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of a novel iron/manganese binary
oxide for the efficient removal of hexavalent
chromium [Cr(VI)] from aqueous solutions

Chuanxi Yang, ab Tiantian Ju,c Xiaoning Wang,d Yujia Ji,e Cheng Yang,f Haojie Lv,a

Ying Wang,a Wenping Dong,g Feng Dang,h Xifeng Shi,i Weiliang Wang *aj

and Yuqi Fan *a

To remove hexavalent chromium Cr(VI) efficiently, a novel Fe–Mn binary oxide adsorbent was prepared via

a “two-step method” combined with a co-precipitation method and hydrothermal method. The as-

prepared Fe–Mn binary oxide absorbent was characterized via transmission electron microscopy (TEM),

scanning electron microscopy (SEM), X-ray diffraction (XRD), Fourier-transform infrared spectra (FTIR),

thermogravimetric analysis (TGA), zeta potential, BET and X-ray photoelectron spectroscopy (XPS). The

results indicated that the morphology of the adsorbent was rod-like with length of about 100 nm and

width of about 50–60 nm, specific surface area was 63.297 m2 g�1, has the composition of a-Fe2O3, b-

MnO2 and MnFe2O4 and isoelectric point was observed at pH value of 4.81. The removal of Cr(VI) was

chosen as a model reaction to evaluate the adsorption capacity of the Fe–Mn binary oxide adsorbent,

indicating that the Fe–Mn binary oxide adsorbent showed high adsorption performance (removal rate ¼
99%) and excellent adsorption stability (removal rate > 90% after six rounds of adsorption). The

adsorption behavior of the Fe–Mn binary oxide was better represented by the Freundlich model

(adsorption isotherm) and the pseudo-second-order model (adsorption kinetic), suggesting that the

adsorption process was multi-molecular layer chemical adsorption. The possible adsorption mechanism

of the Fe–Mn binary oxide for the removal of Cr(VI) included the protonation process and the

electrostatic attraction interactions.
1. Introduction

Chromium (Cr), especially hexavalent chromium Cr(VI), is
widely found in natural environment (water, soil, and air).1

Cr(VI) is introduced mainly from industrial processes, taking
into account electroplating, tannery facilities, and chromium
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mining.2,3 Due to the highly toxic and environmentally harmful
nature of Cr(VI), it is essential to remove Cr(VI) from the
environment.4,5

The removal of Cr(VI) from aqueous solutions has been
extensively researched in the reference.6 The common methods
for the removal of Cr(VI) from aqueous solutions includes
chemical redox,7 precipitation,8 ion exchange,9 membrane
separation,10 and adsorption.11,12 Among these methods (phys-
ical method, chemical method and biological method), the
adsorptionmethod has been agreed to be at the frontline for the
removal of Cr(VI) from waste water due to its outstanding
advantages such as easy to handle, highly selective, economi-
cally efficient and environmental friendly.13–16

The reported adsorbents for Cr(VI) removal includes carbon
materials (activated carbons, coconut husk carbon), transition
metal oxides (Fe3O4, MnO2, Al2O3, TiO2), and high-molecular
polymer.17–19 Due to the strong affinity between chromium
and iron, and excellent magnetic property of the iron-based
material, different types of iron-based materials have been
studied and used as adsorbents for removal of Cr(VI).20–23 For
example, Hu and co-workers reported an effective adsorbent of
jacobsite (MnFe2O4) to remove Cr(VI) from wastewater.24 In fact,
a Fe–Mn binary oxide may contain strong oxidation property
This journal is © The Royal Society of Chemistry 2020
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(manganese dioxide), high adsorption property (iron oxides),
and excellent separating property (magnetic materials).25–27

Hence, it is necessary to prepare an adsorbent with high
adsorption capacity and propose the possible adsorption
mechanism via characterization, adsorption performance,
adsorption isotherm and adsorption kinetics.28–32

Herein, a novel Fe–Mn binary oxide adsorbent was prepared
via a “two-step method” combined with the co-precipitation
method and hydrothermal method, and the adsorbent was
characterized by transmission electron microscopy (TEM), scan-
ning electron microscopy (SEM), X-ray diffraction (XRD), Fourier-
transform infrared spectra (FTIR), thermogravimetric analysis
(TGA), zeta potential, BET and X-ray photoelectron spectroscopy
(XPS). The removal of CrO4

2� was chosen as a model reaction to
evaluate the adsorption capacity of Fe–Mn binary oxide adsor-
bent. The results indicated that the Fe–Mn binary oxide adsor-
bent showed high adsorption performance and excellent
adsorption stability. The adsorption behavior of Fe–Mn binary
oxide was better represented by the Freundlich model (adsorp-
tion isotherm) and the pseudo-second-order model (adsorption
kinetic). The possible adsorption mechanism of Fe–Mn binary
oxide for the removal of Cr(VI) included the protonation process
and the electrostatic attraction interaction.

2. Materials and methods
2.1 Materials

Potassium permanganate (KMnO4), ferrous sulfate (FeSO4-
$7H2O), sodium hydroxide (NaOH), ethyl alcohol (C2H5OH),
hydrochloric acid (HCl), sulfuric acid (H2SO4), phosphoric acid
(H3PO4), ammonium chloride (NH4Cl), acetone (CH3COCH3)
and diphenylcarbazide (C13H14N4O) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Potassium chromate
(K2CrO4) was purchased from Tianjin Guangcheng Chemical
Reagent Co., Ltd. All these reagents were of AR grades and used
without further purication. Deionized water was used for the
preparation of all the solutions.

2.2 Adsorbent preparation

The novel Fe–Mnbinary oxide adsorbent was prepared via a “two-
step method” combined with the co-precipitation method and
hydrothermal method. The typical synthesis of Fe–Mn binary
Scheme 1 Preparation of the Fe–Mn binary oxide adsorbent.

This journal is © The Royal Society of Chemistry 2020
oxide was described in Scheme 1. First, an appropriate amount of
KMnO4 and FeSO4$7H2O was dissolved in the deionized water,
and these solutions were ultrasonicated for 30 min to ensure
uniform mixing. The KMnO4 solution was transferred to
a 250 mL round-bottom ask, and the FeSO4$7H2O solution was
transferred to a 100 mL constant pressure funnel. Then, the
FeSO4$7H2O solution was added dropwise at the rate of 1 drop
per second with stirring to obtain a red turbid liquid, and the pH
value of the preparation was changed to 3 by adding 1 mol L�1

HCl during the co-precipitation process. Then, the above red
turbid liquid was transferred to a 100 mL reaction still, and the
reaction was continued for 6 h at 180 �C. The products were
ltered and washed with deionized water, and the nal products
were kept for aging for 4 h at room temperature. Finally, the Fe–
Mn binary oxide was obtained aer freeze drying at 60 �C.
2.3 Adsorbent characterization

Transmission electron microscopy (TEM) pattern was per-
formed on a JEM-1011 transmission electron microscope and
was used to determine the grain sizes of the Fe–Mn binary oxide
adsorbent.

Scanning electron microscopy (SEM) image with Energy
Dispersive Spectrometer (EDS) was obtained on a QUANTA
Q400 thermal-eld emission scanning electron microscope and
it was used to determine the morphology and aggregation status
of the Fe–Mn binary oxide adsorbent.

X-ray diffraction (XRD) patterns were recorded on a Bruker
D8 Advance X-ray diffractometer with Cu Ka radiation (l ¼
1.5418�A) and it was used to determine the crystal structure and
phase composition of the Fe–Mn binary oxide adsorbent.

Fourier-transform infrared spectra (FT-IR) analysis was
recorded on a Vertex 70 spectrometer in range of 4000 to
400 cm�1 and it was used to determine the functional groups
and the composition of the Fe–Mn binary oxide adsorbent.

Thermogravimetric analysis (TGA) was performed with
a Q500 thermal analysis instrument with heating from 30 to
800 �C at 10 �C min�1 both in air and N2, and the results were
used to determine the thermostability of the Fe–Mn binary
oxide adsorbent.

Zeta potential was measured by aMalvern Zetasizer 2000 and
it was used to determine the isoelectric point of the Fe–Mn
binary oxide adsorbent.
RSC Adv., 2020, 10, 10612–10623 | 10613
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The surface texture of Fe–Mn binary oxide adsorbent was
examined by the N2 adsorption at 77 K (Quantachrome instru-
ments Quadrasorb SI). The specic surface area was calculated
from the N2 adsorption isotherm using the BET equation.

X-ray photoelectron spectroscopy (XPS) measurements were
performed on a Thermo ESCALAB 250Xi system with an Al Ka X-
ray source. All of the binding energies were referenced to the C
1s peak at 284.8 eV for the surface adventitious carbon.
Table 1 EDS and XPS results of Fe–Mn binary oxide adsorbent

Characterization Element Content Fe/Mn molar ratio

EDS Fe 34.08a wt% 2.71
Mn 12.36 wt%
C 43.25 wt%
O 10.31 wt%

XPS Fe 20.88b at% 3.25
Mn 6.42 at%
C 19.38 at%
O 53.33 at%

a wt% represents the percentage of weight. b at% represents the
percentage of atom.
2.4 Batch adsorption tests

The stock solution containing 100 mg L�1 of Cr(VI) was prepared
by dissolving 0.2828 g of K2CrO4 in 1000 mL of deionized water.
Simulated wastewaters with different Cr(VI) concentration (5–
100 mg L�1) were prepared by the dilution of the stock K2CrO4

standard solution with deionized water. All the experiments
were carried out in a 100 mL beaker containing 50 mL of
simulated wastewater at 25 �C. The initial pH of Cr(VI) solution
was 6.4 without pH adjustment. In some cases, the initial pH
values of the Cr(VI) solution were adjusted to 2 and 12 by the
addition of 0.1 mol L�1 H2SO4 and 0.1 mol L�1 NaOH, respec-
tively. The pH values were measured with an Orion model 920A
pH/ISE meter with a Beckman combination electrode. Batch
removal studies were carried out at the desired contact time and
adsorbent dosage levels, where the concentrations of Fe–Mn
binary oxide adsorbent ranged from 1 to 5 g L�1. Aer the
adsorption process, the samples were analyzed by the diphe-
nylcarbazide spectrophotometry with TU-1900 double beam UV-
visible light spectrophotometer at maximum absorption wave-
length lmax ¼ 540 nm. The removal rate (R) of Cr(VI) and the
amount of Cr(VI) adsorbed per unit mass of the adsorbent (qe)
were evaluated by using the mass balance equations as
follow:33,34

R ¼ (c0 � ce)/c0 � 100%

qe ¼ V(c0 � ce)/W

where R (%) is the removal rate of Cr(VI), c0 (mg L�1) is the initial
concentration of Cr(VI), ce (mg L�1) is the equilibrium concen-
tration of Cr(VI), qe (mg g�1) is the mean adsorbing capacity, V
Fig. 1 TEM image (a) and SEM image (b) of Fe–Mn binary oxide adsorbe

10614 | RSC Adv., 2020, 10, 10612–10623
(L) is the volume of the solution, and W (g) is the mass of the
adsorbent.

3. Results and discussion
3.1 Characterization of Fe–Mn binary oxide adsorbent

3.1.1 TEM and SEM. The TEM image of the Fe–Mn binary
oxide adsorbent was clearly displayed in Fig. 1a. It can be
conrmed that the morphology of the adsorbent is rod-like
nanocomposite with length about 100 nm and width about
50–60 nm. Meanwhile, the nano-decussation was generated by
the aggregation of the Fe–Mn binary oxide adsorbent, which
was caused by the enough magnetism and high surface energy
of the Fe–Mn binary oxide nanorod.35 SEM and EDS are the
prominent characterization methods for studying the
morphology and elemental composition of the Fe–Mn binary
oxide adsorbent. The SEM image Fig. 1b demonstrated the
aggregation phenomenon of the Fe–Mn binary oxide, and the
aggregate was composed of a uniform rod-like nanocomposite,
similar to the TEM results. The EDS analysis (Table 1) revealed
that the Fe/Mn molar ratio was about 2.71, which was
approaching to the initial FeSO4$7H2O/KMnO4 molar ratio
(value ¼ 3) and XPS result (value ¼ 3.25).

3.1.2 XRD and FT-IR. The XRD pattern in Fig. 2a of the Fe–
Mn binary oxide adsorbent matched well with the a-Fe2O3
nt.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 XRD pattern (a) and FT-IR spectrum (b) of Fe–Mn binary oxide adsorbent.
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(JCPDS card le 33-0664, a ¼ b ¼ 5.036 �A, c ¼ 13.749 �A, space
group R�3c[167]), b-MnO2 (JCPDS card le 44-0141, a¼ b ¼ 9.785
�A, c ¼ 2.863�A, space group I4/m[87]) and MnFe2O4 (JCPDS card
le 10-0319, a ¼ b ¼ 8.499 �A, c ¼ 8.499 �A, space group Fd�3m
[227]). The diffraction peaks at 2q ¼ 24.138�, 33.152�, 35.611�,
54.089�, 57.589� and 62.449�, corresponded to the reections
from the (012), (104), (110), (116), (018) and (214) planes of
hematite a-Fe2O3, respectively. The diffraction peaks at 2q ¼
41.225�, 49.864� and 72.711�, corresponded to the reections
from the (420), (411) and (312) planes of manganese oxide b-
MnO2, respectively. The diffraction peak at 2q ¼ 64.798�, cor-
responded to the reections from the (531) planes of jacobsite
MnFe2O4, respectively.36

The FTIR spectrum of the Fe–Mn binary oxide adsorbent was
shown in Fig. 2b. The main characteristic bands of Fe–Mn
binary oxide were assigned as follows:37,38 the intensive peaks at
3228 cm�1 and 1627 cm�1 can be attributed to the –OH
stretching vibration band from H2O and Fe(OH)3. The charac-
teristic peaks at 1123 cm�1 and 435 cm�1 are associated with
Fe–OH (Fe2O3) and goethite a-FeOOH stretching vibration
bands. Meanwhile, the characteristic peaks at 1202 cm�1 and
515 cm�1 are associated with Mn–OH and b-MnO2 stretching
vibration bands. In addition, the peak at 2359 cm�1 is associ-
ated with the oxygen-containing functional group (such as
Fig. 3 Zeta-potential in solutions of various pH with 2, 4, 6, 8, 10 and 12
for Fe–Mn binary oxide adsorbent.

This journal is © The Royal Society of Chemistry 2020
–COOH) stretching vibration on the surface of Fe–Mn binary
oxide adsorbent.

3.1.3 Zeta potential. A plot of zeta potential of Fe–Mn
binary oxide versus pH (2.0–12.0) was shown in Fig. 3a. It should
be noted that the zeta potential versus pH curve was positive at
low pH (<4) and negative at high pH (>6). The zeta potential of
Fe–Mn binary oxide decreased with increase in pH. At low pH,
the zeta potential reached the higher value due to the increased
potential of H+ ions in solution. However, in alkaline solution,
the zeta potential adopted negative values due to the increased
potential of OH� ions in solution. The isoelectric point has been
observed at pH value of 4.81 in Fig. 3b.

3.1.4 BET. It is well-known that the BET surface area of
a sample is an essential parameter for an enhanced adsorption
activity. The adsorption and desorption isotherms of N2 at 77 K
on Fe–Mn binary oxide adsorbent are shown in Fig. 4a. The
results indicated that the prepared adsorbent was a Type II
isotherm characteristic mesoporous material, which was in
agreement with the pore diameter as shown in Fig. 4b. The Fe–
Mn binary oxide adsorbent has a specic surface area of 63.297
m2 g�1 based on the BET test, which is 1/2 times of the Fe–Mn
based adsorbent prepared by Malgorzata Szlachta and co-
author, however, the adsorption capacity of Fe–Mn binary
oxide in this work was 3/4 times of the Fe–Mn binary oxide
(a) and the variation curve of zeta potential as a function of pH value (b)

RSC Adv., 2020, 10, 10612–10623 | 10615
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Fig. 4 N2 adsorption and desorption isotherms at 77 K (a) and pore diameter (b) of Fe–Mn binary oxide adsorbent.
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prepared by Malgorzata Szlachta and co-author.39 The results
indicated that the surface area of an adsorbent is only an index
to character the physicochemical properties, not the decisive
index to ensure the adsorption capacity.

3.1.5 XPS. XPS was used to examine the oxidation states of
the iron and manganese in the Fe–Mn binary oxide system. The
XPS spectra of Fe 2p,Mn 2p, O 1s and C 1s on Fe–Mnbinary oxide
adsorbent were shown in Fig. 5a and Table 1. The atomic
percentages of Fe, Mn, O and C were 20.88%, 6.42%, 53.33% and
19.38%, respectively. The Fe/Mn molar ratio was about 3.25,
which approached to the initial FeSO4$7H2O/KMnO4 molar ratio
(value¼ 3) and EDS result (value¼ 2.71). The results of Fe 2p and
Mn 2p electron binding energies are shown in Fig. 5b and c. The
Fe 2p1/2 and Fe 2p2/3 peak positions (724.8 eV and 711.1 eV) and
shape are characteristic of Fe(III). The Mn 2p1/2 and Mn 2p3/2
peaks at 654.5 and 642.8 eV with a spin energy separation of
11.7 eV was assigned to be the 2p binding energy of Mn(IV) and it
matched well with the characteristic peaks of MnO2. Meanwhile,
theMn 2p1/2 andMn 2p3/2 peaks at 653.9 and 642.2 eV with a spin
energy separation of 11.7 eV was assigned to be the 2p binding
energy of Mn(II) andmatches well with the characteristic peaks of
jacobsite MnFe2O4.40,41 The broad peak of O 1s can be tted by
two peaks at binding energies of 530.0 eV and 531.4 eV in Fig. 5d.
The dominant peak at 530.0 eV is characteristic of oxygen in
metal oxide (O2�), and a shoulder peak at around 531.4 eV
suggests the presence of –OHoxygen (Fe–OH andMn–OH) on the
surface of Fe–Mnbinary oxide adsorbent. Meanwhile, the peak of
C 1s can be tted by three peaks at binding energies of 284.8 eV,
286.4 eV and 288.6 eV in Fig. 5e, corresponding to C–C/C]C,
C]O and O–C]O bonds on the surface of the Fe–Mn binary
oxide adsorbent, respectively.42
3.2 Adsorption capacity of Fe–Mn binary oxide adsorbent

Adsorption activity tests were investigated by the removal of
CrO4

2� in aqueous solution. The samples were analyzed by the
diphenylcarbazide spectrophotometry with TU-1900 double
beam UV-visible light spectrophotometer at maximum absorp-
tion wavelength lmax ¼ 540 nm. Fig. 6a shows the removal of
CrO4

2� in the presence of the Fe–Mn binary oxide adsorbent
10616 | RSC Adv., 2020, 10, 10612–10623
prepared with different molar ratios between Fe and Mn. As can
be seen, the adsorbing capacity of the absorbent and the
removal rate of Cr(VI) showed increasing–decreasing trend with
the molar ratio between Fe and Mn being increased, and the
optimum molar ratio between Fe and Mn was 3 : 1. It was well-
known that the adsorption property of the Fe–Mn binary oxide
depended on the particle size and specic surface area of the
absorbent, and particle size and specic surface area were
inuenced by the initial molar ratio between Fe and Mn during
the preparation process. When the initial molar ratio between
Fe and Mn was low (<3 : 1), with the increase in the molar ratio
between Fe andMn, the Fe3+ was hydrolyzed to Fe(OH)3 and this
reaction was good for increasing the specic surface area of the
absorbent. However, when the molar ratio between Fe and Mn
continued to increase (>3 : 1), the superuous Fe3+ and Mn4+

were separated from the aqueous solution as precipitates and
this precipitation was bad for the removal of Cr(VI).43

The adsorption property of the Fe–Mn binary oxide for the
removal of Cr(VI) was measured and the inuence of the
adsorbent dosage, pH value and initial concentration of Cr(VI)
solution was studied, and the results were shown as Fig. 6b, c
and d, respectively.

The effect of the adsorbent dosage on the adsorption of Cr(VI)
was shown in Fig. 6b with initial molar ratio between Fe andMn
¼ 3 : 1, pH value ¼ 3, and initial concentration of Cr(VI) ¼
100 mg L�1. It was obvious, that the removal rate of Cr(VI)
increased from 60% to 93% with absorbent dosage increased
from 0.05 g to 0.25 g, but the adsorbing capacity was decreased
from 61 mg g�1 to 19 mg g�1. The adsorption property with
different adsorbent dosage was inuenced by the adsorption
sites. When the adsorbent dosage was low (0.05 g), with the
adsorbent dosage increasing, absorbent provided more
adsorption sites, which was good for increasing the removal
rate of Cr(VI). However, when the adsorbent dosage continued to
increase (0.15 g), the adsorption sites were enough and the
limiting factor was the concentration of Cr(VI), therefore the
removal rate of Cr(VI) was almost unchanged but the adsorbing
capacity was decreased.44

The effect of pH value on adsorption of Cr(VI) was shown in
Fig. 6c, with initial molar ratio between Fe and Mn ¼ 3 : 1,
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 XPS spectra (a), high-resolution spectra of Fe 2p (b), Mn 2p (c), O 1s (d) and C 1s (e) of Fe–Mn binary oxide adsorbent.
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adsorbent dosage ¼ 0.15 g, and initial concentration of Cr(VI) ¼
100 mg L�1. It was obvious that the removal rate of Cr(VI)
decreased from 93% to 50% and the adsorbing capacity was
decreased from 31mg g�1 to 17mg g�1, with pH value increased
from 2 to 12. The adsorption property with different pH value
was inuenced by the electrostatic adsorption. When the pH
value < 7, the absorbent was protonated with positive charges
on the surface, and the pH value was lowered, the positive
charges were more, the electrostatic adsorption was stronger,
which is good for the removal of Cr(VI). When the pH value > 7,
the absorbent was deprotonated with negative charges on the
surface, and the pH value was higher, the negative charges were
This journal is © The Royal Society of Chemistry 2020
more, the electrostatic repulsion was stronger, which is bad for
the removal of Cr(VI).45

The effect of initial concentration of Cr(VI) on the adsorption
of Cr(VI) was shown in Fig. 6d, with initial molar ratio between
Fe andMn¼ 3 : 1, adsorbent dosage¼ 0.15 g, and pH value¼ 3.
It was obvious that the adsorbing capacity was increased from
3 mg g�1 to 31 mg g�1 with initial concentration of Cr(VI) being
increased from 5 mg L�1 to 100 mg L�1, but the removal rate of
Cr(VI) increased from 91% (5 mg L�1) to 99% (20 mg L�1) and
decreased from 99% (20 mg L�1) to 93% (100 mg L�1). The
adsorption property with different initial concentration of Cr(VI)
was inuenced by the adsorption sites. When the initial
concentration of Cr(VI) was increased from 20 mg L�1, the
RSC Adv., 2020, 10, 10612–10623 | 10617
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Fig. 6 Effects of molar ratio between Fe and Mn (a), adsorbent dosage (b), pH value (c) and initial concentration of Cr(VI) (d) on adsorption of
Cr(VI).
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removal rate of Cr(VI) decreased from 99% to 93% and the
adsorbing capacity was increased from 7 mg g�1 to 31 mg g�1

due to the limited adsorption sites. However, when the initial
concentration of Cr(VI) was excessively low (5 mg L�1), it was
unexpected that the removal rate of Cr(VI) was 91%, which was
lower than that of 20 mg L�1 (99%), this phenomenon was due
to the reason that the adsorption sites were superuous without
being fully utilized.46
3.3 Adsorption mechanism of Fe–Mn binary oxide adsorbent

The adsorption isotherm of Cr(VI) on Fe–Mn binary oxide
adsorbent was treated with various initial Cr(VI) concentrations
(5–100 mg L�1) at 25 �C (Fig. 7a). Two adsorption isotherms,
namely, Langmuir model (Fig. 7c) and Freundlich model
(Fig. 7d), were used to analyze the adsorption behavior. The
adsorption kinetics describing the removal rate of Cr(VI) on Fe–
Mn binary oxide adsorbent was one of the important charac-
teristics that dene the efficiency of removal (Fig. 7b). The
pseudo-rst-order model (Fig. 7e) and pseudo-second-order
model (Fig. 7f) models were used to interpret the adsorption
behavior.47,48

3.3.1 Adsorption isotherms. Equilibrium adsorption
isotherm tests were performed by transferring 0.15 g absorbent
and 50 mL Cr(VI) solution (5–100 mg L�1) to a capped tube prior
to shaking in a temperature-controlled orbital shaker (200 rpm).
Experiments were performed at 25 � 1 �C and at pH value ¼ 3.
10618 | RSC Adv., 2020, 10, 10612–10623
The Langmuir model (E1) and Freundlich model (E2) equa-
tions were used to estimate the isotherm parameters for Cr(VI)
adsorption onto Fe–Mn binary oxide absorbent:49–51

ce

qe
¼ 1

qm
ce þ 1

qmb
(E1)

lg qe ¼ lg k þ 1

n
lg ce (E2)

where qe (mg g�1) is the equilibrium adsorption capacity; qm is
the maximum monolayer adsorption capacity (mg g�1); ce (mg
L�1) is the equilibrium concentration of Cr(VI); b (L mg�1) is the
Langmuir adsorption equilibrium constant that is related to the
binding energy; k (mg g�1) (L mg�1) is the Freundlich constant
that is related to the adsorption capacity; and n is the adsorp-
tion intensity parameter.

The results from the Cr(VI) adsorption equilibrium experi-
ments on the Fe–Mn binary oxide absorbent were shown in
Fig. 7c and d, respectively. The adsorption constants obtained
from the isotherms were listed in Table 2.

As shown in Fig. 7c and d and Table 2, high regression
coefficients (R2 > 0.95) suggested that both Langmuir model and
Freundlich model adsorption isotherm were suitable for
describing the adsorption behavior of Cr(VI) by Fe–Mn binary
oxide absorbent. However, the regression coefficients in Table 2
indicated that the Freundlich model tted better than the
Langmuir model, suggesting that the adsorption process was
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Adsorption isotherm (a) and adsorption kinetic (b) of Fe–Mn binary oxide adsorbent with different initial concentration of Cr(VI), Langmuir
model (c) and Freundlich model (d) of adsorption isotherm, and pseudo-first-order model (e) and pseudo-second-order model (f) of adsorption
kinetic.
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non-ideal adsorption (multi-molecular layer adsorption) and
the surface of Fe–Mn binary oxide is relatively heterogeneous.
Meanwhile, the value of 1/n was less than 0.5, indicating that
the adsorption process is favorable.52,53

3.3.2 Adsorption kinetics. Adsorption kinetic experiments
were performed at different Cr(VI) concentrations (5, 50 and
100 mg L�1) for 1 h, at absorbent dosage ¼ 0.15 g, temperature
¼ 25 � 1 �C and pH value ¼ 3. Kinetic tests were carried out
This journal is © The Royal Society of Chemistry 2020
using a magnetic stirrer (IKA, Germany) set at 200 rpm. To
determine the constant temperature for Cr(VI) adsorption,
a temperature-controlled water bath was used.

To investigate the adsorption kinetics of Cr(VI) on Fe–Mn
binary oxide adsorbent, two models were used to describe the
adsorption behavior. The classical model included the pseudo-
rst-order equation (E3) and the pseudo-second-order model
(E4).54,55
RSC Adv., 2020, 10, 10612–10623 | 10619
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Table 2 Langmuir model and Freundlich model adsorption isotherm
parameters for Cr(VI) adsorption on Fe–Mn based absorbent at
temperature ¼ 25 � 1 �C and pH ¼ 3

Model Parameter Value

Langmuir model qm
a (mg g�1) 32.26

qm*
b (mg g�1) 30.83

b (L mg�1) 1.148
R2 0.9581

Freundlich model k ((mg g�1) (L mg�1)) 13.52
1/n 0.4077
R2 0.9986

a The maximum adsorption capacity on Langmuir model adsorption
isotherm. b The maximum adsorption capacity on adsorption test.
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ln(qe � q) ¼ ln qe � k1t (E3)

t

q
¼ 1

k2 � qe2
þ 1

qe
t (E4)

where q (mg g�1) is adsorption capacity at time t; qe (mg g�1) is
the equilibrium adsorption capacity; t (min) is the contact time;
k1 (min�1) is the rate constant of the pseudo-rst-order
adsorption; k2 (g (mg min)�1) is the rate constant of the
pseudo-second-order adsorption.

The results of pseudo-rst-order and pseudo-second-order
kinetics for adsorption of Cr(VI) on the Fe–Mn binary oxide
absorbent were shown in Fig. 7e and f, respectively. The
adsorption rate constants obtained from the adsorption
kinetics were listed in Table 3.
Table 3 Kinetic model parameters for Cr(VI) adsorption on Fe–Mn based
pH ¼ 3

C0 (mg L�1) qe*
a (mg g�1)

Pseudo-rst-order

k1 qe
b (mg g�1)

5 1.53 0.1769 0.47
50 16.01 0.1596 8.18
100 30.83 0.1418 9.02

a The adsorbing capacity on adsorption test. b The adsorbing capacity on

Fig. 8 Adsorption stability (a) and XRD pattern before and after adsorpt

10620 | RSC Adv., 2020, 10, 10612–10623
As shown in Fig. 7e and f and Table 3, the regression coef-
cients indicated that the adsorption behavior was better rep-
resented by the pseudo-second-order model. The theoretical qe
values are the equilibrium concentrations of Cr(VI) in the
adsorbed Fe–Mn binary oxide assuming 90% of Cr(VI) is
removed. The calculated qe values are in agreement with the
theoretical ones, and the plots show quite good linearity with R2

above 0.999. Therefore, the adsorption kinetics follows the
pseudo-second-order model, suggesting the rate-limiting step
of the adsorption was dominated by a chemical adsorption
process.53

3.3.3 Adsorption mechanism of Fe–Mn binary oxide
adsorbent. As we all know, there are ve species (H2CrO4,
HCrO4

�, CrO4
2�, HCr2O7

�, and Cr2O7
2�) existing in the Cr(VI)

solution are as follows:56,57

H2CrO4 # HCrO4
� + H+ k1 ¼ 1.58 � 10�1

HCrO4
� # CrO4

2� + H+ k2 ¼ 3.16 � 10�7

2HCrO4
� # Cr2O7

2� + H2O k3 ¼ 3.31 � 10

HCr2O7
� # Cr2O7

2� + H+ k4 ¼ 1.17

With acidic condition (pH < 4.81), –OH was easier to be
protonated to form –OH2

+, hence the electrostatic interaction
between –OH2

+ and Cr-containing anions (HCrO4
�, CrO4

2�,
HCr2O7

�, and Cr2O7
2�) played an essential role in enhancing the
adsorbent at absorbent dosage ¼ 0.15 g, temperature ¼ 25 � 1 �C and

Pseudo-second-order

R2 k2 qe
b (mg g�1) R2

0.6747 3.2758 1.53 1.0000
0.9403 0.1067 16.15 0.9998
0.8843 0.0915 30.96 0.9999

theoretical calculation.

ion (b) of Fe–Mn binary oxide adsorbent.

This journal is © The Royal Society of Chemistry 2020
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adsorption capacity of Fe–Mn binary oxide adsorbent at pH ¼ 3.
The origin of the adsorption ability was the protonation process
between H+ and oxygen-containing functional groups on the
surface of Fe–Mn binary oxide, and this reaction process gener-
ated some positive charges. Then the positive charges on the
surface of Fe–Mn binary oxide had electrostatic adsorption with
anions (negative charges). With the pH value increasing (pH >
4.81), the amount of generated positive charges decreased, and
the adsorption capacity of Fe–Mn binary oxide was decreased.58,59
3.4 Adsorption stability of Fe–Mn binary oxide adsorbent

Some experiments were carried out to conrm the stability of
the Fe–Mn binary oxide adsorbent. It has been conrmed that
Fe–Mn binary oxide adsorbent shows excellent adsorbing
stability with initial molar ratio between Fe and Mn ¼ 3 : 1,
adsorbent dosage ¼ 0.15 g, pH value ¼ 3 and initial concen-
tration of Cr(VI) ¼ 20 mg L�1 during six cycles, as shown in
Fig. 8a. Aer six rounds of adsorption, the removal rate of Cr(VI)
was decreased from 99% to 92% (7% decrease).60,61

The XRD patterns and FTIR spectrum of the Fe–Mn binary
oxide adsorbent before and aer the adsorption reaction are
shown in Fig. 8b and 2b. The shape of XRD patterns and FTIR
spectrum aer the adsorption experiment is similar to those
before the reaction, indicating that the structure of the Fe–Mn
binary oxide adsorbent does not change during the adsorption
process. Hence, the adsorbing stability of Fe–Mn binary oxide
adsorbent is dependent on the stability of its structure.62,63
4. Conclusions

A novel Fe–Mn binary oxide adsorbent was prepared via a “two-
step method” combined with the co-precipitation method and
hydrothermal method. The prepared Fe–Mn binary oxide
absorbent was characterized by TEM, SEM, XRD, FTIR, TGA,
Zeta potential, BET and XPS analysis. The results indicated that
the morphology of adsorbent was rod-like with length about
100 nm and width about 50–60 nm, specic surface area was
63.297 m2 g�1, composition of a-Fe2O3 and b-MnO2 and
MnFe2O4 and the isoelectric point was observed at pH value of
4.81. The removal of Cr(VI) was chosen as a model reaction to
evaluate the adsorption capacity of the Fe–Mn binary oxide
adsorbent. The adsorption activity was inuenced by the molar
ratio between Fe and Mn, adsorbent dosage, pH value and
initial concentration of Cr(VI) on adsorption of Cr(VI). The
adsorption behavior of Fe–Mn binary oxide was better repre-
sented by the Freundlich model (adsorption isotherm) and the
pseudo-second-order model (adsorption kinetic). The Fe–Mn
binary oxide adsorbent showed high adsorption performance
and excellent adsorption stability. The possible adsorption
mechanism of Fe–Mn binary oxide for the removal of Cr(VI)
included the protonation process and the electrostatic attrac-
tion interaction.
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