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Granular activated carbon (GAC) was impregnated with iron through a new multi-step procedure using
ferrous chloride as the precursor for removing arsenic from drinking water. Scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS) analysis demonstrated that the impregnated iron
was distributed evenly on the internal surface of the GAC. Impregnated iron formed nano-size particles,
and existed in both crystalline (akaganeite) and amorphous iron forms. Iron-impregnated GACs (Fe-
GACs) were treated with sodium hydroxide to stabilize iron in GAC and impregnated iron was found very
rsenic
ron impregnation
ctivated carbon
rinking water

stable at the common pH range in water treatments. Synthetic arsenate-contaminated drinking water
was used in isotherm tests to evaluate arsenic adsorption capacities and iron use efficiencies of Fe-GACs
with iron contents ranging from 1.64% to 12.13% (by weight). Nonlinear regression was used to obtain
unbiased estimates of Langmuir model parameters. The arsenic adsorption capacity of Fe-GAC increased
significantly with impregnated iron up to 4.22% and then decreased with more impregnated iron. Fe-GACs
synthesized in this study exhibited higher affinity for arsenate as compared with references in literature

l for r
and shows great potentia

. Introduction

Arsenic in drinking water is a great concern because long-term
xposure to arsenic-contaminated drinking water can cause skin,
idney, lung, and bladder cancers [1]. Arsenic is introduced into
he environment through a combination of natural processes and
nthropogenic activities [2]. Soil leaching is the primary contrib-
tor of dissolved arsenic in groundwater [3]. The occurrence of
rsenic in natural water is a worldwide problem and impacts a
arge population of human beings [4–7]. In 2001, the United States
nvironmental Protection Agency (USEPA) adopted a new drinking
ater arsenic standard of 10 �g/L, downward from the old standard

f 50 �g/L [8]. This new arsenic standard presented a big challenge
o existing water treatment facilities for compliance.

Technologies, including precipitation/coprecipitation, ion
xchange, membrane filtration, and adsorption, have been devel-
ped to remove arsenic from drinking water [9–17]. Activated

arbon is widely used to control odor/taste and remove contam-
nants in water treatment processes because of its huge specific
urface area and well-developed pore structures [18]. Research
ound that arsenic adsorption capacity increased significantly
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after activated carbon was impregnated with iron and GAC still
remained its capability to remove organic contaminants [19–28].

Different methods have been developed to impregnate GAC with
more iron so as to increase arsenic adsorption capacity. A simple
method was to use ferric solution as the precursor and precipitate
ferric onto GAC with pH adjustment [22,24,26,29]. High amount of
iron on GAC, as high as 33.6%, was achieved using this method [24].
However, the impregnated iron mainly deposited on the exterior
surface of GAC rather the internal surface because ferric precipi-
tates were too large to diffuse into pores of GAC [23]. The primary
advantage of using GAC because of its large specific surface over
other materials was not properly used [24,29]. In addition, iron
impregnated on the exterior surface was susceptible to stability
issue and lost adsorption capacity in column operations [24,30].

Arsenic adsorption on iron is a surface reaction in which arsenic
forms inner-sphere surface complexation with iron [31–35]. Total
surface area of impregnated iron determines the maximum arsenic
adsorption capacity rather than iron amount alone. To achieve a
better iron distribution inside GAC, another method was proposed
to use ferrous as the precursor and followed by an in situ oxidation
of ferrous to ferric [23,27]. This approach was able to impregnate

iron inside GAC; however, when the iron content was 7% or higher,
a concentrated iron ring was formed on the outside of GAC parti-
cles [23]. To date, it remains a challenge to impregnate GAC with
a high amount of iron that is stably and evenly distributed inside
GAC.

dx.doi.org/10.1016/j.jhazmat.2010.08.066
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wei.lin@ndsu.edu
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Table 1
The properties of GACs used in this study.

GAC BET specific surface Total pore volume Particle size
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area (m2/g) (cm3/g) (mm)

Darco 20 × 50 650 0.950 0.3–0.85
Norit RX3 EXTRA 1316 0.694 3.0

In addition, as most research focused on the development of
mpregnation methods, there is a lack of understandings on how
he characteristics of iron, such as amount, morphology, distri-
ution, and species, affect the arsenic adsorption behavior on

ron-impregnated GAC (Fe-GAC).
The objectives of this study were to: (1) develop a method to

mpregnate GAC with a high amount of iron that is stably and
venly distributed in GAC; (2) characterize Fe-GAC to determine
he amount, distribution, morphology, and species of impregnated
ron; and (3) investigate impacts of the amount of impregnated iron
n arsenic adsorption capacity and efficiency.

. Experimental

.1. Materials

Two commercial GACs, Darco 20 × 50 and Norit RX3 EXTRA
Table 1), were used in this study. Darco 20 × 50 is a macro-
ore GAC that has a relatively small specific surface area while a

arge pore volume. Darco 20 × 50 was found very suitable for iron
mpregnation [23]. Norit RX3 EXTRA is an extruded pellet-shaped
AC with excellent mechanical strength. Unlike Darco 20 × 50,
orit RX3 EXTRA is a micro-pore GAC that has a high specific sur-

ace area while a small pore volume. GACs were thoroughly washed
sing de-ionized (DI) water to clean impurities and powder, dried
t 105 ◦C overnight, and stored in desiccator.

All chemicals used in this study, including ferrous chloride,
odium arsenate, hydrochloric acid, nitric acid, sodium hydroxide,
nd sodium bicarbonate, were of reagent grade. Synthetic arsenate-
ontaminated drinking water was prepared with sodium arsenate
n DI-water.

.2. Preparation of Fe-GAC

A multi-step procedure was developed to impregnate GAC with
ron to achieve high amounts, even distribution, and stability of
ron. Ferrous chloride was used as the precursor due to its high sol-
bility at a wide pH range. Thirty grams of GAC was added into a
50-mL glass bottle filled with 0.5 M ferrous chloride solution with-
ut headspace to prevent ferrous oxidation and precipitation. The
ottle was placed on a rotating shaker for 24 h at room tempera-
ure to achieve fully penetration and saturation of ferrous in GAC
ores. Then, the GAC was separated from the ferrous solution and
laced in a convective oven at 105 ◦C for 10 h. In the oven, ferrous
as oxidized to ferric making it less soluble at the same time when
AC was dried. Above steps were repeated several times resulting

n more impregnated iron after each repetition.
At the end of the synthesis, a post-treatment was conducted in

hich Fe-GAC reacted with 1 N NaOH for 24 h. Then, the Fe-GAC
as soaked in a diluted HCl solution for 24 h to remove hydroxide

esidue. The Fe-GAC was washed thoroughly using DI-water and
ried at 105 ◦C. The Fe-GAC used in isotherm tests was post-treated
nless specifically stated.
.3. Characterization of Fe-GAC

Fe-GACs were evaluated based on four indicators: amount of
mpregnated iron, distribution of impregnated iron, stability of
Materials 184 (2010) 515–522

impregnated iron, and arsenate adsorption capacity of Fe-GAC.
Iron content (defined in Eq. (1)) was determined through an acid
extraction method. Distribution and morphology of impregnated
iron were measured by scanning electron microscopy (SEM) and
energy dispersive X-ray spectroscopy (EDS). Iron species were iden-
tified by X-ray diffraction (XRD). According to the objectives of this
study, the pore structure and surface chemistry of Fe-GACs were
not investigated.

Iron content = mass of iron
mass of GAC + mass of iron

× 100% (1)

2.3.1. Measurement of iron content
Three different methods, incineration [36], incineration and

digestion [24], and acid extraction [37], were evaluated for the
measurement of the amount of impregnated iron in GAC. The acid
extraction method was selected and modified for this study. Three
hundred milligrams of Fe-GAC was added into a 40-mL vial contain-
ing 30 mL 1:1 HCl solution and shaken for 10 h. Then, the vial was
placed in a water bath at 70–80 ◦C for 4 h. The Fe-GAC was separated
from the solution using GF/C filter paper. The iron concentration in
the filtrate was analyzed using the phenanthroline method with a
Hach spectrophotometer DR5000. The iron content was calculated
according to the Eq. (1).

2.3.2. Measurement of the distribution, morphology, and species
of impregnated iron

Fe-GACs were fractured to expose the internal structure for
the examination of the distribution and morphology of impreg-
nated iron using a JEOL JSM-6490LV scanning electron microscope
equipped with a Thermo Energy Dispersive X-ray System. To avoid
the destruction of the surface characteristics of Fe-GACs, no further
polishing action was conducted on exposed cross-sections.

XRD analysis was carried out to determine iron species in GACs
using a Bruker AXS’ D8 Discover diffractometer in Bragg–Brentano
geometry, using Cu K� radiation with a wavelength of 1.5406 nm.
The powdered samples of Fe-GACs were scanned from 5◦ to 85◦,
using a step size of 0.02◦ and a run time of 1 s/step.

2.4. Iron desorption test

This test was conducted to evaluate the stability of impregnated
iron. Five hundred milligrams of Fe-GAC was added to 40 mL DI-
water and shaken 48 h. Fe-GACs were separated through filtration
using GF/C filter paper. The iron concentration in the filtrate was
analyzed using the same method described in Section 2.3.1. Des-
orption of impregnated iron was evaluated according to the mass
of dissolved iron in DI-water.

2.5. Arsenic adsorption test

The arsenic adsorption capacities of Fe-GACs were evaluated in
batch experiments using arsenate as adsorbate. An arsenate stock
solution with As5+ concentration of 1000 mg/L was prepared using
Na2HAsO4. An arsenate working solution of 40 mg/L was prepared
freshly for each experiment. A constant dosage of Fe-GAC was used
while the initial arsenate concentration varied. One hundred mil-
ligrams of Fe-GAC was added into a 40-mL glass vial containing
35 mL arsenate solutions. The vials were placed on the rotating
shaker for 48 h at 30 rpm and 25 ◦C. To keep conditions close to
those of natural water, pH was controlled around 7.0 using a 0.05 N

NaHCO3 buffer solution. After mixing, GAC was separated from the
solution through a 0.45 �m membrane filter. Filtrate was preserved
with 6 N HNO3 and stored at 4 ◦C for arsenate analysis.

To investigate the pH impact on arsenate adsorption, 35 mL of
3 mg/L arsenate solution was mixed with 100 mg of Fe-GAC in a
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was below 4. At pH 2.08, dissolved iron concentration was 25 mg/L,
which is equivalent to 21% of impregnated iron. Impregnated iron
was very stable when pH was above 4. Because pH is usually neu-
tral in water resources, no concern is necessary for the iron stability
Q. Chang et al. / Journal of Haza

eries of 40-mL vials. The pH was adjusted to 2–12 initially using
.1 N HCl or 0.1 N NaOH. During the adsorption period of 48 h, the
H of samples was readjusted to the targeted value using 0.1 N HCl
r 0.1 N NaOH at 6, 12, 24, and 36 h. Fe-GAC was separated using
0.45 �m membrane filter. Filtrate was preserved with 6 N HNO3

nd stored at 4 ◦C for arsenate analysis.

.6. Analytical methods

Arsenate analysis was conducted via a Spectro Genesis Induc-
ively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)
t 189.042 nm in accordance with the USEPA method 200.5. A
alibration curve, with a concentration series of 0, 0.05, 0.1, 0.4,
.0, and 5.0 mg/L, was prepared using an arsenic standard solu-
ion (1000 �g/mL in 2% nitric acid, Ultra Scientific certified). The
orrelation coefficient (R2) was always higher than 0.999. This
ethod had an arsenic detection limit of 30 �g/L. For the ana-

ytical quality control, an instrument performance check solution
0.5 mg/L) was analyzed after every 10 samples. A 10% variation
ould halt the analysis and the ICP was programmed to recalibrate

he arsenic analytical method. Spiked experimental blank/samples
ere adopted as quality control measures and the recovery rate
as between 95% and 104%. Calibration blank was placed after
igh-concentration samples to minimize the carry-over effect.

The iron concentration in adsorption tests was analyzed simul-
aneously by the ICP-OES to monitor the stability of impregnated
ron. Although iron and arsenic interfere with each other in ICP
nalysis, because the iron concentration was found very small
<0.3 mg/L) in all isotherm tests, the interference caused by iron
t 189.042 nm was negligible.

. Results and discussion

.1. Preparation of Fe-GAC

It is difficult to achieve high amounts, even distribution, and
tability for impregnated iron inside GAC in one step. This new
ynthesizing method is a multi-step procedure in which a small
mount of iron is impregnated in GAC to achieve full penetration
nd even distribution in each step. Then, by repeating this process,
igh amounts of iron can be achieved as well as an even iron dis-
ribution inside GAC. Ferrous was used as the precursor because it
s soluble at a wide range of pH and can diffuse deep into the inter-
al pores of GAC [23]. However, ferrous impregnated in GAC may
ot be stable because it can re-dissolve into solution. Therefore, in
he synthesis process, the drying step was purposely extended to
0 h to stabilize iron inside GAC by the conversion of ferrous to fer-
ic using oxygen in air in the convective oven. In this step, most
errous chloride is expected to be oxidized to ferric chloride, ferric
xide, and ferric hydroxide.

Two GACs, Darco 20 × 50 and Norit RX3 EXTRA, were used for
ron impregnation to examine the capability of this synthesizing

ethod. As shown in Fig. 1, iron contents were 2.03% for Darco
0 × 50 and 0.77% for Norit RX3 EXTRA after the first 24 h treatment.

ron contents increased almost linearly with repetitions, 1.03% per
epetition for Darco 20 × 50 and 0.74% per repetition for Norit RX3
XTRA. If all pores of GAC are assumed to be filled with 0.5 M ferrous
olution ideally in each repetition, according to the total pore vol-
mes of GACs shown in Table 1, the impregnated iron is 26.6 mg/g
or Darco 20 × 50 and 19.4 mg/g for Norit RX3 EXTRA per repetition.

herefore, the ideal increment of iron content in each repetition
ill be 2.60% for Darco 20 × 50 and 1.90% for Norit RX3 EXTRA. The

xperimental value of iron increment per repetition is about 40% of
alculated values for both GACs. Most likely some of impregnated
ron re-dissolved into the liquid phase in the following repetitions
Fig. 1. Increment of impregnated iron content in the synthesizing process.

to cause the difference between experimental values and calcu-
lated values. This synthesizing method is easy to conduct and the
iron content can simply be controlled by the number of repetitions.
After 10 repetitions, 12.62% and 8.52% iron were impregnated in
Darco 20 × 50 and Norit RX3 EXTRA, respectively. More iron may
be impregnated with more repetitions.

3.2. Stability of impregnated iron

Iron desorption tests were carried out firstly to examine the
stability of impregnated iron and results indicated that without
post-treatment some of impregnated iron was unstable. Depending
on iron content of Fe-GACs, 6–46% of impregnated iron were lost in
desorption tests. EDS analysis revealed that large amounts of chlo-
rine in Fe-GACs (Fig. S1a, supporting information), which implied
the existence of ferric or ferrous chlorides. Ferric and ferrous chlo-
rides may dissolve into solution because ferric chloride and ferrous
chloride have solubility of 92 g/100 mL and 68.5 g/100 mL in water
at 20 ◦C, respectively. A post-treatment described in Section 2.2
was designed to further stabilize impregnated iron through conver-
sion of iron chlorides to ferric hydroxide which is sparingly soluble
(Table S1). After post-treatment, desorption tests were conducted
again and results showed that the post-treatment successfully sta-
bilized iron in Fe-GACs. EDS analysis, conducted on post-treated
Fe-GACs, indicated that the amounts of chlorine reduced signifi-
cantly (Fig. S1b). The stability of impregnated iron was also tested
on Fe-GAC with 4.22% iron in the adsorption test with pH variation
of 2–11. As shown in Fig. 2, impregnated iron dissolved when pH
Fig. 2. Stability of impregnated iron on Darco 20 × 50 Fe-GAC with 4.22% iron.
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Fig. 3. Iron content before and after post-treatment.
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Fig. 4. Iron distribution on the cross-section of Darco 20 × 50 Fe-GACs.

f Fe-GACs. The iron stability was also monitored in all adsorp-
ion tests using ICP and the dissolution of impregnated iron was
egligible.

The iron content of post-treated Fe-GACs was measured to
nvestigate the loss of iron during the post-treatment process. Fig. 3
hows that the iron loss in the post-treatment was insignificant.

.3. Characterization of Fe-GAC

.3.1. Distribution of impregnated iron
Darco 20 × 50 Fe-GACs, with iron contents of 4.22%, 9.29% and

2.62%, were analyzed using SEM/EDS to investigate the iron dis-
ribution inside GAC. Fig. 4 shows the relative weight percentages
f iron in the four zones from the edge to the center on the cross-

ection of Fe-GACs (Fig. S2), which indicated that iron was evenly
istributed on the cross-section of GACs rather than concentrated
n the edge. The variation of the iron relative weight percentages
cross the cross-section of Fe-GAC is likely caused by the hetero-
eneity of pore sizes and morphologies of GAC itself. The even iron

Fig. 5. SEM images of Norit RX3 EX
Materials 184 (2010) 515–522

distribution was found in Norit RX3 EXTRA Fe-GAC with iron con-
tent of 8.52% as well.

As shown in Fig. 4, relative weight percentages of iron are differ-
ent between SEM/EDS analysis and the results from acid extraction
method described in Section 2.3.1. With the acid extraction method
as reference, SEM/EDS analysis generated underestimate at low
iron content (4.22%), overestimate at high iron content (12.62%),
and matched estimate with medium iron content (9.22%). EDS
detects elements on the surface of samples with selected penetra-
tion depth. For Fe-GAC with low iron content, it is expected that iron
distributed evenly on GAC internal surfaces in both macro-pores
and micro-pores. Because most internal surface areas are contained
in micro-pores and crosscutting of the Fe-GAC samples will not
expose most micro-pores, EDS is not able to detect unexposed iron
in micro-pores and resulted in underestimated iron contents. At
high iron contents, iron crystals or nano-scale iron deposits may
form (see discussion in Section 3.3.2) in macro-pores. Exposure
of large amount of iron in macro-pores could be the reason for
overestimation of iron content from EDS analysis.

In addition to EDS analysis, mapping of iron distribution on the
cross-section of Darco 20 × 50 Fe-GAC with 9.29% iron shows that
impregnated iron covered the entire cross-section of Fe-GAC and
higher iron content was observed in the macro-pores (cracks) of
Fe-GAC (Fig. S3).

3.3.2. Morphology of impregnated iron
Internal structure and morphology of Norit RX3 EXTRA Fe-GAC

with 8.52% iron are shown in Fig. 5. Iron formed rod-shape nano-
size particles in macro-pores of GAC. In Fig. 5b, iron rods were
measured approximately 300 nm in length and 40 nm in diame-
ter. Areas without iron rods in Fig. 5a are believed to be areas with
micro- and meso-pores which can be seen from lower left part of
Fig. 5b. Due to the constraint of pore size, impregnated iron can-
not form rod-shape nano-particles in these areas; however, iron is
believed to exist in a smaller scale. Fig. 6 shows morphologies of vir-
gin and iron impregnated Darco 20 × 50 GAC. Instead of rod-shape
nano-particles, irregular shapes of iron deposited in Darco 20 × 50
Fe-GAC with low iron content (Fig. 6b and c) while nano-iron crys-
tals were observed in Fe-GAC with high iron content (Fig. 6d). The
heterogeneity of pores and surface morphologies of GAC Darco
20 × 50 can be seen in Fig. 6.

3.3.3. Iron species
Both post-treated and non-post-treated Fe-GACs were pulver-

ized for XRD analyses to identify iron species. The major peaks of
processed XRD spectra (Fig. 7) matched well with the crystalline

iron species akaganeite (�-FeOOH); while, the raw XRD spectrum
(Fig. S4) implies that significant amounts of amorphous iron existed
in Fe-GAC as well. The species of impregnated iron are affected by
impregnation methods and synthesizing conditions [26,30]. Jang et
al. [26] reported that impregnated iron formed akaganeite at syn-

TRA Fe-GAC with 8.52% iron.
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Fig. 6. SEM images of Darco 20 × 50 Fe-GACs (a

hesizing temperature 80 ◦C and amorphous hydrous ferric oxide
HFO) at 60 ◦C. However, Gu et al. [23] found that impregnated iron
n GAC, synthesized at 80 ◦C, were all in amorphous state. Results of
his study found that impregnated iron existed as both crystalline
nd amorphous species in GAC.

.4. pH impact on arsenic adsorption

pH is one of the most important factors affecting arsenate
dsorption in the liquid phase [21–23,26,27], because the arsenate
pecies and the surface charge of Fe-GACs in liquid phase depend
n pH. The impact of pH on arsenate removal was studied with pH
alues ranging from 2 to 11 using 100 mg Darco 20 × 50 Fe-GAC
ith 4.22% iron and 35 mL 3 mg/L arsenate solution. As shown in

ig. 8, arsenic removal rate maintained close to 100% at pH 2–6 and
eclined slightly at pH 6.0–7.0. When pH was above 7.0, arsenic

emoval rate declined quickly. To minimize the impact of pH vari-
tion on isotherm tests as well as to keep experimental conditions
lose to natural waters, the pH in arsenate isotherm tests was con-
rolled at 7.0 using bicarbonate buffer solution.

Fig. 7. XRD spectra of Fe-GACs.
in GAC; b: 4.22%; c: 9.29%; and d: 12.62% iron).

To evaluate the impact of pH on arsenate adsorption, major arse-
nate species in different pH ranges are included in Fig. 8. Arsenate
species in aqueous phase exist mainly as H3AsO4 at pH less than 2.2
(pK1), H2AsO4

− at pH between 2.2 and 6.98 (pK2), HAsO4
−2 at pH

between 6.98 and 11.5 (pK3), and AsO4
−3 at pH above 11.5. pHzpc is

the pH at which adsorbents have a net zero surface charge [38,39].
The pHzpc for Fe-GAC was between 8.2 and 8.7 [21]. As shown in
Fig. 8, Fe-GACs becomes more positively charged when pH is less
than 8.3 (pHzpc) and more negatively charged when pH is above 8.3.
As pH increased, the attractive force between Fe-GAC and arsenate
became less and changed to repulsive force when pH above 8.3.
The change of the electrostatic force between arsenate species and
Fe-GAC explained the pH impact on arsenate adsorption.

3.5. Arsenate adsorption on Fe-GAC

Darco 20 × 50 Fe-GACs with five different iron contents were
used in arsenate adsorption tests to determine the adsorption

capacities. As shown in Fig. 9, virgin GAC has little arsenate adsorp-
tion capacity while impregnated iron enhanced the adsorption
capacity considerably. The Langmuir model (Eq. (2)) was used
to interpret the arsenate adsorption on Fe-GACs because arsenic

Fig. 8. Impact of pH on the arsenic adsorption on Darco 20 × 50 Fe-GAC with 4.22%
iron.
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Iron use efficiency is used to explain the mass of arsenate (mg)

T
T

ig. 9. Arsenate isotherm curves for Darco 20 × 50 Fe-GACs (lines are the Langmuir
odel fits).

dsorption on iron is site-specific chemisorption [39]. Inverted
angmuir model (Eq. (3)) is commonly used for parameter estima-
ion via linear regression. However, this transformation introduces
erious bias to the estimated parameters, and especially when
sotherm tests covered a wide range of equilibrium concentra-
ion. Because the transformation assigns heavier weight to the
oints with low equilibrium concentration and lighter weight to
he points with high concentration. In this study, nonlinear regres-
ions were conducted using Statistical Analysis System (SAS) to
btain nonbiased estimates of Langmuir parameters. (Fig. S5 shows
he improvement of nonlinear regression from linear regression
n arsenate adsorption using Darco 20 × 50 Fe-GAC with 5.90%
ron.)

As shown in Fig. 9 and Table 2, Langmuir model fits arsenate
dsorption isotherm curves very well with R2 between 0.93 and
.99. In adsorption tests, pH was controlled in a narrow range of
.90 ± 0.1, which minimized the pH impact on adsorption capaci-
ies to better demonstrate the impact of iron contents. Equilibrium
rsenate concentrations were controlled at 0.05–5 mg/L, which
nabled a better comparison of maximum adsorption capacity in
he Langmuir model because isotherm parameters depend on the
quilibrium concentration range [40]. The maximum adsorption
apacity varied between 0.6 mg/g and 1.95 mg/g for Fe-GACs with
ron contents from 1.48% to 12.13%. The value of parameter b var-
ed between 1.3 L/mg and 4.7 L/mg with an average of 2.54 L/mg,

hich is much higher than values reported in literature [23,24,29].
he parameter b in Langmuir model is related primarily to the net
nthalpy of adsorption that reflects the strength of binding of the
dsorbate to the adsorbent, or simply as the affinity of the adsor-
ent for the adsorbate [38,41]. Higher affinity of Fe-GACs for arsenic
eans that most of the adsorption capacities of Fe-GACs can be real-

zed at low arsenic concentration (Fig. S6), which is very common

n water treatment processes [2].

= qm
bce

1 + bce
(2)

able 2
he parameters in Langmuir model estimated by nonlinear regression.

Iron content (%) pH ce (mg/L)

Virgin GAC 6.80 ± 0.05 0.56–5.38
1.48 6.96 ± 0.17 0.69–4.99
4.22 6.99 ± 0.05 0.01–4.69
5.90 6.99 ± 0.06 0.04–4.77
9.29 6.81 ± 0.03 0.27–5.11

12.13 6.81 ± 0.03 0.14–5.12

a Isotherm curve of virgin GAC was not interpreted by Langmuir model.
Fig. 10. Relationship between iron content and arsenate adsorption capacity/iron
use efficiency.

1
q

= 1
qmb

· 1
ce

+ 1
qm

(3)

It was also found that Fe-GACs without post-treatment exhib-
ited higher maximum adsorption capacity and affinity in this
study. Darco 20 × 50 Fe-GAC (5.90%) without post-treatment exhib-
ited significantly higher “adsorption” capacity (qm = 8.48 mg/g)
and “affinity” (b = 22.6 L/mg) than the one with post-treatment
(Fig. S7 and Table S2). Unstable iron dissolved into solution and
removed arsenic in liquid phase rather than adsorption in solid
phase. This may not be favored in water treatment process because
dissolved iron bonded with arsenic may exist in solution as colloid
particles. Unstable iron may also cause secondary water quality
concern. Therefore, it is crucial to stabilize impregnated iron inside
GAC.

3.6. Impact of iron content on arsenate adsorption capacity and
iron use efficiency

Impact of the amount of impregnated iron on arsenic adsorption
capacity has not been systematically evaluated in literature. Thus,
in this study, arsenate isotherm tests were conducted on a series
of Fe-GACs with different iron contents to systematically investi-
gate the relationship between iron content and arsenate adsorption
capacity. The relationships between the iron content and maxi-
mum adsorption capacity (qm) and iron use efficiency (defined as
qm divided by total amount of impreganted iron) were evaluated. As
shown in Fig. 10, arsenate adsorption capacity increased as more
iron was impregnated and reached a peak capacity of 1.95 mg/g
when iron content increased to 4.22%. Further increase of iron con-
tent resulted in capacity decreasing gradually. Similar results were
observed by Gu et al. [23] that arsenate removal rate peaked at
Fe-GAC with iron content of 2.34%.
may be adsorbed on a unit mass (g) of impregnated iron. When
iron content is less than 4.22%, iron use efficiency maintained at a
high level, from 40 mg As/g Fe to 46 mg As/g Fe. Then, it dropped
rapidly to 14 mg As/g Fe as iron content increased to 12.13%. Arsen-

qm (mg/g) b (L/mg) R2

–a – –
0.60 1.3 0.9934
1.95 4.7 0.9448
1.74 2.7 0.9309
1.44 1.8 0.9627
1.66 2.2 0.9303
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ig. 11. Adsorbed arsenate distribution in Darco 20 × 50 Fe-GAC with 9.29% iron.

te adsorption on iron is a site-specific surface reaction. Therefore,
he total surface area of impregnated iron (adsorptive sites) deter-

ines the maximum adsorption capacity and the specific surface
rea of impregnated iron (adsorptive sites density) determines the
ron use efficiency, while the surface characteristics of impreg-
ated iron determine the affinity for arsenate. When only a small
mount of iron is impregnated in GAC, the iron is expected to dis-
ribute in a single layer on the internal surface of GAC. Therefore,
he iron possesses a large specific surface area that reflects as high
ron use efficiency. Due to the small amount, however, the adsorp-
ion capacity remains relative low. As more iron is impregnated
n GAC, more surface area of GAC is covered by iron. Adsorption
apacity increases and iron use efficiency remains at a high level.

hen the amounts of iron keep increasing, impregnated iron starts
orming multi-layer. As multi-layers and nano-scale iron particles
ormed, which was observed in SEM analysis, mass of impreg-
ated iron increased faster than the increasing of its surface area.
igh amounts of iron may cause blockages in GAC pores as well,

esulting in declining of the specific surface area. As reflected in
rsenic adsorption, both adsorption capacity and iron use efficiency
ecrease with more impregnated iron.

.7. Distribution of absorbed arsenate in Fe-GAC

For porous adsorbents, the internal surface area contributes
ajor part of adsorption capacity [42]. To date, it is still not clear
hether arsenic can diffuse deep into to the core of Fe-GAC [23,27].

DS analyses were conducted on spent Fe-GACs to evaluate the dis-
ribution of the adsorbed arsenate from the edge to the center on
he cross-section of Fe-GACs. Adsorbed arsenate penetrated into
he center of Fe-GAC and the amounts of adsorbed arsenate fol-
owed the amounts of impregnated iron exactly (Fig. 11). The ratios
f arsenate to iron, calculated based on the relative weight percent-
ges, varied from 0.009 to 0.023 with an average of 0.014, which is
onsistent with the value 0.0155 (by weight) that was calculated
rom arsenate adsorption tests.

. Conclusions

A new multi-step procedure was developed to impregnate GAC
ith high amounts of iron for arsenic removal from drinking water.

e-GACs were evaluated based on four parameters: amount of
mpregnated iron, distribution of impregnated iron, iron stability,

nd arsenate adsorption capacity.

. Impregnated iron, as high as 12.62%, was evenly and stably dis-
tributed inside GAC using the multi-step synthesizing method.

[

[

[

Materials 184 (2010) 515–522 521

2. Impregnated iron formed rod-shape nano-size particles in Norit
RX3 EXTRA Fe-GAC and nano-size crystal in Darco 20 × 50 Fe-
GAC. Crystalline (akaganeite) and amorphous iron species co-
existed in Fe-GACs.

3. Isotherm data of arsenate adsorption tests were successfully
interpreted by the Langmuir model. The maximum arsenate
adsorption capacity of Fe-GACs increased quickly to1.95 mg/g
when iron content increased to 4.22%, while it decreased with
more impregnated iron (>4.22%).

4. The iron use efficiency maintained at a high level (40–46 mg As/g
Fe) when iron content was less than 4.22%; it then decreased to
14 mg As/g Fe when iron content increased to 12.13%.

5. Fe-GACs in this study exhibited high affinity (1.3–4.7 L/mg) for
arsenate.

6. Fe-GACs performed better at the acidic condition than the
basic condition on arsenate adsorption; specifically, the arsenate
removal rate maintained close to 100% with pH less than 6 and
declined quickly with pH above 7.

7. Adsorbed arsenate penetrated into the center of Fe-GACs and
exactly followed the distribution of impregnated iron.
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