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ABSTRACT

The aim of this study was to investigate the removal of As(V) from aqueous solutions using
functionalized activated carbon fiber (ACF) as an adsorbent. The functionalized ACF was
prepared through the impregnation of iron oxides on the surfaces of ACF. The X-ray fluo-
rescence spectrometer analysis showed that carbon (C, 70.1%) and iron (Fe, 28.5%) were the
major constituents of functionalized ACF. The N2 adsorption–desorption analysis showed
that the Brunauer–Emmett–Teller surface area of functionalized ACF was determined to be
418.2 m2/g, which was 2.7 times smaller than that of raw ACF (1,123.0 m2/g) due to the
impregnation of iron oxide. From the batch experiments, the maximum adsorption capacity
of As(V) in functionalized ACF was determined to be 1.208 mg/g. The adsorption of As(V)
to functionalized ACF was sensitive to solution pH changes, decreasing from 0.045 to
0.029 mg/g with increasing pH from 2.6 to 8.9. Kinetic model analysis showed that the
pseudo-second-order model was most suitable at describing the kinetic data. Equilibrium
isotherm model analysis illustrated that the Redlich–Peterson model fitted well with the
equilibrium data. Thermodynamic tests demonstrated that As(V) sorption to functionalized
ACF increased with increasing temperature from 20 to 40˚C, indicating the endothermic
and spontaneous nature of sorption process (ΔH˚ = 38.02 kJ/mol, ΔS˚ = 149.15 J/K/mol, and
ΔG˚ = –5.70 and –8.69 kJ/mol). This study demonstrated that the removal of As(V) by ACF
could be enhanced via iron oxide impregnation.
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1. Introduction

Arsenic is the major contaminant found in water
environments. In many countries such as Bangladesh,
Chile, and India, arsenic occurs naturally in
groundwater at concentrations exceeding 10 μg/L
(guideline of World Health Organization, 2000), caus-
ing serious health-related problems and human mor-
tality [1]. Arsenic exists in nature as As(III) (arsenite)
and As(V) (arsenate) depending on the redox condi-
tions. Under oxidizing environments, As(V) is pre-
dominant while As(III) occurs under reducing
conditions. As(III) is known to be more toxic and
mobile than As(V) [2].

Activated carbon fiber (ACF) is a kind of activated
carbons, which is used extensively as an adsorbent. It
is synthesized through two-step processes of car-
bonization followed by activation using source materi-
als such as cellulose, phenolic resin, pitch, and
polyacrylonitrile. ACF has thin-fiber shape with a
diameter of 10 μm and contains inner porous network
of mesopores and micropores [3]. It is widely applied
for water purification because of fast intraparticle
adsorption compared with powdered and granular
forms of activated carbon [4]. ACF has been investi-
gated for the removal of contaminants such as heavy
metals, organic compounds, and oxyanions by several
researchers [5,6].

The functionalization of ACF through the
impregnation of various functional materials (silver,
copper, titanium dioxide, lanthanum oxide, iron
oxide, etc.) has been performed by many researchers
to enhance the adsorption of specific contaminants
or removal of microorganisms [7–9]. For instance,
Chui et al. [10] loaded palladium onto ACF to
remove pentachlorophenol from aqueous solutions
through electrocatalytic dechlorination. Shi et al. [11]
immobilized titanium dioxide on ACF and observed
the photocatalytic degradation of dyes such as
methyl orange and acid fuchsine. Kim and Park
[12] prepared copper- or silver-plated ACF and
examined their antibacterial behavior against Sta-
phylococcus aureus and Klebsiella pneumonia. Liu et al.
[13] used lanthanum-doped ACF to adsorb phos-
phate from aqueous solutions. However, very few
studies have been performed using functionalized
ACF as an adsorbent to remove arsenic from
aqueous solutions. Hristovski et al. [14] modified
ACF with iron (hydr)oxide using two synthesis
methods (aqueous KMnO4 pretreatment plus Fe(II)
treatment, reaction with Fe(III) in an organic solvent
plus NaOH treatment). They performed the batch
experiment to remove arsenate from water and to
determine the arsenate adsorption capacity of the

modified ACF. Zhang et al. [15,16] prepared
magnetite-doped ACF to enhance arsenic removal
and studied the mechanisms of arsenate adsorption
using X-ray photoelectron spectroscopy. They
showed that the As(V) adsorption capacity of
magnetite-doped ACF was about eight times larger
than that of raw ACF.

The objective of study was to analyze the equilib-
rium, kinetic, and thermodynamics of the adsorptive
As(V) removal from aqueous solutions using func-
tionalized ACF as an adsorbent. Functionalized ACF
was prepared through the impregnation of iron oxides
on the surfaces of ACF. The characteristics of ACF
were elucidated using field emission scanning electron
microscopy (FESEM), X-ray fluorescence (XRF)
spectrometer, X-ray diffractometry (XRD), Fourier
transform infrared (FTIR) spectrometer, and nitrogen
gas (N2) adsorption–desorption experiment. Batch
experiments were performed to examine the effects of
reaction time, temperature, As(V) concentration, and
solution pH on the removal of As(V) by functionalized
ACF. In addition, kinetic, equilibrium isotherm, and
thermodynamic models were used to analyze the
experimental data.

2. Materials and methods

2.1. Preparation of functionalized ACF

All chemicals were purchased from Sigma-Aldrich.
In addition, cotton-based ACF was obtained from
Korea Activated Carbon Fiber Ltd. In the preparation
of functionalized ACF, chitosan was used as the coat-
ing (film) support for iron oxide impregnation,
whereas sodium tripolyphosphate was used as the
crosslinking agent for chitosan film formation [17].
The functionalized ACF was prepared through a two-
step procedure. First, a suspension of iron oxide parti-
cles was prepared by coprecipitating a solution of iron
chloride (FeCl3·6H2O) and iron sulfate (FeSO4·7H2O).
A solution of sodium hydroxide (NaOH, 6 M) was
added drop wise with intensive stirring at room tem-
perature into a 500 mL solution of FeCl3·6H2O
(0.25 mol) and FeSO4·7H2O (0.125 mol) until pH 8 was
reached. The suspension was then aged at 60˚C for
24 h and rinsed with deionized water until a neutral
pH was reached.

Second, a chitosan solution was prepared by
adding 3.0 g of chitosan powder into 600 mL of 1%
acetic acid solution. A total of 12 g of raw ACF were
soaked in the iron oxide suspension and then oven-
dried at 150˚C for 6 h. The oven-dried ACF was
soaked in the chitosan solution and aged for 12 h. The
ACF was soaked again in 300 mL of 1% sodium
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tripolyphosphate solution for 1 h. Finally, the
functionalized (iron oxide impregnated) ACF was
rinsed with deionized water and dried at 60˚C for
12 h prior to use.

2.2. Characterization of functionalized ACF

Various techniques were used to analyze the
characteristics of the functionalized ACF. FESEM and
energy dispersive X-ray spectrometer (EDS) analyses
were performed using a field emission scanning elec-
tron microscope (Supra 55VP, Carl Zeiss, Germany).
The chemical composition was investigated using an
XRF spectrometer (S4 Pioneer, Bruker, Germany). The
mineralogical and crystalline structural properties
were examined using (XRD, D8 Discover, Bruker,
Germany) with a CuKα radiation of 1.5406 Å

´
at a

scanning speed of 0.6 ◦/sec. Infrared spectra were
recorded on a Nicolet 6700 (Thermo Scientific, USA)
FTIR spectrometer using KBr pellets. A nitrogen gas
(N2) adsorption–desorption experiments were per-
formed using a surface area analyzer (BELSORP-max,
BEL Japan Inc., Japan) after the sample was pretreated
at 120˚C. From the N2 adsorption–desorption
isotherms, the specific surface area, average pore
diameter, total pore volume, and mesopore volume
were determined by Brunauer–Emmett–Teller (BET)
and Barrett–Joyner–Halenda analyses.

2.3. Batch experiments

A stock solution of As(V) was prepared by dissolv-
ing reagent-grade sodium arsenate (Na2HAsO4·7H2O)
in deionized water. All batch experiments were per-
formed at 30˚C in 50-mL polypropylene conical tubes
without pH adjustment unless otherwise stated. All of
the batch experiments were performed in triplicate.

The first set of experiments was conducted to
examine the effect of reaction time on the removal of
As(V) using functionalized ACF. The experiments
were conducted at an As(V) concentration of 1 mg/L
with a functionalized ACF dose of 1.0 g in a 50 mL
solution. Note that the pH of the 1 mg/L As(V) solu-
tion was 4.5. The tubes were shaken at 30˚C and
100 rpm using a shaking incubator (Daihan Science,
Seoul, Korea). The samples were collected after vari-
ous reaction times and then filtered through a 0.45 μm
membrane filter. Arsenic concentrations were mea-
sured by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) (ICP-730 ES, Varian, Aus-
tralia). Additional experiments were performed at 20
and 40˚C to examine the effect of temperature on As
(V) removal with functionalized ACF.

The second set of experiments was performed to
observe the effect of the initial As(V) concentration on
the removal of As(V) with concentrations ranging
from 1 to 50 mg/L (adsorbent dose = 20 g/L; reaction
time = 12 h). The third set of experiments was con-
ducted to examine the effect of the solution pH on the
removal of As(V) with functionalized ACF (adsorbent
dose = 20 g/L; As(V) concentration = 1 mg/L; reaction
time = 12 h). In the experiments, 0.1 M NaOH and
0.1 M HCl solutions were used to adjust the pH from
2.6 to 8.9, and the pH was measured by a pH probe
(9107BN, Thermo Scientific, USA).

2.4. Data analysis

All of the parameters of the models were
estimated using MS Excel 2010 with solver add-in
function incorporated into the program. The
determination coefficient (R2), chi-square coefficient
(χ2), and sum of the squared errors (SSE) were used
to analyze the data and confirm the fit to the
model. The expressions of R2, χ2, and SSE are given
below:

R2 ¼
Pm

i¼1ðyc � �yeÞ2iPm
i¼1ðyc � �yeÞ2i þ Pm

i¼1 ðyc � yeÞ2i
(1)

v2 ¼
Xm
i¼1

ðye � ycÞ2
yc

" #
i

(2)

SSE ¼
Xm
i¼1

ðye � ycÞ2i (3)

where yc is the calculated adsorption capacity from
the model, ye is the measured adsorption capacity
from the experiment, and �ye is the average of the mea-
sured adsorption capacity.

3. Results and discussion

3.1. Characteristics of functionalized ACF

The characteristics of functionalized ACF are pre-
sented in Fig. 1. ACF had a thin-fiber shape with a
diameter of 10 μm. The iron oxide particles were
immobilized on the surfaces of ACF (Fig. 1(a)). From
N2 adsorption–desorption analyses of ACF and func-
tionalized ACF, the BET surface area of ACF was
determined to be 1,123.0 m2/g with a total pore vol-
ume of 0.52 cm3/g, a mesopore volume of 0.09 cm3/g,
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and an average pore diameter of 1.85 nm. In func-
tionalized ACF, the BET surface area was 418.2 m2/g,
which was 2.7 times smaller than that of ACF due to
the impregnation of iron oxide. In addition, the total
pore volume was reduced to 0.37 cm3/g. The XRF
analysis indicated that carbon (C, 70.1%) and iron (Fe,
28.5%) were the major constituents of functionalized
ACF. The EDS pattern (Fig. 1(b)) demonstrated that C
and Fe were the major elements of functionalized
ACF. Through EDS analysis, C was evident from the
peak position of 0.277 keV as the K α X-ray signal,
whereas Fe was found at the peak positions of 0.707,
6.403, and 7.057 keV, as the L α, K α, and K β X-ray
signals, respectively.

The XRD pattern of iron oxide (Fig. 1(c)) indicated
major peaks corresponding to maghemite (γ-Fe2O3,
JCPDS 89-5892, 2θ = 30.266, 35.651, 43.332, 53.766,
57.319, 62.949) along with goethite peaks (α-FeOOH,

JCPDS 81-0464, 2θ = 21.240, 33.243, 41.183, 58.998). The
XRD pattern of functionalized ACF showed the major
peaks found in the iron oxide (Fig. 1(c)). In the FTIR
spectra of functionalized ACF (Fig. 1(d)), two peaks at
2,950 and 2,880 cm−1 corresponded to symmetric
stretching vibrations of –CH2 and –CH, respectively. In
addition, a band corresponding to C=O was observed
at 1,680–1,720 cm−1 [6]. The bands at 724, 694, 638, 584,
and 558 cm−1 were attributed to the iron oxides [18].

3.2. Characteristics of As(V) removal by functionalized
ACF

The effect of reaction time on the removal of As(V)
by functionalized ACF is shown in Fig. 2(a). At 1 h of
reaction time, the adsorption capacity was 0.023 mg/g
with a percent removal of 48.6%. The adsorption capac-
ity increased to 0.036 mg/g with a percent removal of

Fig. 1. Characteristics of functionalized ACF: (a) FESEM image (bar = 10 μm; inset = raw ACF), (b) EDS pattern, (c) XRD
pattern, and (d) FTIR spectra.
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76.2% at 6 h. At 12 h, the adsorption capacity and per-
cent removal were 0.042 mg/g and 90.2%, respectively.
The effect of As(V) concentration on the removal of As
(V) by functionalized ACF is presented in Fig. 2(b). At
the lowest concentration of 1 mg/L, the adsorption
capacity was 0.042 mg/g, while the adsorption capacity
increased to 0.871 mg/g at the highest concentration of
50 mg/L. Meanwhile, the percent removal decreased
with increasing As(V) concentration. The percent
removal was 90.2% at 1 mg/L and decreased to 35.7%
at 50 mg/L. It should be noted that the As(V) adsorp-

tion capacity of raw ACF at 12 h was negligible, indi-
cating an enhancement of As(V) removal due to the
surface modification of ACF by iron oxide impregna-
tion. Arsenic adsorption to iron (hydr)oxides can be
described by the ligand exchange mechanism [15,16].
In the adsorption process, arsenic species can replace
hydroxyl ion (OH−) on the surfaces of iron (hydr)ox-
ides, forming inner-sphere complexes. Also, the electro-
static attraction between positively charged iron (hydr)
oxides and negatively charged arsenic species can
contribute to the removal of As(V). Zhang et al. [15,16]
reported that in addition to ligand exchange, the elec-
trostatic interaction contributes to the adsorption of As
(V) to magnetite-doped ACF.

The effect of the solution pH on the removal of As
(V) by functionalized ACF is demonstrated in
Fig. 2(c). As(V) removal decreased with increasing pH.
The adsorption capacity at pH 2.6 was 0.045 mg/g. As
the solution pH increased to 5.4, the adsorption capac-
ity decreased to 0.035 mg/g. The adsorption capacity
approached 0.029 mg/g as the solution pH further
increased to 8.9. These results indicated that the
removal of As(V) in functionalized ACF was sensitive
to changes in the solution pH and became more favor-
able in an acidic solution pH. The pH dependency of
As(V) adsorption to functionalized ACF is primarily
related to the ionization of As(V) and the adsorbent in
accordance with pH changes. In the pH range
between 2.7 and 6.8, H2AsO4

− (monovalent anion) is
the dominant form of As(V). For pH values of 6.8–
11.6, HAsO4

2− (divalent anion) dominates. The point
of zero charge (pHPZC) of the iron oxides used for the
impregnation of ACF was determined to be 7.6 from
the previous study [19]. Below pHPZC, the iron oxide
is positively charged, whereas it is negatively charged
above pHPZC. Therefore, the adsorption of As(V) is
favorable below pH 7.6 due to the electrostatic attrac-
tion between As(V) and the iron oxide, even though
the percent removal gradually decreased with an
increase in the pH. Above pH 7.6, the adsorption of
As(V) becomes unfavorable since the electrostatic
interaction between As(V) and the iron oxide becomes
repulsive [16]. Our results are in agreement with the
report of Zhang et al. [15,16], who showed a decrease
of As(V) adsorption to magnetite-doped ACF with
increasing pH from 3.0 to 11.6.

3.3. Kinetic and intraparticle diffusion model analyses

The reaction time data were analyzed using the
following nonlinear forms of pseudo-first-order
(Eq. (4)), pseudo-second-order (Eq. (5)), and Elovich
(Eq. (6)) kinetic models [20]:

Fig. 2. Removal of As(V) by functionalized ACF: (a) effect
of reaction time, (b) effect of As(V) concentration, and (c)
effect of solution pH (numbers in the parenthesis of the
x-axis are final pH).
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qt ¼ qeð1� e�k1tÞ (4)

qt ¼ k2q
2
e t

1þ k2qet
(5)

qt ¼ 1

b
ln abð Þ þ 1

b
ln t (6)

where qt is the amount of As(V) removed at time t, qe
is the amount of As(V) removed per unit mass of

adsorbent at equilibrium, k1 is the pseudo-first-order
rate constant, k2 is the pseudo-second-order velocity
constant, α is the initial adsorption rate constant, and
β is the Elovich adsorption constant.

The kinetic data and model fit for As(V) removal
with functionalized ACF are shown in Fig. 3. Model
parameters for the pseudo-first-order, pseudo-second-
order, and Elovich models are provided in Table 1.
The values of R2, χ2, and SSE indicate that the pseudo-
second-order model was the most suitable for
describing the data. This finding indicated that
chemisorption is involved in the adsorption of As(V)
to functionalized ACF. In the pseudo-second-order
model, the values of qe increased from 0.041 to
0.049 mg/g with increasing temperature from 20 to
40˚C, demonstrating that the adsorption capacity of
As(V) increased with increasing temperature. The
value of k2 also increased from 35.60 to 78.41 g/mg/h
with increasing temperature, indicating that the time
needed to reach equilibrium decreased with increasing
temperature. The initial adsorption rate constant (h) at
t → 0 can be calculated from the rate constant k2 using
the following Eq. (20):

h ¼ k2qe
2 (7)

The values of h increased with increasing tempera-
ture, indicating that the adsorption at an early phase
of the sorption process grew faster with increasing
temperature. The values of h were lower than the ini-
tial adsorption rate constant (α) from the Elovich
model.

The kinetic sorption data analyzed by the
following intraparticle diffusion model:

qt ¼ Kit
1=2 þ I (8)

where Ki is the intraparticle diffusion rate constant,
and I is the intercept related to the thickness of the
boundary layer. The intraparticle diffusion model
analysis is shown in Fig. 4, indicating that the plots
were composed of two line segments. The first line in
the plot indicates boundary layer adsorption, while
the second line describes the intraparticle diffusion
[21]. Model parameters for the intraparticle diffusion
model are presented in Table 2. The values of Ki for
the first and second lines were 0.0177–0.0233 and
0.0026–0.0060 mg/g/h1/2, respectively. The diffusion
model was well fitted to the data, with coefficients of
determination (R2) of 0.957–0.977 (first line) and
0.759–0.987 (second line).

Fig. 3. Kinetic model analysis: (a) 20˚C, (b) 30˚C, and (c)
40˚C. Model parameters are provided in Table 1.
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3.4. Equilibrium model and thermodynamic analyses

The As(V) concentration data were analyzed using
the following nonlinear forms of Freundlich (Eq. (9)),
Langmuir (Eq. (10)), and Redlich–Peterson (Eq. (11))
isotherm models [22]:

qe ¼ KFCe
1=n (9)

qe ¼ QmKLCe

1 þ KLCe
(10)

qe ¼ KRCe

1 þ aRCe
g

(11)

where qe is the amount of As(V) removed at equilib-
rium (mg/g), Ce is the concentration of As(V) in the
aqueous solution at equilibrium, KF is the distribution
coefficient, 1/n is the Freundlich constant, Qm is the
maximum mass of As(V) removed per unit mass of
adsorbent (removal capacity), KL is the Langmuir
constant related to the binding energy, KR is the
Redlich–Peterson constant related to the adsorption
capacity, aR is the Redlich–Peterson constant related to
the affinity of the binding sites, and g is the
Redlich–Peterson constant related to the adsorption
intensity.

The equilibrium data and isotherm model fits for
As(V) removal in functionalized ACF are given in
Fig. 5. The equilibrium isotherm parameters are
summarized in Table 3. The values of R2, χ2, and SSE
indicate that the Redlich–Peterson model was the most
suitable for describing the data. In the Redlich–Peter-
son model, the value of KR was 0.175 L/g, and the
value of aR was 0.524 L/mg. From the Langmuir
model, the maximum As(V) adsorption capacity (Qm)
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Fig. 4. Intraparticle diffusion model analysis. Model
parameters are provided in Table 2.
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was determined to be 1.208 mg/g, which was lower
than that of Zhang et al. [15], who reported the As(V)
adsorption capacity of magnetite-doped ACF as
4.16 mg/g. This discrepancy could be attributed to the
different experimental conditions between these two
studies, including the adsorbent dose and As(V) con-
centration. Zhang et al. [15] performed the batch sorp-
tion experiments with the adsorbent (magnetite-doped
ACF) dose of 0.7 g/L and As(V) concentration of
2 mg/L, whereas our batch experiments were done
with the adsorbent dose of 20 g/L and As(V) concen-
tration of 1 mg/L.

The reaction time data at different temperatures
were used to perform the thermodynamic analysis
using the following equations [23]:

DG
� ¼ DH

� � TDS
�

(12)

DG
� ¼ �RT ln Keð Þ (13)

lnðKeÞ ¼ DS
�

R
� DH

�

RT
; Ke ¼ aqe

Ce
(14)

where ΔG˚ is the change in Gibb’s free energy, ΔS˚ is
the change in entropy, ΔH˚ is the change in enthalpy,
R is the gas constant (=8.314 J/mol/K), Ke is the equi-
librium constant (dimensionless), and a is the adsor-
bent dose. The values of ΔS˚ and ΔH˚ were
determined by plotting ln(Ke) vs. 1/T using Eq. (14),
and the value of ΔG˚ was calculated from Eq. (12).

The thermodynamic data and analysis for As(V)
sorption to functionalized ACF are presented in Fig. 6.
The As(V) adsorption to functionalized ACF increased
with increasing temperature from 20 to 40˚C, demon-
strating that the sorption process was endothermic.

Table 2
Intraparticle diffusion model parameters obtained from model fitting to experimental data

Temp. (˚C) Ki,1 (mg/g/h0.5) I R2 Ki,2 (mg/g/h0.5) I R2

20 0.0193 0.0034 0.977 0.0060 0.0212 0.987
30 0.0233 0.0076 0.959 0.0037 0.0350 0.906
40 0.0177 0.0173 0.957 0.0026 0.0392 0.759

Table 3
Equilibrium isotherm model parameters obtained from model fitting to experimental data

Freundlich isotherm Langmuir isotherm Redlich–Peterson isotherm

KF (L/g) 1/n R2 SSE χ2 Qm (mg/g)
KL

(L/mg) R2 SSE χ2 KR (L/g)
aR
(L/mg) g R2 SSE χ2

0.140 0.537 0.995 0.0031 0.022 1.208 0.077 0.994 0.0035 0.045 0.175 0.524 0.671 0.998 0.0010 0.021

Fig. 5. Equilibrium isotherm model analysis. Model
parameters are provided in Table 3.

Fig. 6. Thermodynamic analysis for the removal of As(V)
by functionalized ACF.
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The positive value of ΔH˚ (=38.02 kJ/mol) also indi-
cated the endothermic nature of As(V) sorption. The
positive value of ΔS˚ (=149.15 J/K/mol) showed that
the randomness increased at the interface between the
solid and solution during the sorption process. The
negative values of ΔG˚ (20˚C: –5.70; 30˚C: –7.19; 40˚C:
–8.69 kJ/mol) indicated that the sorption process was
spontaneous. Our results were similar to the report of
Guo et al. [24], who showed the endothermic nature
of As(V) removal by synthetic siderite (FeCO3).
Deliyanni et al. [25] also reported that the sorption of
As(V) to synthetic akaganéite (β-FeOOH) nanocrystals
was endothermic.

4. Conclusions

In this study, the removal of As(V) by functional-
ized ACF was examined. The batch experiments
showed that the maximum adsorption capacity of As
(V) in functionalized ACF was 1.208 mg/g. The
adsorption of As(V) to functionalized ACF was sensi-
tive to solution pH changes and decreased with an
increase in the pH from 2.6 to 8.9. Kinetic model
analysis showed that the pseudo-second-order model
was the most suitable for describing the kinetic data.
Equilibrium isotherm model analysis illustrated that
the Redlich–Peterson model fitted well with the equi-
librium data. Thermodynamic tests demonstrated that
As(V) sorption to functionalized ACF increased with
an increase in the temperature from 20 to 40˚C, indi-
cating the endothermic and spontaneous nature of the
sorption process. This study demonstrated that the
removal of As(V) by ACF could be enhanced via iron
oxide impregnation.
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