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The present research evaluates the efficacy of granular ferric hydroxide (GFH) for perchlorate removal
from aqueous solutions. Laboratory scale experiments were conducted to investigate the influence of
various experimental parameters such as contact time, initial perchlorate concentration, temperature,
pH and competing anions on perchlorate removal by GFH. Results demonstrated that perchlorate uptake
rate was rapid and maximum adsorption was completed within first 30 min and equilibrium was achieved
erchlorate
ranular ferric hydroxide (GFH)
inetics
dsorption isotherms
aman spectroscopy

within 60 min. Pseudo-second-order model favorably explains the sorption mechanism of perchlorate
on to GFH. The maximum sorption capacity of GFH for perchlorate was ca. 20.0 mg g−1 at pH 6.0–6.5 at
room temperature (25 ◦C). The optimum perchlorate removal was observed between pH range of 3–7.
The Raman spectroscopy results revealed that perchlorate was adsorbed on GFH through electrostatic
attraction between perchlorate and positively charged surface sites. Results from this study demonstrated
potential utility of GFH that could be developed into a viable technology for perchlorate removal from

water.

. Introduction

Perchlorate (ClO4
−) is an alarming inorganic contaminant which

as been detected in various public drinking water systems
hroughout the Unites States [1]. Environmental contamination by
erchlorate has also been documented in different Asian countries
amely, China [2], Korea [3], and Japan [4]. Perchlorate and its salts
re mainly used in missile/rocket propellants and in various indus-
rial applications (e.g. manufacturing of matches, airbag inflators,
afety flares, and fireworks) [5,6]. Natural sources of perchlorate
ave also been reported [7,8]. The major sources of perchlorate
ontamination in groundwater are due to unsafe disposal of rocket
uel and explosives by the aerospace and chemical industries [9].

The toxic health effects of perchlorate contamination in drink-

ng water are well documented [10]. Eye and skin irritation, cough,
ausea, vomiting, and diarrhea are the symptoms of short term
xposure to high dosage of perchlorate [11]. Perchlorate exposures
or a longer period can result in the inhibition of iodine uptake
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all #332, Yonsei University, 234 Maeji Heungeop, Wonju, 220-710, Gangwon-do,
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in the thyroid gland, affecting/altering the production of thyroid
hormones and possibly causing mental retardation in fetuses and
infants [12,13]. Considering the human health concerns, perchlo-
rate was included to the drinking water contaminant candidate list
in 1998 by U.S. Environmental Protection Agency (US EPA) [14].
The US EPA adopted a new drinking water standard of 24.5 �g L−1

for perchlorate in 2005 [15]. Perchlorate has received tremendous
attention in recent years, mainly due to the challenges faced by the
drinking water industry regarding its treatment.

The removal of perchlorate from water has been very chal-
lenging for the researchers as perchlorate ions are non-volatile,
highly soluble, and kinetically inert in water [5]. Various treatment
technologies have been investigated for perchlorate removal from
water, e.g. microbial reduction [5,16], reduction by zero-valent
iron combined with perchlorate-reducing microorganisms [17,18],
ion exchange [19], membrane technologies [20], electrochemical
reduction [21] and adsorption [22–26]. The shortcomings of most
of these methods are high operational and maintenance costs,
secondary pollution and complicated procedure involved in the

treatment. Comparatively, adsorption seems to be a more attrac-
tive method in terms of cost, simplicity of design and operation.
Activated carbon has been found less effective for adsorbing per-
chlorate in most cases, and needs to be tailored or modified [22,23].
Recently, protonated cross-linked chitosan was also explored to

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:bhjeon@yonsei.ac.kr
dx.doi.org/10.1016/j.cej.2010.02.043
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beginning followed by a slower removal that gradually reached a
plateau. Maximum removal of perchlorate was achieved within the
first 30 min of contact time and equilibrium was attained in 60 min.
There was no significant change in perchlorate uptake by GFH in the
following 24 h. A similar trend of fast kinetics was observed during
E. Kumar et al. / Chemical Eng

emove perchlorate from water by Xie et al. [25]. The results indi-
ated that the chitosan with cationic modification has a potential
or application to perchlorate removal from contaminated water.

In the present study, the feasibility of granular ferric hydrox-
de (GFH) for perchlorate removal was tested as several iron-based
dsorbents that require fewer chemical pretreatments and/or have
onger operational lives have been intensively examined for the
reatment of arsenic and perchlorate [27,28]. GFH has previously
hown promising results for the removal of various anions e.g.
rsenic, bromate and fluoride [29,30,31]. To further test the poten-
ial of GFH for other anions (perchlorate as a model pollutant),
dsorption studies were performed to examine the influence of
arious experimental parameters such as effect of contact time,
nitial perchlorate concentration, temperature, pH, and compet-
ng anions on perchlorate removal. The data from the experiments

ere fitted with different kinetic models to identify the adsorption
echanism. The Raman spectroscopic analysis was used to study

he perchlorate sorption mechanism onto GFH. The results have
een thoroughly discussed to better understand the perchlorate
orption mechanism onto GFH.

. Materials and methods

.1. Materials

GFH was purchased from GEH Wasserchemie (GmbH & Co. KG,
snabrück, Germany). It is a poorly crystallized �-FeOOH, which is
redominantly the mineral akaganeite [32]. It has a specific surface
rea of 250–300 m2 g−1 and porosity of 75–80%. Pore size distribu-
ion is similar for all fractions of GFH [33]. A total of 97% of the pores
re less than 4.5 nm [34]. The pH of point of zero charge (pHPZC)
as determined by different researchers to be 7.5–8.0 [29,34]. The
aterial has a grain size range of 0.32–2.0 mm and a water content

f 54–60% [32]. All stock solutions were prepared using analyti-
al reagent grade chemicals and deionized water (DI). Perchlorate
tock solution was prepared by dissolving NaClO4 (Sigma–Aldrich,
O, USA) in DI water. Standards and perchlorate spiked samples

t a required concentration range were prepared by appropriate
ilution of the stock solution with DI water.

.2. Perchlorate analysis

Perchlorate concentration was determined using two Metrohm
on chromatography (IC) systems (Metrohm Ltd., Switzerland). The
rst one was equipped with Metrohm 858 professional sample
rocessor assembled with 20 �L injection loop. The separation col-
mn used was Metrosep A Supp5. The mobile phase consisted
f 5 mmol L−1 Na2CO3, 10 mmol L−1 NaOH and 20% acetone. Data
cquisition was performed using MagIC Net 1.1 program. With this
etup, the detection limit for perchlorate was 50 �g L−1. The other
ne was equipped with 838 advanced sample processor assem-
led with 1000 �L injection loop. The separation column used
as Dual 4-100 column. The mobile phase consisted of 12 mM p-

yanophenol + 5.0 mM LiOH. Data acquisition was performed using
agIC Net 1.1 program. With this setup, the detection limit for

erchlorate was 0.5 �g L−1.

.3. Raman spectroscopic analysis

Raman spectroscopic analysis was performed to provide insight
nto the mechanism of perchlorate interaction with GFH. Per-

hlorate spiked solutions were prepared with the concentration
ange of 20–700 mg L−1. The solutions were equilibrated with GFH
1 g L−1) for 24 h followed by drying. The samples were analyzed by
aman spectroscopy (LabRAM ARAMIS, HORIBA Jobin Yvon, USA).
he laser wavelength used in the Raman measurement was 633 nm.
ng Journal 159 (2010) 84–90 85

The exposure time for measurement was 30 s and sample accumu-
lation was done five times.

2.4. Adsorption studies

The adsorption of perchlorate on GFH was conducted at
room temperature (25 ± 2 ◦C) by batch experiments. Twenty five
milliliters of perchlorate solution of varying initial concentrations
(50 �g L−1 to 500 mg L−1) in 50 mL capped tubes were shaken with
0.025 g of GFH for a specified period of contact time in a temper-
ature controlled shaking assembly (Jeio Tech Co., SWB-20 shaking
water bath). After equilibrium, samples were filtered using 0.25 �m
filters (Versapor, Pall Co., USA) and the perchlorate concentration
was measured by ion chromatography. Reproducibility of the mea-
surements was determined in triplicates and the average values
are reported. Relative standard deviations were found to be within
±3.0%. The amount of perchlorate adsorbed (qe in mg g−1) was cal-
culated as follows:

qe = (C0 − Ce) · V

m
(1)

where, C0 and Ce are the initial and final concentrations of perchlo-
rate in solution (mg L−1), V is the volume of solution (L) and m is
mass of the adsorbent (g).

The effect of contact time (1 min to 24 h) was examined with
initial perchlorate concentrations of 5 and 10 mg L−1. The effect of
equilibrium pH was investigated by adjusting solution pH from
3 to 12 using 0.1 M HCl and 0.1 M NaOH with an initial per-
chlorate concentration of 20 mg L−1. The effects of competing
anions (chloride, fluoride, nitrate, bromate, carbonate, sulphate
and phosphate) on perchlorate adsorption were investigated by
performing perchlorate adsorption under a fixed perchlorate con-
centration (20 mg L−1), and initial competing anion concentrations
of 20–100 mg L−1 with GFH dosage of 1 g L−1.

3. Results and discussion

3.1. Effect of contact time and initial perchlorate concentration

The adsorption of perchlorate on GFH was investigated as a
function of contact time (1 min to 24 h) at two different initial
perchlorate concentrations (5 and 10 mg L−1). It was noticed that
perchlorate removal increased with time (Fig. 1). The trends of the
plots in Fig. 1 exhibit that perchlorate uptake was rapid in the
Fig. 1. Effect of contact time and initial perchlorate concentration on adsorption of
perchlorate on GFH (temperature = 25 ◦C, GFH dose = 1 g L−1). Error bars show the
standard deviation from triplicates.
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Table 1
Comparison of pseudo-first-order, pseudo-second-order, Weber and Morris and Bangham’s models parameters, and calculated qe(cal) and experimental qe(exp) values for
different initial perchlorate concentrations.

C0 (mg L−1) qe(exp) (mg g−1) kf × 10−1 (min−1) qe(cal) (mg g−1) R2

Pseudo-first-order model
5 1.45 1.06 1.18 0.978
10 2.45 0.89 1.85 0.942

C0 (mg L−1) qe(exp) (mg g−1) ks × 10−1 (g mg−1 min−1) qe(cal) (mg g−1) R2

Pseudo-second-order model
5 1.45 1.59 1.64 0.998
10 2.45 0.81 2.62 0.999

C0 (mg L−1) kip1 (mg g−1 min−0.5) R2 kip2 (mg g−1 min−0.5) R2

Weber and Morris model
5 0.39 0.993 0.22 0.992
10 0.87 0.949 0.17 0.963

C0 (mg L−1) k0 (mL (g L−1)−1) ˛ R2
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cept related to the thickness of the boundary layer. According to
Eq. (3), a plot of qt versus t1/2 should be a straight line if the adsorp-
tion mechanism follows the intraparticle diffusion process only.
However, if the data exhibit multi-linear plots, then the process
is governed by two or more steps. The Weber and Morris plots of
Bangham’s model
5 0.02
10 0.01

he adsorption of several other anions (e.g. bromate, fluoride and
rsenic,) onto GFH [30,31,35].

The effect of initial perchlorate concentration on equilibrium
dsorption was also investigated at two different initial perchlo-
ate concentrations (5 and 10 mg L−1). Perchlorate uptake by GFH
ncreased when the initial perchlorate concentration increased
rom 5 to 10 mg L−1 (Fig. 1). This behavior can be explained due to
he increase in the driving force of the concentration gradient, as an
ncrease in the initial perchlorate concentration. Such phenomenon
s common in a batch reactor with either constant adsorbent
ose or varying initial adsorbate concentration or vice versa
36].

.2. Kinetic modeling

In order to investigate the adsorption mechanism of perchlorate
n GFH, four kinetic models were applied namely, pseudo-first-
rder (Supporting information, Section 1), pseudo-second-order
Section 3.2.1), Weber and Morris intraparticle diffusion model
Section 3.2.2) and Bangham’s pore diffusion models (Supporting
nformation, Section 2). The applicable models have been discussed
n detail below and modeling parameters are provided in Table 1.

.2.1. Pseudo-second-order kinetic model
The adsorption kinetics was described as pseudo-second-order

rocess [37]. It can be represented in the following form:

t

qt
= 1

ksq2
e

+ 1
qe

t (2)

here, qe and qt are the amount of perchlorate adsorbed on GFH
mg g−1) at equilibrium and at time t (min), respectively, and ks

s the rate constant for the pseudo-second-order kinetic model.
he equilibrium adsorption capacity, qe(cal) and ks were determined
rom the slope and intercept of plot of t/qt versus t (Fig. 2(A)) and
re compiled in Table 1. The plots were found to be linear with
ood correlation coefficients (0.998 and 0.999 for 5 and 10 mg L−1

nitial perchlorate concentration, respectively) and the theoreti-

al qe(cal) values agree well to the experimental qe(exp) values at
wo concentrations studied. This implies that the pseudo-second-
rder model is in good agreement with experimental data and
an be used to favorably explain the perchlorate adsorption on
FH.
0 0.986
2 0.918

3.2.2. Weber and Morris intraparticle diffusion model
The intraparticle diffusion approach described by Weber and

Morris [38] can be used to predict if intraparticle diffusion is the
rate-limiting step which is given by Eq. (3):

qt = kipt1/2 + C (3)

where, kip is intraparticle diffusion rate constant and C is the inter-
Fig. 2. Kinetic modeling of adsorption of perchlorate on GFH (A) pseudo-second-
order kinetic plots; (B) Weber and Morris intraparticle diffusion plots. Error bars
show the standard deviation from triplicates.
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ig. 3. Adsorption isotherms of perchlorate adsorption on GFH (contact time = 24 h,
FH dose = 1 g L−1) (The figure in inset shows the data points at lower perchlo-

ate concentration (�g L−1) range of the isotherm.) Error bars show the standard
eviation from triplicates.

erchlorate adsorption on GFH are shown in Fig. 2(B). Two sepa-
ate zones can be clearly seen in the figure. The first linear portion
phase I) at both concentrations, can be attributed to the immedi-
te utilization of the most readily available adsorbing sites on the
dsorbent surface. Phase II may be attributed to very slow diffu-
ion of the adsorbate from the surface site into the inner pores.
hus, initial portion of perchlorate adsorption by GFH may be gov-
rned by the initial intraparticle transport of perchlorate controlled
y surface diffusion process and the later part controlled by pore
iffusion. The values of kip1 and kip2 (diffusion rate constants for
hase I and II, respectively) obtained from the slope of linear plots
re listed in Table 1. Higher values of kip1 as compared to kip2 in
oth cases are indicative of the rapid initial step (phase I) which is
ollowed by a slow step (phase II). The deviation of the straight lines
n Weber and Morris model may be due to the difference in the rate
f mass transfer in initial and final stages of adsorption [39].

.3. Adsorption isotherms

In order to evaluate the adsorption capacity of GFH for perchlo-
ate, the equilibrium adsorption of perchlorate was studied as a

unction of perchlorate concentration (50 �g L−1 to 500 mg L−1) and
he adsorption isotherms are shown in Fig. 3. The equilibrium was
ot achieved in the lower perchlorate concentration range (�g L−1)
as shown in the inset of Fig. 3). Thus, higher concentrations (in

g L−1 level) of perchlorate were chosen to attain equilibrium and

able 2
omparison of perchlorate adsorption on various adsorbents.

Adsorbent P

Ammonia tailored activated carbons 7
Protonated cross-linked chitosan 4
Filtrasorb F400 0
Nuchar SN 0
GAC preloaded with iron and an organic complex solution 0
Surfactant-modified zeolite 4
GFH ∼
Fig. 4. Raman spectra of perchlorate-sorbed GFH samples ((a) 20 mg L−1; (b)
50 mg L−1; (c) 100 mg L−1; (d) 200 mg L−1; (e) 500 mg L−1; (f) 700 mg L−1 perchlorate-
sorbed on GFH; (g) sodium perchlorate).

to know the maximum adsorption potential of GFH for perchlorate
removal. An adsorption capacity of ca. 20.0 mg g−1 was observed
for perchlorate on GFH at pH 6.0–6.5 at 25 ◦C. The initial sharp
rise in the isotherm indicates the availability of readily accessible
sites for adsorption. However, site saturation occurs as the perchlo-
rate concentration increases and a plateau is reached indicating
that no more sites remain available for adsorption. Adsorption
potential of GFH from the present study was compared with previ-
ously reported adsorbents for perchlorate removal and compiled in
Table 2. It is evident that GFH shows efficient adsorption capacity
for perchlorate removal from water.

In order to investigate the effect of temperature on perchlo-
rate removal by GFH, adsorption experiments were also performed
at 45 ◦C. A comparison of adsorption isotherms at 25 and 45 ◦C
indicates that perchlorate sorption by GFH was not significantly
affected by increase in the temperature (Fig. 3). Similar results
were also reported for perchlorate removal using protonated cross-
linked chitosan [25].

3.4. Raman spectroscopic analysis

Raman spectroscopic analysis was conducted to provide an
insight into the mechanism of perchlorate adsorption by GFH. A
range of perchlorate solution (20, 50, 100, 200, 500, and 700 mg L−1)
was equilibrated with GFH and the perchlorate-sorbed GFH sam-
ples were analyzed with Raman spectroscopy. It has been reported
that sodium perchlorate exhibits a peak at 952 cm−1 indicating the
bonding environment of perchlorate in the solid is quite different
from that of free perchlorate ion in the solution [40]. The concen-

trated aqueous solution of perchlorate has characteristic peaks at
941 cm−1 whereas, the 1000 mg L−1 NaClO4 aqueous solution has
a characteristic perchlorate peak at 933 cm−1 [40,41].

The Raman spectra of perchlorate-sorbed GFH samples (Fig. 4)
indicate that the intensity of �1 symmetric stretching is the func-

erchlorate adsorbed Reference

.3–9.0 mg g−1 [23]
5.45 mg g−1 [25]
.32 mmol g−1 [26]
.19 mmol g−1 [26]
.336 mg g−1 [48]
0–47 mmol kg−1 [49]
20.0 mg g−1 Present study
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Table 3
Langmuir and Freundlich constants for the adsorption of perchlorate on GFH at different temperatures.

Temperature (◦C) Langmuir constants Freundlich constants
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The sorption of perchlorate (C0: 20 mg L−1) on GFH was investi-
gated at different pH ranging from 3 to 12 and results are shown in
Fig. 6. The optimum perchlorate removal was observed at pH range
3.0–7.0. As the pH increased beyond 8, the removal of perchlorate
by GFH was decreased. The low adsorption of perchlorate at higher
qm (mg g−1) b (L mol−1) RL

25 20.12 0.09 × 104 0.48
45 23.47 0.10 × 104 0.46

ion of concentration of perchlorate. The symmetric (�1) mode of
erchlorate ion on GFH was observed in the range of 934–941 cm−1.
he �1 symmetric stretching mode of the anion is due to ion asso-
iation or ion–ion interactions [42]. Raman shift were observed at
34–935 cm−1 for the adsorption of 20, 50, and 100 mg L−1 per-
hlorate solution on GFH. The red shift of 18 cm−1 from 952 cm−1

learly indicates that the interaction between perchlorate ion and
FH is much stronger than physisorption and perchlorate forms
uter sphere complexes due to strong electrostatic attraction with
FH. Gu et al. [43] investigated Raman spectroscopy of perchlorate
t low concentration and suggested the symmetric Raman shift of
erchlorate at 930 cm−1 (a red shift of 22 cm−1 from 952 cm−1) is
ue to the strong electrostatic interaction between perchlorate and
uaternary ammonium functionalized resin.

A further shift in Raman shift from 935 to 941 cm−1 on increasing
he concentration of perchlorate (200, 500 and 700 mg L−1) sug-
ests that perchlorate is also present in the diffused swarm layer.
dsorption of 700 mg L−1 perchlorate on GFH resulted in a rela-

ively intense peak with Raman shift 941 cm−1, in comparison with
00 and 500 mg L−1 perchlorate (Raman shift 937 and 939 cm−1),
resumably due to the higher number of perchlorate ions adsorbed
n the surface of GFH. The broadening of Raman peaks for 500 and
00 mg L−1 is thought to result from co-elution of two peaks: one
or outer sphere complexation and the other due to the presence
f perchlorate in diffused swarm layer.

The Raman spectroscopic data suggest the dominance of
lectrostatic interaction between perchlorate and GFH surface. Per-
hlorate sorption onto iron oxides has been proposed to occur
hrough nonspecific outer sphere electrostatic interactions where
lectrostatic contributions to the free energy of adsorption domi-
ate [44]. The perchlorate anion will retain its primary hydration
hell, i.e. at least one water molecule is interposed between the
nion and the surface [44]. This type of adsorption on iron oxides
ends to result in easy displacement of perchlorate by other co-
nions present in the groundwater. The occurrence of perchlorate
n the diffused swarm layer at higher anion concentration suggests
aturation of sites in the outer sphere layer by perchlorate.

.5. Isotherm modeling

The adsorption data was further analyzed using two isotherm
odels, viz. Freundlich (Supplementary information, Section 3) and

angmuir models. The Langmuir [45] model can be described by
ollowing equation:

1
qe

= 1
qm

+ 1
qmbCe

(4)

here, qe is amount adsorbed at equilibrium concentration Ce, qm is
he Langmuir constant representing maximum monolayer adsorp-
ion capacity and b is the Langmuir constant related to energy of
dsorption. The plots of 1/qe as a function of 1/Ce for the adsorp-
ion of perchlorate on GFH are shown in Fig. 5. The plots were
ound linear with good correlation coefficients (>0.99) indicating

he applicability of Langmuir model in the present study. The val-
es of monolayer capacity (qm) and Langmuir constant (b) are given

n Table 3. The values of qm calculated by the Langmuir isotherm
ere all close to experimental values at given temperatures. These

acts suggest that perchlorate is adsorbed in the form of monolayer
R2 1/n KF (mg g−1) (L mg−1)1/n R2

0.992 0.61 0.55 0.991
0.996 0.62 1.07 0.944

coverage on the surface of the adsorbent. The sorption isotherms
of anions on iron oxides typically follow Langmuirian behavior as
described by previous researchers [44].

The influence of adsorption isotherm shape has been discussed
[46] to examine whether adsorption is favorable in terms of ‘RL’, a
dimensionless constant referred to as separation factor or equilib-
rium parameter. ‘RL’ is calculated using the following equation:

RL = 1
1 + bC0

(5)

The RL values obtained are compiled in Table 3. Both the RL val-
ues lie between 0 and 1 confirming that the adsorption isotherm is
favorable.

3.6. Thermodynamic parameters

The nature and thermodynamic feasibility of the sorption pro-
cess were determined by evaluating the thermodynamic constants,
standard free energy (�G◦), standard enthalpy (�H◦) and standard
entropy (�S◦) using the following equations:

�G◦ = −RT ln(K) (6)

ln
(

K2

K1

)
= −�H◦

R

(
1
T2

− 1
T1

)
(7)

�G◦ = �H◦ − T�S◦ (8)

where, R is the universal gas constant (8.314 J mol−1 K−1), T is
the temperature in Kelvin and K is the equilibrium constant. The
adsorption process is spontaneous in nature, as indicated by the
negative value of �G◦ (−26.8 kJ mol−1). The positive value of �H◦

for perchlorate adsorption is 4.15 kJ mol−1, suggesting that the
interaction of perchlorate and GFH is endothermic in nature. Affin-
ity of the adsorbent for perchlorate is represented by the positive
value of �S◦ (103.87 J mol−1 K−1).

3.7. Effect of pH and competing anions on perchlorate sorption by
GFH
Fig. 5. Langmuir isotherms of perchlorate adsorption on GFH.
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Fig. 6. Effect of pH on perchlorate adsorption on GFH (C0 = 20 mg L−1, tempera-
ture = 25 ◦C, contact time = 24 h, GFH dose = 1 g L−1). Error bars show the standard
deviation from triplicates.
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ig. 7. Effect of different concentrations of competitive anions on perchlorate
dsorption on GFH (temperature = 25 ◦C, contact time = 24 h, GFH dose = 1 g L−1) ((a)
0 mg L−1; (b) 50 mg L−1; (c) 100 mg L−1).

H might be due to the electrostatic repulsion of perchlorate by the
egatively charged GFH surface at high pH.

The impact of various anions including chloride (Cl−), fluoride
F−), bromate (BrO3

−), nitrate (NO3
−), sulphate (SO4

2−), carbon-
te (CO3

2−) and phosphate (PO4
3−) on perchlorate removal by

FH, was investigated at 20 mg L−1 of initial perchlorate concentra-
ion. The concentration of competing anions was varied from 20 to
00 mg L−1 (Fig. 7). Anions present in the perchlorate solutions are

ikely to limit the perchlorate removal efficiency. In the presence
f chloride, nitrate and bromate, percent removal of perchlorate
as ca. 43%, while in case of other anions (fluoride, sulphate, phos-
hate and carbonate), percent removal of perchlorate was ca. 47%.
here was no significant change in the percent removal of per-
hlorate under the three investigated concentrations (20, 50, and
00 mg L−1) of competing anions. It has been reported that per-
hlorate can be displaced by the occurrence of preferred anion
iz. phosphate, fluoride and even chloride [47] by the protonated
ineral surfaces, which is in agreement with the present results.

. Conclusions

The results of the present work suggest that GFH can be used
s a promising alternative for perchlorate removal from aqueous
olutions. The adsorption capacity of GFH for perchlorate was ca.
0.0 mg g−1 at 25 ◦C. The adsorption isotherms were fitted well
ith Langmuir model. Kinetic analyses indicate that the adsorp-

ion process followed a pseudo-second-order kinetics under the
elected concentration range. The optimum perchlorate removal
as observed at pH range 3.0–7.0. The Raman spectroscopy results

re in agreement with the fact that perchlorate bonds through elec-

rostatic interactions on the iron surfaces, and as the perchlorate
oncentration increases, the anion shift into the diffused swarm
ayer. Experimental data can be further used to guide and optimize
ilot scale experiments that can enable the commercial exploita-
ion of GFH for perchlorate removal from water.

[

[
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