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a b s t r a c t

Iron–cerium hydroxide (Fe–Ce), which has shown a high arsenic (V) (As(V)) adsorption capacity in pre-
vious studies, was granulated using the vibration dropping method used to prepare small-sized fuel
particles. Fabrication studies showed that the sintering process could not be used in the preparation
of the granular Fe–Ce (GFC) adsorbent and that the optimum grain size was 1.0 mm for As(V) removal.
The optimum sized GFC (GFC-1.0 mm) exhibited a Freundlich adsorption of 18.2 and 11.8 mg g−1 at an
equilibrium concentration of 1.0 and 0.1 mg L−1, respectively. The GFC-1.0 mm also showed equivalent
As removal performance to READ, a commercial adsorbent with CeO2 as the sole metal oxide component
(about 81%), under both space velocities of 240 and 24 h−1 in column tests. The cost for the manufacturing

of GFC, however, is much lower since iron is the major metal component (about 80%). Energy dispersive
X-ray microanalysis (EDX) results showed that As was distributed from the surface to the center of the
GFC after the As(V) adsorption experiment, suggesting that nearly all active sites inside the GFC were
available for the removal of As(V). The As(V) on the used GFC could be desorbed with an efficiency of 89%
using 1.0 mol L−1 sodium hydroxide, and the GFC after desorption showed similar As adsorption perfor-
mance with the fresh GFC. In conclusion, the GFC consisting of 80% Fe and 20% Ce exhibited As removal
performance equivalent to the commercial adsorbent consisting only of Ce.
. Introduction

Due to its toxicity and carcinogenicity, the wide occurrence of
rsenic (As) in groundwater has long been of global concern [1–7].
t has been speculated that over 100 million people worldwide are
xposed to high concentrations of As in drinking water [1,8], and
ignificant effort has been devoted to solving this problem.

Among the different options proposed, adsorption has been
onsidered the most cost-effective technology in relation to the
emoval of As from groundwater [8]. A wide range of low-cost
dsorbents have been reported for As removal, including natural
aterials [9], synthetic activated carbons [10,11], agricultural and

ndustrial products (or by-products and waste) [12–14], soil and

onstituents [15], and hydrotalcites [16]. However, these materials
eed frequent regeneration or replacement due to their relatively

ow adsorption capacities. Consequently, the development of As
dsorbents with high adsorption capacities has been a primary
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goal of much scientific research, with some investigations already
reporting that adsorbents such as zero-valent iron [17], single
or mixed oxides [18], and metal-based resins [19,20] have high
As adsorption capacity. Some adsorbents have also been success-
fully commercialized [8]. Among the commercial adsorbents, the
adsorbent READ (URL http://www.asahi-kasei.co.jp/salt/), which
uses hydrous cerium oxide as its major active component, has
been used to remove As from industrial wastewater. While this
material has a high adsorption capacity and can be regener-
ated easily, its high cost has limited its application in drinking
water, particularly in the developing world. In addition, although
interest in granular ferric hydroxide (GFH), another commer-
cialized iron-based adsorbent, has grown due to its relatively
low production costs, this material cannot be regenerated eas-
ily [8,21]. Consequently, its replacement cost is very high when
it is applied to groundwater with relatively high As concentra-
tions. In earlier studies, we successfully developed an iron–cerium

(Fe–Ce) bimetal oxide, which exhibited an As(V) adsorption
capacity significantly higher than many adsorbents previously
reported [22,23]. Additionally, production costs can be reduced
considerably due to the use of both Fe and Ce as the active com-
ponents. The major challenge was, however, how to manufacture

dx.doi.org/10.1016/j.cej.2010.05.021
http://www.sciencedirect.com/science/journal/13858947
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Fig. 1. Schematic diagram of the w

durable particle type adsorbent without sacrificing its adsorption
apacity.

Coating and loading (or impregnating) active components to a
arrier can be easily realized and has often been tried in the prepa-
ation of granular adsorbents [10,11,14,24–28]. These adsorbents,
owever, suffer from several drawbacks such as low adsorption
apacity caused by limited active components, and low stability
nd durability [29]. Among several particle fabrication technolo-
ies reported [30–32], the vibration dropping method is considered
n effective mechanism as it can fabricate homogeneous small-
ized particles from powdered materials without a carrier core and
as been successfully applied in the preparation of small-sized fuel
articles on a mass production scale [32].

In the present study, a granular As adsorbent (GFC) was prepared
rom the Fe–Ce powder using the vibration dropping method, and
ts performance as well as some characteristics in the removal of
s(V) was evaluated through comparison with several commercial
aterials.

. Materials and methods

.1. Preparation of adsorbent in powder and granule forms

The Fe–Ce bimetal oxide powder was prepared by a co-
recipitation method [22,23]. Approximately 0.08 mol L−1

e(SO4)2·4H2O, 0.2 mol L−1 FeCl3·6H2O, and 0.1 mol L−1

eCl2·4H2O was dissolved together in distilled water. Under
entle stirring, the pH was slowly raised to around 10 by the
ddition of 6 mol L−1 NaOH solution. After 12 h of aging at room
emperature, the suspension was repeatedly washed with distilled
ater and then dried at 100 ◦C for 10 h. The spherically shaped

ranular adsorbent, with different average diameters, was fabri-
ated from the Fe–Ce bimetal oxide powder using a wet-gelation
ibration dropping method [32] at Nuclear Fuel Industries, Ltd.,
apan. The schematic diagram of the vibration dropping method
s shown in Fig. 1 and the properties of the different GFCs are
ummarized in Table 1.
A particle type activated alumina (KHD, 1.4 mm average diam-
ter) was obtained from the Sumitomo Chemical Co., Ltd. Japan.
ranular Zr–Fe bimetal oxide adsorbent (SEVENTOL, 0.4–1.0 mm in
iameter) was obtained from the Takeda Pharmaceutical Company
td., Japan. The READ, which is prepared by combining hydrous

able 1
roperties of different granular Fe–Ce adsorbents.

Name of granular
adsorbents

Average diameter
(mm)

Average sphericity T
(

GFC-2.0 mm-
sintered

1.75 1.03 1

GFC-2.0 mm 2.0 1.03 1
GFC-1.5 mm 1.5 1.03 1
GFC-1.0 mm 1.0 1.04 1
GFC-0.6 mm 0.6 ND 2

D—not detected.
lation vibration dropping method.

cerium oxide with a supporting polymer (0.7 mm average diame-
ter), was provided by the Nihon Kaisui Co., Ltd., Japan.

2.2. Batch experiments for As(V) adsorption

A 1000 mg L−1 As(V) stock solution was prepared by dissolving
4.1653 g Na2HAsO4·7H2O in 1 L of distilled water. The As(V) bear-
ing solutions were prepared by diluting the stock solution to given
concentrations with distilled water. All other reagents used were
of analytical grade.

Given volumes of As(V) stock solution were added separately
to seven conical flasks, with the final volume of each increased to
100 ml with distilled water. The test solution pH was adjusted to 5.0
with 0.05 mol L−1 HCl or NaOH. H2AsO4

− is the main As(V) species
at pH of 5.0 [8]. The flasks were then shaken at 160 rpm and kept at
25 ◦C for 48 h following the addition of the adsorbent. The solutions
were then filtered with a 0.45 �m membrane filter for analysis.
The final pH was recorded and the concentration of residual As(V)
was analyzed on an atomic fluorescence spectrometer (HG-AFS-
610, Beijing Raileigh Analytic Instrument Corporation, China). The
adsorption isotherms were studied by varying the doses of adsor-
bent under a fixed As(V) concentration (10 mg L−1). Isotherms were
modeled using the Freundlich equation. Container adsorption tests
were also carried out in order to give blank adsorption. The experi-
ments were repeated three times and the data were averaged. And
the detection limits (D.L.), standard deviation (S.D.), and replicabil-
ity for As(V) analysis were 0.016 �g L−1, 3.13, and <3%, respectively.

2.3. Column study

Three kinds of column tests were performed using the granular
adsorbent. Firstly, a Perspex column (column A) with a diameter of
1.4 cm and height of 28 cm was used for evaluating the effect of dry-
ing or sintering temperature on As(V) removal (GFC-2 mm-25 ◦C:
drying at 25 ◦C without sintering and GFC-2 mm-sintered: sinter-
ing at 1000 ◦C). The quantity of particles used weighed 20 g. The
As bearing influent (As(V) concentration, 0.5 mg L−1) was prepared

by dissolving Na2HAsO4·7H2O in tap water (Beijing). Because pH
of groundwater is generally between 7 and 8, the tests were con-
ducted under pH 7.0 and 8.0, respectively, with a space velocity
(SV) of 10 h−1. The main As(V) species around pH 7.0 and 8.0 are
H2AsO4

− and HAsO4
2−, respectively. The speciation should be one

rue density
g cm−3)

BET surface area
(m2 g−1)

Compression strength
before failure (N)

.88 0.86 3.0

.42 114.4 37.6

.16 7.2 7.4

.30 20.8 5.5

.30 3.0 ND
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f the important factors affecting the As(V) removal efficiency [8].
he column effluents were collected at regular intervals of time
nd the As(V) concentration was measured. Metals in the efflu-
nts, including Fe and Ce, were analyzed using Inductively Coupled
lasma-Mass Spectrometry (ICP-MS, Plasma Quad 3, VG Corpora-
ion, UK).

Secondly, a smaller Perspex column (column B) with a diam-
ter of 0.8 cm and height of 10 cm was used for identifying the
ffect of average grain diameter on As adsorption (GFC-2 mm-25 ◦C,
FC-1.5 mm, GFC-1 mm, and GFC-0.6 mm). The quantity of particles
sed weighed 1 g. The tests were conducted under the following
onditions: pH, 7.0; As(V) concentration, 10 mg L−1; SV, 240 h−1

4 mL min−1) and 24 h−1 (0.4 mL min−1).
Thirdly, pilot column experimental equipment was constructed

nd installed in Jixiangzhuang Village, Houshayu Town, Beijing,
hina. The adsorption column was filled with the GFC-1 mm par-
icles to investigate the equipment’s performance in As removal
hrough continuous operation under field conditions. The treat-

ent process has been previously described in Dou et al. [33].
he pretreated water flowed gravitationally to the adsorption col-
mn (effective volume, 1 L; inner diameter, 6 cm; packing height,
.85 cm) packed with GFC-1.0 mm adsorbent particles. The SV was
h−1.

.4. Desorption experiments

After column adsorption (adsorption amount, 8.2 mg g−1), the
FC-1 mm was collected and air-dried for the desorption exper-

ments. The desorption tests were carried out by shaking the
s loaded adsorbents (1 g) in 50 mL NaOH solutions of different
oncentrations of 0.06, 0.3, and 1.0 mol L−1 for a period of 24 h,
espectively. The As(V) concentrations in the desorption solutions
ere then analyzed. The regenerated GFCs were evaluated by using

olumn B as described in Section 2.3.

.5. Characterization of GFCs

The GFC particles were characterized using the following meth-
ds. The specific surface areas of the GFCs (0.5 g) were determined
y the BET method using N2 gas. The density of the particles
1 g) was measured by the mercury densitometry. The microstruc-
ure, with average grain diameter and porosity (50 particles), was
bserved by photographic analysis equipment. The compressive
trength data and X-ray powder diffractometer (XRD) were pro-
ided by Japan Nuclear Fuel Industries, Ltd., Japan. The morphology
f the GFCs was detected by using a 30 kV HITACHI S-3000N scan-
ing electron microscopy (SEM). The deposition of metal species
n the transverse section of the GFC-1 mm after column adsorp-
ion of As (after column test using column B) was observed using
n energy dispersive X-ray (EDX) analytical spectrometer (EDAX
nc., USA) connected to a field emission.

. Results and discussion

.1. Effect of sintering on the performance of GFC

Sintering is a common process for particle fabrication using the
ibration dropping method [32]. To identify the effect of sinter-
ng on the performance of GFC, the As adsorption performance
f two GFC adsorbents (GFC-2.0 mm without sintering and GFC-
mm-sintered at 1000 ◦C) was compared using column A (Fig. 2).

or GFC-2.0 mm, the effluent As concentration reached the break-
hrough point (As = 0.05 mg L−1) at 42 and 468 bed volumes for pH
.0 and 7.0, respectively. For GFC-2 mm-sintered, however, the As
oncentration at the first sampling point (bed volume of 5) was over
he breakthrough point at pH 8.0. Fe–Ce adsorbs As mainly through
Fig. 2. Breakthrough curves for effect of particle fabrication temperature.

the ligand exchange between the surface M–OH groups and arse-
nate [23]. So it is possible that most of the surface M–OH groups
were destroyed during sintering. As such, sintering should not be
applied to the fabrication of GFC.

Fig. 3(a), (b), and (c) shows the XRD patterns of GFC-2.0 mm,
GFC-2.0 mm-sintered, and Fe–Ce powder, respectively. Similar to
the original Fe–Ce powder, the GFC-2.0 mm showed an amorphous
structure, indicating that the process of wet-gelation vibration
dropping had no obvious effect on the microcrystalline structure
of the bimetal oxide. The XRD pattern of GFC-2.0 mm-sintered
was, however, completely different. Obvious CeO2 (JCPDS 43-4002)
and Fe2O3 (JCPDS 33-0664) peaks were identified, showing that
the sintering process had changed the structure of the material
completely. At the same time, as can be seen from Table 1, the
GFC-2.0 mm had a higher compression strength (37.6 N) and sur-
face area (114.4 m2 g−1) than the GFC-2.0 mm-sintered (3.0 N and
0.86 m2 g−1). Additionally, the GFC-2.0 mm-sintered was gradually
crushed into a fine powder after the column test. The high sintering
temperature did decrease the physical strength, surface area, and
pore volume, resulting in a decrease in the number of active sites
and possibly explaining the reason for the different performances.

3.2. Effect of average grain diameters of GFCs and comparison
with several commercial adsorbents on As(V) adsorption

Adsorbent grain size plays an important role in adsorption
because it may affect the transportation rate of adsorbates inside
the adsorbent particles and has a profound effect on the strength of
particles by using the vibration dropping method [32]. The proper-
ties of different sized GFCs are compared in Table 1. It is clear that
the fabrication processes with a decrease of particle size reduced
the BET surface areas of the GFCs markedly, with GFC-0.6 mm show-
ing the lowest one (3.0 m2 g−1). At the same time, the compression
strength decreased with a decrease of particle size.

The As adsorption performance of different sized GFCs was
evaluated by both batch and column experiments. The Freundlich
isotherm model shown below was used to describe the batch
adsorption behaviors of GFCs:

log Qeq = log kf + 1
n

log Ceq, (1)
where Ceq is the equilibrium concentration (mg L−1), Qeq is the
amount adsorbed under equilibrium (mg g−1), and kf and n
are empirical constants incorporating all factors affecting the
adsorption process. The results, including the Freundlich isotherm
equations as well as the standard deviation values, R2, and the cal-
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ig. 3. XRD patterns of (a) GFC-2.0 mm, (b) GFC-2.0 mm-sintered, and (c) Fe–Ce
owder.

ulated values of Qeq under Ceq (0.1 and 1 mg L−1), are listed in
able 2. Linear plots of ln Qeq vs ln Ceq were obtained with R2 and

anged from 0.81 to 0.99, showing that the Freundlich isotherm
odel was applicable for the As adsorption of GFCs. The calculated

alues of Qeq for GFC-2.0 and GFC-1.5 mm were significantly lower
han those for GFC-1.0 and GFC-0.6 mm under both low and high
eq (Table 2). The smallest sized particle (GFC-0.6 mm) showed the

able 2
reundlich isotherm equations and calculated parameters for GFCs with different average

Granular adsorbents GFC-2.0 mm GFC-1.5 mm

Average diameter (mm) 2.0 1.5
log kf 0.93 ± 0.023 1.00 ± 0.051
1/n 0.45 ± 0.012 0.50 ± 0.024
R2 0.99 0.81
Qeq (mg g−1)(Ceq = 0.1mg L−1) 3.0 3.2
Qeq (mg g−1) (Ceq = 1mg L−1) 8.6 10.1
Fig. 4. Breakthrough curves of GFCs with different average grain diameters and
several commercial adsorbents under SV (a) 240 h−1 and (b) 24 h−1.

highest calculated Qeq under Ceq of 1.0 mg L−1, while GFC-1.0 mm
showed the highest Qeq (11.78 mg g−1) under Ceq of 0.1 mg L−1. In
addition, GFC-1.0 mm showed the similar calculated Qeq under both
low and high Ceq with READ.

The column tests (using column B) for GFC-1.5, GFC-1.0, and
GFC-0.6 mm were conducted in comparison with several commer-
cial adsorbents (KHD, SEVENTOL, and READ) under SVs of 240 and
24 h−1 at an influent As(V) of 10 mg L−1 at pH 7.0 (Fig. 4(a) and (b)).
It is clear that GFC-1.0 and GFC-0.6 mm together with READ formed
the high performance group under the high SV, while GFC-1.0 mm
and READ formed the high performance group under the low SV.
The GFC-1.0 mm showed equivalent As(V) removal performance to
READ under different SV conditions, but was far more efficient than

SEVENTOL and KHD. While READ has been shown to be effective for
As removal in Japan, Bangladesh, and India (URL http://www.asahi-
kasei.co.jp/salt/), its high cost due to the use of CeO2 as its sole active
component (about 81%) is a major drawback. For GFC, however, Fe

grain diameters.

GFC-1.0 mm GFC-0.6 mm READ

1.0 0.6 0.65-0.7
1.26 ± 0.046 1.30 ± 0.021 1.26 ± 0.015
0.19 ± 0.018 0.46 ± 0.010 0.25 ± 0.019
0.91 0.93 0.98

11. 8 7.0 10.2
18.2 20.1 18.1

http://www.asahi-kasei.co.jp/salt/
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Table 3
Desorption of GFC after As(V) adsorption by different NaOH concentrations in 50 mL
solutions (Adsorption capacity for As(V) 8.12 mg g−1).

−1
Fig. 5. Breakthrough curves of GFC and recycled GFC after regeneration.

an be used as a substitute for 80% of the Ce, which can significantly
educe the cost of the GFC.

As a granular adsorbent, it is usually expected that smaller
dsorbent sizes have a higher removal capacity than bigger pieces
34]. Both Table 2 and Fig. 4 show, however, that GFC-0.6 mm was
nferior to GFC-1.0 mm under low SV conditions and low equilib-
ium As concentration conditions, although there was a significant
ecrease in specific surface area (20.8–3.0 m2 g−1) with a decrease

n particle size (1.0–0.6 mm) (Table 1). Conversely, if pellets or par-
icles are exceedingly small, they may cause clogging problems in
packed-bed column and pressure loss [35]. Consequently, the
iameter of 1.0 mm was considered the most reasonable particle
ize.

In a previous pilot study, the GFC-1.0 mm particles were suc-
essfully applied for As removal from groundwater containing As

Fig. 6. SEM images of the GFCs with different average grain diameters: (a) GFC-2
NaOH concentrations (mol L ) 0.06 0.3 1.0

Desorbed amount (mg g−1) 0.98 5.43 7.24
Desorption efficiency (%) 12 67 89

of 70–100 �g L−1 in a suburban area of Beijing [33]. Under an SV
of 3 h−1 and pH 7.6 ± 0.2, the As(V) in effluent was kept lower
than 10 �g L−1 for approximately 150 days and 11,500 bed vol-
umes. The cumulative adsorption amount of As(V) was 6.0 mg g−1

media at the breaking point (effluent As(V) = 10 �g L−1). This was
higher than for porous granular ferric hydroxide (GFH, a com-
mercial adsorbent) (breakthrough capacity 1.5 mg g−1) in natural
groundwater at pH 7.6–7.8 [36], Al2O3/Fe(OH)3 (0.09 mg As g−1 at
50 �g L−1) [37], zero-valent iron (4.4 mg As g−1 media) under an SV
of 1.225 h−1 [38], and granular TiO2 (1.7 mg g−1, influent average
As of 39 �g L−1) [39]. As shown in Table S1, 18 metals (such as
Fe, Ce, Cu, Zn, Cd, Cr, Mg, Al, and Mn ions), anions, and radioac-
tivity in the effluent from the GFC column were analyzed during
the column’s operation. The results demonstrated the metal lev-
els were under the MCL of WHO and China for drinking water or
at the similar level as the influent (such as Ce). Radipactivity anal-
ysis of effluent showed that alpha and beta gross activities were
0.032 and 0.086 Bq L−1, respectively, which were well below the
proposed limit values of WHO and China (0.1 and 1.0 Bq L−1).

3.3. Desorption and regeneration studies
While it is important for an adsorbent to possess a high adsorp-
tion capacity, the loaded adsorbates should also be able to be
easily desorbed and reused on site. Sodium hydroxide (NaOH)
solution has been utilized to regenerate As loaded adsorbents

.0 mm, (b) 1.5 mm, (c) 1.0 mm, and (d) 0.6 mm (5000 times magnification).
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ig. 7. The SEM/EDX results: (a) the elemental adequate spectra of GFC after As ad
fter As adsorption (dot- As).

15,25,40]. Desorption of As(V) from loaded GFCs (adsorption
mount, 8.2 mg g−1) was carried out under different NaOH con-
entrations (Table 3). While a NaOH concentration of 0.06 mol L−1

as found to be ineffective in the desorption of As(V) from the
oaded GFC-1.0 mm, when the NaOH concentration was increased
o 0.3 and 1.0 mol L−1 the desorption efficiency increased to 67
nd 90%, respectively. The As(V) adsorption performance of the
FCs regenerated with different NaOH concentrations were eval-
ated by column tests (Fig. 5). It is clear that the GFC regenerated
ith 1 mol L−1 NaOH showed similar As(V) removal to the fresh
FC, demonstrating that an NaOH concentration of 1.0 mol L−1

as required for the efficient desorption of As(V) for GFC-1.0 mm.
he minimum NaOH concentration for the efficient desorption of
s(V) is determined by the adsorption capacities of the adsorbents.
he desorption of As(V) from aluminum-coated Shirasu-zeolite has
een successfully achieved with 40 mmol L−1 NaOH solution [40].
ead cellulose loaded with iron oxyhydroxide has been regener-
ted when elution was carried out with 2 mol L−1 NaOH solution
25]. Although further studies are required, it is clear that the GFC-
.0 mm can be regenerated by NaOH and reused.

.4. Distribution of As(V) inside GFC

The scanning electron microscopy (SEM) images (5000 times
agnification) of the GFC-2.0, GFC-1.5, GFC-1.0, and GFC-0.6 mm

articles are shown in Fig. 6(a), (b), (c), and (d), respectively.
elatively regular particles can be clearly identified for the GFC-
.0, GFC-1.5, and GFC-1.0 mm (Fig. 6(a), (b), and (c), respectively).
ig. 6(d), on the other hand, shows that the surface of GFC-0.6 mm

as covered with small anomalous particles and therefore differed

ignificantly from the other three particles.
To know whether the entire particle or just its surface was

vailable for the adsorption of As(V), it is necessary to elucidate
he distribution of As(V) inside the GFCs. The combination of SEM
ion; (b) SEM image and (c) the mapping mode image of As in section plane of GFC

coupled with EDX can yield submicrometer scale, high quality ele-
mental analysis [41], which has been utilized successfully for the
direct detection of As dopant and distribution maps in semicon-
ductor silicon devices [42], soil [43], and zero-valent iron [44]. The
elemental distribution on the surface of GFC after As adsorption
(using column B) was explored by a SEM combined with an EDAX
KEVEX level 4. The EDX analysis revealed that Fe, Ce, and O were
abundant on the surface and As was detected after column adsorp-
tion (Fig. 7(a)). In order to investigate the As distribution from the
surface to the center of a particle, the mapping mode image of As
in transverse section of a GFC after As adsorption was acquired
as shown in Fig. 7(b) and (c) (before and after background deduc-
tion). It can be seen that As was distributed almost evenly across
the transverse section, suggesting that nearly all of the active sites
inside the GFC were available for the removal of As(V).

4. Conclusions

The Fe–Ce bimetal hydroxide adsorbent was fabricated by a wet-
gelation vibration dropping method. The sintering process could
not be applied for the preparation of the granular Fe–Ce adsor-
bent and the optimum grain size was 1.0 mm. The GFC consisting
of 80% Fe and 20% Ce exhibited As removal performance equivalent
to the commercial adsorbent consisting only of Ce, an important
result as the material prepared in this study is much more cost-
effective. Pilot column experiment under field conditions showed
that the GFC-1.0 mm could remove As(V) from groundwater with
high efficiency. As was found to be distributed from the surface
to the center of the GFC after As(V) adsorption from EDX results,

suggesting a high utilization efficiency of the active sites inside the
GFC for adsorption. The GFC after desorption with NaOH showed
similar As adsorption performance to the fresh GFC. The long time
reuse of the adsorbent and the optimization of column operation
parameters, however, require further study.
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