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ABSTRACT 
 
Bentonite is currently used as the functional component of geosynthetic clay liners to provide low 
hydraulic conductivity due to its excellent swelling property.  However, the swelling performance can 
deteriorate with low pH solutions，which may lead to degradation of the hydraulic performance of 
geosynthetic clay liners. It is known that engineering properties of bentonites as measured by the 
Atterberg limits and free swell can be improved by polymer addition. This paper reports on the study of 
the effectiveness of three water-soluble polymer types (anionic, cationic and non-ionic) when 
subjected to different concentrations of sulfuric acid solutions. Atterberg limits and the free swell index 
of the polymer-treated bentonite were studied. The results indicated that polymers were only effective 
in maintaining acceptable engineering properties at low concentration (0.125M) of sulfuric acid 
solutions compared to the initial properties. Increased concentrations of acid caused the engineering 
properties to deteriorate dramatically. Thus, the polymers types studied were found to be ineffective in 
strongly acid conditions.  
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1 INTRODUCTION 
 
Geosynthetic clay liners (GCLs) are commonly used in waste containment and other facilities as 
hydraulic barriers due to their low hydraulic conductivity to water. GCLs are comprised of one layer of 
bentonite sandwiched by two layers of geotextiles or pasted to a geomembrane. The bentonite 
component is currently used as the functional component of GCLs to provide low hydraulic 
conductivity due to its excellent swelling property. However, the properties of bentonite are affected by 
several factors, such as chemical composition (Gleason et al., 1997; Lee and Shackelford, 2005), type 
of permeant solutions (Petrov et al., 1997; Ruhl and Daniel, 1997; Shackelford et al., 2000), pH of 
permeant solutions (Bouazza, 2010; Gates and Bouazza, 2010; Gates, 2010); especially in mining 
industry, many low pH solutions are applied as leaching solutions to extract the useful elements (Lupo 
and Morrison, 2007; A.B.Fourie, 2010; John F. Lupo, 2010). Engineering properties such as the 
Atterberg limits and the free swell index etc. of bentonite are deteriorated under acidic conditions; 
therefore the performance of GCLs is potentially degraded (Lee et al., 2005). Yang et al (2011) 
studied engineering properties of the polymer-treated bentonites, and found that polymers were 
effective at improving swelling properties in non-acidic waters. 
 
This paper discusses the performance of polymers under acid condition since response of the same 
polymers in water has already been studied. Atterberg limits and swell index tests were conducted to 
check the effectiveness of polymers to improve the properties of bentonite under acid condition. 
 
 

2 TESTING PROGRAM 
 
2.1 Materials 
 
Two bentonites were selected for the purpose of this study. One is a powdered sodium-magnisium 
bentonite from Australia and used as received without any beneficiation. The other is an activated 
powdered sodium bentonite from Australia which has had an undisclosed beneficiation during 
manufacture. Three water-soluble polymers, having anionic, cationic and non-ionic charge 
characteristics, were added to the bentonites at 1 wt. % concentration to perform the tests in a series 
of concentrations of sulfuric acid solutions (0.015M ~1M).  
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2.2 Test methods 
 

2.2.1  Atterberg limits tests 
 

The tests were conducted according to ASTM D 4318-Standard test methods for liquid limit (LL), 
plastic limit (PL), and plastic index (PI) of soils. Two bentonites with different polymers (at 1 wt. % 
concentration) were used to conduct the tests under different concentrations of sulfuric acid solutions. 
 
All samples were set aside for three days to allow equilibration. For liquid limits, the tests were 
conducted using the Casagrande method. Data were plotted to obtain a relationship from which the 
liquid limit was determined. For plastic limit, the same specimens used in liquid limit tests were used. 
Plasticity index was calculated as the difference between LL and PL. All tests were duplicated. 
 

2.2.2 Swell index tests 
 

Swell index tests were performed according to ASTM D 5890-Swell Index (SI) of Clay Mineral 
Component of Geosynthetic Clay Liners.Three polymers at 1 wt. % concentration were mixed with two 
bentonites to observe the effect on the swelling of bentonite under different concentrations of sulfuric 
acid solutions.  
 
Specimens used in Atterberg limits were dried and ground to the size passing 75µm sieve. Then  2 g 
of bentonite, which was oven dried at 105±5˚C to constant weight, was added slowly to a 100mL 
graduated cylinder containing 90 mL of deionized water to undergo free hydration. The volume of 
swollen bentonite was read in mL, and reported as the swell index of bentonite in millilitre per 2 g 
(mL/2g) of dry bentonite.  All tests were duplicated. 
 

3 RESULTS AND DISCUSSION 
 

3.1 Atterberg limits tests 
 
Data from the Atterberg limits tests were plot in Fig.1. As shown, the liquid limit (LL) values for both 
bentonites decreased with the increasing concentrations of sulfuric acid solutions. However, only 
negligible changes occurred in plastic limit (PL).  Generally, polymer loading improved the LL of 
bentonites 1 better, although the absolute LL values were still quite lower than those of bentonite 2 
over the entire range of the acid concentration. The polymer modified values of bentonite 1for LL were 
above those for the untreated bentonite over the entire concentration range of H2SO4, although the 
difference decreased with increasing concentrations.  
 
For bentonite 1, the cationic polymer at 1% concentration made the specimen too stick to test the LL 
even after aging for 7 days. For the other two polymers, the anionic polymer returned higher values 
over the entire range of acid concentration. For bentonite 2, the polymer modified values only had 
higher LL at lower acid concentration (<0.125M). At high concentration, the plain and polymer modified 
bentonite had nearly identical LL values. 
 
The polymer loading generally improved the LL values for both two bentonites under acid condition, 
while the polymers did not work as effectively compared to under water condition. The polymers were 
effective at low acid concentration (<0.125M), only negligible changes at high concentration for 
bentonite 2. This is probably because the main factor impacting water retention at low acid 
concentrations was polymer loading, while the ionic strength of the acid dominated the system at high 
concentration. For bentonite 1, polymers improved the LL values over the entire range of acid 
concentration, and the descending slope was quite lower than bentonite 2. The reason was primary 
due to the different chemical composition of exchangeable cations of clay particle. The anionic 
polymer made the bentonite disperse better in acid therefor had better performance than the others. 
However, care should be taken on the initial values of two bentonites; LL for bentonite 1 was only 
about one third of that for bentonite 2. Although polymer loading improved the LL for bentonite 1 better, 
the values were still no more than 300%, which were far lower than those of bentonite 2. While for 
bentonite 2, polymer loading did not performed as effectively as for bentonite 1, the LL values still 
return higher LL values which were above 300% at 0.125M acid concentration. 
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Figure 1 Atterberg limits results with polymers under sulfuric acid solutions  
 
3.2 Free swell tests 
 
Data from free swell tests were plotted in Fig. 2. As shown, polymer modified bentonites had similar 
trend with the plain ones under acid solutions. The curves for bentonite 1 fluctuated for all polymers 
with no discernible difference between polymer types. The curves were relatively simple for bentonite 
2, showing as expected, a general decrease in the SI with increasing acid concentration. Bentonite 1 
(sodium-Magnesium) always had lower swell index (SI) values regardless of polymer loading and acid 
concentration. Although the SI values for modified bentonite 1 remained high compared to its value in 
DI water over the range of acid concentration, the SI values never attained the industrial threshold 
(24ml/2g). However, for bentonite 2, polymer loading was only effective at low concentrations, while 
the SI values were still above the industrial threshold at the concentrations lower than 0.125M. 
 
For bentonite 1, the curve for no polymer one can be divided to three parts. At 0-0.015M, the SI 
decreased due to the ingress of low pH solutions. Addition of polymers improved the SI slightly. 
Between the range of 0.015M-0.25M, due to the chemical composition of exchangeable cations of 
bentonite 1, the SI increased nearly to the original value (in DI water) for bentonite 1. The polymers 
only marginally improved the SI values but did extend some protection to 0.5M concentration of 
sulfuric acid. Within the 0.25M-1M range, the ionic strength increased so that the SI values decreased 
due to the collapse of double layer.  
 
For bentonite 2, the SI values dropped dramatically at the concentration <0.125M, while negligible 
decreases were observed at higher concentrations.  
 
The changes in swell behaviour of the two bentonites probably reflect changes in the pH of the 
bentonite-leachate mixtures as the increased acid results in higher H+ loading which can cause (i) ion 
exchange, (ii) changes in the conformation of the polymer, (iii) changes in the pH-dependent charge of 
the clay particles and (iv) increased ionic strength (Theng, 1980; Komadel and Madejova, 2006; Laird, 
2006; Önal, 2007; Liu, P, 2007). All of these acid driven effects influenced the behaviour observed.  
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For bentonite 1, the increases in SI at intermediate acid concentrations in the un-treated bentonite 
imply that pH-dependent layer charge probably was more important in enhancing dispersion/swelling. 
Modification with polymer provided protection probably due to changes in the interaction between the 
polymer and the clay surfaces. For untreated and polymer-treated bentonite 2, the continual decrease 
in SI implies that ion exchange was the most important factor.  
 
  

 

 

 

 

 

Figure 2 Results of free swell tests with polymer addition under acidic conditions 
 

4 CONCLUSION 
 

Results of experiments show the changes of Atterberg limits and free swell index values on addition of 
three polymer types (non-ionic, cationic, anionic) to two different bentonites under sulfuric acid 
solutions. The LL values for both two bentonites were generally improved by polymer addition under 
acidic condition, while the polymers did not work as effectively compared to under water condition. For 
bentonite 1, due to the different chemical composition of exchangeable cations, polymer loading 
worked over the entire range of acid concentration. The anionic polymer made the bentonite disperse 
better in acid therefor had better performance than the others. For bentonite 2, the polymers were 
effective at low acid concentration (<0.125M), only negligible changes at high concentration. This is 
probably due to the shifting of the factors impacting water retention from polymer loading at low acid 
concentration to the ionic strength of the acid at high concentration. However, polymer loading did not 
performed as effectively as for bentonite 1; the LL values still return higher LL values which were at 
0.125M acid concentration. For free swell index (SI), the values generally decreased at higher acid 
concentration with polymer loading. For bentonite 1, the SI values for modified bentonite 1 remained 
high compared to the values in DI water over the range of acid concentration, but the values never 
attained the industrial threshold (24ml/2g). For the un-treated bentonite, the increases in SI at 
intermediate acid concentrations suggest that pH-dependent layer charge probably was the main 
factor in enhancing dispersion/swelling. Polymer addition provided protection probably due to changes 
in the interaction between the polymer and the clay surfaces. For bentonite 2, polymer loading was 
only effective at low concentrations, while the SI values were still above the industrial threshold at the 
concentrations lower than 0.125M. The ion exchange should be responsible for the continual decrease 
in SI. 
 
Further laboratory tests under acid condition need to be conducted with different content and types of 
polymers on the bentonites, the optimum combination would be obtained in next step. 
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