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ABSTRACT

The treatment of chromium wastewater is a global environmental issue. In this paper, the influenc-
ing factors such as initial pH and Fe* concentration on the removal of Cr(VI) by the zero-valent iron
(ZVI)/Fe3O4/Fe2* system were studied. The comparison of Cr(VI) removal by hybrid ZVI/Fe304/Fez+
system, non-hybrid, and partial-hybrid systems were studied. Fe(II)/Fe, and Fe(Ill)/Fe  changes, and
Cr(IIl) concentration change were also investigated. X-ray powder diffraction, Fourier transform
infrared spectroscopy, and X-ray photoelectron spectroscopy were used to study the reaction mecha-
nism between Cr(VI) and the ZVI/Fe,O,/Fe* system. The removal of Cr(VI) was accelerated with the
increase of Fe?" concentrations and decrease of initial pH. Cr(VI) from synthetic wastewater reduced
from initial 20.0 to 0.1 mg/L in 30 min by 2.5 g/L. ZVI, 2.5 g/L. Fe,O,, and 0.4 mM Fe* at initial pH 3.0.
At initial pH value of 3.0, Fe(Il) and Fe(IIl) generation-consumption-regeneration cycle in the ZVI/
Fe304/Fe2* system was studied. The characterization of the ZVI/FeSO4 after the reaction revealed that
the removal of Cr(VI) is a complex process including surface adsorption and reduction. This study
demonstrates that the ZVI/Fe,O,/Fe* system has a great potential to be applied in treating wastewater

containing Cr(VI).
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1. Introduction

The treatment of chromium wastewater is a global envi-
ronmental issue. Chromium is necessary to the mankind
health [1]. Chromium compounds are necessary to many
industries including wood preservation, electroplating, steel
production, nuclear power plant, leather tanning, anodizing
of aluminum, chromate preparation, water cooling, and tex-
tile industries [2]. In solution, chromium is found in two stable
oxidation states including Cr(VI) and Cr(Ill) [3]. The Cr(VI)
is 500 times more poisonous than the Cr(IIl), and Cr(VI) is a
potent carcinogenic and mutagenic element [2,4]. The emis-
sions of Cr(VI) to the earth’s surface water are controlled
to under 0.05 mg/L by the US EPA, but total Cr (including
Cr(VI) and Cr(III)) is controlled to under 2.0 mg/L [5].

* Corresponding author.

Some technologies have been used in the removal of
Cr(VI) from solution, such as adsorption [6,7], electrochem-
ical reduction [8,9], electrocoagulation [10,11], ion exchange
[12,13], and membrane separation [14,15]. But the above tra-
ditional Cr(VI) treatment methods present both economic
and technological challenges [16]. Therefore, it is very sig-
nificant to explore a more inexpensive, effective, and simple
method to remove Cr(VI).

Among the various treatment technologies of Cr(VI),
zero-valent metal based technology is a promising approach.
The most widely used zero-valent metal is zero-valent iron
(ZVI). More and more attention has been paid to the ZVI
in treating contaminants in wastewater, because it has the
characteristics of simple composition, simple technologi-
cal process with fine adaptability, and low cost [17]. ZVI
can effectively remove selenate [16,18], organic compound
[19,20], nitrate [21,22], and heavy metal [23,24]. The mech-
anism of removing pollutants using ZVI is mainly through
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the reduction, microelectrolysis, and adsorption [25]. But ZVI
has several limitations, including surface passivation, low
reactivity, and quick deactivation. Because the Fe O, and Fe*
can sustain ZVI system’s reactivity for contaminants reduc-
tion and overcome ZVI surface passivation, it is supposed
that the hybridized ZVI/Fe,O,/Fe* system could more effec-
tively remove contaminants. According to the report from
Tang et al. [16], the removal of selenate by ZVI/Fe,O /Fe* sys-
tem possessed a better performance.

In this study, the removal of Cr(VI) by ZVI/Fe,O,/Fe*
system was investigated. The influential factors for Cr(VI)
removal including initial pH and Fe* concentration in ZVI/
Fe,O,/Fe* system was studied. The performance of the hybrid
ZV1/Fe,O,/Fe* system was compared with those of non-hybrid
or partial-hybrid systems. At different initial pH values,
Cr(III) concentration change, Fe(Il)/Fe_ , (Fe, ), and Fe(Ill)/Fe,
changes were investigated. X-ray powder diffraction (XRD),
Fourier transform infrared spectroscopy (FT-IR), and X-ray
photoelectron spectroscopy (XPS) were employed to charac-
terize the ZVI/Fe,O, before and after the reaction with Cr(VI),
so as to indicate the properties, composition, and structure of
ZV1/Fe,O, as well as the Cr(VI) removal mechanism.

2. Materials and methods
2.1. Materials

All chemicals were of analytical grade and were used
without further purification. All solutions were prepared with
deionized water. Fe O, (Fe,O,, powder, >99.9%) was purchased
from Damao Chemicals, China. ZVI (Fe, powder, >98.0%) was
purchased from Kelong Chemicals, China. Stock solutions of
Cr(VI) and Fe** were prepared by dissolving K,Cr,O, (K,Cr,O,,
crystal, >99.8%) and FeCl, (FeCl,-4H,O, crystal, >99.5%) to a
final concentration of 500.0 mg/L Cr(VI) and 0.1 M Fe*, respec-
tively. Solutions of Cr(VI) used during the experiment were
prepared by diluting the stock solution to 20.0 mg/L.

2.2. Batch experiments

A certain amount of ZVI and Fe,O, powder and the FeCl,
solution was added into 200.0 mL of 20.0 mg/L Cr(VI) solu-
tions. The solution was regularly sampled and immediately
filtered. Then, the residual Cr(VI) and Fe(IT) concentrations in
the filtrate were determined. To study the effect of pH values
on the Cr(VI) removal, initial pH values of the solutions were
regulated to 3.0, 5.0, 7.0, and 9.0 at ambient temperature by
using 0.1 M HCI or NaOH solutions. The pH value was mea-
sured using a pH meter (PHS-3C, Shanghai, China).

2.3. Analytical methods

The amount of Cr(VI) in solution was determined with
1,5-diphenylcarbazide colorimetric method using a UV-2400
spectrophotometer (Shanghai, China) (A = 540 nm). The
residual Fe(Il) concentration in the filtrate was determined
with the 1,10-phenanthroline colorimetric method at 510 nm,
using a UV-2400 spectrophotometer. Residual total chromium
and total iron concentrations in solution were measured
using a flame atomic absorption spectrometer (AAS, Z-2000,
Hitachi, Japan). The difference between total chromium and

Cr(VI) was calculated as the concentration of Cr(IIl). In the
same way, Fe(IIl) concentration can be obtained.

2.4. Characterization methods

The XRD spectra of the ZVI/Fe,O, before and after reac-
tion were obtained from an X-ray powder diffractometer
(Rigaku, Japan) at 36.0 kV and 20.0 mA with Cu Ka radiation.

The FT-IR spectra of the ZVI/Fe,O, before and after
reaction were recorded on a Nicolet 6700 (Thermo Fisher
Scientific, USA) spectrometer at the wavenumber range of
4,000-400 cm™.

The XPS spectra of ZVI/Fe,O, before and after reaction
were conducted with an Amicus (Shimadzu Co., Japan) X-ray
photoelectron spectrometer with monochromatic Al Ko radi-
ation. The curve fitting used mixed Gaussian-Lorentzian
functions, and the spectra before and after the ZVI/Fe O,
were deconvoluted into peaks with the software XPSPEAK
from RCSMS lab.

3. Results and discussion
3.1. Characterization
3.1.1. XRD analysis of the ZVI/Fe O /Fe* system

The XRD spectra of ZVI/Fe, O, before reaction are shown
in Fig. 1(a). The XRD pattern of ZVI revealed the diffraction
peaks at 44.7° and 65.0°, and the diffraction peaks of Fe,O
can be detected at 30.3°, 35.6°, 43.1°, 57.2°, and 62.7°.

Meanwhile, there were some new diffraction peaks in
XRD spectra of ZVI/Fe,O, after reaction (Fig. 1(b)), such as
FeCr,O, (the diffraction peaks at 30.1°, 35.5°, 43.1°, 57.1°, and
62.7°), which indicated that new compounds generated on
the surface of the ZVI/Fe,O,. But the intensity of ZVI/Fe O,
peaks decreased after reaction. According to the report by
Yeh et al. [26], the decreased intensity of ZVI/Fe,O, peaks
after reaction was likely attributed to the lattice strain caused
by the differences of various atomic sizes.

4

3.1.2. FT-IR analysis of the ZVI1/Fe,O,/Fe** system

The FT-IR spectra of the original ZVI/Fe,O, are shown in
Fig. 2(a). The band at 436.4 and 562.4 cm™ was assigned to
the Fe-O [27]. The band at 1,631.6 cm™ was assigned to the
bending vibration of water [27].

The FT-IR spectra of the ZVI/Fe,O, after reaction with
Cr(VI) are shown in Fig. 2(b). After the reaction, the band
at 3,442.0 and 1,631.6 cm™ was assigned to stretching of the
O-H and the bending vibration of water [27], respectively.
The absorption bands at 436.4 cm™ shifted to 446.5 cm™ after
reaction. Furthermore, the bands at 585.9 and 632.0 cm™ were
assigned to the formation of Fe-O-Cr on ZVI/Fe O, surface
[28,29], which was confirmed in the results of the XPS. All
these observations indicated that Fe-Cr hydroxide precipitates
probably formed on the surface of ZVI/Fe,O, after reaction.

3.2. Cr(VI) removal by the ZVI/Fe,O,/Fe** system

3.2.1. Cr(VI) removal in different systems

Removal of Cr(VI) in different systems is illustrated in
Fig. 3. It can be seen that residual Cr(VI) concentration varied
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Fig. 1. XRD of ZV1/Fe,O, (a) before reaction and (b) after reaction.
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Fig. 2. FT-IR spectra for ZVI/Fe,O, (a) before reaction and (b)
after reaction.

in different systems. In the ZVI system, about 13.1 mg/L Cr(VI)
still remained after 30 min. This is because Cr(VI) is deoxidated
to Cr(IIl) by ZVI (Eq. (1)). The generated Cr** and Fe** can form
Cr Fe, (OH), precipitates (Eq. (2)). The hydroxide precip-
itates covered the ZVI surface, so the reactions slowed over
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Fig. 3. Cr(VI) removal in different systems ([Cr(VI)],=20.0 mg/L,
[ZVI],=25g/L, [Fe,O,],=2.5 g/L, [Fe*] = 0.4 mM, pH, = 3.0).

time. In the Fe* system, Cr(VI) concentration decreased from
initial 20.0 mg/L quickly to 10.8 mg/L in the first 5 min, and
remained nearly unchanged after 5 min. It might be because
Fe? was nearly consumed in the first 5 min because the reac-
tion of Cr(VI) with Fe** was very fast (Eq. (3)). In Fe,O, system,
Cr(VI) concentration decreased from initial 20.0 to 7.9 mg/L
after 30 min. All above results suggested that single ZVI, Fe*,
and Fe O, cannot efficiently remove Cr(VI) from wastewater.

Fe + CrO + 8H' — Fe* + Cr** + 4H,0 M
xCr* + (1 - x)Fe* + 3H,0 — Cr Fe, (OH), (s)+3H" 2)
3Fe2+ Cro42— + 8H*" — 3Fe’ + Cr3* + 4HZO 3)

In the ZVI/Fe*, Fe,O,/Fe*, and ZVI/Fe,O, systems, Cr(VI)
concentrations reduced from initial 20.0 mg/L to 6.7, 2.7, and
8.6 mg/L after 30 min, respectively. The data suggested that
two components combined systems among the ZVI, Fe O,
and Fe?" cannot effectively remove Cr(VI).

The ZVI/Fe,O,/Fe* system exhibited the highest Cr(VI)
removal efficiency, Cr(VI) concentration was reduced from
initial 20.0 to 0.1 mg/L within 30 min. The highest Cr(VI)
removal efficiency by the ZVI/Fe O,/Fe* system may be
because the ZVI/FeO,/Fe* system comprised several
sub-systems, such as ZV1I, Fe,O,, Fe*, ZVI/Fe*, Fe,O,/Fe*, and
ZV1/Fe,O, systems, all the sub-systems contribute to removal
of Cr(VI) in the ZVI/Fe,O,/Fe* system. Another reason could
be that the synergetic effect and the reciprocity among the
ZV], Fe,O,, and Fe** promoted to rapid removal of Cr(VI). The
possible pathways for Cr(VI) removal in ZVI/Fe,O /Fe* sys-
tem were: (1) Cr(VI) adsorption onto the ZVI/Fe O, surface,
and (2) Cr(VI) direct reduction on the ZVI/Fe,O, surface by
ZVI and Fe* (Egs. (1) and (3)).

3.2.2. Effect of Fe** concentration on Cr(VI) removal

Effect of Fe* concentration on Cr(VI) removal in the ZVI/
Fe304/Fe2* system is illustrated in Fig. 4. In the ZVI/Fe O,
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system (without Fe?" addition), Cr(VI) residual concentration
was 8.6 mg/L after 30 min. In the presence of 0.1, 0.2, 0.3, 0.4,
and 0.5 mM Fe?*, Cr(VI) removal obviously accelerated and
Cr(VI) concentration decreased from initial 20.0 mg/L quickly
to 4.9, 6.2, 2.3, 0.1, and 0.1 mg/L in the first 30 min, respec-
tively. All above results demonstrated that the important
effect of Fe*" dramatically accelerated the removal of Cr(VI)
in ZVI/Fe,O,/Fe* system and the Cr(VI) removal increased
with the increasing Fe?" concentration.

In addition, from section 3.2.1, 0.4 mM Fe?* can remove
9.2 mg/L Cr(VI) in solution. From Eq. (4), ZVI reaction with
Fe* can generate Fe*. Based on the above points, it can
be inferred that the Fe* not only directly participated in
the Cr(VI) reduction but also could rejuvenate in the sur-
face of ZVI by Fe(Il) and Fe(Ill) generation-consumption—
regeneration cycle, favoring electron transfer for Cr(VI)
reduction.

Fe + 2Fe’ = 3Fe* 4)

3.2.3. Effect of initial pH on Cr(VI) removal

Removal of Cr(VI) in different initial pH values is illus-
trated in Fig. 5. At initial pH value of 3.0, 5.0, 7.0, and 9.0,
Cr(VI) concentrations reduced from initial 20.0 mg/L to 0.1,
4.6, 4.8, and 4.6 mg/L after 30 min, respectively. So the Cr(VI)
removal efficiencies increased with the decreasing initial pH
values. In acidic condition, the corrosion of ZVI generated Fe**
and the release of Fe?" increased the Cr(VI) removal (Eq. (5)).
In alkaline and neutral conditions, Fe(OH), and Fe(OH),
precipitates formed and covered the surface of the ZVI, and
impeded reaction between the ZVI and Cr(VI) (Egs. (6)—(9)):

2Fe’ + O, + 4H" — 2Fe* + 2H,0O (5)
Fe? + 2H,0 — Fe(OH), + 2H" (6)
20
—m—0mMFe*
—0—0.1 mMFe*
—A—02mMFe*
15 —%—03 mMFe”
0.4 mMFe™
—&—0.5mMFe’”

Residual Cr(VI) concentration (mg/L)
W )

)
1

Fig. 4. Effect of Fe** concentration on Cr(VI) removal in the ZVI/
Fe,O,/Fe* system ([Cr(VI)],=20.0 mg/L, [ZVI],=2.5 g/L, [Fe,O,],

=25g/L, pH, =3.0).

Fe* + 3H,0 — Fe(OH), + 3H* @)
Fe? + 20H- - Fe(OH), ®)
Fe* + 30H- - Fe(OH), ©)

According to the inset in Fig. 5, at initial pH value of 3.0,
the reaction of ZVI and Fe?" with Cr(VI) consumed H* (Egs. (1)
and (3)), which led to the pH value increase over time. At
initial pH value of 5.0, 7.0, and 9.0, the pH value decreased
rapidly from initial 5.0, 7.0, and 9.0 to 3.7, 4.2, and 4.6 in the
first 1 min, respectively. It could be because the hydrolysis of
Fe? generated H' (Eq. (6)).

3.2.4. Cr(Ill) concentration change at different initial pH

In order to study the Cr(VI) reduction characteristics on
the ZVI/Fe O, /Fe* system, Cr(Ill) concentration change in
different initial pH values is illustrated in Fig. 6. At initial
pH of 3.0, 7.0, and 9.0, Cr(IIl) residual concentrations were
4.2, 1.2, and 0 mg/L after reaction for 90 min. So the Cr(III)
residual concentrations decreased with the increase of initial
pH values. It might be because surface adsorption of the ZVI/
Fe,O, and the formation of Fe-Cr hydroxide/oxyhydroxide
and Cr(Ill) hydroxide precipitates were reduced in acidic
condition. In alkaline and neutral conditions, the Fe-Cr
hydroxide/oxyhydroxide and Cr(Ill) hydroxide precipitates
formed more easily (Egs. (2) and (10)):

Cr** +30H" — Cr(OH), (10)

3.2.5. Fe(Il)/Fe, and Fe(Ill)/Fe, changes at different initial
pH values

For better understanding the ZVI/Fe304/FeZ* system
with Cr(VI) reaction characteristics, Fe(Il)/Fe, and Fe(III)/
Fe, changes in different initial pH values are illustrated in
Fig. 7. At initial pH value of 3.0 (Fig. 7(a)), Fe(II) and Fe(III)
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Fig. 5. Effect of initial pH on the Cr(VI) removal ([Cr(VI)], =
20.0 mg/L, [ZVI], = 2.5 g/L, [Fe,0,], = 2.5 g/L, [Fe*], = 0.4 mM).
Inset: pH changes in the reaction process.
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generation-consumption-regeneration cycle in the ZVI/
Fe,O,/Fe* system was found. This was consistent with the
result obtained in section 3.2.2. Fe(Il)/Fe  rapidly decreased
and accordingly Fe(Ill)/Fe, rapidly increased during the first
10 min. This phenomenon was attributed to the fact that
Fe* was consumed due to Fe* reaction with Cr(VI) (Eq. (3)).
Furthermore, Fe(ll)/Fe, increased and Fe(IlI)/Fe  decreased
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Fig. 6. Effect of varied initial pH values on Cr(IIl) concentration
changes ([Cr(VI)], =20.0 mg/L, [ZVI] =2.5 g/L, [Fe,O,] =2.5 g/L,
[Fe*],= 0.4 mM).

o

from 10 to 90 min. It may be because the residual ZVI gener-
ated Fe?" (Eq. (5)) and ZVI reaction with Fe®* generated Fe*
(Eq. (4)).

As can be seen in Figs. 7(b) and (c), at initial pH of 7.0
and 9.0, Fe(Il)/Fe, decreased quickly to 0 and Fe(IIl)/Fe,
rapidly increased to 1.0 with the reaction proceeding in the
first 5 min, but the Fe(Il)/Fe and Fe(Ill)/Fe  remained nearly
unchanged after 5 min. This might be because Fe*" and Fe®
are easy to form Fe(OH), and Fe(OH), (or FeOOH) precipi-
tates in alkaline and neutral conditions (Egs. (6)—(9)).

3.3. XPS analysis of the ZVI/Fe,O /Fe** system

In order to further validate the chemical oxidation states
and elemental composition of the samples, XPS analysis for
ZVI1/Fe 0O, /Fe* system was carried out. All spectra were cali-
brated using C 1s (284.6 eV) as the reference.

As shown in Fig. 8(a), XPS analysis revealed that Fe, C,
and O were present on the surface of ZVI/Fe,O,. Before reac-
tion, the ZVI/Fe,O, surface was dominated by Fe (24.23%),
O (48.97%), and C (26 8%). After reaction, ZVI surface com-
position was Fe (21.17%), O (50.21%), Cr (0.02%), and C
(26.09%).

Fig. 8(b) presents the XPS Fe 2p spectrum of ZVI/Fe O,
after reaction. The broad peak of Fe 2p,, could be fitted
to three peaks at the binding energies of 709.2, 710.2, and
711.2 eV, which are the characteristics of Fe(II), Fe(IlT), and
Fe(Ill) in Fe,O, [30], respectively. The Fe 2p,, peaks cen-
tered at binding energies of 724.1 eV, which represented

—=— Fe(Il)/total Fe
—— Fe(IlT)/total Fe

Time (min)

03- pH,=9.0

——Fe(T) Fe,
0.6 (c) —— Fe(Ill)/Fe,

00% =

90

Time (min)

Fig. 7. Fe(Il)/Fe, and Fe(lII)/Fe  changes at different initial pH values ([Cr(VI)],=20.0 mg/L, [ZVI],=2.5 g/L, [Fe,0,],=2.5 g/L, [Fe*],=

0.4 mM) ((a) pH, = 3.0, (b) pH,=7.0, and (c) pH, =9.0).
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Fig. 8. XPS survey (a) before reaction, and after reaction of (b) Fe, (c) Cr, and (d) O.

Fe(III) [31]. In addition, the satellite peak at 718.9 eV was the
satellite peak of Fe 2p, . Another satellite peak at 732.7 eV
was the satellite peak of Fe 2p, .

After Cr(VI) removal, the Cr 2p spectra from ZVI/Fe O,
was investigated (Fig. 8(c)). Results show that the Cr 2p,,
peak centered at 587.2 eV, and the data matches well with
Cr(VI) [32], so removal process of Cr(VI) included surface
adsorption. The broad peak of Cr 2p,, could be fitted to two
peaks at binding energies of 576.5 and 578.6 eV, which are the
characteristics of Cr(Ill) species [30], so removal process of
Cr(VI) included reduction. Furthermore, the peaks between
575 and 580 eV indicated that Fe(III)-Cr(IlI) hydroxide/
oxyhydroxide formed in the reaction [30].

In XPS spectra of O 1s (Fig. 8(d)), the binding energies
at 529.6 and 530.9 eV represented O* and OH™ [33], respec-
tively. OH™ occupied 40.7% of the O, while O* occupied
59.3%, which indicated that hydroxides formed on the sur-
face of ZVI/Fe O,.

In a word, Cr(VI) was reduced to Cr(Ill), which was
subsequently formed Cr(Ill) hydroxide precipitates [34].
Due to the same charge and closer ionic radii between
Fe(Illl) and Cr(Ill), they can easily form a mixed Fe(III)-
Cr(III) hydroxide/oxyhydroxide [35]. Therefore, Cr(VI) was
removed through the formation of Fe(III)-Cr(III) hydroxide/
oxyhydroxide and Cr(Ill) hydroxide on the surface of the
ZV1/Fe,O,.

4. Conclusions

In this study, the ZVI/Fe,O,/Fe* system was employed to
treat Cr(VI) wastewater. Results demonstrated that the ZVI/
Fe,O,/Fe* system exhibited a great capacity to remove Cr(VI)
than those of non-hybrid or partial-hybrid systems. Cr(VI)
removal by ZVI/Fe,O,/Fe* system was effected by initial pH
and Fe* concentration. Cr(VI) removal increased with the
increase of Fe* concentrations and decrease of pH values.
At initial pH value of 3.0, in the ZVI/Fe,O,/Fe* system, Fe**
not only directly participated in the Cr(VI) reduction but also
could rejuvenate in the surface of ZVI, by Fe(II) and Fe(III) gen-
eration—consumption-regeneration cycle favoring electron
transfer for Cr(VI) reduction. Cr(IIl) residual concentrations
decreased with the increase of initial pH values. The charac-
terization of the ZVI/Fe,O, demonstrated that the removal of
Cr(VI) was a complicated process including surface adsorp-
tion and reduction. The ZVI/Fe O,/Fe* has a great potential to
be applied in treating wastewater containing Cr(VI).
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