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The e l ec t roosmos i s  coefficient has been measured  as a [unction of tempera ture  for f rac-  
tionated quartz sand with various proportions of pore solution. 

The solution to many theoret ical  and pract ical  e lec t roosmosis  problems requires  a knowledge of the 
e lec t roosmos is  coefficient,  which ref lects  the physico-chemical  nature and s t ruc ture  of the porous body, 
as well as the propert ies  of the pore solution as regards  mass  t r ans fe r  rate.  

The available evidence does not give a c lea r  conclusion on the t empera tu re  dependence of the e lec t ro-  
osmosis .  It has been reported [1] that the maximum e lec t roosmos is  transport, of water  through clay b a r -  
r i e r s  occurs  in the range 35-40~ Briggs et al. observed an increase  in the rate of e iec t roosmos is  for 
cellulose diaphragms as the t empera tu re  rose [2]. Measurements  have been made [3] of the ~-potential as 
a function of tempera ture ,  which gave a maximum for water  and dissolved NaCI, but a l inear r ise for ethanol. 
There  have also been repor ts  [4, 5] of a slight increase  in the electrokinetic potential with tempera ture .  

The available information is conflicting, and we lack a relative coefficient k e, so we examined the 
effects of t empera ture  on e lec t roosmos i s  coefficient for typical porous bodies.  

The resul ts  are  of some pract ical  interest ,  because e lec t roosmosis  resul ts  in heating of the mater ia l ,  
and also because it is often neces sa ry  to app lye lec t roosmos i s  undera  var ie ty  of tempera ture  conditions. 

We used a labora tory  apparatus (Fig. 1). This was designed part ly on the bas is  of the specific way 
of per forming the experiments  and also in accordance  with the requirements  for accu racy  in e lec t roosmos is  

[61. 

We used quartz sand of grain size less than 50 gm;  we chose this because we needed a chemical ly  in- 
different surface to the solid, and also because the model should approximate to ones actual ly used in na- 
ture .  

To produce a c lose-packed diaphragm providing adequate and stable hydrodynamic res is tance together  
with reproducibil i ty,  we proceeded as follows: a 40% suspension of the quartz sand in double-disti l led 
water  was allowed to sediment spontaneously with continuous vibration for 60 min. 

We checked the s t ruc ture  for changes via the bulk filtration rate and the effective c ro s s - s ec t i on  of the 
diaphragm; the maximum discrepancies  bet'ween success ive  diaphragms made in this way did not exceed 
5%. 

The resu l t ingd iaphragmwas  clamped between two cylindrical  perforated plates made of plastic with 
s ing le - layer  inser ts  of a sh - f ree  fi l ter  paper.  The rigid fi l ters prevented change in the sedimentation vol- 
ume and also changes in the s t ruc ture .  The c r i te r ion  for constant s t ructure  was the fil tration rate.  The 
length was chosen to suit the mean particle size and to provide stable laminar flow, which resulted in con- 
stancy in the e lec t roosmos i s  t ranspor t  [7]. 

The powders used in the tes t  we re made by agitating washed rive r sand followed by standard t reatment;  
the particle size was determined by sedimentation analysis .  

* Deceased.  

A . M .  Gor 'kii  State Pedagogic Institute, Kiev. T~ansiated from Ir~zhenerno-Fizieheskii Zhuruai,  
Vol. 21, No. 1, pp. 114-119, July, 1971. Original ar t ic le  submitted July 8, 1970. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15,00. 

892 



I 

e SWM-3-2 ZG-10 

I a i l! ~ I  ] 3 ! I 3 9 

I- D 

IIW = 

TS-16 } 

~'-- . . . .  

Fig. 1. The apparatus.  1) Sample; 2 )equi l ib r ium solution; 3) 
cons tan t - t empera tu re  jacket; 4) reference capi l lar ies;  5) platinum 
grid e lect rodes;  6) funnels with taps; 7) t raps;  8) taps setting 
meniscus  in capil lary;  9) a g a r - a g a r  bridges;  10) e l ec t rodecham-  
ber ;  11) copper  e lec t rodes .  

The solutions were of KCI at various concentrat ions corresponding to maximal  e lec t roosmos is  effect; 
the solutions were prepared from chemical ly  pure KC1 (twice recrystal l ized)  and double-dist i l led water  
having a specific conductivity not g rea te r  than 2 �9 10 -8 ohm -1 �9 mete r  -1. The concentrat ions were retained 
by suitable dilution of a 1 N KCI solution, while the specific e lec t r ica l  conductivity was measured  at 10 
kHz. 

The e lec t roosmos i s  coefficient is defined by 

k e = Q• (1) 

The res is tance  was measured  with an SWM-3-2 bridge at 10 kHz; the supply was taken from a ZG-10 
audio osc i l la tor  fed from an S-0.5 s tabi l izer .  The e r r o r  of measurement  did not exceed ~1%. 

The measurements  were made at 10-60~ which is the range of grea tes t  pract ical  and scientific in- 
te res t ,  because it includes the charac te r i s t i c  tempera ture  for aqueous electrolyte  solutions [8]. 

The specimen was kept at a tempera ture  constant to •176 by a TS-16 thermosta t ;  the tempera ture  
was monitored by three thermocouples  and recorded by an ~,PP-0.9 r ecorde r .  The three thermocouples  
made it possible to establish that there  was no the rmal -grad ien t  potential and to be sure  that one was ob- 
serving purely e lec t roosmot ic  t ranspor t .  

The measurements  were begun with dilute solutions; higher concentrat ions were produced by con- 
tinuous solution flow through the specimen for an hour. The onset of equilibrium was monitored from the 
specific e lec t r ica l  conductivity of the pore solution. 

Checks showed that the replacement  of dilute solutions by more  concentrated ones without diaphragm 
repacking had little effect on the s t ructure ,  as did the e lec t roosmot ic  measurements  themselves;  conse-  
quently, the mater ia l  can be considered as rigidly held, and analogous to a rigid diaphragm. 

In numerous experiments  on various fractions of quartz sand and various solution, concentrat ions we 
observed no maximum in the e lec t roosmos is ;  the peak reported in [1] must  have been due to s t ruc tura l  
change in the diaphragm or to imperfect  methods of experiment .  In those published experiments ,  the cur -  
rent was kept constant, and the potential gradient therefore  fell as the tempera ture  rose,  which might have 
reduced the e lec t roosmot ic  t ranspor t .  
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Fig. 2. E l ec t roosmos i s  coeff icient  
k e. 10 -8 (mZ/V.sec) ve r s u s  t e m p e r a t u r e  
t (~ for  KCI solutions (N): 1) 5 .10-5;  
2) 1 .10-4;  3) 5" 10-4; 4) 1 .10-3;  5) 

5 �9 1 0  - 2 .  

The e l ec t roosmos i s  mechan i sm [7] indicates  that  
there  is a c r i t i ca l  potential  gradient  above which the liquid 
begins to be t r anspo r t ed  in the cap i l l a r i e s ,  this gradient  
being propor t iona l  to the square  of the cap i l l a ry  radius [9]. 

When he teroporous  spec imens  a re  used, the concept  
of c r i t i ca l  gradient  mus t  be applied to the s t a r t  of t r a n s p o r t  
in the pores  of al l  s izes ;  if the pore  s t ruc tu re  is s table and 
the values  co r respond  to par t ic ipat ion of the whole effect ive 
c r o s s - s e c t i o n  in e l e c t r o o s m o s i s ,  one can employ  the con-  
s tancy of the ra t io  of the bulk t r a n s p o r t  ra te  to the cu r ren t .  

The coeff icient  k e is a coefficient  of propor t ional i ty  
in the equation for  e l ec t roosmot ic  t r a n s p o r t  and should be 
dependent on the field gradient .  Our resu l t s  showed that  
this  is  c o r r e c t  above a ce r ta in  potential  gradient ,  in which 
the effect ive pores  of al l  s i zes  a r e  par t ic ipat ing  in the t r anspor t .  
We cal l  this the l imiting gradient ,  which provides  comple te  
par t ic ipat ion of al l  the pores .  

The l imiting gradients  can be calcula ted theore t ica l ly  
f rom the di f ferent ia l  p o r e - s i z e  dis tr ibut ion for the dia-  
phragrn. 

One can the re fo re  obtain re l iable  resu l t s  for  e l e c t r o -  
osmotic  p r o c e s s e s  in he te roporous  spec imens  if the poten- 
t ial  gradient  is g r e a t e r  than or equal  to the l imiting value.  

The peak in ~ plotted aga ins t  t that  has been repor ted  
[3] was probably due to swell ing of the cel lulose,  which reduces  the flow speed through the d iaphragm and 
the re fo re  reduces  the ~ potential,  which is re la ted  to the la t te r  [7]. Evidence for  this is that  for  alcohol,  
which is less  viscous  than NaCl solution, there  is  a s t r a igh t - l ine  re la t ionship  between ~ potential  and t e m -  
pe ra tu re  [3]. 

Figure 2 shows our  resu l t s  for  quartz  sand with par t ic le  s ize of 30-50 ~m at  var ious  concentra t ions  
of the KCI solution; s i m i l a r  resu l t s  were  obtained f rom 15-30~m sand fract ion.  

The modern  theory  of e lec t rokine t ic  phenomena gives [10] the following expres s ion  for  ke: 

k e =  ~D .__~_. (2) 
4n~l • 

S 

The t e m p e r a t u r e  dependence of k e i s  due to t e m p e r a t u r e  changes in the ~ potential,  the d ie lec t r ic  
constant,  the v iscos i ty ,  and the specif ic  conductivity of the pore  solution. 

I t  has been shown [4, 5] that  the ~ potential  is only sl ightly dependent on t e m p e r a t u r e ;  our resu l t s  
show, on the other  hand, that  k e i n c r e a s e s  by a fac tor  2.5-3 in the t e m p e r a t u r e  range 10-60~ 

As there  is only a sl ight change in d ie lec t r ic  constant  with t e m p e r a t u r e ,  we a re  inclined to cons ide r  
that  the v i scos i ty  and e l ec t r i ca l  conductivity a r e  responsib le  for the var ia t ion  in ke; then the k e = f(t) 
cu rves  with specia l  points mus t  a r i s e  f rom changes in the p rope r t i e s  of the solutions.  

Many of the phys i co -chemica l  p rope r t i e s  of aqueous solutions have numerous  anomal ies  due to 
the i r  specif ic  s t ruc tu res ;  recent ly ,  some  new anomal ies  re la ted  to t e m p e r a t u r e  have been d i scovered  for  
wa t e r  [11]. 

Dros t -Hansen  [12] has s u m m a r i z e d  the evidence f rom numerous  studies and has detected four cha r -  
ac t e r i s t i c  t e m p e r a t u r e s :  15, 30, 45, and 60~ nea r  which there  a r e  sha rp  changes in the p rope r t i e s  of 
water ;  he h imse l f  observed  s tepwise changes in the v i scos i ty  of wa t e r  a t  15 and 30~ in biological  p ro -  
c e s s e s .  

In our case ,  the s ingular  points occur red  at  20, 30, and 40-45~ they a r e  seen as  kinks on the curves  
for  k e = f(t) at  20 and 30~ which a r e  a sc r ibed  to v i scos i ty  change in the solution, which is conf i rmed  by  
the resu l t s  of [13], which shows that  the v i scos i ty  of KCI and NaCl solutions as  a function of t e m p e r a t u r e  as  
two par t s  with different  values  of the t e m p e r a t u r e  coefficient  of v iscosi ty ,  the second one commencing  in 
the range 10-20~ 

894 



The spec ia l  point in the range 40-45~ is probably  re la ted  to the cha rac t e r i s t i c  Mer~deleev t e m p e r a t u r e .  
which has been cons idered  in papers  by Rutskov [14]. There  is a kink on the plot of ln~t- I / t  a t  this t e m p e r -  
atu re .  

Then the continuous var ia t ion  in k e ove r  the range 10-60~ is a sc r ibed  pr inc ipal ly  to t e m p e r a t u r e  v a r i a -  
tion in the v i scos i ty  and specif ic  e l ec t r i ca l  conductivity of the solution. 
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the e l e c t r o o s m o s i s  coefficient;  
the e lec t rokine t ic  potential;  
the t e m p e r a t u r e ,  ~ 
the unit v o l u m e t r a n s f e r r e d b y e l e c t r o o s m o s i s ;  
the t ime for  unit volume t r a n s f e r ;  
the speci f ic  e l ec t r i ca l  conductivi ty of pore solution; 
the specif ic  e l ec t r i ca l  cor~ductivity of equi l ibr ium solution; 
the c u r r e n t  through sample ;  
the d ie lec t r ic  constant;  
the v i scos i ty .  
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