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a b s t r a c t

Recently, Cr(VI) removal by grape stalks has been postulated to follow two mechanisms, adsorption and
reduction to trivalent chromium. Nevertheless, the rate at which both processes take place and the pos-
sible simultaneity of both processes has not been investigated. In this work, kinetics of Cr(VI) sorption
onto grape stalk waste has been studied. Experiments were carried out at different temperatures but at a
constant pH (3 ± 0.1) in a stirred batch reactor. Results showed that three steps take place in the process
of Cr(VI) sorption onto grape stalk waste: Cr(VI) sorption, Cr(VI) reduction to Cr(III) and the adsorption
of the formed Cr(III). Taking into account the evidences above mentioned, a model has been developed
to predict Cr(VI) sorption on grape stalks on the basis of (i) irreversible reduction of Cr(VI) to Cr(III) reac-
r(III) sorption

inetics model
rape stalks
tirred batch reactor

tion, whose reaction rate is assumed to be proportional to the Cr(VI) concentration in solution and (ii)
adsorption and desorption of Cr(VI) and formed Cr(III) assuming that all the processes follow Langmuir
type kinetics. The proposed model fits successfully the kinetic data obtained at different temperatures
and describes the kinetics profile of total, hexavalent and trivalent chromium.

The proposed model would be helpful for researchers in the field of Cr(VI) biosorption to design and
of sor
predict the performance

. Introduction

The chromium present in industrial wastewaters is mainly in
he hexavalent form as chromate and dichromate. Cr(VI) is much

ore toxic than Cr(III) and its discharge to surface water is regu-
ated to below 0.05 mg L−1 by the US EPA [1]. Dechromisation is
he first step in the pre-treatment of effluents from plating indus-
ry. The chromic acid effluents are treated in the dechromisation
eactor with sodium bisulfite and sulfuric acid under mechanical
gitation to reduce Cr(VI) to Cr(III). Alternative reagents to sodium
isulfite include SO2, Na2SO3, Na2S2O4, Na2S2O3 and it can also be
ndertaken with the help of ferrous salts, as FeSO4. The reduced
orm Cr(III) is lately precipitated as insoluble chromium hydrox-
des by addition of CaO or soda [2]. The overall process is costly due
o the high consumption of the reagents, which must be present in
he reactor in excess, and the need of the disposal of the significant

mount of sludge produced as a consequence of the added reagents
nd metal hydroxides precipitation. In addition to this, the removal
y these conventional methods is limited to a certain extent; low
oncentrations of hexavalent chromium still remain in the solution
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ption processes.
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after chromium reduction–precipitation processes [3]. Therefore,
additional effluent treatments like ion exchange, membrane sepa-
ration, adsorption on activated carbon, etc. which are quite expen-
sive must be carried out in order to meet regulatory standards.

All the above mentioned problems have led to the development
of alternative low-cost and cleaner technologies for the removal
of Cr(VI) and other metals from industrial effluents. Biosorbents
are available and abundant in the nature; they contain proteins,
polysaccharides, enzymes, etc. that are associated with functional
groups with reductive and adsorptive properties. As mentioned
before, reduction to trivalent chromium is the first step of the
generalized methods for hexavalent chromium removal. For Cr(VI)
reduction to occur, a suitable redox couple having a compatible
electron symmetry to allow electron exchange must be present
[4]. Biosorbents are potential electron donors and Cr(VI) has the
potential of electron acceptor [5].

Grape stalks waste has been reported to be an efficient biosor-
bent for Cr(VI) removal [6] and in a recent work, it has been
postulated that Cr(VI) removal by this sorbent is due to two different
mechanisms, adsorption and reduction to trivalent chromium [7].

Nevertheless, the rate at which both processes take place, and the
possible simultaneity of both processes, have not yet been investi-
gated.

Hundreds of works have been published in international jour-
nals devoted to Cr(VI) biosorption but only in a few number of them
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he mechanism of Cr(VI) sorption onto the biomaterials has been
nvestigated [8–12]. Therefore, the aim of the present work is to
nvestigate kinetics of Cr(VI) sorption onto grape stalk waste and
o develop a model that includes hexavalent chromium adsorp-
ion and reduction and sorption of the formed trivalent chromium
hich can be useful to predict the overall process of Cr(VI) removal

nto grape stalks.

. Materials and methods

.1. Materials

Grape stalk waste was kindly supplied by a wine producer from
he Catalonia region, Spain. Grape stalks were rinsed three times
ith abundant cold water and then dried in an oven at 105 ◦C until

onstant weight. The wastes were cut and ground to get a par-
icle size of 0.25–0.56 mm. Hexavalent chromium solutions were
repared by dissolving appropriate amounts of potassium dichro-
ate (K2Cr2O7) in deionized water. A 1 M solution of HCl was used

o adjust the initial pH to 3.0. Solutions of 1.5% of HCl and NaOH
ere used for the automatic control of pH by a programmable

ogic control (PLC). All reagents were analytical grade and were
urchased from Panreac (Barcelona, Spain). Chromium standard
olution (1000 mg L−1) purchased also from Panreac was used for
ame atomic absorption (FAAS) calibrations.

.2. Experimental set-up

Experiments were performed in a 5 L volume, jacketed glass
eactor depicted in Fig. 1. The double wall allows temperature regu-

ation by water recirculation from a bath with thermostatic control.
emperature fluctuations in the reactor were within ±0.1 ◦C. The
eactor is closed by a detachable glass cap with different openings
hat enable the introduction of the sorbent, the paddle agitator, the

ig. 1. Experimental set-up for Cr(VI) sorption onto grape stalk waste. SBR: stirred
atch reactor, PLC: programmable logic controller, B1 and B2: peristaltic pumps for
he addition of HCl and NaOH, B3: peristaltic pump for sampling and recirculating,
nd pH: pH sensor.
s Materials 170 (2009) 286–291 287

addition of acid and base solutions; and the introduction of pH and
temperature sensors.

The reactor was operated in batch mode and continuously
stirred at 250 rpm. Constant pH (3.0 ± 0.1) was assured by means of
a programmable logic control (PLC), which was in charge of compar-
ing the pH measured by means of a pH sensor inside the reactor and
adjusting the pH by pumping either NaOH or HCl into the reactor
to reach the fixed set point.

2.3. Sorption studies

For all experiments, a volume of 4 L of Cr(VI) solutions at pH
3.0 ± 0.1 was introduced into the reactor under constant agitation.
As soon as the liquid attained the desired pH and temperature,
both parameters controlled by a PLC and a thermostatic water
bath, respectively, 10 g of grape stalk waste was added. The oper-
ation time (time required for the system sorbate–sorbent to reach
equilibrium) was maintained within the range 120–180 min. For
preliminary experiments three different initial concentrations of
Cr(VI) within the range 5–20 mg L−1 were used. For the study of
sorption kinetics at different temperatures Cr(VI) initial concentra-
tion was 10 mg L−1 and temperature was varied within the range
5–60 ◦C. The experiments were carried out in duplicate and the
average results are presented in this work.

2.4. Sampling

During the first hour, sampling was performed manually by tak-
ing 5 mL samples every 2 min in order to get as much as possible
information about the rate sorption at the beginning of the pro-
cess. After this time, a peristaltic pump (Gilson, Minipuls 3, USA)
pumped 0.85 L h−1 solution from the reactor to a fractions collector
(Gilson, FC203B, USA) where fixed volumes (7 mL) of the solution
were collected. A recirculation system was adapted to return the
excess of sampled solution or when the auto sampler was inactive.

2.5. Analytical methods

The total concentration of chromium, i.e., Cr(VI) + Cr(III), was
determined by flame atomic emission spectroscopy (FAES) (Var-
ian SpectrAA 220FS). Hexavalent chromium was analyzed by the
standard colorimetric 1,5-diphenylcarbazide method [13], in a
spectrophotometer (Cecil, CE2021). The concentration of triva-
lent chromium was determined as the difference between total
chromium and hexavalent chromium concentration. The Cr(VI)
standard solution used for obtaining the calibration curve in the
diphenylcarbazide method was analyzed by FAES. Analytical mea-
surements made by the two techniques were comparable within
5%.

3. Results and discussion

3.1. Preliminary experiments

Results of kinetics of Cr(VI) sorption at three different initial
concentrations are presented in Fig. 2 in which kinetic profiles
of total, hexavalent and trivalent chromium have been plotted
separately. As seen, total chromium concentration decreases with
time until it reaches a plateau at 0.9, 2.5 and 4.2 mg L−1 for the
tested Cr(VI) initial concentrations of 5.4, 10.7 and 19.7 mg L−1,
respectively (Fig. 2a). Fig. 2b shows the fast decrease of Cr(VI) con-

centration until its total disappearance and Fig. 2c the simultaneous
appearance of Cr(III) in solution and its further sorption up to a
constant concentration value that coincides with the observed one
in Fig. 2a. These observations are in part, in accordance with the
ones observed in a previous work where experiments were carried
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It is important to remark that in all the cases chromium in the
ig. 2. Kinetics profile of total chromium, Cr(VI) and Cr(III) at different Cr(VI) initial
oncentrations. Sorbent dose: 2.5 g L−1, particle size: 0.25–0.56 mm and tempera-
ure: 20 ◦C.

ut in batch mode at laboratory bench scale [7]. In that work, it
as observed the total disappearance of hexavalent chromium and

lso that chromium in the remaining solution was exclusively in
ts reduced oxidation state but it was not possible to observe that
he formed Cr(III) was further partially adsorbed. In the present
ork, the use of a reactor confirmed the evidence of partial sorp-

ion of the formed Cr(III). In the literature, the partial sorption of
he formed trivalent chromium onto a lignocellulosic substrate was
lso observed by Dupont and Guillon [14]. Conversely, other authors

ho studied the ability of different materials to reduce Cr(VI) to
r(III) reported that the formed trivalent chromium is not sorbed
n seaweed Sargassum siliquosum [15] and coal [16] or it is poorly
dsorbed on Sphagnum moss peat [17].
Fig. 3. Reactions scheme of Cr(VI) sorption onto grape stalk waste. QR: qCr(VI)/qTot .

From the results obtained in the present work (Fig. 2), it is clear
that the decrease of Cr(VI) from solution is mainly due to its reduc-
tion to Cr(III). It is also evident that part of the formed Cr(III) is
sorbed onto grape stalk waste. Nevertheless, it is important to take
into account that a part of chromium might be sorbed as Cr(VI)
before the reduction reaction starts. Indeed, X-ray photoelectron
spectroscopy (XPS) analysis confirmed the presence of chromium in
both oxidation states Cr(VI) and Cr(III) on grape stalk waste surface
in our previous work [7].

3.2. Modelling

Taking into account the evidences above mentioned, a model
has been developed in basis to (i) irreversible reduction of Cr(VI) to
Cr(III) reaction, whose reaction rate is assumed to be proportional
to the Cr(VI) concentration in solution and (ii) adsorption and des-
orption of Cr(VI) and formed Cr(III) assuming that all the processes
follow Langmuir type kinetics [18]. A scheme of the different steps
is depicted in Fig. 3.The different phenomena can be included in a
series of dimensionless equations, leading to the system:

duCr(VI)

dt
= −k1uCr(VI) − k2uCr(VI)(1 − QRuqt ) + k3QRuqt (1)

duCr(III)

dt
= k1uCr(VI) − k4uCr(III)(1 − (1 − QR)uqt ) + k5(1 − QR)uqt (2)

duqt

dt
= k2uCr(VI)(1 − QRuqt) − k3QRuqt + k4uCr(III)(1 − (1 − QR)uqt )

−k5(1 − QR)uqt (3)

where uCr(VI) is defined as the ratio between Cr(VI) concentration in
solution at time t and initial Cr(VI) concentration (CCr(VI)t/CCr(VI)0)
and uCr(III) as the ratio between Cr(III) concentration at time t and
initial Cr(VI) concentration (CCr(III)t/CCr(VI)0); uqt is defined as qt/qe

where qt and qe are the amount of total chromium sorbed at time t
and at equilibrium, respectively.

Concerning the constants, k1 is the rate constant for the irre-
versible reaction of Cr(VI) reduction to Cr(III); k2 and k4; k3 and
k5 are the sorption and desorption rate constants respectively, for
Cr(VI) and Cr(III). In the differential equations system, QR has been
defined as the ratio of the amount of hexavalent chromium (qCr(VI))
to total chromium sorbed at equilibrium (qTot) (QR = qCr(VI)/qTot).

Results of sorption experiments corresponding to 10 mg L−1

Cr(VI) initial concentration performed at different temperatures are
plotted in Fig. 4. In this figure, total chromium, Cr(VI) and Cr(III)
concentrations change with time have been plotted separately to
better visualize kinetics profile of the different chromium species.
remaining solution was always in its trivalent oxidation state with
a final concentration of around 3 mg L−1 (C/C0 = 0.3). These results
indicate that for a given concentration, temperature does not affect
equilibrium. Nevertheless, it affects the kinetics of the overall pro-
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ig. 4. Kinetics of Cr(VI) sorption onto grape stalk waste at different temperatures.
0 mg L−1; sorbent dose: 2.5 mg L−1; particle size: 0.25–0.56 mm.
ess as attainment of equilibrium is faster with the increase of the
emperature.

Experimental results have been submitted to the above pro-
osed model. Results have been obtained by integration of the dif-
lines represent predicted data by the proposed model. Cr(VI) initial concentration:
ferential equations system by means of the function Ode 45 of Mat-
lab v. 7.1 (R-14), which applies Runge–Kutta method of 4–5 order.

The overall process constants (k1–k5) and QR were determined
by minimizing the sum of squared error (SSE) (see Eq. (4)). The
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Table 1
Model constants for the different processes: reduction of Cr(VI), and Cr(VI) and Cr(III)
sorption/desorption processes of Cr(VI) sorption onto grape stalk waste at differ-
ent temperatures. Initial Cr(VI) concentration: 10 mg L−1; sorbent dose: 2.5 g L−1;
sorbent particle size: 0.25–0.56 mm.

T (◦C) k1 (h−1) k2 (h−1) k3 (h−1) k4 (h−1) k5 (h−1) QR SSE

5 23.75 9.84 0.21 1.23 0.91 0.80 0.30
20 25.77 9.79 0.57 3.23 0.65 0.45 0.07
30 50.57 6.49 1.42 5.33 2.33 0.60 0.02
50 60.73 6.18 1.49 8.83 2.14 0.30 0.03
60 110.33 6.10 1.51 8.90 1.98 0.10 0.05
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[9] R. Elangovan, L. Philip, K. Chandraraj, Biosorption of chromium species by
1, reduction reaction; k2, Cr(VI) sorption; k3, Cr(VI) desorption; k4, Cr(III) sorption;
5, Cr(III) desorption; QR , qCr(VI)/qTot; SSE, sum of square error.

unction is described as the sum of the relative square errors for
r(VI) and Cr(III):

SE =
n∑

i=1

(
CCr(VI)exp

(ti) − CCr(VI)calc
(ti)

C0

)2

+
(

CCr(III)exp
(ti) − CCr(III)calc

(ti)

C0

)2

(4)

inimization of the function was carried out by using the method
f Generalized Reduced Gradient (GRG).

In Table 1, the constants obtained with the model are presented:
1 (Cr(VI) to Cr(III) reduction), k2 and k3 (Cr(VI) sorption and des-
rption), k4 and k5 (Cr(III) sorption and desorption as well as QR

sorbed Cr(VI)/total Cr ratio). It can be seen in the table that k1
alues are very high compared to the sorption and desorption con-
tants rates. It can also been observed that this constant is strongly
ependent on temperature, varying from 23.75 at 5 ◦C to 110.33
t 60 ◦C following an equation of Arrhenius type. The accelera-
ion of the reaction with increasing temperature is explained by
owering the energy barrier to the redox reaction. The decrease
f k2 and the increase of k4 with temperature are related to k1
alues. The higher the k1 value the lower Cr(VI) concentration in
olution and the subsequent higher Cr(III) concentration as a con-
equence of chromium reduction. Therefore, Cr(VI) adsorption rate
ecreases, QR also decreases and Cr(III) adsorption increases with
emperature.

Calculated values obtained from the model have been super-
mposed on the kinetics experimental data in Fig. 4. It can be
bserved that the model describes quite well the kinetics profile
f total chromium, Cr(VI) and Cr(III). The goodness of the fit can
e confirmed by plotting calculated values versus experimental
alues. As an example, calculated and experimental values corre-
ponding to experiments performed at 30 ◦C have been plotted in
ig. 5. It can be seen that all the data are distributed on the bisect-
ng first quadrant confirming the goodness of the fitting. Similar
esults were obtained with the rest of calculated and observed
ata.

Several equations to model kinetics of Cr(VI) adsorption, apart
rom the pseudo-first and pseudo-second order equation models,
ave been reported in the literature to predict the rate of Cr(VI)
emoval. Most of them are focused on describing Cr(VI) kinetics pro-
le [19–21]. Recently, some authors have proposed models based on
he reduction rate to predict kinetics of Cr(VI) and the assumption
hat the reduced Cr(III) sorption follows Langmuir to calculate the
mount of chromium sorbed in this oxidation state [9,22]. Never-

heless, any of the models found in the literature takes into account
he three different reactions that take place, Cr(VI) reduction, Cr(VI)
dsorption/desorption and adsorption/desorption of the formed
r(III).
Fig. 5. Experimental versus calculated values by the model corresponding to Cr(VI)
sorption onto grape stalk waste at 30 ◦C. Cr(VI) initial concentration: 10 mg L−1;
sorbent dose: 2.5 mg L−1; particle size: 0.25–0.56 mm.

4. Conclusions

The use of a stirred reactor allowed to observe that the
Cr(III) formed due to reduction is partially adsorbed onto grape
stalk waste. Therefore reversible reaction adsorption–desorption of
Cr(III) was introduced in the model formulation. The rate constants
values put into evidence that reduction is the main reaction, Cr(VI)
is rapidly reduced to Cr(III) and the rest of the processes are affected
by this fact. The proposed model fits adequately the obtained exper-
imental data for total chromium, Cr(VI) and the calculated Cr(III).
Furthermore, this model would be helpful for researchers in the
field of Cr(VI) biosorption to design and predict the performance
of biosorption processes, specially when chromium sorption is in
part o totally based on the sorbent capacity of reducing hexavalent
chromium.
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