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1. Introduction

ABSTRACT

Four kinds of pillared montmorillonites were prepared by intercalating poly-hydroxyliron, poly-hydroxyl
iron/zirconium with different Fe/Zr molar ratios (4/1, 1/1) and poly-hydroxyl zirconium into the inter-
layer space of sodium-saturated montmorillonite (Na-Mt) via ion-exchange, termed Fe-Mt, Fe/Zr4.;-Mt,
Fe/Zr;.1-Mt and Zr-Mt, respectively. The obtained materials were characterized by X-ray fluorescence
(XRF) spectra, X-ray diffraction (XRD) spectra, Fourier transform infrared (FTIR) spectra, point of zero
charge measurement and BET analysis. Batch experiments were conducted to investigate the adsorp-
tion behavior of Cr(VI) on selected samples. The results showed that the equilibrium uptake of Cr(VI)
was highly pH-dependent with an optimal pH range of 3.0-6.0. The kinetics of Cr(VI) adsorption could
be described well by the Pseudo-second-order model. The Langmuir adsorption isotherm provided the
best correlation of the equilibrium data, and the estimated maximum equilibrium uptake of Cr(VI) of
Fe/Zr4.1-Mt was 22.35 mg/g at pH 3.0, 25°C, higher than those of other three samples. Also, the thermo-
dynamic parameters demonstrated that the process of Cr(VI) adsorption onto pillared montmorillonites
was spontaneous and exothermic in nature. The presence of phosphate, sulphate and tartrate inhibited
markedly the adsorption of Cr(VI), whereas nitrate, chlorate and acetate exhibited no significant effect
on Cr(VI) adsorption. The analyses combining characterization results with adsorption data revealed that
the removal mechanisms of Cr(VI) by these pillared montmorillonites mainly involved electrostatic inter-
action and ion-exchange. Overall, the regeneration of Fe/Zr-Mt could be achieved using NaOH solution,
enabling a promising application for removing Cr(VI) from aqueous solution.

© 2010 Elsevier B.V. All rights reserved.

trial effluents around. Therefore, the release of Cr(VI)-containing
wastewater should be strictly controlled to reduce the bad effect

The removal of heavy metals (e.g., Cd, Pb, Cr, Hg and As)
from both natural water supplies and industrial wastewater is
receiving an increasingly wide publicity because of their potential
threats to plants, animals and human health. As known, hexava-
lent chromium [Cr(VI)], mainly arising from various industries
including mining operation, metal plating, leather tanning, water
cooling, and pigment manufacturing [1], is toxic and carcinogenic,
and can cause health problems such as liver damage, pulmonary
congestions, vomiting, and severe diarrhea [2]. Especially in some
developing countries, people in the countryside almost rely on the
groundwater for drinking, which is easily polluted by the indus-
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on biological systems.

Numerous methods have been developed for the treatment for
Cr(VI)-rich effluents including chemical precipitation, membrane
filtration, ion-exchange, reverse osmosis and commercial activated
carbon adsorption [1,3,4], etc., but the sophisticated operation or
relatively high cost is the main problem of these conventional
techniques. Among alternative methods, adsorption is generally
considered as an economical and effective method for remov-
ing contaminants like heavy metals especially combined with
appropriate regeneration steps [5]. Hence, a variety of low-cost
adsorbents for the removal of Cr(VI) have been reported such as
spent clay [6], sand soil [7], layered double hydroxides [8,9] and
agricultural waste products [10-12], etc. Notably, the montmo-
rillonite, a 2:1 layered silicate clay mineral, has been extensively
investigated in the field of environmental remediation for decades,
owing to its high cation exchange capacity, large surface area, low
cost and ready availability. Although the raw montmorillonite, for
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the permanent negative charge on the surface, shows hardly affin-
ity to anion ions like Cr(VI), the interlayer cations (e.g., Na*, K* and
Ca2*) can be replaced by various substances such as cationic surfac-
tants and polymeric metal species. Thus, desirable physicochemical
properties can be introduced into the material. In the recent years,
much research on surfactant modified zeolites or montmorillontes
for the removal of Cr(VI) from water has been reported [13-16].
Givenits large surface area, high reactivity and positive charges, the
inorganic pillared montmorillonite may be particularly suitable to
be applied as an adsorbent for the treatment of Cr(VI)-containing
wastewater, to which little attention has been paid.

Currently, much research interest for inorganic pillared mont-
morillonites has been directed towards mixed metal polycations
pillared ones due to more superior porosities [17], thermal stabil-
ities and catalytic activities [18], since the work on single metal
pillars (e.g., Al, Zr, Fe and Cr) was well documented in previous stud-
ies [19-22]. The primary focus was on the use of these materials as
catalysts [18,23,24], whereas their adsorption properties received
less attention. Actually, Guerra et al. [25] discovered that Al/Ti and
Al/Zr pillared clays were effective in the removal of zinc from water.
Tian et al. [26] also found that Al/La pillared Mt performed better
than Al-Mt in removing phosphate from solution. During the last
few decades, a great of attention has been devoted to the pillared
clays with mixed Al/M pillars, where M could be Fe, Cr, Zr, Ti or
La, etc. [17,18,24-27], because of the well-defined chemical com-
position, structure and charge of Al;3 species [28]. However, more
information about other types of mixed metal pillars is necessary,
and thus this study focuses on the mixed Fe/Zr pillars.

The nature of the pillars is very important and its choice depends
upon the final target application. The Fe pillared montmorillonite
(Mt) has attracted much attention due to its intrinsic catalytic
activity and excellent adsorption performance [29], as reported
in our previous studies [30,31]. Again, polymeric Fe species are
the most effective coagulants or adsorption reagents for remov-
ing various impurities in potable water treatment [32] and possess
high positive charges in comparison with polymeric Al species [33].
Furthermore, Cooper et al. [17] found that polymeric Fe modified
Mt exhibited higher affinity towards metal ions than polymeric
Al modified one. Yet many attempts to intercalate polymeric Fe
species into Mt yielded products with relatively small basal spac-
ings [29,30], which could result in an adverse impact on their
surface areas and porous properties, and thus reduce their reac-
tion activities. On the other hand, poly-hydroxyl zirconium is
one of the most profusely used pillars [20], whose structure is
[Zr4(OH)14(H20)10]2*. The Zr pillared Mt usually has a large basal
spacing and microporous structure, and shows better thermal sta-
bility and performance of adsorption for organic compounds and
metals than Al pillared one [34], although the chemistry of zir-
conium in aqueous medium and the factors ruling the species
in equilibrium appear somewhat more constraining than for alu-
minum [24]. Consequently, the incorporation of the mixed Fe/Zr
hydroxypolycations with the raw montmorillonite is expected
to produce an advanced and promising material with developed
porosity structure and more reactive sites such as hydroxyl groups
(-OH). Heylen and Vansant [35] reported that mixed Fe/Zr pillared
clay produced a different enhanced porosity supported by higher
adsorption capacity towards CCly, CHCl3, CH,Cl, and CH4 in con-
trast with Fe pillared clay. In this work, the detailed surface and
structural properties of the polymeric Fe/Zr species pillared mont-
morillonite were studied, as well as its application for the removal
of Cr(VI) from aqueous solution, about which, to our knowledge, no
reports could be found in literatures.

In the present study, Fe/Zr pillared montmorillonites (Fe/Zr-
Mts), Fe pillared montmorillonite (Fe-Mt) and Zr pillared
montmorillonite (Zr-Mt) were prepared and further used for
removing Cr(VI) from water to evaluate their feasibilities of applica-

tion as adsorbents in the environmental remediation. The synthetic
materials were studied through a combined analysis of XRF, BET,
XRD, FTIR and zeta potential techniques. Furthermore, the experi-
mental conditions including pH, temperature and coexisting anions
were evaluated. Adsorption kinetics, equilibrium isotherms as well
as thermodynamics were also investigated to establish the adsorp-
tion rates, maximum capacities and possible mechanisms of Cr(VI)
adsorption onto pillared Mts.

2. Materials and methods
2.1. Material

Raw calcium montmorillonite (Ca-Mt), obtained from Nanhai,
Guangdong province, China, has a cation exchange capacity (CEC) of
78.3 mmol/100 g and a basal spacing (dgg1)of 1.56 nm. The sodium-
saturated montmorillonite (Na-Mt) was prepared by ion-exchange
reaction between Ca-Mt and NaCl, following a common procedure
previously described [33]. All chemicals used in this study, e.g.,
NaCl, Na,COs, FeCl3-6H,0, ZrOCl,-8H,0, KNO3, K;Cr,07, HCl and
NaOH were of analytical reagent grade, purchased from Guangzhou
chemical reagent factory (Guangdong Province, China). The stock
solution of 1000 mg/L Cr(VI) was prepared by dissolving potassium
chromate in deionized water.

2.2. Preparation of adsorbents

2.2.1. Preparation of pillars

The Fe pillaring solution was synthesized as follows: 100 mL
of NayCO3 (0.1 mol) solution was added dropwise into the FeCl;
(0.1 mol) solution under vigorous magnetic stirring through a sep-
arating funnel at a constant dropping rate of about 5 mL/min. After
continuous stirring for 2 h, the resultant solution was aged for 24 h
for further use. The experimental condition of water bath at 60°C
was maintained during the entire preparation process.

The Zr pillaring solution was prepared by adding ZrOCl,-8H,0
powder (0.1 mol)into 250 mL deionized water (0.4 mol/L), followed
by the same procedure as the above final part [24,25].

The mixed Fe/Zr pillaring solutions with different molar ratios of
Fe/Zr were obtained by the following steps: the Fe pillaring solution
was dropped into the Zr pillaring solution slowly under stirring,
accompanied by a 3-h reaction.

2.2.2. Preparation of intercalated montmorillonites

The pillaring solution (namely Fe, Fe/Zr4.1, Fe/Zry.; or Zr) was
added at a constant dropping rate of about 10 mL/min into Na-
Mt suspension (2 wt.% of clay) under vigorous stirring to obtain a
ratio of total metal/clay =10 mmol/g. In order to improve the dis-
persion of the Na-Mt suspension, the suspension was pretreated
by 15-min ultrasonic wave and 12-h continuous stirring prior to
the above procedure. Afterwards, the mixture was kept stirring for
3 h and aged for 24 h. Finally, the solid was separated by centrifu-
gation at 4000 rpm for 5 min, washed out the excess of pillaring
agent on the surface with deionized water for several times, until
free of chlorides, as indicated by the AgNOj test, air-dried at 80 °C,
and pulverized to pass through a 200-mesh sieve. We referred to
all synthetic samples as Fe-Mt, Fe/Zr4.1-Mt, Fe/Zr{.1-Mt and Zr-Mt,
respectively.

2.3. Characterization of adsorbents

The chemical compositions of all materials were analyzed by a
PANalytical PW-4400 X-ray fluorescence spectrometer (XRF).

The zeta potential values of the suspensions of prepared mate-
rials at different pH values were obtained to determine the points
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Table 1

Elemental analysis of original montmorillonites and pillared clay samples.
Sample O (%) Si (%) Al (%) Mg (%) Ca (%) K (%) Na (%) Fe (%) Zr (%)
Ca-Mt 50.8 324 6.75 1.86 1.7 0.09 0.72 2.07 -
Na-Mt 48.08 33.07 7.73 222 0.38 0.11 3.68 1.28 -
Fe-Mt 39.7 18.47 4.23 1.24 0.02 0.03 0.03 32.54 -
Fe/Zry.1-Mt 40.64 20.89 4.49 1.29 0.03 0.05 0.07 17.73 10.37
Fe/Zri.1-Mt 40.96 22.25 5.17 1.45 0.03 0.06 0.09 10.61 15.12
Zr-Mt 40.41 21.07 5.42 1.67 0.05 0.1 0.04 1.05 27.35

of zero charge (pHzpc) using a Zetasizer (Malvern Instruments, UK)
[6,36].

Nitrogen adsorption-desorption isotherms were measured
using the ASAP 2020 volumetric adsorption analyzer. The samples
were degassed at 423 K for 8 h. The specific surface area, Sggr of the
sample was calculated by the BET method, and the total pore vol-
ume, V; was obtained at a relative pressure of 0.9746. The t-plot
method was used to calculate the micropore area, Syjcro, €Xternal
surface area, Sext, and micropore volume, Viyicro-

The X-ray powder diffraction (XRD) patterns of the samples
were obtained by a Rigaku D/max-III diffractometer, equipped with
CuKa radiation at 40 kV and 20 mA. All samples were recorded from
2° to 65° (20) at a scanning rate of 4°/min.

The Fourier transform infrared (FTIR) spectra of each sample
were recorded between 400 cm~! and 4000 cm~! by the KBr pel-
let technique on a PerkinElmer 1725X Fourier transform infrared
spectrometer.

2.4. Batch adsorption experiments

The adsorption behavior of Cr(VI) onto all samples was inves-
tigated through a batch method. 50 mg of a given adsorbent was
weighed into a 50-mL glass bottle, followed by addition of 25 mL of
Cr(VI) solution (25 mg/L), resulting in an adsorbent loading of 2 g/L.
All reactors were placed in an oscillator at a rate of 200 rpm in a
bath water of 25+ 1°C. Furthermore, the solution pH was fixed
as 3.0 using 0.1 M HCI and 0.1 M NaOH, and all Cr(VI) solutions
had a matrix of 0.05M KNOj to keep the ionic strength relatively
constant, unless noted.

The experiments for adsorption kinetics of Cr(VI) were con-
ducted to determine both the rates of adsorption and the
equilibrium times with the contact time ranging from 1 min to
720 min.

The effect of initial solution pH on Cr(VI) adsorption by the
pillared samples was evaluated in the pH range of 1.0-10.0. In addi-
tion, to assess the stabilities of Fe and Zr loaded on these adsorbents,
50 mg of Fe/Zr4.1-Mt was added into several bottles with 25 mL of
deionized water, followed by the same procedure as the above. The
concentrations of Fe and Zr in the solutions were measured using
Hitachi Z-2000 AAS.

The adsorption isotherms were obtained at various tempera-
tures (i.e., 25°C, 35°C, and 45°C) and the initial concentration of
Cr(VI) varied from 10 mg/L to 120 mg/L. After adsorption equilib-
rium, the suspension solutions were filtered via 0.45 pm fiber glass
membranes and the filtrates were analyzed for the residual Cr(VI)
concentrations by a Shimadzu 2501 PC UV-vis spectrophotome-
ter according to the method described in the literature [15]. The
amount of Cr(VI) adsorbed per unit mass the adsorbent, g, (mg/g),
was calculated as follows:

_ (co—ce)v
m

Je (1)
where ¢y and ¢, (mg/L) are the initial and equilibrium concentra-
tions, v is the volume of the solution (L), and m is the amount of
adsorbent added (g).

The effect of some common coexisting anions in wastewater on
Cr(VI) adsorption was determined by adding various anions such
as phosphate, nitrate, sulphate, chlorate, acetate and tartrate into
Cr(VI) solutions (50 mg/L) separately. The concentrations of these
anions were all 1.0 mmol/L and other conditions were kept con-
stant.

For the regeneration of Fe/Zr4.1-Mt, 0.8 g of the adsorbent was
mixed with 400 mL of Cr(VI) solution (50 mg/L) until adsorption
equilibrium was reached. The solid was separated by centrifuga-
tion, and then immersed in the 0.1 M NaOH solution for 24h to
desorb Cr(VI) ions. Afterwards, the obtained solid was reused to
adsorb Cr(VI). The above experimental operation was conducted
over several cycles.

3. Results and discussion

3.1. Surface and textural properties analyses of synthetic
materials

Elemental analysis of original montmorillonite (Mt) and pillared
montmorillonites (Mts) by XRF is shown in Table 1. For synthetic
samples, the lower contents of K, Ca and Na demonstrate that Fe,
Zr or Fe/Zr pillars have entered into the interlaminar zone of Na-Mt
via ion-exchange, which is further confirmed by the presence of
iron and/or zirconium in these pillared Mts.

The pHgpc values of all materials were determined by plotting
the zeta potential values of the particulates suspension solutions
(2g/L) versus pH (Fig. 1) [6]. The pillaring step places a promi-
nent influence on the surface property of Na-Mt. The zeta potential
values for Na-Mt are constantly negative in the whole pH range,
indicating its highly negatively charged surface. In sharp contrast,
the points of zero charge for pillared samples increase significantly
(Table 2), reflecting that positive charges have been introduced

Fig. 1. Zeta potential values as a function of pH for all samples (2 g/L clay suspen-
sion).
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Table 2
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Point of zero charge, basal spacing and structural data of Na-Mt and pillared clay samples (Sext, external surface area; Sp;cro, microporous surface area, evaluated from t-plot;

D,, average pore diameter; V;, total porous volume; Vpicro, microporous volume).

Sample PHzpc doo1 (nm) SBET (mZ/g) Sext (mzlg) Smicro (mzlg) Dg (nm) Vi (cm3/g) Vmicro (cm3/g)
Na-Mt - 1.27 80.2433 57.0050 23.2438 7.9684 0.2059 0.010358
Fe-Mt 5.8 1.58 163.800 156.142 7.65880 7.0805 0.2983 0.001823
Fe/Zr4.1-Mt 4.0 1.83 145.173 92.0570 53.1164 5.6102 0.1987 0.023950
Fe/Zry.1-Mt 3.8 2.01 121.632 63.8010 57.8300 5.5001 0.1835 0.026415
Zr-Mt 43 2.01 176.942 71.3900 105.552 3.8493 0.1621 0.048548

into Na-Mt. In addition, it is interesting to note that the pHgpc
values of Fe/Zr-Mts (Fe/Zr4.1-Mt and Fe/Zry.1-Mt) are lower than
those of both Fe-Mt and Zr-Mt. This fact could be illustrated
like that the mixed Fe/Zr polyoxycations, presumably present as
{[FexZry(OH),(H,0),]®**4~21*} on the surfaces of Fe/Zr-Mts could
combine more hydroxyl groups (-OH) and thus bring about lower
positive charges and sequent lower pH;pc values.

The porous structural data of Na-Mt and intercalated samples
are included in Table 2. As expected, all samples display a high spe-
cific surface area comparing to Na-Mt (80.23 m2/g). Fe-Mt exhibits
smaller micropore surface area (7.6588 m?/g) and micropore vol-
ume (0.001823 cm3/g) than those of Na-Mt. Similar result was also
reported by Heylen and Vansant [35]. Unlike their result, in the
present work, a small dyg1 (1.58 nm) and a large external surface
area (156.14m?/g) were also observed. A reasonable interpreta-
tion is that only some small-sized Fe species could enter into the
interlayer region, which obstructed some of the main channels of
Na-Mt, and simultaneously, new mesopores were formed within
iron hydroxide clusters on the external surface of Fe-Mt [37]. In
contrast, for Fe/Zr4.1-Mt, Fe/Zry.1-Mt and Zr-Mt, the volume of
micropores relative to that of Na-Mt significantly increases with
increasing zirconium content, suggesting that the incorporation
of zirconium species make a positive impact on the microporous
structure of pillared Mts.

3.2. XRD and FTIR analyses of all samples

Shown in Fig. 2 are the XRD patterns of all samples in the low 260
angle region. Compared with the dgg1 (1.27 nm) of Na-Mt, the basal
spacings (dgo1) increase by 0.31 nm, 0.56 nm, 0.74 nm and 0.74 nm
for Fe-Mt, Fe/Zr4.;-Mt, Fe/Zr;.;-Mt and Zr-Mt, respectively. These
changes reveal that Fe, Zr or Fe/Zr pillars have been intercalated
into the interlayer space of Na-Mt. Meanwhile a clear trend can be

Fig. 2. X-ray patterns of Na-Mt and pillared samples before and after the adsorption
of Cr(VI).

observed that the dgg increases with the decrease in Fe contents
among the synthetic materials. This is because Fe species mainly
distribute on the external surface, while more Zr or mixed Fe/Zr
species are inserted into the interlayer region. This result matches
well with the BET analysis result and some previous studies [30,38].
What is more, the basal spacings of Fe-Mt, Fe/Zry.;-Mt, and Zr-
Mt decrease by 0.06 nm, 0.08 nm and 0.06 nm, respectively, after
Cr(VI) adsorption. It is well-known that the basal spacings of clay
minerals are closely relative with the adsorbed water content in
the interlayer region [39]. Accordingly, this result implies that the
adsorption of Cr(VI) may cause the decrease of the interlayer water
content.

Fig. 3 shows the FTIR spectra (400-4000cm~") of all materi-
als. The wavenumbers and assignments of main vibration peaks
are listed in Table 3, referring to previous reports [20,29,40].
The broad appearances around 3440 cm~! corresponding to O-H
stretching mode of adsorbed water shift to the lower wavenumbers
(Table 3) with a simultaneous increase in the width, demonstrat-
ing an increase in interlayer water content due to the replacement
of inorganic cations with the metal pillars [40]. Besides, signifi-
cant decreases of the peaks at near 3628 cm~! and in the range
0f 400-1090 cm~1, are detected for all pillared Mts, suggesting that
the Fe, Zr or Fe/Zr mixed polyoxocations could link with Al-O in the
alumina octahedral sheet and Si-O in the silica tetrahedron plates
[41]. The FTIR spectra (not shown) of Fe-Mt, Fe/Zr;.1-Mt and Zr-Mt
after adsorbing chromate ions show that the adsorption of Cr(VI)
has resulted in significant decreases of the bands near 3440 cm™!
and 1650 cm~!, which means a decrease of water content in the
interlayer space, in agreement with the analysis of XRD result.

Fig. 3. Infrared spectra of all samples (Na-Mt, Fe-Mt, Fe/Zr4.1-Mt, Fe/Zr;.;-Mt and
Zr-Mt).
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Table 3
Positions (cm~') and assignments of main IR vibration bands for all samples before and after the adsorption of Cr(VI).
Sample Stretching and Stretching and Stretching of Deformation of Deformation of Deformation of
deformation of deformation of Si-0 Al-Mg-OH FeOOH Si-0
Al-OH OH of water

Na-Mt 3628 915 3445 1650 1090 1036 840 - 795 623 519 469
Fe-Mt 3629 915 3387 1650 1091 1039 844 688 795 624 519 469
Fe[Zry.1-Mt 3628 915 3393 1650 1091 1038 841 693 795 626 519 470
Fe/Zry.1-Mt 3629 915 3386 1650 1089 1039 839 687 795 625 519 469
Zr-Mt 3628 915 3411 1650 1090 1038 839 - 795 626 519 469
Fe-Mt-Cr 3629 915 3418 1650 1090 1038 842 691 795 626 519 469
Fe/Zry.1-Mt-Cr 3628 914 3420 1650 1088 1040 841 690 795 625 519 470
Zr-Mt-Cr 3627 916 3420 1643 1087 1039 840 - 795 624 520 470

could be expressed as

In(ge — gr) = In ge — kqt (2)

t 1 1
A kyqé  Ge
1 1
4= 5 In(@f) + glnt 4)

Fig. 4. Effect of contact time on the adsorption of Cr(VI) by Na-Mt and pillared sam-
ples, and Pseudo-second-order linear plot (inset) (experimental conditions: 25 mg/L
Cr(VI), adsorbent dose 2 g/L, pH 3.0, ionic strength 0.05 M, temperature 25 °C).

3.3. Effect of contact time and kinetics study

As demonstrated by the observed Cr(VI) uptake versus t profile
(Fig. 4), the pillared clays displayed quite high removal rates and
efficiencies (83-97%), whereas Na-Mt was almost invalid, in accor-
dance with the previous report [42]. So Na-Mt was not selected
for further experiments. As seen in Fig. 6, at the beginning, all
adsorption processes were very fast, especially for Fe/Zry.;-Mt,
then progressed and plateaued within 120 min. Hence, a contact
time of 2 h was adopted to study the adsorption equilibrium. Tak-
ing Fe/Zr4.1-Mt for example, about 88% and 96% of Cr(VI) uptake
were achieved within 15 min and 60 min, respectively, while only a
small part of the additional uptake occurred during the rest reaction
time.

To understand the mechanism of the adsorption process, several
rate models were used to analyze the experimental data including
the Pseudo-first-order (2), Pseudo-second-order (3) and Elovich
equation (4) models [33]. The linear forms of the above models

Table 4
Kinetics parameters for Cr(VI) adsorption onto pillared montmorillonites.

where q; (mg/g) and g (mg/g) are the amounts of Cr(VI) adsorbed
at time t (min) and at equilibrium, respectively; k; and k, are
the sorption rate constants of the Pseudo-first-order equation and
Pseudo-second-order equation, respectively; « is the initial adsorp-
tion rate and g is related to surface coverage and activation energy
of chemisorptions.

Table 4 summarizes the corresponding models fitting param-
eters. For the Pseudo-second-order model, the coefficients of
determination (R2) are very high, above 0.999 and the values of
the theoretical g, for all pillared samples are in good agreement
with the experimental g, values in comparison with the Pseudo-
first-order model. Accordingly, the Pseudo-second-order model is
the most likely to describe the kinetics over the whole adsorption
process, implying that the rate-limiting step may be a chemical
sorption [42].

The linear plots of the Pseudo-second-order model are shown in
the inset of Fig. 4. As mentioned above, both k; and « represent the
adsorption rate in the fast adsorption stage. In the case of Fe/Zr4.1-
Mt, k; is 7.3 x 10~2 g/(mgmin) and particularly, the value of « is
1.1 x 10 mg/(gmin), 1-2 orders of magnitude larger than those
of other materials, suggesting that the adsorption of Cr(VI) onto
Fe/Zr4.1-Mt is the fastest among all samples, also much faster than
that of Cr(VI) on HDTMAB-Mt [43]. The highest rate for Fe/Zr4.1-Mt
indicates that there are more easily accessible adsorption sites on
its exterior or interior surfaces compared with other samples, thus
giving rise to a rapid equilibrium.

3.4. Effect of initial solution pH

The effect of solution pH on Cr(VI) adsorption by the pillared
Mts was evaluated in batch systems over a pH range of 1.0-10.0
(Fig. 5). It was evident that the removal of Cr(VI) by the adsor-
bents was highly pH-dependent. Sharp decreases of adsorption
capacity for all pillared clays occurred over the initial pH range
of 6.0-10.0. The uptakes of Cr(VI) onto Fe-Mt, Fe/Zrs.;-Mt and

Sample Qe (experiment) (Mg/g) Pseudo-first-order model Pseudo-second-order model Elovich model

ky (min~') g, (mg/g) R? ky [g/(mgmin)] g, (mg/g)  R? a[mg/(gmin)] B (gmin’*/mg)  R?
Fe-Mt 10.435 0.044 3.988 0.964 0.046 10.552 0.999 1.8 x 104 1.429 0.984
Fe/Z4.1-Mt 12.12 0.045 3.241 0.937 0.073 12.185 0.999 1.1 x 108 1.557 0.980
Fe/Zry.;-Mt 11.61 0.056 4272 0.972 0.059 11.721 0.999 1.6 x 104 1.238 0.985
Zr-Mt 10.62 0.042 3.179 0.936 0.064 10.686 0.999 9.6 x 104 1.550 0.985
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Fig. 5. Effect of initial solution pH on the adsorption of Cr(VI) by Fe-Mt, Fe/Zr4.1-
Mt, Fe/Zr;.1-Mt and Zr-Mt (experimental conditions: 25 mg/L Cr(VI), adsorbent dose
2 g/L, contact time 2 h, ionic strength 0.05 M, temperature 25 °C).

Fe/Zry.1-Mt offered quite similar pH-dependency, with an optimal
pH range of 3.0-6.0. It was noteworthy that abrupt decreases were
observed for Fe/Zr4.1-Mt, Fe/Zry.1-Mt and Fe-Mt when pH came to
below ~3.0, whereas Zr-Mt exhibited a relatively stable and effi-
cient uptake of Cr(VI) in the pH range of 1.0-6.0. For instance, the
maximum adsorption capacity of Fe/Zr4.1-Mt occurred at pH 3 and
diminished 3.1 mg/g and 4.5 mg/g decreasing pH from 3.0 to 1.0
and increasing pH from 3.0 to 10.0, respectively.

According to the distribution diagram of Cr(VI) species as a
function of pH [6], In the pH range of 1.0-6.0, the predominant
species exists as HCrO4~ and above pH 6.0 as Cr,042~. The pHzpc
values of the pillared clays are between 3.8 and 5.8, that is, these
adsorbents surfaces are negatively charged at pH > 6.0. Hence, an
increasing pH causes the surfaces to carry more negative charges
and results in stronger electrostatic repulsion to Cr,042~, a more
negatively charged species, blocking the adsorption processes. Also,
the adsorption processes are further hindered because of the com-
petitive adsorption between OH~ with Cr,042~ [26,42]. In contrast,
at lower pH, protons (H*) adsorbed on the surfaces of these clays
bring about more positive charges and thus enhance the elec-
trostatic attraction between the surfaces and negatively charged
Cr(VI) anions. But the dramatic decreases of Cr(VI) uptake from
pH 3.0 to 1.0 for Fe-Mt and Fe/Zr-Mts could be attributed to the
dehydroxylation of Fe or Fe/Zr hydroxypolycations as a result of
acid-base neutralization. Similar phenomenon was also observed
in the research [44]. However, the decrease of uptake for Zr-Mt is
not as obvious as other samples, thus denoting the better stability
of the intercalated Zr hydroxypolycations.

To assess the possible risk of metal leakage during the adsorp-
tion of Cr(VI), the releasing behavior of Fe and Zr was investigated
by measuring the Fe and Zr concentrations in the solutions under
different pH values (1.0-10.0). The result is shown in Fig. 6. We
could see that the concentrations of Fe ions in the solutions at pH 2.0
and 3.2 are 1.0mg/L and 0.14 mg/L, respectively. Especially when
the solution pH is above 4.0, the Fe and Zr ions in the solutions are
not nearly detected. So the risk of metal leakage resulting from the
dissolution of the material is receivable in the optimum pH range.

Meanwhile, the decreases in the low pH range also reveal
that the hydroxyls in hydroxypolycations play a key role in the
adsorption process although there are high positive charges on the
surfaces of the adsorbents indicated by Fig. 1. Besides, at pH > pHzpc
(4.0-6.0), Fe/Zr-Mts and Zr-Mt still exhibited efficient uptakes for

Fig. 6. The concentrations of released Fe and Zr ions in solution at various pH.

Cr(VI) and the effect of pH on Cr(VI) retention was slight in the
pH range of 3.0-6.0 for all the samples. Consequently, it can be
inferred that the electrostatic interaction is not the only mecha-
nism involved in the adsorption process. And we propose that the
ion-exchange between Cr(VI) and hydroxyl (-OH) is more likely
to describe the adsorption process, as presented conceptually by
Egs. (5) and (6) in the condition of pH<6.0 (M mainly represents
Fe, Zr, or mixed Fe/Zr), because the ion-exchange mechanism is
much less dependent on pH than the electrostatic interaction [33].
Moreover, as the affinity of Cr(VI) with metal oxide is higher than
that of hydroxide with metal oxide [45], the chromate ions can
replace the hydroxide from the surface of the hydrolyzed metal
oxides. Of course, the evaluation of effect of solution pH is just a
macroscopic method of inferring mechanism, which can be fur-
ther directly confirmed using microscopic methods such as X-ray
adsorption near-edge structure spectrum.

M-OH + HCrO; — M-HCrO, + OH" (5)
M-OHj + HCrO, — M-HCr0; +H,0 (6)

3.5. Effect of initial concentration and adsorption isotherms

Equilibrium relationships between adsorbate and adsorbent are
described by adsorption isotherms. Fig. 7 shows the isotherms of
the adsorption of Cr(VI) onto the pillared Mts. The Langmuir (7),
Freundlich (8) and Temkin (10) isotherm models [5] were used
to describe the equilibrium data, and their linear forms were pre-
sented as

Ce 1 1

e 4 ¢ 7

Ge  Qmk  qm ° @)

In ge = Inkr + (%) Ince (8)

qe = (E> InAr + (ﬂ) Ince 9
br br

where C. (mg/L) is equilibrium concentration of Cr(VI) in the solu-
tion, g (mg/g) is the amount of Cr(VI) adsorbed at equilibrium,
gm (mg/g) is the theoretical maximum monolayer sorption capac-
ity, k; is a constant representing the affinity of the sorbent for the
solute; the kr and n are the indicators of the adsorption capacity
and adsorption intensity, respectively; bris Temkin heat of sorption
(kJ/mol), and At is Temkin adsorption potential (L/mg).

The linearized isotherms of Langmuir model are depicted in the
inset of Fig. 7, and the adsorption constants (qm, ki, kr, n, br, At
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Table 5

Equilibrium isotherm model parameters for Cr(VI) adsorption onto pillared montmorillonites.
Sample Langmuir Freundlich Temkin

ki (L/mg) qm (mg/g) R? 1/n ke (L/g) R? br (kJ/mol) Ar (L/mg) R?

Fe-Mt 0.237 16.210 0.999 0.126 8.869 0.973 1.511 144.589 0.963
Fe[Z4.1-Mt 0.396 22.346 0.995 0.131 12.477 0.989 1.136 272.751 0.981
Fe/Zry.1-Mt 0.378 21.115 0.996 0.134 11.680 0.966 1.154 190.039 0.972
Zr-Mt 0.337 19.238 0.997 0.148 10.053 0.915 1.131 72.201 0.936

Fig. 7. Adsorption isotherms of Cr(VI) on Fe-Mt, Fe/Zr4.1-Mt, Fe/Zry.1-Mt and Zr-Mt
and Langmuir linear plot (inset) (experimental conditions: pH 3.0, adsorbent dose
2 g/L, contact time 2 h, ionic strength 0.05 M, temperature 25 °C).

and R?) values are given in Table 5. As evidenced by the correction
coefficient R?, the Langmuir model could describe the adsorption
process better than Freundlich and Temkin models with R? >0.99.
This result indicates that these pillared clays provide the specific
homogeneous sites and the adsorption of Cr(VI) displays a mono-
layer adsorption process [36].

According to the values of qm, ki and kg, the order of maximum
adsorption capacities and affinities of the four materials to Cr(VI)
is: Fe-Mt<Zr-Mt<Fe/Zrq.1-Mt <Fe/Zr4.1-Mt, showing that mixed
metal pillars exhibit more superior activities compared to single
metal pillars, as supported by the previous reports [17,26,33]. As
discussed above, Fe-Mt and Zr-Mt have larger surface areas and
higher surface positive charges but smaller maximum capacities
than Fe/Zr-Mts, demonstrating that the adsorption of Cr(VI) is not

controlled by a physical sorption process. This could be interpreted
as follows: the mixed Fe/Zr polyoxocations could combine more
hydroxyl groups and the adsorption process is mainly determined
by the ion-exchange reaction between chromate ions and hydrox-
yls. And therefore, there are more active adsorption sites on the
surfaces of Fe/Zr-Mts, resulting in higher adsorption capacities.
This interpretation is supported by the results in 3.1 and 3.4. Fur-
ther, the ion-exchange reaction between Cr(VI) and hydroxyls may
reduce the bond intensity between hydroxypolycations and com-
bined water and thus give rise to the decrease of water content
after adsorbing Cr(VI), which is also evidenced by the results of
XRD and FTIR. Nevertheless, it must be emphasized that the electro-
static attraction exerts a positive impact on the adsorption of Cr(VI)
although it is not a decisive factor of Cr(VI) removal. To be spe-
cific, the ion-exchange process could be enhanced by electrostatic
attraction but also hindered by electrostatic repulsion as revealed
by the decreasing uptakes of Cr(VI) in the pH range of 6.0-10.0.

The maximum adsorption capacities obtained from the Lang-
muir model and equilibrium times of the pillared Mts are compared
with those of other adsorbents investigated for the removal of
Cr(VI) under similar conditions reported in previous literatures
(Table 6). We can see that the pillared Mts, especially Fe/Zr-Mt
have a relatively short reaction time and acceptably high capaci-
ties for the removal of Cr(VI), suggesting promising potential for
the treatment of Cr(VI)-rich wastewater.

3.6. Effect of temperature and thermodynamics study

The effect of temperature on the adsorption of Cr(VI) onto Fe-
Mt, Fe/Zr;.;-Mt and Zr-Mt was examined at 298 K, 308 K and 318 K.
Fig. 8 shows that adsorption capacity decreased slightly with the
increase in temperatures. For Fe/Zry.;-Mt, the maximum adsorp-
tion capacity g, calculated from Langmuir model decreased from
21.11 mg/gat 298 Kto 19.24 mg/g at 318 K. In order to further inves-
tigate the effect of temperature on the adsorption, thermodynamic
parameters such as change in Gibbs free energy (AG), change in
enthalpy (AH) and change in entropy (AS) were estimated using

Table 6

Comparison of adsorption capacity, g, obtained from Langmuir equation of Cr(VI) on various adsorbents.
Adsorbents Temperature (°C) pH Equilibrium time qm (mg/g) References
Wollastonite 30 2.5 100 min 0.686 [49]
Spent activated clay 24 2.0 15h 5.037 [6]
Organic-modified rectorite 25 6.0 40 min 3.57 [16]
HDTMA-modified zeolite 25 6.0 - 5.19 [15]
HDTMA-modified montmorillonite 25 4.2 - 233 [13]
Modified jacobsite (MnFe;04) 25 4.0 5min 22.68 [36]
Montmorillonite-supported magnetite 25 2.0 1h 15.3 [42]
Modified bauxite tailings 25 5.0-6.0 3h 1.399 [46]
Clarified sludge 30 3.0 2h 26.31 [47]
Activated alumina 30 3.0 3h 25.57 [47]
Activated carbon coated with quaternized poly (4-vinylpyridine) 24 2.25 9h 53.7 [1]
Almod shell activated carbon 50 1.0 - 190.3 [10]
Hazelnut shell activated carbon 30 2.0 50h 60.39 [11]
Fe pillared montmorillonite 25 3.0 2h 16.21 In this study
Fe/Zry.; pillared montmorillonite 25 3.0 2h 22.34 In this study
Zr pillared montmorillonite 25 3.0 2h 19.24 In this study
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Fig. 8. Effect of temperature on the adsorption of Cr(VI) by Fe-Mt, Fe/Zry.;-Mt and
Zr-Mt (experimental conditions: pH 3.0, adsorbent dose 2 g/L, contact time 2 h, ionic
strength 0.05 M, Cr(VI) concentration 25-120 mg/L).

the following equations [47]:

=Y
kDf o (10)
AG = —RT Inkp (11)
AG=AH-TAS (12)
AS AH
lnkD:T_ﬁ (13)

where kp is the distribution coefficient (mL/g), R is gas law con-
stant (8.314]Jmol~! K-1) and T is the absolute temperature (K). AH
and AS are obtained from the slope and intercept of Van't Hoff
plots of In kp versus 1/T. Thermodynamic parameters based on the
above functions are listed in Table 7. The negative values of AG
indicate the adsorption process is spontaneous, and the degree of
spontaneity of the reaction increases with increasing temperature.
We can see that enthalpy change AH values of Cr(VI) adsorp-
tion are also negative, which means all adsorption processes are
exothermic in nature. The exothermic adsorption of Cr(VI) onto
modified clays were also reported by other authors [16,43]. In addi-
tion, the positive values of AS indicate that there is an increase in
the randomness in the system solid/solution interface during the
adsorption process [48].

3.7. Effect of coexisting anions on Cr(VI) removal

The effect of coexisting anions, e.g., chlorate, nitrate, acetate,
acetate, sulphate, and phosphate on the adsorption of Cr(VI) by
Fe/Zr4.1-Mt was investigated at a constant concentration level
(1.0 mmol/L) for each anion (Fig. 9). The result showed that the
anions such as Cl~, NO3~ almost exhibited no noticeable effect on
the removal of Cr(VI). However, the coexisting C4H406%~, SO42~

Table 7
Thermodynamic parameters for Cr(VI) adsorption onto pillared montmorillonites
at pH 3.0, 40 mg/L Cr(VI).

Sample —AH (kJ/mol) AS (J/mol K) —AG (KJ/mol)

298K 308K 318K
Fe-Mt 5.07 33.26 14.98 15.31 15.65
Fe/Z4.1-Mt 6.34 34.67 16.67 17.02 17.37
Fe/Zry.1-Mt 5.10 37.92 16.4 16.78 17.16
Zr-Mt 3.47 42.41 16.1 16.53 16.69

Fig. 9. Effect of coexisting anions on Cr(VI) adsorption by Fe/Zr4.;-Mt (experimen-
tal conditions: pH 3.0, adsorbent dose 2 g/L, contact time 2 h, Cr(VI) concentration
50 mg/L, temperature 25°C).

and H,PO,4~ markedly inhibited the retention of Cr(VI). For exam-
ple, the observed uptakes of Cr(VI) in the presence of SO42~ and
H,PO4~ were only 5.14mg/g and 2.15mg/g, respectively, com-
pared with the adsorption density of 15.91 mg/g in the control.
The reason responsible for the decrease of Cr(VI) adsorption could
be contributed to the competition for the active surface sites of
Fe/Zr4.1-Mt. Overall, the effect of these coexisting anions followed
the order: H,PO4~ > 50427 ~ C4H40627 >CH3CO0O~ >NO3~ ~C(Cl—,
reflecting their different affinities towards the active surface sites
of the adsorbent.

3.8. Regeneration study of Fe/Zr-Mt

In order to reduce the cost of raw materials, the reuse of adsor-
bents must be taken into account in the application. Thus, it is
important to find an efficient regeneration method to desorb Cr(VI)
ions from the adsorbents. Previous studies have reported many
regeneration ways for various anions such as using NaOH [26,36]
and NaCl [44]. In this study, the regeneration of spent Fe/Zr4.1-
Mt was examined by using deionized water, NaCl and NaOH,
respectively. The experimental results demonstrated the Cr(VI)

Fig. 10. Regeneration studies of Fe/Zr4.1-Mt.
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desorption hardly occurred in pure water and the desorption effi-
ciencies in the 0.1 M NaOH solution and 10% NaCl solution were 82%
and 35%, respectively. Therefore, we used NaOH solution to regen-
erate the spent Fe/Zr4.1-Mt. Afterwards, the readsorption of Cr(VI)
by the same adsorbent was conducted in three cycles. As indicated
in Fig. 10, the adsorption capacity of Cr(VI) in the second run was by
about 4.0 mg/g less than that in the first run, suggesting that there
may be some irreversible sites on the surface of Fe/Zr4.1-Mt. In the
following runs, the uptake of Cr(VI) almost remained unchanged.

4. Conclusions

Pillared montmorillonites, i.e., Fe-Mt, Fe/Zr4.;-Mt, Fe|Zr;.;-Mt
and Zr-Mt, were synthesized and applied to evaluate their feasibili-
ties as adsorbents to remove Cr(VI) from solutions. The surface and
structural properties of these obtained materials were improved
remarkably when compared to original Na-Mt. The XRD patterns
confirmed that the Fe, Zr and Fe/Zr pillars were intercalated into
the interlayer space of Na-Mt and Fe species were mainly located
on the external surfaces evidenced by the increasing dgg1 values.
Also, the IR spectra demonstrated that these metal pillars linked
with Al-0 in the alumina octahedral sheet and Si-O in the silica
tetrahedron plates. Furthermore, the synthetic samples exhibited
larger specific surface areas and possessed higher positive charges
on external surfaces as indicated by the results of BET and zeta
potential measurement.

Adsorption experiments showed that the removal of Cr(VI) was
rapid and the kinetics could be described well by the Pseudo-
second-order model (R? >0.99) with an equilibrium time of 2 h. The
equilibrium studies indicated that solution pH exerted an impor-
tant impact on the adsorption of Cr(VI) with an optimal pH range
of 3.0-6.0. The Langmuir adsorption isotherm provided the best
correlation of the equilibrium data. Thermodynamic parameters
demonstrated that the adsorption process of Cr(VI) onto these pil-
lared montmorillonites was spontaneous and exothermic in nature.
The coexisting anions such as phosphate, sulphate and tartrate
inhibited markedly the adsorption of Cr(VI), whereas nitrate, chlo-
rate and acetate exhibited no significant effect on Cr(VI) adsorption.
NaOH solution could be used to regenerate the spent adsorbents.
Moreover, the combined results revealed that the adsorption of
Cr(VI) was mainly governed by electrostatic attraction and ion-
exchange, the latter of which played a major role.

These preliminary results indicate that Fe/Zr pillared montmo-
rillonite can be applied as an effective adsorbent for the treatment
of Cr(VI)-rich wastewater.
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