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INFLUENCE OF WATER-SOLUBLE POLYMERS AND 

ELECTROLYTES ON THE PERMEABILITY OF 

W E A K - F I L T E R I N G  D I S P E R S E D  S Y S T E M S  

P .  P .  O l o d o v s k i i  a n d  M. G. M u r a s h k o  UDC 624.433 

The mechanisms underlying the moisture-conducting properties of the sodium form of clay 
minerals after the adsorption 0f various polymers on their  surfaces O r during the filtration 
of electrolytes are studied. 

A great deal of research has been carried out in connection with determining the optimum concentra- 
tions of water-soluble polymers and estimating the changes taking place in the filtering characteristics of 
soils under the influence of adsorbed organo-mineral complexes. The subject of the present investigation 
was the Na form of montmorillonite; the structure-forming agents were polyacrylamide, K-4, and K-6; the 
electrolyte was an aqueous solution of potassium nitrate with a concentration of 0.05 g-eq/liter.  

These systems were subjected to filtration and adsorption analysis and examined under the electron 
microscope. The filtration technique was analogous to that set out in [1]. 

The specific surface of the part icles in the Na form of montmorillonite was calculated from measure-  
ments of the density of the adsorbed water, and in the Na form modified with polymers by reference to the 
adsorption of a dye (methylene blue). 

The specific surfaces and effective linear dimensions of the particles are indicated in Table 1. 

In the filtration experiments we established a relationship between certain dimensionless parameters:  
the porosity coefficient and the product of the permeability coefficient by the square of the specific surface 
of unit volume of the system. As in the ease of the filtration of water, aqueous solutions of inorganic sub- 
stances, and organic compounds through various clay minerals not modified with polymers, this relationship 
was linear. Using the method of least squares, we calculated the parameters  of the straight lines and (on the 
basis of the-corresponding correlational relationships) the confidence intervals of these parameters  as well. 
The relative e r ro r  in measuring the permeability coefficients was no greater than 10-15%. Table 2 shows the 
results of these measurements for the Na form of montmorillonite modified with water-soluble polymers 
during the filtration of water and aqueous KNO3 solutions. The relationship between the permeability coef- 
ficient and the concentration of the polymers so introduced is shown in Fig. 1; the changes in the relative 
permeability coefficients of the systems associated with the combined use of polymers and electrolytes ap- 
pear in Fig. 2. 
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T A B L E  1. Ef fec t ive  Specif ic  Su r faces  and P a r -  
t i c l e  D i m e n s i o n s  of the  Na  F o r m  of M o n t m o r i l -  
l on i t e  Modif ied wi th  W a t e r - S o l u b l e  P o l y m e r s  

Concentration and 
type of polymer 

No polymer 
Paa (O,Ol) 
PAA (O,l) 
PAA (0,05) 
K-4 (0,I) 
K-4 (0,025) 
K-6 (0,025) together 
with 0.05 N KNO a 

Specific surfaces of the 
particles, m2/g 

diethod basec methodof 
on measuring dye ad- 
"tensity ofad- sorption 
~orbedwater 

547 510 

- -  547 

- 6;q 
--  552 

Dimensions of 
of microag- 
gregates, 

P 

0,43 
0,29 
0,7 
0,1 
0,19 
0,13 

0,173 

T A B L E  2. Change i n  the F i l t r a t i o n  C h a r a c t e r i s t i c s  of the Na F o r m  
of M o n t m o r i l l o n i t e  u n d e r  the  In f luence  of W a t e r - S o l u b l e  P o l y m e r s  

and E l e c t r o l y t e s  

c , %  

[},035 

0,05 

0,1 

Filtration of an aqueous KN% solution, 0.05 Filtration of water N, g-eq/liter 

K-4 polyacrylamide K-4 polyacrylamide 

K'I01= c, % 
8 C1TI2 

,93 0,00 
0,06 0,04 

0 0,27 
0,66 

K.101Z 
CIT12 

4,98[ 0,00 
6,00 0,04 
8,00 0,22 

10,00 0,55 
12,00 1,07 

c, % 

0,05 

e K . I O  l z  ." 

cm 2 

4,8 0,00 
6 0,29 
8 1,26 

10 3,06 

I [ K �9 I0 Iz 
c, %[ e ] cm 2 

F 
4,74 0,00 

0,015 6 0,29 
8 1,26 

1 0  3,03 

3,97 
6 
8 
10 

5,26~ 
6 
8 

10 
12 

0,00 
0,13 
0,41 
0,92 

0,00 
0,03 
0,18 
0,46 
0,92 

0,1 
6,01c~ 
8,00 

10 
12 

0,00 
0,11 
0,33 
0,7 

4,7 
O,1 6 

8 
10 

0,00 0,025 I ,37 0,18 
0,76 
1,8l 1 

,37 

0,0O 
0,34 
1,27 
2,94 

0,00 
0,34 
1,26 
2,94 

No polyme~ added 

5,266 0,00 10 0,70 
6 0,05 12 1,4 
8 0,27 

No polymers added 

0 ,00  10 I 1,46 
0, 14 12 2,80 
0,61 

Even  an a p p r o x i m a t e  a n a l y s i s  of the  r e s u l t s  ob ta ined  l eads  to the  fo l lowing conc lus ions .  

1. T h e  p e r m e a b i l i t y  of the Na  f o r m  of c lay m i n e r a l s  i n c r e a s e s  up to a c e r t a i n  l i m i t  with i n c r e a s i n g  con-  
t en t  of p o l y a c r y l a m i d e  and r e a c h e s  a m a x i m u m  ( 2 - 3 - t i m e s  i n c r e m e n t )  for  c o n c e n t r a t i o n s  of 0.05-0.06%. 

2. T h e  u se  of v a r i o u s  K-4 add i t ives  r e d u c e s  the  p e r m e a b i l i t y  of the  c lays .  

3. T h e  c o m b i n e d  u se  of p o l y a c r y l a m i d e  and an e l e c t r o l y t e  (0.05 N KNO~) i n c r e a s e s  the  p e r m e a b i l i t y  of 
the  s y s t e m  ( in  the  r e g i o n  of the  o p t i m u m  p o l y a c r y l a m i d e  c o n c e n t r a t i o n )  by a f ac to r  of 5-14 t i m e s ,  depending  
on the  p o r o s i t y .  

4. T h e  combined  u s e  of K-4 and an e l e c t r o l y t e  (0.05 N KNO3) p r o d u c e s  a l i m i t i n g  5 - 1 2 - t i m e s  i n c r e m e n t  
in  p e r m e a b i l i t y  i n  the  0.02-0.025% r a n g e  of p o l y m e r  contents .  

All  t h e s e  p h e n o m e n a  m a y  be  exp la ined  by  c o n s i d e r i n g  the  m e c h a n i s m  u n d e r l y i n g  the  i n t e r a c t i o n  of the  
p o l y m e r  m o l e c u l e s  wi th  the  ac t ive  c e n t e r s  on  the  s u r f a c e s  of the  s o l i d - p h a s e  p a r t i c l e s .  Thus ,  i t  i s  we l l  known 
that ,  as a r e s u l t  of  the  d i s s o c i a t i o n  of p e l y a c r y a m i d e  and K-4 in  w a t e r ,  the a mi de  group i s  spl i t  off and a 
ca rboxy l  group i s  f o r m e d :  

O 
if 

--C~OH 
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Fig. 1. P e r m e a b i l i t y  coeff icient  (K) as a function of  the p o l y m e r  
concent ra t ion  during the f i l t ra t ion  of w a t e r  through the Na fo rm of 
Cr imean  kil l  ( f u l l e r ' s  e a r t h ) :  a) po lyac ry l amide ;  b)  K-4;  I - o p -  
t i m u m  concentra t ion,  c, %. 

while  in an alkal ine med ium incorpora t ing  an in t e r s t i t i a l  solution of the Na fo rm of montmor i l lon i t e  this  
group i s  conver t ed  into a mobi le  link: 

0 
LI 

- -C- -O--Na  +. 

It has  been  shown by a n u m b e r  of  authors  that  the adsorpt ion of p o l y m e r s  on the su r face  of a clay m i n e r a l  i s  
de t e rmined  by the  development  of  a hydrogen bond between the carbonyl  group C = O of the po lye lec t ro ly te  
and the  hydroxyl  of  the  clay minera l .  

Kohl and T a y l o r  [3] studied the adsorpt ion  of the  p o l y m e r s  VAMA and NPAN on the su r face  of Wyoming 
bentoni te  c lay by i n f r a r e d  spec t roscopy .  

It was  found that  the  i n f r a r e d  absorpt ion  band due to the  C =O vibra t ion  lay in the f requency range  5.8-  
5.9 ~ if  the carbonyl  group was  not subject  to the  influence of a hydrogen bond, but in the case  of an adsorbed  
p o l y m e r  molecu le  t h e r e  was  a d i sp lacemen t  of the c h a r a c t e r i s t i c  f requenc ies  of  the C =O group by 0.05 ~ in 
the  long-wave  direct ion.  Th i s  phenomenon m a y  be  explained by the development  of  a s t rong hydrogen bond 
be tween the oxygen of  the carboxyl  group and the  OH group of the mine ra l .  

Analogous r e s u l t s  w e r e  obtained by Mas lenkova  when studying the  adsorpt ion of  po lyac ry lamide  on 
kaol in i te  [4] and by T a i m u r a z o v a  [5] on bentonite,  muscovi te ,  and kaolini te  containing t r a c e s  of  hydro lyzed  
p o l y a c r y l a m i d e  and the  sodium sal t  of  hydro lyzed  po lyacry lon i t r i l e .  

It was  shown in [6] that  the na ture  of  the cation affected the  in tens i ty  of  fo rmat ion  of the hydrogen bond 
between mon tmor i l l on i t e  clay and K-4,  and the degree  of th is  in te rac t ion  was  de te rmined  by i ts  po la r iz ing  
capaci ty .  The  g r e a t e s t  in tens i ty  of the hydrogen bond o c c u r s  in H-bentoni te  and the leas t  in Al-bentonite,  
o the r  f o r m s  occupying an i n t e rmed ia t e  posi t ion.  It was  concluded in [6] that ( for  the  s a m e  concentrat ions} 
K-4 i n t e r ac t ed  m o r e  v igorous ly  wi th  d i s p e r s e d  m i n e r a l  s y s t e m s  giving an acid reac t ion ,  while for  alkaline 
s y s t e m s  [Na-bentoni te ,  t aky r s ,  and solonchaks (sa l ine  soils}] it was  l e s s  effective.  

The  following p r o c e s s e s  o r  p r inc ip l e s  m a y  act as a ba s i s  for  the phys ica l  model  (mechanism} under ly-  
ing the  mo i s tu re - conduc t ion  of the Na  f o r m  of the  clay under  the influence of the po lymer .  

I. The  adsorp t ion  of  PAA and K-4  on f r ee  hydroxyl  groups of the m i n e r a l  su r face  through l a y e r s  of 
carbonyl  g roups  r e s u l t s  in the binding of the p a r t i c l e s  into aggrega tes  and hence a r i s e  in pe rmeab i l i ty .  

II. However ,  the adsorpt ion  of K-4 essen t ia l ly  i n c r e a s e s  the concentra t ion of Na + ions in the in te r s t i t i a l  
space,  and th is  m e a n s  the poss ib i l i ty  of additional montmor i l lon i t e  hydrat ion,  t oge the r  with an inc remen t  in 
the  swell ing capac i ty  of  the  clay p a r t i c l e s  and a reduct ion in the p e r m e a b i l i t y  of  the sys tem.  

III. The  n u m b e r  of f r ee  hydroxyl  groups  on unit su r face  of the m i n e r a l  is  ve ry  low, so that under  the 
r e s t r i c t e d  conditions of  in te r s t i t i a l  space  (as  dis t inct  f rom suspensions} the excess  content of the carboxyl  
ions of  the p o l y m e r  m a c r o m o l e c u l e  d e t e r m i n e s  the i nc r emen ta l  content of  monotypic  charged  pa r t i c l e s ,  the 
repuls ion  of the  p a r t i c l e s ,  the d i spe r s ion  of the  aggrega tes ,  and the reduct ion in the  pe rmeab i l i t y  of the  s y s -  
t em.  

IV. The  int roduct ion of long chains of m a c r o m o l e c u l e s  into the in te r s t i t i a l  space  leads  to an i n c r e a s e  
in the v i s c o s i t y  of  the  in te r s t i t i a l  solution, wbich also causes  a fall  in m o i s t u r e  conduction. 

Thus,  in the s y s t e m  compr i s ing  the Na  f o r m  of  the  clay and the  po lymer ,  conditions favorable  e i ther  to 
the  aggrega t ion  of  the p a r t i c l e s  o r  to the d isrupt ion of aggrega tes  a r e  c rea ted ,  depending on the concen t ra -  
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Fig. 2. Dependence of Kc/K0 on the concentra t ion of p o l y a c r y l -  
amide (PAA) (a)  and K-4 (b) for  va r ious  po ros i t i e s  (E). K c i s  
the p e r m e a b i l i t y  of  the  Na  fo rm of Cr imean  kill  t r e a t e d  with 
PAA o r  K-4 for  the f i l t ra t ion  of a 0.05 N KNG3 solution, while 
K0 i s  the p e r m e a b i l i t y  of  the po lymer -unmod i f i ed  Na fo rm for  
the f i l t ra t ion of water .  I - op t imum concentrat ion.  

t ion of  the  s t r u c t u r e - f o r m i n g  agents and the const i tut ion of the  side chains of  the mac romolecu le .  

An analys is  of the e lec t ron  m i c r o g r a p h s  of p a r t i c l e s  with added PAA and K-4 indicates  the d i spers ion  
of the p a r t i c l e s  (the development  of  a background) .  

The  speci f ic  su r f aces  of  modif ied c lays  de t e rmined  by r e f e r e n c e  to the adsorpt ion of methylene blue 
dye a re  l a r g e r  than those  in p o l y m e r - f r e e  clays.  

The o b s e r v e d  inc remen t  in the moi s tu re -conduc t ion  coefficients  of the c l a y - p o l y a c r y l a m i d e  complex 
for  op t imum concent ra t ions  of  the s t r u c t u r e - f o r m i n g  agent (0.05-0.06%) i s  de te rmined  by the  p redominant  
influence of  the f i r s t  p r o c e s s ,  while the  reduct ion in p e r m e a b i l i t y  for  low PAA concentra t ions  a r i s e s  f rom 
p r o c e s s e s  III and IV. The reduction in the w a t e r  pe rmeab i l i t y  coeff icients  of  the N a - c l a y - K - 4  complex in 
any range  of  p o l y m e r  concentra t ions  is  de t e rmined  by p r o c e s s e s  II, HI, and IV. 

A different  si tuation a r i s e s  in the  f i l t ra t ion of e lec t ro ly tes .  For  any d i spe r sed  s y s t e m s  the p r e s e n c e  of 
soluble sa l t s  i s  accompanied  by the c o m p r e s s i o n  of the immobi le  hydra te  l a y e r s  around the so l id -phase  p a r -  
t i c l e s  and an i n c r e a s e  in m o i s t u r e  conduction. We p r e s e n t e d  these  r e su l t s  e a r l i e r  [7] when studying mono-  
the rmi te .  

For  m i n e r a l s  with an expanding c ry s t a l  la t t ice ,  the introduction of hydra ted  ions into the in te rpacket  
space  i s  accompanied  by a c o m p r e s s i o n  o r  expansion (swell ing) of the p a r t i c l e s ,  and this  p r o c e s s  ( influenc- 
ing the  r a t e  of  t r a n s f e r  of  the liquids [7]) depends on the d imensions  of  the hydra ted  ions and t he i r  number  in 
the absorb ing  complex.  The  radius  of the hydra ted  Na § cation is  2.7 ,~, that of  the K § being 2.32 A, and hence 
the p r e s e n c e  of  an aqueous solution of  p o t a s s i u m  n i t ra te  i n c r e a s e s  the m o i s t u r e  conduction of the sys tem,  
quite apar t  f rom any dependence on the p o l y m e r  content. 

On introducing e l ec t ro ly te s  and, in pa r t i cu l a r ,  aqueous solutions of 0.05 N KNO3 into the in te rs t i t i a l  
space,  ion-exchange  t akes  p lace  between the sodium and the  po tass ium,  both that  adsorbed  on the sur face  of 
the  m i n e r a l  and that  encountered in an abso rbed  complex  c lose  to the carboxyl  ions of the  p o l y m e r  macro~  
molecule .  

The  hydrat ion capaci ty  of p o t a s s i u m  cat ions is  lower  than that of sodium, so that  as a resu l t  of  such an 
exchange the  c o m p r e s s i o n  of the i m m ob i l e  solvate  shel ls  a r i s ing  around the so l id -phase  p a r t i c l e s  and the ac-  
t ive  cen te r s  of  the p o l y m e r  m a c r o m o l e c u l e  i s  pa r t i a l ly  r e v e r s e d ,  and th is  p r o c e s s  p r o m o t e s  an i n c r e a s e  in 
the m o i s t u r e  conduction of the sys tem.  

We see  f rom Fig. 2 that ,  depending on the exact  value of the poros i ty ,  t h e r e  m a y  be  a 5 - 1 4 - t i m e s  i n c r e -  
ment  in the p e r m e a b i l i t y  coeff icients  of  the Na fo rm of p o l y m e r - m o d i f i e d  montmor i l lon i te  for  the  f i l t ra t ion of 
e l ec t ro ly t e s  ( re la t ive  to that  of w a t e r ) ;  the i n c r e m e n t  a t t r ibutable  to the use  of s t r u c t u r e - f o r m i n g  agents  
amounts  to 200%. 

Thus,  in de te rmin ing  and regula t ing the moi s tu re -conduc t ing  p r o p e r t i e s  of  f inely d i spe r sed  sys t ems ,  
w a t e r - s o l u b l e  p o l y m e r  m a c r o m o l e c u l e s  const i tu te  not only pa r t i c l e  coagula tors ,  but also accumula to r s  of 
act ive  exchange ions,  and th is  qual i ta t ively d e t e r m i n e s  t he i r  capaci ty  to i n c r e a s e  the r a t e  of t r a n s f e r  of  
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mean  kill ,  KC1 solutions;  b) Na form of Cr imean 
kill ,  NaC1 solutions. 

aqueous solutions of  mine ra l  sal ts ,  o r  to augment the degree  and intensi ty  of the desal inizat ion of soils in 
leaching p r o c e s s e s .  

According to the  nonosmotic  theory  (or  the  Donann theory  of m e m b r a n e  equi l ibr ium),  the dis tr ibut ion 
of  the mobi le  components  of the sys tem (i .e . ,  the  ions) between the solid and liquid phases  obeys a s t r i c t  
s to ich iomet r ic  law. A condition for  th is  equi l ibr ium is equality between the concentra t ion products  of the ac-  
t ive  ions in t h e  su r face  l aye r  and in the external  equi l ibr ium solutior~ 

In the in te rac t ion  of  the solid phase  of the sys tem with a b inary  monovalent  e lec t ro ly te  ( for  example,  of 
the  NaC1 and KNOB type) ,  according to the law of m a s s  action the dis tr ibut ion of  the active ions is  descr ibed  
by the following equation: 

(a R + aa )-aa ----- a~,. (1) 

According to the theory  of  m e m b r a n e  equi l ibr ium [8] the ex is tence  of an active concentrat ion of  surface  
ions (aK) leads to the  "negative sorpt ion n of  the e lec t ro ly te ,  i . e . ,  t h e r e  is  a deficit  of ions in unit volume of 
the p o r e s  of  the substance in quest ion (aA < aV). 

Our f i l t ra t ion  exper iments  with the Na and K fo rm s  of montmori l loni te  during the flow of NaC1 and KC1 
solutions of  var ious  concentra t ions  showed ( Fig. 3 ) that the minimum values  of the permeabi l i ty  of the sys -  
t ems  and the  maximum swelling humidi t ies  occur red ,  not for  zero  concentra t ion of  the solutions, as had al-  
ways been  obse rved  in soils  consis t ing of  m ine ra l s  with a nonexpanding c rys t a l  la t t ice,  but for  a cer ta in  
Wcritical" concentra t ion of the solutions. For  the Na form of the solution this  concentra t ion was 0.03 N NaC1 
and fo r  the K fo rm 0.02 N KC1. 

Analogous phenomena (changes in maximum swelling humidity in re la t ion to the concentrat ion of con- 
t iguous solut ions)  w e r e  obse rved  in [9]. 

Thus,  for  clay soils  possess ing  a wel l -deve loped  specif ic  sur face  and a l a rge  exchange capacity,  d e '  
sal inization by the o rd ina ry  leaching method will  not be complete.  

After  the  adsorpt ion of wa te r - so lub le  p o l y m e r s  some of the  exchange active cations a re  concentrated,  
not at the so l i d - l i qu id  in te r face ,  but in the i n t e r i o r  of the in te rs t i t i a l  space,  and an absorbing complex l e s s  
stable with r e spec t  to ex te rna l  actions i s  formed.  The degree  and intensi ty  of  the desal inizat ion of  this  kind 
of sys tem should exhibit an inc rease .  

Thus,  L. B. Smolin indicated a r i s e  in the w a t e r  permeabi l i ty  and e ros ion - lo s s  of sal ts  f rom solonchak 
meadow s i e r o z e m  (gray  desert)  soil  in the p r e s e n c e  of K-4 [10]. According to the resu l t s  of the t e s t s  c a r r i e d  
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out in this investigation, it was concluded that in order to create favorable properties in typical gray desert 
soils, small (0.02%) doses of K-4 should be used. 

In our own investigations the optimum K-4 concentration in its combined use with electrolytes (mineral 
fertilizers) for weakly filtering clays equalled 0.025% of the weight of the solid phase, while the rate of 
t ransfer  of aqueous solutions of mineral salts in the region of optimum concentration was 5-15 times greater 
than the rate of water filtration through unmodified Na-form clay minerals (the exact figure depending on the 
poro sity). 

A technical-economic analysis shows that the use of organo-mineral additives to improve the filtration 
properties of heavy saline clay soils with an initial filtration coefficient of under 0.05 m / d a y  is in fact viable. 

N O T A T I O N  

K, permeability coefficient of dispersed systems for liquid filtration; e, porosity coefficient; c, concen- 
tration of polymers introduced into the clay; a K, effective concentration of the active surface ions (exchange 
cations) ; aA, active concentration of the electrolyte t ransferred to the surface layer; a V, active concentra- 
tion of the equilibrium solution. 
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