
Clays and Clay Minerals, Vol. 48, No.2, 272-281, 2000. 

REDUCTION AND SORPTION OF CHROMIUM BY Fe(ll)-BEARING 
PHYLLOSILICATES: CHEMICAL TREATMENTS AND X-RAY 

ABSORPTION SPECTROSCOPY (XAS) STUDIES 

MARIA FRANCA BRIGATII,l CRISTINA LUGLI,I GIANNANTONIO CIBIN,2 AUGUSTO MARCELLI,2 

GABRIELE GIULI,3 ELEONORA PARIS,3 ANNIBALE MOTTANA,4 AND ZIYU WU5 

I Dipartimento di Scienze della Terra, Universita di Modena e Reggio Emilia, via S, Eufemia 19, 41100 Modena, Italy 
2 tN,F.N" Laboratori Nazionali di Frascati, P.O, Box 13, 1-00044 Frascati, Italy 

3 Dipartimento di Scienze della Terra, Universita di Camerino, Via Gentile III da Varano, 1-62032 Camerino, MC, Italy 
4 Dipartimento di Scienze della Terra, Universita di Roma 3, Largo S, Leonardo Murialdo, I 1-00146 Roma, Italy 

5 Centre de Recherche sur la SyntMse et la Chimie des Mineraux, c'N,R.S" IA rue de la Ferollerie, 
F-4S071 Orleans Cedex 2, France 

Abstract-The reduction of hexavalent chromium species in aqueous solutions by interaction with Fe(II)
bearing solid surfaces was studied using a 0.96 X 10-3 M Cr(VI) solution and iron-rich clays with different 
Fe(II)/Fe(llI) ratios, layer charge, and exchange properties, Le., Chlorite, corrensite, and montmorillonite. 
Experimental studies demonstrated that Fe(II)-bearing phyllosilicates reduce aqueous Cr(VI) ions at acidic 
pH. Chlorite and corrensite, owing to the high Fe(II)/Fe(III) ratio, are electrochemically reactive, as rapid 
Cr(VI) reduction indicated. In contrast, montmorillonite showed minimum to nil reactivity towards Cr(VI). 
Furthermore, corrensite, which is high in both Fe(II)/Fe(III) ratio and exchange capacity, adsorbs the 
greatest amount of chromium. 

X-ray absorption spectroscopy at AI, Mg, Fe, and Cr K-edges was used to investigate the adsorbed 
chromium species. The montmorillonite sample, unaffected by treatment with Cr(VI) solution, displays 
no change at any investigated edge. Edge shape and energy also do not change for the Mg and Al spectra 
in corrensite, and changes are minor in chlorite. By contrast, the Fe K-edge changes both in chlorite and 
corrensite, and indicates an increase of Fe(llI) in treated samples at the expense of pre-existing Fe(II). Cr 
K-edge spectra show that chlorite and corrensite sorb Cr(lll), which implies its reduction from Cr(VI) in 
the interacting solution. 
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INTRODUCTION 

The mechanisms by which toxic metal contaminants 
may be removed from aqueous solution by interaction 
with minerals include precipitation, cation exchange, 
and adsorption, Furthermore, mobility and sorption of 
transition metals depend upon the valence state, How
ever, few studies have addressed the heterogeneous 
oxidation-reduction reactions that involve electron 
transfer between metals in solution and in soil min
erals (White and Peterson, 1996; I1ton et at., 1997; 
Peterson et aI., 1997), In this work, we examine the 
role of some Fe-rich phyllosilicates for the removal of 
hexavalent chromium species from aqueous solutions, 
Chromium(VI) widely occurs as pollutant associated 
with the heavy-metal industry and base-metal mining 
(Nriagu, 1988); therefore, it may be present as a con
taminant in many soils, sediments, and groundwater, 
Chromium can exist in several valence states, with tri
valent Cr(IlI) and hexavalent Cr(VI) being most com
mon. These two oxidation states show different chem
ical, biological, and environmental properties (Felter 
and Dourson, 1997), Cr(III) is naturally present in the 
environment and, over the pH range of most natural 
groundwaters, is thermodynamically more stable as a 
sorbed surface complex or in a solid phase (such as 

an oxyhydroxide precipitate) than as an aqueous com
plex (Anderson, 1994; Gan et aI., 1996), Cr(VI), 
which is a known carcinogen (Felter and Dourson, 
1997), is the more mobile and, potentially, the more 
biologically active of the two common oxidation 
states, It is a strong oxidizing agent and is thermody
namically stable as an anionic solution species [(Cr04)2-
or (Cr20 7)2-] over the same pH range where Cr(III) 
tends to precipitate, Therefore, reactions that reduce 
Cr(VI) to Cr(IlI) are important because they may re
sult in the conversion of a toxic, mobile element into 
a less toxic, immobile form, 

Fe(lI) is a ubiquitous potential agent for Cr(VI) fix
ation in natural systems, and the homogeneous reduc
tion of chromate by divalent iron in aqueous solution 
[Fe(I1)(aq)] is well documented (Sedlak and Chan, 
1997; Eary and Rai, 1988; Fendorf and Li, 1996). 
Moreover, experiments have provided evidence for the 
heterogeneous reduction of Cr(VI) by Fe(II)-bearing 
oxides, oxyhydroxides, and biotite (Peterson et at., 
1997; Charlet and Manceau, 1992), Indeed, Fe (II) in 
silicates may be an important reducing agent of Cr(VI) 
in aqueous systems, and it may be a more powerful 
reductant than Fe(Il)(aq) (Deng and Stone, 1996; Eary 
and Rai, 1991), Fe(lI) is abundant in many suboxic 
and anoxic soils and sediments, and it can be produced 
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Table 1. Chemical composition (oxide wt. %), cation-ex-
change capacity (CEC, meq/lOO g), and formulae for chlorite, 
corrensite, and montmorillonite. The formulae were calculat-
ed by balancing the positive charges against 28, 25, and 22 
negative charges in chlorite, corrensite, and montmorillonite, 
respectively. 

Chlorite Corrensite Montmorillonite 

Oxide 

Si02 42.62 35.41 46.57 
AI20 3 6.97 11.50 14.49 
Ti02 0.47 0.44 2.92 
Fe20 3 5.42 4.12 11.03 
Cr10 3 0.53 0.02 0.03 
FeO 4.75 3.31 0.76 
MgO 27.60 29.09 4.66 
MnO 0.13 0.10 0.14 
CaO 0.34 1.87 3.72 
Na20 0.12 0.19 0.07 
K10 0.01 0.02 0.90 
H2O 11.10 13.95 14.70 
Total 100.06 100.02 99.99 
CEC 10 40 70 

Chemical formula (apfu) 
Si4 + 3.98 3.06 3.46 
AP+ 0.02 0.94 0.54 
[IVltotal 4.00 4.00 4.00 
Al 0.75 0.23 0.73 
Ti 0.03 0.03 0.16 
Fe2+ 0.33 0.21 0.04 
Fe3+ 0.38 0.27 0.62 
Cr3+ 0.04 0.003 0.002 
Mg 3.84 3.75 0.52 
Mn 0.01 0.02 0.01 
[V11total 5.38 4.513 2.082 
Ca 0.03 0.17 0.30 
Na 0.02 0.03 0.01 
K 0.00 0.00 0.09 
[XII1total 0.05 0.20 0.40 
OH 8.00 5.00 2.00 
0 10.00 10.00 10.00 

also by photochemical reactions occurring in sunlit 
natural waters (Waite and Morel, 1988; Voelker and 
Sedlak, 1995; Kieber and Helz, 1992) or as bacterial 
reduction of crystalline Fe(IlI) oxides (Zachara et aI., 
1998; Kostka and Nealson, 1995). 

Reduction of Cr(VI) by Fe(ll) involves three one
electron-transfer steps, with the rate of the reaction 
increasing at acidic pH (Sedlak and Chan, 1997): 

Fe(ll) + Cr(VI) --) Fe(III) + Cr(V) (1) 

Fe(II) + Cr(V) --) Fe(III) + Cr(IV) (2) 

Fe(ll) + Cr(IV) --) Fe (III) + Cr(lII) (3) 

In addition to pH, the rate of Cr(VI) to Cr(II1) re
duction is affected by numerous factors, such as the 
local groundwater and mineral chemistry, the solid and 
solution compositions of the waste or effluent, and the 
chemical changes over time as the reduction reaction 
progresses. In fact, all the original chemical features 
of a system may be extensively modified by secondary 

reactions with the rock or soil environment (Peterson 
et al., 1997). 

Iron-rich clay minerals are both potential reducing 
and binding agents for chromium. They can promote 
Cr(VI) to Cr(Ill) reduction and bind chromium species 
by electrostatic interactions on the permanent-charged 
sites, by covalent binding with hydroxyl groups, and 
by cation exchange. Therefore, phyllosilicates with 
different iron content, exchange properties, layer 
charge, and stacking, such as chlorite, corrensite, and 
montmorillonite, may affect both the reductive trans
formation reactions of chromium species and their mi
gration differently. 

The aims of the present study are: 1) to investigate 
the Cr(VI) to Cr(III) reduction in the presence of Fe
rich phYllosilicate minerals, in the absence of oxygen, 
and at acidic pH (~2.4) conditions, such as those 
found in some natural systems (e.g., in a sunlit stream 
that receives significant input from acid-mine drain
age); 2) to evaluate the extent and the rate of reduc
tion; 3) to determine the Cr species present and the 
mode of sorption or precipitation on minerals; and 4) 
to determine if Fe(II) in minerals can be oxidized to 
Fe (III) by reaction with Cr(VI)-bearing solutions. 

To achieve these aims we reacted three Fe-rich min
erals with solutions containing Cr(VI) and studied the 
products by a variety of methods, including X-ray ab
sorption spectroscopy (XAS). 

MATERIALS AND METHODS 

Three iron-rich clays, an iron-rich montmorillonite, 
a chlorite, and a regularly interstratified chlorite-smec
tite (corrensite), were selected on the basis of dissim
ilar 1) Fe(II)lFe(III) ratio, and 2) adsorption and ex
change properties owing to differences in the chem
istry of the 2: 1 layer and in the interlayer. Differences 
in the interlayer are related to the presence of an oc
tahedral interlayer sheet in chlorite, cations and water 
molecules in montmorillonite, and chlorite-like inter
layers alternating with interlayers of cations and water 
molecules in corrensite. 

The iron-rich montmorillonite was collected from 
weathered basaltic rocks from Campotamaso Valdag
no, Berici Hills, Vicenza Province, Italy, and the chlo
rite and corrensite samples are from altered serpentin
ites near Borgotaro, Taro Valley, Parma Province, It
aly. Chemical composition, cation-exchange capacity 
(CEC), and chemical formulae are given in Table 1. 
Chemistry was obtained by X-ray fluorescence (Phil
ips, PW 1400) and Fe(II)lFe(III) ratio by a semi-mi
crovolumetric method (Meyrowitz, 1970). The water 
content was obtained by the weight loss of thermogra
vimetric analyses [simultaneous DTA-TGA Seiko SSC 
5200 apparatus, heating rate lOoC min-I, in air and in 
argon flow (50 mL min)] and was corrected assuming 
a complete Fe(ll) oxidation during heating. We rec
ognize, however, that such estimates could be affected 
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by errors originating from the latter assumption. CEC 
was calculated following the method of Bergaya and 
Vayer (1997). 

Chlorite and corrensite are commonly trioctahedral. 
However, the Borgotaro chlorite shows an incomplete 
brucite-like layer (VII = 5.38) and a limited cation 
exchange, which suggests that alteration occurred after 
formation (Table 1). The octahedral positions of both 
chlorite and corrensite are occupied mainly by Mg, 
which is substituted by Fe (II) and Fe (III) [(Fe(I1)/ 
Fe (III) = 0.87 and 0.78 in chlorite and corrensite, re
spectively]. Minor Cr, Mn, and Ti substitutions are 
present also. The montmorillonite is dioctahedral, with 
Fe (III) substituting for Al in octahedral sites, and with 
low Fe(II) content [Fe(II)lFe(IIl) = 0.06]. 

X-ray diffraction (XRD) analysis (Philips PW 900 
diffractometer, CuKa radiation at room temperature 
and at 60% relative humidity) was performed on ran
domly oriented and oriented clay-aggregate mounts. 
Results indicate that there are no detectable crystalline 
impurity phases. However, to further purify the min
erals, the samples were separated magnetically and 
treated with 1 M N aCI solution. With the latter pro
cedure, the Na-exchanged clays may be easily sepa
rated from associated impurities (Amrhein and Suarez, 
1991). Afterwards, to obtain interlayer features more 
similar to natural material, each sample was treated 
with 1 M CaCl2 solution three times at 24-h intervals. 
Then the clays were dialyzed with distilled water until 
chloride free. Finally, the salt-free samples were dried 
and stored at room temperature. 

Stock potassium-dichromate solutions (0.96 X 10-3 

M) were prepared by dissolving K2Cr20 7 analytical
grade reagents and then by filtering through 0.2-j.Lm 
membrane filters prior to use. The pH of the solution 
was adjusted to 2.4 using H2S04 (96%). 

Experiments were performed using samples weigh
ing 4.36 g in polyethylene reactors with 1000 mL of 
0.96 X 10-3 M hexavalent-chromium solution. The 
amount of mineral to use in each experiment was de
termined by balancing the stoichiometry of the reac
tion 6Fe2+ + Cr20l- + 14H+ ~ 6Fe3+ + 2Cr3+ + 
7H20 on the basis of chlorite. Chlorite has the highest 
Fe(II) content of our samples, and this stoichiometry 
was maintained constant for corrensite and montmo
rillonite also. All suspensions were purged with argon 
for ~ 30 min to reduce the partial pressure of CO2, the 
reactors were closed, protected from light, and shaken 
continuously at room temperature (25 ± 1°C) for 1 
wk, then at 70 ± 1°C for 1 d. Aliquots of the suspen
sions were collected at regular time intervals ranging 
from 5 min up to 4 d, using a polyethylene syringe 
through a Teflon valve, and pH was measured concur
rently. The solid and the supernatant solution were im
mediately separated by centrifugation and analyzed for 
total Cr and Cr(VI). Na, Ca, Mg, and Si were deter-

mined for the final solutions to determine mineral dis
solution. 

For each supernatant, total Cr, Na, Ca, and Mg were 
determined by inductively coupled plasma spectros
copy (ICP, Varian Liberty 200) and Si was analyzed 
by UV-visible spectrophotometry (Varian DMS 70). 
To evaluate the Cr(VI)-Cr(III) reduction, the Cr(VI) 
content of the solution was determined by the 1,5 di
phenylcarbazide-colorimetric method (APHA, 1989). 

The filtrates were analyzed by powder X-ray dif
fraction, thermogravimetric analyses, and X-ray ab
sorption near-edge structure (XANES) spectroscopy. 
All X-ray absorption experiments were performed at 
Stanford Synchrotron Radiation Laboratory (SSRL) 
with the electron-storage ring operating at 3 GeV and 
the electron current decaying from 100 to 60 mAo 
Fluorescence-yield K-edge spectra were taken for Fe 
at beam line SB04-1, which is equipped with a dou
ble-crystal Si (111) monochromator. The beam line 
produces a resolution of ~ 1.5 e V. Spectra were re
corded at steps of 0.35 eV for 1 s using a Lytle de
tector and soller slits, and with the sample compart
ment filled by He (Lytle et at., 1984). For Cr, beam 
line SB04-13 was used with a 13-element Ge detector. 
Resolution was ~1.0 eV. We recorded at 0.30 eV steps 
for 1 s per step. These beam lines extract synchrotron 
radiation (SR) by a wiggler to produce extremely high 
signal-to-noise ratios. Thin films of each sample were 
prepared on X-ray transparent Kapton tape, and two 
pieces of this tape were superposed and mounted on 
sample holders. Absorption data were collected at 
room temperature in air. Calibration for energy was 
made with a standard Fe metal foil for Fe and with 
Cr20 3 for Cr. The Al and Mg K-edge measurements 
were performed on beam line SB03-3, which uses a 
bending magnet under high vacuum to extract SR from 
the ring. This beam line uses the JUMBO monochro
mator equipped with a double-crystal YB66 cut along 
the (400) plane (Wong et al., 1999). Spectra acquisi
tion ranged from 1540 to 1690 eV for Al and from 
1280 to 1360 eV for Mg, with counting at 0.3-0.5 eV 
intervals for 2-4 s. Specimen preparation consisted of 
powdered samples (3 mg) mounted directly on flat Ag
coated slides after dispersion in acetone (5 mL). Ak
ermanite (Ca2Mg2Si20 7) and Al metal foil were used 
as reference compounds to calibrate Mg and AI, re
spectively. The recorded spectra were energy-correct
ed as a function of the ring current, fitted with a Vic
toreen polynomial function to account for the base 
line, and normalized to 1 at high energy (50 eV above 
threshold, Bianconi, 1988) according to algorithms de
veloped and commonly used for dichroism experi
ments (Chaboy et al., 1998). These algorithms are able 
to detect changes in the peak signal in the order of 
10-3-10-4 • 

Chromium(VI) compounds used for XAS modeling 
and pre-edge height calibration include Na2Cr04 and 
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Figure 1. Plots of [Cr(VI)(aq)l (mmol L -1) detected in solu
tion vs. time (h) for: a) chlorite, b) corrensite, and c) mont
morillonite. LlT (OC): temperature range used in the treatment. 

SrCr04 analytical reagents. The Cr(IlI) model com
pounds are synthetic Cr20 3 and uvarovite from Outu
kumpu, Finland. 

RESULTS AND DISCUSSION 

The amount of Cr(VI) detected in solution 
[Cr(VI\.q)] as a function of time, for the three solution
mineral systems, is reported in Figure 1. For chlorite 
(Figure la) and corrensite (Figure 1 b), an initial, rapid, 
and substantial decrease in [Cr(VI)(aq)] is followed by 
a gradual and nearly negligible decrease, whereas for 
montmorillonite the reaction is slow (Figure lc). Ex
perimental data are well fitted (:S: 168 h) by Equation 
(4) for chlorite and Equation (5) for corrensite: 

[Cr(VI)(aq)] = 0.1139 X exp( -4.5t) + 0.8480 

- 4.6 X 1O-4t 

[Cr(VI)(aq)] = [0.21/(t + 1)075] + 0.75 

(4) 

(5) 

where t is time in hours and [Cr(VI)(aq)] is the chro
mium concentration in solution (mmol L -1) (Figure 2). 
During the first 2 h, [Cr(VI)(aq)] reduction is more rapid 
in the chlorite system. Soon after, Cr(VI) reduction 
becomes linear with time [rate of the reaction 4.6 X 

10-4 mmol L-l h- 1; Equation (4)]. The corrensite sys
tem shows an initial reduction of Cr(VI), slower than 
for chlorite. With time, the rate of the reaction decreas
es further. The system reaches an asymptotic value af
ter ~72 h. Within the first 30 min of reaction, the plots 
of In[Cr(VI)(aq)] VS. time become linear for chlorite (y 
= -0.21432x - 5.234 X 10-2 ; correlation coefficient, 
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Figure 2. Plot of fitting curves for [Cr(VI)(aq)l (mmol L -I) 
vs. time in chlorite (dash-point-point line and triangles) and 
corrensite (solid line and circles). 

r = -0.969, Figure 3a) indicating that the reaction is 
first order (rate constant, kobS = 0.204 h- I) with respect 
to [Cr(VI)(aq)]' The reaction order differs for the cor
rensite system. During the first hour, a linear trend is 
observed in Figure 3h (y = -0.1581x - 4.04 X 10-2 ; 

r = -0.998) where a plot of In[Cr(VI)(aq)] VS. In time 
(order of the reaction = 7.32) is given. Deviations 
from first order indicate that either the reaction order 
with respect to [Cr(VI)(aq)] is > 1.0, or other phenom
ena cause the reaction rate to diminish. The reaction 
products show the following: 1) Mg, Ca, Si, and Fe 
contents of the final solutions indicate that congruent 
dissolution occurs in corrensite, whereas, the high Mg 
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Figure 3. Plots of a) In[Cr(VI)(aq)l vs. time for chlorite and 
b) In[Cr(VI)(aq)l VS. In time for corrensite. The calculations for 
kinetics used only the first five points for chlorite and the first 
six points for corrensite. 
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Figure 4. Plots of total Cr (mmol L -I) in solution vs. time 
(h) for chlorite, corrensite, and montmorillonite. 

content of the chlorite system suggests an incongruent 
dissolution mostly related to cations of octahedral co
ordination; 2) adsorption of Cr(Ill) decreases Cr(VI) 
reduction and/or adsorption, thus leading to a lower 
decrease in [Cr(VI)(aq)] as a function of time. Figure 4 
shows that total chromium in solution (total Cr(aq» de
creases slightly when in contact with montmorillonite 
and chlorite, whereas a large amount of total Cr(aq) is 
removed by corrensite. 

Comparison of Figures I and 2 with Figure 4 sug
gests that: 1) the chlorite system, which has a low CEC 
of 10 meq/100 g and a high Fe(lI) content (0.33 atoms 
per formula unit, apfu) , shows a reaction mostly in
volving Cr(VI) reduction; 2) the montmorillonite sys
tem, which has low Fe(lI) content (0.04 apfu) and a 
high CEC of 70 meq/l00 g, shows a low Cr(VI) to 
Cr(III) reduction and has adsorption reactions that may 
suggest that hexavalent chromium species do not eas
ily enter the interlayer; 3) the corrensite system, which 
has both a notable Fe(II) content at 0.21 apfu and a 
significant CEC of 40 meq/100 g, shows Cr(VI) to 
Cr(III) reduction and that all Cr species present are 
adsorbed simultaneously. 

After 2 d of treatment, the pH of each system slight
ly increases and after 140 h was 3.5 for chlorite, 3.3 
for corrensite, and 3.0 for the montmorillonite system. 
Therefore, because Cr(VI) reduction is favored at very 
low pH, each system was acidified using H2S04 after 
150 h of reaction. This procedure adjusted the pH to 
the initial pH value (2.4) and allowed the mineral sub
strates to further reduce Cr(VI). Indeed, after acidifi
cation, the corrensite and chlorite systems were still 
able to reduce Cr(VI) (Figure la and Ib), although 
changes in Cr(VI) content were not observed for 
montmorillonite (Figure lc). Afterwards, in all sys
tems, Cr(VI) reduction attains steady-state levels with
in 24 h and also the increase of temperature up to 70°C 
does not reveal significant Cr(VI) reduction. Maxi
mum Fe(II) oxidation occurs at room temperature 
(FeO in wt. % remaining in chlorite = 3.17, corrensite 
= 1.70, montmorillonite = 0.60), whereas only a lim
ited amount of Fe (II) is oxidized at 70°C (FeO in wt. 
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Figure 5. XANES spectra at the Mg K-edge for corrensite. 
Labels of tracings: 1) untreated sample; 2) mineral portion 
treated at room temperature with 0.96 mmol L -I Cr(VI) so
lution at ,.,; 170 h; 3) the same mineral portion acidified to pH 
= 2.4 and heated to 70°C (see Figure 1). 

% remammg in chlorite = 3.05; corrensite = 1.65; 
montmorillonite = 0.55). 

XAS is useful to determine oxidation, coordination, 
and the local environment of Cr in the phyllosilicates 
before and after interaction with the Cr(VI)-bearing 
solution. The Mg K-edge spectra of chlorite, corren
site, and montmorillonite are similar and do not 
change with the treatment (see corrensite Mg K-edge 
spectra, curves 2 and 3, Figure 5). Chlorite and cor
rensite spectra display three well-resolved peaks in the 
edge region at 1310 (label A), 1314 (label B), and 
1318 (label C) e V, and broader resonances at higher 
energy near 1330 and 1350 eV (labels D and E). In 
both spectra, pre-peak features are absent, which is 
consistent with regular octahedral coordination. In par
ticular, the phyllosilicate spectra strongly resemble 
those of talc (Wong et at., 1994; cf Figure 5), where 
Mg occupies regular octahedral sites. In montmoril
lonite, the low Mg content (Table 1) produces a very 
low signal-to-noise ratio. However, observed peak en
ergies do not differ substantially from those of chlorite 
and corrensite. 

Aluminum K -edge spectra were recorded also be
fore and after the reactions (Figure 6). Chlorite and 
corrensite show spectra with three peaks in the edge 
region: two well-resolved peaks at 1566 and 1572 eV 
(labels A and B, respectively) and a weak shoulder 
near 1575 eV (label B'). A very broad band centered 
near 1588 eV (label C) occurs also. In montmorillonite 
two peaks (labels A and B) at 1568 eV and 1574 eV, 
respectively, and the broad band (label C) centered at 
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Figure 6. XANES spectra at the Al K-edge fOf chlorite, COf

rensite, and montmorillonite. Labels of tracings I, 2, and 3 
as in Figure 5. 

1590 eV are present, whereas the shoulder (label B') 
is poorly defined or sometime nonexistent. In corren
site and in chlorite treated at 70°C, a very broad peak 
(label A') occurs at 1568 eV (equal energy as the A 
peak of montmorillonite). In chlorite, the spectral 
shape changes after treatment; the A peak (1566 eV) 
decreases in intensity with respect to the B peak (1572 
e V), although peak energies remain the same. The B I 
and C bands are unchanged. These results suggest that 
no significant change in the structure of the 2: 1 phyl
losilicate layer occurs, but there is a rearrangement of 
the Al in the octahedral sheet as a result of treatment 
with Cr solutions. 

The shape of the chlorite spectrum after the treat
ment is similar to that of corrensite. This feature is 
consistent with chlorite having incongruent dissolution 
which causes an increase of smectite-type interlayers. 
Furthermore, a small XRD peak at -29 A and an en
dothermic reaction at 170°C, are suggestive of a smec
tite-like interlayer. 

The Fe K-edge spectra for all the phyllosilicates 
(Figure 7) was possible because each contained suffi
cient iron. Generally (e.g., Calas et al., 1980; Bonnin 
et al., 1985), although the edge shapes may vary, the 
spectrum of Fe (III) consists of three features: a pre
edge at 7113-7113.7 eV, a broad maximum or shoul
der between 7122-7123.3 eV, and an edge crest at 
7128-7132.3 eY. In contrast, the spectrum of Fe (II) 
usually consists of four well-defined features: the Is-
3d absorption at 7111.1-7112.1 eV, two strong edge 
features at 7118.0-7120.7 eV and 7123-7125 eV, and 
the edge crest at 7128-7129.4 eY. Furthermore, as 
with all transition elements, tetrahedrally coordinated 
Fe (III) displays a stronger pre-edge than octahedral 
iron (Drager et al., 1988). 

The weak pre-edges in the spectra of the phyllosil
icates suggest that Fe is present only in octahedral co
ordination, but they are sufficiently broad that the de
termination of energy, and thus oxidation state, is not 
possible. Positions and intensities of the main edge 
features are similar for chlorite and corrensite and con
sist of a relatively sharp absorption edge with a max
imum at 7129-7130 eV (label A) and a small shoulder 
at -7127 eV (label A'). In addition, there is a feature 
near 7143-7145 eV (label B), plus two broad features 
at higher energy (labels C and D). Montmorillonite 
spectrum consists of three features: a peak at 7133 eV 
(label A), a shoulder at 7148 eV (label B), and a very 
broad band (label C) with maximum between 7180-
7190 eY. The observed spectra confirm that Fe is pre
sent in all three phyllosilicates as both Fe (II) and 
Fe(III) ions. However, Fe(II) is predominant in chlorite 
and corrensite, and Fe (III) dominates in montmorillon
ite, in agreement with chemical data and results from 
similar smectites (Bonnin et al., 1985; Paris et al., 
1991). Figure 7 also shows that the absorption features 
of montmorillonite, which has the least Fe(II) and 
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Figure 8. XANES spectra at the Cr K-edge for model com
pounds. 

therefore the smallest Cr(VI) reduction capacity, are 
nearly the same before and after treatment. In contrast, 
the absorption features of chlorite and corrensite dis
play changes with treatment suggesting that structural 
Fe(II) is affected by the Cr(VI) to Cr(I1I) reduction 
proces . In chlorite, the edge top shifts to lower energy 
(-2 eV) with increasing treatment, whereas features 
A' and B become less resolved. If the general relations 
given above are correct, these changes imply that a 
portion of the initial Fe(II) is oxidized. Disorder of Fe 
in octahedral sites increases as indicated also by the 
smoothing of spectral features for the treated sample 
when compared to the untreated sample. However, the 
patterns are nearly similar before and after heat treat
ment (with only small changes for corrensite), thereby 
suggesting that Fe is reacting in corrensite by an in
teraction with the Cr(VI) solution, whereas later heat
ing does not affect significantly the montmorillonite 
and chlorite systems. Nevertheless, the observed 
changes suggest that Fe(II) is important in Cr reduc
tion at the chlorite and corrensite mineral substrate, 
and that it contributes to the reduction of aqueous 
Cr(VI) to Cr(I1I). 

The K-edge high-resolution spectra for chromium 
model compounds are given in Figure 8. Figure 9 
shows the experimental chromium spectra for the three 
phyllosilicates. Changes in Cr oxidation state are rec
ognized by shifts in the absorption edge energy. The 
energy of the valence orbitals and, therefore, the en
ergy position of the edge and pre-edge features are 
correlated with the valence state of Cr in the sample. 
Each absorption feature is shifted to higher energies 
with increasing Cr oxidation state (Bajt et ai., 1993). 
For example, the energy of the edge inflection point 
of the model compounds SrCr04 and Na2Cr04 , both 
containing Cr(VI), shift - 5 eV toward higher energies 
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ure 7. 

with respect to the position of the edge for Cr203 and 
uvarovite, both containing Cr(IlI) (Figure 8). Sym
metry changes at the site occupied by Cr affect the 
entire edge, with marked changes on the edge shape 
(Bianconi, 1988). For example, Cr in tetrahedral co
ordination exhibits a single intense pre-edge peak and 
a small shoulder at ~ 10 e V above the pre-edge (Bian
coni, 1988; Bianconi et at., 1992; Bajt et at., 1993). 
These typical pre-edge features are found in the ref
erence SrCr04 and Na2Cr04 compounds (Figure 8), 
where Cr was shown by structure determination to be 
four-coordinated (Arc on et at., 1998; Munoz-Paez et 
at., 1995). The octahedral site is recognized by the 
lack of a pre-edge peak (Cr20 3 and uvarovite spectra, 
Figure 8) and by two small resonances in the pre-edge 
region (Bajt et al., 1993; Arcon etal., 1998). 

Figure 9 is consistent with the chemical data (Table 
1) that Cr is present in small amounts in chlorite. How
ever, the Cr content is much lower in corrensite and 
montmorillonite; note the differences in background 
and signal-to-noise ratios for untreated phyllosilicates . 
The Cr spectra show an absorption edge inflection at 
6005 eV, a broad main edge at 6010 eV (label A), a 
higher energy, broad peak (label B) at 6020 eV (in 
chlorite), or a shoulder (in corrensite and montmoril
lonite), and a very broad band centered at ~6075 eV 
(label C). Comparison of Figures 8 and 9 suggests that 
chromium is present in all untreated samples as Cr(III) 
in octahedral coordination. In fact, all spectra strongly 
resemble the Cr20 3 model spectrum (Figure 8). After 
treatment, the edge-tops (label A) decrease in intensity 
for chlorite and corrensite, whereas the 6020-eV fea
ture becomes weaker, although always well resolved 
in chlorite. In corrensite the 6020-eV feature also 
weakens, but the resolution increases. In contrast, in 
montmorillonite this feature remains a broad shoulder. 
There are variations also in the pre-edge features. In 
untreated chlorite, the pre-edge features are at 5990 
and 5994 e V, but in the chlorite after heating, the Cr 
K-edge spectrum shows a new feature on the rising 
limb of the main absorption peak. Figure 9 also indi
cates that Cr mostly affects the spectrum of the cor
rensite sample with increasing treatment. In this case, 
the background decreases and the signal quality in
creases markedly from tracing 1 to 3. The observed 
data are consistent with Cr(VI) being reduced to 
Cr(III) before sorption on phyllosilicates. Unfortunate
ly, these XANES spectra are not of sufficient quality 
to determine if (Mg, Fe)Cr20 4 precipitates on the sur
face, if Cr substitutes in octahedral or interlayer sites, 
or if both may occur. The broadening of the B peaks 
suggests that Cr substitutional disorder occurs in the 
layer structure. However, a small amount of Cr(VI) 
may remain in the treated samples. 

SUMMARY AND CONCLUSIONS 

After reaction with Cr(VI) in aqueous solutions, Fe
rich phyllosilicates reduce the total amount of Cr(VI) 
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in the following order: chlorite == corrensite ~ mont
morillonite. The rate of reduction depends on Pe(Il) 
content. Reduction is more rapid initially and slows 
considerably with treatment. 

After reduction, Cr is sorbed or precipitated as 
Cr(lll) primarily in octahedral coordination. The 
mechanisms by which chromium is reduced-sorbed by 
the phyllosilicates remain unknown. The mineral 
structures are maintained during the experiments, as 
indicated by XANES analysis. The montmorillonite 
system with low Fe(Il) content is unaffected by treat
ment, whereas chlorite and corrensite show changes in 
the AI, Fe, and Cr spectra. A portion of the mineral 
sample dissolves during treatment; therefore, in addi
tion to reactions involving external surfaces, we can
not exclude the possibility of the occurrence of charge
balancing reactions within the mineral, presumably in
volving the octahedral and interlayer sites. 

Because Cr(III)-bearing clay minerals can both re
duce Cr(VI) to Cr(IlI) and adsorb Cr(HI) as a function 
of layer charge, the materials may be useful in reduc
ing Cr toxicity in environments contaminated by 
Cr(VI). 
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