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KEYWORDS Abstract Sorption of Cr(III) and Cr(VI) ions onto 2% grape stalk (GS) powder entrapped in a
Sorption; biopolymeric gel matrix of calcium alginate (CA) has been investigated and a mechanism for the
Chromium; retention of both, Cr(VI) and Cr(IIl) is proposed. Protons were found to be consumed in Cr(VI)
Speciation; sorption/reduction and to compete with Cr(III) for the sorbent active sites. Isotherm equilibrium
Mechanism; was modelled according to Langmuir equation: maximum capacity was found to be 6.4 and
Alginate; 3.6 mg g~ for Cr(IlI) and Cr(VI), respectively. The important Ca>* release observed when Cr(111)

Grape stalks is sorbed indicates that ion exchange is the main mechanism involved at concentrations lower than

200 mg L~! while other mechanisms such as microprecipitation or coordination might take place
for higher initial concentrations. In the case of Cr(VI), the sorption mechanism is based on the
reduction to Cr(III) promoted by both protons and the functional groups on the GS surface; this
reduction-formed Cr(III) is retained by the alginate gel matrix and by microprecipitation onto the
surface of GS particles. ESR and SEM-EDX were used to identify chromium species sorbed on the
solid phase. Results from this study suggest that GS entrapped in CA gel beads is an effective sor-
bent for both, Cr(IIT) and Cr(VI) removal from aqueous solutions.
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1. Introduction

During the last 15 years, the processes for the treatment of
aqueous effluents to remove metal ions and organic com-
pounds using low-cost sorbents have been in continuous devel-
opment and improvement. In addition, reusing waste
biomaterials is considered an environmentally-friendly practice
and is supported by government policies.

Chromium occurs in wastewaters in both trivalent and
hexavalent forms as a result of its use in many industries such
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as electroplating, leather tanning, paints and pigments. Due to
the high toxicity of Cr(VI) (Zhitkovich, 2011), numerous
studies have been devoted to its removal by biosorption from
wastewater while studies on Cr(III) are scarce (Mohan and
Pittman, 2006; Saha and Orvig, 2010; Miretzky and Cirelli,
2010). In spite of not being particularly toxic, Cr(III) must
be also of a special concern as its environmental oxidation to
Cr(VI) represents a potential source of toxicity. Therefore, it
is of great importance in any treatment process to ensure the
removal of both Cr(VI) and Cr(IIl) from wastewater. In this
context, some authors have investigated their removal
using composite alginate-goethite beads (Lazaridis and
Charalambous, 2005), seaweed biosorbent (Kratochvil et al.,
1998) and humic acids encapsulated in calcium alginate beads
(Pandey et al., 2003).

We recently studied Cr(VI) uptake by grape stalks (GS)
encapsulated in calcium alginate (CA) beads (Fiol et al.,
2005, 2004). The entrapment of GS into CA beads enhanced
Cr(VI) sorption yield and provided the sorbent with an appro-
priate shape and a greater mechanic strength for its possible
use in continuous (column) sorption processes.

Our objective was to investigate Cr(VI) and Cr(III) sorp-
tion mechanism onto GS—CA beads. To ascertain the role of
protons and the possible ion-exchange mechanism, pH evolu-
tion and calcium release as a consequence of chromium sorp-
tion were evaluated. Moreover, Electron Spin Resonance
(ESR) and Scanning Electron Microscopy with Energy Disper-
sive X-ray analysis (SEM-EDX) were used to identify chro-
mium species on the solid phase.

2. Experimental

2.1. Materials

Unless otherwise stated, all reagents are of analytical grade
and purchased from Panreac (Barcelona, Spain).

The beads contained 2% (w/v) grape stalks entrapped into
the calcium alginate gel. This optimal GS percentage and the
methodology to prepare the beads were reported previously
(Fiol et al., 2005, 2004). Sodium alginate salt from brown algae
(Fluka, St. Louis, USA) was used as the hydrocolloidal gelling
material using 0.1 M CaCl, as fixing solution. GS, kindly sup-
plied by a wine producer from Castilla la Mancha region
(Spain), was rinsed three times with boiling water and then,
three times with distilled water. The material was then dried,
cut and sieved to obtain a fine powder (<500 um). Cr(VI)
and Cr(III) solutions were prepared by dissolving appropriate
amounts of K,Cr,0O7 and Cr(NO3)3-9H,0, respectively in Mil-
1iQ water; NaOH and HCIl were used for pH adjustment.
Chromium standard solutions of 1000 mg L™' were used for
Flame Atomic Absorption calibrations.

In order to assess the mechanisms governing Cr(VI) and
Cr(IIT) sorption and to understand the role of calcium algi-
nate, the same experiments were performed by using pure
CA gel beads as blank.

2.2. Metal uptake procedure

Batch experiments were carried out at 20 + 2 °C in stoppered
glass tubes. The experiments consisted of shaking in a rotary
stirrer (Rotator Drive STR 4, Stuart Scientific) 40 beads of

either CA or 2% GS-CA, with 15mL of either Cr(VI) or
Cr(IIT) solutions. After agitation, the solid was removed by
filtration through a 0.45 pm cellulose filter paper (Millipore).
After filtration, pH of the remaining solution was measured
using a Crison Model Digilab 517 pH meter. The initial and fi-
nal metal concentration in the filtrates, previously acidified,
were determined by Flame Atomic Absorption Spectrometry
(FAAS) (Varian Absorption Spectrometer SpectrAA 220FS).
Each experiment was performed in triplicate for quality con-
trol and statistical purposes.

Metal concentration in the sorbent, ¢, (mg g~ ') was calcu-
lated from the difference between the initial, C;, and equilib-
rium, C,, metal concentration in solution (mg L™'):

6. = (C—C (1)

where V' (expressed in L) is the solution volume and m is the
wet mass of the beads.

2.3. Effect of pH

To study the effect of pH on sorption, 15 mg L™! solutions of
Cr(IIT) or Cr(VI) at different pH values in the range of 1-6
were contacted with either CA or 2% GS-CA beads for
48 h, following the procedure described above.

2.4. Kinetics and equilibrium studies

Batch kinetic experiments were conducted to obtain informa-
tion about Cr(III) and Cr(VI) removal rate. Experiments were
carried out by contacting CA and 2% GS—CA beads with either
Cr(III) or Cr(VI) solutions for different contact times. Initial pH
was adjusted at 3.0 and allowed to evolve during metal sorption
for three different initial chromium concentrations.

Equilibrium isotherms at 20 + 2 °C were obtained by con-
tacting the beads with solutions of different initial Cr(IIT) and
Cr(VI) concentrations within the range of 25-1500 mg L™".
An initial pH of 3.0 and an agitation time of 48 h were chosen
according to the results obtained from the experiments of pH ef-
fect and kinetics, respectively. Each experiment was performed
in triplicate for quality control and statistical purposes. Metal
removal data from the equilibrium batch sorption experiments
were fitted by the non-competitive Langmuir model:

KL Gmax Ct’

=K ¥

whose parameters, ¢ma.x (mg g~ ') and K; (L mg~ '), were calcu-
lated by Non-Linear Least Square (NLLS) treatment of exper-
imental data.

2.5. Sorption mechanism investigation

In recent studies, the mechanism of Cr(VI) sorption on pure
grape stalks has been proved to take place in three steps: Cr(VI)
sorption, Cr(VI) reduction to Cr(III) and sorption of the formed
Cr(IIT) onto the solid or its release into the aqueous phase
(Escudero et al., 2009; Fiol et al., 2008). Therefore, Cr(VI)
reduction by 2% GS—CA beads was investigated here in order
to assess the contribution of GS to the overall Cr(VI) removal
process. To do this, total chromium and Cr(VI) were analysed
in the remaining solutions by FAAS and the 1,5-diphenylcar-
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bazide colorimetric method (Clesceri et al., 1998), respectively.
The difference between total and Cr(VI) concentrations would
correspond to the Cr(IIT) formed by reduction and released into
the solution. Besides, the pH-change with time during the sorp-
tion process has been checked to account for this proton-con-
suming reaction.

Furthermore, it has been reported that Cr(III) sorption onto
pure CA beads takes place via ion exchange between positively
charged Cr(III) species and calcium cations from the beads
(Araujo and Teixeira, 1997). Therefore, the concentration of
Ca®™ released into solution during Cr(III) sorption was mea-
sured by Flame Emission Photometry (Sherwood Model 410).

Blank experiments were also performed to check the change
of pH and the natural release of calcium when beads were con-
tacted with water adjusted to pH 3.0.

Chromium-laden sorbent surface was analysed by ESR:
Cr(III), containing unpaired electrons (4° configuration) is
ESR positive, while Cr(VI) (& configuration) would provide
no ESR signal. Experiments were performed at room temper-
ature using an ESR Spectrometer Bruker ELEXSYS ES580
(microwave frequency Q-band = 34.082 GHz, modulation
frequency = 100 kHz, modulation amplitude = 3 Gauss,
central field = 12000 Gauss, field sweep = 4000 Gauss,
power = 1.968 mW, power attenuation = 20 dB). After being
contacted with a 100 mg L™' Cr(VI) solution for 48 h, CA or
2% GS-CA beads were analysed by ESR. As water strongly
absorbs microwave energy, samples were dried in an oven
for about 24 h, crushed and loaded in a quartz sample tube.

In order to obtain morphologic and local chemical informa-
tion of the gel beads before and after Cr(I1I) or Cr(VI) sorption,
SEM and EDX analyses were carried out. Furthermore, micro-
graphs in the Backscattered Electron mode (BSE) were also ta-
ken in an attempt to detect the presence of metallic nodules on
the solid surfaces under study. An Electron Microscope Zeiss
DSM 960 A equipped with Energy Dispersive X-ray analyser
Link Isis Pentafet (Oxford) was employed for the topological
and chemical analysis of the sorbent surfaces. The treatment
of the electronic images was performed with Quartz PCI and
Picture Gear software. Chromium loading of the samples was
carried out according to the procedure described before, with
an initial metal concentration at 800 mg L™ and initial pH ad-
justed to 3.0. Prior to the microscopic analysis, samples were
dried for 3 days at 40 °C and coated with a thin layer of graphite
to improve their electrical conductivity.

3. Results and discussion

3.1. Effect of pH

The pH of metal solutions has been identified as one of the most
important parameters affecting biosorption: protons can com-
pete with positively charged sorbates for active sites, and influ-
ence both chemical speciation of the metal in solution and the
charge of the sorbent surface. Moreover, the concentration of
protons can modify the redox potential of sorbates and
sorbents.

Fig. 1 shows the percentage of Cr(III) and Cr(VI) removed
by CA and 2% GS—CA beads as a function of initial pH. In
the case of Cr(III) (Fig. 1a), GS shows almost no contribution
to sorption as both sorbents exhibit the same pH dependence
profile, indicating that CA is mainly responsible for sorption.
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Figure 1  Cr(III) and Cr(VI) sorption onto CA and 2% GS-CA

beads as a function of initial pH. Initial metal concentration:
15.0 mg L™"; sorbent dose: 42 mg mL ™"

These results are in agreement with previous literature data
(Araujo and Teixeira, 1997). One should point out that for
the initial Cr(III) concentration of these experiments
(15mg L™"), almost all chromium was removed (>96 %) by
both types of beads, presumably because the metal concentra-
tion is low and there are still unbound active sites in both CA
and 2% GS—CA beads. Thus, taking into account the results
presented in Fig. la, the role of GS in metal sorption is not
clear: this aspect will be clarified below.

It can also be observed (Fig. la) that Cr(III) sorption is
very low at initial pHs 1 and 2 (<20 % of metal removal)
while almost 100% removal is achieved for both types of gel
beads at pH > 3. A similar sorption trend as a function of
pH for Cr(III) was previously reported for different sorbents
of both, raw and modified lignocellulosic bases (Miretzky
and Cirelli, 2010).

In the case of Cr(VI) (Fig. 1b), 2% GS—CA beads show
higher efficiency (almost 100% removal at initial concentration
15mg L™") than CA beads (20% removal), indicating that GS
plays an important role. Concerning the effect of initial pH on
metal sorption, a similar trend was observed for both CA and
2% GS—CA beads: the percentage of metal removal increases
until a maximum at pH 3 and then decreases for higher pH val-
ues in both cases. Optimal pH values of ca. 2.0-3.0 for Cr(VI)
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removal on biomass sorbents have been found by other
authors (Saha and Orvig, 2010; Miretzky and Cirelli, 2010;
Dakiky et al., 2002).

The different sorption behaviour observed for both Cr(III)
and Cr(VI) can be discussed taking into account the pH effect
on both the metal speciation and the ionization of the func-
tional groups at the sorbent surface.

In aqueous solutions, Cr(III) and Cr(VI) show different
speciation patterns as a function of pH. The species distribu-
tion diagram as a function of pH, calculated by MEDUSA
computer program (Puigdomenech, 2010), indicates that at
the working pH (3.0), Cr(III) species distribution percentage
is around 70% Cr’" and 30% CrOH*" (Cr*" + H,O =
CrOH>" + HY, log K = —3.56).

Due to the cation exchange capacity of the CA hydrogel,
these two species could be sorbed on both, CA and 2% GS—
CA beads. However, under conditions of strong acidity, a
low Cr(III) uptake is observed as H™ strongly competes with
both cationic species for the sorbent basic active sites.

In the case of Cr(VI), in the same experimental conditions
(15 mg L™ " metal concentration and pH 3.0), HCrO, "~ is the pre-
dominant species (98%) (H' + 2Cr04*~ = Cr,0,°~ +
H,0, log K = 14.69; H™ + CrO,>~ = HCrO, ;log K = 6.55).

As described previously, the pH of the solution may also
influence on the ionization of the surface functional groups
and consequently on the net surface charge of the sorbent.
The pK, values for guluronic and mannuronic acids, mono-
mers of the formation of alginate structure, have been reported
to be 3.65 and 3.38, respectively (Percival and McDowell,
1967). Taking into account these data, alginate gel is charged
positively at pH < 2.5, neutral at pH ~ 3.0-3.5 and negatively
charged at pH > 4.0. Therefore, Cr(III) ion uptake cannot be
explained by electrostatic sorbent-sorbate interactions as CA is
positively or neutrally charged at pH around 3.0. Thus, an-
other mechanism different from electrostatic attraction must
be involved in Cr(I1I) uptake. Conversely, electrostatic interac-
tions could be responsible for the low Cr(VI) sorption (as the
HCrO4™ species) observed for CA gel beads in the pH range of
1-3. The decrease of Cr(VI) uptake when increasing the pH
above 3.0 can also be explained by the electrostatic repulsion
between HCrO4~ and the negatively charged sorbent surface.

The point of zero charge of GS was previously determined
to be pHp,. = 5.0 (Fiol and Villaescusa, 2009). Thus, at pH 3.0
the net charge at the GS surface is positive. Taking into ac-
count the ionization state of the functional groups of both
CA and GS, the anionic Cr(VI) species HCrO, is expected
to be mainly sorbed by electrostatic interactions onto GS en-
trapped in 2% GS—CA beads.

3.2. Sorption kinetics and isotherms

Cr(I11) sorption on both types of beads is quite fast and seems
to occur in two steps (Fig. 2a). The first step involves rapid me-
tal uptake within the first 15 min of contact time followed by
the subsequent removal until a plateau is reached after approx-
imately 200 min. The fast kinetics observed at the beginning of
the process strongly suggests that ionic exchange can be a pos-
sible sorption mechanism (Mohan and Pittman, 2006; Saha
and Orvig, 2010; Miretzky and Cirelli, 2010; Araujo and
Teixeira, 1997). This mechanism is further investigated by
measuring the calcium release related to Cr(III) sorption.
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Figure 2  Effect of contact time on the removal of (a) Cr(IIT) and
(b) Cr(VI) by CA and 2% GS-CA for three different initial metal
concentrations. pHy = 3.0; sorbent dose, 42 mg mL~". [Cr(IIT)],
48.85, 93.95 and 204.77mgL~'; [Cr(VD)], 45.70, 93.21 and
207.86 mg L1

A similar trend was found for Cr(VI) sorption onto both
types of beads: a quite rapid short phase followed by a rela-
tively slow and long phase until the achievement of a constant
concentration in solution (Fig. 2b). When results are compared
for both types of beads, it is worth noting that for an initial
metal concentration ca. 50 mg L™": (i) the residual metal con-
centrations in solution at equilibrium are 17.1 and 11.1 mg L™!
when Cr(I1I) solution was contacted with CA and 2% GS-CA
beads, respectively; (ii) the residual metal concentrations are
41.2 and 3.5mg L™, respectively when the sorbents are con-
tacted with Cr(VI). The slight sorption differences found for
Cr(IIT) and the large differences found for Cr(VI) allow to
hypothesize that Cr(IIl) is mainly sorbed on CA and Cr(VI)
on GS.

Experimental equilibrium data were fitted to the Langmuir
sorption isotherm model (Eq. (2)), which provided good corre-
lation coefficients. The values of maximum capacity obtained
in Table 1 indicate that, for both oxidation states, beads con-
taining GS are the most effective. These results confirm that
the main active material for Cr(III) sorption at low concentra-
tion is CA, and it is only at high metal concentrations when GS
plays an important role. Fig. 3 also puts into evidence the good
correlation between experimental and predicted sorption
behaviour and confirms that Cr(VI) is mainly sorbed on the
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Table 1 Langmuir model parameters for Cr(III) and Cr(VI)
sorption onto CA and 2% GS-CA.

Cr(III) Qmax(mg g ") K 10° (L mg ") R?

CA 62+ 02 9+ 1 0.985

2% GS-CA 6.4+ 03 8+ 1 0.978

Cr(VI)

CA 1.9 + 02 612 0.925

2% GS-CA 36+02 31 +7 0.931
77 ocr(in)-cA

& Cr(l11)-2% GS-CA
6 o Cr(VI)-CA
o Cr(V1)-2% GS-CA

0%

9. (mg-g?)

0 150 300 450 600 750 900 1050 1200 1350 1500
C.(mg-L?)

Figure 3  Cr(III) and Cr(VI) sorption isotherms onto CA and
2% GS—CA beads. Solid lines represent Langmuir model predic-
tion and symbols, the experimental data. Initial pH 3.0; sorbent
dose: 42 mgmL~".

GS entrapped into the bead and there is only a slight sorption
onto pure CA.

3.3. Sorption mechanism

CA has been reported to be a useful sorbent for the removal of
divalent metals such as copper, lead, cadmium (Papageorgiou
et al., 2009; Pandey et al., 2007) and Cr(III) (Nayak et al.,
2007). In these works, it was found that metal sorption mech-
anism by CA beads takes place via ion exchange: Ca>* bound
to the carboxyl groups of the biopolymer are replaced by metal
cations from the solution.

Taking into account that at pH 3, both Cr’t and
Cr(OH)*" are present in solution, the reactions involved in
Cr(III) sorption by CA might be summarized as:

3{C0O0},Ca + 2Cr’" 2{CO0},Cr + 3Ca*" (3)

{CO0},Ca + Cr(OH)** 5{COO0},Cr(OH) + Ca** (4)

If ion exchange is responsible of Cr(III) species sorption
onto CA and 2% GS—CA gel beads, the molar ratio [Ca®" re-
leased]/[Cr(III) sorbed] should lie between 1.5 and 1.0,

0.07 1

0.06 1

0.05 1

0.04 1 ©CA
2% GS-CA
0.03 1

Ca?* released (mmol-g')

0.02 )+

0.01 9

0.00 t t + t t + + + + i
0.00 003 005 0.08 010 013 0.15 018 020 023 0.25

de Cr(lll) (mmol-g)

Figure 4 Calcium released (mmol g~') as a function of chro-
mium(ITI) sorbed (mmol g~") at equilibrium.

corresponding to the stoichiometric ratio for 3Ca®*/2Cr*"
and 1Ca®*/1Cr(OH)*", respectively.This ratio can be calcu-
lated as:

Cop
(Ceramyi — Cer(nye)

where C,2+ (mmol L™") is the concentration of calcium re-
leased and Ceramyi, Ceramye are the initial and equilibrium
Cr(IIT) concentrations in solution, respectively.

According to Fig. 4, the amount of calcium released linearly
increases with the amount of Cr(III) sorbed (slope around 1.3)
for both types of beads, until a capacity around 0.03 and
0.04 mmol g*1 is achieved for 2% GS—CA and CA beads,
respectively. This slope lies in the stoichiometric ratio range
indicated previously, confirming that at low and medium
Cr(IIT) concentrations, ion exchange is the predominant sorp-
tion mechanism. For higher Cr(III) concentrations, other sorp-
tion mechanisms might occur, for there is no further release of
calcium though the amount of chromium sorbed by the algi-
nate still increases. Results suggest that for high metal concen-
trations, Cr(III) ions might diffuse deeper into the 2% GS-CA
bead and other mechanisms such as microprecipitation, phys-
ical interactions or sorption onto GS might take place. These
results are in agreement with those reported by other authors
that studied Cr(IIl) sorption onto dry protonated alginate
beads (Araujo and Teixeira, 1997; Nayak et al., 2007).

During Cr(III) and Cr(VI) sorption an increase in solution
pH was noticed. This ApH, calculated as the difference be-
tween the final pH and its initial value (pH = 3.0), for the
sorption experiments at three different initial metal concentra-
tions as well as the ApH measured for the blank solutions (Mil-
1iQ water adjusted at pH 3 with concentrated HCI) is presented
in Table 2. Results put into evidence that the contact of CA
and 2% GS-CA beads with the blank solutions provokes an
important increase of pH (ApH =29 for CA and
ApH = 3.2 for 2% GS—CA) indicating that the sorbent beads
contain basic surface groups {C,OH} that may be protonated,
giving place to the development of positive surface charges:

{C,OH} + H'<{C.OH,}" (6)

R= (5)
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Table 2 Increase of solution pH (ApH) after contact of oCr
different Cr(I1I) and Cr(VI) solutions with CA and 2% GS-CA 100 ° o o© opH] 14
for 48 h. Sorbent concentration: 42 mg mL ™. ° 0
15
Cr(III) Cr(VI) —~ 80 6°
Co(mgL™") CA 2% GS-CA Co(mgL') CA 2% GS-CA E.', g g o ° ‘o
£ 60§,
48.85 0.6 09 45.70 28 34 = %o S S 1, °
93.95 04 05 93.21 2.8 34 = 40 °
204.77 02 04 207.86 2.8 4.1 ¢ 4 % 2
Blank 29 32 Blank 29 32 ¢
20 A I 4 0% 14
0 ' * ' '** T ' 3 '0 s ' 0
Lo 0 1000 2000 3000 4000 5000 6000 7000
The ApH for the blank is higher than for the Cr(III) sorp- ; )
tion assays (Table 2). Moreover, the higher the initial Cr(III) fme (min)
f:opce'ntra}tion is, th? 19“@? the ApH at equili'brium. This fact Figure 5 Chromium concentration in solution and pH variation
is indicative of an inhibition of the protonation provoked by as a function of contact time of Cr(VI) with 2% GS-CA gel beads.
Cr’* and Cr(OH)** species and corroborates the competition Initial Cr(VI) concentration: 92.3mgL~', sorbent dose:
between H™ and Cr(I1T) ions for the sorbent active sites. These 42mgmL~". The arrows indicate the times at which pH

two effects (inhibition of protonation and competition), seem
to be less important in the case of 2% GS-CA beads presum-
ably because of the presence of GS, whose active sites are also
available to be protonated and to interact with chromium ions.

Conversely, Cr(VI) sorption provokes a similar ApH when
it is sorbed on CA and a significant increase of ApH compared
to the blank when it is sorbed on 2% GS—CA beads. These re-
sults corroborate that Cr(VI) sorption on CA does not imply
an additional proton consumption; nevertheless, protons seem
to be involved in metal sorption on 2% GS—CA beads, due to
the GS-promoted reduction of Cr(VI) to Cr(III).

Therefore, if Cr(VI) sorption on 2% GS-CA gel beads in-
volves Cr(VI) reduction to Cr(III), the concentration of pro-
tons in the medium should be a limiting factor in the
following reaction:

{C,OH}s{C,0} +H" +¢" (7)
HCrO, + 7TH* + 3¢~ sCr(III) + 4H,0 (8)

3{C,OH} + HCrO; + 4H"<3C,0 + Cr(Ill) + 4H,0  (9)

where {C,OH} and {C.O} represent the reduced and the oxi-
dized form of reactive sites onto GS, respectively, and Cr(III)
is either Cr’”(aq) or Cr(OH)> ™.

A specific experiment was carried out in order to check
whether H™ acts as a limiting reagent of Cr(VI) sorption onto
2% GS-CA. For this purpose, 4 L of a 92.3mg L™ Cr(VI)
solution was contacted in a 5L stirred tank with 2% GS—
CA beads (42 mg mL ™' sorbent dose). As soon as the pH of
the solution achieved almost a constant value, pH was read-
justed to the initial value (pH 3.0) by adding negligible
amounts of concentrated hydrochloric acid. In this assay, var-
iation of both metal concentration and pH was followed as a
function of time. Two readjustments were necessary until chro-
mium was totally removed from solution.

Results plotted in Fig. 5 show that in a first step, after
1500 min, pH increased to a constant value around six and chro-
mium concentration also reached a constant value around
38 mg L™'. After the first pH readjustment, chromium sorption
reactivated and as a consequence of this, pH increased again and
chromium concentration decreased to reach a new equilibrium
state: chromium concentration was around 20 mg L™" and the
pH = 5.5. After the second pH readjustment, chromium totally

readjustment was carried out.

disappeared and the solution pH was stabilized in a value about
4.0. These results corroborate the role of H' as a limiting re-
agent in Cr(VI) sorption onto 2% GS—-CA gel beads.

Taking into account both experimental evidences: (i) the con-
tribution of the entrapped GS to Cr(VI) sorption (Fig. 2b) and
(ii) the increase of ApH when Cr(VI) is sorbed on 2% GS-CA
(Table 2), it was expected that Cr(VI) reduction takes place to
some extent, leading to the presence of Cr(III) in the filtrates. In-
deed, several authors who reported Cr(VI) sorption mechanism
partially based on its reduction to Cr(III) found that the Cr(III)
formed remains fixed to the surface (Nakano et al., 2001) or is
partially released to the solution (Fiol et al., 2008; Park et al.,
2004, 2008; Gardea-Torresdey et al., 2000; Dupont and Guillon,
2003; Zheng et al., 2011).

Furthermore, we previously reported (Escudero et al., 2009)
the presence of Cr(IIl) in solution after contacting pure GS
with Cr(VI) solutions at pH 3.0 as an evidence of Cr(VI)

124 —cA
10 4 —— 2% GS-CA
84
64
4 |
2 2]
‘D
§ Oy : i | S aTcs s ¥
E 1) 1.85 1.95 2.05 215 2.25 2.35 245

9

Figure 6 ESR spectra of CA and 2% GS—-CA beads after
Cr(VI) sorption. Initial Cr(VI) concentration: 92.3 mg L', sor-
bent dose: 42 mg mL ™", initial pH: 3.0.
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reduction to Cr(III) and of only partial sorption of the formed
Cr(III). The presence of Cr(III) after Cr(VI) sorption onto GS
confirmed by X-ray photoelectron spectroscopy analysis was
reported in another of our previous works (Fiol et al., 2008).
However in this study the analysis of chromium in the filtrates
showed that all the chromium present in solution was Cr(VI).

3.4. ESR analysis of the sorbent after Cr(VI) sorption

The unexpected absence of Cr(III) in the solution made neces-
sary to check that one of the most important steps of chro-
mium sorption onto GS, i.e. Cr(VI) reduction, was taking
place even though GS was entrapped into CA. The analysis
of the chromium-laden sorbent surface was carried out from
the ESR spectra of both CA and 2% GS—CA beads, after
being contacted with a Cr(VI) solution (Fig. 6). A very low
ESR signal was observed for CA beads while an intense re-
sponse was detected in the case of 2% GS-CA, where the
broad peak at g = 1.989 corresponds to Cr(III) that possesses

()

Counts

e
1500-| ||
|
|
1000 ||
1o
|
|
J “
500 | (
" Na
i ‘ ‘j Fr
e \ |
U A |‘L \‘ {
the,/ f\\,I.Pu;‘_‘_“.l‘___‘h;"w_i\ J.;:ac ‘ &
Bl Sl Py G
O T T . o f’?ﬁ‘,"‘"“‘r’,"':'r*
2 4 6
Energy (keV)
(c)
Counts
i |
| 1
1500 ¢ 1
|
|
i
Cr
1000-1
[
|t
500 U
| H
il
]
5 w
AR |
“hi, |
_»Mm«muw;:g_ggm_w%_w_g or |
e B Rmm e n s SRR AR
2 4 6
Energy (keV)

three unpaired electrons and the sharp peak at g = 1.998 is
representative of the species Cr(V) with only one unpaired elec-
tron. These two signals were also reported by other authors
when contacting Cr(VI) solutions with materials such as coir
pith (Suksabye et al., 2009) and wood (Humar et al., 2004).
These results indicate the low capacity of CA to reduce
Cr(VI) to Cr(IIl) as compared to the capacity of 2% GS-CA
beads and corroborate that: (i) GS are mainly responsible
for Cr(VI) reduction, (ii) the reduction takes place with forma-
tion of Cr(IlI) and Cr(V) species and (iii) the formed Cr(III)
remains entrapped into the 2% GS-CA beads, therefore being
absent in the remaining solution after the sorption process.

3.5. SEM-EDX analysis of the loaded sorbent

Local chemical composition of the 2% GS—CA beads was ana-
lysed from EDX spectra of: (a) CA matrix, (b) CA/GS inter-
face and (c) GS particle after Cr(III) sorption (Fig. 7). The
CA shows the highest intensity in the EDX spectra of the three
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Figure 7 EDX analysis of 2% GS—CA beads after Cr(III) sorption: (a) CA region; (b) CA/GS interface; (c) GS particle.
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Figure 8 Electronic micrograph of 2% GS—CA gel beads after treatment with Cr(VI) solution. (a) Scanning mode; (b) Backscattered

mode; (¢c) EDX analysis; (d) focus on the GS region, SEM mode.

regions, corresponding to a chromium concentration about
7.3%. Chromium concentration decreases to about 3.7% when
the CA/GS interface is analysed and finally, the lowest concen-
tration was detected in the GS particle (only 0.3%). These re-
sults strongly support the role of CA as mainly responsible for
Cr(III) sorption, while only a small amount of Cr(III) would
be taken up by the GS particles.

The SEM and BSE micrographs before and after Cr(VI)
sorption onto CA beads revealed neither topological nor mor-
phological differences (data not shown), pointing out that the
alginate structure suffers almost no modification after the con-
tact with Cr(VI). Additionally, when EDX spectra and quanti-
tative chemical analysis of the surface of the CA region were
performed, chromium was not detected. These microscopical
and spectroscopical data strongly support the low Cr(VI) sorp-
tion observed in both, kinetic and equilibrium experiments.
However, when Cr(VI) sorption onto 2% GS—CA beads was
explored, different modifications were detected. In the SEM

micrograph (Fig. 8a) GS particles are surrounded by the CA
matrix; and some pellets on the surface of the GS particle seem
to appear after Cr(VI) sorption. BSE picture (Fig. 8b) demon-
strated that the GS particles appeared with a particular bright-
ness, indicating thus that it could be a chromium-enriched
region. When the same region of the sorbent was further ana-
lysed by EDX (Fig. 8c), an intense line related to the presence
of chromium appeared, indicating a high chromium content
(5.4%) on the GS surface. These results are indicative of a
selective concentration of chromium on the surface of the
GS particles when the material is treated with Cr(VI). To
check this observation, further analysis was carried out, focus-
ing only on the GS surface: SEM analysis shows (Fig. 8d)
important nodule coverage of the GS particle, suggesting some
kind of surface microprecipitation or deposition of chromium
species. However, by means of the ESR technique, it had been
previously checked if the presence of Cr(III) sorbed onto 2%
GS-CA, coming from Cr(VI) reduction. It is possible then that
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Figure 9  Cr(III) and Cr(VI) sorption/reduction scheme.

after Cr(VI) reduction a certain local basification occurs and
Cr(IIl) precipitates as hydroxide on the surface of the GS
particle.

4. Conclusions

GS encapsulated into CA gel beads can be used as an efficient
adsorbent for both Cr(III) and Cr(VI) removal from aqueous
solutions.

Protons are involved in both Cr(III) and Cr(VI) sorption
mechanism: while in the case of Cr(III), protons compete with
Cr*" and Cr(OH)*" species, in the case of Cr(VI), they act as
a limiting reagent of the removal process.

While fast kinetics was observed in the case of Cr(III) sorp-
tion onto both types of beads, Cr(VI) sorption onto 2%
GS-CA was much slower. Results put into evidence that diffu-
sion limitations appear in the case of Cr(VI). Cr(Ill) and
Cr(V]) sorption equilibrium onto both, CA and 2% GS-CA
gel beads showed a Langmuir-type sorption behaviour.

The significant Ca®" release related to the sorption of
Cr(III) on both types of beads indicates that ion exchange is
the most important mechanism involved on Cr(III) sorption
at low concentrations while other mechanisms must take place
at higher initial Cr(III) concentrations.

ESR results evidence that GS on 2% GS-CA beads are
mainly responsible for Cr(VI) to Cr(III) reduction and the pro-
cess takes place with formation of paramagnetic Cr(V) inter-
mediates. SEM-EDX analysis of sorbent surfaces after
chromium sorption demonstrates that Cr(III) is sorbed mainly
by CA hydrogel while Cr(VI) is concentrated preferably on the
surface of GS particles.

From the data obtained in the present work, a suggested
mechanism scheme for Cr(VI) sorption onto 2% GS-CA is

presented in Fig. 9. This scheme is based on a series of steps
involving, either sequentially and/or in parallel: (i) diffusion
of the Cr(VI) through the alginate hydrogel, (ii) reduction to
Cr(IIT) promoted by the GS and (iii) retention of the formed
Cr(III) by the CA or microprecipitation on the GS surface.
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