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Abstract: In this study, the zeta potential values of vermiculite and expanded
vermiculite were measured to determine the effect of pH, clay concentration,
and various mono- and multivalent electrolytes including NaCl, KCl, NH4Cl,
NaNO3, NaClO4, Na2SO4, Na2CO3, Na3PO4 � 12H2O, MgCl2 � 6H2O, CaCl2 �
2H2O, BaCl2, SrCl2 � 6H2O, CuCl2�2H2O, CoCl2 � 6H2O, NiCl2, AlCl3, and
CrCl3 � 6H2O on the electrokinetic properties of vermiculite samples. It was found
that generally the measured zeta potential values of expanded vermiculite for the
studied systems were slightly more negative than that of vermiculite. The pH
profiles of vermiculite and expanded vermiculite at acidic, natural, and basic
pH values were obtained to determine the effect of time on the pH values of clay
suspensions. The zeta potential measurements showed that the surface charge of
clay particles was negative in water. The isoelectric point of vermiculite and
expanded vermiculite were determined as pH 2.30 and 2.57, respectively. Divalent
cations (Mg2þ, Ca2þ, Sr2þ, and Ba2þ), heavy metal ions (Cu2þ, Ni2þ, and Co2þ)
and trivalent cations (Al3þ and Cr3þ) were potential determining ions for vermi-
culite and expanded vermiculite particles. Moreover, divalent and trivalent
cations caused the change of surface charge from negative to positive. On the
other hand, monovalent cations (Naþ, Kþ and NH4

þ), monovalent anions
(Cl�, NO3

�, and ClO4
�) and multivalent anions (SO4

2�, CO3
2�, and PO4

3�)
acted as indifferent ions for these clay particles.
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INTRODUCTION

Vermiculite is the mineralogical name given to hydrated laminar magne-
sium-aluminum-iron silicate. It is an expandable 2:1 mineral and often
forms from alteration of mica (1,2). The structure of vermiculite is shown
in Fig. 1. Its crystal lattice consists of one octahedral sheet sandwiched
between two opposing tetrahedral sheets. A tetrahedral sheet is composed
of corner-linked tetrahedra, whose central ions are Si4þ or Al3þ. The
octahedral sheet is composed of edge-shared octahedra with Mg2þ,
Al3þ, or Fe2þ. Due to isomorphic substitutions which are Al3þ for Si4þ

substitution in tetrahedral layers and Mg2þ or Fe2þ for Al3þ substitution

Figure 1. Structure of vermiculite.
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in octahedral layers, vermiculite layers have permanent negative charges.
These charges are compensated by the cations in the interlayer space
(3–6). Moreover, vermiculite swells less than smectite due to its higher
charge in the tetrahedral sheets and has higher elasticity and plasticity
than kaolinite and mica (7).

If vermiculite is heated rapidly, it shows the unusual expanding
property. When vermiculite is subjected to fast heating, its interlayer
crystalline water transforms into steam and the pressure of steam forces
the silicate layers apart from one another. As a result, expanded vermicu-
lite with a large pore volume, a low bulk of density, and a high heat-
insulating and sound-proof property is obtained (1,8).

Vermiculite is widely available, easily handled, odorless, and low-cost
material. Due to their remarkable features, vermiculite and expanded ver-
miculite are widely used in agricultural (as fertilizer carrier, adsorbent,
etc.), industrial (as fire protection, acoustic and thermal insulator, addi-
tive in concrete and plaster, packaging material, etc.), and environmental
(as adsorbent) applications (9–11).

The electrokinetic properties of colloidal dispersions are great of
importance in many industrial processes. The knowledge of electrokinetic
properties of the colloidal particles is very important in obtaining the
optimal conditions of a well-dispersed system in the clay=water suspen-
sions (12). The isoelectric point value of clay particles and potential deter-
mining ions in the solution play a significant role in the adsorption of
inorganic and organic species on the clay particles. They also govern
the flotation, coagulation, and the dispersion properties in suspension
systems (13,14).

It is known that zeta potential values of clay particles can change
with solution pH and temperature, ionic strength, and type of ionic
species in the solution. The sign and extent of zeta potential values are
very valuable for industrial applications, especially in the flotation and
adsorption processes (15,16).

Several studies have been performed to assess the adsorption beha-
viors of vermiculite. Abate and Masini (17) studied the adsorption of
Cd2þ and Pb2þ onto vermiculite and they investigated the effect of pH,
ionic strength, and humic acid on the adsorption properties of vermicu-
lite. In another study, Abate et al. (18) reported the removal of fulvic acid
from aqueous solution onto modified vermiculite. The adsorption beha-
viors of some heavy metal ions such as Mn2þ, Ni2þ, Zn2þ, Cd2þ, Cu2þ,
and Pb2þ onto vermiculite were investigated by Malandrino et al. (7)
and they concluded that the metal uptake on the clay was hindered by
the presence of strong complexing agents. The efficiency of vermiculite
as an adsorbent was also tested to remove of some of the heavy metal
ions from aqueous solutions (19–21).
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The electrokinetic properties of various clays such as clinoptilolite
(22), kaolinite (23,24), perlite (25,26), sepiolite (14), imogolite (27), and
bentonite (28,29) in the presence of different electrolytes or molecules
were studied previously, but there was not any research related with
vermiculite and expanded vermiculite in the literature.

The aim of the present study was to investigate the effect of some
mono- and multivalent salts including NaCl, KCl, NH4Cl, NaNO3,
NaClO4, Na2SO4, Na2CO3, Na3PO4 � 12H2O, CuCl2 � 2H2O, CoCl2 �
6H2O, NiCl2, MgCl2 � 6H2O, CaCl2 � 2H2O, BaCl2, SrCl2 � 6H2O, AlCl3
and CrCl3 � 6H2O on the electrokinetic behaviors of vermiculite and
expanded vermiculite particles. The examination of the effect of clay con-
centration, pH, ionic species and electrolyte concentration on the zeta
potential was also aimed.

MATERIALS AND METHODS

Materials

Vermiculite sample was supplied from Shanghai, China. To prepare the
expanded vermiculite, firstly, vermiculite was placed in a furnace heated to
500�C. Then, the sample was kept at this temperature for 1–2 s and taken
out of the furnace. The obtained sample was labeled as expanded vermiculite.

NaCl, KCl, and NaClO4 were purchased from Sigma, NH4Cl,
CuCl2 � 2H2O, MgCl2 � 6H2O, CaCl2 � 2H2O, SrCl2 � 6H2O, CrCl3 � 6H2O,
CoCl2 � 6H2O, and Na2CO3 from Merck, and BaCl2, NiCl2, AlCl3,
NaNO3, Na2SO4, and Na3PO4 � 12H2O from Aldrich. All other chemicals
were reagent grade. Deionized water was used in all experiments.

Methods

Purification of Vermiculite and Expanded Vermiculite

Vermiculite and expanded vermiculite samples were purified before using
in the experiments. A suspension was obtained by adding of 100 g clay
sample into 1 L deionized water to prepare the purified samples. This
suspension was stirred at 960 rpm for 24 h by Variomag Poly model
magnetic stirrer. Then the suspension was filtered through filter paper
(filter diameter: 125 mm). Purified samples were dried at 110�C for
24 h. Dried samples were blended using a Waring Commercial Blendor
for 5 min at high speed (30). After then samples were sieved by 100 mm
sieve. The particles under 100 mm were used in the further experiments.
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Characterization of Vermiculite Samples

X-ray diffraction (XRD) measurement of vermiculite sample was performed
using a Shimadzu XRD-6000 model diffractometer. The XRD pattern of
vermiculite shows that the sample consists of mainly vermiculite and small
amounts of illite and hydrobiotite as impurities. Chemical compositions of
vermiculite and expanded vermiculite were analyzed by X-ray fluorescence
(XRF) spectrometer and results were presented in Table 1. As seen from
Table 1, the chemical compositions of vermiculite and expanded vermiculite
are similar. These samples are of essentially Si4þ, Mg2þ, Al3þ, Fe3þ, and Kþ.
X-ray measurements were carried out by the Scientific and Technological
Research Council of Turkey (TUBITAK).

The cation exchange capacity (CEC) and the density values of vermi-
culite and expanded vermiculite were determined by ammonium acetate
method and picnometric method, respectively.

A Zeiss Leo-1430 model scanning electron microscope (SEM) was used
to observe the morphology of the vermiculite samples. SEM images of ver-
miculite and expanded vermiculite were shown in Fig. 2a and in Fig. 2b,
respectively. It was seen from these figures that expanded vermiculite was
more voluminous than vermiculite owing to vaporization of water from
interlayers of vermiculite during the production of expanded vermiculite.

The specific surface area values of vermiculite samples were obtained
from N2 adsorption isotherms by Quantachrome Autosorb-1-C=MS.
These values were calculated according to Brunauer-Emmett-Teller
(B.E.T.) method (31) using the N2 adsorption isotherm data. The specific
surface area measurements were carried out by Central Laboratory of
Middle East Technical University, Ankara, Turkey.

Table 1. Chemical composition of vermiculite samples

Compound Vermiculite (%) Expanded vermiculite (%)

Na2O 0.8 0.8
MgO 28.8 29.1
Al2O3 12.0 12.2
SiO2 36.9 37.0
K2O 7.0 6.4
CaO 1.8 1.7
TiO2 1.9 1.9
Fe2O3 10.0 10.1
BaO 0.5 0.5
Cr2O3 0.3 0.3
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The obtained results from the CEC, density, and specific surface area
measurements of vermiculite samples were given in Table 2. The CEC
value was almost the same for vermiculite and expanded vermiculite.

Figure 2. SEM images of vermiculite (a) and expanded vermiculite (b).
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On the other hand, the density of vermiculite decreased approximately
7-fold after the expansion process. The specific surface area value of
expanded vermiculite was higher than that of vermiculite. This can be
explained with the increase of pore volume or the decrease of density
of expanded vermiculite due to vaporization of water from interlayer
and silicate layers apart from one another.

The FTIR spectra of vermiculite samples were recorded by the KBr
pellet technique. The KBr pellets were prepared by mixing clay samples
with KBr powder (1:100) and using a mass of 10 tons. Tensor 27 model
of FTIR (Bruker) was used to obtain the IR spectra of samples. FTIR
spectra of vermiculite and expanded vermiculite recorded in the range
of 400–4000 cm�1 at a resolution of 2 cm�1 is shown in Fig. 3. The FTIR
spectra of vermiculite and expanded vermiculite are similar (Fig. 3). The
O-H stretching vibration related to OH groups of interlayer water and
the silanol groups is observed at 3717 cm�1 and 3418 cm�1, respectively.
The absorption band observed at 1640 cm�1 attributes to the characteris-
tic bend deformation of the O-H group of water. The sharp peak at

Figure 3. FTIR spectra of vermiculite (a) and expanded vermiculite (b) samples.

Table 2. Physicochemical properties of vermiculite and expanded vermiculite

Sample
CEC

(meq=100 g)
Densitya

(g= cm3)
Specific surface

area (m2=g)

Vermiculite 56.04 2.894 7.8
Expanded vermiculite 56.84 0.400 9.8

a The values were obtained for the original samples.
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996 cm�1 is assigned to the Si-O stretching vibration. The bending
vibration of Al-OH appears at 820 cm�1. The Al-O bending vibration
is observed at 687 cm�1. The peak at 456 cm�1 indicates the Si-O-Mg
bending vibration (20,32,33).

Zeta Potential Measurements

Zeta potential measurements were carried out by Nano-ZS model
(Malvern) zetasizer instrument. This instrument works with the technique
of laser doppler electrophoresis (4 mW He-Ne, 633 nm). Electrophoretic
mobilities (UE) of particles were measured by the instrument and then
automatically converted to zeta potential (f) by using Smoluchowski
equation (Eq. (1)),

f ¼ 4pg
e

UE ð1Þ

where g is the viscosity of suspending liquid, e is the dielectric constant of
suspending liquid, and p is a constant (34).

Zeta potential measurements were performed to determine the effect
of clay concentration, pH, ionic species, and electrolyte concentration on
zeta potential.

A sample of 0.4 g clay in 100 mL deionized water containing desired
electrolyte concentration was added to erlenmeyer and then mixed
at 400 rpm for 24 h by Variomag Poly model of magnetic stirrer kept
in Sanyo MIR-250 incubator at 25.0� 0.5�C. The equilibrium time
was selected as 24 h for all experiments. The pH was adjusted by addition
of HCl or NaOH solutions and measured with a glass combined elec-
trode. The average of 15 measurements was used to represent the zeta
potential data. The percentage difference in the measured zeta potential
values of suspensions was, on the average, less than 4% of the mean of
the 15 values.

RESULTS AND DISCUSSION

Effect of Clay Concentration on the Zeta Potential Values

Insufficient clay concentration in the suspension can cause some errors in
the measurement of the zeta potential. For this reason, before the zeta
potential measurement of clay=electrolyte suspensions, vermiculite, or
expanded vermiculite, suspensions having different clay concentrations
in water were prepared and their zeta potentials were measured.
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The variation of zeta potential with clay concentration for vermicu-
lite and expanded vermiculite were shown in Fig. 4. The zeta potential
values of both vermiculite samples did not change significantly with
increasing clay concentration. Therefore, in the subsequent zeta potential
measurements, the vermiculite or expanded vermiculite to liquid ratio has
been kept constant as 0.4 g=100 mL.

Moreover, the measured zeta potential values of both vermiculite and
expanded vermiculite in water were negative in the studied clay concentra-
tion range of 0.10% and 1.5%. The reason of the negative charge may be
the isomorphous substitution of Si4þ by Al3þ in the tetrahedral sheet and
the broken bonds at the siloxane group of vermiculite samples (22,35). It
should be noted that the zeta potential value of expanded vermiculite at
the same clay content was lower than that of vermiculite. This may be
due to an increase in the broken bond during the expansion process result-
ing in more negatively charge on the surface of expanded vermiculite.

Effect of pH on the Zeta Potential Values and

Isoelectric Point (pHIEP)

Potential determining ions are responsible for the development of surface
charge and surface potential. These ions control the surface reactions.
Potential determining ions are generally Hþ and OH� ions for the metal
oxides or hydroxides (36). OH� can be considered as an equivalent of a

Figure 4. The variation of zeta potential of vermiculite (.) and expanded vermi-
culite (�) as a function of clay concentration.
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lattice constituent ion and Hþ may replace with metallic cation (22). The
measured zeta potentials at different equilibrium suspension pH values
were shown in Fig. 5. It could be said that adsorption=desorption of
Hþ or OH� ions on the clay particle led to the formation of surface
charge, thus these ions were potential determining ions for the vermiculite
and expanded vermiculite particles.

The isoelectric point is a pH value at which the total amount of
positive charge on the surface of solid is equal to the total amount of
negative charge on it. The amount of net surface charge of solid or zeta
potential value is zero at the isoelectric point. The isoelectric point is a
characteristic property of solid particles and that is why it is important to
know the isoelectric point of particles for the adsorption or flotation
processes.

To determine the isoelectric point of clay samples, vermiculite, and
expanded vermiculite suspensions (0.4 wt%) with different initial pH
values were prepared by the addition of HCl or NaOH solution and they
were mixed at 400 rpm for 24 h at 25.0� 0.5�C. Then, the final pH value
and zeta potential value of each suspension were measured. The mea-
sured zeta potential values for each final pH value of suspensions were
shown in Fig. 5. The obtained results indicated that the zeta potential
values of vermiculite samples were positive in the low pH values. The
increase of the suspension pH caused the negative surface charge. In
the pH range of about 4 and 9, the zeta potential values of expanded
vermiculite were lower than that of vermiculite. The isoelectric points

Figure 5. Zeta potential of vermiculite (.) and expanded vermiculite (�) as a
function of pH.
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of vermiculite and expanded vermiculite were determined as 2.30 and
2.57, respectively (Fig. 5).

The electrical charge at the oxide surface=aqueous phase on
protonation or deprotonation of the surface hydroxyl can be ascribed
as (14)

and at the isoelectric point

It can be said that the reaction in Eq. (2) and the reaction in Eq. (3)
are responsible for the surface charge of vermiculite and expanded vermi-
culite particles below the isoelectric point and above the isoelectric point,
respectively.

The sign of charges of the vermiculite particles at the edge sites under
different pH values was given in the following equation (35)

pH Profiles of Vermiculite and Expanded Vermiculite Suspensions

The knowledge of the pH change of a suspension with time is of great
importance for the industrial and environmental applications. The
stability of the clay suspension depends on the initial pH values of water
before preparation of clay=water suspension. For this reason, the pH
profiles of vermiculite and expanded vermiculite in a 0.4 wt% suspension
as a function of time were obtained at acidic, natural and basic pH
values. The pH profiles of the vermiculite samples were shown in Fig. 6.
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In the first state, the initial pH value of water was adjusted to 2.20
by adding of HCl before preparation of clay=water suspension. Then,
the clay was added on it and the pH value of the suspension was
recorded at various time intervals. At the end of 180 min, the pH values
of both vermiculite and expanded vermiculite suspensions were mea-
sured as 2.24. This showed that at the low pH value, the suspension
pH value maintained its stability. In other words, the suspension pH
value did not change significantly with time. This result can be
explained with considering the surface charge at the edge sites of clay
particles. Since the initial suspension pH values were approximately
the same with pHIEP (pH� pHIEP (Eq. (5)), Hþ or OH� adsorption=
desorption from the solution onto the surface of clay particles did
not occur.

In the second state, the initial pH value of water was adjusted to
about 3.0 by adding of HCl. After that the clay sample was mixed with
water and the pH value of the suspension was measured. The pH values
of vermiculite and expanded vermiculite suspensions increased from 3.01
to 5.77 and 3.03 to 4.71, respectively, at the end of 180 min. When the pH
values of clay suspensions were compared, the change of pH in the
vermiculite suspension was much higher than the change of pH in the
expanded vermiculite suspension. The reason for the increase of suspen-
sion pH values with time was the adsorption of Hþ ions from solutions to
the negatively charged surface of vermiculite or expanded vermiculite

Figure 6. The variation in the pH values of vermiculite (initial pH values (�): 2.20;
(&): 3.01; (~): 5.95 and (^): 10.58) and expanded vermiculite (initial pH values
(�): 2.20; (&): 3.03; (4): 5.95 and (^): 10.58) suspensions as a function of time.
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(pH> pHIEP (Eq. (5)). It should be noted that the adsorption of Hþ onto
vermiculite more occurred than expanded vermiculite.

In the third state, vermiculite samples were added to the deionized
water whose pH value was 5.95. The pH value of vermiculite suspension
increased sharply within the first 5 min, after then it did not change until
the end of 180 min. A similar increase was also observed for the expanded
vermiculite suspensions, but its pH value was lower than that of
the vermiculite suspension. After they were mixed for 180 min, the
equilibrium suspension pH values of vermiculite and expanded vermicu-
lite were measured as 9.79 and 8.93, respectively. Similar to the second
state, the increases at the pH value of clay suspensions can be explained
with the adsorption of Hþ ions from solution to the surface of clays
(Eq. (5)).

In the fourth state, the initial pH value of water was adjusted to 10.58
by adding of NaOH. Then, the clay was added to the water and the pH
change of suspension followed. After 180 min, a slight decrease was
observed from 10.58 to 10.10 at the pH values of the clay suspensions.
The transfer of the proton from �SiOH (or �AlOH) groups in the lattice
of vermiculite samples to free OH� ions with forming H2O in the suspen-
sion may cause a decrease in pH value.

Effects of Electrolytes on Zeta Potential of Vermiculite and

Expanded Vermiculite

Effect of Monovalent Electrolytes

The variation of zeta potential of vermiculite and expanded vermiculite
with monovalent cation concentration such as Naþ, Kþ, and NH4

þ

and with monovalent anion concentration such as Cl�, NO3
�, and ClO4

�

were given in Fig. 7 and Fig. 8, respectively. A potential determining
cation should make the surface more positive with an increased concen-
tration of cation. Similarly, a potential determining anion should make
the surface more negative with an increase in its concentration. The
opposite sign ions with the solid surface accumulate near the solid surface
and equilibrate the surface electrical charge. These ions accumulated at
the solid=liquid interface are known as counterions. Counterions are
adsorbed by Coulombic or electrostatic attraction at the solid surface
bearing the potential determining ions. If the counterions are adsorbed
by electrostatic attraction alone, their source in solution is called an indif-
ferent ion (23).

According to the above definitions, monovalent cations such as Naþ,
Kþ, and NH4

þ and monovalent anions such as Cl�, NO3
�, and ClO4

�
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were not potential determining ions for vermiculite and expanded vermi-
culite particles (Figs. 7 and 8). Similar observations were reported in the
literature for monovalent electrolyte=sepiolite (14) and monovalent
electrolyte=clinoptilolite (22) systems. These ions acted as indifferent ions

Figure 8. The variation of zeta potential of vermiculite (in the presence of (�):
NaCl, (~): NaNO3 and (&): NaClO4) and expanded vermiculite (in the presence
of (�): NaCl, (4): NaNO3 and (&): NaClO4) samples with monovalent anion
concentration.

Figure 7. The variation of zeta potential of vermiculite (in the presence of (�):
NaCl, (~): KCl and (&): NH4Cl) and expanded vermiculite (in the presence of
(�): NaCl, (4): KCl and (&): NH4Cl) samples with monovalent cation concentration.
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and they only compressed the electrical double layer, because indifferent
ions can only reduce the zeta potential asymptotically to zero (26).

For an aqueous solution of a symmetrical electrolyte at 25�C, the
thickness of double layer, 1=K (m), is given by

1

K
¼ 1

0:329� 1010
� 1

ðC � Z2Þ1=2
ð6Þ

where C is the ion concentration (M) and Z is the valency of ion.
For unsymmetrical electrolytes, the thickness of the electrical double
layer can be calculated by taking Z to be the counter-ion charge
number (36). It is seen from Eq. (6) that the thickness of the diffused
double layer depends on the ionic strength of the electrolyte and the
valency of the ion. For a 1–1 electrolyte, the thickness of the double
layer is 0.962 nm for a 1� 10�1 M solution and 9.62 nm for a
1� 10�3 M solution.

Moreover, the experimental data demonstrated that the zeta poten-
tial value for the vermiculite=monovalent electrolyte systems at the same
electrolyte concentration was higher (less negative) than that of the
expanded vermiculite=monovalent electrolyte systems (Figs. 7 and 8).

Effect of Divalent Electrolytes

The MgCl2 � 6H2O, CaCl2 � 2H2O, SrCl2 � 6H2O, BaCl2, Na2SO4, Na2CO3,
CuCl2 � 2H2O, NiCl2, and CoCl2 � 6H2O were used in order to investigate
the effects of various divalent electrolytes and heavy metal salts on the
zeta potential values of vermiculite and expanded vermiculite. Figures 9,
10, and 11 show the variation of zeta potential of vermiculite samples in
the presence of divalent cations such as Mg2þ, Ca2þ, Sr2þ, and Ba2þ,
heavy metal ions such as Cu2þ, Ni2þ, and Co2þ, and divalent anions such
as SO4

2� and CO3
2�, respectively.

As seen from Fig. 9 that the zeta potential values of both vermiculite
and expanded vermiculite became less negative with increasing divalent
cation concentration. The negative zeta potential values for these systems
were converted to positive values at 1� 10�1 M divalent cation concen-
tration. Therefore, Mg2þ, Ca2þ, Sr2þ, and Ba2þ were potential determin-
ing cations for vermiculite and expanded vermiculite. These cations were
specifically adsorbed in the Stern layer. In the presence of Mg2þ, Ca2þ,
Sr2þ, and Ba2þ concentration of 1� 10�1 M, the measured zeta potential
values wereþ 9.79,þ 6.00,þ 3.63, andþ 5.17 mV for vermiculite
andþ 3.66,þ 0.705,þ 0.920, andþ 4.41 mV for expanded vermiculite,
respectively.
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The zeta potential values of vermiculite and expanded vermiculite in
the presence of heavy metal ions (Fig. 10) showed similar behaviors with
clay=divalent cation systems. The change of zeta potential values from

Figure 10. The variation of zeta potential of vermiculite (in the presence of (�):
CuCl2 � 2H2O, (~): NiCl2, (&): CoCl2 � 6H2O, (&): NaCl) and expanded
vermiculite (in the presence of (�):CuCl2 � 2H2O, (4): NiCl2, (&):CoCl2 � 6H2O)
samples with heavy metal ion concentration.

Figure 9. The variation of zeta potential of vermiculite (in the presence of (~):
MgCl2 � 6H2O, (�): CaCl2 � 2H2O, (&): SrCl2 � 6H2O, (^): BaCl2, (&): NaCl) and
expanded vermiculite (in the presence of (4): MgCl2 � 6H2O, (�): CaCl2 � 2H2O,
(&): SrCl2 � 6H2O, (�): BaCl2) samples with divalent cation concentration.
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negative to positive appeared at the higher heavy metal ion concentra-
tions than 1� 10�2 M CuCl2 � 2H2O and CoCl2 � 6H2O and 1� 10�3 M
NiCl2 for vermiculite. This change was observed in the presence of
1� 10�1 M CuCl2 � 2H2O, and CoCl2 � 6H2O, and 1� 10�2 M NiCl2
for expanded vermiculite. The experimental results of the zeta potentials
of clay=heavy metal ion systems showed that Cu2þ, Ni2þ, and Co2þ were
also potential determining cations for the vermiculite samples.

When the sign of zeta potential values of clay samples was reversed
(became positive), the suspension pH values of vermiculite and expanded
vermiculite were measured as 4.41 and 3.33 for Cu2þ, 7.87 and 6.70 for
Ni2þ, and 6.50 and 5.68 for Co2þ, respectively. In these pH values, heavy
metal ions were non-hydroxyl forms (37). They can form hydroxyl
complexes on the clay particles.

It should be noted that as the divalent cation concentration was
increased, a decrease in the suspension pH values was observed for the stu-
died divalent cation=clay systems. The first reason of this can be explained by
the following reactions given by Davis et al. (38), (M2þ is a di-valent cation)

The second reason of decrease in the suspension pH values is the increase of
divalent cation concentration.

The compression of the electrical double layer may also contribute to
the decrease of the zeta potential values as the concentration increases.
According to Eq. (6), divalent cations are more effective than monovalent
cations for the compression of the electrical double layer and this may
explain the trends in Figs. 9 and 10.

Based on the results shown in Fig. 11 for divalent anion=clay sys-
tems, it can be said that SO4

2� and CO3
2� were not potential determining

anions, because the surface of the clay did not become more negative with
increasing anion concentration. These anions could take place in the
suspension as indifferent anions and they just contributed to the
compression of the electrical double layer.

Effect of Trivalent Electrolytes

In Fig. 12, the zeta potential values of vermiculite and expanded vermi-
culite were plotted as a function of trivalent electrolyte concentration.
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The trivalent cations, Al3þ and Cr3þ, were potential determining cations
for the studied systems as divalent cations. On the other hand, the triva-
lent anion, PO4

3�, was an indifferent anion and it only compressed the
electrical double layer.

AlCl3 and CrCl3 � 6H2O changed the surface charge of the vermiculite
and expanded the vermiculite from negative to positive after the 1� 10�3 M
or higher trivalent ion concentration for vermiculite and the 1� 10�2 M
or higher trivalent ion concentration for the expanded vermiculite. This
result can be explained again with the specific adsorption of Al3þ and
Cr3þ ions onto the clay particles.

At the higher concentrations than 1� 10�3 M at which the surface
charge was reversed, the pH values of vermiculite=trivalent cation
systems were in the range of 4.80 and 3.03 for Al3þ and 5.22 and 2.53
for Cr3þ. For the expanded vermiculite=trivalent cation systems in the
trivalent electrolyte concentration range of 1� 10�3 and 1� 10�1 M,
the pH values were measured between 4.39 and 2.70 for Al3þ and 5.00
and 2.05 for Cr3þ. In this case, Al3þ was in a non-hydroxyl form. On
the other hand, Cr3þ was in various forms such as Cr3þ, Cr(OH)2þ,
Cr(OH)2

þ, and Cr2(OH)2
4þ (20). These ions, Al3þ and Cr3þ, may form

various hydroxy complexes with vermiculite and expanded vermiculite
surfaces such as Al(OH)2

þ, Al(OH)2þ, Al(OH)3, and Cr(OH)3 (22,23).
When the zeta potential values of vermiculite and expanded vermicu-

lite particles were compared in each trivalent electrolyte solution at the

Figure 11. The variation of zeta potential of vermiculite (in the presence of (~):
Na2SO4, (&): Na2CO3, (�): NaCl) and expanded vermiculite (in the presence of
(4): Na2SO4, (&): Na2CO3) samples with divalent anion concentration.
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same concentration, it was seen that the zeta potential values of vermicu-
lite were higher than that of the expanded vermiculite. Similar results
were also observed for the monovalent and divalent electrolyte=clay
systems.

CONCLUSIONS

The zeta potential values of vermiculite clays were negative in water. Clay
concentration did not significantly affect the zeta potential values of ver-
miculite and the expanded vermiculite. The pHIEP values of vermiculite
and the expanded vermiculite were determined as pH 2.30 and 2.57,
respectively. Hþ and OH� ions were found to be potential determining
ions for studied vermiculite clays. The pH profile of vermiculite and
expanded vermiculite suspensions at acidic, basic, and natural pH values
was obtained to determine the effect of time on the pH value of clay sus-
pensions. It was concluded from the zeta potential measurements that
monovalent cations (Naþ, Kþ, and NH4

þ), monovalent anions (Cl�,
NO3

� and ClO4
�), divalent anions (SO4

2� and CO3
2�), and trivalent

anions (PO4
3�) were indifferent ions for the vermiculite clays and they

only compressed the electrical double layer. However, divalent cations
(Mg2þ, Ca2þ, Sr2þ, and Ba2þ), heavy metal ions (Cu2þ, Ni2þ, and
Co2þ), and trivalent cations (Al3þ and Cr3þ) were potential determining

Figure 12. The variation of zeta potential of vermiculite (in the presence of (&):
AlCl3, (^): CrCl3 � 6H2O, (&): Na3PO4 � 12H2O, (�): NaCl) and expanded vermi-
culite (in the presence of (4): AlCl3, (^): CrCl3.6H2O, (&): Na3PO4 � 12H2O)
samples with trivalent salts.
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cations. Divalent and trivalent cations reversed the sign of the surface
charge from negative to positive.
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