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� CMC-FeS@BC was synthesized
combining the advantages of biochar,
CMC, and FeS.

� 57% of Cr(VI) removal was due to
reduction and 43% was ascribed to
sorption.

� External mass transfer model
adequately represents Cr(VI) sorption
kinetics.

� Isotherm data of Cr(VI) were
simulated adequately by Redlich-
Peterson model.
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A novel biochar supported nanoscale iron sulfide (FeS) composite (CMC-FeS@biochar) combining the
advantages of biochar, carboxymethyl cellulose (CMC), and FeS was synthesized and tested for Cr(VI)
removal efficiency and mechanisms. FeS particles were effectively soldered onto the surface of biochar
through AOH, C@C, O@CAO, CAO, and SiAO functional groups. The composite at a mass ratio of FeS:
CMC: biochar = 1:1:1 displayed an enhanced Cr(VI) adsorption capacity of 130.5 mg/g at pH 5.5 com-
pared to 38.6 mg/g for FeS and 25.4 mg/g for biochar. Surface sorption and reduction were the dominant
removal mechanisms. At the equilibrium Cr(VI) concentration of 13.4 mg/L, 57% of Cr(VI) removal was
attributed to reduction and 43% was ascribed to surface sorption. The adsorption kinetic data were ade-
quately simulated with pseudo second-order kinetic model and mass transfer model, suggesting that
sorption kinetics were the combination of chemisorption and external mass transfer. The Redlich-
Peterson model fitted better than the Langmuir and Freundlich models in simulating the adsorption iso-
therm data, again suggesting a hybrid chemical reaction-sorption process. The Dubinin–Radushkevich
isotherm model resulted in an adsorption energy of 10.0 kJ/mol, implying a chemisorption between Cr
(VI) and CMC-FeS@biochar. The present study demonstrated the promise of CMC-FeS@biochar composite
as a low-cost, ‘‘green”, and effective sorbent for removal of Cr(VI) in the environment.
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1. Introduction

Chromium (Cr), a commonly occurring heavy metal in surface
water and groundwater, is often derived from a variety of indus-
trial processes such as metallurgy, chromate manufacturing, textile
dying, tanneries, wood preservation, and metal electroplating [1,2].
It can pose a high risk to ecosystem and public health due to its
carcinogenicity, persistence, and bioaccumulation [3]. In general,
Cr is present as trivalent chromium (Cr(III)) and hexavalent chro-
mium (Cr(VI)) in the natural environment [4]. Compared to Cr
(III), which is less toxic and usually found in the form of precipi-
tates (i.e., Cr(OH)3 and Cr2O3), Cr(VI) is hyper-toxic and occurs as
soluble and mobile oxyanions (CrO4

2�, HCrO4
�, and Cr2O7

2�) [5]. Cr
(VI) has been identified as a top priority hazardous pollutant by
the United States Environmental Protection Agency (USEPA). In
China, Cr(VI) is regulated with a mandatory discharge limit of
0.05 mg/L in surface water [6,7] and 0.5 mg/L in wastewater [8].
The USEPA formulates a maximum contaminant level (MCL) of
0.1 mg/L for total Cr in drinking water [9]. Typical Cr(VI) concentra-
tions in Cr(VI)-contaminated water and wastewater are in the
range of 30–200 mg/L [5,10]. Thus, it is of great importance to
develop practically reactive materials which can adsorb and reduce
Cr(VI) to Cr(III) to minimize the toxicity of Cr(VI).

Iron sulfide (FeS) is an efficient, economical, and environmen-
tally friendly reducing agent. It can provide a source of Fe(II) and
S(-II) species to facilitate Cr(VI) reduction. Lu et al. examined the
effectiveness of natural clino-pyrrhotite (FeS minerals) for reduc-
tion of Cr(VI) (9.9 mg/L) at pH 1.1–12.1, and showed that clino-
pyrrhotite removed greater than 90% of the Cr(VI) within 40 min
at a dosage of 60 g/L and a pH < 5.0 [5].

Compared to bulk particles or natural minerals, nanoscale FeS
particles show much higher reactivity due to the smaller particle
size, and thus larger specific surface area. However, fine sized FeS
particles are unstable and can agglomerate rapidly in aqueous
solutions, which may limit the removal efficiency and present chal-
lenges to their environmental applications [11]. Gong et al.
employed carboxymethyl cellulose (CMC) as a stabilizer and suc-
cessfully prepared CMC-stabilized FeS nanoparticles with an
enhanced mercury uptake of �2800 mg/g (a 20% increase com-
pared to non-stabilized FeS) [12]. Recent studies also indicated that
the introduction of porous materials such as biochar [1,13,14], car-
bon microspheres [15], and natural silica sand [16–19] can effec-
tively prevent the aggregation of particles and enhance their
physical stability and removal efficiency.

Biochar is a stable solid, rich in carbon, porous with large sur-
face area, and thus has been widely used as a mechanical support
to disperse nanoparticles to facilitate their environmental applica-
tion [13,20,21]. Our recent work [22] indicated that, compared to
biochar, biochar-supported graphene composites showed larger
surface area and pore volume, more functional groups, better ther-
mal stability, and higher sorption capacities for phenanthrene and
mercury. Yan et al. developed a new biochar-supported ZVI
(nZVI@biochar) and investigated its application for aqueous tri-
chloroethylene (TCE) removal. 99.4% of the TCE was degraded via
nZVI@biochar compared to 56.5% by nZVI. The enhanced degrada-
tion efficiency was due to the larger specific surface area and abun-
dant oxygen-containing functional groups originating from the
backbone of biochar [14]. Biochar can be produced from biological
solid wastes (e.g., agricultural residues, animal manure, and
sludge) and is much cheaper than activated carbon. In addition,
biochar itself can reduce Cr(VI) to Cr(III) by redox reactions of sur-
face functional groups [23]. Using biochar to support nanoscale FeS
for environmental application is efficient and economically benefi-
cial. However, to our knowledge, no studies have been reported
about the preparation of biochar-supported CMC-stabilized FeS
nanoparticles (CMC-FeS@biochar), and no detailed investigation
into the effectiveness of Cr(VI) removal by CMC-FeS@biochar has
been reported.

The overall goal of this study was to develop a novel CMC-
FeS@biochar composite combining the advantages of biochar,
CMC, and FeS and investigate its effectiveness for removal of aque-
ous Cr(VI). The specific objectives were to: (1) prepare and charac-
terize CMC-FeS@biochar with various FeS:CMC:biochar mass
ratios, and elucidate the interactions between FeS, CMC, and bio-
char; (2) determine the effects of FeS:CMC:biochar mass ratio,
CMC-FeS@biochar dosage, pH, contact time, and initial Cr(VI) con-
centrations on the Cr(VI) removal effectiveness; and (3) acquire
further insights into the underlying Cr(VI) removal mechanisms
by CMC-FeS@biochar.
2. Materials and methods

2.1. Chemicals

All chemicals used in the present study were of analytical grade.
Sodium sulfide nonahydrate (Na2S�9H2O), iron sulfate heptahy-
drate (FeSO4�7H2O), and potassium dichromate (K2Cr2O7) were
purchased from Fengchuan Chemical Technology (Tianjin, China).
Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were
obtained from Tianjin Chemical Reagent Technology (Tianjin,
China). CMC (MW = 90 000 in the sodium form; degree of substi-
tute = 0.7) was purchased from Anpel Laboratory Technology
(Shanghai, China). Wheat straw obtained from Shandong province,
China, was air-dried for 7 days, milled into particles of �2 mm, and
used as the feedstock biomass for biochar production.

2.2. Preparation of CMC-FeS@biochar composite

Biochar was prepared following an approach developed in our
previous study [24], which is detailed in the Supporting Informa-
tion (SI Section 1). The resultant biochar was stored in glass vials
for the preparation of CMC-FeS@biochar composite.

CMC-FeS@biochar was prepared following a revised method by
Zhou et al. [13] and Gong et al. [12] (SI Fig. S1). First, 1.75 g of
FeSO4�7H2O (6.31 � 10�3 mol FeSO4) was dissolved in 1000 mL
deionized water and purged with purified N2 (>99%) for 1 h to
remove dissolved oxygen. Then, 55 mL of CMC solution (1%, w/w)
was added to the above solution under N2 purging to form Fe2+-
CMC complexes. Subsequently, 550 mg of biochar (particle
size = 0.5–1 mm) was introduced into the mixture. With strong
magnetic stirring, FeS particles were deposited on the surface of
biochar by dropwise addition of 45 mL Na2S solution (1.51 g Na2-
S�9H2O, i.e., 6.31 � 10�3 mol Na2S), and the mixture was stirred
for another 30 min under N2 purging. The resultant suspension
contained 500 mg/L FeS, 500 mg/L CMC, and 500 mg/L biochar
(i.e., a FeS:CMC:biochar mass ratio of 1:1:1). To ensure complete
reaction and full growth of the FeS, the suspension was sealed
and aged for 24 h. The mixture was then freeze-dried, washed with
N2-purged deionized water to remove Na2SO4, and freeze-dried
again for subsequent uses.

Five types of CMC-FeS@biochar composite were prepared by
varying the FeS:CMC:biochar mass ratios, namely, 5:5:1, 3:3:1,
1:1:1, 1:1:3, and 1:1:5. For comparison, FeS, plain biochar, and
CMC-FeS, which represented a FeS:CMC:biochar mass ratio of
1:0:0, 0:0:1, and 1:1:0, respectively, were also prepared under
otherwise identical conditions.

2.3. Characterization of CMC-FeS@biochar

The amount of FeS coated on the biochar was quantified
following a revised method by Yang et al. [25]. In brief, 0.1 g of



Fig. 1. XRD patterns of biochar, FeS, CMC-FeS@biochar, and Cr(VI)-laden CMC-
FeS@biochar. Cr(VI)-laden CMC-FeS@biochar preparation: CMC-FeS@bio-
char = 0.72 g/L, Cr (VI) concentration = 100 mg/L, solution volume = 42 mL,
pH = 5.5, and equilibrium time = 72 h.
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CMC-FeS@biochar was mixed with 50 mL of 0.5 M HCl in a 100 mL
glass beaker and allowed to react for 24 h. The mixture was filtered
through a 0.45-lm mixed cellulose ester filter membrane and
rinsed with deionized water three times. The filtrate and rinse
solutions were combined and measured for aqueous Fe concentra-
tion. The oven-dried biochar was measured for mass balance
calculation.

The structure and surface morphology of CMC-FeS@biochar
were characterized by scanning electron microscopy (SEM) (Shi-
madzu SS-550, Shimadzu Corp., Kyoto, Japan). The specific surface
area, pore size, and pore volume of FeS and CMC-FeS@biochar were
measured following the multipoint N2-BET adsorption method
(ASAP2460, Micromeritics, Atlanta, USA). The hydrodynamic diam-
eter and zeta potential were determined using a Malvern Zeta sizer
Nano Instrument (ZEN3690, Malvern Instruments, Worcestershire,
UK). The surface functional groups were analyzed by Fourier trans-
form infrared spectroscopy (FTIR) (FTS6000, Bio-rad, Beijing,
China). The crystallinity and the surface elemental compositions
of the samples before and after reaction with Cr(VI) were identified
by X-ray powder diffraction (XRD) (D/max-2500, Rigaku, Tokyo,
Japan) with a Cu-Ka radiation (k = 1.54056 Å) and X-ray photoelec-
tron spectroscopy (XPS) (PHI-5000, ULVAC-PHI, Chigasaki, Japan)
with a Ka-Al radiation (hv = 1486.6 eV), respectively. For XPS
analysis, the energy step size was 0.05 eV for each element scan
and 1.0 eV for a wide scan, and the relative pass energy was
20.0 eV and 100.0 eV, respectively. XPS spectra were analyzed
using CasaXPS software (Version 2.3.13 Dev29) with Gaussian
(Y%)-Lorentzian (X%) profiles defined in CasaXPS as GL (X) [26].
Line shapes of GL (30) were used for individual components (i.e.,
C1s, O1s, Fe2p3/2, S2p3/2, and Cr2p3/2). Sample preparation for
XRD and XPS is detailed in SI Section 2.

2.4. Batch experiments

All batch experiments were conducted in sealed 43 mL glass
vials capped by PTFE coated valves under anoxic conditions. A ser-
ies of experiments was carried out to determine the effects of FeS:
CMC:biochar mass ratio (5:5:1, 3:3:1, 1:1:1, 1:1:3, and 1:1:5),
CMC-FeS@biochar dosage (0.24–1.68 g/L), solution pH (2.3, 3.5,
5.5, 7.1, and 9.0), reaction time (0–72 h), and initial Cr(VI) concen-
tration (50–300 mg/L) on Cr(VI) uptake. To test the FeS:CMC:bio-
char mass ratio effect, 0.72 g/L of each composite was mixed
with 42 mL of 100 mg/L Cr(VI) solution for 72 h. pH of the mixture
was kept constant at 5.5 with HCl (1 M, 0.1 M) and/or NaOH (1 M,
0.1 M). To investigate the CMC-FeS@biochar dosage effect, various
amounts of CMC-FeS@biochar (FeS:CMC:biochar mass
ratio = 1:1:1) were added to 42 mL of 100 mg/L Cr(VI) solution at
pH 5.5 for 72 h. To examine pH effects, the mixture pH was
adjusted to a constant pH of 2.3, 3.5, 5.5, 7.1 and 9.0, respectively.
0.72 g/L of CMC-FeS@biochar (FeS:CMC:biochar mass ratio = 1:1:1)
was mixed with 42 mL of 100 mg/L of Cr(VI). To test the reaction
time effect, a mixture of 0.72 g/L CMC-FeS@biochar (FeS:CMC:
biochar mass ratio = 1:1:1) and 42 mL of 100 mg/L Cr(VI) was
sampled at predetermined times (0–72 h) and analyzed for aque-
ous Cr(VI). To probe the influence of initial Cr(VI) concentration,
the initial Cr(VI) concentrations were 50–300 mg/L. The concentra-
tion of the composite was 0.72 g/L and the mixture pH was 5.5. For
all experiments, Cr(VI) solution was purged with purified N2

(>99%) for 1 h to remove dissolved oxygen. The vials were sealed
and mixed on an end-over-end rotator (WH-963, Hualida Labora-
tory Equipment, Jiangsu, China) at 40 rpm at room temperature
(20 ± 1 �C). After the experiments, the vials were settled by gravity
for 15 min to separate the aqueous phase from the solid, and then
analyzed for aqueous Cr(VI) concentrations in the supernatant.
Control tests were conducted in the absence of the composites
under otherwise identical conditions. All experiments were carried
out in duplicate. The Cr(VI) uptake was calculated based on the ini-
tial and final aqueous Cr(VI) concentrations as well as the dosage of
the composite.

2.5. Analytical methods

Cr(VI) concentrations were determined with an UV–vis Spec-
trophotometer (754, Chuangyuanbo Technology Development,
Tianjin, China) following the Environmental Protection Standard
of China (GB 7467–87). The detection limit was 0.004 mg/L. The
concentrations of total Cr and total Fe were determined by Induc-
tively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
(IRIS Intrepid II XSP, Thermo Elemental, Waltham, MA, USA). The
method afforded detection limits of 4.3 for total Cr and 2.0 lg/L
for total Fe.

3. Results and discussion

3.1. Characterization of CMC-FeS@biochar and interactions between
FeS, CMC, and biochar

The mass fraction of FeS loaded on biochar increased from 14.9%
to 45.7% when FeS:CMC:biochar mass ratio increased from 1:1:5 to
5:5:1 (SI Table S2). Compared to the designated FeS-to-biochar
mass ratios (i.e., 1:5, 1:3, 1:1, 3:1, and 5:1), the calculated FeS-
to-biochar mass ratios were 1:4.3, 1:2.8, 1:0.9, 3.0:1, and 4.9:1,
indicating that FeS was successfully attached onto the surface of
biochar.

XRD patterns of FeS, biochar, CMC-FeS@biochar (FeS-to-biochar
mass ratio = 1:1), and Cr(VI)-laden CMC-FeS@biochar are shown in
Fig. 1. For FeS, eight peaks at 27.0�, 31.9�, 34.3�, 38.0�, 46.4�, 52.8�,
59.2�, and 64.1� were assigned to the indices (101), (004), (200),
(110), (204), (205), (303), and (222) with planes (JCPDS No.
23–1120). Biochar displayed a diffraction peak at 22.0�, corre-
sponding to a layer-to-layer distance (d-spacing) of 0.41 nm. The
large d-spacing of the biochar is attributed to the presence of
AOH, O@CAO, and CAO groups [27]. FeS was believed to be pre-
sent within the CMC-FeS@biochar composite as indicated by
diffraction peaks at 27.0�, 31.9�, 34.3�, 38.0�, 46.4�, 52.8�, 59.2�,
and 64.1� [28]. The standard peak at 22.0� observed on the surface
of CMC-FeS@biochar indicated the existence of biochar [29]. The
characteristic peaks of Fe3O4 (18.7�, 22.8�, 23.6�, and 25.8�)
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suggested partial oxidation of FeS [30]. Upon Cr(VI) uptake, only
two characteristic peaks of FeS (27.0� and 38.0�) were observed
and their intensities were reduced significantly, suggesting there
was chemical reaction between Cr(VI) and CMC-FeS@biochar.

SEM images of the CMC-FeS@biochar composite are shown in
Fig. 2. Compared with FeS which was present as aggregated flocs
(Fig. 2B), clearly defined and discrete FeS was observed on the
rough and porous surface of biochar (Fig. 2A and C), indicating that
irregular granular-like FeS particles in diameter of <100 nm were
attached to the biochar surface. The backbone of biochar
suppressed the aggregation of FeS, resulting in smaller
hydrodynamic diameters (7420 ± 296 nm for FeS vs. 256 ± 3 nm
for CMC-FeS@biochar), larger specific surface area, pore size, pore
volume (SI Table S3), and thus more sorption sites.

The porous structures of FeS, biochar, and CMC-FeS@biochar
were probed with a N2 adsorption-desorption technique (SI
Fig. S2). FeS and CMC-FeS@biochar showed type III isotherms (SI
Fig. S2A), indicating the presence of a large fraction of mesoporous.
The type H3 hysteresis loop observed on the adsorption-desorption
isotherms of FeS and CMC-FeS@biochar were associated with the
slit aperture formed by the accumulation of flake particles [31].
Biochar depicted a Type II isotherm with a type H4 hysteresis loop,
suggesting that the mesoporous was embedded in a matrix with
much smaller pores [32]. The distribution of pore size showed that
the pore size of the biochar, FeS, and CMC-FeS@BC pores were 2.3,
14.3, and 16.2 nm, respectively (SI Table S3), and mesoporous sizes
(2–50 nm) were the dominant ones (i.e., 2–10 nm for biochar,
2–20 nm for FeS, and 2–50 nm for CMC-FeS@BC) (SI Fig. S2B) [33].

The characteristic stretching frequencies of FeS, CMC, biochar,
and CMC-FeS@biochar are compared with FTIR spectra (SI
Fig. S3). No obvious peak was observed for FeS [12], in contrast, five
peaks were observed for CMC-FeS@biochar at 3424, 1611, 1447,
1148, and 817 cm�1, respectively, corresponding to the vibrations
of AOH, C@O, O@CAO, alkoxy CAO, and SiAO groups [24]. The
AOH band shifted from 3450 cm�1 for CMC and 3444 cm�1 for bio-
char to 3424 cm�1 for CMC-FeS@biochar, obviously due to inter-
(C) 

(A) 

Fig. 2. SEM images of (A) biochar, (B) FeS, (C) CMC-FeS@biocha
molecular hydrogen bonding among CMC, FeS, and the biochar
surface [12]. The peak of ACH2 stretching at 2913 cm�1 for CMC
was not observed for CMC-FeS@biochar [34]. Upon FeS loading,
the C@C band at 1692 cm�1 for biochar disappeared [35]. The
peaks of C@O shifted from 1604 cm�1 for CMC and 1595 cm�1 for
biochar to 1611 cm�1 for CMC-FeS@biochar. For CMC, the stretch-
ing frequencies of O@CAO were observed at 1423 and 1324 cm�1.
For biochar, the stretching frequency of O@CAO was observed at
1437 cm�1. These peaks shifted to 1447 cm�1 for CMC-
FeS@biochar, and the bond at 1324 cm�1 disappeared. The peaks
of alkoxy CAO shifted from 1096 cm�1 for CMC and 1115 cm�1

for biochar to 1148 cm�1 for CMC-FeS@biochar. The SiAO stretch-
ing band observed at 808 cm�1 for biochar shifted to 817 cm�1 for
CMC-FeS@biochar. Our previous results [12] revealed that CMC
was adsorbed to FeS surface via carboxylate and hydroxyl groups.
The FTIR results suggested thatAOH, C@C, C@O, O@CAO, CAO, and
SiAO functional groups may play an important role in FeS particles
soldering onto the surface of biochar.

The pH at the point of zero net charge (PZNC) was 5.7 for bio-
char and 5.0 for FeS, while CMC-FeS@biochar was negatively
charged over the pH range of 2.3–9.0 (SI Fig. S4), which suggested
that the pH of PZNC was <2.3 for CMC-FeS@biochar. The highly
negative surface of CMC-FeS@biochar confirmed the attachment
of CMC with a pKa value of 4.3 [12,36].

The elemental analysis showed that S content of FeS was
36.1 ± 4.9%, no detectable C (<0.02%), H (<0.01%), O (<0.02%), and
N (<0.01%) was found (SI Table S2). For biochar, the C, H, O, and
N contents were 77.3 ± 1.9%, 1.20 ± 0.01%, 21.3 ± 1.8%, and
0.18 ± 0.04%, respectively, and no S (<0.05%) was detected.
CMC-FeS@biochar was composed of C (29.9 ± 0.7%), H
(1.34 ± 0.06%), O (56.8 ± 1.0%), N (0.16 ± 0.04%), and S
(11.8 ± 0.2%). Compared to biochar, the CMC-FeS@biochar had
higher O/C (1.90 for CMC-FeS@biochar vs. 0.28 for biochar) and
H/C (0.04 for CMC-FeS@biochar vs. 0.01 for biochar) ratios, sug-
gesting that oxygen-containing functional groups may play an
important role for Cr(VI) removal by CMC-FeS@biochar [31].
(D) 

(B) 

r, and (D) high-magnification image of CMC-FeS@biochar.
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preparation: CMC-FeS@biochar = 0.72 g/L, Cr (VI) concentration = 100 mg/L, solution volume = 42 mL, pH = 5.5, and equilibrium time = 72 h.
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XPS analysis was performed for CMC-FeS@biochar before and
after Cr(VI) uptake (Fig. 3). For CMC-FeS@biochar, the C 1s spectra
in Fig. 3A was deconvoluted into four peaks at 284.1, 285.6, 286.5,
and 287.5 eV, which were assigned to aromatic or aliphatic carbon
(CAC/CAH), phenolic and alcohol carbon (C�O), C@O, and O@C�O
[25,33]. These findings were consistent with our FTIR spectra
results (SI Fig. S3). Binding energies of O 1s (Fig. 3B) at 531.1,
532.3, and 534.6 eV were ascribed to CAO, AOH, and C@O, respec-
tively [37]. The Fe 2p3/2 spectra in Fig. 3C exhibited four peaks,
namely, FeS at 710.2 eV, Fe(III) at 713.0 and 717.3 eV, and FeOOH
at 724.0 eV [38]. Furthermore, the peak located at 159.2 and
161.0 eV were ascribed to S(-II) for FeS, and the peak located at
168.9 eV was ascribed to S(IV) and/or S(VI) (Fig. 3D) [39].

Upon Cr(VI) uptake, CAC/CAH, CAO, and O@C�O decreased
from 17.2%, 51.0%, and 25.0% for CMC-FeS@biochar to 12.7%,
28.4%, and 3.7% for Cr(VI) laden CMC-FeS@biochar (Fig. 3A),
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respectively, indicating that surface complexation played an
important role in the removal of Cr(VI). In addition, C@O group
increased from 6.8 to 55.2% probably due to the formation of
C@O by the chemical redox reaction [40]. For O 1s (Fig. 3B), the
percentage of C@O groups rose sharply from 1.0 to 52.9%. CAO dis-
appeared, and the percentage of AOH decreased. These changes
further suggested the role of surface complexation between Cr
(VI) and the functional groups on CMC-FeS@biochar surface. In
addition, a new peak corresponding to Cr2O3 appeared at
530.8 eV, suggesting that Cr(VI) was reduced to Cr(III) by CMC-
FeS@biochar. The Fe 2p3/2 peak shifted slightly to 710.6, 712.9,
718.4, and 724.9 eV, the percentage of FeS decreased from 66.9
to 15.1% and that of Fe(III) and FeOOH increased from 33.1 to
74.9% (Fig. 3C). It indicates the oxidation of Fe(II) by Cr(VI) during
the treatment. Meanwhile, the peak of S(-II) disappeared (Fig. 3D),
the percentage of FeS decreased from 60.4 to 23.4%, and S(IV) and S
(VI) increased from 27.5 to 76.6% after Cr(VI) uptake, suggesting
the oxidization of S(-II) by Cr(VI). Binding energies of Cr2S3,
Cr2O3, Cr(III)�Fe(III), and Cr(VI) [41–43] at 574.4, 576.2, 578.7,
584.1 and 585.0 eV (Fig. 3E) further proved the redox reaction
between CMC-FeS@biochar and Cr(VI).

3.2. Effects of FeS:CMC:biochar mass ratios and CMC-FeS@biochar
dosage on Cr(VI) removal capacity

Compared to FeS (FeS:CMC:biochar = 1:0:0), CMC-FeS (FeS:
CMC:biochar = 1:1:0) offered 2.2 times greater Cr(VI) uptake (from
38.6 to 83.7 mg/g) (Fig. 4A), which was attributed to the enhanced
physiochemical properties of the CMC-FeS, namely, larger specific
area (6.4 m2/g for FeS vs. 30.7 m2/g for CMC-FeS), more functional
groups [12], and more sorption sites. Upon biochar supporting, Cr
(VI) uptake increased from 106.7 to 132.9 mg/g with increasing
biochar mass ratios, i.e., FeS:CMC:biochar mass ratio from 5:5:1
to 3:3:1, reaching a peak uptake at mass ratio of 3:3:1
(132.9 mg/g) and 1:1:1 (130.5 mg/g). The results were positively
related to the BET surface area of the samples (from 31.1 for FeS:
CMC:biochar = 5:5:1–51.5 m2/g for FeS:CMC:biochar = 1:1:1,
Fig. 4A). However, further increasing the biochar mass ratio to
1:1:5 resulted in a 66.8% decrease of Cr(VI) uptake, which was neg-
atively correlated to surface area (from 51.5 for FeS:CMC:bio-
char = 1:1:1 to 155.4 m2/g FeS:CMC:biochar = 1:1:5), indicating
the important role of FeS in Cr(VI) removal. The observation
indicated that the loss in the sorption capacity due to FeS over-
whelmed the gain in the surface sorption [25,44]. Biochar (i.e.,
FeS:CMC:biochar mass ratio = 0:0:1) with the largest surface area
FeS: CMC: biochar
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Fig. 4. Effects of (A) FeS:CMC:biochar mass ratios and (B) CMC-FeS@biochar dosage on Cr
biochar, and CMC-FeS. Experimental conditions: (A) Solid samples = 0.72 g/L, (B)
volume = 42 mL, pH = 5.5, and equilibrium time = 72 h. Data plotted as mean of duplicat
(215.7 m2/g) presented the lowest Cr(VI) removal capacity
(25.4 mg/g), which further proved the dominated role of reduction
by FeS. Considering both Cr(VI) removal capacity and preparation
costs (SI Table S1) of CMC-FeS@biochar composites at different
FeS:CMC:biochar mass ratios, the optimum mass ratio was deter-
mined to be 1:1:1, which was therefore used in the subsequent
tests.

Increasing the CMC-FeS@biochar dosage from 0.24 to 0.72 g/L
increased the Cr(VI) uptake from 122.7 to 130.5 mg/g (Fig. 4B). Fur-
ther increasing the dosage to 1.20 and 1.68 g/L resulted in a
decrease of Cr(VI) uptake (83.5 and 59.6 mg/g). At these two
points, the remaining Cr(VI) concentration (<0.004 mg/L) can meet
the MCL of 0.05 mg/L for Cr(VI) in surface water [6,7] and 0.5 mg/L
in wastewater [8]. When 0.72 g/L CMC-FeS@biochar was used, the
Cr(VI) removal capacity of individual compositions FeS (0.24 g/L),
biochar (0.24 g/L) and CMC-FeS (0.48 g/L) were 43.3, 5.3, and
81.4 mg/g, respectively, indicating a synergistic effect between
FeS, CMC, and biochar.

3.3. Sorption kinetics and isotherms

Kinetic tests were carried out to determine the removal rate of
Cr(VI) in the pH range of 2.3–9.0 (Fig. 5A). The sorption displayed a
rapid initial rate within 5 min (from 0 to 125.6, 108.9, 105.8, 92.7,
and 78.5 mg/g for pH 2.3, 3.5, 5.5, 7.1 and 9.0, respectively) and
then slowed down till equilibrium at �24 h for pH 7.1 and 9.0
(101.4 and 91.5 mg/g) and �48 h for pH 2.3, 3.5, and 5.5 (138.7,
134.3, and 129.3 mg/g, respectively). Thus, 72 h was used in the
following experiments to make sure Cr(VI) reaction equilibrium.

Sorption kinetic data were analyzed using pseudo first-order,
pseudo second-order, and external mass transfer models (SI
Fig. S5). The resultant fitting parameters, the coefficient of determi-
nation (R2) values, the normalized standard deviation (NSD), and
average relative error (ARE) are provided in SI Table S4. The pseudo
second-order kinetic model with the highest R2 (�0.999), lowest
NSD (<15.0) and ARE (<12.0) provided better fitting than the
pseudo first-order model (R2 varied from 0.313 to 0.903,
NSD > 65.0 and ARE > 62.0), indicating that the rate-limiting step
for Cr(VI) removal was chemisorption involving sharing or
exchanging of electrons between the absorbent and adsorbate
[45,46]. The pseudo second-order equilibrium Cr(VI) uptake (qe)
decreased from 139 ± 7 to 92 ± 1 mg/g with pH increased from
2.3 to 9.0, indicating that Cr(VI) removal was favored at acidic
pH. The detailed explanation was provided in Section 3.5. qe at
pH 5.5 obtained from the pseudo second-order kinetic model
CMC-FeS@biochar dosage (g/L)
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(130 ± 7 mg/g) was close to the experimental results (130.5 mg/g).
The external mass transfer model [45] (SI Section 3) was applied to
determine the main controlling factors of the sorption process (SI
Fig. S5C). All R2 values obtained for CMC-FeS@biochar on Cr(VI)
sorption at different pH were above 0.990. All NSD and ARE were
below 15.0 and 13.0, respectively. The mass transfer coefficient kf
decreased from (1.44 ± 0.05) � 10�5 to (1.07 ± 0.16) � 10�5 cm/s
with pH increased from 2.3 to 9.0, further indicating that low pH
was favorable for Cr(VI) removal. The results suggested that sorp-
tion kinetics of Cr(VI) by CMC-FeS@biochar were the combination
of chemisorption and external mass transfer [45].

Sorption isotherms of Cr(VI) onto CMC-FeS@biochar at pH �5.5
are shown in Fig. 5B. Sorption isotherm equations including
Langmuir, Freundlich [22] Redlich-Peterson [3] and Dubinin-
Radushkuvich models [47] (SI Section 4) were tested to fit the data,
and the fitting results are summarized in SI Table S5. Apart from R2,
the Marquardt’s percent standard deviation (MPSD) and the hybrid
error function (HYBRID) were calculated to indicate the validity of
the adsorption isotherm [48]. The results showed that the Redlich-
Peterson models had the highest R2 (0.990) and lowest MPSD
(2.38) and HYBRID (0.04). The Redlich-Peterson isotherm model
combines elements from both Langmuir and Freundlich equations,
suggesting that Cr(VI) uptake by CMC-FeS@biochar was a hybrid
chemical reaction-sorption process. The exponent b value was
close to one (0.947), which indicated that the adsorption was in
accordance with the ideal Langmuir condition [3]. The energy of
Cr(VI) onto CMC-FeS@biochar was calculated by Dubinin-
Radushkevich (D-R) model (E ¼ 1=

p
2KD) [49] (Fig. S5D), which fit-

ted well with the equilibrium data (R2 = 0.836). The energy
(10.0 kJ/mol) was in the typical range of bonding energy for
chemosorption (8–16 kJ/mol), further confirming the significant
role of chemisorption during the reaction between CMC-
FeS@biochar and Cr(VI) [50].

CMC-FeS@biochar offered much higher Cr(VI) removal capacity
(qm = 150 mg/g) than other reported adsorbents, such as biochar-
supported zero valent iron (10.6 mg/g) [13], iron-containing bam-
boo charcoal (33 mg/g) [51], and carbon/FeS/Fe (127 mg/g) [25] (SI
Table S6).

3.4. Cr(VI) removal mechanisms by CMC-FeS@biochar

The predominant Fe(II) and Cr(VI) species at pH 5.5 were FeS
and HCrO4

� according to the Visual MINTEQ results (SI Fig. S6).
Based on the FTIR, XPS spectra, and pH effect results, we
proposed a possible reaction mechanism for the removal of Cr
(VI) by CMC-FeS@biochar: (1) Chemical sorption of Cr(VI) onto
CMC-FeS@biochar surface through surface pores and oxygen-
containing functional groups (i.e., AOH, C@O, O@CAO, CAO, and
SiAO), (2) partial dissolution of FeS gives Fe(II) and S(-II) (Eq.
(1)), which then donate the electrons to Cr(VI) (Eqs. (2)(4))
[5,24,25], (3) reduction of HCrO4

� by the carbon surface (Eqs. (5)
and (6)) [40], (4) formation of Cr(III)-Fe(III) complex through ion
exchange (i.e. substitution of Cr(III) with Fe(OH)3) and surface
complexation under pH greater than 4.0 (Eq. (7)) [52], and (5)
precipitation of Cr2S3 and Cr2O3.

FeSþ Hþ ! Fe2þ þ HS� ð1Þ

3Fe2þ þHCrO�
4 þ 7Hþ ¼ 3Fe3þ þ Cr3þ þ 4H2O ð2Þ

HS� þ 2HCrO�
4 þ 7Hþ ¼ SO2�

3 þ 2Cr3þ þ 5H2O ð3Þ

8HS� þ 3HCrO�
4 þ 29Hþ ¼ 3SO2�

4 þ 8Cr3þ þ 20H2O ð4Þ

HCrO�
4 þ 7Hþ þ 3e� $ Cr3þ þ 4H2O ð5Þ

Surface� C � e� $ Surface� COxH ð6Þ
where Surface-C represents the C bond on the CMC-FeS@biochar
surface, and Surface-COxH indicates the newly formed oxygen con-
taining functional groups caused by the reduction of Cr(VI) and oxi-
dation of surface C.

xCr3þ þ ð1� xÞFe3þ þ 3H2O ¼ ðCrxFe1�xÞðOHÞ3ðsÞ þ 3Hþ ð7Þ
The relative contributions of reduction/precipitation versus

adsorption are calculated by the XPS results and the total Cr, Cr
(VI), and Cr(III) concentrations in the solution (SI Table S7). At
the equilibrium Cr(VI) concentration of 13.4 mg/L, 57% of Cr(VI)
removal was due to reduction/precipitation, and 43% was ascribed
to surface sorption.

3.5. Effects of solution pH on Cr(VI) removal capacity

pH can affect the solubility and surface charge of the composite,
and thus the rate of reduction reaction [5]. As shown in Fig. 5A,
upon equilibrium, Cr(VI) uptake decreased from 138.7 to
91.5 mg/g as equilibrium pH increased from 2.3 to 9.0. The initial
Cr(VI) removal amount for 1 h accounted for more than 95% of
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its equilibrium value at pH > 5.5; however, these percentages
decreased to �85% at pH < 5.5, indicating that more Cr(VI) would
be removed in the subsequent hours in an acid environment. Yang
et al. reported that the reduction of Cr(VI) was limited by the Cr
(III)-Fe(III) solid layer (Eq. (7)) formed on the composite surface
at pH > 4.0 [25]. As pH varied from 2.3 to 9.0, Cr(VI) concentration
increased from 8.6 to 34.9 mg/L and Cr(III) concentration
decreased from 38.0 mg/L at pH 2.3 to 0.54 mg/L at pH 9.0
(Fig. 6). The lowest concentration of total Cr (15.3 mg/L) was
achieved at pH 5.5. According to Han et al., the solubility of FeS
increased significantly at pH below 6 [16]. The dissolution of FeS
provided more Fe2+ and S2� for the reduction of Cr(VI) to Cr(III).
The dissolved Fe2+ concentration was measured to be 7.9 mg/L at
pH 9.0 compared to 53.2 mg/L at pH 2.3, which is consistent with
the simulated FeS species per MINTEQ (Version 3.0) (SI Fig. S6A).
The zeta potential of CMC-FeS@biochar decreased from �11.9 to
�51.7 mV as equilibrium pH increased from 2.3 to 9.0 (SI
Fig. S4). The decreasing repulsive force between the negative
charged CMC-FeS@biochar and Cr(VI) (HCrO4

� at pH < 6.5 and CrO4
2-

� at pH > 6.5) (SI Fig. S6B) may also be responsible for the enhanced
Cr(VI) uptake at acidic pH.

4. Conclusions

For the first time, a novel CMC-FeS@biochar composite was suc-
cessfully synthesized and utilized in the effective Cr(VI) removal
from aqueous solutions. FeS particles were soldered onto the sur-
face of biochar through oxygen-containing functional groups,
resulting in larger specific surface area, smaller hydrodynamic
diameter, and higher Cr(VI) uptake (130.5 mg/g) than respective
FeS (38.6 mg/g) and biochar (25.4 mg/g). The rate limiting step of
Cr(VI) removal by CMC-FeS@biochar was external mass transfer
rather than intro particle diffusion, and the Cr(VI) removal process
was a hybrid sorption-reduction process. The acidic conditions
favored the Cr(VI) removal by CMC-FeS@biochar.

CMC-FeS@biochar composite offered several advantages over
other traditional sorbents: (1) The synthetic procedure of
CMC-FeS@biochar is simple, environmentally friendly, and no
costly chemicals are required. Biochar can be produced from waste
biomass such as agricultural residues, animal manure, and sludge.
The preparation of CMC-FeS@biochar composite is a good way to
achieve waste reuse; (2) The treatment process is a simple addition
of the composite to the polluted water. No special equipment or
complex operations were required; and (3) The composite displays
an excellent Cr(VI) removal ability. The treated water can be dis-
charged directly into the natural environment, and the resultant
solid residues might be high enough for economic Cr recovery.
The synergy between surface adsorption and reduction/precipita-
tion makes this low-cost composite a promising material for the
treatment of Cr(VI)-contaminated water and wastewater.
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