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Abstract: A local clay, bentonite (N-Ben), was modified by the biologically-
-based ligand, cysteine (Cys), through a simple sorption technique. The modi-
fied sorbent (Cys—Ben) demonstrated affinity for soft and moderately soft heavy
metal ions (HMI), such as Cd(IT) and Pb(II), probably as a result of the soft
basic character of the thiol ligand side chains. The resulting modified system
was effective for metal binding with capacities of 0.503 and 0.525 mmol g,
for Pb(Il) and Cd(II), respectively. Comparative batch experiments were per-
formed for removing lead and cadmium from aqueous solutions. The sorption
parameters were derived from a Langmuir fit to the sorption isotherms of the
studied ions. The study showed that the sorption capacity of Cys—Ben was
higher than that of N-Ben for these ions. The effect of pH was examined over
the range 2.0-6.0. The sorption capacities of Cys—Ben showed that this
modified clay is a good sorbent for the examined heavy metal ions.

Keywords: bentonite; modification; sorption; cysteine; heavy metal ions.

INTRODUCTION

Contamination of soil and groundwater with toxic metals at trace levels is a
complex and common problem, and it is well known that heavy metal pollution is
a serious threat to the environment. Pb, Cd, Cu, Hg, Cr, Ni and Zn are the main
trace elements that are of greatest concern. Although many heavy metals are ne-
cessary in small amounts for the normal development of the biological cycle,
most of them become toxic at high concentrations. Many studies were devoted to
their elimination, the objective being to develop an effective and economic pro-
cess for their removal. The methods for the removal of heavy metals cited in the
literature generally involve sorption processes, ion exchange mechanism, or com-
plexation by natural and synthetic reagents. Among the different adsorptive ma-
terials that have been used for the capture metal ions from solutions are activated
carbon, zeolites and clays.!—4
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Effective sorbents with a strong affinity and, consequently, a high loading
capacity for the targeted metal ions were prepared by modifying the surface of
silica gel, zeolites and clays.5~7 Due to their high specific surface areas, low cost
and ubiquitous presence in most soils, clays are usually chosen for the prevention
of the release of heavy metals into the environment. One such clay is bentonite,
which is a 2:1 type of clay, and its unit layer structure consists of one AI3* octa-
hedral sheet placed between two Si4™ tetrahedral sheets. The isomorphous substi-
tution of AI3* for Si** in the tetrahedral layer and Mg2™ or Zn2* for AI3" in the
octahedral layer results in a net negative surface charge on the clay, which give
ion exchange property to it.8

Modification may be required to make clay minerals possessing specific
sorption and catalytic properties. One of these modification processes is the inter-
action of the clay mineral with various organic cations and molecules under de-
fined conditions. These modifications are caused by chemical and thermal activa-
tion,? pillaring with inorganic cations!0 and surfactant insertion in the interlayer
space of the clay.!l:12 The association of the clay with complexing reagents (po-
lyphosphate, mercaptobenzothiazole) is a research field which opens interesting
perspectives for selectivity of the removal of heavy metals.!3 These organic com-
pound can bind to the surface and/or penetrate into the interlayer space of clay
minerals as a ligand.14-16 One group of these ligands can be amino acids.!”

The concerns of this investigation are divided into two parts: first, the prepa-
ration and characterization of modified bentonite and second, an investigation of
sorption due to the specific affinity of the thiol group of Cys for the two environ-
mentally important divalent cations Pb(II) and Cd(Il) and to examine the practi-
cal usability of these modified sorbent in the sorption of these heavy metals from
aqueous media. The adsorption features of the studied sorbent were evaluated on
the base of sorption parameters derived from the compatibility of the sorption
isotherms to the Langmuir model.

EXPERIMENTAL
Materials and methods

Bentonite sorbent was obtained from deposits of the Semnan Region, Iran. The sample
was ground in a ball mill and only particles smaller than 71 pm (200 mesh) were used for the
sorption experiments. The employed L-cysteine (Merck) had a purity of > 99 %. All the com-
pounds used to prepare the reagent solutions were of analytic reagent grade. The stock solu-
tions of Cd(II) and Pb(II) (1000 mg L! for each ion) were prepared by dissolving a weighed
quantity of the respective nitrate salt in distilled water.

Chemical analysis was performed by X-ray fluorescence (XRF) spectroscopy using a
Bruker S4 PIONEER spectrometer. X-Ray powder diffraction (XRD) patterns were collected
on a Bruker D8 Advance X-ray diffractometer (CuK,). The specific surface area was determi-
ned by the BET method, using a Monosorb surface area analyzer. The IR spectra were recor-
ded in air at room temperature on a Shimadzu infrared spectrophotometer (IR-435). The spec-
tra were measured in KBr pellets. The chemical, mineralogical and physico—chemical charac-
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teristics of the natural sample are summarized in Table I. The cations in solution were ana-
lyzed by a Shimadzu atomic absorption spectrophotometer (AA-670).

TABLE I. Physico—chemical, chemical and mineralogical characteristics of the natural sorbent

Specific surface area, m? g1 34.6
CEC/meq g'! 0.76
Chemical composition, mass %
Si0, 60.33
AlO;4 15.63
F6203 2.54
CaO 2.86
K,O 2.52
MgO 1.44
Na,O 1.60
TiO, 0.43
MnO 0.11
SrO 0.08
Loss on ignition 12.51
Mineralogical composition, mass %

Montmorillonite 52.2
Quartz 254
Feldspar 9.6

Mordenite 6.4

Calcite 4.8

Gypsum 1.5

Preparation of modified bentonite

Natural bentonite (5.0 g) was suspended in a 100 mM solution of cysteine, the pH of
which had previously been adjusted to 4.0 with HNO; or NaOH. The obtained suspension was
stirred at room temperature for 12 h. The solid phase (Cys—Ben) was separated by centrifu-
gation, washed with distilled water and then dried at room temperature and stored for sub-
sequent studies. The modified bentonite was designated as Cys—Ben.!®

Sorption experiments

A solution of metal nitrate (100 mL) with a concentration in the range 0.10-10.0 mmol
dm3 was placed in a polyethylene bottle. The pH of the solution was adjusted to the desired
value using HNO; or NaOH solution. An accurately weighed amount of N-Ben or Cys—Ben
(1.0 g) was then added to the solution. A series of such bottles was then agitated at a constant
speed in a shaking water bath, the temperature of which was kept constant at 25 °C. After a
contact time of 12 h (the equilibrium time determined by preliminary experiments), the solid
phase was separated by centrifugation. The progress of the sorption was assessed by deter-
mining the concentration of metal ion remaining in an aliquot by AAS. All experiments were
performed in duplicate.
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83 6 FAGHIHIAN and NEJATI-YAZDINEJAD

RESULTS AND DISCUSSION
Sorbent characterization

The XRD pattern of bentonite is shown in Fig. 1, which indicates that the
raw bentonite consisted of montmorillonite and quartz.

Relative Intensity
0

10 20 30 40
20/°

Fig. 1. XRD Pattern of bentonite (M = montmorillonite, Q = quartz).

According to the literature, the sorption of an organic material onto a nega-
tively charged surface is a complex process involving both cation exchange and
hydrophobic bonding.!®

The modification of the sorbent material after treatment with the cysteine so-
lution was verified by the IR spectra of the materials, which are shown in Fig. 2.
The wavenumbers and vibration type of bentonite are given in Table II. The Cys—
—Ben spectrum is dominated by the bands of the host material but the presence of
the amino acid (on the surface or between the layers) is also observed. Never-
theless, a closer inspection of the 1700-1300 cm™! of the Cys—Ben and compa-
rison with the same wavenumber interval of the amino acid and that of the host
material revealed that the guest species were adsorbed by the sample.

Cys AduaYare

Ben

Ben-Cys

4000 3000 2000 1500 1000 " 500 Fig. 2. IR Spectra of bentonite, cysteine and
Wavenumber, cm Cys—Ben.
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TABLE II. IR vibrations of bentonite

Wavenumber, cm’! Vibration type

~ 3600 O-H stretching (Si,A)-OH
~ 3400 O-H stretching H-OH

~ 1650 H-O-H deformation

~ 1150 Si—O stretching

~ 1050 Si—O-Si stretching

~ 520 Si—O-Si deformation

In relation to the interaction between bentonite and cysteine, the peaks at
3500-2500 cm™! are probably N-SH stretching vibration. The broad O-H band
(= 3500 cm™!) belonging to the carboxyl in the structure is invisible because it is
masked by the O—H stretching of the amino acid and water in the bentonite. The
spectrum of Cys—Ben showed that the bands at 1340 (symmetric deformation of
the NH3 group), 1520 (deformation of the N—H group), 1740 (stretching of C=0),
680 (stretching of C—S) and 2560 cm! (stretching of S-H) decreased in inten-
sity.20.21 All these results may be caused by the interaction between bentonite
and the NH; group of cysteine.

The TG/DTG curves of bentonite, cysteine and Cys—Ben are shown in Figs.
3 and 4. The bentonite showed a weight loss between 25-200 °C, corresponding
to the desorption of internal and external water of hydration.22 Between 200 and
550 °C, the bentonite did not undergo any thermally induced changes. Therefore,
the peaks in this region for the organo—bentonite are attributable to the decom-
position of the amino acid. The observed weight losses above 450 °C are attri-
butable to dehydroxylation.23

04 TG N o}

® wh TG
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z $

g g

=20 100 pee
DTG
(a) (b)

200 400 600 800 200 400 600 800
t/°C t/°C
Fig. 3. TG and DTG curve of a) bentonite and b) cysteine.
Effect of pH

The effect of pH was studied at a constant metal ion concentration (7.0
mmol dm=3) and solid ratio (100 ml g~1) at 25 °C. The pH is an important pa-
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rameter for the sorption of metal ions from aqueous solutions because it affects
the solubility of the metal ions, the concentration of the counter ions on the func-
tional groups of the sorbent and the degree of ionization of the sorbate during the
reaction. The sorptions of Cd(II) and Pb(II) onto Cys—Ben and N-Ben as a func-
tion of pH are shown in Fig. 5. Cd(II) and Pb(II) were adsorbed on these sorbents
over the pH range 2.0-5.5. It can be seen that the sorption of Cd(II) and Pb(I) is
markedly pH-dependent. It is obvious that the amount of the metal ions adsorbed
on the solid phase (¢) was low at low pH values for both metal ions. This can be
explained by the competition of protons for sites on the sorbents. In aqueous
solutions, sorbents (bentonite and/or Cys—Ben) with charged groups are suscep-
tible to the experimental conditions such as pH. This usually causes noticeable
changes in the sorption of ions onto charged solid sorbents. As the pH of the
aqueous phase was lowered (pH < 4), the surface usually become less negative
because of protonation of the charged sites. This leads to a decrease in the

sorption of cations depending on the sign of the surface charge. The reverse is
O T6

Weight loss, %
S

20

DTG

T T T T
200 400 600 800

£/°C Fig. 4. TG and DTG curve of Cys—Ben.
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Fig. 5. Effect of pH on the sorption of a) Pb(II) and b) Cd(II) by the two sorbents.
¢i = 7.0 mmol dm3; contact time: 12 h, at 25 °C.
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CYSTEINE-MODIFIED BENTONITE IN HEAVY METALS UPTAKE 83 9

true when the pH of the aqueous solution is increased (pH > 4). The value of ¢
increased with increasing initial pH value for both lead and cadmium ions, with a
more profound effect in the case of lead ions. It is apparent that using solutions
with an initial pH of 4-5 gave the highest g values.

Effect of contact time

The effect of contact time was studied at a constant metal ion concentration
(1.0 mmol dm3) and a liquid to solid ratio (100 ml g-1) at 25 °C. The obtained
results are shown in Fig. 6. It can be seen that the amount of Pb(Il) and Cd(II)
adsorbed per unit mass of adsorbent (¢) showed increased with interaction time.
The rate of uptake of Pb(I1)/Cd(II) was maximal during the first 12 h, after which
it leveled off and equilibrium was attained after 24 h. Maximum metal ion re-
moval values were observed at this contact time.

06 - 0.6 +
;_=’ u.d A f‘ 0.4 1
=] =]
£ £
£ (]
=~ 024 ~ 02
o =
—a— Cys-Ben —=—Ben w —e—Cys-Ben —s— Ben
0.0 T T T T T T 1 i 5 = r T T : !
0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
Time, h Time, h

Fig. 6. Effect of contact time on the sorption of a) Pb(II) and b) Cd(II) by the two sorbents.
¢i = 7.0 mmol dm3, pH 4.0, at 25 °C.

Effect of temperature and thermodynamic parameters

When the adsorption equilibrium of the studied systems was established, the
metal cation adsorbed was in equilibrium with the residual metal cation remain-
ing in the liquid phase. The values of equilibrium constant (Kg) of the sorption
process at different temperatures were calculated from the relation:24

q. m
K,=d" ]
d= .y M

(S

where ¢, is the equilibrium amount of the metal ions adsorbed on the solid phase,
ce 1s the concentration of the metal ions remaining in solution at equilibrium, m is
the mass of the sorbent and V' is the volume of the solution. The standard Gibbs
free energy (AG®) was calculated from the relation:25

AG®=-RTIn K4 )

The values of the entropy (AS®) and enthalpy (AH®) changes of the sorption
process were calculated by plotting of In K4 vs. 1/T according to the van't Hoff
equation:
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840 FAGHIHIAN and NEJATI-YAZDINEJAD

In K4 = (1/R)(AS®+ AH®/T) 3)

The values obtained for K4, AS®, AH® and AG® are given in Table III. The
value of K4 decreased with temperature for both metal ions. The Gibbs free
energy change is the driving force and the fundamental criterion of spontaneity.
The obtained values of AG® were —3.64 and —2.12 kJ mol-! at 25 °C for Cd(II)
and Pb(II), respectively. The negative values of AG® imply that the sorption of
these metal ions on the organo—bentonite is spontaneous and becomes more favo-
rable with decreasing temperature. It was reported that AG® values down to —25
kJ mol-! are consistent with electrostatic interaction between sorption sites and
the metal ions.26.27

TABLE III. Values of the thermodynamic parameters for the sorption of the studied metal ions
Sorbent HMI T/K  InKqy AH®/JImol' AS®/Jmol'K' AG®/kJmol’

Cys-Ben Cd(Il) 298 1477 ~5.97 ~7.81 3.64
303 1427 -3.60

313 1.356 -3.52

323 1277 ~3.44

333 1.224 337

Pb(Il) 298  0.859 227 -0.490 2.12

303 0.837 2.12

313 0817 212

323 0.788 2.11

333 0.759 2.11

N-Ben Cd(I) 298  0.033 10.7 35.9 20.020
303 0.046 ~0.16

313 0.178 ~0.52

323 0.301 -0.87

333 0.484 123

PbAl) 298  0.367 0.370 4.30 -0.91

303 0372 -0.93

313 0375 ~0.97

323 0381 ~1.01

333 0.383 ~1.06

The obtained values of AS® were —7.81 and —2.12 J mol~! K- for Cd(II)
and Pb(1I), respectively. The negative values of AS® for both metal ions indicate
the decrease in randomness as a consequence of sorption.28 The values of AH®
were —5.97 and —2.27 kJ mol~! for Cd(II) and Pb(II), respectively. These results
show that the sorption of these ions by modified bentonite is an exothermic
process.

Sorption isotherms

The sorption isotherms can be described by a Langmuir-type isotherm,
which is described by the following equation:
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_ Kq,

e = 1+ Kc,

“
where ¢ is the maximum capacity of the sorbent and X is the Langmuir constant,
related to the energy of sorption. The Langmuir equation can be rearranged to a
linear form for the convenience of plotting and determining the Langmuir cons-
tants as follows:

[ Ce 1
e T} (5)
9. 4¢° Kq°
The sorption of Cd(II) and Pb(II) from solution by N-bentonite and Cys—Ben
was studied at room temperature at pH 4.0. The sorption isotherms for Cd(II) and

Pb(IT) were established to compare the sorption capacity of Cys—Ben with that of
N-bentonite (Fig. 7).

0.8 1 0.8 +
(a) (b)

'eg 06 1 'oa 0.6 1 o
i p— -
< -] o
E o4/ E o4l "
£ E
-~ ~
= 0.2 & 0.2 1

—=— Cys-Ben

0 2 4 6 8

-3
¢, / mmol dm

¢, / mmol dm™
Fig. 7. Sorption isotherms of a) Pb(Il) and b) Cd(II) at pH 4.0,; contact time: 12 h, at 25 °C.

The equilibrium sorption data were fitted to the linear form of the Langmuir
equation, and the determined sorption parameters (¢, K and r2) are given in Tab-
le IV. In all cases, the degree of fit, 72, for the linear regression fits were found to
be > 0.99, which is a measure of the goodness-of-fit of the experimental data to
the Langmuir isotherm model. For both Cd and Pb, higher K values were ob-
served for Cys—Ben than for N-bentonite. The values of ¢¥ and K were calculated
from the intercept and slope of the linear plots, respectively.

TABLE IV. Lamgmuir parameters for the sorption of the studied metal ions

Solute Sorbent K/dm3 mmol!  ¢°/mmol g! r?

Pb(II) N-Ben 3.91 0.436 0.9928
Cys—Ben 10.3 0.503 0.9917

Cd(n N-Ben 3.07 0.381 0.9905
Cys—Ben 5.08 0.525 0.9911
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842 FAGHIHIAN and NEJATI-YAZDINEJAD

The values of ¢° (0.503 and 0.525 mmol g for Pb(Il) and Cd(II, respecti-
vely) are consistent with the experimentally obtained values (Table IV). The
values of the Langmuir binding constant (K) were 10.3 and 5.08 dm3 mmol~! for
Pb(II) and Cd(II), respectively.

The sorption mechanism of Cys—Ben is complex and the proposed mecha-
nism is probably composed of two successive steps:

— an ion exchange step, during which cadmium/lead ions in solution are ex-
changed with framework ions;

— a complexation step, in which the remaining cadmium/lead ions in the so-
lution react with the Cys to form a cadmium/lead cysteine complex.!”

Accordingly, the sorption process can be described as follows:

A" + pM-Ben == nM" + A-Ben (6)
where M refers to the exchangeable alkali metal ions (i.e. Nat and K*) of the

clay framework, A" represents heavy metal ions (Cd2* or Pb2*) and Ben refers
to ion-exchange sites of bentonite.

CONCLUSIONS

Cysteine-modified bentonite (Cys—Ben) was prepared from N-bentonite. The
structure and sorption performance of N-bentonite and Cys—Ben were evaluated.
Using Cd(II) and Pb(II) as heavy metal indicators for sorption, the experiments
proved that the sorption capacities of Cys—Ben were enhanced in comparison to
N-bentonite. The pH is an important factor affecting the sorption of heavy metals
by bentonite, and it can change the affinity of the sorption sites for heavy metals.
The modified mineral had a higher removal efficiency for cadmium than for lead
ions, regardless of the operating conditions. A high metal uptake can be achieved
using an initial solution pH of 4-5 with a careful selection of the other condi-
tions, especially the metal ion and slurry concentrations, to avoid masking of
sorption by chemical precipitation. The Langmuir isotherm provides a good fit
for the studied temperature and concentration ranges.
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U3BO A
COPITHMOHE KAPAKTEPUCTUKE BEHTOHUTA MOJU®HNKOBAHOI' IUCTEMHOM
[TPU YKITABABY TELIKUX METAJIA
HOSSEIN FAGHIHIAN u MASSOUD NEJATI-YAZDINEJAD
Department of Chemistry, University of Isfahan, Isfahan 81746-73441, I. R. Iran

Jloxanua riouaa OenroHut (N-Ben) momndukoBaHa je OMOJOIIKMM JHMIAaHIOM IMCTEHHOM
(Cys) jemHocraBHOM COpPIIMOHOM TeXHMKOM. MonudukoBann copbent (Cys—Ben) mokazao je
apUHUTET IpeMa jOHMMa MEKHUX W yMEPEHO MEKMX Temkux MeTana xao mro cy Cd(Il) m Pb(Il),
IITO je BEPOBATHO pPe3yJITaT yMepeHo 0a3HOr Kapakrepa Iepu(epHUX THOJIHHUX JIaHAlld JUTaHAA.
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CYSTEINE-MODIFIED BENTONITE IN HEAVY METALS UPTAKE 843

Pesyntyjyhu mommdukoBanu cuctem Omo je edukacaH 3a Be3MBame MeTalla KalalUTeTHMa OJl
0,503 u 0,525 mmol g'! 3a Pb(I) u Cd(II), penom. U3Benene cy ymopease rpyre ekcriepuMeHaTa
yKIIambamba 0JI0Ba M KaJIMHjyMa M3 BOASHUX pacTBopa. COpNLMOHM mapaMeTpu AOOMjeHH Cy Y3
MIPETIIOCTAaBKY Jla COPIILMja NCIIMTHBAHUX jOHA oAroBapa Langmuir-oBoj aJCcOpIIHOHO] H30TEPMH.
HcnuruBame je nokasallo aa je copnuuoHu Kamanurer copoenta Cys—Ben 3a ose jone Behu y oxn-
Hocy Ha kanarureT copbenta N-Ben. Yrunaj pH ncrimrusas je y oncery 2,0-6,0. Jlobujenu coprn-
LMOHHM KalaluTeTH MoKa3anu cy aa je Cys—Ben nobap copOeHT 3a HCTTUTHBAHE jOHE TEIIKUX METaja.
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