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Abstract- The clay-polysaccharide interaction is of practical importance in the formation and stabilization 
of soil aggregates. This study examined the adsorption of three synthetic polysaccharides (PSS) and one 
soil PSS on Silver Hill illite. The adsorption of PSS was influenced by both the adsorbed cations on the 
adsorbents and the charge characteristics of the polymers. The adsorbed cations formed different surface 
complexes with the clay surfaces, with varying ability to screen the surface negative charge and thereby 
influenced the adsorption of charged polymers. Na-illite adsorbed substantially higher amounts of the 
cationic PSS, but lower amounts of the anionic PSS, than hydroxy-AI illite. The adsorption of the nonionic 
PSS was, however, little influenced by those adsorbed cations. The adsorption of the soil PSS resembled 
that of anionic PSS. However, it yielded linear adsorption isotherms due to the heterogeneous nature of 
the soil PSS. The adsorption of the three synthetic PSS on Na-illite was in the general order: cationic> 
non ionic > anionic, confirming that electrostatic forces played a role in the adsorption of charged polymers. 
pH and ionic strength influenced the adsorption of the charged PSS, because of their influences on the 
charge characteristics of both the polymer and the clay, and on polymer conformation. This study indicates 
that surface charge properties of both clays and organic polymers and the presence of polyvalent cations 
in the system are important factors influencing the complexation between soil clays and organic constit­
uents. 
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INTRODUCTION 

Clay-polysaccharide interactions in soil play an im­
portant role in the formation and stabilization of de­
sirable soil structure, although polysaccharides (PSS) 
generally comprise a minor fraction (5-20%) of the soil 
organic matter (Olness and Clapp, 1975). Numerous 
studies have been conducted on the interaction of syn­
thetic PSS and polymers with montmorillonite and 
kaolinite (Parfitt and Greenland, 1970; 01 ness and 
Clapp, 1975; Chenu et aI., 1987; Gill and Herrington, 
1987a, 1987b; Aly and Letey, 1988), but little infor­
mation is available on the interaction ofPSS with illitic 
minerals. 

Early studies have demonstrated that the adsorption 
of an uncharged, flexible, linear polymer from aqueous 
solutions onto a clay surface generally leads to the de­
sorption of numerous water molecules from the surface 
(Parfitt and Greenland, 1970; Parfitt, 1972). The en­
tropy so gained provides the driving force for adsorp­
tion, especially of high molecular weight species. Hy­
drogen bonding between hydroxy Is, or other polar 
groups in the polymers, and surface oxygens of the 
silicate layers further lowers the free energy of the sys­
tem (Theng, 1982). 

For charged polymers, the interaction is more com­
plex than that involving nonionic species. Saini and 
MacLean (1966) reported that the adsorption of a soil 
PSS by kaolinite was influenced by adsorbed cations 
on clay surfaces with the effect of Fe3~ > AP+ > H+ 
> Ca2+ > Mg2+ > Na-. Since many clay minerals carry 
a net negative charge, Parfitt (1972) and Theng (1982) 
have proposed that positively-charged polymers are 
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adsorbed primarily by a cation exchange mechanism. 
For this reason, their overall affinity for the clay is 
greater than that shown by uncharged species. On the 
other hand, negatively-charged polymers tend to be 
repelled from the clay surface. Aly and Letey (1988) 
studied the interaction of three guar polymers with Na­
montmorillonite and found that adsorption was in the 
general order: cationic> nonionic > anionic. 

Ambient solution pH and ionic strength influence 
the surface charge and conformation of charged poly­
mers, and therefore influence polymer adsorption. Par­
fitt (1972) reported a negative adsorption of 
poly(galactouronic acid) by Na- and Ca-montmoril­
lonite at pH 5.9, whereas a positive adsorption was 
observed at pH 2.9. Similarly, Finch et al. (1967) re­
ported that the uronic acid unit of the PSS was pref­
erentially adsorbed by H+-saturated montmorillonite. 
The influence of ionic strength on the adsorption of 
charged polymers was demonstrated by Aly and Letey 
(1988), who observed that the adsorption of an anionic 
polymer by Na-montmorillonite was greater from well 
water (EC = 0.7 dS m- I ) than from canal water (EC = 

0.05 dS m- I
), whereas the opposite was true for the 

cationic polymer. 
Numerous studies have been conducted on the ef­

fects of synthetic polymers in controlling soil clay dis­
persion and aggregation (Mitchell, 1986; Wallace, 1986; 
Aly and Letey, 1988; Nadler and Letey, 1989). How­
ever, few studies have examined their adsorption prop­
erties under conditions of varying saturating cations, 
pH, and ionic strength. Specifically, no adsorption 
studies have been conducted on illitic minerals, al-
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though they commonly occur in soils. This study was, 
therefore, intended to examine the effects of saturating 
cations, solution pH, and ionic strength on the ad­
sorption of three synthetic PSS and one soil PSS by 
Silver Hill illite. 

MA TERIALS AND METHODS 

Illite from Silver Hill , Montana (lMt-l) was ob­
tained from the Source Clay Repository of The Clay 
Minerals Society. Na-illite and hydroxy-AI polycations 
(Al-p, 104 < MW < 5 x 104 ) were prepared as pre­
viously described by Gu and Doner (1990). Ca-illite 
was prepared by washing Na-illite three times with 500 
mollm3 Ca(ClO.b and once with deionized water. Al­
p-illite was prepared by treating Na-illite with AI-p 
solution at a rate of 0.37 mol(AI)/kg, which was equiv­
alent to the maximum amount of AI-p adsorption by 
Na-illite (Gu and Doner, 1990). Both Ca- and AI-p­
illites were freeze-dried after centrifugation. 

The PSSs used for this study were cationic (CP-14), 
nonionic (HP-8), and anionic (T -4246) guar polymers. 
Detailed information about these polymers has been 
provided by Aly and Letey (1988). These polymers are 
essentially ga1actomannans consisting of mannose and 
galactose units, with molecular weights between 0.2 x 
!O6 and 2 x !O6 glmo!. The cationic, nonionic, and 
anionic properties of the polymers were created by 
substituting the nonionic cis-hydroxyl groups with 
quaternary ammonium, hydroxypropyl, and carboxyl 
groups, respectively. 

A soil PSS, isolated from a local soil (Millsholm 
loam), was also used. The isolation procedure was 
modified from Lowe (1975) and Cheshire (1979). About 
5 liters of 200-mollm 3 NaOH were added to I kg soi!. 
After displacing the air in the bottles with N 2 , the soil 
slurry was sonified for 2 hr by an ultrasonic cleaner 
(Mettler Electronics). It was then immediately centri­
fuged and the alkaline extract was acidified to pH 1.5 
with 6 x !03-mollm3 HCI. An additional 3 liters of 
200-moUm 3 NaOH were added to the soil residue and 
the extraction was repeated once. The acidified extracts 
were combined and centrifuged to separate the humic 
acid from the fulvic-acid fraction. The fulvic-acid frac­
tions were combined and passed through a previously­
washed PVP (a cross-linked polyvinyl pyrrolidone 
polymer) column. Most of the colored materials (poly­
phenolic fraction) in the fulvic acid were retained leav­
ing the PSS fraction unadsorbed. The large volume of 
the PSS fraction was reduced to about I liter by a 
Rotavapor at 313 K. The PSS fraction was then mixed 
with twice its volume of acetone, precipitated, and then 
redissolved in about 0.2 liter water. This procedure 
was repeated three times. Finally the PSS fraction was 
freeze-dried and stored in a desiccator. This soil PSS 
contained 0.9% ash, and a solution of l-kglm3 PSS had 
a pH of 3.3 . Previous studies (Lowe, 1978; Cheshire 
and Mundie, 1986) have shown that soil PSS is com-

posed of a variety of monosaccharides that are very 
similar from different soils, although the relative pro­
portions change. After electrofocusing, Cheshire and 
Mundie (1986) also found that the greatest concentra­
tion of the soil PSS occurred within the pH l.9-4.0 
region, whereas the proportion of uronic acid was the 
greatest in the PSS fractions from the pH 3.0-4.0 re­
gion. It was assumed, therefore, that the soil PSS used 
here contained a significant amount of uronic acid. 

The adsorption experiment was conducted by adding 
different volumes of PSS solutions (pH 7) into clay (5 
kglm3) suspensions in 40 cm3 centrifuge tubes. The pH 
was adjusted to 7 and ionic strength was approximately 
zero. The final volume was made up to 20 cm3 by 
weighing, taking into account the amount of clay add­
ed. The initial polysaccharide concentration ranged 
from 0 to 1.35 kglm 3

• The mixture of clay and poly­
saccharide suspensions was shaken for I hr and then 
left overnight. The suspensions were centrifuged for !O 
min at 27,000 RCF, and the supernatants were ana­
lyzed for organic C by photochemical oxidation using 
a Dohrman-C analyzer (Dohrman, Santa Clara, CA). 
The amount of PSS adsorbed, expressed as g PSS per 
kg clay, was calculated from the difference between the 
amount added and that found in the equilibrium so­
lution. The effects of pH and ionic strength on PSS 
adsorption were studied on Na-illite. The pH was ad­
justed by dilute HCI04 or NaOH, whereas the ionic 
strength was adjusted by NaCI04 • The initial PSS con­
centrations in clay suspensions were 0.9 kglm3 for cat­
ionic, and 0.35 kglm3 for nonionic and anionic PSS, 
respectively. All data in Figures 1-5 are averages of 
duplicate measurements. 

RESULTS 

Figure I shows the adsorption isotherms of the cat­
ionic PSS by illite saturated with different cations at 
about neutral pH. The Na-illite exhibited the highest 
adsorption capacity for the PSS. The adsorption iso­
therm, at equilibrium concentrations < 140 glm 3, was 
of the "H-type" (Sposito, 1984), indicating a very high 
affinity of the PSS for the clay surface. However, at 
equilibrium concentrations > 140 glm 3 the adsorption 
was further increased, probably resulting from multi­
layer adsorption. Ca-illite adsorbed slightly less than 
Na-illite, and the adsorption isotherm appeared to be 
of the "L-type." However, the presence of AI-p on illite 
resulted in about three-fold reduction in the PSS ad­
sorption compared with Na-illite. The overall effect of 
adsorbed cations on the adsorption of cationic PSS was 
thus in the order, Na+ > Ca2+ > AI-p. 

Only slightly different amounts of the nonionic PSS 
were adsorbed by the Na-, Ca-, and AI-p-illite (Figure 
2), indicating that the presence of different cations on 
illite had little effect on the nonionic PSS adsorption. 
The anionic PSS was, however, adsorbed in the order, 
AI-p-illite > Ca-illite > Na-illite (Figure 3), which was 
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Figure I. Adsorption isotherms of a cationic polysaccharide 
by Na-, Ca- and Al-p-illite. 

opposite to that of the cationic PSS. Also, the adsorp­
tion of the anionic PSS was much lower than that of 
the cationic or non ionic PSS. The adsorption on Na­
illite was so low as to be hardly measurable by the 
difference method. This explained a relatively large 
variation among those data points (Figure 3, by Na­
illite). 

It was interesting that the adsorption isotherms of 
the soil PSS by Na-, Ca-, and AI-p-illites were nearly 
straight lines (Figure 4), although, as similar to that of 
the anionic PSS, Al-p-illite adsorbed more soil PSS 
than Ca-illite, and than Na-illite. The initial slope of 
the adsorption isotherm by Al-p-illite indicated a 
stronger affinity of the soil PSS for the Al-p-illite sur­
face than for the Na- and Ca-illites. 

The effects of pH (Figure Sa) and ionic strength (Fig­
ure 5b) on PSS adsorption were studied on Na-illite. 
An increase of pH decreased anionic PSS adsorption 
but slightly increased cationic PSS adsorption_ The ad-
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Figure 2. Adsorption isotherms of a nonionic polysaccha­
ride by Na-, Ca- and AI-p-illite. 
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Figure 3. Adsorption isotherms of an anionic polysaccha­
ride by Na-, Ca- and AI-p-ilIite. 

sorption of nonionic PSS was not influenced by pH. 
Changes in solution ionic strength had a significant 
effect on anionic PSS adsorption, but had little effect 
on cationic or nonionic PSS adsorption (Figure 5b)_ 
The most significant increase in the anionic PSS ad­
sorption was from 0 to 50-moUm3 ionic strength. Fur­
ther increase in ionic strength from 50 to 200 mollm3 

had little effect on the PSS adsorption. Similar obser­
vations of the influences of pH and ionic strength on 
the adsorption of charged polymers were reported by 
Mortensen (1959) and Parfitt (1972). 

DISCUSSION 

Influence of adsorbed cations 

A cation exchange mechanism has been suggested 
for the adsorption of cationic polymers by negatively­
charged clay surfaces (Clapp and Emerson, 1972; Par­
fitt, 1972; Theng, 1979). However, the exchange re-
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Figure 4. Adsorption isotherms of a soil polysaccharide by 
Na-, Ca- and AI-p-illite. 

https://doi.org/10.1346/CCMN.1992.0400203 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1992.0400203


154 Gu and Doner Clays and Clay Minerals 

~ 
a 

~bl100 0 
~ ~~ __ ---<~o 
S 
C 80 
w 
m 
a: 60 o en 
C Nonionic PSS ct 40 •• __ .... ___ _ ' ... • _~ _____ .. _ ~ 
en en 
c.. 20 

'b -.D Anionic PSS 
- [3- Co .Q:] Q.. - -8 - El 

OL-~ __ ~ __ -L __ ~ __ -L __ ~ __ ~~ 

4 6 8 10 
pH 

120 ~r---~---Tr---~---:r---~--c-arti-on-ic-p~s-s--'l 

~ 100~r ~o --'-'-----] 

C 40 
W 
m 
a: 30 o en 
C 
ct 20 
en en 
c.. 10 

• Nonionic PSS .- - -- - -- - --.- -- - -- - ---
Anionic PSS 

_ -0- - - -IJ - - - - - - -

b 
o L-__ ~ __ L-__ ~ __ ~ __ ~ __ ~ __ ~ __ ~ 

o 50 100 

NaCI04 (mol m·3) 

150 200 

Figure 5. Effects of pH (a) and ionic strength (b) on synthetic 
polysaccharide (PSS) adsorption by Na-illite. 

action depended on the nature of the exchangeable 
cations (Figure 1). Na+ is a monovalent cation, residing 
mainly in the diffuse double layer, so that it can readily 
be exchanged by other cations. On the other hand, AI-p 
forms strong surface complexes with the clay surfaces 
and cannot be as readily exchanged by other cations, 
especially by monovalent cations (Gu and Doner, 1990). 
Excessive addition of AI-p can even reverse the surface 
charge on illite. Therefore, a reduction of the active 
sites on the illite surface, due to surface complex for­
mation between AI-p and the illite, largely explained 
that the Na-illite adsorbed about three times more cat­
ionic PSS than the AI-p-illite. Cah was not as effective 
as AI-p in forming a surface complex and in screening 
the surface negative charge, so that Ca-illite adsorbed 
only slightly less than the Na-illite. The influences of 
adsorbed cations on the adsorption of cationic PSS can 
also be demonstrated by the fact that the initial slopes 
ofthe adsorption isotherms were in the order: Na-illite 
> Ca-illite > AI-p-illite (Figure I). The initial slope of 
the adsorption isotherm may be regarded as a measure 

of the affinity between solute molecules and the surface 
(Theng, 1979). The strong polymer-surface bonding is 
characterized by the "H-type" adsorption isotherm, in 
which a large amount of polymer can be removed from 
very dilute solutions. Since a coulombic force was in­
volved in the reaction between the cationic PSS and 
the Na-illite, a higher energy of adsorption was ex­
pected than that involved in the AI-p-illite. 

Opposite to the cationic PSS, the amount of anionic 
PSS adsorbed, and the initial slopes of the adsorption 
isotherms were in the order: AI-p-illite > Ca-illite > 
Na-illite (Figure 3). Only a small amount ofthe anionic 
PSS was adsorbed by the Na-illite, which may well be 
attributed to a strong electrostatic repulsion force be­
tween the two components. On the other hand, very 
little residual negative charge may be left on the AI-p­
illite, since the point of zero charge (pzq of the AI-p­
illite was about 5.3 at I mol/m3 ionic strength (Gu 
and Doner, 1990). Therefore, only a weak electrostatic 
force was expected between the anionic PSS and Al­
p-illite. Furthermore, AI-p on illite surfaces could form 
complexes with carboxyls of the PSS by the ligand 
exchange mechanism (Parfitt, 1972), and a high energy 
of adsorption was thus expected as shown by a steep 
initial slope of the adsorption isotherm (Figure 3, on 
AI-p-illite). Direct infrared spectroscopic evidence for 
the coordination between carboxyls of a poly(galacto­
uronic acid) and AI-montmorillonite has been reported 
by Parfitt (1972). It appeared, therefore, that the mech­
anism of complexation should be very important for 
the interaction of negatively-charged organic polymers 
with clay minerals. A practical implication here is that 
in soils containing illite, stable soil aggregation with 
organic substances may only be achieved when poly­
valent cations such as AI, Fe, and Ca are present. In 
the absence of polyvalent cations, studies have shown 
that soil humic substances are only weakly- or nega­
tively-adsorbed by clay minerals (Theng, 1976). This 
explains the poor soil structure and greater movement 
of HA on sodic soils. 

The adsorption of soil PSS was similar to that of 
anionic PSS and in the order: AI-p-illite > Ca-illite > 
Na-illite (Figure 4). This was probably because the soil 
PSS contained a large proportion of uronic acid units 
or was negatively charged. However, all adsorption 
isotherms of soil PSS (at equilibrium concentrations 
> 25 g/m3) were nearly linear (or C-type; Sposito, 1984). 
This may be partially explained by the polydispersity 
theory of Cohen Stuart et al. (1980). Since the soil PSS 
is a mixture of polymers that range from disaccharides 
to polymers that can have molecular mass of more 
than a million (Cheshire, 1979), some of these are ex­
pected to be more strongly adsorbed than others (Finch 
et aI., 1967; Parfitt and Greenland, 1970). With in­
creasing amount of polymer addition those polymers 
with higher affinities for the clay surfaces would com­
pete with or displace those with lower affinities, and 
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thus result in the "L-type" or "C-type" adsorption iso­
therms instead of the "H-type" isotherms. The linear 
adsorption isotherms may also be explained by Theng's 
hypothesis (Theng, 1976) that the adsorption of the 
low molecular weight components induced intrado­
main expansion. This means that more sites become 
available thereby giving rise to linear adsorption iso­
therms. Theng (1976) found that the adsorptions of a 
fulvic acid by montmorillonites saturated with differ­
ent polyvalent cations all yielded linear adsorption iso­
therms. Each reaction was a cation-bridge type in which 
the affinity of the fulvic acid for the clay surface was 
related to the ionic potential of the respective cation. 
The linear adsorption isotherms of a soil PSS by the 
montmorillonite at equilibrium concentrations <400 
glm) was also reported by Parfitt and Greenland (1970), 
although at higher equilibrium concentrations the ad­
sorption tended toward a maximum. 

It could be expected that only slightly different 
amounts of the nonionic PSS were adsorbed by the 
Na-, Ca-, and AI-p-illite (Figure 2). This may well be 
due to the fact that the adsorption was not affected by 
the surface charge and surface complex formation. The 
entropy gained during the adsorption was the principal 
driving force, as indicated by a number of investigators 
(Parfitt and Greenland, 1970; Parfitt, 1972; Theng, 
1982). This result was, however, different from that on 
montmorillonite. Gu (1991) found that the adsorbed 
cations on montmorillonite had a drastic effect on the 
adsorption of nonionic PSS because the size of the 
montmorillonite quasicrystals changed with the pres­
ence ofNa, Ca, or AI-p. The influence of exchangeable 
cations on the adsorption of neutral polymers was also 
demonstrated by several investigators (Parfitt and 
Greenland, 1970; Chenu et at., 1987). Chenu et al. 
(1987) found that the polymers were adsorbed pri­
marily on the external surfaces of the montmorillonite 
quasicrystals. 

Influences o/pH and ionic strength on PSS adsorption 

It was not surprising to find that the solution ionic 
strength had no effect on the adsorption of nonionic 
PSS since there were no surface charge and confor­
mation changes of the PSS (Figure 5). However, an 
increase in pH decreased the adsorption of anionic PSS, 
whereas the opposite was true for the adsorption of 
cationic PSS. A low pH may be associated with an 
increase in positive edge sites on illite surfaces. More 
importantly, perhaps, a low pH may result in the ap­
pearance of AIH or hydroxy-AI ions released from the 
clay structure, which acted as bridges between the PSS 
and the clay surfaces as discussed previously. In ad­
dition, the anionic PSS may become uncharged due to 
deionization of hydroxyl groups so that there was a 
reduced electrostatic repulsion force between the two 
components. All of these factors should lead to an in­
creased anionic PSS adsorption at low pH values. On 

the other hand, an increase of solution pH increases 
the negative edge sites on illite surfaces, leading to a 
slightly increased cationic PSS adsorption with pH 
(Figure 5a). 

The increase in the anionic PSS adsorption with in­
creasing ionic strength (up to 50 mollm3) may be 
explained as follows. Increasing ionic strength de­
pressed the negative diffuse double layer that made the 
anionic PSS much easier to access and to interact with 
the illite surfaces. According to Sposito (1989), the 
thickness of the diffuse double layer on montmorillon­
ite decreases from 30 to 3 nm when the ionic strength 
increases from 0.1 to 10.3 mol/ ml . Ruehrwein and 
Ward (1952) and Mortensen (1959) also suggested that 
electrolyte was necessary to reduce the electrostatic re­
pulsion between the anionic polymer and the clay par­
ticles. Furthermore, studies have shown that solution 
ionic strength affects the charge and configuration of 
polymer coil (Markovitz and Kimball, 1950). High 
electrolyte concentration may lead to a decreased charge 
and size of the polymer coils (Mortensen, 1959), and 
therefore, result in an increased adsorption. An in­
crease in ionic strength from 50 to 200 ml/ ml, however, 
resulted in a small increase in the anionic PSS adsorp­
tion (Figure 5b), probably because of the lower influ­
ence of ionic strength on the diffuse double layer and 
polymer conformation. These results were also con­
sistent with those of Mortensen (1959), who found that 
the most significant increase in the adsorption of a 
hydrolyzed polyacrylonitrile on kaolinite was from 0 
to 20-mollml ionic strength. It is interesting to note, 
however, that the adsorption of the cationic PSS was 
relatively insensitive to changes in solution ionic 
strength. This may be tentatively explained by the fact 
that surface charge on illite does not change with the 
ionic strength (NaCl04 ), while the adsorption of the 
cationic PSS on Na-illite is primarily by surface charge 
neutralization. 

CONCLUDING REMARKS 

The adsorption of PSS on illite was shown to be 
influenced by the charge characteristics of polymers 
themselves, and by the adsorbed cations on illite. The 
adsorbed cations form different surface complexes with 
the clay surfaces, varying in ability to screen the surface 
negative charge and thereby influencing the adsorption 
of charged polymers. Polyvalent cations acted as bridg­
es between the anionic PSS and negati vely-charged clay 
surfaces, leading to an increased adsorption of the an­
ionic PSS, compared with that on Na-illite. The ad­
sorbed cations, however, had little effect on the ad­
sorption of nonionic PSS. This was in contrast to that 
on montmorillonite (Gu, 1991), where the adsorbed 
cations were found to have a drastic effect on the non­
ionic PSS adsorption because different montmorillon­
ite quasicrystals were formed in the presence of Na, 
Ca, or AI-p. 
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The present study provides evidence for specific in­
teractions between clay surfaces and the PSS, which 
probably take place when soil PSS binds soil particles 
into stable aggregates. These results are relevant to find­
ings that pH values, ionic strength, and exchangeable 
cations influence soil aggregation and soil clay disper­
sion (Reid et aI., 1982; Chaney and Swift, 1986; Bartoli 
et aI., 1988). The results suggest that, for stable soil 
aggregation, soil organic polymers must first be strong­
ly adsorbed to form anchor points for particle bridging. 
The presence of polyvalent cations is important when 
anionic polymers are involved in the aggregation. 
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