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INTRODUCTION

Ground water is an indispensible drinking water source
especially in the rural areas of developing countries. However,
elevated concentrations of arsenic in ground water are found
in many countries such as Bangladesh, India, Vietnam, Chile,
China and Argentina'~. Chronic intake of arsenic is proved to
be responsible for the increased risks of cancers, diabetes,
developmental and reproductive problems and cardiovascular
disease™. A lethal dose effect on acute arsenic poisoning can
lead to muscular weakness, loss of appetite, nausea and it has
direct effect towards the skin. Excess exposure to arsenic may
cause lung and kidney cancer™. Between As(III) and As(V),
As(IIT) has an especially high affinity towards tissue proteins
by strong binding to mercaptan groups existing in biomolecules
such as amino acids, peptides and proteins, which is associated
with its higher toxicity and metabolism of arsenic in mammals'’.
Millions of people are actually at a risk of developing cancer
due to chronic arsenic poisoning. As such, the World Health
Organization (WHO) and United states environmental protection
agency (USEPA) implemented the reduction of arsenic maximum
contaminant level (MCL) in drinking water from 50 to 10 pg/L
as early as in 2006. This regulation has enhanced the develop-
ment of water treatment technologies and improved the water
quality around the world.
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A number of water treatment technologies such as coagu-
lation/precipitation, ion exchange, lime softening, membrane
separation and adsorption, are effective for As(V) removal,
but much less for As(III). In anoxic groundwater, As(III) is
present predominantly and more mobile. Meanwhile, it is a
hydrophilic and neutral species below pH 9 and the major
removal process such as adsorption and anion exchange are
not so effective as expected''*. However, adsorption is still
considered as one of the cost-effective and practical methods
for arsenic removal. Adsorption has its advantages such as
ease of operation and high efficiency. A large variety of
adsorbents such as titania'®, zero-valent iron'® and zirconium
nanoparticles'” are proved to be capable of removing arsenic
effectively from water.

In this study, activated carbon fibre was modified with
iron salt (FeCl;) by wet impregnation method in order to
improve its adsorption performance for As(IIl) removal. A
series of batch adsorption experiments, including kinetics and
isotherm studies, pH and co-existing anions effects, were carried
out to understand the adsorption behavior of iron modified
activated carbon fibre. The electrochemically assisted adsor-
ption of As(IIT) was examined under external electric field.
The possibility for the regeneration of iron modified activated
carbon fibre was also checked by reversing the polarity of the
electric field applied.
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EXPERIMENTAL

Sodium arsenite (NaAsO,) was supplied by Fluka (Swit-
zerland). Other chemicals such as sodium sulphate, sodium
nitrate, sodium phoaphate, sodium bicarbonate and sodium
silicate were purchased from Chinese Chemical Company of
Beijing. Other materials used in the test were of analytical
purity. Deionized and doubly distilled water was used through-
out the study.

Preparation of iron modified activated carbon fibre:
The activated carbon fibre was provided by Liaoning Anshan
Senxin Activated Carbon Environmental Materials Co., Ltd,
China. Its thickness is 2 mm and the average surface area is
1500 m%g. Before use, the activated carbon fibre was immersed
in HCI for 24 h, then washed with distilled water to neutral
pH and dried at 353 K. The pretreated activated carbon fibre
was impregnated in concentrated FeCl; solution for 24 h and
dried in an oven at 80 °C overnight. The above procedures
were repeated for 6 times and the iron modified activated
carbon fibre was prepared.

The morphologies of activated carbon fibre and iron modified
activated carbon fibre were recorded on a Philips Quanta-2000
scanning microscope coupled with an energy dispersive X-ray
(EDX) spectrometer. Their X-ray diffraction (XRD) patterns
were recorded on a Rigaku D/MAX-3B X-diffractometer.

Adsorption of arsenite on iron modified activated
carbon fibre: A stock solution of 1000 mg/L in As(III) was
prepared by dissolving a certain amount of sodium As(III)
into deionized water. An aliquot of the stock solution was
mixed with a certain volume of water so that As(II) solutions
were prepared at the desired experimental concentration.

The reaction was carried out in a series of conical flasks
and 100 mL of the As(III) solution with a concentration of
50 mg/L was used under otherwise stated. A desired amount
of raw activated carbon fibre or iron modified activated carbon
fibre was added into the solution. The solution pH was adjusted
with 0.1 M HCl or NaOH. The mixtures were shaken on an
orbit shaker at 200 rpm for 24 h at 24 + 1 °C. The samples
were collected at a desired time interval and used for determi-
nation.

Electrochemically assisted adsorption and desorption
of arsenite: Electrochemically assisted adsorption and
desorption of arsenite was conducted in 150 mL vessel in which
100 mL of arsenite solution (50 mg/L) under vigorous elec-
tromagnetic stirring. The anode employed is iron modified
activated carbon fibre with a size of 20 mm x 40 mm. Titanium
mesh with the same sizes was used as the cathode. The distance
between the anode and cathode is 10 mm. The stable voltage
of 1.2V was supplied by a DH1715A-3 potentiostat (Beijing
Dahua Radio Instrument Factory).

Analyses: Samples were collected and filtered through a
0.45 pm membrane before As(IIl) analyzing. Hydride gene-
ration atomic fluorescence spectrometry (HG-AFS) (AFS-
8220, Beijing Jitian Analytical Instrument Company) was used
for As(IIT) concentration measurement.

RESULTS AND DISCUSSION

Fig. 1 shows the SEM images of raw activated carbon
fibre and iron modified activated carbon fibre after adsorption.

Iron modified activated carbon fibre has the identical
morphology with the raw activated carbon fibre and only the
image of raw activated carbon fibre is presented here. It can
be observed that both the raw activated carbon fibre and
unmodified activated carbon fibre are smooth and even. Com-
pared with the raw activated carbon fibre, a large number of
granules are obviously observed on the iron modified
activated carbon fibre after adsorption. They can be deduced
to be iron oxide because only FeCl; was added when modi-
fying the activated carbon fibre. By EDX analysis (Fig. 2),
the molar ratio of C, Fe and O on iron modified activated
carbon fibre after adsorption is 92.2, 0.70 and 7.1 %, respec-
tively. There was no Fe detected on the raw activated carbon
fibre. In addition, the weak existence of iron oxide only partly
modified the appearance of activated carbon fibre and it is
still not clear to what extent the properties of activated carbon
fibre can be changed.
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Fig. 1. SEM images of raw activated carbon fibre (a) and iron modified
activated carbon fibre after adsorption (b)
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Fig. 2. EDX analysis of raw activated carbon fibre (a) and iron modified
activated carbon fibre (b)

Fig. 3 shows the XRD patterns of the iron modified acti-
vated carbon fibre and raw activated carbon fibre. The broad
diffraction peaks of iron modified activated carbon fibre and
raw activated carbon fibre indicate a disorder amorphous
material. The raw activated carbon fibre has two weak peaks
at 20 of 25.8 and 41.3°, corresponding to the (0 0 2) and (1 0
0) planes of graphite, which is consistent with other study"®.
The XRD patterns of the iron modified activated carbon fibre
were an integration of FeCl; and raw activated carbon fibre.
However, it has an almost identical XRD patterns with those
of raw activated carbon fibre, which may be due to the negli-
gible amount of FeCl; immobilized on activated carbon fibre.

Adsorption Kkinetics: The adsorption kinetics of As(III)
on activated carbon fibre and iron modified activated carbon
fibre is illustrated in Fig. 4. As other study reported', the
adsorption process could be divided into two steps in terms of
kinetics. A quick step in the beginning and a subsequent slow
one were observed while adsorption occurred. In our test, 61 %
of the adsorption capacity was achieved for activated carbon
fibre and 89.3 % for iron modified activated carbon fibre within
60 min due to the immediate electrostatic interaction between
the adsorbents and As(III). The adsorption processes resulted
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Fig. 3. XRD patterns for the iron modified activated carbon fibre (a) and

raw activated carbon fibre (b)

from electrostatic attraction alone is usually in the order of
seconds™. After 180 min, 93.6 % of the maximum adsorption
for activated carbon fibre and 96.0 % for iron modified activated
carbon fibre was realized, which also indicated the slow step
occurred before the final equilibrium. The above might indicate
that a specific adsorption occurring between As(IIl) and iron
modified activated carbon fibre.
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Fig. 4. Adsorption kinetics of As(III) (50 mg/L) on iron modified activated

carbon fibre (a) and raw activated carbon fibre (b) in a 600 mg/L
suspension at pH 7

Kinetics data for As(IIT) adsorption onto the iron modified
activated carbon fibre was also studied with pseudo-first-order
model and pseudo-second-order model**>. The mathematical
representations of the models are given in

In(qe —q) =1Inqe— kit (D)
t 1 + t

— = — 2

q. k,q q. @

where q. and q, are the adsorption capacities (mg/g) of the
adsorbent at equilibrium at any time t (min), respectively; and
k; (min") and k, (g mg/min) are the related adsorption rate
constants for pseudo-first-order and pseudo-second-order
model, respectively.
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As a comparison, the intraparticle diffusion model is given
as the following equation:

q=Kit”+C 3)

where Ki (g/mg min"?) is the intraparticle diffusion rate constant
and C is the intercept.

The rate constants obtained from the pseudo-first-order
model, pseudo-second-order model and intraparticle diffusion
model are summarized in Table-1. It is obvious that pseudo-
second-order model well fitted the kinetics data and K, value
for raw activated carbon fibre and iron modified activated
carbon fibre achieved 0.00531 and 0.00870 g mg/min, respec-
tively.

Effect of solution pH: Fig. 5 shows the effect of initial
solution pH on the amount of As(III) adsorbed at equilibrium
conditions. The As(IIT) adsorbed at pH 9 on activated carbon
fibre and iron modified activated carbon fibre achieved 9.3
and 15.5 mg/g, respectively. At pH 4, the values were 0.15
and 4.2 mg/g for activated carbon fibre and iron modified
activated carbon fibre. It is apparent that the immobilization
of iron oxide on activated carbon fibre could significantly
improve the As(III) uptake by 67.8 % at pH 9. Furthermore, it
is observed that the As(III) adsorbed increased with an increase
of pH on both activated carbon fibre and iron modified activated
carbon fibre. The pK., pKa. and pKg; of H3AsO;1s9.23, 12.10
and 13.41, respectively. This implies that H;AsO; could not
dissociated in acidic conditions, while deprotonation only
occurs under highly alkaline conditions. On the other hand,
the iron modified activated carbon fibre is positively charged
in acidic conditions while more negatively charged in neutral
and alkaline conditions.
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Fig. 5. Effect of solution pH on As(III) adsorption on iron modified
activated carbon fibre and raw activated carbon fibre. Initial As(IIT)
concentration was 50 mg/L and adsorbent content was a 600 mg/L

H3AsOs is the predominant species for As(III) at neutral
pH conditions as well as in the acidic ranges®, which led to a
weak uptake of As(III) on both adsorbents in this pH range
due to a comparatively weak chemical adsorption. With the
initial pH increasing from 6 to 9, As(III) removal was found
to be not so significant when using activated carbon fibre alone.
Once the iron oxide was immobilized on activated carbon fibre,
the As(IIT) uptake was improved furthermore. This is mainly
attributed to the effect of iron oxide immobilized on activated
carbon fibre and the following reactions are expected to occur
in neutral and alkaline conditions®**:

—Fe(OH)>—+ H,AsOs—(+ H3;AsO3) — —FeO,AsOH- (4)

The H,AsO;™ anions coordinated with the Fe(III) on the
modified activated carbon fibre, producing more stable
complexes such as Fe-O-As(OH)-O-Fe.

Effect of ionic strength: The effect of ionic strength on
the adsorption process of As(III) by activated carbon fibre and
iron modified activated carbon fibre at pH 7 is shown in Fig. 6.
Sodium chloride was adopted as electrolyte in this investigation.
It was found that the increase in NaCl concentration from 0 to
4 % enhanced the adsorption of As(II) dramatically for both
adsorbents. It was reported that anions that adsorb by outer-
sphere association are strongly sensitive to ionic strength®. Due
to the build-up of outer-sphere complexes through electro-
static forces, the adsorption of these anions is suppressed by
competition with weakly adsorbing anions such as Cl~ and
NO;™. By contrast, anions that adsorb by inner-sphere asso-
ciation either show little sensitivity to ionic strength or respond
to higher ionic strength with greater adsorption’’. Conse-
quently, the As(III) anions are expected to form inner-sphere
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Fig. 6. Effect of ionic strength on As(III) adsorption on iron modified

activated carbon fibre and raw activated carbon fibre. Initial As(IIT)
concentration = 50 mg/L; adsorbent dose 600 mg/L; at pH 7

TABLE-1
ADSORPTION RATE CONSTANT OBTAINED FROM PSEUDO-FIRST-ORDER MODEL, PSEUDO-SECOND-ORDER MODEL AND
INTRAPARTICLE DIFFUSION MODEL FOR RAW ACTIVATED CARBON FIBRE AND IRON MODIFIED ACTIVATED CARBON FIBRE

Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model
Adsorbent ) k, ) . o )
k q. (mg/g) R (@mg/miny % 08D R Ki (g/mg min™) C R
ACF 1.88 5.77 0.965 0.00531 7.16 0.972 0.464 0.59 0.710
M- ACF 2.08 6.59 0.804 0.00870 12.66 0.998 0.834 291 0.968
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surface complexes at the water/oxide interface. Some researchers
also believed that with the increasing concentration of NaCl,
more Na* could react with negative charges, reduce the electro-
static repulsion between anions and adsorbents and enhance
the adsorption®.

Effect of co-existing ions: Arsenic(I1]) is usually observed
in contaminated underground water. Coexisting anions such
as sulfate, nitrate and carbonate are generally present in the
source water, which may interfere the adsorption of As(III)
by competitive adsorption. The influences of coexisting anions,
sulfate, phosphate, silicate, carbonate and nitrate on As(III)
adsorption on iron modified activated carbon fibre are shown
in Fig. 7. It should be mentioned that the concentrations of
these coexisting anions are referred to their actual environ-
mental levels. It is obvious that there is no significant influ-
ence on As(IIT) adsorption caused by the presence of sulfate,
carbonate and nitrate. By contrast, the presence of phosphate
and silicate have hindered the uptake of As(IIl) significantly.
The similar adverse effects of phosphate and silicate on arsenic
adsorption were reported by other researchers'”*. The sharp
decrease in the adsorption capacity resulted from phosphate
and silicate may be due to their high affinity towards the iron
modified activated carbon fibre.
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Fig. 7. Effect of co-existing ions on As(II) adsorption on iron modified
activated carbon fibre. Initial As(III) concentration = 50 mg/L;
adsorbent dose 600 mg/L; at pH 7

Adsorption isotherms: Both Langmuir and Freundlich
models™' were employed to describe the adsorption isotherms
obtained in the figure. The Langmuir equation is represented
as:

— qmakaCe

de 1+k,C, %)

where ¢ is the amount of As(III) adsorbed onto iron modified
activated carbon fibre (mg/g), C. is the equilibrium concen-
tration, Qmax 1S the maximum adsorption capacity of the sorbent
and k. is the equilibrium adsorption constant related to the
affinity of binding sites (L/mg).

Freundlich model is applicable to adsorbents with het-
erogeneous surfaces and it can be expressed by the following
equation:

Qe = krCd (6)

where kr is roughly an indicator of the adsorption capacity
and n is the heterogeneity factor, which has a lower value for
more heterogeneous surfaces.

It was found that the Freundlich model fits the experi-
mental data better than Langmuir model. The adsorption
constants obtained from the Freundlich model are listed in
Table-2. The Freundlich equation describes adsorption in
which the adsorbent has a heterogeneous surface and adsor-
ption sites have different adsorption energies. From this point
of view, it can be deduced that the iron modified activated
carbon fibre has a heterogeneous surface instead of a homo-
geneous one.

TABLE-2
FREUNDLICH ISOTHERM CONSTANTS FOR As(III)
ADSORPTION BY RAW ACTIVATED CARBON FIBRE (ACF)
AND IRON MODIFIED ACTIVATED CARBON FIBRE AT pH 7.0

Adsorbents n Inkg R?
ACF 0.846 -0.477 0.991
Iron modified ACF 0.538 0.287 0.986

Electrochemically assisted adsorption and desorption
of arsenite: The effect of external electric field on As(III)
adsorption by iron modified activated carbon fibre were
examined. It was observed that the adsorptive removal effi-
ciency achieved 8.2 % after 60 min of adsorption. Once the
electric field of 1.2 V was applied across the anode and cathode,
the removal efficiency of 20.1 % was obtained. This indicates
that the external electric field can help to improve the removal
of As(IIl) by 145.1 %.

In order to examine the regeneration and reusability of
iron modified activated carbon fibre for electrosorption,
desorption experiment was conducted by reversing the polarity
of the electric field and the results were presented in Fig. 8. It
is noted that after 180 min of electrosorption, the 1.2 V electric
field was reversed and desorption continued for 120 min. The
desorption ability reached 76.8 % compared with the adsorp-
tion capacity at 180 min.
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Fig. 8. Adsorptive kinetics curve by external electric field at 1.2 V and
desorption of As(IIl) by reversing the polarity of the electric filed
on iron modified activated carbon fibre. As(II) solution (50 mg/L)
100 mL, at pH 7
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Conclusion

Iron modified activated carbon fibre was prepared by wet
impregnation method and used for the adsorptive removal of
As(III). The kinetics adsorption experiment indicates that most
of the uptake of As(IIl) occurred in the first 60 min. Pseudo-
second-order model fitted the kinetics data better. Ionic strength
test indicates that the adsorption process formed inner-sphere
complexes. The presence of sulfate, carbonate and nitrate had
insignificant influence on As(III) adsorption, while phosphate
and silicate hindered the adsorption obviously. The increase
of solution pH enhanced the adsorption capacity. The
Freundlich equation well described the adsorption isotherm.
External electric field was proved to have improved the As(III)
adsorption onto the sorbent and helped the desorption of As(III)
as well.

ACKNOWLEDGEMENTS

The authors thank for the financial support of the starting
fund to Dr. Fazhan Li for Talents of North China University of
Water Resources and Electric Power.

REFERENCES

1. M. Berg, H.C. Tran, T.C. Nguyen, H.V. Pham, R. Schertenleib and W.
Giger, Environ. Sci. Technol., 35, 2621 (2001).

2. H. Guo, S. Yang, X. Tang, Y. Li and Z. Shen, Sci. Total Environ., 393,
131 (2008).

3. J. Bundschuh, B. Farias, R. Martin, A. Storniolo, P. Bhattacharya, J.
Cortes, G. Bonorino and R. Albouy, Appl. Geochem., 19, 231 (2004).

4. D. Mohan and C.U. Pittman Jr., J. Hazard. Mater., 142, 1 (2007).

5. M.M. Wu, T.L. Kuo, Y.H. Hwang and C.J. Chen, Am. J. Epidemiol.,
130, 1123 (1989).

6. Y. Yilmaz, E. Armagan, O.F. Olmez, M. Esen, N. Elkis and E. Dolar,
Hum. Exp. Toxicol., 63, 28 (2009).

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.
24.

25.
26.

217.
28.

29.

30.
31.

G. Tournel, J. Forensic Sci., 56, S275 (2011).

A.A. Nafees, A. Kazi, Z. Fatmi, M. Irfan, A. Ali and F. Kayama, Environ.
Geochem. Health, 33, 203 (2011).

M.I. Ferndndez, J.F. Lépez, B. Vivaldi and F. Coz, J. Urol., 187, 856
(2012).

M.J. Han, X. Meng and L. Lippincott, Toxicol. Lett., 175, 57 (2007).
P. Franck and D. Clifford, As(III) oxidation and removal from drink-
ing water, Report EPA-600-52-86/021, USEPA, 1986.

M.R. Jekel, in ed.: J.O. Nriagu, Removal of Arsenic in Drinking Water
Treatment, Arsenic in the Environment, John Wiley & Sons, New York,
1994.

W. Driehaus, R. Seith and M. Jekel, Water Res., 29, 297 (1994).

M. Jang, S.-H. Min, T.-H. Kim and J.K. Park, Environ. Sci. Technol.,
40, 1636 (20006).

M. Pena, X.G. Meng, G.P. Korfiatis and C.Y. Jing, Environ. Sci.
Technol., 40, 1257 (2006).

S.R. Kanel, B. Manning, L. Charlet and H. Choi, Environ. Sci. Technol.,
39, 1291 (2005).

Y. Ma, Y.M. Zheng and J.P. Chen, J. Colloid Interf. Sci., 354,785 (2011).
S.J. Zhang, X.Y. Li and J.P. Chen, J. Colloid Interf. Sci., 343,232 (2010).
G.S. Zhang, H.J. Liu, R.P. Liu and J.H. Qu, J. Hazard. Mater-., 168, 820
(2009).

M.L. Pierce and C.B. Moore, Water Res., 16, 1247 (1982).

N. Chen, Z.Y. Zhang, C.P. Feng, M. Li, D.R. Zhu, R.Z. Chen and N.
Sugiura, J. Hazard. Mater., 183, 460 (2010).

W.Ma, EQ.Ya, M. Han and R. Wang, J. Hazard. Mater., 143,296 (2007).
G.N. Manju, C. Raji and T.S. Anirudhan, Water Res., 32, 3062 (1998).
A. Jain, K.P. Raven and R.H. Loeppert, Environ. Sci. Technol., 33,
1179 (1999).

X.H. Sun and H.E. Doner, Soil Sci., 161, 865 (1996).

E.A. Deliyanni, D.N. Bakoyannakis, A.I. Zouboulis and K.A. Matis,
Chemosphere, 50, 155 (2003).

M.B. McBride, Clays Clay Miner., 45, 598 (1997).

B.C. Qu, J.T. Zhou, X.M. Xiang and C.L. Zheng, J. Environ. Sci.
(China), 20, 704 (2008).

ZM. Ren, G.S. Zhang and J.P. Chen, J. Colloid Interf. Sci., 358, 230
(2011).

I. Langmuir, J. Am. Chem. Soc., 38, 2221 (1916).

H.M.F. Freundlich, J. Phys. Chem., 57, 385 (1906).



