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a b s t r a c t

A systematic study was carried out to characterize the adsorption of organic cations as monomers,
micelles, or polymers on montmorillonite by monitoring zeta potential (n) as a function of cation loading
on the clay. In general, the clay’s n became less negative as cation loading increased. A fairly good linear
correlation between adsorption of organic cations on the clay, up to the cation exchange capacity (CEC) of
the clay, and n potential of the composites was fitted. However, when the adsorption of the larger cation
exceeded the CEC, a nonlinear increase in n was measured. The degree of this increase corresponds to the
cation size and affinity to the clay (in the order surfactant < dye dimer < micelle). In contrast to the
organic cations, n reached zero at polycation loadings that were significantly lower than the CEC. The
zeta-adsorption plot of the polycations reached a well-defined plateau which correlates to the zeta
potential of the polycations. The effect of electrolytes on n of the crude clay was monitored, and as
expected, the extent of the effect increased with valency (Na+ < Ca2+ < Al3+) and with intrinsic cation
radius (Na+ < Cs+); however, an unexpected anion effect was observed.

� 2010 Elsevier Inc. All rights reserved.

1. Introduction

Montmorillonite is a smectite clay mineral composed of one
octahedral layer between two silicon-oxide tetrahedral layers. Par-
ticle size is small, 0.01–1 lm, with a high specific surface area,
700–800 m2/g, and a cation exchange capacity (CEC) of 80–
100 meq/100 g [1,2]. Adsorption on montmorillonite has been of
interest for centuries due to the clay’s high CEC, surface area, and
swelling properties. Thus, numerous studies have been performed
on interactions at the clay surface [3–8]. In addition to its superior
surface properties, montmorillonite is widely used in a variety of
industrial applications due to its low cost and low toxicity [9–14].

Montmorillonite is not only applied as a crude clay, but also very
often as an organo-clay (also referred to as clay composite)—clays in
which the inorganic cations are exchanged with organic ones to
modify surface area. The adsorption of the organic cation on the clay
is usually determined by direct measurement of cation loading
(chemical analysis), or by measuring the concentration of the organ-
ic cation in the supernatant and calculating the amount adsorbed.
Upon adsorption of organic cations, the surface charge is reduced
(less negative) and in many cases, charge reversal is achieved. There-
fore, cation adsorption can be monitored by measuring the change in

zeta potential (n) of the clay surface, a measurement which is rela-
tively simple, rapid, and inexpensive and also provides information
on the organo-clays’ stability in dispersion.

Indeed n, the potential between the slipping plane and the bulk
solution, is an important electrokinetic property of clay minerals,
which has traditionally been applied to measure the stability of
clay dispersions [15–18] and to characterize clay aggregation, flow,
sedimentation, and filtration [19–23]. In addition to indicating col-
loid stability, n measurements play a significant role in under-
standing the adsorption mechanism of inorganic and organic
molecules at the solid/solution interface.

In the past few decades, n of clays has been monitored to study
the effects of the chemical properties of the bulk solution, such as
pH and electrolytes, on the clay surface [20,21,24,25]. These stud-
ies have shown that divalent cations decrease the clay’s n to a high-
er degree than monovalent cations [20,21,25] as predicted by the
DLVO theory. The effect of heavy metals on n has also been inves-
tigated to develop a model for the adsorption of heavy metals on
magnetite [26]. More recently, n measurements have been applied
to study the adsorption of organic cations and polycations on clay
[27–34]. In many cases, the adsorption of the organic cation
exceeded the clay’s CEC and the expected charge reversal was ver-
ified by n measurements [27,30,34]. In contrast to measurements
of n close to zero for cation adsorption equivalent to the CEC, n
measurements close to zero were obtained for highly charged
polycations at polymer loading significantly lower than the loading
required to neutralize the clay surface. This outcome was
explained in terms of polycation screening the clay surface [31].
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The number of experimental studies presenting cation adsorp-
tion on clays and the consequent changes in zeta potential of the
clay is increasing. However, in all of the above described studies,
n was measured for individual cases, such as the effect of electro-
lytes, specific cation adsorption, and more recently, polycation
adsorption. The question of whether monitoring n can be applied
to predict adsorption on surfaces has not been conclusively an-
swered. This study attempts to demonstrate a correlation between
the type of adsorbate and its effect on n of montmorillonite. We
present a comprehensive and systematic study in which we char-
acterize the adsorption of organic cations as monomers, micelles,
and polymers on montmorillonite and monitor n as a function of
cation loading on the clay. In addition, we report the effect of elec-
trolytes on nontreated montmorillonite n.

2. Materials and methods

2.1. Materials

Wyoming Na-montmorillonite SWy-2 clay with a CEC of
0.76 mmol/g was purchased from the Source Clays Repository of
the Clay Mineral Society (Columbia, MO). Poly(diallyldimethylam-
monium chloride) (PDADMAC; MW 400–500 K), PDADMAC-co-
polyacrylamide (PDADMACcoPAM; 1/1 monomer, MW 250 K),
octadecyltrimethylammonium bromide (ODTMA), hexadecyltrim-
ethylammonium chloride (HDTMA), phenyltrimethylammonium
chloride (PTMA), and benzyltriethylammonium chloride (BTEA)
were purchased from Sigma–Aldrich (Steinheim, Germany). Crys-
tal violet (CV) was purchased as chloride salt from Fluka Chemie
AG (Buchs, Switzerland). All salts (NaCl, CsCl, CaCl2, MgCl2, and
AlCl3) were of analytical grade, purchased from Sigma–Aldrich.
Structural formulas of the polymers and organic cations are shown
in Fig. 1.

2.2. Methods

2.2.1. Adsorption of organic cations on montmorillonite
Organo-clays were prepared by adding the organic cations

(0–200 mM) PTMA, BTEA, ODTMA, HDTMA, or CV to a montmoril-

lonite dispersion (1.67 g/L final) in centrifuge tubes. The disper-
sions were agitated on a shaker for 24 h (1 week for CV) to reach
equilibrium [35–38], and the precipitates were then separated
out by centrifugation (15,000g for 20 min) and freeze-dried. The
percentage of carbon in the precipitates was measured using a
CHNSO analyzer (Fisons, EA 1108, Waltham, MA, USA), and the
amount of cation adsorbed calculated for PTMA, BTEA, ODTMA,
and HDTMA. The concentration of CV in the supernatant was mea-
sured by a UV–Vis spectrophotometer (Thermo Scientific, Evolu-
tion 300, Waltham, MA, USA) and the adsorbed concentration
was calculated.

2.2.2. Adsorption of polycations on montmorillonite
Solutions (8 mL) of PDADMAC or PDADMACcoPAM (0–20 g/L,

final concentration) were added to a clay dispersion (4 mL) of
montmorillonite (1.67 g/L, final concentration). Dispersions were
kept under agitation for 2 h (to reach equilibrium [31]) and then
centrifuged (15,000g for 20 min). The precipitates were freeze-
dried and the percentage of carbon was measured using a CHNSO
analyzer. The amount of polymer adsorbed was calculated accord-
ing to the percentage carbon in the composite.

2.2.3. Effect of electrolytes on zeta potential of montmorillonite
Montmorillonite was dispersed (1.7 g/L) in salt solutions of

NaCl, CsCl, CaCl2, or AlCl3 at concentrations of 0–100 meq/L. n of
the dispersion was measured following 24 h agitation on a shaker.

All the experiments were preformed at temperature of
25 ± 1 �C.

2.2.4. Zeta potential measurements of the composites
The organic- and polymer–clay composites were redispersed at a

concentration of 1.7 g/L. The samples were allowed to settle for
approximately 1 h and a few milliliters of dispersion from the top
of the tube was measured. The temperature of the samples was
25 ± 1 �C. n was measured using a Zetasizer Nanosystem (Malvern
Instruments, Southborough, MA), where the n was deduced from
the mobility of the particles using the Smoluchowski equation.

PAM PDADMAC Polycations

ODTMAHDTMASurfactants

CVPTMABTEASmall organic 
cations

StructuresOrganic cations

PAM PDADMAC Polycations
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Fig. 1. Molecular structures of the organic cations.
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3. Results and discussion

3.1. Effect of Na-montmorillonite concentration on zeta potential

n values of Na-montmorillonite dispersions in distilled water
were not significantly affected by clay concentration in the range
of 0.05–0.3 wt.%. For a clay concentration of 0.5 g/L, the measured
n was �37 mV. This value increased slightly with clay concentra-
tion (1 g/L) to �42 mV, but remained constant up to a concentra-
tion of 3 g/L. In this study, the clay samples (1.7 g/L) were
allowed to settle for approximately 1 h and a few milliliters from
the top of the dispersion was measured, giving an average n of
�43 ± 4 mV. The error in n was larger at values close to zero, reach-
ing ±10 mV.

3.2. Adsorption of organic cations on montmorillonite and zeta
potential of the composites

The change in n of Na-montmorillonite as a function of the
amount of organic cation adsorbed on the clay was monitored.
We selected five common organic cations in which their adsorp-
tion (as monomers or micelle) to clay minerals has been widely
studied: two small aromatic quaternary ammonium cations (PTMA
and BTEA), two cationic quaternary ammonium surfactants (ODT-
MA and HDTMA), and the dye CV. PTMA adsorption did not reach
the clay’s CEC (0.76 mmol/g), even when the initial organic cation
concentration was 150% of the CEC. BTEA adsorption reached the
CEC but did not exceed it. These adsorption results are in agree-
ment with previous studies [35,37]. The adsorption of ODTMA
and HDTMA at concentrations below their critical micelle concen-
tration (CMC) (i.e., as monomers) was complete for added concen-
trations between 0% and 100% of the CEC of the clay. At added
concentrations above the clay’s CEC, ODTMA adsorption (as mono-

mers) decreased slightly (90.5% adsorption), while the decrease in
the adsorption of HDTMA was more pronounced (73.6% adsorp-
tion), indicating that ODTMA has a higher affinity to the clay than
HDTMA due to its longer alkyl chain. Similar results have been re-
ported by Mishael et al. [36]. The adsorption of ODTMA added at
concentrations above the CMC (i.e., as micelles) on montmorillon-
ite was complete, even at high initial organic cation concentrations
reaching adsorption of 150% of the CEC. Complete adsorption of
ODTMA micelles by montmorillonite has been previously shown
[39,40].

Adsorption of organic cations above the clay’s CEC has been
widely reported and discussed. Cation adsorption below the CEC
is mainly due to electrostatic interactions and adsorption above
the CEC to additional hydrophobic interactions between the
adsorbing cations [27,30].

The measured values of n as a function of PTMA, BTEA, HDTMA,
ODTMA, and CV adsorption on Na-montmorillonite (% of CEC ad-
sorbed) are presented in Fig. 2A. n of the composites reflected the
adsorption isotherms of all cations studied, i.e., n was less negative
with an increase in cation loading and was positive for composites
in which cation adsorption was above the CEC. For example, n of
PTMA and BTEA reached, at maximum adsorption, values of
�14.8 ± 4.3 and �0.17 ± 0.15 mV, respectively, indicating that
PTMA adsorption does not reach the CEC whereas BTEA does. The
adsorption of the larger cations, HDTMA, ODTMA, and CV (at high
added concentrations), exceeded the clay’s CEC, correlating with
the positive n measured for these composites. The adsorption of
CV above the CEC as dimers is discussed in detail by Rytwo et al.
[38].

It is difficult to establish a quantitative relationship between n
and the amount of cation adsorbed for several reasons, such as
the surface potential is higher than n and in the case of montmoril-
lonite a significant part of the charges is not located at the particle

y = 0.4686x - 47.534
R2 = 0.8607
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Fig. 2. (A) Zeta potential (n) of organic cations as a function of their adsorption on Na-montmorillonite. (B) Correlation between n and cation adsorption below the clay’s CEC.

D. Zadaka et al. / Journal of Colloid and Interface Science 352 (2010) 171–177 173



Author's personal copy

surface. However, when plotting n values as a function of cation ad-
sorbed, at adsorbed concentrations up to the CEC, a fairly good lin-
ear correlation was fitted (R2 = 0.86) where the confidence interval
(95%) did not overlap (Fig. 2B). Such a relationship may enable esti-
mating the amount of cation adsorbed by measuring n or vice versa
estimating n when the amount of adsorbed cation is known.

For cation adsorption exceeding the clay’s CEC, a dramatic non-
linear increase in n was obtained. The degree of increase in n, upon
adsorption above the CEC, corresponded to cation size, surfac-
tant < dye dimer < micelle, and to affinity of the cations to the clay
as calculated by Rytwo et al. [38] and Mishael et al. [36] based on
the model developed by Nir et al. [41]. The binding coefficients cal-
culated for HDTMA and ODTMA adsorbed as monomers and for CV
were 2 � 103, 8 � 103, and 1 � 106 M�1, respectively. Such a corre-
lation between size and affinity to colloids has also been reported
for the adsorption of surfactants on clinoptilolite [27]. The binding
coefficients of ODTMA and HDTMA as micelles were not calculated,
but as demonstrated in Fig. 2, and in the adsorption isotherms of
the surfactants as monomers and as micelles, the micelle configu-
ration has a much higher affinity to the clay and reaches higher
adsorption capacities [36].

The effect of the high affinity of the micelles and of CV was also
demonstrated by n values of approximately zero, measured at cat-
ion loadings slightly lower than the CEC. This is in contrast to the
cases of small organic cations and surfactants (as monomers), in
which n values were zero for adsorption at the CEC.

3.3. Adsorption of polycations on montmorillonite and zeta potential of
the composites

Two polymers with different cationicities (percentage of
charged monomers which describes charge density) were selected:
PDADMAC with a high charge density (100% cationicity) and
PDADMACcoPAM with a 1:1 monomer ratio, i.e., 50% cationicity.
The difference in cationicity was also expressed in the n values of
the polymers: 71 ± 4.7 and 25 ± 3.3 mV for PDADMAC and for
PDADMACcoPAM, respectively. Adsorption isotherms of the two
polycations (0–20 g/L) on montmorillonite (1.67 g/L) are presented
in Fig. 3. Adsorption of PDADMAC and the copolymer reached
much higher loadings (4.5 and 13.0 mmol/g, respectively) than
the organic cations. Many studies on polycation adsorption to neg-
atively charged surfaces in general, and to clay minerals in partic-
ular, attribute the high adsorption affinity of polycations to
electrostatic interactions and to the configuration of the polycation
on the clay as loops and tails which enables high polymer loadings
[31,42–46]. The configuration of loops and tails on the surface can
also explain the higher adsorption of PDADMACcoPAM in compar-
ison with PDADMAC. Lower charged polymers tend to adsorb more
as loops and tails in a configuration extending into the solution,

resulting in a higher overall adsorption on the clay [46–50].
Although the copolymer reaches higher adsorption when polymer
is added at high concentrations (above 0.5 g/L), at added polymer
concentrations below the clay’s CEC PDADMAC adsorption was
complete, whereas, PDADMACcoPAM adsorption was not. This
behavior is expressed by the crossing of the two isotherms (Fig. 3).

For both polycations at initial added concentrations exceeding
the CEC, adsorption increased moderately without reaching a pla-
teau. This constant moderate increase in polymer adsorption (not
reaching a plateau) has been explained by polycation adsorption
in a loops-and-tails configuration. Such a configuration enables
accommodation of high polymer loadings. Shin et al. [46] sug-
gested that as the isotherm plateau is approached, the increase
in total surface mass is accompanied by a decrease in the train frac-
tion and increase in the loops and tails fraction. Radian and Mish-
ael [31] showed that XRD and FTIR measurements support
PDADMAC adsorption on montmorillonite in a configuration of
loops and tails at high polymer loadings (7.55 mmol/g).

The differences in the polycations’ adsorption on the clay were
reflected not only in their adsorption isotherms but also in the n
values of the different composites. The changes in n potential as
a function of polycation loading on the clay are displayed in
Fig. 4. The n values of the polycation composites did not fit the lin-
ear correlation obtained for the organic cations presented in
Fig. 2B. To exclude the argument that the change in n is due to
polymer screening of the clay surface and not due to charge, the
changes in n of montmorillonite as a function of the adsorption
of a nonionic polymer, PAM, were monitored and no significant
change in n was found.

n values of the polycation-clay composites were less negative
with increased loading of adsorbent on the clay. Unlike the organic
cations (as monomers), for which positive n values were measured
at adsorption loadings approaching the CEC (Fig. 2A), for polyca-
tion adsorption, positive n values were measured for composites
in which adsorption did not exceed the CEC. n reached zero for
PDADMAC and PDADMACcoPAM composites at extrapolated load-
ings of 0.24 and 1 mmol/g, respectively. Taking into account only
charged monomers of the copolymer, positive values of n were
reached at a loading of 0.5 mmol/g, which is lower than the CEC
(0.76 mmol/g). This pre-CEC charge reversal can be explained by
screening of the clay surface by the highly charged polycations
extending into the solution, even at loadings lower than stoichiom-
etric neutralization [31]. Polymer screening of the surface also ex-
plains the lower PDADMAC loading (0.24 mmol/g) obtained for
charge neutralization relative to the loading obtained for PDADM-
ACcoPAM (0.5 mmol/g).

As noted above the n values of the polycation composites did
not fit the linear relationship obtained for the organic cations
(Fig. 2B). Nevertheless, the plots of the amount of polycation added
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vs .n of the composites (normalized to n of the polycations) or vs.
the amount of polycation adsorbed demonstrate similar trends
(Fig. 5A and B). For example, the higher affinity of PDADMAC to
the clay at low concentrations (<0.5 g/L) and the higher loading
reached by the copolymer at higher concentrations (>0.5 g/L) are
both reflected in the plot of the added polymer vs. n potential
(Fig. 5B).

3.4. Effect of electrolytes on zeta potential of montmorillonite

n of montmorillonite was monitored as a function of monova-
lent (NaCl and CsCl), divalent (CaCl2), and trivalent (AlCl3) electro-
lyte concentrations (0–100 meq/L) (Fig. 6). In general, n of the clay
was less negative at high electrolyte concentrations. Increasing
Na+, Cs+, and Ca2+ concentrations did not result in charge reversal
of the clay, whereas an increase in Al3+ concentration did. Surface
charge reversal occurred at an AlCl3 concentration of 1 � 10�3 M,
similar to the results reported by Duman and Tunç [20]. Al3+

adsorption, above the CEC, involved the formation of various hy-
droxyl complexes with the Na-montmorillonite surface, such as

Al(OH)2
+, Al(OH)2+, and Al(OH)3, in the studied pH range (5.5–

6.5). The degree of change in the clay’s n increased with cation
valency (Na+, Cs+<Ca2+<Al3+), as predicted by the double layer the-
ory. This theory, which is the most widely used model for describ-
ing sorption behavior, derives an equation describing the ionic
distribution in the diffuse layer formed adjacent to a charged sur-
face. It predicts that increasing electrolyte concentration and
valency will decrease the thickness of an electric double layer
[51], which should result in a decrease in the magnitude of n.

It is well known that for cations with the same valency, surface
affinity is related to their hydrated radius, with the smallest hy-
drated radius allowing the closest approach to the surface and
the strongest interaction [52]. This would explain the higher n val-
ues obtained for montmorillonite in a CsCl solution in comparison
to a NaCl solution. Furthermore, Nir et al. [41] calculated the bind-
ing coefficients of several inorganic cations to montmorillonite and
found the binding coefficient of Cs+ to be 200-fold higher than that
for Na+. The low binding coefficient of Na+ may also partially ex-
plain the high negative n values obtained for the clay in the pres-
ence of 100 mM NaCl (only slightly lower than those obtained for
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the clay with no added NaCl). Similar results have been previously
reported for n measurement of clays in the presence of NaCl
[20,53–56].

Surprisingly, the changes in n due to the increase in these
monovalent cation concentrations were not monotonic. A sharp
decrease in n was obtained for low electrolyte concentrations,
but an increase in n was observed at moderate electrolyte concen-
trations, followed by a decrease in n (less negative) at higher elec-
trolyte concentrations. The surprising increase in n upon the
addition of moderate concentrations of monovalent electrolytes
has been noted in many studies [20,53–56], but only few studies
give a satisfactory explanation. Wang and Keller [21], who noted
this phenomenon, suggested that the patchwise surface-charge
heterogeneity includes hydrophobic patches which attract anions,
resulting in an increase in n (more negative). In addition, a study by
Elimelech and Omelia [57] showed that latex particles, which con-
tain a significant number of hydrophobic sites, also exhibit in-
verted n behavior. This inverted behavior was explained by the
entrance of co-ions (e.g., Cl�), as the bulk salt concentration in-
creased, into the interfacial region adjacent to the surface hydro-
phobic sites, increasing the negative n of these particles. To
examine this explanation, we measured n of montmorillonite as a
function of Na+ with the divalent anion SO2�

4 . Indeed, a more
pronounced increase in n was obtained when divalent anions
(Na2SO4) approached the surface in comparison to the increase
observed for NaCl (Fig. 7).

4. Conclusions

A systematic study was carried out to characterize the adsorp-
tion of organic cations as monomers, micelles, or polymers on

montmorillonite by monitoring n as a function of cation loading.
Although it is difficult to establish a quantitative relationship be-
tween n and the amount of cation adsorbed, when plotting n values
as a function of cation adsorbed, at adsorbed concentrations up to
the CEC, a fairly good linear correlation was fitted. Even though the
fit was obtained by six adsorption cases it may enable estimating
the amount of any (small) cation adsorbed by the relatively easy
measurement of n. For organic cation adsorption exceeding the
clay’s CEC, a dramatic nonlinear increase in n was obtained. The de-
gree of this increase corresponds to cation size and affinity (in the
order of surfactant < dye dimer < micelle for the cations examined
here). In contrast to the organic cations, n reached zero at polyca-
tion loadings that were significantly lower than the CEC. In addi-
tion the n values of the polycation composites did not fit the
linear relationship obtained for the organic cations. Besides charac-
terizing clay composites, n measurements were applied to charac-
terize the well-known effects of electrolytes on clay. As expected,
the extent of these effects increased with valency (Na+ < -
Ca2+ < Al3+) and with intrinsic cation radius: Na+ < Cs+. An unex-
pected increase in n (more negative) was measured at moderate
concentrations of these monovalent cations, which was explained
by the effect of the counteranions. Finally, this study demonstrated
that different types of adsorbates have different but distinct effects
on n of montmorillonite.

Acknowledgments

This research was supported by a grant on Novel Tailored Water
Treatment Solutions Based on Clay Nano-Technologies 472/7 and
3-4351 (Eshkol) from the Ministry of Science Culture and Sport
of Israel.

-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
0
5

10
15
20
25

0 10 20 30 40 50 60 70 80 90 100

salt conc. (mM)

ze
ta

 p
ot

en
tia

l (
m

V)
.

NaCl
CsCl
CaCl2
AlCl3

Fig. 6. Zeta potential of montmorillonite in the presence of NaCl, CsCl, CaCl2, and AlCl3 (0–100 mM).

-50

-45

-40

-35

-30

-25

Salt conc. (mM)

ze
ta

 p
ot

en
tia

l (
m

V) NaCl

Na2SO4

0 2 4 6 8 10

Fig. 7. Zeta potential of montmorillonite in the presence of NaCl and Na2SO4 (0–10 mM).

176 D. Zadaka et al. / Journal of Colloid and Interface Science 352 (2010) 171–177



Author's personal copy

References

[1] R.E. Grim, Clay Mineralogy, McGraw-Hill, New York, 1968.
[2] R.E. Grim, Bentonites: Geology, Mineralogy, Properties and Uses, Elsevier,

Amsterdam, 1978.
[3] R.E. Grim, Clays Clay Miner. 36 (2) (1988) 97–101.
[4] S.S. Ray, M. Okamoto, Prog. Polym. Sci. 28 (11) (2003) 1539–1641.
[5] M. Guerin, J.C. Seaman, Clays Clay Miner. 52 (2) (2004) 145–157.
[6] O.L. Gaskova, Geochim. Cosmochim. Acta 71 (15) (2007) A310.
[7] B.Q. Chen, J.R.G. Evans, Soft Matter 5 (19) (2009) 3572–3584.
[8] B.K.G. Theng, The Chemistry of Clay-Organic Reactions, Adam Hilger, London,

1974.
[9] P. Guerre, Rev. Med. Vet. 151 (12) (2000) 1095–1106.

[10] S. Paria, P.K. Yuet, Environ. Rev. 14 (4) (2006) 217–255.
[11] J.W. Rhim, Food Sci. Biotechnol. 16 (2007) 691–709.
[12] D.S. Su, ChemSusChem 2 (11) (2009) 1009–1020.
[13] A. Garcia, C. Dominguez-Rios, M.H. Bocanegra-Bernal, A. Aguilar-Elguezabal,

Appl. Clay Sci. 46 (3) (2009) 271–276.
[14] S.P. Dubey, K. Gopal, J.L. Bersillon, J. Environ. Biol. 30 (3) (2009) 327–332.
[15] M.D. Ramos-Tejada, A. Ontiveros, R.D.C. Plaza, A.V. Delgado, J.D.G. Duran,

Rheol. Acta 42 (1–2) (2003) 148–157.
[16] F. Yang, S.Y. Liu, J. Xu, Q. Lan, F. Wei, D.J. Sun, J. Colloid Interface Sci. 302 (2006)

159–169.
[17] S. Garcia-Garcia, M. Jonsson, S. Wold, J. Colloid Interface Sci. 298 (2) (2006)

694–705.
[18] E. Baez, N. Quazi, I. Ivanov, S.N. Bhattacharya, Adv. Powder Technol. 20 (3)

(2009) 267–272.
[19] S. Garcia-Garcia, S. Wold, M. Jonsson, J. Colloid Interface Sci. 315 (2007) 512–

519.
[20] O. Duman, S. Tunc, Microporous Mesoporous Mater. 117 (1–2) (2009) 331–

338.
[21] P. Wang, A.A. Keller, Langmuir 25 (12) (2009) 6856–6862.
[22] G.R. Eykholt, D.E. Daniel, J. Geotech, Eng.-ASCE 12 (5) (1994) 797–815.
[23] J.M. Dzenitis, Environ. Sci. Technol. 31 (4) (1997) 1191–1197.
[24] O. Duman, S. Tunc, Sep. Sci. Technol. 43 (14) (2008) 3755–3776.
[25] A. Kaya, Y. Yukselen, Can. Geotech. J. 42 (2005) 1280–1289.
[26] M. Erdemoglu, M. Sarikaya, J. Colloid Interface Sci. 300 (2) (2006) 795–804.
[27] B. Ersoy, M.S. Celik, Clays Clay Miner. 51 (2) (2003) 172–180.
[28] A. Gucek, S. Sener, S. Bilgen, M.A. Mamano, J. Colloid Interface Sci. 286 (1)

(2005) 53–60.
[29] M.M. Ramos-Tejada, C. Galindo-Gonzalez, R. Perea, J.D.G. Duran, J. Rheol. 50 (6)

(2006) 995–1007.
[30] S.I. Marras, A. Tsimpliaraki, I. Zuburtikudis, C. Panayiotou, J. Colloid Interface

Sci. 315 (2007) 520–527.

[31] A. Radian, Y.G. Mishael, Environ. Sci. Technol. 42 (5) (2008) 1511–1516.
[32] S. Tunc, O. Duman, Colloids Surf., A 317 (1–3) (2008) 93–99.
[33] S. Tunc, O. Duman, R. Uysal, J. Appl. Polym. Sci. 109 (3) (2008) 1850–1860.
[34] J. Hrenovic, M. Rozic, T. Ivankovic, A. Farkas, Cent. Eur. J. Biol. 4 (3) (2009) 397–

403.
[35] Y. El-Nahhal, S. Nir, C. Serban, O. Rabinovitch, B. Rubin, J. Agric. Food Chem. 48

(10) (2000) 4791–4801.
[36] Y.G. Mishael, T. Undabeytia, G. Rytwo, B. Papahadjopoulos-Sternberg, B. Rubin,

S. Nir, J. Agric. Food Chem. 50 (10) (2002) 2856–2863.
[37] T. Polubesova, G. Rytwo, S. Nir, C. Serban, L. Margulies, Clays Clay Miner. 45 (6)

(1997) 834–841.
[38] G. Rytwo, S. Nir, L. Margulies, Soil Sci. Soc. Am. J. 59 (2) (1995) 554–564.
[39] D. Zadaka, T. Polubesova, Y. Mishael, A. Spitzy, H. Koehler, E. Wakshal, O.

Rabinovitz, S. Nir, Appl. Clay Sci. 29 (3–4) (2005) 282–286.
[40] T. Polubesova, S. Nir, D. Zadaka, O. Rabinovitz, C. Serban, L. Groisman, B. Rubin,

Environ. Sci. Technol. 39 (7) (2005) 2343–2348.
[41] S. Nir, D. Hirsch, J. Navrot, A. Banin, Soil Sci. Soc. Am. J. 50 (1) (1986) 40–45.
[42] G.J. Churchman, Appl. Clay Sci. 21 (3–4) (2002) 177–189.
[43] Y.J. Deng, J.B. Dixon, G.N. White, Soil Sci. Soc. Am. J. 70 (1) (2006) 297–304.
[44] G. Durand-Piana, F. Lafuma, R. Audebert, J. Colloid Interface Sci 119 (1987)

474–480.
[45] K.G. Fournaris, M.A. Karakassides, D. Petridis, K. Yiannakopoulou, Chem. Mater.

11 (9) (1999) 2372–2381.
[46] Y. Shin, J.E. Roberts, M.M. Santore, Macromolecules 35 (10) (2002) 4090–4095.
[47] D. Bauer, H. Buchhammer, A. Fuchs, W. Jaeger, E. Killmann, K. Lunkwitz, R.

Rehmet, S. Schwarz, Colloids Surf., A 156 (1–3) (1999) 291–305.
[48] C. Breen, Appl. Clay Sci. 15 (1–2) (1999) 187–219.
[49] P.M. Claesson, U.R.M. Kjellin, in: B.P. Blinks (Ed.), Surfactant Science Series, vol.

83, Marcel Dekker Inc., New York, 1999, p. 255.
[50] Y. Samoshina, T. Nylander, V. Shubin, R. Bauer, K. Eskilsson, Langmuir 21 (13)

(2005) 5872–5881.
[51] D.L. Sparks, Environmental Soil Chemistry, Academic Press, Amsterdam, 2003.

pp. 154–155.
[52] D.G. Kinniburgh, M.L. Jackson, in: M.A. Anderson, A. Rubin (Eds.), Adsorption

of Inorganics at Solid–Liquid Interfaces, Ann Arbor Sci., Ann Arbor, MI, 1981,
pp. 91–160.

[53] D. Niriella, R.P. Carnahan, J. Dispersion Sci. Technol. 27 (1) (2006) 123–131.
[54] M. Alkan, O. Demirbas, M. Dogan, J. Colloid Interface Sci. 281 (1) (2005) 240–

248.
[55] M. Alkan, O. Demirbas, M. Dogan, Microporous Mesoporous Mater. 83 (1–3)

(2005) 51–59.
[56] M. Dogan, Y. Turhan, M. Alkan, H. Namli, P. Turan, O. Demirbas, Desalination

230 (1–3) (2008) 248–268.
[57] M. Elimelech, C.R. Omelia, Colloids Surf. 44 (1990) 165–178.

D. Zadaka et al. / Journal of Colloid and Interface Science 352 (2010) 171–177 177


