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ABSTRACT

In this study, novel magnetite composite FeS,/Fe,O, was synthesized by a one-pot hydrothermal
method. It is applied as an adsorbent for chromium(VI) removal from aqueous solution. The pyrite
(FeS,) and the magnetite (Fe,O,) were also synthesized and compared. The analysis results of X-ray
diffraction, scanning electron microscopy, and X-ray photoelectron spectroscopy confirmed the for-
mation of FeS,/Fe,O, composite. The magnetic characterization revealed that the saturation magne-
tization value for FeS /Fe,O, was 50.89 emu g™, which is helpful for the separation. The effects of the
initial pH values, adsorbent dosage, contact time and reaction temperatures on the Cr(VI) removal
by various materials were studied and contrasted in detail through experiments. It is found that
the composite FeS,/Fe,O, had high removal capacity for Cr(VI) at high pH. 86.1% of Cr(VI) removal
efficiency was obtained when the pH value is at 12.0, the contact time is 3 h and the temperature
is controlled at 35°C. FeS, component was inferred as the major contribution of the composite to
the Cr(VI) removal. FeS,/Fe,O, displayed a promoted Cr(VI) removal efficiency with the increasing
temperature, and its absorption process is proved spontaneous.

Keywords: Adsorption; FeS /Fe,O,; Pyrite; Fe,O,;

Cr(VI) removal

1. Introduction

Chromium is one of the most common heavy metal pol-
lutants in wastewater, industrial waste and polluted soil. It
usually exists in the form of the hexavalent chromium (Cr(VI)
or trivalent chromium (Cr(III). The allowable concentration
of total chromium in drinking water was 50 ug L by World
Health Organization [1,2]. However, the concentration of
chromium(VI) in polluted wastewater always far exceeds
the safety level [3]. Compared with chromium(III), the tox-
icity of chromium(VI) is nearly one hundred times higher
than that of chromium(IIl), which due to the formation of
insoluble species for Cr(III) such as Cr(OH), or Cr Fe, (OH),
[4,5]. Chromium(VI) is soluble in a wide range of pH envi-
ronments and can diffuse rapidly in liquid environments.

* Corresponding author.

Therefore, it is pressing to develop an effective method to
remove Cr(VI) in water.

Reduction and/or adsorption Cr(VI) from the aqueous
solution is generally considered as an environmentally
friendly and economic technology [6-9]. Among the various
adsorbents, Fe,O, has been paid special attention to water
purification, because of its simple magnetic separation and
mild reaction conditions [10,11]. The structured Fe(Il) in
Fe,O, has generally been supposed to reduce Cr(VI) to Cr(III),
and form a complex chelate on the surface of magnetic par-
ticles. Ren et. al. [12] had prepared Fe,O,@C using a one-step
solvothermal method to remove Cr(VI), and the maximum
adsorption capacity was 33.35 mg g according to the calcu-
lated result, facile magnetic separability and good recyclabil-
ity also had been proved. Feng et al. [13] synthesized Fe,O,
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nanoparticles and studied the effects of various conditions
for the removal of Cr(VI) in aqueous solution. The maxi-
mum adsorption capacity was 56.625 mg g™ at 35°C and the
pH value was controlled at 2.0. From the previous reports,
the reduction ability of Fe,O, is weak and hard to apply.
Its adsorption capacity also presents rather low. Therefore,
to remove Cr(VI) successfully using magnetic particles, func-
tionalization and modification of Fe,O, is a practicable tactic.

Natural sulfides are always plentiful and can be used as
reductants. Amorphous iron sulfides FeS, and FeS have been
evaluated for the remediation performance toward hexava-
lent chromium (Cr(VI)) [14-17]. Theoretically, Cr(VI) reduc-
tion reactions occurred on the surface of FeS_and formed the
product. The polysulfide is presumed to be a better electron
donor and more effective to remove Cr(VI) from solution.
However, the technology may cause secondary pollution,
since the reaction product with either sulfide can hardly
be collected and treated. Cr Fe, (OH), will be oxidized by
oxygen and dissolved again in the solution for a long-term
treatment trial. Hence, it is necessary to make a functional
modification of iron sulfide to satisfy the recyclable needs.

In this work, using a one-pot hydrothermal method,
novel magnetic adsorbent FeS /Fe,O, was synthesized for the
removal of Cr(VI) from aqueous solution. In order to com-
pare the adsorption efficiency, Fe,O, and FeS, were also pre-
pared as the adsorbents. The X-ray diffraction, morphology,
X-ray photoelectron spectroscopy, and magnetic characteri-
zations were employed to reveal the structure and physical
difference among the various materials. The influences of pH
value, time and temperature on the adsorption efficiency of
Cr(VI) removal were also investigated in detail.

2. Experimental
2.1. Materials and methods

All chemicals in this study were of analytical reagent
grade and applied as-receive without further pretreatment.
Hexa-hydrate ferric chloride (FeCl,-6H,0) and ferric nitrate
(Fe(NQ,),"9H,0) were used as the iron resources of Fe,O, and
FeS,, respectively. Ethylene glycol ((CH,0OH),), sodium ace-
tate (C,H,NaQ,), potassium dichromate (K,Cr,0,), thiourea
(CH,N,S), sulfuric acid (H,SO,), sodium hydroxide (NaOH),
and anhydrous ethyl alcohol (C,H,OH) were the analytical
reagents purchased from Tianjin Damao Chemical Reagent
Co., (Tianjin, China). Double distilled water (18.2 m) cm)
was used throughout the experiments.

X-ray diffraction (XRD) measurement was performed
to confirm the synthesized materials. It was conducted in
the 20 range from 5° and 90° using Cu-Ka radiation with a
step size of 0.05° (40 kV, 20 mA; A = 0.15405 nm). A scanning
electron microscopy (SEM) (Zeiss Ultra Plus, Germany) was
carried out to study the surface morphologies of samples.
The X-ray photoelectron spectroscopy (XPS) spectra of vari-
ous materials were obtained using ESCALAB 250Xi (Thermo
Fisher Scientific Inc., USA) equipped with an Al-Ka mono-
chromated X-ray source (hv = 1,486.6 eV). The Fe 2p peaks
were analyzed through XPS Peak. Magnetic measurements
were carried out using a vibrating sample magnetometer
(Digital Measurement System JDM-13) with a maximum
magnetic field of 10,000 O, at room temperature.

2.2. Preparation of Fe,O, material

The preparation of magnetic nanoparticles was accord-
ing to the procedures reported in previous researches [3]. In
a typical synthesis, 1.35 g FeCl,-6H,O was mixed with 40 mL
ethylene glycol by stirring under N, atmosphere for a period
of time. After FeCl, was completely dissolved, 3.6 g sodium
acetate anhydrous was added and stirred continuously to
get a transparent solution. Then the mixture was transferred
into a 50 mL Teflon lined stainless steel autoclave. The auto-
clave was heated and maintained at 200°C for 12 h. After the
reaction was completed. The black products were cooled
naturally, collected by magnetic separation and washed
with hot water and ethanol respectively for several times.
Finally, the samples were dried in a vacuum oven at 60°C for
12 h, stand by to application.

2.3. Synthesis of FeS, and FeS,/Fe O, particles

Both FeS, and FeS /Fe,O, materials were synthesized by
using a solvothermal method in our previous report [18]. In
brief, the synthesis process was conducted in a 100 mL steel
autoclave, which equipped with a temperature controller.
The stirring speed for the whole experiment was controlled
at 200 rpm. Firstly, 2.0 g Fe(NO,),-9H,0 was dissolved in
40 mL of solvent ethylene glycol, then 1.5 g NH,CSNH,
was added and mixed. After being dissolved, the reactants
were then put into the reactor. The autoclave was sealed and
heated subsequently. The temperature was kept constant at
200°C for 48 h. When the reaction was finished, the autoclave
was cooled naturally, the black powder was obtained via
vacuum filter and washed three times with distilled water
and ethanol, respectively. Finally, the synthetic product was
dried under argon flow at 60°C for 8 h to get the FeS, powder
for future use.

The preparation of FeS/Fe,O, materials is similar to
FeS, synthesis procedures. The appropriate amount of as-
prepared Fe,O, was dispersed in the solvent ethylene gly-
col, then Fe(NO,),-9H,0O and NH,CSNH, were added and
dissolved in turn. The following operation was the same as
described in the pyrite preparation. The mole ratio of FeS, to
Fe,O, was controlled at 1:1.

2.4. Adsorption experiments

The synthetic Fe,O,, FeSZ/Fe3O » and FeS, particles were
applied to remove Cr(VI). The Cr(VI) solution (100 mg L)
was prepared by dissolving 0.2827 g of stock K,Cr,O, with
1,000 mL deionized water and kept away from sunlight. The
reaction volume of Cr(VI) solution was 50 mL for all the
experiments. The 1, 5-diphenylcarbazide (DPC) spectropho-
tometric method, which is an international standard for the
determination of chromium(VI) in waters, was applied to
settle the Cr(VI) concentration at 540 nm during the whole
tests. The desired adsorption conditions, such as initial pH
value, adsorbent dosage, contact time and temperature were
researched in detail. The initial pH values were ranged from
2.0 to 12.0, and the adjustment reagent was 0.5 M H,SO, or
0.5 M NaOH. The adsorbent dosages were performed at 0.2,
0.3, 0.4, 0.6, and 0.8 g L, respectively. The contact times of
various materials were conducted at 1, 2, 3, 4, 5, and 6 h,
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respectively. The temperature was changed from 25°C to
45°C. After adsorption finished, Fe,O, and FeS,/Fe,O, mate-
rials were removed from the solution by magnetic separa-
tion, the pyrite was separated centrifugally.

3. Results and discussion
3.1. Characterization of the synthetic materials

XRD patterns of the different powders are shown in
Fig. 1. The Bragg diffraction peaks of FeS, and Fe,O, can be
perfectly confirmed as one single-phase (JCPDS card No.
42-1340 and 88-0315). No peaks of other iron sulfides and
oxides, such as marcasite (FeS)), troilite (FeS) and hematite
(Fe,0,), are observed in XRD patterns. The two samples were
both cubic structures, and the space groups were indexed
to Pa3 [205] and Fd-3m [227], respectively. From Fig. 1, it
is obviously noted that the observable reflections of FeS/
Fe,O, contained has strong and sharp diffraction peaks for
both FeS, and Fe,O,. For example, the peaks at 20 values of
28.51°, 33.08°, 37.10°, 40.78°, and 47.41° were indexed to the
crystallographic planes (111), (200), (210), (211) and (220) of
FeS,, respectively. While those peaks located at 30.15°, 35.52°,
43.17°, 57.09°, and 62.70° were (220), (311), (400), (511), and
(440) planes of Fe,O,. Thus, it is inferred the novel FeS,/Fe O,
has been successfully synthesized. The hydrothermal synthe-
sis was proved to be a reliable method to prepare pure iron
sulfide or oxide.

The morphology and the change of detailed microstruc-
ture for the three materials are illustrated by SEM images,
as shown in Fig. 2. From Fig. 2a, Fe O, particles exhibit the
morphology of regular octahedra with a particle size range
of about 2-8 um. SEM image of FeS, in Fig. 2b indicated the
synthetic pyrite material was composed of particle agglom-
eration, the small first particle was all irregular sphere with
2-6 pm in diameters. It is interesting to learn that the com-
posite FeS,/Fe O, presents the mixed characteristics of the
former two materials. The structures of particle agglom-
eration and regular octahedra are both maintained in the
material. However, the particle agglomeration of pyrite

FeS,

Intensity (a.u.)

0 20 40 60 80 100
2Theta (deg.)

Fig. 1. XRD patterns for (a) Fe,O

3w

(b) FeS,, and (c) FeS,/Fe,O,.

decreased and the size became smaller by adding Fe,O,
suspension.

XPS spectra are shown in Fig. 3 were used to further
analyze the surface compositions of the three materials.
Two peaks can be detected in the XPS spectrum of Fe 2p
for Fe,O, (Fig. 3a). The peak at 710.0 eV is ascribed to Fe(1I),
and the shoulder peak found at 724.1 eV can be attributed
to Fe(Ill), which suggested the co-existence of Fe(IlI) and
Fe(Ill) in the synthetic Fe,O,. Three major peaks can be
observed in the XPS spectrum of Fe 2p for FeS, (Fig. 3b).
The peaks appeared at 706.7 eV and 711.3 eV are related
to Fe 2p3/2, and the peak at 720.3 eV matches well with Fe
2p1/2, which is confirmed as the characteristic of FeS,. It is

Fig. 2. SEM images of (a) Fe,O,, (b) FeS,, and (c) FeS,/Fe,O,



250 G. Chen et al. / Desalination and Water Treatment 190 (2020) 247-255

8000 L (710.16V) - Fe @N)
(7241 €V) - Fe (I
7000
2 J
£ 6000
£
E 5000
E Peak Sum
4000 | Background
Fe2p
3000 | —Fe2p
2000 -
I 1 I 1 I I
740 730 720 710 700
B.E.(eV)
(a)
8000
——Raw
Peak Sum (706.7 €V) - Fe i)
7000 - —— Background
Fe2p
6000 |- Fe2p
Fe 2P

Intensity (cps)
2
S

S
S

3000
2000
1 1 1
740 730 720 710 700
BE.(eV)
(b)
06.7
45000 — Raw e e P
—— Peak Sum
40000 - Background
Fe 2P
I000F ——Feop
——Fe 2P 010wy
- e
Fe 2P Fe* inFeS2

Intensity (cps)
[©°F 1 %3 173
S & =
8 8 8

15000

(7099 &V)

10000 Fc* in FayO4
5000 1 1 1 1 1 L 1
740 735 730 725 720 715 710 705 700

© B.E.(eV)

Fig. 3. Fe XPS Spectra of (a) Fe,0,, (b) FeS,, and (c) FeS,/Fe,O,

easily observed and calculated from Fig. 3¢ that there are
four peaks (720.1, 711.4, 709.9, and 706.7 eV) of Fe 2p for
FeS,/Fe,O,. It means FeS,/Fe,O, composite contains both
the characteristic of FeS, and Fe,O,. Nevertheless, the XPS
spectrum of a composite is more similar than that of FeS,,
which may be due to that Fe,O, has been applied as the
basic core material, and the pyrite was formed on its sur-
face. This makes the surface concentration of the two type
iron different for FeS,/Fe, O,.

Fig. 4 shows the magnetic property of different samples.
The saturation magnetization (M), showing in the hysteresis

100

Fe;O,

-5000 0 5000 10000
H,(0)

Fig. 4. Magnetization-hysteresis (M-H) loops of Fe,O,
and FeSz/Fe3O4 measured at room temperature.

-10000

FeS,

loop of magnetic material, demonstrates the complete mag-
netizability of test materials. It is apparently found the FeS,
has no magnetic property. The saturation magnetization
value for FeS,/Fe,O, was 50.89 emu g'. The decrease is about
37% comparing to the saturation magnetization of Fe,O,.
This is caused by the less concentration of magnetite the in
the composite. Even so, the separation of FeS,/Fe O, from the
solution can be finished successfully and quickly.

3.2. Remowal of Cr(VI) with synthetic materials

The as-prepared materials were used for the removal
of aqueous Cr(VI) at various pH values range from 2.0 to
12.0. Fig. 5 shows experimental data for the influence of pH
value on Cr(VI) adsorption. It was observed that the Cr(VI)
removal efficiency with FeS, fell down quickly from the ini-
tial 96.9% with the increasing pH value. The lowest Cr(VI)
removal efficiency reached to 34.1% for pyrite material when
the pH was controlled at 12.0. In the previous researches,
different reaction mechanism had been proposed to under-
stand the Cr(VI) removal process. The consensus view is that
Cr(VI) is reduced to Cr(IIl) by pyrite, Fe(Il) and S;- are oxi-
dized to Fe(Ill) and SOZ, respectively. Besides, some inter-
mediate products such as elemental sulfur can be formed
during the reaction:

3FeS, + 3HCrO; + 21H* = 3Fe™ + 65° + 3Cr** + 12H,0 (1)
3FeS, + 15HCrO; + 57H" = 3Fe™ + 650% + 15Cr* + 36H,0  (2)

According to Egs. (1) and (2), acidic conditions are con-
sidered to favor the Cr(VI) reduction by pyrite. The higher
pH could induce the Fe- or Cr-hydroxides precipitate on
FeS, material and lead to surface passivation. Furthermore,
since the product Fe(IlI) is a strong oxidizing agent, it would
be expected to speed up the pyrite dissolution in lower pH
values. The solution pH also can influence the existence of
Cr species. CrOj is the major Cr(VI) state under the alkaline
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Fig. 5. Effect of pH value on Cr(VI) removal with Fe,O,, FeS/
Fe,O, and FeS, (Contact time = 3 h, initial Cr(VI) concentra-

tion =100 mg L7, T =35°C).

condition, and the dominant reduction product is Cr(III)-OH
[19]. It was evident that the removal ratio of Cr(VI) was
lowly pH-dependent for Fe,O,. This could be attributed to
weaker reductively comparing to the pyrite. Another reason
could be that the surfaces of regular octahedral magnetite
particles are the smoother and less micro-pore structure, as
shown in Fig. 2. The removal efficiency of Cr(VI) from aque-
ous solution ranged from only 17.3% to 24.2% for the whole
pH values, much lower than that applying FeS,. It was
worth noting that the solution pH has been observed as one
of the important parameters affecting the Cr(VI) removal.
It is interesting to find that Cr(VI) removal efficiency dra-
matically enhances from 22.4% to 86.1% when the pH value
increased from 8.0 to 12.0. The reason could be explained
as follows, the presence of Fe,O, decreased the formation of
Fe-Cr hydroxides at higher pH values, and the formed dis-
continuous intermediate products on the composite surface,
such as elemental sulfur, Fe-S, and Fe-OH, may owe strong
adsorption capacity of CrO}- under alkaline conditions.

The effects of adsorbent dosage on Cr(VI) removal with
Fe,O, FeSz/FeSOAL and FeS, were displayed, and the results
are shown in Fig. 6. The adsorption capacity of Cr(VI) for the
three synthetic materials declined rapidly with the augment
in adsorbent dosage from 0.2 to 0.4 g L. The highest adsorp-
tion capacities of Cr(VI) for Fe,O,, FeS /Fe,O, and FeS, were
82.0, 130, and 141 mg g, respectively. With a further increase
in the adsorbent dosage from 0.4 to 0.8 g L, the change of
Cr(VI) removal capacity became slow. FeS, and Fe,O, gained
the max and the min Cr(VI) removal capacity respectively
for the same adsorbent dosage. This is in agreement with the
previous analysis.

To get adsorption isotherms for the synthetic materi-
als, Langmuir isotherm and Freundlich isotherm models
were used to fitting the data. The adsorption properties
of the adsorbent at 298 K, an adsorbent concentration of
0.6 g L7, initial Cr(VI) concentration was ranged from 10 to
200 mg L7, were analyzed by using the Langmuir model
and Freundlich model. The Langmuir isotherm model

[ —

Adsorption capacity (mg/g)

20 1 1

0.2 0.3 0.4 0.5 0.6 0.7 0.8
Adsorbent dosage (g/L)

Fig. 6. Effect of adsorbent dosage on Cr(VI) removal with Fe,O,,
FeS,/Fe,O, and FeS, (Contact time = 3 h, initial Cr(VI) concen-
tration = 100 mg L™, T = 35°C, pH for Fe,O,, FeS /Fe,O, and FeS,
were 2, 12, and 2, respectively).

is applicable for monolayer adsorption on a surface con-
taining a finite number of binding sites. The linear form of
the Langmuir equation is written as Eq. (3):

c, C 1
e — e 4

9. 4. (9.K)

®)

where g, is the maximum capacity of adsorbent (mg g™)
and K, is the Langmuir adsorption constant (L mg™).
The Freundlich isotherm model, which is based on the
assumption that the adsorption occurs on a heterogeneous
adsorbent surface, can be represented as Eq. (4):

Ing, =In K, + 1 InC, 4)
n

where K, and n are the Freundlich constants related to the
maximum adsorption capacity (mg g*) and the heteroge-
neity factor (m g™), respectively. They can be obtained from
the slope and intercept of the linear plot of Ing, vs. InC..

The two models were used to fit and analyze the tested
data (Fig. 7 and Table 1). The results show that the Langmuir
model can better explain the adsorption onto FeS, and Fe,O,,
while the Freundlich model is more suitable to the FeS/
Fe,O,.

The effect of contact time on the removal of 100 mg L™
Cr(VI) with the as-prepared materials was conducted at
their optimal pH value and the temperature was 35°C. As
shown in Fig. 8, obviously, the adsorption capacity of all
three materials raised quickly with the prolonging contact
time from 0 to 3 h. When the reaction time was more than
4 h, the adsorptive equilibrium of anoxic Cr(VI) was mainly
achieved. The equilibrium adsorption capacities of Cr(VI)
for Fe,O,, FeS /Fe,O,and FeS, were 25.5%, 89.5%, and 98.7%,
respectively.

To study the mechanism of the adsorption process and
determine the factors controlling the adsorption diffusion,
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Fig. 7. Adsorption isotherm fitting diagram.

the data for Cr(VI) adsorption with different initial con-
centrations of the pollutant were analyzed by using the
intraparticle diffusion model. The intraparticle diffusion
model Eq. (5) is as follows:

q,= kt”>+C 5)

where g, (ng g7) is the adsorption capacity at the time, t;
k, (mg g min®) is the intraparticle diffusion rate constant;
and C is the model constant. The model Egs. (6) and (7) of
Boyd diffusion model are as follows:

=
9. (6)
In(1-F)=—k,t @)

where F is the fractional attainment of equilibrium at dif-
ferent times, k, is a mathematical function of F. By fitting
the data with the intraparticle diffusion model (Fig. 9 and
Table 2). It was found that the orders of adsorption rate are
as follows: k k >k k k >k

1(Fe82)> 1(FeS,/Fe,0) ~ "1(Fe,0,/ 2(Fe52)> 2(FeS,/Fe,0,) ~ "2(Fe304)°
It is also can be noted that the Boyd diffusion model is more
consistent for the adsorption processes onto FeS, and FeS,/
Fe,O,, and the internal diffusion is found as the main diffu-
sion process for Fe,O,.

Table 1

1.0

0.8

0.6

c/c,

0.4

FeS,-Fe;0,
0.2

0.0 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400
Time (min)

Fig. 8. Effect of contact time on Cr(VI) removal with Fe,O,, FeS/
Fe,O, and FeS, (Contact time = 3 h, initial Cr(VI) concentra-
tion = 100 mg L, T = 35°C, pH for Fe,O,, FeS/Fe,O, and FeS,
were 2, 12, and 2 respectively).

Adsorption temperature is another key influence fac-
tor for the removal of Cr(VI) from aqueous solution. Thus
the effect of temperature on the Cr(VI) absorption was dis-
played with the temperature ranged from 25°C to 45°C,
other experimental conditions such as the contact time and
the initial Cr(VI) concentration were kept the same. The test
results were shown in Fig. 10, it is observed that the adsorp-
tion capacity of Fe,O, for Cr(VI) ions decreased slightly,
no more than 8%, with increasing temperature. By con-
trast, the adsorption capacities for both FeS /Fe, O, and FeS,
enhanced about 20% when raising the temperature by 20°C.
It is inferred that higher temperature has the advantage of
the promotion adsorption process of Cr(VI) onto FeS,/Fe,O,
and FeS,, and the reaction was controlled by an endothermic
nature.

To further understand the adsorption mechanism, the
thermodynamic equilibrium constants K of the adsorp-
tion process were calculated (Fig. 11 and Table 3). The
change in Gibbs free energies (AG, k] mol™), the adsorp-
tion heat (AH, k] mol™) and the adsorption entropy change
(AS, KJ (K™ mol™)) was calculated accordingly. Egs. (8)—(10)
are as follows:

K - ®)
9.

Langmuir and Freundlich isotherm constants for the adsorption of Cr(VI) onto the synthetic materials

Materials Langmuir Freundlich

9, (mg g™) K, (L mg™) R? n K (Lg" R?
Fe,O, 82.37 0.5756 0.9354 7.05 45.47 0.9337
FeS, 146.2 0.3023 0.9998 5.33 65.38 0.9836
FeS,/Fe,O, 132.2 0.2581 0.9766 4.36 49.74 0.9949
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Fig. 9. (a) Intraparticle diffusion model and (b) Boyd diffusion model diagrams.

Table 2
Intraparticle diffusion and Boyd diffusion kinetic parameters for
the adsorption of Cr(VI) onto the synthetic materials

Materials Intraparticle Boyd diffusion
diffusion model model
k, R? k, (x10% R?

Fe,O, 1.455 0.9867 6.48 0.7523

FeS, 6.549 0.9354 143 0.9841

FeS, /Fe,O, 4451 0.9512 50.5 0.9970
AG=-RT InK, ©)
logK, AS AH (10)

T2303R  2.303RT

where K_is the equilibrium constant; g (mg L) is the con-
centration of metal ions in aqueous solution at equilibrium;
g, (mg g™) is the equilibrium adsorption capacity of adsor-
bent; R (8.314 J (mol? K™)) is the universal gas constant;
T (K) is the temperature.

Table 3 shows the thermodynamic parameters. The free
energy change (AG) for Fe,O, is positive, while those for the
other two materials were negative. It is also noted that the

253
5 -
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=
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Fig. 10. Effect of temperature on Cr(VI) removal with Fe,O,
FeS /Fe,O,, and FeS, (Contact time = 3 h, initial Cr(VI) concentra-
tion = 100 mg L, pH for Fe,O,, FeS /Fe,O, and FeS, were 2, 12,

374
and 2, respectively).

absolute values all increase with increasing temperature.
Thus the adsorption processes applying FeS, and FeS,/Fe O,
are proved spontaneous and the high the temperature can

Table 3
Thermodynamic parameters for the adsorption of various samples
Materials AH AS AG (k] mol™)
(Jmol) (K] (K mol™) T=208K  T=303K  T=308K  T=313K  T=318K
Fe,O, -14.45 -0.057 2.55 2.69 2.92 3.32 3.68
FeS, 223.8 0.759 -3.56 —4.66 -8.81 -16.2 -17.2
FeS,/Fe,O, 107.9 0.368 -2.53 -3.67 —4.67 -8.20 -9.69
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Fig. 11. LogK ~1/T of various samples: (a) Fe,O

.0, (b) FeS,, and
(c) FeS,/Fe,O,.

enhance the adsorption reaction. From the calculated results,
the addition of Fe,O, will weaken the adsorption speed of
Cr(VI) due to that its adsorption process is nonspontaneous
and exothermic. The positive entropy change AS for the three
materials implies that, after reaching adsorption equilibrium,
the degree of disorder for the liquid increased, which may be

ascribed to the increase of species number at the solid/liquid
interface.

4. Conclusion

In summary, Fe,0O, FeS, and FeSZ/FeSO4 have been
successfully synthesized for removal of Cr(VI) from water
solution. The obtained FeS /Fe,O, includes composite mor-
phological characteristics for both Fe,O, and FeS,. It also
exhibits strong magnetism as fabricated and easily sepa-
rated from the solution after adsorption. The adsorption
capacities for Fe,O,, FeS,, and FeSZ/Feso , were 82.0, 141, and
130 mg g, respectively, showing that FeS,/Fe O, has both
high adsorption capacities and convenient magnetic separa-
tion. The optimal conditions for FeS,/Fe,O, to remove Cr(VI)
were that the contact time is 3 h and the pH value is 12.
The kinetics of adsorption indicates that the adsorption pro-
cess of Cr(VI) using either FeS, or FeS,/Fe O, is spontaneous
and the high the temperature can enhance the adsorption
reaction. The study will provide a basis for designing
composite of sulfide and magnetic Fe,O, with controlled
morphology and porous structures for practical environ-
mental applications.
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