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A B S T R A C T

Soy hull was evaluated as a new material for Cr(VI) removal from aqueous solutions. Cr(VI) removal was
associated to a redox mechanism, in which Cr(VI) was reduced to Cr(III) by the biomass. The redox
capacity of soy hull was 1.12 mmol g�1. A kinetic model that considers the redox reaction between Cr(VI)
and the biomass surface was proposed. The maximum sorption capacity was 7.286 mg g�1 at 20 �C and pH
1.5. Activation parameters and mean free energies suggest that the sorption process follows a mechanism
of chemical sorption. Thermodynamic parameters show that Cr(VI) removal was spontaneous. The
isosteric heat of sorption indicated that soy hull has an energetically homogeneous surface. XPS spectra
showed that chromium bound on the biomass was Cr(III). These results were confirmed by XANES and
EXAFS experiments. EPR spectra showed the presence of Cr(V)-soy hull at short contact time and only a
signal corresponding to Cr(III)-soy hull at long contact times. Continuous sorption data were fitted to
Thomas and modified dose–response models. The bed depth service time (BDST) model was used to
scale-up the continuous sorption experiments.
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1. Introduction

Chromium is a very toxic heavy metal, and it is discharged in the
effluents from many industries, including steel plants, electro-
plating, tannery, and pigment and dye industries [1]. Most
chromium exists in the environment as Cr(VI) and Cr(III).
Compared with Cr(III), Cr(VI) is a highly toxic heavy metal, which
is able to cause cancer in humans and animals, thus it has been
designated as one of the top-priority toxic pollutants by the U.S.
EPA. The allowed limit given by US EPA for Cr discharged is
0.1 mg L�1 [2]. Besides, Cr(III) is susceptible to precipitation in soil
strata while Cr(VI) is mobile and always leached out by
groundwater. Thus, removal of Cr(VI) from wastewater or soil to
avoid Cr pollution is a key step when designing environmental
friendly processes [3].
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Many different types of treatment processes have been used
successfully to remove hexavalent chromium from polluted
effluents, including ion exchange [4], chemical reduction [5],
activated carbon [6], chemical absorption [7], membranes [8], and
electrochemical processes [9]. Compared to other methods,
sorption is one of the most popular and cost-efficient methods,
and can be used for recovering Cr(VI) at low concentrations [10].
Many different materials have demonstrated their capacity to
remove chromium, including carrot residues [11], eggshells [12],
coir pitch [13], rice husk and citric peels [14], sawdust [15],
activated neem bark [16]. To effectively apply these materials in
sorption removal processes of heavy metals, it is essential to
determine the parameters that affect metal sorption.

Soy is one of the major agricultural products in the world.
Argentina stands as the third largest producer of soybeans,
accounting for 18% of the world production. The oil and protein
constituents of soybeans are the main products in soy cultivation
while the hulls are usually discarded [17]. Soy hull is a by-product
of the soybean oil industry. For each ton of soy seed processed,
about 2% of the total mass corresponds to this by-product [18]. Soy
hulls constitute about 8% of the whole seed and contain about 86%
complex carbohydrates. The insoluble carbohydrate fraction of soy
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Scheme 1. Proposed mechanism for CrVI removal by soy hull biomass.

Fig. 1. FTIR spectra of (a) native soy hull, (b) Cr loaded soy hull.
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hull consists of 30% pectin, 50% hemicellulose, and 20% cellulose
[19]. This fact makes soy hull a suitable biomass for metal
biosorption. Soy hulls are an agro-industrial by-product available
in great quantities in many countries, which could be used in
waste-waters treatment processes. Additionally, it is a very cheap
material lowering the costs involved.

The aim of the present work was to evaluate Cr(VI) removal
from aqueous solution in batch and continuous systems using soy
hull biomass. This biomass was chosen because it is obtained in
great quantities, it is a cheap material and it contains a large
number of biopolymers in its surface capable of binding and
reducing Cr(VI) species. These characteristics make this biomass
suitable for being employed in remediation of Cr(VI) contaminated
waters. In this work we evaluated optimal conditions for batch
removal of Cr(VI), kinetic and isotherm profiles, gathered
spectroscopic evidence of a redox removal mechanism and
analyzed the application of fixed bed columns in continuous Cr
(VI) sorption removal.

2. Materials and methods

K2Cr2O7 (Mallinckrodt, p.a.), HClO4 (d = 1.67 g mL�1, 70% P/P)
(Merck), NaOH (Cicarelli, p.a.), H2SO4 (d = 1.84 g cm�3, 98% P/P)
(Merck), ethanol (Cicarelli, p.a.), K2CO3 (Sigma, p.a.), Na2CO3

(Sigma, p.a.), AgNO3 (Cicarelli, p.a.), K2S2O8 (Mallinckrodt, p.a.),
H2O2(ac) 100 vol. (Cicarelli, p.a.), 1,5-diphenylcarbazide (Sigma, p.
a.), diphenylpicryllhydrazyl (dpph) (Sigma, 99.9%), ehba = 2-ethyl-
hydroxybutanoic acid (Aldrich 99.0%), Cr(NO3)3�9H2O (Sigma, p.a.),
were used without further purification. Na[Cr(V)O(ehba)2]�H2O(s)
was synthesized as described in literature [20].

Aqueous solutions were prepared in milli Q deionized water. For
experiments performed in the 1.00–4.00 pH range, the pH of the
solutions was adjusted by addition of HClO4. The concentration of
stock solutions of perchloric acid was determined by titration
employing standard analytical methods.

Caution: K2Cr2O7, Na[CrVO(ehba)2]�H2O, and dpph are human
carcinogens. Contact with skin and inhalation must be avoided.
2.1. Preparation of the biomass

Soy hulls were collected from a neighboring harvest zone of
Rosario, Santa Fe Province, Argentina. The biomass was submitted
to mechanical milling in order to obtain 0.3–0.5 mm-sized pieces,
washed with deionized–distilled water several times and then air-
dried for several days. To determine the pH value at point of zero
charge (pHzpc), 2.0 g of biomass was put into contact with 100 mL
0.10 M NaNO3 solution with different pH values (2.0–9.0) at
T = 25 �C. The suspensions were stirred for 48 h (250 rpm). The
change of pH (DpH) was calculated as a difference between the
initial pH and the equilibrium pH values. The pHzpc was identified
as the initial pH with minimum DpH [21].

2.2. Experimental design strategy. Response surface design

The response surface approach is desirable to find a mathe-
matical model capable of predicting the response. The optimized
model was obtained by using the Central Composite Design (CCD)
[22]. To do this, one should measure the response at some points of
the working domain. The selection of these experimental points
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needs prior knowledge and should be done carefully to map the
experimental domain correctly. Through running CCD, a regression
model was fitted to the response (mg Cr(VI) sorbed/g biomass).
Such tests as lack of fit, analysis of variances (ANOVA), analysis of
residuals distribution, over-fitting test, and coefficient of determi-
nation (R2) were used to check the adequacy of the model [23,24].
All of the statistical and mathematical calculations were done by
using Design Expert V. 7.0 software. Optimal conditions for
sorption can be obtained by a visual or mathematical technique
and when a suitable model has been found, the optimal conditions
cab be visually or mathematically obtained. Also, a comparison
between theoretical and experimental responses can be made.

2.3. Metal sorption experiments

Sorbent was suspended in 6.26 mg L�1 Cr(VI) solutions. The soy
hull dose in the solution was of 20.0 � 0.2 g L�1 (optimum dose
obtained in CCD experiments). The soy hull/metal suspension was
gently agitated (75 rpm) at controlled temperature, because at this
speed maximum removal efficiency was obtained. The pH of the
solution was adjusted to the desired value by adding HClO4 1.0 M.
After a determined time, samples were taken from the solutions,
and the Cr(VI) concentration in the supernatants was determined
spectrophotometrically at 540 nm by using a double-beam UV–vis
spectrophotometer (JASCO V-550 model) after complexation with
1,5-diphenylcarbazide in acid medium [25]. To measure total
chromium concentration, the Cr(III) was firstly converted to Cr(VI)
at high temperature (80 �C) by the addition of 1.00 mL H2SO4 (ac)
1.0 N, 50 mL AgNO3 2.0% P/V and 0.3 g K2S2O8. The excess of K2S2O8

was eliminated by boiling the reaction mixture at 100 �C, prior to
the 1,5-diphenylcarbazide reaction. The Cr(III) concentration was
Fig. 2. Soy hull SEM images. (A) Before Cr(VI) sorption; (B) after Cr(VI) sorption. HV
the calculated from the difference between the total Cr content and
Cr(VI) concentration, at different times.

Kinetic studies were carried out in a glass beaker with magnetic
stirring at three temperatures (10, 25 and 40 �C). 2.0 g of biomass
was added to 100 mL of Cr(VI) solution and keeping the suspension
at constant pH throughout the experiment. The assays were carried
out at three different pH values (1.00, 2.00 and 3.00). Samples
(100 mL) of supernatant were taken at suitable time intervals and
then analyzed for Cr(VI) concentration.

Isotherm assays were carried out at three different temperature
values (20, 40 and 60 �C), varying the initial concentration of metal
from 0.10 to 1000 mg L�1 (sorbent dosage = 20.0 g L�1, pH 1.5). Upon
reaching equilibrium, a sample (1 mL) was taken from supernatant
and then analyzed for Crtotal concentration.

Metal uptake (qe, mg g�1) was calculated using the general
definition, Eq. (1):

qe ¼
ðC0 � CeÞV

m
ð1Þ

where C0 and Ce are the Crtotal concentrations in solution (mg L�1)
at initial and equilibrium time, respectively, V is the solution
volume (L), and m is the mass of the sorbent used (g).

2.4. Column experiments

The sorption of Cr(VI), by soy hull packed in glass columns of
15 cm long and 2.3 cm of internal diameter was studied. At the
bottom end of the column a fiberglass cap was placed to avoid
biomass particles losses. The columns were filled, and later
compacted by gravity with soy hull, keeping constant the package
density. The bottom of the column was connected to a peristaltic
 20.0 KV and magnification 298�. C: EDAX analysis for Cr(VI) loaded soy hull.



Fig. 3. Effects of pH on the Cr(VI) removal in aqueous phase at three temperature
values. [Cr(VI)]0 = 6.30 mg L�1, [Biomass]0 = 20.00 g L�1. Fig. 2A: T = 10 �C, (a) pH = 1.0,
(b) pH = 2.0 and (c) pH = 3.0. Fig. 2B: T = 25 �C, (a) pH = 1.0, (b) pH = 2.0 and (c)
pH = 3.0. Fig. 2C: T = 40 �C, (a) pH = 1.0, (b) pH = 2.0 and (c) pH = 3.0.
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pump (Gilson) using a silicone tube to obtain a constant steady
upward flow of 2.5 mL min�1. Solutions of a known concentration
of Cr(VI) were pumped through the columns at constant pH 1.5 and
room temperature. Samples of 1.0 mL were collected at time
intervals to assess the residual concentration of metals and to
determine the retained amount of metal. The sorption capacity of
Cr(VI) was determined from Eq. (2).

q ¼ CinQ
1000 m

Zt

0

ð1 � Cout

Cin
Þdt ð2Þ

where q is the mass of metal sorbed (mg Cr(VI) g biomass�1); Cin is
the inlet solution concentration (mg L�1); Cout the outlet solution
concentration (mg L�1); m is the amount of biomass in the column
(g) and Q is the volumetric flow (mL min�1).

In most industrial wastewater treatment units, a continuous
mode of operation is preferred. The column bed performance is
usually described through the concept of a breakthrough curve,
which is obtained by plotting C/C0 against time (C and C0 are
concentration of the outlet and inlet solutions at the column,
respectively). Breakthrough and saturation time, sorption yield (%),
and Cr(VI) ions uptake are relevant parameters that can be
obtained from the breakthrough curve as follows:

Breakthrough time (tb, min) is considered when outlet Cr(VI)
concentration reaches the allowable limit (0.1 mg L�1). Saturation
time (tsat, min) is usually considered when the effluent concentra-
tion remains close to influent concentration for a long period
(corresponding to C/C0 = 0.95). The uptake capacity (qads, mg g�1) is
obtained by dividing the quantity of Cr(VI) sorbed (mads) by the
sorbent mass (m) (Eq. (3)).

qads ¼
mads

m
ð3Þ

where the total quantity of Cr(VI) sorbed by the biomass in the
column (mads, mg) is calculated by subtraction of the quantity of Cr
(VI) joined at the column (minlet, mg) and the quantity of Cr(VI)
going out the column (moutlet, mg) (Eq. (4)–(6)).

minlet ¼ C0Qtsat ð4Þ

moutlet ¼ Q
Z tsat

0
C0 � Cð Þdt ð5Þ

mads ¼ minlet � moutlet ð6Þ
Various simple mathematical models have been developed to

describe and possibly predict the dynamic behavior of the column
bed. Thomas model is one of the most general and widely used
models in column performance theory. The model assumes
Langmuir model of sorption–desorption, that no axial dispersion
occurs and that the rate driving force obeys pseudo-second order
reversible reaction kinetics [26].

The expression of Thomas model is given in Eq. (7).

Ct

C0
¼ 1

1 þ exp qThm�C0vtð ÞkTh
v

� � ð7Þ

where kTh (mL min�1mg�1) is Thomas rate constant, qTh (mg g�1) is
the theoretical saturated sorption capacity in Thomas model, n
(mL min�1) is the flow rate of the effluent, m (g) is the mass of the
sorbent, C0 (mg L�1) is the influent Cr(VI) concentration, Ct (mg L�1)
is the effluent Cr(VI) concentration at time t (min). The value of Ct/
C0 is the ratio of effluent and influent Cr(VI) concentrations at
certain time. The kinetic coefficient kTh and the sorption capacity of
the column qTh can be determined from a plot of Ct/C0 against t at a
given flow rate using non-linear regression.

Modified dose–response model minimized the error that
results from use of the Thomas model, especially with lower
and higher breakthrough curve times [27]. Its equation can be
described as shown in Eq. (8).

Ct

C0
¼ 1 � 1

1 þ ðvtb Þa
ð8Þ

where v (mL min�1) is the flow rate of the effluent. Parameters a
and b comes from the modified dose–response model.

In order to provide information about the stability of the
sorbent, DOC (dissolved organic carbon) concentrations in the
leachates were measured in column effluents. DOC concentrations
were analyzed in a TOC-VWS (SHIMADZU). Effluent samples were
filtered through a 0.2 mm membrane prior to the analysis. DOC
concentrations in the leachates were less than 0.01 mg mL�1,
indicating that sorbent packed in the column is very stable.



Table 1
Rate coefficients of the removal reaction of Cr(VI) by the biomass at various pH and
temperature values.

10 �C 25 �C 40 �C

pH 1.0 k (L mol�1min�1) 1.30 � 0.04 1.98 � 0.05 7.89 � 0.03
R2 0.9915 0.9980 0.9959

pH 2.0 k (L mol�1min�1) 0.40 � 0.02 0.72 � 0.07 2.77 � 0.02
R2 0.9910 0.9997 0.9998

pH 3.0 k (L mol�1min�1) 0.10 � 0.01 0.35 � 0.01 0.76 � 0.02
R2 0.9905 0.9901 0.9957
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2.5. Spectroscopic characterization

X-ray photoelectron spectroscopy (XPS) of a given sample was
made with a spectrometer SPECS system equipped with a
hemispherical energy analyzer, a nine channeltron detector
System and a double anode X-ray source. A consistent 3.0 mm
sized spot was analyzed on all surfaces; using an Mg Ka line at
1253.6 eV. The base pressure of 5.10�9mbar raised up to 1.0 � 10�8

mbar when the samples were introduced in the chamber and
irradiated with a power of 100 W. The calibration of the binding
energy of the spectra was performed with the C1s peak of the
aliphatic carbons: 284.6 eV. The sample was vacuum desiccated at
323 K for 24 h and then ground into powder for further XPS
analysis. Cr(NO3)3�H2O(s), Na[Cr(V)O(ehba)2]�H2O(s) and
K2Cr2O7(s) were used as Cr(III), Cr(V) and Cr(VI) references
compounds, respectively.

X-ray Absorption Spectroscopic (XAS) experiments at the Cr K-
edge (5898 eV) were carried out at beamline BL-9A with ring
energy of 2.5 GeV and a ring current of 450 mA. A double-crystal Si
(111) monochromator was used, and the beam was focused using a
pair of bent conical mirrors coated with Rh [28]. The XAS spectra of
Cr-laden soy hull were recorded in transmission mode, with N2-He
(30: 70) gas for the I0 chamber and N2 gas for the 1 chamber to
monitor the incident and transmitted X-rays, respectively. The X-
ray absorption near edge structure (XANES) spectra were
measured with 0.35 eV steps and 1.0 s collecting time between
5980 and 6060 eV, while Extended X-Ray Absorption Fine
Structure (EXAFS) spectra were measured with 2.5 eV steps and
4.0 s in transmission mode collecting time between 5500 and
7080 eV. EXAFS data-were analyzed with commercially available
software (REX2000 program, Rigaku Co). The reference samples,
the same employed for XPS measurements, were used to compare
their spectral shapes and to identify major Cr species on the
biomass surface [29].

Electronic paramagnetic resonance (EPR) spectra of soy hulls
treated with Cr(VI) at different contact times were obtained with a
Bruker ESP 300 E computer-controlled spectrometer operating at X-
band frequencies (�9.4–9.8 GHz). Microwave generation was by
means of a klystron (ER041MR) and frequencies were measured with
a built-in frequency-counter. Spectra were recorded as first
derivatives of the microwave absorption in 1024 points at 288 K,
using 10 mW microwave power and 100 kHz modulation frequency.
Power values used in the EPR experiments did not overcome 10 mW
in order to avoid signal saturation. In EPR measurements, scanning
speed and number were fixed in order to reduce the time each
measure took. This was done to avoid fluctuations in the EPR signal
during the sample scanning. g-values were determined by reference
to dpph (giso = 2.0036) as an external standard. The modulation
amplitude used for detection of paramagnetic oxo-Cr(V)-soy hull
species was 2.0 G in order to increase the signal/noise ratio.

The surface structure of sorbent: soy hulls, before and after
sorption of chromium was analyzed by scanning electron
microscopy (SEM) coupled with energy dispersive X-ray (EDAX)
analysis. Leitz AMR 1000 equipped with silica/lithium dispersive
detector of X-ray at 200� magnification coupling to analyze and
computer EDAX. The metal-loaded biomass samples were
mounted on a stainless steel stab with double stick tape with a
thin layer of gold in high vacuum conditions.

A qualitative analysis of the main functional groups that might
be involved in metal binding could be assessed by Fourier
transformed infrared (FT-IR) analysis. The soy hull biomass spectra,
before and after sorption of CrVI were recorded with a Perkin Elmer
FT-Spectrum One spectrometer. 5.0 mg of dried biomass was
mixed and ground with 150 mg of KBr in an agate mortar. The
tablets were analyzed in the 3600 and 400 cm�1 region, with 10
scans and spectral resolution of 4 cm�1 in the transmittance mode.
3. Results and discussion

3.1. FTIR analysis

The FT-IR spectra of free and Cr-loaded biomass after treatment
of soy hull with Cr(VI), were measured in order to obtain
information on the nature of possible interactions between the
functional groups of soy hull and the metal ion, Fig. 1.

The FTIR spectrum of soy hull exhibits a broad peak at
3444 cm�1, which corresponds to the O–H stretching vibrations of
cellulose, pectin, absorbed water, hemicellulose, and lignin. The
OH stretching vibrations appears at a broad range of frequencies,
corresponding to free and bonded hydroxyl groups of carboxylic
acids [30,31]. The band at 2929 cm�1 indicates symmetric or
asymmetric CH stretching vibration of aliphatic compounds.
Bands around 1740 and 1647 cm�1 are indicative of the presence
of free and esterified carboxyl groups [32], respectively. The peak
at 1407 cm�1 may be assigned to symmetric stretching of ��COO�.
The band observed at 1054 cm�1 was assigned to C��O stretching
of alcohols [33]. When the biomass was loaded with Cr, the FT IR
spectrum showed some changes. The peak at 3444 cm�1 assigned
to O��H stretching was broadened and the position of C��O
vibrations was shifted 33 cm�1 to lower frequencies suggesting
that hydroxyl groups are involved in the coordination of
chromium at the surface of soy hulls. In the Cr-treated soy hulls
spectra the intensity of the two bands at 1644 and 1410 cm�1,
corresponding to the asymmetric and symmetric stretching
modes of carboxylate, strengthened relative to those of free
carboxylic groups, suggesting that Cr is also sorbed on carboxyl-
ate sites of the biomass surface.

3.2. Surface characterization

The SEM images for the soy hulls before metal sorption showed
a regular surface with robust consistency, Fig. 2.

However, after Cr(VI) treatment, Cr-laden soy hulls exhibited a
changed surface morphology with evident rough structures. In
comparison with the untreated soy hulls, the surface was flattened
and micro-structures of the edges disappeared. These results are in
agreement with those reported by Murphy et al. [34], who
observed changes in surface morphology of seaweeds after
treatment with Cr(III) and Cr(VI). Changes in surface morphology
were due to binding of Cr(VI) ions to surface biopolymers, causing
relaxation of the soy hull structure, thus leading to flattening of the
surface. Soy hull contains cellulose in their cell wall with an
extracellular matrix consisting of various polysaccharides, pre-
dominately pectin [19]. All these changes in the surface
morphology indicated that some rearrangement of surface
polymers occurs.

The presence of Cr on the surface of soy hull was confirmed by
EDAX analysis. Semiquantitative analysis of Cr content gives 1.57%
which is in agreement with the experimental Cr content value
(1.65%).



Table 2
Weber Morris kinetic model of Cr(VI) biosorption onto soy hull.

C0 (mg L�1) kd1ff (mg g�1min�1/2) R2 C

10 0.02 0.84 0.21
20 0.05 0.77 0.47
50 0.02 0.70 1.89
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3.3. Improvement of Cr(VI) removal with central composite design

In order to improve Cr(VI) removal, the central composite
design was applied to select experiments (see Table S1, Supple-
mentary material).

Data were analyzed using multiple regression analysis. The
relationship between Cr(VI) removal (q) and the test variables was:

q ¼ 0:734 � 0:0754pH þ 0:0149m þ 2:54 � 10�3t
� 0:0434pH2 � 0:0217m2 þ 0:0446pH m � 5:11 � 10�4m t ð9Þ
To validate the regression coefficient, analysis of variance was

performed. The model F-value of 87.2 implies that the model is
significant. Values of Prob > F less than 0.0500 suggest that the
model terms are significant (see Table S2, Supplementary
material). R2 of the model was 0.9823, which is considered as
very good correlation. Therefore, it is justifiable to apply the model
to predict the responses.

The 3D surface plot was obtained applying Eq. (9), from which
the Cr(VI) removal, at different contact time, sorbent doses and pH
values can be predicted (see Fig. S1, Supplementary material).
Good correlation between calculated and observed values was
obtained (see Fig. S2, Supplementary material)

The results showed that the maximum value of Cr(VI) removal
was obtained at pH 1.5, sorbent dose = 20.0 g L�1 and contact
time = 120 min. At pH 1.5, the major Cr(VI) specie is HCrO4

� (see
Fig. S3 Supplementary material) as calculated by HYDRA and
MEDUSA Programs [35]. The point of zero charge (pHzpc) is the
solution pH value, where the surface charge density is equal to
zero. If pH < pHzpc the sorbent surface area is positively charged,
and if pH > pHzpc, the sorbent surface area is negatively charged
[36]. The point of zero charge (pHzpc) is the value at which the
curve DpH = f (pHi) intersects pHi axis (see Fig. S4, Supplementary
material).

The obtained pHzpc value was 5.7. As consequence, at pH value
less than 5.7, the surface area of soy hull is positively charged and,
at pH values employed in the present work strongly attracts the
negatively charged HCrO4

� specie.
In order to verify the improved effect by statistically designed

experiments, a reaction with recipes at optimal conditions was
performed. The experimental q value obtained (0.80 mg Cr(VI)/g
biomass) was in agreement with the calculated value using Eq. (9)
(q = 0.734 � 0.0754 �1.5 + 0.0149 � 2 + 2.54 �10�3 � 120 � 0.0434
� (1.5)2� 0.0217 � (2)2 + 0.0446 � 1.5 � 2 � 5.11 �10�4 � 2 �120 =
0.78 mg Cr(VI)/g biomass). This similarity between the predicted
and observed result reflects the accuracy and applicability of the
central composite design as an extremely powerful method for
optimizing the Cr(VI) sorption onto soy hull surface.

3.4. Reduction of Cr(VI) to Cr(III) by soy hull biomass. Influence of pH
and T

Cr(VI) is a strong oxidant and in presence of organic matter it
reduces to Cr(III). Many authors had studied removal of Cr(VI)
employing different biomasses and in all cases they report
reduction of Cr(VI) to Cr(III) [37–39]. To obtain kinetic parameters
of the redox reaction between Cr(VI) and soy hull surface, the Cr
(VI) concentrations profiles were performed at three different pH
and temperature values (Fig. 3).

The Cr(VI) concentration was found to sharply decrease, and
this reaction was acid catalyzed.

At a fixed pH value, the redox reaction rate was higher at high
temperature values. In general, the increase of temperature
increases the rate of a redox reaction [40].

In order to measure the Cr(VI) -reducing capacity of soy hull,
0.500 g of biomass was put into contact with 100 mL Cr(VI)
solution (302.8 mg L�1) at pH = 1.0 and T = 25 �C (see Table S3,
Supplementary material).

Working with an excess of Cr(VI) oxidant, we were able to
determine Cr(VI) -reducing capacity, and the obtained value
58.4 � 0.5 mg of Cr(VI)/g soy hull, at 25 �C.

3.5. Kinetic model

A kinetic model for the Cr(VI) removal by different biomasses
was developed by Park et al. [38,41]. This model considers first
order in [Cr(VI)] and first order in [biomass]. Eq. (10) gives the
integrated form of this kinetic model:

ln ½Cr VIð Þ�0ðC	
OC B½ ��½Cr VIð Þ�0þ Cr VIð Þ½ �Þ
C	
OC B½ � Cr VIð Þ½ �

� �
C	
OC B½ � � ½Cr VIð Þ�0

¼ kt ð10Þ

where [Cr(VI)]0 is the initial concentration of Cr(VI), [Cr(VI)] is the
concentration of Cr(VI) at time = t, [B] is the biomass concentration,
C*OC is the content of equivalent organic compound per unit gram
of biomass, i.e. C*OC of soy hull is 1.12 � 0.01 mmol g�1 (see Table S3,
Supplementary material), and k is the rate constant (L mol�1

min�1).
The values for the dependent variable were calculated and

plotted against time, t (see Fig. S5, Supplementary material), for
different batch conditions.

These curves were nearly linear (R2 higher than 0.99), indicating
that the employed model was in agreement with experimental
data.

For the conditions where pH and temperature were varied, the
rate coefficients, k, were calculated and are shown on Table 1.

Park et al. [38], demonstrated that the reaction rate constant is
strongly pH and T dependent (Eq. (11)), and that a linear
correlation exists between the reaction rate logarithm with the
pH and T�1 values, according to Eq. (12):

k ¼ f Hþ; T
� � ¼ A½Hþ�ne�Ea

RT ð11Þ

ln kð Þ ¼ ln Að Þ þ nln Hþ� �� �� Ea
RT

ð12Þ

where A, Ea, R, T and n are the frequency factor, activation energy
(J mol�1), gas constant (8.314 J mol�1 K�1), Kelvin temperature (K)
and order of reaction respect to [H+], respectively.

Plot of ln(k) versus ln([H+]) and 1/T yield a plane shape (See
Fig. S6, Supplementary material).

Fitting experimental data with Eq. (12), we obtained constant
values of A = e(21�2), n = 0.48 � 0.04 and Ea = 47 � 5 kJ mol�1. The
correlation coefficient value of 0.9868 confirmed an adequate
representation of the data by the employed model.

Combining Eq. (10) and (11) it is possible to obtain a complete
kinetic model that describes [Cr(VI)] vs time profiles (Eq. (13)).

Cr VIð Þ½ � ¼ C	
OC B½ � Cr VIð Þ½ �0 � Cr VIð Þ½ �20

C	
OC B½ � A Hþ½ �ne�Ea

RT C	
OC B½ � Cr VIð Þ½ �0� Cr VIð Þ½ �0ð Þt

� �
e � Cr VIð Þ½ �0

ð13Þ

Eq. (13) and the obtained parameter values were used to model
the [Cr(VI)] vs t profiles in aqueous phase, employing soy hulls as
reductant (see Fig. S7, Supplementary material).



Table 3
Characteristic parameters of the different isotherm models and coefficients of
determination (R2).

T 20 �C T 40 �C T 60 �C

Langmuir
qm (mg g�1) 7.286 � 0.005 21.2 � 0.3 21.8 � 0.1
KL (L mg�1) 0.007 � 0.001 0.008 � 0.002 0.031 � 0.006
RL 0.152 0.172 0.0606
R2 0.9822 0.9846 0.9847
Freundlich
KF 0.43 � 0.08 1.2 � 1 2.6 � 0.6
1/n 0.41 � 0.03 0.44 � 0.02 0.36 � 0.04
R2 0.9848 0.9957 0.9591
D–R
qm (mg g�1) 12.4 � 0.9 40 � 2 41 � 3
b(mol2 J�2) x 109 6.1 � 0.5 5.4 � 0.3 3.4 � 0.3
E (kJ mol�1) 9.05 � 0.02 9.6 � 0.1 12.1 � 0.3
R2 0.9958 0.9934 0.9808
Redldich–Peterson
KRP (L g�1) 0.92
aRP (L mg�1) 3.2
bRP 0.91
R2 0.9809
Sips
qmax (mg g�1) 9.71
Ks 0.003
g 0.82
R2 0.9675

Biomass doses 20.0 g L�1; pH = 1.5; contact time: 6 h; [Cr(VI)]0 = 0.10–1000.00 mg
L�1.

Fig. 4. Sorption isotherm of Cr(VI) onto soy hull. Biomass doses = 20.0 g L�1;
pH = 1.5; [Cr(VI)]0 = 0.10–1000.00 mg L�1; contact time 2 h. ———— Langmuir model;
(a) 20 �C; (b) 40 �C; (c) 60 �C.
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As shown in this figure, the model gave a good fit to the
experimental data. The same model applied in the present work
was previously applied to the study of Cr(VI) removal by Laminaria
digitata algae [39], pine needle [41], and Corynebacterium
glutamicum biomass [42]. In all cases, the model employed showed
a good representation of the experimental data, regardless of the
types of biomasses.

Theoretical treatments of intraparticle diffusion yield rather
complex mathematical relationships which differ in form as
functions of the geometry of the biosorbent particle. A functional
relationship common to most treatments of intraparticle diffusion
is that uptake varies almost proportionately with the square root of
time, t0.5, rather than t; a nearly linear variation in the quantity
biosorbed with t0.5 is predicted for a large initial fraction of
reactions controlled by rates of intraparticle diffusion. The most-
widely applied intraparticle diffusion equation for biosorption
system is given by Weber and Morris [43]:

qt ¼ kit
1

2þC= ð14Þ
where ki is the intraparticle diffusion rate constant (mg g�1min0.5)
and the intercept C, obtained by extrapolation of the linear portion.
Experimental data were fitted through this model, the correlation
coefficients R2 values ranged from 0.84 to 0.70, the straight lines
Table 4
Comparison between the sorption of Cr(VI) ions by soy hull and other sorbents
reported in literature.

Sorbent Cr(VI) uptake (mg/g) Reference

sawdust 41.52 [15]
Nanoporous activated neem bark 26.95 [54]
Heat killed Acinetobacter junii 8.003 [55]
Tea waste 2.074 [56]
Date pits 1.853 [56]
Polyphenol-SiO2 4.500 [57]
Iron oxide membrane 0.210 [58]
Fly ash coated by chitosan 2.670 [59]
Copper coated polymer foam 9.160 [60]
Magnetic alginate hybrid beads 9.166 [61]
Soy hull 7.286 This work
obtained when fitting experimental data did not pass through the
origin, also indicating that pore diffusion was not the only rate-
controlling step. (Table 2).

3.6. Sorption isotherms

Sorption isotherms represent the dynamic equilibrium of
solution free and surface boundary sorbate on different biomass.
Sorption isotherms are often used as empirical models, in this
work Langmuir, Freundlich and Dubinin–Radushkevich (D–R)
were using to describe the Cr(VI) uptake by soy hull biomass.

Langmuir isotherm is given by Eq. (15) [44]:

qe ¼
qmKLCe

1 þ KLCe
ð15Þ

Ce represents the equilibrium concentration of Crtotal (mg L�1), the
quantity of necessary metal to produce a monolayer on the surface
of the sorbent is qe (mg g�1), KL is the Langmuir equilibrium
constant (L mg�1). The essential characteristics of Langmuir
adsorption isotherm can be expressed by means of a dimensionless
constant, equilibrium parameter or separation factor (RL) which is
defined by Eq. (16) [45], where, C0 is the initial concentration of Cr
(VI) (mg L�1).

RL ¼ 1
1 þ KLC0

ð16Þ

As the RL values lie between 0 and 1, the sorption process is
favorable.

Additionally, experimental adsorption data was fitted to
Freundlich isotherm model.

The exponential form of Freundlich adsorption isotherm is
given below, Eq. (17) [46].

qe ¼ KFC
1=n
e ð17Þ

where Ce is the equilibrium concentration of metal ions (mg L�1),
qe is the amount of metal ions required for forming a monolayer
onto the sorbent surface (mg g�1), KF and 1/n are Freundlich
equilibrium constants related to the adsorption capacity and
adsorption intensity.

The Dubinin–Radushkevich (D–R) model is used extensively to
describe sorption processes. The D–R is shown in Eq. (18) [47].

qe ¼ qme
�be2 ð18Þ

The constant, b (mol2 J�2), is related to the mean free energy of
sorption per mole of the sorbate and qm represent the theoretical
saturation capacity. This equation also includes the Polanyi
potential, e, which correspond to [RT ln(1 + 1/Ce)], being R
(J mol�1 K�1) the gas constant and T (K) the absolute temperature.



Fig. 5. EPR spectra of Cr-laden soy hull at different contact times. T = 15 �C;
[biomass]0 = 20.00 g L�1, [Cr(VI)]0 = 0.12 mM, pH = 2.0; center field = 3410 G; modu-
lation amplitude = 2.0 G; resolution = 1024 points; frequency = 9.4312 GHz. Contact
time: (a) 30 min, (b) 3 h and (c) 48 h.
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The free energy of sorption, E (kJ mol�1), can be calculated using
Eq. (19) [48]. This approach was usually applied to distinguish the
physical and chemical adsorption process.

E ¼ 1

ð2bÞ1=2
ð19Þ

When the value of E, is in the range 8–16 kJ mol�1, the sorption
process is a chemical ion-exchange process, while for E values
<8 kJ mol�1, the sorption mechanism occurs through a physical
process. The E values at three different temperatures and the
various constants of the three models were calculated and
represented in Table 3.

Comparing the correlation coefficients, it can be concluded that
D–R isotherm model provide the best model for the present
sorption system. The maximum sorption capacity increases as T
increases. This result was previously found for others systems
[49,50], and it is attributed to an increase of available sorption
sites. The value of the dimensionless parameter (0 < RL< 1),
indicates that sorption is favorable. The E values lies between 8
and 16 kJ mol�1, as can be seen in Table 3, which suggests ion-
exchange sorption mechanism [51].

In some cases, the available two parameters models are not
adequate to correlate the equilibria data; therefore models with
more than two parameters are required. The following three
parameter isotherm models were used to describe the biosorption
experimental data.

Redlich–Peterson isotherm model incorporated the features of
the Langmuir and Freundlich isotherms into a single equation [52].
There are two limiting behaviors: Langmuir form for b = 1 and
Freundlich form for b = 0.

qe ¼
KRPCe

1 þ aRPC
b
e

ð20Þ

It is worth noting that the b value obtained in the present work
was 0.91, i.e., the data can preferably be fitted with the Langmuir
model. This is confirmed by the satisfactory fit of the data to the
Langmuir model.

At low sorbate concentrations, Sips isotherm model effectively
becomes the Freundlich isotherm. At high sorbate concentrations,
it predicts a monolayer sorption capacity characteristic of the
Langmuir isotherm [53].

qe ¼ qmax
KSCeð Þg

1 þ KSCeð Þg� � ð21Þ

The exponent g value was found to be 0.82; this means that the
Cr(VI) sorption data obtained in this study is more of the Langmuir
form rather than that of Freundlich, which was also confirmed by
the results shown in Table 3.

Comparison of sorption capacity of soy hull biomass and
various other sorbents is shown in Table 4.

Soy hull has a high sorption capacity, comparable with that of
other sorbents. Therefore, considering the low cost of this natural
sorbent (agriculture waste), it can be used as an alternative
material to minimize the concentration of Cr(VI) concentration in
groundwater and wastewater.

The isotherm profiles of Cr(VI) sorption at various T values are
shown in Fig. 4.

3.7. Sorption thermodynamics

In engineering practice, values of thermodynamic parameters
such as enthalpy change (DH�), entropy change (DS�) and free
energy change (DG�) must be taken into consideration in order to
determine the spontaneity of a process.
The sorption free energy change, DG� can be calculated using
Eq. (22).

DG� ¼ �RT ln KL ð22Þ
where KL (L mol�1) is the Langmuir constant, R (8.314 J mol�1K�1)
is the universal gas constant, and T (K) is the temperature.

It is recognized that DG� is given as J mol�1, and so the
equilibrium constant KL in Eq. (22) has to be dimensionless [62,63].
The KL constant is simply recalculated as dimensionless by
multiplying it by 55.5 (mol H2O L�1).

Taking into account the last consideration, DG� value is
expressed as shown in Eq. (23).

DG� ¼ �RT ln 55:5KLð Þ ð23Þ
The heat of sorption of the sorbent, DH� (kJ mol�1), and entropy

DS� (J mol�1 K�1) for the sorption process is given in Eq. (24):

DG� ¼ DH� � TDS� ð24Þ
For the determination of DH� and DS� the equation above can be

written as shown in Eq. (25).

ln55:5KL ¼ DS�

R
�DH�

R
1
T

ð25Þ

The experimentally obtained thermodynamic data were DH� =
+33.24 kJ mol�1 and DS� = +194.7 J K�1mol�1 (see Table S4, Sup-
plementary material).

The positive values of DS� and DH� calculated with Eq. (25),
indicates an increase in disorder and the endothermic nature of the
sorption processes, respectively. As a result, increasing the solution
temperature will enhance the binding potential at equilibrium
[64,65]. The endothermic sorption processes imply that diffusion
from bulk solution to sorbent boundary will possibly involve
energy to overcome interaction between water molecules and
chromate ions [66,67]. Positive DS� values also indicate that an ion
replacement reaction is taking place. The negative DG� value, point
out that sorption processes were spontaneous in the studied
temperature range.

3.8. Isosteric heat of sorption

Isosteric heats of sorption are key thermodynamic parameters
when designing separation processes [68]. The heats can be high
and complex functions of sorbate charges (q) when the sorbent is
energetically heterogeneous. Ignoring these characteristics in
process design can lead to serious errors [69]. The sorption heat
determined for a constant amount of retained sorbate is known
as the isosteric heat of sorption and can be calculated using



Fig. 6. Breakthrough curves and modified doses–response models for different bed
heights. C0 = 50 mg L�1 Cr(VI); Q = 2.50 mL min�1; T = 20 �C; pH = 1.5. (a) h = 2.5 cm;
(b) h = 5.0 cm; (c) h = 7.5 cm.

Table 6
Different parameters for BDST model.

Ct/C0% kBDST x 102 (L mg�1min�1) N0 (mg L�1) R2

5 4.5 � 0.4 252.0 � 0.5 0.9992
20 3.4 � 0.5 372.0 � 0.4 0.9986
50 – 744.0 � 0.8 0.9980
80 0.83 � 0.06 2190 � 1 0.9999

C0 = 50 mg L�1 Cr(VI); v = 0.60 cm min�1; T = 20 �C; pH = 1.5; z = 2.5; 5.0 and 7.5 cm.
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Clausius–Clapeyron equation [70] (Eq. (26)).

dln Ceð Þ
dT

¼ �DHst

RT2 ð26Þ

Thus plots of ln Ce versus T�1 were derived for different amounts of
adsorbed chromium and DHst values were calculated from the
slope of these isosters (See Fig. S8, Supplementary material).

Isosteric heat of sorption increases with q, indicating that soy
hull biomass has an energetically homogeneous surface [71]. This
increment occurs because at lower q values, sorbate–sorbent
interaction takes place resulting in low DHst values. As q increases,
sorbate–sorbate interaction occurs resulting in an increment of
heats of sorption [72,73].

3.8.1. Mechanism of Cr(VI) reduction by soy hull
Characterization of chromium oxidation state on the biomass

surface would establish if Cr(VI) redox removal is the mechanism
that governs the remediation process [74]. With that purpose in
mind, XPS, XAS and EPR spectroscopy experiments were con-
ducted.

High-resolution XPS spectra were collected from the Cr 2p core
regions of the Cr-laden biomass as well as standard Cr(III), Cr(V), Cr
(VI) (see Fig. S9, Supplementary material). Cr(NO)3(s) (Cr(III)
standard) gave spectra with bands appearing at binding energies
577 and 587 eV, the former corresponds to Cr 2p3/2 orbital, the
latter to Cr 2p1/2 orbital. A signal that appears at binding energy
579 eV is characteristic of the XPS spectra of Cr(V) standard (Na
[CrVO(ehba)2]). Signals of standard Cr(VI) compound, K2Cr2O7(s),
appeared at binding energies of 579.5 and 590 eV. The Cr-loaded
biomass spectra was coincident with the standard Cr(III) com-
pound: Cr(NO)3(s) (binding energies 576 and 586 eV), and there
was no coincidence of Cr-loaded biomass with the standard Cr(V)
compound. These results suggest that the chromium specie bound
on the biomass was Cr(III).

Cr(V) is usually an unstable intermediate in the Cr(VI)/Cr(III)
redox reaction, conducted by organic reducing agents. EPR spectra
of Cr-loaded soy hull biomass at different contact times (see Fig. 5)
Table 5
Different parameters for Thomas and Modified dose–response models.

Z (cm) Thomas model Modified dose–response model

kTh x 104 qTh R2 a b R2

2.5 5.6 � 0.3 2.1 � 0.3 0.9227 1.65 � 0.08 165.6 � 0.3 0.9850
5.0 3.2 � 0.4 1.25 � 0.08 0.9255 1.67 � 0.07 342.5 � 0.4 0.9902
7.5 1.7 � 0.3 0.73 � 0.05 0.9101 1.69 � 0.06 510.2 � 0.3 0.9882

C0 = 50 mg L�1 Cr(VI); Q = 2.50 mL min�1; T = 20 �C; pH = 1.5.
showed the presence of an oxo-Cr(V)-biomass intermediate at
short contact time (3 h).

The EPR spectral parameter, giso, depends on the Cr(V)
coordination sphere [75]. EPR spectra exhibited a signal with
giso = 1.9785, indicating that oxo-Cr(V) was coordinated to alcohol-
ate and carboxylate groups, which may belong to the same or
different polymeric chain presents in the biomass surface. At long
contact time (48 h) only a typical broad signal corresponding to Cr
(III) was detected (giso = 2.00), confirming the total reduction of Cr
(VI) to Cr(III) onto the biomass surface.

X-ray Absorption Near-Edge Structure (XANES) is a technique
used to determine principally oxidation state. The XANES spectra
of Cr2O3 and Cr(NO)3�9H2O (s), were employed as references for
the known oxidation state and chemical species of Cr(III). K2Cr2O7

(s) and Na[CrVO(ehba)2] were used as CrVI and CrV references
respectively. Fig. S10 (Supplementary material) showed the
normalized Cr K-edge XANES spectra of reference compounds
and Cr-laden biomass.

The edge position of chromium compounds, determined by
using the inflection point of the absorption threshold, is used to
determine the energy positions of the resonances. The edge
position increase from 5996.5 to 6000.2 and 6002.4 eV, in the
following order Cr2O3, Na[CrVO(ehba)2]�H2O, K2Cr2O7. XANES of
spectra of Cr-loaded biomass have an edge position of 5996.8 eV.
By comparison with the edge position of standard chromium
compounds, a formal oxidation state of Cr(III) was assigned to the
surface-bounded chromium. It can be seen that dichromate
spectrum, Cr(VI), has a very intense pre-peak centered at
5987.3 eV. However, this pre peak was absent in Cr-loaded
biomass. XANES spectra of Cr-loaded biomass have the same
spectra features observed for Cr(NO3)3�9H2O(s) reference. This
provides strong evidence that Cr(VI) adsorbed onto soy hull
biomass was reduced to Cr(III), and this result is consistent with
the XPS experiments.

EXAFS spectroscopy was used to determine the coordination
sphere of Cr in Cr-loaded soy hull. The experimental Fourier
transform results are shown in Fig. S11 (Supplementary material),
and the curve-fitted parameters are given in Table S5 (Supplemen-
tary material).

For Cr(NO)3�9H2O(s), the k3 -weighted FT function gave a main
peak centered at 1.60 Å which corresponds to first-shell oxygen
back-scattering and another smaller peak centered at �3.15 Å
(phase-uncorrected). Three main peaks corresponding to oxygen
shell (Cr��O) (1.60 Å), Cr type shell (Cr��Cr) (2.52 Å) and both Cr
and O atoms (3.31 Å) were observed for the Cr2O3 compound. From
Table S5 it is evident that the coordination number of chromium on
the biomass was similar to that of Cr(III) compound, where CrIII is
hexa-coordinated. The Cr-O bond distances were almost the same
lengths, which are in agreement to the Cr��O bond lengths
reported in the literature [76–78].

In the present study, Cr(VI) was reduced to Cr(III), and
completely removed from aqueous solution. XPS and XAS studies
indicated that Cr bound on the biomass was Cr(III), implying that
the removal of Cr(VI) occurs via redox reaction. Furthermore, EPR
studies showed that Cr(VI) was reduced to Cr(V) bounded to the
surface and, at long contact times, Cr(V) was completely reduced to
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Cr(III). From the preceding experimental results, we proposed a
mechanism of Cr(VI) removal by soy hull biomass showed in
Scheme 1.

In the proposed mechanism, first HCrO4
� is attracted to the

surface positively charged by ion-exchange, as suggested by D–R
isotherm models. Once HCrO4

� species are on the surface, binding
to ��OH and ��COOH occurs. Binding at hydroxyl and carboxylic
functional groups were proposed based on IR evidence (frequen-
cies assigned for these functional groups were modified after Cr
(VI) uptake by soy hull) and on EPR evidence (g values
corresponding to oxo-Cr(V) coordinated to hydroxyl and carbox-
ylate groups). These functional groups are present in pectin and
hemicelluloses polymers contained in the soy hull surface. Finally
redox reaction occur, giving Cr(III) as final bounded species
confirmed by EPR, XAS and XPS evidence.

3.9. Continuous sorption studies

The experimental breakthrough curves at three different bed
heights and those obtained for the Modified dose–response model
are represented in Fig. 6.

The experimental breakthrough time (C/C0 = 0.002), saturation
time (C/C0 = 0.95), and Cr(VI) ions uptake (mg g�1) obtained
experimentally were tabulated in Table S6 (See Supplementary
material). Thomas and modified dose–response parameters, and
the correlation coefficients (R2), are tabulated in Table 5.

It was found that the Thomas model (R2) range from 0.910 to
0.926 exhibited an adequate fit of the experimental data. In order
to improve the fit of the experimental data, modified dose response
model was applied. As shown in Table 5, values of R2 increase to
0.985–0.990 allowing an excellent fit of the experimental
breakthrough curves. a and b values increased with an increase
in bed height. Similar behavior was reported by Albadarin et. al
[79].

The breakthrough time and the saturation time increase as bed
height increases since a higher bed depth results in a longer
residence time of the solution in the column.

3.10. Scale-up study

The bed depth service time (BDST) model predicts the
relationship between the bed depth, Z (cm), and the operation
time, t (min). This model assumes that the sorption rate is
controlled by surface reaction between the sorbate and the unused
capacity of the sorbent [80].

Eq. (27) expresses a linear relationship between the bed depth
and the service time:

t ¼ N0

C0v
Z � 1

kBDSTC0
ln

C0

Ct
� 1

� 	
ð27Þ

where N0 is the sorption capacity (mg L�1), v is the fluid velocity
(cm min�1) determined as the volumetric flow rate over the bed
section area, Ct is the outlet concentration at time t (mg L�1) and
kBDST is the kinetic constant (L mg�1min�1). kBDST and N0 can be
calculated from the linear and angular coefficient, respectively,
from the graph of t as a function of Z at a given Ct/C0 ratio (iso-
concentration line).

Iso-concentration lines for Cr(VI) ions removal in a fixed bed at
Ct/C0 = 5, 20, 50 and 80% were determined, (see Fig. S12,
Supplementary material).

Table 6 showed the kBDST and N0 parameters obtained for
different Ct/C0 ratios.

A consistent increase in slopes from 8.4 to 73 was observed for
Ct/C0 ratios of 5–80% and a consequent increase in the correspond-
ing dynamic sorption capacity N0 from 252 to 2190 mg L�1. On the
sorbent used, some active sites remain unoccupied by Cr(VI) ions at
lower Ct/C0 ratio value, and hence the sorbent remained
unsaturated. The dynamic sorption capacity in such low break-
through condition was consequently bound to be lower than the
full bed capacity of the sorbent [79]. The rate constant, kBDST,
characterized the rate of solute transfer from the fluid phase to the
solid phase. Its value falls at higher Ct/C0 ratio. This might be
explained because during the initial phase Cr(VI) removal is fast
and highly effective but decreases at higher Ct/C0 ratio, as a
consequence of the progressive saturation of the binding sites.

To further check the validity of BDST model the breakthrough
curve was inspected at 50%. At 50% breakthrough, Co/Ct = 2,
therefore reducing the logarithmic term of BDST equation to zero.
Good correlation coefficient was obtained at 50% breakthrough
suggesting the conformity of BDST model with sorption of Cr(VI)
by soy hull. Therefore, the constants obtained using the BDST
model could be used to predict the times at which the ratio Ct/C0
equals 0.05–0.80 for other bed depths.

The critical bed depth, Z0 is calculated by setting t = 0 and Ct = Cb .
It is given by Eq. (28).

Z0 ¼ v
kBDSTN0

ln
C0

Cb
� 1

� 	
ð28Þ

The critical bed depth, Z0 calculated from Eq. (28) was 0.2 cm.
This value is the minimum theoretical bed height of the sorbent
that is sufficient such that the effluent concentration at t = 0 will
not exceed the breakthrough concentration, Cb.

4. Conclusions

In this work, principal aspects investigated included optimiza-
tion of the sorption process, kinetics and sorption isotherms
modeling, FTIR, SEM, XPS, EPR, XAS and EDAX analysis, continuous
sorption and scale-up studies.

Optimization studies results in pH 1.5 and sorbent dose
20.0 g L�1 as optimal conditions for Cr(VI) removal. FTIR analysis
shows that hydroxyl and deprotonated carboxylic groups are
involved in the coordination of chromium species at the surface of
soy hull.

The equilibrium was described best by Langmuir model. The qm
value obtained was 7.286 mg g�1 and it was comparable with that
of the other sorbents reported in literature. Thermodynamic
parameters reveal that the sorption process was spontaneous and
endothermic. The isosteric heat of sorption increases with surface
loading, indicating that soy hull has an energetically homogeneous
surface.

High-resolution XPS spectra showed that chromium bound
on the biomass was mostly or totally in trivalent form. These
results were confirmed by XANES experiments. EXAFS spectros-
copy demonstrates that the coordination environment of the
chromium bounded at the surface of the biomass corresponds to Cr
(III) in an octahedral geometrical arrangement. EPR spectra of Cr-
laden soy hull biomass showed the presence of the intermediate
oxo-Cr(V)-biomass at short contact time and only a signal
corresponding to Cr(III) at long contact times, confirming the
total reduction of Cr(VI) to Cr(III)-laden biomass. These spectro-
scopic evidences confirmed a proposed mechanism in which Cr(VI)
is reduced to Cr(V) and finally to Cr(III). The reduced Cr(III)
remained in the aqueous phase or bounded to the soy hull surface.
Reduction rate of Cr(VI) is a process strongly related to tempera-
ture.

Two mathematical models (Thomas and modified dose–
response) were employed to interpret the experimental break-
through curves. The critical bed depth, Z0 was 0.2 cm.
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Soy hull biomass is a potential sorption agent for the reduction
and removal of Cr(VI) from aqueous solutions. It has a better value
of qm compared with sorbents derived from minerals such as
polyphenol-SiO2, iron oxide membrane, and copper coated
polymer foam. The high value of qm and the low cost of this
sorbent makes this new sorbent a better choice for continuous
treatment of effluents polluted with chromate ions.
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