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ABSTRACT

Carbon materials are effective for removal of both toxic inorganic and organic substances.
In this study, a novel magnetic mesoporous carbon aerogel which combined high specific
surface area, adsorption capacity and magnetic property of FesC was prepared by citrate
sol-gel method. The as-prepared samples were characterized by powder X-ray diffraction,
TEM, scanning electron microscope, and BET methods. Results show that the aerogel has
the specific surface and average pore size of 290 m*/g and 2.7 nm, respectively. Magnetic
Fe;C nanoparticles were dispersed uniformly in carbon matrix and exhibit excellent
response to an external magnetic field. As a result, the adsorbent can be easily separated
from solution using an external magnetic field. Batch experimental results on As(V) removal
showed that the adsorption kinetics and isotherm data were fitted well by a pseudo-second-
order model and a Freundlich model, respectively. The monolayer adsorption capacity (qm)
of the adsorbent was calculated to be 56.2 mg/g at pH 7.0. The excellent uptake capability
of the magnetic mesoporous materials make it be potentially attractive materials for removal
of hazardous substances from water.
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1. Introduction

The pollution of arsenic and its compounds is
becoming more and more severe with the develop-
ment of industry and economy. Arsenic mainly
reaches humans through water supplies where it is
generally present as As(Ill) and As(V) in the form of
arsenite and arsenate. The inorganic arsenic is very
poisonous for human beings. As a result,
arsenic removal technologies, such as precipitation,
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coagulation, ion exchange, membrane filtration, foam
floatation, solvent extraction, bioremediation, and
adsorption, have attracted significant attention [1-4].
Among these technologies, adsorption is an inexpen-
sive and commercially available technology. Many
natural materials and specially designed technical par-
ticles including natural zeolite, clays, volcanic stone,
modified activated carbon, metal and its oxides, and
hydroxides such as iron, iron oxide, and cupric oxide
[5-12], have been developed to remove arsenic from
water. Furthermore, iron carbide is also a candidate
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for arsenic removal. Gutierrez-Muniz et al. reported
that the iron carbide has a better adsorption capacity
for As compared with Fe(0) and Fe,O; [13].

However, the development of an adsorbent with a
high surface area is necessary to increase the adsorp-
tion capacity of the material. Compared with bulk or
commercial materials, nanomaterials are better candi-
dates for adsorbents due to their high surface areas.
However, nanopowder adsorbent easily aggregates,
thus, this will result in the decrease of the nanomateri-
als surface area and adsorption sites, and the separa-
tion of powder nanomaterials from solution needs
additional steps such as centrifugation, granulation by
binder, and so on [14]. These will result in not only
additional cost but also more complex operation.
Therefore, different methods have been studied in
order to increase specific surface area of adsorbent
materials such as preparation of nanotubes [15-17],
nanopores [18,19], films [20], impregnated nanoparti-
cles [21,22], and chemical modification of adsorbents
[23,24].

In this study, a simple sol-gel method was used to
prepare magnetic porous adsorbents which combined
high specific surface and magnetic property. The pre-
pared materials were characterized by different tech-
nologies, and batch adsorption experiments were
conducted for As(V) removal using the adsorbents.
The objective of this study is to assess the adsorption
capacity of the mesoporous adsorbent to As(V) and to
effectively separate the adsorbent from aqueous solu-
tions using external magnetic fields.

2. Materials and methods
2.1. Materials

All chemicals are of analytical grade and used
without further purification, and all solutions were
prepared with deionized water. Citric acid
(CeHgO7H,0), ferric nitrate nonahydrate (Fe
(NO3)3-9H,0), and ammonia were used for the adsor-
bent preparation. The As(V) stock solutions were pre-
pared with sodium arsenate (NazAsO,12H,0).
Sodium nitrate (NaNO3) was used to fix a constant
ionic strength (0.01 M NaNOj3) of solution. Sodium
hydroxide (NaOH) and hydrochloric acid (HCI) were
used to adjust the pH of solution.

2.2. Preparation of magnetic adsorbent

Magnetic adsorbents were prepared by citrate
sol-gel method followed by annealing under nitrogen
atmosphere. In a typical synthesis, 0.040 mol
CcHgO7H,O and 0.027 mol Fe(NO3);-9H,0
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(C6H807H20/FG(NO3)39H2O molar ratio was 32)
were dissolved in 40 ml deionized water, and pH of
the above solution was adjusted to 7.0 using ammonia.
The solution was evaporated at 80°C for 2 h and then
dried in air at 120°C for 5 h to produce dry gel. The
obtained gel was then annealed in N, at 800°C for 1 h
with a temperature ramp rate of 5°C/min. The pre-
pared sample was denoted as S1. Other two samples
52 and S3 were prepared by adjusting the molar ratio
of C¢HgO7-H,O/Fe(NO3)3-:9H,0 to 2:1 and 3:1, respec-
tively. Other procedures were the same as the above
that of sample S1. Fig. 1 shows the preparation pro-
cess of magnetic mesoporous Fe;C/C aerogel.

2.3. Adsorbent characterization and analytical methods

The X-ray diffraction (XRD) patterns were collected
on a Bruker D8 Diffractometer using Cu-Ko radiation
(40 kV, 40mA). Field emission scanning electron
microscope (SEM) images were obtained on a JEOL
JSM 7800 with accelerating voltages of 5.0 kV, while
TEM images were taken on Philips Tecnai F20 (oper-
ated at 200 kV). Nitrogen adsorption isotherms were
measured at 77 K using a TriStar II Surface Area and
Porosity analyser. The samples were degassed under
vacuum for 6 h at 180°C before analysis. The specific
surface areas (Spgr) were calculated wusing the
Brunauer-Emmett-Teller (BET) method. The pore
volumes and pore size distributions were derived
from the adsorption branches of isotherms using the
Barrett-Joyner-Halenda (BJH) model, whereas the
total pore volumes (V) were estimated from the
amount adsorbed at a relative pressure P/P, of 0.99.
micropore volumes (V.,;) were determined according
to the t-plot method. Arsenic concentration was deter-
mined by a Thermos Icap 6300 inductively coupled
plasma-atomic emission spectroscopy (ICP-AES). Prior
to analysis, the aqueous samples were diluted with
deionized water to the testing range of the instrument.

2.4. Batch adsorption experiments

For all of three samples, batch tests were carried
out at room temperature (25 +1°C) by adding 20 mg
of prepared adsorbents into 150-mL glass vessels, con-
taining 50 mL of 400 mg/L As(V) solution. The sus-
pension was mixed with a mechanical orbit shaker.
The pH of the solutions was adjusted with dilute HCI
and NaOH solution to around 7.0 during shaking
process. The suspensions were separated through an
external magnetic field after they were shaken for
24 h; then, the equilibrium concentration was
determined.
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Fig. 1. The preparation process of magnetic mesoporous Fe;C/C aerogel.

The kinetics experiments were carried out at room
temperature (25 +1°C). A defined amount of arsenic
stock solution was added in a 1,000mL glass vessel.
Then, a corresponding amount of deionized water was
added to make 500 mL of 5, 10 mg/L As(V) solution.
The ionic strength was maintained at 0.01 M by add-
ing 0.425 g sodium nitrate. After the solution pH was
adjusted to 7.0 £ 0.3 by adding HCl or/and NaOH
solution, 0.20 g of adsorbent was added to obtain a
0.40 g/L suspension. The suspension was mixed with
a mechanical orbit shaker, and the pH was maintained
at 7.0 = 0.3 throughout the experiment. Approximately
5 ml aliquots were taken from the vessel at different
time intervals and immediately separated. Then, the
concentrations of arsenic in the separated solutions
were determined.

The arsenic adsorption isotherm was determined
using batch tests at the initial pH values of 7.0 + 0.3.
Initial arsenic concentration was varied from 5 to
40 mg/L. In each test, 20 mg of the adsorbent was
loaded in the 150-mL glass vessel, and 50 ml of solu-
tion containing different amounts of arsenic was then
added to the vessel. Ionic strength of the solution was
adjusted to 0.01 M with NaNOj. All samples were
separated and analyzed for arsenic after the vessels
were shaken for 24 h at 25 + 1°C.

3. Results and discussion
3.1. Characterization of prepared adsorbents

Fig. 2(a) shows that the prepared sample exhibits
excellent response to an external magnetic field. XRD
pattern of the prepared adsorbents is illustrated in
Fig. 2(b). It shows that the main diffraction peaks can
be well indexed to orthorhombic FezC (iron carbide)
phase (JCPDS Card No. 35-0772) with a space group

of Pnma for all samples. No peaks of any other crystal
phases can be observed, confirming only Fe;C crystal
dispersed in carbon matrix.

The morphology of the synthesized products was
examined by TEM and SEM. TEM images as shown in
Fig. 3(a)-(c) demonstrate that the Fe;C particles are
aggregated with the size of 70-100 nm for the samples
S1 and S2. However, the Fe;C particles disperse uni-
formly in carbon matrix without any aggregation for
sample S3, and the particle size is about 10 nm. The
result shows that the higher the molar ratio of
CeHgO,H,0O to Fe(NO3)3-9H,O, the narrower the
distribution of nanoparticle size and more uniform
particle size. Similarly, SEM images as shown in
Fig. 3(d)—(f) show the same conclusion that smaller
and smaller particle size can be found with increase in
molar ratio of CgHgO,H,O to Fe(NO3)3-9H,0.
Fig. 3(g) shows the porous nature of cross section of
the magnetic Fe;C/C composites.

Nitrogen adsorption data confirm that the mag-
netic materials have characteristics that are typical for
mesoporous materials: uniform pore-size distribution,
high surface area, and large pore volume. This unique
pore structure gives rise to a BET surface area of 113,
212, 290 mz/g, a total pore volume of 0.10, 0.18,
0.22 cm®/g, and a micropore volume of 0.01, 0.03,
0.06 cm®/g, respectively, as shown in Fig. 4. Table 1
summarizes the textural characteristics of these mate-
rials. The total BET surface area and total volume
exhibit an increasing tendency with the increase of
molar ratio of C¢gHgO7-H,0 to Fe(NO3);-9H,0.

3.2. Adsorption kinetics

After 20 mg of each sample was added into 50 mL
of arsenic solution and shaken for 24 h, the result
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Fig. 2. Digital photograph (a) and the XRD pattern (b) of the prepared samples.

shows that the adsorption capacity is 42, 55, and
72mg/g for samples S1, S2, and S3, respectively.
According to the adsorption results along with the
characterization of XRD, SEM, and BET, the sample S3
was selected to carry out adsorption kinetics and
isotherm test.

Fig. 5(a) shows the variety of adsorption capacity
with contact time. It is obvious that the adsorption
process can be divided into two steps. In the first
rapid step, over 80% of the equilibrium adsorption
capacity was achieved within 3 h, and the contact time
of 14 h was enough to achieve the adsorption equilib-
rium for both two initial concentrations. Fig. 5(b)
shows the change in the arsenic concentration with
time in aqueous phase.

In order to further investigate the mechanism of
adsorption by the composite, the kinetics data of
various initial concentrations were fitted to the
pseudo-first-order and pseudo-second-order models,
which were presented as follows in Egs. (1) and (2),
respectively [25,26]:

G = qe(1— ™) 1)
t t 1

where g. and g; are the adsorption capacities (mg/g)
of the adsorbent at equilibrium and at any time ¢ (h),
respectively; and k; (h™') and k, (g/mg/h) are the
related rate constants.

The rate constants obtained from pseudo-first-
order and pseudo-second-order models are summa-
rized in Table 2. The goodness of fit of the pseudo-
second-order model to the experimental data was
higher than the pseudo-first-order model as showed
in Fig. 5(a) and checked from the calculated values
of the correlation coefficient (R?). This pseudo-sec-
ond-order model assumes that the rate-limiting step
may be chemisorption involving sharing or exchange
of electrons between adsorbent and As(V), and that
two reactions are occurring. The first one is fast and
reaches equilibrium quickly and the second is a
slower reaction that can continue for a long period
of time. The rate constant k, of pseudo-second-order
model decreases with increasing initial arsenic con-
centration, indicating that the adsorption may be
more favorable at low solution concentration. The
results are similar to those of metal oxides [8,27].

3.3. Adsorption isotherms

Adsorption isotherms were obtained at pH 7.0
+0.3 by varying the initial arsenic concentrations
(540 mg/L). The isotherms obtained are presented
in Fig. 6. Obviously, the slope of curve decreased
gradually with the increase in initial arsenic concen-
tration. That is to say, the adsorption percentage
decreases with the increase in initial arsenic concen-
tration. According to literature [28,29], adsorption of
ions onto activated carbon occurs through parallel
and consecutive reaction that involve the active sites
on carbon surface and adsorbed ionic species. The
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Fig. 3. TEM (a—c) and SEM (d-g) images of the samples S1 (a, d), S2 (b, e), and S3 (c, f, and g).
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Fig. 4. Nitrogen adsorption isotherm (a) and pore size distribution (b) of the prepared samples.

Table 1

Textural parameters of the as-prepared magnetic aerogel

materials (Sgpr: BET surface area; Vy: total pore
Vmi: micropore volume; D,,.: mesopore diameter)

volume;

Sample SBET Vt Vmi D me
(m*/g) (ecm?/g) (cm*/g) (nm)
S1 113 0.10 0.01 3.5
S2 212 0.18 0.03 3.4
S3 290 0.22 0.06 2.7
18
1 (@) L. .
164 AT ___.
14 -
I Pseudo-first-order model
12 - Pseudo-second-order model
@ 10 - - n u .
o)) 1 TR T T T T T Tt T TSI T T T T T T T T T
E 8
o 6
4 A 10mg/L
2
0 v T v T v T v T v T
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Contact time (h)

dependence of equilibrium adsorption capacity on
the process parameters is strictly correlated with
their influence on concentration of ionic species in
solution as well as on the adsorbent properties. The
surface on carbon contains a large variety of ioniz-
able groups which lead to the sorption of both
anions and cations from aqueous phase. For the
Fe;C/carbon composite, an optimal pH value is
around neutrality to maximize the adsorption capac-
ity because the chemical species that play a role in
the adsorption processes are H,AsO, and HAsO3 .

1
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Fig. 5. (a) Kinetics of adsorption by magnetic composite. Symbols indicate experimental data; dash lines represent the
pseudo-first-order model; solid lines refer to the pseudo-second-order model and (b) change in the concentrations of

arsenic with time in the solution.
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Adsorption rate constant obtained from pseudo-first-order and pseudo-second-order models for different initial concen-

trations of As(V)

Pseudo-first-ord del
Initial concentration (mg/L) seudo-hirstorder mode

Pseudo-second-order model

ki (\™h ge (mg/g) R? k, (g/mg/h) ge (mg/g) R?
5 1.872 9.1 0.905 0.295 9.7 0.974
10 1.646 15.7 0.924 0.160 16.7 0.981

45
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de(mg/g)

25

20 Langmuir
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Fig. 6. Adsorption isotherms of arsenic. Symbols indicate
experimental data; solid line represents the Langmuir
model; dash line refers to the Freundlich model.

And the concentration of OH ion is sufficiently low
to reduce the competition with the arsenic species
[30]. In this case, the hydroxyl group in the FeOOH
and COOH on the composite surface can easily
exchange with the HyAsO, and HAsOj species in
the aqueous solution [13,31,32]. To better understand
the adsorption process, both Langmuir and Fre-
undlich models were employed to describe the
adsorption isotherms as shown in Fig. 6. The
Freundlich equation is represented as:

Je = Kr CZ (3)

Table 3

where g, is the amount of arsenic adsorbed onto the
solid phase (mg/g), C. is the equilibrium arsenic
concentration in the solution phase (mg/L), Kg is
roughly an indicator of the adsorption capacity, and
n is a constant related to the energy of adsorption
in the model.

The Langmuir equation can be written in the form:

B gm b Ce
=7 +bC. @)

where g. and C. are as previously denoted, b is the
equilibrium adsorption constant related to the affinity
of binding sites (L/mg), and g, is the maximum
amount of the arsenic per unit weight of adsorbent for
complete monolayer coverage.

Results of the calculated isotherms parameters as
well as the goodness of the fit R* are shown in Table 3.
It can be noted that equilibrium data fitted very well
to both Langmuir and Freundlich models. Because the
presence of magnetic Fe;C particles in the adsorbent
may lead to more heterogeneous surface, the Fre-
undlich model which describes adsorption where the
adsorbent has a heterogeneous surface with adsorp-
tion sites that have different energies of adsorption
has higher goodness of fit as shown in Table 3.
According to the Langmuir isotherm which represents
the monolayer coverage adsorption model, the calcu-
lated adsorption capacity is 56.2 mg/g. This suggested
that the magnetic mesoporous composite is effective
for As(V) removal.

Langmuir and Freundlich isotherm parameters for arsenic adsorption by the magnetic composite

Langmuir model
As species o

Freundlich model

qm (mg/g) K, (L/mg)

R? Kr (mg/g)

n (mg/g) R?

As(V) 56.2 0.132

0.967

10.6 0.456 0.988
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4. Conclusion

In this study, citrate sol-gel method was used to
prepare mesoporous Fe;C/carbon aerogel precursor.
The magnetic mesoporous Fe;C/carbon aerogel mate-
rials were successfully obtained by a carbonization
process at an annealing temperature of 800°C under
N, atmosphere. The BET results indicate that the
specific surface area increases gradually with the
increase in molar ratio of C¢HgO,H,O to Fe
(NO3)3-9H,O. When the molar ratio was 3:1, the aver-
age pore size and the specific surface area of the
mesoporous structures were 2.7 nm and 290 m*/g,
respectively. The magnetic mesoporous aerogel exhib-
ited excellent response to an external magnetic field
because of the magnetic nature of Fe;C, resulting in
easy separation of the magnetic mesoporous adsorbent
from solution. The adsorption kinetics and isotherm
data were fitted well by a pseudo-second-order model
and a Freundlich model, respectively. The monolayer
capacity (gm) of the adsorbent for As(V) was calcu-
lated to be 56.2 mg/g. Therefore, the magnetic meso-
porous Fe;C/carbon aerogel has a significant potential
in water treatment applications.
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