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Novel composite sorbents based on carbon ﬁbers
decorated with ferric hydroxides – simultaneous removal
of antimonate and arsenate from aqueous solutions
Esra Bilgin Simsek, Pelin Demircivi, Ivan Novak, Dusan Berek
and Ulker Beker

ABSTRACT
The competitive adsorption of antimonate and arsenate on carbon ﬁbers decorated with ferric
hydroxide (CF-Fe) has been investigated at different pH and temperatures. Tap and drinking water
samples spiked with unitary and binary solutions were subjected to kinetic tests and compared with
distilled water media. As the required time for attaining the arsenate concentration permitted by law,
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the legal limit was found as 3 hours for drinking and tap water systems. It was shown that arsenate
can be adsorbed more strongly than antimonate. Such multiple adsorption/desorption cycles
showed that the CF-Fe sample had approximately 96% of the ﬁrst antimonate adsorption at the
seventh cycle. X-ray photoelectron spectroscopy (XPS) analyses were performed in order to obtain
insight into the adsorption mechanism.
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INTRODUCTION
Arsenic (As) and antimony (Sb) are toxic and carcinogenic

bioaccumulative and genotoxic element with similar chemi-

metalloids found in air, soil and natural water and they

cal and toxicological properties to arsenic, and even

are found to co-occur in the environment. In geothermal

moderate levels of them can result in harmful environmental

groundwater (Izmir, Turkey), As and Sb concentrations

effects (Duan et al. ). Therefore, As and Sb compounds

have been reported as 0.7–170 μg/L and 0.06–26 μg/L,

are considered to be priority pollutants by the United States

respectively (Aksoy et al. ). In the groundwater near

Environmental Protection Agency (US EPA) and the Euro-

abandoned antimony mines (Slovakia), the levels have

pean Union (EU). The EPA, EU and World Health

been found up to 285 μg/L for As and 1,000 μg/L for Sb

Organization (WHO) have established the maximum con-

(Ungureanu et al. ). Arsenic and antimony can exist in

taminant level for arsenic as 10 μg/L in drinking water

a variety of oxidation states but they generally occur as

(WHO ; EPA ). The maximum contaminant levels

Sb(III), Sb(V) and As(III), As(V) in natural aquatic environ-

of antimony in drinking water were designated as 5 μg/L

ments (Filella et al. ; Huang et al. ). Under oxidized

and 6 μg/L by the EU and US EPA, respectively.

conditions, the dominant forms of As and Sb in aqueous

Owing to the legal limits of these metalloids, a signiﬁ-

media are arsenate [As(V)] and antimonate [Sb(V)]; while

cant effort has been made over recent decades to develop

arsenite [As(III)] and antimonite [Sb(III)] are formed under

effective removal technology to purify water sources.

reductive conditions (Lu et al. ). Antimony is also a

Considering low concentrations of As and Sb in treated
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water, an adsorption method is advantageous in terms of

approximate value 10. The suspension was ﬁltered,

cost-effectiveness and regeneration capability (Ungureanu

washed out of all soluble chemicals and dried. The resulting

et al. ). Ferric hydroxides exhibit outstanding perform-

sample was coded as CF-Fe (3%). In order to examine the

ance due to their speciﬁc chemisorption of As(V) and

effect of iron content, CF-Fe (7%), CF-Fe (11%) and CF-Fe

Sb(V) based on formation of inner-sphere complexes via

(20%) samples were prepared by a similar manner as

ligand exchange with OH2 and/or OH– groups on the

CF-Fe (3%) with the only difference that the quantity of

surface (Zhang et al. ). However, the powder state of

FeCl3 was 7%, 11% and 20% (wt), respectively.

these oxides inhibits their widespread use in water treatment
owing to the difﬁculties in separation from water and

Adsorption studies

disposal of the excessive sludge formed during operation.
Iron oxide-loaded carbonaceous materials are environmen-

Batch adsorption experiments were conducted by mixing CF

tally benign and exhibit excellent sorption behaviors for

or CF-Fe in conical ﬂasks by transferring 25 ml of Sb(V)

numerous contaminants. Recently, among carbonaceous

solution with 100 μg/L Sb(V) concentration at different

materials, carbon ﬁbers (CF) have been used for remedying

temperatures (298, 313 and 328 K). The equilibrium As(V)

various environmental issues due to their special properties

and Sb(V) concentrations were analyzed by an atomic

like high sorption rate, large surface area, and excellent

absorption spectrophotometer (Analytik Jena ContrAA

mechanical stability. They can also serve as a good support-

700 TR). Analyses were conducted at a wavelength of

ing material for iron oxides (Zhang et al. ).
Compared with the adsorption studies of arsenic, how-

193.7 nm for As and 217.5 nm for Sb using Pd/Mg(NO3)2
as a matrix modiﬁer.

ever, reports on antimony and simultaneous arsenic/

The effects of pH on Sb(V) adsorption in single and

antimony removal from water are limited. Moreover, none

binary systems were studied at different pH levels (3.0–

of the published studies concerning ferric hydroxide-loaded

9.0). The solution pH was adjusted and kept constant by

CF refers to the removal of the pentavalent antimony species,

using HCl and NaOH. Five milligrams of each sample was

which commonly appears in Sb-containing waters. The objec-

added into 25 mL of Sb(V) solution or binary As(V) and

tive of this work is to examine the effect of partner metalloids

Sb(V) solution with an initial concentration of 100 μg/L

on the adsorption and also to achieve the efﬁcient simul-

and a speciﬁc pH value.

taneous removal of As(V) and Sb(V) from aqueous solutions.

The kinetic adsorption experiments were performed
by mixing single Sb(V) solution or binary As(V) and Sb(V)
solution (100 μg/L, pH 5.50 ± 0.2) with CF samples in

MATERIALS AND METHODS

polyethylene bottles at different temperatures (298, 313,
328 K). The kinetic data were ﬁtted using pseudo-ﬁrst-

Chemicals and reagents

order, pseudo-second-order and Weber–Morris diffusion
models.

Sodium arsenate (Na2HAsO4·7H2O) and potassium hexahy-

In order to examine the reusability of the carbon ﬁber

droxyantimonat (KSb(OH)6) were purchased from Sigma-

adsorbents, desorption and multiple adsorption/desorption

Aldrich. All other chemicals used were of analytical grades.

cycles were carried out in a batch system. The adsorption
tests were conducted by using 0.2 g of adsorbent in a

Preparation of iron-decorated carbon ﬁbers

10 mg/L of Sb(V) solution in a single-component and in a
binary system with As(V). The adsorbents were ﬁltrated,

The microporous CF were prepared according to the

washed with distilled water and subjected to desorption

procedure described in our previous study (Bilgin Simsek

tests. Regeneration tests were conducted by stirring the

et al. ). After preparation of raw CF, it was mixed with

adsorbents in 25 mL NaOH solution (0.5, 1.0 and 3.0 M).

a solution of FeCl3 (3.0%, wt) and to the slurry was slowly

Then, the adsorbents were washed with distilled water and

added a solution of 10% NH4OH until the pH reached the

dried in an oven prior to re-adsorption tests.
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available with the online version of this paper) were used to
analyze adsorption experimental data. Based on the correlation coefﬁcients (R 2) and chi-square (χ 2) values (Table S1),

Adsorption experiments

Sb(V) adsorption on both CF and CF-Fe was best described
with the Freundlich model, which indicated that Sb(V) is

Effect of pH

mainly adsorbed in a multilayer coverage manner on active
Variation of the amount of adsorbate as a function of pH can

sites with different energy. Besides, it should be noted that

provide information about the nature of the adsorption. In

the approximate indicator of the adsorption capacity term,

the pH range of 3–5.5, the adsorption capacity of As(V)

KF, of the Freundlich model is about nine times higher for

and Sb(V) for unitary and binary systems increased slightly,

CF-Fe (20%) than for CF. For the simultaneous adsorption

whereas it decreased in the pH range of 5.5–9 (Figure 1).

of As(V) and Sb(V), the KF values also were getting higher

CF-Fe (20%) showed high efﬁciency for both As(V) and

as the Fe amount in CF increased. The reason for the

Sb(V) when the solution pH was in the range of 5–5.5.

enhanced adsorption capacity for higher Fe quantity is

H2AsO
4

when the solution pH

the increase in the number of surface functional groups

ranges from 2.1 to 6.7 and in the form of HAsO2
when
4

(FeO(O)H) on the adsorbent. Evaluating the results obtained

the pH value is higher than 6.7 (Smedley & Kinniburgh

in unitary and binary systems (Figure S1), one can see that

). Antimony has mainly two common oxidation states

adsorption of metalloids in the unitary system was higher

as Sb(III) in anoxic media and Sb(V) in oxic media. The

than in the binary system. Moreover, it was found that

dominant form of Sb(V) for pH values above 4 in water

the maximum adsorption capacity was obtained for CF-Fe

Sb(OH)
6.

(20%). In the binary system both metalloids affect each

Below pH 5, Sb(V) has two coexisting species in water, which

other’s adsorption performance (Table S2). It is likely

As(V) exists in the form of

exists as the deprotonated form of antimonic acid,
are

Sb(OH)
6

and Sb(OH)5. Uncharged antimonous acid,

Sb(OH)3, occurs above pH 4 and Sb(OH)3 and

Sb(OH)þ
2

that arsenate takes more available adsorption sites than
antimonate both on CF and composite CF-Fe.

co-exist below pH 4 as Sb(III) species (Dou et al. ). The
pHpzc values of the samples were found to be in the range

Adsorption kinetics

of 6.8–8.14. When the solution pH is higher than the pHpzc
value, the surface of the CF and CF-Fe is negatively charged.

As(V) and Sb(V) adsorption kinetics in unitary and binary

HAsO2
4 /

systems are presented in Figure 2. For the single-solute

Sb(OH)
6 anions. When the solution pH is lower than

As(V) and Sb(V) systems with raw ﬁbers, the equilibrium

Strong repulsion occurs between the surface and

pHpzc, electrostatic attractions appear between protonated

was reached within 12 and 16 h, respectively. For raw CF,

functional groups (FeOHþ
2 ) and anions. The protonation

carbonyl and carboxyl groups might play a role in the

and deprotonation reactions on the surface according to

adsorption (Zhang et al. ). On the other hand, with

pH value can be expressed as (Petrova et al. ):

CF-Fe (20%) composite the equilibrium was reached
within 1 hour for both metalloids. The FeO(O)H groups in

≡ Fe  OH þ Hþ ↔ FeOHþ
2
≡ Fe  OH ↔ FeO þ Hþ


≡ Fe  OH þ OH ↔ FeO

pH < pHpzc
pH > pHpzc



pH > pHpzc

(1)

the composite structure contain Lewis-acid-type functional
groups, and thus, were much more effective for the removal

(2)
(3)

of metalloids when compared with raw CF.
The kinetic data were applied to the pseudo-ﬁrst-order
equation, pseudo-second-order equation and Weber–Morris
intra-particle diffusion models (Supplementary Material).

Adsorption isotherms

As shown in Table S3, for single Sb(V) adsorption, the
values of the correlation coefﬁcient of the pseudo-second-

To evaluate the adsorption characteristics of the CF and CF-Fe

order equation were high (R 2 ¼ 0.99), conﬁrming the chemi-

samples, the isotherm models (Supplementary Material,

cal mechanism of the process. The Sb(V) adsorption rate (k2)
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Effect of pH on As(V) and Sb(V) adsorption in unitary and binary systems.

of CF-Fe (20%) was 2.824 × 103 g/μg.min, which is higher
3

than that of CF (0.019 × 10

from water was faster than that for antimonate, and

g/μg.min) and indicates that

120 min was required to remove 93.8% of As(V) and

ferric hydroxides on the carbon ﬁber surface had higher bind-

86.5% of Sb(V) from the binary solution by the CF-Fe

ing afﬁnity to Sb(V).

(20%) sample, while 21.5% of As(V) and 11.3% of Sb(V)

When two adsorbates compete for adsorption sites,

were removed by CF within 120 min. In the binary system

which often occurs in practical situations, the equilibrium

of arsenic and antimony, the uptake of metalloids as a

requires a longer time. The process of arsenate removal

function of time was ﬁtted both with the second-order and
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Adsorption kinetics of As(V) and Sb(V) in unitary and binary systems.

intra-particle diffusion kinetic models (Figure S2). The

The

Weber–Morris

intra-particle

diffusion

model

theoretical adsorption capacities were found to be almost

assumes that sorbate transport within the porous structure

the same as the experimental ones for As(V) and Sb(V)

of the sorbent is the rate-controlling step of adsorption if

(Table S4). Comparing the unitary system (As or Sb) to the

the plot of qt vs t 1/2 is linear. When the plot is multilinear,

binary (As þ Sb) system, for the CF-Fe (3%) sample, the

it shows that the adsorption is controlled by various limiting

adsorption rate (k2) of As(V) decreased from 0.655 to

factors at different steps of the process. Two straight lines

0.427 × 103 g/μg.min and k2 of Sb(V) dropped from 0.489

were obtained indicating the external and intra-particle dif-

3

to 0.372 × 10

g/μg.min. Analogous phenomena were

observed for other CF-Fe composites.

Downloaded from http://iwaponline.com/ws/article-pdf/19/3/838/592734/ws019030838.pdf
by guest

fusion states (Figure S2(c)). According to the values of the
rate parameters (kid–1 and kid–2), as well as the correlation

843

E. B. Simsek et al.

|

Sb(V) and As(V) removal by carbon ﬁbers decorated with iron oxides

Water Supply

|

19.3

|

2019

coefﬁcients, the kinetic model indicates that in the ﬁrst step

Impact of different water matrices on the adsorption

both arsenic and antimony rapidly equilibrate with the exter-

rate

nal sites of the adsorbent surface.
As tap water consists of various types of salts and organic
matter, it is a more complex matrix than deionized water

Adsorption thermodynamics

and drinking water. Therefore, tap and drinking water
o

Thermodynamic parameters such as Gibbs free energy (ΔG ),
o

o

samples spiked with both unitary and binary As(V)/Sb(V)

enthalpy change (ΔH ) and entropy change (ΔS ) (Sup-

solutions were subjected to kinetic adsorption tests and

plementary Material, available online) were calculated and

compared with distilled water. The characteristics of tap

the results are given in Table S5. Negative enthalpy changes

and drinking water samples are given in Table S6.

of CF samples showed the exothermic nature of Sb(V) adsorp-

The residual arsenic concentration in the unitary system

o

decreased below 10 μg/L after 15 min, 30 min and 2 hours

values of the CF-Fe composites supported the endothermic

of contact with CF-Fe samples in distilled, drinking and

nature of the adsorption; besides ΔH o values increased with

tap water matrices, respectively (Figure 3). These results

increasing iron oxide ratio for both unitary and binary

demonstrate that CF-Fe is an effective adsorbent for arsenic

tion in both unitary and binary systems. The positive ΔH

systems. The positive ΔS

o

values indicate the afﬁnity of

removal in drinking and tap water matrices. On the other

samples for As(V) and Sb(V) and the increasing randomness

hand, the required time to reduce Sb(V) below the allowed

o

at the solid/liquid interface during adsorption. ΔG values of

level was found to be 1 hour and 2 hours in distilled and

all the samples were found negative, which conﬁrm spon-

drinking water systems, respectively. However, after

taneous reaction for both unitary and binary systems.

3 hours of treatment in the tap water matrix, the equilibrium

Figure 3

|

Adsorption kinetics of As(V) and Sb(V) on CF-Fe (20%) in different water systems.
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Sb(V) concentration was found to be 9.9 μg/L, which was

285.5 eV attributable to C–C, C–O, O–C–O (or COOH),

above the acceptable level. It can be concluded that the

C ¼ C, C ¼ O and C–H, respectively (Singh et al. ;

co-existing anions in tap water had a stronger inhibitory

Kumar & Jiang ). After adsorption, the ratio of

effect on Sb(V) removal.

oxygen-bonded C states decreased, suggesting that the

After 120 min of contact with the adsorbent in the
binary system, the residual As(V) concentrations were

surface functional groups including oxygen are involved in
the unitary or binary adsorption.

found to be 6.9 μg/L in distilled water, 10.0 μg/L in drinking

The As 3d spectra of the saturated CFs (Figure S3(c)) in

water and 16.7 μg/L in the tap water matrices. The required

unitary and binary systems exhibited similar characteristic

time to reach the allowed As(V) concentration was found to

As(V) peaks, in one band centered at approximately

be 3 hours for both drinking and tap water. Meanwhile, after

45.0 eV. Unlike the unitary system, in addition to the

4 hours of treatment, the level of Sb(V) in the binary system

As(V) peak, new peaks of the Sb 4d core level at 36.0 eV

was still higher than the maximum allowed contaminant

appeared in the spectra of binary system indicating that

level. The more efﬁcient arsenic and antimony removal

Sb(V) were also adsorbed onto the CFs.

from distilled water than from tap water is mainly attributed
to the impact of co-existing anions such as sulfate and phos-

Desorption and stability experiments

phate in the water.
Desorption and recycling experiments were conducted to
Micro-characterization XPS analysis for understanding

examine the stability of the CF and CF-Fe (20%) samples

the adsorption mechanism

(Figure S4). The single Sb(V) desorption efﬁciencies of CF
were found to be 63.4%, 83.1%, and 92.4% when 0.5, 1.0

In order to obtain insight into the arsenate and antimonate

and 3.0 M NaOH were used as agents, while the desorption

adsorption on the CFs, the chemical composition of raw

efﬁciencies for the CF-Fe (20%) sample were found to be

and composite samples after As(V) and Sb(V) adsorption

73.7%, 84.6% and 96.6%, respectively. By using NaOH sol-

was measured by X-ray photoelectron spectroscopy (XPS)

ution as desorption agent, arsenate or antimonate are

analysis. The O 1s peak of CF-Fe (20%) can be deconvoluted

desorbed with the Donnan exclusion effect (Jais et al. ).

into six peaks (Figure S3(a)). The peaks at 530.6, 531.5 and

After selecting the optimum desorption agent (3.0 M

532 eV correspond to oxide oxygen

(O
2 ),

hydroxyl groups



NaOH), the cycle was repeated seven times (Figure S4).

(OH ) and O–C bonds, respectively. After Sb(V) adsorption

In the ﬁrst cycle, for the CF and CF-Fe (20%) samples,

from the single-solute system onto both CF and CF-Fe (20%)

Sb(V) desorption efﬁciencies (in the unitary system) were

sorbent, the peaks at the binding energy of 530.0 eV

found to be 92.4% and 96.6%, while they decreased to

appeared with higher proportion attributed to the Sb 3d5/2

88.9% and 76.5% after the seventh cycle, respectively. In

core level (Luo et al. ). In the spectra of As(V) and

addition, CF and CF-Fe (20%) had approximately 82% and

Sb(V) adsorbed CFs, the intensities of the band at 532.5 eV

96% of the ﬁrst antimonate adsorption capacity at the

increased due to the formation of O–As chemical states.

seventh re-adsorption cycle, showing the reusability of

Moreover, new bands appeared at 533 eV, which can be

these sorbents.

ascribed to the presence of H2O on the saturated surface.

In contrast to the single-solute system, both desorption

Owing to their similar chemical nature, arsenic and anti-

efﬁciency and adsorption capacity decreased much less in

mony share similar sorption behavior. It can be concluded

the binary system during the cycles. Sb(V) adsorption

that both metalloids were mainly adsorbed through the

capacity (in the binary system) decreased to 71.0% and

hydroxyl groups (OH–) via surface complexation by forming

79.4% for the CF and CF-Fe (20%) samples, respectively.

inner-sphere complexes.

On the other hand, for both the unitary and binary systems,

The high resolution C 1s spectra of CF (Figure S3(b))

the ferric-hydroxide-decorated carbon ﬁber sample was

could be curve-ﬁtted into six peak components with binding

found more stable when compared with CF. In the binary

energies assigned of 284.3, 286.4, 288.8, 284.9, 283.7 and

system, the As(V) adsorption capacity of CF-Fe (20%) was
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80.5% of the initial capacity after seven adsorption–desorption cycles while it was found to be 72.4% for CF.

CONCLUSION
CF decorated with different quantities of ferric hydroxide
were synthesized. As(V) and Sb(V) adsorption from both
model single and two-component adsorbate was evaluated.
It was found that the composite ﬁbers exhibited much
higher adsorption efﬁciency than raw ﬁber. Increased
amounts of ferric hydroxide resulted in higher As(V) and
Sb(V) adsorption performance for both unitary and binary systems. The As(V) and Sb(V) adsorption mechanism on CF-Fe
was proposed to be electrostatic attraction, hydrogen bonding
and inner-sphere complexation dependent on the pH of the
medium. The As(V) and Sb(V) levels were found to be
below the maximum allowed contaminant level so that the
CF-Fe composites can be used as efﬁcient, cost-effective adsorbent for the removal of metalloids from aquatic media. It can
be concluded that the ferric-hydroxide-decorated carbon ﬁber
composites can present an alternative to existing commercial
adsorbents for the treatment of drinking water.
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