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Chunli Chu,a Le Liu*a and Meiting Ju *a

In order to remove hexavalent chromium (Cr(VI)) efficiently and simplify the adsorbent preparation process,

we employed a single step method to prepare a new biochar supported manganese sulfide material. The

nanoscale MnS particles were highly soldered on the biochar support surface, and this adsorbent

displayed the effective removal of Cr(VI) (98.15 mg L�1) via synergistic effect between adsorption and

reduction/precipitation under weak acid conditions (pH ¼ 5.0–6.0). The adsorption kinetic data were

described well by the pseudo second-order kinetic model, suggesting that the reaction process was

a chemisorption process. The adsorption isotherm data were described well by the Redlich–Peterson

model, further suggesting that this reaction was a hybrid chemical reaction-sorption process. In addition,

the Dubinin–Radushkevich isotherm model with 8.28, 8.57, and 12.91 kJ mol�1 adsorption energy also

suggests that it was a chemisorption process. The simple and eco-friendly preparation process, low-

cost, and the high removal efficiency could make it a promising material for the purification of Cr(VI)-

contaminated wastewater.
1. Introduction

It is well known that there are two forms of chromium (Cr)
element: trivalent chromium (Cr(III)) and hexavalent chromium
(Cr(VI)).1 Cr(III) is less toxic and mostly in the form of precipi-
tates, and a trace of Cr(III) is essential for animals and plants, as
it is responsible for the control of lipid metabolism and glucose
conversion.2 While, Cr(VI) is mostly in the form of soluble and
mobile oxyanions with hyper-toxicity (about 300 times toxic
than Cr(III)), due to the excellent mobility and bioavailability.3 As
one of most toxic heavy metal elements in water, Cr(VI) could
stay in the organism for a long period, resulting in a high risk of
cancers, due to carcinogenicity, persistence, and bio-
accumulation.4,5 In general, Cr-containing sewage is oen
derived from industry discharge, e.g. electroplating industry,
textile industry, curriery, and metallurgy.6 The United States
Environmental Protection Agency (USEPA) has identied Cr(VI)
as a top priority hazardous contaminant, and the mandatory
discharge limits of Cr(VI) are 500 mg L�1 for waste water and 50
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mg L�1 for drinking water.7,8 However, the Cr(VI) concentrations
in waste water usually range from 30 mg L�1 to 200 mg L�1.9

Many technologies have been investigated to remove or
reduce Cr(VI) from waste water in the published researches,
e.g. physical methods (membrane separation, ultraltration,
reverse osmosis, and adsorption), chemical methods (chem-
ical precipitation, oxidation/reduction, ion exchange,
adsorption) and biological methods (microorganism).10

Among these technologies, adsorption method has been
agreed to be the frontline for Cr(VI) removal from waste water
due to its outstanding characteristics, e.g. handleability, high
selectivity, economic efficiency, and environmentally
friendly.11 Considering the development of this method, the
low cost and high efficient adsorbent is the primary
concern.12,13 Based on the researches, biochar has attracted
widely attentions as the excellent Cr(VI) adsorption material
due to its high surface area and stability, abundant aperture
structure and surface functional groups,14,15 and corn straw is
one of the common biomass waste to prepare the biochar with
excellent physicochemical properties,16 e.g. high O/C ratio,
cation-exchange capacity, abundant surface functional
groups, and large specic surface area. According to the
published literatures,7,17 there are four mechanisms for the
removal of Cr(VI) from waste water by biochar support mate-
rials. First one is the electrostatic adsorption. During the
process, Cr(VI) cation could be adsorbed onto the charged
biochar surface without reduction reaction. While, this form
of Cr(VI) removal is relatively ineffective. Another one is the
cationic adsorption. For this pathway, all of Cr(VI) could be
RSC Adv., 2019, 9, 31333–31342 | 31333
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reduced to Cr(III) and then Cr(III) would be adsorbed onto the
biochar surface. The third pathway is complete reduction,
which Cr(VI) could be adsorbed onto the biochar material
surface and then completely reduced to Cr(III). The last one is
the combination of adsorption and reduction. During the
process, a part of Cr(VI) would be adsorbed onto biochar
materials surface and the others would be reduced to Cr(III).
In order to meet strict environmental regulations, Cr(VI)
should be effectively adsorbed onto the biochar materials and
then reduced to Cr(III) as the combination of adsorption and
reduction reveals the excellent removal efficiency.18 For the
reduction of Cr(VI) in waste water, the typical reducing agents
are iron or iron(II) ions and the reaction is usually executed
under strong acidic conditions (pH ¼ 1 or 2).20,21 Moreover,
the reported material preparation methods are usually two-
step pathway (including biochar preparation and biochar
modication), which requires large amounts of chemical
reagents, high energy consumption, and complex preparation
process, leading to the high preparation cost and secondary
environmental pollution.8,18,22 Especially in the published
word by Lyu et al., the dissolution of FeS nanoparticles was
near 80% aer Cr(VI) adsorption.18 Moreover, during the CMC-
FeS@biochar preparation process, the water should be
purged with puried N2, and the whole devices needed the N2

protection, resulting a complex procedure and high cost.
Wadhawan19 proved that Cr(VI) could be reduced by MnS
effectively and the preparation process was very simple via
hydrothermal method. However, to our knowledge, there were
no published works reported about the preparation of
biochar-supported MnS nanoparticles (MnS@biochar), and
there was also no detailed investigation into the effectiveness
of Cr(VI) removal by MnS@biochar.

In this work, the overall goal was to prepare a new biochar
support MnS (MnS@biochar) material via one-pot method to
adsorb and reduce Cr(VI) in aqueous solution. In the experi-
mental design, MnS loaded dosage, MnS@biochar dosage,
solution pH, retention time, and initial Cr(VI) concentrations
were executed to test the Cr(VI) removal capacity of
MnS@biochar. The characterizations and mechanism were
analyzed by transmission electron microscope (TEM), scan-
ning electron microscope (SEM), X-ray diffraction (XRD)
patterns, Fourier transform infrared spectroscopy (FT-IR), z-
potential analysis, and X-ray photoelectron spectroscopy
(XPS).
2. Materials and methods
2.1 Reagents

Manganese acetate (C4H14MnO8, AR: 99%), and ethylenedi-
amine (EDA, C2H8N2, AR: 99%) were purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd. Thioacetamide (CH3-
CSNH2, AR: 99%) was purchased from Sinopharm Chemical
Reagent. Potassium dichromate (K2Cr2O7, AR: 99%) was
purchased from Aladdin Chemistry Co. Ltd. The deionized
water with a resistivity of 18.25 MU cm was used for all the
experiments.
31334 | RSC Adv., 2019, 9, 31333–31342
2.2 MnS@biochar preparation

The biomass used in the experiment was corn straw, which ob-
tained from an agricultural area in Ninghe, Tianjin. The raw
material was washed with deionized water and dried in air.
Subsequently, the samplewas grind passed through a 0.5mmmesh
size sieve. For MnS@biochar preparation, 0.4684 g of manganese
acetate, the corresponding amounts of thioacetamide, 5mL of EDA,
and 60 mL of deionized water were added into a 200 mL of conical
ask, and then the mixture was vigorously stirred for 120 min.
Then, 0.5, 1.0, 2.5, 5.0, and 10.0 g of corn straw were added into the
mixture, respectively, and the stirring was executed for another
30min. Next, the mixture was transferred into 100 mL of autoclave,
and heated at 245 �C for 18 h. Lastly, the product was ltrated and
washed by deionized water and methanol for several times, and
dried under vacuum at 373 K for 12 h. The samples were named as
MnS@biochar-1, MnS@biochar-2, MnS@biochar-3, MnS@biochar-
4, and MnS@biochar-5, respectively.
2.3 Batch experiments

All of the batch experiments were executed in 100 mL of
conical ask in an air thermostatic shaker (HNYC-2102C,
Honour Instrument, Tianjin). In detail, a series of parame-
ters were carried out, including MnS loaded dosage,
MnS@biochar dosage (0.5–3.0 g L�1), solution pH value (2–10),
retention time (0–1440 min), and initial Cr(VI) concentrations
(50–300 mg L�1). For the MnS loaded dosage, 0.1 g of
MnS@biochar-(1–5) sample and 50.00 mL of Cr(VI) aqueous
solution (CCr(VI) ¼ 150.00 mg L�1) were placed in 100 mL of
conical ask for 1440 min, and the pH value was kept at 5.0–
6.0 (25 �C) using HCl (0.1 mol L�1) or NaOH (1 mol L�1). For
the effect of MnS@biochar dosage, the various amounts of the
MnS@biochar and 50.00 mL of Cr(VI) aqueous solution (CCr(VI)

¼ 150.00 mg L�1) were placed in 100 mL of conical ask for
1440 min, and the pH value was kept at 5.0–6.0 (25 �C) using
HCl (0.1 mol L�1) or NaOH (1 mol L�1). For the effect of
solution pH value, the mixture was adjusted to the range of 2–
10 (25 �C) using HCl (0.1 mol L�1) or NaOH (1 mol L�1). To
examine the effect of retention time, 75.00 mg of MnS@bio-
char and 50.00 mL of Cr(VI) aqueous solution (CCr(VI) ¼
150.00 mg L�1) were placed in 100 mL of conical ask for
predetermined time, and the pH was kept at 5.0–6.0 (25 �C)
using HCl (0.1 mol L�1) or NaOH (1 mol L�1). To determine the
adsorption isotherms, different initial concentrations of Cr(VI)
solution (50–300 mg L�1, 50.00 mg L�1 interval) were agitated
until equilibrium was achieved with the same adsorbent
dosage in 100 mL of conical ask with solution pH value of
5.0–6.0 (25 �C) using HCl (0.1 mol L�1) or NaOH (1 mol L�1).
Moreover, the adsorption temperature (15, 25, and 35 �C) was
also executed. Aer the adsorption process, the suspension
was ltered through a 0.45 mm cellulose acetate membrane
lter paper, and the Cr(VI) concentration in the ltrate was
analyzed using an Elan drc-e ICP-MS (PerkinElmer, USA). The
average data were reported aer three times repeated experi-
ments, and the blank sample without adsorbent was also
carried out to verify the insignicance of Cr(VI) degradation
and adsorption to the conical ask.
This journal is © The Royal Society of Chemistry 2019
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2.4 Data analysis

2.4.1 Equilibrium adsorption amount. The equation of
equilibrium adsorption amount was as follows:23

qe ¼ ðC0 � CeÞ � V

m

where, qe was Cr(VI) equilibrium adsorption amounts (mg) of
per gram MnS@biochar (mg g�1), C0 was the initial concen-
tration of Cr(VI) (mg L�1), Ce was the concentration of Cr(VI) at
equilibrium stage (mg L�1), V was the volume of Cr(VI) solution
(L), m was the weight of MnS@biochar (g).

2.4.2 Adsorption kinetics analysis. The equation of pseudo-
rst-order (PFO) kinetic model was as follows:23

logðqe � qtÞ ¼ log qe � k1t

2:303

The equation of pseudo-second-order (PSO) kinetic model
was as follows:22

t

qt
¼ 1

k2qe2
þ t

qe

where, k1 was equilibrium rate constant of PFO kinetic model
(min�1), k2 was the constant of PSO kinetic model (g
(mg�1 min�1)), qe was the Cr(VI) adsorption amount (mg g�1) at
equilibrium time, qt was the Cr(VI) adsorption amount (mg
g�1) at any time t (min), k2 was determined by plotting t/qt
versus t.

2.4.3 Adsorption thermodynamics analysis. The equation
of Langmuir adsorption isotherm model was as follows:24

Ce

qe
¼ 1

bqm
þ Ce

qm

The equation of Freundlich adsorption isotherm model was
as follows:24

log qe ¼ log Kf þ 1

n
log Ce

The equation of Redlich–Peterson (RP) adsorption isotherm
model was as follows:4

qe ¼ KRCe

1þ aCe
b

The equation of Dubinin–Radushkuvich (DR) adsorption
isotherm model was as follows:25

ln qe ¼ ln qm � KD3
2

where, Ce was the concentration of Cr(VI) at equilibrium stage
(mg L�1), qe was the adsorption amount of Cr(VI) on
MnS@biochar at equilibrium stage (mg L�1), qm was the
monolayer adsorption capacity of MnS@biochar (mg L�1), bwas
the Langmuir constant related to the affinity of the bending
sites and energy of adsorption (L mg�1), KR and a were the
constants of DP isotherm model, b was the exponent ranged
This journal is © The Royal Society of Chemistry 2019
from 0 to 1, KD was the constant of DR isotherm model [mol2

kJ�2], 3 was the Polanyi potential energy (kJ mol�1). 3¼ 2.48 ln(1
+ 1/Ce), qm and b could be obtained from the slope and inter-
cepts of the linear plots of Ce/qe versus Ce, Kf was the Freundlich
constant indicted the adsorption capacity and n was another
Freundlich constant indicated the adsorption intensity.
2.5 Characterization

The morphology analysis of MnS@biochar was characterized by
scanning electron microscopy (SEM) (UItra55, Carl zeiss irts
Corp., Germany). The size distributions and morphology of
MnS particles on biochar were determined by transmission
electron microscopy (TEM, Libra200, Carl zeiss irts Corp., Ger-
many) at accelerating voltage of 120 kV. The structural charac-
terizations of biochar, MnS, fresh MnS@biochar (F–
MnS@biochar) and MnS@biochar aer adsorption (R–
MnS@biochar) were tested by X-ray diffraction (XRD) (PAN-
alytical, X'Pert PRO) with a Cu-Ka (l ¼ 0.15418 nm) radiation
source. The contents of C element, H element, N element, and S
element in biochar and F–MnS@biochar were measured by
Euro EA3000 Elemental Analyzer (Leeman, USA), and the
average data were reported aer twice repeated experiments.
For specic surface areas (SSA) analysis, the biochar, MnS, and
F–MnS@biochar samples were determined by the ChemiSorb
2720 Analyzer (Micromeritics Instrument, USA). The samples
were outgassed at 105 �C for 16 h and then executed the N2

adsorption at 77 K. The Fourier transform infrared spectroscopy
(FT-IR) were collected by the Spectrum One FT-IR spectrometer
ranged from 4000 cm�1 to 400 cm�1 with average 32 scans at
resolution of 2 cm�1 (PerkinElmer, Waltham, MA, USA). The
zeta-potential of biochar, MnS, and F–MnS@biochar samples
were performed at 25 �C by Zetasizer Nano (Zs90, Malvern
Instruments, UK). The X-ray photoelectron spectroscopy (XPS)
analysis was recorded by the XPS system (Kratos AXIS Ultra) at
150 W equipped with a monochromatic Al X-ray source. The
analysis of the XPS spectra was executed by XPSPEAK soware
(version 4.1).26
3. Results and discussions
3.1 Adsorption results

3.1.1 Effects of adsorption parameter. The equilibrium
Cr(VI) adsorption capacities of MnS@biochar sample with
different MnS loaded dosages, different dosages and solution
pH values were shown in Fig. 1. As shown in Fig. 1a, it released
that the equilibrium Cr(VI) adsorption capacity decreased with
MnS loaded dosages decreased, and the value of MnS@biochar-
1 was closed to that of MnS@biochar-2. Considering the equi-
librium Cr(VI) adsorption amount and MnS@biochar yield, the
MnS@biochar-2 sample was selected as the nal experimental
adsorbent, denoted as MnS@biochar. As shown in Fig. 1b, it
indicated that the increasing MnS@biochar dosage from 0.5 g
L�1 to 1.5 g L�1 caused an increase in Cr(VI) removal amounts
(from 90.18 mg g�1 to 98.15 mg g�1). While, when the adsorbent
dosage increased from 1.5 g L�1 to 3.0 g L�1, the equilibrium
Cr(VI) removal capacities of MnS@biochar decreased to
RSC Adv., 2019, 9, 31333–31342 | 31335
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Fig. 1 Removal capacities of MnS@biochar ((a) effect of MnS loaded dosage; (b) effect of MnS@biochar dosage; (c) effect of solution pH value).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

8:
26

:4
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
49.84 mg g�1, which could meet the maximum contaminant
level of 0.5 mg L�1 for Cr(VI) in waste water. Compared to 1.5 g
L�1 of MnS@biochar, Cr(VI) removal amounts of MnS (0.3 g L�1)
and biochar (1.2 g L�1) were 30.61 mg g�1 and 53.53 mg g�1,
suggesting that there was a synergistic effect between MnS
particles and biochar support. As shown in Fig. 1c, the solution
pH value also played an important key role in the Cr(VI) removal
from aqueous solution, and the optimal solution pH was the
acidic environment. On the other hand, based on the CrO4

2�

hydrolysis (Fig. S1†), the reduced repulsive force between Cr(VI)
and negative charged MnS@biochar would be also contribution
to the increased Cr(VI) removal amount during the acidic
adsorption solution.18

3.1.2 Adsorption kinetics. Fig. 2a showed the relationship
between Cr(VI) removal amount and adsorption retention time.
From the results, it suggested that the adsorption rate was rapid
within 60 min, and then it slowed down until the equilibrium
state was reached at about 480 min. In addition, as shown in
Fig. 2b and S2,† the adsorption data could be matched very well
by pseudo-second-order (PSO) kinetic model, suggesting that
Cr(VI) adsorption on MnS@biochar was a chemical process
occurring on MnS@biochar surface.16 The tting parameters of
31336 | RSC Adv., 2019, 9, 31333–31342
PFO kinetic model and PSO kinetic model were listed in Table
S1.† The correlation coefficient (R2) of PSO kinetic model was
0.999, which was higher than 0.925 for PFO kinetic model. The
qe value calculated by PSO kinetic model was closed to the
experimental result. Moreover, the normalized standard devia-
tion (NSD) and average relative error (ARE) values of PSO kinetic
model were lower than these of PFO kinetic model, further
suggesting that the adsorption data could be matched very well
by PSO kinetic model. Compared to the published works (Table
S2†), the adsorption capacity of MnS@biochar was also at
a high level.

3.1.3 Adsorption isotherm. The adsorption isotherm was
another important factor in describing the interactive behavior
between Cr(VI) and MnS@biochar. Fig. 3 showed the Cr(VI)
removal amounts of MnS@biochar at different initial Cr(VI)
concentration and adsorption temperature, and the models of
Langmuir (Fig. S3a†), Freundlich (Fig. S3b†), Redlich–Peterson
(Fig. 3), and Dubinin–Radushkuvich (Fig. S3c†) were tted. As
shown in Fig. 3, it was evident that the Cr(VI) removal capacity
increased with the initial Cr(VI) concentration increased, and
the higher adsorption temperature would enhance the Cr(VI)
removal capacity of MnS@biochar. The tting parameters of
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The relationship between adsorption amount and retention time (a); pseudo second-order kinetic model fitting line (b).
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these adsorption isotherm models were listed in Table S3.† The
results showed that both of Langmuir model and RP model had
the higher R2 (above 0.980) at different adsorption temperature,
and RP model had the lowest values of MPSD and HYBRID,
suggesting that Cr(VI) removal by MnS@biochar was a combi-
nation process of chemical reaction and adsorption.23 The
b value of RP model was closed to 1.0, suggesting that the Cr(VI)
removal by MnS@biochar process was closed to the ideal
Langmuir condition. The bonding energy of Cr(VI) adsorption
onto MnS@biochar was estimated by DR model (R2 > 0.88), and
the values at different adsorption temperature were about 8.28,
8.57, and 12.91 kJ mol�1. Based on the literature,27 the bonding
energies for chemosorption usually ranges from 8.0 kJ mol�1 to
16.0 kJ mol�1. Hence, the conclusion could further prove the
chemisorption between Cr(VI) and MnS@biochar.
3.2 Characterizations

3.2.1 Morphology analysis. The morphology characteriza-
tions of freshMnS@biochar (F–MnS@biochar) via SEM analysis
Fig. 3 The relationship between removal amount and initial Cr(VI)
concentration and the fitting results of Redlich–Peterson model.

This journal is © The Royal Society of Chemistry 2019
and TEM analysis were shown in Fig. 4. From Fig. 4a and b, it
could be observed that biochar support presented the different
morphologies of multihole structure. Moreover, the EDS anal-
ysis (Fig. S4†) could prove that Mn element and S element were
distributed on biochar surface. In order to observe the
morphology of MnS particle on the biochar support, TEM
analysis was employed. From Fig. 4c and d, it showed that there
was no specic morphology for MnS particle and it could be
observed as the nearly spherical structure with nanoscale
particles size (20–50 nm). Hence, both of multihole structure of
biochar support and nanoscale MnS particle would be
contributed to the high Cr(VI) removal capacity of
MnS@biochar.

3.2.2 Characterization analysis. The elements analysis
results of biochar, MnS, and F–MnS@biochar were listed in
Table 1. For biochar sample, the contents of C element, H
element, N element, and S element were 62.22, 3.96, 0.81, and
0.33 wt%, respectively. MnS was composed of S (33.42 wt%),
which was close to the theoretical value. F–MnS@biochar were
composed of C element (51.52 wt%), H element (3.48 wt%), N
element (0.68 wt%), and S element (3.75 wt%). Compared to
biochar sample, F–MnS@biochar had the higher ratios of O/C,
and the high O-containing functional groups would play a vital
role in Cr(VI) removal. For the specic surface areas and porous
structures of MnS, biochar, and F–MnS@biochar (Fig. S5† and
Table 1), biochar and F–MnS@biochar presented the largest
SSA and type II isotherm with the H4 type hysteresis loop, and
MnS showed the type III isotherm with the H3 type hysteresis
loop. The distributions of pore size showed that the meso-
porous sizes of the biochar, MnS, and F–MnS@biochar were
3.1 nm, 15.8 nm, and 8.6 nm, respectively. The z-potentials of
biochar, MnS, and F–MnS@biochar were shown in Fig. S6.†
From the gure, it could be observed that the points of zero
charges (PZCs) of biochar, and MnS were located at around pH
4.4 and 5.0, while the PZCs of F–MnS@biochar was less than pH
2.0. Compared to biochar and MnS, the F–MnS@biochar
sample was obviously negative shi, which may be caused by
the interactions between MnS particles and biochar support.
RSC Adv., 2019, 9, 31333–31342 | 31337
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Fig. 4 The morphology analysis of F–MnS@biochar ((a) and (b) SEM; (c) and (d) TEM).
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3.2.3 XRD analysis. The XRD patterns of biochar, MnS, F–
MnS@biochar, and MnS@biochar aer reaction (R–MnS@bio-
char) were shown in Fig. 5. From the results, we could observe
the following conclusions. (1) There was a wide diffraction peak
near 22.5�, which veried the presence of –OH, O]C, and C–O
groups.28 (2) For the pattern of MnS, six characteristic peaks at
2q ¼ 29.72�, 34.46�, 49.44�, 58.72�, 61.57�, 72.43� were assigned
to the indices {1,1,1}, {2,0,0}, {2,2,0}, {3,1,1}, {2,2,2}, {4,0,0}
(JCPDS: no. 06-0518).19 (3) For F–MnS@biochar and R–
MnS@biochar, the presence of the wide peak near 22.5� indi-
cated the presence of biochar support. (4) For F–MnS@biochar,
there were several diffraction peaks at 29.59�, 34.27�, 49.24�,
58.63�, 61.52�, 72.36�, which were assigned to MnS (JCPDS: no.
06-0518). (5) Compared to F–MnS@biochar, the new diffraction
peaks at 28.82� and 36.06� presented the existence of haus-
mannite (Mn2O3, JCPDS: no. 24-0734), which was assigned to
the indices {1,1,2} and {2,1,1}. The new substance would suggest
that there is a chemical reaction between Cr(VI) and
MnS@biochar.
Table 1 Characterization analysis results of biochar, MnS, and F–MnS@

Samples C (%) H (%) N (%) S (%)

Biochar 62.22 3.96 0.81 0.33
MnS — — — 33.42
MnS@biochar 51.52 3.48 0.68 3.75

31338 | RSC Adv., 2019, 9, 31333–31342
3.2.4 FT-IR analysis. The surface functional groups of
biochar, MnS, F–MnS@biochar, and R–MnS@biochar were
investigated and shown in Fig. 6. From the result, it sug-
gested that there were no obvious bands assigned to MnS. For
biochar, F–MnS@biochar, and R–MnS@biochar,23,29 the peak
near 3410 cm�1 was attributed to the stretching vibration of
–OH; the peaks ranged from 2900 cm�1 to 2800 cm�1 were
assigned to the stretching vibrations of C–H; the peak near
1437 cm�1 was assigned to scissoring vibrations of –CH2–.
Aer adsorption, the intensity of peak near 1600 cm�1

assigned to the C]O stretching vibrations increased.
Compared to the biochar spectra, the peaks near 1697 cm�1

assigned to C]C disappeared in the spectra of F–
MnS@biochar and R–MnS@biochar; and the peaks near
805 cm�1 assigned to the Si–O stretching vibrations also
disappeared in F–MnS@biochar spectra. According to the
above result, it indicated that MnS particles would be
soldered on biochar surface via the O-containing functional
groups (–OH, C]C, C]O, C–O, and Si–O).
biochar

O/C SSA (m2 g�1)
Pore size
(nm)

Pore volume
(cm3 g�1)

0.39 350.3 3.1 0.35
— 50.3 15.8 0.06
0.41 220.8 8.6 0.18

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 X-ray diffraction (XRD) patterns of biochar, MnS, F–MnS@bio-
char, and MnS@biochar after reaction (R–MnS@biochar).
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3.2.5 XPS analysis. The XPS spectra of O 1s, S 2p, Mn 2p,
and Cr 2p on F–MnS@biochar, and R–MnS@biochar surface
and the relevant parameters were shown in Fig. 7 and Table
S4.† For the O 1s spectrum of F–MnS@biochar (Fig. 7a),22,30,31

the bending energies at 530.3 eV, 532.2 eV, and 533.6 eV were
ascribed to C–O, –OH, and C]O, respectively. Aer adsorp-
tion–reduction reaction (Fig. 7b), C–O band disappeared and
the percentage of –OH band decreased from 60.8% to 42.7%,
while the percentage of C]O band increased from 16.9% to
35.6%. These changes suggested the complex complexation
between Cr(VI) and O-contained functional groups on F–
MnS@biochar surface, which was in accordance with FT-IR
analysis. In addition, the new peak appeared at 530.8 eV
would be ascribed to the O-contained bands in metallic oxide
(e.g.Mn2O3 or Cr2O3).7,19 Considering S 2p spectra (Fig. 7c and
Fig. 6 FT-IR spectra of biochar, MnS, and F–MnS@biochar, and R–
MnS@biochar.

This journal is © The Royal Society of Chemistry 2019
d), the bending energies at 168.7 eV, 165.2 eV, and 164.1 eV
were ascribed to S(VI)/S(IV), S(�II) in H2S, and S(�II) in MnS.32

However, there were no obvious changes in the S 2p3/2 spectra
on R–MnS@biochar surface, and only the content of S
element decreased from 3.7% to 2.9%. Moreover, the content
of S(VI)/S(IV) increased from 7.6% to 15.3%. These changes
also further proved the interaction between F–MnS@biochar
and Cr(VI). For Mn 2p3/2 spectrum (Fig. 7e),19 the bending
energies at 644.1 eV and 641.5 eV were attributed to Mn(II) and
Mn(IV) on F–MnS@biochar surface. While aer adsorption–
reduction (Fig. 7f), the new bending energy appeared at
642.9 eV should be attributed to Mn(III), and the percentage of
Mn(II) decreased from 91.6% to 62.8%. The presence of Mn(III)
was in accordance with XRD analysis and O 1s spectra. These
changes further suggested the reactions between Cr(VI) and
MnS on F–MnS@biochar surface. Furthermore, for Cr(VI) 2p3/2
spectrum on R–MnS@biochar (Fig. 7g),33,34 it released that the
bending energies at 578.8 eV, 577.5 eV, and 576.5 eV were
attributed to Cr2O3, Cr(VI), and Cr2S3 respectively. The content
of Cr element on MnS@biochar surface was about 8.7%,
which was closed to the equilibrium Cr(VI) absorption
amount. These data would also prove the redox reaction
between Cr(VI) and F–MnS@biochar.

3.2.6 Cr(VI) removal mechanism. According to the results
of XRD, FT-IR, XPS and log C-pH, we proposed a possible
Cr(VI) removal mechanism by MnS@biochar as follows
(Fig. 8). A portion of Cr(VI) were chemisorbed onto
MnS@biochar surface through O-containing functional
groups, including –OH, C]O, O]C–O, C–O, and the surface
multihole structure was also contributed to the high Cr(VI)
adsorption amount. The other portion of Cr(VI) were reacted
with MnS nanoparticles. Generally, there were two forms of
MnS on biochar surface in the aqueous solution, as MnS(s)
particles could be dissolved in the water with a reported Ks0 of
10�13.73 (Fig. S7†),18 and the rst form was MnS(s) and the
other was MnS(aq). The increased solubility of MnS particles in
acid solution may be caused by the proton-promoted disso-
lution mechanism, and the sequential reactions could be
described by the following equations (eqn (1)–(3)). Mn
element in MnS(aq) primary existed in the form of MnHS+ at
weak acid solution (pH ¼ 5.0–6.0). Hence, it favored the
reduction of Cr(VI) via a combination of homogeneous and
heterogeneous at weak acid solution. For the heterogeneous
pathway, Cr(VI) could be adsorbed on MnS(s) surface sites, and
the surface complexes were formed. Then electron transfer
between Cr(VI) and biochar surface or MnS(s) caused the
formation of Cr(III) and Mn(II) change to Mn(III).19 During this
process, S(�II) played an important role in the Cr(VI) reduction
with the formation of S(VI), while Mn element had no change
in its valence state. The potential reaction was shown in eqn
(4). For the homogeneous pathway, the potential reaction was
shown in eqn (5). During the process, hydrolytic MnHS+ on
MnS(aq) surface would react with Cr(VI) and the products of
Mn2O3 and Cr2S3 formed. In the reaction, Mn(II) was involved
in the Cr(VI) reduction with the formation of Mn(III), while
S(�II) had no change. Summary, both biochar support and
MnS particles were contributed to the removal of Cr(VI): Cr(VI)
RSC Adv., 2019, 9, 31333–31342 | 31339
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Fig. 7 XPS spectra of F–MnS@biochar, and R–MnS@biochar ((a) O 1s spectrum on F–MnS@biochar; (b) O 1s spectrum on R–MnS@biochar; (c) S
2p spectrum on F–MnS@biochar; (d) S 2p spectrum on R–MnS@biochar; (e) Mn 2p spectrum on F–MnS@biochar; (f) Mn 2p spectrum on R–
MnS@biochar; (g) Cr 2p spectrum on R–MnS@biochar).

31340 | RSC Adv., 2019, 9, 31333–31342 This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Proposed mechanism of Cr(VI) adsorption–reduction on
MnS@biochar.
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could be adsorbed onto biochar support surface through O-
containing functional groups, and Cr(VI) would also be
reduced by MnS particles via homogeneous and heteroge-
neous pathways at weak acid solution.

MnS + H+ / MnHS+ (1)

MnHS+ + H+ / Mn2+ + H2S(aq) (2)

H2S(aq) 4 H2S(g) (3)

3MnS(s) + 8HCrO4
� + 16H+ / 3Mn2+ + 4Cr2O3 + 3SO4

2+

+ 8H2O (4)

6MnHS+ + 4HCrO4
� + 4H+ / 3Mn2O3 + 4Cr2S3 + 7H2O (5)
4. Conclusions

This paper employed a one-pot method to prepare a new
biochar support manganese sulde adsorbent. This adsor-
bent could effectively adsorb and reduce Cr(VI) in aqueous
solution, and the equilibrium Cr(VI) adsorption amount was
about 98.15 mg g�1 at pH 5.0–6.0. A part of Cr(VI) could be
adsorbed on biochar support surface with the O-containing
function groups, while the others would be reduced by MnS
nanoparticles via homogeneous and heterogeneous path-
ways at weak acid solution. The synergistic effect between
adsorption and reduction/precipitation and the simple
preparation process would make this adsorbent a promising
material for the purication of Cr(VI)-contaminated
wastewater.
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