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� Nano-sized a-Fe2O3 was homoge-
neously distributed on activated
carbon.

� Cr(VI) was removed via adsorption,
reduction and co-precipitation
mechanism.

� The nFe2O3@AC composite has good
stability and reusability.
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Activated carbon-coated a-Fe2O3 nanoparticles (nFe2O3@AC) were synthesized by a facile impregnation
method to enhance hexavalent chromium (Cr(VI)) removal from water. The SEM images confirmed that
a-Fe2O3 particles ranging from 90 to 500 nm were dispersedly loaded on the AC, which successfully
amended Cr(VI) removal. The nFe2O3@AC was able to remove Cr(VI) with a 3 times higher efficiency of
94% in comparison with the AC. After adsorption, Cr(VI) reduction coupled with AC oxidation and low
soluble (CrxFe1-x)(OH)3 precipitates were eventually formed. The Cr(VI) removal process was pH-
dependent and could be well fitted to pseudo second-order kinetics. The nFe2O3@AC could be easily
regenerated by 0.1M HCl and showed a good stability as an 80% Cr(VI) removal efficiency was recorded
after 4 desorption-adsorption cycles. In addition, this composite had a promising potential for repeated
utilization because the AC of the adsorbed nFe2O3@AC could be refreshed and remodified with nFe2O3

after stripping all the nFe2O3 and (CrxFe1-x)(OH)3 precipitates from its surface by 1M HCl and a Cr(VI)
removal efficiency of 86% could be achieved. Our results demonstrated that the use of nFe2O3 is an
efficient and promising method to modify AC and enhance Cr(VI) removal form aqueous solutions.
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1. Introduction

Chromium is a toxic metal frequently founded in the environ-
ment. It is derived from a variety of industrial processes (e.g.,
leather tanning, wood processing, metal smelting, textile dyeing
and plating) due to the leakage of industrial wastewater and
improper practices of industrial sludge disposal (Wang et al., 2010;
Wu et al., 2012), causing serious pollution in water environment. In
nature environments, trivalent (Cr(III)) and hexavalent (Cr(VI)) are
the most common oxidation states of chromium (Lyu et al., 2017).
Cr(III) is easily adsorbed by natural clays and precipitates as
Cr(OH)3, resulting in significant decrease of its mobility and toxicity
(Jiang et al., 2019). While Cr(VI) has a higher solubility andmobility,
which can be accumulated in living organisms (Dubey and Gopal,
2009), causing serious threat to human health because of its
carcinogenic, mutagenic and teratogenic properties (Vasudevan
et al., 2011; Rajput et al., 2016). Therefore, Cr(VI) was identified as
a priority pollutant by many countries, and a mandatory discharge
limit of 0.05mg/L in surface water was prescribed by the Ministry
of Ecological and Environmental Protection of China (Lyu et al.,
2017). It is hence urgent to develop efficient and cost-effective
new materials to adsorb Cr(VI) and/or reduce it to Cr(III), thus
minimizing its adverse impact on the environment.

During the past decades, various technologies including chem-
ical reduction and precipitation, solvent extraction, ion exchange,
membrane filtration, electro deposition and bio-reduction have
been applied to treat Cr(VI)-contaminated water (Barrera-Diaz
et al., 2012; Dima et al., 2015). However, these methods have
various technical or economic defects (e.g., toxic metal sludge
generation, incomplete removal and high operational cost).
Adsorption has been proved to be a simple, efficient and costless
process for the removal of chromium from water (Mohan and
Pittman, 2006; Wang et al., 2015b, 2015c; Norouzi et al., 2018).
Considering the cost and operation, activated carbon (AC) as an
environmentally friendly adsorbent is intensively applied for the
removal of organic and inorganic pollutants from aqueous solutions
because of its porous structure, high surface area and multiple
functional groups (e.g., hydroxyl and carboxyl) (Rivera-Utrilla et al.,
2011; Tovar-Gomez et al., 2015). For the adsorption of Cr(VI) onto
AC, it is reported that the reduction of Cr(VI) to Cr(III) may happen
during the adsorption process since Cr(VI) is a strong oxidant
(Espinoza-Quinones et al., 2010; Cruz-Espinoza et al., 2012; Di
Natale et al., 2015). The obtained Cr(III) is ready to precipitate due
to its low solubility, and therefore enhancing the overall Cr removal
from solution (Gheju and Balcu, 2011). However, both the func-
tional groups on AC surface and Cr(VI) ions are negatively charged
in aqueous solution, resulting in a poor adsorption capacity of AC
for Cr(VI), the value usually blow 10mg/g due to electrostatic
repulsion (Rivera-Utrilla et al., 2011; Bhatnagar et al., 2013;
Tounsadi et al., 2016).

Recently, several approaches have been developed to modify AC
using acids, oxidants and metal oxides to enhance its oxygen-
containing functional groups and decrease electrostatic repulsion
for Cr(VI) adsorption (Babel and Kurniawan, 2004; Huang et al.,
2009; Yang et al., 2017b). It is reported that magnetite and iron-
modified AC has showed significant improvement on Cr(VI)
removal due to the introduction of acidic functional groups and iron
reduction (Liu et al., 2012; Nethaji et al., 2013). Hematite (a-Fe2O3)
is another promising iron oxide in the environment and has
attracted considerable attention because of several advantages
(e.g., low cost, natural abundance and non-toxicity) (Cheng et al.,
2015; Wang et al., 2015a; Liu et al., 2017). In comparison with Fe0

and Fe3O4, a-Fe2O3 is more stable in the environment and can be
easily produced by chemical processes. Since Cr(VI) species are
negatively charged, they can be bounded onto a-Fe2O3 by
electrostatic attraction or complexation due to the ferric oxide
groups on the a-Fe2O3 surface (Wang et al., 2015a). However, the
adsorption efficiency of iron oxides is determined by particle sizes
and surface areas (Xiao et al., 2015; Yang et al., 2017a). Exploration
of iron oxide nanoparticles (IONPs) as ideal adsorbents is of
increasing interest to increase the reactivity of iron oxides. How-
ever, high specific surface energy or magnetic force leads to parti-
cles aggregation and settlement which significantly diminish their
reactivity during application, thus resulting in an inefficient
removal performance (Wu et al., 2012). Meanwhile, difficult sepa-
ration of IONPs from solution leads to the rising of operational cost
for post-treatments (e.g, flocculation and sedimentation). To over-
come these limitations, loading IONPs onto a carrier such as AC and
nanotube potentially provides a promising approach (Nethaji et al.,
2013; Wan et al., 2017). Ferric ions can be easily adsorbed onto AC
due to their positive charges, therefore loading nano-sized a-Fe2O3
onto AC (nFe2O3@AC) may enhance its dispersion. This composite is
expected to prevent the aggregation of nFe2O3 particles, meanwhile
change the surface charge of AC by loading the nFe2O3 (Jin et al.,
2011). Subsequently, the adsorption capacity of AC for Cr(VI) will
be improved by this modification. With this respect, the modified
AC could be an effective and cost-effective material for Cr(VI)
removal from water.

In this study, nFe2O3 was employed to modify AC (nFe2O3@AC)
via a simple and cost-effective impregnation method to form
nFe2O3@AC composite which would then be used for removing
Cr(VI) from aqueous solutions. Surface characterization techniques
were employed to analyze the amended Cr(VI) removal mecha-
nism. Cycling tests were also designed to assess the stability and
reusability of nFe2O3@AC composites.

2. Materials and methods

2.1. Adsorbent preparation

A facile impregnation method was employed to synthesize
nano-sized hematite-modified activated carbon (nFe2O3@AC) (Wu
et al., 2013). In brief, 5 g of AC (0.1mm, 777m2‧g�1) was mixed
with 27 g of FeCl3$6H2O in deionized water (200mL) by a magnetic
stirrer for 24 h at 25 �C. The mixture was filtered and rinsed to
neutral with deionized water. Subsequently, the residue was dried
at 103 �C for 12 h and calcinated at 350 �C for 2 h. The amount of
iron oxides loading on the AC was determined to be 2.2% by dis-
solving the iron oxides into 1M HCl, and then sent for iron mea-
surement. Unsupported nano-sized hematite (nFe2O3) was used as
a control and prepared via the method reported by Schwertmann
(Schwertmann and Cornell, 2000).

2.2. Adsorption, desorption and reusability experiments

Conical flask reactors (150mL) were used for batch adsorption
experiments, which contained 100mL Cr(VI) solution at a con-
centration of 25mg‧L�1. The original solution pH value was regu-
lated by 0.1M H2SO4 or NaOH during the pH effect experiment.
After adsorbents addition and capping with rubber plugs, the flasks
were agitated at 120 rpm, 25 �C in an isothermal shaker for a suf-
ficient time to reach equilibrium. Two milliliter sample was
collected at regular intervals by a syringe and measured the Cr(VI)
concentration after filtration with a 0.45 mm membrane. The final
pH and iron concentrations were detected after reaction.

Hydrochloric acid solution was used as eluents for desorption
and reusability test. During the desorption test, the desorbed
nFe2O3@AC by 0.1M HCl (120 rpm, 4 h) was filtered and reused at a
dosage of 2 g‧L�1 and a Cr(VI) concentration of 25mg‧L�1 for Cr(VI)
adsorption. The leaching iron and Cr(VI) concentrations of the



Fig. 1. The X-ray diffraction patterns of absorbents.
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filtrate were measured. After 4 consecutive runs, all the nFe2O3 and
(CrxFe1-x)(OH)3 precipitates were stripped using 1M HCl, and then
the nFe2O3@AC was regenerated with the above impregnation
method for reusability test.

2.3. Analytical methods

An UVevisible spectrophotometer (UV2300, Shanghai, China)
was employed tomeasure the aqueous concentrations of Cr(VI) and
ferric iron by following the 1,5-diphenylcarbazide spectrophoto-
metric method (Jia et al., 2018) and the 1,10-phenanthroline
colorimetric method (Zhong and Yang, 2012), respectively. A pH
meter (PHS-3C, Sanxin, China) was used for pH measurement and
the pHpzc of the adsorbents was determined according to the pH
drift method (Strelko and Malik, 2002). The mineral composition of
the samples was determined on an X-ray diffractometer (D8,
Bruker) with X-ray source of Cu-Ka radiation. The scanning electron
microscopy (SEM) and energy dispersive X-Ray spectroscopy (EDS)
was performed by a Hitachi S-4500 scanning electron microscope.
The valent change of Cr(VI) after Cr(VI) adsorptionwas analyzed by
X-ray photoelectron spectroscopy (XPS) (K-Alpha, Thermo Fisher
Scientific) with a Ka-Al radiation. Fourier transform infrared spec-
trum (FTIR) (Nicolet 6700, Thermo Fisher Scientific) was used to
identify the change of oxygen-containing functional groups on the
AC after Cr(VI) adsorption. For the specific surface areas and pore
diameters, they were measured based on adsorption/desorption
isotherms at 77 K using a surface area analyzer (ASAP, 2020;
Micromeritics).

2.4. Data analysis

Two kinetic models (pseudo-first and pseudo-second order re-
action kinetics) were used to fit the adsorption data by Eqs. S1 and
S2, respectively. The intraparticle-diffusion model (Weber-Morris
model) was employed to analyze the rate limiting step of the Cr(VI)
adsorption, as expressed in Eq. S3. And the Langmuir and Freund-
lich isotherm models were used to describe Cr(VI) adsorption by
Eqs. S4 and S5, respectively.

Cr(VI) removal efficiency (R, %) and adsorption capacity (q, mg‧
g�1) were calculated according to Eqs. (1) and (2), respectively.

R ¼ (C0 - Ct) / C0� 100% (1)

q ¼ (C0 - Ct)� V / m. (2)

where C0 (mg‧L�1) and Ct (mg‧L�1) are Cr(VI) concentrations at
initial time and reaction time (t), respectively; V (L) and m (g) are
the volume of Cr(VI) solution and adsorbent dosage, respectively.

The Cr(VI) desorption efficiency (D, %) and leaching iron rate (L,
%) were calculated using Eqs. (3) and (4), respectively.

D ¼ (desorbed Cr(VI)) / (adsorbed Cr(VI))� 100% (3)

L ¼ (leached iron) / (loaded iron)� 100% (4)

3. Results and discussion

3.1. Characterization of adsorbents

Fig. 1 shows the XRD patterns of the nFe2O3, AC and
nFe2O3@AC.The nFe2O3@AC had a similar XRD pattern to the
nFe2O3 according to the conspicuous diffraction peaks at 24.3�,
33.5�, 35.8�, 40.9�, 49.7�, 54.3�, 57.7�, 62.6�, and 64.1�, respectively,
indicating the structure of hematite on the nFe2O3@AC (a-Fe2O3,
JCPDS 33-0664) (Liu et al., 2017). This pattern further demonstrated
good crystallinity of the samples and successful synthesis of the
Fe2O3@AC composite. An additional peak is observed in the
nFe2O3@AC sample at 22� because of the AC (Shinde et al., 2017).
The peak was broader than that of the AC alone, indicating the
presence of smaller particles (Venkateswarlu et al., 2016), such as
nFe2O3 particles in this study.

As shown in the SEM images (Fig. 2), unsupported a-Fe2O3
particles with a size of 50e100 nm were obtained. Nano-sized a-
Fe2O3 (nFe2O3) ranging from 90 to 500 nm was dispersedly loaded
on the modified AC. After Cr(VI) adsorption, irregular nFe2O3 par-
ticles became spherical, with a diameter of 100e500 nm. According
to the morphology features, these particles were primarily identi-
fied to be (CrxFe1-x)(OH)3 precipitates (Lo et al., 2006), since the
surface-bounded Cr(VI) is likely to be reduced to Cr(III) by the
functional groups such as ≡C-OH on the AC (Di Natale et al., 2015;
Norouzi et al., 2018).

Table 1 summarized element composition (revealed by EDS),
surface area, and pore diameter of the adsorbents. The element
composition of the AC and the nFe2O3 was determined to be 72.9%
C, 27.1% Oxygen and 70% Fe, 30% O, respectively. After the loading of
nFe2O3, the C on the AC surface was decreased to 62.5% and the O,
Fe percentage were correspondingly increased to 34.3% and 3.2%,
respectively. It was consistent with the XRD results which showed
the conspicuous diffraction peaks of the a-Fe2O3 in themodified AC.
In addition, 2.8% Cr was founded in the elemental composition of
the precipitates on the nFe2O3@AC, further demonstrated suc-
cessful adsorption of Cr(VI) by the nFe2O3@AC. Due to the adsorbed
Cr(VI) and its conversion to (CrxFe1-x)(OH)3 precipitates, the O
percentage of the nFe2O3@AC was further increased to 40.9%. After
adsorption, the C and Fe of the nFe2O3@AC were decreased from
62.5% to 53.4% and from 3.2% to 2.9%, respectively. It was attributed
to the dilution effect of Cr(VI) and (CrxFe1-x)(OH)3 precipitates on
the surfaces of the nFe2O3@AC (Wang et al., 2015a).

Although the pore diameter of the AC was decreased from
5.0 nm to 4.9 nm due to the blocking effect after loading nFe2O3
(Table 1), the surface area of the nFe2O3@AC (811m2‧g�1) was
higher than the sum of the AC (777m2‧g�1) and the unsupported
nFe2O3 (22.6m2‧g�1), probably due to the presence of supported
nFe2O3 that provided extra specific surface area and compensated
the occupied surface area by themselves. Due to the formation of Cr



Fig. 2. The SEM images of (a) nFe2O3, (b) AC, (c) nFe2O3@AC and (d) nFe2O3@AC after Cr(VI) adsorption.

Table 1
The BET surface area, pore diameter and elemental composition of adsorbents before and after Cr(VI) adsorption. nFe2O3@AC*: nFe2O3@AC after Cr(VI) adsorption; NA: not
detected.

Sample Element (wt%) BET surface area (m2‧g�1) Pore diameter (nm)

C O Fe Cr

AC 72.9 27.1 NA NA 777 5.0
nFe2O3 NA 70 30 NA 26.2 0.7
nFe2O3@AC 62.5 34.3 3.2 NA 811 4.9
nFe2O3@AC* 53.4 40.9 2.9 2.8 724 4.6
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precipitates, a slight decrease of surface area and pore diameter
was observed in the nFe2O3@AC after adsorption.

The results indicated that nFe2O3 was successfully loaded onto
AC, which formed the nFe2O3@AC.
Fig. 3. Cr(VI) removal by different adsorbents (0.04 g‧L�1 of nFe2O3, 2 g‧L�1 of AC and
nFe2O3@AC, 25mg‧L�1 of Cr(VI) at initial pH 5.6 and 25 �C).
3.2. Cr(VI) removal test

The nFe2O3@AC composite was tested for Cr(VI) removal with
AC and nFe2O3 as controls. Fig. 3 shows that the nFe2O3 just
removed 15% of Cr(VI) in 600min. Since easy aggregation of nFe2O3
would occur in solution due to high specific surface energy, Cr(VI)
adsorption was limited. Similar to the nFe2O3 system, the pristine
AC only provided a 23% Cr(VI) removal in 600min, demonstrating
that AC has weak affinity to Cr(VI), which might be due to elec-
trostatic repulsion. In the nFe2O3@AC system, a much higher Cr(VI)
removal efficiency of 94%was recorded in 600min, which is 3 times
higher than that of the AC alone. The nFe2O3@AC showed stronger
affinity to Cr(VI) due to its positively charged surface from the
nFe2O3. Such surface could afford strong adsorption ability for
heavy metal via electrostatic attraction, complexation and co-
precipitation (Liu et al., 2012; Shinde et al., 2017). Meanwhile, as
shown in the SEM and BET results (Fig. 2 and Table 1), since the
nFe2O3 was dispersedly loaded on the AC, higher surface areas were
thereafter obtained in the nFe2O3@AC system than those of the
nFe2O3 system, amending the Cr(VI) adsorption by providing larger
amount of reactive sites.
The Cr(VI) removal data was fitted to two kinetic models
(pseudo first-order and pseudo second-order kinetic models),
respectively (Table S1). It can be seen that the experimental values
(qe, exp) were similar to the calculated values (qe,c) of the pseudo
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second-order kinetic model, and the R2 values (0.99) were higher
than those of the pseudo first-order kinetic one (0.79 and 0.92),
indicating that the Cr(VI) removal fitted well with the pseudo
second-order model in this study. This result is consistent with
other research using chestnut shell AC (Niazi et al., 2018), FeCl3-
modified (Sun et al., 2014) AC and Fe3O4-modified AC (Nethaji et al.,
2013) as adsorbents. It indicated that the Cr(VI) adsorption rate was
controlled by chemisorptions. It also suggested that the sharing or
exchanging electrons in the interfaces might exist during Cr(VI)
adsorption onto the nFe2O3@AC (Wu et al., 2012). In addition, the
limiting step of the Cr(VI) adsorption was analyzed by using the
Weber and Morris model. As seen in Fig. S1 and Table S2, the
adsorption data of the Cr(VI) could be fitted to two stages, where
the first stage was the surface/instantaneous adsorption process,
subsequently the gradual adsorption stage was provided in the
second stage (Aigbe et al., 2018). And the C values of each stage
were not zero, indicating that the rate limiting step of Cr(VI)
adsorption by the AC and the nF2O3@AC was not just intraparticle
diffusion, other step could be existed (Kong et al., 2019).

It should be noted that Cr(VI) has a higher standard reduction
potential of 1.33 V (acidic condition) than that of HNO3 (0.96 V)
(Mishra et al., 2015; Wang et al., 2017) and HNO3 is widely used to
modify AC to increase the number of acidic function groups on its
surface for enhanced Cr(VI) adsorption (Huang et al., 2009). It can
be expected that Cr(VI) reduction could be coupled with AC
oxidation, where oxygen-containing groups and Cr(III) species
were formed (Liu et al., 2012). The resultant Cr(III) is prone to
precipitate for its low solubility (Gheju and Balcu, 2011; Shen et al.,
2016) and the reduction of Cr(VI) to Cr(III) by AC is considered to be
a main reason for outstanding Cr(VI) removal since the nFe2O3@AC
was successfully synthesized according to XRD and SEM analysis.
XPS and FTIR spectrawas thereafter collected to further confirm the
coupled AC oxidation and Cr(VI) reduction. According to Fig. 4, the
C-OH vibration (3420 cm�1) of the AC significantly decreased while
the C-O vibration (1610 cm�1) strengthened after Cr(VI) adsorption,
indicating the oxidation of AC by Cr(VI) and the functional groups
(≡C-OH) of the AC could function as reductant to reduce the
surface-bounded Cr(VI) (Rangabhashiyam and Selvaraju, 2015). The
XPS spectra (Fig. 5) showed that Cr(III) species distributed on the
nFe2O3@AC after adsorption were confirmed by measuring the
binding energy at 586.5 and 577.2 eV (Mu et al., 2015; Mortazavian
et al., 2019), while only Cr(VI) species were observed on the sample
Fig. 4. The FTIR spectra of AC before and after Cr(VI) adsorption (2 g‧L�1 of AC, 25mg‧
L�1 of Cr(VI) at initial pH 5.6 and 25 �C).
without AC. According to the above results, a possible Cr(VI)
removal mechanism using nFe2O3@AC could be deduced. In the
solution, Cr(VI) was initially adsorbed onto nFe2O3@AC via
complexation and electrostatic attraction. Then the Cr(VI) was
directly reduced by AC (Espinoza-Quinones et al., 2010) or through
the nFe2O3 as electron shuttles (Williams and Scherer, 2004; Katz
et al., 2012; Mu et al., 2015) because iron oxides (0.77 V)
(Chakraborty et al., 2010) have a much lower reduction potential
than that of Cr2O7

2�/Cr3þ (1.33 V) (Mishra et al., 2015) and the
electrons on the nFe2O3 surfaces transferred from the AC could
reduce Cr(VI) to Cr(III). Subsequently, according to SEM and BET
results, partial Cr(III) species precipitated to form chromium hy-
droxides (Shen et al., 2016) or Cr(III)-Fe(III) precipitates since Cr(III)
and Fe(III) ions have similar ionic radius of 0.064 nm and same
charge (Zhong et al., 2017). Finally, Cr(VI) could be trapped at the
surfaces of the nFe2O3@AC and further encapsulated into the
crystalline structure of the iron oxides which eventually converted
to spherical phase particles as shown in Fig. 2.

Furthermore, Fig. 3 shows that a rapid adsorption occurred
during the first 120min, followed by a much slower phase until the
system reached the adsorption equilibrium after roughly 600min
due to the outer diffusion and the interior complexation (Dai et al.,
2016). Thus, 600min was selected as the reaction time for further
experiments.

3.3. Effect of pH

The pH values from 3.0 to 11.0 were applied to the pH test and
the result is present in Fig. 6. It can be seen that Cr(VI) removal
increased from 10% to 40%, and from 17% to 99% using AC and
nFe2O3@AC, respectively when the pH values were decreased from
11 to 3. Obviously, the adsorption process was highly pH-
dependent and higher removal efficiencies could be achieved un-
der acidic conditions, particularly in the nFe2O3@AC system. This
phenomenon is related to various forms of Cr(VI) and surface
properties of absorbents at different pH values (Rajput et al., 2016).
Generally, Cr(VI) exists as Cr2O7

2�, CrO4
2� and HCrO4

� in aqueous
solutions depending on pH values (Wu et al., 2012). HCrO4

� is the
common form at pH 1e6.5, while Cr2O7

2� and CrO4
2� are the primary

forms under neutral and alkaline conditions. Besides, the surface
charge of the nFe2O3@AC is positive or negative depending on pH
values since the pHpzc of the AC and the nFe2O3@AC was calculated
to be 8.0 and 6.9, respectively (Figs. S2 and S3). Surface protonation
of AC and nFe2O3@AC would occur under acidic conditions
(Lazaridis and Charalambous, 2005; Huang et al., 2009). Subse-
quently, enhanced Cr(VI) adsorption was achieved because of
strong electrostatic attraction between the negatively charged
Cr(VI) species and the positively charged surfaces of the adsorbents
(Prabhakaran et al., 2009). As pH values increased, the functional
groups of the nFe2O3@AC were deprotonated gradually and the
surface of nFe2O3@AC was even negatively charged when pH
exceeded pHpzc (6.9). This led to strong exclusion between Cr(VI)
and nFe2O3@AC. Thereafter, Cr(VI) removal was inhibited. Under
alkaline conditions, excess OH� also competed with CrO4

2� and
Cr2O7

2� for adsorption sites and therefore suppressed Cr(VI)
adsorption (Zhuang et al., 2014). Hence, the adsorption of Cr(VI) by
the nFe2O3@AC was favorable under acidic conditions.

Since iron ion would be leached in weak acid environment, the
leaching iron rate after the reactions was evaluated. As shown in
Fig. 6, when the pH was decreased from 11 to 3, aqueous iron
concentrations increased from 1.7% to 10.5%. This relatively low
leaching iron rate indicated that the nFe2O3@AC can be a long
lasting adsorbent applied for Cr(VI) removal fromwaters. The initial
pH 5.6 could function as an optimum pH since a relative low
leaching iron rate and a high Cr(VI) removal was recorded under



Fig. 5. The XPS spectra of (a) nFe2O3, (b) nFe2O3@AC, the Cr 2p of (c) nFe2O3 and (d) nFe2O3@AC after Cr(VI) adsorption (0.04 g‧L�1 of nFe2O3, 2 g‧L�1 of AC and nFe2O3@AC, 25mg‧
L�1 of Cr(VI) at initial pH 5.6 and 25 �C).
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Fig. 6. The effect of initial pH on Cr(VI) adsorption (2 g‧L�1 of AC and nFe2O3@AC,
25mg‧L�1 of Cr(VI) at 25 �C).

Table 2
The Langmuir and Freundlich model parameters for the adsorption of Cr(VI).

Adsorbent Langmuir Freundlich

KL (L‧mg�1) qm (mg‧g�1) R2 KF (L‧g�1) n R2

AC 0.02 5.2 0.995 0.45 2.5 0.972
nFe2O3@AC 0.05 32.1 0.997 2.59 2.4 0.931
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this condition.

3.4. Adsorption isotherms

The adsorption isotherms were established by setting the initial
Cr(VI) concentrations from 5 to 500mg‧L�1 and the results are
presented in Fig. S4. The equilibrium adsorption capacity (qe) of the
adsorbents increased with equilibrium Cr(VI) concentration (Ce)
and reached a stable state when Ce above 300mg‧L�1 due to the
saturation of adsorption sites at high Cr(VI) concentrations (Su
et al., 2019).

Two isotherm models (the Langmuir and the Freundlich) were
used to describe Cr(VI) adsorption by the nFe2O3@AC and the AC.
The fitting parameters are presented in Table 2. The results showed
a better fitting to the Langmuir model than the Freundlich model
with a correlation coefficient (R2) >0.99 (Table 2), indicating that
Cr(VI) removal by the nFe2O3@AC was a monolayer adsorption
(Yilmaz et al., 2005). This was attributed to the high dispersion of
oxygen-containing functional groups and nFe2O3 particles on the
surfaces of AC. In addition, according to the Langmuir model, the
nFe2O3@AC had a much higher Langmuir maximum adsorption
capacity of 32.1mg‧g�1 than that of the AC (5.2mg‧g�1), demon-
strating that the ability of the AC for Cr(VI) adsorption was
remarkably improved after nFe2O3 modification. This Cr(VI)
adsorption capacity is competitive among the previously reported
absorbents (Table S3), such as hematite (2.3mg‧g�1) (Ajouyed et al.,
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2010), AC (6.4mg‧g�1) (Huang et al., 2009), HNO3-modified AC
(16.1mg‧g�1) (Huang et al., 2009), Fe-modified AC (11.8mg‧g�1)
(Liu et al., 2010) a-Fe2O3-modifiyed nanofiber (16.2mg‧g�1) (Ren
et al., 2013) and Fe3O4-modified AC (57.4mg‧g�1) (Nethaji et al.,
2013). This comparison indicates that the nFe2O3@AC is of great
potential in the Cr(VI) removal from aqueous solution.

3.5. Desorption and regeneration studies

Desorption (leaching) and regeneration tests were performed to
assess the stability and reusability of the nFe2O3@AC. The results of
the desorption study (Fig. 7) showed that the nFe2O3@AC was
stable in acidic solutions as only 23.8% Fewas released into solution
after 4 runs of desorption process. While, after 4 cycles operation,
the desorbed nFe2O3@AC maintained a high Cr(VI) removal effi-
ciency of 80%, which was slightly decreased (14%) from the first
removal efficiency of 94%, possibly due to the increased numbers of
acidic function groups such as carboxyl groups that could interact
with Cr(VI) via complexation after acid treatment and this was
supported by its decrease of pHpzc from 6.9 to 5.0 after acid acti-
vation (Figs. S3 and S5). Similar activated effect was obtained by
Huang et al. (2009) when using HNO3 to modify AC for enhanced
Cr(VI) adsorption. In addition, pore dredging and surface cleaning
effect of HCl was also favorable for enhanced Cr(VI) adsorption of
the nFe2O3@AC after acid activation.

After 4 cycles of operation, the deactivated nFe2O3@AC was re-
generated by adding 1M HCl which striped all the nFe2O3 and
(CrxFe1-x)(OH)3 precipitates on its surfaces and pores, subsequently
reloaded with nFe2O3. A removal efficiency of 86% was obtained by
the regenerated nFe2O3@AC. It indicated that the nFe2O3@AC had
an excellent stability and showed a great potential for repeated
utilization in Cr(VI) removal with a simple and convenient regen-
eration method.

4. Conclusions

A nFe2O3@AC adsorbent was synthesized with a simple
impregnation method by loading highly dispersed nano-sized a-
Fe2O3 particles onto AC. Surface characterization revealed that
nano-sized a-Fe2O3 particles were dispersedly loaded on the AC,
which decreased the pHpzc of the AC and significantly enhanced its
Cr(VI) adsorption capacity since nFe2O3 has a strong affinity to
Cr(VI) due to electrostatic attraction. The adsorbed Cr(VI) was
reduced to Cr(III) by the AC and the resultant Cr(III) subsequently
Fig. 7. The Cr(VI) removal efficiencies of recycled and regenerated nFe2O3@AC (2 g‧L�1

of nFe2O3@AC, 25mg‧L�1 of Cr(VI) at initial pH 5.6 and 25 �C).
precipitated as low soluble Cr(III) or Cr(III)-Fe(III) hydroxides,
which facilitated overall Cr(VI) removal from solution. Cr(VI)
adsorption and sequestration on the nFe2O3@AC was an
adsorption-reduction mechanism and the synergetic effect be-
tween the AC and the nFe2O3 enable the nFe2O3@AC a 5.2 times
higher Cr(VI) removal capacity than that of the AC. The Cr(VI)
removal data could be well fitted to the pseudo second-order ki-
netics and the Langmuir adsorption model, indicating that the
adsorption of Cr(VI) onto the nFe2O3@AC was a monolayer
adsorption. The nFe2O3@AC also showed an excellent stability
during acid desorption and its regeneration could be achieved after
cleaning up all the metal oxides on the AC and reloading nFe2O3
particles, making this technique simple and cost-effective during
application. In addition, the adsorption of Cr(VI) onto the
nFe2O3@AC was pH-dependent and high pH inhibited the overall
Cr(VI) removal. Our results demonstrated that good stability and
reusability will enable the nFe2O3@AC to be a promising adsorbent
for Cr(VI) removal.
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