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Abstract
Purpose – The purpose of this paper is to focus on the removal of hexavalent chromium [Cr(VI)] from wastewater by using activated carbon-
supported Fe catalysts derived from walnut shell prepared using a wetness impregnation process. The different conditions of preparation such as
impregnation rate and calcination conditions (temperature and time) were optimized to determine their effects on the catalyst’s characteristics.
Design/methodology/approach – The catalyst samples were characterized using thermogravimetric analysis, scanning electron microscopy and
Fourier transform infrared spectroscopy. The adsorption of Cr(VI) by using using activated carbon supported Fe catalysts derived from walnut shell as
an adsorbent and catalyst was investigated under different adsorption conditions. The parameters studied were contact time, adsorbent dose,
solution pH and initial concentrations.
Findings – Results showed that higher adsorption capacity and rapid kinetics were obtained when the activated walnut shell was impregnated with
Fe at 5 per cent and calcined under N2 flow at 400°C for 2 h. The adsorption isotherms data were analyzed with Langmuir and Freundlich models.
The better fit is obtained with the Langmuir model with a maximum adsorption capacity of 29.67 mg/g for Cr(VI) on Fe5-AWS at pH 2.0.
Originality/value – A comparison of two kinetic models shows that the adsorption isotherms system is better described by the pseudo-first-order
kinetic model.

Keywords Adsorption, Activated carbon, Hexavalent chromium, Iron catalysts, Walnut shell, Wetness impregnation

Paper type Research paper

1. Introduction

Pollution endangers the environment, and heavy metal pollution
is one of the most hazardous type of pollution when detected
beyond certain amounts. Heavy metals affect plants, humans
and the latter can suffer from a lot of diseases such as cancer,
allergies and even birth defects (Jianping et al., 2009). One of the
most toxic and harmful heavymetals is Cr. It is usually present in
textile industries, paint, paper, leather tanning and petroleum
refining processes, in addition to industrial effluents such as
electroplating (Ahmad et al., 2011). The two natural states of Cr
are the trivalent Cr(III) and hexavalent Cr(VI). Cr(VI) is 500
times more toxic than Cr(III) because of its properties such as its
rapid mobility and instant solubility in aqueous solutions. The
US Environmental Protection Agency has set the maximum
permissible level of Cr(VI) discharge in wastewater at 0.05
mg·L�1 (Parinda and Paitip, 2012; Yuanyuan et al., 2014).
To remove or to minimize the presence of Cr(VI) from

wastewater, different methods can be adopted, such as
chemical precipitation (Thomson and Miller, 1998), ion

exchange (Cavaco et al., 2009), oxidation/reduction (Daulton
et al., 2007; Olmez, 2009), membrane processes (Melita and
Popescu, 2008) and the adsorption on activated carbon (Liu
et al., 2010). Compared to other methods, adsorption on
activated carbon has been proved to be a sufficient and effective
method because of it is easily operation and economic
advantages and metal ions can be completely removed even at
low concentrations (Uysal and Ar, 2007; Xiang et al., 2017). As
a consequence, the necessity of finding more effective
adsorbents became apparent, but at the same time, it should
be at a lower cost (Dubey and Gopal, 2007). The availability of
agricultural wastes made them susceptible to be used as cheap
adsorbents because they are considered unused resources and
environment-friendly (Wei et al., 2013). Agricultural waste
products such as almond shell (Agarwal et al., 2006), apricot
stone (Erhan et al., 2004), coir pith (Thomson and Miller,
1998), orange peel (Park et al., 2007), rice husk (Sumathi et al.,
2005), grape waste (Chand et al., 2009) and waste tea (Orhan
and Buyukgungor, 1993) can recently be the source of
adsorbents to remove Cr(VI) from wastewater. The use of
carbon as an adsorbent is not as effective in removing organic
compounds as in eliminating metals and inorganic pollutants.
To enhance the aforementioned products’ adsorption capacity,
their characteristics would be modified with certain chemicals
(Wang et al., 2011; Pehlivan et al., 2013).
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The widespread use of impregnated activated carbon as a
catalyst and, at the same time, adsorbent is attributed to its high
surface area and other characteristics such as the porous
structure, surface functional groups and, above all, chemical
stability (Irfan et al., 2015; Asma et al., 2015). Late findings
have proven that the capacity of activated carbon to adsorb
Cr(VI) is notably higher when it is impregnated with metal
oxides such as Fe (hydr) oxides (Phuengprasop et al., 2011).
The mechanisms of the elimination of hexavalent chromium
[Cr(VI)] are explained by electrostatic attraction, ion exchange
and surface complexation.
Themain purpose of this study is:

� to prepare activated carbon from walnut shell by physical
activation; and

� to use it as a supporting material for Fe oxides to enhance
adsorption capacity and the adsorption kinetics of Cr(VI).

Some factors have been taken into consideration for the
preparation of the final catalyst, such as the impregnation rate
and the calcination conditions (temperature and time), to
observe their effect on the properties of the result catalyst,
mainly its catalytic activity and adsorption capacity.

2. Materials and methods

2.1 Preparation of synthetic solution
All used chemicals and reagents were of analytical grade. A
stock solution of 1,000 mg·L�1 of Cr(VI) was prepared by
dissolving 2.8289 g of K2Cr2O7 salt in 1,000 mL of distilled
water. The desired solutions with different concentration of
Cr(VI) were prepared by dilution of the stock solution. The
Cr(VI) concentration was measured by reacting Cr(VI) with
1,5-diphenylcarbazide, which forms a red-violet-colored
complex and determining the absorbance of the solution with a
spectrophotometer (1800 SHIMADZU) at lmax= 540 nm.
The initial pH of the test solutions was adjusted to the

desired value by using dilute solutions of HCl andNaOH.

2.2 Startingmaterial
Walnut shells were locally collected. First, they were cleaned
with distilled water and dried at 105°C for 24 h to remove water
and then mixed with H2SO4 solution prepared at 40 per cent
under constant shaking for 4 h at ambient temperature. The
produced solid was then washed with distilled water until
the pH of the filtrating solution became neutral. Finally, the
cleaned samples were dried in an oven at 110°C till constant
weight was obtained. The dried sample was crushed and sieved
into particles sized less than 0.5mm in diameter.

2.3 Activation procedure
Activated carbons were prepared from walnut shells by
pyrolysis and physical activation under water vapor/N2 for 2 h
at 10°C·min�1 in a tubular electrical furnace (Chafia et al.,
2012). Different pyrolysis temperatures (700, 800, 900 and
1,000°C) were used to study the effect of temperature on the
char structures.

2.4 Catalyst preparation
Activated carbon-supported Fe catalysts were prepared using
an incipient wetness impregnation utilizing aqueous Fe(III)
nitrate nonahydrate [Fe(NO3)3·9H2O, 98.6 per cent from

Sigma-Aldrich]. In brief, 2 g of AWS 900 was mixed with
Fe(NO3)3·9H2O in 40 mL of a mixture of distilled water and
ethanol (75 per cent distilled water and 25 per cent ethanol) to
obtain final catalysts with Fe content equal to 5, 10 and 15
per cent. After that, NaOH was added to achieve a final pH of
11 to permit the precipitation of Fe species on the surface of the
activated walnut shell as Fe oxides. The mixture was stirred
under constant shaking for 24 h at ambient temperature and
then ultrasonicated for 2 h to obtain complete penetration and
saturation of the metal ions in the activated carbon pores (Wei
et al., 2013). After the solvent was evaporated and the catalyst
precursor was washed several times with distilled water until a
neutral pH was obtained, it was then dried in an oven at 110°C
for about 24 h. Finally, the obtained material was calcined
under N2 flow at different temperatures (300, 400 and 500°C)
for three calcinations durations (1, 2 and 3 h). The step of
calcination is carried out to remove counter-Fe of the metallic
cation and, as a result, to fix the metallic groups on the carbon
matrix (Hero et al., 2012). The nomenclature used to denote
the walnut shell samples treated under different conditions are
given in Table I.

3. Characterization of the adsorbents

Thermogravimetric analysis (TGA/derivative thermo-
gravimetric [DTG]) allows continuous recording of sample
mass changes with linearly increasing temperature. The
used apparatus was a 2050 TGA V4.5A from TA
Instruments. The thermal evolution of raw materials and

Table I Nomenclature used for the preparation of Fe–activated carbon
catalysts under different conditions

Sample treatment Nomenclature

Raw walnut shells RWS
Activated walnut shells at 700, 800,
900 and 1,000°C (for 2 h, 150
cm3·min21 N2 flow rate and 10°
C·min21 heating rate)

AWS 700, AWS 800, AWS
900, AWS 1000

Activated walnut shells
impregnated with 5% of Fe and
calcined at 400°C for 2 h

Fe5-AWS

Activated walnut shells
impregnated with 10% of Fe and
calcined at 400°C for 2 h

Fe10-AWS

Activated walnut shells
impregnated with 15% of Fe and
calcined at 400°C for 2 h

Fe15-AWS

Activated walnut shells
impregnated with 5% of Fe and
calcined at 300°C for 2 h

Fe5-AWS/300

Activated walnut shells
impregnated with 5% of Fe and
calcined at 500°C for 2 h

Fe5-AWS/500

Activated walnut shells
impregnated with 5% of Fe and
calcined at 400°C for 1 h

Fe5-AWS/1

Activated walnut shells
impregnated with 5% of Fe and
calcined at 400°C for 3 h

Fe 5-AWS/3
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activated carbons was measured using TGA from room
temperature up to 900°C. The average mass of the analyzed
samples was about 8.60 mg and 22 mg for raw material and
activated carbon, respectively.
Themorphologies of activated carbon produced fromwalnut

shells and Fe-impregnated activated carbons were observed
using scanning electron microscopy (SEM) (High Resolution
Quanta FEI 200).
Identification of surface functional groups of the raw walnut

waste, the resulting activated carbon and impregnated
activated carbons was carried out by using Fourier transform
infrared (FTIR) spectroscopy. The infrared transmission
spectra were obtained using a spectrometer of Perkin Elmer
(Spectrum One FTIR) in the scanning range of 4,000-650
cm�1 and using theKBrwafer technique.

4. Batch sorption studies

4.1 The effect of contact time
In every transfer phenomenon, contact time is undoubtedly a
crucial parameter. In adsorption, the equilibrium time indicates
the possible diffusion control mechanism between the
adsorbate as it moves toward the adsorption surface (Yuanyuan
et al., 2014). Here, 1 g of each adsorbent was thoroughly mixed
with 100 mL Cr(VI) solution in a 200 mL glass flask under
initial Cr(VI) concentration of 100 mg·L�1. Adsorption
kinetics of Cr(VI) were studied at room temperature of 25°C
and at pH 2. At certain time intervals, 1 mL of the solution
mixture was extracted and the residual concentrations of
Cr(VI) were measured using an ultraviolet–visible (UV–vis)
spectrophotometer. The amount of Cr(VI) per unit weight of
adsorbent at time t, qt, was calculated using the following
equation (1):

qt ¼ C0 � Ctð Þ � V
m

(1)

whereC0 is the initial Cr(VI) concentration andCt is the Cr(VI)
concentration (mg·L�1) at any time t, V is the volume of the
solutions (L) andm is themass of the used adsorbents (g).

4.2 Effect of adsorbent dosage on Cr(VI) adsorption
The influence of the Fe5-AWS dose on the equilibrium uptake
of Cr(VI) ions was studied in a batch reactor at room
temperature of 25°C by varying the adsorbent from 0.2 to 1 g
with an initial Cr(VI) concentration of 10 mg·L�1 at pH 2 and
an initial volume of 100mL for the corresponding contact time.

4.3 Effect of pH onmetal adsorption
To evaluate the effect of initial solution pH on Fe5-AWS
adsorption capacity, 0.6 g of this material was mixed with 100
mL of known Cr(VI) solution concentration of 10 mg·L�1 at
different initial pH values of 2, 4, 6, 8 and 10 at room
temperature of 25°C by using 200 rpm agitation speed for the
contact time. pHwas adjusted using 0.1MHCl or 0.1MNaOH.

4.4 Sorption isotherms
Adsorption isotherm experiments were carried out in a 200 mL
glass flask, at a constant temperature of 25°C, containing 0.6 g
of Fe5-AWS and 100 mL of Cr(VI) solutions with various
initial concentrations (10, 30, 60, 120, 200, 300 and
400 mg·L�1) with the predetermined optimum pH values and
agitated at 200 rpm for obtaining the equilibrium time. The
concentrations of Cr(VI) were measured using UV–vis
spectrophotometer at lmax = 540 nm. The adsorption capacity
at equilibrium (qe) was calculated using the following equation:

qe ¼ C0 � Ceð Þ � V
m

(2)

where C0 and Ce are the initial and the equilibrium
concentrations of Cr(VI) in the solution (mg·L�1),
respectively, V is the total volume of solution (L) and m is the
adsorbent dosage (g).

Figure 1 TGA/DTG analysis of RWS
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Two adsorption models (Langmuir and Freundlich) were
applied to the experimental data (Chafia et al., 2012). The
linear expression for the Langmuir isotherm is represented as:

Ce

qe
¼ Ce

qm
1

1
KLqm

(3)

where Ce is the equilibrium concentration of ions (mg·L�1), qe
is the amount of the metallic ions adsorbed (mg·g�1), qm is the
maximal adsorption capacity (mg·g�1) and KL is the Langmuir
equilibrium constant (L·g�1).
The Freundlichmodel is given by the linear equation:

log qe ¼ logKF 1
1
n
logCe (4)

where qe is the amount adsorbed (mg·g�1),Ce is the equilibrium
concentration of the adsorbate (mg·L�1) and KF and n, the
Freundlich constants, are related to adsorption capacity and
adsorption intensity, respectively.

5. Results and discussion

5.1 Properties of RWS, AWS 900 and Fe-AWS
5.1.1 Thermogravimetric analyses
TGA and DTG curves of the raw walnut shell are shown in
Figure 1. TGA profile shows that the process of weight loss
contained four sections. First, the weight loss of 7.405 per cent
at 48.27°C could be due to water evaporation. At the second
stage, the process of decomposition attains 23.72 per cent
weight loss at the maximum rate of 279.2°C. In the third stage,
mass loss of 36.85 per cent is observed at 349.82°C. The last
mass loss was 7.303 per cent, and it occurred at the
temperature of 404.16°C. Previous findings in accordance with
our results show that walnut shell loses its weight between 250
and 380°C. However, cellulose degrades thermally between
315 and 400°C. Hemicellulose decomposition is in the range of
220-315°C, and lignin is more thermostable than both
cellulose and hemicellulose, and its range of decomposition is
very wide (Su-Hwa et al., 2014).

Figure 2 TGA/DTG analysis of AWS

Figure 3 Scanning electron micrographs of a) AWS 900 and b) Fe5-AWS samples
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The (TGA/DTG) thermal curve corresponding to activated
walnut shell is shown in Figure 2. From this figure, we can see
little degradation in the range of 300-400°C, but starting from
500°C, an important mass loss (54.23 per cent) was observed,
which can be attributed to the remaining lignin decomposition.

5.1.2 Scanning electron microscopy
The surface morphology of the prepared materials observed
using SEM is shown in Figure 3. SEM images showed that
pores with different sizes and different shapes existed on the
external surface of AWS and Fe-AWS. It is observed that the
virgin activated carbon [Figure 3(a)] was relatively smooth and
flat. After modification, the surface of the Fe-AWC was much
rather rough [Figure 3(b)], proving that the metal ions were
successfully loaded on the activated carbon.

5.1.3 Fourier transform infrared spectra analysis
The FTIR spectra of RWS, AWS and Fe-AWS are
illustrated in Figure 4. The peaks at 3,740 and 3,400 cm�1

are assigned to -NH2 stretching (Ghadir et al., 2015) and
-OH stretching of hydroxyl groups (Mohammed et al.,
2012). The bands located at 2,921 and 2,348 cm�1 are
attributed to C-H asymmetric stretching vibration in methyl
and C:C group, respectively (Ghadir et al., 2015; Jia-Shun
et al., 2014; Yahia and Hisham, 2009; Maryam et al., 2008).

Carbonyl groups C ¼¼ O appeared at 1,740 cm�1 and C ¼¼ C
ring stretch of aromatic rings appeared at 1,600 cm�1

(Xiang et al., 2017; Muhammad et al., 2014). The bands at
around 1,455 and 1,376 cm�1 corresponded to the C-H

Figure 4 FTIR spectra of a) RWS, AWS 900, Fe5-AWS, b) Fe5-AWS, Fe10-AWS, Fe15-AWS, c) Fe5-AWS/300, Fe5-AWS, Fe5-AWS/500 and d) Fe5-AWS/
1, Fe5-AWS, and Fe5-AWS/3
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in-plane bending vibrations in methyl and methylene
groups, and bands at 1,235 and 1,033 cm�1 are attributed to
C-O stretching vibration in alcohols, phenols or ether
groups (Jia-Shun et al., 2014; Juan and Keqiang, 2010).
Finally, the band at 720 cm�1 is attributed to C-H
deformation in cellulose (Asmaa and Muthanna, 2016).
After activation, the peaks corresponding to the O-H groups
and aliphite groups became weaker or disappeared. A string
peak attributed to C:C groups is observed at 2,000 cm�1

because of the increase in aromaticity of RWS after
activation at high temperature. FTIR spectrum of Fe-AWS
show the same bands observed in AWS; however, a new
strong band appeared at 1,558 cm�1 and a weak band
appeared at 2,296 cm�1, which are ascribed to carboxylates
existing on Fe-AWS (Jian-hong et al., 2015).

5.2 Adsorption experiments
5.2.1 Effect of pyrolysis temperature
The effect of pyrolysis temperature for AWS on adsorption of
Cr(VI) is shown in Figure 5. It was shown that the Cr(VI)
removal increased with increasing temperature up to 900°C,
and then decreased at higher temperature. In the adsorption
experiments applied on AWS pyrolyzed at 700, 800, 900 and
1,000°C, the Cr(VI) removal was 91.97, 96.22, 99.11 and
93.17 per cent, respectively. This is due to the elimination of
volatile matters and the decomposition of important
compounds such as cellulose and hemicellulose in the walnut
shell which forms basic pores in the materials at the higher
pyrolysis temperature. Therefore, the optimal pyrolysis
temperature is then fixed at 900°C, and the results are
confirmed by the results obtained using ATGanalysis.

Figure 6 a) Effect of the impregnation rate, b) effect of the calcination temperature and c) effect of the calcination time on the contact time and on the
adsorption capacity of Cr(VI) and d) adsorption kinetics of Cr(VI) on Fe5-AWS and AWS 900
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5.2.2 Effect of contact time
The contact time of the samples prepared was impacted by the
initial Fe content, temperature and calcination time of
precursors. Figure 6(a) shows the effect of the impregnation rate
on the adsorption capacity from Cr(VI) and the contact time
evolution. It can be seen that the removal of Cr(VI) is extremely
faster in the first 30 min and tends to become slow with agitation
time. Then, the system reached equilibrium after 60,75 and 120
min for Fe5-AWS, Fe10-AWS and Fe15-AWS, respectively. It
also can be found that the adsorption capacity decreased with
increasing impregnated Fe content in the order Fe5-AWS >

Fe10-AWS > Fe15-AWS. These results suggest that at a higher
concentration (15 per cent), Fe particles plugged the carbon
pores, thus lowering the surface area; therefore, the adsorption
kinetic was a little slow and the adsorption capacity was low. The
relation between the calcination temperature and the removal of
Cr(VI) is described in Figure 6(b), and the maximum adsorption
capacity is observed at 400°C, which is mainly due to the
development of the porosity of the catalyst at this temperature.
For the calcination time, it can be seen from Figure 6(c) that
adsorption capacity increases when the heating time increases
from 1 to 2 h, whereas when the heating time increases to 3 h, the
adsorption capacity decreases, and the adsorption equilibrium on
Fe5-AWS/1, Fe5-AWS and Fe5-AWS/3 is reached after 120, 60
and 300 min, respectively. This can be explained by the
destruction of the structure of the catalyst at high heating
temperatures. Consequently, we consider that optimal
conditions are obtained when the activated walnut shell was
impregnated with Fe at 5 per cent and calcined under N2 flow at
400°C for 2 h.
The kinetic curves obtained for Cr(VI) removal from

aqueous solutions onto AWS 900 and Fe5-AWS are shown in
Figure 6(d). It can be observed that activated carbon-
supported Fe enhances the adsorption kinetics, and it is worth
noting that about 99.63 per cent Cr(VI) was removed in 60
min, and on the other hand, at the same time, only 19.46
per cent of Cr(VI) was removed on AWS 900. The adsorption
equilibrium is reached after 60 and 840 min of contact time for
Fe5-AWS and AWS 900, respectively. It appears also that
impregnated activated carbon has a small amelioration on the
adsorption capacity of Cr(VI) compared to activated carbon
used withoutmodification.
Looking at the findings, we can understand the effect of Fe

insertion on the surface of activated carbon. Fe oxides, mainly
amorphous forms have a high affinity and selectivity for Cr(VI)
oxyanions. Impregnating Fe (hydr) oxides into activated
carbon can be positively seen on both levels of high selectivity of
ferric oxides for Cr(VI) and the high surface area of activated
carbon that offers adequate reactive sites for Fe loading (Liu
et al., 2010).

5.2.3 Effect of adsorbent dosage
The effect of the amount of Fe5-AWS on biosorption of Cr(VI)
was investigated by varying the biosorbent mass from 0.2 to 1 g
for optimum contact time. The results obtained from Figure 7
show that the Cr(VI) removal increased with an increase in
adsorbent amount and reaches saturation at about 0.6 g·L�1;
this is due to reduction of greater number of active adsorption
sites, so 0.6 g·L�1 was chosen as the optimum adsorbent dose
for further experiments.

5.2.4 Effect of pH
The pH of the solution represents an important parameter in
the adsorption of heavy metals at the surface of the adsorbent,
because of the affects such as the solubility of adsorbate,
concentration of the counter ions on the functional groups of
the adsorbent and the degree of ionization of the adsorbate
during reaction (AL-Othman et al., 2012). The effect of pH on
the adsorption of Cr(VI) onto the surface of Fe5-AWS is
presented in the Figure 8, which shows that the pH value
increased from 2 to 10 and the removal efficiency decreased
significantly from 98.89 to 3.1 per cent. Optimum pH was 2,
and all other experiments were done at this pH. In an acid
medium, the surface of the adsorbent is highly protonated and
thus consequently favors the adsorption of Cr(VI) in its
predominant anionic form of HCrO4

�. Hence, sorption
increases with an increase in the acidity of the solution. As the
pH of the aqueous phase is increased, the adsorption of Cr(VI)
ions decreases. This can be explained by the dissociation of the
active sites on the surface of the adsorbent, which become
negatively charged, thus causing the repulsion of the negatively
chargedmetals.

5.2.5 Adsorption isotherms
Adsorption isotherm indicates the retention mechanism of the
solution components to a solid-phase at equilibrium.

Figure 7 Effect of adsorbent dose on the adsorption of Cr(VI) by Fe5-
AWS

Figure 8 Effect of pH on the adsorption of Cr(VI) on Fe5-AWS
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Adsorption equilibrium is established when the ratio between
the adsorbed amount with that remaining in the solution
becomes constant (Nabil et al., 2015). Adsorption isotherm of
Cr(VI) on Fe5-AWS is reported in Figure 9(a). The isotherm
was of Type I. Results indicate a high affinity and mean that at
low concentrations of Cr(VI), the adsorption is total. The
maximal Cr(VI) adsorption capacity determined at the plateau
of the isotherm is 29.673 mg·g�1. The equilibrium adsorption
data were interpreted using Langmuir and Freundlich models
[Figure 9(b) and (c)]. The parameters of the isotherm models
determined using regression analysis of the experimental data
are given in Table II. The values of the correlation coefficient
(R) are higher for the Langmuir model than for the Freundlich
model; this means that the Langmuir isotherm equation better
represents the process of adsorption of Cr(VI) on activated
carbon-supported Fe catalysts. This is probably due to the
uniform distribution of active sites on the surface of the
prepared catalyst. The n value in the Freundlich model was
greater than 1 (n > 1), indicating favorable adsorption of Cr
(VI) on Fe5-AWS.

5.2.6 Adsorption kinetics
Knowledge of the adsorption kinetics in operations based on
the adsorption phenomenon is of considerable practical interest
for the optimal use of an adsorbent and for knowing the factors

that must be optimized to manufacture or improve an
adsorbent to obtain fastest possible kinetics. To investigate the
mechanism of adsorption, two kinetic models, namely, the
pseudo-first-order and pseudo-second-order models, were
applied (Samson and Adedibu, 2016). The linear form of
Lagergren equation for pseudo-first-order adsorption kinetics
is given by the following equation:

ln qe � qtð Þ ¼ lnqe �K1t (5)

where qe and qt (mg·g�1) are the adsorption capacities at
equilibrium time and time t, respectively, K1 (L·min�1) is the
pseudo-first-order rate constant. From plotting log (qe � qt)
versus t (Figure 10) and K1 and qe can be obtained from the
slope and intercept, respectively.
The equation of pseudo-second-order kinetic model is as

follows:

Figure 9 a) Modeling of adsorption isotherm of Cr(VI) on Fe5-AWS, b) linearized Langmuir model and c) linearized Freundlich model

Table II Langmuir and Freundlich parameters for Cr(VI) adsorption on
Fe5-AWS

Langmuir isotherm model Freundlich isotherm model

qm (mg·g21) KL (L·mg
�1) R KF (mg·g

�1) n R
29.673 0.093 0.983 9.963 5.214 0.960

Removal of Cr(VI) from aqueous solution

Karima Derdour et al.

World Journal of Engineering

Volume 15 · Number 1 · 2018 · 3–13

10



t
qt

¼ 1
K2q2e

1
t
qe

(6)

where K2 (g·mg min�1) is the pseudo-second-order rate
constant. From plotting t/qt versus t (Figure 11), the values of qe
and K2 can be obtained from the slope and intercept,
respectively. Parameters of kinetic models together are
presented in Table III.
Table III shows the values of the correlation coefficient for

pseudo-first-order adsorption model; they are higher than the
value for the pseudo-second-order adsorption. Moreover, the
values of adsorption capacities qe calculated using the model are

also close to those determined by experiments. This indicated
that the pseudo-first-order adsorption model is more suitable for
describing the adsorption kinetics of Cr(VI) on Fe5-AWS.

6. Conclusions

This work shows that walnut shell can be used as precursor to
produce activated carbon by pyrolysis and physical activation
with water vapor. The optimum pyrolysis temperature is
900°C for 2 h at a heating rate of 10°C·min�1 under N2 flow.
Walnut shell-activated carbon was then used as a supporting
material for Fe oxides. Results showed that the walnut shell-
activated carbon-supported Fe catalysts (Fe-AWS) obtained
at optimal conditions is an effective adsorbent for the removal
of Cr(VI) from wastewater than the activated walnut shell
obtained without treatment (AWS). Fe5-AWS kinetics for
Cr(VI) ions under conditions of C0 = 100 mg·L�1, solution
volume = 100 mL, adsorbent dose = 1 g, pH = 2 was reached
after 60 min and the adsorption capacity was 10.11 mg·g�1;
on the other hand, for AWS 900, the time necessary to attain
adsorption equilibrium was longer, 840 min, and the
adsorption capacity was 9.23 mg·g�1. The experimental data
of the adsorption isotherm follow the Langmuir model and
data of the adsorption kinetics follow the pseudo-first-order
adsorption model.
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