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Zirconium-pillared montmorillonite was prepared
in this work. Many methods, such as dynamic
light scattering (DLS), thermogravimetric
analysis (TGA), differential thermal analysis
(DTA), and zeta potential ({) techniques, have
been used to characterize clays and study particle
size distribution and thermal behaviour. In
addition, experimental conditions, including pH
were evaluated. The montmorillonite powder was
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montmorillonite was negatively charged even at pH 3, and the strong negative surface charge of montmorillonite indicated that this
clay can effectively remove organic molecule in water. The FT-IR analysis revealed that the pillaring with Zr did not destroy the
initial structure of the sodium bentonite, and some characteristic bands of the intercalating agents appear. To obtain information on
thermal stability and degradation products, the thermal properties of inorganics were investigated. These thermal measurements
indicate that they inorganically display two distinct regions: (1) from RT to 173 °C corresponding to physical adsorption and removal
of water of hydration, (11) dihydroxylation of the silicate structure in the temperature range of 300-800 °C. Adsorption isotherms
displayed that the maximum adsorption capacity of Mt-Na and PMt-Na, according to the Langmuir model, were 54.77 mg/g and

22.70 mg/g, respectively.

INTRODUCTION

Pillar clays are an entirely new family of interlayer
clays. They are based on two-dimensional materials
with a porous texture and a structure capable of being
used in adsorption,! as well as in catalysis.? lon
exchange of the cations in the interlayer region of the
clay by inorganic polyoxycations is typically used in
their preparation. Heat converts these polyoxycations
to the corresponding oxides, which act as props
between the silicate layers, resulting in a microporous
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material with potential applications as a molecular
sieve.3* One of the most commonly used cations for
pillaring up to the present is a polynuclear hydroxy
zirconium complex with the structure shown below.
[Zr4(OH)14(H20)10]%*.>" Montmorillonite is a smectite
clay mineral with a single octahedral layer between
two silicon-oxide tetrahedral layers. Particle size is
small, 0.01-1 m, with a high specific surface area
700-800 m?/g, and a CEC of 80-100 meg/100 g.8°
Montmorillonite is used not only as a raw clay but also
as an organo-clay, in which inorganic cations are
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exchanged for organic ones to modify surface area.'
Adsorption of organic cations reduces the surface
charge (makes it less negative) and, in many cases,
results in charge reversal. As a result, cation
adsorption can be monitored by measuring the change
in zeta potential (), of the clay surface, a relatively
simple, quick, and inexpensive measurement that also
provides information on the organo-clays' stability in
dispersion.'*? Indeed (£), 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,*** as well as to describe clay
aggregation, flow, sedimentation, and filtration.*>*¢ (€)
measurements, in addition to indicating colloid
stability, are important in understanding the adsorption
mechanism of inorganic and organic molecules at the
solid/solution interface. The determination of
montmorillonite clay surface properties is an
important criterion for establishing its adsorption
ability against anionic and cationic species from
wastewater. In this study, the electrokinetic surface
properties of montmorillonite were investigated using
the microelectrophoresis technique.

EXPERIMENTAL

Materials and methods

SWy-2 montmorillonite from Crook County
(Wyoming) was purchased at the Source Clays
Repository (Clay Mineral Society ref: Srce Clay SWYy-
2, for more information, see http://www.clays.org/)
and used without further purification. This clay
mineral has the chemical formula.l” [Sizss Alszs
Feo42Mgoss Caosz Nao1a Koor]. Its cation exchange
capacity (CEC) is reported to be about 75 meqg/100g.18

Following the same procedure described
previously, homoionic clay was prepared by
exchanging ions between Mt and NaCl.*® All of the
chemicals used in this study, such as NaCl,
ZrOCl»-8H,0, HCI, and NaOH, were analytical
reagent grade and obtained from the Guangzhou
chemical reagent factory (Guangdong Province,
China). The Butyl methylimidazolium chloride
(BMIMCI), which were obtained from the Tokyo
Chemical Industry (Japan). Zr-pillared
montmorillonite was prepared by the following
method: Adopted from Yamanaka and Brindley,®
with slight modifications: appropriate volumes of
ZrOCl;, 8H,0 (0.1 M) were added to 3 g of Mt-Na
and continuously stirred for 2 h at room
temperature. Afterward, the clay suspensions were

dialyzed against distilled water until chloride-free.
Finally, the centrifuged solid, drying, is referred to
as PMt-Na.

BMIMCI adsorption on material

The BMIMCI was adsorbed on the materials as
follows: 50 mg of clays Mt-Na or PMt-Na was
dispersed in 10 ml (or 30 ml) of water with BMIMCI
concentrations from 0.5 to 4 mmol-L? for the
isotherm study or 0.5 mmol-L for the kinetic study.
The mixture was stirred for 20 min at room
temperature. For the kinetic study, the contact time
was from 3 to 45 min by 5 min step. The supernatant
was removed to measure the BMIM* concentrations
by absorbance at the wavelength of 211 nm,
corresponding to the maximum using a
spectrophotometer (UviLine9400-SECOMAM).

Characterization

The particle size (diameter) in the 1-900 nm
range was monitored using dynamic light scattering
(Zetasizer Nano, ZS, HORIBA). Before testing, a
clay suspension in distilled water was prepared,
sonicated, and stored for 24 hours. To determine the
points of zero charge, the zeta potential values of
prepared material suspensions (1.5g-L!) at
different pH values were obtained. The clay samples
(1.5g-L1) were allowed to settle for approximately
1 h, and a few milliliters from the top of the
dispersion was measured. Infrared (I.R) spectra
were collected using a Shimadzu Fourier Transform
spectrometer with a resolution of 2 cm™ over a
range of 400 to 4000 cm™, approximately 0.5 mg
clay were finely grounded and mixed with KBr.
This mixture was pressed pressure in a die to
produce a pellet. In order to evaluate the thermal
stability of the homoionic clay and modified it,
thermo-gravimetric analysis (TGA) and differential
thermal analyses (DTA) were performed with a
(LABSYS evo) instrument using 40 mg samples. In
a nitrogen atmosphere, the samples were heated at a
rate of 5 °C/min from room temperature to 1000 °C.

RESULTS AND DISCUSSION

Dynamic light scattering (DLS)

The DLS results for the Mt particle size
distribution are shown in Fig. 1a As shown, the sizes
of most of the particles lie within the range from
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1 to 900 nm. The particle size distribution is
monomodal, with a peak at 147 nm.

The concentration of solids in solution is a major
determinant of surface charge generation. To
investigate the effect of solid-to-solution ratio on zeta
potential, different montmorillonite dispersions were
prepared in distilled water at concentrations ranging
from 0.05 to 0.3 (g-L %), and their zeta potentials were
measured Fig. 1b. It was found that clay samples
(1.59-L1) had an average zeta potential of —96.6 mV.
As a result, subsequent experiments were carried out
at a solid-to-solution ratio of 1.5 g-L .2
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The zeta potentials of PMt and Mt in aqueous
solutions with varying pH values are depicted in
Fig 2. Mt-Na has constant negative values
throughout the pH range, indicating a highly
negatively charged surface. The pillaring step
places a prominent influence on the surface property
of Na-Mt. Clearfield,?* proposed that tetrameric
[Zr (OH),-4H,0]4)% cations present in the solid
phase of zirconium oxychloride hydrolyze when
dissolved in water to yield deprotonated species
with reduced charge. Even at pH 2.7, montmorillonite
particles did not have a point of zero charge.
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Fig. 1 — Characterization of Mt: a) DLS particle-size distribution; b) Zeta potential as a function of solid concentration.
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Thermo gravimetric analysis (TGA, DTA)

The thermal curves in the RT — 1000 °C range,
corresponding to the starting Mt-Na and Zr-
pillared clay at room temperature, are shown in
Fig. 3. The general feature of the thermal curves
reveals two steps: one, in the RT — 200 °C and the
other in the 200-800 °C temperature ranges. The
first step in Mt-Na has been attributed to
physiosorbed and hydrating water, whereas the
second is due to dihydroxylation of the silicate
structure, which sometimes occurs dissociated in
two, hardly visible here but clearly shown in the

6
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Fig. 2 — Zeta potential values as a function of pH (1.5 g-L* clay suspensions).

corresponding DTG Fig. 4 and, more importantly,
in the ATD curves (in 586 °C and 660 °C) Fig. 5,
denoting silicate structure dihydroxylation in two
different environments, here Al and Mg, as a
result of an important isomorphic substitution in
the clay net with different bonding strengths
between the Mt and the surrounding oxygen (or
hydroxyl) ions.?? Table 1 displays the losses
associated with each region of Mt-Na and PMt.
Because of the presence of hydroxy-Zr species
and hydroxyl groups involved in water-water
hydrogen bonds, the first loss is high in a sample
PMt.2% In good agreement with the FTIR data.
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At low temperatures, the (DTA) plot
corresponding to Mt-Na shows an endothermic
peak. It is commonly thought to be caused by the
loss of weakly bonded, physiosorbed water
adsorbed on the clay's external surface, as well as
interlamellar water coordinated to the exchangeable
cations, in this case Na*. A shoulder visible at
around 466 °C arises because of the interlamellar
water loss. The following two peaks result from
dihydroxylation of the clay octahedral layer in
different environments, at 586 °C from Al
substituting Mg (or Fe) and at 666 °C from Al
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Fig. 3 — TGA curves of the Mt and PMt.

substituting Fe.?? Both these endothermic peaks
correspond to the losses detected by TGA in the
same interval. Finally, an endothermic peak at
around 890 °C is due to the final dihydroxylation
and crystalline net destruction.

The DTA curve for the PMt Fig. 5 does not depart
so much from the parent material, however, one
additional characteristic of the curve is the loss of
definition of the peaks at around 466 °C and 666 °C,
visible in case of Mt-Na. These peaks in the parent
clay were attributed to dihydroxylation from
different environments, and interlamellar water loss.
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Fig. 5— DTA curves of the Mt and PMt.

Table 1
Percent losses of the samples
Sample 25 (RT) —200 °C 200-800 °C Total
Mt-Na 8.56 % 6.32 % 14.88 %
PMt-Na 11.58 % 6.34 % 17.92 %

FTIR analysis

Figure 6 compares FTIR spectra of all samples at
room temperature. As shown in Fig. 7, the spectra
exhibit a number of absorption bands, mentioning the
complex nature of the clay examined. The most
distinctive feature of the Mt spectrum is the broad
absorption band that ranges from 3400 to 3600 cm.

The band at 3617 cm™ was associated to the
characteristic O—H vibration of smectite. The band at
3426 cm™ was due to O-H stretching of water
molecules adsorbed in the interlayer region of the
clay. The bending vibrations of water were observed
at 1637 cm™. The band 1044 cm™ was assigned to
the stretching vibration of the SiO4 units, and the
bands at 522 and 459 cm™ correspond to bending
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vibrations of Al-O-Si and Si—O-Si, respectively.
The band at 612 cm was assigned to coupled Al-O
and Si—O out-of-plane vibrations. The peak intensity
observed at about 3426 cm™* was higher than that of
the parent clay (Mt) due to the presence of hydroxy-
Zr species and hydroxyl groups involved in water—
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Fig. 6 — FTIR curves of the Mt and PMLt.
Adsorption of BMIMCI on Mt

The kinetic study aims to determine the time
required to reach equilibrium for further
experiments. The adsorption kinetics of BMIMCI
onto Mt are reported in Fig. 7. The equilibrium is
reached after 20 min. The experiment data of
adsorption kinetic are fitted by several classical
model but the pseudo-second-order Kinetic given by
Eqg. (1) gave the best fit according to the coefficient
R? up to 0.99 Fig. 8.

d
= k(@ —q0)? (1)

where K is the rate constant of the pseudo-second-
order model, q; and q. are the amounts of solute
adsorbed per gram of adsorbent at any time and at
equilibrium, respectively. Integration for boundary
conditions t=0 to t=t and q; =0 to q; =
g follow by rearrangement gives:

_ Kdqit
At = Tikaet @)
The Eqg. (2) can be rearranged linear forms as:
=41t (3)

a ka3 ' qe
Table 2 reports all the kinetic parameters. To go
further in our investigation, the isotherm of adsorption
was investigated. The adsorption isotherms exhibited
similar profiles for all Samples Fig. 9a and Fig. 9b.

water hydrogen bonds. However, in our case, the
peak corresponding to the bending vibration of water
molecules at 1637 cm? was also increased in
intensity. The analogy of the FTIR spectra between
the Mt and PMt designated that the basic structure of
the clay was not altered during the pillaring process.
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Fig. 7 — Kinetics of BMIMCI intercalation on Mt.

The experimental data were fitted with two
commonly used models. The Langmuir,?* model
Eq. (4) assumes that the formation of a monolayer
onto a homogeneous surface with a finite number
site. It also assumes that at the equilibrium, both
adsorption and desorption occur.

KLdmCe
de = Trk.c. 4)
where C. (mg L) is the equilibrium concentration
of IL in solution, g (mg g?) is the adsorption
capacity at equilibrium (mg g?), the maximum
adsorption capacity, and K_ is the effective
dissociation constant.

The Freundlich isotherm is an empirical
model Eg. (5) usually used for heterogeneous
adsorption.?®

The limitation of this model is that the amount of
adsorbed molecule increases indefinitely with the
concentration of in the solution.

1
Je = KFC:; (5)

where ge (mg g?) is the adsorption capacity at
equilibrium, C. (mmol L7?) is the equilibrium
concentration in solution, and K¢ and n are the
physical constants.

According to the R?, the Langmuir model is the
most suitable to describe the experimental data
Table 3.
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Fig. 8 — Plot t/qt vs time from the second- order model.
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Fig. 9 — BMIMCI sorption isotherms of: a) Mt-Na; b) PMt-Na.
Table 2
kinetic parameters obtained by the Pseudo-second-order model
Pseudo-second-order model
Sample q3q KP R?
Mt-Na 34.746 0.073 0.997
PMt-Na 25.773 0.150 0.999
(a) — calculated values [mg-g); (b) — calculated values [g-mgt-min-1].
Table 3
Parameters for the models obtained from Langmuir and Freundlich isotherms
Langmuir model Freundlich model
Sample qé ki, R2 kg n R?
Mt-Na 54.77 12.773 0.955 53.112 3.65 0.896
PMt-Na 22.70 2.464 0.986 15.09 3.03 0.950

[a]: calculated values (mmol-100g?)
CONCLUSIONS

Zr-pillared montmorillonite was studied in this
work. The microelectrophoresis technique was used
for the first time to investigate the electrokinetic
surface properties of montmorillonite. The zeta-
potential ({) analysis of montmorillonite was
performed as a function of solution equilibrium pH.
The zeta potential of the clay particles was found to
be a strong negative surface charge of the

montmorillonite, indicating that this clay could be
used effectively in the removal of cationic species
from the waters. Results obtained from FTIR
spectra showed that there were changes in the clay
structure with Zr-pillaring. Furthermore, the TGA
and DTA methods were used to compare the
thermal behavior of the PMt and its corresponding
Mt. and demonstrate a two-step process due to the
overlapping of clay dehydration processes and
silicate structure dihydroxylation.
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