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The binding ability of a lignocellulosic substrate extracted from wheat straw with chromium(iir) ion was
investigated. The study was carried out at macroscopic and microscopic scales. The adsorbent used was

first characterised using X-ray diffraction and electron microscopy. Then, macroscopic studies were conducted
using batch adsorption experiments, at room temperature, as a function of time, pH, and metal concentration.
The results obtained indicate that several successive phenomena take place at the substrate surface. Indeed,
sorption, co-precipitation, and precipitation processes arise depending on the experimental conditions. The
speciation of Cr was also investigated, at the atomic scale, by EPR, extended X-ray absorption fine structure
(EXAFY), and X-ray absorption near edge structure (XANES). This study revealed that chromium(ii) surface
complexes have an octahedral geometry. Chromium ions are held in inner-sphere complexes, and are
coordinated to six oxygen atoms at an average distance of 1.90 A.

Introduction

In the last decade, there has been a growing awareness of the
necessity to protect our environment in order to guarantee
the long term development of our societies. Molecular environ-
mental science is a recent discipline, which aims at understand-
ing the fundamental properties and reactivities of natural
organic and inorganic systems in order to match scientific
answers to environmental issues. The case of the pollution of
soils and biota by toxic metals is one of the most important
ones. The release of toxic metals in the environment, and spe-
cifically in soils and industrial or domestic urban waste, endan-
gers living organisms. The toxicity of an element primarily
depends on its chemical form at the atomic scale, or speciation,
because this form determines its solubility, which itself controls
its mobility and, ultimately, the capacity of this element to
enter cells. For this reason, determining the form of pollutants
is essential to assess the risk associated with their presence, and
a prerequisite to the design of cost-effective and efficient reco-
vering techniques, and to prevent future contamination in the
case of landfills. The notion of speciation is taken in a broad
sense, and includes complexation surface parameters of toxic
metals (pH, time, ionic strength, and concentration) as well
as the electronic configuration and structural chemistry of
these metals.

Lignin is a major component of plants where it serves as a
binding agent for cellulose and other materials. Consequently,
lignin is found in great abundance in soils. The structure of lig-
nin is rather complex. It is a polymer of coniferin, which con-
tains propane units having aldehyde, keto, hydroxy, methoxy,
and phenolic groups.! The acido-basic treatment of wheat
straw, in order to obtain insoluble lignocellulosic substrate
(LS), produces polyhydroxy phenolic, and carboxylic acid
functional groups.’ ~ In recent years, some progress have been
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made in determining the ability of this material to sorb toxic
metals.*”7 Very few results are available about chromium sorp-
tion on lignin materials and yet higher allowable concentra-
tions of this metal have been detected in ground soil and
ground water. Chromium is present in aqueous solutions
mainly in two oxidation states, Cr(ir) and Cr(vi). Depending
on its oxidation state, Cr can be either toxic or beneficial.®!°
Water soluble Cr(vi) is extremely irritating and toxic to human
body tissue owing to its oxidising potential and easy permea-
tion of biological membranes."!

Chromium in its trivalent form is an essential trace element
for plants and animals; it is involved in glucose metabolism
and nucleic acid synthesis.'> However, Cr(i) has also been
shown to a potential hazard, especially in the aquatic environ-
ment. Indeed, in vitro tests have shown that trivalent chromium
is a potential toxin, because it is a competitive inhibitor of
many cellular processes.'* The main sources of Cr pollution
are mines, leather tanneries, the cement industry, as well as
its use in dyes, electroplating, production of steel, photo-
graphic materials, and corrosive paints.'* The principal tech-
niques for recovering or removing Cr from wastewater are
chemical reduction and precipitation, adsorption by several
types of adsorbents such as lignin materials. Therefore, there
is a great need for the understanding of sorption processes,
which requires knowledge of the electronic and structural
parameters.

The main objective of this study is to evaluate the binding
ability of a lignin material in order to quantify the sorption
phenomenon compared with the chromium passage in ground-
water. First, characterisation of LS by X-ray diffraction
(XRD), transmission electron microscopy (TEM) experiments,
and energy dispersive X-ray spectrometry (EDX) analysis is
done. Then, the parameters governing the sorption processes
are determined. Finally, the chromium surface complexes
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geometry and structure are studied by electronic paramagnetic
resonance (EPR) and X-ray absorption (XAS) spectroscopies.

Experimental

KNO3, HNO;, and KOH were obtained in the purest com-
mercially available grade (puriss) and used without further
purification. The metal ion stock solutions were prepared from
chromium(t) nitrate puriss reagent (Fluka).

Substrate preparation

The LS (Lignocellulosic Substrate) powder was obtained after
successive acido-basic treatments of wheat straw, in order to
eliminate soluble molecules such as sugars, hemicellulose,
and low molecular weight lignin molecules.”” As a conse-
quence, the resulting powder is quasi-insoluble in the pH range
2-10 (DOC values < 1%). The solid was air-dried and ground
to pass a 100 um sieve.

Adsorption experiments

The sorption studies as a function of pH were conducted using
batch experiments at 293 K. The LS substrate (2 g L™!) was
immersed in 15 mL of 0.1 mol L™! KNOj solution and stirred
for one day, which corresponds to the hydration time of the
solid. Then, chromium(1r) was added at the concentration of
1 x 107 mol L™', and the pH was adjusted to a fixed value
by adding 0.1 mol L' HNO; or 0.1 mol L~! KOH. The final
volume was adjusted to 25 mL. The sorption equilibrium was
predetermined by kinetic experiments in which different con-
tact times between the metal and the solid were applied. The
flasks were then shaken at 293 K for 12 hours with an auto-
matic shaker to ensure complete sorption. After filtration
through a 0.20 pm polyamide membrane, the unsorbed metal
ion concentration was measured by a Varian ICP-AES spec-
trometer and the quantity of sorbed chromium was deduced
from the initial concentration. Adsorption isotherms were
carried out in the same way at a fixed pH value equal to
4.80 and with chromium concentrations ranging from 10 to
3000 pmol L1

XRD and TEM-EDX studies

Powder X-ray diffraction (XRD) measurements were per-
formed at room temperature between 20 = 5 and 55° on a Sie-
mens D500 diffractometer, using the Ko radiation of copper
(1.5418 A).

Transmission electron microscopy (TEM) experiments were
performed on a 100 kV JEOL 100 CXII UHR microscope.
Scanning TEM-EDX analyses were obtained on a 200 kV
JEOL JEM 2010 microscope equipped with a PGT Imix PC
X-ray emission spectrometer and a Si(Li) detector. After grind-
ing of the sample, the powder was dispersed in pure ethanol.
The suspension was stirred in an ultrasonic bath and one drop
was placed on a carbon-coated copper grid.

EPR experiments

The solid state EPR spectrum was obtained with a Briiker
ELEXYS 500 spectrometer operating at X-band frequency
with a 100 kHz modulation frequency. The spectrum was
recorded under the following conditions: microwave power: 1
mW, modulation amplitude: 4 G. The spectrum was recorded
at 77 K.

X-Ray absorption data collection and processing

The XANES and EXAFS spectra were collected at the Labor-
atoire d’Utilisation du Rayonnement Electromagnétique
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(LURE), Paris-Sud University, on the storage ring DCI with
an energy of 1.85 GeV and a mean intensity of 300-200 mA.
The measurements were carried out at the chromium K-edge
in the fluorescence mode at the XAS-4 station. The monochro-
mator used was a Si(111) for EXAFS or a Si(311) for XANES
channel-cut, which was detuned to 50% of the maximal inten-
sity to remove the higher-order harmonics. The detectors were
low-pressure (=0.2 atm) air-filled ionisation chambers. The
spectra were the sum of ten recordings in the range 5840-
7000 eV for EXAFS, including the chromium K-edge (=5989
eV). The photon energy was calibrated from the spectrum of
a chromium foil, assigning 5989 eV to the pre-edge peak. Spec-
tra were recorded using sampling steps of 0.3 eV (XANES) and
2 eV (EXAFS), an integration time of 2.0 s per point was used
in both cases. The EXAFS data analysis was performed with
the “EXAFS pour le Mac” and EXAFS98 programs.'® This
standard EXAFS analysis!” includes linear pre-edge back-
ground removal, polynomial atomic absorption calculation
(of order 5), Lengeler—Eisenberger EXAFS spectra normalisa-
tion,'® and reduction from the absorption data u(E) to the
EXAFS spectrum y(k). Radial distribution functions F(R)
were calculated by Fourier transforms of IEBw(ku(k) in the
range 2-13 A~'; w(k) is a Kaiser—Bessel apodisation window
with a smoothness coefficient © = 2.5. After Fourier filtering,
the first shell Cr—60 is fitted, in the range 2-13 A~! to the stan-
dard EXAFS formula, without multiple scattering:

1) =533 [% Ai(k)e e MO sin(2KR; + @(K))

We used i = 1 and N; = 6, and the experimental phase, @(k),
and amplitude, A4,(k), were extracted from the model com-
pounds K;[Cr(C,04)3]-3H,0, Cr(H20)63+, and Cr(acac)s.

Results and discussion

Characterisation of LS

LS was analysed by various techniques® and it is composed of
25% lignin and 75% cellulose. Briefly, acid group amounts,
likely involved in complexation and determined by IR and
13C-CP/MAS NMR spectroscopies, were estimated by poten-
tiometric titrations: carboxylic and phenolic moieties were
found to be equal respectively to 0.24 mmol g~ ' and 0.80 mmol
¢ !, The specific surface area (196 m> g~') was determined
from an aqueous vapor adsorption isotherm, using the BET
method to approximate the wet-solid conditions in a better
way. Moreover, a tiny amount of silicon was found. In order
to characterise this phase, the residue obtained after nitric acid
attack of LS, as a white powder, was analysed. It was identified
as silica by two intense EDX peaks at 0.523 and 1.740 keV cor-
responding to the oxygen and silicon K lines, respectively.
Silica has been reported to be a constituent of grass (Poaceae)
shoots such as oat or rice.'” Transmission electron microscopy
carried out on the residue showed the presence of two distinct
morphologies, large homogeneous spheres (> 0.1 pm) (Fig. 1a)
and more heterogeneous zones formed by small entities orga-
nised in larger spherical groups or linear spindles (Fig. 1b).

To our knowledge, the powder X-ray diffractogram of LS
(Fig. 2) has never been presented in the literature. It can be dis-
cussed on the basis of reference compounds, corresponding to
each of its constituents.

Lignin gives a broad diffraction halo with a maximum at
about 20 = 20°, superimposed with less intense sharper peaks,
which is in agreement with Rohella er al.?° The diffractogram
of the siliceous residue obtained after acidic treatment contains
one broad band at 20 = 22.2°. The silica is not well crystallised
and this may correspond to an opal-Ag type, ie. hydrated
gel-like silica composed of spherical structures, a feature that

New J. Chem., 2003, 27, 714-720 715


http://dx.doi.org/10.1039/B211411A

Downloaded on 26 October 2010
Published on 05 March 2003 on http://pubs.rsc.org | doi:10.1039/B211411A

Fig. 1 TEM micrographs from the siliceous residue obtained after
acidic treatment: (a) large spheres; (b) small spheres and linear spin-
dle-like (—) morphology.

distinguishes it from silica glass.?! It must be noted that the
acidic treatment could have modified the crystallinity of silica
compared with its state in the initial LS. Silica in Poacea
shoots such as bamboo®* is reported to be of the opal-CT
(“cristobalite-like”’) type, giving an intense diffraction line at
20 = 22.2° and a smaller one around 36°.2! Opal-CT is more
organised than opal-Ag and occurs as aggregates of thin
blades or fibers, which resembles the spindle-like organisation

Intensity
© s

20
Fig. 2 Powder X-ray diffractograms of: (a) lignin; (b) siliceous resi-

due obtained after acidic treatment applied to LS; (c) cellulose; (d)
non-treated LS.

716  New J. Chem., 2003, 27, 714-720

View Online

seen by TEM.? Finally, a sample of pure cellulose, giving the
same NMR and X-ray photoelectron spectroscopy signals as
LS, was studied as a reference. It exhibited three diffraction
lines, in agreement with Abou-Sekkina et al?® (JCPDS 50-
2241) and Deraman et al.?® in terms of position and relative
intensities: a broad asymmetric peak at 20 = 15°, correspond-
ing to amorphous cellulose, a sharp peak at 20 = 22.6°, and a
small peak at 34°, corresponding to crystalline cellulose.

Three diffraction lines were observed on the LS diffracto-
gram. The one at 20 = 16° comes from the amorphous frac-
tion of cellulose, implying that the two other peaks at 22.2
and 34° contained at least strong contributions from crystal-
line cellulose. However, the presence of opal-CT in LS could
not be discarded since its diffraction peaks would be found
at about the same positions as the peaks of crystalline cellu-
lose. Indeed, a non-negligible contribution from opal-CT
could account for the localisation of the second peak at
22.2° instead of 22.6° for cellulose. Lignin seems to provide
only a minor contribution to the diffractogram. It might
explain the broadening observed below 15°, absent from the
cellulose diffractogram.

We have shown in previous work”'® that only lignin is
implicated in the sorption process. Cellulose, which does not
present potential coordination binding sites, and silica, which
is in negligible quantity, are not involved in the process of
adsorption.

Adsorption experiments

Kinetic experiments were preliminarily carried out to deter-
mine and evaluate the equilibrium time of the complexation
reaction between Cr(11) and LS. The kinetics of trivalent chro-
mium sorption were studied by varying the contact time from 5
min to 48 h using 2 g L' of LS and an initial metal concentra-
tion of 1 x 10~* mol L' (Fig. 3). The metal sorption takes
place in two steps. The first one involves fast uptake within
the first three hours of contact and is followed by a much
slower gradual uptake that may continue for days. This result
agrees with several previous studies on Cr(ur) sorption.?” %
Several mechanisms have been postulated to explain these
two steps, and this slow uptake.’**! The most likely is that
in the first hours of sorption an equilibrium between the
adsorbed metal amount and the metal ion amount in solution
is already attained (fast process). Then, the formation of poly-
nuclear complexes, diffusion into LS, and surface precipitation
could occur. In order to limit these phenomena, and for prac-
tical reasons, we chose to carry out our experiments with an
equilibrium time equal to 12 hours, which also ensures the
completion of the fast sorption step. Moreover, the second step
is still negligible, compared to the first one, in chromium sorp-
tion terms.

The effect of solution pH on the adsorption of Cr(i) is
shown in Fig. 4. Adsorption of Cr(m) is strongly dependent
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Fig. 3 Adsorption kinetics of chromium (1 x 10~* mol L™') on the
LS (2 g L™Y in 0.1 M KNOs at pH 4.80.
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Fig. 4 Chromium adsorption on LS (2 g L™") as a function of pH for
various Cr’" concentration at 293 K in 0.1 M KNO;.

on pH. Adsorption increases with pH, the maximum sorption
being reached between pH 6 and 7. Fig. 4, with increasing
chromium concentration, shows that a lower solid /Cr(1m) ratio
leads to a slight shift of the pH edge to higher pH. Moreover,
the two curves with higher Cr(11) concentrations seem to pre-
sent a break in the pH edge around pH = 5. This break corre-
sponds to chromium hydroxide precipitation. Indeed,
chromium precipitation (Cr(OH)3;) occurs around pH =5
for 1 x 107 and 2 x 10~* mol L™! concentrations. Moreover,
polymeric species of chromium(i) hydroxide such as Cr,-
(1-OH)»(OH)4(OH,), can become predominant at this pH
value and metal concentration.’>** Fig. 4 clearly shows that
metal sorption takes place before precipitation until
pH = 5.2. So, in order to avoid metal hydrolysis processes at
the LS surface, a pH of 4.8 was chosen for isotherm experi-
ments as a function of the metal concentration. Indeed, from
pH 5.2 upwards, sorption and precipitation seem to be super-
imposed (Fig. 4). The reversibility of the sorption of Cr(ii)
ions onto LS has been studied between pH 2.0 and 8.0, and
revealed a relatively weak desorbed amount, ie. ~10%, as
previously shown by Csoban et al.*

The sorption isotherm of Cr(m) ions onto LS at pH 4.80 is
given in Fig. 5. This isotherm seems to be subdivided into three
regions. In the low concentration region (<150 pmol g~!) the
amount of metal sorbed is proportional to the metal ion con-
centration introduced, and represents at least 34% of the total
Cr(i). At higher concentration (200 pmol g~' <[Cr’*]< 600
pmol g1, the adsorption curves presents an inflection point
and a decrease in slope around this point. This part of the
curve corresponds to a co-precipitation phenomenon (i.e. sorp-
tion and precipitation simultaneously). At larger total Cr(i)
concentrations, the amount of metal sorbed increases again,
in proportion to the concentration of chromium ion intro-
duced corresponding to surface precipitation. From this curve,
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Fig. 5 Cr** adsorption isotherm on LS (2 g L™!) at pH 4.80.
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Fig. 6 EPR spectrum of LS alone (a), and the Cr—LS system (b) at 77
K ([Cr3] = 50 pmol g~!, pH 4.80).

the Cr** ion amount sorbed onto LS can be estimated, even if
the curve does not present a plateau. Indeed, at a chromium
concentration introduced equal to 150 pmol g=' 87 pmol
¢~! of Cr(i) are sorbed, which corresponds to 4.52 mg g~ '.
These results are in accordance with those found by Charlet
and Manceau for sorption of Cr(i) by hydrous Fe oxides.
After the macroscopic properties of chromium sorption onto
LS, microscopic studies of the surface complexes were carried
out using EPR and XAS spectroscopies. The chromium(ii)-
LS solid for these analyses was obtained by stirring a weighed
amount (50 mg) of LS with metal solution (1 x 10~* mol L™")
at pH 4.80 for EPR and 4.80, 5.10, and 5.80 for SAX studies.

EPR study

EPR spectroscopy is useful to provide information on the nat-
ure and the structure of the complexes. The EPR spectrum of
the Cr-LS system is shown in Fig. 6b. The spectrum of LS
alone before Cr(i) treatment, acquired under the same condi-
tions, is also reported (Fig. 6a) in order to check the absence of
any ubiquitous metal cations (Fe**, Mn?* or Cu®>"). The EPR
spectrum is interpreted based on the spin Hamiltonian:

H = B(gsB\Sx + ¢,B,S, + g-B.S-) + D[{S? = 1S(S + 1)}
+(E/D)(S7 - S7)]

where S is the electronic spin, D and E/D are the usual axial
and rhombic zero-field parameters.>> The observed g values,
g~4.2 and ~2, are typical of an electronic spin S = 3/2, with
moderately large zero-field splitting (ZFS) and small rhombi-
city (D > hv, E /D~O).3'6 These parameters are characteristic
of a Cr** ion in an octahedral geometry.>”° Moreover, the
broad signal at g ~2 can not be attributed to strong exchange
coupled Cr ions (dimeric or polynuclear species) because no
Cr—Cr bonds are present according to the EXAFS spectrum
(see XAS section). An additional narrow signal is observed
at g = 2.0025, which corresponds to endogenous semiquinonic
species.*

X-Ray absorption spectroscopy

The K-edge XANES spectra and their first derivatives for Cr—
LS and model compounds are shown in Fig. 7. Oxalate and
hydrated nitrate chromium(in) have a slight tetragonally dis-
torted octahedral environment as supposed for the chromium
ion in Cr-LS, and has been shown by EPR spectroscopy
experiments. A comparison of these XANES spectra reveals
that they are almost identical, suggesting strong similarities
in the geometry around the metal ion. In XANES spectra of
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Fig. 7 XANES spectrum of Cr-LS and comparison with those of Cr
complexes in various oxidation states (a), and their first derivatives (b).

Cr(vi) compounds, a prominent pre-edge peak at 5993 eV
occurs (Fig. 7a) caused by a bound-state 1s to 3d transition.
This transition is forbidden for octahedral Cr'™Og compounds,
which have a centre of symmetry, but it is allowed for the non-
centrosymmetric tetrahedral Cr'O, compounds, due to the
mixing of Cr(3d) and O(2p) orbitals.*! The empty d-orbital
(3d°% of Cr(vi) increases the probability of the 1s — 3d transi-
tion, enhancing the pre-edge peak intensity. Nevertheless,
before the absorption edge due to 1s—4p transitions, at
6003 eV, a small pre-edge feature is present for octahedral
Cr(ir) at 5990 eV, which is due to 1s—3d electronic
transitions. Moreover, the intensity of this pre-edge feature is
linked to the potential presence of a centre of symmetry, and
its intensity is increased by vibronic coupling.’” So, in our
Cr-LS compound, the chromium ion appeared to be essen-
tially in an octahedral environment with an oxidation state
+III. The comparison between the XANES spectra of Cr—
LS, Cr(oxalate);’~, and Cr(H,O)s'" derivatives shown in
Fig. 7b seems to indicate that the Cr>* ion is probably bound
to LS through carboxylic moieties, without exclusion of the
phenolic groups, in accordance with acid group amounts deter-
mined by potentiometric titrations.®> The chromium coordina-
tion sphere is completed with H,O molecules. Indeed, the
Cr-LS derivative XANES spectrum is the sum of the Cr(oxal-
ate);” -3H,O and Cr(H,O)s>" spectra with approximately
50/50 weighting. This is in accordance with inner-sphere
chromium surface complexes.

Fig. 8a shows the ky(k) EXAFS function of the Cr-LS com-
pound prepared at pH = 4.80, and Fig. 8b shows the
corresponding Fourier transform. The k* weighted and
phase-corrected Fourier transform function, calculated over
the range 2.0-13.0 A~!, gave a main peak at 1.50 A which
arises from first-shell oxygen backscattering. The absence
of a significant peak around 2.6 A allows us to exclude the for-
mation of chromium polynuclear species.*>** Quantitative
EXAFS results were obtained by fitting the filtered first shell
signal (in the 1.20-2.09 A~! range) to a model of Cr(i) ions
co-ordinated to 6 oxygen atoms. Cr—O phase and oxygen
amplitude were extracted from the Cr(oxalate)s;>~-3H,O refer-
ence spectrum. The quality of the fit is shown in Fig. 9. The
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Fig. 8 k-Space experimental EXAFS spectrum ky(k) versus k at the
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numerical values thus obtained for the co-ordination number
of Cr(in) ions (N) and Cr-O bond length () were as follows:
N = 6.13, 7(Cr-O) = 1.90 A, using AE = 0.03 eV. The relative
Debye-Waller factor was ¢ = 0.012 A. These pieces of data
confirm the results obtained by EPR spectroscopy about the
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Fig. 9 (a) First-shell fit of the EXAFS function of the Cr-LS system
at pH 4.80. (b) Radial structure function of the first shell and its
numerical simulation. Experimental first-shell filtered data in the
1.20-2.09 A range (dotted line), and best fit (solid curve) modeled
as Cr—O contributions. Experimental phase and amplitude functions
were extracted from the EXAFS spectrum of the Cr(oxalate)s;-3H,O
reference compound.
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nature of the surface complexes. Chromium complexes are iso-
lated species; actually, no Cr atom beyond the first shell of Cr—
LS complexes were detected. Both EPR and XAS experiments
showed that the chromium is co-ordinated to six oxygen atoms
at an average Cr-O distance of 1.90 A in an octahedral
environment. The goodness of the EXAFS fit using the
Cr(oxalate);>~-3H,O phase and amplitude seems to confirm
co-ordination through carboxylate functional groups of LS,
and that chromium ions are held in inner-sphere complexes
in accordance with the XANES study. These results are in
good agreement with those obtained from previous spectro-
scopic studies, from which similar distances and environments
are reported.7’34’44’45 Moreover, the EXAFS spectrum of a Cr—
LS sample prepared at pH = 5.80 is completely different from
that obtained at pH = 4.80. Indeed, the Cr-O distance
obtained in the former case is equal to 2.04 A (6 neighbouring
oxygen atoms), which probably corresponds to chromium
hydroxide precipitated at the LS surface. This result is in
accordance with surface precipitation compared with surface
complexation.

Conclusion

In this work, it was shown that a lignocellulosic substrate
extracted from wheat straw is able to bind chromium strongly
in aqueous solution. The macroscopic part of this study shows
the efficiency of the co-precipitation and precipitation phe-
nomena in removing chromium(in) from a solution. This
co-precipitation is known to occur widely in natural systems
(e.g., soils) and is used in water treatment plants to remove
Cr from industrial effluent waters. However, under our experi-
mental condition (chromium concentration) at pH below 5.20
only sorption reactions occurred. The amount of chromium
held, under this condition, on LS is estimated at 4.52 mg g~
(i.e. 2.31 pg m~3). The microscopic study by EPR and XAS
showed that the sorption of Cr(11) on LS occurs via formation
of inner-sphere surface complexes. The EXAFS study led to
the exact local structure around the metal. The results are con-
sistent with an octahedral configuration, with six Cr-O bond
distances at 1.90 A. The XANES spectrum indicated that the
Cr** ion is bound through carboxylic LS moieties.

However, in natural soil conditions, some hydroxo or poly-
meric complexes are likely to be formed in addition to chro-
mium(tmt) complexes. Then, we can expect high retention of
this metal, finally yielding to bio-accumulation and, so, pollu-
tion of the soil. Nevertheless, in geological systems, surface
complexation processes are far more complicated. Indeed, they
include reactions with other soil components (metallic oxides,
clays, organic substances such as pesticides or industrial
wastes, or other metallic cations), and include a kinetic factor.
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