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Abstract. A novel dialysis procedure to modify the exchange complex 

composition of the bentonite component of geosynthetic clay liners, as well 

as to remove the excess soluble salts from the bentonite pores, has been 

developed in order to overcome the limitations associated with the currently 

used dialysis methods. Indeed, when the bentonite to be purified is 

characterized by an aggregated fabric, the presence of less accessible pores 

does not allow the interlayer exchangeable cations to be replaced by the 

cationic species contained in the dialysing solution, thus undermining the 

effectiveness of dialysis in homo-ionising the bentonite specimen. For such 

a reason, the novel dialysis procedure that is proposed in this study 

comprises a preliminary treatment phase, which comes before the homo-

ionisation phase and is aimed to promote the break-up of the bentonite 

tactoids through dialysis cycles with deionised water. A natural powdered 

bentonite has been tested in the laboratory to evaluate the enhancement in 

the bentonite sodium homo-ionisation that is due to the adoption of the 

newly developed dialysis procedure, in substitution to the currently used 

one, showing that such substitution results in an increase in the exchangeable 

sodium percentage from 35% to 78% at the expense of a decrease in the 

exchangeable calcium percentage. 

1 Introduction 

The ability to control the composition of the exchange complex of bentonites, which are used 

as part of engineered clay barriers for pollutant containment applications (e.g., geosynthetic 

clay liners, slurry trench cutoff walls, and compacted bentonite buffers), is essential for the 

laboratory investigation of the influence of the type and relative abundance of bound 

(exchangeable) cations on the transport and mechanical properties of these barriers. For 

instance, dominance of the exchange complex by monovalent cations, such as sodium (Na+) 

and potassium (K+), over multivalent cations, such as calcium (Ca2+) and magnesium (Mg2+), 
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promotes the formation of a dispersed bentonite fabric, which in turn is responsible for a 

decrease in the hydraulic conductivity under fully saturated conditions [1-4] and an increase 

in the matric suction associated with a given bulk dry density and water content [5, 6]. Under 

the same molar salt concentration of the equilibrium bulk solution, occupation of the 

bentonite exchange sites by monovalent cations in place of multivalent cations further 

promotes the development of the diffuse double layers, which in turn is responsible for an 

increase in the ability to exhibit osmotic swelling [7-9] and an amplification of the 

semipermeable membrane behaviour [10-13]. Similar to the control of the composition of the 

exchange complex of bentonites, removal of the excess soluble salts, which are naturally 

present in the soil pores and differ from the bound cations insofar as they are not 

electrostatically held to the mineral surface, is beneficial to the laboratory characterisation of 

the fundamental mechanisms that govern the behaviour of bentonites. 

Several laboratory procedures for the saturation of the exchange complex with a single 

cationic species, also referred to as homo-ionisation or clay purification, and for the reduction 

of the concentration of the soluble salts in the bentonite pores have been developed in the soil 

science and geotechnical engineering field over the past decades, including washing and 

centrifuging, e.g. [7, 8], and dialysis methods, e.g. [10, 14-16]. According to the dialysis 

procedure, the bentonite is placed inside a tube of selectively permeable membrane, sealed 

via clamps at each end of the tube, and immersed in the dialysis bath solution, which is 

referred to as the dialysate. It is essential to notice that the membrane tubing, typically made 

of regenerated cellulose or analogous materials with a molecular weight cut-off (MWCO) in 

the 1 to 10 kDa range, is permeable to the water and solute molecules, but not to the soil 

particles. On the basis of the type of dialysate, two distinct treatment phases can be identified, 

namely (1) dialysis with a concentrated salt solution (Fig. 1a) and (2) reverse dialysis with 

deionised water (Fig. 1b). Dialysis may comprise either the first treatment phase, if the 

purpose is only to modify the cations on the bentonite exchange complex, the second 

treatment phase, if the purpose is only to remove the excess soluble salts from the bentonite 

pores, or both the first and second treatment phases sequentially, if the bentonite needs to be 

simultaneously homo-ionised and rinsed of its natural soluble salts. For both the first and 

second treatment phases of the dialysis procedure, the bath solution is continuously stirred 

and replaced with fresh dialysate at regular time intervals to maintain a solute concentration 

difference between the bath and pore solutions, since diffusion is the mechanism that controls 

the transport rate of dissolved solutes through the membrane tubing. 

Despite the importance of assessing the effectiveness of dialysis in achieving a 

sufficiently high degree of homo-ionisation (e.g., more than 95% of the exchange sites 

occupied by the desired cation) and a sufficiently low concentration of residual soluble salts 

after treatment, this latter issue has received limited attention so far. Sample-Lord and 

Shackelford [17] first evaluated for a GCL-grade granular bentonite the relation between the 

strength of the dialysate, which consisted of aqueous solutions of sodium chloride (NaCl) 

with concentrations in the 0.1 to 1.0 M range, and the extent of Na+ homo-ionisation, which 

was quantified in terms of the percentage of the bentonite exchange sites occupied by Na+ 

ions or exchangeable sodium percentage (ESP). The measured ESP values before and after 

dialysis with the strongest (1.0 M NaCl) bath solution were equal to 47% and 89%, 

respectively, thus demonstrating the potential of dialysis as a laboratory procedure to modify 

the exchange complex composition and the residual soluble salt concentration of chemically 

active clays. 

This technical note aims to provide further insight into the effectiveness of dialysis, 

comprising the same treatment phases as those considered by Sample-Lord and Shackelford 

[17], and to suggest an alternative procedure to perform the bentonite purification via 

dialysis, so as to improve its effectiveness in the case of an aggregated bentonite fabric with 

Ca2+ ions as the dominant bound cations in the interlayer pores. 
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Fig. 1. Sequential treatment phases of the dialysis procedure: (a) dialysis with a concentrated salt 

solution for the purpose of modifying the cations on the exchange complex; (b) reverse dialysis with 

deionised water for the purpose of removing the excess soluble salts. 

2 Materials and methods 

2.1 Bentonite and chemical solutions 

The natural powdered bentonite, which was treated via dialysis in this study, was supplied 

by Laviosa Chimica Mineraria (Livorno, Italy) and is used for the industrial production of a 

needle-punched geosynthetic clay liner. Further details about the physico-chemical 

properties of the tested material can be found in the studies by Dominijanni et al. [18, 19], 

Puma et al. [20], and Guarena et al. [21]. The cation exchange capacity (CEC) of the natural 

bentonite, as measured through the methylene blue titration method [22] to enhance the 

accessibility of the bentonite exchange sites as a consequence of the complete exfoliation 

(delamination) of the bentonite fabric [23], was equal to 98.9 meq/100g. The natural 

bentonite was also characterised through displacement with ammonium acetate [24] in terms 

of the concentrations of the bound Na+, Mg2+, and Ca2+ ions, which were equal to 34.9, 7.0, 

and 13.5 meq/100g, respectively. The relative abundances of the bound Na+, Mg2+, and Ca2+ 

ions on the exchange complex of the natural bentonite, as given by the ratio of the measured 

concentrations of the bound cations to the CEC and referred to as exchangeable cation 

percentages, thus resulted to be equal to 35.3%, 7.1%, and 13.6%, respectively. 

The liquids used in this study included deionised water (DW) and an aqueous solution of 

sodium nitrate (NaNO3) (ACS reagent, purity ≥ 99%, purchased from Merck KGaA, 

Darmstadt, Germany) with a concentration equal to 1.0 M. 

2.2 Bentonite purification via dialysis 

The natural powdered bentonite was subjected to a similar purification procedure to that 

evaluated by Sample-Lord and Shackelford [17], referred hereafter to as Dialysis Type A. 

The details of both the dialysis procedure evaluated by Sample-Lord and Shackelford [17] 
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and that implemented in this study can be found in Table 1. The 1.0 M NaNO3 solution was 

used as the dialysate to homo-ionise the bentonite specimen with respect to sodium, and the 

concentration of NaNO3 in the dialysate was selected so as to correspond to the upper bound 

of the salt concentration range investigated by Sample-Lord and Shackelford [17]. The salt 

concentration of the dialysate, as well as the duration of the homo-ionisation phase (seven 

ten-days-long dialysis cycles), were expected to be high enough to achieve a similar or 

greater effectiveness of Dialysis Type A compared to the purification procedure evaluated by 

Sample-Lord and Shackelford [17]. Also the reverse dialysis phase with DW, which 

comprised thirty-three one-day-long dialysis cycles, was run for a longer period of time 

compared to the Sample-Lord and Shackelford [17] study. 

 

Table 1. Comparison between the treatment phases of the dialysis procedure evaluated by Sample-

Lord and Shackelford [17] and the dialysis procedures implemented in this study (Dialysis Type A 

and Dialysis Type B). 

   [17] Dialysis Type A Dialysis Type B 

Phase (0) 

Breakup of tactoids 

Dialysate    Deionised water 

Total 
duration 

(day)   33 

Frequency 
of dialysate 

replacement 

(day/cycle)   1 

Phase (1) 

Na+ homo-ionisation 

Dialysate  NaCl (0.1 - 1 M) NaNO3 (1 M) NaNO3 (1 M) 

Total 
duration 

(day) 7 70 70 

Frequency 
of dialysate 

replacement 

(day/cycle) 1 10 10 

Phase (2) 

Removal of soluble Na+ 

Dialysate  Deionised water Deionised water Deionised water 

Total 

duration 
(day) 13 - 14 33 33 

Frequency 

of dialysate 
replacement 

(day/cycle) 1 1 1 

 

The bentonite specimens were obtained by uniformly distributing a total amount of 60 g 

(oven-dried mass) of powdered bentonite inside four different dialysis bags (i.e., 15 g of 

bentonite per dialysis bag), which were made of regenerated cellulose (flat width = 76 mm, 

MWCO = 14 kDa, purchased from Merck KGaA, Darmstadt, Germany). For the preparation 

of the dialysis bags, four sections of the membrane tubing were cut with a length of 300 mm 

and soaked in DW for 24 hours, so as to remove the impurities. After soaking, one end of 

each dialysis bag was sealed with a plastic closure (width = 110 mm, purchased from Merck 

KGaA, Darmstadt, Germany), the powdered bentonite and the dialysate were sequentially 

poured through the open end until filling the dialysis bag for a length of approximately 150 

mm, and the open end was finally sealed with another plastic closure. The four dialysis bags 

containing the untreated bentonite were then placed inside a glass jar, which was filled with 
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7 L of the dialysate and continuously stirred through a magnetic stirrer (max stirring capacity 

= 10 L, speed range = 100 - 2000 rpm, purchased from 2mag AG, München, Germany). In 

this study, the ratio of the dry mass of bentonite to the mass of dialysate was approximately 

equal to 1:117, which is of the same order of magnitude as the value reported by Sample-

Lord and Shackelford [17] (1:280). At the end of the purification procedure, the bentonite 

paste was extracted from the dialysis bags, the water content was measured through oven-

drying, and the dialysed bentonite was characterised through displacement with ammonium 

acetate [24] in terms of the concentrations of the bound Na+, Mg2+, and Ca2+ ions. The 

determination of the bound cation concentrations was performed in two replicates. 

In addition to Dialysis Type A, an alternative procedure for the bentonite purification via 

dialysis, referred hereafter to as Dialysis Type B, was developed and evaluated in this study 

to assess its potential for enhancing the ESP of the bentonite after treatment. As can be 

appreciated from Table 1, the latter dialysis procedure is identical to the former one regarding 

the homo-ionisation and soluble salt removal treatment phases, but differs because of the 

presence of an additional treatment phase, which comes before the homo-ionisation phase 

and comprises thirty-three one-day-long dialysis cycles with DW. Due to the sensitivity of 

the bentonite fabric to the chemical composition of the dialysate [15], delamination of the 

tactoids into their individual unit layers is expected to occur when the bentonite is 

equilibrated with DW, thereby favouring the substitution of the bound cations, initially 

segregated in the interlayer pore space of the tactoids, with the Na+ ions contained in the 

dialysate during the subsequent Na+ homo-ionisation phase. 

3 Results and discussion 

The bar chart in Fig. 2 reports the composition of the bentonite exchange complex, in terms 

of the percentages of exchangeable Na+, Mg2+, and Ca2+ ions, before and after purification 

via dialysis. As far as Dialysis Type A is concerned, the percentages of exchangeable Na+ 

(33.5%) and Mg2+ ions (11.9%) did not appreciably change from their initial values, which 

were equal to 35.3% and 7.1%, respectively, whereas the percentage of exchangeable Ca2+ 

ions increased from 13.6% to 43.9%. Such an evidence, which at first glance seems to be 

inconsistent with the results obtained by Sample-Lord and Shackelford [17], can be 

interpreted in the light of the bentonite fabric changes throughout the purification procedure 

and the different accessibility of the bentonite pore structures. 

 

 
Fig. 2. Relative abundances of the bound Na+, Mg2+, and Ca2+ ions on the bentonite exchange complex 

before and after purification via dialysis. 
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When the natural bentonite is initially characterised by an aggregated microstructure, 

multivalent cations tend to be segregated in the interlayer pore space (i.e., the void volume 

enclosed between adjacent montmorillonite unit layers comprising the tactoids), whereas 

monovalent cations are predominantly adsorbed on the external surface of the tactoids [25]. 

Under such conditions, the bound cations readily available for displacement with ammonium 

(NH4+) ions [24] are those located on the external surface of the tactoids, and only the latter 

ones contribute to the measured exchangeable cation percentage. According to the proposed 

interpretation, the failed characterisation of a portion (44.0%) of the exchange complex 

composition of the untreated bentonite should therefore be attributed to the presence of 

interlayer pores, which were not accessible for displacement with NH4+ ions. 

As schematically illustrated in Fig. 3 for Dialysis Type A, dialysis of the bentonite 

specimens with the concentrated NaNO3 solution only caused the multivalent cations bound 

to the external surface of the tactoids to be replaced by the Na+ ions of the dialysate, whereas 

the multivalent cations bound to the internal surface of the tactoids were not significantly 

affected by dialysis. Besides removal of the excess soluble salts, during the subsequent 

reverse dialysis with DW a change in the bentonite fabric occurred, consisting in the 

delamination of the tactoids into their individual unit layers, and the composition of the 

bentonite exchange complex was no further modified. Under these latter conditions, the 

multivalent cations originally segregated in the interlayer pores were available for 

displacement with NH4+ ions, thus resulting, on the one hand, in the nearly complete 

characterisation (89.3%) of the exchange complex composition of the dialysed bentonite and, 

on the other hand, in the measured increase in the percentage of exchangeable Ca2+ ions. 

 

 
Fig. 3. Schematic representation of the changes in the bentonite fabric and the composition of the 

bentonite exchange complex, which were induced during the treatment phases of Dialysis Type A and 

Dialysis Type B. 

On the basis of the bar chart in Fig. 2, it is possible to appreciate the different effectiveness 

of the Na+ homo-ionisation phase, both without the preliminary treatment with DW (Dialysis 

Type A) and with the preliminary treatment with DW (Dialysis Type B). While the original 

dialysis procedure did not cause any appreciable change in the composition of the bentonite 

exchange complex, the newly developed dialysis procedure allowed the percentage of 

exchangeable Na+ ions to increase from 33.5% to 77.7%, at the expense of a decrease in the 

percentage of exchangeable Ca2+ ions (from 43.9% to 9.1%). As shown in Fig. 3, a similar 

rationale to that proposed for Dialysis Type A provides a ground for an interpretation of the 

results pertaining to Dialysis Type B. 
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During the preliminary treatment phase with DW, dispersion of the bentonite fabric was 

induced without any alteration in the composition of the exchange complex from that of the 

untreated bentonite. Due to the formation of a dispersed bentonite fabric, the multivalent 

cations originally bound to both the external and internal surfaces of the tactoids were readily 

substituted by the Na+ ions of the dialysate when the bentonite was dialysed with the 

concentrated NaNO3 solution. In such a way, at end of all the treatment phases comprising 

Dialysis Type B, the exchange complex of the dialysed bentonite was largely saturated by 

Na+ ions. 

4 Conclusions 

The development of purification procedures, with the goal to both saturate most of the 

exchange sites with a single cationic species and rinse the specimen of the excess soluble 

salts, is essential for a greater control over the testing conditions when chemically active 

clays (e.g., bentonites) are tested in the laboratory for assessing their physico-chemical, 

transport, and mechanical properties. For such a reason, the effectiveness of a dialysis 

procedure, which resembles that considered by Sample-Lord and Shackelford [17] and is 

referred to as Dialysis Type A, was evaluated in this study for the purification of a GCL-grade 

powdered bentonite. Dialysis Type A comprised a first treatment phase, aimed to saturate the 

bentonite exchange complex with Na+ ions through dialysis with a concentrated NaNO3 

solution, and a second treatment phase, aimed to remove the excess soluble salts through 

dialysis with deionised water. 

Due to the aggregated microstructure of the tested bentonite and the preferential 

segregation of multivalent cations in the interlayer pore space, the Na+ homo-ionisation 

treatment phase of Dialysis Type A did not allow the exchangeable sodium percentage (ESP) 

of the dialysed bentonite to significantly increase compared to that of the untreated bentonite. 

An alternative procedure, referred to as Dialysis Type B and comprising a preliminary 

treatment phase for the breakup of the bentonite tactoids through dialysis with deionised 

water, was therefore developed with a view to improving the effectiveness of purification via 

dialysis. Addition of such a preliminary treatment phase to the dialysis procedure resulted in 

a notable increase in the ESP, which increased from 35% for the untreated bentonite to 78% 

for the bentonite that had been dialysed according to the newly developed Dialysis Type B. 
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