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• Micro-sized FeOOH was homogeneously
distributed on activated carbon.

• Cr(VI) was removed via adsorption, re-
duction and co-precipitationmechanism.

• The mFeOOH@AC composite has good
stability and reusability.
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In this study, activated carbon (AC) was modified with micro-sized geothite (mFeOOH) using a facile and cost-
effective impregnation method for enhanced Cr(VI) removal from aqueous solutions. X-ray diffraction (XRD)
and scanning electron microscope (SEM) analysis showed that FeOOH particles with a diameter of 0.1–1 μm
were dispersed homogeneously on the surfaces and pores of the AC. Fourier transform infrared spectrum
(FTIR) and X-ray photoelectron spectra (XPS) analysis indicated that Cr(VI) was easily adsorbed onto the
mFeOOH and reduced to Cr(III) by the AC, eventually deposited as Cr(III)-Fe(III) hydroxides (e.g., (CrxFe1−x)
(OH)3). Hence, the mFeOOH@AC achieved a significantly higher Cr(VI) removal efficiency of 90.4%, 4.5 times of
that the AC. The adsorption of Cr(VI) onto the mFeOOH@AC agreed well with the Langmuir adsorption model,
demonstrating that the adsorption process was controlled by monolayer adsorption. This adsorption process
also followed the pseudo second-order kinetics and the adsorption rate constant K2 was determined to be
0.013 g/mg·min. The Cr(VI) removal efficiency decreased with pH values as the adsorption process was highly
pH-dependent. After the desorption-adsorption process by 0.1MHCl solution for 4 cycles, the removal efficiency
of Cr(VI) was still kept up to 75.1%, indicating that themFeOOH@AC has a good stability and can be easily regen-
erated. In addition, themFeOOH@AC also exhibited a promising potential for reutilization since a Cr(VI) removal
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efficiency of 85.4%was achieved after stripping all themFeOOHand Cr(III)-Fe(III) hydroxides by 1MHCl solution
and regeneration with mFeOOH. We demonstrate that the modified AC with micro-sized goethite can remark-
ably enhance its ability for Cr(VI) removal in water treatment.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Chromium is widely used in various industries such as steel
manufacturing, leather tanning, metal finishing, wood preserving, and
textile productions (Jayakumar et al., 2014; Wu et al., 2012; Yoon
et al., 2011). During the process of production, due to the leakage of in-
dustrial effluents and improper practices of industrial sludge disposal, a
large number of chromium components have been released into the
surface and groundwater. In aqueous solutions, chromium usually ex-
ists in the oxidative states of hexavalent chromium (Cr(VI)) and triva-
lent chromium (Cr(III)) (Shi et al., 2011b). Compared to relatively
innocuous Cr(III), Cr(VI) ismore soluble, mobile, toxic, and carcinogenic
(Chai et al., 2017; Yirsaw et al., 2016; Zhuang et al., 2014). It is hence
easy to spread throughout the water body, contaminating the ground
water and endangering the human health (Min et al., 2017). When
the concentration of Cr(VI) reaches 0.1 mg/g body weight, Cr(VI) be-
comes lethal to human (Richard and Bourg, 1991). Hence, Cr(VI) has
been considered as a priority pollutant by the United States Environ-
mental Protection Agency (He et al., 2013) and it shall be removed or
decontaminated from the environment.

A variety of technologies have been developed to remove Cr(VI)
from aqueous solutions, including chemical reduction (Vlyssides and
Israilides, 1997), membrane filtration (Fabiani et al., 1997), solvent ex-
traction (Macchi et al., 1991), biological processes (Kapoor et al.,
1999) and ion exchange (Tiravanti et al., 1997). However, most of
these methods have technical or economic limits, such as high opera-
tional cost, incomplete removal, and toxic metal sludge generation.
Compared to these methods, adsorption is a promising and efficient
technology to remove Cr(VI) from aqueous solutions (Barakat, 2011;
Sahu et al., 2009). By now, activated carbon (AC) is one of the most
cost-effective adsorbents for various pollutants because of its abundant
micropores, huge specific surface areas and functional groups such as
hydroxyl and carboxyl (Park and Jang, 2002). Moreover, ACmay reduce
Cr(VI) to Cr(III) since Cr(VI) is a strong oxidant (Espinoza-Quiñones
et al., 2010; Módenes et al., 2010), and the reduction of Cr(VI) benefits
the immobilization of Cr via Cr(III) precipitation (Gheju and Balcu,
2011). However, the functional groups of AC are negatively charged
and relatively nonpolar (Adhoum and Monser, 2002; Yin et al., 2007),
resulting in a weak adsorption capacity for Cr(VI), generally below
10 mg/g (Monser and Greenway, 1996). This limits the application of
AC for the removal of Cr(VI).

Recently, several studies have been proposed to increase Cr(VI) re-
moval efficiency bymodifying AC with acids, oxidants andmetal oxides
(Adhoum and Monser, 2004; Zhao et al., 2005). In particular, AC modi-
fiedwith iron or iron oxides showed improved removal capacities for Cr
(VI). Iron oxides are widely distributed in the environment and have
been applied to remove heavy metal ions from aqueous solutions due
to their low toxicity, fast kinetics and strong affinity toward heavy
metals (Zhou et al., 2015). However, iron and iron oxides are prone to
aggregation and subsequent rapid sedimentation in aqueous solutions
because of their high surface energy (Xu et al., 2012), leading to the
decrease of their reactivity in the adsorption of heavy metal ions.
Besides, powdery iron oxides are difficult to be separated from aqueous
solutions after their usage. It is hence needed to enhance the dispersity
of iron oxide particles by supporting them onto physical materials such
as bentonite,multiwalled carbon nanotube, zeolite, smectite and pillared
clay (Lv et al., 2013; Ruan et al., 2015; Shi et al., 2011b). For instance,
Ruan et al. (2015) prepared a bentonite-biochar-Fe2O3 composite by fac-
ile pyrolysis that significantly enhanced the adsorption capacity of Fe2O3
for Cr(VI). Wu et al. (2012) used montmorillonite to support Fe0, which
greatly reduced the aggregation of Fe0 and improved its adsorption and
reduction of Cr(VI).

In the present study, we chose AC as a supporting material for an-
other promising iron oxide, goethite (FeOOH). It is one of themost com-
mon iron oxides which widely spread in water, soil, sediment and rock
in the environment (Guo et al., 2016). Compared to iron or other iron
oxides (e.g., Fe0, Fe3O4, and Fe2O3), FeOOH is more stable under aerobic
conditions and can be easily synthesized by chemical processes. Besides,
FeOOH generally exhibits strong affinity to oxyanions such as Cr(VI)
(Qin et al., 2014) via ion exchange and complexation owing to the
existing of hydroxyl and ironoxy groups on its surface. However, it has
been found that FeOOH with a size less than 5 μm will be adverse to
its practical application such as separation, recovery and reuse owing
to its easily aggregation (Zuo et al., 2016). It is hence necessary to sup-
port FeOOH onto physical materials in order to prevent it from aggre-
gating. Among various physical materials, carbonaceous materials
such as AC, biochar, graphene and graphene oxide sheets have been
widely selected as supporters for metal oxides (Cong et al., 2012; Guo
et al., 2016; Koduru et al., 2016; Xu et al., 2013). Here we chose AC as
aneffective supportingmatrix for FeOOHbecause ferric ion canbe easily
adsorbed onto AC by electrostatic adsorption.We propose this modified
FeOOH@AC approach to investigate the dispersity of FeOOH and the en-
hancement of Cr(VI) removal. In this study, we will focus primarily on
the performance of the FeOOH@AC for the Cr(VI) removal capacity.
Solid phase characterizationwas performed to illustrate themechanism
of the Cr(VI) removal by the FeOOH@AC. Fourier transform infrared
spectrum (FTIR) and X-ray photoelectron spectroscopy (XPS) were
employed to measure the reduction of Cr(VI) and the oxidation of AC
during the adsorption process. Desorption-adsorption experiments
were also carried out to evaluate the stability and reutilization of the
FeOOH@AC.

2. Materials and methods

2.1. Materials

The activated carbon (AC) was received (Chaoyang Senyuan Acti-
vated Carbon Limited Company) with an average diameter of 0.1 mm
and a surface area of 770 m2/g, respectively. Chromium stock solution
(1000 mg/L) was prepared by dissolving 2.829 g of potassium dichro-
mate (K2Cr2O7) into 1000 mL of deionized water. The required concen-
trations of the chromium standard solution were made by diluting the
stock solution. Nine hydrated ferric nitrate (Fe(NO3)3·9H2O) and other
chemicalswere analytical grade (GuangzhouChemical Reagent Factory).

2.2. Adsorbents preparation

Before use, the AC was pretreated with 0.1 M HCl for 24 h and ultra-
sonic treatment for 15 min and rinsed with deionized water until it be-
came neutral. It was then dried at 103 °C for 2 h and subsequently
packed into zip lock bags and stored in a desiccator. The unsupported
mFeOOH was used as a control and was synthesized using a standard
method (Schwertmann and Cornell, 2000). In brief, 100mL of 1M ferric
nitrate solution was prepared in a polyethylene bottle and 180 mL of
5 M KOHwas quickly poured into the polyethylene bottle. The solution
was mixed at a stirring rate of 130 rpm. Immediately, the suspension
was diluted to 2 L with deionized water and then kept in a sealed



Fig. 1. The XRD patterns of the AC, mFeOOH and mFeOOH@AC.
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polyethylene bottle at 70 °C for 60 h. Finally, the suspensionwasfiltered
and dried at 70 °C for 12 h. The FeOOH was left as residue.

The mFeOOH@AC was prepared with a facile impregnation method
(Wu et al., 2013). An amount of 4.48 g pretreated AC was added into
100 mL 0.1 M ferric nitrate solution. This mixture was stirred for 24 h
with a magnetic stirrer at room temperature (30 °C), followed by im-
pregnating through drying at 70 °C for 12 h. Then the residuewas rinsed
with deionizedwater and centrifuged several times until it becameneu-
tral. Eventually, the mFeOOH@AC composite was obtained after drying
the solid at 70 °C for 12 h in an oven. The amount of FeOOH loaded on
the mFeOOH@AC was determined to be 2.3% by stripping all the
mFeOOH on the surfaces of the ACwith 1MHCl andmeasuring the fer-
ric ion concentration in the eluent.

2.3. Experimental procedures

Batch experiments were carried out in 150 mL conical flask reactors
which contained 100mLCr(VI) solution (50mg/L, pH=5.6). The initial
pH value of the Cr(VI) solution was adjusted by titrating with a 0.1 M
H2SO4 or NaOH solution. After the addition of mFeOOH@AC (4 g/L),
the flask was sealed with a rubber plug and then shaken at a speed of
120 rpm at room temperature (30 °C). At regular intervals, 2 mL mix-
ture was withdrawn with a syringe and then filtered with a 0.45 μm
membrane, followed by an immediate analysis of Cr(VI). After the reac-
tion, the pH value and the iron leaching concentrations of the solution
were measured. The effects of initial pH and Cr(VI) concentrations
were evaluated on the basis of the above benchmark experiments.

Stability and reusability were conducted with HCl solutions as elu-
ents. Initially, 0.4 gmFeOOH@ACwas added into 100mL Cr(VI) solution
of 50 mg/L to reach adsorption equilibrium. Then the resulting
mFeOOH@AC was filtered and desorbed by adding 100 mL 0.1 M HCl
in a conical flask reactor at a shaking rate of 120 rpm for 4 h, followed
by an immediate analysis of Cr(VI) and ferric ion concentrations in the
solution. This desorbed mFeOOH@AC was reused for Cr(VI) adsorption
at an initial concentration of 50 mg/L. After 4 cycles of desorption-
adsorption process, its reusability was measured by adding 1 M HCl to
strip all the mFeOOH on the surfaces of the AC and remodifying the
AC with mFeOOH following the above impregnated method. Prior to
next cycle, the mFeOOH@AC was washed repeatedly with deionized
water to remove the adhered solution. Each experiment was repeated
three times and an average value was used.

2.4. Analytical methods

The pH value was measured using a pH meter (PHS-3C, Sanxin,
China). The concentration of ferric ion in the solution was determined
by the o-phenanthroline colorimetric method. The concentration of Cr
(VI) was measured by the 1,5-diphenylcarbazide colorimetric method
with an UV–Vis spectrophotometer (Shimazu 2450) at a wavelength
of 540 nm. The pHpzc of the mFeOOH@AC was obtained using the pH
drift method (Jr and Malik, 2002).

The Cr(VI) removal efficiency (R, %), adsorption capacity at the reac-
tion time (qt, mg/g) and the equilibrium time (qe,mg/g)were calculated
according to Eqs. (1), (2), and (3), respectively.

R ¼ C0−Ctð Þ=Ct � 100% ð1Þ

qt ¼ C0−Ctð Þ � V=m ð2Þ

qe ¼ C0−Ceð Þ � V=m ð3Þ

where C0 (mg/L) is the initial concentration of Cr(VI), Ct (mg/L) and Ce
(mg/L) are the concentrations of Cr(VI) at the reaction time (t) and
the equilibrium time, respectively, V (L) is the total volume of the solu-
tion, and m (g) is the dosage of the adsorbent.
The leaching rate (L, %) of iron from the mFeOOH@AC and the de-
sorption efficiency (D, %) of Cr(VI) was calculated according to
Eqs. (4), (5) respectively.

L ¼ the amount of leached ironð Þ= the amount of iron loaded onto the ACð Þ � 100%

ð4Þ

D ¼ the amount of desorbed Cr VIð Þð Þ= the amount of adsorbed Cr VIð Þð Þ � 100%

ð5Þ

The X-ray diffraction (XRD) patterns of the AC, mFeOOH and
mFeOOH@ACweremeasuredwith a D8 ADVANCE X-ray diffractometer
(Bruker, Germany). During the XRD analysis, the samples were scanned
from 10 to 70° at a speed of 4°/min with Cu-Kα radiation at 40 kV and
40 mA. The microscopic features of these materials before and after Cr
(VI) adsorption were analyzed with a scanning electron microscope
(SEM, Hitachi S-4500) equipped with an energy-dispersive X-ray
(EDS) for elemental analysis. The Fourier transform infrared spectrum
(FTIR) of the AC before and after Cr(VI) adsorption was measured
using a Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific,
USA). The X-ray photoelectron spectra (XPS) of the mFeOOH and the
mFeOOH@AC after Cr(VI) adsorption was measured with a photoelec-
tron spectrometer (K-Alpha, Thermo Scientific, USA) using Al Kα radia-
tion. The Brunauer emmett teller (BET) surface areas of the adsorbents
were obtained by N2 adsorption at 77 K with an ASAP 2020 surface
area analyzer (Micromeritics, USA).

3. Results and discussion

3.1. Solid phase characterization

TheXRDpatterns (Fig. 1)were used to identify the crystalline phases
formed upon the modified AC and indicate the presence of FeOOH. The
strong peak of the AC at 2θ=25°was attributed to C(200) plane, while
the weak one at 2θ = 44° was C(101) plane (Li et al., 2012). The
mFeOOH synthesized in this study was considered to be goethite be-
cause the diffraction peaks observed around 21°, 33°, 36°, 41°, 48°, 61°
and 63° agreed well with the phase of goethite (PDF No. 29-0713), cor-
responding to (110), (130), (111), (140), (041), (002) and (061) planes,
respectively, similar to the results reported by Wang et al. (2015). The
(061) plane was not observed in the mFeOOH@AC, but there was a
new diffraction peak around 59° that corresponds to FeOOH (151)
plane (PDF No. 29-0713), indicating the formation of FeOOH on the
AC (mFeOOH@AC).

The surface morphology and composition of the mFeOOH@AC be-
fore and after Cr(VI) adsorption were examined by SEM and EDS. As



Table 1
The elemental composition and surface area of theAC and themFeOOH@AC before and af-
ter Cr(VI) adsorption.

Sample Elemental
composition (wt%)

BET surface
area (m2/g)

Pore volume
(cm3/g)

Pore size
(nm)

C O Fe Cr

AC 72.8 27.2 NA NA 777 0.49 2.5
mFeOOH NA 63.6 36.4 NA 29.6 0.07 8.9
mFeOOH@AC 65.5 31.4 3.1 NA 714 0.39 2.3
mFeOOH@AC⁎ 62.1 33.8 2.9 1.2 705 0.36 2.1

mFeOOH@AC⁎: mFeOOH@AC after Cr(VI) adsorption; NA: not detected.
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shown in Fig. 2, the surface of the fresh ACwas glossy, while some small
and bright aggregates with a diameter of 0.1–1 μm were distributed
homogenously on the surfaces and pores of the mFeOOH@AC and
these aggregates were primarily attributed to FeOOH. Elemental analy-
sis (Table 1) showed the existence of Fe with a content of 3.1% in the
mFeOOH@AC while there was no Fe on the fresh AC, further demon-
strating the formation of well dispersed FeOOH on the surfaces of the
AC. After the adsorption of Cr(VI), the surfaces of the adsorbed
mFeOOH@AC were coarse and many near-spherical particles with a di-
ameter of 0.5–1.5 μm were formed on the pores of the AC. Those parti-
clesweremost likely to be Fe(III)-Cr(III) co-precipitation such as (CrxFe1
−x)(OH)3 (Mondragon et al., 2012; Shi et al., 2011a), since Cr(III) re-
duced from Cr(VI) (Espinoza-Quiñones et al., 2010) tended to be
embed in the iron corrosion products to form amixed Fe(III)-Cr(III) hy-
droxide film due to the similar ionic radius of Cr(III) (0.063 nm) and Fe
(III) (0.064 nm) (Gheju and Balcu, 2011; Lo et al., 2006). Besides, chro-
mium with a content of 1.2% was determined on the surfaces of the
near-spherical particles of the mFeOOH@AC, suggesting the adsorption
of Cr(VI) onto themFeOOH@AC and the production of Fe(III)-Cr(III) hy-
droxides (Mondragon et al., 2012; Shi et al., 2011a).

As expected (Table 1), the specific surface area, pore volume and
pore size of the AC slightly decreased from 777 to 714 m2/g, 0.49 to
0.39 cm3/g and 2.5 to 2.3 nm, respectively when mFeOOH was loaded
onto the AC, which covered the surfaces and blocked the pores of the
AC. The specific surface area, pore volume and pore size of the
mFeOOH@AC after Cr(VI) adsorption further decreased to 705 m2/g,
0.36 cm3/g and 2.1 nm, attributed to the increasing concentration of
chromium on the surface of the mFeOOH@AC and the aggregation of
(CrxFe1−x)(OH)3 particles in the pores of the AC.

3.2. Comparison experiments

The adsorption experiments were conducted with the AC, mFeOOH
and mFeOOH@AC, respectively. As shown in Fig. 3, the removal effi-
ciency of Cr(VI) in the AC systemwas only 20.0% after 480min reaction
time, indicating that the AC had weak interactions with Cr(VI), largely
due to the weakly negative charged and relatively nonpolar surfaces
Fig. 2. The SEM images of (a) AC; (b) mFeOOH; (c) mFeOOH@AC and (d) mFeOOH@AC after
concentration: 50 mg/L, initial pH: 5.6).
of the AC, leading to electrostatic repulsion between the AC and the
electronegative Cr(VI). In the mFeOOH system, only 13.9% of Cr(VI)
was removed due to a decrease of active sites by the easy aggregation
of mFeOOH in the solution. However, in the mFeOOH@AC system, the
Cr(VI) removal efficiency was determined to be 90.4%, about 4.5 and
6.5 times of that using AC and mFeOOH alone, respectively. The en-
hanced performance of the mFeOOH@AC can be attributed to the in-
crease of stabilization, dispersion, and separation properties of the
mFeOOH particles by supporting them onto the AC. The enhanced Cr
(VI) removal in the mFeOOH@AC is also consistent with the results of
SEM which show that the mFeOOH particles were well dispersed on
the AC, leading to the full adsorption and co-precipitation of the Cr
(VI) anion onto the surfaces of the mFeOOH@AC (Bradl, 2004). Besides,
the mFeOOH@AC could be easily separated from the solution with a
screen mesh after its usage.

Kinetic analysis was carried out to describe the adsorption process of
Cr(VI) onto the AC and the mFeOOH@AC. Two classic kinetic models
(pseudo first-order model and pseudo second-order model) were
used to fit the data and the results are shown in Table 2. The correlation
coefficients (R2) from the pseudo second-order kinetic model were
higher than those from the pseudo first-order one for these adsorbents,
implying that the pseudo second-order model fitted the kinetic data
better than the pseudo first-order for these adsorbents. It is concluded
that chemical adsorption controls the Cr(VI) adsorption onto the AC
and the mFeOOH@AC. Our results are consistent with several other
Cr(VI) adsorption. (AC and mFeOOH@AC dosage: 4 g/L, FeOOH dosage: 0.09 g/L, Cr(VI)



Fig. 3. Different adsorbents for Cr(VI) removal. (AC and mFeOOH@AC dosage: 4 g/L,
mFeOOH dosage: 0.09 g/L, Cr(VI) concentration: 50 mg/L, initial pH: 5.6, temperature:
30 °C).

Fig. 4. The FTIR of the AC before and after Cr(VI) adsorption. (AC dosage: 4 g/L, Cr(VI)
concentration: 50 mg/L, initial pH: 5.6).
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studies (Adhoum and Monser, 2004; Al-Othman et al., 2012; Wu et al.,
2012), showing that Cr(VI) adsorption onto the mFeOOH@AC followed
chemisorption mechanism (e.g., ion exchange).

As shown by Espinoza-Quiñones et al. (2010), Cr(VI)was reduced to
Cr(III) by AC during the adsorption process with XPS analysis. Here we
speculated that Cr(VI) may oxidize AC to form new oxygen-containing
functional groups (e.g., carboxyl and/or hydroxyl groups) and products
containing Cr(III) species (Yue et al., 2009). This newly generated Cr(III)
tends to be precipitated as Cr(OH)3 due to its low solubility (Shen et al.,
2016). Consequently, the reduction of Cr(VI) to Cr(III) by the AC was
likely one of the main reasons for the enhanced Cr(VI) removal by the
mFeOOH@AC.We hence performed FTIR andXPS analysis to investigate
the reduction of Cr(VI) by the AC. Before analysis, the binding energy of
graphitic carbon C 1 s peak was calibrated at 284.50 eV as an internal
reference for charging of the samples. As shown in Fig. 4, there was a
significant decrease at the peak of C-OH (3420 cm−1)while a significant
increase at the peakof C\\O (1610 cm−1) after Cr(VI) adsorption,which
was attributed to the oxidation of carbon (`C\\OH→_C_O) because
of the reduction of Cr(VI) to Cr(III) by the AC (Yue et al., 2009). The XPS
analysis (Fig. 5) showed the existence of Cr(III) on the surfaces of the
mFeOOH@AC after Cr(VI) adsorption with the binding energies at
586.5 and 577.2 eV (Yang et al., 2017), while no Cr(III) (only Cr(VI))
was detected on the mFeOOH after Cr(VI) adsorption. Based on the
above analysis, we proposed a possible model to describe the mecha-
nism of Cr(VI) removal by themFeOOH@AC (Scheme 1). After the addi-
tion of mFeOOH@AC, Cr(VI) was instantaneously adsorbed onto the
surfaces of the mFeOOH@AC by electrostatic attraction, ion exchange
and complexation because of the positively charged surfaces, hydroxyl
and ironoxy groups of the mFeOOH. As mentioned above, the surface-
bounded Cr(VI) could be reduced to Cr(III) by the AC directly
(Espinoza-Quiñones et al., 2010) or via themFeOOHas electron shuttles
(Wang et al., 2017). Since the mFeOOH has more negative conduction
band position (0.58 V) than the reduction potential (1.33 V) of Cr2O7

2

−/Cr3+, the mFeOOH acting as a semiconductor could mediate electron
transfer from the AC to Cr(VI) and reduce the surface-bound Cr(VI) into
Cr(III) (Sun et al., 2016). Subsequently, the resultant Cr(III) was partially
Table 2
The pseudo first and second order kinetics parameters for the adsorption of Cr(VI).

Adsorbent qe, exp
(mg/g)

Pseudo first-order kinetics

K1

(min−1)
qe
(mg/g)

AC 2.50 4.34 2.24
mFeOOH@AC 11.3 2.31 10.8
precipitated as chromium hydroxides (Shen et al., 2016) or embed in
the AC in the form of Cr(III)-Fe(III) hydroxides such as (CrxFe1-x)(OH)3
for their similar ionic radius and identical charge (Gheju and Balcu,
2011; Lo et al., 2006). Eventually, Cr(VI) was firmly immobilized on
the mFeOOH@AC for it was favored by the growth and accumulation
of spherical phase particles as a form of chromium hydroxides and Cr
(III)-Fe(III) hydroxides (Lo et al., 2006).

In addition, as shown in Fig. 3, the rapid adsorption of Cr(VI) onto
the AC, mFeOOH and mFeOOH@AC was observed at the first 30 min
and then the adsorption proceeded slowly, eventually reached the equi-
librium at 480 min. This could be attributed to the more abundance of
adsorption sites at the initial stage than the later stage (Wu et al.,
2009), leading to the more affordable adsorption sites for the Cr(VI)
ions at the first 30 min than the later stage. In addition, the diffusion
of Cr(VI) into the interior of the adsorbents became slower with time
on account of the increase of diffusion resistance and the decrease of ad-
sorption driving force due to the decrease of Cr(VI) concentration in so-
lution. Here we chose 480 min as the equilibrium time.

3.3. Effect of initial pH

The influence of initial pH on the Cr(VI) adsorption onto the AC and
the mFeOOH@AC was investigated by increasing the initial pH values
from 3 to 11. Fig. 6 shows that themaximumequilibrium adsorption ca-
pacity of Cr(VI) onto the AC and themFeOOH@ACwas reached at initial
pH 3, with a value of about 4.5 and 12.4 mg/g, respectively. It was then
decreased to 0.8 and 2.1 mg/g, respectively for the adsorption onto the
AC and the mFeOOH@AC with an initial pH of 11. It is obvious that the
adsorption of Cr(VI) is a highly pH-dependent process, especially in
the mFeOOH@AC system. Depending on the pH, Cr(VI) exists in several
forms (e.g., H2CrO4, HCrO4

−, CrO4
2−,Cr2O7

2−) in aqueous solutions.
H2CrO4 exists at a pH value of less than 1, while HCrO4

− predominates
at pH between 1 and 6.5 and CrO4

2− is most favorable at pH 8. When
the concentration of Cr(VI) reaches up to 1 g/L, Cr2O7

2− will be formed
(Al-Othman et al., 2012). The surface adsorption and reduction of Cr
(VI) is higher with the increasing number of H+ ions on the adsorbent
Pseudo second-order kinetics

R2 K2

(g/mg·min)
qe
(mg/g)

R2

0.880 0.023 2.55 0.996
0.902 0.013 11.4 0.999



Fig. 5. The XPS survey of (a) mFeOOH, (b) mFeOOH@AC, high-resolution XPS survey of Cr 2p of (c) mFeOOH and (d) mFeOOH@AC after Cr(VI) adsorption. (mFeOOH@AC dosage: 4 g/L,
mFeOOH dosage: 0.09 g/L, Cr(VI) concentration: 50 mg/L, initial pH: 5.6).
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surfaces at lower initial pH values due to the electronegative Cr(VI) and
themain participants areHCrO4

− ions. The surface of themFeOOH@AC is
positively charged or negatively charged depending on the pH of the so-
lution (Zhuang et al., 2014). In this study, the pHpzc of themFeOOH@AC
was calculated to be 7.3 (Fig. S2). Below the pHpzc, the surface of the
mFeOOH@ACwas found to be positively charged due to the protonation
process of the functional groups such as the carboxyl and phenol groups
(Lazaridis and Charalambous, 2005), facilitating the effective uptake of
Cr(VI) by electrostatically attractive force between the mFeOOH@AC
and the Cr(VI) anion. As the pH values increased, the positively charged
sites were neutralized and the functional groups were deprotonated,
even became negatively charged,which led to the inhibition orweaken-
ing of the Cr(VI) adsorption due to electrostatic repulsion and hence a
Scheme 1.A proposedmodel to describe themechanism of Cr(VI) removal in themFeOOH@AC
of Cr(III) with Fe(III), ④ electron transfer from the AC to the mFeOOH.
significant decrease of Cr(VI) adsorption capacity. In addition, we
found that the competition between the excess OH– and CrO4

2− for the
adsorption sites also reduced the Cr(VI) adsorption onto the adsorbents
under alkaline conditions, consistent with several previous studies
(Yirsaw et al., 2016; Yoon et al., 2011; Zhuang et al., 2014). Our results
suggest that initial pH is one of the most important parameters for the
Cr(VI) removal from aqueous solutions which can be attributed to the
effects of the initial pH on the following several factors during the ad-
sorption process: the redox properties, the Cr(VI) ionization, and the
surface charge of the adsorbents.

Additional experiments were performed to investigate the iron
leaching process and its leaching rate after the reactions under weakly
acidic environments. The results showed that the iron leaching rate
system:① Cr(VI) adsorption,② reduction of Cr(VI) to Cr(III) by the AC,③ coprecipitation



Fig. 6. The effect of initial pH on Cr(VI) removal. (Adsorbent dosage: 4 g/L, Cr(VI)
concentration: 50 mg/L, contact time: 480 min, temperature: 30 °C).
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decreased from 11.7% to 1.1% in the mFeOOH@AC system as the initial
pH values increased from 3 to 11. The pH values after the reactions in-
creased 0.1–0.5 unit more than the initial pH values. We also found that
the mFeOOH particles were still loaded on the AC steadily after the ad-
sorption. An optimal and relatively high adsorption capacity was found,
while a low iron leaching rate was still maintained at initial pH value of
5.6. We hence selected this initial pH value for further experiments.

3.4. Adsorption isotherms

The Cr(VI) concentration was set from10 to 500 mg/L to investigate
the adsorption isotherm for the Cr(VI) adsorption respectively onto the
Fig. 7. (a) The effect of Cr(VI) concentration; (b) Langmuir model; (c) Freundlic model. (
AC and themFeOOH@AC. As shown in Fig. 7 a, the adsorption isotherms
of these adsorbents rose at low Ce and thenwere kept steadily at high Ce
due to the availability of a vast number of active sites for the Cr(VI) ad-
sorption at the low Cr(VI) concentrations and the adsorption became
gradually saturated in the high Cr(VI) concentrations due to less avail-
ability of the active sites (Al-Othman et al., 2012; Bradl, 2004).

Langmuir and Freundlich adsorption models were employed to fur-
ther investigate the interaction between the Cr(VI) and the adsorbents
by linear regression of the above adsorption processes (Eqs. 6 and 7), re-
spectively.

Ce=qe ¼ 1= qm � KLð Þ þ Ce=qm ð6Þ

lgqe ¼ lgK F þ lgCe=n ð7Þ

where Ce (mg/L) and qe (mg/g) are the Cr(VI) concentration and ad-
sorption capacity at the equilibrium time, respectively; qm (mg/g) is
the maximum adsorption capacity; KL (L/mg) is the Langmuir constant
related to the affinity of binding sites. The KL and qm values are respec-
tively calculated from the intercept and slope of the plot of Ce/qe versus
Ce (Fig. 7 b). KF (mg/g) and n are the Freundlich physical constants that
indicate the adsorption capacity and adsorption intensity, correspond-
ing to the intercept and slope of the plot of lgqe versus lgCe respectively
(Fig. 7c). Table 3 lists the parameters used in the Langmuir and
Freundlich adsorption models.

Both Langmuir and Freundlich models fitted well the Cr(VI) adsorp-
tion onto the AC and the mFeOOH@AC. However, the R2 values of the
Langmuir model were higher than those of the Freundlich model for
these adsorbents, indicating that the Langmuirmodelwasmore suitable
than the Freundlichmodel to the experimental data. Based on the Lang-
muir model, themaximumCr(VI) adsorption capacity of the AC and the
mFeOOH@ACwere 4.8 and 28.1mg/g, close to the experimental data of
Adsorbent dosage: 4 g/L, initial pH: 5.6, contact time: 480 min, temperature: 30 °C).



Table 3
The Langmuir and Freundlich model parameters for the adsorption of Cr(VI).

Adsorbent Langmuir Freundlich

KL (L/mg) qm (mg/g) R2 KF (mg/g) n R2

AC 0.027 4.8 0.997 0.69 3.1 0.970
mFeOOH@AC 0.082 28.1 0.995 7.03 4.1 0.981

Fig. 8. The removal efficiency of Cr(VI) with the recycled and regenerated mFeOOH@AC
(mFeOOH@AC dosage: 4 g/L, Cr(VI) concentration: 50 mg/L, initial pH: 5.6, temperature:
30 °C).
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4.5 and 27.2 mg/g, respectively.We conclude that the Cr(VI) adsorption
by the AC and the mFeOOH@AC is a homogeneous monolayer process.
The adsorption capacities of Cr(VI) on other adsorbents reported in pre-
vious literatures are showed in Table 4. In general, both AC and iron ox-
ides (e.g., goethite and hematite) alone showed low Cr(VI) removal
efficiencies due to electrostatic repulsion and agglomeration (Ajouyed
et al., 2010). Although the experimental conditions were different
from each study, the mFeOOH@AC in this study possessed a reasonable
adsorption capacity in comparison with other adsorbents. Furthermore,
even though the adsorption capacity of the AC-Fe was a little higher
than the mFeOOH@AC, there was no information about the stability
and regeneration of the AC-Fe and its preparation was complicated.
Therefore, here we showed that the synthesized mFeOOH@AC can effi-
ciently enhance the Cr(VI) adsorption capacities as the mFeOOH was
dispersed homogeneously on the AC.
3.5. Stability and reusability

Stability and reusability are essential in the adsorbent application.
The adsorbents were recycled for the reduction of the processing cost
(Aigbe et al., 2018; Liang et al., 2017). Here 0.1 M and 1MHCl solutions
were respectively used for the desorption (leaching) test and the regen-
eration study. As shown in Fig. 8, the iron leaching rate was 16.9% after
the first cycle and subsequently decreased to 5.2%, 2.9% and 1.9% after
the next 3 cycles. The reduction of the leaching rates is attributed to
the facts that the surface-bounded iron on the adsorbent was easily dis-
solved in acidic conditionswhile the other iron distributed on the pores
of the adsorbent was relatively difficult to be dissolved. The Cr(VI) re-
moval efficiencies were 87.6%, 84.1%, 79.9% and 75.1% after the first
four cycles. The decrease of the Cr(VI) removal efficiencywas attributed
to the less available active sites for Cr(VI) adsorption since total 17.3% of
the adsorbed Cr(VI) was desorbed by 0.1 M HCl after four desorption
processes as a result of the chemisorption mechanism between the Cr
(VI) and the mFeOOH@AC (Nityanandi and Subbhuraam, 2009). How-
ever, compared to its first removal efficiency of 90.1%, the Cr(VI) re-
moval efficiency of the desorbed mFeOOH@AC after four cycles only
decreased by 14%. Thiswasmainly attributed to the increase of the acid-
ity of themFeOOH@ACwith the production of oxygen-containing acidic
groups (such as carboxylic group) after acid treatment, which directly
interacted with Cr(VI) through complexation that enhanced the Cr(VI)
adsorption. This point of view is supported by the fact that the pHpzc

of the mFeOOH@AC decreased to 4.4 (Fig. S3) after acid activation
(Huang et al., 2009; Wang and Zhu, 2007). Moreover, the dredging of
Table 4
The comparison of adsorption capacities for Cr(VI) removal with different adsorbents.

Adsorbent T (°C) Initial
pH

M

mFeOOH@AC 30 5.6 2
AC 30 5.6 4
Goethite 25 8.0 2
Hematite 25 8.0 2
SAC (coconut shell activated carbon) 25 2.0 9
ATSAC (acid treated activated carbon) 25 2.0 1
Carbon-encapsulated iron 25 7.0 1
Fe(III)-impregnation sorbent 30 7.0 1
AC-Fe 20 5.8 3
micro pores and the expansion of specific surface area after the acid ac-
tivation may also play a role.

After four desorption cycles, 1 M HCl solution was used to regener-
ated the used mFeOOH@AC by stripping all the mFeOOH and Fe(III)-
Cr(III) hydroxides on the surfaces and pores, and subsequentlymFeOOH
was reloaded on the composite. In this way, a Cr(VI) removal efficiency
of 85.4% was obtained. We conclude that the mFeOOH@AC has a good
stability and it is promising for reutilization in the Cr(VI) removal
process.

4. Conclusion

In this study, a mFeOOH@AC composite was synthesized to achieve
enhanced adsorption capacity for Cr(VI). The preparationmethodwas a
facile and cost-saving impregnation process. The micro size (0.1–1 μm)
FeOOH particles were homogeneously dispersed on the surfaces and
pores of the AC. The FTIR and XPS analysis revealed that the Cr(VI) re-
moval by mFeOOH@AC was not an ordinary adsorption mechanism,
but a adsorption-reduction process where Cr(VI) would be reduced to
Cr(III) by AC and eventually precipitated as a form of Fe(III)-Cr(III) hy-
droxides. Therefore, themFeOOH@AC composite obtained a remarkably
higher Cr(VI) removal efficiency of 90.4%, 4.5 times that of the AC and
6.5 times that of the mFeOOH. The adsorption of Cr(VI) onto the
mFeOOH@AC agreed well with the Langmuir adsorption model, dem-
onstrating that the adsorption processwas controlled bymonolayer ad-
sorption. This adsorption process also followed the pseudo second-
order kinetics which was chemically adsorbed for the Cr(VI). The Cr
(VI) removal was highly pH-dependent and higher adsorption was ob-
tained at lower initial pH. The recycling experiment demonstrated that
aximal adsorption capacity (mg/g) Reference

7.2 This study
.5 This study
.0 (Ajouyed et al., 2010)
.3 (Ajouyed et al., 2010)
.5 (Lazaridis and Charalambous, 2005)
1.5 (Lazaridis and Charalambous, 2005)
0.1 (Zhuang et al., 2014)
2.6 (Zhu et al., 2012)
4.4 (Sun et al., 2014)
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the mFeOOH@AC composite has a sufficient life-span and stability
under acidic conditions. Furthermore, this composite could be regener-
ated after stripping all the iron oxides on the AC surface by 1M HCl and
remodifying with mFeOOH, making this technique cost-effective and
sustainable. With these results, we recommend the mFeOOH@AC to
be an efficient and promising material that significantly enhances the
Cr(VI) removal in water treatment processes.
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