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bstract

The interaction between Cd(II) in aqueous solution and two 2:1 expandable clay minerals (i.e., montmorillonite and vermiculite), showing different
ayer charge, was addressed via batch sorption experiments on powdered clay minerals both untreated and amino acid (cysteine) treated. Reaction
roducts were characterized via X-ray powder diffraction (XRDP), chemical analysis (elemental analysis and atomic absorption spectrophotometry),
hermal analysis combined with evolved gasses mass spectrometry (TGA-MSEGA) and synchrotron-based X-ray absorption spectroscopy via
xtended X-ray absorption fine structure (EXAFS) characterization. Sorption isotherms for Cd(II) in presence of different substrates, shows that
d(II) uptake depends both on Cd(II) starting concentration and the nature of the substrate. Thermal decomposition of Cd–cysteine treated clay
inerals evidences the evolution of H2O, H2S, NO2, SO2, and N2O3. These results are well consistent with XRDP data collected both at room

nd at increasing temperature and further stress the influence of the substrate, in particular cysteine, on the interlayer. EXAFS studies suggest

hat Cd(II) coordinates with oxygen atoms, to give monomer complexes or CdO molecules, either on the mineral surface and/or in the interlayer.
or Cd–cysteine complexes EXAFS data agree with the existence of Cd–S clusters, thus suggesting a predominant role of the thiol group in the
onding of Cd with the amino acid.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Literature so far available on cadmium remarks its very high
oxicity to animals and humans, thus accounting for the great
nvironmental concern related to this element [1,2]. Cadmium
ay enter into natural environments following different paths,

uch as: (i) industrial, especially mining and metallurgy, runoffs;
ii) high-Cd phosphate fertilizers; (iii) nickel–cadmium bat-
eries; (iv) chemical stabilizers [3–5]. Unlike many transition
etals, which precipitate as hydroxides at pH values common

n soils and surface waters, cadmium hydroxide is very solu-
le and its concentration in aqueous solutions is not appreciably

imited at pH values lower than pH 10 [6]. Recent studies on
d(II) [7–13] addressed its sorption on soil minerals, also when
nhanced by the introduction of different functional groups on
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he mineral surface, such as clay minerals with metal complex-
ng groups [14–16].

Several studies, devoted to metal and metal–organic interac-
ions with 2:1 clay minerals, demonstrated that metal adsorption
nd desorption depend on the magnitude of the 2:1 layer charge
nd on its location [17,18]. In smectites, the negative charge per
alf-unit cell ranges from −0.6 to −0.2, whereas in vermiculites
his value is between −0.9 and −0.6. In both clay minerals, the
ayer charge is balanced by interlayer cations located between
wo adjacent layers. The location of isomorphous substitution
n the layer (i.e., whether the layer charge derives from substitu-
ion in the tetrahedral or octahedral sheet) is an important factor
ffecting both hydration and cation speciation in the interlayer. In
lectrically neutral layers, the basal oxygen atoms act as a weak
ewis base (electron donor), forming weak hydrogen bonds with
ater molecules. When isomorphous substitution occurs, the

asal oxygen atoms show an excess in negative charge, and their
lectron-donating capacity increases. Sposito [19] demonstrated
hat H-bonding between water molecules and basal oxygens
toms is enhanced by tetrahedral rather than by octahedral sheet

mailto:brigatti@unimore.it
dx.doi.org/10.1016/j.jhazmat.2006.08.069
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ubstitution. According to the HSAB theory of Pearson [20,21],
he silicate 2:1 layers and the hydrated interlayer cations can
e considered as Lewis bases and acids, respectively [22]. The
ocation of the layer charge determines the strength of the Lewis
ase: montmorillonite behaves as a soft base because the layer
harge derives from octahedral substitutions and thus the charge
f tetrahedral basal oxygen atoms reflects the charge imbalance
f the whole layer. On the contrary, vermiculite behaves as a hard
ase because the layer charge derives from tetrahedral substitu-
ions, thus closely affecting the charge of coordinating oxygen
toms. In this way, the 2:1 layer charge location affects the layer
ydration as well as the cation sorption process [18], since hard
ases preferentially complex hard acids (cations) and soft bases
referentially complex soft acids. It is well known that clay min-
rals with high charge located in the tetrahedral sheet, such as in
ermiculite, hydrate more strongly than those with lower charge
ocated mainly in octahedral sheet, such as in montmorillonite.
rganic cations are thus adsorbed less strongly on vermiculite

urface because of the energy demand in displacing water from
he adsorption site. Moreover residual negative charges can also
evelop along the edges of clay mineral particles where Si–O–Si
nd Al–O–Al bonds are ‘broken’ and converted into Si–OH and
l–OH groups [23].
Several studies described the interaction of metals on clays

nd modified clays such as pillared clays and grafted clays
16,24–27]. For example, the interaction between Cu and 2:1
xpandable clays can follow different paths, such as the forma-
ion of dimmers, or a combination of monomers and dimmers,
t the edge sites of clay mineral particles or also the formation of
uter-sphere complexes on the permanently charged sites, where
he metal is surrounded by a shell of at least one layer of water

olecules. The environment of Cu(II) is completely different
hen the 2:1 clay mineral is functionalized by grafting organic
roups, such as thiol or amine functions. The metal shows an
ctahedral coordination defined by four oxygen (related to the
ayer clay mineral) and two nitrogen atoms (related to amino
cid) [18,28].

The focus of this study is thus the characterization of the
ptake behavior of Cd(II) by montmorillonite and vermiculite
n presence or absence of cysteine (H2NCH(CH2SH)CO2H).
his amino acid is frequent in natural environments and presents
COOH, –NH2 and –SH functional groups. Thus, starting from
he background previously outlined, this work will describe the

odification on the structure of clay minerals associated to the
ptake process, the Cd(II) sorption behavior including kinet-
cs, and the local configuration of Cd(II) and Cd(II)–cysteine
omplexes, as determined by extended X-ray absorption fine
tructure (EXAFS).

. Materials and methods

.1. Clay mineral samples
Vermiculite sample (label Mg-V) under investigation
s from Bikita (Zimbabwe). Chemical composition, deter-

ined on several selected crystals, was found not to change
ithin the given crystal, but to differ from crystal to crys-

a
a

a

ous Materials 143 (2007) 73–81

al. The mean chemical formula is: [iv](Si3.041Al0.959)4.000
vi](Ti0.023Al0.049Fe0.403

3+Mg2.518Mn0.007)3.000 (Mg0.228
a0.005)0.233 O10 (F0.152OH1.848) and nominal cation exchange

apacity is 0.461 epfu (i.e., electron per formula unit). The
ation exchange capacity (CEC), experimentally determined on
0 mg of ground vermiculite crystals by the method introduced
y Emmerich et al. [29], is 116 meq/100 g. The unit cell
arameters are: a = 5.320(7); b = 9.28(1); c = 14.500(7) Å;
= 96.4(1)◦ (space group C2/m).
Montmorillonite STx-1 (label Ca-M) is from Gonzales

ounty Texas and was provided by the Clay Minerals Soci-
ty. The chemical composition is: [IV]Si4.0

[VI](Al1.59Fe0.035
3+-

e0.01
2+Mg0.14

2+Ti0.01) [XII](Ca0.12Na0.035K0.005) O10 (OH)22.
ation exchange capacities is 84.4 meq/100 g. Further miner-
logical and chemical details can be found in the report of the
lay Minerals Society [30].

Montmorillonite derives its layer charge mostly from lower
harge cations substituting for Al3+ (Fe2+ and Mg2+) in octa-
edral sites, whereas the layer charge of vermiculite is mostly
elated to Al3+ for Si4+ substitutions in tetrahedral sites. Thus
ontmorillonite can be classified as a soft base and vermiculite

s a hard base [22].

.2. Chemicals and solutions

Cadmium acetate dihydrate, sodium acetate, and all the other
hemicals are analytical-grade reagents and were not treated for
urther purification.

Cd(II) solutions 10−3 M were prepared by dissolving cad-
ium acetate dihydrate in deionized water. Cysteine 10−2 M

olutions were prepared by using a commercial reagent with no
mpurity declared above 0.1%. The choice of solution concen-
ration both for Cd(II) solution and cysteine solution was driven
y the theoretical calculation performed via the MINTEQA2
rogram [31]. MINTEQA2 program was also applied to derive
xperimental conditions aimed at excluding the formation of pre-
ipitated Cd-phases. This theoretical calculation suggests that no
recipitated phases occur over a large pH range, i.e., at pH < 8.5,
s also confirmed by X-ray diffraction studies on treated clay
inerals.

.3. Preparation of cysteine-treated clay minerals

A fixed amount of montmorillonite and vermiculite (50 g)
as subject to ultrasonic treatment, and the <2 �m size frac-

ion was separated by sedimentation [32]. Each clay mineral
ample was pre-treated with 1 L of 1 M sodium acetate solu-
ion [33]. The suspensions were continuously shaken for 24 h
t 50 ◦C. After this time, the solution was siphoned off from
he bottom sediment and treated several time with a 1 M sodium
cetate solution. The procedure was repeated until X-ray diffrac-
ion results confirmed Na-saturated interlayers (montmorillonite
0 0 1 = 13.1 Å; vermiculite d0 0 1 = 12.3 Å). After sedimentation

nd filtration of the suspensions, both clay minerals were
ir-dried.

Afterwards, 25 g both of Na-exchanged vermiculite (Na-V)
nd montmorillonite (Na-M) were dispersed in 0.5 L of 10−2 M
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Table 1
Chemical quantification of adsorbed/exchanged Cd and cysteine in vermi-
culite and montmorillonite samples; for calculation of the ratios between
adsorbed/exchanged species and cation exchanged capacity (CEC), Cd and cys-
teine are expressed in meq/100 g and mmol/100 g, respectively

Cd (wt%) Cd(II)/CEC Cysteine (wt%) Cysteine/CEC

Cd(II)-V 2.45 0.38
Cys-V 1.30 0.09
Cd(II)-V-Cys 2.51 0.38 0.61 0.04
Cd(II)-M 2.13 0.45
Cys-M 1.20 0.12
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ysteine solution. The initial pH of each dispersion was adjusted
o 5.0, using acetic acid. During the experiments, pH was mon-
tored continuously via a pH-meter (Jenway 3310) equipped
ith a glass electrode. The pH variation did not exceed ±0.1
H units. The cysteine was differently adsorbed by montmo-
illonite and vermiculite. Thus the contact time between cys-
eine solution and the two clay mineral layers was not equal
nd the treatment was extended until elemental, thermogravi-
etric and X-ray diffraction analyses confirmed the presence

f cysteine into the layer. After filtration, the solutions were
nalyzed and the solid characterized. At the end of this pro-
edure two samples were obtained, i.e., vermiculite treated
ith cysteine (Cys-V) and montmorillonite treated with cysteine

Cys-M).

.4. Cd adsorption experiments

Different experimental procedures using Cd(II) solution at
0−3 M were carried out for evaluating the Cd(II) sorption kinet-
cs by the two clay mineral layers in presence or not of the
mino acid. Four different clay mineral-Cd(II) solution systems
ere prepared using Na-M, Na-V, Cys-M, and Cys-V samples.
ach system was characterized by 22 sealed tubs, containing
50 mg of clay mineral and 50 mL of Cd(II) solution, to allow
ubsequent samplings, with a frequency ranging from few sec-
nds up to some hours. Each sealed tube thus gives a single
ata-point in the kinetic adsorption curves. This method was
referred to the widely used batch experiment approach (with
ubsequent samplings from a unique suspension) to prevent that
he progressive reduction of mass may influence the adsorp-
ion processes. No constraints were imposed on pH during the
ourse of these reactions. Constant temperature at 25 ◦C was
aintained. Each system was continuously shaken on an orbital

tirrer at 420 rpm for periods ranging from few seconds up to
maximum of 5 days. At the end of the scheduled time solu-

ion was separated from solid by centrifugation at 8000 rpm for
0 min. Three replicates were made for each sample to determine
he reproducibility and relative deviation of the experiments
eported in figures. Kinetic curves, each consisting of 22 data
oints, were built by analyzing the decrease of Cd(II) in solu-
ion, due to the adsorption from different substrates (differently
reated and untreated clay minerals), from each sealed tube after
entrifugation.

Characterization of solid phases by X-ray diffraction, ther-
al and EXAFS studies was obtained by exchanging 1 g of
a-M, Na-V, Cys-M, and Cys-V with the Cd(II) solution

or 5 days (labels Cd(II)-M = Cd(II) exchanged Na-M; Cd(II)-
= Cd(II) exchanged Na-V; Cd(II)-M-Cys = Cd(II) exchanged

or complexed) Cys-M; Cd(II)-V-Cys = Cd(II) exchanged (or
omplexed) Cys-V. Cd and cysteine concentration values in all
he above mentioned samples are reported in Table 1.

.5. Apparatus
Elemental analysis (Elemental Analyzer, Carlo Erba 1106)
as performed in order to check the amount of amino acid

orbed. An atomic absorption spectrophotometer (Perkin-Elmer

e
s
a
a

d(II)-M-Cys 2.06 0.44 0.56 0.06

nalyst 100) was used to analyze the amount of metal both on
he clay mineral after acid digestion [34] and in the solution.

etal content measured via solid analysis was checked against
he residual Cd(II) content determined in solutions.

X-ray powder diffraction (XRD) analysis was carried out in
temperature range 25 < T (◦C) < 400 (heating rate 2 ◦C/min)

n randomly oriented mounts of clay minerals, using a
hilips X’Pert PRO diffractometer equipped with X’Celerator
etector (Cu K� radiation 40 kV and 40 mA; 2θ range:
–75◦; quartz as standard) and HTK16 Anton Paar heating
pparatus.

Thermal analyses were performed with a Seiko SSC 5200
hermal analyzer equipped with a quadrupole mass spectrometer
ESS, GeneSys Quadstar 422) to analyze gases evolved during
hermal reactions. Gas sampling by the spectrometer was via
n inert, fused silicon capillary system, heated to prevent gases
ondensing. Gas analyses were carried out in multiple ion detec-
ion mode (MID) which allows the qualitative determination of
volved masses versus temperature or time. Background sub-
raction was performed to obtain the point zero conditions before
tarting MID analysis.

A synchrotron-based X-ray absorption spectroscopy
EXAFS) technique was used to obtain information on the
ocal environments of Cd-sorbed species. Cd K-edge X-ray
bsorption experiments were performed at the European
ynchrotron Radiation Facility (ESRF) at GILDA beamline.
pectra were collected in transmission mode at room tempera-

ure conditions on powder-pressed disks obtained by mixing an
ppropriate amount of the clay mineral sample with cellulose.
his procedure was the one that provided better noise–signal

atio. Energy calibration was performed using a Cd metal
oil with the first inflection point of the K-absorption edge at
6,711 eV. Sample were analyzed at liquid nitrogen temperature
sing an evacuated cryostat. Measurement at room temperature
howed that the freezing procedure improved the spectral
uality without altering samples.

The experimental Fourier filtered EXAFS spectrum was com-
ared with theoretical EXAFS spectra, calculated from the
EFF-8 program [35] using Cd(OH)2, CdO, and CdS as ref-

rence compounds. A Fourier transform of the experimental
pectrum provides the approximate radial distribution function
round the central absorbing atom; the peaks represent shells of
toms surrounding the central atom.
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. Results and discussion

.1. Adsorption experiments

Fig. 1 describe the variation of Cd in solution as a function of
ime in presence of montmorillonite exchanged with Na (sample
a-M, Fig. 1.1a) and cysteine (sample Cys-M, Fig. 1.2a), and

n presence of vermiculite exchanged with Na (sample Na-V,
ig. 1.3a) and cysteine (sample Cys-V, Fig. 1.4a). The initial Cd
oncentration is 10−3 M.

Sample Na-M is characterised by an initial sharp decrease of
d in solution [Cd(II) = 49 mg/L; t = 150 s]. After this period of

ime the system seems to show an instable behaviour, and in the
ange 3 < t (min) < 180 adsorption and desorption steps of Cd(II)
ake place, with a maximum content of Cd in solution of approxi-
ately 71 mg/L (i.e., approximately 63% of the starting concen-
ration). After this peak, occurring approximately after 120 min,
he system evolves to an asymptotic value [Cd(II) = 47 mg/L],
hich is close to the value reached after 150 s. In the interval

1
t
u
o

ig. 1. (1.1) Cd adsorption by Na-montmorillonite (sample Na-M) vs. time. (1.1a) Cd
f 10−3 M (112.4 mg/L); (1.1b) calculation of the sorption kinetics for the interval
nd at the starting time (t = 30 s), respectively. (1.2) Cd adsorption by Na montmorill
mg/L) during the experiment starting from a Cd(II) concentration of 10−3 M (112.4 m

and C0 represent the Cd concentration (mg/L) at the time t and at the starting time (
ime; (1.3a) Cd in solution (mg/L) during the experiment starting from a Cd(II) conce
he interval 30 < t (s) < 240; C and C0 represent the Cd concentration (mg/L) at the ti
ermiculite pre-treated with cysteine (sample Cys-V) vs. time; (1.4a) Cd in solution
112.4 mg/L); (1.4b) calculation of the sorption kinetics for the interval 30 < t (s) <
tarting time (t = 30 s), respectively.
ous Materials 143 (2007) 73–81

0 < t (s) < 150, the kinetics for the system can be assumed as sec-
nd order (1/C − 1/C0 = 2 × 10−5t − 4 × 10−4; R2 = 0.95), with
reaction rate of 5.6 × 10−2 mg L−1 s−1 (Fig. 1.1b).

The treatment with cysteine does not affect significantly the
arly adsorption of Cd(II) by the clay mineral occurring in the
rst 120 s of the treatment (Fig. 1.2a). However, the following
dsorption and desorption reactions are much less pronounced
han in montmorillonite treated with Na only. The reaction
inetics (Fig. 1.2b) occurring between 30 < t (s) < 120 is bet-
er fitted by a zero order kinetics (C0 − C = 5.2 × 10−2t − 2.06;
2 = 0.92).

With respect to montmorillonite, vermiculite is able to adsorb
greater amount of Cd(II). The system Na-V and Cd(II) 10−3 M,
fter the first 120 s of treatment shows a Cd content in solution
f 37 mg/L. The second order reaction kinetics (Fig. 1.3b) is

/C − 1/C0 = 5 × 10−5t − 1.3 × 10−3 (R2 = 0.99), with a reac-
ion rate of 1.2 × 10−1 mg L−1 s−1. After this first uptake, an
nstable behaviour with subsequent Cd(II) adsorption and des-
rption steps takes place, even if these reactions are much less

in solution (mg/L) during the experiment starting from a Cd(II) concentration
30 < t (s) < 150; C and C0 represent the Cd concentration (mg/L) at the time t
onite pre-treated with cysteine (sample Cys-M) vs. time; (1.2a) Cd in solution
g/L); 1.2b) calculation of the sorption kinetics for the interval 30 < t (s) < 120;

t = 30 s), respectively. (1.3) Cd adsorption by Na vermiculite (sample Na-V) vs.
ntration of 10−3 M (112.4 mg/L); (1.3b) calculation of the sorption kinetics for
me t and at the starting time (t = 30 s), respectively. (1.4) Cd adsorption by Na
(mg/L) during the experiment starting from a Cd(II) concentration of 10−3 M

240; C and C0 represent the Cd concentration (mg/L) at the time t and at the
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ronounced than in montmorillonite, with a maximum Cd(II)
oncentration in solution of 42 mg/L.

When vermiculite is treated with cysteine, the initial uptake
f Cd(II) is not significantly affected and the following adsorp-
ion/desorption processes seem to disappear (Fig. 1.4a). The
ffect of cysteine thus seems to be similar for both montmoril-
onite and vermiculite. The kinetics of the reaction (Fig. 1.4b) is
/C − 1/C0 = 4 × 10−5t − 5 × 10−4 (R2 = 0.97), with a reaction
ate of 9.7 × 10−2 mg L−1 s−1.

In clay mineral-aqueous systems, the adsorption of cadmium
n 2:1 expandable layers occurs by exchange with the cations
ccupying the interlayer position as well as by adsorption on
he deprotonated octahedral sites at the edges of clay min-
ral. With respect to the edge site, sorption in the interlayer
educes the cation mobility as a consequence of the formation of

2O–metal complex embedded between two tetrahedral sheets.
ormally, this latter kind of adsorption is less dependent on

xternal variables such as temperature, pH fluctuation and clay
ineral/Cd(II) concentration ratio [8]. In all the systems stud-

ed, pH and temperature were kept constant at the beginning of
ach experiment and verified not to have changed appreciably
t the end time. This last assertion does not mean that pH was
aintained constant for all the time of the batch experiment (pH
uctuations could be a consequence of the desorption and sub-
equent adsorption of Na cations that shows a greater affinity
or the interlayer than cadmium). Thus the metastability of the
ystem can be related to variations in physical–chemical param-
ters of both components (i.e., clay mineral and solution). The
nstable behaviour of Na-V with Cd(II) 10−3 M and Na-M with
d(II) 10−3 M systems cannot be related to the formation of
nstable precipitated phases. In fact the expected range of vari-
tion of pH range prevents the formation of precipitated phases,
iven the high solubility of Cd(II).

.2. X-ray diffraction characterization

The powder X-ray diffraction pattern of Cd(II)-M and Cd(II)-
samples show that d0 0 1 values at room temperature are

5.42 and 14.80 Å, respectively. Reflections are consistent with
2:1 expandable layer silicate structure characterized by an

nterlayer cation solvated by two H2O layer molecules. The
osition of d0 0 1 reflection reaches the closest 2:1 packing
Fig. 2) as the temperature is increased to 225 ◦C for Cd(II)-M
d0 0 1 = 9.95 Å) whereas Cd(II)-V sample maintains a periodic-
ty of d0 0 1 = 10.3 Å until 300 ◦C. The decrease of layer periodic-
ty can be related to the progressive loss of H2O molecules in the
nterlayer region. The d0 0 1 value of Cd(II)-V can be related to
esidual molecules in the interlayer region, probably Mg3(OH)6
ctahedral domains which were found also in the untreated
ample.

At room temperature, the d0 0 1 values of Cd(II)-M-Cys and
d(II)-V-Cys are 15.39 and 14.25 Å, respectively. For mont-
orillonite the treatment with cysteine produces a slight d0 0 1
ecrease, whereas for vermiculite a more evident reduction of
0 0 1 value is observed. The lower d0 0 1 value of Cd(II)-V-
ys could be related to the different layer charge location. The
ard base (vermiculite) adsorbs less energetically organocations

3

t

ig. 2. Variation of d0 0 1 reflection as function of temperature observed for
d(II)-V (filled circle), Cd(II)-M (filled triangle down), Cd(II)-V-Cys (open
ircle) and Cd(II)-M-Cys (open triangle up).

ue to the greater energy cost in displacing water molecules.
n addition the broadness of the reflection for both clays sug-
ests an increasing in layer stacking disorder and/or randomly
ntercalated 2:1 layers (i.e., random distribution of water and
rganocations within the same interlayer or intercalation of
rganocations-rich layer and H2O-rich layers). However, even
f the discussion reported above appears to be convincing, the
ecrease in d0 0 1 produced by the treatment with cysteine can
lso be related to a lower hydration of organic cations, such
s cysteine, when compared to inorganic cations, thus giving a
ower basal spacing value. This mechanism also agrees with the
educed water-loss observed in cysteine-treated minerals, when
ompared to the untreated samples, as evidenced by thermal
nalysis.

The d0 0 1 variation as a function of temperature is qualita-
ively similar for Cd(II)-M-Cys and Cd(II)-V-Cys. The reaction
or samples treated with the amino acid occurs in two steps. An
nitial sharp decrease also characterizing Cd(II)-M and Cd(II)-V
ccurs for temperatures below 100 ◦C. This reaction, which is
sually associated to weakly bonded water molecules desorp-
ion from the interlayer, is followed by a constant d0 0 1 value
n the temperature range 100 < T (◦C) < 200, thus suggesting the
resence of molecules able to introduce an additional 2 Å spac-
ng between two adjacent 2:1 layers. These molecules are then
esorbed at temperature higher than 200 ◦C, which is consistent
ith the pyrolysis of the organo-clay. Afterwards the 2:1 layer
eriodicity reaches the closest packing.

Samples treated with cysteine present water molecules
etween the layers. This effect can be related either to the
oexistence of Cd–H2O and Cd–cysteine clusters or to the estab-
ishment of hydrated Cd–cysteine complexes. Vermiculite and

ontmorillonite show a similar behaviour, thus suggesting a lim-
ted influence of the clay mineral substrate on these processes.
.3. Thermal behaviour and evolved gas analysis

Thermal analyses for Cd(II)-M and Cd(II)-V samples in
he temperature range 25 < T (◦C) < 200 show two endothermic
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Fig. 3. (a) Normalized background-subtracted Cd-EXAFS spectra weighted by
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eactions, the first is at 75 ◦C for both Cd(II)-M and Cd(II)-V
amples and the second at 155 ◦C for Cd(II)-M and at 190 ◦C
or Cd(II)-V, respectively. Both effects are related to H2O loss.
he percentage of weight loss (wt%) is 12.2 and 7.3 wt% for
d(II)-M and Cd(II)-V, respectively. This different weight loss
etween Cd(II)-M and Cd(II)-V agrees with the different hydra-
ion energy of the two clay minerals. In the temperature range
00 < T (◦C) < 400 further endothermic reactions take place at
84 and 322 ◦C for Cd(II)-V only.

A broad but unique dehydroxylation effect was registered for
d(II)-M at 670 ◦C, whereas two effects were found for Cd(II)-
at 627 and 837 ◦C. At 1000 ◦C the total weight loss is 16.8

nd 15.3 wt% for Cd(II)-M and Cd(II)-V, respectively.
Thermal behaviour of Cd(II)-M-Cys and Cd(II)-V-Cys was

btained from TGA and MS-EGA analyses. Analyses thus per-
ormed show that in the temperature range 25 < T (◦C) < 200 the
ecrease of clay mineral weight related to loss of H2O molecules
Cd(II)-M-Cys = 9.5 wt%; Cd(II)-V-Cys = 6.6 wt%) is different
or each clay mineral and is reduced with respect to the sample
ntreated with cysteine. Furthermore the loss of H2O, like in
amples untreated with cysteine, is related to two effects: the
rst at 75 ◦C for both Cd(II)-M and Cd(II)-V and the second at
55 ◦C for Cd(II)-M and at 190 ◦C for Cd(II)-V, respectively.
his behaviour, together with X-ray diffraction results, seems to
uggest the presence of Cd–H2O domains in Cd–cysteine treated
amples.

In the temperature range 200 < T (◦C) < 900 the weight loss is
0.6 wt% (sample Cd(II)-M-Cys) and 10.8 wt% (sample Cd(II)-
-Cys) and it is associated to several reactions which correspond

o the emission of H2O, NO (or CH3CH3), H2S, CO2, SO2 and
2O3. Sample Cd(II)-M-Cys shows the emission of: (i) NO (or
H3CH3), H2O, H2S, CO2, SO2, and N2O3 at 232 and 264 ◦C;

ii) NO (or CH3CH3), CO2, and SO2 at 549 ◦C; (iii) H2O and
O2 at 673 ◦C. Sample Cd(II)-V-Cys shows the emission of: (i)
O (or CH3CH3), H2O, H2S, CO2 and SO2 at 236 ◦C; (ii) H2O,
O (or CH3CH3) CO2 and SO2 at 494 ◦C; (iii) SO2 at 669 ◦C;

iv) H2O at 840 ◦C. At 1000 ◦C the total weight loss is 20.6 and
8.0 wt% for montmorillonite and vermiculite, respectively. The
hermal decomposition of the amino acids takes place in differ-
nt steps; reactions at lower temperature (in the range 200 < T
◦C) < 300) may produce the formation of residual molecules in
he interlayer which are oxidised simultaneously with the dehy-
roxylation reaction. After thermal decomposition of cysteine
ccurring at temperatures below 300 ◦C the 2:1 closest pack-
ng values are reached. These results could suggest that residual

olecules in the interlayer are hosted inside the cavity of two
djacent layers. Several hypotheses can thus be formulated to
etter explain the emission of H2S and, in particular, SO2 at
00 ◦C, namely: (i) the formation of a strong bond between
he dehydrated layer and S, which can thus be removed only
t higher temperature; (ii) the breaking of the bonds between Cu
nd aminic and carbossilic groups, following the decomposition
eaction at 200 ◦C, thus leading to the formation of CdxS-like

ompounds. These latter are then subjected to decomposition
eactions at higher temperatures with the consequent emission
f SO2 and formation of mostly CdO as residual phase most
ikely according to the reaction 2CdS + 3O2 → 2CdO + 2SO2.

2
b
t
c

(filled triangle down). (b) Normalized background-subtracted Cd-EXAFS
pectra weighted by k2 for CdS (open diamond), Cd(II)-V-Cys (open circle) and
d(II)-M-Cys (open triangle up).

.4. EXAFS spectroscopy

Cd-EXAFS spectra suggest that Cd is bonded by oxygen
toms in Cd treated samples (Fig. 3a) and by sulphur atoms in Cd
nd cysteine treated samples (Fig. 3b). In Table 2 are concisely
eported the results of the refinement. Cd(II)-M sample spec-
ra are matched not only via Cd(OH)2 as reference compound
Fig. 4a) but also via CdO, even if with a lower agreement factor.
n this latter system, Cd−O distances of 2.24 Å well agree with
he possible formation of cadmium oxide molecules both in the
nterlayer position and/or on the clay mineral surface. This latter
onclusion also agrees with Cd–Cd distances of 3.30 and 4.76 Å.
he good match in position and intensity between experimen-

al spectra of Cd(II)-V sample and Cd(OH)2 model compound
Fig. 4b) suggests that interatomic Cd–O distances agree with
model in which Cd is tetrahedrally coordinated by four water
olecules (Cd–O distances of 2.16 Å); the Cd–O distances of
.28 Å should be attributed to a second layer of water molecules
ound to the central atom. Cd–Cd distances of 2.90 Å suggest
hat Cd(II) is adsorbed in the interlayer of the vermiculite, which,
onsequently, forms a double inner sphere of coordination.
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Table 2
Result of EXAFS analyses

Aa–Sa N R (Å) σ2 (Å2) �E0

Cd(II)-V
Cd–O 3.7 2.16 0.005 −7.1
Cd–O 1.8 2.28 0.055
Cd–Cd 1.9 2.90 0.044

Cd(II)-M
Cd–O 3.9 2.24 0.004 −7.5
Cd–Cd 1.1 3.30 0.007
Cd–Cd 2.1 4.76 0.002

Cd(II)-V-Cys
Cd–S 3.9 2.49 0.0300 −9.7
Cd(II)-M-Cys
Cd–S 3.8 2.43 0.020 −8.9

Aa-Sa, relationship between central absorber and scattering atom; N, coordi-
nation number; R, refined interatomic distance; σ2, Debye–Waller factor; �E0,
energy shift. Reference compounds for Cd and Cd–cysteine treated clay minerals
are Cd(OH)2 and greenockite, respectively.

Fig. 4. Inverse Fourier-filtered scattering curves from Cd K-edge EXAFS data
for: Cd(II)-M (a) and Cd(II)-V (b) samples. Filled triangles down on black lines
indicate experimental data, crosses on grey line indicate the fit curve obtained
using Cd(OH)2 as reference compound.

Fig. 5. Inverse Fourier-filtered scattering curves from Cd K-edge EXAFS data
for: Cd(II)-M-Cys (a) and Cd(II)-V-Cys (b) samples. Open triangles up on black
l
o

(
s
t
r
t
p
s
r
f
s
w

b
n
o
o
s
e
i

ines indicate experimental data, open diamond on grey line indicate the fit curve
btained using CdS (greenockite structure) as reference compound.

For samples Cd(II)-M-Cys (Fig. 5a) and Cd(II)-V-Cys
Fig. 5b), the best fit was obtained by using CdS (greenockite
tructure) as reference compound. Only for vermiculite sample
here was an evidence of agreement also using cadmium oxide as
eference compound further evidencing that vermiculite favours
he precipitation of cadmium oxide which could not be com-
lexed by the amino acid. Because of high background in both
amples it was possible to refine only up to the first shell and
efinement suggests Cd–S bond distances of 2.43 and 2.49 Å
or Cd(II)-M-Cys and Cd(II)-V-Cys, respectively, indicative of
ulphide-type molecules and/or organo-metallic complexes in
hich metal bonds to the amino acid through the thiol group.
As shown in Table 2 the Cd–O and Cd–S distances refined

y EXAFS analyses are different on the two substrates; unfortu-
ately these differences are not significant within the uncertainty
f the EXAFS technique applied to clay minerals. Thus the role
f the layer charge in determining the bond distances for the

ame complexes into the two 2:1 layers could not be determined
xplicitly. Similarly the ratio between CdO and Cd–H2O (the
nner sphere of coordination) could not be determined exactly
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n vermiculite sample. Powder X-ray diffraction, which does
ot show any peak associable to CdO molecules, as well as the
ow intensity of the second shell of coordination associated to
d–Cd and longer Cd–O bonds, evidenced by EXAFS analyses,

uggests that CdO compound is not in crystalline form. Good-
ess of fit between cysteine and Cd(II) treated sample and CdS
ompound well agrees with Lewis acid–base theory as Cd(II)
s soft Lewis acid and therefore should bind strongly with thiol
hich is a soft Lewis base. The formation of such bonds should

trongly improve the stability of the pollutant metal inside the
ilicate layer.

. Concluding remarks

This investigation addressed the behaviour of Cd ion when
dsorbed into vermiculite and montmorillonite clay minerals,
oth treated and untreated with cysteine. EXAFS investigation
emonstrated, for samples treated with cysteine, the establish-
ent of Cd–S bonding together with Cd–O bonding revealed

n the amino acid untreated samples. Cd–S bonding is signif-
cantly stronger than Cd–O bonding and was not revealed for
u–cysteine treated samples [18], thus also accounting for the
ifferent effect of similar treatment with different metal cations.
hese evidences well account for different adsorption kinet-

cs of Cd from different substrates. The total amount of Cd
dsorbed from vermiculite and montmorillonite is greater in the
rst, because of the different layer charge and its location. The

reatment with cysteine does not appear to affect significantly the
otal amount of sorbed metal by the two clay minerals, even if the
dsorption kinetics is completely different. This effect is more
vident in montmorillonite. Moreover, in cysteine treated sam-
les, S is released at temperature values around 670 ◦C, which
s close to dehydroxylation temperature, thus further confirming
he strong bonding of cysteine in the clay layer.

The significantly different behaviour, following from treat-
ents of different clay minerals, with different cation and com-

lexing amino acid, suggests, also considering potential indus-
rial and environmental applications, the extension of this study
o different cations, treatments and clay minerals.
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23] N. Güven, Molecular aspects of clay–water interactions, in: N. Güven, R.M.
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