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• Sulfite could be activated by Cr(VI) to
produce SO3•−, SO4•− and •OH.

• The activation of sulfite by Cr(VI) was
accelerated by biochar.

• Biochar could degrade organic pollut-
ants by •OH production from O2 activa-
tion.

• Both SO4•− and •OH contributed to the
radical degradation of PNP.

• Cr(VI) was reduced by sulfite.
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In this study, biochar R550, obtained from rice husk charred at 550 °C, was used to detoxify Cr(VI) and organic
pollutant p-nitrophenol (PNP)with the cooperation of sulfite, simultaneously. Cr(VI)wasmainly reduced by sul-
fite, and the reduction was accelerated by biochar. Also, the reactive oxygen species formed in-situ as a result of
enhanced oxidation of sulfitewith Cr(VI)/R550 system and the activation of O2 by R550, led to the degradation of
PNP. Production of the radicals viz., SO3•−, SO4•− and •OH was followed by Electron Paramagnetic Resonance
(EPR) study, and the predominant role of SO4•− towards PNP degradation was confirmed by radical quenching
tests. The reaction completed biochar sample was undergone the X-ray photoelectron spectroscopy (XPS) and
Fourier Transform Infrared Spectroscopy (FTIR) spectral analysis, which suggested that the carboxyl group of
the biochar triggered and enhanced the reactivity of Cr(VI) via coordination linkage, which in turn activated
the sulfite and converted the SO3

2− into SO4•− to a higher extent by overcoming the undesirable transformation
of SO3

2− to SO4
2−. Such results could also be verified by the other three biochar (Oxi-R550, H-R550, and R800). The

results of the present study shed light on themechanism of biochar mediated sulfite activation process by Cr(VI)
and also assured the viability and green approach of the technique in detoxifying the industrial effluents contain-
ing Cr(VI) and organic pollutants.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Chromium is oneof the important heavymetals that let out in the ef-
fluent stream of electroplating, mining, leather tanning, and textile in-
dustries. The existence of chromium in the wastewater at neutral pH
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is mostly in hexavalent state Cr(VI) (Gil-Cardeza et al., 2014), and the
usual coexisting organic pollutants are phenol, trichloroethylene, atra-
zine, etc. (Mytych and Stasicka, 2004; Wang et al., 2013; Wang et al.,
2019; Zhang et al., 2016). For instance, in discharged effluent from the
tannery industries, 0.1–20 mg/ L of Cr(VI) and 0–50 mg/L of phenolic
compounds such as phenol, PNP, and p-cresol could be detected (Cao
et al., 2016; Davoudi et al., 2014; Shakir et al., 2012; Zewdu et al.,
2018). The existing treatment techniques havemainly addressed the re-
moval of Cr(VI) with priority (Habibul et al., 2016; Jiang et al., 2014; Liu
et al., 2016), and not the fate of recalcitrant and acutely toxic organic
pollutants that coexist. Further, though the adsorption and advanced
oxidation process techniques were widely adopted to treat the organic
pollutant contaminated wastewaters (Hu et al., 2019; Liu et al., 2019;
Lu and Chen, 2018; Teixido et al., 2013), they severely suffer from a
poor performance owing to coexisting Cr(VI). For instance, the adsorp-
tion efficiency of biochar towards organic pollutants removal was influ-
enced by Cr(VI) (Zhang et al., 2019a; Zhang et al., 2015). Also, Cr(VI), a
typical electron quencher, retards the rate of degradation of the organic
pollutants, when the system contains O2, H2O2, and persulfate (Fang
et al., 2014; Zhang et al., 2019a). Hence, it is important to develop an ef-
fective method for decontaminating wastewater that contains both Cr
(VI) and organic pollutants.

SO3
2− þ hν↔ SO3˙− þ eaq− ð1Þ

The sulfite-based method has been successfully used to treat Cr(VI)
and organic pollutants recently (Jiang et al., 2018; Jiang et al., 2015;
Yuan et al., 2016). In this method, sulfite was reported to favor both
the reduction and oxidation of the organic pollutants. The reduction
step proceeds via hydrated electron (eaq−), which is generated with UV
rays in the absence of O2 (Reaction 1) (Gu et al., 2016; Li et al., 2012),
and the oxidation is possible by reactive oxygen species (ROS), formed
in the presence of O2 (Du et al., 2017; Liu et al., 2017; Xu et al., 2016a;
Zhang et al., 2017). Furthermore, the reaction between sulfite and Cr
(VI) could generate ROS, which facilitates the degradation of coexisting
organic pollutants. Herein, the Cr(VI) could react with two sulfite ions
(Reactions 2 and 3) to form a complex [CrO2(SO3)2]2−, which spontane-
ously undergoes a disproportionation reaction and generates SO3•− rad-
ical (Reaction 4) (Jiang et al., 2015; Jiang et al., 2016; Yuan et al., 2016).
The SO3•− generated, is transformed into SO5•−, SO4•− and •OH by the
influence of O2 presented (Reactions 5, 6, and 7).

HCrO4
− þ HSO3

−↔ CrSO6
2− þH2O ð2Þ

CrSO6
2− þ SO2 ↔ CrO2 SO3ð Þ22− rate determining stepð Þ ð3Þ

CrO2 SO3ð Þ22− þ 4H2Oþ 2Hþ↔ SO4Cr H2Oð Þ5þ þ SO3˙− ð4Þ

SO3˙− þ O2 ! O3SOO˙− k ¼ 2:5� 109 M−1 s−1 ð5Þ

SO3
2− þ O3SOO˙− ! SO4˙− þ SO4

2− k ¼ 1:3� 107 M−1 s−1 ð6Þ

SO4˙− þ H2O ! SO4
2− þ ˙OHþHþ k ¼ 103–104

� �
M−1 s−1 ð7Þ

SO4˙− þ HSO3
− ! HSO4

− þ SO3˙− k ¼ 2:6–8ð Þ � 108 M−1 s−1 ð8Þ

˙OHþ HSO3
− ! H2Oþ SO3˙− k ¼ 4:6� 109 M−1 s−1 ð9Þ

CrSO6
2− þHþ þHCrO4

−↔O3CrOCrO2SO3
2− þH2O ð10Þ

O3CrOCrO3SO3
2− ! 2Cr Vð Þ þ SO4

2− ð11Þ

Cr VIð Þ þ SO3˙−↔ Cr Vð Þ þ SO4
2− ð12Þ

Cr Vð Þ þ SO3˙− ! Cr IIIð Þ þ SO4
2− ð13Þ
2

However, the S(IV)-Cr(VI) system suffers from the following limita-
tions in degrading the organic pollutants. Firstly, the sulfite ion, compar-
ing to the usual organic contaminants, gets reacted with SO4•− and •OH
with priority (Reaction 8, k = (2.6–8) × 108 M−1 s−1; Reaction 9, k =
4.6 × 109 M−1 s−1) (Xie et al., 2019; Zhang et al., 2018a; Zhang et al.,
2017). Secondly, the complex O3CrOCrO3SO3

2− formed as a by-product
of the reaction between sulfite and Cr(VI), is unable to generate ROS
(Reactions 10 and 11). Also, the SO3•− can be consumed by Cr(VI) and
Cr(V) at the cost of SO5•−, SO4•− and •OH generations. Another limita-
tion is the redox potential of Cr(VI) gets affected, as the pH of the reac-
tion system raises, which reflects a decline in the reaction between Cr
(VI) and sulfite (Jiang et al., 2015; Yuan et al., 2016). Owing to these lim-
itations, the refractory organic pollutants such as p-nitroaniline, 2,6-di-
nitrophenol, and bisphenol-A get hardly degraded in the S(IV)-Cr(VI)
system at neutral pH conditions (Yuan et al., 2016). Thus, increasing
the efficiency of sulfite at neutral pH conditions could help detoxify
the complex wastewater containing Cr(VI) and organic pollutants.

The biochar, an attractive remediation additive, has exhibited an ex-
cellent performance on the reduction of Cr(VI) and degradation of or-
ganic pollutants. For instance, the removal of Cr(VI) could be
facilitated by the redox-active functional groups of biochar material
viz. carboxyl and phenolic hydroxyl as well as the persistent free radi-
cals via reduction, complexation, and co-precipitation methods (Chen
et al., 2015; Diao et al., 2018; Dong et al., 2014; Xu et al., 2019). And,
the process of organic pollutant degradation caused the radicals gener-
ated through O2, H2O2, and S2O8

2 activation (Fang et al., 2014; Fang et al.,
2015a; Zhang et al., 2018b), could further be promoted by phenolic hy-
droxyl aswell as persistent free radicals. Besides, biochar could alsome-
diate the electrons transfer between two redox components. For
instance, the reduction of hematite, trichloroethylene, and 2,4-
dinitrotoluene by dissimilatory metal-reducing bacteria Shewanella
oneidensisMR-1, sulfides, and zerovalent iron, respectively, could be fa-
cilitated by biochar (Ding et al., 2018; Oh et al., 2012; Oh et al., 2002; Xu
et al., 2016b). Therefore, it was proposed that biochar could facilitate the
reduction of Cr(VI), especially when other reductants exist.

In this study, the primary objective was to examine the possibility of
biochar material cooperating with sulfite in detoxifying the complex
system of Cr(VI) and organic pollutants at neutral pH conditions. PNP
was selected as amodel organic pollutant, because of its toxic character-
istic nature and prominence in the effluents of pharmaceutical, petro-
chemical, and pesticide industries. The accelerated reaction between
Cr(VI) and sulfite and the enhanced degradation of PNP with biochar
material were investigated. The results obtained here could provide
new insight into the biochar mediated sulfite activation process by Cr
(VI), which is of significant interest in detoxifying the industrial efflu-
ents containing multiple pollutants such as Cr(VI) and organics.

2. Materials and methods

2.1. Materials and chemicals

The details of the chemicals used in this study are given in the
Supporting information (SI; Text S1). The methods adopted for the
preparation and characterization of the biochar material are given in
Table S2, Fig. S1, Text S2, and Text S3, which have already been explored
in earlier studies (Zhang et al., 2019a; Zhang et al., 2018b).

2.2. Experimental process

The experiments were carried out using a 200 mL glass beaker at
25 ± 2 °C in the usual lighting conditions in our laboratory. A defined
quantity of PNP (0.04 mM) and Na2SO3 (0–10 mM) was added in the re-
action solution and its pH was adjusted to 7, using 0.1 M of NaOH and
H2SO4. This was because the effluents containing Cr(VI) discharged
from the industries possessed a neutral pH, such as tannery
(Szpyrkowicz et al., 2005), iron and steel (Das et al., 2018). Then, a desired
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quantity of Cr(VI) (0–0.4 mM) and the biochar material (0.2, 0.5 and
1 g L−1), were added into the solution under constant stirring. At fixed re-
action time intervals, a defined volume of sample was siphoned out. In
1 mL of the sample, a mixture of 0.9 mL of methanol and 0.1 mL of
NaOH was added to arrest the reactivity of the radicals on PNP degrada-
tion and desorb the remaining unreacted PNP from the biochar surface.
Then the sample was filtered using a 0.22 μm Poly Tetra Fluoro Ethylene
(PTFE) membrane, and its PNP concentration was determined with a
UV–vis spectrophotometer fixing the absorbance at 400 nm. Another
1 mL of the siphoned out sample was filtered through a 0.22 μm PTFE
membrane for determining its Cr(VI) concentration by colorimetric
method using a complex regent 1,5-diphenylcarbazide and total Cr con-
centration using Inductively Coupled Plasma Optical Emission Spectrom-
eter (ICP-OES) (Habibul et al., 2016). Quenching studies were conducted
to investigate the influence of ROS on PNP degradation. 40 mM of tert-
butanol (TBA) was used for quenching the •OH because the reaction con-
stant between TBA and •OH is 3.8–7.6 × 108 L M−1 s−1, which is about
1000 times higher than the reaction constant observed between TBA
and SO4•− (4.4–9.1 × 105 L M−1 s−1) (Duan et al., 2018; Kang et al.,
2018). 4 mM of aniline was used to quench both SO4•− and •OH. This
was because the rate constants of the reaction of aniline with SO4•− as
well as •OH, are in the order of 109 L mol−1 s−1, which is nearly three or-
ders of a largermagnitude than that observed for anilinewith SO5•− (k=
3.0 × 106 LM−1 s−1) and SO3•− (k < 1.0 × 106 LM−1 s−1). The reproduc-
ibility of the analytical tests was checked in triplicate.

2.3. Analytical method

The concentration of PNP was determined with a UV–vis spectro-
photometer (Evolution 201, Thermo Scientific, USA) fixing absorbance
at 400 nmand the pH of the aqueous solutionswasmonitored by Sarto-
rius PB-10 pH meter equipped with Sartorius pH/ATC electrode. The
concentration of sulfite presented in the solution was determined by
adopting a modified colorimetric procedure of DTNB [5,5′-dithiobis-
(2-nitrobenzoic acid)] (Dong et al., 2020). In brief, 1 mL of the sample
was transferred into a cuvette wherein a mixture of 1 mL of EDTA (Eth-
yleneDiamine Tetraacetic Acid, 1mM), 2mL of DTNB (1mM), and 5mL
of Na2HPO4/KH2PO4 buffer (pH 7) was taken. Upon the color develop-
ment until 15 min, the absorbance of the sample solutions at 412 nm
was detectedwith a UV–vis spectrophotometer. The remaining concen-
tration of Cr(VI) in the solution was determined by adopting the
diphenylcarbazide method (Zhang et al., 2019b). A mixture of concen-
trated acids viz. H3PO4, H2SO4, H2Owith a volume ratio of 1:1:2, respec-
tively, was taken and mixed with diphenylcarbazide reagent to
minimize interference of acids in the determination of Cr(VI). Upon an
intense color development (>15min), the absorbance of the sample so-
lutions was detected at 540 nm. The total concentration of Cr in the su-
pernatant was analyzed by Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES, Optima 8300+, PerkinElmer,
America) after preserving samples with 2% (v/v) ultrahigh-purity nitric
acid. The intermediates formed during the degradation of PNP were
monitored and their concentrations were determined by Liquid Chro-
matography coupled with a mass analyzer system (LC-MS, 1100 LC/
MSD Trap, Agilent, USA). The occurrence of radical species such as
SO4

∙− and ∙OH was examined with an electron paramagnetic resonance
(EPR) spectroscopy (ELEXYS E580, Bruker Co.) using 100 mM 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as a spin-trapping agent. The
detailed operating parameters for ICP-OES, LC-MS, EPR were provided
in Text S2 and Table S1.

3. Results and discussion

3.1. Activation of sulfite by Cr(VI) in biochar system

Fig. 1a displayed the changing trend of PNP concentration after the
extraction, and the extraction was conducted using the methanol
3

solution containing NaOH to desorb the residual PNP on biochar. Thus,
the decrease of PNP concentration in Fig. 1a was mainly owing to the
degradation rather than the adsorption. As for the biochar system, the
removal efficiency of PNPwas observed to be only 36.6% under the con-
ditions that the initial concentration of PNP, the dosage of R550, and the
solution pHwere 0.04mM, 1 g L−1 and 7, respectively. The degradation
reactionwas followed by thefirst-order kineticsmodelwith a greater R-
square (R2 = 0.9872) (Fig. S2), and accordingly, the rate constant was
calculated to be 0.0017 min−1. The activation of O2 by the reductive
groups of R550 leads to form •OH progressively, which degrades the
PNP molecule. According to our earlier studies (Zhang et al., 2019a;
Zhang et al., 2018b; Zhong et al., 2019), phenolic hydroxyl groups
with the hydroquinone-like structure and semiquinone-type radicals
on biochar possessed the reducibility, which could donate electrons to
O2 to facilitate the production of •OH via sequential transformations of
O2 to O2•−, O2•− to H2O2 and H2O2 to •OH. However, upon addition of
sulfite (5 mM) in the system, the degree of PNP degradation declined
from 36.6 to 26.6% in 360 min (Fig. 1a), owing to the higher reducing
power of sulfite and its fast reaction rate constant with •OH (k =
4.6 × 109 M−1 s−1). Thus, sulfite got oxidized with priority by •OH at
the cost of degradation of the recalcitrant PNP molecule. The increased
rate of sulfite oxidization observed from 47.2 to 71.8% at 360 min, is ev-
idence for this (Fig. 1c).

On the other hand, the addition of Cr(VI) activates the sulfite ions
which could facilitate the degradation of the PNP molecule. While
adding 0.2 mM concentration of Cr(VI) into a sulfite system (5 mM),
the reaction period taken for attaining 36.1% degradation was reduced
from 360 min into a shorter period of 90 min (Fig. 1a), with complete
utilization of sulfite ions (Fig. 1c), however, the sulfite alone has no im-
pact on the degradation of PNP (Fig. 1a). Furthermore, the addition of
R550 into the system, enhances the degradation of PNP, as a result of
the acceleration of the reaction between Cr(VI) and sulfite. As shown
in Fig. 1a, the degradation of PNP to an extent of 51.5% could be attained
within a reaction period of 30 min with a rate constant value of
0.0272 min−1. The observed rate constant with Cr(VI)/R550 system
was greater than that for the S(IV)-Cr(VI) system of 90 min and R550
system of 360 min (Fig. S2). In the meantime of 30min reaction period,
the removal efficiencies of Cr(VI) and sulfite ions were promoted to
92.8% (Fig. 1b) and 93.7% (Fig. 1c), respectively. It suggests that the re-
action of Cr(VI) towards sulfite, was accelerated on R550, which leads
to enhanced degradation of PNP. Moreover, the pH of the S(IV)-Cr(VI)
system decreased from 7 to 4.6, mainly owing to the oxidization of sul-
fite. Such decreasing pHboosted the Cr(VI) reduction by sulfite, produc-
tion of ROS from sulfite activation, and PNP degradation.

To exclude the adsorption of Cr(VI), the removal efficiency of total
chromium [Cr(VI) + Cr(III)] measured and was only 31.5% in the
R550-S(IV)-Cr(VI) system,whichwas less than the 92.8% of removal ef-
ficiency for Cr(VI). It suggested that most of Cr(VI) was mainly reduced
to Cr(III) in the solution. Besides, the adsorption chromium on biochar
could be confirmed by XPS. As shown in Fig. S3, the two characteristic
peaks of Cr 2p1/2 at 587.8 eV and 2p3/2 at 578.2 eV, were measured on
R550 after the reaction, demonstrating the adsorption of chromium
during the reaction. According to previous studies, biochar possessed
weak capacity on the Cr(VI) removal under neutral condition, and
1 g L−1 of R550 only possessed 4% of removal efficiency towards
0.2 mM Cr(VI) under neutral condition, while the removal efficiency
of Cr(VI) by biochar increased to 28.5% at pH 4 (Zhang et al., 2019b).
Thus, most of Cr(VI) in the R550-S(IV)-Cr(VI) system was mainly re-
duced by sulfite. Besides, as shown in Fig. S2b, the R550, improved the
utilization efficiency of sulfite ion towards PNP degradation, and the uti-
lization rate constant with S(IV)-Cr(VI) system increased by threefold
from 0.0308min−1 to 0.0951min−1 upon adding R550. In the degrada-
tion front, the rate of degradation of PNP was seven times higher with
the R550 added S(IV)-Cr(VI)-system.

Even upon completion of sulfite and Cr(VI) transformations, in the
initial 60 min of R550 presented system, the degradation of PNP was
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proceeding up to 360min showing 79% removal (Fig. 1a), with almost a
similar reaction rate (0.0021 min−1) compared to that (0.0017 min−1)
of sole R550 system. It indicates that the pre-reaction between Cr(VI)
and sulfite did not influence the further carryover of the reaction by
R550 that activates O2, by which the degradation of PNP continues. It
also suggests that the redox moiety of the R550 was responsible for
the activation of O2, which is not influenced or connected with the S
(IV)-Cr(VI) reaction system.

3.2. Identification of reactive oxidants

Figs. 2a, b, and S4 exhibited the decline of PNP degradation as the
quenchers TBA and aniline were added. Upon introducing TBA, a slight
decrease of PNP degradation from 37.2 to 34.5%, was observed with S
(IV)-Cr(VI) system (Figs. 2a and S4a), in contrast to a notable decrease
of 79 to 56.3% against the R550-S(IV)-Cr(VI) system (Figs. 2b and
S4b). It suggests that the contribution of •OH towards PNP degradation
was considered onewith the latter system unlike the former. The result
was confirmed by analyzing the radicals with EPR. As shown in Figs. 2c
and S5, the presence of DMPO−•OH adduct was found in neither S(IV)-
Cr(VI) nor R550 systems, but a remarkable concentration was detected
in the R550-S(IV)-Cr(VI) system. There are two possible ways of
forming the •OH: the activation of sulfite by Cr(VI) could have been ac-
celerated which results in the generation of ROS; or else, the biochar
mediated O2 activation reaction could be enhanced in the presence of
sulfite and Cr(VI). However, the latter was proved to be practically im-
possible. Because it was observed in one of our earlier studies (Zhang
et al., 2019a), that the generation of •OH is suppressed by Cr(VI) in the
R550 system. Additionally, as seen in Fig. 1c, the consumption of •OH
by sulfite ion owing to its high reducing power could be another factor.
4

Since the concentration of aniline introduced, was 100 times higher
than that of PNP, the degradation of PNPwas completely arrested in the
S(IV)-Cr(VI) system, and it was only 10% in the R550-S(IV)-Cr(VI) sys-
tem (Fig. 2a and b). The degradation of PNP was mostly because of
SO4•− in the S(IV)-Cr(VI) system not by the R550. Moreover, the gener-
ation of SO4•− and •OHwas facilitated by R550 through the activation of
sulfite by Cr(VI). As shown in Fig. 2c, in the simple S(IV)-Cr(VI) system,
the adduct of DMPO−SO3•− was generated initially and the adduct of
DMPO−SO4•− was found later at 20 min. However, with the R550
added S(IV)-Cr(VI) system, a larger quantity of SO4•− and •OHwas gen-
erated in the initial phase of 3 min (Fig. 2d).

3.3. Role of biochar in enhancing S(IV)-Cr(VI) reaction

The C 1s XPS spectra of R550 can be deconvoluted into four peaks of
285.0, 286.4, 287.8, and 289.6 eV, which correspond to C-C/C=C, C\\O,
C_O, and COO− groups, respectively, as shown in Fig. 3a. After comple-
tion of the degradation reaction in the simple R550 system, the relative
intensity observed against the functional groups of C_O and COO−was
increased as shown in Fig. 3b. As described in Table 1, the relative per-
centage was increased from 3.03 to 4.27% for C_O and from 5.38 to
6.73% for COO−, whereas for the reductive functional groups viz. C-
C/C=C and C\\O, it was decreased from 74.83 to 73.96%, and from
16.75 to 15.03%, respectively. As reported in the earlier studies (Fang
et al., 2017; Fang et al., 2015b), the activation of O2 occurs via the
oxidization of biochar that results in the formation of •OHwhich causes
the radical degradation of organic pollutants.

After the degradation process, the carbon composition of R550 var-
ied remarkably (Fig. 3c) in the R550-S(IV)-Cr(VI) system compared
with those of the solo R550 (Fig. 3a) and R550-PNP systems (Fig. 3b).
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As shown in Table 1, the relative percentage of C\\O and C_O groups of
the simple R550 was decreased and increased, respectively. The extent
of variation of C\\O and C_O was comparable in both R550-PNP and
R550-S-Cr-PNP systems. It suggests that the activation of O2, rather
than the reaction between sulfite and Cr(VI), reflects as a decrease of
C\\O and an increase of C_Owith the R550 of both the systems. How-
ever, unlike the R550-PNP system, a decrease of COO− (from 5.38 to
4.83%) and an increase of C-C/C=C (from 74.83 to 75.52%) of R550
was observed in the R550-S(IV)-Cr(VI)-PNP system, indicating that
COO− and C-C/C=C are involved in the reaction of the S(IV)-Cr(VI).
As reported in the earlier studies (Jiang et al., 2018; Jiang et al., 2016),
the COO− of polycarboxylate could coordinate with Cr(VI) that forms
polycarboxylate-CrSO6

2−, as per the reaction-14. Thus, similar coordina-
tion between Cr(VI) with COO− could also be expected on the biochar,
which causes the acceleration of reduction of Cr(VI) via sulfite, and
forms SO3•− by a quick decomposition according to the reaction-15
(Jiang et al., 2018; Jiang et al., 2016).

CrSO6
2− þ polycarboxylate↔ polycarboxylate−CrSO6

2− ð14Þ

polycarboxylates−CrSO6
2−↔ polycarboxylate−Cr Vð Þ þ SO3˙− ð15Þ

Additionally, the variation of C content on biochar after completion
of the reactionwas analyzed. The amount of Si was chosen as a standard
5

value for normalization to reduce the deviation of XPS measurements
among the different batches, due to its inert reactivity during the reac-
tion (Xiao et al., 2014). As shown in Table 1, the ratio of superficial C/
Si decreased from19.31 to 17.72 after completion of the degradation re-
action in the R550-S(IV)-Cr(VI) system, while no change in the solo
R550 reaction system. It means that the C species were partially re-
moved from the biochar due to the sulfite activation reaction by Cr
(VI). In the R550-S(IV)-Cr(VI) system, the decrease of COO− and C\\O
was observed upon the degradation of PNP, in which, the decline of
C\\O could probably be originated from the oxidization of R550 by O2

which is caused for the slight variation of C/Si (Fig. 3b, R550-PNP sys-
tem). Thus, the decrease of C/Si should have been originated from the
removal of COO−. Furthermore, the removal of COO− reflects as the en-
larged relative proportions of C-C/C=C, C\\O, and C_O in the C compo-
sitions of biochar surface, which was confirmed by the increase of C-
C/C=C, C\\O and C_O of R550 in the R550-S(IV)-Cr(VI) system
(Table 1).

The complex between COO− on biochar and Cr(VI) could lead to the
reduction of Cr(VI) on biochar, and the structural change and the de-
cline of COO− on biochar. Fig. 3d displayed the transformation of the
functional groups on the biocharmaterial using FTIR upon the PNP deg-
radation and S(IV)-Cr(VI) reaction. In the R550-S(IV)-Cr(VI) system, the
peak corresponding to C_O of COO− (carboxyl) was shifted from 1693
to 1698 cm−1 due to its persistency after forming a complexwith Cr(VI)
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by electron donation (Dong et al., 2014). The shiftwasneither due to the
activation of O2 nor the degradation of PNP by R550, as the COO− of bio-
char is not involved in the processes. Besides, the two characteristic
peaks Cr 2p1/2 at 587.8 eV and 2p3/2 at 578.2 eV, detected for R550
(Fig. S3) after the reaction, which were lower than 588.7 eV of Cr(VI)
2p1/2 and 578.5 eV of Cr(VI) 2p3/2, respectively. It indicated that Cr(VI)
accepted electrons from the functional groups on R550. Thus, the com-
prehensive analysis of FTIR and XPS demonstrated the complex be-
tween Cr(VI) and COO− on biochar. Such a conclusion differed from
the removal mechanism of Cr(VI) by biochar at acidic conditions. As re-
ported in the earlier study, biochar derived from rice husk (R550) dem-
onstrated an excellent performance towards Cr(VI) removal via the
reduction, and the maximum adsorption capacity of 4.33 mg g−1

could be attained for R550 at pH 3 (Zhang et al., 2019b). By analyzing
the transformation of reactive moieties on biochar upon the Cr(VI) re-
moval, phenolic hydroxyl groupswith the hydroquinone-like structures
and semiquinone-type radicals on biochar involved in the Cr(VI) reduc-
tion under acidic pH 2– 4 via donating electrons (Dong et al., 2014; Xu
Table 1
C composition for R550 based on XPS Analysis after PNP degradation in the absence and
presence of S(IV)-Cr(VI) reaction. Reaction conditions: [PNP]0 = 0.04 mM, [Cr(VI)]
0 = 0.2 mM, [sulfite]0 = 5 mM, [Biochar]0 = 1 g L−1, pHini = 7.

C/Si O/Si C-C/C=C C-O C=O COO−

R550 19.31 2.98 74.83% 16.75% 3.03% 5.38%
R550-PNP 19.46 3.06 73.96% 15.03% 4.27% 6.73%
R550-S-Cr-PNP 17.72 3.01 75.32% 15.39% 4.46% 4.83%
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et al., 2019; Zhong et al., 2018). As a contrast, as the pH of the reaction
system raised to 7, the poor efficiency of Cr(VI) removal by biochar
was achieved, owing to the decreasing oxidizing ability of Cr(VI)
under neutral conditions. However, the existence of COO− on
polycarboxylates, humic acid, and small molecular weight organic
acids could enhance the Cr(VI) reduction by sulfite, magnetite, and
zero-valent iron under neutral conditions, respectively (Jiang et al.,
2018; Jiang et al., 2014; Rivero-Huguet andMarshall, 2009). Such an en-
hancement could be ascribed to the complex between Cr(VI) and COO−

on organic compounds (Jiang et al., 2012), which could enlarge the
activity of Cr(VI), thus resulting in the promoted Cr(VI) reduction. A
similar conclusion could also be obtained in this study. The COO− on
biochar enhanced the reduction of sulfite byCr(VI) via forming the com-
plex with Cr(VI) under neutral conditions.

Hence, as illustrated in Scheme 1, it was inferred that the COO− of
R550 could probably form complexes with CrSO6

2− (Reaction 16) to en-
hance the reactivity of Cr(VI), thereby the activation of sulfite ions and
in turn the formation of SO3•− via intramolecular electron transfer reac-
tion (Reaction 17). Herein, the COO− serving as an electron donor could
facilitate the reduction of Cr(VI) aswell (Reaction 18). Also, the formation
of the complex BC-COO−-CrSO6

2− prevented the reaction of CrSO6
2− with

another HCrO4
− and in turn the production of O3CrOCrO3SO3

2− (Reactions
10 and11). Besides, as shown in Scheme1, phenolic hydroxyl groupswith
hydroquinone-like structures and semiquinone-type radicals on biochar
could activate O2 slowly, thus resulting in the sluggish OH production
and slight PNP degradation by the solo biochar.

CrSO6
2− þ BC−COO−↔ BC−COO−−CrSO6

2− ð16Þ



Scheme 1. ROS generation and PNP degradation from the biochar coexisting S(IV)-Cr(VI) system
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BC−COO−−CrSO6
2−↔ BC−COO−−Cr Vð Þ þ SO3˙− ð17Þ

BC−COO−−Cr Vð Þ↔ BCþ CO2 þ Cr IIIð Þ ð18Þ

3.4. Impact of COO− on the reaction of activation of sulfite by Cr(VI)

For biochar R550, the changes of C composition before/after reac-
tions detected by the XPS were subtle. To further validate the effect of
COO− on the activation of sulfite by Cr(VI), two different types of bio-
char viz. Oxi-R550 and H-R550 were prepared by treating with H2O2

and NaBH4, respectively, which were utilized in the S(IV)-Cr(VI) reac-
tion. The characterization study of thosematerials in terms of C compo-
sitions and functional groups is shown in Figs. S6 and S7, and Table S2
and the details are described in Text S4. In brief, the contents of
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oxidative groups such as C_O and COO− was found to be increased
with Oxi-R550, i.e., the former group increased from 3.03 to 5.99% and
the latter group increased from 5.38 to 8.16%, while the increase of the
relative proportion of C\\O was observed from 16.75 to 24.35%, with
the H-R550 sample. As a result, the Oxi-R550, with the highest percent-
age of COO− among the three kinds of biochars, showed a maximum
degradation of PNP in the Oxi-R550 added S(IV)-Cr(VI) system. As
shown in Figs. 4a and S8a, upon the addition of Oxi-R550 into the S
(IV)-Cr(VI) system, the degradation of PNP was promoted by 27.2%,
i.e. from 20.9 to 48.1% at a period of 60 min. The degradation of PNP
with the solo Oxi-R550 system was observed to be 0. As shown in
Figs. 1a, 4a, and S8d, the degradation of PNP with the R550-S(IV)-Cr
(VI) and H-R550-S(IV)-Cr(VI) systems, was found to be increased to
56.1% and 43.2%, respectively at a period of 60 min. If the degradation
contribution of R550 (10.67%) and H-R550 (29.14%) samples caused
PNP Sulfite
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Table 2
C composition for Oxi-R550 and H-R550 based on XPS Analysis after PNP degradation in the
absence and presence of S(IV)-Cr(VI) reaction. Reaction conditions: [PNP]0 = 0.04 mM, [Cr
(VI)]0 = 0.2 mM, [sulfite]0 = 5 mM, [Biochar]0 = 1 g L−1, pHini = 7.

System C/Si O/Si C-C/C=C C-O C=O COO−

Oxi-R550 11.99 3.44 69.71% 16.14% 5.99% 8.16%
Oxi-R550-PNP 12.20 3.34 69.24% 16.31% 6.12% 8.33%
Oxi-R550-S-Cr-PNP 10.73 2.95 73.33% 16.64% 6.36% 3.67%
H-R550 11.96 2.66 64.06% 24.35% 7.14% 4.45%
H-R550-PNP 12.31 2.74 63.59% 21.72% 8.51% 6.18%
H-R550-S-Cr-PNP 12.07 2.87 63.54% 20.08% 9.30% 7.08%
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by the activation of O2, were excluded, the respective obtained promo-
tion of PNP degradation is 24.53% and−6.84%, which is an evidence for
the enhancement of COO− of biochar towards the S(IV)-Cr(VI) reaction.

The COO− of biochar not only improved the activation of sulfite by
Cr(VI) (Reactions 16 and 17) but suppressing the possibility of the
side reactions (Reactions 10 and 11), which favors sulfite oxidization
step. Hence, the quick decomposition of sulfite is not necessarily to be
a cause for the promoted degradation of PNP, wherein the high-
efficiency of SO3

2− to SO4•− conversion was crucial. As shown in
Fig. 4b, the decay constant of sulfite in the simple S(IV)-Cr(VI) system
was 0.0308 min−1 and it was increased to 1.36 times higher of 0.042,
1.52 times higher of 0.095 and 2.94 times higher of 0.0469 min−1 for
Oxi-R550-S(IV)-Cr(VI), R550-S(IV)-Cr(VI) and H-R550-S(IV)-Cr(VI)
systems, respectively. In themeantime, the constant of PNPdegradation
was 0.0036 min−1 in the simple S(IV)-Cr(VI) system and it was in-
creased to 0.0136, 0.0149, and 0.0078 min−1 with Oxi-R550, R550,
and H-R550, added S(IV)-Cr(VI) systems, respectively. Excluding the
contribution of the activation of O2 via the biochar, the degradation
rate of PNP was promoted by 2.78, 2.67 and 0 times with the three
kinds of biochars added S(IV)-Cr(VI) system, respectively. Thus, the
Oxi-R550, with the least enhancement on the oxidization of sulfite by
Cr(VI), accelerated the PNPdegradation to a higher extent. These results
suggest that the COO− of biochar not only enhances the activation of
sulfite by Cr(VI) but also improves the conversion of SO3

2− to SO4•− by
suppressing the undesirable side reactions of sulfite transformation.

As shown in Fig. 5a and b, and Table 2, the C compositions of Oxi-
R550, after the degradation process, hardly changed, which is consistent
with its poor performance of activation of O2. However, in the Oxi-
R550-S(IV)-Cr(VI) system, the relative percentage of COO− observed
with sole Oxi-R550 (8.16%), was dramatically decreased to 3.67%
(Fig. 5c and Table 2), along with a decline of C/Si ratio from 11.99 to
10.73. Such a result confirmed the decline of COO− on biochar upon
the S(IV)-Cr(VI) reaction, consistent with the change of COO− on bio-
char R550. As speculated in the earlier discussion, COO− could be re-
moved from the biochar after forming a complex with Cr(VI). Such
removal of COO− resulted in a significant increase of C-C/C=C from
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of S(IV)-Cr(VI) reaction. Reaction conditions: [PNP]0 = 0.04 mM, [Cr(VI)]0 = 0.2 mM, [sulfite]

8

69.71 to 73.33%, a slight raise of C\\O from 16.14 to 16.64%, as well as
C_O from 5.99 to 6.36%. The influence of biochar COO− in the S(IV)-
Cr(VI) reaction was further confirmed.

As seen in Fig. 5d-f and Table 2, the C composition of H-R550 was
varied during the degradation reaction with and without the S(IV)-Cr
(VI). After the degradation, the relative percentage of C\\O of H-R550
was notably decreased from 24.35 to 21.72% with sole H-R550 and the
decreasewas further down to 20.08%withH-R550-S(IV)-Cr(VI) system.
At the same time, the increase of C_O and COO−was seen from 7.14 to
8.51% and from 4.45 to 6.18%, respectively, and it was further hiked to
an extent of 9.30 and 7.08% with H-R550-S(IV)-Cr(VI) system. The var-
iations demonstrated that the S(IV)-Cr(VI) reaction enhanced the
oxidization level of H-R550. Besides, the decline of COO− and increase
of C-C/C=C owing to an enhancement of the S(IV)-Cr(VI) reaction
was not observed in the H-R550-S(IV)-Cr(VI) system, which is in accor-
dancewith its insignificant contribution observed towards the PNP deg-
radation in the S(IV)-Cr(VI) system. It was originated from the least
content of COO− of H-R550.

3.5. Impact of defect of biochar on S(IV)-Cr(VI) reaction and PNP
degradation

The defective sites presented on the biocharmight also influence the
rate of PNP degradation in the biochar added S(IV)-Cr(VI) system. The
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R800, having a high level of the defect and less content of COO− (Zhang
et al., 2019a). The defective level of biochar could be assessed by the ID/
IG ratio in the Raman spectra (Fig. S10), which was 0.963 for R800,
higher than 0.751 of R550 and 0.718 for Oxi-R550. Such a result demon-
strated the high defective level of R800. Then R800was introduced into
the S(IV)-Cr(VI) system. As shown in Fig. S11, the degradation of PNP
was promoted from 11.8 to 44.5% at 45 min, by the influence of R800
in the R800-S(IV)-Cr(VI) system. The degradation of PNPwas enhanced
only by 14.5%, considering the degradation of 18.2% with the solo R800
system, which was lower than the 27.2% observed with the Oxi-R550
system. The defective sites presented on biochar were not a key factor
in enhancing the PNP degradation in the biochar-S(IV)-Cr(VI) system.

3.6. Analysis of PNP degradation intermediates

The intermediates formed during the degradation of PNP were in-
vestigated in the S(IV)-Cr(VI) system with and without R550. The
usual intermediates such as phenol, p-benzoquinone, and maleic acid,
were detected, which confirms the radical degradation pathway of
PNP by the conventional ROS viz. •OH and SO4•− (Chen et al., 2016) in
both the systems. The existing period of the intermediates of higher
concentration confirms that the decreased PNP was initially oxidized
into phenol, followed by benzoquinone andmaleic acid, and then finally
mineralized into CO2 and H2O. As shown in Fig. 6a, the maximum con-
centration of phenol (5.47 μM) was detected at a reaction period of
20 min, and it was at 45 min, for benzoquinone (0.11 μM) and maleic
acid (8.33 μM).

Because the R550 accelerated the activation of sulfite by Cr(VI)
which produces ROS in large quantity, thereby the higher degradation
of PNP as well as the faster transformation of the intermediates. As
shown in Fig. 6b, in the R550-S(IV)-Cr(VI) system, a maximum concen-
tration of phenol (10.15 μM), benzoquinone (0.14 μM) and maleic acid
(4.87 μM) was detected at 10, 20 and 30 min, respectively, which are
in advance to that of those in the sole S(IV)-Cr(VI) system. It demon-
strates the quick transformation of the PNP molecule with the R550
added S(IV)-Cr(VI) system.

3.7. Effect of the dosages of sulfite, Cr(VI) and biochar on PNP degradation

The effect of the dosage of sulfite, Cr(VI), and biochar on PNP degra-
dation was studied in view of practical applications. As shown in
Fig. S12, a, d, and g, at a reaction period of 90 min, the degradation of
PNP was 27.2, 36.1, and 33.4% for the sulfite dosage of 2, 5, and
10mM, respectively. However, the Cr(VI)was reduced only to an extent
(b
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of 83.3% with the sulfite dosage of 2 mM and a total reduction was ob-
served with the dosages of 5 and 10 mM (Fig. S12b, e, and h). On the
other hand, 0.2 mM of Cr(VI) consumed the entire sulfite content of 2
and 5 mM dosages, and only 42% content of the 10 mM dosage
(Fig. S12c, f and i). Based on this, an optimum dosage sulfite and Cr
(VI) was fixed as 5 mM and 0.2 mM, respectively.

The degradation efficiency of PNPwas increasedwith the concentra-
tion of Cr(VI) at neutral pH conditions. As shown in Fig. S13 a, d and e, at
a reaction period of 90min in the system containing 5mMof sulfite, the
degradation of PNP was found to be progressively increased as 19.1,
36.0 and 56.5% with the Cr(VI) addition of 0.1, 0.2 and 0.4 mM, respec-
tively, and upon the addition of R550 into each system, the respective
degradation efficiencywas promoted to 27, 59 and 56.6%. The enhanced
degradation was mostly due to the acceleration of sulfite activation by
the increasing dosage of Cr(VI), which could be confirmed by the in-
creasing consumption of sulfite. As shown in Fig. S13 c, f, and i, at a re-
action period of 90 min, the efficiency of sulfite consumption was
significantly increased from 44.1 to 100% with increased addition of Cr
(VI) from 0.1 to 0.4 mM, respectively. However, in the 0.4 mM of Cr
(VI) with R550, the influence of R550 on the reactions of Cr(VI) activat-
ing sulfite as well as PNP degradationwas negligible, probably due to an
effective reaction between Cr(IV) and sulfite, which could overcome the
activity of R550.

Biochar as a higher dosage could lead to better PNP degradation and
faster reaction between Cr(VI) and sulfite. As shown in Fig. 7a, biochar
at a low dosage functioned a poor performance towards PNP degrada-
tion. Only 6.4% of PNP (0.04 mM) could be degraded within 360 min
by 0.2 g L−1 of R550. As the biochar R550 dosage increased to 1 g L−1,
the PNP degradation efficiency within 360 min was raised to 36.6%. As
for the S(IV)-Cr(VI) system, the enhancement of PNP degradation, Cr
(VI) reduction, and sulfite oxidization was correlated with the dosage
of biochar in this study. Fig. 7a exhibited the PNP degradation in the bio-
char R550-S(IV)-Cr(VI) systems with the biochar dosage varying from
0.2 to 1 g L−1. As the biochar R550 absented, 36.1% of PNPwas degraded
within 90 min in the S(IV)-Cr(VI) system. And the degradation effi-
ciency of PNP was promoted to 41.3%, 46.3%, and 59%, respectively, as
0.2, 0.5, and 1 g L−1 of biochar was introduced into the system. Such a
result demonstrated the promotion of PNP degradation caused by bio-
char in the S(IV)-Cr(VI) system. Meanwhile, the accelerated removal
of Cr(VI) and sulfite could be attained owing to the presence of biochar
R550. As shown in Fig. 7b, the period for completely removing Cr(VI)
was reduced from the original 120 min to shorter periods of 90, 60
and 45 min with increasing the biochar dosage to 0.2, 0.5, and 1 g L−1,
respectively. Fig. 7c described the faster sulfite oxidization in the S
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Fig. 7. Effects of biochar dosage on the reaction of Cr(VI) activating sulfite and PNP degradation in S(IV)-Cr(VI) system as R550 presented. (a), (b) and (c)were for PNP degradation, Cr(VI)
removal and sulfite oxidization, respectively. Reaction condition: [PNP]0 = 0.04 mM, [sulfite]0 = 5 mM, [Cr(VI)]0 = 0.2 mM, pHini = 7, the dosage of biochar R550 varied from 0.2 to
1 g L−1.
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(IV)-Cr(VI) system because of the introduction of biochar R550. The re-
moval efficiency of sulfite within 60 min was evaluated from the origi-
nal 84.9% to 100% with the biochar dosage increasing from 0 to
1 g L−1. Such a phenomenon about the faster removal of Cr(VI) and sul-
fite demonstrated the biochar's capacity to accelerate the S(IV)-Cr(VI)
reaction, thus resulting in the production of reactive oxygen species at
higher content and the enhanced degradation of PNP.

3.8. Stability and reusability of R550 in the S(IV)-Cr(VI) system and PNP
degradation

Biochar R550 displayed poor stability and reusability on enhancing
the S(IV)-Cr(VI) reaction and PNP degradation. As shown in Fig. 8a,
the degradation efficiency of PNP in the R550-S(IV)-Cr(VI) system
within 30minwas 51.1% as the biochar R550was first used, while it de-
creased to 42.8% and 33.9% as the biochar R550 was second and third
used. Such a decline in PNP degradation was owing to the alleviated re-
action between sulfite and Cr(VI), which could be verified in Fig. 8b and
c. As the biochar R550was first used in the S(IV)-Cr(VI) system, 47.3% of
Cr(VI) was removed within 10 min, while it decreased to 36.6% and
25.5% (Fig. 8b) in the second and third cycles, respectively. Similar re-
sults could also be attained in the sulfite removal. As the R550 cycle in-
creased to 3 times, the removal efficiency of sulfite within 10 min
decreased from 56.2% to 37% (Fig. 8c). These results could be ascribed
to the diminishment of COO− on biochar upon the S(IV)-Cr(VI) reac-
tion, which resulted in the decreasing complex formation with Cr(VI),
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the declined reactivity of Cr(VI) and slow activation of sulfite, finally
resulting in the decline of PNP degradation.

After its fast degradation within 30 mins, the slow degradation of
PNP proceeded. However, with increasing the biochar cycle to 3 times,
the degradation efficiency in the period from 30 to 360 min decreased
from27.8% to 14.8%. The slowdegradation of PNPwasmainly originated
from the •OH production from serial reactions of O2 reduction by bio-
char. With increasing the biochar cycle, the oxidization of biochar oc-
curred gradually, thus the sluggish O2 activation and PNP degradation
came out.

4. Conclusions

Developing a process for Cr(VI) reductionwith sulfite ions is a novel
approach for the decontamination of the aqueous system containing
multiple pollutants of Cr(VI) and toxic organic compounds. However,
the working pH suggested for this process is highly acidic (usually
pH 2–3) and then an alkali is mandatory for precipitating the Cr in the
subsequent stage. Also, the refractory organic pollutants are hardly de-
graded in the system. The present study reports the beneficial influence
of biochar on the reduction of Cr(VI) with sulfite ions as well as on the
degradation of coexisting organic pollutants at neutral pH conditions.
It was found that the carboxyl on biochar efficiently enhanced the reac-
tivity of Cr(VI) via coordination, then accelerated the reduction of Cr(VI)
by sulfite. Such coordination also promoted the activation of sulfite by
Cr(VI) to produce ROS (SO4•− and •OH) and contributed to the radical



Fig. 8. PNP degradation (a) Cr(VI) removal (b) and sulfite oxidization (c) in the S(IV)-Cr(VI) systemusing the recycled R550. Reaction conditions: [PNP]0= 0.04mM, [Cr(VI)]0= 0.2mM,
[sulfite]0 = 5 mM, [Biochar]0 = 1 g L−1, pHini = 7.
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degradation of coexisted PNP. Besides, the coordination between Cr(VI)
and biochar inhibited the side reactions of CrSO6

2− reacting with HCrO4
−

to produce O3CrOCrO3SO3
2− that did not contribute to the generation of

SO4•−. Moreover, biochar, a cost-effective by-product of the biowaste
recycling process, could be produced and employed on a large-scale.
Further, no external energy and adding oxidants (e.g., H2O2 and O3)
are needed. Hence, the addition of biochar and sulfite into the industrial
wastewaters containing Cr(VI) and organic pollutants, is highly viable
and feasible.
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