible sorption and layer effects 
cannot be disregarded.

Calculations.— If no hysteresis of contact angle 
occurred at a given solid surface, the three Young 
equations for the solid-water-air, solid-organic 
liquid-air and solid-water-organic liquid systems 
could be used without modification, it has been 
shown8 that these unmodified equations can be 
combined into a single expression containing only 
directly measurable quantities for systems in which 
all three contact angles are finite and measurable. 
Where hysteresis does occur it is necessary to take 
into consideration both advancing and receding 
angles and any alteration of surface and interfacial 
tensions which may occur as the various liquids 
advance or recede. Combination of these three 
more complicated equations gives a complicated 
equation containing unmeasurable quantities. 
Nevertheless, the development outlined below, 
together with the data obtained, will show 
factors operating to cause hysteresis in the solid- 
liquid-air systems appear to remain operative in the 
corresponding solid-liquid-liquid system and to 
cancel out in the combined equation. Therefore, 
even in the case of the complicated actual system 
the simple combined equation can be used to, 
calculate from two measured angles the remaining 
unmeasured angle of the system and this calcula­
tion will be in good agreement with an actual 
measurement of this third angle.

In the parallel table columns are given the re­
lated Young equations shown with advancing 
and receding angle symbols and with primes and 
+’s denoting probable modification of tensions 
caused by liquid action on the solid in the actual 
system. In order to demonstrate the development 
as clearly as possible a simplified actual system, 
case I, is first considered, followed by a considera­
tion of the more complicated actual case II. In 
both cases I and II, no alterations are indicated 
in the surface or interfacial tensions of the liquids 
since for the liquids used those tensions were shown 
to remain practically unaltered during the experi­
ments.

In case I it is postulated that there is no altera­
tion in the interfacial tension solid-liquid for liquid 
drops on the solid in air whether the drop is ad­
vanced or receded. The forces causing hysteresis 
in the solid—liquid-air systems are considered to be 
due solely to the alteration of the solid-air tension 
in the area of solid just uncovered by a receding 
liquid.

In the actual systems measured, as will be shown 
by the data given below, it was found that in fact

A i , .  -  A h a  =  ( 6 a ' )

(8) F. E. Bartell and II. J. Osterhof, C ollo id  S y m p o s iu m  M o n o g ra p h ,

5, 113 (1927).

also
hwa Afoa “  dko (6r/)

and also, therefore, that
7 w» cos 0 U a -  v oa cos 0(oa =  Y wo cos 0*„o (7a)

and
V wa COS $s\va —  7 oa COS — Y a o  COS 8\ y i o  ( 7 l’ )

That is, there is in fact, in the actual systems, a 
correlation between the three angles of contact.

If the equations (<ia) and (Or) for Case I, the 
simplified actual system, could be considered to be 
correct, it would mean that

Tail 7a"a —  yaw  7«"w  ( 8 )

and also that
7»'a — Ysa = Ta'o ~ 7ao (9)

That is, the modification of tension at the solid 
surface caused by recession of a given organic 
liquid or of water on a given low surface tension 
solid in air is practically the same as the modifica­
tion caused by recession of the same liquid on the 
same solid in the corresponding two-liquid system.

The greatest difficulty encountered in any at­
tempt to explain modification of the solid surface 
by recession of a liquid in a simplified system such as 
that postulated in Case I is that the effect would 
often be to raise the tension at the surface rather 
than to lower it. The adhesion tension of water 
advancing on acetate FM2, foil side B (see Table
III) is 34.9 dynes/cm., while the adhesion tension 
of water receding on this solid is 62.3 dynes/cm. 
From equations (2a) and (2r) we would have 
7»a -  Tsw =  d aawa =  34.9 dynes/cm., and ys'a — 
7sw = -4/va = 62.3 dynes/cm. Since in our 
simplified system we have postulated that in the 
area under the drop the tension, 7SW, does not 
change, and that the difference in the systems shall 
be considered to be due entirely to the difference 
between the tension at the unmodified solid surface 
in air, Ysa, and the tension at the surface in air 
modified by having been previously covered by 
water, Ys'a, it follows in this case that

7 .a — Ys'a =  — 27.4 dynes/cm .

which means that the water in receding has left a 
surface with a tension 27.4 dynes/cm. higher than 
that of the original unmodified surface.

It seems quite likely that in the actual solid- 
liquid-air system the interfacial tension solid- 
liquid would be different; for water advancing over a 
solid previously covered by air and for water re­
ceding over a solid previously covered by water. 
Therefore, it seems likely that the more complicated 
equations of Case II more nearly represent the 
facts. Using equations (10a) and (lOr) of Case 
II and the data for water advancing and receding- 
on acetate FM2, foil side B, we would have

T ,a -  7 t+w = A ‘ „„ = 44.9 dynes/cm .

and
V .  -  7 1W = AJwa -  62.3 dynes/cm .

or
( 7 ,a %s'a) (̂ 8+w b̂w) “ -2 7 .4  dynes/cm .

In this case we would not have to postulate a rise 
in any tension when water receded. Both changes
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T a b l e  III
Experimental and Calculated Values of the Interfacial Adhesion Tensions for Water and Organic Liquids

o n  C e l l u l o s e  D e r iv a t i v e s

-¡System in air-
Adhesion tension,

Interfacial system 
(water advanced) 
adhesion tension, 

dynes/cm.

Interfacial system 
(water receded) 

adhesion tension, 
dynes/cm.

dynes./■til, Exper.. Oalcd.. Exper.. calc.,
„ Contact ansie. A. lu Asia 4 anSWO A2„„ ArHW<> a ;„.„

degrees fyia cos 'Tin cos (Two COS (Aswa - (Two COS (a :„.„ -
System «Hi» Asia «Ila) 0»wo) A,r„.) A sua)

Aretate-FM2, foil, side A
Water 04 40 31 .5 55. 1
Methylene iodide 40 18 38.4 47.6 -  17.2 -  16. 1 18.7 16.7
a-Bromonaphthalene 28 6 39. 1 43.8 -1 1 .6 — 12.3 14.9 16,0
a-Chloronaphthnlene 25 0 37.9 -1 3 .8 15.5 17.2
Bromohenzene 11 0 35.2 -1 8 .9 16.6 19,9

Acetate-FM2, foil, side B
Water 61 30 34.9 62.3
Methylene iodide 42 20 37.2 47.2 -1 2 .4 — 12.3 24.7 25.1
a-Bromonaphtiialenr 28 6 39. 1 43.8 -1 0 .8 -  8.9 23.8 23.2
a-Chloronaphtnalene 26.5 0 37.5 -1 1 .1 23.8 24.8
Bromohenzene 12.5 0 35.0 -1 6 .2 26.7 27.3

Aeetate-FM2, film
Water 64 42 31.5 53.5
Methylene iodide 44 33 36.5 42.2 -1 0 .8 — 10 7 16.4 17.0

Triacetate, film
Water 67.5 52 27.6 44.4
Methylene iodide 47 39.5 34.2 38.7 -  9.6 - 1 1 1 7.4 10.2
a-Bromonaphthalene 33.5 24 36.7 40.2 - 1 1 4 -1 2 .0 5.8 7.7
Bromohenzene 7 0 35.3 -  15.0 0.0 9.1

Acetopropionate-H, foil, side A
Water 74 53 19.9 43.3
Methylene iodide 41) 31 32.9 43.0 -2 3 .2 -2 3 .  1 10.4 10.4
a-Bromonaphthaleno 34 20 36.5 41.4 -2 5 .6 -2 1  .5 7.2 6.8
Bromohenzene 17 0 34. Ì -2 5 .9 9.9 9.2

Acetopropionate-H, foil, side B
Water 72 40 22.3 55.2
Methylene iodide 46 25 34.8 45.0 -2 1  .0 -2 2 .7 17.2 20.4
cr-Bromonaphthalene 28 6 38.9 43.8 -2 3 .6 -2 1 .5 17.6 16.3
Bromohenzene 8 0 35.4 -2 0 .9 21 .5 19.8

Tripropionate, film
Water 79 69.5 13.8 25.2
Methylene iodide 65 41.5 21.2 37.6 -2 4 .0 -2 3 .8 4.0 4.0

Aeetobutyrate-H, foil, side A
Water 70 53 5 17.4 42.8
'Methylene iodide 46 21 34.8 46.8 -2 8 .9 -2 9 .4 5.7 8.0
o’-Bromonaphthalene 32 8 37.3 43 6 -2 7 .3 -2 6 .2 2.9 5 5
Bromohenzene 13 0 35.1 7.4 7.7

Aeetobutyrate-H, foil, side B
Water 75.5 48.5 18.0 47.7
Methylene iodide 43 17 36,6 47.9 -2 9 .5 -2 9 .9 8.4 11.1
or-Bromonaphthalene 23.5 11 40.3 43.2 -2 5 .6 -2 5 .2 11.5 7.4
Bromohenzene 14 0 34.6 -3 0 .0 11.5 13.1

Tributyrate, film
Water 87 74 3.7 19.9
Methylene iodide 60 37.5 25.1 39.8 -3 5 .6 -3 6 .1 - 8 .4 - 5 . 2

Ethyl cellulose-H, foil, side A
Water 80 47 12.6 49.1
Methylene iodide 57 37 27.3 40 2 -2 4 .7 — 27.6 19.9 21.8

Ethyl cellulose-H, foil, aide B
Water 74 44 19.9 51.8
Methylene iodide 59 30 26.3 43.5 -2 2 .5 -2 3 .6 25.4 25.5
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could represent a lowering of tensions, the lowering 
at the solid-water interface being more pronounced 
than the lowering at_the solid-air interface, so that 
the resultant tension at the solid-air interface 
would be' the greater when the water receded, and 
consequently, since the tension water-air remains 
unchanged, the receding solid-water-air angle 
would be smaller than the advancing sol id-water- 
air angle.

In spite of the complications and the at present 
unmeasurable quantities introduced into equations 
(L3a) and (13r) of Case II, the fact remains that 
experimental evidence indicates that equations 
(da') and (6r'), and (7a) and (7r) do hold. There­
fore, it would still be indicated that the complicated 
factors responsible for hysteresis in the three sepa­
rate angle systems do cancel out in the combined 
equation. That is, it is indicated that

[(%»• -  TVw) +  (T aa -  Ts"a)] =  (7 SW -  7 ,"„) (14 )

((V o  -  V )  +  (V a  -  V .)] = (V o  -  T.„) (15)
Differences in solid-water-organic liquid angles 

obtained on different cellulose derivatives reflect 
variations in the energy terms. On cellulose 
acetate (and triacetate) the solid-water-organic 
liquid angles of the four water-organic liquid 
combinations were not greatly different from one 
another. On the tripropionate the water-methyl­
ene iodide angles were much lower than the water- 
heptane angles, while on the more polar- esters 
(acetate, acetopropionate and acetobutyrate) the 
water-methvlene iodide angles were somewhat 
higher than the water-heptane angles. An inter­
pretation of these trends in terms of the interfacial 
energies of the systems would be as follows: As 
the hydrocarbon character of a derivative becomes 
dominant, the interfacial energy of the solid-water 
interface becomes relatively higher while the 
interfacial energy of the solid-heptane interface 
becomes relatively lower, and the interfacial con­
tact angle (measured through water) tends, there­
fore, to become greater. Because of the polar 
nature of the methylene iodide the comparable 
solid-methylene iodide interface will be at a higher 
energy level and the interfacial angle will in this 
case tend to be smaller than for the heptane system.

Experimental Verification of Interrelationship of 
Contact Angles.— In Table III are given both 
advancing and receding contact angle values for 
water and for certain organic liquids in air against 
different cellulose derivatives together with then- 
calculated adhesion tension values. In Table II 
are given both advancing and receding interfacial 
contact angle values obtained with water and the 
different organic liquids against these same solids.

In columns 6 and 8 of Table III are given the data 
obtained from application of the equations (5a) 
and (5r), respectively, using solid-water-organic 
liquid contact angle values in the calculations.

In columns 7 and 9 of the table are given data 
for corresponding systems using .4“,.a, A\m, 
Ag0a and rfaoa, the experimental adhesion tension 
values for advancing and receding contact angles 
for solid-water-air and for solid-organic liquid-air 
systems, respectively. The tabulated values were 
calculated according to equations (6a') and (6r').

T a b l e  I V

C o m p a r iso n  B e t w e e n  O b s e r v e d  a n d  C a l c u l a t e d  I n t e r -  
f a c ia l  C o n t a c t  A n g le s  o n  C e l l u l o s e  D e r iv a t iv e s

Contact angles, degrees
System Advancing, 0a Receding, 0rObsd. Caled. Obsd. Caled.

Aeetate-FM2, foil, side A
Methylene iodide i n 109.5 07 69.5
a-Bromonaphthalene 106 107 09 67
«-Chloronapht balene 110 07. o 65
Bromohenzene 119.5 04.5 59

Aeetate-FM2, foil, side B
Methylene iodide 105 104.5 59 58.5
a-Bromonaphthalene 105 102 55 55.5
a-Chloronaphthalene 104.5 54 52.5
Bromohenzene 115 46 45

Acetate-FM2, film
Methylene iodide 103 103 70 69

Triacetate, film
Methylene iodide 101.5 103 81 78
a-Bromonaphthalene 106 107 82 79.5
Bromohenzene 113 81 77

Acetopropionate-H, foil, side A
Methylene iodide 119 119 77.5 77.5
a-Bromonaphthalene 128 121 80 81
Bromohenzene 132.5 75 76

Acetopropionate-H, foil, side B
Methylene iodide 116 118 69 65
a-Bromonaphthalene 124.5 121 .5 65 66.5
Bromohenzene 123 56 59

Tripropionate, film
Methylene iodide 120 119.5 84.5 85

Acetobutvrate-H, foil, side A
Methylene iodide 127 127.5 83 80
a-Bromonaphthalene m 129 86 82
Bromohenzene 79 78.5

Aeetobutyrate-H, foil, side B
Methylene iodide 128 128.5 80 76.5
a-Bromonaphthalene 128 127 74 79
Bromohenzene 141.5 72.5 70.5

Tributyrate, film
Methylene iodide 138 iC00c*? 100 96

Ethyl cellulose-H, foil, side A
methylene iodide 121 124 65.5 63

Ethyl cellulose-H, foil, side B
Methylene iodide 118 118.5 58 58

It is to be noted that good agreement is obtained 
for the interfacial or solid-water-organic liquid 
adhesion tensions when calculations are based 
upon use of either the interfacial contact angle 
values according to equations (5a) and (5r) or upon 
adhesion tension values obtained by using solid- 
liquid-air angles based upon equation (6a') and 
its counterpart equation (6r'). This experimen­
tally obtained agreement tends to validate the use 
of equations (6a') and (6r'), and (7a) and (7r). 
As discussed above, this agreement indicates also 
that the factors responsible for hysteresis effects in 
solid-liquid-air systems are very closely related 
to those responsible for hysteresis effects in corre­
sponding solid-liquid-liquid systems and in com­



P. C. Carman Vol. 57

billed equations appear to cancel out. That is, it is 
shown that even in those systems in which hys­
teresis occurs t:ie correlation between the three 
contact angles continues to exist. Combined 
equations by means of which the third angle can be 
calculated from two measured angles appear still 
to be valid.

The agreement between calculated and experi­
mentally determined interfacial angles is shown in 
Table IV. The agreement of the angle values in 
the majority of the systems was well within the 
limits of experimental error.

DISCUSSION
A n o n .— I n regard to w hich side of a plastic foil had been 

form ed in con tact w ith a  m etal plate, I can m ention some 
electron microscope work done at B rooklyn  P o ly  tech.

5(1

and which has never been published. It is quite easy to 
decide betw een which side was on the m achine and which 
side was in the air, because the side th at was on the m achine 
has in it ridges, so if you  rub the. tw o sides together the 
“ m etal sides’ ’ will stick, whereas the “ air sides”  will slide 
p ast each other easily.

B . It. R a y .— I wish we had known th at. I t  was very  
confusing a t the initial stages of research. W e appreciate 
knowing this point.

A n o n .— W h at effect does annealing have upon these tw o 
faces?

B .  R .  R a y .— W e did not investigate the possible effects 
of various conditionings of these films and foils. T h e films 
produced in the laboratory were all made in the sam e w ay, 
i .e ., the evaporation was allowed to take place slow ly in a 
desiccator anil then the Kims were heated a t 70° in-an oven 
for three hours, and then stood in a desiccator in air. W e 
used this procedure consistently and did not stu d y  the 
effect of various conditionings and treatm ents.

PROPERTIES OF CAPILLARY-HELD LIQUIDS1
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T his paper reviews some recent advances in the stud}' of capillary-held liquids. Eviden ce is given th at cap illary  con­
densation in micropores is separate and additional to form ation of m ultilayers, though the tw o processes m ay influence one 
another. I t  is then shown that, though experim ental m ethods for their study are different, capillary condensate and liquid 
retained in m acropores show sim ilar characteristics, and th at their properties differ on ly in so far as th ey are affected b y  
capillary radius. A tten tion  is directed to the meaning of capillary radius in a pore-space and to the mode of retention of 
capillary-held liquids; and then the influence of capillary radius on density, surface tension, freezing point and h eat of con­
densation of cap illary  condensates is discussed. R ecen t work on the flow of capillary condensate is sum m arized. H ysteresis 
is considered and it is shown th at the view s of Haines, based on macropore system s, not on ly antedate the theories on hys­
teresis in micropore system s which are at present in vogue, bu t also represent a considerable advance on them.

Physical adsorption on microporous adsorbents 
such as silica gel is generally considered to be char­
acterized by the Type IV and Type V isotherms of 
Brunauer, Emmett and Teller,2 since these lead to a 
finite limit of adsorption at the saturation vapor 
pressure, pn, o: the adsorbate in the liquid state. 
Earlier theories, as summarized by Brunauer,3 
attributed adsorption wholly to capillary condensa­
tion; while a later tendency, following on the 
successful application of multilayer adsorption to 
the external surface of non-porous adsorbents, was 
to discard capillary condensation altogether.4 
The first part of this paper presents direct evidence 
that formation of multilayer films and capillary 
condensation both play a part.

(lapillary condensation arises from the action of 
surface tension at a curved meniscus. If it is 
accepted as occurring in microporous adsorbents, 
there is no sharp distinction between capillary 
condensate and capillarv-held liquid in a macro- 
poious system, e.y., moisture in a damp bed of sand. 
The present tendency is lo treat these separately, 
partly because their study requires different tech-

(1) Presented before the twenty-sixth National Colloid Symposium 
which was held under the auspices of the Division of Colloid Chemistry 
o f the American Chemical Society in Los Angeles, California, June 
lb- 18, 19",2.

(2) S. Brunauer, P. II. Emmett and E. Teller, J. Am. Chem. Soc., 
60, 309 (1938).

(3) S. Brunauer, "The Adsorption of Gases and Vapours, Physical 
Adsorption,” 1943, p. 120.

(4) S. Brunauer, L. S. Deming, \V. E. Deming and E. Teller, J. 
Am. Chem. Soc., 62, 1723 (1940).

niques; but it is desirable to treat them as a whole. 
Macropore systems afford a clearer view of the 
mechanism by which capillary liquid is held in a 
pore-space; micropore systems show more clearly 
how properties alter from those of bulk liquid as a 
result of increasing curvature of the meniscus, i.e., 
decreasing pore radius. In the present paper, an 
attempt to review some of the physical properties 
of capillary condensates has been hampered by 
absence of reliable data. The conclusion cannot be 
avoided that this is a field which is being unneces­
sarily neglected, particularly in comparison with the 
wealth of experimental measurements on mono- 
layer and multilayer adsorbed films.

Relationship between Adsorbed Films and Capil­
lary Condensate.—Capillary condensation takes 
place because, at a curved meniscus, surface tension 
reduces the equilibrium vapor pressure p below 
that of bulk liquid p 0, in accord with the Kelvin 
equation

where a =  surface tension, p =  density, M  =  
molecular weight, T =  absolute temperature and a 
is the harmonic mean of the two principal radii of 
curvature, ai and o2, i.e.

This is general for any curved liquid-vapor 
interface, with the signs of cq and a2 positive if the
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surface is convex to the liquid and negative if 
concave to the liquid. Thus, for a spherical drop­
let, p >  po. In a circular capillary, radius r, we can 
put

n = 0,1 — a- — r c.or 8 (II)

where 6 is the contact angle, thereby relating the 
relative pressure, p/po, to the capillary radius.

In contrast to the mechanism of capillary con­
densation, adsorbed films arise from van der Waals 
interactions between adsorbent and adsorbate. 
On an open surface, multilayer films are formed and 
increase indefinitely in thickness as the relative 
pressure increases toward unity. On the inner 
wall of a capillary, such layers could increase in 
thickness till they filled the capillary, after which 
adsorption would cease. Theories attributing ad­
sorption in micropores solely to limited multilayer 
adsorption have been advanced,4 ~5 6 but, as condi­
tions are also suitable for capillary condensation, it 
seems probable that it must also play some part. 
Recently, direct evidence of this has. appeared7 
and is illustrated by Fig. 1. In this, a loose powder 
with a surface of 300 m.2/g. is compared to a plug 
formed by compressing the same powder to a poros­
ity of about 0.5. Capillary condensation should 
be absent from the powder. If physical adsorption 
in the plug took place only by multilayer formation, 
the adsorption isotherm should lie below that for 
the powder, since restriction of the pore-space 
limits the thickness of multilayer films. That the 
converse is true is strong evidence that an addi­
tional contribution is being made by capillary 
condensation.

p in mm.
Fig. 1.— Adsorption OFjCfi on Linde silica at —33.1°: X, 

loose powder; • , plug porosity 0.506.
(5) (a) R. B. Anderson. J. Am. Chem. Soc., 68, 686 (1946); (b) R. 

B. Anderson and W. K. Hall, ibid., 70, 1727 (1948).
(6) G. Pickett, ibid., 67, 1968 (1947).
(7) P. C. Carman and F. A. Raal. Proc. Ron. Soc. [London), 209A, 

59 (1951).

It is to be noted that the isotherm also acquires a 
feature considered to be characteristic of capillary 
condensation, namely, hysteresis on desorption. 
In fact, it is frequently considered that, the lower 
limit of the hysteresis loop is also the lower limit of 
capillary condensation; but il is evident in Fig. 1 
that the effect of capillary condensation extends 
below this point. Indeed, it is probable that it 
extends even into the region where the isotherms 
for powder and plug coincide, as this can result 
from a balance between an increase of adsorption 
due to condensation and a decrease of multilayer 
sorption due to loss of the surface of filled capil­
laries. Stronger evidence of the latter effect is 
shown in Fig. 2 for a finer powder, with a surface 
960 m.2/g., at two porosities. The isotherm for the 
higher porosity plug falls below that for the powder 
before it rises above, while, for the lower porosity, 
it always remains below.

57

p in mm.
Fig. 2.— Adsorption of ('F,('t> on Carliolae I at —33.1°: 

X, loose powder; • , plug porositv 0.739; 0, plug porosity 
0.496.

It may therefore be accepted that film formation 
and capillary condensation take place simulta­
neously in micropore systems, and, to some extent, 
influence one another to a degree which it is rather
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difficu lt to  define. T h u s , ex p erim en ta lly , w e m ea s­
ure th e  q u a n tity  o f a d sorb ate  per u n it w eight o f 
ad sorb en t. F ro m  the v ie w p o in t of cap illary  con ­
d en sation , it  is m o st  con ven ien t to  a ssu m e the  
a d sorb ate  h a s  th e  sa m e d e n sity  as b u lk  liqu id  and  
to  express it as a v o lu m e  v per u n it w eigh t of a d ­
so rb en t, since, in th is fo rm , it is at once p o ssib le  to  
assess h ow  co m p lete ly  th e to ta l pore v o lu m e  is 
filled. T h is  h as been don e in F igs. 1 an d  2 . A  
difficult p ro b lem  is presen ted  when w e a tte m p t to  
d iv id e  a  v o lu m e  v o f a d sorb ate  a t rela tive  pressure  
p/pa q u a n tita tiv e ly  in to  cap illary  con d en sate  and  
ad sorb ed  film s. T h is  is fu rth er com p licated  b y  the  
fa ct th a t  th e  presen ce of adsorb ed  film s decreases  
effective  cap illary  radii, so  th a t , th ou gh  th e  m a x i­
m u m  rad iu s of capillaries filled b y  con d en sation  at  
a g iv en  p/pa sh ou ld  b e  g iven  b y  eq u a tion s (1) and
(3 ) , th e  actu al m a x im u m  radius of filled capillaries  
is so m e w h a t larger. A tte m p ts  to  so lv e  th ese  
difficulties an d  h ence to  arrive a t pore size d istrib u ­
tion s h a v e  b een  m ad e  w ith  con siderab le su ccess in  
recent y e a rs ,8'9 b u t it can n ot b e  c la im ed  th a t fin a l­
ity  h as been  reached.

C a p illa ry -h e ld  L iq u id  in  M a c ro p o re s .— I f  pore  
radii exceed  a  few  h u n dred  A n g stro m  u n its , the  
v ap o r pressure c f  cap illary  con d en sate  as g iv en  in  
eq u a tio n  (1 ) differs so little  fro m  p0 th a t  it is d if­
ficu lt or im p o ssib le  to  m easu re it  ex p erim en ta lly . 
C o n se q u e n tly , ad sorp tion  tak es p lace in pores o f 
th is size essen tia lly  as a m u ltila y er  film  on a  free  
su rface . T h e  a b ility  to  d e te ct cap illary  con d en sa ­
tion  b y  m ea su re m e n ts  o f v a p o r  pressu re w ill be  
u sed  here as th e criterion b etw een  “ m icro p o res”  
an d  “ m a c ro p o res .”  In  th e in term ed iate  range, 
cap illa ry  con d en sation  is ev id en ced  o n ly  as an  
e x tre m e ly  rap id  rise of th e cu rve o f v vs. p in the  
v ic in ity  of p9 a n a  a v ery  n arrow  h ysteresis  loop .

T h e  fa c t  m u st be p o in ted  o u t, h ow ev er , th at, 
th ou gh  cap illary  con d en sation  a p p a re n tly  ceases  
to  p la y  a  p a rt in ad sorp tion , a  larger pore radius  
m ean s a  sm aller su rface per u n it pore v o lu m e , so  
th a t  th e  proportion  of the to ta l pore v o lu m e  w hich  
can be occu p ied  b y  m u ltila y er  film s in m acrop ores  
b ecom es n eg lig ib ly  sm all. T h eo retic a lly , w hen p =  
pa, we m u st  expect th e p o re-sp ace  to  b e  fu ll, so  th at, 
in  effect, a lm ost the w h ole p ore-sp ace  is ava ilab le  
for cap illary -h e ld  liq u id . It  em erges therefore  
th a t, in m acrop ore  sy ste m s , adsorption  of film s  
and reten tion  of cap illa ry -h e ld  liq u id  ta k e  place  
u n der con d ition s su ch  th a t  n eith er in fluences the  
other.

A  great deal o f w ork on cap illa ry -h e ld  w ater in 
m acrop ores h as been carried ou t b y  soil p h y si­
c is ts ,10-16 since soils are n orm ally  m acrop orou s  
sy ste m s , an d  a, p ro b lem  of v ita l im p o rta n ce  is

(8) E. P. Barrett, L. G. Joyner and P. P. Halenda, ./. Am. Chem. 
S o c . , 7 3 , 373 (1951).

(9) P. C. Carman, Proc. Roy. Soc. {London), 2 0 9 A , 59 (1951).
(10) W. B. Haines, J. Agr. Sci., 1 7 , 264 (1927).
(11) W. B. Haines, ibid., 20, 97 (1930).
(12) G. W. Robinson, “Soils: Their Origin, Constitution and Classi­

fication,” 3rd edition, 1949, p. 277.
(13) L. D. Barer, “Soil Physics,” 1946, p. 204; A. NY Puri, “Soils, 

Their Physios and Chemistry,” 1949, p. 337.
(14) L. A. Richards, Soil Sci., 53, 241 (1942). L. A. Richards 

and M. Fineman, ibid., 56, 395 (1943). L. A. Richards and L. R. 
Warner, J. Agr. Research, 69, 215 (1944).

(15) D . Croney, J. D. Coleman and E. W. I I , Currer, Brit. J. App. 
Phys., 2, 85 (1951).

drain age of m oistu re fro m  a soil p ore -sp ace  in itia lly  
sa tu rated  w ith  w ater. T h is  w ork  is b ase d  u p o n  the  
fu n d a m en ta l fa c t  th a t , ow in g  to  th e a ction  of su r­
face  ten sion , a cu rved  su rface causes a ch an ge in  
th e sta te  of ten sion  or o f com p ression  of th e liq u id  
b elow  th a t  su rface . T h u s , in a  cap illary  w e tte d  b y  
the liq u id , a cu rv ed  m en iscu s is fo rm ed  w h ich  is 
con ca ve  on th e v ap o r side an d  th is p ro d u ces a  
sta te  o f tension  in th e cap illa ry -h e ld  liq u id , co m ­
pared to  b u lk  liquid . A s  a ten sile  stress h as th e  
d im en sion s o f a  pressure, th is is c o m m o n ly  called  a  
“ pressure d efic ien cy ”  or “ su ction  p ressu re ,”  P , 
an d  its  relation sh ip  to  the cu rvatu re of th e su rface  
is given b y  the th erm o d y n a m ic  relation sh ip

w here a is th e  harm onic, m ea n  rad iu s o f cu rvatu re  
of th e su rfa ce  as defin ed in eq u ation  (2 ) . N o w , if a  
liq u id  is p laced u n der ten sion  or com p ressio n , its  
vap o r pressure is ch an ged  accord in g  to  th e  th e rm o ­
dynam ic, relation sh ip

E q u a tio n s  (4 ) a n d  (oj lead to  th e K e lv in  eq u a tio n
(1 ) , an d  it is th u s  clear th a t , for c a p illa ry -h e ld  
liq u ids, low erin g  o f v a p o r  pressure m a y  be re­
gard ed  as a  seco n d a ry  p ro p erty  resu ltin g  fro m  th e  
s ta te  o f ten sion  in du ced  b y  a  cu rved m en iscu s.

I t  fo llow s th at it is m ore n atu ra l to  p lo t the  
p rop ortion  of c a p illa rv -h e ld  liqu id  in a p o rou s so lid  
a ga in st P  th an  a gain st p/po- In  th e case o f m acro ­
pore sy ste m s , th is h as th e fu rth er a d v a n ta g e  th a t  
P  and n ot p/po is th e  q u a n tity  w hich  can  b e  m e a s­
ured ex p e rim en ta lly . D e ta ils  of th e m ea su re ­
m en t need n ot b e  g iv en , as th e y  h a v e  fre q u e n tly  
been  d escrib ed  a n d  re v ie w e d .10-16

It  is sufficient to  n o te  here th a t, fo r  w a ter  a t  
a b o u t 2 5 ° ,  m ea su re m e n t a t P  d irectly  is not feasib le  
a b o v e  a b o u t 5 X  1 0 7 d y n es 'e m .2, at w h ich  p o in t  
p/pa is a p p ro x im a te ly  0 .9 9 . H igh er  v a lu e s o f P ,
i.e., low er v a lu e s of p/pn, can  b e  o b ta in ed  b y  
m easu rin g  p a n d  a p p ly in g  eq u a tion  (5 ) . T h e  
m o st c on v en ien t w a y  to  express con cen tration  of 
liquid  for com p arin g  one sy ste m  w ith  an oth er is 
“ degree o f sa tu r a tio n ,”  S, i.e., filled p o re -v o lu m e  
per u n it o f to ta l p o re -v o lu m e, a ssu m in g  cap illa rv - 
h eld  liqu id  h as th e d e n sity  of n orm al liquid .

A c tu a lly , a  p lo t o f degree of sa tu ration  versus 
a linear scale o f P  is n ot w h o lly  sa tis fa c to ry , p ar­
ticu larly  w h en  a  v isu al com p arison  of d ifferent  
p o re -sy stem s is desired, so th a t it h as b ecom e a 
regular p ractice  to  p lo t  P  on a logarith m ic  scale. 
In  F ig . 3 , it h as in th is w a y  b ecom e p o ssib le  to  
com p are a  m icropore sy ste m  (d a ta  of F ig . 1 ), a  
fa irly  fine m acrop ore sy ste m  (w ater  in p laster of 
p a r is )16 an d  a coarse m acrop ore  sy ste m  (w ater in 
8 0 -1 0 0  m esh  s a n d )16; and  it b ecom es clear h ow  
closely  sim ilar all o f these are in th eir  general 
featu res. In  particu lar, all sh ow  w ell-m a rk e d  
h ysteresis lo op s, all of w h ich , u n d er carefu l experi­
m e n ta l con d ition s, are h igh ly  reprodu cible a n d  so  
n ot du e to  im pu rities. I f  th e process o f re m o v a l or 
ad d ition  o f liq u id  is reversed in th e  m id d le  o f a

(1 6 ) M . C . L e v e r e t t ,  Trans, Am. Inst, Mining Met. Engrs., 1 42 , 
152 (1 9 4 1 ),
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Fig. 3.—Curves of P versus degree of saturation for vari­
ous porous media: a, from Fig. 1; l>, water in plaster of 
paris; e, water in sand-bed.

loop , “ scan sion  c u rv es”  w hich cross th e loop  are  
o b tain ed . T h e se  are fa m iliar  in cap illary  con d en sa ­
tion , a recent v e ry  d eta iled  s tu d y  of th em  bein g  
g iven  b y  E m m e tt  an d  C in e s17 for argon on p orou s  
glass. E x a c t ly  sim ilar scan sion  lines ap p ear in all 
m acrop ore sy ste m s  an d  a d eta iled  s tu d y  of th em  w as  
g iven  b y  H a in e s 11 in 1930  for w ater in a  bed of 
spherical g lass p artic les of radius 0 .1 9  m m .

In  F ig . 3 fo r  b o th  m icropores an d  m acrop ores, 
the tw o  bran ch es of th e h ysteresis  loop level off 
fa irly  sh arp ly  near com p lete  satu ration . T h is  
d en otes u n iform  pores, w h ich  fill or e m p ty  s im u l­
ta n eo u sly  at a  fa irly  defin ite v a lu e  of P  or p/p0 
a n d  it b ecom es less w ell-defin ed w hen pores are  
n on -u n ifo rm .

In  m acrop ore sy s te m s , there is low er lim it to  th e . 
h ysteresis loop , b u t  liqu id  con ten ts  b elow  th is lim it  
m u st still b e  retain ed  b y  cap illary  forces. T h is  
con firm s the p o in t m a d e  p rev iou sly  th at reversible  
cap illary  con d en sation  in m icrop ore s y ste m s  should  
be ex p e cte d , and does a ctu a lly  ta k e  place, b elow  the  
h ysteresis  loop.

S ign ifican ce o f C ap illary  R a d iu s .— D a ta  such  as 
p resen ted  in F ig s . 1, 2  an d  3  are u sed  to  ob ta in  
pore size d istrib u tio n s b y  ap p lica tio n  o f eq u ation s
(1 ) or (4 ) , b y  a ssu m in g  th a t  0 =  0  and  th a t  cap il­
laries are circular, so th a t  a =  r. T h e  assu m p tion  
th a t th e p o re-sp ace  is eq u iva le n t to  a b u n d le  of 
circular capillaries of v a ry in g  radii is h igh ly  arti­
ficial and  it is desirable  to  u n d erstan d  m ore clearly  
the relation sh ip  o f a  to  the real p ore -sp ace .

A  s a  real p o re -sp a c e  is c o m p lete ly  in tercon n ected , 
consider a b u n d le  of in tercon n ected  capillaries, all 
p a rtly  filled . A s  th e  v ap o r  pressu re in th e large  
capillaries is larger, d istilla tio n  will tak e  place  
u n til th e  largest capillaries are e m p ty  an d  the  
sm allest ones filled, th e  o n ly  p a rtia lly  e m p ty  
capillaries bein g  an  in te rm e d iate  grou p  w ith  equ al 
radii. S im ila rly , th e  ten sion  or su ction  pressure in 
th e sm aller capillaries is greater, so th a t  liq u id  will 
flow  from  larger to  sm aller capillaries to  p rodu ce  
th e sam e en d results. T h is  m ea n s th a t , in a  real 
p ore-sp ace , c a p illa ry -h e ld  liq u id  w ill red istrib u te

(17) P . H . E m m ett and M . Cines, T h is  J o u r n a l , 51, 1248 (1947).

itself until the cu rvatu re of th e m en iscu s is u n ifo rm  
at all p o in ts , acco m p an ied  b y  a corresponding- 
u n ifo rm ity  of P  an d  p / p q . Su ch  red istrib u tion  
tak es p lace b y  tw o  m e ch a n ism s, n a m e ly , d istilla tion  
th rou gh  th e  e m p ty  p art o f th e p o re-sp ace  an d  flow  
of liqu id  th rou gh  th e filled p a rt. W h e th e r  liqu id  
is rem oved  b y  ev ap ora tion , or b y  drain age, the  
rem ain in g  p art re -a d ju sts  itse lf b y  eith er or both  
m ech an ism s u n til a n ew , u n ifo rm  cu rv atu re  of 
m en iscu s is a tta in ed .

O n e of the m o st  im p o rta n t w a y s  b y  w hich  cap il­
la ry  liquid is retained is illu strated  in F ig . 4 . 
T h is  sh ow s a p o in t of con tact b etw een  tw o  p ar­
ticles, in th is case, spheres. A t  th is , an an n u lar  
ring of liqu id  can be held b y  su rfa ce  ten sion , actin g  
at th e cu rved  m en iscu s. T h e  prin cipal radii of 
cu rvatu re are sh ow n  as rx an d  r2, b u t  are in op p o site  
senses, so th a t th e  v a lu e  of a is g iven  b y

2 = t _  1
a /'I

I f  the ring grow s in size, b oth  a n d  r2 increase, bu t  
not a t th e sa m e rate, so th at a a lso  increases. A n  
increase of p or a decrease o f P  th erefore a llow s the  
an n u lar ring to  grow  an d  vice verm. I f  v a lu es o f a 
are in terp reted  as radii o f circular capillaries, 
therefore, it is seen th a t  th ese  are larger th an  either  
/’i or r2, an d  that, a sin gle an n u lu s correspon ds to  a 
grou p  o f capillaries v a ry in g  fro m  zero radius u p ­
w ards.

Fig. 4.—Annular ring retained Fig. 6.—“ Ink-bottle” pore 
at. point of contact.

I f  w e start fro m  a filled p o re-sp ace , and rem ov e  
liq u id , b y , sa y , ev a p o ra tio n , fo rm a tio n  of annuli 
a t p o in ts o f con tact o n ly  tak es p lace in th e  last  
stag es. In  order to  u n d erstan d  m ore  c learly  the  
b eh a vior  in the earlier stages, con sider a sh ort, 
op en -en d ed  cap illary  w ith  a  cross section  form ed  b y  
circular cylin d ers, as show n in F ig . 5 (a ) or 5 (b ) .  
T h is  p ro vid es a  reason able tw o -d im e n sio n al an alog  
to  th e p o re-sp ace in a  b ed  of spheres. I f  r3 is th e  
radius of th e in scribed circle, th e  cap illa ry  will 
e m p ty  w hen a  h em isph erical m en iscu s o f th is  
radius can be fo rm e d , i.c., at a  c o n sta n t v a lu e  of
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Fig. 5.—Cross sections of portMipacc formed between 
cylinders in two modes of Ranking. rs = radius of inscribed 
circle.

p/p0 or P  correspon din g  to  a =  r3. E m p ty in g , 
h ow ev er , w ill n ot he c om p lete , as th e w ed g e- 
sh ap ed  corners o f th e cross section  w ill still con tain  
liq u id , correspon din g  to  th e fo rm a tio n  of annular  
rings a t p o in ts of con ta c t b etw een  p articles. T h e re ­
a fter , as p decreases, th e  w e d g e -sh a p ed  portions  
g ra d u a lly  e v ap ora te . C le a r ly , tw o  stag es of e m p ty ­
ing can he traced . In  th e first, th e  m ain  p a rt o f 
th e c a p illa ry -h e ld  liqu id  is rem o v ed  an d  the con ­
sta n t v a lu e  of a =  r3 can ire rea son a b ly  regarded as 
th e “ pore ra d iu s .”  In  th e secon d  stage, corre­
sp on d in g  to  ev ap ora tion  fro m  an n u li, in terp retation  
of a  as a  “ pore rad iu s”  is m ore  or less m ean in gless. 
In  real p ore sy ste m s, th e  tw o  stag es o verla p , as 
pores v a r y  in size, so  th a t, b efore  th e  sm aller pores  
h a v e  em p tied , annuli h a v e  fo rm ed  a t th e  larger  
pores. F u rth e r  d iscu ssion  of th ese  p o in ts  w ith  
respect to  h ysteresis  will be u n d ertak en  later.

Effect of Capillary Condensation on Adsorbent. 
— T h e  m a in  effects arise fro m  th e sta te  o f ten sion  
in th e  c a p il la r / liq u id . In  m acrop ore  sy ste m s, it 
is fam iliar in th e increased cohesion  sh ow n  b y  clays  
an d  fine sand s w h en  s lig h tly  m oisten ed . I f  m ois­
tu re is g ra d u a lly  rem ov ed  fro m  a n y  orig in a lly  full 
p o re-sp ace , th e  increase of cohesion  and stren gth  
passes th rou gh  a  m a x im u m , sin ce cap illary  forces  
m u st increase w hen P  increases from  zero, b u t th eir  
effectiven ess for cohesion  m u st decrease to  zero w hen  
th e  cap illary  held liquid is c o m p lete ly  rem ov ed .

In  m icrop ore sy ste m s , P  a tta in s  v a lu e s large  
en ou gh  to  p rod u ce a  m ech an ica l effect on rigid  
ad sorb en ts. I t  h as been  sh ow n  b y  W iig  and  
J u h o la 18 th a t , w h en  cap illa ry  con d en sation  of 
w a ter  com m en ced  on ch arcoal, a  w ell-defin ed  
con traction  in  th e  v o lu m e  o f th e  a d sorb en t w as  
o b served . T h is  reached a  m a x im u m  at p/po —  
0 .7 , correspon din g to  n ea rly  com p lete  filling of the  
pores, and th en  decreased  as p/po increased further, 
h e ., as P  decreased . O n d esorp tion , ow in g  to  
h ysteresis , pores rem ained fu ll to  p/p0 —  0 .5  and  
th ereafter em p tied  m ore  rap id ly . In  accord w ith  
th is , th e m a x im u m  con traction  w as also  reached at  
p/p0 —  0 .5 , and fell off m ore  sh arp ly . F u rth er, 
th e m a x im u m  con traction  w as larger, as the low er  
v alu e  of p/pn corresponds to  a  larger v a lu e  o f P .

Properties of Capillary Condensate.— I f a cap il­
la ry -h e ld  liq u id  differs from  b u lk  liq u id  o n ly  b y  
v irtu e  o f th e presence o f a  cu rved  m en iscu s, it 
sh ou ld  b e  possib le  to  p red ict its p roperties. A s

(18) E. 0 . Wiig and A, J, Juhola, J, Am. Chem, Soc., 71, 561
(19401.

differences are o n ly  lik e ly  to  b e  a p p reciab le  in 
m icrop ores, th is range o f pore sizes is g en era lly  
m o s t  su itab le  for exp erim en tal s tu d y  o f p ro p ertie s ; 
b u t it sh ou ld  b e  essen tia l t h a t : (i) p rop erties o f 
cap illary  con d en sate  arc m easu red an d  t h a t . the  
effect o f m u ltila y er  film s is a v o id ed  or a t  least  
corrected fo r ; (iij p ore radii a re  several t im e s  larger  
th an  th e  d iam eters o f ad sorb ate  m olecu les , sa y , 
a t least 10 A .

D a ta  w h ich  con form  to  these req u irem en ts  are 
p ra ctica lly  n on -ex iste n t. T h e  m o st  o b v io u s  p ro p ­
erty  to  con sider is density. I f  th e  rela tive  pressu re  
of th e cap illary  con d en sate  is g iv en , th e  ten sion  to  
w hich  it is su b jec ted  is calcu lab le  b y  eq u a tion  (5 ) ,  
and , fro m  th is, u sin g  the com p ressib ility  coefficient, 
a decrease of d e n sity  can be estim a ted  q u a n tita ­
t iv e ly . T h e re  seem s, h ow ever, to  b e  n o  su ita b le  
d a ta  to  te st th is . A  great deal o f ev id en ce  con ­
firm s th a t th e lim itin g  v o lu m e  of a d so rb a te  a t p =  
pa eq u als th e  v o lu m e  of th e p o re -sp ace  or th a t  
differen t liqu ids g ive  con sisten t sa tu rated  v o lu m es. 
E x c e p tio n s , su ch  as m en tion ed  b y  B ro a d  and  
F o s te r ,19 ap p ear o n ly  w hen pores are p resen t w hich  
ca n n o t b e  en tered  b y  a d so rb a te  m olecu les. T h e  
a b o v e  o b serv ation , h ow ever, is n ot su rprisin g , sin ce, 
a t p =  pa, th e  cap illary  con d en sate  is n o t u n der  
ten sion  a n d  so sh ou ld  h a v e  th e  n orm al d e n sity . 
T h e  v a lu es required are den sities o f cap illary  con ­
d en sates a t rela tive  pressures b elow  u n ity . U n ­
fo r tu n a te ly , th e o n ly  accu rate  m ea su re m e n ts , 
u sin g  th e  h eliu m  d isp lacem en t m e th o d , o f a d sorb ­
a te  den sities o ver a  w id e range of rela tiv e  pressu re, 
h a v e  been  carried o u t on charcoals. T h is  is an  
u n d esira b le  choice of ad sorb en t fro m  th e v ie w p o in t  
of cap illary  con d en sation , since a d sorp tion  iso­
th erm s w ith  liq u id s such  as carbon  tetrach lorid e , 
aceton e and eth er20 21 approach  a lim it an d  are classi­
fied as T y p e  I  or “ L a n g m u ir”  isoth erm s b y  B r u n -  
auer, E m m e tt  an d  T eller . T h is  infers th a t  the  
pores are so  narrow  th a t  o n ly  a  sin gle  la ye r  of 
m olecu les can be a cc o m m o d a te d  on their internal 
su rface . S u ch  an in terp retation  is n o t  b ey o n d  
q u estio n , an d  recen tly  P ierce, AViley and S m ith 22 
h a v e  cited  stro n g  a rgu m en ts th at T y p e  I  isoth erm s  
m u s t  in v o lv e  a t least so m e degree of cap illary  
con d en sation . T h e  correct v ie w  is m ore  p ro b a b ly  
th a t, in capillaries a p p roach in g  m olecu la r  d im e n ­
sion s, b oth  film  fo rm a tio n  and cap illa ry  con d en sa ­
tion are so  p ro fo u n d ly  m od ified  th a t  th e a d sorb ate  
is in a  s ta te  in term ed iate  b etw een  norm al ty p e s  of 
adsorption  on th e one h an d  and in terstitia l solid  
so lu tion  on the other. In  a n y  case, th e experi­
m en tal d a ta  can n ot b e  considered to  b e  fu lly  sa tis ­
fa c to ry  w ith  respect to  o rd in ary  cap illa ry  con ­
d en sation .

A d sorp tion  o f w ater  vapor, on ch arcoa ls g iv es  
T y p e  Ar isoth erm s, w ith  w ell-m ark ed  h ysteresis , 
an d  so  appears m ore  c lo se ly  sim ilar to  ord in a ry  
cap illary  c o n d en sa tio n ; b u t th e b eh a vior  o f th e  
sa m e ad sorb en ts  to  organic a d sorb ates  m a k e s  it

(19) D. Broad and A. G. Foster, J. Chem. Soc., 366 (1945).
(20) J. D. Danforth and T .  de Vries, J. Am. Chem. Soc., 55, 2792 

(1933).
(21) N . G. M. T u c k , R . L . McIntosh and O . Maass, Can. J. Research, 

26B, 20 (1948).
(22) C . Pierce, J. W. Wiley and It, N, Smith, T h is  J o u r n a l , 53, 

669 (1949).
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difficult to  p lace  fu ll con fiden ce in th e  results. 
T w o  accu rate  in v e stig a tio n s h a v e  been rep o rte d 18’23 
and th e  results ob ta in ed  are illu strated  in T a b le  I ,  
togeth er w ith  calcu lated  v a lu e s . T h e  difference  
from  th e n orm al v a lu e  a t sa tu ration  can  b e  a ttr ib ­
u ted  to  pores w hich  are to o  sm all for w a ter  m o le ­
cules to  en ter a n d  w h ich  b ecom e b lo ck ed  to  access o f 
h eliu m . A ssu m in g  th is is th e  case and p a y in g  
a tten tio n  o n ly  to  v a ria tio n  fro m  th e  v a lu e  a t  p/p0 =  
1, w e see th a t  resu lts v a r y  in fair agreem en t w ith  
one an oth er an d  w ith  th eoretical valu es.

T a b l e  I

D e n s i t i e s  o f  W a t e r  A d s o r b e d  o n  C h a r c o a l

p/po =  1 p/po ~  0 .9  p/po = 0 .5

Theoretical 1.0 0.994 0.955
Juhola and Wiig18 0.93 .93 .85
McDermot and Tuck23 .955 .95 .91

Surface tension is th e p ro p erty  w hich , actin g  a t a 
cu rved  su rface , is respon sib le  for the decrease of 
v ap o r  pressure an d  th e  sta te  o f ten sion  in c ap illa ry - 
held liq u ids. T h e  p o ssib ility  o f its  v a ria tio n  in  
sm all pores is th u s one w hich  m u st  b e  carefu lly  
con sidered, since, if th is  tak es p lace , ca lcu lation  of 
pore radii fro m  p b y  eq u a tion  (1 ) ceases to  be  
valid . F o r  cap illary  radii a p p roach in g  m olecu lar  
d iam eters, eq u a tion  (1 ) sh ou ld  be exp ected  to  fa il, 
since it is a  th e rm o d y n a m ic  relation sh ip  an d  so  
d ep en d s on a su rfa ce  con ta in in g  v e r y  large n u m ­
bers o f a to m s . T h e  fa ilu re of eq u a tion  (1 ) as a  
relation  b etw een  a, p an d  a an d  v a ria tio n s in <r 
need n o t  b e  con sidered  sep arate ly , sin ce, if p and a 
are k n o w n , eq u a tio n  (1 ) can be u sed  to  define a, 
and v a lu es so  ob ta in ed  can  be com p ared  w ith  th ose  
for b u lk  liq u id . E q u a tio n  (4 ) is affected  to  th e  
sa m e degree as eq u a tion  (1 ) , an d  eq u ation  (5 ) is 
u n affected .

D ire c t ex p erim en ts  on v a ria tio n  of <r in m icro ­
pores are n ot v ery  feasib le , so  th a t w e h a v e  to  rely  
on (i) th eoretical ca lcu lation s, (ii) com p arison  of 
pore radii ca lcu lated  b y  eq u a tion  (1 ) u sin g  n orm al 
valu es of a w ith v a lu e s ca lcu lated  b }r oth er m e th ­
ods.

T h eo retica l ca lcu lation s are n ot lik ely  to  reach  
fin a lity  u n til th e th eory  of liq u id s is m ore com p lete  
th an  it is at p resen t. In  pap ers b y  T o lm a n 24 
an d  b y  K irk w o o d  an d  B u ff ,25 a  rather rap id  d e ­
crease o f cr w ith  decreasin g  rad iu s is en v isag ed , e.g., 
for argon a t 9 0 ° K . ,  th e  calcu lation s lead to  a d e­
crease o f a b o u t 4 0 %  fo r  a  rad iu s o f 2 0  A. A  m ore  
recent pap er b y  H i ll ,26 h ow ever, w hile agreein g  th at  
<j decreases, estim a tes  a  v ery  m u ch  sm aller d e­
crease. T h u s , defin in g  a b y  eq u a tio n  (1 ) , he cal­
cu lates th a t  th e decrease is 9 . 7 %  fo r  a = 15 A. 
and falls off v e ry  rap id ly  for larger radii, e.g., 5 .5 %  
for a = 2 0  A. T h e  calcu lation s h a v e  no v a lid ity  for  
radii m u ch  u n der 15 A.

A  direct check on eq u a tion  (1 ) could be m ad e  if 
pore radii w ere m ea su ra b le  b y  an in d ep en d en t  
m eth od , b u t th is  is n ot p racticab le . I t  has, 
h ow ever, been  sh o w n 8'9 th a t , if so m e su ita b le

(2 3 ) H . L . M c D e r m o t  a n d  N . G . M .  T u c k , Can. J. Res., 2 8 B .2 9 2  
(1 9 5 0 ).

(2 4 ) R . C . T o lm a n , . / .  Chem. Phys., 1 7 , 3 3 2  (1 9 4 9 ).
(2 5 )  J. G . K ir k w o o d  a n d  F. 3*. B u ff, ibid., 17 , 3 3 8  (1 9 4 9 ).
(2 6 )  T . L. H ill, J. Am. Chem. Soc., 7 2 , 3 9 2 3  (1 9 5 0 ).

allow an ce is m a d e  fo r  presence of a d sorb ed  film s, 
eq u a tion  (1 ) lead s to  a  reason able e stim a te  of the  
to ta l pore su rface , even  w hen th e ca lcu lation s in­
clu de pores u n der 10 A . rad iu s.

O n  th e  freezing point  of cap illary  con d en sate , 
th ere is a  con siderab le  a m o u n t of exp erim en tal 
w ork . E arlier  w ork  h as been  su m m a rized  b y  
B ru n a u er27 and p ro vid es a m p le  ev id en ce  th at  
cap illary  con d en sates can rem ain  liq u id  to  te m ­
p eratures as m u ch  as 1 0 0 °  b elow  th e  n orm al freezin g  
p o in t. Jon es and G o r tn e r ,28 u sin g  a  d ila to m eter  
m e th o d , observed  freezin g  of w a ter  in a  satu rated  
silica  gel. T h is  com m en ce d  a  little  b elow  0 ° ,  
b u t 3 3 %  w as still liqu id  at — 4 8 ° ,  as w o u ld  be  
exp ected  for a d istrib u tio n  o f pore sizes. I f  w e  
a ssu m e th e v ap o r pressu re o f crysta llin e solid  
p h ase is the sa m e in capillaries as in  b u lk  solid , 
th e depression  o f freezin g  p o in t can  be ea sily  cal­
cu lated . E v id e n c e  in accord w ith  th is h as re­
cen tly  been reported b y  Iw a k a m i,29 w h o u sed  h eat  
c a p a c ity  m ea su re m e n ts  to  d e te c t the freezin g  p o in t  
of C C 14 on silica  gel, an d  b y  H ig u ti  and  S h im iz u ,30 
w h o em p lo y ed  m ea su re m e n ts  o f dielectric p o lariza ­
tio n  to  d etect th e freezin g  p o in t o f o -n itrop h en ol 
adsorb ed  on silica  gel. T h e  la tter  fo llow ed  th e  de­
crease in freezing poin t w ith  decrease in sa tu ration  
w ith  cap illary  con d en sate , i.e.,  w ith  decreasin g  c a p ­
illary  rad iu s, d ow n  to  3 5 °  b elow  th e  n orm al freez­
in g  poin t.

B atc h elo r  and F o s te r ,31 fo r  d ioxan e  on ferric  
oxide gel an d , m ore  recen tly , B ro w n  a n d  F o s te r ,32 
fo r  eth v len ed iam in c  on silica  gel, d e te cte d  freezing  
p o in t depression  b y  v a p o r  pressure m ea su rem en ts. 
T h e ir  results in dicate th a t  th e v a p o r  pressure of cap -  
illarv -h eld  solid is less th an  th a t  of b u lk  so lid . A s  
it is difficult to  v isu a lize  fo rm a tio n  of a m en iscu s b y  
a so lid , cap illary  forces w ou ld  n ot be exp ected  to  
alter its  properties, so th a t th is  o b se rv ation  in ­
d ica te s  th a t fu rth er w ork  is required.

T h e  latent heat of vaporization  of cap illary  con ­
d e n sate  is an im p o rta n t p ro p e rty  w hich  a p p ears  
to  h a v e  b een  a lm o st c o m p le te ly  n eg lected . T h e re  
is an  a b u n d an ce  of w ork on h ea ts  o f a d sorp tion  
w h e n 'fo r m a tio n  o f m o n o la y er  or m u ltila y e r  film s  
is p red o m in a n t, b u t th is does not seem  to  h a v e  been  
ex ten d ed  to  cap illary  con d en sation . In  a  paper b y  
G le y ste e n  an d  D e i t z ,33 so m e calcu lation s are re­
p o rted  on d a ta  of L a m b e rt  and C la r k 34 fo r  a d sorp ­
tion  of b en zen e on ferric oxid e gel, a  sy ste m  w hich  
sh ow ed  cap illary  con d en sation  w ith  a  w ell-m ark ed  
h ysteresis  loop . Isosteric  h e a ts  o f ad sorp tion , 
calcu lated  b y  th e C la u s iu s -C la p c y r o n  eq u a tio n , 
at th e w id est p art o f th e h ysteresis  loop show ed  
8(300 c a l . /m o le  on the ad sorp tion  b ran ch  and  
9 4 2 0  c a l . /m o le  on th e d esorp tion  b ran ch , com p ared  
w ith  a b o u t 8 0 0 0  c a l . /m o le  (isosteric) fo r  liq u id

(2 7 )  S . B ru n a u e r , as re f. 2, p . 44 4 . »
(2 8 )  I . I ) .  J o n e s  a n d  R . A . G o rtn e r , T h i s  J o u r n a l , 3 6 ,  3 8 7  (1 9 3 2 ).
(2 9 )  V . Iw a k a m i, J. Chem. Soc. (Japan), Pure Chem. Section, 7 2 ,  

7U7 (1 9 5 1 ).
(3 0 ) I .  H ig u t i  a n d  M .  ¡Shim izu , J. Am. Chem. Soc., 7 4 , 198 (1 9 5 2 ) .
(3 1 )  R . W . B a tc h e lo r  a n d  A . C-. F o s te r , Trans. Faraday Soc., 4 0 , 

301 (1 9 4 4 ).
(3 2 )  M . J . B r o w n  a n d  A . G . F o s te r , Nature, 1 6 9 , 37  (1 9 5 1 ).
(3 3 )  L . F. G le y s te e n  a n d  V . R .  D e itz , J. Research Natl. Bur. Stand­
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b en zen e. T h e  “ h ea ts  o f v a p o r iz a tio n ”  o f cap illary  
c on d en sate  th u s  exceeded  th a t  o f hulk liq u id , b u t, 
m ore im p o rta n t, th ere w as a  d istin ct d ifference  
betw een  adsorption  an d  d esorp tion . A  sim ilar, 
b u t sm aller , resu lt, n a m e ly , 2 0 0  c a l . /m o le  difference  
b etw een  th e tw o  b ran ch es, w a s sh ow n  b y  J oyn er  
an d  E m m e t t 35 for adsorption  o f n itro gen 'o n  p orou s  
glass.

F lo w  of C apillary C o n d e n sa te .— T h e  flow of 
c a p illa ry -h e ld  liq u id s in m acrop ore  sy ste m s  is 
w ell u n d erstoo d  and is d escrib ed  a d e q u a te ly  in 
te x t-b o o k s  on soil p h y s ic s .1213 T h e  force w hich  
produ ces flow  is a  difference in  cap illary  ten sion ,
i.e., m o v em en t tak es place fro m  a region of low  
ten sion  to  a region of high  ten sion . T h e  rate of 
flow  is lim ited  b y  th e  v isco sity  o f th e liquid and  b y  
th e  p e rm e a b ility  o f th e p orou s m ed iu m , a  fa cto r  
w hich  is determ in ed  b y  its pore size d istrib u tion . 
In  a  p a rtly  sa tu rated  m ed iu m , flow  can tak e  place  
o n ly  th rou gh  th e filled part o f th e p o re-sp ace , so  
th a t th e p erm eab ility  is less th an  fo r  a satu rated  
m ed iu m , the ratio  o f th e u n satu rated  p e rm e a b ility  
to  sa tu rated  p e rm e a b ility  bein g  called th e relative  
p erm eab ility .

In  recent e x p e rim en ts ,36 th e w riter has show n  
th at cap illary  con d en sate  in m icropores fo llow s the  
sa m e law s. U sin g  th e  porou s plu g discu ssed in 
F ig . 1, con stan t v a p o r  pressures, p] and p2, of 
C F 2C12 were m a in ta in ed  at th e tw o  ends. C a p il­
lary  con d en sation  took  p lace, b u t , ow in g  to  vap o r  
pressure difference, A p  =  pv — p 2, d ifferen t ten ­
sions, P i  an d  Pi, w ere produ ced  at th e  tw o  ends, 
and th is caused a flow  to  tak e p lace from  / ' ,  to  P 2. 
T h e  valu e o f A P  is readily  ca lcu lated  fro m  A p 
b y  u se of eq u ation  (5 ) . S in ce p, an d  p 2 w ere kept 
c o n sta n t, a  s te a d y  s ta te  flow  w as p rodu ced  in w hich  
con d en sation  too k  place at pi and evap oration  at 
Pi, and th e rate o f th is cou ld  be m easu red . F rom  
th ese d a ta , an  experim en tal v a lu e  of th e p erm e­
a b ility  w as arrived  at. In  order to  ob ta in  a “ cal­
c u la te d ’ ’ va lu e , th e  p e rm e a b ility  o f th e  p lu g  to  air, 
w hich is n either ad sorb ed  nor con d en sed , w as  
m easu red , and th is could then b e  u sed  to  calcu late  
th e p erm eab ility  tow ard  liquid  C F 2C12, assu m in g  
th e v isc o sity  o f bu lk  liquid at the tem p era tu re  of 
th e  experim en t.

F o r  a sa tu rated  p lu g , th e “ o b se rv e d ”  p erm eab il­
ity  w as 1 5 -2 0 %  b elow  the “ ca lcu la ted ”  p erm ea­
b ility , fo r  each of tw o  a d sorb ates , C F 2C12 an d  S 0 2. 
T h is  m ig h t perh ap s be cited  as ev id en ce  th a t  v is ­
cosities w ere so m ew h a t higher th an  for bu lk  liq u id ; 
b u t th ere is sufficient u n certa in ty  in th e  calcu lation  
fro m  air p e rm e a b ility  to  liq u id  p e rm e a b ility  to  
cover th is difference. T h e  resu lts can certain ly  
be considered to  sh ow  that no profou n d  ch an ge  
tak es place in eith er th e m ech an ism  of flow  or in 
v isc o s ity  for m icropore sy ste m s.

Satu ration  p erm eab ilities correspon d to  the  
sa tu ration  pressu re, pu, and are obtain ed  b y  
extra p o lation . In  an actu al ex p erim en t, pi and  
p2 are b o th  b elo w  p 0, so th a t  th e observed  rate of 
flow  corresponds to  a  v a lu e  of v w hich is less th an  
th e  satu ration  v a lu e  and w hich is th e  average of

(3 5 ) L. G . J o y n e r  a n d  P. I f. F m m e tt . . / .  Am. C'hem. Sor.. 70, 2350  
(1 9 4 8 ).

(3 6 )  P . C . C a rm a n , Pwr. lion. Sor. (London), 1 8 0 A , 1.11 (1 9 4 2 ).

v a lu e s for p x and p 2. N o w , v a lu es of v are o b ta in ed  
fro m  F ig . 1 and , ow ing to  th e h ysteresis  loop , it  is 
n ecessary  to  kn ow  h ow  pi and p2 h a v e  been  set u p  
if v is to  h a v e  defin ite valu es. T h u s , if the w h ole  
plu g  is orig in a lly  at p u and p 1 an d  p 2 h a v e  been o b ­
tain ed  b y  decreasin g  fro m  p u, th en  v m u st  b e  o b ­
tain ed  fro m  th e d esorption  b ranch o f th e isoth erm . 
I f  pi and pi h av e  been ob tain ed  fro m  an in itial zero  
pressure, the adsorption  branch m u st  b e  u sed . 
If pi an d  pi are first increased an d  th en  decreased  
w ith o u t proceed in g  to  p„, a  “ scan sio n ”  cu rve in th e  
h ysteresis  loop is fo llow ed  an d , as th e cou rse of th is  
is n orm a lly  u n k n o w n , no d eterm in ate  v a lu e  o f v 
can be arrived a t. T h e  latter ty p e  o f m ea su re m e n ts  
w ere avo id ed . T h e  in terestin g  fa c t  fo u n d  w a s th a t  
a g iven  v a lu e  o f v g a v e  the sa m e p e rm e a b ility , 
w hether ob ta in ed  b y  adsorption  or d esorp tion .

F u rth erm ore , th e variation  of p e rm e a b ility  w ith  
th e degree of sa tu ration  w as a lm o st th e  sa m e as  
cu rves o b tain ed  for sa n d -b e d s , th e re b y  affordin g  
fu rth er ev id en ce  fo r  sim ila r ity  in th e m ec h a n ism  of 
flow .

H y s te r e s is .— T h o u g h  the h ysteresis loop  sh ow s  
th at con d en sation  in capillaries is irreversib le, it 
has b een  rep e ated ly  sh ow n  to b e  h ig h ly  rep rod u ci­
ble on a  w ell-c lean ed  ad sorb en t, a n d  is th erefore  
due neither to  im pu rities nor to  s lo w  rates o f eq u ili­
b ration . T h eo ries  to  explain  h ysteresis  fa ll in to  
three categories. T h e  first du e to  G le y ste e n  and  
Deit-z,** is the exten sion  of th e  B ru n a u er , D e m in g , 
D o m in g  and T eller* th eo ry  th a t m u ltila y e r  a d sorp ­
tion a lon e is sufficient to  accou n t for ad sorp tion  in 
m icropores. T h e  ex p erim en ts o f C a rm a n  and  
R a a l, ' d iscu ssed earlier, are a d verse  to  th is v iew ­
p oin t.

O th er theories a ssu m e cap illary  con d en sation . 
T h e  secon d  ty p e  of th eory , orig in a lly  a d v a n c e d  b y  
Z s ig m o n d y ,37 a ttrib u te s  h ysteresis to  th e difference  
b etw een  a d v a n cin g  and receding c o n ta c t angles o f a 
liqu id  on a solid  su rface . O rig in a lly  a ttr ib u te d  to  
stro n g ly  a d sorb ed  im p u rities, th is th eory  w ould  
fail for h ysteresis  on w ell-clean ed  su rfaces, b u t it is 
given  a stron ger fo u n d ation  b y  exp erim en tal stu d ies  
of M a e D o u g a li and O c k re n t,38 an d  th eoretical 
a rgu m en ts b y  C a s s ie ,39 w hich in d icate  th a t  a d ­
v an cin g  angles and  receding angles m a y  b oth  g ive  
reproducible valu es on p erfectly  clean so lid  su r­
faces. T h e  m ain  objection  to  th e  th eory  is then  
th e n ecessity  to  a ssu m e con tact angles. In  m a n y  
cases o f stro n g  h ysteresis , th ere is ev ery  reason  to  
a ssu m e good w ettin g  of th e solid  su rface b y  con ­
den sate , i.e., a “ con tact angle o f ze ro .”  In d eed , 
as noted  b v  G a u s ,4"  m ost sy ste m s  w hich are con ­
ven tio n ally  sta ted  to  possess a “ zero con tact a n g le”  
are m ore correctly  described as p ossessin g  “ no  
con tact a n g le ,”  so th a t  the difference b etw een  a d ­
van cin g  and receding angles b ecom es m ean in gless.

W e  shall therefore consider in detail o n ly  th e  
third p o ssib ility , n a m e ly , theories b ased  u p on  
“ d e la y e d  fo rm a tio n  of a  m e n isc u s .”  C on sid er  a  
pore represented b y  a  sh ort, u n ifo rm , circular  
cap illary , open  a t b o th  ends. A ssu m in g  0 =  0 ,

(37) R . Z s ig m o n d y , Z. anorg. allgem. Chem., 7 1 , 3 5 6  (1 9 1 1 ) .
("38) G . M a e D o u g a l i  a n d  C. O ck re n t, Pror. Roy. Soc. (London) 

1 8 0 A , 151 (1 9 4 2 ).
(3 9 ) A . R . D . C a ssie . D i s c u s s i o n  F a r a d . S o c . ,  3 , 11 (1 9 4 8 ).
(4 0 ) D . M . C a n s , T h is  J o u r n a l , 4 9 , 165 (1 9 4 5 ).
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and th a t  it is orig in a lly  fu ll o f con d en sate , th en  
ev ap ora tion  w ill occu r w h en  p/p0 is  redu ced  to  a  
v a lu e  correspon din g  to  a =  r  in  eq u a tion  (1 ) , as a  
h em isph erical m en iscu s w ith  th is radius is form ed . 
In  th e  e m p ty  cap illary , con d en sation  can n ot ta k e  
p lace a t  th e sa m e v a lu e  o f p/p0, sin ce there is no  
m ec h a n ism  by  w hich  a m en iscu s can be created in 
e m p ty  space. T h u s , accord in g  to  F o s te r ,41 h y s ­
teresis arises fro m  th is “ d e la y ”  in fo rm a tio n  of a 
m en iscu s and occurs in th e a d sorp tion  con d en sa­
tion  portion  of the h ysteresis  loop . I t  fo llow s th at  
o n ly  th e  d esorp tion  b ranch sh ou ld  be u sed to  
calcu late  pore size  d istrib u tio n s b y  th e K e lv in  
e q u a tion . C o h a n 42’43 e lab ora ted  th is th eo ry  b y  
p o in tin g  out th a t con d en sation  on th e  w all o f the  
cap illary  g iv e s  a  film  w ith a  cylin d rica l cu rvatu re, 
so  th a t  2 /  a =  1 / r .  T h u s , con d en sation  sh ou ld  
proceed  sp o n ta n eo u sly  w h en  p/po is  increased to  a 
valu e correspon din g  to  a =  2 r.

In  stro n g  c on trast to  th e  “ open  p o re”  ty p e  of 
th eo ry  is  th e  “ closed  p ore”  or “ in k -b o ttle ”  
th e o r y .44-47 S u p p o se  w e con sider a spherical pore  
w ith  rad iu s r  as sh ow n  in F ig . 6 , c on n e cted  to  th e  
rest o f th e  p o re -sp a c e  b y  a  n arrow  n eck o f rad iu s  
»i. I f  th e pore is fu ll, th e  b o d y  of the pore sh ou ld  
e m p ty  w h en  p/p0 correspon ds to  a =  r, b u t, once  
again , a  m en iscu s ca n n o t fo rm  b ecau se its  fo rm a tio n  
requires a  b u b b le  to  a p p ear in  the con d en sate  
filled interior o f th e  pore. A s  th e b u b b le  m u st  
grow  fro m  a sm all n u cleu s, requ irin g a v e ry  low  
v alu e  o f p/po to  ap p ear sp o n ta n eo u sly , th is  is not 
p ossib le . E v a p o ra tio n  th erefore can o n ly  occu r  
w hen p/p0 correspon ds to  a =  rh i.e., to  th e cu rv a ­
tu re of the m en iscu s in the neck . O n ad sorp tion , 
no con d en sation  occurs for p/p0 correspon din g  to  
a =  i*i, as a  m en iscu s ca n n o t fo rm  in th e neck , so  
th a t  w e sh ou ld  exp ect con d en sation  to  appear  
w h en  p/po correspon ds to  a =  r. In  th is case, it 
is th e  ad sorp tion  or con d en sation  b ran ch  of the  
h ysteresis  loop  w hich  g iv es  th e correct p ore radius  
b y  ap p lica tio n  o f th e  K e lv in  eq u a tion . T h is  is 
n o t q u ite  tru e , sin ce , if less th a n  V 2r, c on d en sa ­
tio n  will c om m en ce  on th e w alls o f th e  neck in stead  
of in th e interior o f th e  cap illary .

I t  is p ro b a b le  th a t  b o th  “ op en  p o re ”  an d  “ closed  
pore”  theories h a v e  so m e e lem en ts  o f tru th , b u t  the  
d ifficu lty  in assessin g  their rela tiv e  m erits  resides  
in  th e  h ig h ly  sim plified  m o d els  o f th e p ore-sp ace  
w h ich  th e y  p resen t. A  v ery  com p reh en sive  stu d y  
of con d ition s in an actu al p o re-sp ace w as m ad e  b y  
H a in e s ,1011 b efore  a n y  of th e  “ open p o re”  or 
“ closed p o re ”  th eories, b u t, as it w a s a p p lied  to  
cap illary -h e ld  m oistu re  in sa n d s and soils, it h as  
been  n eg lected  in  th e  literatu re on ad sorp tion . 
T h o u g h  H a in es m a in ly  con sidered th e  p o re-sp ace  
b etw een  u n ifo rm  spheres of radius r0 in  c lo se -p a ck ­
ing, the prin cip les are su ffic ien tly  illu strated  b y  
spheres in  s im p le  cu bic p a ck in g . T h e  p o re-sp ace  
is d iv id ed  in to  “ cubic v o id s ”  in  w h ich  can be in -

(4 1 ) A . G . F o s te r , Trans. Faraday Soc., 2 8 ,  6 4 5  (1 9 3 2 ).
(4 2 ) L . H . C o h a n , J. Am. Chem. Soc., 6 0 ,  433  (1 9 3 8 ).
(4 3 ) L . H . C o h a n , i b i d . ,  6 6 , 9 8  (1 9 4 4 ).
(4 4 ) E . O . K ra e m e r  in  H . S. T a y lo r ’s  “ A  T r e a t is e  o f  P h y s ic a l  

C h e m is tr y ,”  1931. p . 1661.
(4 5 ) J . W .  M c B a in ,  J. Am. Chem. Soc., 5 7 ,  699  (1 9 3 5 ).
(46 ) K .  S .  R a o , T h is J o u r n a l , 4 5 , 5 0 6  ( 1 9 4 1 ) .

(4 7 ) S. M . K a ta , ibid., 5 3 , 1 1 6 6  (1 9 4 9 ).

scrib ed  spheres w ith  a  rad iu s 0 .7 3  r0. W e  m igh t  
exp ect th e  v o id s  to  e m p ty , th erefore, w hen p/pn 
is decreased  to  a  v a lu e  corresp on d in g  to  a =  0 .7 3  
)\k B u t  th e  v o id s are in terco n n ected  b y  p assages  
such as sh ow n  in F ig . 5 (b ) ,  a ssu m in g  th e  circles 
represen t spheres in stead  of cylin d ers, in w h ich  the  
radius o f th e in scribed circle is 0 .4 1  r„. F o r  a m en ­
iscus to  be a b le  to  en ter th e v o id , th erefore , p/p„ 
m u st decrease to  correspon d to  a =  0 .4 1  /y  T h e  
“ in k -b o ttle ”  th eory  th u s has so m e v a lid ity . O nce  
th e v o id s  e m p ty , iso lated  an n u li are left at p o in ts  
o f con tact an d  ev ap ora tion  fro m  th ese h as a lread y  
been con sidered. S u p p o se  n ext we con sider con ­
d en sation . E ach  w ed g e-sh ap ed  corner in Fig. 
5 (b )  correspon ds to  an an n u lu s a s  in F ig . 4 . A s  
Pi Pu increases, th e ann u li grow  in size, b u t n o  new  
m en iscu s sh ou ld  fo rm  u n til th e y  m a k e  c on tact  
w ith  one a n oth er. A t  th is  p o in t, i\ =  0 .4 1  r0, 
b u t r2 =  — 0 .5 9  i'u, so  th at 2 a =  ( l / i q )  +  ( I / r 2),
i.e., a =  2 .8 2  >y C o n se q u e n tly , the p o re -sp ace  d oes  
not fill till p/pn correspon ds to  th is v a lu e  of a, 
w hich m u s t  be con trasted  to  the “ p o re -ra d iu s ,”
0 .7 3  iy

I t  is clear fro m  this th a t  d e la y  in fo rm a tio n , o f a  
m en iscu s is v e ry  m u ch  m ore m ark e d  on  con d en sa ­
tion  th a n  on e v ap ora tion , i.e., in k -b o ttle  effects  
are re la tively  u n im p o rta n t. T h is  v iew  is re­
in forced if w e b ear in m in d  th a t , even  for u n ifo rm  
sph eres, p a ck in g  in a  real b ed  is a lw a y s  of ran d om  
ty p e  an d , in ad d ition , particles are se ld o m  either  
sph erical or u n ifo rm  in size. T h e  “ cu bic p o re s”  
ju s t  considered are “ in k -b o ttle s ”  w ith  n o  few er  
th an  six  iden tical, con stricted  op en in gs. In  ran­
d o m  p a ck in g , such a s itu a tio n  is im p o ssib le  F o r  
a n y  v o id s , one or m ore  con n ectin g  ch an n els will be  
w id e en ou gh  to  a llow  a m en iscu s to  en ter easily . 
In d eed , b oth  “ v o id s”  an d  “ en try  p a ssa g e s”  will 
cover a ran ge of o v er -la p p in g  sizes an d  w ill appear  
m erely  du rin g  ev ap ora tion  or d esorp tion  as a  con ­
tin u o u s “ pore size d istr ib u tio n ”  over a fa irly  w ide  
range. O n  con d en sation , grow th  of annuli till 
th e y  m a k e  con tact w ill b e  little  a ffected  fcv the  
a b o v e  fa cto rs , so  th a t  th is  rem ain s th e  m a in  cau se  
of h ysteresis. C a lcu lation  of pore size d istrib u tio n s  
from  th e desorption  b ran ch  o f a  h ysteresis  loop  is 
th u s well ju stified .

I t  will b e  n o ted  th a t , fro m  th e p o in t w here iso­
la ted  annuli are fo rm ed  on ev a p o ra tio n , th e  proc­
esses of evap oration  an d  con d en sation  are reversi­
ble. T h is  h as been  confirm ed b y  H a in es  an d  others  
for m acrop ores, an d , as sh ow n  ex p erim en ta lly  in  
F ig . 1, closure of the h ysteresis  loop for m icropores  
d oes n o t m ea n  th a t  cap illary  con d en sation  is a b sen t  
b elo w  th is p o in t. I t  does m ea n , h ow ev er , th a t  all 
pores or v o id s  are e m p ty  an d  th a t  the rem ain in g  
cap illary  con d en sate  is retain ed  so le ly  as ann u li 
at p o in ts  o f con tact.

In m icropore sy ste m s, th e s im u lta n eo u s  fo rm a ­
tion of ad sorb ed  film s m u s t  exert so m e effect u p on  
h ysteresis. T h is  h as b een  con sidered b y  F o s -  
te r41’48'49 and also b y  C o h a n ,43 an d  th e q u a lita tiv e  
con clu sion  to  be d raw n  is that- presen ce of ad sorb ed  
film s assists  fo rm a tio n  o f a  m en iscu s, an d  h ence  
fen d s to reduce h ysteresis . A s  ex p erim en tal e v i-

(4 8 )  M . J . B ro w n  a n d  A . G . F o s te r , Research, 3 ,  97  (1 9 5 0 )
(4 9 ) A . G . F o s te r ,  T i n s  J o u r n a l , 5 5 , 6 3 8  (1 9 5 1 ).
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dou ce in fa v o r  o f th is, F o ste r  h as sh ow n  th a t , on a 
g iv en  a d sorb en t, an increase in size o f ad sorb ate  
m olecu les decreases th e size o f the h ysteresis  loop, 
an d  can cau se it to  d isappear a ltogeth er. W e  
sh ou ld  th u s exp ect h ysteresis to  be m ore m arked  
in m acrop ore sy ste m s  th an  in m icropore sy ste m s  
an d , on th e w h ole , th is  appears to  be th e  case, 
p rovid ed  a  su ita b le  scale o f p lo ttin g , as in F ig . 3 , 
is chosen.

T h u s  fa r , w e h a v e  accepted  th a t  evap oration  and  
con d en sation , th ou gh  h igh ly  reproducible, are not  
reversible processes, and it w ould ap p ear from  this  
th at one or b oth  o f the b ranches o f th e hysteresis  
loop m u st be th erm o d y n a m ic a lly  u n sta b le . T h is  is 
not q u ite  th e correct w a y  to  v iew  the p h en om en on . 
In  p lo ttin g  p/po as a  fu n ction  o f v, th e  v o lu m e of 
con d en sate  per u n it w eigh t o f ad sorb en t, w e are 
d ealin g  w ith  a  specific p ro p erty  o f the cap illary  
con d en sate , b u t  are leav in g  o u t o f accou n t th e ex ­
tent o f the su rface , and the su rface en ergy associ­

ated  w ith  th is. A ccord in g  to  th e h ysteresis  lo op , 
a given  q u a n tity  of con d en sate  per u n it w e igh t o f 
ad sorb en t can  exist in eq u ilib riu m  w ith  w id e ly  
different pressures o f v ap or. T h is  is b ecau se th e  
given  v o lu m e of con d en sate  can  b e  d istrib u ted  in  
different w a y s, produ cing  d ifferent cu rvatu res of 
the m en iscu s. C o n c o m ita n t w ith  th is , h ow ever, 
th e d istrib u tion  of ad sorb en t su rface area  b etw een  
th e liq u id -so lid  and v a p o r -so lid  in terfaces an d  a lso  
th e ex ten t o f th e liq u id -v a p o r  in terface u n d erg o  
ch an ge, an d  it is th is change in su rfa ce  en ergy  
w hich causes th e  ch an ge in free en ergy  sh ow n  b y  
the ch an ge of p/po- W e  sh ou ld  th u s  regard th e  
h ysteresis  loop obtain ed  on p lo ttin g  p/po vs. v 
as the p ro jection  of a  su rface on a  th ree-d im en sion a l 
p lo t  such as p/p0 vs. b oth  v an d , sa y , th e  area  o f th e  
liq u id -v a p o r  in terface per g . o f ad sorb en t.

A c k n o w le d g m e n t.— T h is  paper is p u b lish ed  w ith  
the perm ission  o f th e S o u th  A fric a n  C o u n c il fo r  
Scien tific  an d  In d u stria l R esearch .
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The properties of porous solids are reviewed and compared with those of plane surfaces. Two types of capillaries are 
indicated, those that show desorption hysteresis and those that do not. The difference is ascribed to the method by which 
adsorption occurs. Methods are described for computing capillary sizes from the desorption isotherm. These computa­
tions are not valid for pore radii below about 20 A . and for the pores whose isotherms are the Langmuir type. Brief 
discussions are given of the adsorption of water by carbon, surface mobility in relation to filling of capillaries, adsorption 
from solution and the effects of external capillaries on adsorption.

In  p ractical a p p lication s o f a d sorp tion  a porou s  
solid is a lm ost a lw a ys u sed , b ecau se o f th e higher  
su rface d e v e lo p m en t. T h eo re tic a lly , h ow ever, th e  
process o f a d sorp tion  in pores is n ot n ea rly  so well 
u n d erstood  as is a d sorp tion  on  a n o n -p o ro u s  su r­
face. T h e  p u rp o se  o f th is  p a p er  is to  ex am in e  and  
review  v ariou s a sp ects o f  ad sorp tion  in capillaries  
an d  to  su ggest te n ta tiv e  exp lan a tion s for so m e of 
the p h en om en a .

C riteria fo r  R eco gn ition  o f C ap illa rie s .— T h e
presence of capillaries is recogn ized  b y  the d e v ia ­
tions of th e a d sorp tion  isoth erm  fro m  th e S -sh ap ed  
isoth erm  o f n o n -p o ro u s so lids. W h e n  capillaries  
b ecom e filled the isoth erm  flatten s o u t  b ecau se the  
inner surfaces are no longer accessib le for the grow th  
of a  m u ltila y er  film . In typ ica l cases th is leads  
to B ru n a u er ’s T y p e  I , IV  an d  V  isoth erm s.

I f  a sam p le  con ta in s so m e capillaries a lon g  w ith  a 
large “ fre e”  su rface th e  isoth erm  m a y  be S -sh ap ed  
and at a  superficial g lan ce it w ill seem  th a t  the  
su rface is n on -p o rou s. In th is case th e  presence  
o f capillaries can be detected  b y  q u a n tita tiv e ly  
com p arin g  th e isoth erm  w ith true n on -p o rou s  
isoth erm s. T h is  is d o n e  b y  m ean s o f the /(-v a lu e s  
o f T a b le  I , w hich  are c om p osite  v a lu es for th e  
n u m b er o f layers adsorb ed  as a fu n ctio n  o f rela tiv e

(1 ) (a ) P re s e n te d  b e fo r e  th e  tw e n ty -s ix t h  N a t io n a l  C o l lo id  S y m ­
p o s iu m  w h ich  w as h e ld  u n d e r  t h e  a u s p ice s  o f  th e  D iv is io n  o f  C o l lo id  
C h e m is tr y  o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e le s , C a li ­
fo rn ia , J u n e  1 6 -1 8 , 1962 . (b )  T h is  is a r e p o r t  o f  w o rk  c o n d u c t e d
u n d e r  c o n t r a c t  N 8 o n r  5 1 7 0 0  w ith  th e  O ffice  o f  N a v a l  R e se a rch .

pressure, w h en  th e  surface is n on -p o rou s. T o  
com p are  th ese w ith  an exp erim en tal iso th erm  one  
con stru cts « -v a lu e s  from  th e isoth erm , ta k in g  th e  
ad sorp tion  at the inflection “ p o in t B ”  as the  
m o n o la y e r  valu e .

Tabu; I
S t a t i s t i c a l  N u m b e r  o f . L a y e r s  A d s o r b e d  a t  V a r i o u s  

R e l a t i v e  P r e s s u r e s 2

;>/(«

Number of 
layers

n p/1»

N u m b e r  o f  
layers 

n
0 .2 5 0 1 .29 0 .6 0 0 2 .0 8

M O O 1 M S .700 2 .5 0
t o o ' 1 .50 .800 3 .5

. 500 1 .78 .900 5 .0

T h e  e v e n tu a l effect o f capillaries is to  d ep ress the  
isoth erm  below  the n on -p o rou s isoth erm , b u t  an  
in itial effect m a y  be to  increase a d sorp tion  a t  th e  
p o in t  w here cap illary  con d en sation  sets in . B o th  
effects are sh ow n  in isoth erm s o b ta in ed  b y  C a r m a n  
an d  H aul* for loose p ow d er and p lu gs m a d e  b y  
com p ressin g  th e pow ders.

T y p e s  o f C ap illa rie s .— It  is w ell recogn ized  th a t  
in their a d sorp tion  b eh a vior  there are tw o  d ifferen t  
ty p e s  o f capillaries, (1 ) th ose th a t  fill a t  lo w  re la ­
t iv e  pressure an d  (2 ) th ose th a t  fill a t  re la tiv e  
pressure o f 0 .5  to  1 .0 . T h e  form er sh ow  n o  h y s -

(2 ) C . P ie r ce , T h is Jo u r n a l , 5 7 , F e b . (1 9 5 3 ).
(3 )  P . C . C a rm a n  a n d  F . A . R a a l,  Proc. Roy. Soc. (London). A 2 0 9 . 

59  (1 9 5 1 ).
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teresis on desorption, the latter do. The designa­
tions of class I and class II have been proposed by 
the writers4 for the two types. As discussed later 
the two types appear to fill by different mecha­
nisms.

Examples of isotherms for the two types of 
capillaries are shown in Fig. 1. A and E represent 
extreme cases for class I capillaries whose iso­
therms are of the Langmuir type. B shows the
S-shaped isotherm of a non-porous solid and C an 
isotherm for class II capillaries. A typical water 
isotherm for an activated charcoal D also illus­
trates class II capillaries.

A d sorp tion  o f W a te r  b y  C a rb o n .— The peculiar 
properties associated with the adsorption of water 
by clean carbon surfaces have proved useful in 
studies of charcoal capillaries. When a non- 
porous carbon surface is free of oxygen, sulfur or 
halogens it has little tendency to adsorb water. 
This is shown in the water isotherm of Graphon, a 
graphitized carbon black.5 There is little adsorp­
tion below 0.95 p0 and a relative pressure of 0.99 
is needed to adsorb a statistical monolayer (an 
amount of vapor sufficient to cover the surface with 
a monolayer if uniformly spread over the surface). 
At saturation only two stacistica. layers are ad­
sorbed. By contrast, the ethyl chloride isotherm 
of Fig. 1 shows a monolayer completed at about 
0.15 po and at saturation the adsorption of some 
30 statistical layers.

When the carbon sample has capillaries the 
adsorption of water takes place as in Fig. ID. 
The saturation adsorption is now almost as large a 
liquid volume of water as of other adsorbates. A 
sharp rise in the water isotherm at pressures below 
0.95 po is therefore taken as indication for the 
presence of capillaries in a carbon sample.

C apillary C o n d e n sa tio n .— Filling of capillaries 
can occur by two distinct processes (1 ) condensa­
tion of vapor at a meniscus which bridges the walls 
of the pore or (2) by the building up of a multi- 
molecular film on the capillary walls until the space 
is filled. There can, of course, be a combination 
of the two, starting with a wall film and ending up 
with a meniscus after the films on opposite walls 
merge. The term “ capillary condensation” should 
strictly speaking be applied only to the first proc­
ess, condensation of vapor at a meniscus.

The size and shape of a capillary determine which 
one of the two processes is effective in adsorption. 
Condensation cannot occur until a meniscus 
bridges the pore. If the pore is sufficiently narrow 
to be bridged by a single molecule or by a uni- 
molecular layer on each wall, condensation sets in 
with the start of adsorption. This appears to 
be the case for charcoal S600H of Fig. 1, whose 
pores are all filled at a relative pressure near 0.05. 
The isotherm for non-porous Graphon in Fig. 1 
shows that at 0.05 less than half the first layer is 
completed on a plane surface. It must be then 
that after the first molecules have bridged the pore 
and formed a meniscus the two walls exert suffi­
cient force on the surface molecules to cause con-

(4) C. P ie rce  and R .  N . S m ith , Tins Journal, 5 4 , 784 (1950).
(5 )  C . P ie r ce , R .  N . S m ith , J . W . W i le y  a n d  H . C o r d e s , J. Am .

Chem Sor . 7 3 . 1551 n o r m

Fig. 1.—Typical isotherms: A, ethyl chloride on activated 
charcoal, S600H, prepared by carbonization of Saran plastic; 
B, ethyl chloride on Graphon; C, nitrogen on catalyst iso­
therm of Oulton; D, water isotherm for S600H; E, ethyl 
chloride on activated charcoal S84 showing large pores.

densation more readily or at a lower pressure than 
on a plane surface.

If a pore is too wide to be bridged by a uni- 
molecular layer on each wall the first adsorption 
must be in a wall film, just as on a plane surface. 
In this case the start of the isotherm is just like 
that for a non-porous solid and the isotherm will 
agree with the n-values of Table I up to the point 
that the wall films meet and merge, capillary 
condensation starts, and surface begins to dis­
appear because of filling of pores. This is appar­
ently the mechanism for the adsorption of the 
catalyst whose isotherm is shown in Fig. 1. The 
isotherm follows the n-values up to a relative 
pressure of about 0.6, corresponding to some 2 
molecular layers in the wall film, before it begins 
to show effects of capillary condensation.

According to this view the essential difference 
between class I and class II capillaries is in their 
method of filling. Class I fill by immediate capil­
lary condensation at the start of adsorption, class 
II by a combination of wall film adsorption and 
capillary condensation after the wall films meet.

Adsorption isotherms show that wall forces can 
extend into an adsorbed liquid layer up to dis­
tances of several molecular diameters, since the 
vapor pressure of adsorbed molecules is less than 
that of bulk liquid up to saturation, where the 
film is some 20-30 molecules in thickness. The 
exact nature of these forces is not known; perhaps 
they are related to a polarization of the molecules 
starting with the first layer and extending through­
out the liquid film with constantly diminishing 
effect until the outer layer has the vapor pressure 
of bulk liquid.

Wall effects are greater in a liquid held in a 
capillary than for a film of the same thickness held 
on a plane surface because of the greater wall area 
within given radial distance of film molecules. It 
is this effect that accounts for the filling of the 
pores of S600H at lower relative pressure than is 
needed to form a first layer on a plane surface.

The augmentation of wall forces in pores pro­
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v id e« a p lau sib .e  ex p lan a tion  for the d esorption  
h ysteresis  fo u n d  w ith  C la ss IT capillaries. In  th e  
in itia l stages o f ad sorp tion  there are sin gle w all 
film s. L a te r  these m ee t an d  m erge . W h e n  th is  
occu rs all m olecu les o f the com b in ed  film  are n ow  
held on tw o  w alls and are th erefore m ore tig h tly  
b ou n d  th an  before the film s m erged . C o n se q u e n tly  _ 
d esorp tion  fro m  the m en iscu s occurs at- low er  
pressure th an  th e original ad sorp tion  in a  single  
w all film . T h e re  is no h ysteresis fo r  class I  
capillaries sin ce th eir  a d sorp tion  and d esorption  
occu r in  th e  sa m e m an n er, b o th  fro m  a m en iscu s.

E x te rn a l C ap illa ries.— In  a  pow d ered  sa m p le  the  
spaces b etw een  th e  particles h av e  so m e cap illary  
p roperties. Su ch  capillaries differ h ow ever fro m  
o rd in a ry  pores in solids, in th a t  the b ou n d a ry  
w alls are n ot rig id ly  con n ected  and an adsorb ed  
film m a y  push the particles apart,. In sam p les  
w ith  areas o f th e order of 10 0  sq . m . per g . the  
particle  d iam eters are o f the order o f 3 0 0  A . W h e n  
spheres o f th is  d ia m eter  are p a ck e d  o n ly  ‘a  sm all 
fra ction  o f th e v o id  space is in the u su al cap illary  
size ran ge. C o n se q u e n tly  th e  lo w  pressure a d ­
sorp tion  is n ot m a rk e d ly  a ffected . A t  pressures  
near p0 h ow ev er th ere m a y  be con sid erab le  c o n ­
den sation  in  th e  extern al pores an d  th e  total 
a d sorp tion  greater th a n  w o u ld  be the case fo r  an 
eq u iva le n t area o f p lan e su rface . B ecau se o f th is  
cap illa ry  con d en sation  near pn, there is con siderable  
u n c erta in ty  in  th e  choice of n va lu es fo r  th e  sta tis ­
tica l n u m b e r  o f layers near sa tu ration  and as 

■previously d iscu ssed 2 th e n  v a lu es o f T a b le  I 
w ere rath er arb itra rily  selected  in th e h igh er p res­
sure region.

E x p e rim e n ta lly  it is o b served  th a t  w hen a  
pow d ered sa m p le  h as a d sorb ed  a t  high  relative  
pressure the film  cem en ts th e p artic les togeth er, th e  
en tire  p ow d er m a ss  fo rm in g  a  single lu m p .

W h e n  p artic les are v e ry  sm a ll th ey  crow d m ore  
closely  tog eth er  a n d  th e  extern al capillaries m a y  be  
su ffic ien tly  n arrow  to  affect th e  lo w  pressure a d ­
sorp tio n . In  th is ev e n t th e capillaries b eh a ve  as 
C la ss  I  and th e isoth erm  m a y  ap p ear to  be a  n orm al 
o n e fo r  a  n on -p o rou s surface . A  case in p o in t  is 
th a t  o f C arb olae  I , a  Cabot- in k  b la c k  o f specific  
area near 1 0 0 0  sq. m . per g. T h e  n itro gen  area  
correspon ds to p artic les near 2 6  A . in  d ia m eter  b u t  
the electron  m icro scop e  d ia m eter  is n ear 100  A . 
T h e  u n u su al rou gh ness fa c to r  o f 4  m u st  be due  
eith er to  large p its  w h ich  a ct as C la ss  I  capillaries or 
to  external capillaries w hich  a u g m en t th e  low  
pressure ad sorp tion . T h e  w a ter  iso th e rm 5 c o n ­
firm s th e  ex isten ce o f cap illa rity  since it  sh ow s a  
p ron ou n ced  ad sorp tion  sta rtin g  a t  a b o u t  0 .5  p c.

S ize  o f C ap illa ries .— T h e  K e lv in  eq u a tio n  has  
for years b een  u sed  to  c o m p u te  th e radius of 
cylin d rical capillaries, b y  m easurem ent- o f the  
rela tiv e  pressure at- w h ich  th e y  are em p tied . 
R e c e n tly  S h u ll,6 O u lto n ,7 B a rre tt, J oy n er an d  
H a le n d a ,8 C a r m a n 9 an d  th e w riter2 h a v e  revised  
th e c o m p u ta tio n  b y  ta k in g  in to  a cc o u n t th e  th ic k ­
ness o f th e  w all film  w h ich  rem ain s w h en  a  pore is

(6 ) C . G. S h u ll, J. Am. Chem. Sor... 7 0 , 1405  (1 9 4 8 ).
(7 ) T . D . O u lto n , T h is  Jo u r n a l , 52 , 1206  (1 9 4 8 ).
(8 ) E . P. B a rr e t t , L . G . J o y n e r  a n d  P. P. H a le n d a , J. Am. Chem. 

Soc.. 7 3 , 3 7 3  (1 9 5 1 ) .
(9 ) P. C. C a rm a n . Pror. Hoy. Sor. (London), A 2 0 9 , 69 (1 9 5 1 ).

em p tied  a t a  given rela tive  pressure. T h e se  
c o m p u ta tio n s  are all based on  th e a ssu m p tio n s  
th a t : (1 ) cap illaries m a y  be represen ted  b y  an  
e q u iv a le n t s y ste m  of circular p o res ; (2 ) th e  
K e lv in  eq u a tio n  h olds a t  all rela tiv e  pressu res;
(3 ) th e  w a ll film  a t  a  g iven  rela tiv e  pressure h as th e  
sa m e th ick n ess as the film on a- p lan e su rface at- that, 
pressure.

P ore size d istrib u tio n s co m p u ted  in  th is  w a y  are 
self con sisten t in th a t  th e su m m a tio n s  o f th e  pore  
v o lu m e s and areas are in  g oo d  agreem en t w ith  th e  
to ta l v o lu m e s  a n d  areas as m easu red  fro m  th e  
isoth erm s. S in ce th e  c o m p u ta tio n  can  b e  m a d e 2 
w ith o u t use o f a n y  a rb itrary  co n sta n ts  ex c ep t as 
im p lied  in  th e  a ssu m p tio n s a b o v e  a n d  sin ce th e  
inner cap illa ry  v o lu m e  is n o t th e to ta l pore v o lu m e , 
th e agreem en t in v o lu m es  a n d  areas lead s to  th e  
con clu sion  th a t  th e d istrib u tio n s so o b ta in ed  are  
soun d . F u rth e r , w h en  a  sa m p le  h as a  n arrow  
range o f pore sizes th e K e lv in  rad ii are in a gree­
m e n t w ith  th ose  co m p u ted  fro m  th e s u r fa c e -  
v o lu m e ratio .

T h e re  are, h ow ev er lim ita tio n s  to  th e a p p lic a ­
tio n  o f th is  m e th o d : (1) T h e  c o m p u ta tio n  is b ased  
on cylin d rica l cap illaries. T h e  self con sisten t  
results o b ta in ed  n eith er p ro ve  nor d isp ro ve  th a t  th e  
capillaries are rou n d . W e  h av e  also  m a d e  th e  
c o m p u ta tio n  fo r  fla t-w a lled  pores an d  o b ta in  essen ­
tia lly  th e  sa m e a greem en t, except- th a t  n o w  th e  
w id th  o f th e  p ore is about- th e sa m e as th e rad iu s  
co m p u ted  on th e  rou n d pore basis.

A c tu a lly , if one considers th e fo rm a tio n  o f 
capillaries, w h ich  u su a lly  occurs b y  release of 
v o la tile  m a tte r  fro m  a p lastic  m a ss , a  v ery  irregular  
p ore sh ap e is ex p e c te d . P o ssib ly  th e  b est c ap illa ry  
m od el w ou ld  be a ran d o m  m ixtu re  of b la ck  and  
white, b a lls  fro m  w h ich  one im agin es one kind  
rem oved  w ith ou t collapse o f the stru ctu re . T h is  
m od el sh ow s a  co n tin u u m  of in terlacin g  pores v a r y ­
in g  in w id th  fro m  one to  sev era l m olecu la r  d ia m ­
eters.

(2) T h e  calcu lation  seem s to  b reak  d o w n  fo r  
pores b elow  2 0 - 2 5  A . in radius. S a m p le s  w ith  
sm a ll pores sh ow  poor a greem en t b etw een  the  
su m m a tio n  of in d iv id u a l p ore v o lu m e s  an d  th e  
to ta l pore v o lu m e  as tak en  fro m  th e sa tu ration  
ad sorp tion . T h e re  are tw o  reason s fo r  n o n ­
a p p lic a b ility  o f th e m eth o d  to  sm a ll pores. A s  
pressure app roach es zero th e K e lv in  eq u a tio n  is no  
longer v a lid . I t  is derived on  th e a ssu m p tio n  
th at th e su rface en erg y  in th e w all film  in  a  cap illa ry  
is th e  sa m e as th a t  o f bu lk  liquid . T h is  is n ot even  
a p p ro x im a te ly  true as th e film  th ick n ess fa lls b elow  
tw o  m olecu la r  d ia m eters. A t  p resen t w e h a v e  no  
m e th o d  fo r  c o m p u tin g  th e surface en erg y  of film  
m olecu les, so th a t  th e  K e lv in  eq u a tio n  can  be  
a p p lied  for sm aller pores. A n o th e r  cau se fo r  th e  
fa ilu re o f th e  calcu lation s fo r  sm all pores is th e  
n o n -a p p lic a b ility  o f sta tistic a l ?i-valu es w h en  th e  
film  g ets  b elo w  tw o  m olecu les in  th ick n ess . I n  th e  
c o m p u ta tio n  one uses th e  sta tistic a l v a lu e , b u t  
a ctu a lly  in  th is  region  th e  th ick n ess m u s t  b e  e ith e r  
on e or tw o  m olecu la r  layers, n o t so m e in te rm e d ia te  
v a lu e  as u sed  in  th e  c o m p u ta tio n .

Size of Class I Capillaries.— F o r th e reason s d is­
cussed a b o v e ; one can n o t a p p ly  th e  K e lv in  e q u a -
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lion  for rela tiv e  pressures below  a b o u t 0 .5 . C la ss  
I capillaries e m p ty  a t re la tiv e  pressures b etw een  0  
and 0 .4 . e s t im a te s  o f  t heir size m u st therefore  
be b ased  on  oth er  con sid eration s th an  the K elv in  
eq u ation . T w o  p o in ts  o f v iew  h a v e  been a d ­
van ced .

T h e  usual in terp reta tio n  of a  T y p e  I  or L a n g m u ir  
isoth erm  is th a t th e  pores are filled b y  a  u n im o le c -  
ular layer on  each  w all. T h e  basis for th is  v iew  
is th a t  a d so rp tio n  occurs in th e  pressure range  
n orm ally  associated  w ith  fo rm a tio n  o f th e  first 
layer a n d  th a t  since th e  isoth erm  is fiat a fter p o in t  
B  is p assed  th e pores are filled b y  th e first layer. 
A c c o rd in g  to  th is v iew  the pore w id th  is o n ly  tw o  
m olecu lar d ia m eters  an d  th e  ad sorp tion  a t  p o in t B  
is th e a m o u n t required fo r  a m o n o la y er .

F o r  reasons p rev iou sly  d iscu ssed 10 th e w filers  
can n o t a ccep t th is in terp reta tio n . O u r a rg u m e n ts  
m a y  be su m m arized .

(1 ) S u rface areas of charc oals co m p u ted  on th is  
basis are u n realistic . F o r  S 8 4 , w h ose isoth erm  is 
sh ow n  in  F ig . 1 th e  p o in t B  area is n ear 3 0 0 0  sq.
m . per g. S u ch  an  area requires th a t  each  carb on  
a to m  con trib u te  so m e 6  sq u are  an g stro m  u n its to  
th e area.

(2 ) L iq u id  v o lu m e s  o f v ariou s a d sorb ates held  
in  a g iv en  ch arcoa l a t  sa tu ration  are essen tia lly  
con stan t. I f  pores w ere as sm all as tw o  m olecu lar  
d iam eters in  w id th  one w o u ld  ex p e ct steric effects  
for p a ck in g  o f v a rio u s k in d s o f m olecu les in to  the  
n arrow  cap illaries an d  w ou ld  therefore n ot an tici­
p a te  a n y th in g  like c o n sta n t liq u id  v o lu m es.

(3 ) A s  d iscu ssed  a b o v e , class I  capillaries seem  
to a d sorb  b y  c a p illa iy  con d en sation  rath er th an  
fo rm a tio n  o f a  single layer  in  th e w all. O n e does  
n ot n eed  to  a ssu m e m o n o la y e r  a d so rp tio n  to  ac­
cou n t fo r  filling o f th e  pores a t lo w  rela tiv e  pres­
sure.

(4) T y p e  I  isoth erm s m a y  sh ow  w ide v ariation s  
in th e  rela tive  pressures at w h ich  th e pores are  
filled. T h is  is illu strated  in the isoth erm s for  
SbOOH and S 8 4  in  F ig . 1. 8 8 4  w as p rep ared  b y  
stea m  a c tiv a tio n  o f S 6 0 0 H . P re su m a b ly  th e  
effect o f such  tre a tm e n t is to  w iden  the pores som e  
th reefo ld  sin ce a fter  a c tiv a tio n  th e pore v o lu m e  
per g ra m  is m ore  th a n  th ree tim es as great as 
before. Y e t  b o th  isoth erm s are ty p e  I. I f  th e  
p o in t B  ad sorp tion  d en otes a  m o n o la y e r  fo r  S 6 0 0 H  
it ca n n o t a lso  d en ote  a  m o n o la y e r  fo r  S 8 4  u n less the  
o n ly  effect o f th e  ste a m  a c tiv a tio n  h as b een  to  
create n ew  pores.

(5 ) T h e  in itia l h ea ts  o f  ad sorp tion  for p orou s  
carb on s are m u c h  h ig h e r10 th a n  fo r  n on -p o rou s. 
T h is  in d icates a coop era tio n  of a d ja c e n t w a lls  in  
th e ad sorp tion  process.

A n  in te rp re ta tio n  o f T y p e  I  iso th erm s is th a t  
ad sorp tion  occu rs b y  c ap illa ry  con d en sation , as 
discu ssed a b o v e , a n d  th a t  cap illaries u p  to  several 
m olecu la r  d ia m eters  m a y  fill a t  lo w  re la tiv e  pres­
sure p ro v id e d  th ere is  a  n arrow  p lace a t  w h ich  a  
m en iscu s can  sta rt. T h e  narrow er th e  cap illa ry  
th e  low er th e  pressure a t  w h ich  it is c o m p lete ly  
filled. C o n v e rse ly , i f  pores are w id e a  higher  
pressure is n eed ed , as is th e  case fo r  S 8 4 .

(1 0 )  C . P ie r ce , -T. W .  W i le y  a n d  R . N . S m ith , T h i s  J o u r n a l , 53, 
6 6 9  (1 9 4 9 ).

A c c o rd in g  to  th is  m o d e l, a c lass I c a p illa iy  such  
as th ose  o f 8 8 4 , m ig h t  be w ider th an  I he C la ss I I  
cap illaries o f isoth erm  C  in F ig . 1, the different 
a d sorp tion  b eh a vior  d ep en d in g  upon  (lie w id th  of 
pores a t con striction s rath er th an  th e m a x im u m  
w id th . T h ere  is. h ow ever, n o  m e th o d  a t this  
tim e  fo r  e v a lu a tin g  the w id th  o f class I  capillaries. 
C o n se q u e n tly , th ere is no m e th o d  fo r  m easu rin g  
th e  surface areas in  p orou s b od ies w ith  class I  
cap illaries since w e do  n ot k n o w  h ow  w id e th e pores  
are w h ich  fill a t  p o in t  B . T h ere  is th erefore  no  
n eed  to  assu m e th a t  ch arcoals h a v e  such  a  stru c ­
tu re th a t  ev ery  carbon  a to m  lies in  the su rface , a  
stru ctu re  th a t  is d ifficu lt to  reconcile w ith  the  
r ig id ity  o f p articles.

A c tu a lly , th e con cep t o f an  a vera ge  w id th  for  
class I  capillaries is so m ew h a t m ean in gless. A s  wo 
visu a lize  th e  fo rm a tio n  o f su ch  cap illaries th e y  are 
h ig h ly  irregular b o th  as to  fo r m  an d  w id th  and  
cou ld  b etter  be represen ted  as cone sh ap ed  than  
b y  eq u iva len t cy lin d rica l pores. M a n y  class I I  
cap illaries, on th e con tra ry , seem  to  be u n ifo rm  in 
size, as sh ow n  b y  the steep n ess o f th e d esorp tion  
iso th erm .

S u rfa ce  M o b ility .— S evera l lines o f ev id en ce g ive  
in d ication s th a t ad sorb ed  m olecu les can  m o v e  
a b o u t freely  on a  u n iform  su rface . I f  th e surface  
is n o t  u n ifo rm  b u t  can  h old  a d sorb ate  m olecu les  
a t all sites, th en  th e m olecu le  w ill com e to  rest a t  
th e site  w hich  h olds it m o s t  firm ly . T h u s , on  
ch arcoa l th e first a d sorb ed  m olecu les ten d  to  flow  
to  th e region  o f th e cap illa ry  w h ere th e  b in d in g  is 
tig h te st, b e ., to  th e  region  w here th e tw o  w alls can  
con trib u te  to  th e b in d in g . It  is becau se o f th is  
m o b ility  th a t  a  ch arcoal b ed  re m o v e s  v a p o rs  so  
rap id ly . T h e  lim itin g  rate fa c to r  in  the ad sorp tion  
of v ap o rs  fr o m  an  air stre am  is th e  speed  o f d iffu ­
sion  o f v a p o r  to  th e  external su rface o f th e a d sorb en t  
gran u le. I f  it w ere n ot fo r  su rface m o b ility  the  
su rface o f the gran u le w o u ld  b ecom e sa tu rated  
w h ile th e  inner surface h ad  n o  a d sorb ate .

A d so rp tio n  o f m o st  v ap o rs  b y  ch arcoal is a lm ost  
in sta n ta n eo u s w h en  th e v a p o r  is a d m itte d  to  the  
ad sorb en t. T h is  is n o t  tru e fo r  w a ter  v a p o r ; 
h ours o f c o n ta c t m a y  be n eeded b efore eq u ilib riu m  
is reach ed. T h is  fa c t su ggests th a t  w a ter  v ap o r  
m a y  n ot be m o b ile  on a  carb on  su rface or th a t  it  i s  
n o t h eld  b y  all su rface sites. I t  m u st  th erefore  
reach th e u ltim a te  site  o f t ig h te st  b in d in g  in the  
cap illaries b y  gaseou s d iffu sion  to  th e  in side of the  
cap illa ry , w h ich  requires a  lo n g  tim e  in te rv a l for  
final eq u ilib riu m . E q u ilib ra tio n  o f a charcoal 
b ed  w ith  w ater  v a p o r  is for th e  sa m e reason  a  slow- 
process. S a tu ra te d  air m u st be p a ssed  th rou gh  
th e  b ed  fo r  m a n y  h ou rs b efore w a ter  eq u ilib riu m  
is estab lish ed . O th er  v ap o rs set u p  eq u ilib riu m  
as rap id ly  as th e v a p o r  is le t in to  th e ch arcoal b ed .

A d sorp tion  fr o m  S o lu tio n .— W h e n  a  so lid  can  
h old  so lu te  m olecu les m u ch  m o re  t ig h tly  th an  so l­
v e n t  m olecu les w e m a y  rem ov e  so lu te  from  solu tion  
b y  ad sorp tion . A  v e r y  fa v o ra b le  case is a d sorp ­
tion  o f organ ic m olecu les fro m  a q u eou s so lu tion  
b y  ch arcoal, w h ich  is a  p o or  ad sorb en t fo r  w a ter  
m olecu les.

C ap illaries ap p ear to  h old  so lu te  m olecu les ju st  
as th e y  condense v a p o r  m olecu les. A n  a ctiv a te d
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ch arcoa l o f p ore v o lu m e  0 .3 5  m l . /g .  w a s fo u n d  to  
a d sorb  3 .2  m m oles b en zoic  acid  or a v o lu m e  of 0 .3 1
m l. (c o m p u te d  fr o m  d e n sity  o f solid  b en zoic  a cid ). 
A lth o u g h  th is  a m o u n t of acid  w as h eld  b y  5 3 0  
m l. o f so lu tio n  the ad sorp tion  w as n early  com p lete  
a fter  sh ak in g  for an  h ou r. T h is  again  p o in ts  to  
su rface m o b ility . A  ben zoic  acid  m olecu le  strik in g  
the su rface is held as a tw o  d im en sion al gas on  the  
su rface . I t  th en  m igrates to  th e p o in t  o f tig h te st  
b in d in g , or in :o  th e  capillaries. In so fa r  as th e  
ch arcoal is concerned it m a k es  no difference  
w h eth er th e  ad sorb ate  m olecu le  com es fro m  the  
v a p o r  p h ase or fro m  so lu tio n ; in a n y  ev e n t th e  
final sta te  o f ad sorb ate  is th a t  o f a  con d en sed  film  
in  th e  capillaries o f th e  solid.

Non-rigid Systems.— In  all th e discu ssion s o f th is  
paper it is assu m ed  th a t  th e ad sorb en t is a  rigid  
b o d y  w h ich  does n o t g re atly  a lter its size or sh ap e

w h en  sa tu ra ted  w ith  a d sorb ate . Iso th e rm s o f  
n on -rig id  sy ste m s, such  as a d sorp tion  o f b en zen e  
b y  ru bb er or w a ter  b y  p rotein s, bear su perficia l 
resem b lan ces to  isoth erm s fo r  rigid so lids. W e  
b elieve h ow ever th a t  su ch  resem b lan ces h a v e  no  
p h y sica l significance. T h e  w h ole  a d sorp tion  p ro c ­
ess fo r  th e  sw ellin g  sy ste m  m a y  b e  u n like th a t  o f  
th e  rigid sy ste m . F or ex am p le , th e  n et h e a t  o f 
ad sorp tion  is o ften  n eg ative  fo r  th e sw ellin g  sy ste m  
b u t  n ever n eg a tiv e  for a  so lid  ad sorb en t. I n  th is  
case th e difference is du e to  th e  fa c t  th a t  in  th e  
sw ellin g  sy ste m  a d sorp tion  m a y  occu r w ith  a  great  
increase in  e n tro p y  or decrease in  order w h ereas  
on a solid  surface th e  ad sorp tion  lead s to  a  m ore  
ord erly  a rray  th a n  in b u lk  liq u id  or a  decrease in  
en tro p y . A d so rp tio n  in  th e  sw ellin g  s y ste m  is in  
m a n y  repects m ore  akin  to  th e fo rm in g  of a  so lu tio n  
th a n  to  a d sorp tion  in a  rigid sy ste m .
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The determination of filtration efficiency and particle size efficiency for filter papers used in health physics is of consider­
able industrial importance. To determine such efficiencies, it is necessary to employ a simulant dust of known characteris­
tics which can be readily dispersed in aerosol form and from which the desired data may bo extracted. Carbonyl iron 
powder has been employed as such a simulant dust. It can be obtained in known or easily measured size ranges between 
0.5-5CV, it, has a spherical particle shape, can be easily dispersed in aerosol form, and lends itself readily to chemical and 
physical analytical techniques. Dispersion and filter testing equipment and techniques have been devised and results 
presented of the collection efficiency determinations for several types of filter papers by these methods. Various analytical 
methods arc presented and the problems of filter testing with metallic aerosols are discussed.

Purpose of Project.— I t  h as been  determ in ed  
th a t  such  op eration s as the explosion  o f n uclear  
fission w eap on s, the u se  o f n u clear reactors and  
the tre a tm en t o f irradiated  m ateria ls  y ie ld  solid  
fin e ly -d iv id ed  air-born e rad io active  m ateria ls . F o l­
low in g  A  b o m b  tests a ircraft are flow n  w ith  filter  
paper sa m p lin g  devices'2 for d eterm in in g  a ir-borne  
rad ioactive  d u st con cen tration s3 an d  filter sam p lers  
arc used a t  grou n d station s for th is pu rp ose. T h e  
aerosols p rodu ced  in th e h an d lin g  o f u ran iu m  ores 
an d  m eta ls , h a v e  b een  ex ten siv e ly  stu d ied  fro m  a  
p h a rm a colo g ic  s ta n d p o in t .4 M o re o v e r , it  is k n ow n  
th a t  coolin g  air passin g  th ro u gh  su ch  a ir-cooled  
piles as th e O a k  R id g e  an d  B ro o k h a v e n  reactors  
con tain s d u st  w h ich  m a y  b ec o m e ra d io a c tiv e .* 6 
F o r  th e p u rposes o f air clean in g  a n d  h ea lth  p h ysics  
rad iation  m on itorin g , it  is desirable to  determ in e  
the ty p e  an d  con cen tration  o f p articu la te  rad io ­
a c tiv ity  b y  air filtration  in th e  v ic in ity  o f these  
operation s to  determ in e th e h azard s to  personnel 
in  these areas. I t  is th erefore n ecessary  to  k n o w

(1 )  P re se n te d  b e fo r e  t h e  tw e n ty -s ix th  N a t io n a l  C o l lo id  S y m p o s iu m  
w h ic h  w a s  h e ld  u n d e r  th e  a u s p ice s  o f  th e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  t h e  A m e r ic a n  C h e m ic a l  S o c ie t y  o f  L o s  A n g e le s , C a lifo rn ia , J u n e  1 6 -  
18, 1952.

(2 )  Chem. Eng. News, 30 , 1999  (1 9 5 2 .)
(3 )  Nucleonics, 1C, 10 (1 9 5 2 ).
(4 )  G . V o e g t l in  a n d  H .  C . H o d g e ,  “ T h e  P h a r m a c o lo g y  a n d  T o x i c o l o g y  

o f  U ra n iu m  C o m p o u n d s ,"  X .N .E .R .,  Y T -I , M c G r a w -H i l l  B o o k  C o ., 
N e w  Y o r k ,  N . Y . t 1949.

(5 ) (a ) Nucleonics, 4 , 9 (1 9 4 9 ) ;  (b) ibid., 4 , 2 8  (1 9 4 9 ).

th e efficiency o f th e filter p apers u sed  in th is  
m on itorin g , so th a t  the a b so lu te  a m o u n t o f air­
b orn e solid  ra d io a c tiv ity  in th e collected  air sa m p le  
m a y  be e stim a te d  fro m  a k n ow led ge  o f th e  sa m p le  
v o lu m e  an d  th e  q u a n tity  o f co llected  m ateria l.

Many devices exist for the laboratory determination of 
filter collection efficiency. Most of these are designed to 
test filters at breathing rates (32-85 liters/min.) with pene­
trating smokes whose particle size is in the region of 0.3- 
1.0 m-8 Other methods employ tobacco smokes, lead fume, 
magnesium smokes and oxides of various metals, which are, 
in general, generated and stored in a plenum chamber until 
they can be delivered to an air stream passing through the 
filter to be tested. Plant pollen, mold spores and bacteria 
also have been employed. Optical, gravimetric, chemical 
and bacteriological methods are then used to determine the 
concentration of the aerosol either in the air. stream on both 
sides of the filter or on the filter itself.7

For the sampling work contemplated, the most impor­
tant size range for particulate radioactivity is in the region 
of 1-5 m, and the rates at which such activity will be sampled 
in order to detect low concentrations of solids is in the vi­
cinity of 500-1000 cubic feet per minute per square foot of 
filter paper. The quantity of material to be collected is ap­
proximately one microgram per square foot of filter paper. 
Since it is evident that papers which will sample aerosols of 
this size, at these comparatively high velocities cannot be so 
dense as to cause a large pressure drop across the paper, with 
a corresponding large utilization of power in the associated 
air-moving equipment, it was decided that a pressure drop

(3 ) F . T .  G u ck e r , Jr., I I .  B . P ick a rd  a n d  C . T .  O ’ K o n s k i, " H a n d b o o k
o n  A e r o s o ls ,"  U . S . A t o m ic  E n e r g y  C o m m is s io n , 195 0 , p . 12 3 .

(7 ) P . D r in k e r  a n d  I . H a tch , “ In d u s tr ia l  D u s t , "  M c G r a w -H i l l
B o o k  C o . ,  N e w  Y o r k ,  N . Y . ,  193 6 , p p .  2 5 0 -2 6 0 .
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of 20" of water would be the greatest tolerated for candidate 
papers. With this requirement, it was felt that filter 
paper collection efficiencies of greater than 99% would be 
unattainable. No data, however, could be found in the 
literature for testing methods or for the results of tests in 
this high flow region. The problem of determining filter 
paper efficiencies in this region was considered to embrace 
the following requirements: (1) The design and construction 
of a filter tester for passing measured air flows at desired 
rates through a filter paper and admitting aerosols in an 
appropriate quantity and degree of dispersion. (2) The 
provision of an aerosol which simulates the properties of 
field aerosols and a device for delivering the aerosol to the 
filter tester. (3) The establishment of methods for deter­
mining collected and uncollected amounts of aerosols on the 
filter and in the tester.

These three problems will be discussed in this paper.
The Nature of Air-borne Metallic Dusts.—Although the 

literature contains many references to air-borne dusts of 
non-metallic nature, the problem of determining the con­
centration of metallic dusts was considered to be of interest 
•since contemporary air pollutants contain components of 
micron size metal particulates.8 It is also believed that de­
bris resulting from an atomic explosion or other nuclear 
operations consists of metallic oxide particles of micron di­
mensions.9 10 11 12 Moreover, with the increasing employment of 
large quantities of such toxic heavy materials as uranium 
and plutonium in the atomic industries, the contribution of 
finely-divided air-borne metallic radioactivity to the indus­
trial hazard is important. It is known that plutonium and 
uranium aerosols exist as particulate metals having diame­
ters in the 1-5 n region.10-12 Moreover, it is this size re­
gion that is the most dangerous from a personnel ingestion 
and absorption standpoint.13 In evaluations of air-borne 
metallic or radioactivity hazards, therefore, it is necessary 
to consider the filter collection efficiency properties of such 
aerosols.

In general, the aerosols of interest are metallic aerosols 
whose particle diameters lie in the range between 0.1 and 
5 iu, and whose densities lie in the range of 3.5 to 19.

The Selection of a Simulant Testing Dust.—For the pur­
poses of filter testing the use of weighable amounts of the 
radioactive aerosols is too hazardous to be practical. It 
would be difficult to obtain quantities of fissionable pluton­
ium for filter testing and the large-scale use of either plu­
tonium or uranium «-active aerosols in a laboratory is hazard­
ous. Similarly, it would be both difficult and dangerous 
to obtain testing-scale quantities of radioactive atomic bomb 
debris.

For these reasons, it was desirable to employ a simulant 
aerosol whose characteristics would include as many proper­
ties of the aerosols of interest as possible. Moreover, data 
available in the literature indicates that the nature of the 
dust used to test filter papers has an important effect on 
the resulting efficiencies.14 15

Finally, from the point of view of economic considera­
tions, an aerosol simulant material should bo available in 
reasonable and inexpensive quantities.

A search of the literature of testing dusts was therefore 
initiated.

Simulants Reported in the Literature.—A variety of aero­
sols intended to reproduce the characteristics of various 
field aerosols are presently employed for filter testing. 
Cadle and Magill16 employed lamp black dispersions and

(8 ) L .  C . M c C a b e ,  P .  P . M a d e r ,  H . E . M c M a h o n ,  W . ,1. H a m m in g  
a n d  A . L . C h a n e y , Ind. Eng. Chem., 4 1 , 2 48 6  (1 9 4 9 ).

(9 )  L o s  A la m o s  S c ie n t if ic  L a b o r a t o r y ,  “ T h e  E ffe c ts  o f  A t o m ic  
W e a p o n s ,”  M c G r a w -H i l l  B o o k  C o . .  N e w  Y o r k ,  N . Y .  1 9 5 0 , p p . 3 2 -3 3 .

(1 0 ) G . V o e g t l in  a n d  H . C . H o d g e ,  “ P h a r m a c o lo g y  a n d  T o x i c o l o g y  
o f  U ra n iu m  C o m p o u n d s ,”  M c G r a w -H i l l  B o o k  C o . ,  N e w  Y o r k ,  N . Y .,  
1949 .

(1 1 ) J . A .  L e a r y  a n d  F . J . F it z g ib b o n , “ P a r t ic le  S ize  D e te r m in a t io n  
in  R a d io a c t iv e  A e r o s o ls  b y  R a d io -A u t o g r a p h ,”  A E C D  2 7 9 1 , J u n e  7, 
1949.

(1 2 ) P . R .  H a m m o n d , " D e c o n t a m in a t i o n  o f  R a d io a c t iv e  W a s te  A ir  
I , ”  A E C D  2 7 1 1 , O c t .  3 , 1949.

(1 3 )  R e fe r e n c e  9 , p . 3 6 0
(1 4 )  F . B . R o w le y  a n d  R .  C . J o r d a n , " A i r  F i l te r  P e r fo r m a n c e  as 

A f fe c te d  b y  L o w  R a t e  o f  D u s t  F e e d , V a r io u s  T y p e s  o f  C a r b o n  a n d
D u s t  P a r t ic le  S ize  a n d  D e n s it y , "  B u lle t in  o f  M in n e s o t a  E n g in e e r in g  
E x p e r im e n t  S ta t io n  16.

(1 5 )  R, D , C a d le  a n d  P . L . M a g i ll ,  Ind. Eno- Chem.. 43 , 1331 (11(51).

sodium chloride particles as simulants for Los Angeles 
smog. A number of military and civilian laboratories now 
use a dioctyl phthalate smoke prepared by an MIT-de­
signed generator.16 Other aerosols employed by these 
laboratories included triphenyl phosphate, oleic acid, tri- 
cresyl phosphate and methylene blue. These latter smokes, 
however, were intended to simulate military screening 
agents. _ LaMer17 has published extensively on the genera­
tion, size-measurement and collection of mono-disperse 
sulfur aerosols. It is evident, however, that none of these 
aerosols would be very satisfactory simulants for atomic 
bomb debus or nuclear operations effluent.

The literature of metal powders was therefore consulted. 
Metal powders appeared to be satisfactory as far as the cri­
teria noted above were concerned. Powders of over thirty 
metals, metal salts and alloys were uncovered which might 
be used; among these were alumina, cobalt, titanium, iron 
oxide, titanium dioxide, zinc sulfide and cadmium sulfide 
powders. The last two fluorescent materials were con­
sidered because some thought was given to the determination 
of filter loading by the measurement of fluorescence inten­
sity. Almost all of these could be obtained in mesh sizes 
ranging from ( — 100) to ( —325) from Chas. Hardy, Inc., 
New York 17, N. Y. The metal powder art was particu­
larly productive in presenting potential metallic dispersants 
and a number of samples were ordered and examined in an 
effort to find a satisfactory material.

It was felt, however, that the most satisfactory method of 
determining the efficiency of filter materials for various sizes 
of aerosols was to employ a series of sharply-sized aerosols 
for testing each filter. In this way the simultaneous re­
tention of the large diameter component of an aerosol and 
passage of the smaller diameter component might be avoided. 
This method imposed the limitation that the diameters of 
the particles in the test aerosol be accurately known. It 
was also desirable that all of the diameters of a given par­
ticle be similar or identical, i.e., that the particle be spheri­
cal, so that any cross-sectional area presented by a particle 
to a filter paper will be a representative, known area. This 
requirement, of course, limited the potential simulants to 
those containing spherical particles.

Powders Containing Spherical Particles.— Microscopic 
examination of the powder samples procured showed that 
only a few proposed powders possessed the desired charac­
teristics. Among these were carbonyl iron powder, brass 
powder, copper powder, bronze powder and glass powder. 
Of this group, carbonyl iron powder was chosen as the simu­
lant to be employed in the filter testing_ experiments.

Carbonyl Iron Powder.—Finely divided carbonyl iron is 
procurable from the Antara Products Div., General Aniline 
and Film Corp. It is supplied in six powders, whose chemi­
cal compositions are all in excess of 97% Fe, but whose sizes 
vary from 40 to 1 )i. A summary of these properties ap­
pears below.

R e p o r t e d

G ra d e
I r o n  c o n t e n t ,

%
P a rt ic le
d e n s ity

a v e ra g e  
d ia ., n

L 99.7-99.9 7.85 20
HP 99.7-99.8 7.80 10
C 99.4-99.8 7.86 10
E 97.9-98.3 7.77 8
TH 98.1-98.5 7.79 5

SF 98.0-98.3 7.81 oO

order to obtain an accurate picture of the particle
shape and size distribution of the various powder samples, 
microscopic methods of size distribution measurement were 
employed. Photomicrography, mieroprojection and meas- 
ment with a filar micrometer were employed to obtain size 
distributions of the powders. These data are presented in 
Fig. 1, which are based on measurements of at least 200 
particles per sample.

Dispersion of the Aerosols.—A feeder of the “ aspirator” 
type18 was employed for delivering carbonyl iron powder to 
the air stream. This feeder comprised an aspirator having

(1 6 )  “ H a n d b o o k  o n  A e r o s o ls ,”  A E C , W a s h in g to n , D . C . ,  1950 , 
c h a p . 10.

(1 7 )  V . K . L a M e r , Proc. First Natl. Air Pollut. Symp., Stanford Res. 
Inst., N o v . 1950.

(1 8 )  B u re a u  o f  M in e s  I n fo r m a t io n  C ir c u la r  7 8 0 6 .
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Size, microns.
Fig. iAntura carbonyl iron.

tion method employed. In the experiments of this study, 
an accuracy of 1% was considered adequate, since it was 
desired to establish the order of a series of collection effi­
ciencies of candidate papers rather than to determine abso­
lute efficiencies.

Testing Duct.—Figure 2 is a descriptive drawing of the 
filter testing duct. It includes nine feet of 3" diameter 
glass pipe, a filter holder, sampling ports and an orifice for 
metering flow. Air is drawn through the duct by a Sutor- 
bilt No. 65L Blower at rates from 10 to 250 s.c.f.m. and at 
filter pressure drops ranging from 5" of H20  to 80" lit ) .

In a test, a filter paper is placed in the wire-screen-backed 
holder which is mounted in the duct. Air at a known rate 
is drawn through the paper while dust is fed into the duct. 
Samples of the aerosol are withdrawn upstream and down­
stream of the filter for determination of the aerosol concen­
tration at these locations.

The air samplers comprise sharp edged nozzles containing 
high efficiency filter paper. They are connected to a vacuum 
system with a flow control and metering line. .Several 
nozzle sizes and a variable sampling air rate are used to oh-

an extension tube attached to the suction coupling. This 
extension led into a tube resting on a small vertical elevator. 
When compressed air was blown through the aspirator suffi­
cient suction existed in the extension tube to draw car­
bonyl powder from the elevator tube through the extension 
tube to the aspirator tip. This feeder was mounted with 
its aspirator tip just upstream of the intake bell of the filter 
tester itself.

An effort was made to determine the degree of dispersion 
achieved, by collecting and inspecting a sample of the aero­
sol in front of the aspirator. This was achieved by briefly 
placing a greased microscope slide in the aerosol cloud a few 
inches in front of the aspirator tip and then examining the 
slide under a microscope. This experiment was repeated 
several times and in every case a well-dispersed sample of 
carbonyl iron powder was obtained on the slide. It was 
thus assumed that satisfactory dispersion was obtained by 
the aspirator.

The Determination of Iron.—Once the iron powder was 
collected on the filter papers, it was necessary to determine 
the amount thereof. This determination was accomplished 
by cooking the filter papers from a given run for a few 
minutes in hot dilute HC1 to convert the iron to soluble 
ferric chloride, which was determined colorimetrically with 
the well-known ammonium mcrcaptoacetate indicator.15 
This technique permitted accurate determinations of iron 
on paper in the range 0.1 to 100 mg. The limiting factor 
for low filter loading tests was the background iron content 
of the filter papers tested.

Naturally, the precision and accuracy of the determina­
tion of filter paper collection efficiency are limited by the 
precision and accuracy of the colorimetric iron determina-

(19) E. B. Sandell, “ Colorimetric Determination of Traces of
Metals,"  TnterRcie.ncft Publisher«, Jnr,M N»>w York, N. Y,, IftoO.

tain a velocity into the nozzle identical with the average air 
velocity in the duct. Pitot tube traverses were employed 
to demonstrate that the filter paper acts as an effective dis­
tribution guide which provides a uniform velocity distribu­
tion downstream from the filter, even at pressure drops as 
low as 5" of water, except for a 1/1" thick retarded air layer 
adjacent to the pipe wall.

Testing Techniques. ( 1 ) Metered Volume Technique.—
In the metered volume technique, a measured fraction of 
air downstream of the filter was sampled and its dust con­
centration determined. Knowledge of this concentration 
and of the dust collected by the test filter, determined by 
the chemical methods described, permitted calculation of 
the filter efficiency.

Three types of “ absolute”  filters were used in the sam­
pling heads. These were ACC type 6, ACC Type 7 and an 
experimental high efficiency filter. The efficiency of the 0 
and 7 filter materials were established at essentially 100% 
by testing samples of the two papers in series.

In all tests the sampler nozzle ahead of the sampling filter 
was cleaned of iron powder and the iron thus determined 
was included in the calculation. The duct was carefully 
cleaned after each test, and the amount of iron dropping out 
between the test filter and sampler was considered in the 
calculations. A check of this technique by the mass balance 
method described in the following paragraph demonstrated 
its validity for our tests.

(2 ) The M ass Balance Technique for Determination of 
Filter Efficiency .—The mass balance technique was con­
sidered to be an absolute method of determining filter effi­
ciency and was used to establish the validity of the metered 
volume method, which was considerably simpler to apply. 
The mass balance technique was carried out by using 
carefully weighed quantities of feed dust and by thoroughly 
cleaning the polished interior of the stainless steel and glass
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duct. The fiber efficiency was then calculated from the 
ratio of the dust collected by the filler to that reaching the 
filter face, which was the amount of dust fed less the amount 
of dust falling out in the duct.

The results of a series of runs, utilizing both the mass 
balance and metered volume technique, indicated filter 
efficiencies differing by an average of only 1% for a given 
paper.
' Two Filter Technique for Determination of Filter Effi­

ciency.—In a Third method of determining efficiency with­
out the need for making a mass balance or taking samples, 
two filters were placed in series in the duct system and the 
aerosol was drawn through both. Assuming equal effi­
ciency for each filter or a known efficiency for the back-up 
filter, it was possible to calculate the efficiency based only 
on a knowledge of the amount of iron collected by each filter. 
This technique verified the efficiencies for the papers deter­
mined by other methods and indicated, for example, an 
efficiency of 76% for Type SF carbonyl iron for the Type 5 
paper at 20" pressure drop across the filter. This value 
falls in the range of value» obtained by the, mass balance and 
metered volume techniques. The two filter technique re­
quires the assumption that negligible particle size fractiona­
tion takes place in the first filter.

C ollection  E ffic ien c ies .— T o  d eterm in e  efficiencies  
a t flow  con d ition s sim ilar to  th ose ex p ected  in  
air sam p lers, th e  filter pap ers o f in terest w ere  
tested  a t  a  pressure d rop  across th e p ap er o f  
2 0 "  o f  w ater. A  fe w  efficiencies so d eterm in ed  w ith  
T y p e  S F  c a rb o n y l iron  p o w d er  (a p p ro x . 1 .6  p) 
a t th is  pressure d rop  are sh ow n  in T a b le  I .

T a b l e  I
F ilte r  c o l le c t io n  e f f ic ie n cy  

S a m p le r  m e th o d  %

F lo w  ra te  th r o u g h  
filte r  in  f t . /m i n .  a t  

2 0 "  H 2O  pressu re  d r o p

Whatman No. 41 67 225
Whatman No. 41H 46 338
MSA Red All-Dust Filter 91.5 519
Chemical Corps Type 5 76 775
Experimental filter im­

pregnated w i t h  dioctyl 
phthalate 88 2095

In  th ese te sts  u p  to  10  m g . o f  c arb on y l iron  d u st  
w as fe d  in to  th e  u n it  p er te st a n d  d u st  lo ad s o f 
a rou n d  1 - 6  m g , / i n .2 w ere collected  on  th e  filter  
b ein g  tested . A lth o u g h  i t  w a s fo u n d  th a t  increases  
in  d u st  lo a d in g  on  th e  filter resu lted  in  greater  
filter efficiencies, th e  stu d ies w ere m ain ta in ed  in the  
low  lo a d in g  region  to  sim u late  field c o iilit io n s .

T h e  E ffe c t  o f P a rtic le  S iz e  on  F ilter  E ffic ien cy .—  
S tu d ies w ere m a d e  to  d eterm in e  w h eth er filter  
papers se lec tiv e ly  re m o v e d  certain  sizes a t  eith er  
the h igh  or th e lo w  ran ge of th e  p artic le  size d is­
trib u tio n , or w h eth er th e filter pap ers co llected  a  
sa m p le  w h ose size d istrib u tio n  w a s rep resen tative  
o f th a t  o f th e  aerosol in th e te st c u c t . In  order  
to  establish  th e d istrib u tio n  rela tion sh ip  b etw een  
th e aerosol an d  th e collected  sa m p le , fou r sam p les  
fo r  each  ru n  w ere a n a ly z e d : (1 ) th e  size d istrib u ­
tio n  o f th e  feed d u s t ; (2 ) th e  size d istrib u tio n  o f th e  
a ir -b o rn e  d u st  u p strea m  of th e  tested  filter; (3) 
th e  size d istrib u tio n  o f th e  d u st on th e  tested  filter;
(4 ) th e  size d istrib u tio n  o f th e  a ir-b orn e d u st d o w n ­
stream  fro m  th e  tested  filter.

T h e  size d istrib u tio n  o f th e  feed  d u st u sed  in  
th ese stu d ies, T y p e  S F  c a rb o n y l iron  p o w d er, has  
been  sh ow n  in  F ig . 1. S ize  d istrib u tio n s o f the  
aerosol u p strea m  o f th e  tested  filter wrere collected  
b o th  on  greased m icroscope slides a n d  on  ex ­
tre m e ly  efficient lo w -flow  rate  air filter papers. 
B y  ex am in in g  th ese sa m p les  u n der the m icro scop e

it  w a s  esta b lish e d  th a t  7he aerosol u p strea m  o f th e  
tested  filter h ad  a  size d istrib u tio n  correspon din g  
to  th a t  o f th e  feed  d u st.

S a m p le s  w ere cu t fro m  th e  u p strea m  filter, th e  
te ste d  filter  an d  th e  d o w n strea m  sam p ler filter  
a fte r  each  o f sev era l ru n s w ith  T y p e  S F  c arb on y l  
iron  p o w d er. T h e se  sa m p les  were p laced  on  a  
m icro scop e  slide, w e t w ith  x y le n e  to  secure th e m  to  
th e slide, an d  tw eezer! ap art w ith  d issectin g  n eedles  
to  render the collected  p a rtic les  v isib le . T h e  
p a rtic les were th en  m easu red  a t  a p p ro x im a te ly  
1 2 0 0  X  (oil im m ersion ) w ith  a  filar m icrom eter. 
O v e r  tw o  h u n d red  p a rtic les  w ere m easu red  in  each  
sa m p le .

T h e  resu lts o f one ty p ic a l ru n  are sh ow n  in  F ig . 3 . 
I t  can  be seen th a t  th e filter ex am in ed , C h em ica l 
C o rp s T y p e  5 p aper, co llected  a rep resen tative  
sa m p le  o f th e feed  d u s t ; an d  a rep resen tative  
sa m p le  w as sim ilar ly  collected  fr o m  the airstream  
beh in d  th e filter. In  th is  w a y , it  w a s establish ed  
th a t  th is  paper d id  collect a  rep rese n ta tiv e  sa m p le  o f 
th e aerosol in th is  size range.

Fig. 3.—Size distribution curves, 600 particles each 
approximately 1213 X : feed dust, —O—O—O — ; dust on 
type V, dust on back sampler,------- □ ---------□

T h e  tech n iq u e  describ ed  is a d a p te d  fo r  e s ta b ­
lish in g  th e  collection  o f n on -rep rese n ta tiv e  sa m p les  
o f aerosols b y  can d id ate  filter p ap ers. N o  such  
pap ers w ere en cou n tered , h ow ev er , in th e grou p  
exam in ed  du rin g  th is  s tu d y .

T h e  a u th ors w ish  to  th a n k  oth er  m em b ers o f the  
sta ff o f th is  p ro jec t, an d , in p articu la r, D r . L . B .  
Z u m w a lt , M r s . C orn elia  M a y r h o fe r  and A ir . T .  H .  
M a n sfie ld , fo r  their u n tirin g  an d  e n th u sia stic  
coo p era tio n , w ith o u t w hich  th is  p ro b lem  could n ot  
h a v e  b een  su ccessfu lly  c om p leted .

D I S C U S S I O N
H u m b e r t  M o r r i s .—I should judge that your interest 

in this work is the protection of the human respiratory sys­
tem. The upper part of the respiratory system normally 
traps air-borne particles larger than 5 m, if the density is one. 
These particles are moved, along with mucus, to the throat 
and then to the stomach. Only particles smaller than 5m 
(if the density is one) have a good chance to reach the small 
cavities, alveoli, in the lungs, where they might be retained 
for a long time. Of these, only the particles which are 
larger than 1 m have a good chance to settle out: the smaller 
ones are freely exhaled. Thus, the human lung is most
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imperiled by particles in the size range of 1 to 5 p, if the 
density is one. If the density is greater, as in your case 
where it is about S, somewhat smaller sizes would be more 
appropriate. However, as you report that the filter paper 
collects the same particle-size distribution that impinges 
on it, this point may not be important.

K. J. M ysels.—How does the effect change with the 
rate of air passage?

R. D. Z en tn er .—We found it was as much a function of 
the type of collector as anything. The collectors we used 
generally had their efficiency increased significantly as the 
air flow rate went down, largely because the aerosol was in 
contact with them more, and the forces tending to move the 
aerosols through the filter paper in stream lines were greater 
at higher rates of flow than at low rates of flow. In most 
cases as we went down in flow rate, we got efficiency of 
100%, but we are not interested in low flow rates.

A non .—Do you think the results of these tests can be 
applied to substances other than iron?

R. D. Zen tner .—We felt that because we were using a 
particle size definitely in a region of interest and our results 
in many cases approximate results obtained at AEG sites, 
that we were not going too far wrong. Your point is a good 
one, because apparently the critical consideration is the 
centrifuging of the particles out of the air stream line on to 
the filter paper. This is, of course, a function of the density 
of the particle. Because we were working at an inter­
mediate range, we felt we could probably extrapolate on 
both sides much better than if we were working at one end 
or the other of the density range.

A n o n .—What filter areas did you employ?
R. D. Zen tn er .—In most cases we were using fractions 

of a square foot up to one square foot. The velocities were 
of the order of linear 1000 feet per minute.
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A variety of electrical measurements have been carried out on colloidal suspensions in oils by means of a capacitor with 
one rotating electrode. Suspensions of soap fibers exhibited a drop of dielectric constant with increasing shear stress which 
has been ascribed to flow orientation of these anisometric particles. The relatively low dielectric loss of soap suspensions 
appears to be composed of a low frequency (ionic conduction) and a high frequency component of widely differing tem­
perature coefficient. The dielectric loss of silica suspensions, on the other hand, gives a continuous spectrum in the fre­
quency range studied (0.02 to 20 kc.). From the marked reduction of dielectric loss by shearing one may derive informa­
tion regarding the corresponding change in geometry of the silica particle aggregates. Two novel effects have been dis­
covered which apply to all suspensions of non-conducting particles examined; an increase in the (very small) d.c. con­
ductivity and the appearance of a marked electrokinetic potential as they are sheared. Similarly, while the d.c. conductance 
of carbon black suspensions is reduced by shearing, owing to the destruction of the conducting particle chains, the d.c. 
conductance of deflocculated carbon black suspensions rises with shear rate as it does for other systems of non-conducting 
particles. This change in sign of the shear rate-coefficient of conductivity may be a sensitive criterion of deflocculation. 
The dielectric constant of iron particle suspensions and its shear rate coefficient are quite small and relatively insensitive 
to the degree of particle aggregation, hence are not a good measure of flocculation. Most striking in the experiments with 
non-conductive particles as well as with those on iron particles is the extremely rapid response of dielectric properties not 
only to acceleration but also to deceleration of shear rate. Hence the deformation of particle aggregates in the systems 
under discussion may be essentially elastic in nature, a fact which throws new light on their flow properties and the 
mechanism of motion of gels.

T h e  degree o f floccu lation  of colloid al su sp en ­
sions in  n o n -a q u eo u s m ed ia  h as h eretofore  been  
m easu red  b y  th e sed im e n ta tio n  v o lu m e , th e  sed i­
m e n ta tio n  rate, th e flow  properties an d  o ccasion ­
a lly  b y  lig h t scatterin g  tech n iq u es or b y  d irect  
m icroscop ic  o b se rv a tio n .2 -4  T h e  o p tica l tec h ­
n iqu es are u n d o u b te d ly  m o s t  d irect an d  accu rate  
an d  b ased  on  so u n d  p h y sica l th eory , b u t  th e y  are 
afflicted  w ith  so m e serious sh ortcom in gs w h ich  
sev erely  redu ce th eir  u sefu ln ess in  m a n y  in v e stig a ­
tion s. A m o n g  th ese , th e  sm all perm issib le  con ­
cen tration  o f solids lo o m s largest, since th a t  m ea n s  
a  sm a ll in terfaeial area is a va ilab le  fo r  ad sorp tion . 
U n less  th e  ex p e rim en t b e  carried o u t in  ex tre m e ly  
p u re so lve n ts , th e  s o lid -o il in terface w ill be  
sw a m p ed  w ith  a d sorb ab le  im p u rities fro m  th e  so l­
v e n t  an d  th e  d iscrim in ation  in  d efloccu latin g  
a b ility  a m o n g  th e  su rfa cta n ts  to  b e  te ste d  w ill be  
poor. T h e re  are a lso  d ifficulties in  a p p ly in g  th e

(1 ) P r e s e n te d  b e fo r e  th e  t w e n ty -s ix t h  N a t io n a l  C o l lo id  S y m p o s iu m  
w h ich  w a s h e ld  u n d e r  th e  a u sp ice s  o f  th e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e le s , C a lifo rn ia , J u n e  1 6 -  
18, 1952 .

(2 )  E . K .  F is c h e r , “ C o l lo id a l  D is p e r s io n s ,”  J o h n  W ile y  a n d  S on s, 
I n c . ,  N e w  Y o r k ,  N . Y . ,  1951 .

(3 ) H e n r y  G re e n , “ In d u s tr ia l  R h e o lo g y . ”  J o h n  W i le y  a n d  S ons, 
I n c .,  N e w  Y o r k , N . Y . ,  1946.

(4) M. van der Waarden, J, Colloid ¿Set., S, 317 (I960).

o p tica l m e th o d s  o ver  a  w id e tem p era tu re  ran ge. 
T h e  su ggestion  b y  V o e t ,8 th a t  floccu lation  cou ld  be  
o b served  b y  electrical m ea su re m e n ts  p ro m p te d  
ex p loration  o f th e possibilities o f th a t  m e th o d  in  a  
n u m b e r  o f fields in  w h ich  w e h ap p e n e d  to  be  
in terested .

I t  m a y  b e  recalled th a t  V o e t  p rop osed  to  m easu re  
th e  d ielectric co n sta n t o f co lloid al su spen sion s as a  
fu n ctio n  o f con cen tration  a n d  o f shear b y  m e a n s  of 
a cylin d rica l cap acitor  cell con ta in in g  a  coa xia lly  
arran ged ro ta tin g  electrode. T h is  m e th o d  a p ­
peared  to  be ap p lica b le  to  con cen trated  sy ste m s  
a n d  its  exp loration  w a s decided on. S in ce th e w ork  
p lan n ed  w a s in ten d ed  to  correlate w ith  th e  results  
o f v isc o s ity  m ea su re m e n ts  a b road er ran ge o f shear  
rates an d  tem p era tu res h ad  to  b e  covered  th a n  
a p p eared  possib le  w ith  V o e t ’s a p p a ra tu s ; a cc o rd ­
in g ly  a  n ew  a p p a ra tu s w a s design ed and b u ilt  w h ich  
h as b een  described in  a n o th er  p a p e r .6

Results
Suspensions of Non-conducting Particles.— S u s­

p en sion s o f  soap  fibers an d  o f silica p a rtic les in  oils  
w ere ch osen  as rep resen ta tiv e  o f n o n -c o n d u c tin g  
sy ste m s. A s  sh ow n  in  F ig s . 1 an d  2  th e  so a p  p a r -

(5 ) A . V o e t , T h i s  J o u r n a l , 51 , 1037  (1 9 4 7 ).
(6) C. J. Penther »nd A. Bondi, ibid,, 57, in pi«**
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t id e s  are q u ite  a n isom etric  a n d  crysta llin e , w hereas  
th e silica  p artic les are a m o rp h o u s essen tia lly  
isom etric  sp o n ges. B o th  so lid s are ab le  to  gel oils  
a t re la tiv e ly  lo w  con cen tration s. T h e  dielectric  
c o n stan t o f b o th  so lids is o f a b o u t th e  sam e m a g n i­
tu d e  (arou n d  5 ) . T h e  v e r y  lo w  electrical c o n d u c ­
t iv ity  a n d  dielectric  loss o f  th e  b u lk  so lids is h a rd ly  
related  to  th e  corresp on d in g  p ro p e rty  o f sm all 
p artic les w ith  surfaces in  excess o f 100  m .V g . ,  
since th e su rface c on d u cta n ce  p ro b a b ly  b ecom es  
th e g ov ern in g  fa c to r  in  th eir  electrical b eh a v io r .

T h e  pu rp ose o f th e  electrical m ea su re m e n ts  on  
th ese s y ste m s  w a s to  o b ta in  q u a n tita tiv e  in fo rm a ­
tio n  regardin g  th eir  s ta te  o f floccu lation  an d , if 
possib le, to  learn  so m e th in g  a b o u t th e  k in etics o f 
partic le  m o tio n  in  th e  gels. F lo w  m ea su re m e n ts  
can  b e  in terp reted  in  a  sim p le  m an n er o n ly  fo r  
d ilu te  su spen sion s w h ere th ere is no p artic le  in ter­
action . T h e  sy ste m s  u n d er s tu d y , h ow ever, are o f  
g re atest p ra ctica l in terest a t  con cen tration s w here  
partic le  in tera ctio n  d o m in a tes  th eir  m ech an ica l 
properties. V isc o s ity  m ea su re m e n ts  h ad  g iv en  no  
clue regardin g  th e  m ec h a n ism  o f particle  m o tio n  in  
gels. E lec tr ic a l m ea su re m e n ts  w h ich  are sen sitive  
to  ch an ges in p artic le  aggrega tio n  an d  con figu ra ­
tio n  ap p eared  p o te n tia lly  a b le  to  g iv e  so m e in fo rm a ­
tio n  regardin g  th e  d e ta ils  o f p a rtic le  m o tio n  in  gels. 
W e  sh all see th a t  th is  ex p e cta tio n  h as b een  fu l­
filled.

In  th e  course o f th is  w ork  an  effect h as b een  d is­
covered  w h ich  h as n o t p rev io u sly  been  reported in  
th e  literatu re , n a m e ly , an  increase in  th e  c o n d u c ­
t iv i ty  o f “ n o n -c o n d u c tin g ”  su spen sion s u n der th e  
in fluence o f sh ear. T h is  p h e n om en o n  h as te n ­
ta t iv e ly  b een  a scrib ed  to  th e  tra n sp o rt o f ch arges  
across th e  electro d e  g ap  b y  m ea n s o f p artic le  
collisions. T h e  sim u lta n eo u s gen eration  o f charges  
on th e  e lectrod es as sh ear in d u ces rela tiv e  m o tio n  
o f gel p artic les a n d  su rro u n d in g  flu id  in terferes  
w ith  th e  v e r y  fe eb le  ch arge tra n sfer  b y  th e  collision  
process, a n d  th e  d a ta  g iv en  sh ou ld  b e  con sidered  
p re lim in a ry  p e n d in g  q u a n tita tiv e  ev a lu a tio n  of th e  
tw o  su perp osed  p h e n om en a .

S o a p  in  O il . D ie le ctr ic  C o n sta n t.— S everal lubri­
c atin g  greases co m p o sed  o f a b o u t 6 %  tech n ica l 
lith iu m  so ap  a n d  a  h ig h ly  refined m in eral oil (see  
T a b le  I  fo r  p h y sica l p ro p e rty  d a ta ) w ere ex am in ed . 
T h e  dielectric  c o n sta n t o f th ese  greases p ro v ed  
exceed in g ly  sen sitive  to  sh ear, decreasin g  rap id ly  
w ith  increasin g  shear rate  o v e r  th e  en tire fre q u e n cy  
ran ge (5 0  to  2 0 ,0 0 0  c . /s . )  an d  tem p era tu re  range  
(3 0  to  9 0 ° )  stu d ied . In  v ie w  o f th e  a n isom etric  
sh ap e o f th e  so ap  p artic les d iis  e ffect w a s to  be  
ex p ected  a n d  can  b e  con sidered  as a  coro llary  to  th e  
flow  b irefringen ce o b se rv ed  on v e r y  sim ilar s y s ­
te m s .7’8 I t s  q u a n tita tiv e  a sp ects  are still p u zzlin g , 
h ow ever. T h e  e x te n t o f d ie lectric  c o n sta n t ch an ge  
is rath er greater th a n  on e w o u ld  e stim a te  for  
electrically  iso trop ic  p a rtic les o f sim ilar le n g t h /  
d iam eter ratio  on  th e  basis  o f in terfacia l p o la riza ­
tio n  th e o r y .9 T h e  large effect cou ld  be a cco u n ted  
fo r  if  one a ssu m es th a t  th e  partic les are electrica lly  
an isotrop ic . T h is  is a  p lau sib le  a ssu m p tio n  in  v ie w

(7 )  J . A .  B r o w n , et al., p a p e r  p r e s e n te d  a t  th e  A n n u a l M e e t in g  o f  
th e  N a t io n a l L u b r ic a t in g  G re a se  In s t itu te ,  O c t . ,  1951.

(8 )  B . W . H o t t e n  a n d  D . S . B ir d s a ll,  J. Colloid Sci., 7 , 284  (1 9 5 2 ).
(9 )  R< W . S illu rs, Inot. Elect. Eng., 8 0  3 7 8  (1 9 8 7 ).

Fig. 1.— Electron micrograph of lithium soap fibers.

Fig. 2.—Electron micrograph of aerosil silica.

o f th e crysta llin e ch aracter o f  th e so ap  fibers. 
In  th e absen ce o f e lectrical m ea su re m e n ts  on  soap  
sin gle crysta ls  th ere is n o  in d ep en d en t ev id en ce  
fo r  th is  guess, n or  can  one d eterm in e  th e  e x te n t o f 
flow  orien tation  o f th e  so ap  fibers.

T h e ir  re la tiv e ly  large size, th e  h igh  v isc o s ity  o f 
th e  oil a n d  th eir  s tro n g  p artic le  in tera ctio n  p re ­
clu de B ro w n ia n  m o tio n  o f th e  so ap  fib ers ; th e y  
th erefore  b eg in  to  o rien t in sta n tly  as sh ear c o m ­
m en ces. I t  is ra th er  u n ex p ected , h ow ever, th a t  
th e  partic le  o rien tation — as m ea su red  b y  dielectric  
c o n sta n t— also fo llow s speed  red u ction s (d ow n  to  
co m p lete  sto p ) ju s t  as r a p id ly ,10 since ev en  fo r  th e  
free p artic les one w o u ld  e stim a te  a  reorien tation  
t im e , a fter  rem o v a l o f th e  shear forces, o f th e  order  
o f 1 0 0  s e c .11’12 In  th e  absen ce o f B ro w n ia n  m o tio n  
one w ou ld  h a v e  ex p ected  p ro lon ged  p ersisten ce of 
orien tation  after  rem o v a l o f  th e  sh ear stress. A  
possib le  ex p la n a tio n  is th a t  th e  grease d o es n o t  
flow  as a  co n tin u u m  b u t  in discrete  lu m p s, each  one  
o f w h ich  is  d efo rm ed  e lastica lly . T h e  d e fo rm a tio n  
o f th e  lu m p  w o u ld  likew ise lead  to  o rien tation  o f th e

(1 0 ) N a m e ly ,  in s ta n t ly ,  a s  o b s e r v e d  o n  t h e  o s c il lo s co p e ,  w h ic h  w as 
u se d  as b a la n c e  d e te c to r .

(1 1 ) A . P e te r lin , Kolloid Z., 8 6 , 2 3 0  (1 9 3 9 ).
(1 2 ) W . P h il ip p o ff ,  “ V ia k o a jta t  tier I v o llo id e ,”  S t e in k o f f,  D re sd e n , 

1942 .
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fibers (as in  stress b irefrin gen ce), th e  stra in  en ergy  
b ein g  stored  in  th e b e n t fibers held tog eth er  a t th eir  
c o n ta c t  p o in ts . A  m acrosco p ic  sim ile w ou ld  be a  
m u lti-ta il w h ip  w h ich  is b en t b y  p u llin g  th e tails. 
B ein g  lu b rica ted  again st each  o th er, th e  lu m p s can  
relax in sta n tly  as th e  shear stress on  th e m  is re­
d u ced .

In creasin g  th e tem p eratu re decreases th e  flow  
o rien tation  effect, as sh ow n  in F ig . 3 , becau se of the  
reduced v isc o sity  an d  th u s the reduced shear stress. 
In  th e absen ce o f partic le  in tera ctio n  th e  shear  
stress tra n sm itted  b y  th e  oil sh ou ld  h a v e  b een  re­
spon sib le  fo r  th e  observed  flow  orien tation . P lo t ­
tin g  e-e0 aga in st th e  shear stress tra n sm itte d  b y  
th e  oil (er/o), h ow ever, stro n gly  o vercom p en sates  
th e  tem p e ra tu re  effect in stead  o f a lign in g  all p o in ts  
on a  single cu rve. C loser coin cidence o f the  
p o in ts  ob ta in ed  a t several tem p era tu res on a single  
cu rve is o b ta in ed , h ow ever, if one e m p lo y s  as in ­
d e p e n d en t v ariab le  th e shear stress d a ta  d erived  
from  the flow  m easu rem en ts on th e grease sam p le . 
T h is  resu lt stro n g ly  su ggests th a t  th e so ap  cry s­
ta llites are orien ted  b y  forces tra n sm itted  through  
th e gel la ttice .

Fig. 3.—Shear induced change in dielectric constant of a 
lithium soap suspension at various temperatures: to, di­
electric constant of solvent; e, dielectric constant of suspen­
sion.

T h e  dielectric loss o f  th e  greases te ste d  is sm all, 
in d icative  o f  the fa c t th a t  th e  b u lk 13 a n d  th e surface  
c o n d u c tiv ity  o f th e soap  particles is v e r y  low . 
M o s t  com m ercia l greases exh ibit h igh er losses14 
ow in g  to  th e  presence o f con d u ctin g  oxidation  
p ro d u cts  w hich  p ro b a b ly  a ccu m u la te  in  th e s o a p /o il  
in terface . T h e  p lo t  o f ta n  ò (th e  diel. loss angle) 
a ga in st fre q u e n cy  a t  variou s tem p era tu res, show n  
in F ig . 4 , su ggests th a t  several d issip a tiv e  proc­
esses op erate  in  th is  sy ste m . T h e  low- fre q u e n cy  
losses represent u n d o u b te d ly  an ionic con d u ction , 
(h e  loss b ein g  o f sim ilar  order o f m a g n itu d e  as th e  
observ ed  d irect current c o n d u c tiv ity  o f th e  sy ste m . 
T h e  p o sitiv e  tem p era tu re  coefficient o f con d u ction  
is in  k eep in g  w ith  such a  m e ch an ism . T h e  te m ­
perature coefficients o f tan  5 an d  o f k (d .c . c o n d u ct.)  
are sm aller b y  a fa cto r  o f 2 .7  to  2  th a n  th a t  o f th e  
v isc o sity  o f th e oil, in d icatin g  th a t th e m igration  
o f ion s m a y  be a lon g  th e s o a p /o i l  in terface rather  
th a n  th rou gh  liquid .

The higher fre q u e n c y  loss, w hich  in  term s of

(1 3 )  T .  M .  D osch e .r  a m i S. D a v is , T h ib  Journal, 55, 53 (1 9 5 1 ).
(14) ,T. N. Wilson, private coiiinuinipstion.

Fig. 4.—Frequency dependence of the dielectric loss of 
a lithium stearate grease at various temperatures, under 
static, conditions (drawn out lines), and at a shear rate of 
1000 see. (broken lines).

c o n d u c tiv ity  is a large m u ltip le  o f th e  d .c . c o n d u ct­
ance, ex h ib its  at 10 lcc. a  n eg ative  tem p era tu re  
coefficien t. In  th e  absen ce o f d a ta  closer to  th e  
m a x im u m , i.e., to  th e  re la xa tio n  fre q u e n c y , it  
appears u n safe  to  m a k e  a n y  guesses regardin g  th e  
n ature o f th e oscillators respon sible fo r  th is  loss  
co m p o n en t.

T h e  large e ffect o f shear on  th e  dielectric  loss, 
esp ecia lly  a t  lo w  frequ en cies, w ith o u t sign ifican tly  
ch an gin g  th e  p o sitio n  o f th e  m a x im u m  su ggests  
th a t it  is du e to  th e collisional con d u ction  m e c h ­
a n ism , m en tio n ed  a b o v e  an d  d iscu ssed in th e  
fo llow in g  section , a n d  n ot to  ch an ges in  th e  sta te  
o f a ggregation  w h ich , as in terfacia l polarization  
losses, w ou ld  be a cco m p an ied  b y  d isp la c e m e n t of 
th e  low  fre q u e n c y  m a x im u m , d ep en d in g  u p o n  th e  
g row th  or decrease in le n g th /d ia m e te r  ratio  o f th e  
a ggregates (v.i.) .

The electrokinetic effect is rath er p ron ou n ced  
in so ap  b ase greases, as is showm b y  th e  cu rves  
in F ig . 5 , an d  it increases in  ex ten t w ith  in­
creasing tem p e ra tu re . T h is  m ea n s th a t  th e  
rela tiv e  m o tio n  o f gel stru ctu re a n d  oil increases  
as th e  tem p era tu re  increases. T h e  fa r  m ore  rap id  
decrease o f oil v isc o s ity  th an  o f gel r ig id ity  as th e  
tem p era tu re  is raised is in agreem en t w ith  this  
con clu sion . In  v iew  o f th e  con cu rren t increase in  
c o n d u c tiv ity  w ith  shear rate a n d  w ith  te m p e ra ­
tu re th e o b served  p o ten tia ls  d o  n o t represen t th e  
tru e  p o ten tia ls  and h av e  y e t  to  b e  corrected . T h e

Fig. o.—Shear induced (electrokinetic) potential using a 
lithium stearate grease.
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grease o f F ig . 5  g a v e  th e sa m e resu lts irresp ective  
of th e d irection  of th e  ex p e rim en t. S o m e greases, 
h ow ever, d o  n o t  fo llo w  th e  sa m e cu rve as o n e d e ­
creases th e  v e lo c ity  w h ich  th e y  fo llow ed  d u rin g  th e  
acceleration  cycle . T h e  n atu re o f th e  resu ltin g  
h ysteresis lo op  h as n o t y e t  been  exam in ed .

S ilica  in  O il .— N e a r ly  isom etric  n o n -c o n d u ctin g  
particles are o b ta in ed  b y  th e c o m b u stio n  o f silicon  
tetrach lorid e in th e  o x y g e n -h y d ro g e n  ñ am e . T h e  
silica  e m p lo y e d  in  th is w o r k 16 (see F ig . 2 ) w as  
p resu m a b ly  m ad e  b y  su ch  a  process. In con trast  
to  th e  so ap  fibers o n e  w o u ld  n o t  e x p e c t easily  
o b serv ab le  £ o w  o rien tation  p h e n om en a  in  such  
sy ste m s  a n d  in d eed  th ere is o n ly  a m ild  effect o f  
sh earin g  on  th e  d ie lectric  c o n sta n t. A  fa r  greater  
shear effect is experienced  b y  th e  dielectric loss, 
w h ich  w ill th erefore  b e  d iscu ssed  first.

The d ielectric  lo s s  o f  silica su spen sion s in oils  
is rath er h igh , as sh ow n  b y  th e d a ta  in T a b le  11, 
esp ecia lly  a t lo w  frequ en cies. In  v iew  o f th e v ery  
low  loss an d  c o n d u c tiv ity  o f b u lk  silica— q u a rtz  
glass— th e losses m u st  b e  du e to  the re la tiv e ly  high  
surface c o n d u c tiv ity  o f th e silica partic les. T h e  
stro n gly  ad sorb ed  w a ter  layer m a y  c o n stitu te  th e  
con d u ctin g  p a th , no specia l effort h a v in g  been  
m ad e  to  d ry  th e silica  p o w d er.

T a b l e  I
k o p k r t i e s  o f  S l s p e n s i o n s U s e d  a n d  o f T h e i r  C o m

P O N E N T S
S ilica S o a p

suspension*» su sp e n s io n

ASTM cone penetration“
at 25°, dmm. 345 292

Approximate yield value,
dynes/cm.2 1500 2500

Properties of oil
Viscosity at 30°, cs. 115 143
Viscosity at 90°, cs. 11.2 10.7
Refractive index n20o 1.4800 1.4898
Dielectric constant at

30° 2 175 2.230
Temp, coeficient of di-

electric constant, ° C .  1 1.1 X 10-3 1 .07 X JO-3
“ Worked 60 strokes. b At 6% w. solids concentration.

T a b l e  I I

D i e l e c t r i c  L o s s  o f  S i l i c a  ( A e r o s i l )  S u s p e n s i o n s  in  
W hite O il Under  S t a t i c  C o n d i t i o n s

tan í  X  10!
Frequency 100 c./se 30°

c.
110°

10,00030°
o./sec.90°

1.15% v. silica 1.75 3.1 0.36 0.46
2.35% v. silica 2.03 6 0 .36 0 60
4.9%  v. silica 4.1 16.3 .62 1.81
0% silica (oil; 0.09 0.2 .13 0.1

I t  is  w ell k n o w n  th a t th e  p resen ce in a  n o n ­
con d u ctin g  fluid o f a  secon d  p h ase o f h igh er con ­
d u c tiv ity  g ives rise to  d ielectric losses, w h ich —  
for sph erical p artic les— can b e  ca lcu lated  b y  th e  
M a x  w e ll-W a g n e r  th eo ry . N o n -sp h e r ic a l particles  
cause a  fa r  greater lo ss, as h a s  b een  sh o w n  b y  
S illars .9'16 A  ty p ic a l series o f loss vs. fre q u e n c y  
cu rves for p artic les o f d ifferen t len gth  d ia m eter

(1 5 ) A e r o s i l  “ K ”  m a d e  b y  D e g u s s a , G e r m a n y , r e c e iv e d  t h r o u g h  th e  
U . S . N a v y , a n d  L in d e  S il ic a , a n  e q u iv a le n t  A m e r ic a n  p r o d u c t .

(1 6 )  T h e  a u th o rs  a re  in d e b t e d  t o  P r o f .  C , P . S m y t b  f o r  d ir e ct in g
their nileniiori In this theory.

Fig. 6.—Relation between dielectric loss of a suspension 
and particle geometry and tvequency, according to Sillars’ 
theory: for the case: =  2.2; e = 5.2; <r- = 10 5
mho/cm., n Is a function of length/diameter ratio of particles, 
n = 3 for spheres.

ratio  as ca lcu lated  fro m  S illa rs ’ th e o ry  is sh ow n  in  
F ig . 6 .

A  sim ilar set o f cu rves is o b ta in ed  if one p lots  
loss vs. fre q u e n c y  d a ta  o f th e  silica su spen sion  for  
v ariou s sh ear rates, F ig . 7a . T h e  te n ta tiv e  c o n ­
clusion  is d raw n  fro m  th ese  resu lts  th a t  a t  the  
h igh est shear rates the in d ep en d en t p artic le  a g ­
gregates h a v e  a  m ore  sph erical sh a p e , a n d  as th e

Fig. 7a.— Dielectric loss curves for a 6%w. silica suspen­
sion in white oil at shear rates varying between 0 and 1000 
sec.-1 and at 30° and 90°.

0. l -------------------- 1---------------------1------------------ >5-
10 I0! 10! 10*

f(c/s).
Fig. 7b.—Dielectric loss curves for a 6%w. silica suspension 

in white oil, defloccitlated with a monolayer of dimethyl-
stpftrvT&ininp.
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Fig. 8.—Dielectric loss of a 6%w. silica suspension in white 
oil as function of shear rate (at 90°).

shear rate is reduced th e  p articles a gg lom era te  in  
ch ain -lik e  aggregates o f increasing le n g th /d ia m e te r  
ratio . A t  speed s b elo w  a  certain  v a lu e  th e  a gg re­
g ates  b eg in  to  grow  also  in d im en sion s n orm al to  
th e  direction  o f flow  an d  th e loss does n o t sh ow  a n y  
fu rth er  ch an ge, w hile th e dielectric c o n stan t  
a ctu a lly  decreases w ith  decreasin g  shear rate b e ­
y o n d  th a t  p o in t (v.i.). T h e  d ifferences in  slope  
b etw een  th e cu rves o f F igs. 6  an d  7 a  m a y  be du e to  
th e  p ro b a b ly  w id e d istrib u tio n  o f ch ain  len gth s in 
th e silica  suspen sion .

A s  fo r  m o st  se m i-co n d u ctors , th e  tem p era tu re  
fu n c tio n  o f th e d ielectric loss, i.e., th e  local con ­
d u c tiv ity , is ex p o n en tia l in ch aracter, ow in g  to  th e  
existen ce o f an  a c tiv a tio n  en erg y  fo r  th e  m o tio n  o f 
th e con d u ctin g  ions. F o r  th e  case o f con d u ction  
b y  p ro to n  tran sfer a lon g  a  h y d ro g en  b on d  brid ge  
th is  a c tiv a tio n  en erg y  is  d eterm in ed  b y  th e  local 
barrier to  th e  ro ta tio n  o f th e  h y d ro x y l grou p . A  
d eta iled  discu ssion  o f th is  su b je c t w ill b e  p re ­
sen ted  elsew here.

T h e  presence o f a  d efloccu latin g  a g en t does n ot  
ch an ge th e  general sh ap e o f th e  cu rves sh ow n  
a b o v e , b u t— d ep en d in g  u p o n  th e  n atu re o f th e  
in tera ctio n  w ith  th e  su rface— ch an ges th e  ab so lu te  
level o f  th e  loss (see F ig . 8 ) an d  its  tem p era tu re  
coefficient. I t  is one o f th e  a d v a n ta g e s  o f  th is  
m e th o d  o f m ea su re m e n t th a t  one can  o b ta in  in ­
fo rm a tio n  regardin g  th e  b eh a vior  o f  su rface layers  
in gels u n der specifiable con d ition s o f m ech an ica l 
h isto ry .

Fig. 9.—Shear effect on the real component of the di­
electric constant (' of a silica suspension in white oil at 
various frequencies and temperatures. At 90° and 1000 c./s. 

0.086, independent of shear rate.

T h e  d ie lectric  con stan t o f silica  su sp en sion s is 
stro n g ly  fre q u e n c y -d ep en d e n t, esp ecia lly  in th e  
ran ge o f low  frequ encies, th e  ran ge o f a n o m a lo u s  
disp ersion , as sh ow n  in F ig . 9 . T h e  con trib u tio n  
o f th e silica to  th e  dielectric co n sta n t o f th e  su s­
p en sio n  is expressed  as (e — to)/<p w h ere e a n d  eo are  
th e  d ie lectric  c o n sta n ts  o f su spen sion  a n d  oil, re­
sp e c tiv e ly , an d  is th e  v o lu m e  fra ction  o f silica. 
A c c o rd in g  to  in terfacia l p o la riza tio n  th e o ry  th is  
specific dielectric c on stan t in crem en t sh ou ld  be in ­
d ep en d en t of con cen tration . T h e  d a ta  sh ow n  in  
T a b le  I I I  are n ot in c om p lete  a greem en t w ith  th is  
req u irem en t o f th eo ry . T h e  origin  o f th is  d iscrep ­
a n c y  w ill be explored  further.

T able III
Specific D ielectric Constant Increment of Silica in 
Its  W hite Oil Suspension (at Zero Speed) at 10 kc.
V o l .  c o n c n . o f  s i lica  ___  (e  — «0)/<p

(at 20°)
1 .15% 
2 .3 5 %  
4 .9 %

a t  3 0 °

4.2 (3.74)° 
4 .05(3 .8  ) 
3.1 (2.96)

a t  9 0 °

s .o
3.4 (3.05)
3.5 (2.96)

“ Values in parentheses are derived from the real compo­
nent of the dielectric constant of the suspension.

T h e  dielectric c on stan t vs. shear rate cu rve goes  
th ro u gh  a  m a x im u m . T h e  h igh  speed b ra n ch  o f  
th is cu rve m a y  be u n d erstood  in  term s o f th e  ch a in -  
a ggregation  m ec h a n ism  w h ich  w a s  su gg ested  b y  th e  
loss vs. speed cu rve. T h e  low  v e lo c ity  b ra n ch  o f  
th e cu rve m a y  reflect th e increasing spherical 
s y m m e tr y  o f th e aggregates as th e  th ree d im en sio n al 
p artic le  n etw o rk  is fo rm ed .

T h e  d irect cu rren t con d u ctiv ity  o f th e  silica  
su spen sion  u n d er sta tic  con d ition s is b u t  a  sm all  
fraction  o f th e e q u iv a le n t c on d u cta n ce  corre­
sp o n d in g  to  th e a .c . losses. W h ile  th e la tte r  (in  
th e  low  fre q u e n cy  region) decrease sh arp ly  as the  
su spen sion  is b ein g  sh eared, th e d .c . con d u cta n ce  
increases stea d ily  w ith  increasin g  a p p lied  shear  
rate.

T h is  pecu liar p h en om en o n  m a y  b e  u n d erstoo d  
as du e to  ch arge tran sfer fro m  one electrode to  th e  
oth er  th ro u gh  su ccessive  collisions o f particles  
w h ich  carry  th e  ad sorb ed  ch arge in  th e  in terface  
(as M ill ik a n 's  oil drop lets d id ). K n o w in g  th e  
n u m b er o f particles per u n it v o lu m e , th eir  size an d  
th e  p revailin g  sh ear rate  as w ell as th e  v o lta g e  
gra d ien t, one can  e stim a te  th e  a m o u n t o f  current  
th a t  cou ld  b e  so carried, m a k in g  b u t tw o  p lau sib le  
a ssu m p tio n s : th e  ch arge per partic le  eq u a ls  one  
e le m en ta ry  ch arge (4 .8  X  1 0 -10 e .s .u .)  a n d  th e  
a ttra c tiv e  forces b etw een  th e  p artic les are suffi­
c ien tly  sh ort range so th a t  one can  set th e  rad iu s  
o f th e a ttra c tiv e  force field o f  th e  partic le  as eq u a l 
to  th e  partic le  radius. F r o m  S m o lu c h o w sk i’s 
th e o ry  o f orth ok in etic  floccu lation  on e th en  o b ­
ta in s fo r  th e n u m b e r  o f collision s per p artic le  p er  
u n it tim e

n — ^vR3e (1)

w h ere v — n u m b e r  o f p artic les per u n it  v o lu m e , 
R  =  rad iu s o f a ttra c tio n  sph ere o f a  p a rtic le , e =  
sh ear rate  in s e c .- 1 . T h e  c o n d u c tiv ity  ca lcu lated  
fro m  th e p artic le  collision rate— on the basis  o f th e  
electron  m icroscop e radii o f th e  sm a llest p a r -
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t id e s — exceeds th e a ctu a lly  o b served  c o n d u c tiv ity  
u su ally  b y  a fa c to r  o f  th e  order 1 0 2 to  1 0 4. T h is  
fa c to r  c o n ta in s th e  ch arge tra n sfer  e fficien cy  per  
collision  an d  th e  n u m b e r  o f sm a ll p a rtic les per  
m o v in g  agg rega te , or o n ly  th e  la tte r  if one assu m es  
ch arge tran sfer to  be c o m p lete  on  e v e ry  collision . 
Q u a n tita tiv e  e v a lu a tio n  o f th e  d .c . c o n d u c tiv ity  
d a ta  requires correction  for the electrok in etic  
p o ten tia l (an d  vice versa) w h ich  is v e ry  n oticeab le  
w ith  silica su spen sion s (see F ig . 1 0 ). T h e  c o n ­
d u c tiv ity  in crem en t per u n it con cen tration  fo r  a  
g iv en  shear rate sh ou ld  reflect ch an ges in  degree  
o f aggregation  as a  fu n c tio n  o f tem p eratu re an d  
co m p o sitio n . T h e  d a ta  in  T a b le  I V  in d icate  th a t  
tem p era tu re  h as a  re la tiv e ly  sm all e ffect, b u t  th a t  
d efloccu lan ts sh a rp ly  increase th e  n u m b e r  of 
partic les, as one sh ou ld  exp ect.

T a b l e  I V

D . C .  C o n d u c t i v i t y  I n c r e a s e “  o f  S i l i c a  S u s p e n s i o n s  i n  

W h i t e  O i l  D u e  t o  S h e a r i n g  a t  a  S h e a r  R a t e  o f  400
SEC.-1

V o lu m e  c o n c e n t r a t io n  of s ilica

C o n d u c t iv i t y  in cre a se  p e r  un it 
c o n c e n t r a t io n  p e r  u n it  sh e a r  ra te  

(m h o  c m . -1  se c . X  10 ~u)
6 0 °  1 0 0 °  1 2 0 °

1.5% 1.4 1.45 1.57
2.35% 0.9 1.5 1.2
4.9%
4.9%  +  monolayer of

1.9 2.3 2.5

deflocculant 25 240 270
“ Uncorrected for electrokinetic potential. b Aerosil K.

T h e  e lectrok in etic  poten tia l o f silica su spen sion s  
is o f th e sa m e order as for soap  suspen sion s. I t  
likew ise increases w ith  increasing tem p eratu re  b e ­
cause o f th e increased rela tive  m o tio n  b etw een  oil 
an d  gel stru ctu re . F o r  th is reason  it  is also m ore  
p ron ou n ced , th e stiffer th e gel, i.e., th e  higher the  
solids con cen tration , as show n in F ig . 10 . N o  
general rule h as as y e t  been  fo u n d  regardin g  the  
effect o f variou s d efloccu lan ts on  the electrokin etic  
p o ten tia l.

S u sp e n sio n s  o f C on d u ctin g  P a rtic le s .— S u sp en ­
sions o f n u m erou s species o f  con d u ctin g  particles  
h av e  been  d escrib ed  b y  V o e t .6 A s  all con d u ctors  
h a v e  th e sa m e dielectric c o n sta n t, n a m e ly , in fin ity , 
the dielectric c o n stan t o f ah  their su spen sion s can  
be describ ed  b y  a  single expression , w h ich  a t  low  
v o lu m e  con cen tration s <p is well a p p rox im ated  b y  

e =  e o ( l  +  3  Ftp) ( 2 )

w here «, e0 are th e  dielectric c o n stan t o f su spen sion  
a n d  oil, resp ectiv ely , and F  is a sh ap e fa c to r , w h ich  
is u n ity  in  th e  case o f spheres an d  can  acquire  
re la tiv e ly  large v a lu e s fo r  an isom etric  stru ctu re s ; 
it  does n o t  d ep en d  u p o n  th e  size o f the p articles.

Iro n  P o w d e r  in  O il .— O n e o f the m ain  difficulties  
in carryin g  o u t  m ea su re m e n ts  on  m e ta l pow d er  
suspen sion s in oils is th e large d e n sity  difference  
w hich  lead s to  rap id  settlin g  o f th e  su spen soid . 
T h e  settlin g  rate  can  be redu ced  b y  th e use o f  
v iscou s oils an d  v e r y  sm a ll partic les. A s  a  ty p ic a l  
a p p lication  o f th is  e q u ip m e n t it  app eared  o f in ­
terest to  s tu d y  th e  d efloccu latin g  a b ility  o f sur­
fa c ta n ts  on  iron  p o w d er. T h e  la tter  is a va ilab le  
in  v e ry  fin e ly  d iv id ed  fo rm s derived fro m  th e  
d ecom p o sitio n  o f iron  p e n ta ea rb o n y l. T h e  grade  
u sed (G rad e  S F  o f G en era l A n ilin e  an d  D y e s tu ff

Fig. 10.—Electrokinetic potential (uneorrected) obtained 
when a 4.9%v. silica suspension in white oil is sheared at 
various speeds: the upper curves represent the (initial)
maxima; the lower curves the steady state values of the 
potential.

C o rp .) h ad , accord in g  to  th e  m a n u factu re r, a  
n arrow  size d istrib u tio n  w ith  a  steep  m a x im u m  
a rou n d  2 .5  r . S e d im en ta tio n  a n a ly sis  o f th is  
p ow d er in w h ite  oil (o f so m e w h a t low er v isc o sity  
th a n  th e  w h ite  oil u sed  in  th e  electrical m ea su re ­
m e n ts) g av e  a size d istrib u tio n  cu rve w ith  a  flat  
m a x im u m  arou n d 13 r . T h e  degree of floccu lation  
in  w h ite  oil is th erefore o f th e  order ( 1 3 /2 .5 ) 3 =  
140 . M ic ro sc o p ic  o b se rv ation  con firm ed th e  a ver­
age a ggregate  size d e te rm in ed  b y  sed im e n ta tio n  
a n alysis .

S e ttlin g  in  th e  cell d oes n o t a ffect th e  m ea su re­
m e n ts  a p p recia b ly  as lon g  as n o  con cen trated  
sed im e n t is fo rm e d . N e v e rth e le ss  it  appeared  
desirable to  carry  o u t  th e  m ea su re m e n ts  q u ite  
ra p id ly  a fter filling w ith  th e  fre sh ly  stirred u p  su s­
p en sion . T y p ic a l d a ta  are sh ow n  in  F ig . 11. 
T h e  sh ap e fa cto rs are o f  sim ilar  m a g n itu d e  as th ose  
fo h n d  b y  V o e t  fo r  oth er  m e ta l p o w d er su spen sion s, 
as is th eir  dep en d en ce u p on  th e  a p p lied  sh e a ".

T h e  agg lom eration  fa c to r  F rest/F infinite shear ju st  
as th e  sh ap e fa c to r  F  does n ot reflect th e size o f th e  
floccu lated  a ggregate  b u t o n ly  its — p resu m a b ly  
a cc id e n ta l— a n iso m etry . I t  sh ou ld  be a d d ed  th a t ,  
ex c ep t for th e rest s ta te , th e d ie lectric  co n sta n t  
correspon din g  to  a n y  g iv en  shear rate is repro­
d u ced  to  w ith in  one p o in t in  th e  th ird  d ecim al 
place regardless w h eth er arrived  a t  fro m  higher  
or fro m  low er speed s, an d  is a tta in e d  n ea rly  as

Fig. 11 .•—Change of agglomeration factor (determined
from dielectric constant) of iron powder SF (2.7%v.) in 
white oil with increasing shear rate at 30°: O , iron powder 
in oil; A, iron porvder plus 0.1% stearic acid in oil.
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ra p id ly  as t.lie respon se of th e speed  ch an g in g  d e ­
vice. F u rth e r  D scilloscopic stu d ies  are in ten ded  
fo r  th e  a ctu a l m ea su re m e n t of th e respon se rate of 
the sy ste m .

T h e  c a p a c ity  o f the rest sta te  is a tta in ed  m ore  
slo w ly . T h e  rate a t  which th is  tak es p lace appears  
to d ep en d  v e r y  s tro n g ly  u pon  th e su rface con d ition  
o f th e  partic les, b ein g  v e ry  rap id  w ith  fre sh ly  
prep ared  stra igh t ir o n /w h ite  oil b len d s, a n d  q u ite  
slow  in  th e  presen ce o f sm all a m o u n ts  o f su rfa cta n t,
e.y., stearic  acid . T h is  d ifferen tiation  h as not been  
o b serv ed  in  th e  rate  o f a d ju stm e n t  o f th e  c a p a c ity  
to  s te a d y  sta te  v a lu es a t finite ro ta tio n a l speeds.

A s  one sh ou ld  exp ect, th e presen ce o f su rfa cta n ts  
(d efloccu lan ts) reduces th e  v a lu es of dF/dè (or  
p ro b a b ly  m ore  correctly  d F /d r )  as sh ow n  b y  
I he cu rves o f  F ig . 11.

T h e  dielectric  lo ss  o f iron su sp en sion s is not 
ea sily  in terp reted  b ecau se o f th e con trib u tio n  w hich  
e d d y  current losses m ig h t m a k e , w h ich — in con ­
tra st to  the in terfacia l polarization  losses— are  
stro n g ly  d ep en d en t u p on  p artic le  size. E x p e ri­
m en ta l d a ta  in d icate  th a t  th e sign  as w ell as the  
m a g n itu d e  o f th e speed coefficient o f dielectric  
loss o f th ese su spen sion s is a ffected  b y  solids con ­
cen tration  a n d  p artic le  size. M o r e  d a ta  w ill be  
required, h ow ev er , b efore a clear p ictu re  can  be  
discerned.

T h e  d .c . con d u ctiv ity  o f the d ilu te  iron su sp en ­
sion s is v e r y  lo w  a n d  d oes not increase w ith  shear  
rate, a p p a re n tly  b ecau se o f the sm a ll n u m b e r  o f 
particles present com p ared  to  the silica a n d  soap  
sy ste m s.

C arb on  B la c k  in  O il .— F ew  sy ste m s h a v e  been  
stu d ied  as fre q u e n tly  for their sta te  o f aggregation  
as the su spen sion s o f carb on  b la ck s in oils. V is ­
c osity , sed im e n ta tio n  v o lu m e , sed im e n ta tio n  rqte, 
as w ell as electrical m e th o d s  h a v e  been e m ­
p loy ed . 2. ! .17 18- 19 V o e t  likew ise e x a m in ed  th e  d i­
electric  c o n sta n t vs. con cen tration  an d  shear  
rate rela tion  o f carbon b la ck  su sp en sio n s.5 In  th e  
course o f th e e x am in ation  of th e electrical proper­
ties o f a cety len e  b la ck  su spen sion s in  oils it b ecam e  
a p p a ren t th a t the c o n d u ctiv ities  o f such su sp en -

Fig. 12.—Effect of shear rate on the resistance of a carbon 
black suspension ( 10%w. of channel black) in white oil at 
30°: curve A, as is; curve B, deflocoulated with a mono- 
layer of surfactant.

(1 7 ) M .  J . F o rs te r  a n d  D . J . M e a d , J. Applied Phys., 22, 7 0 5  (1 9 5 1 ).
(1 8 )  A . d e  W a e le , et al, Nature, 166, 401 (1 9 5 0 ) ;  167, 244  (1 9 5 1 ).
(1 9 )  R . G . K in s m a n  a n d  R . F . B o w le s , J. Oil and Colour Chemists’ 

Assoc., 34, 5 9 2  (1 9 5 0 ].

sion s are far too  high  to  p e rm it reason ab le  v a lu e s  of 
th e  dielectric  c o n sta n t to  be o b ta in ed . T h e  sa m e  
a p p lied  to  several ch an n el b la ck s.

'The high  c o n d u c tiv ity  o f su ch  b len d s has been  
gen erally  ascribed to  the fo rm a tio n  o f c on tin u ou s  
p artic le  ch ain s (ca ten ation ) b etw een  th e  e lec ­
trodes. S tra in in g  these ch ain s leads to  their  
b reak ag e  a n d  th u s  to  red u ction  in  th e  c o n d u c tiv ity  
o f th e sy ste m . W e r e  th e con cen tration  o f ch ain s  
so sm all th a t  th e y  w ou ld  not collide in  p o sitio n s  
lead in g  to  te m p o ra ry  b rid gin g  b etw een  th e e lec ­
trod es, a  single rev o lu tio n  w ou ld  reduce th e  con ­
d u c t iv ity  to  a  v e r y  sm all v alue. T h e  w o rk  re­
p o rte d  here w a s carried o u t a t  a su ffic ien tly  high  
con cen tration  to  lead  to  gel fo rm a tio n . S h earin g  
therefore n ev er  redu ced th e c o n d u c tiv ity  b y  m ore  
than an order o f m ag n itu d e .

D efloccu la tio n  in such  sy ste m s  b y  m e a n s  o f su r­
fa c ta n ts  sh ou ld  th u s  h a v e  tw o  effects. B y  sep a­
ratin g  th e  carb on  partic les a n d  p re v e n tin g  the  
fo rm a tio n  o f ch ain s th e y  sh ou ld  reduce th e con ­
d u ction  th ro u g h  th e  su spen sion  m a teria lly . H e n c e , 
b y  ch an g in g  th e  s y ste m  to  one com p osed  o f n o n ­
c o n d u ctin g , i.e.. m u tu a lly  in su lated , p a rtic les , th e  
a p p lica tio n  o f shear sh ou ld  increase th e  co n d u c ­
t iv i ty  b y  m ea n s o f th e collision  m e c h a n ism  p o stu ­
la ted  fo r  th e  silica suspen sion s. B o th  o f these  
ch aracteristics are a ctu a lly  o b served . A d d itio n  
o f a typ ica l en gin e oil defloceu lan t m a y  redu ce th e  
c o n d u c tiv ity  o f a cety len e  b la ck  su spen sion s b y  a 
fa c to r  o f n ea rly  1 0 4 an d , on th e  oth er  h an d , th e  
c o n d u c tiv ity  o f m a n y  d efloccu lated  carbon  b la ck  
su spen sion s is in deed  fo u n d  to  increase w ith  in ­
creasing shear rate , F ig . 12. C o n s e q u e n tly ' th e  
con cen tration  o f su rfa cta n t, at w h ich  th e  c on d u c­
t iv i ty  /s h e a r  rate  relation  ch an ges sign m a y  be a  
fa ir ly  exact m easu re o f its  d e floccu latin g  a b ility . 
T h a t  ev en  h igh  sh ear stresses m a y  d efloccu late  a  
sy ste m , a t least tem p o ra r ily , to  th e  e x te n t o f  c h a n g ­
in g  th e  sign  of th e c o n d u c tiv ity /s h e a r  rate relation  
is a p p a ren t fro m  th e occurrence o f m a x im a  in  th e  
c o n d u c tiv ity  vs. shear rate  cu rv e  of so m e carbon  
b la c k -o i l  m ixtu res.

A t  a n y  g iv en  speed , th e  m a g n itu d e  o f th e  con ­
d u ctan ce  o f a carb on  b la ck  su spen sion  is a rela tiv e  
m easu re of th e  degree o f d e floccu lation . In  so l­
v en ts  o f lo w  coh esive e n e rg y  d e n sity , su ch  as a lip h a ­
tic h y d ro carb on s, a lk y l silo xa n es an d  p r o b a b ly  a lso  
in th e  fluorocarbon liq u id s th e  c o n d u c tiv ity  o f  car­
b on  b la ck  su sp en sion s is h igh  as is th e  degree o f  
floccu lation . In  a ro m atic  h y d ro carb on s, esp ecially  
o f th e  con d en sed  ty p e  a n d  in  m a n y  p o la r  so lv e n ts , 
carb on  p a rtic le  coh esion  (flo ccu lation ) is w eak er  
and c o n d u c tiv ity  low er th a n  in  th e  n o n -p o la r  so l­
v e n ts  m en tio n ed  b efore . T h e  presen ce of even  
re la tiv e ly  sm all a m o u n ts  o f  s tro n g ly  a d sorb ab lc  
a m p h ip a th ic  su b sta n ces w h ich  e ffe c tiv e ly  coat th e  
carbon  b la ck  su rface w ith  a  h yd ro carb on  la y e r  re ­
du ces partic le  cohesion  an d  th u s c o n d u c tiv ity  to  
v e r y  lo w  v a lu e s . T h is  seq u en ce of flo c c u la tin g  
ch aracteristics is m a n ife st in th e  d a ta  o f  F o rster  
a n d  M e a d .17 I f  one ta k e s  th e  c o n d u c tiv ity  o f  car­
b on  in  th e  silicone fluid as reference a n d  d efin es a  
degree o f floccu lation  D  =  l i (s a m p le ) /!? (s i lic o n e ) ,  
th en  th e  n u m erica l v a lu e  o f D  (sh o w n  in  T a b le  V )  
p ro b a b ly  represen ts th e in verse ratio  o f th e  p r o b a -
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T able V
Relative D egree of D eflocculation of Carbon B lacks 
in D ifferent Fluids (D erived from Conductivity 

U nder Static Conditions)

F lu id R -4 0 "

S h a w in ig a n  
a c e ty le n e  

b la c k  b
In transformer oil 25
In linseed oil 400 90

“ Relative to the flocculation :n silicone oil; calculated 
from data of ref. 4. 6 Relative to the flocculation in medici­
nal white oil; calculated from data of ref. 4 and our own 
value for this black in medicinal white oil.

b ilities o f a  p a rtic le  collision  lead in g  to  p artic le  a d ­
h esion  or con v erse ly  th e  ra tio  o f th e  life tim e s o f a d ­
sorb ed  so lv e n t or so lu te  m olecu les  in  th e  in terface . 
T h e  la tter  m e c h a n ism  o f collision  efficien cy  ex ­
p lain s th e  stro n g ly  p o sitiv e  tem p era tu re  coefficient  
o f th e  c o n d u c tiv ity  o f  carb on  b la ck  su spen sion s.

C o n c lu s io n s .— T h e  m ea su re m e n t o f th e  ch an ges  
o f e lectrical p ro p erties  o f  re la tiv e ly  c on ce n trated  
colloid al su sp en sion s in  o ils as a  fu n ction  o f shear  
d e fo rm a tio n  o f su ch  sy ste m s  h as p ro v id e d  som e  
n o v el in sigh t in to  th e  k in etics  o f p artic le  m o v e m e n t  
an d  th e e x te n t a n d  m o d e  o f p artic le  cohesion  u n der  
d y n a m ic  con d ition s. T h e  u n ex p ec ted ly  rap id  re­
spon se o f th e  v a rio u s electrical prop erties to  p o si­
tiv e  an d  n e g a tiv e  ch an ges in  strain  rate su ggests  
th a t  p artic le  m o tio n  in  th ese  re la tiv e ly  con cen trated  
gels in v o lv e s  p r im a rily  e la stica lly  restorable sh ort  
range d isp lace m e n ts  w ith in  “ g e l-lu m p s”  w hich  
m o v e  rela tiv e  to  each  o th er. M u c h  fu rth er  w ork  is 
required to  recon cile  th e  results o f  electrical an d  of  
flow  m ea su re m e n ts  on  th ese  sy ste m s.

T h e  orig in al a im  o f th is  w ork , to  ob ta in  a q u a n ­
t ita tiv e  m easu re o f p artic le  agg rega tio n , h as been  
a ch iev ed  o n ly  in  p a rt. T h e  dielectric  c o n sta n t an d  
dielectric  loss d a ta  can  g iv e  in fo rm a tio n  regardin g  
the sh ap e (p erm an e n t or tra n sien t) o f partic le  ag ­
gregates b u t  are silen t regardin g  th e  size o f such  
aggregates. O n ce  th e th e o r y  is fu rth er  d e ve lop ed , 
the d y n a m ic  co n tr ib u tio n  to  th e electrical con d u c­
t iv ity  o f  sem ic o n d u ctin g  su sp en sion s m a y  serve as 
a m ea n s to  m easu re a ggregate  size. E v a lu a tio n  of 
the lo ca l v e lo c ity  d ifferences b etw een  flu id  an d  gel 
stru ctu re fro m  th e  o b served  e lectrok in etie  p o ten ­
tia ls  a lso  requ ires fu rth er  d e v e lo p m e n t o f th e  th e ­
o ry  b efore  it  can  b e  realized . T h e  d .c . c o n d u c tiv ­
i ty  o f su sp en sion s o f  c a ten a tin g  co n d u ctin g  p artic les  
can  be co n v erte d  in to  a  q u a n tita tiv e — a lth o u g h  still 
rela tiv e— m ea su re  o f p artic le  coh esion  in  d ifferen t  
liq u id  e n v iro n m en ts .

O n  fu rth er  reflection  it  ap p ears th a t  p erh a p s th e  
origin al q u estio n  w a s w ron g. In  su sp en sion s w h ich  
are su ffic ien tly  con c e n tra ted  so th a t  p a rtic le  in te r ­
a ction  lead s to  a  fin ite  y ie ld  v a lu e  it  m a k e s  little  
sense to  ask  fo r  th e  size o f in d iv id u a l p artic le  a gg re­
g a tes  sin ce, u n d er s ta tic  con d ition s, th e  w h o le  gel 
is one a ggregate . In  sols one h as e ith er c o m p le te ly  
d efloccu lated  in d iv id u a l p artic les (w h ich  can  b e  
m easu red  b y  o p tica l, v isc o m e tric , or sed im e n ta tio n

tech n iq u es) or grow in g  a ggregates, w h ich  under  
static  con d ition s w ou ld  gro w  in d efin ite ly  u n til 
all p artic les p resen t h a v e  b een  collected  in to  a single  
aggregate . T h e  size o f agg rega tes in floccu latin g  
sy ste m s  can  therefore be defin ed o n ly  fo r  d y n a m ic  
con d ition s, n a m e ly , as th e  size and  sh ap e a t  w hich  
th e  coh esion  o f th e  w e ak est cross-sectio n  is in  eq u i­
lib riu m  w ith  th e sh earin g  stress a ctin g  on  its  surfaces. 
W h ile , w ith  th e  p re se n t s ta tu s  o f  th e o ry , flow  m e a s ­
u rem en ts on c o n ce n trated  su sp en sion s can  g iv e  
o n ly  in fo rm a tio n  regardin g  th e  resistan ce to  de­
fo rm a tio n  o f th e  m a crosco p ic  sy s te m , i t  appears  
th a t  electrical m ea su re m e n ts  m a y  g iv e  in sigh t in to  
th e  tra n sien t size, sh ap e , a n d  in tern a l m o tio n s  of 
th e  p artic le  a ggregates w h ich  a c tu a lly  m o v e  p a st  
each  oth er  in th e a c t  o f flow .

A c k n o w le d g m e n t.— T h e  a u th ors are g re atly  in ­
d e b te d  to  D r . C . H . K lu te  fo r  v a lu a b le  a d v ic e  on 
electrical m ea su rem en ts , an d  to  D rs . J. N .  W ilso n  
an d  A . M .  C r a v a th  fo r  s tim u la tin g  discu ssion s. 
S evera l o f  th e m ea su re m e n ts  w ere carried o u t  b y  
M e ssrs . W .  W . K e r lin  a n d  R . F . F ra a tz .

D I S C U S S I O N
K. J. M ysels.—Can you elaborate on the electrokinetie 

effect between the two cylinders? I cannot visualize 
where the potential comes from.

A. B o n d i .—The way I  feel is that the gel skeleton is 
not an integral part of the gel. The skeleton which Mr. 
Peterson showed yesterday is just a series of solid particles 
that swim in the gel. As the shear is applied to this gel, 
parts of the gel will move at a different, speed than the oil. 
This is all that is needed for the electrokinetie effect, i.e., 
the solid moves at a speed relative to the liquid in which it is 
embedded.

K. J. M y s e l s .—In order to show a measurable potential 
you need more than that., you need the accumulation of 
charges at one end of your system. Your apparatus, how­
ever, involves a rotation which prevents any such accumula­
tion and furthermore the potential is between the two cylin­
ders, i.e., perpendicularh'- to the direction of flow.

A. B o n d i .—I would like to point out that Garner and 
collaborators, as well as Weissenberg, have proposed for 
viscoelastic system a transport of solute to regions of re­
duced stress, and that the stresses betiveen the concentric 
cylinders vary radially, so that the radial transport may 
cause the potential. [It may be best to say simply that 
for the present the origin of the observed potential is ob­
scure.]

K. J. M y s e l s .—I doubt that this radial motion could be 
important enough to cause such large electrical effects, 
since the shearing gradient is relatively uniform between 
closely spaced concentric cylinders such as yours. If this 
explanation were correct the net radial movement of par­
ticles should soon stop when the system reaches a steady 
state and hence the potential should soon reach zero.

R. D. V o l d .—According to this suggestion you have these 
aggregates, and if you put them in a flow field they merely 
deform and regain their original shape. Mr. Reich in our 
laboratory has been carrying out some studies on dispersing 
colloidal carbon in water at different levels of mechanical 
agitation, and gets what appears to be quasi-equilibrium 
between some kind of aggregate size and the level of me­
chanical agitation. Thus the effective size of the aggre­
gates may well depend on the velocity gradient induced in 
the system.
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ADSORPTION ON MONOLAYERS. VI. ADSORPTION OF THE ISOMERIC 
HEXANES ON CONDENSED STEARIC ACID MONOLAYERS AND ON CLEAN

WATER SURFACES12
By Kenneth E . Hayes2 and Robert B. Dean3

Contribution from the Department of Chemistry, University of Oregon, Eugene, Oregon 
«  Received July 22, 1952

The adsorption of the isomeric hexanes on condensed stearic acid monolayers (at 8.0 Gibbs) and on clean water surfaces 
has been investigated using the vertical type surface balance described in paper III of this series. On water the adsorption 
follows type III isotherms, the amount adsorbed at any one partial pressure being greatest for n-hexane and decreasing in 
the order of the bailing points. On the condensed monolayers the adsorption follows type V isotherms. At low pressures 
the adsorption is independent of the nature of the hexane, while at high pressures, where the isotherms level off, the amount 
adsorbed appears to depend on the ability of the molecules to pack into a well ordered monolayer. The heats of adsorption 
on clean water are not significantly different from the heats of vaporization of the respective hexanes. On the monolayers 
the heats of adsorotion increase with increasing adsorption, approaching the heat of vaporization asymptotically. The 
results are found to be incompatible with the BI3T theory.

I t  w a s fo u n d  b y  D e a n  an d  M c B a in 7 th a t  m a n y  
organ ic v a p o rs  w ou ld  cause an  increase in  th e  area  
o f so d iu m  stearate  m on o la yers  w h ich  w ere h eld  a t  
c o n sta n t surface pressure. V a p o rs  o f liq u id s, w h ich  
h a v e  a  spreadin g  pressure greater th a n  th e  surface  
pressure o f th e m o n o la y er , w o u ld  be ex p ected  to  
disp lace th e  m o n o la y e r  an d  th u s  increase th e  to ta l  
film  area. I t  w as observ ed  h ow ever th a t  v a p o rs  o f 
so m e liq u id s h a v in g  a  low er sp rea d in g  pressure  
w o u ld  a lso  cause ex p an sion . T h is  in d ic a tes  th a t  
th e  v a p o rs  are ad sorb ed  b y , an d  fo rm  m ix e d  film s  
w ith , th e  stearic acid  m o n o la yer . A  se m i-q u a n ti­
ta t iv e  in v e stig a tio n  o f th is  p h e n om en o n  w a s m ad e  
b y  D e a n  an d  L i8 w h o , u sin g  a sim p lified  fo r m  o f th e  
G ib b s ’ a d sorp tion  eq u a tio n , ca lcu lated  th e  a m o u n t  
o f certain  selected  organ ic v a p o rs  on  stearic  acid  
m o n o la y ers , at v a rio u s con cen tration s o f  th e  
stearic  acid .

M o r e  recen tly , D e a n  an d  H a y e s 4-6  h a v e  in v e sti­
g a ted  th e  s y ste m  stearic acid  -n -h ex an e  a t  2 0  and 3 0 °  
u sin g  m ore  accu rate  ex p erim en ta l te c h n iq u e s ,4 and  
h a v e  calcu lated  th e a d sorp tion  isoth erm s fo r  n -h e x -  
an c, u sin g  th e c om p lete  fo rm  o f th e  G ib b s  eq u a tion .

In  th is w a y  it m a y  be sh ow n 5 th a t  th e  a m o u n t o f 
v a p o r  a d sorb ed , T j, is g iven  b y

-  [ © )  -  * ( £ ) ]
w h ere th e  su b scrip t 1 refers to  h exan e an d  2 to  
stearic  acid , -k is th e  su rface pressure a n d  P  th e  
relative  partia l pressure o f th e  h exan e . K o e n ig 9

(1 ) P re se n te d  b e fo r e  th e  tw e n ty -s ix t h  N a t io n a l  C o l lo id  S y m p o s iu m  
w h ich  w a s h e ld  u n d e r  th e  a u sp ice s  o f  th e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e le s , C a lifo rn ia , J u n e  1 6 -  
18, 1952.

(2 ) T h is  w o rk  w a s  s u p p o r t e d  in  p a r t  b y  a  g r a n t  fr o m  th e  F r e d e r ic k  
G a rd n e r  C o t t r e l l  F u n d  o f  th e  R e s e a rc h  C o r p o r a t io n , a n d  in  p a r t  b y  
a  g r a n t  fr o m  th e  U . S. In s t it u t e  o f  P u b lic  H e a lth . T h is  w o rk , t o ­
g e th e r  w ith  th e  c o n te n ts  o f  p a p e rs  I I I ,  I V  a n d  V 4“ 6 in  th is  ser ies  is 
r e p o r t e d  m o r e  e x t e n s iv e ly  in  t h e  P h .D .  th e s is  o f  K . E . H a y e s , O re g o n , 
Ju n e , 1952 . N o w  D e p a r t m e n t  o f  C h e m is tr y , U n iv e r s it y  o f  P r in c e ­
to n , N e w  J e rse y .

(3 ) C h e m ic a l  D iv is io n ,  T h e  B o r d e n  C o . ,  B a in b r id g e , N . Y .
(4 ) R .  B . D e a n  a n d  K .  E .  H a y e s , J. Am. Chem. Soc., 73, 5 5 8 3  

(1 9 5 1 ).
(5 ) R .  B . D e a n  a n c  K . E . H a y e s , i b i d . ,  73, 5 58 4  (1 9 5 1 ).
(6 ) R .  B . D e a n  a n d  K . E . H a y e s , i b i d . ,  7 4 , 5 98 2  (1 9 5 2 ) .
(7 )  R ,  B . D e a n  a n d  J . W .  M c B a in ,  J. Colloid Sci., 2, 383  (1 9 4 7 ).
(8 ) R .  B . D e a n  a n d  F a -S i  L i, J . Am. Chem. Soc., 7 2 , 3 9 7 9  (1 9 5 0 ).
(9 ) F . O . K o e n ig ,  “ C o m p u ta t io n  o f  S u r fa c e  C o n c e n tr a t io n s  fr o m  

S u r fa ce  T e n s io n  D a t a , ”  A c a d e m ic  P ress , I n c . ,  N e w  Y o r k ,  N . Y . ,  in 
p r in t .

h as sh ow n  h o w  to  c o m p u te  dm/OP fro m  sp read in g  
pressures.

F r o m  th e  d a ta  a t 2 0  an d  3 0 °  it  w as p o ssib le  to  
c o m p u te  th e  isostcric  h ea ts  o f a d so rp tio n  o f n -  
h exan e on stearic  acid  m o n o la y ers  a t  2 5 °  a n d  to  
assign  p ro b a b le  stru ctu res to  th e  m ixed  film s. A t  
low  stearic  acid  con cen tration s it  a p p ears th a t  
h exan e d isso lv es in  th e h y d ro c a rb o n  ch ain s o f th e  
m o n o la y e r  to  fo rm  “ D u p le x ”  film s. H o w e v e r , a t
8 .0  G ib b s , 8  X  1 0 - l ° m o le s /c m .2, 10 w h ere th e  stearic  
acid  m olecu les in  th e  m o n o la y e r  are close p a c k e d , 
th ere is v e r y  little  roo m  fo r .h e xa n e  to  p e n etra te  b e ­
tw een  th e  ch ain s. n -H e x a n e  is  a d sorb ed  on  th e  
to p  o f th e stearic  acid  m o n o la y er , as a  secon d  
m o n o la y e r  w ith  its  m olecu les o rien ted  a lm o st  v e r ­
tica lly .

T h is  in v e stig a tio n  o f th e  a d sorp tion  o f th e  iso ­
m eric  h exan es on  closed p a ck e d  stearic  a cid  m o n o -  
la yers an d  on clean  w a ter  su rfaces, w as u n d ertak en  
w ith  a  v ie w  to  su b sta n tia tin g  th e  p o stu la ted  stru c ­
tu res ascrib ed  to  th e m ixed  m on o la yers.

E x p e rim en ta l
Materials.—Benzene was Baker and Adamson “ B and A”  

quality free from thiophene and was twice distilled, the 
fraction boiling between 79.5 and 80° being collected. The 
hexanes were all Phillips Petroleum Company 99% grade. 
They were all twice distilled just, before use, that fraction 
boiling within one half of one degree of the boiling point as 
given in National Bureau of Standard tables being collected. 
The hexanes and benzene were tested and found to be free 
from surface active impurities.

Stearic acid was from Armour and Company and was a 
sample from the same lot used by Ralston11 in his investiga­
tions, it was recrystallized from ethanol, m.p. 69.4°. Ben­
zene solutions of stearic acid were prepared by weighing 
the stearic acid and dissolving in the redistilled benzene 
in a volumetric flask. The concentrations used were 0.0004 
and 0.00072 M.

Phosphoric acid solutions (0.01 N) were prepared from 
Baker and Adamson Reagent Grade phosphoric acid and this 
was used as the liquid phase throughout the entire investi­
gation.

Apparatus and Methods.—The apparatus and technique 
are described in detail elsewhere.4

R e s u lts

F igu re  1 sh ow s th e  resu lts o f p artia l p r e s s u r e -  
su rface pressure d a ta  for ?t-hexane on  stearic  acid  
m o n o la y ers  a t r 2 =  8 .0 0  an d  r 2 =  0 .0 0  G ib b s , 
th a t  is , on  close p a ck e d  m o n o la y ers  an d  on  clean

(1 0 )  R .  B . D e a n , T h i s  J o u r n a l , 5 5 , 611  (1 9 5 1 ).
(1 1 )  A . W . R a ls t o n , J. Org. Chem., 7, 5 4 6  (1 9 4 2 ).
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w ater. T h ese  cu rves arc ty p ic a l o f th e b eh a vior  o f 
all o f th e  h exan es, th e d a ta  fo r  th e oth er  h y d ro c a r ­
b on s b ein g  o m itte d  fo r  th e sak e e f  c larity .

P A R T IA L  P R E S S U R E  ( mm. H g ).

Fig. 1.—Surface pressure-relative pressure curves for n- 
hexane on clean water surfaces and on condensed stearic acid 
monolayers at 20 and 30°.

F r o m  th ese  cu rves v a lu e s o f th e  fu n c tio n  bir/bP  
Avere o b ta in e d , w h ich  Avere th en  in serted  in to  a  
sim p lified  fo rm  o f e q u a tio n  1, n a m e ly

and v a lu e s o f Pi ca lcu lated .
T h e  secon d  te rm  in  e q u a tio n  1, T ^ d ^ / d P )  is o b ­

v io u s ly  e q u a l to  zero Avhen r 2 =  0 .0 0  G ib b s , i.e., 
fo r  th e  a d so rp tio n  on  clean  tvater, an d  e q u a tio n  2  
is  th en  th e  sa m e as th a t  u sed  b y  M ic h e li12 a n d  C a s -  
sel a n d  F o rm ste c h e r 13 in  th eir  in v e stig a tio n s  o f th e  
ad sorp tion  o f in solu b le  v a p o rs  on  Avater surfaces.

I t  is in terestin g  to  n ote  th a t  th e  x - P  d a ta  for th e  
a d so rp tio n  o f th e  isom eric  h ex an es on w a ter , m a y  
b e fitted  to  a  d egen erate  cu b ic  eq u a tio n

7T = aP +  bP3
fro m  Avhich v a lu e s o f  Ih m a y  b e  o b ta in ed  a n a ly ti­
ca lly . V a lu e s  o f  o b ta in e d  in  th is  w a y  are in  good  
a g reem e n t w ith  th e  v a lu e s  o b ta in e d  b y  g ra p h ic a l  
d ifferen tiation  o f th e  ir -P  cu rves.

It was shown in paper IV of this series5 for n- 
hexane on stearic acid, that b/xz/bP is zero or neg­
ligible for monolayers of stearic acid at 8.0 Gibbs, 
and Ave have tacitly assumed that b/x^/bP is also 
negligible for stearic acid monolayers at 8.0 Gibbs

(1 2 ) L . I .  A .  r .I ioh e li, Phil. Mag., 3, 8 9 5  (1 9 2 7 ).
(1 3 ) H . M .  C a sse l a n d  M . F o r m s te c h e r , Kolloid-Z., 6 1 , 18 (1 9 3 2 ).

in  th e  presen ce o f th e  oth er h exan es. I t  is p ro b a b le  
th a t  th is  a ssu m p tio n  is v e r y  n ear th e  tru th . 2 ,2 -  
D im e th y lb u ta n e  d o es n o t a p p ear, a t  first s ig h t, to  
b elo n g  to  th e  sa m e series as th e  o th er  h exan es (F ig .
3 ) ,  it  w a s th o u g h t  th a t  th e  a n o m a lo u s b eh a v io r  o f 
th is  h y d ro c a rb o n  m ig h t b e  ascrib ed  to  a  d ifferent  
stan d a rd  s ta te .5 E x p e rim e n ts  AA’ere m a d e  hoAv- 
ev er , Avhich sh oiv  th a t  th e  sp rea d in g  pressure of 
stearic  acid  u n d er 2 ,2 -d im e th y lb u ta n e  v a p o rs  a t  
3 0 °  fo llow s th e  sa m e p a tte rn  as n -h e x a n e .6

T y p ic a l ad sorp tion  isoth erm s fo r  th e  isom eric  
h exan es on clean  w a ter  su rfaces are shoAvn on F ig . 2  
a n d  on  con d en sed  m o n o la y e rs  in  F ig . 3 . T h e  c o m ­
p lete  resu lts are ta b u la te d  in  T a b le s  I  an d  I I .

Fig. 2.—Typical adsorption isotherms for the isomeric 
hexanes on clean water surfaces at 20 and 30°. (The curves 
shown are for: 1, n-hexane; 2, 2,2-dimethylbutane. The 
other hexanes fit between these two extremes in the same 
order as their respective boiling points.)

Fig. 3.—Adsorption isotherms for the isomeric hexanes on 
condensed stearic acid monolayers at 20 and 30°: 1, n-
hexane; 2, 3-methylpentane; 3, 2-methylpentane; 4, 2,3- 
dimethylbutane; 5, 2,2-dimethylbutane.

T h e  su rface pressure d a ta  are b elieved  to  be a c ­
cu rate  to  b e tte r  th a n  ± 0 . 0 5  d y n e  p er cm . a n d  th a t  
rela tiv e  p artia l pressure m ea su re m e n ts  to  a b o u t  
±  0 .0 0 5 . B y  a ssu m in g  m a x im u m  errors in  th e  t - P  
cu rves it  w a s possib le  to  ascribe con fiden ce lim its  
to  th e  ad sorp tion  isoth erm s. W e  are con fid en t  
th a t  th e  rep orted  v a lu e s o f are accu rate  to  b ette r  
th a n  5 % .

H e a ts  o f a d sorp tion  fo r  th e  s y ste m s  stu d ied  Avere 
calcu lated  u sin g  th e  C la u s iu s -C la p e y r o n  eq u a tio n .
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T abi-e l
A d s o r p t i o n  o f  t h e  I s o m e r i c  H e x a n e s  o n  C l e a n  W a t e r  

S u r f a c e s , a t  20 a n d  30° R e p o r t e d  a s  P a r a m e t e r s  i n  t h e  

G e n e r a l  E q u a t i o n  

P, = aP +  bP3
Confidence limits cn a are approximately ±0.05. Confi­

dence limits on b are approximately ±0.25.
2 0 °  3 0 °

a b a b
«-Hexane 0.42 8.38 0.63 7.15
3-Methylpentane .53 12.64 .29 13.46
2-Methylpentane .30 12.42 .29 13.08
2-3-DimethyIbutane .94 11.18 .78 13.11
2-2-DimethyIbutanc .96 15.52 .98 15.39

T a b l e  I I

V a l u e s  o f  F i , i n  G i b b s , f o r  t h e  A d s o r p t i o n  o f  t h e  

I s o m e r i c  H e x a n e s  o n  C o n d e n s e d  S t e a r i c  A c i d  M o n o -  

l a y e r s  ( r ,  = 8 G.), I n t e r p o l a t e d  t o  I n t e g r a l  V a l u e s  o f  

t h e  R e l a t i v e  P a r t i a l  P r e s s u r e

I, ra-hexane; II, 3-methylpentane; III, 2-methylpentane; 
IV, 2,3-dimethylbutane; V, 2,2-dimethylbutane

p 1 II in IV V
A. At 30°

0.1 0.36 0.32 0.42 0,56 0.21
.2 0.73 0.96 1 .09 1.36 0.88
.3 1.32 1.92 2. 19 2.75 2.22
.4 2. 11 3.06 3.67 4.61 4.28
. 5 3.02 5.45 6.20 5.21 5.90
.6 4.23 7.25 6.66 5. 15 6.44
. i 6. 12 7.44 6.72 5.21 6.92
.8 7.88 7.29 6.60 1.95 7.20
.9 8.0(1 7.24 6.53 4.75 7.50

B. At, 20°
0. 1 0.24 O 28 0.33 0 40 0.26

.2 0.63 0.85 1 .06 1.17 0.87

.3 1 .16 1 .82 2.41 2.72 1 .83

.4 2.06 3.14 4. 18 4.77 3. 14

.5 3.21 5.41 5.44 5.48 4.21

.6 4.70 6.71 6.24 4.67 5.09
7 6.69 6 46 5.00 1.67 5.63

.8 7.40 6.42 5.58 4.97 6.00

.9 7.25 5.50 5.85 5.11 6.26

A s  th e isoth erm s fo r  th e  isom eric  hexan es on stearic  
acid  a t  P2 =  8 .0  G ib b s  are, w ith in  th e lim its  o f the  
ex p erim en ta l d a ta , id en tica l on  th e risin g p a rt o f 
th e  cu rves (excep t 2 ,2 -d im e th y lb u ta n e ) it  fo llow s  
th a t  th e  h ea ts  o f  a d sorp tion  m u st also be id en tical. 
T h ese  h ea ts  are low , 4 .0  k ca l. a t lo w  ad sorp tion  an d  
a p p roa ch  a  v a lu e  o f 7 .5  ±  0 .8  kcal. a sy m p to tic a lly  
as ad sorp tion  proceed s. T h is  v a lu e  is n o t  in con ­
sisten t w ith  th e  sta te m e n t th a t  th e h ea ts  o f a d sorp ­
tio n  ap p roa ch  th e h ea ts  o f v a p o riz a tio n  o f th e  re­
sp e c tiv e  h exan es as th e a m o u n t a d so rb ed  increases  
to  its  m a x im u m  v a lu e . I t  is p ro b a b le  th a t  m ore  re­
fined ex p erim en ta l tech n iq u es w o u ld  en ab le  th e  I V  
P  cu rves fo r  th ese  h exan es to  b e  sep arated  b y  an  
a m o u n t sufficient to  p ro v e  th e  tru th  o f th is  s ta te ­
m en t.

H e a ts  o f ad sorp tion  fo r  th e  isom eric  h exan es on  
clean  w a ter  su rfaces are n o t  sign ifica n tly  d ifferen t  
fr o m  th e  h ea ts  o f  v a p o riz a tio n  o f th e  resp ectiv e  h ex­
anes.

D is c u s s io n

T h e  su rface o f pure w a ter  m a y  be considered as a  
‘ ‘s o f t ''  su rfa ce , m ea n in g  that th e a ctu a l tran sition

la ye r  is diffuse to  a d e p th  of 2 - 3  A. A  h exan e  
m olecu le , on bein g  ad sorb ed  a t  a  p u re w ater su r­
face , b ecom es im b e d d e d  in  a  so ft  m a tr ix  o f w a ter  
m olecu les w h ich  su rrou n d it  on  all sides ex cep t th e  
to p . T h e  a ttra c tiv e  forces b etw een  a  w a ter  m o le ­
cule a n d  a  h exan e m olecu le  w ou ld  b e  ex p e cte d  to  be  
o f th e  sa m e order of m a g n itu d e  as th ose  b etw een  
tw o  h exan e m olecu les. T h e  h ea t o f a d so rp tio n  of 
h exan e on  w a ter  sh ou ld  th erefore n o t differ g re a tly  
fro m  th e  h ea t o f v a p o riz a tio n  of liq u id  h exan e .

F u rth e r  ev id en ce  th a t  th e h exan e m olecu les are  
im b e d d e d  to  a  d e p th  o f 1 - 2  A . ,  is th a t  2 ,2 -d im e th y l­
b u ta n e  fits in  w ith  th is  p o stu la ted  b eh a vior  v e ry  
w ell, an d  th a t  th e  isoth erm s fo r  th is  c o m p o u n d  on  
clean  w a ter  sh ow  n o  d e via tio n s fro m  th e  ty p ic a l b e ­
h a v io r  o f th e  oth er  hexan es. 2 ,2 -D im e th y lb u ta n e  
is d ifferen t fro m  th e  oth er h exan es in  th a t  i t  is im ­
possib le  to  co n stru c t a  m o d el su ch  th a t  it  w ill sit  
w ith  all o f its  carb on  a to m s  on  a  su rface . I f  th e  
h exan e m olecu les on b ein g  a d sorb ed  w ere to  sit  on  
th e to p  o f th e w a ter  w ith o u t p e n etra tio n , w e  w o u ld  
ex p e ct th e  h ea t o f a d sorp tion  fo r  2 ,2 -d im e th y lb u ­
ta n e  to  sta r t o u t  a t  a  v a lu e  o f a b o u t fiv e -s ix th s  o f  
th a t  o f « .-hexan e a n d  in crease to  th e  h e a t  o f  v a p o r i­
za tio n  as th e a m o u n t a d sorb ed  increases.

T h is  is  in d eed  th e  case fo r  th e  a d so rp tio n  iso ­
th erm s o f th e  isom eric  h exan es on  a  stearic  acid  
m o n o la y e r  a t  a  con cen tration  o f 8 .0  G ib b s . H ere  
w e h a v e  ty p e  V  iso th erm s w h ich  are a p p ro x im a te ly  
in d ep en d en t o f c o m p o sitio n  for fo u r  of th e  five  h ex ­
anes, a t  least a t  low er pressures. A  con d en sed  
stearic acid  m o n o la y e r  m a y  b e  con sidered  as a  
“ h a r d ”  su rface , in  th a t  it  is v ir tu a lly  im p o ssib le  fo r  
a h exan e m o lecu le , on  ad sorp tion , to  p e n etra te  in to  
th e  su rface in  th e  sa m e w a y  as w ith  w ater. W e  
can  th erefore  s a y  th a t  th e  a d sorb ed  m olecu les  are  
a ctu a lly  s ittin g  on  th e  to p  o f th e h yd ro c a rb o n  ch ain s  
in  th is  case. A s  th e  first m olecu les are ad sorb ed  
th e y  w ill a lign  th em selv es  so as to  p resen t a  sy ste m  
w ith  th e  lo w e st p o ssib le  en e rg y , i.e., w ith  all six  
carb on  a to m s  in  c o n ta c t  w ith  th e  su rface . A s  th e  
pressure is in creased  an d  th e a m o u n t ad sorb ed  in ­
creases th ere w ill c om e a  t im e  w h en  it  is n o  lon ger  
possib le  fo r  all o f th e  a d sorb ed  m olecu les to  lie flat, 
an d  one o f tw o  th in g s w ill h ap p en . E ith e r  m u lt i -  
m olecu la r  a d so rp tio n  w ill s ta r t, or else th e  ad sorb ed  
m olecu les s ta r t  to  reorien t th em selv es  in to  a  v e r ti ­
cal p o sitio n . O u r d a ta  fa v o r  th e  la tte r  b elie f, an d , 
w ith in  th e  a cc u ra c y  o f th e  d a ta , a d sorp tion  seem s to  
cease w ith  th e  co m p letio n  o f a  so m e w h a t tilte d  
m o n o la y er . T h e  h eigh ts o f th e  a d sorb ed  la yers  
h a v e  been  ca lcu lated  on  th e  a ssu m p tio n  th a t  th e  
d e n sity  o f th e h exan e in  th e  film  is n ot v e ry  d if­
fe ren t fro m  th e  d e n sity  o f liq u id  h exan e , a n d  th e  
calcu lated  h e ig h ts  agree fa ir ly  w ell w ith  th e  p o s tu ­
la te  o f  a tilte d  m o n o la y er .

A s  w e  h a v e  a lread y  m en tio n ed  2 ,2 -d im e th y lb u ­
ta n e  d o es n o t  sh ow  th e  sa m e b eh a v io r  as th e  o th er  
h exan es. H o w e v e r , as th is  c o m p o u n d  can  o n ly  
h a v e  a  m a x im u m  of five carb on  a to m s  in  th e  su r­
fa ce , an d  as th e  a m o u n t ad sorb ed  d e p e n d s on  th e  
n u m b e r  o f con ta c ts  b etw een  th e  a d so rb en t a n d  th e  
a d so rb a te  i t  is  n o t  su rprisin g  th a t  th e  in itia l  
a m o u n ts  a d sorb ed  a t  low er pressures sh ou ld  b e  less  
th a n  fo r  th e  oth er  h exan es. T h e  c o n ce n tration  a t  
w h ich  th e  isoth erm  for 2 ,2 -d im e th y lb u ta n e  leve ls
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off does n o t  correspon d to  a tilted  m o n o la y er  b u t  
rather to  a  layer a lm o st  tw o  m olecu les th ic k . 2 ,2 -  
I lim e th y lb u ta n e  is a  p e ar-sh a p e d  m olecu le , and  the  
upper h a lf o f a  m o n o la y e r  o f th is  h yd ro carb on  is full 
of holes, w hich m a y  be filled b y  a second layer of 
m olecu les in v e rte d  o ver th e  first.

W e  h a v e  been u n ab le  to  fit our d a ta  to  th e  B K T  
eq u a tion s fo r  ty p e  I I I  or ty p e  V  isoth erm s. T h e  
occurrence o f ty p e  V  isoth erm s on flat su rfaces is 
in con sisten t w ith  th e p o stu la te  o f the B E T  th eo ry . 
In  th a t  th e o ry  fla t -to p p e d  ty p e  I V  or ty p e  V  iso ­
th erm s are b elieved  to  occu r w h en  sorp tion  is l im ­
ited to  th e filling of pores. T h is  is o b v io u s ly  n ot  
th e  case in our ex p e rim en ts  and  c au tion  sh ou ld  be  
exercised in d ed u cin g  p ore size fro m  oth er ty p e  V  
isoth erm s on solid  ad sorb en ts.

Summary
T h is  in v e stig a tio n  h as sh ow n  th a t  h exan e vap o rs  

are a d sorb ed  b y  stearic  acid  m on o la yers  w ith  th e  
fo rm a tio n  o f liq u id -ex p a n d ed  an d  in te rm e d iate  
film s.

A d sorp tion  proceed s b ey o n d  a  m o n o la y e r  on th e  
liq u id -exp an d ed  film s, b u t appears to  reach a  lim it ­
ing v a lu e , correspon din g  to  a tilted  m o n o la y e r , on  
con d en sed  stearic acid  m o n o la y ers .

A d so rp tio n  of th e  isom eric h exan es on clean  w a ­
ter surfaces fo llow s ty p e  I I I  iso th erm s, a n d  in all 
cases proceed s b e y o n d  the fo rm a tio n  o f a m o n o ­
layer. T h e  a d sorp tion  o f a n y  isom er a t  a  g iv en  
p a rtia l pressure is greater th e  h igh er th e  b oilin g  
p o in t o f th e  isom er.

T h e  h eats o f •adsorption a p p roa ch  th e h ea ts  o f  
v ap o rization  o f th e  resp e c tiv e  h exan es a t  h igh  v a l ­
ues o f th e  su rface con cen tration  o f h exane.

D I S C U S S I O N

A non .—If you are going to try to put six of these groups 
from your isomeric hexanes on a flat surface, it will cost 
you about 2 or 3 kcal. for turning those carbon atoms in the 
adverse position, i.e., putting them in the same plane, be­
cause of hindred rotation around those single bonds.

K. E. H a y e s . (Communicated) .—It is not necessary that 
the hexane molecules be pulled flat to withino0.1 A. If the
carbon atoms are planar within about 1 A. the hexane

molecule will be sufficiently flat for all of the carbon atoms 
to he in the surfaite, because of the slight penetration into 
the surface by the adsorbed molecules.

C on w av  P ierce .— I ,  would like to ask about this negative 
heat of adsorption. To what extent of surface coverage 
does this extend?

K. l'b IIa y e s .— T he heat of adsorption reaches a value 
which is not significantly different from the heat of vaporiza­
tion when the surface concentration of hexane corresponds 
to a complete monolayer of hexane, lying flat on the sur­
face.

C o nw ay  P ierce .—It seems to me that you are dealing 
with a system similar to a protein-water system, namely, a 
swelling system. You have your stearic acid monolayer, 
the hexane chains become intermixed with the hydrocarbon 
chains of the monolayer, and we certainly know that we 
have negative heats of adsorption in the swelling systems, 
because of the tremendous increase in entropy as we go 
from the bulk liquid to the adsorbed phase. I do not know 
to date of any system of physical adsorption on a rigid 
system (i.e., non-swelling) in which we have a negative 
heat of adsorption. Now when we are talking about 
swelling systems, these Brunauer type V isotherms cease 
to have any meaning.

F. F o w k e s .—I heard a paper at the. Buffalo meeting by 
Dr. Bartell and one of his students; he talked on contact, 
angles of water on silver in the presence of a little benzene 
vapor. At this point I began to worry about your “Wil- 
helmy”  method with the platinum slide and all of the hexane 
vapor. Is there any way of checking to make sure that 
the high pressures you measure do not have any contribu­
tion from a lowered contact angle of the water on the plati­
num slide.

K. E. H a y e s .—Only by visual examination. We realize 
that the “Wilhelmy”  method has its limitations. As long 
as the slide is moving upwards the contact angles appear 
to be either zero or very small. We cannot of course study 
the desorption isotherms by our method because of this 
limitation.

M alcolm D ole .— D o you really mean negative heats of 
adsorption?

K . 111. H ayes .-—No. The heat of adsorption starts at 
about 4 kcal. and approaches the heat of vaporization 
asymptotically.

M alcolm D ole . - D o you mean heat is adsorbed or 
liberated?

K. E. H a ye s .— Liberated when the vapor is adsorbed. 
The values less than the heat of vaporization correspond 
to adsorption of heat when hexane is transferred from bulk 
liquid to the surface.
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By measuring the adsorption isotherms of krypton and argon on 3 mm. glass spheres, it has been possible to show the 
existence of heterogeneity on the glass spheres in a semi-quantitative manner. The sites which are most difficult to clean 
by evacuation at 300° are also most active for physical adsorption. As the number of high activity sites increases, the sur­
face, if left undisturbed at room temperature, appears to rearrange itself without change in the total number of adsorption 
sites but with a change in the activity distribution. This is viewed as a concrete evidence for the active center theory. 
Beyond the monolayer, the adsorption behavior approaches that of a uniform surface, thus partly accounting for the ap­
plicability of the BET equation even though a surface be heterogeneous.

Introduction
T h e  n o w  w ell k n o w n  B E T  e q u a tio n 2 w as d erived  

on  th e  b asis  of a  h om o gen eou s su rface , b u t  it  is 
w id ely  u sed  fo r  surface m ea su rem en ts  w here th e  
su rface is s tro n g ly  su sp ected  to  b e  h eterogen eou s, 
a n d  w ith  reason ab le  success. T h e  ex p erim en ta l 
evid en ce  regardin g  surface h eterog en eity  presen ted  
b y  T a y lo r  a n d  L ia n g 3 w as ch allen ged  b y  b o th  
B e e c k  an d  R id e a l a n d  th eir  c o -w o rk ers .4 W h ile  
th e  a rg u m e n t h as b een  fu rth er elu cid ated  b y  H a l ­
se y 6 an d  m ore  recen tly  b y  S a stri a n d  R a m a n a th a n 6 
it  a p p ears desirable if so m e in d ep en d en t ev id en ce of 
th e  ex isten ce o f h eterog en e ity  can  be o b tain ed . 
S u c h  is th e  p u rpose o f th e  p resen t w o r k .7

In  ch oosin g  th e  s y ste m  to  b e  stu d ied , th e  inert  
gases on  3  m m . g lass sph eres8 w a s selected  fo r  s e v ­
eral reasons. T h e  m an n er in  w h ich  th e  m o n a to m ic  
g as m olecu les can  rea ct is e x tre m e ly  lim ited . S ince  
th e  c om m ercia l g lass b ea d s are n o t p orou s an d  a p ­
pear to  be rath er sm o o th , th e  p ossibilities o f cap il­
la ry  con d en sation  an d  diffu sion  are m in im ized . 
T h e  d a ta  ob ta in ed  m a y  th u s  b e  tre ated  w ith  c o n ­
fidence as du e o n ly  to  p h y sica l ad sorp tion . G lass  
also  offers th e  a d v a n ta g e  o f h a v in g  a  surface ex ­
p e cte d  to  b e  heterogen eou s.

In  th e p resen t s tu d y , th e low  coverage region lias  
been  em p h a sized  becau se we b elieve o n ly  in  such a  
w a y  th e sp ecific ity  o f a d sorp tion  sites can  be ex ­
posed . A t  coverages a b o ve  th e  m o n o la y er , th e  sur­
face b ecom es essen tia lly  h om ogen eou s.

A n  e x am in ation  o f th e  literatu re reveals th a t  a c ­
cu rate d a ta  a t  lo w  coverages are rare. T h is  m a y  
b e d u e  in  p a rt to  th e  ex p erim en ta l difficulties in ­
v o lv e d . F o r  e x a m p le , in  a  sm a ll pressure o f th e  
a d sorb ate  ( 1 0 ~ 2- 1 0 ~ 3 m m .) , w e h a v e  fo u n d  th a t  a  
w a itin g  period  o f 5 0 -1 0 0  h ou rs is n ecessary  if  th e

(1 ) P r e s e n te d  b e fo r e  th e  t w e n ty -s ix t h  N a t io n a l  C o l lo id  S y m p o s iu m  
w h ic h  w a s  h e ld  u n d e r  t h e  a u s p ice s  o f  th e  D iv is io n  o f  C o l l o id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e le s , C a lifo rn ia , J u n e  1 6 -  
18, 1952 .

(2 )  S . B ru n a u e r , F . H .  E m m e t t  a n d  E . T e l le r ,  Am. Chem. Soc., 
6 0 , 3 0 9  (1 9 3 8 ) . N o  a t t e m p t  is  m a d e  h e re  t o  d is cu ss  th e  so u n d n e s s  o f  
th e  B E T  e q u a t io n  a s  th is  h a s  b e e n  d o n e  b y  m a n y  a u th o r s  e lsew h ere .

(3 ) FI. S . T a y lo r  a n d  S . C . L ia n g , ibid., 69 , 1306 , 2 98 9  (1 9 4 7 ) .
(4 ) (a )  O . B e e c k , A . W . R i t c h ie  a n d  A . W h e e le r , J. Colloid Sci., 3 ,

5 0 5  (1 9 4 8 ) ;  (b )  E . K . R id e a l  a n d  B . M .  W . T r a p n e ll ,  Discussions
Faraday Soc., N o .  8 , 114 (1 9 5 0 ).

(5 )  G . D .  H a ls e y , J r ., T h i s  J o u r n a l , 5 5 , 21 (1 9 5 1 ) .  *
(6 )  M .  Y . C .  S a s tr i a n d  K . V . R a m a n a th a n , ibid., 56 , 2 2 0  (1 9 5 2 ).
(7 ) I n  a  v e r y  r e c e n t  p a p e r , p u b lis h e d  s in c e  th is  w o r k  w a s  f in ish e d , 

D r a in  a n d  M o r r is o n  ( Trans. Faraday Soc., 4 8 , 3 1 6  (1 9 5 2 ) )  g a v e  fu r th e r  
e v id e n c e  o f  su r fa ce  h e t e r o g e n e ity .

(8 ) T h e  o n ly  o th e r  a d s o r p t io n  s t u d y  on  g la ss  sp h e re s  k n o w n  t o  th e  
w r ite r  is t h a t  d u e  t o  R .  T .  D a v is  a n d  T . W . D e W it t  ( J .  Am. Chem. 
Soc., 7 0 , 1135  (1 9481 ) w h e re  th e  e x p e r im e n ta l  c o n d it io n s  are  s o  d if ­
fe r e n t  th a t  a  c o m p a r is o n  w ith  th e  p re se n t  w o rk  is n o t  p o ss ib le .

first measurement is to represent true equilibrium. 
When the sample was precooled in a higher pressure 
of helium to the working temperature, the waiting 
period was shortened considerably; but the traces 
of impurities (less than 0.1%) in the lielium were 
sufficient to cover the most active sites, rendering 
the data useless. Great care was exercised in ob­
taining the results presented in the following for a 
semi-quantitative interpretation.

Experimental
Apparatus.—The apparatus was modeled after that of 

Wooten and Brown9 using a 200-cc. bulb and 1.4 mm. capil­
lary McLeod gage. The total geometrical space of the sys­
tem was about 400 cc. The pressure could be measured at 
10~3 mm. with 5% accuracy and at 1 0 mm.  with 10%. 
Beyond 10~4 mm. the accuracy was too low for the measure­
ments to have any significance. Since each run took 5-7 
days, a methane regulator was used to keep the liquid ni­
trogen bath level constant within 3 mm. for the entire pe­
riod. The temperature was followed with an oxygen vapor 
pressure thermometer. It was sufficiently constant ( ±  
0.05°K.) even though atmospheric pressure changes were 
large ( ± 2 0  mm.).

Adsorbent.—Commercial 3 mm. glass spheres of Kimble 
glass were used. One hundred beads were measured indi­
vidually with calipers accurate to 0.1 mm. An average di­
ameter of 3.2 mm. was obtained and used for the calcula­
tion of the apparent surface area. Five hundred beads 
were weighed in 50 portions and the average weight of 4.55 
g. per 100 beads was obtained. The total sample weighed 
249.8 g. representing an apparent total area of 1767 cm.2. 
The adsorption chamber was made of 47.8 mm. i.d. Pyrex 
glass tubing and had a total wall area of about 170 cm.2, 
thus giving a total adsorbing area of about 1940 cm.2.

Gases.—The krypton and argon were Linde Air products, 
spectroscopically pure grade. They were used without 
further treatment.

Procedure.—The glass sphere sample was introduced into 
the adsorption chamber with no treatment of any kind. 
After sealing to the system, it was warmed to 300° and 
evacuated continuously at this temperature for 90 hours. 
It was then cooled and used for the study.

The standard procedure used in this study was that, after 
the sample was evacuated and allowed to attain the room 
temperature, a portion of gas was admitted, the cold bath 
put on and the system allowed to attain equilibrium. Nor­
mally, since physical adsorption is a fast process, an in­
vestigator when taking two readings some 10-20 minutes 
apart and finding the difference within experimental error, 
considers the reading a true equilibrium value. It was 
found during this study, however, that a reading so ob­
tained could be quite misleading. In Fig. 1 are shown some 
typical rate of adsorption data where the ‘ 'normalized” 10 
pressure is plotted against time. It can be seen that at 
least some 50 hours is required for the first equilibrium 
value. While other possibilities cannot be definitely ex­

(9 )  L . A . W o o t e n  a n d  C . B ro w n , J. Am. Chem. Soc., 6 5 ,  113 (1 9 4 3 ) .
(1 0 ) T h e  d a ta  u sed  in  F ig .  1 a re  o b ta in e d  fro m  s e v e ra l ru n s  a t  

v a r io u s  p ressu re  re g io n s . I n  o r d e r  t o  p u t  d iffe re n t  se ts  o f  d a t a  in 
th e  sa m e  g ra p h , th e  p ressu re  is  “ n o r m a liz e d ”  b y  p lo t t in g  lo g  p/po 
w h ere  p is th e  a c tu a l  p re ssu re  a n d  po is  th e  p re ssu re  a t  t im e  =  0.
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eluded, this seems to be due mainly to the cooling of the 
sample from room temperature, because when this equilib­
rium is established, subsequent additions of gas reach 
equilibrium within 15-30 minutes. If, however, the first 
equilibrium is not reached and a pseudo-equilibrium value 
is taken, and such values are also taken in the subsequent 
additions of gas, then an apparent linear portion of Fadsorbed 
vs. p is obtained, leading to an apparent simple Langmuir 
isotherm or “ Henry Region”  as observed and discussed by 
Dreving, Kiselev and Likhacheva.11

TIME IN HOURS.

Fig. 1.—Rate of adsorption of krypton. p0 is the initial 
pressure and p the pressure at time t.

Results
B eca u se  o f th e  lo w  pressure range in  w h ich  the  

s tu d y  w as m a d e , th e  th erm a l tran sp iration  b ecom es  
im p o rta n t. A ll  th e  d a ta  h a v e  b een  corrected  for  
th is effect.

T h e  ad sorp tion  isoth erm s w ere m easu red  a t one  
tem p e ra tu re  (7 7 .6  ±  0 .1 ° K . )  o n ly . B eca u se  the  
su rface w a s ever  ch an gin g , it  w as n ot p ossib le  to  
com p are th e results ob ta in ed  a t  d ifferent te m p e ra ­
tu res an d  th erefore  th e  isosteric  h ea t o f ad sorp tion  
cou ld  n ot b e  calcu lated .

W it h  k r y p to n  tw o  series o f m ea su re m e n ts  w ere  
m a d e . In  series A , b etw een  each  tw o  ru ns, th e  
sa m p le  w a s  w a rm e d  u p  to  3 0 0 °  a n d  e v a c u a te d  a t  
th a t  tem p e ra tu re  fo r  a b o u t 2 4  h ou rs. In  series B ,  
th e  in ter-ru n  e v a c u a tio n  w as co n d u cted  a t  room  
tem p era tu res ( 2 5 ° ) .  W it h  arg on , th e  m ea su re­
m e n ts  w ere m a d e  in  th e  series B  m an n er o n ly .

Krypton.— T h e  m ea su re m e n ts  w ere m a d e  in the  
pressure ran ge 1 0 _4- 0 . 5  m m ., correspon din g  to  
0 .2 -1 .2 5  B E T  m o n o la y er .

Series A.— A fte r  each ev acu a tio n  a t  3 0 0 ° ,  the  
v o lu m e  a d sorb ed  a t  a  fixed pressure increased. 
T h is  w as a cco m p an ie d  b y  a  sim ilar increase of 
B E T  V m.12 I n  seven  ru n s, th e  su rface area  in ­
creased fro m  V m =  0 .0 4 4  cc. S T P  to  0 .0 7 5 . T w o  
runs are sh ow n  in  F ig . 2  as ex am p les . T h e  low er  
p a ir  in d icates  th e  lo w  pressure ran ge a n d  th e  u p p er  
pair th e  h igh er pressure ran ge. T h e  pressure for  
th e  m o n o la y e r  fo rm a tio n  w a s co n sta n t a t  0 .1 1  ±  
0 .0 1  m m .

Series B.— T h e  su rface area ca lcu lated  fro m  six  
runs w as c o n sta n t a t  V m =  0 .0 6 5 -0 .0 7 1  cc. S T P ,  
w ith in  th e a ccu racy  o f th e  B E T  m e th o d . T h e  
pressure a t  w hich  th e m o n o la y e r  w a s com p lete , 
h ow ev er , increased w ith  each  ru n . E x c e p t  in th e

(1 1 ) V . P . D r e v in g ,  A . V . K is e le v  a n d  O . A . L ik h a ch e v a , J. Phys. 
Chem. (U.S.S.R.), 25, 7 1 0  (1 9 5 1 ) .

(1 2 )  O w in g  t o  th e  u n c e r t a in t y  o f  th e  c r o s s -s e c t io n  o f  th e  k r y p t o n  
m o le c u le  (se e  R . A . B e e b e , J . B . B e c k w ith  a n d  J. M .  H o n ig , J. Am; 
Chem. Soc., 6 7 , 1554 (1 9 4 5 ) ) ,  t h r o u g h o u t  th is  p a p e r , th e  s u r fa c e  a rea  
w il l  b e  e x p re sse d  a t  B E T  Vn in s te a d  o f  g e o m e tr ic a l  u n it.

PRESSURE IN M.M.

Fig. 2.—Krypton adsorption isotherms, series A: O, Run 
Mo. 2; □ , Run No. G. For lower pair, use lower abscissa 
scale, for upper pair, use upper scale.

v e r y  low  pressure region , th e resu lts o f fo u r  runs  
sh ow n  in F ig . 3  resem b le th ose  in  F ig . 2  to  a  cer­
ta in  ex ten t. W h e re a s  in  series A  th e d ifference in  
a d sorp tion  a t coverages a b o v e  m o n o la y er  in­
creased, in series B  th e difference a ctu a lly  decreased  
an d  fin a lly  m erged  in to  o n e isoth erm .

0.0 0.1 0.2  0 .3  0 .4  0.5

Fig. 3.—Krypton adsorption isotherms, series B. □ , Run 
No. 1; O, No. 2; # ,  No. 3; ■, No. 4. For lower four curves 
use lower abscissa scale, for upper curves, use upper scale.

Argon.— T h e  argon isoth erm s w ere m easu red  in  
th e  ran ge K W M L O S  m m ., or 0 .0 5 - 0 .2 0  B E T  V m. 
T h e  isoth erm s w ere o b ta in ed  to  su p p le m e n t th e  
k r y p to n  d a ta  in  th e cov erag e  region  V / V m <  0 .2 0 .  
T h e y  d id  n o t o b e y  th e  sim p le  L a n g m u ir  e q u a tion .

In  all cases, a t  coverages less th a n  a  B E T  m o n o -  
la ye r, th e  resu lts w ere fo u n d  to  o b e y  th e  F reu n d lich  
e q u a tion . In  series A , th e  s lop e decreased  w ith  
each  run w hereas in  series B  as w ell as th e  case o f  
argon , th e  slope in creased . T h e  ch an ges are  
sh ow n  in  T a b le  I.

T a b l e  I

S l o p e s  o f  F r e u n d l i c h  I s o t h e r m s  

Series A Series B Argon
Run
No. Slope

Run
No. Slope

Run
No. Slope

1 0 33 i 0 .1 6 i 0 .2 2
4 22 22 o 2 1
0 . 17 5 ,24 3 .2S
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D isc u ss io n

I n  th e  m e th o d  g iv en  b y  H ill , E m m e t t  a n d  J o y ­
n e r 13 fo r  a n a ly z in g  a d sorp tion  d a ta , it  w a s stressed  
b y  th ose  a u th ors  th a t  th e  isoth erm  m ea su re m e n ts  
sh ou ld  b e  ex ten d e d  to  as lo w  cov erag e  as possible. 
T h e  p resen t s tu d y  confirm s su ch  a  n ecessity . T h e  
stra ig h t line p ortion  is a b sen t a t as lo w  as 5 %  c o v ­
erage in  th e  p resen t case.

T h e  su rface o f th e  p resen t sa m p le  can  be con ­
clu d ed  as h eterogen eou s fro m  th e  ex a m in a tio n  of  
T a b le  I . F o r  a  u n ifo rm  su rface , a t  lo w  coverage, 
th e  s lop e sh ou ld  be u n ity  a n d  th is is n o t ev en  a p ­
p ro x im a ted . S e c o n d ly , if  th e  su rface w ere u n ifo rm  
a n d  th e  ch an ge of th e  slope w ere d u e to  increase  
(or decrease) o f to ta l surface, th e  slope sh ou ld  re­
m a in  co n sta n t fr o m  one ru n  to  a n o th er  in ste ad  o f  
ch an g in g  as sh ow n  in  T a b le  I . A n d  th ird ly , a l­
th o u g h  th e  reason for an  isoth erm  to  o b e y  a F re u n d -  
lich  e q u a tio n  is n ot c o m p le te ly  k n o w n , it  h as been  
su gg ested  b y  several a u th ors as in d icatin g  an  ex ­
p o n en tia l d istrib u tio n  o f sites, a  ty p e  o f h eterog en e­
ous surface.

I t  h as n o t  b een  p o ssib le  fo r  th e  w riter to  d eter­
m in e  th e  origin  o f th e  h eterog en e ity  o f th e  surface  
stu d ied . R e c e n tly , B o u d a r t14 h as su gg ested  th a t  
h etero g en e ity  in  a  su rface m a y  b e  in d u ced  b y  
ad sorp tion . S u ch  is, o f course, n o t  th e  present  
case. I f  so , th e n  in series B , th ere sh ou ld  b e  o n ly  
one isoth erm  in stead  o f several. B eca u se  th e  su r­
face  area h as rem ain ed  c o n sta n t, th e  in flu en ce of 
a d so rp tio n  on h eterog en eity  sh ou ld  b e  th e  sa m e for  
ev ery  ran . T h e  p resen t h eterog en e ity  m u s t  th ere ­
fore be in “ lo ca lize d ”  a ctiv e  centers. A s  a  p o in t o f 
in terest, in  T a b le  I I  are c om p ared  th e  B E T  con ­
s ta n ts  e v a lu a te d  fro m  six  ru n s, th ree each  fro m  
series A  a n d  B , resp ectiv ely . O w in g  to  th e  lo w  
v a lu e s o f th e  in te rce p t i, th e  co n sta n t c c an n o t be  
d eterm in ed  w ith  accu racy . N ev e rth e le ss , it  is 
possib le  to  sh ow  th a t  c increases g ra d u a lly  in  series  
A  an d  decreases in  series B , w h ile V m increases in  
series A  an d  rem ain s co n sta n t in  series B . T h ese  
featu res can  a ll be sh ow n  in  a ccord an ce w ith  th e  
con cep t o f  a c tiv e  cen ter th e o r y .16

T a b l e  II

C o m p a r i s o n  o p  BET C o n s t a n t s '*
R u n
No.

In t e r c e p t
i

Slope VVm =1/ i  +  » 1 +  »/
Series A

1 0.22 2 2 .5 0 .0 4 4 103
4 . .075 1 5 .8 .063 214
6 .060 1 3 .2 .075 221

Series B
1 0 .0 4 6 1 4 .0 0 .071 306
3 .080 1 4 .4 .069 181
5 .090 15 .3 .065 171

“ For meanings of various constants, see ref. 1.

T h e  p h y sica l m ec h a n ism  m a y  be con stru cted  as 
fo llow s. C on sid er  a  su rface co m p o sed  o f sites o f 
v a rio u s a ctiv ities . B efore  th e sa m p le  is ev acu a ted , 
th e  sites are covered , p re su m a b ly , b y  ch em isorb ed  
gases. In  th e  first ev a c u a tio n  a t an  e le v a te d  tern-

(1 3 )  T .  f t i i i j  Ps its  E m m e t t  a n d  L . G . J o y n e r , J, Am . Chem. Soct, 
M , 6102 (1951).

(1 4 ) M. B o n d  a r t , t b ( d H U , 1.531 (1 9 5 2 ).
(1 5 )  H , S. T a y lo r*  PrntU (l*on4pn), J 0 8 A , 10A (1 9 P 6),

perature ( 3 0 0 ° )  th e low  a c tiv ity  sites are u n covered  
a n d  m a d e  a v a ila b le  fo r  p h y sica l a d sorp tion . T h e  
h igh  a c t iv ity  sites rem ain ed  covered  b y  c h em isorp ­
tio n . W i t h  each  su b seq u en t ev a c u a tio n  a t  th e  ele­
v a te d  tem p e ra tu re  sites o f g ra d u a lly  h igh er a c t iv i­
ties are u n cov ered . C o n c e iv a b ly , th ese  n ew ly  u n ­
covered  sites w ill a lso  ex h ib it  h igh er a c t iv ity  for  
p h y sica l ad sorp tion . C o n se q u e n tly , a t a  fixed  
pressure, e.g., 1 0 - 4  m m ., th e n u m b er of sites a v a il­
a b le , a n d  th erefore  th e q u a n tity  o f gas a d sorb ed , in ­
creases w ith  each  e v a c u a tio n . S in ce th is  a d d ition  is 
o n ly  a t th e  h igh  a c t iv ity  end , th e  increase in  a d so rp ­
tio n  a t  all pressures b elow  th e  m o n o la y e r  fo rm a tio n  
w ill b e  co n sta n t. A b o v e  th e m o n o la y e r  fo rm a tio n , 
th e  sp ecific ity  o f th e  different sites v an ish es so  th a t  
increased ad sorp tion  in  th is  region b ecom es th e  re­
su lt o f a  s im p le  expan sion  o f su rface , an d  p ro p or­
tio n al th erefore to  th e surface area. E x p e rim e n ta l­
ly , one m a y  expect to  find a  c on stan t difference in  
a d sorp tion  a t coverages up to  th e m o n o la y er  fo rm a ­
tio n , an d  th ereafter, th e difference increases. I t  is 
in  th is  a b o v e  m o n o la y e r  region th a t  th e  su rface  
b eh a ves as th o u g h  h om o gen eou s an d  th a t  th e v a r i­
ous th eories d erived  on a u n ifo rm  su rface , in c lu d in g  
th e B E T  e q u a tion , find b est a p p lic a b ility . T h e  
B E T  c on stan t c is a  resu ltan t v a lu e  an d  th erefore  
increases w ith  th e  increase o f high  en erg y  sites. 
I t  sh ou ld  p erh a p s be em p h asized  th a t  th e  B E T  
eq u a tio n  describes o n ly  th e  free en ergy  o f a d so rp ­
tio n  b u t n o t th e  m ech an ism .

I f , h ow ever, th e  fu rth er ev a c u a tio n  is con d u cted  
a t 2 5 °  in ste ad  o f 3 0 0 ° ,  th e  sites still covered  b y  
ch em isorp tion  rem ain ed  covered , th e ex p o sed  sites  
con tin u e  to  b e  a v a ila b le  and so th e  su rface area  
rem ain s c o n sta n t. B u t  th e  a c t iv ity  d istrib u tio n  
need n o t  rem ain  co n sta n t, p a rticu la rly  in  th e  case  
o f g lass w h ic h  h as a  sem i-liq u id  stru ctu re . O n  
stan d in g  a t  ro o m  tem p era tu re , th e  d istrib u tio n  
a tta in e d  a t  e lev a ted  tem p era tu re  sh ifts  gra d u a lly  
w ith  a  decrease in  th e  n u m b er o f th e  h igh  a c tiv ity  
sites a n d  a n  in crease in  th a t  o f  th e  lo w  a c tiv ity  
sites. A s  a  con sequ en ce , th e eq u ilib riu m  pressure  
fo r  a  defin ite a m o u n t o f gas ad sorb ed  increases a s  
th e  t im e  o f s tan d in g  increases. A fte r  th e  m o n o -  
layer, h ow ever, since th e  sp ecific ity  o f  sites d isa p ­
pears a n d  th e  to ta l su rface area rem ain s c o n sta n t, 
th e  eq u ilib riu m  pressure sh ou ld  n o t b e  a ffected  anil 
so th e  several iso th em s m erge . T h e  B E T  co n sta n t  
c decreases w ith  a  decrease in  h igh  a c t iv ity  sites.

T h e  effects o b ta in in g  to  th is  d iscu ssion  are in ­
deed  b orn e o u t b y  th e  ex p erim en ta l ob serv ation s  
in  ev e ry  d eta il. In  p articu la r, in  F ig . 4  results  
fro m  several ru n s o f series A  are p lo tte d  in  th e  fo rm  
o f A V  (d ifference in  v o lu m e  ad sorb ed ) vs. 6 (fractio n  
o f B E T  m o n o la y e r  c o v e re d ). T h e  c o n sta n c y  in  d if­
ference is m a in ta in ed  in  all cases u p  to  8 =  1. I f  
th e  m u ltila y e r  fo rm a tio n  is p ro p ortion al to  th e  
extent o f surface16 ava ilab le , th e difference in  th e  
ran ge o f 9 =  1 to  2  sh ou ld  fo llo w  th e  d o tte d  line. 
In  th e  p resen t s tu d y  th e  ex p e rim en ta l a ccu racy  b e ­
y o n d  th e  m o n o la y e r  fo rm a tio n  fa lls  o ff so ra p id ly  
th a t  it  is  n o t  possib le  to  a n a ly ze  th e  d a ta  r ig o ro u sly  
in  th is  h igh er coverage region . I t  is  n ev erth e less  
p ossib le  to  see fro m  F ig . 3  th a t  th e  con v ergen ce  of 
th e isoth erm s fr o m  several ru n s is c learly  in d icated ,

(1 6 ) T h e  e x te n t  n f m tH acc is d iffa fen t. fro m  th e  to ta l  pm rfow  pr«f*w iE
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A lth o u g h  th e  a c tiv e  cen ter th e o ry  w a s p ro p osed  
m ore  th a n  tw o  d ecad es a go , it  h a s  n ev er  b een  q u a n ­
t ita tiv e ly  illu strated  as i t  is in  F ig s . 2  an d  4 . T h e  
c o n sta n c y  o f in creased  a d sorp tion  o ver  a w id e p res­
sure ran ge c a n n o t be oth erw ise  exp lain ed . W h ile  
th is  is o n ly  a n  iso la ted  case, perh ap s oth er  cases  
«d ll b e  fo u n d  if  th e  lo w  cov erag e  region  is in v e sti­
g ated  in a s im ila r  m an n er.

A c k n o w le d g m e n t .— T h e  w riter w ishes to  th an k  
D rs. J. A . .M orrison  an d  .Vi. M .  W r ig h t  fo r  their  
help in prep arin g  th is p a p er  an d  to  D r . I . E .  
P u d d in g to n  fo r  his c on tin u in g  in terest in th is  
w ork.

D I S C U S S I O N

A n o n .— I wonder if you interpret these data to mean that 
the surface is constantly changing?

S. G. L i a n g .—Yes!
A non .—Wouldn’t that he a criticism against what you 

are trying to prove. In other words, would the question 
of heterogeneity arise in connection w.th, presumably, a 
stable surface. Here the surface is constantly changing.

S. Cl L i a n g .—In the case where the evacuation was 
conducted at 300° the surface was always increasing, al­
though the first increase was fairly large and the later 
increases were smaller. The total surface area was increas-

v/v„ •

Fig. 4. -Difference in adsorption in series A as a function of 
coverage.

ing all the time. In the case of series B, the evaporations 
were conducted at room temperature and the changes were 
in the distribution. So that, they should give support to 
the active center theory. We indicated that the sites are 
increasing all the time at the high energy end.

R. B. D e a n .—It seems from these two papers that the 
BET theory works where it is not supposed to work, i.e., 
on heterogeneous surfaces, and does not work on a homo­
geneous surface. I think Dr. Halsey has stated that, 
theoretically, it should not work on a homogeneous surface. 
It appears that the original postulates should lie re-examined.

8. C. L ia n g .— I think everybody knows that it shouldn’t 
work in the case of either heterogeneous or homogeneous 
surfaces, except in so far as it describes the behavior above 
monolayer coverage. It does not describe the heat or 
entropy changes, but only the free energy changes.

ON THE STRUCTURE OE MICELLES’
B y  G .  D .  H a l s e y , J r .

Contribution from the Department of Chemistry and Chemical Engineering, University of Washington, Seattle, Washington
Received July 22, 1952

Two factors that limit the growth of micelles and permit them to exist without phase separation have been proposed: 
the geometrical limit of chain length (Hartley) and the repulsive action of the charge density (Debye). It is shown that 
indefinitely long rod-like micelles avoid both these limitations on size, but that a third factor prevents these micelles from 
separating as a new phase. These rods comprise a system analogous to a one-dimensional gas, and it is well known that 
such a gas does not condense, hut forms a polydisperse system of aggregates. Such a micelle is shown to be consistent with 
the observed properties of soap solutions.

F a cto rs  G o v e rn in g  M ic e l le  G ro w th .— F ro m  
stu d ies o f th e in te n sity  o : scattered  lig h t i t2 has  
been  estab lish ed  th a t  th e h yp oth esis  o f m icelle  
fo rm a tio n  in con cen trated  so lu tion s o f lo n g -ch ain  
sa lts  is correct. I t  is a rem ark a b le  fa c t  th a t  these  
a ggregates o f ^ 5 0  m olecu les fo rm , w ith o u t co­
a g u la tin g  fu rth er  to  p rod u ce  a  sep arate  p h ase of  
indefinite ex te n t.

I t  is agreed  th a t  th e  a ttra c tiv e  force cau sin g  th e  
fo rm a tio n  o f m ice lles is  th e  v a n  der W a a ls  a ttra c ­
tio n  b etw een  th e  h yd ro carb on  p o rtio n s o f th e m o le ­
cules, a n d  th a t  th e  en erg y  in v o lv e d  a p p ro x im a tes  
the h ea t o f v a p o riz a tio n  o f the correspon din g  h y ­
d rocarb on .

O n e can  assert fu rth er  th a t  th e  ch arged , or in  g en ­
eral, th e  h yd ro p h ilic  p o rtio n  o f th e  m o lecu le , is on  
th e  su rface o f th e  m icelle . F o r , if  once th e  charged  
en d s o f th e  m olecu le  w ere b u ilt in to  th e  in side stru c ­
tu re o f th e  m icelle , th ere w o u ld  b e  n o  reason  fo r  the  
m icelle  n o t  to  gro w  in d efin ite ly , a n d  th u s  to  b e ­
com e a  sep arate  p h ase. I t  ap p ears th e n  th a t  th e

(1 ) P re s e n te d  b e fo r e  th e  tw e n ty -s ix t h  N a t io n a l  C o l lo id  S y m p o s iu m  
w h ich  w a s  h e ld  u n d e r  th e  a u sp ice s  o f  th e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L c s  A n g e le s , C a lifo rn ia , J u n e  1 6 -  
18, 1952.

(2) V. D ph yp . .Ann. V .  V . Arad, Sri., 51, 5 7 5  0 9 5 0 1 .

fin ite  len gth  o f th e  h yd ro c a rb o n  ch ain  requires th a t  
a t le ast one d im en sion  o f th e  m ice lle  b e  d eterm in ed  
b y  it  a n d  th u s  rem ain  sm all.

H a r t le y 3 h as p ro p osed  th e  so -c a lled  sph erical 
m o d e l, in  w h ich , esse n tia lly , a ll th ree d im en sio n s o f  
th e  m icelle  are d eterm in ed  b y  th e  le n g th  o f th e  h y ­
d rocarb on  chain .

T h e  id ea  th a t  th e  m ice lle  is sp h erica l is c learly  n o t  
essen tia l to  h is  m o d e l a n d  in d eed  w h en  on e recalls  
th a t  th e m olecu les in  a  liq u id  h y d ro c a rb o n  are  
align ed  ro u g h ly  parallel, it  is d ifficu lt to  see h o w  th e  
H a r t le y  m o d e l cou ld  h elp  b u t  b e  an iso tro p ic . A t  
a n y  rate, a n y  H a r t le y  m icelle  c a n n o t exceed  in  size  
th e sph ere w ith  rad iu s eq u a l to  th e  le n g th  o f th e  
h y d ro carb on  ch ain . I t  h as a  defin ite  size and  
sh ap e , d ic ta te d  b y  its  stru ctu re .

D e b y e ’s o b se rv a tio n 2 th a t  th e  a p p a re n t m olecu la r  
w e igh t o f  m icelles v aries c o n tin u o u sly  w ith  th e  
con cen tration  o f sa lt  len d s su p p o rt to  his e x p la n a ­
tio n  o f th e  finite size o f m icelles.

I f  w e con sider, as he d id , th e  flat p late  m o d e l fo r  
m icelles, all th e  charge on  th e  m icelle  is c o llected  in  
tw o  circular p la tes . T h e  e lectro sta tic  en e rg y  of

(3 )  G . S . H a r t le y ,  " A q u e o u a  S o lu t io n s  o f  P » r a f lln * 0 .b » in  Salt,a,”  
H >rm ftnn  pt. Cie.., P a ris , 1936,
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repu lsion  in creases w ith  n3̂  w here n  is th e  n u m b er  
o f m olecu les in  th e m icelle . T h e  v a n  d er W a a ls  en ­
erg y  o f a ttra c tio n  increases w ith  n, a n d  so g row th  
ceases a t  a  fin ite -sized  m icelle . A n  increase in  sa lt  
con cen tration  cau ses th e m icelle  to  grow  b y  low erin g  
th e  con cen tration  o f ch arge in  th e  circular p lates, 
th e re b y  exp lain in g  th e  lig h t-sc a tte rin g  results.

One Dimensional Growth and Micelle Forma­
tion.— C on sid er h ow ever a p la te -lik e  m icelle  o f 
v e r y  large size w ith  fixed su rface area  (ch arge  
d e n sity ) a n d  v o lu m e  (n u m b er o f h y d ro carb on  tails  
in te ra c tin g ). T h e n , it  is clear th a t  a  m ore  stab le  
sh ap e  w o u ld  b e  a  rod o f eq u a l area a n d  v o lu m e , 
rath er th a n  a  p la te . T o  sh ow  th is , w e w ill n ow  
m o d ify  th e  a rg u m e n t o f D e b y e . C on sid er  th e  p o ­
te n tia l a t  a  sm a ll d istan ce r0 fr o m  th e en d  o f a  rod  o f  
le n g th  Z  =  nr0. r0 is th u s  a  ch aracteristic  sp acin g  
o f ch arge. F o r  large n  th e  p o te n tia l w ill be

C nr0 drIF. — = Wt In n (1)
Jo r

w h ere W e is th e  “ fu n d a m e n ta l electrical e n e rg y ”  o f  
D e b y e . T h e  to ta l electrical w o rk  o f fo rm in g  a  m i­
celle o f size N  is g iv en  b y  th e  in tegral 

rN
We I \n n dn =  N  \n N  — N  +  1 (2)

T h is  fu n c tio n  in creases m ore  s lo w ly  th a n  D e b y e ’s 
A 3/ 2, a n d  th u s  sh ow s th e rod -lik e  m ice lle  to  b e  m ore  
sta b le  a t  large N .

T h e  to ta l en erg y  is th e  su m  o f th e  electrical e n ­
e rg y  a n d  th e  v ar . der W a a ls  en erg y  — W mN .  I f  w e  
m a x im ize  th is  su m  w e find fo r  th e  o p tim u m  size o f  
th e  rod -lik e  m icelle

N 0 =  eWm/w . (3)

rath er th a n  th e  expression  o f D e b y e

'W A  = 2 IF7 (4)
T h e  expression  (2 ) w h ich  increases v e r y  s lo w ly  

w ith  N  is d eriv ed  o n ly  in  th e co m p lete  absen ce o f  
cou n ter-io n s. In  th e  presence o f c o u n ter-io n s o n ly  
th e  near p a rt o f th e  cylin d er w o u ld  co n tr ib u te  to
(1 ) th e  d ista n t charge b ein g  can celled  o u t b y  th e  
clou d  o f cou n ter-io n s in  th e  so lu tio n . T h e  effect  
is to  replace th e  u p p er lim it o f (1 ) b y  a  c o n sta n t, a  
fu n c tio n  n o t o f  n, b u t  o f cou n ter-io n  con cen tration  
alon e . T h e  expression  (2 ) th e n  b ec o m e s p ro p or­
tio n a l to  N  a n d  No ap p roa ch es in fin ity . E sse n ­
t ia lly , lo n g  ch ain  ion s ap p roa ch in g  th e  en d  o f a  lo n g  
rod  feel o n ly  th e  n ear en d , th e  d ista n t en d  b ein g  
obscu red  b y  a  clou d  o f cou n ter-io n s. T h erefore  
th ere is n o  effect o f rod  len gth  on  p o te n tia l, th e  
D e b y e  m o d e l b reak s d o w n , a n d  w e  are le ft  w ith  
tw o  finite d im en sion s, one a t  le ast lim ite d  b y  g e o m ­
e try , a n d  one in defin ite d im en sion .

I t  w o u ld  ap p ear th en , th a t  th ere w o u ld  b e  n o  
reason  w h y  th e  m ice lle  sh ou ld  n o t  con tin u e to  grow  
in d efin ite ly  in  th e  lo n g  d im en sion . I t  is here h o w ­
ev er  th a t  w e  observe a  th ird  m ec h a n ism  th a t  can  
op erate  to  m a in ta in  th e  m icelles a t  finite size. A n  
a rray  o f m o lec u les  defin ite  a n d  fin ite in  size in  tw o  
dim en sion s a n d  in d efin ite  in  size in  th e  th ird  corre­
sp o n d s to  a  o n e -d im e n sio n a l gas , th a t  is  to  sa y , 
m olecu les fixed on a  strin g  like b ead s. I t  is k n o w n 4

(4) K. H. Fowler, Mechanics,’ University Pr«»«, Cam«
bHda«, 1P3G, § 21.831.

th a t  n o  m a tte r  w h a t th e  fo r m  o f in te ra ctio n , su ch  
gases can n o t con d en se to  fo rm  tw o  p h a ses, lik e  tw o  
an d  th ree d im en sion al gases. T h e  m icelles w o u ld  
th u s  b e  p o ly d isp erse  to  an  ex te n t g ov ern ed  b y  th e  
fo rm  o f th e  in tera ctio n . M o s t  s im p ly , th e  d istri­
b u tio n  of sizes w ou ld  h a v e  th e  sa m e fo r m  as th e  d is ­
tr ib u tio n  fo r  a  linear p o ly m e r  in  eq u ilib riu m  w ith  
th e  m o n o m er . I t  appears, h ow ever, th a t  fo r  a  m i­
celle a ll n ’m ers b e lo w  a  certain  size N  are m issin g , 
w here N  is th e  sm a llest m icelle . T h e  size o f  th is  
m icelle  is g ov ern ed  b y  v e r y  specific fa c to rs , b o th  
geom etrical an d  electrical. I f ,  th en , th e  m ice lle  
grow s b y  ad d in g  su b seq u en t single ion s o n e b y  one, 
ev e n tu a lly  th e d istrib u tio n  o f th e  lin ear p o ly m e r  
w o u ld  b e  a p p roach ed . H o w e v e r , if  th e  sin gle  ion s  
ad d  in  g rou p s o f n u m b er g th e  d ep en d en ce o f size on  
con cen tration  b ec o m e s m ore  p ro n o u n ced . I f  th e  
single ion s add  in  g rou p s of g =  N ,  th e  d istrib u tio n  
b ec o m e s th a t  fo r  th e  linear p o ly m er  if  con cen tration  
to  th e A ’th  p o w er is su b stitu te d  fo r  con cen tration  
to  th e  first pow er. I t  is clear th a t  a  v a r ie ty  o f size  
d istrib u tio n s cou ld  be explain ed  b y  a p p rop riate  
ch oice o f N  a n d  g. I t  is n o t  possib le  to  w rite  d o w n  
th e  expression  fo r  th e d istrib u tio n  fu n c tio n  in  te rm s  
o f g, N  a n d  con cen tration  in  sim p le  fo rm .

I t  rem ain s to  con sider w h a t d eterm in es th e  
sm aller d im en sio n s o f a  m icelle  in d efin ite ly  large in  
on e d im en sion . F irst, one d im en sion  m u s t  be  
lim ite d  b y  th e  le n g th  o f th e  h y d ro c a rb o n  chain . 
T h e  secon d  can  eith er b e  lim ited  b y  electrical forces, 
a fter  D e b y e , or b y  th e  le n g th  o f th e  h yd ro carb on  
ch ain , a fter  H a r t le y . In  one case ,6 it  can  b e  sh ow n  
th a t  th e  m ice lle  is n o t  lim ite d  b y  electro sta tic  fa c ­
tors. S c o tt , T a r ta r  an d  L in ga fe lter  h a v e  p rep ared  
m icelles w ith  n o  m o re  th a n  one u n it ch arge , u sin g  
o c ty ltr im e th y la m m o n iu m  o cta n e  su lfo n a te , w h ich  
con tain s eq u al n u m b e rs o f p o sitiv e  a n d  n eg a tiv e  
paraffin -ch ain  ion s.

I t  is clear, th en , th a t  e lectrical forces n eed  n ot  
op erate  to  m a k e  th e  g ro w th  o f fin ite -sized  m icelles  
p ossib le . I t  is n everth e less p ossib le , h ow ev er , fo r  
a d d e d  sa lt  w h ich  ch an ges th e  ch arge d e n sity  o f  th e  
m icelle  to  ch an ge th e  n et en erg y  o f association , an d  
th u s  th e  size o f  th e  m icelle . H o w e v e r , in  th e  case  
o f a  ro d  m icelle  th e  electrical en erg y  is n o t  o f  th e  
rig h t fo r m  to  lim it in defin ite  g ro w th .

Experimental Evidence.— A  n u m b e r  o f experi­
m e n ta l ob serv ation s su p p o rt th e  id ea  o f rod -lik e  
m icelles w h ose len gth  is lim ite d  b y  ra n d o m  fra c ­
tu re , rath er th a n  b y  specific forces.

D e b y e  a n d  A n a c k e r6 w ere led  to  p o stu la te  ro d ­
like m icelles o f  e x tre m e ly  large size in  a  so ap  so lu ­
tio n  con ta in in g  a  large a m o u n t o f sa lt.

S c h e ra g a 7 h as p o stu la te d  rod -lik e  m ice lles in  
sim ilar so lu tio n s, on  th e  b asis  o f  flow -b irefrin gen ce  
m ea su rem en ts .

L in ga fe lter  a n d  M in o r 8 o b serv ed  th a t  th e  fib rou s  
“ c u rd ”  fo rm  o f so ap  w a s  m a d e  u p  o f m o lec u les 'o ri­
en ted  perp en d icu lar to  th e  fiber axis, a n d  a m o r ­
p h o u s w ith  resp ect to  th e  a n g le  a ro u n d  th e  axis , 
w ith  a  s lig h tly  preferred o rien ta tio n  in d ic a ted .

(5 ) A . B . S c o t t ,  H . V . T a r ta r  a n d  E . C .  L in g a fe lte r ,  J. Am. Chem.
S o c ., 65, 6 9 8  (1 9 4 3 ).

(6 ) P . D e b y e  a n d  E . W . A n a c k e r , T h i s  J o u r n a l , 55, 644  (1951 )*
(7 )  H . A . S ch e ra g a , J. Am. Chem. Soc., 73 , 5 1 0 8  (1 9 5 1 ) .
(8 ) J. E .  M in o r ,  T h o s u , U n iv e rs ity  o f  W susiiiuK ton, 1950.
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T h ese  fibers are p resu m ed  to  b e  agg rega tes o f ex ­
tre m e ly  lon g  ro d -sh a p ed  m icelles.

In  th e  range o f sm all m icelles th e  fre q u e n tly  e n ­
cou n tered  m in im a 9 in  th e  specific c o n d u c t iv ity -  
con cen tration  cu rve m a y  be ta k en  to  in d icate  th a t  
th e ch arge on  th e  m icelle  in creases w ith  con cen ­
tration . S in ce th e  ch arge d e n sity  can  h a rd ly  in ­
crease w ith  con cen tration , a  c on tin u ou s in crease in  
m icelle  size is in d icated .

It. m u st  be em p h a sized  th a t  no a tte m p t  h as been  
m ad e  to  sh ow  th a t  th e  m icelle  w h en  first fo rm e d  is 
ro d -sh a p ed , b u t  rath er th a t  its  te n d e n cy  to  grow  is 
in  one d im en sio n  a lon e , an d  th a t  th is  fa c t  is resp on s­
ib le for th e  u n u su al s ta b ility  o f th e  m icelle  tow ard  
b u lk  crysta llization .

I  w ish to  th a n k  P rofessor H . V .  T a rta r  an d  P ro ­
fessor E . C . L in g a fe lter  for m a n y  discu ssion s.

D I S C U S S I O N

K. J. Pa l m e s .— I t is not clear to me why spherical 
micelles cannot continue to grow by just forming extra 
double layers on the outside.

G. D. H a l se y .—You see that would put heads on the 
inside. Once it is possible to put heads on the inside, 
there would be no reason to stop doing it. That is why 
we just ruled out the spherical model.

K. J. Palm er .—Well, I think there is some evidence that 
this does occur in some systems. In the case of lipids 
that we have studied the dry material gives a sharp X-ray 
diffraction pattern which presumably represents the distance 
corresponding to the double length of the molecule. When 
this material is emulsified with small amounts of water the 
X-ray spacing increases and continues to do so with addition 
of water until the spacing triples in size. In other words 
the water appears to penetrate between the polar groups of 
the micelle which we believe consists of a whole lot of double 
layers because the X-ray diffraction pattern remained very 
sharp. In any case you can increase the water layers, so 
that the total spacing is three times the original spacing. 
The growth of these particular micelles is limited by the 
amount of solvent available. All of the solvent present 
appears to go between the double layers.

G. D. H a lse y .—In the noil-aqueous?
K. J. Pa lm er .—No, these are aqueous. You start with 

the dry materialand add small amounts of water.

G. D. H a lse y .—But this is very, very concentrated.
K . J. Palm er .— T hat is right!

G. D. H alse y .—In very concentrated solutions or slurries 
the micelles have most of their gegenions and mat together 
loosely to form a fibrous curd. The fibrous nature suggests 
that the micelles are long pipes roughly lined up side by 
side. If you add water, the gegenions are dissociated off, 
and the spacing between rods increases, and finally they 
push off into the solution.

K. J. Palm er .—In the case of lipides you don’t have to 
break them up. The swelling can be controlled by adding 
a limited amount of water. The polar layers can be con­
densed by the addition of salt. This forces out the water. 
The micelles certainly consist of more than one double 
layer, however, because they are visible under the micro­
scope.

I rving  R eich .—I would like to preface my question with 
the comment that it is unfortunate, I think, that relatively 
little work is done with non-ionic surface active agents, such 
as the polyoxyethylene fatty acid esters, and so on, because 
it w'ould seem that they would permit us to clear up some of 
the uncertainties as to the relative influence of long range 
electrostatic forces and short range van der Waals forces. 
My question is, why are the non-ionic micelles limited in 
size? When you were speaking of the uncharged micelles, 
which I gather are made up of combinations of positively 
and negatively charged structures, you suggested an 
explanation which might apply for non-ionics, namely, 
that the micelles are rods which will break under thermal 
agitation. The trouble is, it seems to me, that this is just 
the sort of circumstance under which you might expect the 
Debye type of micelle to be formed. I believe that you 
pointed out that the energy of the rod micelle was less than 
that, of the Debye micelle because of the smaller long range 
electrical repulsion energy. This rvould not be true for 
the non-ionic micelle, which may very well be expected to 
form the Debye type of micelles and grow to unlimited 
size.

G. D. H alsey .—Suppose we did form Debye micelles; 
if they grew indefinitely they would never be micelles, but 
would crystallize out. Therefore in uncharged systems, the 
micelles must be limited in two dimensions of growth, at 
least, by the Hartley argument. In other words, when we 
do find micelles in non-aqueous systems, they can have only 
one axis of indefinite growth, the other dimensions must be 
fixed by specific structural factors.

Irving  R eich .—But assuming that you did form a rod 
micelle, why then should not that same molecule form 
under the same conditions, a plate micelle. The reason you 
give for the charged micelle being a rod rather than a 
Debye disk does not appear to apply here.(9 ) E . G o n ic k ,  J. Am. Ckem. Soc.. 6 7 , 1191 (1 9 4 5 ).
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SCATTERING OF LIGHT BY LARGE SPHERICAL PARTICLES12
B y  R . 0 .  G u m p r e c h t 3 a n d  C . M .  S l i e p c e v i c h

Department of Chemical and Metallurgical Engineering, University of Michigan, Ann Arbor, Michigan
R e c e i v e d  J u l y  2 2 ,  1 9 5 2

The fundamenta theory of the scattering of light by large spherical particles is discussed. A quantitative relationship 
between the Mie theory total scattering coefficient, Kt and the apparent or actual scattering coefficient, It» is presented. 
X» is shown to be a function of the total Mie scattering coefficient, the parameter a appearing in the Mie equations, and the 
half-angle, 8, of the cone which the transmitted-light-measuring instrument subtends with the illuminated spherical particle. 
These relationships between A'» and Kt were computed from the Mie equations and are particularly useful in the considera­
tion of light scattered by large particles {i.e., values of a up to 400). The validity of the computed values for A a was con- 
fumed experimentally by measurements on prepared dispersions of glass beads in water. The validity of the transmission 
equation is discussed from the standpoint of the geometry of the optical system used for obtaining transmission measure­
ments.

D u r in g  th e  p a st  ten  years con sid erab le  in terest  
h as d ev e lo p ed  in  th e  a p p lica tio n  o f th e  M i e 4 th e o ry  
o f lig h t scatterin g  b y  sph erical p artic les to  th e  d e ­
te rm in a tio n  o f p artic le  size a n d  con cen tration  in  
a eroso ls .6-6 T h e  p r im a ry  a d v a n ta g e  in  u sin g  a 
lig h t-sc a tte rin g  tech n iq u e  to  m ea su re  p a rtic le  sizes 
in  aerosols is tha^ it  is  n o t n ecessary  to  o b ta in  a  rep ­
resen ta tiv e  m ech an ica l sa m p le  of th e  aerosol. 
M e c h a n ic a l sa m p les , as a  rule, in h eren tly  in tro ­
d u ce  certain  errors . 7^ 9

I n  1 9 4 8  th e  D e p a r tm e n t  o f C h e m ic a l a n d  M e t a l ­
lu rgica l E n g in e erin g  o f th e  U n iv e r s ity  o f M ic h ig a n  
in itia ted  a  g ra d u a te -stu d e n t research  p ro gram  to  
d e ve lop  a  m e th o d  fo r  d eterm in in g  d ro p le t sizes  
a n d  d istrib u tio n s in  a to m ize d  sp ra y s  b ase d  on  th e  
M ie  th e o ry  o f lig h t scatterin g  b y  sp h erica l partic les. 
B ec a u se  o f th e  large p a rtic le  sizes en cou n tered  in  
th is  w o rk , i t  b e c a m e  n ecessary  to  e x te n d  th e  ran ge  
o f th e  ta b u la te d  v a lu e s  o f lig h t-sc a tte rin g  fu n ctio n s  
w h ich  w ere in  ex isten ce a t  th a t  t im e 10 to  in clu d e  
v a lu e s  fo r  p artic les w h ose radii are m a n y  tim e s  
larger th a n  th e  w a v e  le n g th  o f th e  in c id e n t lig h t  
(ro u g h ly , u p  to  3 0  m icro n s in  rad iu s). T h e  in itia l 
c o m p u ta tio n s  w ere m a d e  b y  m ea n s o f a n  I B M ,  
M o d e l 6 0 2 -A , C a lc u la tin g  P u n ch  a t  th e  U n iv e r s ity  
o f M ic h ig a n . T h e  c o m p u ta tio n s  w ere c o m p leted  
on  a  h ig h -sp e ed  electron ic c om p u ter , th e  E N I A C ,  
w h ich  is  lo cated  a t  A b e rd e e n  P ro v in g  G ro u n d , 
M a r y la n d . T h e  resu lts o f th ese  c o m p u ta tio n s  
w ere c o m p iled  in  ta b u la r  fo r m  a n d  p u b lish e d . 11’ 12

(1 ) P r e s e n te d  b e fo r e  t h e  tw e n ty -s ix t h  N a t io n a l  C o l l o id  S y m p o s iu m  
w h ic h  w a s  h e ld  u n d e r  t h e  a u s p ice s  o f  th e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e le s , C a li fo r n ia ,  J u n e  1 6 -  
18, 1952.

(2 )  T h is  w o rk  w a s  p e r fo rm e d  in  p a r t ia l  fu lf i l lm e n t  o f  th e  re q u ire ­
m e n ts  f o r  t h e  D e g r e e  o f  D o c t o r  o f  P h ilo s o p h y  in  C h e m ic a l  E n g in e e r ­
in g  a t  th e  U n iv e r s it y  o f  M ic h ig a n .

(3 )  G ra d u a te  F e llo w , D e p a r t m e n t  o f  C h e m ic a l  a n d  M e ta llu r g ic a l  
E n g in e e r in g .

(4 ) G u s ta v  M ie ,  A n n  P h y s i k ,  25, 3 7 7  (1 9 0 8 ).
(5 ) V ic t o r  K .  L a M e r  a n d  D a v id  S in c la ir , O S R D  r e p o r t  N o .  1 85 7  

(S e p t . 29 , 1 9 4 3 ).
(6 ) D a v id  S in c la ir  a n d  V ic t o r  K .  L a M e r , C h e m . R e v s . , 4 4 , 2 4 5  

(1 9 4 9 ) . S e e  a ls o  “ H a n d b o o k  o n  A e r o s o ls ,”  U . S . A t o m ic  E n e rg y  
C o m m is s io n , W a s h in g to n , D .  C .,  1950 .

(7 ) K .  R .  M a y ,  “ S y m p o s iu m  o n  P a r t ic le  S ize  A n a ly s is ,”  p .  1 2 5 -  
126 , S u p p le m e n t  t o  T r m s .  I n s t .  C h e m . E n g . ,  25, (1 9 4 7 ).

(8 ) K . R .  M a y ,  J .  S c i .  I n s t r u m e n t s ,  22, 187  (1 9 4 5 ).
(9 ) J . M .  G e is t , J . L . Y o r k  a n d  G . G . B r o w n , I n d .  E n g .  C h em .., 43 , 

1371 (1 9 5 1 ).
(1 0 ) “ T a b le s  o f  S c a t te r in g  F u n c t io n s  fo r  S p h e r ica l P a r t ic le s ,”  

N a t io n a l  B u re a u  o f  S ta n d a r d s  A p p lie d  M a t h e m a t ic s  S eries— 4 , U . S. 
G o v e r n m e n t  P r in t in g  O ffice , W a s h in g to n , D .  C .,  1948.

(1 1 ) R .  O . G u m p r e c h t  a n d  C . M .  S lie p c e v ic h ,  “ T a b le s  o f  L ig h t -  
S c a t te r in g  F u n c t io n s  f o r  S p h e r ica l  P a r t ic le s ,”  U n iv e rs ity  o f  M ic h ig a n , 
E n g in e e r in g  R e s e a rc h  In s t it u t e ,  S p e c ia l  P u b lic a t io n :  T a b le s ;  A n n  
A r b o r ,  M ic h ig a n , 1951 ,

General Theory
T h e  m a th e m a tic a l b ack g rou n d  fo r  th e M ie  th e ­

o ry  is d iscu ssed  in  d eta il b y  S tr a tto n . 18 T h e  basic  
eq u a tio n s m a y  be su m m arized  as

CO 2 2

i l  = Y  M „ t „  +  P v [ X t „  -  ( 1  -  A '* ) * - , , ]  Ì i\ *
n  =  1

k = Y  Í A„[AVn — ( I — JU K I f  PaWa)

k  «  A  p
“ 2 Jo

(ii +  k) sin y d y

H*

(2)

2 A  R*(Ab) +  1\AJ +  R \l\) +  P(Pn)
• (2/i. +  l) /n 2(n +  I ) 2 W«

D efin itio n s

f ( —l ) " + ‘A(2rt +  1)~| r &fflS.Ca) -  m Sn{a)W \
" L n(» +  l) J Lsi(0)#n(a) -

= I (-l)»+«/.(2w +  1)1 1~mSn(a)Si(l3) -  S»(|8)ffl(a)-| 
L n(n +  1) J \_m<l>n(a)Sh(p) — Sn(P)<t>i(a) J

w here

Sn(a) = (v « /2 )lA J*+!/,(<*); Sn(ct) = bS„(a)/da
<t>n(d) — Sn(a) +  fCn{ct) ] <j>h(ci) = dcfijol)/dot

Cn{ct) =  ( —I)"(’ra/2)1A /_ „_ y 2(a) 
a = irD/\; p = ma

D — diameter of illuminated spherical droplet 
A = wave length of the incident light in the surrounding 

medium
m = index of refraction of droplet relative to that of 

the surrounding medium
./»+ ‘/ 2(a) and J - n-  y 2 (a) are Bessel functions of half-integral 

order
irn = dP n(x)/£>x; tt'u = d2Bn(x)/da;2 s

w here

P„(x) is the Legendre polynominal of degree n (not to be 
confused with Pn defined above)

X  cos 7  (where 7  is the angle between the direction of 
propagation of the scattered light and the reversed 
direction of propagation of the incident beam ) 

I?(.4„), I(An), R(Pn) and I(Pn) refer to the real and imagi­
nary values of the complex functions An and Pn, 
respectively.

R(if), /( if) , R(i*) and /( if )  refer to the real and imagi­
nary values of the complex functions if and if, 
respectively.

(1 2 )  R .  O . G u m p r e c h t  a n d  C . M .  S lie p c e v ic h ,  “ T a b le s  o f  F u n c t io n s  
o f  F ir s t  a n d  S e c o n d  P a r t ia l  D e r iv a t iv e s  o f  L e g e n d r e  P o ly n o m ia ls ,”  
U n iv e r s it y  o f  M ic h ig a n , E n g in e e r in g  R e s e a rc h  In s t it u t e ,  S p e c ia l 
P u b li c a t io n :  T a b le s ;  A n n  A r b o r ,  M ic h ig a n , 1951 .

(13) J . A. S tr a t to n , “ E le c t r o m a g n e t ic  T h e o r y , ”  M c G r a w -H i l l  B o o k
C o . ,  I n c .,  N e w  Y o r k ,  N . Y . t 1941*
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The intensity functions, q and i2, defined above, 
are proportional to the intensities of the two inco­
herent plane-polarized components of light scat­
tered by a single illuminated particle.

When the particle is illuminated by unpolarized 
light of unit intensity per unit beam cross sectional 
area, A2/ 87r2 q is the intensity (per unit solid angle) 
of the scattered component whose electric vector 
is perpendicular to the plane of observation (the 
plane containing the direction of observation and 
the direction of propagation of the incident beam), 
and A2/ 8tt2 i 2 is the intensity of the scattered com­
ponent whose electric vector is parallel to the plane 
of observation.

When the particleps illuminated by plane-polar­
ized light of unit intensity per unit beam cross sec­
tional area, A2/ 47r2 q  is the intensity of the scattered 
component whose electric vector is perpendicular to 
the electric vector of the incident beam, and A2/  
4it2 is the intensity of the scattered component 
whose electric vector lies in the plane formed by the 
electric vector of the incident beam and its direction 
of propagation.

The scattering coefficient, K ,  is defined as the ra­
tio between the scattering cross section and the geo­
metric cross section of the spherical particle. The 
intensity of a parallel beam of light is reduced in 
traversing a dispersion of uniform spherical parti­
cles, all of diameter D , according to the transmis­
sion equation as

1/1« = e -S ^ n  (4)

where: I 0 is the intensity of the incident parallel 
beam and I  is the intensity of the beam after trav­
ersing a distance, l, through the dispersion contain­
ing n  particles per unit volume of dispersion. It 
should be noted that K ,  defined above, is based on 
the total amount of light scattered by a particle in 
all directions. For this reason, it will be referred 
to as K t in the subsequent discussion.

Published values of K t  are presently available 
for about half a dozen values of m  and for numerous 
values of a  ranging from less than 1 up to 400.10-11 
Considerable interest has been focussed on the val­
ues of K t  for large values of a  because of the fact 
that K t approaches the value 2 instead of 1. On 
first consideration it might appear impossible for a 
large spherical particle to have a scattering cross 
section twice the geometrical cross section. Vari­
ous authors have explained this seeming anomaly, 
however, on the basis of Babinet’s principle of dif­
fraction by opaque circular discs.14-"16

Babinet’s principle shows that a circular opaque 
disc diffracts an amount of light around the edges 
of the disc equal to the amount of light which ac­
tually strikes the disc. Therefore, the scattering 
cross section is actually twice the geometric cross 
section. Furthermore, the major portion of the 
light which is scattered as a result of diffraction is 
scattered within a relatively small cone in the for­
ward direction. No known type of light measuring- 
device can measure the intensity of only the undis-

(14) D a v id  S in c la ir , J. Optical Soc. Am., 3 7 , 475 (1947).
(1 5 )  W . H . W a it o n ,  “ S y m p o s iu m  o n  P a r t ic le  S ize  A n a ly s is ,”  p . 

141-142, S u p p l. t o  Trans. Inst. Chem. Eng., 2 5  (1947).
(1 6 )  O . F . L o t h ia n  a n d  F . P ,  O h a p p e l, / .  Applied Chem., I, 475  

(1951).

turbed portion of the parallel beam, with the com­
plete exclusion of light scattered in a forward direc­
tion. Previous investigators have shown that when 
experimentally measured light intensities are sub­
stituted in the transmission equation (4), the ap­
parent scattering coefficient may range from a 
value of 1 to a Aralue approaching 2, depending on 
the value of the half-angle 6 of the cone whicii the 
light-measuring device subtends with the scattering 
particles.14 In the subsequent, discussion, the ap­
parent or actual scattering coefficient will be re­
ferred to as K.:l to distinguish it from the total scat­
tering coefficient K t .

Since there was some question as to the validity 
of the diffraction theory for opaque circular discs 
when applied to the case of transparent spheres,16"”17 
it was necessary to obtain exact solutions of the Mie 
equations for the purpose of obtaining values of K a 
as a function of 9 for values of a  ranging up to 400. 
Exact solutions were employed because the accu­
racy of approximate solutions for q  and q as func­
tions of y for large particles was considered ques­
tionable.18 In addition, the ratio of iAa to K t ,  sub­
sequently referred to as R , was computed from dif­
fraction theory and compared with the values of R  
computed by the Mie theory.

Theoretical Calculations
Since K t is based on the total amount of light 

scattered by a particle in all directions and K& is 
based on the amount of light scattered by a particle 
in all directions, except within a cone of half-angle 9 
in the forward direction, V a may be defined in 
terms of the Mie theory as

V 0 = Kt -----\  f  (Û +  ¿ 2 ) sin ydy (5)
<*V 7T-0

from which R  may be defined as

R Va
V  t

= 1 +  ii) sin ydy (6)

Rayleigh19 has shown by diffraction theory that 
the fraction of the diffracted light falling outside of 
a cone of half-angle '9 in the forward direction is 
given by

/  = [Jo (<*<?)]2 +  [Lj(«0)L (7)
where J o and ./) indicate Bessel functions of order 
zero and one, respectively; a  =  mD/A (same as Mie 
theory); and 9 is expressed in radians and is as­
sumed to be small enough so that 9 — sin 6.

Assigning a value of K t =  2 to the opaque circu­
lar disc, the value of R  may be defined as

R  =  1 +  [ J « ( a 8 ) ] 2 +  [ / i ( « 9 ) ] 2 ^

Of interest also is a comparison between the values 
of the scattered light intensities at various angles 
in the forward direction as predicted by both the 
Mie theory and the diffraction theory. According 
to diffraction theory, the intensity of diffracted light 
at an angle 9 with the forward direction is given
byl5,20

(1 7 ) L . B r il lo u m , ibid., 20, H I D  (1 0 4 9 ).
(1 8 ) H . B lu m e r , Z. Physik, 38, 9 8 5  (1 9 2 6 ).
(1 9 )  L o r d  R a y le ig h , Phil. Mag., S e c . 5 , v o l .  I I  (1 8 8 1 ) .
(2 0 )  M a s  B o r n , “ O p t i k / ” J u liu s  S p r in g e r , B e r lin , 193 3 . R e p r in t e d  

b y  E d w a r d s  B r o s ,,  A tm  A r b o r ,  M ic b „ , 1943, p , 160 .
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- s m
w here I a refers to  th e  in te n sity  per u n it solid  angle  
fo r  in c id en t lig h t o f u n it  in te n sity  p er u n it b e a m  
cross-sectio n al area. B y  th e  M ie  th e o ry , fo r  u n ­
p o la rized  in cid en t lig h t

I. = +  *.) (10)

T h erefore , fo r  th e pu rp ose o f com p arison , th e  q u a n ­
t it y  a 4/ 2  [2Ji{aO)/aO}2 sh ou ld  eq u a l th e  su m  (d  +  
i i )  c o m p u te d  fr o m  th e  M ie  eq u a tion s. V a lu e s  of 
( i i  -f- i i )  c o m p u te d  b y  b o th  th e M ie  th e o ry  and th e  
d iffraction  th e o r y , as w ell as v a lu es of R  co m p u ted  
b y  e q u a tio n  (6 ) an d  b y  eq u a tion  (8 ) , are presen ted  
in  T a b le  I .

D is c u s s io n  o f C a lcu lated  R e s u lts

I t  can  b e  seen fro m  an  in sp ection  of T a b le  I  th a t  
th e  v a lu e s o f (n  +  f2) co m p u ted  b y  th e tw o  m eth o d s

sh ow  o n ly  a p p ro x im a te  a greem en t, b u t  th a t  th e  
v alu es o f R  co m p u ted  b y  th e  tw o  m e th o d s  sh o w  
re m a rk a b ly  g oo d  agreem en t. T h e  la tte r  a gree­
m e n t a p p ears to  b e  b e st  fo r  sm all v a lu e s o f 6, w h ere  
it  is seen  th a t  a  m a x im u m  d iscrep an cy  o f less th a n  
2 %  exists fo r  v a lu es o f d less th a n  1 .4 ° .  A t  a =  8 0  
th e  \ralues of R  co m p u ted  fo r  th e v ariou s v a lu e s  
o f 6 are p ra ctic a lly  id en tical fo r  each  o f th e  th ree  
differen t in dices o f refraction . A t  a =  2 0  th e  
d iscrep a n cy  b etw een  th e  v a lu es o f R  c o m p u te d  
b y  th e  M ie  th e o ry  for th e  th ree in dices o f  refra c­
tio n , an d  th e  v a lu e s o f R  c o m p u te d  b y  th e  d if­
fra c tio n  th e o ry , increases ra p id ly  as th e  v a lu e  of 
6 is increased.

In  general, it  m a y  b e  con clu d ed  th a t  a  v e r y  close  
a p p ro x im a tio n  o f th e  v a lu e  o f R  (w h ich  m a y  be  
term e d  a  “ correction  fa c to r ”  fo r  th e  tran sm ission  
eq u a tio n  an d  w h ich  is essen tia lly  in d ep en d en t of 
th e  in dex  o f refraction  o f th e  p artic les) m a y  b e  o b ­
ta in ed  fro m  th e  re la tiv e ly  sim p le  expression  g iv en

Table I

oc 0 ° Kii*)

4 0 0 0 - 2 5 9 8 - 8 1 2 1 0 + 2 59 8
m =  1 .3 3 2 - 1 8 1 7 - 6 2 6 4 0 + 1818

K% =  2 .0 3 1 . 4 -  4 5 3 .5 - 2 3 2 0 0 + 2 3 2 7 0
. 3 -  8 7 .9 4 - f  5786 + 1 1 5 .0
. 3 -  8 0 0 .6 +  9 67 8 + 8 3 0 .0

1 .0 - 1 2 9 9 -  2 1 .3 3 1 3 0 1 .0
1 .2 -  8 9 8 .7 -  5 0 0 8 + 8 7 0 .9
1 .4 -  3 4 8 .3 -  9 8 6 .4 + 3 2 4 .3

200 0 - 1 0 2 4 - 2 0 5 5 0 + 1024
m =  1 .3 3 2 -  9 5 0 .6 - 1 9 2 9 0 + 9 4 7 .2

K t =  2 .0 5 6 .4 -  7 5 5 .1 - 1 5 7 9 0 7 4 3 .1
. 3 -  5 0 5 .9 - 1 0 9 1 0 + 4 8 4 .6
.3 -  2 8 5 .7 -  5725 + 2 5 9 .1

1 .0 -  1 6 2 .0 -  1319 + 1 3 7 .0
1 .2 -  1 6 1 .3 +  1588 + 1 4 4 ,4
1 .4 -  2 6 2 .0 +  2765 + 2 5 6 .3

150 0 -  4 8 6 .7 - 1 1 3 9 5 + 4 8 6 .7
m =  1 .4 4 . 2 -  4 7 1 .5 - 1 1 0 0 0 + 4 6 5 .8
K t =  2 .0 2 6 .4 -  4 2 9 .1 -  9 88 2 + 4 0 7 .6

.6 -  3 6 8 .3 -  8 18 4 + 3 2 4 .9

.3 -  3 0 1 .3 -  6 12 8 + 2 3 5 .0
1 .0 -  2 4 1 .2 -  3 9 7 8 + 1 5 6 .6
1 .2 -  1 9 8 .6 -  1981 ■ + 1 0 5 .2
1 .4 -  1 7 9 .2 -  3 4 5 .9 + 8 9 .3 2

100 0 -  1 2 7 .1 -  5253 + 1 2 7 .1
m =  1 .33 .2 -  1 1 5 .5 -  5169 + 118.1

K t =  2 .1 0 1 .4 -  8 1 .8 9 -  4 9 2 2 + 9 1 .7 6
. 5 -  2 9 .6 9 -  4530 + 5 0 .6 4
. 3 +  36 .07 -  4 0 1 5 - 1 .8 3 4

1 .0 +  108 .8 -  3411 — 6 0 .9 3
1 .2 +  1 8 1 .6 -  2 7 5 4 - 1 2 1 .7
1 .4 +  2 4 7 .6 -  2 0 8 2 - 1 7 9 .0

80 0 — 320.5 - 3273 + 320.5
m  =  1.20 V*
Kt =  2.046 V*

V*
1.0 — 245.9 — 2441 + 272.6
1.4
2 - 117.6 - 712.6 + 174.8
3 - 76.79 - f 485.2 + 105.1

80 0 — 84.79 — 3276 + 84.79
m  «  1.33 Vi
Kt -  2.047 V*

V«
1.0 + 2 1 .0 5 — 2490 — 6 .7 3 2
1.4
2 + 198.9 - 841.0 - 168.1
3 + 2 3 3 .5 + 326.7 - 218.0

(Ú  + ii) R
D if ­ D i f ­

1 + 2 * ) M ie fra c t io n M ie fr a c t io n

A .

+ 8 1 2 1 0 1 .3 2 0  X  10*9 1 .2 8 0  X  1 0 l° 1 .0 0 0 1 .0 0 0
+  62670 0 .7 8 5 7 0 .7 6 9 5 0 .7 9 6 0 .8 0 8
+  4 6 3 .4 .1 0 8 0 .1 1 1 4 .5 9 9 .6 0 2
-  5762 .0 0 6 6 7 1 .0 0 5 3 0 9 .5 7 4 .5 8 1
-  9 7 3 8 .0 1 8 9 8 .0 1 8 4 8 .5 5 3 .5 5 7
-  3 8 .5 0 .0 0 0 3 3 8 2 .0 0 0 0 1 1 3 6 .5 3 8 .5 4 5
+  5036 .0 0 5 2 0 1 .0 0 5 3 1 3 .5 3 3 .5 3 9
+  1062 .0 0 0 2 3 2 8 .0 0 0 5 2 6 3 .5 3 3 .5 3 1

+  20550 8 .4 7 0  X  1 0 8 8 X  10 8 1 .0 0 0 1 .0 0 0
+  193 00 7 .4 6 1 7 .0 7 5 0 .9 4 1 0 .9 4 3
+  15820 5 .0 0 9 4 .8 1 0 .8 0 4 .8 0 8
+  10970 2 .3 9 7 2 .3 6 2 .6 7 2 .6 7 6
+  5 80 4 0 .6 6 6 1 0 .6 9 6 3 .5 9 9 .6 0 2
+  1396 .0 3 7 3 5 .0 5 2 3 5 .5 8 2 .5 8 2
-  1534 .0 4 9 2 2 .0 3 3 1 8 .5 8 1 . 581
-  2745 .1 5 3 1 .1 3 1 1 .5 7 0 .5 7 2

+  11395 2 .6 0 2  X  1 0 s 2 .5 3 2  X  10 8 1 .0 1 .0
+ 1 1 0 0 0 2 .4 2 5 2 .3 6 3 0 .9 6 6 0 .9 6 7
+  9871 1 .9 5 4 1 .9 1 3 .8 7 9 .8 8 0
+  8162 1 .3 3 8 1 .3 1 8 .7 7 0 .7 7 2
+  6 0 9 4 0 .7 4 8 4 0 .7 4 7 4 .6 7 5 .6 7 6
+  3 93 4 .3 1 3 8 .3 2 0 6 .6 1 4 .6 1 4
+  1932 .0 7 7 1 0 .0 8 3 0 5 .5 8 8 .5 8 7
+  2 9 6 .2 .0 0 2 4 7 5 .0 0 3 5 2 7 .5 8 2 .5 8 1

+  5253 5 .5 2  X  1 0 7 5 X  10 7 1 .0 1 .0
+  5170 5 .3 4 7 4 .8 5 2 0 .9 8 4 0 .9 8 5
+  4 9 2 7 4 .8 5 3 4 .4 2 2 .9 4 0 .9 4 3
+  4541 4 .1 1 5 3 .7 7 7 .8 7 5 .8 8 0
+  4 0 3 4 3 .2 4 0 3 .0 0 6 .8 0 1 .8 0 8
+  3 43 7 2 .3 4 7 2 .2 1 0 .7 2 8 .7 3 7
+  2 78 6 1 .5 4 0 1 .4 7 6 .6 6 7 .6 7 6
+  2119 0 .8 9 1 6 0 .8 7 4 0 .6 2 2 .6 3 1

+ 3 27 3 2 .1 6 3  X 1 0 7 2 .0 4 8  X  10 7 1 .0 1 .0
0 .9 8 5 ® 0 .9 8 5

.9 4 4 ° .9 4 3

.8 8 5 * .8 8 0
+ 2 46 6 1 .2 1 7 1 .2 3 1 .8 1 5 .8 0 8

.7 09® .6 9 9
+ 7 6 6 .8 0 .1 1 4 0 0 .1 7 8 3 .616 .602
- 4 5 5 .4 0 .0 4 5 9 8 0 .0 0 8 4 9 5 .6 0 0 .5 8 1

+ 3 27 6 2 .1 4 7  X 10 7 2 .0 4 8  X  10 7 1 .0 1 .0
0 .9 8 5 ® 0 .9 8 5

.9 4 4 * .9 4 3

.884« .880
+ 2491 1 .2 4 0 1 .2 3 1 .812 .808

.701® .6 9 9
+ 8 4 4 .6 0 .1 4 8 9 0 .1 7 8 3 .6 0 6 .6 0 2
- 319.3 0 .0 3 1 0 7 0 .0 0 8 4 9 5 . 588 .5 8 1
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« e° H ( i i* ) HU*) Ì«(***) I  (¿2*) M iç
D if ­

fra c t io n M ie
D if­

f ra c t io n

80 0 - 1 1 L .5 - 3 31 2 + 1 1 1 .5 - r 3312 2 .2 3 6  X 1U; 2 .0 4 8  X  1 0 7 1 .0 1 .0
m =  1 .4 4 1/4 « 0 .9 8 5 * 0 .0 8 5

A 't =  2 .0 8 0 V  2 . 943  a .0 4 3
V « . 883 ° .8 8 0
1 .0 7 0 .2 4 2482 -Ì- 7 6 .0 7 4 ' 2533 I . 250 1 .2 3 ) .8 1 2 .8 0 8
1 .4 . 705  a .6 0 02 - 1 0 .3 8 - 7 1 3 .0 4 . 1 2 .8 0 + 8 3 1 .6 0 .1 2 0 1 0 .1 7 8 3 .6 1 2 .6 0 2
3 + 1 7 .0 2 4- 4 6 8 .5 - 1 5 .8 6 - 3 0 0 .8 0 .0 3 7 2 8 0 .0 0 8 4 0 5 .6 0 0 . 581

c»o 0 - 0 0 .4 3 - 1708 + 9 9 .4 3 4 1708 6 .4 8 6  X 1 0 r> 6 .4 8 0  X  1 0 G 1 .0 1 .0

I! CO GO V » 0 .0 6 7 ° 0 .0 6 7
A 't =  1 .0 0 8 1 - 5 8 .4 3 - 1536 6 2 .3 0 4 1534 4 .7 2 0 4 .8 9 5 .8 8 1 .8 8 0

1 .4 .7 0 0 ° .7 0 4
2 + 3 3 .5 3 — 8 9 1 .5 — 2 2 .0 1 4 8 8 5 .1 1 .5 8 0 1 .0 1 3 . 696 .6 7 6
3 + 1 1 0 .3 - 194 . 1 — 9 5 .3 6 4 1 8 7 .2 0 .0 6 3 0 8 0 .2 1 2 5 . 630 .5 8 7
4 + 1 2 7 .0 + 2 4 8 .6 - 1 1 7 .0 - 2 5 0 . G 0 .1 5 4 4 0 .0 2 6 8 8 .6 1 0 .5 8 1

a
4.0 0 - 0 4 .8 7 - 7 0 5 .0 4 - 9 1 .8 7 4- 7 0 5 .0 1 .2 8 2  X 10« 1 .2 8 0  X  10« 1 .0 1 .0

vi — 1 .3 3 'A 0 .0 8 5 ° 0 .0 8 5
A 't =  1 .9 8 8 l - 8 4 .3 2 - 7 3 0 .2 4- 8 4 .9 0 4 7 3 7 .5 1 .1 0 5 1 .1 3 2 .0 4 2 ° . 043

1 .4 .8 0 6 ° .8 0 4
2 - 5 0 .2 8 - 5 8 5 .0 4- 5 8 .2 9 4 5 8 0 .1 0 .6 8 6 4 0 .7 6 9 5 .8 1 5 .8 0 8
3 - 20. 10 - 372.0 4- 23.65 4 362.0 .2718 . 3770 .707 .676
4 + 12.08 - 150.1 - 8.630 + 138.6 .04108 .1114 .663 .602
5 + 34.28 + 35. 10 — 30.46 — 44.24 .005202 .008376 . 658 .582
C + 40.00 4- 151.0 - 38.96 - 154.6 .04087 .005309 . 644 .581
7 + 36.61 4- 188.6 - 37.15 - 185.9 .07285 .02098 .603 .572

30 0 - 73.40 - 449.6 -L 73.40 4 440.6 4.152 X 105 4.050 X 105 1.0 1.0
m  — 1.33 1 - 69.50 - 430.7 + 70.47 ~ 430.7 3.808 3.779 0.066 0.967
Kt = 1.998 2 - 58.86 _ 376.8 4- 62.16 4 376.6 2.012 3.059 .881 .880

3 — 43.20 — 205.7 4- 40.77 4 295.4 1.700 2.109 .782 .772
4 - 25.36 - 100.0 + 35.16 4 198.6 0.8000 1.106 .708 .676
5 — 8.308 — 90.65 + 20.32 4 00.42 . 2030 0.5127 .672 .614
6 + 5.506 - 10.24 4 - 6.071 4 10.41 .002020 . 1328 . 666 .587
7 + 14.64 4- 50.45 - 3.708 - 58.70 .07200 .005642 . 663 .581

20 0 - 47.00 - 214.0 47.00 4 2110 0.602 X 10« 8 X 10« 1 .0 1.0
m  ~  1.33 1 — 46.05 - 200.8 4- 46.53 4 206.2 0.205 7.763 0.983 0.085

Kt =  2.140 2 - 43.27 - 107.4 + 45.13 4 165.0 8.001 7.075 . 036 . 043
3 - 38.90 - 177.6 4- 42.84 4 172.7 6.474 6.043 .872 .880
4 — 33.28 - 151.8 4- 30.70 4 143.0 4.646 4.810 .804 .808
5 - 26.84 - 121.6 4- 35.80 4 110.8 2.908 3.535 .744 .737
6 - 20.06 - 88.02 4- 31.21 4 75.81 1.503 2.362 .702 .676
7 - 13.30 - 55.71 4- 26.07 4 41.20 0.5667 1.308 .670 .631

20 0 + 2. 107 - 173 3 - 2. 107 4 173.3 6.005 X 10« 8 X 101 1.0 1.0
m =* 1.20 1 + 3.187 - 169.5 - 2.052 4 160.4 5.745 7.763 0.087 0.085

A't »  1 .7 3 3 2 + 6.083 - 158.4 - 5. 178 4 158.3 5.021 7.075 .952 . 043
3 10.67 - 140.9 - 8.748 4 140.8 3.987 0.043 . 003 .880

20 0 - 34.28 - 262. 1 34.28 4 262.1 13.08 8 X 10* 1.0 1.0
m  =  1.44 1 - 33.30 - 257.0 4- 34.01 _L 258.1 13.54 7.763 0.980 0.985
A't =  2.622 o - 30.84 - 245.6 + 33.23 4 246.2 12.30 7.075 .023 .043

3 - 2G.92 - 226.0 4- 31.09 _L 227.2 10.44 6.043 .841 .880
“ Obtained by interpolation.

b y  e q u a tio n  (8 ) ,  p ro v id e d  6 is k e p t sm all (p refera b ly  
less th an  1 .5 ° ) .

O n  th e b asis o f th ese  resu lts, it is e v id en t th a t  th e  
tran sm ission  eq u a tio n  (4 ) as w ritten  a b o v e  m u st  
be corrected  to  a cc o u n t fo r  b o th  th e lig h t tra n s­
m itte d , an d  the ligh t scattered , in a  forw ard  direc­
tion . T h u s , b y  in sertin g  th e  correction  fa c to r , R, 
in to  th e  d ifferen tial fo rm  o f eq u a tion  (4 ) , an d  in te ­
g ratin g  over th e  d istan ce  traversed  b y  th e  b ea m  
th rou gh  th e  disp ersion , th e  fo llow in g  results

I/h  = e-RK^m  (11)

G e o m e tr ic a l C on sid eration s

O f th e v ariou s o p tica l sy s te m s  w h ich  h a v e  been  
u sed  in  lig h t-tra n sm issio n  ex p erim en ts, th e  le n s-
pin h ole op tica l sy ste m  sh ow n  in F ig . 1 is preferred  
for th ree reasons.

( 1) T h e  exact v a lu e  for th e  h a lf-a n g le  8 can  be 
ca lcu lated  read ily  fro m  a d irect m ea su re m e n t o f the  
d ia m eter  of the p in h ole  an d  th e fo ca l len gth  o f the  
lens. R eferrin g  to  F ig . 1, lig h t fro m  source S  is 
focu sed  in to  a parallel b e a m  b y  th e  lens L i. L en s  
L 2 focu ses th e  p arallel b ea m  a t th e  p in h o le , w h ich  is  
located  a t  the focal p o in t o f th is  lens. T h e  pin h ole  
m u s t  be large en ou gh  to  p e rm it all th e  light in the  
fo cu sed  b ea m  to  p ass th ro u gh  an d  fa ll on th e  c ath ­
ode of th e p h o to tu b e  P . I t  can  be rea d ily  sh ow n  
th a t  th e v a lu e  o f 6 is eq u al to  th e  arc ta n g e n t, r/f,

Fig 1.—Diagrammatic illustration of a lens-pinhole type 
transmitted light detector.
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w h ere r  is th e  rad iu s o f the p in h o le  and /  is th e fo ­
cal len gth  o f th e lens L 2. 15

(2 ) T h e  v a lu e  o f 6 is a c o n sta n t and in d ep en d en t  
of th e  lo cation  o f th e  illu m in ated  partic le  in the  
p a th  o f th e  b e a m  or in  th e  frin ges o f the b e a m , so  
lon g  as th e d ia m eter  o f the lens L-> satisfies eq u a tion  
(12)

I> ¡'2 >  y  4 Oh (12)

w here

1Jl2 is the diameter of lens L2
L is the distance between lens L2 and the most remote 

particle in the beam
Db is the diameter of the parallel light beam

(3 ) T h e  len s-p in h ole  optica l sy ste m  practically  
exclu des all s tra y  lig h t fro m  th e  p h o to tu b e .

W h e n  tra n sm issio n  m ea su re m e n ts  are being  
m a d e  on  a  liq u id  disp ersion  o f im m isc ib le  partic les  
c on ta in e d  in  a  cell w h ich  is p laced  in th e b e a m , 
a cc o u n t m u s t  toe tak en  of the lig h t scattered  fro m  
th e  p artic les 'which is deflected  fro m  its  original 
p a th  u p o n  crossin g  th e b ou n d aries o f th e  cell, as  
sh o w n  in  F ig . 2  I t  is seen  th a t  th e  v a lu e  o f 8 to  be

a p p lied  to  p a rtic les  su sp en d ed  in a  liq u id  m e d iu m  is 
sm aller th a n  th e  v a lu e  of 8 g iven  b y  th e  fra c tio n  r/f. 
S in ce r/ f  is u su a lly  q u ite  sm a ll, th e  v a lu e  o f 8 (in  ra­
d ian s) fo r  p artic les su sp en d ed  in  air is g iv en  b y  

e =  r/f

F or partic les su sp en d ed  in  a  liq u id  m e d iu m  in a  cell, 
th e  v a lu e  o f 8 is g iv en  b y

6 =  r/fnm

w h ere nm is th e refractive  in dex o f th e  m ed iu m .
In  c on trast to  th e  len s-p in h o le  d e te c to r , th e  o p ti­

cal sy s te m  sh ow n  in  F ig . 3 p resen ts o b v io u s  diffi­
cu lties, since th e  an gle  8 is n o t a co n sta n t b u t  is d e ­
p e n d en t on th e  lo c a tio n  o f th e  illu m in a ted  p artic le  
in th e  p a th  o f th e  b e a m . T h u s , in  th e  d e riv a tio n  o f 
th e tra n sm issio n  e q u a tio n  fro m  th e d ifferen tial 
e q u a tion , —d l/ I  =  R K t vIR/'A n d r , w h en  th e  
rig h t side is in te g ra ted  fr o m  x  =  0  to  x  =  l, R  c a n ­
n o t  b e  tak en  o u t o f th e  in tegral as a  c o n sta n t b u t  
m u st be reta in ed  u n d er th e  in tegra l sign , since it  is  
a  fu n c tio n  o f x. T h e  resu lt is q u ite  cu m b erso m e. 
A n  a d d itio n a l c o m p lic a tio n  is th a t  th e  v a lu e  o f R  
fo r  partic les n ear th e  ou ter ed ges o f  th e  b e a m  is d if­
fe re n t fr o m  th e  v a lu e  o f R  fo r  p a rtic les  in  th e  cen ter

SELENIUM PHOTOCELL

METER

Fig. 3.—Diagrammatic illustration of the use of a photo­
cell as a transmitted light detector without the lens-pinhole 
system.

o f th e  b e a m  a t  a n y  g iv en  d istan ce  fro m  th e  p h o to ­
cell. T h is  v a r ia tio n  is d u e to  th e fa c t  th a t  th e  axis  
o f th e  con e su b te n d ed  b y  th e  p h o to c e ll w ith  a  p a r ­
ticle at th e  ed ge of th e  b ea m  is n o t  c o in cid e n t w ith  
the d irection  o f p ro p a g a tio n  of th e  in c id en t ligh t.

F ro m  th e fo reg oin g  discu ssion  it is a p p a re n t that  
the tra n sm issio n  eq u a tio n  as ord in a rily  expressed  
b y  e q u a tio n  (4 ) ca n n o t be u sed ex c ep t in  th e  case  
of e x tre m e ly  sm all p artic les, fo r  w h ich  it  is o n ly  a  
g oo d  a p p ro x im a tio n . T h e  effect o f n o t  o n ly  th e  
partic le  d ia m eter  b u t also  th e  g e o m e try  o f th e  o p ti­
cal s y ste m  on  th e  a p p a ren t scatterin g  cross section  
m u s t  b e  con sidered in all cases.

E x p e rim en ta l W o r k

In the present work an optical system similar to Fig. 1 
was used. It consists of a pinhole 1/ s inch in diameter, and 
a lens whose focal length is 37/s inches, giving a value of 
ft =  0.92° for particles suspended in air and 0.69° for par­
ticles suspended in water.

In order to test the validity of the computed values of R 
shown in Table I, measurements were made on the trans­
mission of light through dispersions of glass spheres sus­
pended in water. The glass spheres were prepared from 
1’yrex glass by the procedure outlined by Bloomquist and 
Clark.21 After the spheres were washed and separated into 
several narrow size-groups by elutriation, the sizes of the 
particles in the respective groups were determined by both 
microscopic examination and by measurement of sedimen­
tation rates in water. From these size measurements, the 
geometrical cross-sectional area per gram of glass was cal­
culated for each group. In experimentally determining 
the value of R for each size-group of glass beads, the quan­
tity (irDs/4 n) in the modified transmission equation (II), 
was replaced by the product of the geometrical cross sec­
tional area per gram of glass beads times the concentration 
of glass beads in the test cell in grams per cubic centimeter, 
to give

In y  = RKiCAl (13)
where
(' = concentration of glass beads (in grams per cubic centi­

meter)
.1 =» geometric cross sectional area per gram of glass beads 

(in square centimeters per gram) 
l = length of light path through the test cell (in centi­

meters).
Since computed values of Kt as a function of a for a rela­

tive index of refraction equivalent to that of Pyrex glass in 
water were not available, it was necessary to employ the 
Tiorenz-Lorcntz relationship6-22 to obtain these values from 
the published values of A\ as a function of a lor m =  1.20.11

Once the values of all factors in the transmission equation 
except R were known, it was possible to calculate the value 
of R quite easily from simple transmission measurements.

Fig. 4.— R vs. a for $ = 0.69°.
(21) C . R . B loom qu ist and A. C . C lark. Ind. Eng. Chem., Anal. 

Ed., 12, 61 (1940).
(22) E . D . B ailey , ibid., 18, 365 (1946).
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A comparison between ( lie values of H determined by theory 
anil those by experiment is shown in Fig. 4. The solid 
curve represents the values of H computed from diffraction 
theory and the circles represent the values of R determined 
by the glass-bead transmission measurements. The fact 
that, the experimental points are about. 5% higher than the 
theoretical values for the larger values of e is probably due

to the slight divergence of the supposedly parallel beam, as 
explained by Lothian and Chappel.16

A c k n o w le d g m e n t.— T h e  C a lc o  C h em ica l D iv i­
sion o f the A m e ric a n  C y a n a m id  C o m p a n y  pro­
vided F ellow sh ip  G ra n ts  for th is w ork  du rin g  the  
period 1949 5 1 .

MEASUREMENT OF PARTICLE SIZES IN POLYDISPERSED SYSTEMS BY 
MEANS OF LIGHT TRANSMISSION MEASUREMENTS COMBINED WITH

DIFFERENTIAL SETTLING12
By R. 0. Gumprecht8 and C. M. Sliepcevich

Department of Chemical and Metallurgical Engineering, luiircrsili/ of Michigan, Ann Arbor, Michigan
HecpAcrd July

A mathematical derivation of a method for the measurement, of particle sizes and their distribution in polydispersed sys­
tems by means of light, transmission measurements combined with differential settling is presented. The method consists 
essentially of the combined application of Stokes’ law of settling and a corrected form of the light transmission equation. 
The experimental equipment consists of a settling chamber, chopped-light source, light filter, a lens-pinhole optical systems 
a phototube pick-up and preamplifying system, a narrow-band amplifier and a strip-chart recorder. Differentiation of the 
“ decay” curve plotted by the strip-chart recorder yields the so-called size-frequency distribution curve of the aerosol in 
the settling chamber. An example of an analysis of an aerosol produced by spraying kerosene from a conventional swirl- 
chamber nozzle is given.

In trod u ction

In  the p rev iou s p a p er  th e  relation sh ip  betw een  
th e apparen t sc a tter in g  coefficient a n d  th e to ta l  
sc atterin g  coefficient, as c o m p u te d  fro m  th e M ie  
th e o ry  w as sh ow n  to  be dependent, on b o th  th e size  
of th e p artic le  and  th e  g e o m e tr y  o f th e  optica l s y s ­
te m  e m p lo y e d  to  m easu re the in ten sities o f the  
tra n sm itted  lig h t. T h is  relation sh ip  is c o n v e n ­
ie n tly  expressed as th e ratio  o f the a p p a ren t sc a tter ­
in g  coefficient to  1 lie to ta l scatterin g  coefficient and  
is d esign a ted  b y  R. T h e  correct tran sm ission  e q u a ­
tion  fo r  a  disp ersion  o f sph erical p articles, all o f d i­
a m eter  J), is t herefore

I/h  = v  m
or its  e q u iv a le n t fo rm

— In 7 =  R K t - f n l  ( 1 )A> 4
where

D eriv a tio n  o f E q u a tio n s

A  p o lyd isp ersed  sy ste m  m a y  b e  con sidered  as 
b ein g  com p osed  o f a  m u ltitu d e  o f m on od isp ersed  
s y s te m s ; th erefore , th e  tra n sm issio n  e q u a tio n  b e ­
com es

-In f  = (2)
1» 4 i

In  eq u a tion  (2 ) , I,  h  a n d  l can  b e  m easu red  read ily , 
a n d  H, an d  7vtj are related  to  A -  T h erefore , since  
A  and m arc in d ep en d en t u n k n o w n s in  th is  e q u a ­
tion , an oth er rela tion sh ip  is required .

I f  lig h t-tra n sm ission  m ea su re m e n ts  are m a d e  on  a  
disp ersion  con ta in in g  p a rtic les a b o v e  th e colloid al 
size ran ge, th e in te n sity  o f th e  tra n sm itte d  light  
w ill gra d u a lly  increase as th e  p artic les se ttle  o u t  
u n d er th e influence o f g ra v ity . I f  tra n q u il s e t ­
tlin g  ta k es p lace , th e  size range o f p artic les settlin g  
o u t du rin g  a n y  in te rv a l o f t im e  can  be c o m p u te d  
fro m  S to k e s ’ law

Id is the intensity of the incident parallel beam 
1 is the intensity of the beam after traversing a distance, 

/, through a dispersion containing n spherical particles 
per unit volume of the dispersion 

Kt is the Mie-tiheory total-scattering coefficient,, or the 
ratio between the total scattering cross section and 
the geometric cross section of the spherical particles'-5

(1 ) P r e s e n te d  b e fo r e  t h e  tw e n ty -s ix th  N a t io n a l  C o l lo id  S y m p o s iu m  
w h ic h  w a s h e ld  u n d e r  th e  a u sp ice s  o f  th e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e lo s , C a lifo rn ia , J u n e  1 6 -  
18, 1952 .

(2 ) T h is  w o r k  w a s  p e r fo rm e d  in  p a r t ia l  fu lf i llm e n t  o f  th e  re q u ire ­
m e n ts  fo r  th e  D e g r e e  o f  D o c t o r  o f  P h ilo s o p h y  in  C h e m ic a l  E n g in e e r in g  
a t  th e  U n iv e r s it y  o f  M ic h ig a n .

(3 )  G ra d u a te  F e llo w , D e p a r t m e n t  o f  C h e m ic a l  a n d  M e ta llu r g ic a l  
E n g in e e rin g .

(4 )  “ T a b le s  o f  S c a t te r in g  F u n c t io n s  f o r  S p h e r ica l P a r t ic le s ,”  
N a t io n a l  B u re a u  o f  S ta n d a rd s  A p p lie d  M a t h e m a t ic s  S eries— 4 U .S . 
G o v e r n m e n t  P r in t in g  O ffice , W a s h in g to n , D .  C . (1 9 4 8 ).

(5 )  R . O . G u m p r e c h t  a n d  C . M .  S lie p c e v ic l i ,  “ T a b le s  o f  L ig h t -  
S ca tte r in g  F u n c t io n s  f o r  S p h e r ica l P a r t ic le s ,”  U n iv e r s it y  o f  M ic h ig a n , 
E n g in e e r in g  R e s e a rc h  I n s t itu te ,  S p e c ia l  P u b lic a t io n s :  T a b le s ;  A n n  
A r b o r ,  M ich ig a n , 1951.

I) =  k/v7 (3)
where

/) — diameter of flip hugest particle present in the 
light beam after tin elapsed time, /., from the 
start, of settling; and

w here

h
M

<n.
( pi — p-i)

set tling height
viscosity of the settling medium 
local acceleration of gravity 
difference in density of the dispersed particles 

and the surrounding medium
E q u a tio n  (3 ) can  be u sed  to  replace th e  v ariab le , D, 
in  eq u a tio n  (2 ) b y  a  q u a n tity  w hich  is rea d ily  m e a ­
su red , n a m e ly , t, as sh ow n  b elow .

I n  eq u a tio n  (2 ) , m refers to  th e  n u m b er o f p a rti­
cles (per u n it v o lu m e  of disp ersion ) o f d ia m eter  A  
con tain ed  in  a n y  one o f th e  a rb itra ry  m o n o d is -
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p erscd  sy ste m s  o f w h ich  th e p o ly d isp ersed  s y ste m  is 
a ssu m e d  to  b e  com p osed . O b v io u s ly , it  w o u ld  be  
im p ractica l to  a tte m p t  to  define a polyd isp ersed  
s y ste m  com p osed  o f a  ran d om  d istrib u tio n  o f p a r ­
tic le  sizes in  term s o f a su m m a tio n  o f tru ly  m o n o -  
d isp ersed  sy ste m s . T h erefore , th e polyd isp ersed  
s y ste m  is assu m ed  to  be c om p osed  o f an  arb itra ry  
n u m b e r  o f sy ste m s, each  o f w hich is com p osed  o f a  
re la tiv e ly  n arrow  size range o f p articles. I f  a  te rm  
N  is defined as th e  n u m b er o f partic les o f average  
d ia m eter  D  per u n it v o lu m e  of th e  dispersion  per  
u n it ran ge o f partic le  d ia m e te r ,6 th en  in  th e  lim it, 
as th e  size ran ge o f partic le  d ia m eters in  each  arb i­
tra ry  sy s te m , app roach es zero

Srei = J ^ ” iV dD ( 4 )

w h ere NclD  is eq u al to  th e n u m b e r  o f p a rtic les h a v ­
in g  d ia m eters  b etw een  D  a n d  D  +  d D  per u n it  
v o lu m e  o f the dispersion .

E q u a tio n  (2 ) can  n ow  be rew ritten  as

In /  =  In /„ -  4  f  ”  RKtD*N d D (5) 
4 y o

D iffe re n tia tin g  eq u a tio n  (5 ) w ith  resp ect to  t y ie ld s

d I n /  
d t 4 r k j >*n4

dD
di (6)

B y  m ea n s o f e q u a tio n  (3 ) , D  can  b e  elim in a ted  from  
eq u a tio n  (6 ) . T h u s

d In I/dl =  ~hH-‘/*RKtN (7)O
S o lv in g  fo r  R K tN

<8)
F ro m  lig h t-tra n sm ission  m ea su re m e n ts  on  a  d is ­

persion  u n d erg oin g  tran q u il se ttlin g  w ith  t im e , th e  
relation sh ip  b etw een  /  an d  l can  b e  m easu red  d i­
rec tly . T h u s , fro m  a cu rve o f I  vs. t, th e  q u a n tity  
R K tN  can  be c a lcu lated  fro m  th e  v a lu e  o f /  and  
th e slope of th e  cu rv e  a t  a  g iven  t im e  t. L ik ew ise , 
th e  v a lu e  o f D  can  a lso  b e  ca lcu lated  fro m  S to k e s ’ 
la w  a t  th e  sa m e g iv en  tim e  t. T h erefo re , R K tN  
can  be o b ta in ed  as a  fu n c tio n  o f D . F in a lly , since  
R  an d  K t are k n o w n  fu n c tio n s  o f D  (as d iscu ssed  
in th e  p rev iou s p a p e r), N  can  be calcu lated  as a  
fu n c tio n  o f D  to  o b ta in  th e  so -ca lled  size -fre q u e n c y  
d istrib u tio n  cu rve. S ince th e  to ta l n u m b e r  of 
partic les o f a ll sizes per u n it v o lu m e  o f th e d isp er­
sion  is g iven  b y

S«, =  J ^ N  d D (4)

th e  to ta l su rface area  o f th e particles per u n it v o l­
u m e  o f disp ersion  is

S = kJ J n d * d D (9)

T h e  to ta l v o lu m e  o f th e p artic le  p er u n it  v o lu m e  o f  
th e  d ispersion  is

V =  ~ ] N D 3 dD 
6 Vo (10)

(f>) J. M. Dalla Vallo, “ Mirromeritics,”  2nd Ed., Pittman Publish­
ing Corporation, Ne«v York, N. Y., 1948, p. 51.

D isc u ss io n

In  d eriv in g  th e a b o v e  expression s it  w a s a ssu m ed  
th a t  th e  sizes o f th e  particles an d  th e prop erties o f  
th e settlin g  m e d iu m  w ere su ch  th a t  S to k e s ’ law  of 
settlin g  w a s v a lid ; th a t  is, fo r  a  v a lu e  o f th e  R e y ­
n olds n u m b e r  fo r  th e  partic le  b etw een  a b o u t 0 .0 0 0 1  
a n d  2 .O .7 F o r  R e y n o ld s  n u m b e rs o u tsid e  o f th is  
ran ge, m od ified  expression s fo r  th e  settlin g  v e lo c ity  
m u s t  b e  em p lo y e d . I t  w a s a lso  a ssu m e d  th a t  s e t­
tlin g  occu rs in  a  p e rfec tly  tra n q u il m e d iu m . W h e n  
th erm a l co n v ec tio n  currents are lik e ly  to  b e  tr o u b ­
lesom e, it  seem s m ore  p ra ctical to  in su late  th e  se t­
tlin g  c h am b er  or surround it  'with a  c o n s ta n t-te m ­
perature b a th  th a n  to  co n ten d  w ith  th e  c o m p lex  
p ro b lem  o f stirred  se ttlin g .8 In  a d d itio n , th e  a ctu a l  
w id th  or th ic k n e ss  o f th e  figh t b e a m  w a s  a ssu m ed  to  
be n eg lig ib ly  sm all com p ared  to  th e  se ttlin g  h eig h t  
o f th e ch am b er. F o r  ex am p le , w h en  th e  w id th  o f  
th e  b e a m  is 1%  o f th e  settlin g  h e ig h t, th e  error in  
th e ca lcu lated  v a lu e  o f th e p artic le  d ia m eter  is 
a b o u t 0 . 5 %  an d  th e  error in  th e  ca lcu lated  v a lu e  o f  
N  is a b o u t 1 .5 %  in  th e  op p o site  d irection . T h u s ,  
th e errors in  th e calcu lated  v a lu es o f th e  su rface a n d  
v o lu m e  o f th e  p a rtic les p er  u n it  v o lu m e  o f th e  su s ­
pen sion  d u e to  th e a ssu m p tio n  o f n eg lig ib le  b e a m  
w id th  are less th a n  1% .

E x p e rim en ta l W o r k
The experimental equipment used in the present work for 

the analysis of drop sizes produced by spray atomizers con­
sists of a settling chamber 10 feet in height with a cross 
section measuring 3 feet by 3 feet. A filtered chopped- 
light source, a lens-pinhole optical system, a phototube and 
a preamplifier are mounted on the settling chamber. The 
preamplified signal is introduced into a high-gain narrow- 
band amplifier which feeds into a strip-chart recorder.

The light source consists of a 6-volt fixed-focus auto- 
spotlight bulb located at the focus of a camera viewer lens, 
Va-inch in diameter with a 3-inch focal length. The light 
beam is chopped at 300 cycles per second by means of a 
spinning aluminum disc having ten Va-inch holes equally 
spaced on a diameter of 4 inches. The disc is driven by an 
1800-r.p.m. synchronous motor. A constant level of light 
intensity is obtained by the use of a regulated 6-volt power 
supply for the light bulb. Essentially monochromatic 
light is obtained by the use of a Baird interference-type 
filter which has a peak transmission at 4700 ±  50 A. and a 
band width of 100-150 A. at one-half of njaximum trans­
mission.

The transmitted light receiver consists of a 3-inch diame­
ter by 37/ s-inch focal length condensing lens with a Vs-mch 
pinhole behind the lens at the focus. The light which 
passes through the pinhole falls on the cathode of a 929 
vacuum phototube which is mounted in a light-tight hous­
ing. The a.-c. voltage developed at the plate of the photo­
tube is fed to the grid of a cathode-follower type of imped­
ance transformer mounted in the same housing with the 
phototube. The preamplified signal passes through a 
shielded cable to the main amplifier, where it is ampEficd, 
rectified and finally introduced into a strip-chart recorder. 
The amplifier is equipped with a gain control and a 300- 
cycle parallel T filter which eliminates the effects of stray 
60-cycle pickup. Stable amplifier operation is obtained by 
the use of an electronically regulated “ B ”  voltage power 
supply.

The strip-chart recorder plots a continuous record of the 
intensity of the modulated light which falls on the cathode 
of the phototube. The curve obtained during the period 
when the dispersion is settling in the settling chamber has 
sometimes been referred to as a “ decay”  curve because of 
its similarity to curves illustrating radioactive decay. A

(7 )  J . IT. P e r r y , “ C h e m ic a l  E n g in e e rs ’ H a n d b o o k ,”  3 r d  E d .,  M c ­
G r a w -H i l l  B o o k  C o .,  I n c .,  N e w  Y o r k ,  N . Y . ,  1 9 5 0 , p . 101 9 .

(8Ì “ H a n d b o o k  on  A e r o s o ls ,”  IT.S. A t o m ic  E n e r g y  C o m m is s io n , 
W a sh in g to n , D . C .,  1950 , C h a p te r s  7  a n d  8.
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typical decay curve is illustrated in Fig. 1. This curve 
was obtained during the settling of an aerosol produced by 
the pressure atomization of 50 ml. of kerosene at 700 pounds 
per sq. in. from a conventional swirl-chamber type nozzle.

Fig. 1.—Per cent, light transmission elapsed vs. settling time 
for kerosene fog.

Figure 2 illustrates the size-frequency distribution curve 
which was calculated from the decay curve shown in Fig. 1 
by the methods outlined above. The area under the curve 
is equal to the total number of kerosene droplets per cubic 
centimeter of aerosol in the chamber. Such factors as co­
agulation and evaporation of droplets and thermal convec­
tion during the settling period were assumed to be negligible. 
Further elaboration on these points is considered beyond 
the scope of the present paper.

A c k n o w le d g m e n t.— T h e  C a lc o  C h em ic a l D iv i ­
sion o f th e  A m eric a n  C y a n a m id  C o m p a n y  p ro ­
v id ed  F ello w sh ip  G ra n ts  d u rin g  th e period  1 9 4 9 -  
51 .

D I S C U S S I O N
A n o n .—The light diffracted from the first particle could 

strike another particle, and also be diffracted, and in that 
way, you might get more transmitted light than the cal­
culated value.

It. 0. G u m p r e c h t .—Yes, that is true. However, the 
lens-pinhole optical system limits to a great extent the 
amount of secondary scattered light which actually reaches 
the phototube. The amount of secondary, tertiary, etc., 
scattered light which will be recorded as “ transmitted” 
light is a function of the optical density of the dispersion. 
The higher orders of scattered light are likely to be trouble­
some onD in extremely dense dispersions. In the more use­
ful ranges of optical densities employed in the present work, 
we have been unable to detect the effects of secondary and 
higher orders of scattered light.

Fig. 2.—Size-frequency distribution curve for kerosene 
sprayed at 700 p.s.i.

D. P .  G r a h a m .—How many values o f  partial wave 
values are required?

2nd Question (in answer to D. P. Graham). Values of 
a of 400 required about 420 terms in the Mie theory series 
summations.

D. P. G r a h a m .—Did you Jo anything at all with absorb­
ing substances?

R. Q. G u m p r e c h t .—Not at this time.
R. B. D e a n .— In your diffraction theory did you allow 

for the transmitted light which came through the center of 
your transparent droplets and was refracted by a small 
enough angle to be caught in your recording system?

R. O. G u m p r e c h t .—Both the Mie theory and the dif­
fraction theory predict that the ray of light scattered by a 
large particle at 180° (that is, in exactly the forward direc­
tion) has an intensity higher than that of any other scat­
tered ray. The ray scattered at exactly 180°, hcwever, 
carries zero energy and does not contribute to the cal­
culated values of either K, or R since its dimensions are: 
intensity per unit solid angle for a beam of unit intensity 
per unit beam cross sectional area. In order to calculate 
the amount of light scattered in the forward direction, for 
the purpose of comparing it with the amount scattered in 
all other directions, it is necessary to integrate the scattered 
intensities over some finite solid angle. For example, both 
the Mie theory and the diffraction theory show that 40% 
of the beam attenuation produced by a particle whose a 
value equals 400 is due to light scattered in the forward 
direction within a cone whose half angle is four tenths of a 
degree.
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A mechanism for the wetting of cotton by aqueous solutions of wetting agents is proposed which allows prediction of 
sinking times of cotton yarn for a variety of wetting agents. The equations require data on the relation between concen­
tration and surface tension of solutions of the wetting agent. Penetration of solutions of wetting agents into porous hydro- 
phobic solids proceeds at a rate determined by the cosine of the contact angle (cos 6) of the advancing front on the cotton 
fibers. As the value of cos 6 is found to be a linear function of surface tension ( 7 ') for a large variety of surface active agents, 
values of 7 ' may be identified with values of cos 6. An equation derived on this basis (log t, = A +  By') can be used to 
predict sinking times in various wetting tests. Data obtained with Aerosol OT, Aerosol MA and Tergitol 4 illustrate this 
point. The value of 7 ' depends on the concentration of agent in the surface region of the solution. This concentration 
(o') becomes less than the bulk concentration (c) during penetration if the agent is heavily adsorbed on cotton. With solu­
tions of Nonic 218 and Triton X-100, for example, c — c' is often much larger than c; thus diffusion become the main rate­
determining factors in wetting with these materials. Values of the diffusion constant, D, appear to decrease from 4 X 10- 6  
cm.2/see. in dilute solutions to 1.5 X 10~6 em.2/see. in concentrated solutions composed mainly of micelles. The relations 
of sinking time to diffusion and to surface tension may be used additively to predict rates of wetting for a wide variety of 
surface active agents.

T h e  w e ttin g  of h yd ro p h o b ic  c o tto n  y a m  b y  a q u e ­
ous so lu tio n s o f surface a ctiv e  a gen ts  is u sed  as an  
ex a m p le  o f  th e  general p ro b lem  o f p e n etra tio n  o f  
liq u id s in to  p orou s p h o b ic  so lids w ith  th e  a im  o f  
d e m o n stra tin g  th e  rate -d e te rm in in g  fa cto rs  in  su ch  
p h en om en a .

F irst, th e  rela tion  o f su rface a c t iv ity  o f w e ttin g  
a gen ts to  rates o f w e ttin g  w as in v e stig a ted . I t  is 
sh ow n  th a t  th e  c o n ta c t angle (0) on c o tto n  o f a q u e ­
ous so lu tion s o f w e ttin g  a gen ts is th e  fa c to r  w hich  
d eterm in es rates o f w e ttin g , and  th a t  th e  rate  o f  
w e ttin g  is an  ex p o n en tia l fu n c tio n  o f cos 9. F o r  a  
g iv en  te st , cos 9 a lon e d eterm in es th e  sin k in g  tim e . 
S e con d , th e  effect o f  a d sorp tion  o f w e ttin g  agen ts  
d u rin g  p e n etra tio n  w a s stu d ied . I t  is sh ow n  th a t  
if  w e ttin g  a gen ts are h e a v ily  d ep leted  b y  ad sorp tion  
o n to  th e c o tto n  du rin g  p en etra tio n , th e  replen ish ­
m e n t o f th e a d v a n c in g  fro n t b y  d iffu sion  fro m  th e  
b u lk  o f so lu tio n  b ecom es th e fa c to r  w h ich  d eter­
m ines rates o f  w e ttin g . B ec a u se  o f th is  ad sorp tion  
p h en om en o n , w h ich  w as d e m o n stra te d  b y  h e a v ily  
a d sorb ed  su b sta n ces such as T r ito n  X - 1 0 0 2 an d  
N o n ic  2 1 8 ,2 the relation  o f rates o f w e ttin g  to  con ­
ta c t  angle w as d e m o n stra te d  w ith  so lu tion s of 
A ero so l O T , 2 A e ro so l M A 2 an d  T e r g ito l 4 , 2 in  w hich  
a d sorp tion  an d  d iffusion  h a v e  n egligib le  effect on  
rates o f w ettin g .

Effects of Surface Activity on Rates of Wetting.
— T h e  tra d itio n al a p p roach  to  p en etra tio n  of 
porou s solids is to  a p p ro x im a te  th e p a th  o f flow  
b y  a parallel b u n d le  o f sm o o th -w a lle d  capillaries. 
In  such  a  sy s te m  th e  rate  o f p en etra tio n  is  prop or­
tio n al to  th e adh esion  ten sion , 7  cos 9, w here 7  is 
th e b o u n d a ry  ten sion  o f the a d v a n c in g  liq u id  and 6 
its  c o n ta c t angle on th e cap illa ry  w alls. H o w e v e r , 
in the case o f cotton  th read s, th e rate o f p e n etra ­
tion  is not p ro p ortion al to  7  cos 9, nor is its direction  
p arallel to  th e fibers.

(1 ) P re se n te d  b e fo r e  th e  tw e n ty -s ix th  N a t io n a l  C o l lo id  S y m p o s iu m  
w h ich  w as h e ld  u n d e r  th e  a u s p ice s  o f  t h e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e le s , C a lifo rn ia , J u n e  I S ­
IS , 1952.

(2 )  A e r o s o l  O T ,  fr o m  A m e r ic a n  C y a n a m id  C o m p a n y , is  th e  s o d iu m  
s a lt  o f  d i -2 -e t h y lh e x y l  s u lfo s u c c in a te .  A e r o s o l  M A  is  th e  d ih e x y l  
d e r iv a t iv e . T e r g i t o l  4 , f r o m  C a rb id e  a n d  C a rb o n  C o r p .,  is  t h e  s o d iu m  
s a lt  o f  a  h ig h ly  b r a n c h e d  a lk a n o l s u lfa te . T r i t o n  X -1 0 0 ,  fr o m  R o h m  
a n d  H aas, is  a  c o n d e n s a te  o f  e th y le n e  o x id e  w ith  a n  o c t y l  p h e n o l; 
th e  p o ly e t h e r  c h a in  has  a b o u t  9 u n its. N o n ic  21 8 , fr o m  S h a rp ies  
C h e m ica ls , is a  c o n d e n s a te  o f  e th y le n e  o x id e  w ith  a  d o d e c y l  m e r ca p ta n ; 
th is  p o ly e t h c r  ch a in  a lso  has  a b o u t  9 u n its.

I t  is w e ll-k n o w n  th a t  th e  lo g a rith m  o f sin k in g  
t im e  is  a  linear fu n c tio n  o f th e  lo g a rith m  o f th e  
con cen tration  o f w e ttin g  a g e n t .3 I t  is  n o w  sh ow n  
th a t  th e  lo g a rith m  o f sin k in g  tim e  is a lso  a  lin ear  
fu n c tio n  o f th e  cosine of th e  c o n ta c t a n g le  or o f 
su rface ten sion , an d  th a t  th is  fu n ctio n  is id en tical 
fo r  m a n y  w e ttin g  agen ts. A  th eoretica l b asis  for  
th is  rela tion  is p ro p osed  in  th is  section .

In this study rates of wetting were determined 
for gray unboiled cotton yarn as supplied for the 
D raves-C larkson sinking test.3 These skeins were 
54 inch loops of yarn weighing five grams apiece and 
containing 120 threads. In a cross section of each 
thread there were 100-200 cotton  fibers. The 
yarn has a surface of natural waxes and oils which 
makes it hydrophobic. In this study the oils 
were rinsed out with benzene (at 25°). The hy­
drophobic nature o f the waxy surface was dem on­
strated b y  the “ capillary depression”  of water; the 
top  14-20 cm. of skeins submerged vertically in 
water were not penetrated b y  distilled water. Cal­
culations based on a m odel system o f capillaries 
having the same Avail perimeter per unit area of 
AATater-air interface (600-800 cm ./cm .2— deter­
mined b y  measurement o f photom icrographs of 
cross-sections o f cotton  thread) shoAV that this “ cap­
illary depression”  m ay be accounted for Avith a 
contact angle (9) of Avater on this cotton  of 107°. 
Because of this similarity of the surface of Avaxy 
cotton  to other waxes it is proposed to use the con­
tact angles (6) o f aqueous solutions on paraffin Avax 
to represent the \ralues of 9 for solutions of Avetting 
agents on cotton.

R a te s  o f p e n etra tio n  o f w ettin g  so lu tio n s in to  
c o tto n  y a rn  can  be m easu red  w ith  a  v a r ie ty  o f tests . 
T w o  o f these w ere u sed in  th is  s tu d y ; th e  D raA -es- 
C la rk son  sin k in g  te st w ith th re e -g ra m  h o o k 3 an d  
th e y a rn  b u n d le  m e th o d .4 W h e n  th is  y a rn  w as  
floated  on  to p  o f Avater, as in th e y a r n -b u n d le  te st , 
th e p en etration  w as o b served  to  occu r fro m  th e  
sides o f th read s an d  y a rn  in  a  d irection  p e rp en d ic u ­
lar to  th e  len gth  o f th e  fibers (see F ig . 1 ). A fte r  
en try  th e  so lu tio n  a p p eared  to  tra v e l a  sh ort

(3 ) C . Z . D ra v e s  a n d  R . G . C la r k s o n , Am. Dyestuff Reptr., 2 0 , 201 
(1 9 3 1 ). S ee  a ls o  Year Book of Am. A sso c . Textile Chemists and Color­
ists.

(4 ) S. M . E d e ls te in  a n d  C . Z. D ra v e s , Am. Dyestuff Reptr., 3 8 , 343 
(1 9 4 9 ).
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d istan ce th ro u gh  th e  th read s p arallel to  th e  fibers. 
In  s lo w  w e ttin g , p e n etra tio n  occurred a t  few  
p o in ts  a n d  so lu tio n s tra v e led  p arallel to  th e fibers 
for several m illim eters . In  rap id  w e ttin g , h ow ever, 
p en etra tio n  occurred at m a n y  m ore  p o in ts  and  
p arallel tra v e l w as n egligib le .

Fig. 2.—Cross section of three fibers in a thread shoving 
how decrease of contact angle (0) brings the water-air inter­
face closer to fiber 3. The curvature of the meniscus is not 
shown because the radius of curvature of the meniscus (near 
the top of a skein) is large (on the order of 400/*) compared 
with the diameter of fibers (10-20/»).

Fig. 1.—A, skeins are penetrated by water entering from 
all sides and in a direction perpendicular to the length of the 
skein; B, cross section of skein of yarn shows water entering 
from periphery and moving toward the center; G, within a 
thread evenly spaced hydrophobic fibers prevent movement 
of the water meniscus (dashed line), except where fibers 
marked x intersect the meniscus and permit it to advance.

T h e  rate  o f w e ttin g  o f w a x y  c o tto n  c lo th  or y arn  
(as m easu red  b y  th e  v a rio u s w ettin g  tests) d ep en d s  
on th e rate  o f w e ttin g  o f th e in d iv id u al th read s. 
T h e  fo llow in g  m ec h a n ism  for th e  w e ttin g  of th reads  
is v isu a lized . In  th read s, th e close an d  ev en  
sp acin g  o f h y d ro p h o b ic  fibers, on con ta c t w ith  the  
w e ttin g  so lu tio n , fo rm s a series o f h ig h ly  cu rved  
m en isci w h ich  p rev en ts  passage o f w ater or w e ttin g  
so lu tio n s .6 In d e ed , w e ttin g  so lu tion s can  p e n e ­
tra te  th e  fibers o n ly  at p o in ts  w here im p erfectio n s  
in sp acin g  a n d  a lign m en t occur. In  F ig . 1C  
p en etra tio n  is sh ow n  to  occu r w here fibers labeled  
X  lie p a r tly  b etw een  a d ja c e n t fibers o f a  low er  
layer. W h e r e  th ese in tersect the m en iscu s b e ­
tw een  fibers o f th e  low er row , th e m en iscu s m o v e s  
forw ard  a lon g  th e  len gth  of th e  n ew ly  w et fiber, 
like a  zip p er, fo r  som e d istan ce . A t  som e oth er  
place w here th e so lu tio n  is in con tact w ith  the  
th read  a n o th er  su ch  in tersection  m a y  occu r and  
th e m en iscu s again  m o v e s  forw ard . T h u s , in  
step s, th e  so lu tio n  m o v e s  th ro u gh  th e th read  
p erp en d icu la rly  to  th e  fibers, w ith  a rate p ro p or­
tio n al to  th e  fre q u e n c y  o f su ch  in tersection s.

T h e  degree o f im p erfec tio n  m a y  b e  expressed as 
sh ow n  in  F ig . 2 . H ere  fiber 3  lies a b o v e  th e  w a ter  
m en iscu s b etw een  fibers 1 an d  2 , an d  its  d istan ce  
fro m  th e  m en iscu s is show n to  b e  d — r  cos 6, w here  
d is th e  d istan ce  o f fiber 3 fro m  th e  p lan e o f fibers  
l a n d  2 , r  is th e  rad iu s o f a fiber a n d  8 th e  con ta c t  
angle . W h e n  d — r  cos 8 h as a sm a ll en ou gh  v a lu e , 
such as d", p e n etra tio n  occu rs .6 O n ly  a  sm all 
p ro p ortion  o f th e  v a lu e s o f d — r  cos 8 are as sm all

(5 )  ' A . B . D . C a ssie , Disc. Faraday Soc., N o .  3 , 2 4 2  (1 9 4 8 ) ;  D .  J . 
C r isp  a n d  W . H . T h o r p e ,  ibid., N o .  3 , 2 1 0  (1 9 4 8 ).

(6 ) T h e  v a lu e  o f  d "  in c re a se s  w ith  c u r v a t u r e  o f  th e  m e n is cu s  w h ic h

as d", so th is  p ro p ortion  (y) m a y  be represen ted  b y  
a d istrib u tio n  fu n ction  such as

y =  ae~(d' — r co s  S)/d" ( 1 )

in  w hich  d' represen ts th e average  v a lu e  o f d. 
T h is  sh ow s th a t  th e  p ro p ortion  o f cases w here  
d' — r  cos 8 eq u a ls  or exceeds d" increases as an  
ex p o n en tia l fu n c tio n  o f cos 8.

I f  (lie rate o f w e ttin g  of th re ad s is p ro p o rtio n a l7 
to  y, th en  the rate o f w e ttin g  o f c o tto n  te st pieces  
( 1 /4 )  is also p rop ortion al to  y. T h u s

1 / 4  =  a'e~(d' -  r c o s  d)/d" ( 2 )

or

log 4 = —log a' +  2.303 d'/d" — 2.303 (r/d") cos 0
(3)

H ere  th e sin kin g  tim e  (4 ) in  a g iv en  test is d eter­
m in ed  b y  o n ly  th e c o n ta c t angle (0). T h e  test  
c on stan t a' relates th e  sin k in g  tim e  to  th e  n u m b er  
of th re ad s w h ich  m u s t  be w e tte d  c on se cu tive ly  
b efore sin kin g  of th e  skein  o ccu rs ; w h en  a' is 
large, sin k in g  is rap id .

E q u a tio n  (3) n o w  relates w e ttin g  tim es to  v a lu es  
of c o n ta c t  angle . I t  a p p ears th a t  con ta c t angles o f  
aq u eou s so lu tio n s on  w a x  m a y  b e  rela ted  to  the  
su rface tension . F igu re 3  sh ow s th a t  th e  fo llow in g  
relation  h o ld s rea so n a b ly  w ell fo r  five com m ercia l 
w e ttin g  a g e n ts8

cos 6 =  1.68 -  0.035t (f )
T h u s  e q u a tio n  (3) m a y  be ch an g ed  to  rela te  sin kin g  
tim e s to  surface tension

log 4 = A +  B~, (5)
in  w h ich  th e test c on stan ts  are c o m b in ed  in A, 
and B  is a c o n sta n t, d ep en d in g  on  r e la tiv e ly  in ­
v ariab le  q u an tities.

It sh ou ld  be em p h asized  th a t the valu es o f su r-

(7 )  T h e  p r o p o r t io n a li t y  c o n s ta n t  a '  d e p e n d s  o n  t-lie n u m b e r  o f  
th re a d s  t o  b e  w e t  c o n s e c u t iv e ly  b e fo r e  s in k in g  o c cu rs . I t  a ls o  d e ­
p e n d s  o n  th e  d r iv in g  f o r c e  f o r  p e n e tr a t io n , w h ich , th o u g h  i~ in c lu d e s  
a  su r fa c e  te n s io n  te rm , is  r e la t iv e ly  c o n s t a n t  in th e  ra n g e  u n d e r  c o n -

is p r o p o r t io n a l  t o  th e  h y d r o s t a t ic  p re ssu re  d r o p  a c ro s s  th e  m en iscu s. 
A s  s in k in g  t im e s  m e a su re  th e  s lo w e s t  p e n e t r a t io n  in  a  te s t  p ie ce  o f  
c o t t o n ,  th e  p o r t io n  t h a t  is  r a te -d e te r m in in g  w ill  h a v e  l it t le  h y d r o ­
s ta t ic  h e a d  a n d  a* w ill  th e r e fo r e  b e  sm a ll.

s ¡d e ra t io n .
(8 ) T h e  c o n s ta n ts  in  e q u a t io n  (4 )  a re  f o r  w e tt in g  a g e n ts  w h ich  

a d s o r b  t o  g iv e  a  m e t h y l  o r  a lk y l  s u r fa c e ;  o th e r  c o n s t a n t s  m a y  be 
r e q u ire d  f o r  a r o m a t ic  o r  f lu o r o c a r b o n  su rfa ces .
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T a b l e  I

S i n k i n g  T i m e s  a n d  S u r f a c e  P r o p e r t i e s  o f  S o l u t i o n s  o f  S t a n d a r d  W e t t i n g  A g e n t s  

Measurements at 25 ±  1°; Draves-Clarkson tests with 3-g. hook; contact angles (0) are one-minute values on paraffin
wax ; surface tensions, 7 , are one*•minute values by Wilhelmy method

W e tt in g c, 7 . e, Ib (D r a v e s ) , ta (y a r n  b u n d le ) ,
a g e n t % d y n e s /c m . d e g re e s sec . se c .

Aerosol OT 0.01 45.3 81.5 29.0; 29.0; 27.0
.02 41.2 75 10.2; 10.4; 10.2 52.2; 56.2; 55.0
.03 38.7 71 5.9; 5.9; 5.9 24.7; 24.0; 24.6; 

23.5
.04 36.8 08 13.2; 15.0; 14.0; 

15.0
.06 34.5 61.5 6.5; 6.5; 6.5; 7.0
.10 31.1 54 0 2.4; 2.8; 2.7; 2.4

Aerosol MA .12 33.4; 33.0; 33.8
.15 42.0 76.5 20.5; 20.4; 20.5
.20 40.4 71.5 24.8; 30.1; 38.0; 

38.2; 29.2
.25 38.4 6.0; 5.9; 6.0 13.2; 15.5; 13.0; 

19.2
.3 36.9 67.5 3.8; 3.8; 3.8 8.3; b .8 ; 6.2; 

12.2; 8.4
.5 32.8 56 2.2; 2.7; 2.5; 2.5

Tergitol 4 .05 41.6 78 17.0; 16.2; 15.0; 17.5; 18.2; 
17.0; 18.3; 20.5; 17.0; 
16.2; 15.2

.075 38.9 74 8.6; 8.8; 8.1; 7.1; 7.1; 7.1; 
8.2

20.6; 26.2; 22.0; 
22.0; 25.0

.1 37.3 71 3.3; 3.6 11.8; 12.0; 12.3; 
9.8

.12 36.1 68 6 .5 ;6 .7 ;7 .2 ;7 .2 ; 
5.7; 6.2; 6.5

face  ten sion  an d  c o n ta c t angle u sed  in  th is  d e riv a ­
tio n  represent th e  v a lu e s a t  th e  fro n t o f th e  p en e­
tra tin g  liq u id  an d  m u s t  th erefore b e  d eterm in ed  
so  as to  represen t a ll o f th e  su rface a c tiv e  m ateria l 
in  so lu tio n . W i t h  re la tiv e ly  h om o ge n eou s w e ttin g

Fig. 3.—Contact angles of aqueous wetting solutions 
may be accurately estimated from surface tension data.

a gen ts , su rface ten sion s m a y  b e  d eterm in ed  in  th e  
u su al m an n er. F o r  so m e m ixtu res, d y n a m ic  su r­
fa c e  ten sion s m a y  be required .

S u rface ten sion s (y )  o f  so lu tio n s o f w e ttin g  a gen ts  
are k n o w n  to  b e  a  lin ear fu n c tio n  o f th e  lo ga rith m  
o f th e  con cen tration  (c), such  as th e  fo llow in g  
in tegrated  fo r m  o f th e  G ib b s  a d sorp tion  eq u a tio n

„ 2.303 RTZ log c
7 = C ------------ N i--------

w h ere C is th e  in te rce p t o f y a t  lo g  c =  0 . Z  is  
th e  n u m b e r  of p artic les p er m olecu le  in  so lu tio n  
an d  a is th e su rface area per a d sorb ed  m olecu le . 
B y  u sin g  th is  expression  fo r  y in  e q u a tio n  (5 ) ,  w e  
o b ta in

log t, — A +  BC — BD log c (6)
w h ere BD , th e  slope o f th e  stra ig h t line o f  th e  lo g  ts 
vs. lo g  c rela tion , eq u a ls  2 .3 0 3 B  RTZ/Ncr, a n d  th u s  
is a  co n sta n t fo r  a n y  g iv en  w e ttin g  a g en t v a ry in g  
w ith  <r/Z fo r  differen t w e ttin g  a gen ts . E q u a tio n
(6 ) h as b een  k n o w n  as a  u sefu l em p irica l rela tion  
fo r  y e a rs .3

E x p e rim e n ta l ev id en ce  is offered in  T a b le  I  an d  
F ig . 4  to  su p p o rt th e  lo g  U vs. y rela tion  o f e q u a tio n
(5 ) . T h e se  d a ta  are sin k in g  tim e s  b y  th e  tw o  
sin k in g  te sts  m e n tio n e d  p re v io u sly , a n d  v a lu e s  o f  
su rface ten sion  a n d  c o n ta c t  a n gle  fo r  so lu tio n s  o f  
th ree  w e ll-k n o w n  a n d  h om o gen eou s w e ttin g  a g en ts , 
A e ro so l O T , A e ro so l M A  a n d  T e r g ito l 4 .

Effects of Adsorption and Diffusion on Rates of 
Wetting .— T h e  e x te n t o f ad sorp tion  o f su rfa ce  
a ctiv e  a gen ts  on  paraffin  w a x  (u sed  to  s im u la te  
w a x y  c o tto n ) w as determ in ed  w ith  G ib b s ’ a d so rp -
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tion e q u a tio n  to  g iv e  th e area  o f c o tto n  in terface  
per a d sorb ed  m olecu le  (or9)

<n = 2.303 (RTZ/N) X d log c/d (y cos 6) (7)
T h e  v a lu e s  o f  <r, m a y  be c om p ared  w ith  v a lu e s o f  
areas per m olecu le  in  th e su rface o f th e  so lu tio n , 
o-s, c o m p u te d  fro m  th e  m o re  u su al fo r m  o f th e  
G ib b s  eq u a tion

<r. = —2.303 (RTZ/N) X d log c/d y (8)
V a lu e s  o f a a n d  <j-A are su m m a rized  in  T a b le  I I ,  
tog eth er  w ith  v a lu es o f $ i , th e  in terfacia l area per  
ad sorb ed  g ra m  o f agen t.

Table II
Area op Adsorbed Surface Active Agents 

Calculations by Equations (7) and (8). Basie data listed 
in Tables I and IV

A g e n t M Z

A r e a  p e r  
m o le cu le  a t  
s u r fa ce , tr3 ,

A.*

A r e a  p e r  
m o le c u le  a t  

in te r fa c e , tri,
A.2

A r e a  p e r  
g ra m  a t  

in te r fa c e , 
S i, m 2

Nonic 218 562 1 61.5 53.2 570
Triton X-100 577 1 52.4 51.9 542
Aerosol OT 444 2 137 154 2090
Aerosol MA 388 2 103 118 1830
Tergitol 4 292 2 132 135 2790

T h e  w eigh t o f su rface a c tiv e  a g en t a d sorb ed  on  
5 -g . sk ein s o f c o tto n  w a s th en  d eterm in ed  w ith  rise  
o f su rface ten sio n  as a  m easu re o f d e p le tio n  o f  
w e ttin g  a g en t fro m  so lu tio n s (see T a b le  I I I ) .  
T h e  su rface area  p er g ra m  o f c o tto n , S„  w a s c o m ­
p u te d  fr o m  th ese m ea su re m e n ts  to  b e  3 9 8 6  c m .2. 
T h is  is in  a greem en t w ith  th e  3 ,1 0 0  c m .2 p er g ra m  
estim a ted  fro m  m icro scop ic  ex a m in a tio n  o f c o tto n  
fibers.

Table III
Adsorption op Surface Active Agents on Cotton at 25° 
Gray, unboiled cotton 5-g. skeins, rinsed in benzene and 

dried. Surface tensions by Wilhelmy method.
W e ig h t

o f S u r fa ce C o n ce n tr a t io n , G ra m
A r e a  o f  
c o t t o n ,

A g e n t
so in .,

g .
t e n s io n  

In it ia l  F in a l I n it ia l
%

F in a l
a d ­

s o r b e d
Sc,

c m .V g .

N o n ic  2 1 8 H50 3 1 .5 3 2 .5 0 . 0 2 0 .0 1 7 0 .0 0 3 0 3 42 0
83 3 2 .5 3 5 .0 .0 1 7 .0 1 2 .0 0 4 1 4 73 0
67 3 5 .0 3 8 .6 .0 1 2 .0 0 7 .0 0 3 3 3820

T r it o n 50 3 1 .7 3 8 .5 .0 1 2 .0 0 5 .0 0 3 5 3 98 0
X -1 0 0 50 3 1 .7 3 8 .8 .0 1 2 .0 0 4 9 .0 0 3 5 3 98 0

A v e ra g e 3 98 6

Fig. 4.—Rates of wetting as a function of surface ten­
sion: solid lines, Draves test (3-g. hook); dashed lines, 
yarn bundle test.

c — c ' sh ow s th e  con cen tration  req u ired  to  p ro vid e  
fa st  en o u gh  d iffu sion  to  m a in ta in  y ' a t  th e  a d ­
v a n c in g  fro n t o f th e  p e n etra tin g  so lu tio n . I t  
can  b e  sh o w n  th a t  su rface tra n sp o rt is so  fa s t  th a t  
it  is  n o t  a  ra te -d e te rm in in g  fa c to r  in  th e  D r a v e s -  
C la rk so n  te st .

I f  th e  a d v a n c in g  fro n t o f  p e n etra tin g  liq u id  is to  
m a in ta in  su rface ten sion  y ',  th en  th e  surface  
m u s t  b e  su p p lied  w ith  su rface a c tiv e  m olecu les a t  a 
ra te  dm/dt (g . /s e c . c m .2) e q u a l to  th e  ra te  o f 
d e p le tio n  w h ich  is th e  p ro d u c t o f  dm/ds (g ram s o f 
a gen t ad sorb ed  on  a  c m .3 o f te s t  c o tto n ) a n d  d s /d f  
(th e rate  o f  p e n etra tio n  in  c m ./s e c .)

T r ito n  X - 1 0 0  a n d  N o n ic  2 1 8  are ex tra cted  fro m  
so lu tio n  b y  a d so rp tio n  on  h y d ro p h o b ic  c o tto n  to  a 
m u c h  greater e x te n t th a n  th e  ion ic  w e ttin g  a gen ts , 
as sh ow n  b y  th e  v a lu e s  o f S, in  T a b le  I I ;  fo r  th is  
reason  th ese m a y  be ex p ected  to  sh o w  a redu ced  
rate o f w e ttin g . T a b le  I V  sh ow s th a t  in d eed  th is  
is so . F o r  ex a m p le , in  F ig . 4  it  is seen  th a t  a  
D r a v e s -C la r k s o n  sin k in g  t im e  o f 10  secon ds  
requires a  su rface ten sion  o f 4 0 -4 1  d y n e s /c m ., y e t  
w ith  b o th  N o n ic  2 1 8  a n d  T r ito n  X - 1 0 0 ,  th e  con ­
c en tra tio n  n ecessary  to  g iv e  th e  a b o v e  rate  o f  
w e ttin g  is m u c h  m ore  th a n  th a t  requ ired to  g iv e  a  
surface ten sion  o f 4 0 -4 1  d y n e s /c m . T h e  surface  
ten sion  requ ired b y  F ig . 4  fo r  a  g iv en  sin k in g  tim e  
(i„) m a y  be rep resen ted  b y  y ',  w h ich  is a tta in ed  
b y  con cen tration  c ' o f  a  su rfa ce  a c tiv e  a gen t. In  
T a b le  I V  v a lu es o f  c ' a n d  c — c ' are sh ow n . H ere

(9) F. M, Fowkes and W. D. Harkins, J. Am. Chem. S o c 62, 3377
(1940).

dm/dt =  dm/ds X ds/di (9)
N o w  b y  F ic k ’s first la w  o f d iffu sio n 10

dm/dt =  D X dc/dx (10)
w h ere D  is th e  d iffu sion  c o n sta n t a n d  x th e  d istan ce  
fr o m  th e  su rface , dc/dx can  b e  e v a lu a ted  b y  F ic k ’s 
secon d  la w  an d  h as b een  sh ow n  to  b e 10

dc/dx
( c  —  c ' ) e ~ x * /4 D t

\/ ,7 l)t

A t  th e  su rface x  =  0 , so  th is  redu ces to

(11)

dc/dx = (c -  c')/VirDt (12)
N o w  dm/ds o f e q u a tio n  (9 ) can  b e  sh ow n  to  be  

th e  su rface area p er g ra m  o f c o tto n , S„, d iv id ed  
b y  th e  p ro d u c t o f Si (th e  area  p er  g ra m  o f a d sorb ed

(1 0 )  A . L . G e d d e a , “ P h y s ic a l  M e t h o d s  o f  O rg a n ic  C h e m is t r y ,”  
P a r t i ,  A .  W e iss b u rg e r , E d .,  2 n d  e d . f I n t e r s c ie n c e  P u b lis h e r s , I n c . ,  N ew  
Y o r k ,  N . Y . ,  1949 , p p , 5 5 4 -5 6 1 .
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T a b l e  IV
W e t t i n g  R a t e s  a n d  S u r f a c e  I ’ r o i ' k.k t i k s  o f  S o l u t i o n s  o f  N o n i o  218 a n d  T r i t o n  X-100

All measurements at 25 ±  1 Values of y ' (corresponding to values of t, (below) were obtained from Fig. 4
C., 7. » fa (Dravea),

(c -  c')Agent % (lynos/em. degrees sec. - /  c
Nonio 218 0.001 52.3

.003 44.5

.005 40.8 70

.006 30.7

.01 30.3 08.5
Av.

.02 31.0 25.8 25 0; 20.8  (25.9) 43.1 0,0037 0.0163

.03 28.7 40.5 16.0 14.0; 14.0 (14.0) 41.2 .0048 . 0232

.04 27.8 10.4 10.2; 0 .6  (10.1) 40.1 .0057 .0343

.05 27.0 40.0 7.5 7 .5 ;  7 .5  ( 7 .5 ) 30.3 .0064 .0436

.07 28.0 4 .0 4 .0 ;  5 .5  ( 4 .0 ) 38.1 ,0076 ,0624

. I 28. 1 40.0 3 .2 3 .2 ;  3 .0  ( 3 .2 ) 36.1 .01004 .000
Triton X-100 .003 42.5 79.5

.006 37.1 60.0

.012 31.7 54.0

.03 10.0 18.7; 10.3 (10.0) 42.7 0.0032 0.0268

.04 13.2 13.6; 13.8 (13.5) 41.1 .0037 . 0363

.07 7 .2 7 .2 ;  7 .3  ( 7 .2 ) 30.0 .0047 .0653

agent at the water-w ax interface) and v, the volum e sec. for solutions com posed almost entirely of
of interfiber space per gram of cot ton micelles.

dm/ds = S,-/rSi (13) T able V
Equations (12) and (13) m ay now be combined D iffusion Constants C alculated with E quation (14)

with (9) and integrated to give iS’c =  3086 em.2/g . ; 1) calculated for v/s = 285 cm.Vg.

c X f; X _1__
V D v/s

(14)

w here v/s is a test c o n stan t w h ich  is equ al to  the  
area o f th e w a te r -a ir  in terface per g ra m  o f c otton .

W it h  eq u a tio n  (1.4) an d  th e d a ta  of T a b le s  I I —I V ,  
v alu es o f V D v /  s m a y  he ca lcu lated . T h e se  h a v e  
been  ca lcu la ted  fo r  sin k in g  tim e s  o b ta in ed  b y  th e  
D r a v e s -C la r k s c n  test w ith  so lu tio n s o f N o n ic  2 1 8  
an d  T r ito n  X - 1 0 0 .  T a b le  V  sh ow s th a t  s / D v / s  
is n early  co n sta n t fo r  all tests , v a ry in g  fro m  0.0  
fo r  d ilu te  so lu tion s to  0 .4  fo r  c on ce n trated  so lu ­
tion s. T h is  v ariatio n  is p ro b a b ly  cau sed  b y  th e  
ch an ge o f D  w hen th e  critical con cen tration  for  
m icelle  fo rm a tio n  (C M C )  is exceeded . V a lu e s  of 
D  m a y  be estim a ted  b y  use o f the S to k e s -E in s te in  
eq u a tion

1) = kT/Girni (15)
A n  a vera ge  v a lu e  o f th e m olecu la r  radiuso?- fo r  these  
m olecu les m a y  be estim a ted  too b e  6 .5  A . ,  an d  for  
“ H a r t le y ”  m icelles to  b e  2 5 - 3 0  A .,  w h ich  g iv es  D  =  
4  X  H E 6 c m .2/s e c .  for the m olecu les an d  D  =  
1 X  1 0 ~ 6 c m .V s e c . for th e m icelles. T h e  C M C  
as estim a ted  fro m  su rface ten sion  d a ta , is 0 .0 3 5 %  
fo r  N o n ic  2 1 8  an d  0 .0 1 5 %  fo r  T r ito n  X - 1 0 0 .  
T h e  0 .0 4 %  so lu tio n  o f N o n ic  218 - is n ea rly  free of 
m icelles so th e  m olecu lar v a lu e  o f D  (4  X  1 0 ~ 6 
c m .2/s e c .)  m a y  be u sed to  ca lcu lated  v/s fro m  th e  
k n o w n  v a lu e  o f 's/D v/s. F o r  th is  so lu tio n  v/s, 
th e average area  o f w a ter  surface per g ra m  of 
c o tto n , is th en  2 8 5  c m .2/ g .  T h is  is a  reason able  
valu e , sin ce th e sim p le st geom etrical su rface o f the  
ou tsid e  o f a  g ra m  o f c o tton  skein  is a b o u t 8 0  c m .2. 
T a b le  V  sh ow s v a lu e s o f D  ca lcu lated  fo r  v/s =  
2 8 5  c m .3/ g . ,  w h ich  decrease fro m  4  X  1 0 ~6 c m .2/  
sec. for so lu tio n s a t th e C M C  to  1 .5  X  1 0 ~ 6 c m .2/

c, c — cZ, in.2/

tn
( D r a v e s -

C la r k ­
son,

vn
X

D,
c m .2/

sec .
X

A g e n t 'Zo % g . s e c .) r/s 10 " 6

Nonic 218 0.040 0.0343 570 10 0.57 4.0
.070 .0610 570 4.0 .46 2.6
.100 .000 570 3 .40 2.0

Triton X-100 .03 .0268 542 10.0 .53 3.4
.04 .0363 542 13.5 .47 2.7
.07 .0653 542 7.2 . 35 1.5

T h ese  ca lcu lation s sh ow  th at diffu sion  is a  ra te -  
d eterm in in g  step  in w e ttin g  w hen ad sorp tion  is 
h e a v y , an d  th a t  d iffusion  can acco u n t q u a n tita ­
t iv e ly  for th e  con cen tration  of w e ttin g  agen t needed  
to  g iv e  a  desired  sin kin g  tim e . F u rth er, eq u ation
(1 4) m a y  be u sed  to  calcu late  (c — c ')i,  for other  
w ettin g  agen ts, u sin g  y/D  X  v/s =  0 .6  fo r  con cen ­
tra tio n s b e lo w  th e  C M C , 0 .5  a t  con cen tration s  
tw ice  th e  CM C, etc.

T h e  y a rn  b u n d le  sin k in g  test a lso  d em on stra tes  
diffu sion  as a  ra te -d e te rm in in g  fa cto r . In  F ig . 5  
sin k in g  tim e s are show n fo r  so lu tion s o f N o n ic  2 1 8  
in  beakers o f th ree d ifferent d iam eters. In  th is  
test th e  sin k in g  c o tto n  scaven ges th e su rface film  
fro m  th e  w h ole  b e a k e r ; d u st partic les on  th e  
surface of th e  so lu tion  can  be seen to  tra ve l  
ra p id ly  tow ard  th e sin kin g  c o tto n  w hile it  is 
sin kin g. T h is  film  is replenished b y  diffu sion  
o f a g e n t in to  th e en tire su rface o f th e  so lu tio n . 
C o n se q u e n tly , surface film s are su p p lied  to  th e  
sin k in g  c o tto n  at a  m ore rap id  rate in b ea k ers o f  
larger d ia m eter , and sin k in g  tim e s are sh orter, as 
show n in F ig . 5. T h e  v a lu es of v/s are m u ch  
larger th an  in th e  D r a v e s -C la r k s o n  sin k in g  test , 
b u t  o n ly  w ith  th e  sm allest b eakers (4  c m . in d ia m ­
eter) w ere valu es o f D  com p arab le  w ith  th o se  of 
T a b le  V . V a lu e s  o f D  for th e largest b ea k ers  w ere
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a b o u t 4  X  1 0 -7  c m .2/s e c .  T h e  d iscrep a n cy  is  
caused b y  su rface tra n sp o rt b ec o m in g  a  ra te -  
d eterm in in g  step  in  th is  ty p e  o f test. A s  sh ow n  
b y  C r isp , 11 su rface film s are tra n sp o rted  a t  a b o u t  
3 0  c m ./s e c . u n d er u n it su rface ten sion  g rad ien t. 
T h o u g h  th is  rate  exceeds b y  fa r  th e  rate  o f  tra n s­
p o rt required in  th e  D r a v e s -C la r k s o n  sin k in g  test, 
it  b ecom es an  im p o rta n t  ra te -d e te rm in in g  step  in 
surface sin k in g  tests  w ith  h e a v ily  a d sorb ed  a gen ts , 
esp ecia lly  w h en  th e  su rfa ce  area o f th e  so lu tio n  is 
large a n d  th e  sin k in g  rap id . T h is  is p r o b a b ly  the  
reason fo r  th e  slow er th a n  n o rm a l s in k in g  o b serv ed  
w ith  A ero sol O T  in  th e  y a r n  b u n d le  te st (F ig . 4 ) .

I t  sh ou ld  b e  n o te d  that, in  th e  sy s te m s  w here  
d iffu sion  is th e  m a in  ra te -d e te rm in in g  step  in w e t ­
tin g , in crease o f tem p e ra tu re  sh ou ld  resu lt in m ore  
rap id  sin k in g , fo r  d iffusion  rates g en era lly  increase  
w ith  tem p e ra tu re .

Conclusions.— I t  h as b een  sh ow n  th a t  th e rate  
o f w e ttin g  o f c o tto n  in  th e  D r a v e s -C la r k s o n  sin k ­
ing te st or s im ilar im m ersio n  te sts  is a  fu n c tio n  o f  
o n ly  th e c o n ta c t  an gle  o f th e so lu tio n  on  w a x , and  
of' the ex ten t o f a d so rp tio n . E q u a tio n s  (5 ) an d
(1 4 ) relate th ese  fa c to rs  so th a t  w ith  o n ly  a  k n o w l­
edge o f th e  rela tion  o f su rface ten sion  to  con cen ­
tra tio n  fo r  a  g iv en  w e ttin g  a g e n t o n e can  ca lcu late  
th e  sin k in g  tim e s  as a  fu n c tio n  o f con cen tration . 
F u rth erm o re , since th e  rela tion  o f su rface ten sion  
to  con cen tration  o f w e ttin g  a gen ts  is k n o w n  to  b e  
p red icta b le  fro m  m olecu la r  stru ctu re  (b y  c o n ­
sid eration  o f critical con cen tration s fo r  m icelle  
fo rm a tio n  an d  areas p er ad sorb ed  m o lec u le ), 
th ese e q u a tio n s can  be u sed  to  correlate w e ttin g  
properties o : su rface a c tiv e  a g en ts  w ith  their  
m olecu la r  stru ctu re .

Experimental Details
The surface active agents were used as supplied by the 

manufacturers. Distilled water was used for all solutions. 
All measurements were made at 25 ±  1°. The cotton 
skeins, supplied by Hooker and Sanders, Inc., New York, 
were rinsed three times in fresh C .p . benzene and then air- 
dried before use. Only skeins weighing 4.9-5.1 g. were 
used.

Yarn bundle sinking tests were made with one inch clips 
of yarn weighing approximately 0.093 g. and containing 120 
threads. These were placed on the surface of solution in a 
beaker with a diameter of 6.5 cm. (unless noted otherwise), 
and time to submerge measured.

Surface tensions were measured by the Wilhelmy method 
with a platinum plate 0.005 inch thick. Contact angles 
were measured on drops by means of a microscope with 
special goniometer eyepiece.

Molecular weights were supplied by manufacturers for 
the ionic wetting agents. Molecular weights of Nonic 218 
and Triton X-130 were measured ebuilloscopicallv in a tetra- 
hydrofuran-water azeotrope.

Acknowledgments.— T h e  m ea su re m e n ts  o f  s in k ­
ing tim e s , a d so rp tio n , su rfa ce  ten sion  a n d  c o n ta c t  
angles w ere m a d e  b y  M is s  H e le n  R o b b in s . T h e  
m olecu lar w e igh t m ea su re m e n ts  w ere don e b y

(1 1 ) 1). J . CrisM, Trans. Faraday Soc., 4 2 , 619  (1 9 4 6 ).

Fig. 5.— In the yarn bundle sinking test Nonic 218 wets more 
rapidly in beakers of larger surface area.

Sh ell D e v e lo p m e n t  A n a ly tic a l D e p a r tm e n t , u sin g  
a  m e th o d  d evised  b y  R . U . B o n n a r .

D I S C U S S I O N
Anon.—I have the problem of wetting powders with 

alcohol. What agents would increase the rate of penetra­
tion of alcohol into these oowders?

F. M. Fowkes.—I don’t know. It seems to me that 
alcohol by itself would wet and penetrate rapidly into a 
variety of powdered materials, such as the oily (or hydro- 
phobic) and the hydrophilic materials. Extremely phobic 
powders (such as Teflon) may require special wetting agents, 
however.

I r v i n g  R e i c h .—It seems to me, that in the course of the 
development here you assumed that the total surface area 
of the cotton was wet by the aqueous solutions. Actually 
sinking occurs before all the surface is wet.

F. M. F o w k e s .—The Cotton hydrometer method of 
observing sinking, such as described by Gruntfest et al., 
(Am. Dyestuff Reptr., 36, 225 (1947)), can be used to show 
that about 90% of the sample is wetted when sinking occurs 
in the Draves-Clarkson test with 3-g. hook. The dry part 
of the skein, at sinking, is presumed to be a central tapered 
core. When the solution has penetrated to this core, 
sinking occurs. If 6-g. we.ght were used the dry core would 
be longer and sinking would occur with less penetration. 
In the derivation one treats penetration at a level in the 
yarn where the penetration is representative of the whole 
skein.

I r v i n g  R e i c h .—The actual per cent of surface wetted 
at sinking time would depend on the weight of the hook 
used.

F. M. F o w k e s .—The weight of the hook was 3 g.
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The new method uses fritted glass to immobilize the liquid in which diffusion occurs, but differs from the conventional 
fritted glass diaphragm method in that the whole liquid is immobilized. The need for stirring any part of the liquid is 
thus obviated. The method is particularly adapted for tracer work and is being used to determine the self-diffusion coef­
ficient of micelles of association colloids tagged by solubilized dyes.

W h ile  m a n y  excellen t m e th o d s  o f m easu rin g  
d iffu sion  coefficients are a v a ila b le , th ere d o es n ot  
seem  to  b e  a n y  a d a p te d  for precise m ea su re m e n ts  
in  m a crom o lecu la r  tracer sy ste m s . T h e  n eed fo r  
su ch  a  m e th o d  b ecam e a p p a re n t in  th e  d e te rm in a ­
tion  o f self-d iffu sion  coefficients o f  m ice lles u sin g  
so lu b ilized  w ater-in so lu b le  d y es  fo r  ta g g in g  th e  
m icelle , as h a s  b een  su ggested  earlier .3

T h e  presence of tracers p rod u ces n o  d e n sity  
grad ien ts, h ence c o m m o n  m e th o d s  u sin g  w id e  
ch an n els ca n n o t b e  u sed  b ecau se u n a v o id a b le  
co n v ec tio n  cu rren ts w o u ld  cau se ex cessive  errors. 
Im m o b iliz a tio n  o f th e  liq u id  in  sm all capillaries  
seem s n ecessary  d esp ite  th e  a cc o m p a n y in g  dan ger  
o f su rface diffu sion . T h e  co n v en tio n a l p orou s  
d ia p h ra g m  m e th o d  d ep en d s critica lly  on  m a in ­
ta in in g  u n ifo rm ity  o f con cen tration  in  th e  tw o  
c o m p a rtm e n ts  (w h ich  h as been  sh ow n  recen tly  to  
require v ig oro u s stirrin g 4 5) a n d  on th e  co m p lete  
im m o b iliza tio n  o f th e so lu tio n  in th e d ia p h rag m . 
A  sh arp  an d  p e rm a n en t b o u n d a ry  m u st  exist  
b etw een  th ese regions. I f  stirrin g  lead s to  a n y  
m ech an ica l “ p i m p i n g ”  o f th e  so lu tio n  th ro u gh  
th e  d ia p h ra g m , it  m a y  cause large m eth od ica l 
errors w h en  a p p lied  to  s lo w ly  d iffu sin g  m a c r o -  
m olecu la r  sy ste m s  ev en  th o u g h  it  is h arm less fo r  
ra p id ly  d iffu sin g  sim p le  ion s.

T h e  new  m e th o d  im m o b ilizes  th e  whole so lu tion  
in  tw o  re la tiv e ly  th ic k  ( 1 -2  c m .) fr itte d  g lass discs. 
T h u s  a n y  n eed  fo r  stirring  is o b v ia te d . A t  th e  
b egin n in g , o n e disc (i.e., its  pores) is filled w ith  
so lu tion  con ta in in g  tracer a n d  th e  oth er  w ith  
tracerless so lu tio n . T h e  discs are c la m p ed  to ­
geth er an d  su b m erg ed  in  m erc u ry  to  p rev en t  
ev a p o ra tio n  w h ile d iffusion  p roceed s. T h e y  are  
th en  sep arated  a n d  th e  a m o u n t o f tracer in  each  
disc d eterm in ed .

T h e  d iffu sion  coefficient is  c o m p u te d  fro m  the  
m easu red  tra n sp o rt b y  com p arison  w ith  th e  b e ­
h av ior  o f a su b sta n ce  o f k n ow n  diffu sion  coefficient,
D. In  ou r case so d iu m  ch loride d iffu sin g  b etw een  
0 .2  a n d  0 .7  N  con cen tration s w a s ch osen , as it  h as

(1 ) P re s e n te d  b e fo r e  th e  t w e n ty -s ix t h  N a t io n a l C o l lo id  S y m p o s iu m  
w h ich  w a s h e ld  u n d e r  th e  a u s p ice s  o f  t h e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ica l  S o c ie t y  in  L o s  A n g e le s , C a li fo rn ia ,  J u n e  1 6 -  
18, 1952.

(2 ) T h is  w o r k  h a s  b e e n  c o n d u c t e d  a s  p a r t  o f  O ff ic e  o f  N a v a l  R e ­
s e a rch  P r o je c t  N o . N R  0 5 4 -2 5 4 . A  m u c h  m o r e  d e ta i le d  a c c o u n t  is 
p re s e n te d  u n d e r  th e  sa m e  t it le  in  m im e o g r a p h e d  F ir s t  T e c h n ic a l  
R e p o r t ,  O N R  P r o je c t  N o . N R  0 5 4 -2 5 4 , a v a i la b le  fr o m  t h e  s e n io r  
a u th o r , T h e  L ib r a r y  o f  th e  U n iv e rs ity  o f  S o u th e rn  C a lifo rn ia , o r  th e  
L ib r a r y  o f  C o n g re ss .

(3 )  R . B . D e a n  a n d  J. B . V in o g r a d , T h is  Jo u r n a l , 46, 1091 (1 9 4 2 ) ;  
H . W . H o y e r  a n d  K . J. M y s e ls ,  ibid., 64, 9 6 6  (1 9 5 0 ).

(4 )  R .  H . S to k e s , J. Am. Chem. Soc., 72, 763  (1 9 5 0 ) .
(5 )  J . M .  N ie lse n , A . W . A d a m s o n  a n d  J. W . C o b b le ,  ibid., 74 . 446  

(1 9 5 2 ).

an u n u su ally  sm a ll v a ria tio n 6 o f d iffusion  coefficient 
w ith  con cen tration .

Calculations
T h e  ratio  R  o f tra n sp o rt across th e  p lan e o f  

sep aration  o f th e  discs a t  a  t im e  t to  th e  tra n sp o rt at 
eq u ilib riu m  is a d im en sion less q u a n tity  w h ich  can  
b e rea d ily  sh o w n 2 to  d ep en d  o n ly  on t and th e  
diffu sion  coefficient D  fo r  a n y  g iv en  sy s te m , p ro ­
v id ed  D  is in d ep en d en t of con cen tration  an d  th e  
con cen tration s are o rig in a lly  u n ifo rm  on  each  side  
o f th e p lan e. In  p a rticu lar, R  is in d ep en d en t o f the  
origin al con cen tration s an d  o f th e  d irection  o f  
d iffu sion . T h ese  rela tion s are tru e for d iscs o f  a n y  
arb itra ry  shape.

I f  th e  sa m e R  is o b ta in ed  a t  tim e s t\ a n d  /2 for  
tw o  su b stan ces, th en

t\D, = ii I
T h is  rela tion  is  u sed  to  ca lcu late  th e  u n k n o w n  
diffu sion  coefficient. S in ce D i  for th e calib ratin g  
su b sta n ce  an d  U fo r  th e  u n k n o w n  are b oth  k n o w n , 
it  requires o n ly  th e  k n o w led g e  o f the tim e  required  
b y  so d iu m  ch loride to  reach th e  sa m e R. T h is  is 
in terp olated  fro m  several ca lib ratin g  ex p erim en ts  
on  a  p lo t  o f  R  vs. \ / f i .  T h is  p lo t  is lin ear u p  to  
a b o u t R  =  0 .6  an d  th en  g e n tly  cu rves to  reach R  
=  1 a t  in fin ity .

O n e  can  d eterm in e  e x p e rim en ta lly  th e  v o lu m es  
F „  a n d  V i o f  th e  tw o  discs, th e  c o n ce n tration  Cn 
o f th e so lu tio n  p laced  in  th e  low er disc (assu m e th a t  
in th e  u p p er =  0 )  a n d  th e  a m o u n ts  A u an d  A i 
fo u n d  in  th e  tw o  discs b y  a n a ly sis  a t  th e  en d  o f th e  
exp erim en t. O n e  m a y  th en  calcu late  th e  tran sport  
a t in fin ity , as T ®  =  C0V iV n/ {V i +  IT ) an d  an  
a vera ge  tra n sp o rt T  =  ( A „ /2 )  +  (CoV, —  A l)/2. 
O f course R  is T/Ta>.

I f  R  is th u s  c o m p u te d  it  is v e r y  in sen sitive  to  
sm a ll errors in  th e  p o sitio n  o f th e  origin al b o u n d a ry . 
T h u s  if th e  b o u n d a ry  is fo rm e d  a t  a  sm a ll v o lu m e  
A  b elo w  th e  su rface o f th e  low er disc (a t  w h ich  
sep aration  o ccu rs), th e  con cen tration  in th is  v o lu m e  
A  w ill be su b sta n tia lly  eq u a l to  C0/2 w ith in  a  v e r y  
sh ort t im e . I t  is th en  ea sy  to  s h o w 2 th a t  T  and  
R  are c o m p le te ly  in d ep en d en t o f A .

Experimental
The discs are cut from fritted glass cylinders of medium 

porosity (average pore diameter 14 m) 1" X 2" or 4" whose 
sides are glazed by fusion immediately after sintering.7 
Alternate methods of closing the pores are fusion of the 
fritted cylinder into a glass tube, which is quite difficult and 
reduces the porosity near the walls, or imbedding the cyl­
inder in lucite, which gives a less inert coating. Two discs 
are always cut immediately adjacent to each other and their * 17

(6 ) R .  H . S to k e s , ibid., 7 2 , 2 2 4 3  (1 9 5 0 ) .
17) S u p p lie d  b y  th e  C o r n in g  G la ss  W o r k s , C o r n in g , N e w  Y o r k .
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Boundary

Fig. 1.—Schematic representation of the diffusion cell 
showing in an exaggerated manner the spaces I, II and III 
occupied by the free liquid and the formation of the boundary 
below the surface of the disc.
original relative position preserved so as to maintain closely 
matching surfaces. A height of about 13 mm. seems to be 
optimum. A greater height prolongs the measurement 
unduly; a lesser one reduces the amount available for 
analysis.

The cell is shown schematically in Fig. 1 and its assembly 
in a clamp in Fig. 2. The porous discs are mounted with 
Araldite 101 cement8 9 in lucite rings for ease of handling and 
aligning. The two porous discs are held between two lucite 
discs in the stainless steel clamp which ensures rigidity and 
reproducibility of alignment and allows immersion in mer­
cury to prevent evaporation and leakage.

Filling of the porous discs with a solution (and its removal) 
is done by gradual displacement of a miscible liquid. When 
the porosity of the disc is uniform up to the impervious wall, 
slow flow under gravitational forces of 1.5 pore volumes is 
sufficient to replace over 99.9% of the original liquid. When 
the porosity is not uniform, as many as ten volumes may be 
necessary. We always use a 50-70% excess above the mini­
mum required. This displacement is rather slow and care­
ful protection from evaporation is necessary. Burets may 
be used to dispense NaCl solutions but syringes are used 
with detergent to avoid loss of dye to stopcock grease or 
elastomers.

Analysis.—Sodium chloride concentrations were deter­
mined by direct conductimetry after dilution to a known 
volume, using a Jones-Dike bridge,3 properly designed 
cells and Shedlovsky’s10 equivalent conductivity values. 
The conductivity of the water used was always determined 
and subtracted. Dye contents were determined with 10- 
mm. cells in a Beckman UV spectrometer using a wide slit 
at the absorption maximum and correcting for any turbidity 
measured in the region of negligible absorption.

Volume Determination.—Because of unavoidable un­
evenness of the disc surface, there are spaces between the 
discs, as shown in Fig. 1. Each of them amounts to about 
0.02 cc. The liquid in the middle space is always consid­
ered a part of the upper disc. The liquid in these free 
spaces is collected (with a pipet for NaCl solutions and 
small squares of cleansing tissues for detergent solutions) 
and added to that contained in the pores of the correspond­
ing disc. The volumes of each disc are determined by filling 
both discs with the same solution, assembling, disassembling 
and determining the solute content of each. Using NaCl 
solutions the mean deviation is about 0.002 cc. for a volume 
of approximately 2 cc. Using solubilized dye the mean 
deviation is about 0.01 cc. due to the lower precision of 
colorimetric analysis and there is no significant difference 
between the volumes determined by the two methods.

Calibration.—Sodium chloride solutions 0.7 N in the 
lower and 0.2 A  in the upper disc are used for calibration. 
This avoids the presence of very dilute solutions in which 
surface diffusion is significant.,4'5 gives sufficient amounts 
of solute for precise analysis and utilizes the unusually 
broad minimum6 of the D vs. concn. curve for this salt. 
The value for 0.5 A , D — 1.474 X 10~6 cm-Vsec., is used 
in further computations. The values of time for various 
values of R are read from a graph of deviation from linearity 
with respect to

Fig. 2.—The diffusion cell is formed by porous discs U and 
L (each in a lucite ring) and is closed by lucite discs 3 and 
4. It is held by springs 10, 11 and 12 in a clamp formed 
by plates 5 and 6 connected by rods 7, 8 and 9. Handle 15 
serves to hold the cell under mercury.

The boundary between two different solutions is formed 
by filling the discs with the two solutions, clamping the 
lower one in position, drying the outside, submerging its 
lower edge in mercury and drying its upper surface. The 
upper porous disc, covered with the upper lucite disc and 
with a drop of the solution hanging from its lower surface, 
is lowered into position, the excess liquid squeezed out, and 
after closing the upper spring and drying the outside, the 
whole cell is submerged in mercury.

In this process there is a small amount of unavoidable 
mixing of the two solutions, and some of the liquid from the 
lower disc is pressed out, so that the boundary is effectively 
formed at a small volume A (Fig. 1) below the surface of the 
lower disc. The material balance shows that this volume 
amounts to about 0.01 cc. with an average deviation of 
about 0.005 cc.

As has been shown above, under Calculations, the value 
of A does not affect the average transport ratio R. That 
the initial mixing is of no significance may be seen from 
Table I, which compares results of short time diffusion ex­
periments with values predicted on the basis of long time re­
sults. Significant mixing would lead to consistently higher 
experimental values and require a zero time correction, but 
this is not the case.

Table I
Short T ime Diffusion Experiments 

0.7 in NaCl in lower disc; 0.2 m NaCl in upper disc
T im e , T r a n s p o r t  ra t io , %
m in . A, c c . C a lc a . F o u n d  D i.Ie re n o e

2.5 +0.004 2.1 1.9 - 0 .2
3 +  .012 2.3 2 .G +  .3
9 +  .040 6.0 5.8 -  .2

5.0%  Aerosol MA + Orange OT ini lower disc; 5.0%
Aerosol MA in upper disc

128 +0.004 6.2 6.4 - 0 .2
104 .000 7.0 7.1 -  .1

(8 ) S u p p lie d  b y  C I B A , N e w  Y o r k .
(9 ) P . H . D ik e , Rev. Sci. Instruments, 2 ,  3 7 9  (1 9 3 1 ).
(1 0 )  T .  S h e d lo v s k y , J. Am. Chem. Soc., 5 4 , 1 40 5  (1 9 3 2 ).

Density gradients which act to stabilize the boundary are 
present in calibration runs using NaCl. In tracer experi­
ments there are in principle no density gradients and in
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practice there may be even minute destabilizing ones. 
The method seems, however, to be completely insensitive 
to such inversions of density because in two runs in which 
sodium chloride solutions were used in inverted position 
(i.e., 0.7 N in the upper and 0.2 N in the lower disc), the 
values of R deviated by —0.6% and +1.1%  from the cali­
bration line for 11 hr. and 17 hr. experiments, respectively. 
(Dr. R. J. Williams has found that discs of coarse porosity 
are no longer insensitive to such extreme inversions of den­
sity gradient but are still satisfactory for tracer work).

Temperature control is provided by an air-bath whose 
temperature varies by ±0.05° with a period of approxi­
mately 1 minute at 25 ±  0.1°. The mercury cups are sup­
ported on rubber in an almost vibrationless way although 
strong vibrations seem to have no effect.

Accuracy and Precision.—The above results show that 
the method seems to eliminate most, sources of methodical 
errors except that cf adsorption and surface diffusion in the 
particular system studied. The presence of these effects is 
indicated by a discrepancy between volumes determined us­
ing tracer and using NaCl and may be ascertained by using 
discs of different porosities.

The precision depends on the value of R, showing a flat 
minimum near R =  0.65. The reproducibility of meas­
urements with sodium chloride corresponds to about ±  0.5% 
in the value of D and with dye solution it corresponds to the 
analytical error. Thus in 5% Aerosol MA, Orange OT in 
three different discs gave four results averaging 1.089 X 
10-6 cm.2/,sec. with a mean deviation of 1.2%, while oil blue 
(which is appreciably water-soluble) gave three results 
averaging 1.156 X 10-s om.2/sec. with a mean deviation of 
1.1%.

D I S C U S S I O N
S. O. L ia n g .—Would the dye affect the diffusion of the 

micelles because of the amount of dye present in the micelle?
K. J. M ysels.—That is a very good question. However, 

the amount of dye employed was on the average less than 
one dye molecule per micelle. Therefore such an effect 
would be very sm dl. Furthermore the dye was so com­

pletely water-insoluble and very soluble in oil so that it 
should be located well inside the micelle. Also in electro­
phoretic measurements we used several different dyes to 
see if they gave the same results and found that they did. 
I do not think we are changing things very much but we plan 
to check this point by comparing different dyes in dif­
fusion.

I rving  R e ic h .—I would like to just go a stage further 
on the question just asked. Obviously the molecule or 
two of dye locked within the micelle will not affect the speed 
of diffusion very much. But there is so much to be under­
stood about the geometry and the energetics of the micelle. 
It may be, a highly sensitive structure. Might, it not be 
possible for the micelle to let’s say, double.in size because of 
the presence of even one molecule of the dye?

K. J. M ysei.s .—If there was a large effect by one kind of 
dye, presumably different kinds of dyes would give very 
different results and we propose to consider this effect at a 
later time.

M alcolm D ole.—Could not dye molecules diffuse from 
one micelle to another micelle by some kind of chain effect? 
The solubility of the dye in the solvent, even if the dye is 
very insoluble, may make this kind of an effect possible.

K. J. M ysels.—If the dye is completely insoluble in 
water, then in order for them to jump from one micelle to 
another, the micelles must be very close together, in fact 
the micelles must touch, which is very unlikely.

M alcolm D ole .—It is also unlikely that the dye is com­
pletely insoluble.

K. J. M ysels.-—The solubility of the dye in water is 
estimated at perhaps 1/10,000 of the solubility in the soap 
solution. Hence for 10,000 dye molecules which are en­
trapped inside the micelles there is only one which is in the 
water. Even if this one were diffusing ten times faster 
than the micelles it would introduce onlv an error of ‘ /io of 
1%.

PREDICTION OF GAS-ADSORBENT EQUILIBRIA1
By F . D . Maslan,2 M . Altman and E . R . Aberth

Department of Chemical Engineering, New York University, New York, N. Y. 
Received July 22, 19-52

It has been found that a modified Polanyi-Dubinin theory can be used to correlate the adsorption of various gases on 
activated carbon, silica gel and activated alumina with good accuracy both above and below the critical point. In this 
modification the adsorbate is considered as a highly compressed gas, and its volume and fugacity are calculated at the 
adsorption temperature. The method has been tested on nine systems and good checks with experimental results are 
obtained. Binary gas adsorption can be predicted from single gas adsorption data when NiiVn = NiVi +  AhF2. This 
method has been tested on the system oxygen- nitrogen-activated carbon with success.

I t  is desirable to  be able to  p red ict gas a d sorp tion  
eq u ilib ria  fro m  a m in im u m  o f ex p e rim en ta l d a ta . 
T h e  P o la n y i-D u b in in  th eo ry  offers a  rou te  to  th is  
goal-

Single-Gas Adsorption.— T h e  m o d ification  o f the  
P o la n y i-D u b in in  ad sorp tion  th e o ry  p rop osed  b y  
L ew is an d  his c o -w o rk ers3 is g iven  b y

w hen

[
RT /„ff [R T . f.l
u ' V J i  = L F7 11 /  J I, O)

N i V ' i  = N u V ' u (2)
(1 )  P re s e n te d  b e fo r e  th e  tw e n ty -s ix t h  N a t io n a l C o l lo id  S y m p o s iu m  

w h ic h  w as h e ld  u n d e r  th e  a u sp ice s  o f  th e  D iv is io n  o f  C o l lo id  C h e m is tr y  
o f  th e  A m e r ic a n  C h e m ic a l  S o c ie t y  in  L o s  A n g e le s , C a lifo rn ia , J u n e  IB­
IS , 1952.

(2 )  N a t io n a l R e s e a rc h  C o r p .,  C a m b r id g e ,  M a ss .
(3 ) W . K . L e w is , E . R . G il li la n d , B . C h e r t o w  a n d  W . P . O a d o g a n , 

Jnd. Eng. Chem., 42, 1326 (1 9 5 0 )

w here /  =  fu g a c ity  o f  th e  gas a t ad sorp tion  pres­
sure a n d  tem p era tu re , j s =  fu g a c ity  o f sa tu rated  
liq u id  a t  a d sorp tion  tem p e ra tu re , N  =  m oles  
ad sorb ed  per u n it w eigh t a d sorb en t, R  =  g as law  
c o n sta n t, T  =  a d sorp tion  tem p e ra tu re , degrees  
a b so lu te , an d  V  =  m o la l v o lu m e  o f sa tu rated  
liq u id  a t a  v a p o r  pressure eq u a l to  a d sorp tion  
pressure. T h e  su b scrip ts I  an d  I I  refer to  differen t  
sets  o f ad sorp tion  con d ition s. In  th e  a b o v e  rela ­
tio n sh ip s th e  ad sorb ate  is assu m ed  to  b e  a  sa tu ­
rated  liq u id . L ew is , et al., fo u n d  th a t  g o o d  correla ­
tio n  cou ld  b e  o b ta in ed  u sin g  th e  a b o v e  e q u a tio n s  
an d  d efin ition s b elo w  th e critical p o in t. D a t a  fo r  
m a n y  h y d ro carb on s correlated  w ell. B ra n c h in g  
o f th e  gen eralized  correlation  cu rves, A T '  vs. 
( R T / V 1) In f s/f, w ere o b ta in ed  fo r  sa tu ra ted  an d  
u n sa tu ra ted  h yd ro carb on s.

W h e r e a s  th e su b stitu tio n  o f fu g acities  fo r  p res-
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sures in  th e  orig in al P o la n y i th e o ry  is th eoretica lly  
sou n d to  a cc o u n t fo r  th e n o n -id e a lity  o f the gases, 
no ju stific a tio n  can be fou n d  on  th eoretical grou n d s  
for a ssu m in g  th a t  the m olal v o lu m e  o f th e ad sorb ate  
is equ al to  th e satu rated  liquid v o lu m e  a t  a  te m ­
p eratu re w here the v a p o r  pressure e q u a ls*th e  a d ­
sorp tion  pressure. \\ Idle th is correlation  is useful 
b elow  th e critical p o in ts  o f the gases a n d  h as been  
successful in th is region, ex tra p o lation  a b o v e  the  
critical p o in t h a s been  fo u n d  to  be im p ractica l and  
the m e th o d  b reak s d o w n .3 T h e  d ifficu lty  in  d eter­
m in in g  a liqu id  v o lu m e a b o v e  the critical p o in t is 
o b viou s.

H o w e v e r , m a n y  a d sorp tion  tem p eratu res are 
a b o v e  th e critical tem p era tu re  of th e  a d sorb ed  gas. 
In  order th a t  a gen eralized  correlation  m a y  h old  
over th e  en tire  tem p era tu re  ran ge fo r  a  p articu la r  
gas, a c on sisten t set o f a ssu m p tio n s  is needed to  
p ro vid e  a  u n iq u e relation sh ip  b etw een  th e pressure  
a n d  v o lu m e  o f th e a d sorb ed  g as a t  a n y  one te m ­
p erature. I f  one con siders th e  a d sorb ate  as a 
h igh ly  com p ressed  gas an d  th a t  th e  gas h as th e  sam e  
escap in g  te n d e n c y  fro m  th e surface o f th e ad sorb en t  
as fro m  a sa tu ra ted  liq u id -v a p o r  in terface , th en  it 
is possib le  to  resp ecify  th e  v o lu m e  ( F )  a n d  fu g a c ity  
( fa) fo r  eq u a tio n  1. In  order to  ca lcu late  this  
fu g a c ity , th e  pressure o f th e ad sorb ed  g a s  m u st  be 
o b ta in ed . T h is  is don e b y  p lo ttin g  th e v ap o r  
pressure cu rve for th e  liquefied  a d so rb a te  and  
e x tra p o la tin g  it to  th e desired a d sorp tion  tem p e ra ­
ture . I f  th e tem p era tu re  is b e lo w  th e critical 
tem p era tu re  of th e gas, th en  th e  a d sorb ate  pressure  
is id en tica l w ith  th e v a p o r  pressure, and  the  
fu g a c ity  is th e sa m e as defined b y  L ew is, et at. 
I f  the tem p era tu re  is a b o v e  th e critical tem p eratu re  
o f th e gas, the. extrapolation ' appears ju stified  on  
th e b asis o f ex p erim en ta l d a ta  d iscu ssed  b y  B r u n -  
au er . 4 H e  reports resu lts  th a t  sh ow  th a t  no  
d isc o n tin u ity  occu rs in th e ad sorb ed  p h ase on  
p assin g  th e critica l tem p era tu re .

O n ce th e pressure o f th e  a d sorb ate  is k n o w n , th e  
m ola l v o lu m e  o f th e  com p ressed  gas ( F )  m a y  be  
ca lcu lated  fro m  an  e q u a tio n  o f sta te  or fro m  a  
com p ressib ility  ch art. T h e  fu g a c ity  ( / s) m a y  be  
ob ta in ed  b y  fa m iliar  th e rm o d y n a m ic  eq u a tio n s or 
fro m  a fu g a c ity  coefficient ch art.

U sin g  th e  m e th o d  ou tlin ed  a b o v e , ad sorp tion  
d a ta  fo r  th e  tw o  sy ste m s  o x y g e n -a c tiv a te d  carbon  
an d  n itr o g e n -a c tiv a te d  ca rb o n ,6 are p lo tte d  in  F ig .
1. I t  w as fo u n d  th a t  th e  ex p erim en ta l d a ta  could  
be correlated  o ver  th e fu ll tem p era tu re  ran ge o f 0 
to  — 1 5 0 °  w ith  an  average d e v ia tio n  o f 3 % .  T h is  
tem p eratu re ran ge covers th e  region fro m  b elow  
th e critical p o in ts  o f th e g ases to  a  region  con ­
sid era b ly  a b o v e  th e m  an d  h en ce can  be regarded  
as a  rath er critical test o f th e a ssu m p tio n s. T h e  
p o in ts fo r  b o th  o f th e gases sh ow  a sm o o th  tra n si­
tio n  as th e  cu rve crosses th e  resp ective  critical 
tem p era tu res. T h is  h elps ju s t ify  th e a ssu m p tio n  
m ad e in  th e  ex tra p o lation  o f th e  v a p o r  pressure  
cu rve a b o v e  th e  critical p o in t.

T h e  fa c t  th a t  the tw o  gases can  be correlated  b y  
a  single cu rve in d icates th a t  their adsorption

(4 )  S. B ru n a u e r , " A d s o r p t i o n  o f  G a se s  a n d  V a p o r s .”  Y o l . 1, P r in ce ­
to n  U n iv e rs ity  P ress , P r in c e to n , N . .J.t 1 94 o .

(,")) M .  A ltm a n , I ) .  S c. T h e s is , N e w  Y o r k  U n iv e rs ity , U n iv e r s it y  
H e ig h ts , N e w  Y o r k ,  19o2 .

(T/V) log (/„//}, °K. g. mole cm.“ 3.
Fig. 1.—Adsorption potential diagram for oxygen- 

activated carbon and nitrogen-activated carbon ever the 
temperature range 0 to —150°.

ch aracteristics on a c tiv a te d  carb on  are v ery  
sim ilar.

T h e  m e th o d  w a s tested  a ga in  su ccessfu lly  b y  
p lo ttin g  ad sorp tion  d a ta  fo r  o x y g en  an d  n itrogen  
on a c tiv a te d  a lu m in a  a n d  silica  gel as sh ow n  in  
F igs. 2  an d  3 , re sp e c tiv e ly .5 T h e  d a ta  for a cti­
v a te d  a lu m in a  (F ig . 2 )  cov er  a  tem p era tu re  region  
of — 1 5 0  to  — 1 7 5 ° . I t  can  be seen th a t th e  d a ta  
for b o th  o f th e  gases g iv e  sm o o th  cu rves an d  sm all 
d e v ia tio n s . In  th is  case th e o xy gen  and  n itrogen  
cu rves do  n ot coin cide . T h is  m ig h t be accou n ted  
fo r  b y  a  difference in ad sorp tion  ch aracteristics on 
a c tiv a te d  a lu m in a .

T h e  d a ta  fo r  silica  gel in  F ig . 3  co v e r  th e  te m ­
p era tu re  ran ge — 130  to  — 1 5 0 ° . T h is  is p a r t  o f  
th e sam e region  covered  in  F ig . 1 . H o w e v e r , it w ill 
b e n o ted  th a t  th e  silica  gel figure h as a  sep arate  
cu rve for o x y g en  a n d  fo r  n itro gen , w h ile one cu rve  
correlates th e d a ta  on a c tiv a te d  carb on . N o  
ex p lan a tion  fo r  th is b eh a vior  can be offered at 
p resen t o th er  th a n  to  a ssu m e th a t  th e  difference  
is cau sed  b y  differen t a d so rp tio n  ch aracteristics on  
th e  silica gel th an  on th e  a ctiv a te d  carb on .

A s  a  fu rth er te st o f th is  m e th o d , d a ta  for a d sorp ­
tio n  o f h yd ro g en  on  a c tiv a te d  carb on 6 are su ccess­
fu lly  correlated  w ith  a  d evia i ion of less th a n  2 %  
in F ig . 4 . T h e se  d a ta  cover th e  tem p e ra tu re  region  
55  to  6 9 ° K .  T h e  th e rm o d y n a m ic  d a ta , th e v a p o r  
pressure a n d  th e  P V T  d a ta  fo r  h yd ro g en  w ere o b ­
ta in ed  from  a recen t N a t io n a l B u re au  o f S ta n d a rd s  
p u b lic a tio n . 7 T h e  cu rve fo r  th e  h y d r o g e n -a c ti -

(6 ) W .  V . D in g e n in  a n d  A . V . I t te r b e e k , Ph/isica, 6 , 49  (1 9 3 9 ).
(7 ) H . W . W o o l le y ,  “ N a t l. B u r . S td s ., R e s e a rc h  P a p e r  R P  1 9 3 2 .”  

Y o l .  41 , 1948.
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(T /F ) log (/a//), °K. g. mole cm. 3.
Fig. 2.—Adsorption potential diagram for oxygen-acti­

vated alumina and nitrogen-activated alumina over the 
temperature range —150 to —175°.

(T/V) log (/a//), °K. g. mole cm.-3
Fig. 3.—Adsorption potential diagram for oxvgen-silica 

gel and nitrogen-silica gel over the temperature range — 130 
to -150°.

v a te d  carb on  s y ste m  c a n n o t be d irectly  com p ared  
w ith  th a t  o f F ig . 1 b ecau se th e  carb on  w a s different.

T h e  excellen t resu lts o b ta in ed  w ith  th ese  seven  
sy ste m s , esp ecia lly  a b o v e  th e critical p o in ts , ap p ear  
to  ju s t i fy  th is  correlation  m e th o d . I t  is h op ed  th a t  
in  th e  fu tu re  d a ta  on  oth er  gases w ill be a va ilab le  
fo r  fu rth er  testin g .

D a t a  on  th e  a d so rp tio n  o f p ro p an e an d  p ro p ylen e  
on a c tiv a te d  ca rb o n 8 a t  tem p era tu res o f 0  to  — 3 0 °  
did  n o t correlate w ell b y  u se o f th is  m e th o d . S ince

(8) E R. Aberth, M.Ch.E. Thesis, New York University, University
Heights, New York, 1952,

0.0 0.1 0.2 0.3 0.4 0.5
NV, cm.3 g._1

Fig. 4.—Adsorption potential diagram for hydrogen-acti­
vated carbon over the temperature range 55 to 69 °K.

th ese d a ta  w ere a t  tem p e ra tu res a b o u t 1 2 0 °  b e lo w  
th e  resp ective  critical p o in ts  an d  n ear th e n orm al  
b oilin g  p o in ts , it is b elieved  th a t  th e  a ssu m p tio n  
o f a  com p ressed  gas is n o  lon ger ju stified  as m o s t  o f  
th e  a d so rb a te  is u n d o u b te d ly  p resen t as liq u id . 
T h is  p ro b a b ly  can  a cco u n t fo r  th e  b re ak d o w n  o f th e  
correlation  m e th o d  in  th ese  cases.

B in a ry  G a s  A d so rp tio n .— T h e  m e th o d  u sed  a b o v e  
for single gas a d sorp tion  can be ex ten d e d  to  m u lt i-  
co m p o n en t ad sorp tion . In  th e  fo llow in g  d iscu s­
sion th e case o f b in a ry  gas ad sorp tion  w ill b e  con ­
sidered.

T h e  a d sorp tion  p o ten tia l th e o ry  sta tes  th a t  th e  
w ork  required to  b rin g  a  gas fro m  th e  gas p h ase  
in to  th e  a d sorb ed  p h ase is eq u a l to  its  free en ergy  
ch an ge. E x te n d in g  th is  to  b inaries, if tw o  gases  
are a d sorb ed  a t  th e  sam e tim e , th e  to ta l w o rk  is 
eq u a l to  th e  su m  o f th e  w o rk  d on e on  each  gas, 
p ro vid e d  th ere is n o  en erg y  ch an ge on  m ix in g . 
H e n c e

[NRT In/» //] ,, =  [NRT In/„ //] , +  [NRT \nfa/f]2 (3)

w here th e su b script 12 represen ts th e  b in a ry  gas  
m ix tu re  an d  su b scrip ts 1 an d  2  represen t th e  pu re  
c om p on en ts . T h e  oth er q u an tities in  e q u a tio n  3  
are as defined p rev iou sly .

A p p ly in g  th e  law  o f a d d itiv e  v o lu m e s  t o  th e  
a d sorb ate , th e  a ssu m p tio n  is m a d e  th a t  th e  to ta l  
v o lu m e  o f th e  ad sorb ed  gas is eq u a l to  th e  su m  of 
th e  v o lu m e s  o f th e  in d iv id u al c o m p o n en ts  o f  th e  
gas m ixtu re

-V12F 12 =  N iV  1 -f- At Fa (4)

In  order for th e  final rela tion sh ip  to  b e  specific  
an d  g iv e  o n ly  a  single resu lt, th e  a d so rp tio n  p o ­
ten tia l corresp on d in g  to  th e  le ft  side o f e q u a tio n  3 
m u st b e  c on stan t fo r  a  certain  v a lu e  o f A ri«Fr>, 
no m a tte r  w h a t are th e  v a lu es o f N 1 V 1 a n d  A V I Y
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D iv id in g  e q u a tio n  3  b y  A '12i ’ i2 a n d  can cellin g  I i  
gives

T/Va In (/»12//12) —
T/V ,2[ln (/.!//,)»■ +  In (/*//*)-*] (5)

w here

ni = Ni/Nu and n2 =  N 2/N12

Sin ce

AT = Ah +  Ar2 (6)
n2 = 1 — % (7)

R earran gin g  e q u a tio n  5  a n d  ta k in g  th e a n tilo g ­
a rith m  g ives

f V f i - '  = /.h/.’r ”1//» 12//12 (8)

E q u a tio n  8  is a gen eral rela tion sh ip  b etw een  the  
pure gas an d  b in a ry  gas fu gacities. F o r  a  g iv en  
a m o u n t o f ad sorb ate  o f a certain  co m p o sitio n , the  
d e n o m in a to r  o f th e  righ t side of th e eq u a tio n  m a y  be  
fo u n d  fro m  a generalized  a d sorp tion  p o ten tia l  
curve a t ord in a te  N uV u .  T h e  tw o  fu gacities in the  
n u m erator are ca lcu lated  as d escrib ed  p rev iou sly  
for pure gases. T h is  leav es th e  g as  com p ositio n  
in  eq u ilib riu m  w ith  th e  a d sorb ate , as represented  
b y  th e le ft side o f th e  eq u a tio n , u n k n o w n . T h e  
so lu tion  fo r  the tw o  gas fu g acities  f x an d  / 2 can  be  
h an d led  b y  tria l an d  error or a t  lo w  pressures b y  th e  
fo llow in g  m e th o d .

A t  lo w  pressures th e  fu g a c ity  can  be tak en  as 
b ein g  eq u a l to  th e  p a rtia l pressure o f th e gas w ith  
o n ly  a sligh t error. I f  th e  to ta l pressure is one  
a tm osp h ere , th en

f l + f 2 =  1 (9)
an d

h = 1 -  /.
T h erefore  e q u a tio n  8  m a y  b e  w ritten  fo r  one  

atm osp h ere  as

f i ' (  1 -  /i)1-”1 =  /¿‘/ ¡,-vW / u  ( 10 )

In  th is e q u a tio n  all v a lu e s  are k n o w n  fo r  a  
specified a d sorb ate  a m o u n t a n d  com p ositio n  excep t  
f\. O n ce th e  correct v a lu e  o f /1  is o b ta in ed , th e  
gas p h ase c o m p o sitio n  can  be rea d ily  ca lcu lated .

T h e  g a s -a d s o r b e n t  eq u ilib riu m  is th en  c om p lete ly  
estab lish ed .

E q u a tio n  10 w as tested  o n  th e  s y ste m  o x y g e n -  
n itr o g e n -a c tiv a te d  carb on  fo r  w h ich  ex p e rim en t­
a lly  d eterm in ed  v a lu e s o f re la tiv e  v o la tilitie s  are  
a v a ila b le .6 T h e  resu lts  are g iv en  in  T a b le  I . 
T h e  calcu lated  resu lts  c om p are  q u ite  closely  w ith  
th e  ex p erim en ta l ones. E v e n  th o u g h  th e  te m ­
peratu res range fr o m  b e lo w  to  a b o v e  th e  critical 
p o in ts , th e  average d e v ia tio n  is o n ly  10%  a n d  the  
m a x im u m  is 1 9 % .  T h is  s y ste m  is a  good  one for  
su ch  a  te st as th e  rela tiv e  v o la tilitie s  are sm all 
an d  th e  ad sorp tion  ch aracteristics o f  o x y g e n  an d  
n itrogen  are sim ilar. S ince th e p red iction  m e th o d  
g iv es  g oo d  results on  th is  sy s te m , a  sim ilar or b ette r  
accu racy  m ig h t b e  ex p e cte d  w ith  oth er  sy ste m s  
h a v in g  larger rela tiv e  v o la tilities .

L ew is an d  c o -w o rk ers9 u sed  an  e q u a tio n  d erived  
b y  B ro u g h to n  for th e  p red iction  o f b in a ry  eq u ilib ria  
fro m  single c o m p o n e n t d a ta  w ith  o n ly  fa ir results. 
T h is  eq u a tio n  w a s te ste d  a lso  on th e  o x y g e n -  
n itro g e n -a c tiv a te d  carb on  s y ste m  a n d  resu lts are  
g iv en  in  T a b le  I . T h e y  are a b o u t th e  sa m e as 
th o se  fro m  e q u a tio n  10  ex c ep t fo r  th e  — 1 5 0 °  
case. T h is  is  con sid erab ly  in  error.

Table I
Comparison of Experimental and Calculated Relative 
Volatilities for Oxygen-N itrogen-A ctivated Carbon

S y s t e m

T e m p .,
°C. E x p tl .

R e la t iv e  v o la t il it ie s  

E q . 10
Lewis, el al. eq.

-150 1.7 2.1 2.9
-130 1.5 1.3 1.3
-110 1.3 1.2 1.3

T h e  ex p lan a tion  fo r  th is  large d e v ia tio n  is th a t  
in tegration  o f th e  B ro u g h to n  eq u a tio n  requires  
ex tra p o lation  of th e  pu re isoth erm  d a ta  to  v e r y  low  
pressures which- can  in tro d u ce  errors. T h ese  
errors b ec o m e larger as m ore  gas is a d sorb ed , and  
in  th ese  resu lts th e  largest d e v ia tio n  occu rred  a t  
— 1 5 0 °  w here th e largest a m o u n t o f g as  is  a d ­
sorb ed .

(9 )  W .  K . L e w is , E . R . G il li la n d , B . C h e r t o w  a n d  W . P . C a d o g a n , 
Ind. Eng. Chem., 42, 1319 (1 9 5 0 ).
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MACROMOLECULAR PROPERTIES OE POLYVINYLPYRROLIDONE : 
MOLECULAR WEIGHT DISTRIBUTION

B y  L . E . M iller1 and F . A . Hamm2
General Aniline ifc Film Corporation, Central Research Laboratory, Iiaslon, Pennsylvania 

, Received July Id, 19d2

This paper discusses the application of the well known Svedberg equation to polyvinylpyrrolidone, a synthetic high poly­
mer. The dependence of sedimentation constant on concentration and molecular weight is described. The configuration 
of the molecule in solution in terms of axial ratios and root mean square distance between the ends of the randomly kinked 
chain is discussed; viscosity and translational diffusion data were used. From the empirical relation between sedimentation 
constant and molecular weight, several equations aroderived for defining different type average molecular weights. Special 
emphasis was placed on the quantitative analyses for polydispersity. Four methods are compared. It is demonstrated 
that the best method for describing the molecular heterogeneity is based on a recent procedure in which the number dis­
tribution of sedimentation constants, g(s) versus s, is determined from ultracentrifugal velocity diagrams. The limitations 
on the attempt to plot “ true”  molecular weight distributions (r/(.s) vs. M) are discussed; an approach to such a distribution 
is outlined.

Introduction
T h e  sy n tlie ti:' h igh  p o ly m er , p o ly v in y lp y rro li­

d on e , h as recen tly  acquired a  n a tio n a l in terest as a 
b lo o d  p la sm a  exten der. I ts  p rep ara tion , p ro p er­
ties an d  ap p lica tio n s in th e  b lo od  field a n d  in other  
bran ch es of m ed icin e h av e  been su m m a rized  in  
b o o k  fo r m .3 T h is  p o ly m e r  in 3 . 5 %  aq u eou s so lu ­
tio n  con tain in g  p h y sio lo gica l in organ ic sa lts  h as  
been  k n o w n  in  G e r m a n y  as “ P e ris to n .”  T h e  
m ed ica l profession  in  G e r m a n y , b o th  m ilita ry  an d  
civilian , h as u sed th is m ateria l as a b lo od  p lasm a  
ex ten d er since a b o u t 19 40 . I t  w as th e  p rim a ry  
pu rp ose o f th is  in v e stig a tio n  to  d eterm in e  the  
m olecu la r  w eigh ts o f a  rep resen ta tiv e  n u m b e r  of 
sa m p les, w ith  specia l em p h a sis  on their m olecu la r  
w eigh t d istrib u tio n s. T h is  la tter  a sp ec t is im ­
p o rta n t b ecau se o f th e exten d ed  clinical ev a lu a ­
tion s bein g  con d u cted  here as w ell as ab road . 
T h ro u g h o u t th e  rem ain in g  text th is  p o ly m e r  will be  
referred to  as P Y P . 4

T h e  m acrom o leeu lar  prop erties o f P Y P  h av e  
been stu d ied  b y  m ea n s of sed im e n ta tio n  v e lo c ity , 
diffu sion  an d  v isc o s ity  technique's an d  com p ared  
w ith  th e  results o f earlier w orkers. A lth o u g h  an 
ex ten d ed  v isc o sity  p ro gram “ h as been  carried out 
in th is L a b o ra to ry , o n ly  a b rie f con sid eration , 
sufficient to  corrob orate  th e oth er discu ssion s, is 
g iven  herein.

A  critical ev a lu a tio n  o f the ex istin g  m e th o d s  for  
p o ly d isp e rsity  a n a ly sis  b y  m ea n s o f th e sed im e n ta ­
tion  v e lo c ity  an d  diffu sion  d ia g ra m s an d  th e results  
o b ta in ed  b y  a p p ly in g  each  o f th ese  tech n iq u es to  
th e  sa m e ex p erim en ta l d a ta  is p resen ted  an d  c o m ­
pared .

E x p e rim en ta l

Samples.—The polymer PVP is a hygroscopic white solid. 
The amount of water retained by the “ dry” material is a 
function of the relative humidity; it may be as high as 15%. 
Although the experimentation was not limited to the samples

(1 ) B e ll  T e le p h o n e  L a b o r a to r ie s , In c .,  A l le n t o w n  L a b o r a t o r y ,  555  
U n io n  B o u le v a rd , A l le n to w n , P e n n .

(2 ) B u rro u g h s  A d d in g  M a c h in e  C o m p a n y , R e se a rch  A c t iv it y ,  
511 N o . B r o a d  S t ., P h ila d e lp h ia , P en u a .

(3 )  “ P V P  P o ly v in y lp y r r o l id o n e ,”  C o m p ile d  a n d  P u b lis h e d  b y  
G e n e ra l  A n il in e  &  F i lm  C o r p o r a t io n , D e v e lo p m e n t  D e p a r t m e n t ,  2 3 0  
P a rk  A v e n u e , N e w  Y o r k ,  N . Y . ,  M a r c h , 1951 .

(4 ) S te r ile  .so lu tion s  o f  p o ly v in y lp y r r o l id o n e  f o r  p h y s io lo g ic a l  use 
are  m a rk e te d  b y  th e  G e n e ra l  A n il in e  &  F ilm  C o r p o r a t io n  u n d e r  th e  
t r a d e  n a m e  “ P la s d o n e .”

(5 ) S. S ig g ia  a n d  CL G . S to n e r , th is  L a b o r a t o r y ;  u n p u b lis h e d
w ork s .

listed in Table I, only those which are pertinent to the dis­
cussions have been included. The samples represent bot.li 
large and small scale experimental preparations.

Samples Description FikentscherK
i Unfract. material 33
ii First fraction of I 38
in Second fraction of I 37
IV Fifth fraction of I 2!)
V Unfract. material 2!l
VI First fraction of V 21
VII Unfract. material 211
V ili Unfract. high mol. wt. 71
IX Unfract. very high mol. wt. 10!)

Samples II, I ll and IV are the precipitates which result
from an incremental addition of diethyl ether to a 20% 
(initial concentration) solution of sample I in methanol. 
Subsequent work in this Laboratory,5 * as well as theoretical 
considerations by Flory* and Scott,7 have established that 
less polydispersed fractions can be obtained by precipita­
tion from more dilute solutions. (The solute concentration 
at first signs of precipitation is about one third of the initial 
value.) Sample VI represents a different type of fractiona­
tion procedure. An acetone slurry was made of sample V; 
it was stirred for four hours, and then the mixture was 
allowed to layer overnight. The clear supernatant acetone 
layer contained the soluble lower molecular weight portions. 
Tile acetone was removed using a steam-bath and vacuum. 
The residue after dissolution in water was spray dried. 
This sample of PVP is represented by number VI. The 
Fikentscher8 fv-valucs given in Table I were determined 
from the relative viscosity of 1% aqueous solutions. These 
values are often used as a qualitative indication of the 
weight average molecular weight.

Diffusiometry.—The translational diffusion coefficients 
(1>) reported in 1 his work were determined in a Klctt* elec­
trophoresis apparatus using a Tiselius type 11 cc. analytical 
cell. The boundaries were recorded by means of the Longs- 
worth scanning technique. A plot of l/T /2™,* vs. time for 
each experiment yielded a straight line which intercepted 
the time axis between minus 3000-5000 seconds. Accord­
ing to Longsworth,10 the straight line relationship is a crite­
rion that the diffusion across the boundary interface was not 
significantly disturbed. The boundaries were made by 
positioning the cell components in the conventional way. 
It was not necessary to sharpen the boundaries by capillary 
withdrawal of the solvent, even for the more dilute solutions. 
The zero limes recorded were of the same order of magnitude 
as others quoted in the literature.11 Although the apparent

(6 ) P . J. F lo r y ,  J. Chem. thys., 12, 4 2 6  (1 9 4 4 ).
(7 ) R .  L . S c o t t ,  ibid., 1 2 , 178 (1 9 4 5 ).
(8 ) H . F ik e n ts ch e r , Cellulosechemie, 13, 60  (1 9 3 2 ).
(9 ) K le t t -T is e l iu s  E le c t r o p h o r e s is  A p p a ra tu s , K lr t t  M fg .  C o . ,  179 

E a s t  8 7 th  S t ., N e w  Y o r k  28, N . Y'.
(1 0 ) L. G . L o n g s w o r th , Ann. iV. Y. Arad .  Sri., 4 1 , 2 6 9  (1 9 4 1 ) ,
(1 1 ) K . G , S tern , S. J. S in ger  a n d  S. D a v is , ,/. Biol. Chem., 167, 321 

(1 9 4 7 ).
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time at which diffusion began was determined in the manner 
just described, an alternate scheme, first described by 
Lamm, 12 was used in the computation of the diffusion co­
efficients. The percentage mean deviation for the calcu­
lated diffusion coefficients within each experiment was 
usually not more than 5%.

As a check on the over-all validity of the experimental 
technique, the diffusion coefficient was determined for a pure 
substance for which the value is known to a high degree of 
precision. Eimer and Amend C.p . saccharose was chosen 
as the standard. A value of Dw =  4.589 X 10- 6  cm.2/sec. 
was obtained for the diffusion coefficient of a 1 .0 0 1 1 % 
aqueous solution. Costing and Morris13 14 have reported 
a value of = 5.148 X 10 5 cm.2/sec. determined by
the Gouy interference technique. When corrected to 20° 
this value becomes 4.507 X 10~s cm.2/sec. The reproduc­
tion of the diffusion coefficient of saccharose to within 1 .8 % 
of the value reported by Gosting and Morris suggests that 
the diffusion coefficients for PVP tabulated in Table III 
can be considered reliable.

It is significant to note that during the early stages of this 
work the authors found that the well known temperature 
correction

Dm = 1), X 4 "  X -  ( I)J i?20
gave spurious results when applied to PVP. The diffusion 
coefficient for sample I determined at 5.0° was Z>5„ =5.41 X 
1 0 ~ 7 cm.2/sec. which, when corrected to 2 0 .0 ° by means of 
equation 1, becomes Dm = 8.62 X 10-7. The diffusion 
coefficient of sample I was also determined at 21.4°. The 
value of /I21.40 = 4.16 X 10~ 7 cm.2/sec. was obtained. 
This becomes 3.90 X 10 ~ 7 cmA/sec. when corrected to 
20.0° by means of equation 1 . These results imply that 
changes in the shape of the molecule with temperature re­
quire that another term be introduced in the formula for 
temperature correction. Although the exact form of the 
term to be added is not known at this time because only 
two experimental points have been determined, the as­
sumption of a straight line relationship makes it possible to 
determine an approximate value of Di0 Oo by interpolation. 
The interpolation is justified in this Case because of the 
relatively short temperature range over which the interpo­
lation takes place (21.4—20.0°). The approximate value 
of Djo.o determined by this interpolation was 4.81 X 
10- 7  em.2/sec. This value was used as the diffusion co­
efficient for sample I in all subsequent calculations. Care 
was taken during the remainder of this work to carry out 
all the experiments as closely as possible at the same tem­
perature (2 0 °).

The comparatively high diffusion coefficient determined at 
5° is an indication that the polymer molecule is more tightly 
coiled at the lower temperature, thus more closely approach­
ing the simple spherical behavior. Any tendency for a de­
pendence of diffusion coefficient on concentration would 
be enhanced at higher temperatures. On the basis of this 
observation the deviation from Newtonian flow reported in 
the viscosity section of this paper might be predicted. In 
this regard it is advisable when large differences in diffusion 
coefficient or sedimentation constant are obtained to ex­
amine carefully the experimental conditions from which 
they were derived. Any suggestion of a dependence of 
frictional coefficient on temperature or polydispersity will 
automatically invalidate the use of equation 1  for tempera­
ture correction.

According -o Singer,M /,  S= fn when the polymer molecule 
is not oriented by the centrifugal field. In a later section of 
this paper it will be shown that the sedimentation constant 
at 60,000 r.p.m. is equal within experimental error to the 
sedimentation constant at 45,000 r.p.m. Thus / ,  =  /n, 
and the diffusion coefficients may be expected to be concen­
tration dependent only when a concentration dependence of 
sedimentation constant is found. Because the reproduci­
bility of sedimentation experiments is considerably better 
(3-5% ) than the diffusion experiments it was not consid­
ered necessary to determine the concentration dependence of 
diffusion wherever there was no concentration dependence 
of sedimentation constant. As a further check on this

hypothesis, the diffusion coefficient for sample V was de­
termined at concentrations of 0.25 and 1.00%. The values 
are Dw = 5.98 X 10- 7  and Dm =  6.33 X 10~7, respec­
tively. While it is true that a difference of about 6 % exists 
between these two values, it is doubtful as to whether any 
significance can be attached to the difference. Because the 
expected reproducibility of diffusion coefficients from ex­
periment to experiment is usually of the order of 5-10%, 
these data indicate qualitatively that no significant de­
pendence of diffusion coefficient on concentration exists for 
sample V. In this regard it is important to note that no 
skewness was observed in the diffusion diagrams for all of 
the samples fisted in Table III. A significant concentration 
dependence of diffusion would be expected to result in a 
skewness in the diffusion diagram which would increase with 
increasing time. It is reasonable, however, to expect a 
concentration dependence with increasing molecular weight 
because concentration dependence was found for the sedi­
mentation constants for the samples in this range. The 
diffusion coefficients listed in Table III are based on data 
determined only for 1% solutions. A few typical diffusion 
diagrams are illustrated in Fig. 1.

I l l  U M
10.51 21 .35 36 70

134’ 230'
SA M PLE H I

lL
Fig. 1.—Diffusion diagrams: 1 % solution, magnification 1 , 

time in hours,after boundary was made.
Fig. 2.—Sedimentation diagrams: 1% solution, magnifica­

tion 1.5, time after full rotor speed.

Sedimentation.—The sedimentation constants for PVP re­
ported in Table III were determined in a Spinco ultracentri­
fuge. 16 From 8-10 photographs were taken of the sediment­
ing boundary with the time interval usually being 32 
minutes. The calculations were made in the conventional 
manner as described by Svedberg and Pedersen16; 6 - 8  
separate computations for sedimentation constant wore 
made for each ultracentrifugal run. The percentage mean 
deviation of the calculated s within each experiment was 
seldom more than 5%, and the reproducibility from experi­
ment to experiment was found to vary between 3 and 5%. A 
few typical sedimentation diagrams are shown in Fig. 2.

Figure 3 illustrates the relationship between the sedimen­
tation constant and the concentration of the polymer in 
solution. For sample' I no concentration dependence of 
sedimentation constant was observed between the range of 
concentrations from 1.0-0.25%; a slight decrease in sedi­
mentation constant was observed at the 2 % concentration. 
The molecular weights listed in Table VI were calculated 
using sedimentation constants determined at 1 % concen­
tration; these values for a (samples I through VII in Table 
III) are equivalent to those at infinite dilution. This as­
sumption could only be made in the case of low molecular 
weight material (K =  20-30) because as is seen on Fig. 3, 
increasing molecular weight PVP (samples VIII and IX) 
showed a definite concentration dependence of sedimentation 
constant. The decrease in sedimentation constant of 
sample I at the high (2%) concentration is very probably 
due to the effect of the broad distribution of sedimentation 
constants (see Fig. 9). At the highest concentration the 
relative amounts of the high molecular weight material is

(1 2 ) O . L a m m , Nova. Acta. Reg. Roc. Upsaliensis, 10 , 1 (1 9 3 7 ).
(1 3 ) L . J . (J e s t in g  a n d  M . S. M o r r is , J. Am. Che in. Sac., 7 1 , 1998 

(1 9 4 9 ).
(1 4 ) S. J . S in g e r , J. Rolymcr Rci., 2 . 2 9 0  (1 9 1 7 ).

(1 5 ) S p in c o  M o d e l  E  U lt r a c e n tr ifu g e  (A n a ly t ic a l  R e fr ig e r a te d ) ,  
S p e c ia liz e d  In s tr u m e n ts  C o r p o r a t io n , B e lm o n t ,  C a li fo rn ia .

(1 6 ) T .  S v e d b e r g  a n d  K . O . P e d e rse n , “ T h e  U lt r a c e n tr ifu g e ,”  
U n iv e r s it y  P ress , O x fo r d ,  1940.
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Fig. 3.—Dependence of sedimentation constant- on molecular 
weight and concentration.

very probably adequate to cause an appreciable molecular 
interaction, resulting in the observed decrease in sedimen­
tation constant.

The sedimentation constant for sample V at 45,000 r.p.m. 
was determined to be s2!l =  1.17 X 10-13 sec.-1 which was 
not considered significantly different from the value at 
60,000 (Table III). The reproduction of the same sedimen­
tation constant at two different rotor speeds suggests the 
absence of an alignment of the polymer in the ultracentrifu­
gal field.

One possible source of error in these determinations of 
sedimentation constant was the temperature at which the 
ultracentrifugal run was made. The average temperature 
during the sedimentation run was usually 23-24°. It has 
already been shown that- the frictional coefficient of the PVP 
molecule is temperature dependent and that the tempera­
ture correction for diffusion does not apply. It follow's 
therefore that the usual temperature correction for sedimen­
tation does not completely describe the change in sedimen­
tation constant with temperature. However, because the 
difference in temperature was not large (3-4°), the error in­
troduced by the configurational change with temperature is 
not expected to be greater than the over-all probable error 
in the determination of diffusion coefficients. The values 
for molecular weight determined by the Svedberg equation 
arc therefore not adversely affected.

Viscosity.—-The relative viscosity measurements pri­
marily used to determine the intrinsic viscosities of the PVP 
samples were determined at 24.85° in Ostwald-Fenske type 
viscometers with the flow times for water of the order of 
300 seconds.17 The values used were average measurements 
of two analysts, with the maximum deviation from the mean 
being of the order of ±0.1 second. This variation results 
in a maximum possible error of 1.5% at the lowest concen­
tration (0.125%) and decreases to 0.5% probable error at 
the highest concentration (1.500%).

The intrinsic viscosities were determined by plotting In 
rjrei/c vs. c for five concentrations between the range 0.1250 
to 1.500%.

The temperature dependence of the molecular frictional 
coefficient discussed earlier suggested the possibility that 
PVP solutions exhibit structural viscosity. The relative 
viscosity of a number of 0.5% solutions of PVP was deter­
mined at two different temperatures (24.85 and 35.00°) 
and in two viscosimeters of distinctly different bore sizes. 
Flow times for water at 25.85° were 356.86 and 76.66 
seconds. All of the samples exhibited a departure from 
Newtonian flow but to a varying degree, depending upon the 
average molecular weight. The differences observed were 
all too great to be accounted for on the basis of the relatively

(17) The authors are indebted to L. J. Lohr of the analytical section
of this Laboratory for viscosity and density measurements and for
the Dumas nitrogen assay.

high experimental error (<  1.5%) introduced by the large 
capillary bore size.

If the viscosity temperature coefficient is defined as
T tdi7rei/dT]rp and the “ flow time”  coefficient as di?rei/d/]^,

where T„ is the temperature and is the flow time for water, 
the data can be presented in a convenient manner as shown 
in Table II.

PVP
S a m p le

I
IX

Table II
T e m p .

c o e ff ic ie n t

0.591 X 10-3 
9.56 X 10-3

F lo w  t im e  
c o e ff ic ie n t

0.357 X 10" 4 
3.28 X 10-4

An increase by an order of magnitude of 10 is observed 
between samples I and IX . (For Newtonian flow, both 
these coefficients would equal zero.) These data serve to 
emphasize the inaccuracies inherent in the characterization 
of the average molecular weights by means of a single rela­
tive viscosity determination such as afforded by the use of 
the Fikentscher K -value. A single relative viscosity meas­
urement is a function of the molecular weight distribution. 
It is conceivable that a very small fraction of high molecular 
weight material could contribute disproportionately to the 
measured relative viscosity.

Although the electrophoretic mobility of PVP is reported18 
to be pH sensitive, the viscosity of PVP as a function of pH 
and ionic strength has not been studied. On the basis of 
the chemical structure of the polymer no significant elec- 
troviscous effect is anticipated. The polymer is essentially 
non-ionic and should be only very weakly amphoteric.

T a b l e  III
I’VP Dm X % «20 X %

S a m p le 101 MDa KPS MDa [»]
I 4.81 5.05 1.28 3.91 0.24
II 4.14 1.62 1.42 3.52 0.33
III 4.27 4.34 1.27 7.87
IV 5.87 8.32 1.13 4.42
V 6.33 3.86 1.10 1.82 0.19
VI 7.55 6.10 0.82 3.66 .13
VII 5.94 3.96 1.03 3.88 .20
VIII [2.38]'’ 5.73 1.14
IX [2.90]6 1.24 1.99

“ The percentage mean deviations represent an average 
of all the individually determined values. Lower % 
MD’s could have been reported by a propitious choice of 
values to be averaged. b These are the intrinsic values de­
termined by extrapolation to infinite dilution. The % 
M D’s are for the 1% solutions.

Partial Specific Volume.— T h e  partia l specific  
v o lu m e can  be d eterm in ed  in a  n u m b e r  o f w a y s . 19 
O n e o f tw o m e th o d s  u sed in this L a b o ra to ry  w ill be  
describ ed . T h e  fo llow in g  general eq u a tio n  serves  
as a  b asis  fo r  discussion

V  =  V  +  Z l ( d V / d Z t ) r . p  (2)
w here

V — partial specific volume of solute
V = specific volume of solution 
Z\ =  weight fraction of solvent 
Zi =  weight fraction of solute

A t  in finite d ilu tion  th is eq u a tio n  redu ces to

V =  I a, +  ( i>V/i>Zt)T,P (3)

In  p ractice  th e specific v o lu m e  o f th e  so lu tio n  is 
p lo tte d  (ord in ate) aga in st th e w e igh t fra c tio n  o f  
so lu te  (P V P )  on large graph  paper. T h e  p artia l 
specific v o lu m e  for P V P  is  th erefore  s im p ly  th e

(1 8 )  R . A .  S u ll iv a n , F . M .  P a le rm it i a n d  R . A n n in o , P a p e r  59 , 
M e e t in g -in -m in ia tu r e , N e w  Y o r k  S e c t io n  o f  A C S , F e b . S, 195 2 , H u n te r  
C o lle g e ,  N e w  Y o r k ,  N . Y .

(1 9 )  S ee  f o r  in s ta n ce  S. G la s s to n c ,  “ T e x t b o o k  o f  P h y s ic a l  C h e m is ­
t r y , ”  D . V a n  N o s tr a n d  C o .,  I n c .,  N e w  Y o r k , N . Y .,  1946.
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algebraic  su m  o f th e  ord in a te  in tercep t (in finite  
dilu tion ) p lu s th e  s lop e o f th e  stra ig h t line.

A q u e o u s  so lu tio n s o f th ree d istin ctly  d ifferent  
sa m p les  w ere m a d e  so as to  b e  a b o u t 5 %  on  a  w eigh t  
-v o lu m e  b asis. T h e  e x a c t P V P  con cen tration  fo r  
th ese so lu tio n s w ere d e te rm in ed  b y  D u m a s  n itro ­
gen  a s s a y . 17 F o u r  m ore  so lu tio n s fo r  each  P V P  
sa m p le  w ere m a d e  b y  q u a n tita tiv e  d ilu tio n  so th a t  
a con cen tration  ran ge fro m  a b o u t  0 . 1 to  5 %  w as  
covered . C a lib ra tio n  o f th e  D u m a s  n itrogen  
a ssay  d e m o n stra te d  th a t  th ese  a n a ly ses  w ere  
accu rate  to  ± 1 % .  T h e  d e n sity  o f each  so lu tio n  
w a s d e te rm in e d 17 a t  2 4 .8 5 ° .  T h e  m ea n  d e v ia tio n s  
w ere ± 0 . 0 0 0 2 - 3 .  T h e  a ccu ra cy  o f th e  n itrogen  
a ssa y  lim its  th e a cc u ra c y  o f th e  v a lu e  for V. T h e  
p lo t  o f  Z 2 a g a in st V  resu lted  in  stra ig h t lines to  
w h ich  a ll th e  p o in ts  fe ll c losely .

S a m p le s  I , I X  an d  an  u n listed  (T a b le  I) sa m p le  
g a v e  v a lu es o f 0 .8 0 5 7 , 0 .7 9 9 5  an d  0 .8 8 0 5  fo r  V, 
resp ectiv ely . W id e  v a r ia tio n s  in  p o ly d isp e rsity  
an d  m olecu la r  w eigh t w ere in clu d ed  in  th ese  
sam p les. T h e  m e a n  v a lu e  is 0 .8 0 2  w ith  a m ea n  
d e via tio n  o f ± 0 .0 0 4 .  H o w e v e r , b ecau se o f th e  
lim ita tio n s im p o sed  _on Z 2 b y  th e  con cen tration  
a ssay , th e v a lu e  o f V  =  0 .8 0 2  ±  0 .0 0 8  c c . /g .  fo r  
0  <  C <  5 %  is reported .

R efin em en ts  in  th e  d e te rm in a tio n  o f th e p artia l 
specific v o lu m e  w ere n o t  n ecessary  b ecau se an  error  
o f 1 %  resu lts  in  an  error o f ro u g h ly  4 %  in th e  q u a n ­
t it y  (1 — Vp). T h is  q u a n tity  a ffects th e  v a lu e  
of m olecu la r  w e igh t in verse  lin early  ju s t  as th e  
tra n sla tion a l d iffu sion  coefficient does. B ecau se  
th e  p ro b a b le  error in  th e  d e te rm in a tio n  o f th is  
la tter  p a ra m eter  is u su a lly  greater th a n  4 % ,  th e  
accu racy  in  th e  rep orted  v a lu e  fo r  V  is a d eq u ate . 
T h e  K je ld a h l p rocedu re fo r  n itro gen  a ssa y  w as  
fo u n d  to  g iv e  a b n o rm a lly  lo w  resu lts . 17

A lth o u g h  th e  p a rtia l specific v o lu m e  is b ased  on  
d e n sity  m ea su re m e n ts  m a d e  a t  2 4 .8 5 ° ,  th e  m o le c ­
u lar w eigh ts ca lcu lated  fo r  2 0 °  are n o t a ffected  b y  
th is  tem p e ra tu re  difference. T h e  v a lu e  o f V  
sh ou ld  n o t b e  s tro n g ly  tem p era tu re  d ep en d en t.

T h e o re tic a lly  fo r  ideal so lu tio n s a n d  for ideal 
d e te rm in a tio n s o f s an d  D, th e  p artia l specific  
v o lu m e  sh ou ld  be d e te rm in ed  w ith  an  a ccu racy  of 
± 0 . 2 % .  _ In  p ra ctic e20 accu racies in  th e  d e te rm in a ­
tio n  o f V  for p ro te in s are o fte n  o f th e  order o f 
± 0 . 6 % .  N e v e rth e le ss , th e  rep ro d u cib ility  in th e  

e v a lu a tio n  o f th e  d iffu sion  coefficient u su a lly  is 
th e  m o s t  serious fa c to r  lim itin g  th e  a ccu racy  in  th e  
d e te rm in a tio n  o f m olecu la r  w eigh t w h en  u sin g  
e q u a tio n  4 ;  th is  w a s th e  case in  th ese  exp erim en ts.

W a te r  o f H y d ra tio n .— A d a ir  a n d  A d a ir 21 h av e  
d e velop ed  a  m e th o d  fo r  th e d e te rm in a tio n  o f w a ter  
of h y d ra tio n  b y  a com p arison  o f th e  p artia l specific  
v o lu m e  o f th e  protein  cry sta l w ith  the partia l 
specific v o lu m e  in th e a n h y d rou s sta te . T h e re  are  
lim ita tio n s to  th is m e th o d  w h ich  w ere em p h asized  
b y  A d a ir  a n d  A d a ir  a n d  a lso  b y  O n c le y .22 M o s t  
m e th o d s  fo r  th e  d e te rm in a tio n  o f th e  a m o u n t o f  
w a ter  associated  w ith  m acrom o lecu le s  in  so lu tio n  
leav e  m u c h  to  b e  desired . In  th is w o rk  a  rou gh

(2 0 ) (a )  G . K e g e le s , J. Am. Chem. Soc., 6 8 , 1670  (1 9 4 6 ) ;  (b )  T .  L . 
M c M e e k in ,  et al., ibid., 7 1 , 3 2 9 8  (1 9 4 9 ).

(2 1 ) G . S. A d a ir  a n d  M .  E . A d a ir ,  Proe. Roy. Soc. {London), B 120, 
4 2 2  (1 9 3 6 ).

(2 2 )  J . L . O n c le y , Ann. N. Y. Acad. Set., 4 1 ,  121 (1 9 4 1 ).

a p p ro x im a tio n  o f th e  w a ter  associated  w ith  th e  
P V P  m olecu le  in  so lu tio n  w a s  o b ta in ed  fro m  th e  
difference in  p a rtia l specific v o lu m e  o f th e  “ a n ­
h y d ro u s ”  m ateria l w a s ta k en  as th e  reciprocal o f th e  
d e n sity  m easu red  in  a  su sp en d in g  m e d iu m  in  w h ich  
th e  sp ra y  dried  P V P  w as im m iscib le . T h e  d e n sity  
o f P V P  in  p e tro leu m  eth er  w a s d eterm in ed  p y c n o -  
m e tr ic a lly 17 to  b e  1 .1 3  g . /c c .  T h is  v a lu e  in  con ­
ju n c tio n  w ith  th e  p rev iou s d e te rm in a tio n  o f th e  
p a rtia l specific v o lu m e  o f th e  P V P  in  aq u eou s  
so lu tio n  y ie ld e d  a  v a lu e  o f 0 .0 8 4  g . w a ter  per gram  
o f P V P , or ro u g h ly  0 .5  m o le  o f w a ter  p er m o n o m er  
u n it. T h is  is o f th e  sa m e order o f  m a g n itu d e  as  
th e  h y d ra tio n  rep orted  in  th e  literatu re fo r  variou s  
p ro te in s . 22’23 T h e  significance o f th is  ca lcu lated  
w a ter  o f h y d ra tio n  fo r  P V P  is a d m itte d ly  d o u b t­
fu l, p r im a rily  b ecau se th e  sp ra y -d ried  m a teria l is -  
n o t  a n h y d rou s as describ ed  in an  earlier section , 
h ow ever an order o f m a g n itu d e  is su ggested .

Diffusion Coefficients from the Sedimentation 
Diagrams.— S e d im en ta tio n  d ia gram s h a v e  lo n g  
been  u sed  as a con v en ien t source fo r  an  e stim ation  
of th e  d iffusion  coefficients. U n til rec en tly  this  
m e th o d  has p re su m a b ly  o n ly  b een  reliable for  
ap p lica tio n  to  h ig h ly  h om o gen eou s sa m p les , a n y  
sign ifican t p o ly d isp e rsity  co n tr ib u tin g  m a te r ia lly  
to  th e  sp read in g  o f th e  b o u n d a ry  a n d  th u s  d irectly  
to  th e  error in  th e  d e te rm in a tio n  o f D . D u r in g  an  
earlier p h ase o f th is  w o rk  th e  d iffu sion  coefficients  
o f P V P  w ere d eterm in ed  fro m  th e  sed im e n ta tio n  
d ia gram s u sin g  th e  h e ig h t-a r e a  m e th o d  fo r  c o m ­
p u ta tio n . B eca u se  o f a n  aw areness o f  th e  effect  
o f p o ly d isp e rsity  on  th e  d e te rm in a tio n  o f D  in  th is  
m a n n e r, o n ly  th e  earlier p h o to g ra p h s  in each  sed i­
m e n ta tio n  run w ere u sed . N o tw ith s ta n d in g  th is  
p reca u tio n , th e  v a lu e s  of D  d e te rm in ed  in  th is  
m a n n e r  w ere in  v e ry  p o or  a g reem e n t w ith  th e  
v a lu e s d eterm in ed  in  th e  c o n v e n tio n a l sep arate  
exp erim en ts.

A lb e r ty 24 an d  m ore  recen tly  B ro w n  a n d  C a n n 26 
h a v e  d eriv ed  a  tech n iq u e  fo r  d e te rm in in g  th e  
diffu sion  coefficient fro m  electroph oresis d ia gram s  
e v en  w h en  th ere is a  sign ifican t sp rea d in g  c f  th e  
b o u n d a ry  du e to  e lectrop h oretic  h eterog en eity . 
T h e  correspon din g  m e th o d  fo r  se d im e n ta tio n  h as  
b een  d escrib ed  b y  B a ld w in  an d  W ill ia m s . 26 A c ­
cord in g  to  th is m e th o d  th e  d iffu sion  coefficient m a y ,  
to  an  a p p ro x im a tio n , b e  w ritte n  as a  p o w er series  
th e  first tw o  term s o f w h ich  a p p ro x im a te  a  stra ig h t  
line. T h e  a p p aren t d iffu sion  coefficien t, ca lcu lated , 
fo r  in stan ce, b y  a p p ly in g  th e  m e th o d  o f secon d  
m o m e n ts  to  th e sed im e n ta tio n  d ia gram s, can  be  
p lo tte d  a g a in st tim e . T h e  ex tra p o la tio n  to  zero  
t im e  w o u ld  th e n  y ie ld  th e  tru e  d iffu sion  coefficien t  
w ith  th e  effects o f th e  p o ly d isp e rsity  o f  th e  sa m p le  
p re su m a b ly  b ein g  e lim in a te d . T h is  w as d o n e  and  
F ig . 4  represen ts su ch  cu rves fo r  sa m p les  I I  an d  
V , a n d  T a b le  I V  is  a  ta b u la tio n  of th e  resu lts  o f  
a  n u m b e r  o f such  d e te rm in a tio n s fo r  D  com p ared

(2 3 ) E . J. C o h n  a n d  J. T .  E d s a ll ,  “ P r o te in s ,  A m in o  A d d s  a n d  P o l y ­
p e p t id e s ," ’ R e in h o ld  P u b l. C o r p . ,  N e w  Y o r k ,  N . Y . ,  1943.

(2 4 )  R . A . A lb e r t y ,  J. Am. Chem. Soc., 70, 1675 (1 9 4 8 ) .
(25) R .  A . B r o w n  a n d  J. R . C a n n , T h is  J o u r n a l , 54, 364 (1950).
(2 6 )  R .  L . B a ld w in  a n d  J . W .  W ill ia m s , J . Am. Chem. ¿ lo c ., 72, 

4 3 2 5  (1 9 5 0 ) .  T h is  m e t h o d  is  d e s c r ib e d  in  g re a te r  d e ta il  b y  R .  L . 
B a ld w in , et al., in  P a p e r  X X I ,  S y m p o s iu m  o n  C o m p le x  I o n s  a n d  
P o ly e le c t r o ly t e s ,  I th a c a ,  N . Y . ,  J u n e  1 8 -2 1 ,  1951.
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Fig. 4.—Determination of diffusion coefficient from sedi­
mentation diagrams: 0  Sample II; ■ , Sample V.

w ith  v a lu e s d eterm in ed  fro m  p rev io u sly  described  
co n v en tio n a l exp erim en ts.

Table IV
Diffusion Coefficients (Dm)

I’ V P
S a m p le

F ro m
c o n v e n t io n a l  
e x p e r im e n ts , 

c m .2/s e c .  X  10"

F ro m
se d im e n ta t io n  

d ia g ra m s, 
c m .2/s e c .  x  1 0 7

D iffe r e n c e ,
%

I 4.81 3.9 . -  21
II 4.14 4.8 +  15
IV 5.87 3.1 -  47
V 6.33 3.1 > -1 0 0

I t  is a p p aren t fro m  T a b le  I V  an d  F ig . 4  th a t  the  
m e th o d  o u tlin ed  a b o v e  is to ta lly  u n reliab le  fo r  use  
as an  accu rate d e te rm in a tio n  o f th e  d iffu sion  co ­
efficient fo r  P Y P . A n  ex a m in a tio n  o f F ig . 4  reveals  
th a t  th e a p p a ren t diffu sion  coefficient (D * )  d oes n o t  
a lw a y s  closely  a p p ro x im a te  a  stra igh t line fu n ction  
of tim e . F o r  th is  reason  care m u st  b e  exercised  
in  th e  a p p lica tio n  o f th is  tech n iq u e  to  th e ev a lu a tio n  
o f d iffusion  coefficients. T h e  degree of unreli­
a b ility  o f th is  m e th o d  appears to  be rela ted  to  th e  
average v a lu e  o f D.

T h e re  appears to  b e  n o  g o o d  su b stitu te  for  
d eterm in in g  d iffu sion  coefficients fro m  con v en tion al  
exp erim en ts.

Molecular V/eights.— T h e  m olecu la r  w eigh ts o f 
sa m p les  I  th ro u gh  V I I  w ere c o m p u te d  b y  m ea n s  
o f th e well k n o w n  S v e d b e rg 16 eq u a tion

M =  R T .m  -  VP)D) (4)
T h e se  v a lu e s  are presen ted  in g rap h ical fo rm  as a 
fu n c tio n  o f th e  sed im e n ta tio n  co n sta n ts  in  F ig . 5. 
T h e se  resu lts  are in  gen eral a greem en t w ith  th ose  
rep orted  b y  S c h o lta n 27 w h o  fo u n d  th a t  th e  m o le c ­
u lar w e igh t w as a  p a rab olic  fu n c tio n  o f th e  sed i­
m e n ta tio n  c o n sta n t. In  th e  lo w  m olecu la r  w eigh t  
ran ge (M  =  2 3 ,0 0 0  to  4 0 ,0 0 0 )  th e  rela tion sh ip  of 
m olecu la r  w eigh t to  sed im e n ta tio n  c o n stan t can  be

(27) W. Scholtan, Die Makromolekulare Chemie, 7, 209 (1952).
This publication appeared while our manuscript was in preparation.

expressed  w ith  sufficient a ccu racy  b y  th e  stra igh t  
line fu n c tio n

s = 0.73 X 10“ 13 +  0.17 X 10“ 17 M (5)
A v e ra g e  m olecu la r  w eigh ts m a y  be d e te rm in ed  

fro m  F ig . 5  b y  a  sin gle m ea su re m e n t o f se d im e n ta ­
tio n  c o n sta n t. F o r  th e stra igh t line p o rtio n  o f th is  
cu rve th e v a lu e  o f M  sh ou ld  be precise w ith in  
lim its  o f 5 - 1 0 % .  T o  o b ta in  a  m ore  a b so lu te  v a lu e  
a m ore  carefu l con sid eration  o f th e  effect o f p o ly -  
d isp ersity  on  th e m olecu la r  w eigh t m u s t  be m a d e . 
M o r e  w ill be said  a b o u t th is  in  a  later section .

T o  d e ve lop  a  d irect answ er as to  wdiat ty p e  
a vera ge  m olecu la r  w eigh t is o b ta in ed  fro m  sedi­
m e n ta tio n  v e lo c ity -d iffu s io n  m ea su re m e n ts  one  
m u st h a v e  a  k n o w led g e  o f th e  ty p e  a vera ge  sed i­
m e n ta tio n  co n sta n t an d  d iffu sion  coefficient derived  
fro m  th ese ex p e rim en ts . G ra le n 28 h as sh ow n  th a t  
if th e  secon d  m o m e n t  m e th o d  o f c o m p u ta tio n  is 
a p p lied  to  th e  d iffu sion  d iagram s, th e n  a  w eigh t  
a verage d iffu sion  coefficient is d eterm in ed . W e  
h a v e  u sed  th is  secon d  m o m e n t o f a n a ly sis  so th a t  a  
D w is a ssu m ed  fo r  th e  su b seq u en t discussion.

N o  one h as y e t  identified  th e  ty p e  average  
sed im e n ta tio n  c on stan t d eterm in ed  d irec tly  fro m  
sed im e n ta tio n  v e lo c ity  d ia gram s, th e  ty p e  average  
p ro b a b ly  b ein g  d ifferen t, d ep en d in g  on  th e  m o le c ­
u lar con figu ration  an d  d istrib u tio n  o f m olecu la r  
sizes. F o r  p ra ctical pu rposes th is  m ea n s a  c o n ­
sid eration  o f a ll ty p e s  o f average  s tak en  in  c o n ­
ju n c tio n  w ith  th e  w eigh t average  D w m u s t  b e  m a d e  
to  d eterm in e  th e  ty p e  average  m olecu la r  w eigh t. 
S in g er29 h a s  illu strated  th e  gen eral fo rm u la s fo r  th e  
th ree m olecu la r  w e igh t averages d e riv ab le  fro m  a  
c o m b in a tio n  o f w eigh t average D  a n d  n u m b e r, 
w eigh t an d  w e ig h t-m a x im u m  se d im e n ta tio n  c o n ­
sta n t. I t  h as ju st  b een  d e m o n stra te d  th a t  th e  
m olecu la r  w eigh t can  be represen ted  o ver  a  c o n ­
siderable  range b y  a  stra ig h t line fu n c tio n  o f th e  
sed im e n ta tio n  c o n sta n t (e q u a tio n  5 ) . T h e  fr ic ­
tio n a l coefficient du rin g  u ltra c en trifu g a tio n  m a y  
th en  be w ritten  as

/i =  M il -  Vp)/(a +  bMi) (6)
w here a an d  b are th e coefficien ts a p p e a rin g  in  th e  
stra igh t line fu n c tio n  (e q u a tio n  5 ) .

(2 8 ) N . G ra lé n , Kolloid. Z., 95, 188 (1 9 4 1 ).
(2 9 )  S . J . S in g er , Polymer Bull., 1, 79 (1 9 4 5 ).
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A ssu m in g  w eigh t averages fo r  l o th  p a ram eters  
( IK ,  $w) in v o lv in g  friction al coefficients, the general 
eq u a tio n  fo r  a vera ge  m olecu la r  w eigh t b ecom es  

=  ZttjU AV/ i  =  +  ft.l/ i ) / J / , ( l  -  T~p)>
' ww ZmUfi/fi Zn,3fi((a +  b.\f\)/Mi( l -  Vp j)

(” )
w here th e  su b scrip t i  refers to  th e /tlx m olecu la r  
species.

T h is  eq u a tion  redu ces to

, ,  1 +  (b/u)U„ _  ,1/3,(I -  (/>/«).!/») ,0 ,
"  (t /.i /,; /  +  (/>ao  i t (6 /.»u /„ (8)

T h e  fa c t th a t  th e  ratio  b/a is p o t  v a n ish in g ly  sm all 
a tta c h es  so m e im p o rta n c e  to  eq u a tion  8 . If th is  
ratio  w ere sm a ll, th en  e q u a tio n  8  w ould  reduce to  

as sta te d  b y  S in g er . 29 F ro m  s m ihir reason in g  
th e  ty p e  o f  m o lecu la r  w e igh t resu ltin g  fro m  a  
n u m b er average , s„, a n d  w eigh t a vera ge , D v , can  
be describ ed  as

t / ;  + y S „ ; ]  (())
I +  (b/u)M „

T h is  relation  is m ore com p lex  th an  th at illu strated  
in eq u a tion  8  fo r  A fww; the q u a n tities  n\ an d  n,M, 
ca n n o t b e  red u ce d  to  th e  m ore  sim p le  term s J / n. 
M w or M t.

S im ila r  e q u a tio n s  can  be d e n ie d  for oth er  
com b in a tio n s  o f a vera ge  sed im e n ta tio n  con stan t  
w ith  a vera ge  d iffu sion  coefficients. H o w e v e r , the  
n atu re o f e q u a tio n s  8  an d  9  serves <> illu strate  how  
com p lex  th e  a vera ge  m olecu la r  w e g h t  w ou ld  be if 
th e exact ty p e  o f a vera ge  sed im e n ta tio n  con stan t  
w ere kn ow n . T h e  tru e v a lu e  fo r  s is u n d o u b te d ly  a  
m ixed  a verage . I f  a m ore  rigorou s descrip tion  o f 
th e  re la tion sh ip  b etw een  s an d  M  such  as a p a ra ­
b olic  fu n c tio n  fo r  th e  fu ll len gth  o f th e  cu rv e  in 
F ig . 5  w ere su b stitu te d  in  eq u a tio n  (>, th e p ro b lem  
of d escrib in g  th e  m olecu la r  w eigh s average  w ould  
in crease th e  d e sira b ility  o f con siderin g  th e  m o le c ­
ular w eigh t distribution in  p referen ce to  a  detailed  
s tu d y  o f so -ca lled  a verage m olecu la r  w eigh ts. 
F u rth erm o re , a  k n o w led g e  o f th e m olecu lar w eight  
d istrib u tio n  is m ore  im p o rta n t fro m  p ractical 
con sid eration s. T h is  aspect w ill be con sidered in 
so m e d eta il in  th e  la tter  p a rts  o f tin s paper.

T h e  m olecu la r  w eigh t as d eterm in ed  b y  the  
sed im e n ta tio n  v e lo c ity -d iffu s io n  m eth o d  described  
earlier can  a lso  be p resen ted  as a fu n ction  o f in ­
trinsic v is c o s ity  as d o n e  b y  D ia le r  and V o g le r 31 
a n d  S e h o lta n . 29 T h e  eq u a tio n  for th e  S ta u d in ger  
relation sh ip  b etw e en  in trin sic  v isc o s ity  a n d  m o le c ­
ular w eight is g iven  in T a b le  V . T h e  valu es d e te r­
m in ed  b y  th e earlier w orkers w ere also  d eterm in ed  
b y  sed im e n ta tio n  v e lo c ity -d iffu s io n  m e th o d s ; th e y  
are in clu ded  fo r  com p arison .

T a b l e  3 '

M = 4 .1  X 1 0 -s it/»-*5, tl is work 
FI =  6.4 X 10~4 ref. 30
F) =  1.4 X 10 5 -V/11-7", re t. 27

A s  can  be seen  fro m  T a b le  V ,  th  ire  is o n ly  q u ali­
ta tiv e  a greem e n t b etw een  the th ree  e q u a tio n s. 
T h is  d iscrep an cy  can  b e  p a r tly  ex p la in ed  on  the

(3 0 ) K . D ia le r  a n d  IC. V o id e r , D<c makromo ckularc Chem., 6 , 101

basis o f d ifferences in ex p e rim en ta l con d ition s. 
O f greater im p o rtan ce  is th e o b se rv ation  reported  
b y  F ra n k  a n d  B re ite n b a c h 31 w h o h a v e  n o ted  th a t  
th e  coefficient in  th e  S ta u d in g e r  eq u a tio n  varies  
c on sid e rab ly  w ith  th e  degree o f m o lec u la r  h etero ­
g e n e ity  o f th e  p o ly m e r  sa m p le . It w ill be show n  

'th a t  th e sa m p les  u sed  in  th is  w ork  w ere o f v a ry in g  
degrees o f h o m o g e n e ity . I t  is reason able  to  ex p e ct  
th a t  th e  h o m o g e n e ity  o f sa m p les  fro m  differen t  
lab oratories w ou ld  v a r y  th ro u gh  at least as g reat a 
ran ge as th e  sa m p les  w ith in  one la b o ra to ry . I f  
th is  is th e  case, th e  d iscrepan cies n oted  are n ot  
surprising. T h e  m a g n itu d e  o f th e ex p o n e n ts  o f 
M  sh ou ld  be ex p e cte d  to  decrease w ith  increasing  
m olecu lar w eight as pred icted  from  th e o r y .32 
T h is  effect w a s also  n o ted  fo r  P Y P  b y  S e h o lta n . 27 
R elian ce on th e  e q u a tio n s  g iv en  in  T a b le  V  fo r  a  
w eigh t average  m olecu la r  w e igh t is  o ften  a  m a tte r  
o f con ven ien ce. In  v ie w  o f w h a t is n o w  k n o w n  
a b o u t P Y P . the a ccu ra cy  o f th e  m olecu la r  w eigh t  
w ould be la rg ely  dep en d en t u p o n  th e  m olecu la r  
w eigh t d istrib u tion  as w ell as th e ex p erim en ta l 
con d ition s u sed to  ev a lu ate  v isc o sity .

M o le c u la r  C on figu ration .— A  k n ow led ge  o f the  
diffusion  coefficients a n d  m olecu la r  w eigh ts p rev i­
o u sly  discussed p erm its  an  ev a lu a tio n  o f th eir  
friction al ratios a ccord in g  to  th e m e th o d  o u tlin ed  
in a n u m ber o f te x ts .33 T h e  m e th o d  describ ed  b y  
O n e le y 22 w as used to  d eterm in e  th e  co n tr ib u tio n  to  
th e m olecu lar fr ictio n al ratio  d u e  to  a s y m m e try  
an d  h y d ra tio n . U se o f th e  v a lu e  o f h y d ra tio n  
d eterm in ed  earlier su gg ests  th a t  a n y  appreciable  
d ep artu re fro m  th e th eoretical b eh a v io r  for a  
sph erical sh ap e is d u e o n ly  to  a  m in or degree to  the  
h yd ra tio n  o f P V P  in aq u eou s so lu tio n  T h e  
average  ratios (a/b) o f th e  P Y P  m olecu le  in  so lu tion  
can be easily  d eterm in ed  fro m  th e  fr iction al ratios  
b y  use o f tab les o f correspon den ce g iv en  b y  S v e d -  
b erg  and P edersen . 16 T h e se  resu lts arc ta b u la te d  
in T a b le  Y I .

T a b l e  V I

V is c o s ity

I’ V I ’
M o l.
wt.

Dif­fusion,
/ / / o

incre­
ment,

V
Axial ratios (a/b) Diffusion Viscosity

/in X 1« -*, cm.
I 32,000 1 .!)<> 30.0 i o .  i 16.0 140
I 41,500 2. 11 41.3 23.0 20.8 160
I I I 36,000 2. 1 1 24.0 158
I V 23,000 1 .S O 1 5 . 4 125
V 21,000 1 73 23. S 13.8 11.6 120
V I 13,000 1 . 7 0 16.3 13. 1 I I  .3 05
V I I 21,000 1.84 25.0 16.3 15.0 120
V I I I 1 4 2 43. S
I X 248 6 0 . 8

T h e  axial ratios o f p o h ’m er m olecu les  in so lu tion  
h a v e  also been  d erived  fro m  v isc o s ity  m ea su re­
m en ts . T h is  ty p e  of c o m p u ta tio n  h as also been  
describ ed  in so m e d e ta il b y  O n e le y 22 a n d  so  o n ly  th e  
resu lts are in clu d ed  in  T a b le  V I .  In  each  case th e  
axial ratios h a v e  been  d e riv ed  a ssu m in g  an  e lo n -

(3 1 ) H . P . F ra n k  a n d  .). W . B r e ite n b a c h , J. Polymer Sei., V I ,  1)09 
(1 9 5 1 ).

(3 2 )  J . G . K ir k w o o d  a n d  .T. R is e m a n , J. Chem. Phy., 1 6 , 5 6 5  (1 9 4 8 ) .
(3 3 )  S e e  fo r  e x a m p le : A . W e issb e rg e r , “ P h y s ica l  M e t h o d s  in

O rg a n ic  C h e m is t r y ,”  I n t e r s c ie n c e  P u b l.,  I n c .,  N e w  Y o r k ,  N . V ., 
1944. P a rt  I .  II. N e u ra th , Chem. Hers.. 3 0 , 3 5 7  (1 9 4 2 . ;  A . K. 
A le x a n d e r  a n d  P . J o h n so n , “ C o l lo id  S c ie n c e ,”  U n iv e r s it y  Press, 
O x fo r d , 1949.
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g a te d  ellipsoid  sh ap e m o d el. T h e  axial ratios  
d e riv ed  fr o m  v isc o s ity  represent m ea su rem en ts  
m a d e  a t  2 4 .8 5 ° ;  th e  com p arab le  ratios fro m  
diffu sion  are b ase d  on d a ta  corrected  to  2 0 .0 ° .

R e c e n t th eoretica l con sid eratio n s32’34 h a v e  in ­
d ic a te d  th a t  th e  sh ap e m o d e l a ssu m ed  is n o t a  
su fficien t ch aracterization  o f a  h igh  p o ly m e r  in  
so lu tio n , th e  ra n d o m ly  coiled  p o ly m e r  ch ain  b ein g  a  
m ore accu rate  descrip tion  o f th e  con figu ration . 
A  m ore  accu rate  descrip tion  o f th e  sta te  o f  th e  
m olecu le  m a y  b e  o b ta in ed  b y  ca lcu latin g  th e  root  
m e a n  sq u are d istan ce b etw een  th e  en d s o f th e  chain . 
A c c o rd in g  to  K irk w o o d  a n d  R ise m a n 32

f í o  = Z'hb ( 1 0 )

w h ere Rt> is the roo t m ea n  sq u are d istan ce , Z  is  th e  
degree o f p o ly m erization  an d  b is  th e  sta tistica l  
len gth  o f the m o n o m e r  u n it. T h e  d e te rm in a tio n  o f  
b as d escrib ed  b y  K irk w o o d  a n d  R ise m a n  m a d e  it  
possib le  to  c o m p u te  th e  Ro’s g iv en , in  T a b le  VI. 
A s  a  fu rth er  ex p erim en ta l te st o f th e  K ir k w o o d -  
R ise m a n  th e o ry , th e  v a lu e s o f th e  d iffu sion  co ­
efficients w ere c o m p u te d  b y  m e a n s  o f th e  K - R  
eq u a tion s. T h e  diffu sion  coefficients co m p u ted  
fr o m  th e  K - R  th e o ry  m a k in g  use o f in trin sic  v is ­
c o s ity  d a ta  are com p ared  in  T a b le  V II w ith  th e  
v a lu e s o b ta in ed  earlier in  th e  co n v en tio n a l m an n er. 
B eca u se  th e intrinsic v isc o s ity  w a s determ in ed  
fro m  d a ta  ta k en  a t  2 4 .8 5 ° ,  th e  v a lu es o f diffu sion  
coefficients ca lcu lated  fro m  th e  K - R  th e o ry  were  
corrected  to  2 0 .C ° b y  m ea n s o f eq u a tio n  1 .

T able VII
Dza X  10 7 c m .2/s e c .

S a m p le Exptl. K  -R  T h e o r y

I 4.81 6.52
II 4.14 5.55
III 4.24 6.08
IV 5.87 7.89
V 6.33 8.39
VI 7.55 11.35
VII 5.94 8.39

T h e  v a lu es ca lcu lated  fro m  th e o ry  are in  m o st  
cases in  g oo d  agreem en t w ith  th e  ex p erim en tal 
v alu es w hen cogn izan ce is tak en  o f certain  a p p rox i­
m a tio n s  m a d e  in th e  origin al th eo ry , an d  th e  fa c t  
th a t  th e  tem p e ra tu re  correction  b y  e q u a tio n  1 does  
n o t  com p en sate  fo r  ch an ges in  m olecu la r  friction al 
coefficients w ith  tem p era tu re .

Analysis for Polydispersity.—The term polydispersed as 
used in this work should be defined for the sake of clarity. 
The PVP samples described herein exhibit only one peak in 
the sedimentation diagram as illustrated by Fig. 2. There 
exists, however, a distribution of molecular weights about 
this single mean. The attention of this research has been 
directed toward a more complete description of this dis­
tribution (polydispersity). There are a number of methods 
which have been used as a characterization of polydispersity 
based on an analysis of the diffusion diagrams.33 Gralen35 
was perhaps the first to show that the ratio of the diffusion 
coefficient computed by the statistical (second moment) 
method (Da) to the coefficient determined by height-area 
method (Dha) may be used to characterize the polydis­
persity of the sample. This follows from the fact that the 
height-area method is valid only for essentially monodis- 
persed systems. This technique was applied to a number of 
PVP samples with the results shown in Table VIII.

(3 4 )  W .  K u h n  a n d  H .  K u h n , Helv.  Chim. Acta, 2 8 , 1533  (1 9 4 5 ) .
(3 5 )  N . G ra le n , D is s e r ta t io n , U p p s a la  (1 9 4 4 ).

Table V III

S a m p le
Da X  107,
c m .2/s e c .

DH A  X  1 0 ',  
c m . '/sec. D(t/Dha

III 4.27 3.89 1.10
IV 5.87 6.19 0.95
VII 5.94 5.97 0.99

The deviation of the ratio, Da/Duk, from unity is pro­
portional to the degree of molecular polydispersity. Al­
though qualitatively these results agree with those de­
scribed later, no significance can be attached to the ratios 
given in Table VIII because the differences in D computed 
by each method are close to or within the deviations from 
the mean exhibited by each series of calculations. For this 
reason, this method of ratios should be applied only wdien 
there is a much broader distribution of diffusion coefficients 
than exhibited by these PVP samples. Neurath33 has de­
scribed a method for analyzing a compound diffusion curve 
for its component parts by calculating the first, second and 
third moments of the diffusion diagram. This method was 
also applied in a limited way in this Laboratory with nega­
tive results. This method is very probably limited in appli­
cation to those polymers which have discrete components 
which can be separated by ultraecntrifugal analysis. Be­
cause the ultracentrifuge diagrams of PVP exhibit only one 
maximum in the An/Ax. curve, the polymer has a Gaussian 
distribution. This type of polydispersity does not lend 
itself readily to an analysis such as just described.

The final method for the analysis of the diffusion diagrams 
for polydispersity used in this work has also been fully de­
scribed in the literature.33 In this technique the experi­
mental diffusion curve is transformed to normal coordinates 
and compared with the normal distribution curve. Since 
the areas under the normal probability curve and the nor­
malized experimental curve are equal, the magnitude of the 
peak displacements is a measure of the polydispersity of the 
sample. Of the several methods for analyzing the diffusion 
diagrams for polydispersity, this latter method has met with 
the most success. This method of diffusion analysis was 
applied to five PVP samples and the diffusion diagram for 
saccharose. In the case of saccharose, only a very slight 
deviation from the normal was observed. On Fig. 6 are 
plotted the normalized diffusion diagrams for PVP samples 
V, VII for comparison with the normal probability curve. 
There is a significant departure from the normal for both of 
these samples as well as a qualitative indication of differ­
ences in the degree of polydispersity. In this investigation 
at least two diagrams of each experimental diffusion run 
were normalized; the normalized curves were identical in 
each case. If an arbitrary assignment of a number from one 
to ten is made, depending upon the degree of deviation in 
heights of the peaks from the peak of the normal curve, a 
qualitative tabulation of degree of polydispersity can be 
made as in Table IX  where the highest number denotes the 
largest amount of polydispersity.

The sedimentation-velocity diagrams can also be normal­
ized as described by Svedberg and Pedersen.16 In this case 
the theoretical sedimentation curve -was calculated making 
use of the diffusion coefficients determined from the pre­
viously described conventional experiments. The calcu­
lated curve is then the sedimentation diagram which wrould 
have resulted if there were no spreading of the boundary 
due to molecular heterogeneity. This method is essentially 
a normalization to the same height; the area between the 
experimental curve and the curve predicted by theory for a 
presumed monodispersed system is then the spreading of the 
boundary which is due to heterogeneity alone.

Figure 7 represents such a series of curves for PVP sample 
II. Only one example of each of these normalization pro­
cedures is given in this paper; the choice was arbitrary. 
The times noted for each curve are the times after the rotor 
had reached full speed. It is interesting to note that only a 
relatively small portion of the total boundary spreading is 
due to polydispersity, and that this polydispersity is mani­
fest only after relatively long times. This property has im­
portant applications which will be elaborated on in the last 
method for determining polydispersity. The fact that only 
a minor portion of the spreading of the sedimenting bound­
ary is due to molecular heterogeneity renders this method 
rather insensitive for polydispersity analysis. Because the 
differences between the experimental and theoretical curves 
are small, a relatively minor error in the determination of
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- X  +X
I'i/.  fi.—Normalized diffusion diagrams: ------, normal dis­

tribution; O, sample V; O , sample VII.

felt that these differences can be accounted for by the com­
parative insensitivity of both methods.

Ultracentrifugal analysis has proved to be a more valu­
able tool in the study of polymolecularity. Lansing and 
Kraemer36 have determined the molecular weight distribu­
tion of gelatin with the use of the equilibrium ultracentri­
fuge by assuming a logarithmic distribution function and de­
termining the non-uniformity coefficient of the distribution. 
Jullander37 has extended the applicability of this technique 
to the velocity ultracentrifuge and introduced a third pa­
rameter to describe the skewness of the distribution function. 
This three parameter distribution function was applied by 
Jullander to the analysis o:' the polymolecularity of nitro­
cellulose. In his case the average molecular weights were 
on the order of 100,000 to 1:00,000. It was possible in this 
range to show that the diffusion was negligible, and hence 
the total spreading of the boundary was due to a distribution 
of molecular weights. The technique described by Jullan­
der is, however, somewhat limited to those polymers which 
have diffusion coefficients sufficiently small so that the 
spreading of the boundary during the ultracentrifugal run 
is due almost completely to a distribution of molecular sizes.

Polydispersity determined from sedimentation equilib­
rium experiments has been described by Wales,38 et al., for 
polystyrene polymers and fractions thereof. Molecular 
weight distribution curves, analogous to the g(s) vs. M dis­
tribution described later in this paper, are shown. Sig­
nificant polydispersity in the polystyrene fractions and the 
advantage of this equilibrium ultracentrifugal analysis are 
illustrated. The time required to reach equilibrium (up

Fig. 7.—Polydispersity from normalization of sedimentation diagrams.

diffusion coefficient may result in inaccuracies in the deter­
mination of relatively polymolecularity. A tabulation of rel­
ative polydispersity from this type of sedimentation analysis 
is included in Table IX . There is only qualitative agreement 
between the tabulation for polydispersity by the normali­
zation of the sedimentation and diffusion diagrams. It is

T able IX
Polydispersity decreases from 10 as an arbitrary maximum; 
numbers are relat ive. The blank spaces indicate no normali­

zation
P o ly d is p e r s it y  fr o m  N o r m a liz a t io n  

P V P  S a m p le  F r o m  d i f fu s io n  F ro m  s e d im e n t a t io n

I 7
II . . 6
III 3
IV 2 2
V 6 8
VII 10 5

to two weeks) is an undesirable aspect, nevertheless this 
work represents an important contribution toward a much 
needed technique for determination of molecular weight 
distribution without relying on fractionation procedures.

The procedure outlined by Baldwin and Williams”  and 
described in more detail by Williams, et at.,39 is especially 
valuable for application to materials which are significantly 
polydispersed but which also have a relatively high average 
diffusion coefficient. Figure 7 shows that the PVP samples 
discussed in this work have these properties. The diffusion 
of the polymer contributes in a major way to the spreading 
of the boundary, and hence cannot be disregarded in an 
evaluation of polydispersity.

The theory for the analysis of the sedimentation-velocity 
diagrams for the distribution of sedimentation constants

(3 6 ) W . D . L a n s in g  a n d  E . O . K ra e m e r , . / .  Am. Chem. Soc., 57 
1369  (1 9 3 5 ).

(3 7 ) J . J u lla n d e r , Arkiv Kemi, Mineral. Geol., 2 1 A , 8  (1 9 4 5 ).
(3 8 ) M .  W a le s , et al., T h is  J o u r n a l , 5 2 , 9 8 3  (1 9 4 8 ).
(3 9 ) J . W . W ill ia m s , et al., J. Am. Chem. Soc., 7 4 ,  1 5 4 2  (1 9 5 2 ) .
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1 /i  (minutes).
Fig. 8.—Extrapolation for distribution function.

has been described by Costing41 and thus will not be given 
in detail. An apparent distribution function, i/*(«), can 
be calculated from each photograph of the sedimenting 
boundary by means of the equation

_  dn m2 X t 
dj; wdn/dx (11)

where 2dn/ckr represents the area under the sedimenting 
boundary, x is the abscissa position along the An/Ax curve 
for a particular sedimentation constant s after time I, and 
a) is the angular velocity of the ultracentrifuge rotor in ra- 
dians/second.

The apparent distribution function computed by means 
of equation 11 has not yet had the boundary spreading due 
to diffusion eliminated, however because

(/*(«) ' o(s) (12)

the true distribution function, can be obtained by extrapo­
lating to infinite time.

The procedure consists of first making a determination of 
zero time. The zero times in this work were found to be of 
the order of a few minutes as reported by the original au­
thors.26 From a knowledge of zero time it is possible by 
means of equation 11 to compute an apparent distribution 
function by assuming that, the total spreading of the bound­
ary was due completely to a distribution of molecular 
species. According to equation 12, if the apparent dis­
tribution function is plotted versus I [l, and extrapolated to 
infinite time, the true distribution function is obtained. 
On Fig. 8 is shown a representative plot, of typical apparent, 
distribution functions versus 1 /t. Each curve on Fig. 8 
represents the magnitude of g*(s) versus 1/f for each sedi­
mentation constant which was chosen arbitrarily on the 
first photograph. The curves which turn downward and 
go to zero indicate that at that value for s on the first photo­
graph the dn/dx was high not because of a large amount of 
material with that particular s, but because molecules with

(4 0 ) L . J . C o s t in g ,  J. Am. Chem. Soc., 7 4 , 6, 1 54 8  (1 0 5 2 ) . T h is  
p a p e r , in v o lv in g  th e  s o lu t io n  o f  th e  s e d im e n ta t io n  v e l o c i t y  e q u a t io n  
t o  y ie ld  th e  d is t r ib u t io n  o f  s e d im e n ta t io n  c o n s ta n ts , a p p e a re d  a fte r  
th e  p r e p a r a t io n  o f  th is  m a n u scr ip t .

different values of s were “ presumably”  present due to dif­
fusion. Conversely, the curves which turn upwards with 
increasing time imply that a considerable amount of mate­
rial with that particular s-value was present at that point 
on the first photograph. The extrapolated value of g*(s) 
for infinite time could then be plotted versus the correspond­
ing sedimentation constant resulting in a complete distri­
bution of sedimentation constants. In practice, the ex­
trapolation of the g*(s) curves was done on large graph 
paper so that the ordinate scale could be enlarged. This 
resulted in a more accurate determination of g*(s) than is 
implied by Fig. 8.

For most of these calculations, from 10-12 points on the 
first sedimentation diagram were selected. The change in 
the distribution function for each of these points was then 
followed over the complete sedimentation run which usu­
ally consisted of 10 photographs spaced 32 minutes apart. 
Because neither the slope nor the curvature of the g*(s) vs. 
1 /1 curves were found to change appreciably during the 
earlier portions of the sedimentation experiment, it was pos­
sible to eliminate computations for some of the diagrams 
so that usually five or six sedimentation diagrams were used. 
As the time of sedimentation increases, the increment of 
change along the abscissa becomes smaller so that increas­
ing the time of sedimentation will not appreciably decrease 
the distance to be extrapolated. This aspect serves to note 
limitations in this technique which are now considered. 
The slope and the rate of change of the slope of the g*(s) es. 
1/f curve is different for each series of points. Extrapola­
tion beyond the last experimentally determined point (long­
est time) must depend on the judgment of the analyst. 
This could result in variations unless a convention for ex­
trapolation were adopted. In this work a straight line was 
used for extrapolation beyond the last experimental point 
with the slope of this straight line being decided by the slope 
and curvature indicated by the last three or four points. 
Although the curves certainly do not approach infinity as 
a straight line, it was decided that this convention was 
more reliable than trusting to an estimate of the curvature. 
Furthermore, if the extrapolation technique is self-consist­
ent, the distribution curves obtained are relatively correct. 
The height of the peak in the. final g(s) vs. s curve (Figs. 9, 
10 and 11) therefore depends somewhat on the method of 
extrapolation. Thus, in terms of ultimate accuracy some
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room is provided for equivocation. However, the real 
value of this approach, the polydispersity distribution, is 
not impaired if the extrapolation analysis is consistent.

If the extrapolated distribution functions are plotted 
against the corresponding sedimentation constants, valu­
able distribution curves are formed. Figures 9 and 10

Fig. 9.—Distribution of sedimentation constants (normal­
ized).

Fig. 10.—Distribution of sedimentation constants (normal­
ized ), '

illustrate the results after normalization. This normaliza­
tion is desirable because all the curves now encompass unit 
areas so that the differences in polydispersity between the 
various samples are better illustrated. These curves can 
be considered as a good representation of the relative num­
ber of molecules versus sedimentation constant.

The accuracy of these curves can be considered as good 
as the reproducibility of the extrapolated values ot the dis­
tribution function. To check on this accuracy, sedimen­
tation diagrams of sample V were determined at rotor speeds 
ot 45,000 and 60,000 r.p.m. The distribution functions of 
sample V determined from these two experiments are 
nearly superimposable. Figure 11 is a plot of these data; 
the curves were not normalized so that a good idea of the 
reproducibility of the original results could be gained. The 
deviations are greatest at the high and low s-values. This 
is due to the greater probable error in measuring the magni­
tude of the index of refraction gradient on both sides of the 
peak where the values of dn/dx are small (see Fig. 2). This 
error is not serious because the number of molecules at these 
regions of the spectrum is small.

Sedimentation constant (s x  I0'3).
Fig. 11.—Reproducibility of distribution analysis, sample V.

A convenient measure of the polydispersity of the PVP 
samples represented on Figs. 9 and 10 is the width of the 
curve at half the maximum height, or the ordinate value 
of the peak. An examination of Fig. 9 reveals that the 
fractionation carried out on sample I did little more Than to 
change the magnitude of the average sedimentation con­
stant within the fractions. The widths of the distribution 
curves at one-half the maximum of samples II and III are 
nearly the same as or only slightly less than sample I. 
Sample IV is the only fraction which shows any appreciable 
decrease in polydispersity. This is very probably due to 
the more efficient separation possible after the decrease in 
concentration caused by the removal of samples II and III. 
As has been indicated earlier, it has been known for some time 
in this Laboratory6 that, more efficient fractionation is ob­
tained if the precipitation is carried out from more dilute 
solutions of the polymer. These data, however, have not 
yet been treated quantitatively and hence will not be pre­
sented in any detail at this time. Current fractionations 
are being carried out using 5% solutions of PVP instead 
of 20% solutions as described earlier. The fractions which 
result, are considerably narrower in distribution. These 
observations are qualitative confirmations of the theories 
of Flory" and Scott7 which were developed from thermody­
namic treatments of heterogeneous polymers in solution. 
According to Flory, practically no fractionation will result 
from a precipitation technique unless the concentration of 
of the polymer is less than the critical concentration which 
is given by

T;(critieal) =  1 / ( 1  +  V * )  ( I 'D
where x is the degree of polymerization of the polymer 
molecule, and TTis the volume fraction of the polymeric solute 
in the solution. Thus for PVP of an average molecular weight 
of 22,000, x equals 200, and Fjcriumi) equals 0.067. Using 
the value of 1.13 g./cc. for the density of PVP, this becomes 
7.5% (i.e., no appreciable fractionation should occur unless 
the concentration of PVP is less than 7.5% on a weight 
basis).
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The theoretical interpretation of this lack of efficient 
fractionation is given by both Flory and Scott. Because 
the polymer-polymer interaction is stronger than the 
polymer-solvent interaction, there is incomplete separation 
between the solution and the swollen polymer phases. 
The concentration of the low molecular weight material 
in the precipitated phase is always higher than the concen­
tration of the same low molecular weight material in the 
solution phase due to the strong polymer-polymer interac­
tion. The efficient separation of the low molecular weight 
material from the swollen precipitate phase is possible only 
in the presence of a large supernatant phase so that the 
difference in concentration (with respect to the low molecular 
weight material) is as large as possible. Another significant 
prediction of these theories is that the higher the average 
molecular weight of the material to be fractionated, the 
more dilute it is necessary to make the solution from which 
the precipitation takes place.

The distribution of sample VI (Fig. 10) is significantly 
narrower than sample V. The fractionation of sample 
VI was achieved by an acetone extraction technique which 
was described earlier. A comparison of the distribution 
obtained by precipitation methods and the distribution re­
sulting from an extraction procedure suggests that the ex­
traction method is superior if a narrow distribution of 
molecular weights is desired. This, however, is a conclu­
sion which becomes meaningful only after a more careful 
evaluation of the experimental conditions under which these 
experiments were performed. For example, in the case of 
the precipitation fractionation (Fig. 9) the precipitate was 
removed immediately after precipitation. During the ex­
traction technique, the PVP-acetone mixture was allowed 
to layer overnight. It is reasonable to expect that ample 
time for equilibration must be allowed for efficient fractiona­
tion. Scott has predicted that the distribution obtained 
by a precipitation fraction should be essentially similar 
to the distribution obtained by extraction techniques ex­
cept for a low molecular weight “ tail”  which should be 
present in the case of the precipitation methods. It is 
evident, in any case, that this method of analyzing for 
the distribution function from the sedimentation diagrams 
would be extremely useful in the evaluation of the various 
factors affecting the fractionation of heterogeneous poly­
mers. Similarly, modifications in the original synthesis 
of the polymer might alter the reaction kinetics which in 
turn might give rise to other molecular weight distribu­
tions which could be determined using this polydispersity 
analysis.

The information yielded by the distribution curves re­
sulting from the method of analysis just described can be 
compared with other known methods for determining mo­
lecular weight distributions. In fact, this ultracentrifugal 
sedimentation analysis should be considered for use as a 
calibration standard for other more indirect methods. The

Fig. 12.— Molecular weight distribution (normalized).

results of an extensive refractionation program41 on PVP 
carried out in this Laboratory are in qualitative agreement 
with the distributions described in this paper. This un­
published distribution analysis is based on a graphical plot 
of the Fikentselier A'-values representing (he relative vis­
cosities of 1% solutions of the fractions. It has been 
verified that the distributions are at least as broad as those 
reported herein, while there is some disagreement about 
the percentage of the total in each size class.

Because the correspondence between the sedimentation 
constants and 7v-values of PVP has been indicated in Tables 
I and III, it is possible to compare directly the distributions 
determined by the two methods. The amount found in 
each size class (characterized by a certain if-value) by frac­
tionation is determined by weighing the dried precipitates. 
A comparison of the distributions found by the analyses of 
sedimentation diagrams and by fractionation techniques is 
presented in Table X.

T able X
C o m p o s it io n  sa m p le  I , %

K
S ize elass

s X  1 0 13
F  rac- 

t io n a t io n
S e d i­

m e n ta t io n

0-20 0 -0.90 13.1 18.2
26-30 0.90-1.10 13.2 21.1
30-34 1.10-1.25 17.9 19.9
34-38 1.25-1.39 44.1 17.0
38- °° 1 .39- ■» 11.7 23.1

The disagreement between the two methods which can 
be seen in Table X  can be resolved by the fact that the dis­
tribution curves determined in this work (Figs. 9 and 10) 
are a true number distribution versus sedimentation con­
stant, whereas the distributions determined by fractiona- 
tion-refractionation techniques are the results of viscosity 
measurements which are weight average values. The 
discussions earlier in this paper which outlined the com­
plexities involved in the analysis of average values of mo­
lecular size by viscosity determinations are sufficient justi­
fication for considering the distribution curves obtained 
by the analysis of the sedimentation diagrams more reliable.

The correspondence between molecular weights and sedi­
mentation constants (Fig. 5) taken in conjunction with the 
normalized distributions of sedimentation constant (Figs. 9 
and 10) makes it possible to plot the distribution of average 
molecular weights for the PVP samples as is shown in Fig. 
12. The curves in Fig. 12 illustrate the comparative 
breadths of the molecular weight distributions.

Although the distribution curves shown in Fig. 12 are 
sufficiently accurate for practical purposes, they cannot be 
considered “ true”  number molecular weight distributions 
in a strict sense. This stems from the fact that the sedi­
mentation constants determined experimentally were aver­
age values, and the molecular weights were computed from 
average values of s and D; the molecular weight versus sedi­
mentation constant relationship (Fig. 5) must be considered 
an “ apparent”  s vs. M curve. It is therefore necessary to 
consider the effect of polydispersity on the experimentally 
derived relationship illustrated in Fig. 5. A procedures for 
this anal sis may be outlined as follows.42

T h e  ex p erim en ta l rela tion sh ip  b etw een  s and  
M  m a y  be w ritten  as

M* =  <*.(«*) (14)
w here M *  an d  s *  are th e v a lu e s o f each  p a ra m eter  
d eterm in ed  b y  e x p e rim en tation . A s  w a s n o ted  
earlier th ese  v a lu e s  represen t a vera ge  v a lu e s w h ich  
d ep en d  on  th e  sh ap e, size and p o ly d isp e rsity  o f th e  
sa m p le  in q u estion  as w ell as th e  ty p e  o f m a th e m a ­
tica l a n a ly sis  u sed fo r  th e  c o m p u ta tio n s . F o r  
p u rposes o f a n a ly ses it  h as been a ssu m e d  th a t  M *  
is a  w e ig h t-w e ig h t  average  m olecu la r  w e igh t  
(ca lcu lated  fro m  ,sw an d  D w) an d  th a t  s *  is a  w e igh t

(4 1 ) S . S ig g ia  a n d  N . F lo r a m o , th is  L a b o r a t o r y ,  u n p u b lis h e d  
w o rk s .

(4 2 ) T h e  a u th o r s  are  in d e b te d  t o  P r o fe s s o r  J . G .  K ir k w o o d ,  C h a ir ­
m a n  o f  th e  D e p a r t m e n t  o f  C h e m is tr y , Y a le  U n iv e rs ity , f o r  o u t l in in g  
th e s e  m e th o d s  o f  t r e a tm e n t. '
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a verage sed im e n ta tio n  c o n sta n t. (T h e  sa m e p ro ­
cedure m a y  be ap p lied  for. oth er  c o m b in a tio n s  o f  
a vera ge  m olecu la r  w e igh t a n d  a verage sed im e n ta ­
tion  c o n sta n t.)  T h e  w e igh t a vera ge  sed im e n ta tio n  
c o n sta n t can  b e  w ritte n  as

= s* = (15)

w h ere th e  su b scrip t i represen ts th e  ith  species o f 
th e  correspon din g  p a ram eter . T h e  con cen tration  
is

c\ =  riiMi/Nv (16)
w h ere N  represen ts A v o g a d r o ’s n u m b e r  a n d  v th e  
v o lu m e  o f th e  so lu tio n . In  term s o f m olecu la r  
w eigh t s *  b ecom es

s* = (17)

T h e  m o lec u la r  w e ig h t resu ltin g  fro m  a  w eigh t
a vera ge  d iffu sion  coefficien t an d  a  w e igh t average  
sed im e n ta tio n  co n sta n t h as been  g iv en  b y  eq u a tio n  
7 w here f i  represen ts th e  fr ictio n al coefficient  
correspon din g  to  th e  ith  m olecu la r  species. E q u a ­
tion  14 b e c o m e s

__________ . A ______
2 > iM i//i Y,mMi (18)

I t  is certa in ly  tru e  th a t  th e  m olecu la r  w eigh t d is ­
tr ib u tio n  is c on tin u ou s rath er  th a n  com p osed  o f a 
n u m b e r  o f d iscrete  species as im p lied  b y  eq u a tio n  
18. T h e  su m m a tio n  o ver  th e  m olecu lar sp ectru m  
is th en

j "  MG(M)dM (19)

G {M ),  th e  m olecu la r  w e igh t d istrib u tio n , m a y  be  
w ritte n  in  te rm s o f th e  k n o w n  sed im e n ta tio n  c o n ­
s ta n t d istrib u tio n  as

G(M) = g(s)ds/dM (20)
E q u a tio n  19 h en ce b ecom es

f - M M ' » ,  (21)

H e n c e fo rth  th e  q u a n tity  M  (s) w ill s im p ly  b e  repre­
sen ted  b y  M .  S u b stitu tio n  o f th is  in tegral fo r  th e  
s u m m a tio n  o f th e  d iscrete m olecu la r  w e igh t d istri­
b u tio n s  in e q u a tio n  18 y ie ld s

J~ M*g(a)ds/f

J~JIg(s)ds/f
= 0

sMg(s)ds

Mg(s)ds
(22)

T h e  rela tion sh ip  b etw een  th e  m olecu la r  fr iction al 
coefficien t an d  th e m olecu la r  w eigh t h as been  g iven  
b y  S v e d b e r g .16 S u b stitu tio n  o f th is  rela tion  in 
e q u a tio n  22  resu lts  in

^  sA ig(s)ds j  J '  8g(s)ds =

0 i f ” sMg(s)ds j  J 'j j H 'i W d * }  (23)

E q u a tio n  2 3  can  be con sidered a  rep resen tation  of 
th e  “ tru e ”  m olecu la r  w e igh t d ep en d en ce on  sed i­
m e n ta tio n  c o n sta n t fo r  p e rfec tly  m on od isp ersed  
sy ste m s  expressed  in  term s of th e  w eigh t average

v alu es o f s an d  M  a n d  th e  n u m b e r  d istrib u tio n  o f 
sed im e n ta tio n  c on stan ts  [g (s )}.

S im ila r  rela tion s m a y  b e  d eriv ed  b y  a ssu m in g  
th a t  th e  ex p erim en ta l sed im e n ta tio n  c o n sta n t is a  
n u m b e r  a verage . A lth o u g h  th is  w as sh ow n  n o t  
to  b e  th e  case b y  e q u a tio n  8 , a  tru e n u m b e r  a verage  
s (s n) can  b e  o b ta in ed  b y  d e te rm in in g  th e  first- 
m o m e n t  o f th e  g(s) vs. s cu rves (F ig . 9  an d  10) 
w h ich , b y  th e n atu re o f th e  original th e o ry , are  
im p lic itly  n u m b e r  d istrib u tio n s. T h is  case is bein g  
con sidered  fu rth er  b u t w ill n o t  b e  in clu d ed  herein.

E q u a t io n  2 3  m a y  be ap p lied  to  th e  exp erim en ­
ta lly  determ in ed  rela tion s in  th e  fo llo w in g  m an n er. 
A ssu m e  th a t  th e tru e m o lecu la r  w e igh t can  be  
expressed  in  term s o f th e  sed im e n ta tio n  co n sta n t  
b y  m ea n s of th e in finite series

M = aïs +  a2s2 +  c3s3 +  . . .
E q u a tio n  2 3  b ecom es

Xs(ais + +  a3.s3 + . . . )ff(-s)ds

j ' sg(s)ds

0

f  “1 s(a is +  chs2 +  a3s3 +  . . . )g(s)ds

j '  (a, s +  a2•s2 +  a3-s3 +  . . •)ff(s)ds

(24)

(25)

N o w  let

In =  I S“ f f ( s )d s

E q u a tio n  2 5  n ow  redu ces to

(26)

(flip? +  d i P i  +  <h'P < +  . . . ) =
Pi

. \ (a ,pi +  Qi>p3 +  a m  +  ■ . . )  )
( ( i l l p l  +  a - 2P 2 +  ( l i p s  +  • • . ) )

B eca u se  th e g(s) vs. s cu rves h ad  been  d eterm in ed  
fo r  a  n u m b er of sa m p les, it  w a s possib le  to  ev a lu a te  
Pn (eq u a tio n  2 6 ) fo r  each  sa m p le . T h is  w as  
acco m p lish ed  b y  n orm alizin g  th e  g(s) vs. s curves  
(F ig s . 9  an d  10) a n d  in te gratin g  n u m erica lly . 
T o  sim p lify  th e  c o m p u ta tio n s , it w a s assu m ed  th a t  
all b u t  th e first th ree term s in  eq u a tio n  2 4  cou ld  be  
d rop p ed . In  th is  case th ree seco n d -ord er  a lge ­
braic  eq u a tio n s in  th ree u n k n o w n s (alt o2 and  
a 3) w ere o b ta in ed . E a c h  eq u a tio n  represen ted  a  
specific P V P  sa m p le  for w h ich  s, M  an d  g(s) vs. s 
w ere k n ow n .

T h e  so lu tio n  o f sim u lta n eo u s e q u a tio n s  o f  th is  
ty p e  can  u su ally  be ob ta in ed  b y  a  p rocess o f  ite ra ­
tio n  i f  a p p ro x im a te  v a lu es of th e c o m m o n  roots  
are a va ilab le . In  th is  w o rk , th e  th ree P V P  
sa m p les  w ere chosen  so th a t  ex trem es in h etero ­
g en eity  an d  average  m olecu la r  w eigh t w ere repre­
sen ted . T h e  e x p e rim en ta lly  d e te rm in ed  v a lu e s of 
M  an d  s (T a b le  I I I )  w ere su b stitu te d  in  eq u a tion  
2 4  fo r  th ese  th ree P V P  sa m p les  y ie ld in g  three  
a p p ro x im a te  e q u a tio n s in  th ree u n k n o w n s. T h e  
approximate v a lu e s o f ah a2 an d  a3 w ere o b tain ed  
b y  s im u lta n eo u s so lu tio n  o f th ese  th ree first- 
order e q u a tio n s. T h e se  v a lu e s o f a t, a2 an d  a3 
were u sed as a  startin g  p o in t for th e e x a c t so lu tio n  
o f e q u a tio n  2 7  b y  itera tio n . I t  w as fo u n d , h ow ever, 
th a t  w ith  th e  use o f th e  a p p ro x im a te  v a lu e s d eter­
m in ed  fro m  th e  ex p erim en ta l cu rve it  w as n o t
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possible to extract a common root from the three 
equations. The process of solution of simulta­
neous equations by iteration is only effective if the 
approximate values fall within the interval of con­
vergence to a common root. Therefore, one must 
drawn the conclusion that the “ true”  relationship 
between s and M for monodispersed systems is not 
the same as the experimental relationship estab­
lished by measurements on polydispersed samples.

It has not teen possible at the time of this 
writing, because of the complexity of the equations 
to be solved, to derive an exact solution to this 
problem. It is indicated, however, that unless 
the measurements are carried out on highly homo­
geneous samples, molecular weight distributions 
determined from sedimentation constant distribu­
tions cannot be considered as true number dis­
tributions.

While Fig. 12 does not represent the “ true”  
molecular weight distribution in the strict sense of 
the word, for all practical purposes it is the most 
accurate distribution which can be drawn until an 
exact solution of equation 27 is obtained or until

the molecular weight-sedimentation constant rela­
tionship is investigatad for truly monodisperse 
material.
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The system tétraméthylammonium iodide-iodine-toluene has been studied by the solubility method at 6 and at 25°. 
The compounds (CH3)4Nl3, (CEhhNL and (CHt)4NIu were found to be stable phases at both temperatures. In addition, 
the compound (CH3)4NIio was found at 6° and the compound (CH3)4Nl9 at 25°. The dissociation pressures of the compounds 
at these temperatures were calculated from the solubility data.

Introduction
One of the simplest and most convenient meth­

ods available for studying binary addition com­
pounds is to add as a third component a liquid which 
dissolves only one of the two original components, 
and then determine the phase relations by solubility 
experiments in the ternary system. This method 
has been found especially useful in studying the 
addition of iodine to iodides, and by its use, the sta­
bility relations of the polyiodides of cesium,3 ru­
bidium,4 potassium5 and ammonium6 have been 
worked out in this Laboratory. This work had 
shown that the stability of the alkali triiodides in­
creased with increasing size of the cation. It 
seemed of interest to study the addition of iodine to 
tétraméthylammonium iodide to determine whether 
the stabilities of the polviodides formed were in 
accord with the previous work. In addition, the 
fact that tétraméthylammonium iodide was re­
ported in the literature to form a pentaiodide and 
enneaiodide increased the interest in this system,

(1 )  F r o m  a  th e s is  s u b m it te d  b y  M ic h a e l  F le is ch e r  t o  th e  f a c u lt y  o f  
th e  G ra d u a te  S c h o o l  o f  Y a le  U n iv e rs ity  in  p a r t ia l fu lf i llm e n t  o f  th e  
re q u ire m e n ts  fo r  th e  d egree  o f  D o c t o r  o f  P h ilo s o p h y , 1933 .

(2 )  P r e s e n t  a d d re ss— U . S. G e o lo g ic a l  S u r v e y ,  W a s h in g t o n  2 5 , D . C . 
P r o f .  F o o t e  d ie d  o n  J a n u a r y  14, 1912 .

(3 )  H . W .  F o o t e ,  W .  M .  B r a d le y  a n d  M ic h a e l  F le is ch e r , T h is  J o u r ­
n a l , 3 7 ,  21 (1 9 3 3 ).

(4 )  H . W .  F o o t e  a n d  M ic h a e l  F le is ch e r , ibid., 4 4 ,  633  (1 9 4 0 ).
(5 )  H .  W .  F o o t e  a n d  W .  M .  B r a d le y ,  ibid., 3 6 , 6 7 3  (1 9 3 2 ) .
(6 )  H . W .  F o o t e  a n d  W .  M .  B r a d le y ,  ibid. , 3 7 ,  2 9  (1 9 3 3 ).

since the only binary polyiodides formed by the al­
kalies are R bl3, Csl3 and Csl4. The results were 
also expected to furnish an interesting comparison 
with the behavior of ammonium iodide, which 
forms only one stable polyiodide, NH4I3.

The results obtained were so unusual that they 
were set aside for many years in the hope that fur­
ther study could be made. In view of recent work7 
on the structure of tetramethylammonium pentaio­
dide, it seems worthwhile to put our results on record 
in the hope that others may take up the problem.

Previous Work.—Addition compounds of iodine 
and tetramethylammonium iodide were first pre­
pared by Weltzien,8 who obtained the triiodide and 
the pentaiodide by crystallization from alcohol 
solutions. Geuther,9 by the same method, pre­
pared the pentaiodide and also the enneaiodide, 
(CH,3)4NI9. Much later, all three compounds were 
again prepared by the same method by Chattaway 
and Hoyle,10 who were unable, however, to prepare 
a heptaiodide. The only attempt to study their 
stability relations was that made by Stromholm,11 
who used the theoretically sound method of shaking

(7 )  R .  J . H a c k  a n d  R .  E . R u n d le ,  J. Am. Chem. Soc., 7 3 ,  4321 
(1 9 5 1 ).

(8 )  C . W e ltz ie n , Ann., 9 9 ,  1 (1 8 5 6 ).
(9 ) A . G e u th e r , ibid., 2 4 0 , 66 (1 8 8 7 ).
(1 0 )  F . D . C h a t ta w a y  a n d  G e o rg e  H o y le ,  J. Chem. Soc., 1 2 3 , 6 5 4  

(1 9 2 3 ).
(1 1 )  D . S t r o m h o lm , J. prakt. Chem.d [2 ] 6 7 ,  3 4 8  (1 9 0 3 ) .
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the iodide with ether saturated with iodine, and 
then analyzing the resulting solution to determine 
the amount of iodine taken up by the salt. His 
results, which were not of great accuracy, indicated 
the existence of the tri-, penta- and enneaiodides.

Experimental Results.—The experimental pro­
cedure used and the purification of iodine and tolu­
ene have been described.6 Tetramethylammonium 
iodide was obtained from the Eastman Kodak Co. 
It was ground and kept in a desiccator. Six closely 
agreeing analyses on two different lots showed an 
iodine content of 63.16% (theoretical 63.13), which 
was unchanged after a recrystallization. The salt 
was therefore used without further purification.

The results obtained in the system (CH3)4NT-.I2-  
toluene at 6 and at 25° are given in Table I. They 
were so unusual that many more experiments were 
made than had been contemplated. Every one 
made has been included in Table I. As tests 
showed that the solid phases were not solvated and 
that no (CH3)4NI was dissolved by the toluene, the 
composition of the solid phase was calculated in 
each experiment from the known original charge 
and the determined iodine concentration of the solu­
tion. This calculation always affords results closer 
to the true composition of the solid phase than does 
direct analysis of the wet residue, which always con­
tains excess iodine deposited by evaporating sol­
vent. All compositions in Table I are given in 
weight per cent.

These results bring up a number of interesting- 
points. It will be noted that at the low iodine end 
of the system there is but little difference in the 
iodine content of the solutions whether the solid is a 
mixture of (CH3)4NI and (CHj)4NI3 or a mixture of 
(CH3)4NI3 and (CH3)4N I5. The difference shows 
at both temperatures, but is so slight that it might 
be ascribed to experimental error were there no 
other evidence that the triiodide exists. The very 
low solubilities at these two isothermal invariant 
points show that both compounds are quite stable, 
having low dissociation pressures.

As the stability range of the triiocide is so small, 
it is nearly impossible to prepare it pure from tolu­
ene solutions. However, alcohol dissolves the com­
pound as a whole where toluene dissolves iodine 
only, and the solubility relations in the former sol­
vent are such that the triiodide can be recrystallized. 
This was done, using the conditions recommended 
by Chattaway and Hoyle,10 and excellent crystals 
were obtained. These contained no solvent, as 
shown by a closed tube test. Analysis showed 
55.52% available iodine (theoretical 55.80%). 
These crystals were used as starting material in 
some of the determinations. The solubilities 
found agreed well with those found when the iodide 
was used.

The solubility relations in this portion of the sys­
tem bring out both the weakness and strength of 
the method employed in this work to study polvio- 
dides and their dissociation pressures by the use of 
solvents in which the iodides themselves are not 
soluble. If two compounds—in the present case 
the triiodide and pentaiodide—both happen to have 
very low dissociation pressures, the iodine concen­
tration in solution is necessarily low at both iso-

T a b u e  I

t =  6 ° ,  M  =  ( C H 3) 4N
I* in Is in S o lid

soln.. so lid , ph a ses
No. wt. % w t. % p re se n t

1 0 .0 3 6 6 .5 1 M I  a n d  M I S

2 .033 5 0 .0 0 M I  a n d  M I 3

3 .034. 5 4 .9 5 M I  a n d  M b

4 .045 58 .41 M b  a n d  M I 5

5 .045 5 9 .3 4 M b  a n d  M b

0 .047 59 .81 M b  a n d  M b

7 .053 6 9 .85 M b  a n d  M b

8 .039 7 0 .0 5 M b  a n d  M b

9 .49 7 1 .6 8 M b
10 .97 7 1 .72 M b
11 1.51 7 1 .7 4 M b

12 1.61 7 2 .5 3 M I 5 a n d  M h o

13 1 .5 8 7 8 .0 8 M I S a n d  M b o
14 1 .5 9 8 1 .8 7 M b  a n d  M b o

15 1 .6 0 8 3 .7 0 A11 r, a n d  M b o

16 1 .5 8 8 3 .9 8 M b  a n d  M I i o

17 1 .70 8 5 .3 9 M b o

18 1.71 85 .01 M b o
19 1 .7 7 8 4 .9 5 M I . o

20 1 .8 5 8 4 .7 8 M I . o
21 1.88 8 5 .0 4 M b o
22 1 .9 4 8 5 .0 7 M b o

23 1 .9 9 8 4 .9 9 M b o
24 2.00 8 4 .9 8 M b o

25 2 .1 9 8 5 .0 2 M b o

26 2 .2 7 8 5 .33 M b o  a n d  M I U

27 2 .2 8 8 5 .47 M b o  a n d  M I l ;

28 2 .2 8 8 5 .6 8 M b o  a n d  M I U

29 2.31 8 5 .92 M I , o  a n d  M i n

30 2 .5 7 8 6 .33 M b i

31 5 .7 1 86 .41 M b i

32 9.41 8 6 .67 M i n

33 10.11 88.21 M I „  a n d  b

34 10.31 6 3 .7 9  
t =  25°

M b i  a n d  I 2

35 0 .0 67 11 .32 M I  a n d  M I ,

36 0 .0 6 6 5 0 .00 M I  a n d  M I ,

37 0 .0 8 8 5 9 .5 2 M I . ,  a n d  M b

38 0 .0 8 3 7 0 .00 M b  a n d  M b

39 0 .5 6 7 1 .4 8 M b

40 1 .95 7 1 .77 M b

41 2 .5 6 75.91 M b  a n d  M I ,

42 2 .5 4 8 2 .12 M b  a n d  M b

43 2 .7 9 8 3 .47 M I ,

44 2.81 8 3 .5 0 M I ,

45 2 .8 3 8 3 .55 M I ,

46 2.86 8 3 .53 M I ,

47 3 .2 6 8 3 .55 M I ,

48 3 .5 3 8 3 .6 6 M b  a n d  M I , i

49 3 .5 4 8 4 .1 0 M I ,  a n d  M I n

50 3 .5 5 8 4 .7 4 M I ,  a n d  M I n

51 3 .5 5 8 5 .1 8 M I ,  a n d  M I n

52 3 .6 4 8 6 .3 3 M I , .

53 4 .0 2 8 6 .3 2 M I „

54 5 .2 0 8 6 .3 8 M I , .

55 13 .55 8 6 .2 9 M b ,

56 14 .74 86.53 M I „

57 15.61 8 6 .9 0 M b i  a n d  b>

58 15 .52 9 2 .14 M i n  a n d  I 2
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thermal invariant points, and the difference in 
concentration at the two points may be within the 
experimental error of determination. In such a 
case, the solubility determinations would not be 
sufficient to prove the existence of the lower of the 
two compounds. On the other hand, knowing 
that both can exist, it is possible to calculate the 
dissociation pressures of the compounds from the 
solubility determinations.

Using a solvent, for instance alcohol, which dis­
solves both components, the range of concentra­
tions in which a compound is stable may be greatly 
enlarged or reduced. In the present case, the solu­
bilities in alcohol are sufficiently different to permit 
crystallization of both the triiodide and the penta- 
iodide. The dissociation pressures could not, 
however, be calculated from the solubilities at the 
isothermal invariant points, since the solution con­
tains both components.

The existence of the pentaiodide at both tempera­
tures is very satisfactorily demonstrated by the 
results. The average of the five results on this 
compound is 71.68% available iodine; the formula 
(CH3)4NIs requires 71.63%.

The results also show very clearly the existence 
over a wide range of concentrations at both tem­
peratures of a compound not previously prepared, 
(CH3)4NIn. The average of the eight closely 
agreeing results on this compound is 86.41% avail­
able iodine; the formula above requires 86.33%. 
This is the first compound reported which has ten 
atoms of iodine added to an iodide. At first glance, 
it seems rather surprising that a compound stable 
over such a large concentration range should have 
been missed by previous workers. However, they 
all crystallized their preparations from alcohol solu­
tions. A few experiments in the iodine-rich portion 
of the system (CH3)4N I-I2-95%  alcohol showed that 
the compound (CH3)4N IU is stable only over an 
extremely small concentration range in this solvent.

Besides the ffiree polyiodides already discussed, 
there is unquestionably a fourth compound present 
at each temperature. Much to our surprise, the 
results showed clearly that two different compounds 
were present at the two temperatures. At 6°, the 
average of the nine results on the compound was 
85.03% availaole iodine, and seven of the nine 
differed from the average by less than 0.1%; the 
formula (CH3)4NL0 requires 85.03%. However, 
the five results at 25° show just as convincingly 
that the compound present at that temperature 
was (CH3)4NI9. The average of the five results is 
83.52% available iodine; the formula (CH3)4NI9 
requires 83.47%, and in each of the five results, the 
composition found differs from the theoretical by 
less than 0.1%. Furthermore, it should be noted 
that, at 6°, not only experiments 17 to 25, but also 
experiments 15 and 16 definitely exclude (CH3)4NI9 
as the solid phase. Likewise, at 25°, not only ex­
periments 43 to 47, but also experiments 48, 49, and 
50 exclude (CHj)4NIio as the solid phase.

It was thought possible that the results might be 
due to metastaole solid phases at one or both tem­
peratures. To test this possibility, a mixture was 
rotated at 6° in the usual way. The solution was 
analyzed, and the results given under No. 21 in

Table I were obtained. Leaving the solid phase un­
disturbed, a calculated amount of iodine was 
added, and the bottle was resealed and rotated a 
week at 25°. The solution was again analyzed with 
the results given under No. 46 in Table I. Another 
bottle was rotated first at 25°, the results obtained 
being given under No. 44 in Table I. Leaving the 
solid phase undisturbed, toluene was added, and 
the bottle was resealed and rotated a week at 6°, 
and the solution analyzed with the results given 
under No. 22 in Table I. It is evident that the 
(CH3)4NLo formed at 6° changed to (CH3)4NI9 at 
25° and vice versa. The results cannot be due to 
the presence of metastable phases. There must, 
therefore, be a transition temperature at some tem­
perature between 6 and 25°. *

The existence of three such compounds as (CH3)4- 
NI9, (CH3)4NIi0 and (CH3)4NIu is certainly sur­
prising, perhaps even improbable. It is rather un­
safe, however, to speculate on what might be ex­
pected in addition compounds. Those reported 
here are certainly no more unexpected than Csl3 
and Csl4, or CdS04-8/3H20, or the numerous hy­
drates of FeCl3, to cite some well-authenticated 
compounds.

The dissociation pressures of the binary polvio- 
dides have been calculated by the method previ- 
ously used.4 Table II gives the results obtained,

Solids
present

I2 in 
soln.,
wt. %

T a b l e  II
I2 in 
soln., 

mol. % e/ce

Dissociation
pressure,

mm.

Min and I,
t = 6 ‘ 

1 0 .2 1

', M = (CH3),N 
3 . 9 6 ( c )  . . . .

MIu and MIio 2 .2 8 5 0 .8 4 0 . 2 1 2 0 .0 1 1 6
Mho and ML 1 .5 9 .5 8 .1 4 7 .0 0 8 0
ML and MI3 0 .0 4 6 .0 1 7 .0 0 4 2 .0 0 0 2 3
ML and MI 0 .0 3 4 .0 1 2 .0031 .0 0 0 17

h and Min 1 5 .5 7

t =  2 5 °  

6 .2 7  C o)
MIu and ML 3 .5 4 1 .3 1 0 .2 0 9 0 .0 6 5 6
ML and ML 2 .5 5 0 .9 4 .1 5 0 .0 4 6 9
MI5 and ML 0 .0 8 6 .031 .0 0 5 0 .0 0 1 5 6
ML and MI 0 .0 6 7 .0 2 4 .0 0 3 9 .00121

assuming the vapor pressure of iodine to be 0.0546 
and 0.313 mm. at 6 and 25°, respectively. These 
values, obtained by interpolation of the data given 
in the “ International Critical Tables,” differ slightly 
from the values given by Gillespie and Fraser,12
0.0556 and 0.309 mm. at 6 and 25°, respectively. 
The older values were used so that the dissociation 
pressures calculated would be consistent with those 
given in our earlier papers. For the three polyio­
dides present at both temperatures, the heats of 
dissociation have been calculated by the van’t Hoff 
equation. AH is calculated to be —15,000 calories 
for (CH3)4NIn, —16,600 calories for (CH3)4NI5 and 
— 17,000 calories for (CH3)4NI3.

It may be noted that preliminary experiments on 
the system (CH3)4N I-I2-benzene indicated that the 
binary polyiodides richer in iodine than the penta­
iodide do not appear as solid phases, being replaced 
by two or more ternary polyiodides containing ben­
zene of crystallization. In this respect, the behav-

(1 2 )  L . J . G il le s p ie  a n d  L . H . D . F ra se r , J. Am. Chem. Soc., 5 8 ,  2 2 6 0  
(1 9 3 6 ).



Jan., 1953 Estimation of H eterogeneity from D iffusion M easurements 125

ior of (CH3)4XI differs from that of NHJ, which and resembles that of Csl, which forms one, and of 
forms no ternary polyiodides from benzene solution, Itbl, which forms two such compounds.

ESTIMATION OF HETEROGENEITY FROM DIFFUSION MEASUREMENTS
By P. A. Charlwood1
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An expression has been derived for the standard deviation of the distribution of diffusion constants of a mixture. It 
requires the calculation of the fourth moments of refractive index gradient curves, or equivalent calculations from inter­
ference patterns. A procedure has been worked out for using interference patterns. An empirical curve-fitting method is 
of great use in some cases in obtaining corrected values of jD 2. o and D,,,/D,.o. Both experimental and theoretical patterns 
confirm that the use of moments higher than the second is impracticable in cases where the degree of heterogeneity is low. 
Efforts should, therefore, be made to attain a high degree of accuracy in the measurement of Da and I)2,0 for proteins.

Introduction
Recently considerable attention has been given 

to the problem of relating the heterogeneity of 
proteins to their electrophoretic behavior. The 
general method followed has been to observe the 
manner in which certain mathematical characteris­
tics of the electrophoretic patterns change with 
time.2-8 Similarly, the related problems of deter­
mining the distributions of sedimentation constants 
and molecular weights from ultracentrifuge data 
have been studied.9-13 Little comparable informa­
tion is available on the subject of diffusion.10'11’14 

Until a few years ago, all accurate diffusion ex­
periments relied upon the Lamm15 scale method, or 
various schlieren optical methods, from which the 
refractive index gradient curves of diffusing bound­
aries are obtained. Different ways of defining dif­
fusion constant, in terms of the methods which may 
be used to analyze these curves, have been dis­
cussed by Gralén.10'16 In the case of ideal diffusion 
of a single, homogeneous substance all treatments 
lead to the same result (within, of course, the ap­
propriate limits of error). Otherwise, averages of 
various types ensue. Thus, the average J)\, ob­
tained by the height and area method, is defined by 

Da-1/» = XaiDr'B (l)
where the molecular species of diffusion constant 
D\ forms a fraction a¡ of the mixture, a¡ being ex­
pressed in terms of the total refractive Increment. 
This result, given by Quensel,14 assumes independ­
ent and ideal diffusion of all constituents. Gralén16

(1 ) I .C .I .  R e s e a rc h  F e l lo w  in  th e  U n iv e r s it y  o f  L o n d o n .
(2 ) R .  A . A lb e r t y ,  J. Am. Chem. Soc., 7 0 ,  1 67 5  (1 9 4 8 ).
(3 )  R .  A . A lb e r t y ,  T h is  J o u r n a l , 5 3 , 114  (1 9 4 9 ).
(4 ) R . A . A lb e r t y ,  E .  A . A n d e r s o n  a n d  J. W .  W ill ia m s , ibid., 5 2 , 

217  (1 9 4 8 ) .
(5 )  E , A . A n d e r s o n  a n d  R .  A . A lb e r t y ,  ibid., 5 2 , 1 34 5  (1 9 4 8 ) .
(6 ) R  L . B a ld w in , P . M .  L a u g h to n  a n d  R .  A . A lb e r t y ,  ibid., 5 5 ,  111 

(1 9 5 1 ).
(7 ) R  A . B r o w n  a n d  J. R .  C a n n , ibid., 5 4 ,  364  (1 9 3 0 ).
(8 ) D . G . S h a rp , M .  H . H e b b ,  A . R .  T a y lo r  a n d  J. W .  B e a rd , J. 

Biol. Chem., 142, 217  (1 9 4 2 ).
(9 ) R . L . B a ld w in  a n d  J . W .  W ill ia m s , J. Am. Chem. Soc., 7 2 , 4 3 2 5  

(1 9 5 0 ) .
(1 0 )  N . G ra lé n , In a u g u ra l D is s e r ta t io n .  U p p s a la , 1944 .
(1 1 ) I . J u lla n d e r  Arkiv. Kemi Mineral Geol., 2 1 ,  N o .  8, 1 (1 9 4 5 ).
(1 2 ) W . D . L a n s in g  a n d  E . O . K ra e m e r , J. Am. Chem. Soc., 5 7 ,  1369  

(1 9 3 5 ).
(13) M . W ales, F . T . A d ler and lv. E. Van l Tolde, T h is J o u r n a l , 

5 5 , 145 (1 9 5 1 ).
(1 4 ) O . Q u en se l, D is s e r ta t io n , U p p s a la , 1942.
(1 5 ) 0 .  L a m m , Nova Acta Regiae Soc. Sri. Upsaliensis, 1 0 , 1 (1 9 3 7 ) .
(1 6 )  N . G ra lé n , Kolloid Z., 9 5 ,  188 (1 9 4 1 ) .

has shown that the mean value, D»,0, derived by the 
statistical method is

£>2,0 = 'Lct\D\/'Loti = XaiDi (2)

If the specific refractive increments of ail compo­
nents may be regarded as identical, the proportions, 
a, then refer to weight concentrations, and Difi be­
comes a weight average value.

In an attempt to use the ratio Z)2,o/D\ as a meas­
ure of polydispersity, Gralen10 encountered diffi­
culties such as skew boundaries, values of Dm/Da 
distinctly lower than unity (contrary to theory), 
and other anomalies due to the non-ideal behavior 
of his cellulose solutions. The method pointed out 
by Herdan,17 for deriving the standard deviations 
of molecular weight distributions from different 
types of average, is capable of extension to diffusion 
constants. The object of the present work was to 
explore the possibility of applying the method, not 
only to refractive index gradient curves, hut also 
to the interference patterns now used for the ac­
curate measurement of diffusion.18-26

T h e o ry

From the formulas given by Gralen16
= m,/2mat (3)

= mt/Qm.t (4)
where m0, ?n2 and m, refer, respectively, to the area 
of the refractive index gradient curve, and its sec­
ond and fourth moments about the maximum ordi­
nate. The appropriate apparatus constants are 
assumed to be taken into account. For a single 
substance, i, behaving idealty, equations 3 and 4 
give, by multiplication

m, — 12mal2Dl'i (5 )

For a mixture of such components, diffusing ideally 
and independently about a common origin, the re­
fractive index gradient curve which results is ob-

( 1 7 )  G .  H e r d a n ,  Nature, 163, 1 3 9  ( 1 9 4 9 ) .
( 1 8 )  C .  A .  C o u l s o n ,  J . T .  C o x ,  A .  G .  O g s t o n  a n d  J .  S . L .  P h i l p o t ,  

Proc. Roy. Soc. {London), A 1 9 2 , 3 8 2  ( 1 9 4 8 ) .
( 1 9 )  L .  J. G o s t i n g  a n d  M .  S . M o r r i s ,  J. Am. Chem. Soc., 7 1 ,  1 9 9 8  

( 1 9 4 9 ) .
( 2 0 )  G .  K e g e l e s  a n d  L .  J .  G o s t i n g ,  ibid., 69 , 2 5 1 6  ( 1 9 4 7 ) .
( 2 1 )  L . G .  L o n g s  w o r t h ,  ibid., 6 9 ,  2 5 1 0  ( 1 9 4 7 ) .
( 2 2 )  L . G .  Longs w o r t h ,  Rev. Sci. Instruments, 2 1 ,  5 2 4  ( 1 9 5 0 ) .
( 2 3 )  A . G .  O g s t o n ,  Proc. Roy. Soc. {London), A 1 9 6 ,  2 7 2  ( 1 9 4 9 )
( 2 4 )  A . G . O g s t o n ,  Biochem. J., 4 5 ,  1 8 9  ( 1 9 4 9 ) .
( 2 5 )  I I .  S v e n s s o n ,  Acta Chem. Scand., 5 ,  7 2  ( 1 9 5 1 ) .
( 2 6 )  I I .  S v e n s s o n ,  ibid., 5 ,  1 4 1 0  ( 1 9 5 1 ) .
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T a b l e  I
E x a m p l e  of C urve  F it t in g  P r o c e d u r e , as A pplie d  to  B o v in e  P lasm a  A lbu m in  R esults  

Temperature 25.0°, v =  30.74, phosphate buffer m =  0.1, pH 7.4; all X ,  values are expressed in cm.
A. Time of diffusion ~  200 see.

r 23.75 24.75 25.75 26.75 30.74
X r  (measured) 0.1955 0.1619 0.1300 0.1005 0.0000
Xr (from curve) 0.19547 0.16189 0.13019 0.10036 0.00000
Difference (microns) - 0 . 3 - 0 .1 +  1.9 - 1 . 4 0.0

B. Time of diffusion - 380 sec.
r 22.75 23.75 24.75 25.75 30.74
Xr (measured) 0.1773 0.1507 0.1247 0.0991 0.0000
Xr (from curve) 0.17771 0.15021 •0.12422 0.09972 -0.0000.5
Difference (microns) +  4.1 - 4 . 9 - 4 . 8 +  6.2 - 0 . 5

tamable by addition of the ordinates of the individ­
ual curves. Consequently, moments of the com­
posite curve can be derived by addition of the cor­
responding moments of the contributing curves. 
Thus, if component i forms a proportion a; (defined 
above) of the total, and m0 represents the area un­
der the main curve, the contribution to the fourth 
moment made by this component is 12 m0f2aiA 2. 
By addition, for the composite curve

or
m, = 12 mô ZaiZh2

o t 4/ 1 2  m ot2 =  S a i / A 2 =  I K 2 /J2 . 0  ( 6 )

The following relation holds, analogous to the equa­
tions of Herdan,17 for the standard deviation, a, of 
lh ,0
a = V! (ZaiZV/Sai) — (ZaiZlj/Sai)21 =

V f Zh^Zh.o — D2, o2 j (7)
<r/Z>2,0 = V\(Dt.i/Di,o) — lj = V! (mmo/Sml) — 1|

(8)
The requisite moments can be computed directly 

from refractive index gradient curves; but, in order 
to apply this formula to interference patterns of the 
Grouy type, it is necessary to find methods of deriv­
ing both second and fourth moments of the equiva­
lent curves. The equation given by Ogston24 is, 
in his notation

'lh/2»'" = = X  (2 Sr Ï 8r (1V 2X  Sr =

We denote the integral by the symbol / 3, so that
l h . n l  =  F W U / 24« 

In a similar manner

= DtJKt>l2 = j] ( ¿ S ' )  Srilx/12X B,Ax =

This integral is denoted b y /8, so that 
D 4.2D2.0f2 =  F W h / 960w

From equations 9 and 10, at any given time
Dt.2/D2f0 = Zt'h/nh? (11)

Ogston24 has shown that / 3 is given fairly accurately 
by computing the sum XXr8(8r/8XT)3 over the 
whole range 0: interference bands from r = 0 to 
r =  v. It is feasible to compute h  in an analogous 
manner, when equation 11 can be employed. Of 
course, the absolute value of ZL.o can be obtained 
only from values of I 3 at two or more times. Equa­

tions 8 and 11 were tested by calculations based on 
normal Gaussian curves (see Discussion).

Experimentally it was not always possible to lo­
cate all the inner interference minima, and some­
times the last few occupied anomalous positions, for 
reasons mentioned later (see also reference 20). 
The terms representing these inner bands make sub­
stantial contributions to I3 and Z5. In order, there­
fore, to improve the accuracy an empirical curve­
fitting procedure was evolved. The values of X  
corresponding to the last four measured minima 
(and also X  =  0, which refers to r =  v) were ex­
pressed in terms of r. Of the functions proposed, a 
simple parabolic one proved to have the dual ad­
vantages of representing X  with sufficient accuracy 
(Table IA,B), and of providing simple integrations. 
Thus if

X T =  a +  br T  cr2 (12)

the constants a, b and c can be determined by the 
standard procedure of minimizing the squares of 
the deviations of A'. Then, as
(dr/PAY) =  1 /(ft +  2cr), d (dr/dX Ty  - j -6 c /(f>  +  2cr)4)dr 

and
d(dr/dA'r)6 =  j — Klc/(5 +  2rr)fijdr 

Substituting y for (b +  2cr)

J 'Vrl1 [d A ' l  = J ’ ct'a +  ljr +  cr*)/(b +  2c) ) 1; dr =

— 3 y'O/4c y 2 — (h- — 4«c)/ y '\  dy  =

[3/467/ -  (b 2 ~  ± a c ) / y A V'! (13)• L J di
and similarly

/ * - [ & ]  =  [ i> / l2ci/3 -  ( lr  -  4 , ) / , ]  " (14)

Die limits of integration are determined as follows. 
That part of / 3 or 1-, obtained by summation is 
worked out for values of r from 0 to, say, 23.75. 
Since the products Xr8(8r/8Xr) 3 and X ri(8r/5Xr)5 
for r = 23.75 cover part of the interval between r =
23.75 and r =  24.75, one limit for the integrations is 
taken to correspond, in this case, to r = 24.25. 
The other, of course, corresponds to r = v. Illus­
trations of the results of applying these parabolic 
end-corrections are given in Table 11.

Experimental Conditions and Limitations 
Materials Used.— Diffusion experiments were carried out 

using glycine, sucrose, bovine plasma albumin, or mixtures 
of these. Sucrose and glycine o f “ Analar”  quality were 
weighed out and solutions made up volum etrically. No 
special precautions (e.g., drying of the solids) were ob ­
served. The glyeine-sucro.se mixture was made by mixing
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Table II
Summary of Results of Diffusion Measurements

-O b s d . -
-£>4,j/Dj,o-

-------------- Dt,9— F irs t t im e A  la te r  t im e

O b sd . E x p e c te d U n c o r . C o r . E x p e c te d U n co r . C o r . U n c o r . C o r . E x p e c te d

Temp., 1\ Sucrose 52.2 52.0 51.7 52.0 52.0 0.983 0.977 0.976 0.961 1.000
24.9° i' Sucrose +  glycine 72.0 72.3 77.0 78.0 79.5 1.143 1.033 1.009 1.046 1.119

Temp., 1i Bovine plasma albumin 6.81 6.87 6.86 7.10 0.970 0.997 0.952 0.987
25.0° -i Bovine plasma albumin 20.8 20.0 74.7 35.1 35.8 1.545 1.209 1.990 1.362 1.348

+  sucrose
25 ml. of each individual solution. The bovine plasma al­
bumin was a crystalline “ Armour”  product, as used by 
Creeth.27 A solution of about 1% concentration was di­
alyzed against phosphate buffer (ionic strength 0.1, pH 
7.4). The albumin-sucrose mixture was prepared by mix­
ing 10 ml. of the dialyzed protein solution with 20 ml. of 
I he phosphate buffer in which had been dissolved a weighed 
amount of sucrose.

Diffusion Experiments.—These were made in the Gouy 
diffusiometer18’23 according to the technique described by 
Creeth.87 There were few departures from this procedure. 
With solutions containing sucrose or glycine, time-marks 
were recorded at intervals of 15 seconds, and the boundary 
was sharpened several times during the period of tempera­
ture equilibration. The only other modification was the 
use of a thermostated boundary former, to be described else­
where. The temperature during t hese experiments was 25°. 
All results have been expressed in units of 10"7 cm.2 sec."1, 
corrected, where necessary, for buffer viscosity.

The general conditions used should have been such that 
the record possessed the following characteristics. At the 
first time-mark used for measurements the boundary should 
have attained a symmetrical configuration, producing inter­
ference bands in the correct relative positions, but the layers 
of solution which significantly affect the positions of the 
innermost bands should not have spread beyond the con­
fines of the boundary stop. As the light intensity is rela­
tively greater among the inner bands, the rate of scanning 
had to be high enough to allow the accurate location of these 
bands in the record, but not so high that the outer minima 
and reference trace were severely underexposed. However, 
the accuracy of location of the outermost minimum is not so 
critical in the estimation of Zb,» or a as in the determination 
of Da- The positions of the minima, more particularly the 
inner ones, are affected by the presence of Fraunhofer 
bands.23 The difficulties associated with the inner bands 
may be compared with those which arise in locating the- 
base-line near the ends of Lamm16 scale or schlieren curves.10 
This problem is even more acute when moments higher 
than the second are under consideration.6’28 The errors 
just mentioned would be greatly diminished by the wedge 
filter and the shape of the stop used in the American version 
of the apparatus.29

In all experiments the total solute concentration was 
about 1% by weight, giving about 30 interference minima. 
If lower concentrations had been used, a cell with a longer- 
optical path (e.o., references 22 and 30) would have been 
required in order to obtain a reasonable number of bands for 
the computations.

Results and Discussion
The computation of the moments of a continuous 

function from measurements made at discrete in­
tervals involves errors which can in some cases be 
allowed for. To test the magnitude of such errors 
for a normal Gaussian curve, the expression 
3wi2 was computed for y =  e~x' between the limits 
x =  ±4 , ordinates being taken at intervals of 0.1 
unit. The value obtained was 1.0013, an error of 
rather more than 0.1% being involved. A similar 
computation, based on a theoretical interference

(2 7 ) J . M .  C re e th , Biochem. J., 5 1 ,  10 (1 9 5 2 ).
(2 8 ) E . M .  B e v ila c q u a , E . B . B e v ila c q u a , M .  M .  B e n d e r  a n d  J . W . 

W ill ia m s , Ann. N. Y. Acad. Sci., 4 6 ,  3 0 9  (1 9 4 5 ) .
(2 9 )  L . J . C o s t in g ,  E . M .  H a n s o n , G . K e g e le s  a n d  M . S. M o r r is , 

Rev. Sci. Instruments, 2 0 , 2 0 9  (1 9 4 9 ).
(3 0 )  H . S v e n sso n . Acta Chem. Sound., 3 , 1170  (1 9 4 9 ).

trace and using equation 11, gave a somewhat 
larger error (see below).

The experimental results are shown in Table II. 
Corrected values refer to the use of the parabolic 
curve-fitting method for the innermost bands. 
The expected values are based upon the following 
information in the literature: for sucrose the work 
of Gosting and Morris,19 for glycine the value given 
by Ogston18 at 20°, and for the bovine albumin the 
data of Creeth.27

Ct values21 have been calculated at two different 
times for the interference patterns of sucrose and of 
bovine plasma albumin, as shown in Table IIIA, B. 
Departure from a constant value may be attribut­
able to various causes, such as errors in the meas­
urement of » or XT. Calculation disposes of this 
suggestion, which would only be permissible on the 
basis of errors far exceeding the known errors of 
measurement. That the drift is not due mainly to 
a defect of the cylindrical lens22’26 is clear from its 
disposition in the optical system, and the fact that 
in Table IIIA the Ct values tend to increase, while 
in IIIB they are more inclined to decrease. The 
main cause of the deviations must, therefore, be the 
non-Gaussian form of the boundary, ascribable to 
either (a) the lapse of too short a time since the 
formation of the original sharp, but arbitrarily 
shaped boundary, (b) concentration dependence of 
the diffusion constant, or (c) presence of more than 
one molecular species. For sucrose (c) can be ig­
nored, and (b) is disproved by the results of Gosting 
and Morris.19 Hence, it follows that the main rea­
son is (a), arising from the restrictions imposed on 
the times of observations (see Experimental). 
The greatef regularity of Ct at the later time (Table 
IIIA) confirms this. The variation in Ct values is 
still some 2-3 times larger than that shown by 
Gosting and Morris,19 taking into account the ab­
solute magnitudes.

The values of D.\ and D2,a for both, sucrose and 
bovine plasma albumin show good agreement with 
the results of previous workers. The effect of the 
end-corrections on the D2i0 values is fairly small. 
Although Z)2,o for bovine albumin is some 4% 
greater than D\ the difference is not highly signifi­
cant. Thus, Ogston,24 working with lactoglobulin, 
found D a  =  7.15 and D 2jo = 6.94-7.02. That his 
ratio D2,0/D a is less than unity is reasonably attrib­
utable to experimental error, as is the case with 
many of the results of Gral6n10 and Pedersen.31 
In some cases Graleri10 did obtain ratios much too 
low to be explained by the ordinary errors of mea­
surement. Table II shows values of .D4,2/D 2io less 
than unity for both sucrose and the albumin. This

(3 1 ) K . O . P e d e rse n , “ U ltra ce n tr ifu g a l S tu d ie s  o n  S e ru m  a n d  S e ru m  
F r a c t io n s ,”  A lm q v is t  a n d  W ik s e lls , A .B . ,  U p p sa la , S w e d e n , 1945 .



J 28 P. A. Chaklwood Vol. 57

T able III
C'i Values fob Sucrose and fob Bovine Plasma Albumin

A, sucrose, temp. 24.9°,

B, bovine plasma albumin, 
temp. 24.9°, v — j m = 
30.74, phosphate buffer

V = jm = 28.97 pH 7.4, m = 0.1
Approximate times of diffusion (sec.) 

45 105 200 515
C t ( c m .) Ct (cm .) C t (cm .) Ct (cm .)

0 1.4802 0.9628 1.7142 1.1304
1 1.4854 .9628 1.7149 1.1310
2 1.4882 .9642 1.7207 1.1304
3 1.4905 .9647 1.7238 1.1304
4 1.4912 .9644 1.7299 1.1310
5 1.4952 .9646 1.7319 1.1318

, 6 1.4970 .9646 1.7334 1.1309
7 1.4901 .9640 1.7343 1.1309
8 1.4986 .9651 1.7345 1.1299
9 1.5051 .9657 1.7348 1.1285

10 1.5040 .9648 1.7347 1.1279
11 1.5067 .9642 1.7345 1.1274
12 1.5076 .9671 1.7338 1.1263
13 1.5075 . 9645 1.7383 1.1284
14 1.5077 . 9657 1.7384 1.1274
15 1.5151 .9656 1.7343 1.1300
10 1.5121 .9708 1.7355 1.1284
17 1.5106 .9697 1.7333 1.1257
18 1.5174 . 9700 1.7272 1.1250
19 1.5102 .9662 1.7217 1.1233
20 1.5175 .9647 1.7193 1.1159
21 1.5220 .9670 1.7242 1.1170
22 1.5066 .9767 1.7089 1.1180
23 1.5178 . 9626 1.7003 1.0996
24
25

1.5368
1.5264

1.6927

must be ascribed partly to the non-ideal shape of 
the boundary, but also to the errors consequent 
upon the use of a discontinuous com putation to ap­
proximate to an integral. As a check on the latter 
an ideal set of X T values was calculated, giving a 
constant Ct„ fcr  the r values of the sucrose bound­
ary, i.e., r =  0 to r =  28.97. Com putation of these 
values over the whole range gave Di:2/D2,o =
1.0055. In order to make an even closer com pari­
son with the results derived from  the experimental 
,Vr values, the ideal values were used to com pute 
the appropriate products from r =  0 to r =  24.25, 
and the curve-fitting procedure was adopted for the 
interval r =  24.25 to r = 28.97. The ratio thus 
obtained was 0.980, considerably closer to the ex­
perimental figures.

The sucrose-glycine mixture gave values of Da 
and D2,o in satisfactory agreement with expecta­
tion, and Di,i/D.2,o ratios all greater than unity. 
From the corrected ratios, o-/Z)2,o becom es 18 and 
2 2%  at two different times, com pared with the 
known value of 34.5% . The sucrose-bovine 
plasma albumin mixture, consisting of components 
possessing widely different diffusion constants, pre­
sented difficulties which were scarcely noticeable 
with the previous mixture. A  compromise was es­
sential in selecting the scanning speed and the time- 
marks at which measurements were made. The 
value of D a agreed fairly well with that anticipated, 
but the uncorrected value of D%o was more than 
double theoretical. This was due to the anomalous 
positions of the innermost bands, as indicated in

Table IV
T he Positions of the Interference M inima Obtained 
with a M ixture of Sucrose and Bovine Plasma Albumin 
T emp. 25.0°, v = 29.29, phosphate buffer m =  0.1, pH 7.4, 

time of diffusion ~  160 sec.
r Xr(cm.) -S.Yr(cm.) r I,(cm.) — LTrcm.

8.75 0.5398 0.0488 17.75 0.2158 0.0261
9.75 .4910 .0432 18.75 .1897 .0250

10.75 .4478 .0419 19.75 .1647 .0237
11.75 .4059 .0369 20.75 .1410 .0214
12.75 .3690 .0350 21.75 .1196 .0178
13.75 .3340 .0321 22.75 .1018 .0233
14.75 .3019 .0298 23.75 .0785 .0355
15.75 .2721 .0289 24.75 .0430
16.75 .2432 .0274

Table IV . Successive values of — 8Xr should form  
a decreasing sequence. This did not hold for the 
last two measurements, due, no doubt, to the inevit­
able com prom ise mentioned above. In applying 
the parabolic correction method the anomalous 
bands were omitted. Then D 2,o =  35.1, in excellent 
agreement with the calculated figure. For the rea­
son just discussed, the uncorrected H 4 i 2 / . D 2 , o ratios 
were also much too high, but the corrected values 
gave <r/Z)2,o as 46 and 60% , respectively, at two 
times, the expected percentage being 59.

In addition to the experimental results de­
scribed here, those of Gralen16 and of Svensson26 
are in a form  suitable for the calculation of Di]2/ 
Doto ratios. As a measure of the consistency of 
Gralen’s values for gluten, we obtain a/D2j0 =  
24, 35 and 3 4%  at the three different times recorded 
in Table I of reference 16; but there is no absolute 
value to serve as a standard. The integral type 
of interference m ethod used b y  Svensson25’26 lends 
itself very  sim ply to the com putation of various 
moments. The quantity Dii2/D2}0, derived from 
the figures o f Svensson26 for sucrose, was 0.935. 
As this seemed very  low, the calculation was re- 
•peated on the set of figures which would apply to a 
normal Gaussian boundary.25 This produced a 
result, 0.929, even lower still, from  which it must 
be concluded that the errors due to com puting at 
finite intervals are much greater than in the G ouy 
interference method.

The ratio DiX/D2,0 is preferable to D2m/J)a , be­
cause it gives the standard deviation of the distri­
bution of diffusion constants (whatever this dis­
tribution m ay be), which is the measure of disper­
sion m ost com m only used. H owever, in view of the 
difficulties of carrying out sufficiently precise meas­
urements, and the unavoidable errors of com puta­
tion, it seems unlikely that it will be possible to 
make use of the ratio Dii2/D2,o in cases where it 
would be m ost useful and interesting, i.e., when a/ 
D2:o is small. The best practical approach to the 
use of diffusion measurements for characterizing 
protein heterogeneity seems to lie in placing em­
phasis on precise determinations of D2,0 and D a , 
their ratio being used as a semi-quantitative esti­
m ate.10 The American form  of the G ouy interfer­
ence m ethod29 is probably sufficiently advanced to 
deal with low molecular weight materials, but fur­
ther work will almost certainly be necessary to dis­
cover what refinements of technique will produce 
results of comparable accuracy with proteins.127
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