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ABSTRACT

Amidoxime functionalized wool fibers were used as the adsorbent for removal of hexavalent chromium
(Cr(VI)) ions from aqueous solution. Effect of various process parameters like initial pH, contact time,
initial Cr(VI) concentration, adsorbent dosage and temperature was investigated in batch experiment.
The changes of the adsorbent during adsorption were determined by FT-IR and EDS-SEM. The results
showed that the optimal pH for adsorption of Cr(VI) is at 3.0, the adsorption equilibrium would be
achieved after 300 min. The adsorption capacity increases with the increasing of the initial concentra-
tion of Cr(VI). The adsorption process could be well described by pseudo-second-order kinetic model.
The adsorption isotherm fitted well with the Langmuir model. Compared with the reported biomass
adsorbents, the prepared Wool-g-AO showed excellent adsorption capacity for removal of Cr(VI) from

aqueous solution.
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1. Introduction

Chromium is widely used in electroplating, leather tan-
ning, coatings, dyes, pigments and other industries [1]. The
two oxidation states of chromium, Cr(IlT) and Cr(VI), have
different chemical, biological and environment properties.
Cr (VI) is a primary contaminant because of its toxicity to
human beings and the environment. The World Health
Organization limits the value of Cr (VI) to 0.05 mg L™ in
drinking water [2]. In order to reduce the concentration of
Cr(VI) in industrial effluents, the ways to remove Cr(VI) from
waste water include ion exchange, chemical precipitations,
reduction, and adsorption [3,4], among which, adsorption
has been considered to be an effective and economic method.

* Corresponding author.

A variety of biosorbents have been reported for the
removal of Cr(VI). Such as rice husk [5,6], coconut shell
[7], Hevea Brasilinesis sawdust activated carbon [8], Daucus
carota L. waste biomass [8], rice straw and neem leaves
[9], Rhodococcus sp. ALO3Ni [10], cork waste [11], fly ash
[12], cone biomass [13], peanut shell [14] and Carupta
urens inflorescence waste [15] and so on. Most of the
above-mentioned adsorbents were used after some type of
pretreatment.

Wool fibers, composed of a-keratin, are an abundant
renewable natural polymer. About one million tons of wool
fibers are produced every year world widely [16]. Although,
the fine quality wool fibers are almost used by textile indus-
try, there are still tons of poor quality wool fibers are not suit-
able for garment manufacturing. Moreover, tons of the used
wool textiles are disposed as waste every year. Wool fibers
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have been used as an economical and eco-friendly adsorbent
material for removal of heavy metal ions like Cu(Il), Pb(II),
Hg(II), Ni(II), Co(II), Cr(Ill) and U(VI) [17-21]. The multi-
ple hydrophilic functional groups (-OH, -NH,, -SH and —
COOH) on the surface impart wool fibers with good hydro-
philicity and easy modification [18]. Moreover, keratin is a
major structural fibrous protein with better mechanical and
chemical stability than most of other natural polymers.

In this work, amidoxime functionalized wool fiber
(Wool-g-AO) was prepared for recovery of Cr(VI) from aque-
ous solutions. The effects of the initial pH, contact time, tem-
perature and initial concentration of Cr(VI) on the adsorption
were discussed. The isotherm equilibrium was investigated
by Langmuir isotherm model. The adsorption kinetics was
investigated using pseudo-second-order model. The changes
of FT-IR spectra and elements on the surface of Wool-g-AO
in the process of adsorption were analyzed.

2. Experimental
2.1. Materials

Wool fibers were collected from local tannery and
degreased by acetone, and then were dried to a constant
weight at 40°C. The stock solution of Cr(VI) (1,000 mg L) was
prepared by dissolving 2.829 g K.Cr,O, in 1,000 mL deionized
water (18 MQ). K,Cr,O,, Acrylonitrile, hydroxylamine hydro-
chloride and N,N-dimethyl formamide (DMF) were purchased
from KeLong Chemicals, China. All reagents were analytically
pure and used as received without further treatment.

2.2. Preparation of amidoxime functionalized wool fibers

The amidoxime groups introduced onto wool fibers
were prepared in two steps and described elsewhere [17].
Briefly, polyacrylonitrile was grafted onto wool fibers by
using KMnO,/oxalic acid redox initiation system and then
the polyacrylonitrile-grafted wool fibers (Wool-g-PAN)
were reacted with hydroxylamine hydrochloride solution to
obtain amidoxime functionalized wool fibers (Wool-g-AO).
The graft yield of the Wool-g-AO used for this study is
at 78%.

2.3. Batch adsorption experiments

The initial pH of Cr(VI) solution was adjusted to the
desired value by adding 0.1 M NaOH or HCI. Adsorption pro-
cesses were carried out in a HZS-H thermostatic water bath
shaker (Donglian Electronic, China). Briefly, 0.1 g of Wool-
g-AO and 100 mL of Cr(VI) solution were placed into a flask
at a set temperature for a predetermined period of time. All
the experiments were performed at least three times. The val-
ues used in calculations were the average of the experimental
data. The concentration of Cr(VI) before and after adsorption
was measured by a 2100 DV inductively coupled plasma
atomic emission spectrometry (ICP-AES, PerkinElmer, USA).
The amount of the adsorption (g,) and the removal efficiency
(%) were calculated by Egs. (1) and (2):
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where, g, is the equilibrium adsorption capacity (mg g™), C,
and C, are the initial and equilibrium concentration of Cr(VI)
(mg L™), Vis the volume of Cr(VI) solution (L), and M is the
amount of Wool-g-AO used (g).

Kinetic studies were performed at 30°C using 300 mL of
Cr(VI) solution at pH 3.0. Samples were withdrawn at regular
intervals and the concentrations of Cr(VI) were determined
to plot the amount adsorbed vs. time. The data obtained were
fitted to the pseudo-second-order model Equation [22] that is
shown in Eq. (3):

+
9, kit 4, ®)

where, kis the adsorption rate constant of pseudo-second-order
equation (g mg™min). g, and g, are the adsorption capacities
(mg g™) at equilibrium and time ¢ (min), respectively.

The isotherm experiments were investigated at 30°C
using different concentrations (20~180 mg L™) of Cr(VI) solu-
tion at pH 3.0 for 300 min. The adsorption data obtained were
fitted to the Langmuir isotherm [23] that is shown in Eq. (4):
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where, K, is the Langmuir constant (L mg™), g, is the maxi-
mum adsorption capacity formed monolayer on the adsor-
bent (mg g™).

2.4. Characterization

The FT-IR spectra of Wool-g-AO before and after adsorp-
tion of Cr(VI) were recorded on a Nicolet IS10 FT-IR spectro-
photometer (Thermo Scientific, USA). The morphology of the
surface of Wool-g-AO before and after adsorption was ana-
lyzed by a JSM-F7500 Scanning electron microscope (SEM)
(Japan Electron Optical Laboratory Co., LTD, Japan). The ele-
mental composition of the Wool-g-AO was determined by a
51-XMX0019 X-Max EDXS analyzer (Oxford Instruments, UK).

3. Results and discussion
3.1. Characterization of Wool-g-AO

The FT-IR spectra of Wool-g-AO before and after adsorp-
tion of Cr(VI) are shown in Fig. 1. The band at 3,433 cm™ cor-
responds to the stretching vibration of -O-H; the bands at
1,649, 1,539 and 1,388 cm™ correspond to the stretching vibra-
tion of -C=0 (amide I), bending vibration of -N-H (amide II)
and stretching vibration of -C-N (amide III), respectively.
The band at 929 cm™ is the characteristic of stretching vibra-
tion of -N-O of amidoxime group [24]. When Cr(VI) ions has
been combined with amidoxime groups, the symmetry of the
group will be broken, which leads the band at 929 cm™ dis-
appearing, and the bands of amide I and amide II shifting
to 1,122 and 1,135 cm™ [25]. Similar results were reported in
other literatures [26]. SEM-EDS profiles give the information
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about the elements on the surface of materials. The element
on the surface of Wool-g-AO contains C, N, O, S, and a small
amount of Ca and Al Fig. 2(a). After adsorption, Cr could
be observed on the surface of the adsorbent Fig. 2(b) which
illustrated that Cr(VI) ions were absorbed by the Wool-g-AO.
It has been shown that, the smooth surface of natural wool
became rough and the grafted polymers could be observed
after copolymerization. The scale layer on Wool-g-AO has
already broken [17]. More damages appeared on Wool-
g-AO adsorbed Cr(VI), which may due to the oxidation
susceptibility of Cr(VI) at low pH conditions [27].

Transmittance

1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm'1)

Fig. 1. FTIR Spectra of Wool-g-AO chelating fiber. (a) before
adsorption; (b) after adsorption.
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3.2. Batch adsorption
3.2.1. Effect of pH on the removal of Cr(VI)

The adsorption of Cr(VI) onto Wool-g-AO and natural
wool was investigated by varying the initial pH of solution
from 1.0 to 6.0 with 100 mg L™ Cr(VI). All experiments were
carried out at 30°C for 300 min. The results show that the
adsorption is sensitive to the initial pH of the solution (Fig. 3).
Itis clear that the uptake of Cr(VI) by natural wool was much

—a—\Wool-g-AO
—e— Natural wool

o

Fig. 3. Effect of pH on adsorption.
Conditions: Temperature: 30°C; initial Cr(VI) concentration:
100 mg L; time: 300 min; adsorbent dosage: 1.0 g L.

ja

0

Fig. 2. The SEM-EDS spectra of Wool-g-AQ fibers adsorption of Cr(VI). (a) before adsorption, (b) after adsorption.
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lower than by Wool-g-AO at the same pH. The uptake of
Cr(VI) by Wool-g-AO increased from 37.26 to 79.96 mg g
as the initial pH was raised from 1.0 to 3.0. After that the
uptake amount of Cr(VI) decreased when the initial pH
was increased to 6.0. The adsorption capacity decreased to
21.62 mg g when the initial pH was at 6.0. The initial pH of
the solution plays a role in the surface charge of the adsorbent
and in the forms of Cr(VI) in the solution as well. When the
pH is lower than 2.0, the amidoxime groups on the adsorbent
could be oxidized easily [27], resulting in them a poor bind-
ing capacity to metal ions. While pH of the solution increases
to 3.0, the amidoxime groups are protonated and positively
charged, which will be attracted with the anion forms of
Cr(VI) in the solution. Coordination of an amidoxime to a
metal center is accompanied by O-ligation, and thus the spe-
cies formed are stabilized by generation of a five-membered
chelate ring [28]. With pH continued to increase, the ami-
doxime group should be gradually deprotonated, thus the
binding ability to Cr(VI) would be decreased, leading poor
adsorption capacity [29]. Furthermore, when the pH is lower
than 3.0, Cr(VI) is predominately in the form of H,CrO,
and HCrO,~. H,CrO, is an uncharged form which is hard to
combine with amidoxime groups. The fraction of HCrO~
increases when the initial pH of the solution increases, in
turn leading the uptake amount increases [30]. When the pH
value is over 4.0, the proportions of CrO,*, Cr,0,> and OH~
increase [31].

3.2.2. Effect of adsorbent dosage

The effect of adsorbent dosage on the adsorption of
Cr(VI) onto Wool-g-AO was investigated at different dosages
with the initial Cr(VI) concentration of 100 mg L~ at 30°C and
pH 3.0. The equilibrium uptakes and percent removal are
shown in Fig. 4. When the adsorbent dosage was increased
from 0.5 to 8.0 g L, the removal increased from 21.6% to
94.6%. It is clear that the Cr(VI) adsorbed increases but the
amount adsorbed per unit mass decreases by increasing the
adsorbent dosage. Such phenomenon is obvious because
with an increase in adsorbent dosage, the number of active
sites available in the adsorbent for the removal of Cr(VI) will

—a— Removal
100 | ——q, 4100
80 - 80
S —
53 (o2}
g 60 - 460 ?
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&
40 - - 40
20 - 420
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0 2 4 6 8
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Fig. 4. Effect of adsorbent dosage.
Conditions: pH: 3.0; Temperature 30; initial Cr(VI) concentration
100 mg L; time 300 min.

be more due to the progressive saturation of the active sites.
The decrease in adsorption uptake with increasing adsor-
bent dosage is mainly due to unsaturation of adsorption sites
through the adsorption reaction [13].

3.2.3. Effect of contact time

The effect of contact time on the adsorption of Cr(VI) onto
Wool-g-AOwasinvestigated at30°C with theinitial Cr(VI) con-
centration of 100 mg L~ at pH 3.0. Itis clear that the adsorption
rate of Cr(VI) by Wool-g-AO was high during the first 150 min,
then slowed down slightly and reached equilibrium at around
300 min (Fig. 5). The adsorption capacity at equilibrium is
80.0 mg g'. At the beginning of adsorption process, active
sites are available for binding with Cr(VI) ions, while the
most of active sites are occupied by Cr(VI) ions, the adsorp-
tion process become difficult to continue [32].

3.2.4. Effect of initial concentration of Cr(VI)

The effect of initial concentration for adsorption of Cr(VI)
onto Wool-g-AO was investigated by varying the concentra-
tion from 20 to 180 mg L™ for 300 min. All experiments were
performed at 30°C and pH 3.0. The results show that the uptake
amount of Cr(VI) onto Wool-g-AO increased with increasing
initial concentration of Cr(VI) (Fig. 6). The adsorption capacity
increases linearly from 37.3 to 116.1 mg g™, with the initial con-
centration of Cr(VI) increased from 20 to 180 mg L, while the
removal efficiency decreased from 96.5% to 25.2%.

3.2.5. Effect of temperature

The effect of process temperature for adsorption of Cr(VI)
onto Wool-g-AO was investigated by varying the tempera-
ture at 20°C, 30°C, 40°C, 50°C, respectively. It is found that
the adsorption amount for Cr(VI) by Wool-g-AO increases
with increasing process temperature (Fig. 7). A highly tem-
perature for adsorption will facilitate the diffusion rate of
Cr(VI) onto the surface of the adsorbent in that increases the
energy of the adsorption system to overcome the electrostatic
attraction between Cr(VI) and the adsorbent [33,34].

0 5 100 150 200 250 300 350 400 450
Time (min)

Fig. 5. Effect of contact time on adsorption.
Conditions: pH: 3.0; Temperature: 30°C; initial Cr(VI) concentration:
100 mg L; adsorbent dosage: 1.0 g L.
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Fig. 6. Effect of initial concentration of Cr(VI) on adsorption.
Conditions: pH: 3.0; Temperature: 30°C; initial Cr(VI) concentration:
100 mg L; adsorbent dosage: 1.0 g L.
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Fig. 7. Effect of temperature on adsorption.
Conditions: pH: 3.0; initial Cr(VI) concentration 100 mg L7;
time 300 min; adsorbent dosage 1.0 g L.
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Fig. 8. The plot of pseudo second order model.

3.3. Adsorption kinetics

The main role of adsorption kinetics is to understand
the adsorption mechanism [35]. The adsorption of Cr(VI)
on Wool-g-AO fitted well with pseudo-second-order model
(Fig. 8), with the correlation coefficient R? at 0.993 (Table 1).
The calculated equilibrium adsorption capacity based on

Table 1
Kinetics parameters of pseudo second order model
k(g mg™-min) 9.(mg g™) R
0.000126 89.21 0.993
12k y=0.008550x+0.1159
R?=0.9390
oo}
o
2
"o 06k
o
03

0 50 100 150
C,/mgL"

Fig. 9. The plot of Langmuir isotherm model.

Table 2

Parameters of Langmuir isotherm
k (L mg™) 9 (Mg 87) R
0.07377 117.0 0.939

pseudo-second-order model is 89.2 mg g™, which is close to
the experimental data (80.0 mg g™). The results indicate that
the adsorption of Cr(VI) onto Wool-g-AO is dominant by
chemical adsorption [36].

3.4. Adsorption isotherm and equilibrium

The adsorption isotherms reflect the metal ions between
solid phase and aqueous phase which provides important
parameters and better understanding on the adsorption
mechanism. The data are fitted well with Langmuir isotherm
model (Fig. 9, Table 2). The correlation coefficient R? is 0.939
and the maximum adsorption capacity of monolayer adsorp-
tion was 117.0 mg g™'. A dimensionless constant R, can pre-
dict whether an adsorption system is favorable or not, which
is defined in Eq. (5).

1
R=—
LTITK,C ®)

When the value of R, is between 0 and 1, the adsorption pro-
cess is favorable [37]. The values of R, were between 0 and
1 (Table 3), indicating that the adsorption of Cr (VI) onto
Wool-g-AO was favorable. Different biomass adsorbents
from the literature were compared in terms of the maximum
adsorption capacity (g,) of Cr(VI) (Table 4). The Wool-g-AO
shows a relative higher adsorption capacity than most of
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Table 3
The values of R, at different initial Cr(VI) concentration
C (mgL™) R,
20 0.4040
60 0.1843
100 0.1194
140 0.08828
180 0.07004
Table 4

Adsorption capacity of Cr(VI) by different adsorbents
Adsorbent

q, (mgg”') References

Wool-g-AO 117.0 This work
Rice husk treated by formaldehyde  10.4 [6]
Coconut shell 23.0 [7]
Hevea Brasilinesis sawdust activated ~ 65.8 [8]
carbon

Rice straw 12.2 [9]
Neem leaves 15.9 [9]
Rhodococcus sp. ALO3Ni 107.5 [10]
Cork waste 140 [11]
Caryota urens inflorescence 100 [14]
Peanut shells 147 [15]
Pistachio hull 116.3 [26]
chitosan/polypyrrole 78.6 [34]

other adsorbents, indicating that Wool-g-AO is an effective
adsorbent for removal of Cr(VI) from aqueous solution.

4. Conclusions

Amidoxime functionalized wool fibers were used as a
biomass adsorbent for removing hexavalent chromium ions
from aqueous solution.

The optimal pH of adsorption of Cr(VI) by Wool-g-AO
is at 3.0, and the adsorption capacity would increase with
the increases of initial concentration of metal ion and
temperature. The adsorption process reaches equilibrium
after 300 min at 30°C with the initial concentration of Cr(VI)
at 100 mg L and adsorbent dosage at 1.0 g L™.

Kinetic studies showed that the experimental data for
adsorbing Cr(VI) onto Wool-g-AO fitted well with a pseu-
do-second-order model. Chemical adsorption was the
rate-limiting step of adsorption process.

The adsorption isotherms showed well correlation with
Langmuir isotherm model. In accordance with the Langmuir
equation, the monolayer adsorption capacity of Cr(VI) by
Wool-g-AO was found to be 117.0 mg g™. The adsorption
process is favorable.
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