
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
D

ec
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 1
2:

30
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Highly efficient r
aKey Laboratory of Materials Physics, Anhu

Nanotechnology, Center for Environmental

Solid State Physics, Chinese Academy of

E-mail: wpcai@issp.ac.cn
bDepartment of Materials Science and E

Technology of China, Hefei 230026, P. R. C

† Electronic supplementary informa
10.1039/c7ra10846j

Cite this: RSC Adv., 2017, 7, 55905

Received 1st October 2017
Accepted 26th November 2017

DOI: 10.1039/c7ra10846j

rsc.li/rsc-advances

This journal is © The Royal Society of C
emoval of hexavalent chromium in
aqueous solutions via chemical reduction of plate-
like micro/nanostructured zero valent iron†

Shenghong Kang,ab Guozhong Wang, a Huijun Zhaoa and Weiping Cai *ab

The removal of hexavalent chromium [Cr(VI)] from aqueous solutions using plate-likemicro/nanostructured

zero valent iron (MNZVI), which is fabricated in mass production by ball-milling of reductive iron powders, is

investigated in this study. It has been shown that this plate-like MNZVI has significantly enhanced ability to

remove Cr(VI) from aqueous solutions as compared to commercial zero valent iron (CZVI). Cr(VI) in

a concentration of 100 ppm at pH ¼ 2 can be removed nearly completely within 20 min by the addition

of 1.5 g L�1 MNZVI. The time-dependent removal amount of Cr(VI) can be well described by a pseudo

first-order kinetic model. The reaction rate constant for MNZVI is 20 times larger than that for CZVI.

Further experiments have revealed that the Cr(VI) removal is also associated with the pH value and initial

concentration of Cr(VI) in the solution, in addition to the iron dosage. These enhanced removal

performances are attributed to the iron-induced reduction process of Cr(VI) and the high specific surface

area of MNZVI. Further, electroplating wastewater was used to demonstrate the practical applications of

MNZVI. The removal capacity is up to 330 mg g�1 in the electroplating wastewater with a 556 ppm initial

Cr(VI) content, which is more than 3 times higher than that of CZVI and also much higher than the

previously reported results. This study has demonstrated that the ball milling-induced plate-like MNZVI is

a good candidate material for efficient treatment of Cr(VI)-containing wastewater.
1. Introduction

In recent years, heavy metal pollution has been regarded as
a serious threat since it has pervaded many parts of the world,
especially the developing countries such as China.1–3 Chromium
(Cr) is one of the main heavy metal pollutants with a high
toxicity and widely used in industries such as metal electro-
plating, leather tanning, and corrosion protection. Chromium
has usually two stable oxidation states in aqueous solutions:
hexavalent [Cr(VI)] and trivalent [Cr(III)].4 Cr(VI) usually exists in
the forms of chromate (CrO4

2� or HCrO4
�) and dichromate

(Cr2O7
2�) depending on the pH value in solutions and has high

mobility in subsurface water.5 Cr(VI) pollution can increase the
risk of catching dermatitis, rhinitis, and even cancer.6 Many
methods, such as physicochemical adsorption,7 bioremedia-
tion,6 chemical reduction,8 precipitation,9 membrane separa-
tion,10 and ion exchange,11 have been developed to remediate
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Cr(VI) contamination. Among them, physicochemical adsorp-
tion is an efficient way to remove Cr(VI). For instance, Naghi-
zadeh et al. found that the capacities of carbon nanotubes and
activated carbon to adsorb Cr(VI) were 4.5 mg g�1 and 2.4 mg
g�1, respectively.12 However, the cost of this method is relatively
high, and Cr(VI) is only transferred to another place instead of
being eliminated.13 Moreover, Cr(VI) is easily dissolved in
aqueous solutions and hard to be adsorbed by common
adsorbents. Bioremediation can effectively degrade Cr(VI) with
low cost, but the micro-organisms used are limited and easily
die due to the presence of bactericidal toxicants at many waste
sites.6 The chemical reduction method can be used to remove
Cr(VI) rapidly and effectively using a reducing agent such as
ferrous sulfate, sulfur dioxide, or sodium bisulfate.14 However,
it is severely restricted because of the relatively expensive
reducing agents and complicated process.

Contrary to Cr(VI), Cr(III) has low toxicity and low solubility
and can be easily hydrolyzed into Cr(OH)3, which can expedi-
ently be separated from water.15–17 Reduction from Cr(VI) to
Cr(III) has been a hopeful and economic way to reduce the
toxicity of Cr. Among various reductants, zero-valent iron (ZVI)
is a strong reducer and has received wide attention in the past
20 years.18,19 ZVI has a long history in the electronic and
chemical industries due to its magnetic properties and high
reaction activity.20 Currently, ZVI has become one of the most
popular materials for the removal of poisonous and harmful
RSC Adv., 2017, 7, 55905–55911 | 55905
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pollutants in contaminated soils and ground waters.21,22

Specically, ZVI nanoparticles have a large specic surface area
and can be used for the treatment of recalcitrant environmental
pollutants, as extensively reported in literature.23,24 There have
also been some reports on Cr(VI) removal by ZVI nano-
particles.5,25,26 For instance, Wang et al.25 reported Cr(VI) removal
by ZVI nanoparticles in an aqueous solution with humic acid.
About 75% Cr(VI) could be removed within 30 min from the
solution with 20 ppm initial Cr(VI) content aer the addition of
ZVI nanoparticles (0.3 g L�1) and humic acid (5 mg L�1). Fang
et al.27 found that nanoscaled ZVI removes Cr(VI) via reduction
immobilization of chromium and has a Cr(VI) removal capacity
of about 182 mg g�1 in electroplating wastewater with pH ¼
4.82. However, the ZVI nanoparticles easily aggregate; this leads
to loss of their ability to degrade pollutants. The ZVI with stable
structure and high specic surface area is expected.

Obviously, themicro/nanostructured particles would prevent
agglomeration and possess the structural stability of the bulk
and the high activity of the nanoparticles.28,29 Thus, the ZVI
particles with this micro/nanostructure can be a better candi-
date material to effectively remove Cr(VI). In this study, plate-like
micro/nanostructured zero-valent iron (MNZVI) prepared by
ball-milling the industrially reduced iron powders is used for
the removal of Cr(VI) from aqueous solutions based on chemical
reduction. This MNZVI has demonstrated signicantly higher
ability to remove Cr(VI) than commercial zero valent iron (CZVI)
from aqueous solutions. The reaction rate constant for MNZVI
is 20 times larger than that for CZVI. Furthermore, the experi-
ments in real electroplating wastewater have demonstrated that
MNZVI has a good practical application potential for the treat-
ment of Cr(VI)-containing wastewater. The details have been
reported herein.

2. Experimental
2.1. Preparation of plate-like MNZVI

Plate-like MNZVI was prepared by ball-milling the industrially
reduced iron powders. Briey, the industrially oxidized iron
scale was reduced into iron powders at 650 �C under a H2

atmosphere that were subsequently passed through a 320-mesh
sieve. The passed iron powders were then ball-milled for about
120 h in a ball mill by steel balls (f 5–10 mm) under 7.5 kW
power at room temperature. For avoiding oxidation and
convenient storage, stearic acid was added according to the
ratio of stearic acid to reduced iron powders of 1 : 10 (or 1 g
stearic acid was added to 10 g reduced iron powders) during the
ball milling process. Aer ball milling and drying at 60 �C,
stearic acid-coated MNZVI was obtained, subsequently soaked
in a 4 M NaOH solution, and shaken at 200 rpm for 1 h. It was
then taken out and washed with deionized water and ethanol
several times to remove stearic acid from MNZVI. Finally,
MNZVI was dried in a vacuum oven at 60 �C before character-
ization or use for the Cr(VI) removal experiment.

For reference, commercial zero valent iron (CZVI) powders
(size < 100 mesh, Fe: >98%) were purchased from Beijing
Chemical Factory, China. The ball-milled iron and CZVI
powders were characterized by eld emission scan electron
55906 | RSC Adv., 2017, 7, 55905–55911
microscopy (FESEM, Sirion 200 U.S.A.) and X-ray diffraction
(XRD, Philips X'Pert Pro MPD) with Cu Ka radiation (1.5406 Å).
Fourier transform infrared (FTIR) spectroscopy was performed
via an infrared spectrophotometer (NEXUS, Thermo Nicolet
Corporation) using the KBr pellet technique in the range of 400–
4000 cm�1. X-ray photoelectron spectroscopic (XPS) analyses
were carried out using a Thermo ESCALAB 250 analyzer. An Al
Ka X-ray source (hv ¼ 1486.6 eV) was operated with a pass
energy of 20 eV. The isothermal N2 sorption was measured
using a gas sorption apparatus (Omnisorp 100 CX, Coulter,
U.S.A.), and a quartz tube with the sample was heated in the
apparatus to 300 �C in vacuum for outgassing before measure-
ment of N2 isothermal sorption at the liquid nitrogen
temperature.
2.2. Batch experiments

Sodium hydroxide (NaOH), ethanol (C2H5OH), potassium
dichromate (K2Cr2O7), and hydrochloric acid (HCl) were ob-
tained from National Medicines Co. Ltd. of China with analyt-
ical grade and used as received without further purication.

At rst, an aqueous solution with 100 ppm Cr(VI) was
prepared by dissolving K2Cr2O7 in deionized water. Then, 30 mg
as-prepared MNZVI or as-purchased CZVI was added to the
20 mL Cr(VI)-containing aqueous solution. The pH in the solu-
tion was adjusted to 2 using HCl or Na(OH). A series of identical
or parallel samples with ZVI were prepared via this way. All the
parallel samples were placed in a constant temperature shaker
and shaken. Aer shaking for a certain interval, one of the
samples was taken out, and 100 mL 2 M Na(OH) was then added
to it to occulate Cr(III) and iron ions in this sample. Moreover,
the reaction in the solution of this sample would stop due to the
alkaline condition. Aer being allowed to stand for 30 min, the
reacted solution was separated by centrifugation, and the
supernatant was used for measurement of the Cr(VI) content by
an inductively coupled plasma emission spectrometer (ICP
6000). These procedures (sampling and alkali addition) were
repeated at certain intervals. The pH values were measured
using a Mettler Toledo pH meter (FG2/EL2).
3. Results and discussion

Aer ball milling, stearic acid-coated powders were obtained.
The nal products were thus acquired via subsequent cleaning
with a NaOH solution. FTIR spectral measurements show that
stearic acid on the powder surface has been removed, as illus-
trated in Fig. S1.† FESEM observation has revealed that the
cleaned ball-milled iron powders consist of plate-like particles
3–10 mm in the planar dimension and smaller than 200 nm
in thickness, as shown in Fig. 1(a). Fig. 1(b) shows the corre-
sponding XRD pattern, which exhibits the broad diffraction
peaks typical of a material with poor crystallinity. All the peaks
can be indexed to the bcc structure of pure iron with the lattice
constants of a ¼ b¼ c¼ 2.8608 Å (JCPDS no. 87-0722). The poor
crystallinity is attributed to the ball milling-induced high
deformation in the plate-like MNZVI's surface layer. Further-
more, the specic surface area of this MNZVI is estimated to be
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Morphology and phase structure of the as-ball milled iron powders; (a) FESEM image. The insets: the magnified images of two single
plates. (b) The XRD pattern of the plates. The line spectrum is the standard diffraction of the pure iron powders. The inset: N2 isotherms.
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about 15.1 m2 g�1 by isothermal nitrogen sorption measure-
ments, as illustrated in the inset of Fig. 1(b). This is much
higher than that of the CZVI powders, which consists of the
equi-axial pure iron particles (about 100 mm in size), sharp
peaks in XRD pattern, and 0.5 m2 g�1 specic surface area, as
shown in Fig. S2(a–c).†
Fig. 2 The time-dependent Cr(VI) removal in the solutions with the
additions of MNZVI and CZVI. (The initial Cr(VI) content: 100 ppm; the
ZVI dosage: 1.5 g L�1; and the initial pH ¼ 2) (a) Cr(VI) content and pH
values in the solutions as a function of the reaction time. (b) Plots of

ln
C
C0

vs. the reaction time [data from (a)]. Straight lines are the fitting

results according to eqn (1).
3.1. Cr(VI) removal

When this plate-like MNZVI was added to the Cr(VI)-containing
aqueous solution the reaction took place. The solution gradu-
ally changed from yellow to colorless during the reaction, as
typically illustrated in Fig. S3(a and b).† When a sample was
taken out from the shaker aer a certain interval, the occulant
(NaOH) was added to it. The reaction solution would thus
produce light-green oc, as shown in Fig. S3(c),† indicating the
existence of Fe(II) and/or Cr(III) induced by a redox reaction. This
meant that some Cr(VI) could have been reduced to Cr(III) by ZVI
during the reaction. This oc was subsequently removed by
centrifugation separation [Fig. S3(d)†]. The residual Cr(VI) in the
reacted solution was thus measured. Curve (I) in Fig. 2(a) shows
the corresponding Cr(IV) content in the contaminated solution
with 100 ppm initial Cr(IV) content wand 30 mg MNZVI addition
amount as a function of the reaction time. It can be seen that
Cr(VI) is completely removed in 18 min. Correspondingly, the
pH value in the solution increased from 2.0 to 6.3. Conversely,
for the addition of CZVI, the removal percentage of Cr(VI) is only
23% for the same reaction time, as shown in curve (II) of Fig.
2(a) and the pH value in the solution slightly increases from 2.0
to 3.2 [see Fig. 2(a)].

Further, the time-dependent Cr(VI) removal, as shown in
Fig. 2(a), can be quantitatively described by the pseudo rst-
order reaction30 or

ln
C

C0

¼ �kobst (1)

kobs ¼ kSAasrm (2)

where C0 and C are the Cr(VI) content (mg L�1) before and aer
the reaction time t. kobs is the observed reaction rate constant
(min�1), which is the product of three parameters: kSA is the
This journal is © The Royal Society of Chemistry 2017
specic reaction rate constant (L h�1 m2), as is the specic
surface area (m2 g�1), and rm is the mass concentration (g L�1).

In other words, the plot of ln
C
C0

versus the reaction time t should
RSC Adv., 2017, 7, 55905–55911 | 55907
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be a straight-line. Fig. 2(b) shows the corresponding results and

exhibits a very good linear relation between ln
C
C0

and the time t

within 20 min. The correlation coefficients are higher than 0.99.
Obviously, the pseudo rst-order kinetics is valid during the
whole reaction period for the zero valent iron-based Cr(VI)
removal. The reaction rate constants kobs are thus estimated to
be 0.286 and 0.0147 min�1 for the addition of MNZVI and CZVI,
respectively. The reaction rate constant for the former is about
20 times higher than that for the latter and 10 times higher than
the previously reported value [0.0275 min�1].31
3.2. Inuencing factors

Further experiments have revealed that the initial pH value and
ZVI loading amount in the solution are also important for the
Cr(VI) removal.

3.2.1. The initial pH value. The existence form of Cr(VI)
depends on the pH value in the aqueous solution. Cr(VI) exists
mainly in the form of Cr2O7

2� when the pH value falls in the
range from 1.0 to 6.0, whereas it exists in the form of CrO4

2�

when pH is higher than 6.0.31–33 Thus, the initial pH value in the
solutions would inuence the reduction reaction of Cr(VI) by
ZVI. Fig. 3 shows the effect of the initial pH value on the removal
rate of Cr(VI) in the solution within 20 min. The time-dependent
Cr(VI) removal at different initial pH values can also be well
described by eqn (1), as illustrated in Fig. S4.† The corre-
sponding reaction rate constants kobs for the addition of MNZVI
are thus obtained, as shown in Fig. 3. It has been demonstrated
that the Cr(VI) removal rate within 20 min and the correspond-
ing kobs values decrease sharply with an increase in the initial
pH value from 2 to 3.5. When the pH value is higher than 3.5,
however, the Cr(VI) removal rates within 20 min are below 10%
and remain almost unchanged with the increasing initial pH
value; moreover, the kobs values are very small (0.003 min�1), as
shown in Fig. 3. Obviously, the low initial pH condition below
3.5 is benecial for the Cr(VI) removal with a high efficiency. For
the addition of CZVI, similar evolution was observed, but the
Fig. 3 Effects of the initial pH value on the Cr(VI) removal rates and
reaction rate constants kobs after reaction for 18 min (the initial Cr(VI)
content: 100 ppm; the ZVI dosage: 1.5 g L�1).

55908 | RSC Adv., 2017, 7, 55905–55911
values of Cr(VI) removal rate were much lower, as demonstrated
in Fig. 3.

3.2.2. ZVI dosage. Finally, the effect of ZVI dosage on Cr(VI)
removal was studied. Fig. 4 presents the corresponding results
of the Cr(VI) removal rate within 20 min as a function of the
addition amounts of MNZVI and CZVI for the aqueous solution
with 100 ppm initial Cr(VI) content. The Cr(VI) removal rate
nearly linearly increases up to 100% with the increasing MNZVI
dosage up to 1.5 g L�1. For CZVI, however, the Cr(VI) removal
rate increases only gradually with the increasing addition
amount. Even when the dosage is up to 5 g L�1, the removal rate
is still below 30% under our experimental conditions. It is
evident that plate-like MNZVI has much higher efficiency than
CZVI for the removal of Cr(VI).
3.3. Adsorption and reduction-induced Cr(VI) removal

Herein, the mechanism of Cr(VI) removal by ZVI has been briey
discussed, which can be attributed to Cr(VI) adsorption on the
iron particle surface and reduction reaction. When MNZVI or
CZVI was added to the Cr(VI)-containing solutions at a low initial
pH value, the Cr(VI) or Cr2O7

2� adsorption occurred on the solid
iron surface and then induced a reduction reaction as follows:34

3Fe0 + Cr2O7
2� + 14H+ / 3Fe2+ + 2Cr3+ + 7H2O (3)

i.e. the Fe0 atoms on the MNZVI object surface would react with
the adsorbed Cr(VI) or Cr2O7

2�, producing Cr(III) and Fe2+ions,
as schematically demonstrated in Fig. 5(a). On the other hand,
the formed Fe2+ ions could also reduce Cr(VI) to Cr(III) and form
Fe3+ ions according to the following reaction:34

6Fe2+ + Cr2O7
2� + 14H+ / 6Fe3+ + 2Cr3+ + 7H2O (4)

as illustrated in Fig. 5(b). Subsequently, via the addition of
NaOH to the reacted solution, the occulation reaction took
place. Cr(III) and Fe3+ ions produced in the reacted solution
according to the reactions (3) and (4) were thus removed due to
Fig. 4 Effects of the ZVI dosage on the Cr(VI) removal rate after
reaction for 18 min in the solution with 100 ppm initial Cr(VI) content.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Schematic of the plate-like MNZVI-induced Cr(VI) removal. (a) Adsorption and reduction reaction of Cr2O7
2� ions on the plate-like MNZVI.

(b) Fe2+ ions-induced reduction of the Cr2O7
2� ions; and (c) Cr removal from the solution by flocculation.
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the formation of chromium and iron hydrates (or oxides)35

according to reactions (5) and (6), as shown in Fig. 5(c); this led
to the nal removal of Cr(VI) from the solution.

Fe3+ + 3OH� / Fe(OH)3Y (5)

Cr3+ + 3OH� / Cr(OH)3Y (6)

For conrmation, the XPSmeasurements were conducted for
MNZVI aer its immersion in the Cr(VI)-containing solution for
18 min, as illustrated in Fig. S5(a).† It has been shown that
chromium adsorbed on the plate-like MNZVI surface is mainly
Cr(III), therefore indicating the occurrence of reduction of Cr(VI)
to Cr(III). It has also been conrmed that the Fe content in the
MNZVI-added solution increases with the reaction time, as
demonstrated in Fig. S5(b);† this indicates the continuous
dissolution or oxidation of zero valent iron during the reaction
[see the reactions (3) and (4)]. Correspondingly, XRD was also
conducted for the plate-like MNZVI aer the reaction, as shown
in Fig. S6.† All diffraction peaks were still ascribed to pure iron,
but became sharper than those obtained before the reaction,
thus showing better crystallinity. This is attributed to the
reaction-induced removal or dissolution of the MNZVI surface
layer, which is highly deformed due to ball milling.

Based on the abovementioned discussion, the enhanced
Cr(VI) removal performance of plate-like MNZVI can be easily
understood. There exist active sites on the iron particles.36

These active sites could not only adsorb Cr(VI) in the aqueous
solution, but also produce Fe2+ at a low pH by reaction with H+
This journal is © The Royal Society of Chemistry 2017
ions; this promoted the reduction of Cr(VI) according to the
reactions (3) and (4). Compared with the CZVI powders, MNZVI
has many more active sites due to the higher specic surface
area and hence shows much higher and faster Cr(VI) removal
performance, as demonstrated in Fig. 2. Similarly, since the
number of active sites increases with the increasing ZVI dosage,
the Cr(VI) removal performance increases with the increasing
ZVI dosage (Fig. 4). Moreover, according to the reactions (3) and
(4), the reduction reaction would consume H+ ions and hence
increase the pH value of the reaction solution (Fig. 2(a)). With
regard to the effect of the initial pH values in the solution, as
observed from the reactions (3) and (4), the low pH value would
promote the reduction reaction of Cr(VI) and hence Cr(VI)
removal (Fig. 3).
3.4. Application in a real electroplating wastewater

Further, plate-like MNZVI was used for the treatment of real
electroplating wastewater. Briey, the real electroplating
wastewater was obtained from Xinming Electroplating Factory
in Hefei, China. In the wastewater, the pH value was �1.85, and
Cr content was about 5373 ppm, in which Cr(III) was about 5% of
the total Cr content (or 268.7 ppm), as measured by precipi-
tating Cr(III) as Cr(OH)3.37 In addition to Cr, there also exist iron
ions (0.8%), copper ions (2.6%), and SO4� ions in this electro-
plating wastewater. This wastewater was rst diluted into
solutions with different Cr(VI) contents. The pH value is kept at
about 2. Then, 20 mg MNZVI or CZVI was added to 20 mL
solutions with different Cr(VI) contents. Aer the reaction pro-
ceeded for 1 h, 100 mL 2 M Na(OH) was added to the reacted
RSC Adv., 2017, 7, 55905–55911 | 55909
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solutions for the occulation of Cr(III) and iron ions. Aer
standing for 60 min, the samples were separated by centrifu-
gation, and the Cr(VI) content in the supernatant was measured.
Herein, we dened the removal capacity Qr as follow:

Qr ¼ ðC0 � CrÞ V
M

(7)

where Qr is the Cr(VI) amount removed by a unit mass of ZVI, C0

and Cr are the contents of Cr(VI) before and aer reaction,
respectively, V is the solution volume, and M is the ZVI
dosage.

Fig. 6(a) shows the removal capacity (Qr) as a function of the
initial Cr(VI) content in the electroplating wastewaters for the
addition of MNZVI and CZVI. The removal capacity increases
with the increasing initial Cr(VI) content, but tends to saturate
when the initial content is up to near 600 ppm for the addition
of MNZVI and near 300 ppm for the addition of CZVI. The
measured maximum removal capacity was up to 330 mg g�1,
corresponding to the initial Cr(VI) content of 556 ppm for the
addition of MNZVI, which was much higher than that for the
Fig. 6 (a) The removal capacity (Qr) as a function of the initial Cr(VI)
content in the electroplating wastewaters for the additions of MNZVI

and CZVI; (b) the plots of ln

�
1þ Qr

A

�
versus C0. The A values are

�401.1 mg g�1 and�95.2 mg g�1 for the additions of MNZVI and CZVI,
respectively, which are obtained by fitting the data in (a) according to
eqn (8).

55910 | RSC Adv., 2017, 7, 55905–55911
addition of CZVI (only 94 mg g�1). Moreover, this removal
capacity is signicantly higher than the previously reported
results (up to 182.8 mg g�1) obtained using nanoscaled ZVI or
nanocomposites2,27,38,39 and very close to that (up to 344.8 mg
g�1) obtained using FeO–rGO (reduced graphene oxide)
composites.40 Comparatively, the plate-like MNZVI in this study
is more cost-effective.

Furthermore, it was found that the dependence of the
removal capacity (Qr) on the initial Cr(VI) content (C0) could be
well described by the following empirical relation:

Qr ¼ A[exp(BC0) � 1] (8)

where A and B are the constants independent of the initial Cr(VI)
content C0 (in ppm). By tting, the parameters A and B were
estimated to be �401.1 mg g�1 and �0.0036 ppm�1 for the
addition of MNZVI and �95.2 mg g�1 and �0.0073 ppm�1 for
the addition of CZVI, respectively. In this case, the plots of

ln
�
1þ Qr

A

�
versus C0 should be straight lines, which are in good

agreement with our results illustrated in Fig. 6(b). Both exhibit
good straight lines (the correlation coefficients are >0.99 for
both).

As abovementioned, the high removal capacity for plate-like
MNZVI could be associated with its high surface area or more
active sites as compared to that of CZVI. The increase in the
removal capacity with the increasing initial Cr(VI) content can be
easily understood. Herein, the removal capacity Qr is dened as
the Cr(VI) amount removed by a unit mass of ZVI in 60 min
based on eqn (7). Obviously, in the contaminated solution with
a higher initial Cr(VI) content, the removal amount would be
larger within the same reaction duration (or 1 h) due to faster
Cr(VI) adsorption on the ZVI, or vice versa. It means that in the
contaminated solution with a relatively low Cr(VI) content, the
reaction time should be longer.
4. Conclusions and remarks

In summary, ball-milling induced plate-like MNZVI has been
successfully used for the removal of Cr(VI) from aqueous solu-
tions under an acidic condition. Cr(VI) could be removed nearly
completely from the 100 ppm Cr(VI)-containing solution at pH¼
2 within 20 min by the addition of 1.5 g L�1 plate-like MNZVI,
thus showing signicantly enhanced removal performance as
compared to CZVI. The time-dependent removal amount of
Cr(VI) was subject to a pseudo rst-order kinetic model. The
reaction rate constant for the MNZVI is 20 times larger than that
for CZVI. The excellent removal performance of MNZVI could be
attributed to the iron-induced reduction process of Cr(VI) and its
high specic surface area. Importantly, this MNZVI has
exhibited promising practical application in the treatment of
real electroplating wastewaters. The removal capacity of MNZVI
can reach up to 330 mg g�1 in a real electroplating wastewater,
which is more than 3 times higher than that of CZVI and much
higher than the previously reported results.

It should be mentioned that ZVI is disposable in the treat-
ment of Cr(VI)-contaminated water. The addition of ZVI to the
This journal is © The Royal Society of Chemistry 2017
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Cr(VI)-containing solution induces the reduction of Cr(VI) to
Cr(III) and dissolution of the added ZVI in the solution. Thus,
the nally obtained products (aer occulation) contain mainly
ferric and chromium oxides. These obtained products are thus
not reusable. Fortunately, plate-like MNZVI can be mass-
produced and is hence cost-effective. Moreover, the over-
dosage of MNZVI could induce faster Cr(VI) removal, whereas
the lower dosage would decrease the cost for practical applica-
tions. However, a longer time would be needed. This study has
demonstrated that the plate-like MNZVI is a good candidate
material for the efficient treatment of the Cr(VI)-containing
wastewater.
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