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a b s t r a c t

In this work, the behavior of cationic-exchange resin, activated carbon, and non-living aquatic
macrophytes biomasses on the Cr(VI) and Cr(III) uptake and Cr(VI) reduction was investigated. The high-
resolution X-ray fluorescence (HR-XRF) technique was used to study the adsorption process, as well as to
study Cr(VI) reduction and removal from metal solutions. Batch Cr ions sorption experiments at pH 3.5
were carried out in order to speciate 3d-transition metal onto the surface of these types of adsorbents
by a K� spectra analysis. Cr-K� satellite lines have been characterized for all K� spectra of Cr ions onto
dsorption
igh-resolution K� spectroscopy

treated samples and reference material. Based on their energy position and intensity of Cr-K� satellite
lines as well as their related to reference material shift energy, activated carbon and non-living aquatic
macrophytes roots were found to act mainly as good adsorbents, first reducing Cr(VI) to Cr(III) and then
followed by a Cr(III) adsorption. Although cationic-exchange resin was treated with Cr(VI) solution, no
evidence of any Cr-K� spectral satellite lines was shown in it, suggesting that Cr(VI) was not removed in
a cationic-exchange process. Evidence of reduction of hexavalent chromium by adsorbent materials was

ines a
assessed by K� spectral l

. Introduction

Environmental pollution by the introduction of heavy metals
nto bodies of water is of growing concern because of health risks on
iving organisms and humans. Hexavalent and trivalent chromium
re released into the environment from a number of different
ndustrial activities such as iron and steel manufactory, tannery,
hromium plating and other anthropogenic sources [1]. Usually,
onventional treatment methods are applied in industries for Cr(VI)
emoval by its reduction to Cr(III) with reducing agents, followed
y a precipitation of a hydroxide form of Cr(III).

Many treatment technologies have been proposed to solve this
roblem and replace the high cost, conventional treatment process.
mong these technologies, adsorption that is one most frequently

sed method has gained increased creditability during the last
ecades [2,3]. There are many types of adsorbents that have been
tudied for the metal ions adsorption from aqueous solutions, such
s activated carbon [4], sawdust [5,6], chitosan [7], chelating resins
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nalysis.
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[8,9], clay mineral [10,11], non-living aquatic plants [12–14] and
wetland plants [15–19].

In order to gain information about these chemically important
systems, X-ray emission spectroscopy could be an adequate tool
in the study of the 3d metal removal process such as chromium
ions in different kind of materials. A recent review of K� and K�
spectroscopy has shown the chemical sensitivity of the fluores-
cence transitions that could be applied to study 3d metal transition
complexes [20]. The K� lines are the strongest fluorescence tran-
sitions that are the contribution of X-ray transitions from 2p to 1s
electronic state. The X-ray fluorescence transitions denoted as K�
satellite lines are weaker than K� ones. These latter X-ray lines
are fluorescence transitions from orbitals higher than the metal 3p
shell that are often dominated by the oxidation state and chemical
environment.

When a synchrotron radiation-based X-ray emission spec-
troscopy is used to speciate 3d-transition metal, the metal K�
spectra could be enhanced in order to measure the K� transition
energies and intensities. In addition, in order to be able to separate

spectral features within the K� group and detect changes of the
spectral shape due to the chemical environment, it is necessary to
achieve a resolving power of order E/�E > 5000, which currently
can only be obtained with a spectrometer based on perfect-crystal
Bragg optics [20].

dx.doi.org/10.1016/j.cej.2010.05.045
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:f.espinoza@terra.com.br
mailto:espinoza@unioeste.br
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Nomenclature

Eabs absorption edge energy (eV)
E spectral line energy (eV)
h0 upper base-line position
h step high
x, x0 analyzer positions
w width of the absorption edge (eV)
K� X-ray transitions from 2p to 1s electronic state
K�1,3 X-ray transitions from 3p to 1s electronic state
K�2,5 X-ray transitions from molecular orbitals to 1s elec-

tronic state
K�′′ X-ray transitions from ligands s-electrons to 1s elec-
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In this work, as an essential aid to understanding the
r(VI) reduction and Cr ions sorption in Amberlite IR 120
ationic-exchange resin, activated carbon, and non-living aquatic
acrophytes biomasses, a combination of the high-resolution X-

ay fluorescence (HR-XRF) technique and a high flux, 6.1-keV X-ray
onochromatic beam was used to enhance the spectral satellite

ines that are chemically dependent. A hypothesis was proposed
or Cr(VI) reduction as a function of an adsorption process, and it
as proved by K� spectroscopy results.

. Materials and methods

.1. Adsorbents and chemicals

For the study of hexavalent chromium reduction during the
emoval process, three kinds of materials were tested: a cationic-
xchange resin, an activated carbon, and two non-living aquatic
acrophytes. The Amberlite® IR 120 in the Na+ form (CAS # 9002-

3-7) was used as a strong acidic cation-exchange resin. It is a
el type strongly acidic exchange resin with the sulfonic groups
SO3–Na) on styrene–divinylbenzene copolymeric backbone, pro-
uced by Rohm and Hass Company. It has the advantages of
igh exchange rate, high capacity, and strong mechanic strength.
he granular activated carbon, prepared in thermal carbonization
f animal bones, was used as a common adsorbent. Samples of
iomass of aquatic macrophytes Pistia stratiotes and Salvinia auricu-

ata were dried at a 30 ◦C oven and mechanically ground and further
ere used as an alternative biosorbent.

The chemicals used were of analytical-reagent grade. Deion-
zed waters were also used as dilution media. Several stock
olutions of Cr(III) and Cr(VI) in deionized waters were pre-
ared, with 8.0 mequiv. L−1, from their water-soluble metallic salt
Cr(NO3)3·9H2O and CrO3, Merck pro analysis) and stored in 1-

volumetric flasks for posterior metal adsorption experiments.
olutions of NaOH (1 M) and HCl (1 M) were also used as a pH
djustment. Based on a chromium standard solution (1.0 g L−1 for
AS, Merck), different diluted-Cr concentrations ranging from 0.1

o 15 mg Cr L−1 were also prepared and used to obtain the calibrate
urve for atomic absorption spectrometer (AAS). At each metal
ptake experiment, the mean Cr concentration in the 0.45-�m
embrane filtrated liquid phase was determined, using a previ-

usly calibrated AAS (AA 932-GBC, Analitica).
.2. Chemical species of Cr

The EDTA-based-colorimetric method [21,22] was applied to the
r(III) determination in two types of Cr solutions. An amount of 5-
EDTA was weighed and added to a 125-mL beaker, containing
ing Journal 162 (2010) 266–272 267

50 mL Cr solution. The beakers were heated up to boil the solution
with occasional swirling for 40 min [23]. The solutions were cooled
and then quantitatively transferred with deionized water rinses to
individual volumetric flasks. The absorbance of Cr(III) in each solu-
tion was measured using a UV–vis spectrophotometer (Shimadzu,
model UV – 1601 PC) at 540-nm wavelength. All the extractions
that involved EDTA agent were carried out at pH 3.0. Then the cal-
ibration curve was drawn using the appropriate Cr(III) standards.
The total chromium concentration in liquid phase was determined
from triplicate samples, using a previously calibrated AAS (AA 932-
GBC, Analitica). All measurements were made at the 357.9 nm Cr
wavelength, using a Cr hollow-cathode lamp. The total amount of
Cr(VI) was determined in each solution by the subtraction of Cr(III)
from the total chromium in the Cr(VI) solution.

2.3. Kinetic test

In order to perform kinetic experiments, 25 mg of Amberlite
IR-120 cationic-exchange resin beads, activated carbon, and dry
macrophytes root powder samples were put into contact with
50 mL of solution, at 3.0 initial pH, containing approximately
8.0 mequiv. L−1 of Cr(III) and Cr(VI). The mixtures have been stirred
on a shaker at 30 ◦C constant controlled temperature. The solution
pH measurements were carried out during the sorption experi-
ments and the pH adjustment to 3 was made as required. The
adsorption experimental times were set up with contact time rang-
ing from 0 to 48 h, in order to determine the equilibrium time. In this
way, a whole sample was taken at each setting time and the liquid
phase was separated from the adsorbent using a vacuum filtration
system. Afterwards, the initial and final chromium concentrations
in each liquid phase were determined by AAS.

2.4. Batch Cr ions uptake experiments

For Cr(VI) uptake experiments, 25 mg of activated carbon,
dry macrophytes root powder, or cationic-exchange resin was
added to a 50-mL Cr(VI) solution on approximately 8.0 mequiv. L−1

(70 mg L−1) at 3.0 initial pH. The solution pH monitoring was car-
ried out during all experiments and the pH adjustment to 3 was
made as required. The mixtures were agitated on a shaker at
30 ◦C constant controlled temperature for 8 h. Further, the samples
liquid phase was separated from the adsorbent using a vacuum fil-
tration system. The initial and final chromium concentrations in
each liquid phase were determined by AAS. Cr(VI) uptake experi-
ments were performed in 12 replicates. The same procedure was
carried out to study the Cr(III) uptake in activated carbon, dry
macrophytes root powder, and cationic-exchange resin by applying
8.0 mequiv. Cr(III) L−1 (140 mg L−1) solutions.

2.5. Sample preparation for Kˇ spectra analysis

For K� spectra analysis, 100 mg of each kind of Cr treated sample
was pressed into pellets of a 5-mm diameter, using a 2-ton press.
In order to calibrate the Cr-K� spectra, a pure metallic chromium
foil was also used as reference material. Other pellets made from
Cr2O3, CrO2, and CrO3 powder were also prepared under similar
conditions, as trivalent, tetravalent, and hexavalent chromium ref-
erences, respectively.

3. Results and discussion
3.1. Speciation of chromium

From a qualitative analysis point of view, the results from the
EDTA colorimetric method-based Cr(III) chemical extraction from
Cr(VI) solution have shown that there is no presence of Cr(III)
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Table 1
Parameters of spectral lines for metallic chromium and chromium compounds.

Reference material Oxidation state K�1,3 energya (eV) K�2,5 energya (eV) K�′′ energya (eV)

Cr 0 5946.71 ± 0.04b 5988.19 ± 0.09
Cr2O3 III 5947.81 ± 0.05 5985.43 ± 0.05 5969.73 ± 0.23
CrO IV 5947.39 ± 0.06 5986.64 ± 0.06 5970.66 ± 0.15
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counts per second were accumulated in a single measuring point
at the maximum of the K�2,5 line. The procedure was applied for
all samples.

The normalized-to-monitor Cr-K� spectra were performed due
to the systematically decreasing of X-ray beam flux during the oper-
4

CrO3 VI 5945.6

a Centroid of Gaussian peak.
b Cr-K�1,3 according to the tabulated values by Bearden (1967) [24].

pecies during the course of the adsorption experiments (data not
hown), suggesting that the reduction of Cr(VI) to Cr(III) in pH 3.0
as not found [23].

In addition, the analysis of the intensity of the area of Cr-K�2,5
atellite line in all K� spectra (data shown in Section 3.6), showed
great amount of Cr(III) removed from the Cr(III) solution at pH
using the Amberlite IR-120 cationic-exchange resin. From the

r(VI) uptake tests using cationic resin and mixtures of cationic
esin and dried aquatic plant biomass (S. auriculata or P. stra-
iotes), which were added to Cr(VI) solution, keeping at pH 3, it was
bserved that there was no evidence of a characteristic Cr-K�2,5
eak associated with Cr(III) or Cr(VI) to be found in resin samples.
owever, Cr-K�2,5 peaks associated with Cr(III) were only observed

or aquatic plant samples. Based on these preliminary results, we
an be conclude that there is no evidence for Cr(VI) to Cr(III) reduc-
ion in the solution, as also suggested by the results from EDTA
olorimetric method.

.2. Kinetic test

The uptake of chromium ions has increased sharply at short con-
act and slowed gradually as equilibrium was approached. For P.
tratiotes, S. auriculata, and cationic-exchange resin the equilibrium
ime was around 2 h, with Cr(III) removal rates of 53.7, 64.6, and
9.9%, respectively, while for activated carbon it was 6 h and 68.3%
emoval rate. In Cr(VI) uptake experiments, a 6-h equilibrium time
as achieved to the P. stratiotes, S. auriculata, and activated carbon,

ith removal rates of 41.5, 34.8, and 24.9%, respectively. Under the

ame experimental conditions for cationic-exchange resin, during
he first 2 h 7.1% reduction of Cr(VI) initial concentration-relative-to
as observed.

ig. 1. Cr-K� spectra for metallic Cr and Cr compounds (Cr2O3, CrO2, and CrO3).
lack (solid), blue (dot), red (dash), and green (dash-dot) lines correspond to Cr0,
r(III), Cr(IV), and Cr(VI), respectively.
.03 5989.90 ± 0.08 5973.37 ± 0.08

3.3. Kˇ satellite lines in reference materials and samples

The Cr-K� emission spectrum of each sample was measured in
two energy regions. The first one (5940–5960 eV) comprised the
main K�1,3 peak and the second one (5960–6020 eV) comprised
the K�2,5 and K�′′ satellite lines, which provide information about
the oxidation state and the chemical ligand, respectively. Typical
measuring time of a complete Cr-K� scan for reference samples
(Cr metal foil, Cr2O3, CrO4, and CrO3 pellets) was about 5–20 min,
whereas for an activated carbon sample it was about 2 h. About
2 × 104 counts were accumulated in a single measuring point at the
maximum of the K�2,5 line. For each chromium ions treated mate-
rial, the K� emission spectrum was measured. Typical measuring
time of a whole Cr-K� scan for a sample was about 2 h. About 200
Fig. 2. Cr-K� spectra of carbon, resin, Pistia and Salvinia samples after the adsorption
processes in (a) trivalent and (b) hexavalent Cr solutions.
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The energies of Cr-K�2,5 peak of reference materials (Table 1)
ig. 3. Comparison between the partial K� spectra in the energy region of K�2,5

f Pistia stratiotes samples after the Cr adsorption processes of (a) trivalent, (b)
exavalent Cr solutions, and (c) Cr-K� spectra of reference materials.

tion of the 1.37 GeV storage ring of the LNLS. A photon energy scale
f Cr-K� spectra was obtained using the well-known energy of Cr-
�1,3 line (5946.71 eV) [24] and its corresponding analyzer position

n chromium metal spectrum, according to Eq. (1):

(eV) = 5946.71 eV
sin[�B(Cr0)]

sin[(x0 − x)(8.85/3600) + �B(Cr0)]
(1)

here, x is the analyzer position, x0 is the analyzer position on
�1,3 line belonging to Cr0 (5946.71 eV), and �B is the Bragg angle

85.824◦) on the same spectral line.

.4. Chemical shift and environmental effects on Kˇ lines

Typical monitor-normalized Cr-K� spectra of chromium refer-
nce materials are shown in Fig. 1. At 5940–5960 eV region, main
pectral line (K�1,3) of three Cr oxidation states was observed and
ts energy was measured by multi-peak fitting using Gaussian-type
unctions, showing that they are rather shifted with respect to that
f Cr0 due to a slight dependence on the metal oxidation state,
s summarized in Table 1. This kind of spectral line is governed by
he contribution of unresolved X-ray transitions from the 3p1/2 and
p3/2 to the 1s electronic state. In higher energy region, the Cr-K�2,5
nd Cr-K�′′ lines are displayed in the inset of Fig. 1. The Cr-K�2,5 line
orresponds to the unresolved multiplet transitions from molecular
rbitals (Cr 3d electrons) to the Cr 1s core level, being the transi-
ion energies strongly dependent on the oxidation state [20,25,26].

owever, the Cr-K�′′ line is originated by the unresolved multi-
let transitions from ligands s-electrons (molecular orbital) to Cr
s core level, which can also be used as a fingerprint for the presence
f chemical bonds in samples [25,27].
Fig. 4. Comparison between the partial K� spectra in the energy region of K�2,5

of Salvinia auriculata samples after the Cr adsorption processes of (a) trivalent, (b)
hexavalent Cr solutions, and (c) Cr-K� spectra of reference materials.

3.5. Enhancements of Kˇ satellite lines

The monitor-normalized Cr-K� spectra of chromium ions
uptake by different materials (P. stratiotes, S. auriculata, activated
carbon, and cationic-exchange resin) are shown in Fig. 2. In addi-
tion, the Cr-K�2,5 and Cr-K�′′ lines are displayed in the inset of
Fig. 2. In these spectra, the K� satellite lines (Cr-K�2,5 and Cr-K�′′)
are superimposed over a prominent background, which consists of
a matrix contribution due to the inelastic X-ray scattering from the
bulk of the material, a step-like component associated with the Cr-K
absorption edge (around 5991 eV) and Cr-K�1,3 peak contribution.

In order to estimate the matrix background, a Gaussian-type
curve was fitted to the high-energy region (5970–6040 eV) of mate-
rial bulk spectrum. The matrix contribution was then subtracted
from the monitor-normalized Cr-K� spectra [23]. This latter pro-
cedure was not applied only for chromium reference materials.
Afterward, the step-like background was estimated by Eq. (2) and
then subtracted from the Cr-K� spectra. A Lorentzian-type function
was used to fit the Cr-K�1,3 peak contribution and then subtracted
from the Cr-K� spectra in order to enhance the Cr-K�′′ peak.

f (E) = h0 − h

1 + exp
[

Eabs−E
w

] (2)

where, Eabs is the Cr-K absorption edge energy, w is the experimen-
tal width of the Cr-K absorption edge, and the fitting parameters h0
and h stand for the upper base-line and step high, respectively.
were determined from a Gaussian-type function fit to the
background-subtracted Cr-K� spectra. In Table 1, the chemical shift
and environmental effects on the peak intensity and peak energy
are evident, confirmed by the shifted-to-metallic chromium peak
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ig. 5. Comparison between the partial K� spectra in the energy region of K�2,5

f activated carbon samples after the Cr adsorption processes of (a) trivalent, (b)
exavalent Cr solutions, and (c) Cr-K� spectra of reference materials.

nergy for the three-oxidation states of chromium. Apart from the
light line energy of these Cr oxidation states, the Cr-K�′′ line inten-
ity is stronger for chromium in hexavalent form than the other
nes. Based on both Cr-K�2,5 and Cr-K�′′ spectral lines, the oxida-
ion state of chromium and chemical ligands in different materials
ould be investigated. In addition, with the help of K� spectroscopy
new insight of Cr(VI) reduction to less toxic form was found. This
ave us a basis for proposing the following hypothesis: the Cr(VI)
o Cr(III) reduction is mediated by an adsorption process onto the
dsorbent surface, regardless of the type of the chosen biosorbent.

.6. Experimental evidence of Cr(VI) reduction
The background-subtracted Cr-K� spectra that are restricted to
he satellite line energy region of P. stratiotes, S. auriculata, acti-
ated carbon, and cationic-exchange resin after adsorption process
f chromium ions are shown in Figs. 3–6, respectively. In addition,
he Cr-K� spectra of Cr(III), Cr(IV), and Cr(VI) reference materi-

able 2
� line energies after the adsorption processes of trivalent and hexavalent Cr solutions b

Material Cr ions in solution K�1,3 en

P. stratiotes III 5947.47
VI 5947.22

S. auriculata III 5947.27
VI 5947.39

Activated Carbon III 5947.08
VI 5947.35

Cationic-exchange resin III 5947.51
VI 5946.54

a Centroid of Gaussian peak.
Fig. 6. Comparison between the partial K� spectra in the energy region of K�2,5 of
cationic resin samples after the Cr adsorption processes of (a) trivalent, (b) hexava-
lent Cr solutions, and (c) Cr-K� spectra of reference materials.

als are also shown where the Cr-K�2,5 peak energy of Cr(III) was
found to be the lowest one. At all Cr-K� spectra, it was confirmed
that the Cr-K�′′ line energies (transitions from molecular orbitals)
are strongly dependent on the oxidation state and chemical ligand.
The characteristics of both the energy and the intensity of satellite
lines could be used as a fingerprint of Cr(VI) or Cr(III) in Cr treated
materials.

In Cr-K� spectra of all materials (P. stratiotes, S. auriculata, acti-
vated carbon, and cationic-exchange resin) after Cr(III) adsorption
processes (see Figs. 3a, 4a, 5a, and 6a), the peak energies of Cr-
K�1,3 are almost the same value when compared but there is a very
slight shift for the Cr(III) reference material due to the chemical
ligand effect (Fig. 7a). This effect is more evident in the energy of

′′
Cr-K�2,5 and Cr-K� satellite lines (see Table 2). There is experi-
mental evidence [23,25] that in transition metal compounds with
the same oxidation state, the K�2,5 line-shape (including line-width
and energy position) depends slightly on the ligand atom. Thus, the
increase on the line-width of the Cr-K�2,5 line in all materials with

y P. stratiotes, S. auriculata, activated carbon, and cationic-exchange resin.

ergya (eV) K�2,5 energya (eV) K�′′ energya (eV)

± 0.02 5983.87 ± 0.05 5969.14 ± 0.14
± 0.02 5983.91 ± 0.07 5962.63 ± 0.46
± 0.03 5983.17 ± 0.03 5969.79 ± 0.39
± 0.02 5985.54 ± 2.56 5962.40 ± 1.44
± 0.02 5984.09 ± 0.05 5967.71 ± 0.25
± 0.03 5985.29 ± 0.07 5969.63 ± 0.77
± 0.03 5985.23 ± 0.10 5963.85 ± 0.12
± 0.11
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Fig. 7. Comparison between Cr-K�2,5 energy as function of Cr-K�1,3 energy of
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[

[

[

[

[15] V. Dushenkov, P.B.A.N. Kumar, H. Motto, I. Raskin, Rhizofiltration: the use of
r reference materials, Pistia stratiotes, Salvinia auriculata, activated carbon, and
ationic-exchange resin samples after the Cr adsorption processes of (a) trivalent
nd (b) hexavalent Cr solutions.

espect to Cr reference compounds could be partly explained by the
resence of different molecular ligands, which should bind the Cr

ons within the complex structure of materials.
On the other hand, in Cr-K� spectra of all materials after Cr(VI)

dsorption processes (see Figs. 3b, 4b, 5b, and 6b), the peak energies
f Cr-K�2,5 range from 5983.91 to 5985.54 eV (see Table 2), which
re nearer to that of Cr(III) reference material (5985.43 ± 0.05 eV,
ee Table 1) than other ones. In addition, the intensity of Cr-K�′′

n all spectra, as can be seen in Figs. 3b, 4b, 5b, and 6b, is lower
han the intensity of Cr-K�2,5. In Fig. 7b, the energies of Cr-K�1,3
nd Cr-K�2,5 lines are closer to that of Cr(III) reference mate-
ial, suggesting that the Cr(VI) might not be present in all Cr(VI)
reated samples, except to the cationic-exchange resin. The low
mount of chromium removal (around 7%) by the Cr(VI) treated
esin has avoided enhancing the Cr-K� satellite lines from the
atrix background (see Fig. 6b). Moreover, the Cr-K�1,3 energy

alue of 5946.54 ± 0.11 eV belonging to the Cr(VI) treated cationic-
xchange resin resembles the peak energy of that for Cr metallic
oil (5946.71 ± 0.04 eV), suggesting that the chromium could have
een precipitated in low amount in the bulk of resin.

From the previous works using aquatic macrophytes in wetland
ystem (16, 23) the Cr(VI) was reduced to Cr(III) by P. stratiotes, S.
uriculata, and E. crassipes, suggesting that the Cr(VI) reduction is
ainly due to a physical process. In this way, the present data show

hat the Cr(VI) reduction to Cr(III) was only observed in Cr uptake
xperiments using non-living P. stratiotes, S. auriculata, and acti-

ated carbon. However, this kind of behavior was not observed in
ationic-exchange resin under the same experimental conditions,
s can be seen in Fig. 6a and b, confirming the initial hypothesis
hat the Cr(VI) reduction to Cr(III) could be mainly associated with

[

ing Journal 162 (2010) 266–272 271

an adsorption process, independently of the kind of tested material
(dead biomass and activated carbon) for Cr ions removal.

4. Conclusion

The comparison of the high energy region of the Cr-K� spectra
obtained from Cr(VI) uptake experiments by non-living biomass
and activated carbon has shown that there is no evidence of hex-
avalent oxidation state in all samples, but only a good resemblance
with that of Cr(III)-K� spectra. The Cr(VI) reduction to Cr(III) was
identified to occur in non-living biomass and activated carbon.
Experimental data for the cationic-exchange resin have shown a
high performance to remove the Cr(III) from an aqueous solu-
tion. However, the Cr-K� spectra characteristics of Cr(VI) treated
cationic-exchange resin samples have revealed that the Cr(VI) was
not bound to the surface of it. Independently of the kind of tested
material (dead biomass and activated carbon) for Cr ions removal,
the adsorption process could be associated with the Cr(VI) reduc-
tion.
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