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The Effect of Pressure on Diffusion in Water and in Sulfate Soiutions 

R. B. CUDDEBACK, R. C. KOELLER, Al\D H. G. DRICKA~fF.R· 
DcpartlllCllt of Chemistry', Urti~crsity of Jllinois, Url'aua, lllitlOis 

(Received Sep(em;).;r ?6, 1952) 

DilTusion coefficients are presented as a function of pressure to ]0000 atmospheres for the iollowing 
systems: 

THO-H,D 0°-25°- 50° ; 
0.1 N H,S"O, -0.1 N lLSO, 
(l.1 N N:t,S"O.-O.l N N:t~S.O.1 
].0 N ;'\~.,S"'O,-I.O.V i\'a ·,S(), 
(J.I N K,S"'O, -0.1 N K,SO •. 

0°-5 °-25°-50"; 
0°-25°-50° ; 
0°-25 °-50°; 
0°_25°_50°. 

The results are interpreted in tcrms of the ac(i\':ttion volulllc nnd the tetrahedrally coorclina(eJ structure oi 
water. It is found that pressure tends to break down the st ruc(ure, and in cert~it1 regions an increase in dilTu­
sion coeflicient with pressure is noted. 

In the salt solutions the water structure i },i,' .;,;".; with some added diec(s due (0 s0lvation and ionic 
interaction. 

Tf' :; P[(':: :h papers\,2 a method for measuring diffu­
~ ~. ;- ; ... "~.l:id;, under pressures to 10090 atmospheres 
,I.c:; pr,-",' l , ,liong with results for some organic 
',l!ulions. In this paper results are presented for diffusion. 
Ii 't ritiated water into ordin:try \\'ater, for diffusion of 
S3\ tagged 0.1 N sulfuric acid into un tagged 0.1 N sul­
illric acid, and for diffusion in 0.1 IV Na~S04, 1.0 IV 
\'a~S04, and 0.1 N K 2S04. The tritiated v:" W~1.S ob­
I:lincd from TrJ.cerhb, the S3, .tagged H,Su, :l'O:'ll Oak 
Ridge :\ational Laboratory of the U. S. Atomic Energy 
Cvm mission. The ordinary water ,vas de-ionized , and 
dcg:lssed water was obtained from the Boik~ 'Vater 
I.:tboratory by courtesy of F. G. Straub. The 5;, •• S were 
,p C}uality. 

parent that the molecular geometry and mechanisms 
of motion depend upon more than merely density. T his 
s:stem \\,;1l be analyzed primarily on the basis of 
changes in ti c activation volume. The activation vol­
ume is purely a iunction of a single isotherm, whereas 
!::..H! anG. !::..5· depend upon the displacements between 
the three isotherms. The structure obviously varies 
radically with temperature and thus .6.1ft and !::..5. 
calculated on the basis of the three isotherms proba.bly. 
do not apply to any of them. 

TABLE r. ;o,[casured diffusion coelncicnts for THO in ItO." 

The method of operation and for calculation of the 
dilTusion coefTIcients is completely discussed in reference 
1. The kinetic theory of liquids and the 1:- dhod for 
calculating the enthalpy of activation (~!!. i:,t! en­
Impy of activation (.6.5t ) above the value at atmos­
pheric pressure (.6.50:), the activation volume (.6. V t ), 

and the free energy of activation (!::..P) are d:scussed in 
rderences 1 and 2. 

The results will be discussed in terms of these con­
cepts. The data are shown in Tables I -V. 

SELF-DIFFUSION IN WATER 

In Fig. 1 the difiusion coefficients are plotted against 
density using Bridgman's3 compressibility data. The 
excellent •. greement with the data of Orr and Butler4 

.1L atmospheric pressure is to be noted. As· a matter of 
i.let, the fritted glass was calibrated using their data at 
25°C. Since each isotherm has a unique sha;-i~, it is ap-

• This \I'ork was supported in part by the U. S. Atomic Energy 
Commi~sio!1. . 

, R. C. Koeller and H. G. Drickamer, J. Chern. Phys. 21, 267 
(\953) . 

, R. C. Koeller and H . G. Drickamer, J. Chern. Phys. 21, 575 
(1953) . 

a P . W. R'idgman , The Physics of High Pressure (Macmillan 
Company, ~ew York, 1931). 

Tem p. OK 

::7.1 
~ / .) 

273 
273 
273 
273 
273 
273 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
323 
323 
323 
323 
323 
323 
323 
323 
323 
323 

1·1.~!'.:·u rc 
almo:; 

136 
252 
600 
900 

1240 
2040 
3500 
5900 

1 
1'· - '±..) 

1300 
2050 
2500 
3000 
3000 
3975 
5000 
7000 
7000 
9175 
7'--".) 
735 

1300 
2100 
2500 
2500 
3500 
4450 
7000 

10050 

EiT('C'li\'c Ohfi'I'W"tl 
cell IC'll gl h liXIO" 

em cm~/scc 

0.50-1 1.6.'; 
0.504 2.37 
0.504 1.06 
0.504 1.R4 
0.504 1.45 
0.557 1.08 
0.557 0.787 
0.61 1 0.58-1 
0.504 1.G·~ 
0.504 2.90 
0.504 3.2-1. 
0 .. ';57 3.06 
0.557 3.04 
0.557 2.62 
0.557 2.36 
0.557 1.71 
0.557 1. I 5 
0.611 0.7.::'3 
0.61 I 0.8~3 
0.61] 0.515 
0.50':' 5. ~ 5 
0 . 50·~ 

, ~ 

.,..11 

0.50·1 ,).4S 
0.557 ) " -,o'" 
0.557 J.86 
0.55i I.SI) 
0.,"57 1.82 
0.557 2.07 
0.611 7 ~-_._" 
0.665 US 

{W. l C. Orr and J. A. V. Butler, J. Chern. Soc. (London) • Maximum deviation in reproducibility 10 perce!:!. Average dedation 
1935, 1273. 5 percent. 
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TAIJLE n. :'IjC':1.5urcd dilTusion coeliicicnts for 
0.1 .\' 1I,S"0. in 0.1 .V 11,SO •. • 

Tem p. oK 

2i .. ~ 
273 
1-­_I.:> 

273 
273 
273 
273 
273 
273 
273 
278 
278 
27R 
... ,;) 

278 
278 
298 
298 
298 
298 
298 
298 
298 
29S 
323 
323 
323 
323 
323 
323 
323 
323 

Prl' -;hUrC 
.Hmos 

238 
33S 
Soo 
666 
800 

1340 
1850 
2500 
·j.()50 
5500 

100 
250 
303 
355 
515 

1000 
2.;S 
370 
803 

1000 
3000 
5000 
6850 
8500 

524 
1500 
2050 
3400 
5100 
6900 
8900 

10150 

EITl~cti\'e 
ct.'ll JellJ,;th 

em 

0.50-1 
0.50-1 
0.50-1 
0.50-1, 
0.50-1 
0.50-1 
0.557 
0.557 
0.557 
0.611 
0.50·1 
0.504 
0.50-1 
0.504 
0.504 
0.504 
0.50-+ 
0.504 
0.50-1, 
0.504 
0.557 
0.557 
0.611 
0.611 
0.50-1, 
0.50-+ 
0.611 
0.557 
0.611 
0.611 
0.665 
0.665 

O b=!('r\'cd 
DXIO' 
cm~/sec 

0.678 
0.265 
0.506 
0.836 
0.956 
0.764 
0.786 
0.656 
0.650 
0.415 
1.05 
0.940 
0.741 
0.956 
1.38 
0.982 
2.22 
2.36 
2.62 
2.47 
. ~) 

•• .:> 
0.721 
0.502 
3.20 
3.11 
2.67 
2.47 
1.66 
1.13 
0.806 
0.631 

a !\1aximum de\'ia.tion in reproducibility 10 percent . Average dC\'iation 
5 percent. 

TABLE III. Diffusion cocflicicnts, 0.1 .v ~a.,S350.-0.1 .V ~a,SO •. • 

T emp. OK 

273 
273 
273 
273 
273 
273 
273 
273 
273 
273 
273 
298 
298 
298 
2\18 
298 
298 
298 
298 
298 
323 
323 
323 
323 
323 
323 
323 
323 
323 

Prc:--:o-urc 
nllllOS 

100 
233 
377 
510 
652 
803 

1304 
1650 
2050 
4-000 
6000 

1 
252 
640 

1200 
1900 
2500 
4550 
6525 
9000 

120 
510 

1005 
1950 
2500 
3500 
4500 
7000 

10500 

Effective 
cell len~lh 

em 

0.548 
0.543 
0.543 
0.548 
0.548 
0.548 
0.5-1,8 
0.61 7 
0.617 
0.617 
0.676 
0.676 
0.548 
0.548 
0.548 
0.617 
0.617 
0.617 
0.676 
0.676 
0.548 
0.548 
0.548 
0.617 
0.617 
0.617 
0.617 
0.72-1 
0.724 

Observed 
DXIO' 
em'/,ee 

0.99 
0.91 
0.59 
1.08 
0.84 
0.69 
0.72 
0.65 
0.54 
0.49 
0.47 
1.41 
1.58 
1.92 
2.18 
2.89 
1.92 
1.16 
1.27 
0.96 
4.32 
2.90 
2.25 
1.44-
1A3 
2.93 
1.75 
1.52 
1.30 

a ~1aximum deviation in reproducibility 15 percent. Average deviation 
5 pcrccn L. 

TABLE IV. DiiTusion COCiTiciCllts, 1., •• _,;:,"O,-I.r. ',,-,SO,.' 

273 
273 
273 
273 
273 
273 
273 
298 
298 
298 
298 
298 
298 
298 
298 
298 
323 
323 
323 
323 
323 
323 
323 
323 
323 
323 
323 
323 

Prc::sure 
atJ:1OS 

20 
210 
400 
600 

1000 
1300 
3050 

34 
238 
238 
60S 

1000 
2000 
3225 
4500 
6050 

20 
265 
').1-0 

3000 
3000 
4050 
5WO 
6550 
6950 

10000 

E;1ectin! 
cell lenf.{lh 

cm 

0.548 
0.548 
0.5-18 
0.543 
0.5',0 
0.548 
0.617 
0.548 
0.548 
0.548 
0.548 
0 .548 
0.617 
0.617 
0.617 
0.676 
0.548 
0.548 
0.548 
0.548 
0.617 
0.617 
0.617 
0.617 
0.617 
0.724 
0.676 
0.72-1, 

Ob,·trn;~ 
[) Xlu' 
cm=j::: cc 

O.2S 
0.3.~ 
0.::9 
0.39 
0.56 
0.91 
0.55 
0.90 
1.01 
0.g6 
0.76 
1.07 
!.GO 
0.78 
1.03 
0.30 
4.86 
1.~4 
1.14 
1.34 
1.88 
2.24 
2.27 
J..t6 
1.~6 
1.81 
1.54 
1.25 

S 
:t. Maximum deviation in reproducibility 15 percent, Average dc\,:;lt,,,'\ 
percent. ' 

TABLE V. Diffusion coefficients, 0.1.\' K,S3·0,-0.1.\' K,SO, .' 

Temp. or.:: 

273 
273 
273 
273 
273 
273 
273 
273 
273 
273 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
298 
323 
323 
323 
323 
323 
323 
323 
323 
323 
323 

Pressure 
atmos 

10 
100 
265 
390 
415 
600 
775 

1060 
1800 
307.~ 

lOu 
252 
258 
610 
610 

1000 
1210 
1900 
2850 
3800 
4650 

100 
230 

. 1000 
1500 
1970 
3000 
4050 

. 4950 
6550 

10250 

Effective 
cell length 

em 

0.548 
0.5·18 
0.548 
0.548 
0.548 
0.548 
0.548 
0.548 
0.548 
0.617 
0.548 
0.548 
0.548 
0.548 
0.548 
0.548 
0.548 
0.548 
0.617 
0.617 
0.617 
0.541\ 
0.5-1,8 
0.548 
0.548 
0.548 
0.617 
0.617 
0.617 
0.676 
0.724 

Ob.cn·ed 
DXIO' 
em'/.ce 

0.33 
0.67 
0.71 
0.50 
0..10 
o 0 
\;.,; 6 
0.83 
0.82 
0.66 
1.40 
0.98 
1.04 
1.30 
1 ·, .-H 

0.90 
0.84 
1.17 
1.59 
0.82 
0.S7 
3.92 
2.48 
0.87 
0.75 
1.46 
2.06 
~ .-_. ':>1 

1.44 
: .0-1 
0.5S 

_ • Maximu m deviation in reproducibility 10 percent. .\\"cragc dcd;'il: 
;) percen t. 
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-1 .v l\'a,SO •. ' 

Observed 
DXIO' 
cm 2/ticc 

0.28 
0.33 
0.29 
0.39 
0.56 
0.91 
0.55 
0.90 
1.01 
0.86 
0.76 
1.07 
1.60 
0.78 
1.03 
O.SO 
4.86 
1.24 
1.14 
1.34 
1.88 
2.24 
2.27 
1.46 
1.26 
1.81 
1.54 
1.25 

\'crage deviation 

Obsen'ed 
DXlO' 
em2/sec 

0.33 
0.67 
0.71 
0.50 
0.40 
0.90 
0.86 
0.83 
0.82 
0.66 
lAO 
0.98 
1.04 
1.30 
1.44 
0.90 
0.84 
1.17 
1.59 
0.82 
0.87 
3.92 
2.48 
0.87 
0.75 
1.46 
2.06 
2.37 
1.44 
1.04 
0.58 

trage deviation t 

J) IFF t: S 10:\ 1:\ H, ° ,\:\ 0 SO. SOL u T r 0:\ S 591 

From spectroscopic, dielectric, and x-ray diffraction 
,;tudies, the modern view of water is th:.1.t it ret:tins thl.! 
tetrahedrally coordinated structure· of ice to :1 degree­
tiI:t! tlecreases with increasing temperature. The molt­
(ules Lcnd to armnge themselves in a tetrahedr:.1.l manner 
in the solid because of the particul:u distribution of 
\'alence forces about the molecule. Upon melting, the 
regu!J.r structure is not completely de:itroyed, but per­
sists over regions including tens or hundreds of mole­
cules with the membership of the groups continually 
ckn,;ing. The oxygen atoms tend to coordinate an 
extra hydrogen so that "hydrogen bonds" are formed 
bctweeli molecules. These bonds are stronger than 
ordinary intermolecular attractive forces . 

The ratio of the activation volume to the molal 
yolume. is plotted for the three isotherms studied in 
Fig. 2. The compressibility data of Bridgman3 was use . 
The 2So isotherm of InD in Fig. 1 shows the D increases 
with the initial increase of pressure above atmospheric. 

FIG.!. D itTu, ion coef1icicnts for the system THO- H,O as a 
function oi density. 

This indicates that the tetrahedral structure in the water 
is broken down by pressure so that the average mobility 
of the molecules increases. The activation volume of 25° 
and 1 atmos is seen to be negative. From this we can 
conclude that the tetrahedral structure must be such 
th:tt when a molecule migrates there is a localized 
collapse. As pressure is increased the percentage of 
molecules held in the charil.cteristic tetrahedral struc­
ture apparently decreases and we find D slowly ap­
proaching a. maximum while the activation volume 
:t;Jpro:.1.ch(;·s zero. Then, at the maximum in D (1500 
atmos), t. Vf/V passes through zero. Further compres­
sion decreases D either because the tetrahedral structure 
is now completely destroyed, or because the effect of 
the increased compactness of the medium is greater 
than the influence of whatever remains of the struc­
ture. In 2.n)' event, the activation volume increases 
because the local expansion necessary for activation is 
felt through a greater portion of the fluid as free volume 
is decreased. At 4000 atmos the slope of lnD vs P begins 
to decrease rather than increase and t. vt/V goes 

1 
25' 

1 
L,t-l---L-4-- -*z--.J-\-' - --l-_+_ -!--lI __ , _ _ J_~LJ 

/Io-J 7 8 .9 '0 

FIG. 2. Activation volume as a function oi prc,surc. 
System: THO - H,O. 

through a maximum of 63 percent. The occurrence of 
this maximum and the relatively slow decre:lse of InD 
a.nd ~ ... /V beyond it indicate that a stabi il.ed struc­
ture is iorming in the same sense that such structures 
were formed in the organic solutions.I.~ That is, the 
configuration is becoming increasingly ditTIcult to 
deform (either with increased pr(!ssure or durin6 activa.­
tion for diffusion), and diffusion takes place more and 
more through existing holes. Thus, we see that the 
activation volume settles down to approach an asymp­
tote of about 25 percent of the molal volume. 

Activation enthalpies are plotted versus pressure fo!' 
285, 298, and 3100 K in Fig. 3. The change ir. activation 
entropy with pressure was calculated and is shown 
graphically in Fig. 4. The changes in !::.IJ! :.1.nd t;,.S: 
calculated for the 2S ° isotherm are probably reasonably 
correct since 25° is the median temperature. With the 
initial application of pressure the s .. ructure begins to 

be broken down to decrease the order and increase the 
entropy level of the normal state. Thus, we see that the 
activation entropy (the difference between entropy 
levels of the initial and activated states) decreases in 
this range to a minimum of 17 cal;oK/mole below that 

'1 I I I I '1 
~G~ ~ /~l { ""/ __ ~;;;;-- 1 
.~ ~ I 

~:c V 'WK ~ 
-zl ' 
-4b J j J J } 0 ; J .oj 

P Arm //o-J 

FIG. 3. Activation enthalpy as a function of pressure. 
System: THO - H,O. 
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0 .... : 

" ·/0 .... :: 
<l 

FIG. 4. Activation entropy as a function of pressure. 
System: THO- H 20. 

at 1 atmos. The minimum ~S! occurs in the same pres ... 
sure region as does the zero activation volume. At 
this point the loc!ll expansion for activation becomes 
positive !lnd the entrop), of the activate I state increases 
r!lpidly. The increase of "j.S· continues (more gradually 
!It higher pressure) until about 7000 atmos, where it 
levels to ::tbout the S,lme value as !It 1 :ltmos ("j.Sp: 
-~So'''''''O) . We sa\\' above that the activation volume 
bec~tmc virtu!llly const!lnt at this S: . :'1C pressure. The 
lc\'cling of llS: furthcr substantiates the conclusion 
th:tl !l stabilized conliguration has formed. St:1:'::::~cd, 
th!lt is, in the sense that the most prob::tble c" nligura ... 
lion docs not change greatly with pressure. 

As a matter of general interest, t::..F p:- t::..Fat was 
calculated at 25°. In Table VI below it is seen that the 
free encrgy of activation goes through a minimum at 
about 1500 :ltmos and then increases steadily. The total 
increase in 9000 atmos is 17 percent of !:1lIa: (t::..lIat 
= 5000 cal/mol). 

from the isotherm of InD in fig. 1 it is seen that at 
50° the ditTusion coefficient decreases with the initial 
application of pressure as is norm3.lly expected. Thus, 
it appears that the tetrahedral structure docs not c.,a ... 
trol molecular motion to any prominent extent in the 
low pressure range at 50°. The activation volume in ... 
crea. es from 45 percent of molal volume 3.t 1 atmos to 
a maximum of 99 percent at 2000 atmos, while D con ... 
tinually decreases in this range. From this we infer th:lt 
the decreasing free volume causes the local expansion 
necessary for activation to be felt over an ::1creasingly 
larger portion of the liquid. Compressing beyond 2000 
atmos the activation volume is seen to decrease rapidly 
and pass through zero to reach a minimum at 4200 
atmos. At the same time, D drops rapidly beyond 1800 
atmos, goes through a minimum at 3000, and rises 
slowly until a maximum is reached at 5800 atmos. 
These trends in the activation volume and diffusion 
coefficient lead to the conclusion that the free volume 
has been reduced to a point where, at 2000 atmos, the 
same situation is beginning to prevail as existed at 25° 
and 1 atmos. Kamely, the tetrahedrally coordinated 

? 

structure controls the motion. D dec;-e:tses more r!lpic!!I' 
between 1800 and 2500 atmos because ,:le avcra,,'e 
mobility of the molecules is decreas :.i~ as they b (:co~~e 
more and more tied up in the structure .. \Iso, the ac. 
tivation volume decreases rapid:y inc icating that the 
activation process is beginning to involve coEapse oi the 
structure. Beyond 3000 atmos the SLructu,e begins to 
break down, the diffusion coefficient increases, and t~e 

. major volume effect during activation becomes the 
localized collapsing of the structure so that t::.. V: be. 
comes negative. !:1 vtjV continues to decrease and goes 
through a minimum at 4200 atmos and then become; 
zero again at 5800 where D is at a maximum. :\bo\'C 
5800 atmos the effect of whatever remains of the tetra. 
hedml structure is no longer predominant, am the 
local expansion for diifusion becomes positive again. 
At 10 000 atmos !:1 VtjV is 0.37 and appears to be level· 
ing. It is anticipated that with further compression the I 

activation volume would pass though a maximum and 
the!l settle to some constant lower value as the '·stabil. 
ized" configuration is formed, as was the case at 25°. 

It is to be noted in fig. 3 that the enthalpy of activa· 
tion is negative between 2300 and 2800 at l, ., at 298° 
:11 ' • l,etween 1400 and 3750 atmos at 310°. Even takin" 
into consideration the tetrahedral structure and Il\'~ 
drogen bonding it is difficult to conceive of a sitU:ttil~n 
wherein a molecule activated for difiusion would b~ 1 

at a lower energy level than it \\'as in the initial state. 
It must be concluded then that the negative MJ! 
arises entirely as a result of the fact that at a ginn 
density the structure is radically different ;I)r the three 
widely separated isotherms we have studied. 

At first glance one might feel that we have fixed tll\ 
maximum and minimum in the low pressure range oi 
the 0° isotherm with an insufficient amount of data 
(see Fig. 1) . Although it is true that the position oi 
these "critical" points may be shifted within the limits 
of experimental error, we are confident of their ex· 
istence. The experimental runs were consistent within 
themselves, and also, other work on salt solutions 
(Figs. 7-9) has let! us to expect such behavior in water 
and aqueous solutions. (See also the sulfuric acid d?ta 
in Fig. 5.) 

Since O°C and 1 atmos is a triple point for \\':J.ter, it 
is to be expected that the liquid phase would contain 
large regions of the tetrahedrally coordinatcd structure 
in this pressure and temperature r~ll1ge . This acccunts , 
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ior the fact thilt ~tt 0° D rises from LiS X 10-; at 1 
:ltmos to a maximum of 2.35X 10-0 in only 250 atmos 
(see Fig. 1) . As rapidly as D rises to the maximum at 
250 armos, it falls again to a minimum of 1.06X 10-5 

at 600 atmos; ascends once more to a maximum of 
I.SSX 10-:' at 900 b~yond where it decreases gradually 
with pressure. The initial rise is explained by the same 
:nguments used above concerning the breakdown of the 
structure and increase of mobility with pressure. The 
descent bet\\'een 250 and 600 atmos must be caused by 
a secondary formation of the structure which ties up 
the molccules to decrease their mobility. Then once 
:lg;J.in tltis second,ny structure suffers a breakdown with 
increasing pre:isure and D ri::;es to its maximum at 900 
atmos . The acti\"ation volume, plotted in Fig. 2, 
iollolYs the same trends as would be expected on the 
basis oi the arguments presented :lbove for the 25° and 
50 0 isotherms. :\ t 1 atmos it is extremely negative, 
passes through zero at 250, becomes excessively large 
and positive, then descends to pass through zero at 
600 atmos; between 600 and 900 atmos it goes extremely 
negative again and then ascends to some hig~: jJusitive 
value a little beyond 900 atmos. From this last positive 
maximum, j, V'jV descends rapidly to 1.00 at 1000 and 
then more slowly to 0.36 at 2000 atmos. Beyond 2000 
the descent is very gradual to 0.10 at 6000 atmos. It 
appears that with suitable compression, !::,. V:jV would 
:lpproach zero. as an aSY.0ptote. From the gradual 
decline of D and of !::,. V'jV beyond 2000 atmos it ap­
PC,l[5 that the "stabilized" configuration is forming. 

Briclgman3 gives data for the viscosity of watcr as a 
Illction of pressure at 0, 10.3, 30, and 75°C. He ob­

s~r\"ed anomalous beh:l.Vior at temperatures below 30°C 
in that the viscosity decreases with the initial applica­
tion of pressure. The eiTect diminishes with increasing 
temperature. At 0° the viscosity at 1000 atmos is 92 
p.:rccnt of that at 1 atmos and then increases rapidly 
with pressure: at 10° a minimum of 95 percent of the 
\'alue at 1 atmos is found at about 1200 atmos; no 
decrease is observed at 30 or 75 ° but the initial increase 
is very slow . These trends in the viscosity could be the 
result of breakdown of the tetrahedral water structure 
with increasing pressure and temperature. The effect 
is of a lesser extent and smaller magnitude than that 
we have observed in the case of diffusion. For all the 

TADLE VII . The viscosily·diiiusivity product for water. 

Pressure D~/~o XIO-' 
~l.lmosXl0-:l O· 25° 

0 1.46 1.40 
1 1.60 1.78 
2 1.05 1.87 
" 0.376 1.62 
4 0.810 1.17 
.5 O.7()2 0.91 
6 0.794 0.77 
7 0.69 
S 0.62 
9 0.57 

·oF 6l j 
40[ 

Q30 --0,- l 
x I G~L--:::::--~ l 

~~~'~' .~.~~ l 
! 0.' ! ~~ ~.c °----0. ~ 

04 1 C o· c . " j 

J" '<II ,j 
o 2 3 4 5 b -3" 8 10 II 

P ATM. x 10 

FIC. 5. Diffusion coeflicicnts as a function of pre"llrc. 
System: 0.1 N H,SO,-O.1 .V II,S3'O,. 

systems we have studied it has been true that diffusion 
is more sensitive to pressure than is viscosity. The 
Stokes-Einstein equation preclicts that the product of 
diffusiOl: coefficient times the viscosity should be a 
constant. That this does not hold for water is seen in 
Table VII below where ;.e product of the relative 
viscosity times the diffusion coefficient is shown for 25 
::nd ooe. The product may be approaching a constant 
value at 0 0 in the high pressure range . 

0.1 NH,S3'O, IN 0.1 NH,SO., 

Insofar as structure is concerned, the situation is 
probably much more complicated in sulfuric acid than 
in water. Along with having the tetrahedml water 
'structure, the additional complication of solvation 
exists in the acid. The large size of the sulfate radical 
and its unbalanced valence forces probably cause fur­
ther deviations from the water characteristics. It is 
impossible to give a unique interpretation to the diffu­
sion data we have gathered. We shall not attempt to 
:LC, nt ior the effects of solva.tion or the sulfate: radical 
bu~ s.lall analyze the data giving consideration only to 
the characteristic tetrahedrally coordinated structure 
of water. 

Isotherms of the diffusion coefficient are shown in a 
semilogarithmic plot against pressure in Fig. 5. Four 
temperatures were studied: 0, 5, 25, and 50°C. The 
ratio of the activation volume to the molal volume was 
calculatd for the 0, 25, and 50° isotherms using com­
pressibility data for water and is plotted in Fig. 6. 

The isotherms in Fig. 5 show that D increases with 
the initial application of pressure at 25°C. Thus, it 
appears that the tetrahedral structure (modified by 
the acid) is a controlling factor for diffusion. Increasing 
pressure destroys the structure to increase the average 
sulfate mobility and D increases. The maximum value 
of D is found at about 900, and beyond this it decrc:1ses 
at a very steady rate with pressure. The <tctivation 
volume (Fig. 6) is negative at olle atmosphere and in­
cre:!.ses to pass through zero at about 900 ,Hmos, \Vh 're 
D was seen to be at a maximum. As in the ca.se of water, 
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FIG. 6 ... \cti\';tl:on volumes as a function of pressure. 
Sy:;tcm: 0.1 .\' H,SO, - O.! .V H,S"O,. 

the negati\'e t::. V~ indicates that diffusion takes place 
almost entirely by localized collapse of the tetrahedr.::..: 
structure. Compressing Leyunu 900 atmos the activa­
tion volume increases indicating a positiv~ local expan­
sion in the activation process which is ielt through an 
increasingly hrger portion of the liquid as the free 
volume is decreased. At 3000 <ttmos t::. Vt has become 
virtually constant and increases only slightly with 
pressure to <tbout 37 percent of the molal volume at 
9000 atmos. The steady decrease of D and the very 
gradual increase of .1 V~/V beyond 3000 atmos indicate 
that the average conficiuration in the liquid must be 
stable with pressure. 

At SO°C the situation is qualitatively similar to 
water at 50°. At fIrst the diffusion coefficient decreases 
\vith pressure indicating a normal activation process 
relatively unaffected by the tetrahedral structure. At 
3500 atmospheres the diffusion coefficient increases 
with pressure, passes through a maximum, and de­
creases in a norma.l manner. 

The 0 and 5° isotherms of D are quite erratic and 
much like water at 0°. The influence of whatever struc­
ture may exist at atmospheric pressure is rapidly in­
creased with the initial compression. This is shown by 
the rapid decline of D from about l.OX 10- 0 at 1 atmos 
to about 0.27X 10-5 at 335 atmos and O°C. The sub-

FIG. 7. Diffusion coefficients versus pressure 0.1 N ~a,SO, . 

sequent ascent to a maximum of O.95X 10-;; ~l S';D 
atmos is equally rapid. Beyond 8-1:0 atmo. D decrcao(:s 
and thm settles to a plateau at 2000; at 3000 at mo.; it 
begir;s to decrease fairly rapidly again. In the range i:-om 
335 to 840 atmos the restricting configuration is :.lp. 
parently being broken down and D increa.ses. At the 
840 atmos maximum in D the tetrahedral structure i:" 
longer exists to a controlling extent, and we fmd tht 
diffusion coefficient decreasing wi th pressure. Tht 
variation of the activation \'()~ume with pressure (fig. 6) 
is consistent with our previous an;J.lysis . 

It is seen in Fig. 5 that the 5° isotherm is similar to 
that for 0° as far as it was obtained (up to 1000 atmo~). 

The data for the three sulfate systems are sho\';n i:l 
Tables III-V and Figs. 7-9. At first gL,nce the resu!b 
seem quite irregular, but the data were reproducible 
and very regular results were obtained for organic solu· 
lions on identical equipment. Extreme care was taken 
in nearly all cases to establish maximum and minimum 
points for the curves of diffusion coefficient ,'crSllS 

FIG . 8. Diffusion codlici"nts "erSlIs P"cs:;ure in :\'a,SO,. 

pressure. This was accomplished either by making 
duplic.te runs, or by making runs at small increment, 
of pressure near what appeared tob e a peak or dip in 
the curve. These check runs were found to reproduce 
the data within a. maximum deviation of 10 percent. 

Closer inspection of the original data do show vtry 
deii nite regularities, and these can be comp:l.red best by 
plotting the data of several isotherms together (Figs. 
10-17) and are discussed in detail below. from these 
curves definite general conclusions can be obtaill~J 
which ;J.re briefly stated at the end of the iollowing 
paper. 

50°C ISOTHERMS 

A plot of diffusion coefticient versus pressure ior th 
sulfate solutions and the water and sulfuric a.cid dab; 
at 50°C is shown in fig . 10. The similarities to the \ntc 
curve are evident. It appears that in all but a smail 
pressure range (2250-4250 atmospheres) the prow; 
of diffusio:·. ::1 w:!.~er i . .. ';.el' and that the motion 0: 
molt;cL .. ~ ." .~v\·C:;·::~" ..;}' ..:."i.:::ns which may be regarded 
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"S superimrosed on the factors that are influential in 
t:1C C3.;;C of waler. Each of the three sulfate curves can 
I"T;callY be ciivid<.:cl into three distinct sections, namely, 
;.~m atmospheric pressure to the first minimum, from 
this point to the first maximum, and from this maximum 
"nward to the highest pressure. 

Tl~t: minimum value for D occurs at 600 atmospheres 
[.I f 1 .r sodium sulfate, 1250 atmospheres for 0.1 .v po­
t;!s;ium sulfale and 2250 atmospheres for 0.1 .V sodium 
;;uliate. This decrease in D with initial application of 
pressure is normally expected, and molecular motion in 
this range involves, to a large extent, the pushing back 
oi the surrounding medium as in normal liquids. It is 
f'\'icient irom the slopes of the diffusion coefficient 
curves in this low pressure region that the ratio of 
:,cti\'ation volume to the molar volume of wakr,s 
.:.V! /Vw , (see Fig. 11) for the aqueous sulfate solutions 
is greater than for water and is positive. Within the 
suliatc solutions the initial a.ctivation volume ratio is 

FIG. 9. Difiusion coefficients vero'lIs pressure 0.1 K 25Q, . 

largest for 1 .V sodium sulfate followed by 0.1 N potas­
sium sulfate and 0.1 N sodium sulfate, respectively. 

As the pressure increases, the activation volume de­
creases and passes through ,1 minimum, indicating that 
as the solution is compressed motion takes place prefer­
entially by local colbpse of the tetrahedral structure. 

The activation volume ratio does not seem to be a. 
function of the atomic volume of the calion, because the 
values for 0 .1 .V potassium sulfate lie between the values 
for 0.1 Nand 1 iV sodium sulfate, respectively. How­
ever, there is the possibility that a regular dependency 
of the activation volume ratio on the solvated volume 
exists which may be radically different from the corre­
sponding atomic volumes of the cations. 

In the second region, where D is increasing and the 
activation volume is negative, motion is apparently 
largely due to the local collapse of the structure. 

In the pressure range beyond the last maximum value 
for D, the value of D decreases at a relatively slow rate 
while the activation volume ratio increases beyond 
zero for a short range, passes through a maximum, and 

'Hen'aitcr thi~ will be referred to as the activation volume ralio. 

FIG. 10. Din'usioll coefTicients versus pressure sulfate 
solutions at 50°C. 

then decreases at a decreasing rate which asymptoti­
cally approaches c.;'v ior 1 .V sodium sutate, 0.10 for 
0.1 :V sodium sulfate, and 0.20 for 0.1 N potassium 
sulfate. These trends indicate that either the tetra.­
hedral structure is completely destroyed, or the ellect 
of the increased compactness of the medium is greater 
than the effect Cif whatever structure remains or any 
new structure which may have formed. Whichever lhe 
case may be, it is aplXlrem that as the pressure is in­
creased in this region a stabilized arrangement is form­
ing and diffusion of the molecules is taking place more 
and more through the interstices which are not rapidly 
decreasing in size with pressure. 

The irregularity in the 1 :'17 .l\a2S04 solution in the 
high pressure range may be due to ionic interaction at 
the higher concentration or to an additional desolvation 
effect not present at the lower concentrations. 

25°C ISOTHERMS 

The plots for the diffusion coefficient, activation 
volume ratio, activation enthalpy, and activation 
entropy6 for the sulfate solutions and water and sulfuric 
acid are shown in figs . 12, 13, 14, and 15, respectivt:ly. 
The activation volume ratio is obtained ror each iso-

FIG. 11. Activation volume ratios for sulfate solutions at 50°C 

6 This term will be used in place of LlSpt - LlSu1. 
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FIG . 12. DilTusion cocOicicnts versus pressure sulfate 
solutions at 25°C. 

therm independently, while the activation enthalpy and 
elltropy depend on the displacement between two or 
more isotherms. Inasmuch as the structure of the solu­
tion varies widely with temperature, the activation 
enthalpy a.nd entropy calculated probably do not 
apply ~o anyone isotherm . 

The similarity between water, 0.1 .V H~SO.\ and 0.1 .V 
N'a.~SO'1 are evident from Figs. 12 and 13, but the 
LV Xa~S04 and 0.1 .r K~S01 have additional maxima 
and minima which are not easily explainable but which 
are definitely present. 

In the low pressure region the increase in D and the 
negative activation volume indicate that the tetra­
hedral structure collapses locally during molecular 
motion. At pressures beyond the point where the col ­
lapse of structure domin:J.tcs the motion of molecules~ 
the water and sulfuric acid display a high degree 01 

regula.rity associated with normal liquids. However, in 
this n;,;ion the sulfate curves show irregularities, i.e., 
additiollal maxima and minima, which probably could 
be explained on the basis oi the pressure dependency of 
desolvation and ion ic interaction . 

In the high pressure region Figs. 11 and 13 show that 
the activation volume ratios for ,,11 the solutions asymp­
totically approach approximately the same relatively 
low value, indicating a similarly stable structure for all 
solutions at very high pressure at both 25° and .sO°C. 

3 . ---- 0.1'" .... ,'}~O~ -0 I N "'~I~O. 
._--- , o.l"'~::'O. - OJNK1'O~ 
-- I N ~3 0 .. - IN N.:l,,'0. 

-- "lO - T\-IO (NfOtoI L.ITE RATURe) 

FIG. i3. Activation volume ratios for sulfate solutions :1l 2S Q C. 
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FIG. 14. Activation cnthalrics for sulfate solutions :1l 37.5'C. 

aOc ISOTHERMS 

Figures 16 and 17 arc plots of diffusion COelllC!cl;:, 
and activation volume ratios, respectively, t'crSl!s pres. 
sure for the suif:, c," solutions and \,·:,tcr anci suliurit' 
acid. 

There is a dejinite similarity between thesl: sulfate 
curves and the water curve, and the similarity is C\'c11 
clearer between the sulfuric acid and 0.1 .1' sodium 
sulfate and among the water, 0.1 .\' potassium 5uliatc, 
and 1 .V sodium sulfate. 

In the very low pressure range, it appears that 
n:olecular motion is ini1uenced by the more rigid struc-

J:. :.ts at O°e. \\,ith the exception of the in· 
crease 0; u with pressure for the 1 .V sodium suliate and 
0.1 .v potassium sulfate in the initial pressure range, 
the curVl:S all show the value of D decreasing to a mini· 
mum, rising to a maximum and dropping off in the high 
pressure range. 

Molecular motion in the region where D initially 
decreases is controlled by the decrease in free volume, 
and the rigid structure at ooe remains so and does not 
undergo any pronounced rearrangement wiLh the initial 
application of pressure. Beyond the pressurl: where D is 
maximum, there is a general decreasl: in the value oi D 
and an asymptotic leveling of the activation volulllt 
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FiG. 15. Activation entropies for ~ulf:1tc solutions at 25°C. 
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F1G. 16. Difiusion coefticients for sulfate solutions at O°e. 

ralio to relatively small vaLues (Fig. 17) . Inasmuch as 
Ihe actiyation volume ratios are extreme and their 
variations are compressed in the pressure range below 
1000 atmospheres, only the high pressure values are 
;)lotted. It is this po; c;.);1 of the curves that indicate 
the formation of similarly stable structures for water 
and suliate solutions. 

The conductivity data of Zisman' on 0.01 ,V salt 
:iolutions (including NaZS04) shows a maximum in the 
LOnciuct:J.nce at about 1000 atmospheres, followed by a 

7 \r. A. Zisman, Phys. Rev. 39, 151 (1932). 
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FIG. 1 i. Activation volume ratios for sulfate solutions at OGC. 

linear decrease. The lack of detailed structure may be 
due to the decreased concentration or to the lack of 
sensitivity of conductance. 
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The Effect of Pressure on Diffusion in Aqueous and Alcoholic Salt Solutions* 
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Diffusion coefficients have been measured as a function of pressure to 10 000 atmos for the following 
aqueous solutions: 

0.1 N Hg(~03h at 0°,25°,50°, 75°C, 
0.1 N CaCh at 25°, 50°C, 
0.1 N Ca(XOa), at 25°C, 
0.1 N TIXOa at 25°C, 

and for 0.01 M HgCI 2 in a-butanol at 25° and 50°C. The results are interpreted in terms of the activation 
volume, and compared with previous data on water and sulfate solutions. 

n IFFUSION coefficients have been measured as a 
.....J function of pressure to 10 000 atmos in 0.1 N 
aqueous solutions of Hg(:\103h at 0°, 25°, 50°, and 
75°C; CaCI2 at 25° and 50°C; Ca(l\'O.h at 25°C; and 
TI:\03 :J.t 25°C. :Measurements have also been made in 
a 0.01 AI HgCb in n-butanol solution. 

In every case a radioactive tracer technique was used. 
the tracers (HrrZ03 Ca':. Tp(1) were obtained from 

b' , 

O:;.k Rid~e :\lational Laboratory of the U. S. Atomic 
Energy Commission. The salts were of cp quality. 
The 1L-but:J.nol was purchased from Eastman Kod3.k. 

* This work was 5upported in part by the U. S. Atomic Energy 
Commission. 

The experimental procedures, method of calcu!a.tioll 
of the diffusion coefficient, and the general theory have 
been previously discussed.I.~.3 

The results are presented in Tables I-V and Figs. 1-5. 
These will be discussed under four headings; mercuric 
nitrate, comparison of nitrate isotherms, calcium 
chloride isotherms, and mercuric chloride-butanol iso­
therms. 

! R. C. Koeller and H. G. Drickamer, J. Chcm. Phys. 21, 267 
(1953) . 

2 R. C. Koeller and H. G. Drickam~r . ~ .. ';::l . Phys. 21, 575 
(1953) . 

3 Cuddeback, Koeller, and Drickamer, J. Chern. Phys. 21, 589 
(1953) 
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