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ABSTRACT

The rice straw biochar (RSB) was prepared from rice straw by chemical/thermal treatment, and then
characterized by scanning electron microscopy, Brunauer-Emmett-Teller, Fourier transform infrared
spectroscopy, and Raman spectra. RSB was used to enhance the chemical or biological decolorization
of an azo dye, orange G (OG), to evaluate the redox mediator property. Results showed that RSB
could significantly accelerate the chemical reduction of OG with Na,S as the electron donor. Such
an accelerating effect was positively related to RSB loading, Na,S concentration, and temperature,
but negatively related to pH. In the anaerobic biological decolorization of OG, the addition of RSB
could enhance the decolorization rate from 53.7% to 83.5% after 48 h. The synergistic effect of RSB
on the biological decolorization of OG could be attributed to the role of redox mediator of the oxy-
gen group on the surface of RSB, which could accelerate the electrons transfer from substrate to azo
bond. The functioning of RSB as a redox mediator to enhance the decolorization rate was further
verified in a continuous flow up-flow anaerobic sludge blanket reactor. Finally, the decolorization
products of OG were analyzed by UV-vis and gas-chromatography and mass spectrometry, and the
mechanism was subsequently proposed.
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1. Introduction

Due to the wide use of azo dyes in various industries,
the adverse impact of azo dye wastewaters on the environ-
ment has attracted considerable attention [1]. Biological
methods are commonly used to treat azo dye wastewater
and have the advantages of low-cost, easy-operation, and
low-environmental impact. However, they also have the
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disadvantage of low decolorization rates, long hydraulic
retention time (HRT) in the biological treatment [2]. Electron
transfer is one of the rate-limiting steps in the cleavage of
azo bonds in biological treatment [3]. How to accelerate
the electron transfer is crucial for enhancing the biological
decolorization efficiency of azo dyes. The addition of redox
mediators (RM) to improve the efficiency of anaerobic
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biological treatment has received great attention. For exam-
ple, anthraquinone disulfonate and anthraquinone-2,6-
disulfonic are effective RM to enhance the decolorization of
azo dyes [4]. However, the homogenous RM is easy to drain
away and hard to be recovered, which may produce waste or
secondary environmental pollution [5]. Recently, the carbon
materials such as activated carbon (AC), carbon nanotubes,
and graphene oxide have been used as heterogeneous RM to
enhance the decolorization of azo dyes, owing to the abun-
dant functional groups possessing electron shuttling prop-
erty on the surface [6-12].

Activated carbon (AC) is a kind of adsorbent and catalyst
with a wide range of uses. Due to the high cost of prepara-
tion, the utilization of AC is limited. In recent years, research-
ers at home and abroad have focused on how to use low-cost
and high carbon content agricultural waste to prepare AC,
so that the cost can also be greatly reduced when obtain-
ing high specific surface area AC products [13]. Waste in the
form of agricultural by-products is a widespread problem.
At present, the total annual yield of rice straw in China is
more than 800 million tons [14], which if fully utilized, will
be an abundant agricultural biomass resource. Researches
have shown that there are large quantities of cellulose, hemi-
cellulose, and lignin in rice straw [15]. However, each year,
large quantities of rice straw remain unused and are burned.
Biochar is a kind of carbonaceous substance produced by
slow pyrolysis of biomass at low temperature (usually
below 700°C) under anoxic condition [16]. Thus, if modi-
fied reasonably, rice straw will be a potential environmental
functional material to excellently functional biochar.

In fact, because of its rich raw materials and excellent
structure, more and more researchers begin to study straw
biochar. Containing a large proportion of active hydroxyl
groups, endows it with good adsorption properties for inor-
ganic ions, organic compounds, and metals [15]. Rocha et al.
[16] used triturated rice straw treated with NaOH solution
as a biosorben and demonstrated its ability in the removal
of metal ions such as Cu(Il), Zn(Ill), Cd(II), and Hg(II).
Daifullah et al. [17] found that KMnO; modified rice straw
biochar (RSB) was potentially suitable as an adsorbent for
fluoride anions in aqueous solutions. Mantell [18] found
activated biochar made from soft, lower density precursors,
such as rice hulls, a good adsorbent. Besides, RSB is a versa-
tile catalyst support due to its chemical stability, biocompat-
ibility, and high specific surface area and pore volume distri-
bution [19]. Oh and Seo [20] investigated that Co-pyrolysis
of polymer and rice straw increased the carbon content, cat-
ion exchange capacity, surface area and pH of the biochar
and enhance the sorption of 2,4-dinitrotoluene and Pb. The
importance of surface functional groups and the aromaticity
of polymer/RS-derived biochar as an electron transfer medi-
ator are being investigated. Yu et al. [21] indicated that RSB
significantly accelerate electron transfer from cells to PCPF,
thus enhancing reductive dechlorination.

Thus, the objectives to this work is (1) to prepare
a resource-friendly biochar with high specific surface
and good adsorption and catalytic performance with
the waste RSB and (2) to identify its effect to enhance the
decolorization of orange G (OG) as a redox mediator. The
role of redox mediator of RSB was evaluated both in accel-
erating the chemical reduction of OG with Na,S as the

electron donor and enhancing biological decolorization of
OG by anaerobic granular sludge (AGS). Finally, a bench-
scale test in continuous flow upflow anaerobic sludge blan-
ket (UASB) reactor was carried out to prepare for the future
of industrialization.

2. Materials and methods
2.1. Chemicals

Sources of chemicals are provided in Table 1. All chemicals
were used as received without further purification. Purified
water was used was used for washing and experiments.

2.2. Preparation of RSB

The straw used in the study was collected from local
farmland in southeastern China. Dried rice straws were
firstly cut into 5 cm lengths and immersed in the impreg-
nation liquid with 2 wt.% NaOH for 48 h to remove ash,
wax, and water-soluble impurities on the surface of the
material. They were then washed with distilled water
until neutral and dried at 105°C in an oven for later use.
Samples of 20 g were placed in four beakers numbered 1-4,
containing 300 mL impregnation liquid with 0, 10, 20, and
30 wt.% (NH,),HPO, respectively, for 24 h and then dried
at 105°C in an oven (numbered as RSB, RSB,, RSB,, and
RSB,, respectively). The samples were then pre-oxidized in
an electrothermostatic blast oven at 200°C for 2 h. Finally,
they were pyrolyzed in a box-type atmosphere furnace
under nitrogen flow with the following protocol: heating
from room temperature to 500°C at a rate of 25°C min™, then
heating to 700°C at a rate of 13°C min”, and maintaining
at 700°C for 60 min. After cooling to room temperature, the
samples were ground and passed through a 100 mesh sieve.

2.3. Characterization of RSB

The morphological analysis of RSB was conducted by
scanning electron microscopy (SEM, Quanta 250, FEI, USA),
operating at an accelerating voltage of 10 kV. The specific
surface area of RSB was obtained by the Brunauer—-Emmett-
Teller method (BET, ASAP 2020, Micromeritics, USA). The
functional groups in RSB were analyzed by Fourier trans-
form infrared spectroscopy (FT-IR, Nicolet 6700, Thermo
Fisher Scientific, USA) in the range 500 to 4,000 cm™. Raman
analysis was conducted on a Raman spectrometer DXR
(DXR SmartRaman, Thermo Fisher Scientific, USA).

2.4. Chemical decolorization of OG

The prepared material, RSB, was tested as RM on the
chemical decolorization of OG (1 mg L™). OG decoloriza-
tion by Na,S was monitored in the presence and absence of
RSB. The experiments were performed in triplicate. RSB was
added to 100 mL glass serum bottles. The flasks were sealed
with butyl rubber stoppers, and the gas headspace was
flushed for 2 min with N,. Buffer with Na,HPO, or NaH, PO,
(0.2 M) was added to maintain the pH at 7.2. All the serum
bottles were incubated at 37°C in a constant temperature gas
bath oscillator at a rate of 210 rap min™, protected from light.
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Table 1
Sources of chemicals
Serial Reagent Specification Manufacturer
number
1 Diammonium phosphate (NH,),HPO,)  Analytically pure (AR) Sinopharm Chemical Reagent Co., Ltd.
2 Orange G (OG) AR Sinopharm Chemical Reagent Co., Ltd.
3 hydrochloric acid (HCI) AR Sinopharm Chemical Reagent Co., Ltd.
4 Sodium chloride (NaCl) AR Sinopharm Chemical Reagent Co., Ltd.
5 Sodium hydroxide (NaOH) AR Sinopharm Chemical Reagent Co., Ltd.
6 Potassium bromide (KBr) AR Sinopharm Chemical Reagent Co., Ltd.
7 Na,S-9H,0 AR Sinopharm Chemical Reagent Co., Ltd.
8 Na,CO, AR Sinopharm Chemical Reagent Co., Ltd.
9 NaHCO, AR Sinopharm Chemical Reagent Co., Ltd.
10 Na,HPO, AR Wuxi Jingke Chemical Co., Ltd.
11 NaH,PO, AR Wuxi Jingke Chemical Co., Ltd.
12 NaCl AR Shanghai Alliance Chemical Reagent Co., Ltd.
13 NaOH AR Shanghai Alliance Chemical Reagent Co., Ltd.
14 H,S0, AR Shanghai Alliance Chemical Reagent Co., Ltd.
15 Na,SO, AR Shanghai Alliance Chemical Reagent Co., Ltd.
16 CHCI, Chromatographic purity ~ Shanghai Alliance Chemical Reagent Co., Ltd.
17 Na,S AR Sinopharm Chemical Reagent Co., Ltd.

2.5. Biological decolorization of OG

A series of batch experiments were conducted to deter-
mine whether RSB could promote the biological decolor-
ization of an azo dye. A flask experiment was conducted in
100 mL serum bottles, sealed with a butyl rubber stopper,
containing buffered medium at a pH of 7.2 with Na,HPO,
and NaH,PO, (0.2 M). When investigating the effect of pH,
Na,HPO,, and NaH,PO, (0.2 M) were used to control the
pH at 6-8, while Na,CO, and NaHCO, (0.1 M) were added
to control the pH at above 8. Basal nutrients are shown in
Table 2.

OG (5 mL, 1 g L) and 95 mL basal nutrient medium
were added to a serum bottle. Buffer was added to maintain
a neutral situation. Domestic AGS and RSB were added to
the serum bottle. The bottles were sealed with butyl rub-
ber stoppers, and the gas headspace was flushed for two
min with oxygen-free flushing gas (N,). Finally, the pre-
pared serum bottle was shocked in a thermostatic gas bath
shaker at 37°C and 180 rap min™ without light. At selected
time intervals, 4 mL reaction solution was sampled with a
5 mL syringe. After filtration through a 0.45 um micropo-
rous membrane, the sample was placed in a 5 mL centrifuge
tube for subsequent measurement.

The concentration of AGS, RSB dosage, pH, carbon
source, and carbon source dosage were varied to study
their effects on the reductive decolorization of azo dye OG,
the total organic carbon (TOC) decolorization of OG, and
decolorization products (by gas-chromatography and mass
spectrometry (GC-MS)), and to postulate a decolorization
pathway for the RSB/AGS system with OG.

To investigate the long-term biological decolorization of
OG, laboratory-scale UASB reactors (effective volume 4 L)
were established and initiated with 15 g L' AGS and a basal
nutrient medium (2,000 mg of COD L). Fig. 1 illustrate

Table 2
Nutrient solution formula
Macroelement

Reagent Dosage (mg L)
NH,Cl1 280
KH,PO, 250
MgSO,-7H,0 100
Glucose 1,000
Sodium formate 500
Sodium acetate 500
Sodium propionate 500
CaCl, 5.7
FeCl,4H,0 2.0
CoCl,-6H,0 1.0
NiCl,-6H,0 1.0
MnCl-4H,0 0.5
Boric acid (H,BO,) 0.05
ZnCl, 0.05

a running UASB reactor unit, showing inlet water being
peristaltically pumped to the top of the reactor using the
inlet mode of downflow, which creates an upflow effect at
the bottom of the reactor. The HRTs of the reactors were
kept constant within the range 5-5.5 h. When the COD
removal rate of the effluent reached 80%, OG was added to
the reactor, with the concentration of dye increasing from
50 to 150 mg L. The day on which dye was first added to
the reactor influents was defined as day 0 of the reactor
operation. After a 60 d start-up phase in the absence of RM,
RSB was added to the influent at a dosage of 1.2 g, 500 mL
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Fig. 1. (a) Physical picture of UASB reactor and (b) working dia-
gram of UASB reactor.

effluent was collected every day and retained for subse-
quent measurement. The effect of effluent from the UASB
reactor before and after the addition of RSB was observed.
The azo dye decolorization pathway was investigated by
TOC analysis and GC-MS.

2.6. Analytical methods

The concentration of OG was monitored by measuring
the maximum absorbance at A =479 nm with a UV-vis spec-
trophotometer (1600PC, Mapada Co., Shanghai) equipped
with quartz cuvettes of 1 cm light path. The wavelength
scan (200-650 nm) of OG during decolorization was also
performed on this spectrophotometer. Before testing,
the samples were filtered through 0.45 um membrane.
The total mineralization of OG was measured by using the
removal of TOC by a TOC-LCPH analyzer (Shimadzu Co.,
Japan). The decolorization products were determined by
GC-MS (Agilent 7800A/597, USA) with a 5C HP-5 capillary
column (20 m x 320 um x 0.25 pm). The pretreatment pro-
cess and test method were as followed. Prior to extraction,
the samples were filtered through 0.22 um filter membrane.
The pH of the obtained samples was acidified to 2 with
H,SO,. An appropriate amount of NaCl was then added. The
extraction procedure was repeated with dichloromethane
for three times to ensure that the products were completely
transferred into the dichloromethane, and then the samples
were dehydrated with Na,SO,. The extract was finally con-
centrated to 1-2 mL with a rotary evaporator at 40°C for fur-
ther testing. The decolorization products were determined
by GC-MS with a with HP-5 capillary column. The sample
was injected using splitless injection mode. The GC param-
eters used were an injector temperature of 250°C with an
injection volume of 1 uL; helium as carrier gas at a flowrate of
1.0 mL min™. The oven temperature programmed from 40°C
(keeping for 2 min) to 100°C at 12°C min™, then increased
at 5°C min™ to 200°C, and lastly increased at 20°C min™
to 270°C remaining constant for 2 min. For quantification,
the mass spectrometric detector (MSD) was operated in an

electron impact ionization mode with an ionizing energy
of 70 eV, with the ion source temperature at 300°C. Nist-11
standard library was used to identify the degradation prod-
ucts, and the matching degree was more than 90%.

3. Results and discussion
3.1. Characterization of RSB

The textural characterization of RSB by BET is shown
in Table 3. These samples all have a certain amount of
specific surface area, which increases with the concentration
of (NH,),HPO,. The specific surface area of RSB, is prob-
ably since straw itself contains oxygen and in the process
of carbonization, the oxidation reaction of straw results
in the etching of carbon. The biochars being immersed in
(NH,),HPO, have a much higher specific surface area than
the directly carbonized. This phenomenon is consistent with
the report of Benaddi et al. [22], indicating that (NH,),HPO,
is a suitable activator.

SEM was conducted to examine the porous nature of
RSB, result shows that the samples immersed in (NH,),HPO,
have more micropores, whose diameters are smaller than
RSB, (Fig. 2). This result is consistent with BET, indicat-
ing that being immersed in (NH,),HPO, can promote the
development of pores and enhance the thermal stability of
straw.

FT-IR analysis was performed to determine the func-
tional groups in RSB. As shown in Fig. 3, different kinds
of RSB have similar peaks. Peaks at 3,450 cm™ could be
caused by the stretching vibration of -OH, while those at
2,928; 1,650; 1,398; and 1,088 cm™ could be ascribed to the
symmetric and asymmetric stretching vibrations of -CH,
and —-CH,, the stretching vibration of -C=0, and the sym-
metric and asymmetric stretching vibrations of —COOH
and C-O [23-25]. Furthermore, after RSB was immersed
in (NH,),HPO,, a new peak appeared at 750 cm™, which
may be assigned to the bending vibration of -COH [26].

Raman spectroscopy has proven to be a powerful
local structural probe. All the spectra exhibited typical
Raman characteristics of RSB with a G-band appearing in
the region of 1,590-1,610 cm™ and a D-band appearing at
1,350-1,380 cm™ (Fig. 4). The G-band corresponds to Raman-
active E,g, which is due to vibration mode corresponding
to the movement in opposite directions of two neighbor-
ing carbon atoms and the D-band is associated with the
presence of defect [27]. For our samples, I, are all lower
than I, indicating that the immersing and heating process
significantly reduces structural disorder in RSB. The pH_,
of RSB was determined to be 6.62.

Table 3
Textural parameters of RSB

Samples S, (m*’g™) V_ (m’g") V_ . (cm’g”) dp (nm)
SAC, 31.4 0.0267 0.0038 3.3973
SAC, 231.1 0.1249 0.0878 2.1620
SAC, 265.4 0.1501 0.0783 2.2623
SAC 287.8 0.1576 0.1005 2.1896

3
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Fig. 2. SEM images of RSB. (a and b) RSB, (c and d) RSB, (e and f) RSB,, and (g and h) RSB,.
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3.2. Chemical decolorization of OG

Decolorization effects of OG in different systems are
shown in Fig. 5. In Na,5/RSB, system, the decolorization
rate of OG can reach 100% in 90 min, which is greatly higher
than that in the systems of Na,S or RSB, alone and even
their sum. There was very limited reduction in the presence
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Fig. 3. FT-IR spectra of RSB.
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Fig. 4. Raman spectra of RSB.
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of Na,S alone or RSB, alone, which proves the function of
RSB, as a RM in the chemical decolorization of OG. Similar
results have been found in Pereira et al. [28].

To determine the effect of RSB on OG decolorization,
different RSBs were tested in OG decolorization in the
absence and presence of Na,S, with 0.3 g L™ RSB dosage,
10 mM Na,S, and pH 7.2. After 150 min, the adsorption of
OG by RSBs alone were 6.1%, 4.7%, 11.1%, and 21.5% for
RSB, RSB, RSB,, and RSB, respectively; while the decol-
orization rates of OG increased to 99.3%, 81.7%, 93.6%, and
100% after the addition of Na,S (Fig. 6). It can be concluded
that RSB, has the best adsorption effect on OG, as well as its
ability to enhance Na,S reducing and decolorizing OG. The
apparent rate constant of OG was the largest in the RSB,/
Na,S system, demonstrating that RSB, was most favorable
for enhancing OG decolorization. This result might be
attributed to the larger specific surface area of RSB, (Table 3),
which increases the probability of contact between OG and
RSB, [29], and thus facilitating electron transfer from Na,S
to OG for decolorization. At the same time, the infrared
spectrum of RSB, shows that a new oxygen-containing func-
tional group with C=N bond is added to its structure, which
may also be the reason for accelerating the reduction and
decolorization of OG by Na,S [30,31]. RSB, was used in the
following experiments.

The effect of the RSB, dosage is presented in Fig. 7.
The OG decolorization was enhanced as the RSB, dosage
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Fig. 5. (a) Decolorization of OG in different systems and (b) OG
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conditions: [OG], = 20 mg L, [RSB], = 0.3 g L, [Na,S], = 10 mM,
pH 7.2, and 37°C.

increased. At an RSB, dosage ranging from 0.1 to 0.3 g L,
the decolorization rate of OG increased from 71.4% to 100%
(Fig. 7a). When the RSB, dosage increased to 0.5 g L7,
the OG was completely decolorized after 45 min, and the
apparent rate constants (k) of OG decolorization were
0.00827, 0.01596, 0.06133, 0.08634, and 0.12267 min™ for
increasing dosages of RSB, (0.1, 0.2, 0.3, 0.4, and 0.5 g L,
respectively) (Fig. 7b). On the one hand, the slow rate of
reduction of OG by Na,S alone indicates that the electron
transfer rate between Na,S and OG is not high; at the same
time, in the RSB,/Na,S system, the reaction rate is signifi-
cantly increased, which proves that RSB, can accelerate the
electron transfer. Similar results also appeared when Fu
and Zhu [32] studied that graphite oxide (GO) promoted
the reduction of nitrobenzene by Na,S. It was found that
when the dosage of GO was 5 mg L7, the reaction rate was
100 times of that without GO. On the other hand, when the
OG concentration was constant, increasing the dosage of
RSB, could increase the specific surface area and active site
of adsorption, so that the decolorization rate of OG signifi-
cantly stimulated by increasing RSB dosage.

The effect of Na,S concentration on the decolorization
of OG was evaluated in the RSB,/Na,S system. As the Na,S
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Fig. 6. Effect of different RSB on the decolorization of OG in
the absence and presence of Na,S. Experimental conditions:
[RSB],=0.3 g L, [Na,S],=10 mM, and pH =7.2.
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Fig. 7. (a) Effect of RSB, dosage on the degradation of OG by
Na,S and (b) OG decolorization rate constant with different
dosage of RSB,. Experimental conditions: [OG] = 20 mg L7,
[Na,S] =10 mM, and pH =7.2.



376 C. Ding et al. / Desalination and Water Treatment 201 (2020) 369-382

concentration increased from 2 to 10 mM, the time required
for complete decolorization of OG was reduced from 150 to
90 min. However, when the concentration of Na,S was further
increased to 20 mM, the time for the complete decolorization
did not decrease significantly (Fig. 8a). At increasing con-
centrations of Na,S, the apparent rate constant of OG was
0.03369, 0.04593, 0.06133, 0.06550, and 0.08326 min™ with
2, 5,10, 15, and 20 mM Na,S, respectively (Fig. 8b). Na,S
in the RSB,/Na,S system acts as an electron donor, hence
the higher the NaJS concentration, more electrons are
supplied to decolorize OG [33,34].

We further evaluated pH effect on OG decolorization.
As shown in Fig. 9, OG was completely decolorized after
60 min at pH 6.0, but the decolorization decreased as the
pH increased. This phenomenon may be related to the
pHpZC of RSB, [35]. The same as activated carbons, RSB is
a material with amphoteric character; thus, depending on
the pH of the solution, their surfaces might be positively or
negatively charged [36]. At pH > pH  _(6.62), the surface of
RSB, is negative, which is unfavorable for the adsorption
of anionic OG. Moreover, the electrostatic repulsive force
between RSB, and OG is not conducive to electron transfer
between RSB, and OG at a high pH, so the decolorization
efficiency of OG is lower than that at lower pHs.
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—®—Na,S(5 mmol/L)
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Fig. 8. (a) Effect of Na,S concentration on the degradation of
OG and (b) OG decolorization rate constant with different con-
centrations of Na,S. Experimental conditions: [OG], = 20mg L7,
[RSB,],=0.3g L, and pH =7.2.

3]0

Due to the large variation in temperature in actual dye
wastewater, it is necessary to study the effect of tempera-
ture on OG decolorization in the RSB,/Na,S system. When
the temperature was 20°C, the decolorization rate of OG
was 92.8% after 150 min, while when the temperature was
raised to 60°C, OG was completely decolorized after 60 min
(Fig. 10a). This result suggested that higher temperature
is favorable for the decolorization of OG. Increasing the
temperature increases the transfer rate of electrons in the
reaction system, making the OG molecules more acces-
sible to the electrons to allow reductive decolorization
[37]. The Arrhenius formula was fitted to the apparent
rate constants of OG decolorization at different tempera-
tures, and the activation energy (Ea) was determined to be
39.96 kJ mol™' (Fig. 10b).

3.3. Biological decolorization of OG

In the absence of RSB, the decolorization rate of OG by
AGS alone was only 53.7% over 48 h (Fig. 11a), with the
apparent decolorization rate constant being 0.01567 min™
(Fig. 11b). After addition of RSB, the decolorization of OG
increased to 83.5% in the AGS/RSB, system, higher than
the sum of OG decolorization in the presence AGS or RSB
alone. As RM, RSB can shuttle the electrons from organic
carbon substrate to AGS to enhance the decolorization of
azo bonds.

Evidence indicates that biological activity played an
important role in the decolorization of OG. As the AGS
dosages increase from 10 to 30 g L™, the decolorization rate
increases from 52.7% to 72.2% within 48 h. With a further
increase in the AGS dosage to 50 g L', however, only a slight
enhancement was observed (Fig. 12). This proves that the
AGS contained specialized bacteria transferring reducing
equivalents to OG while metabolizing the substrates [4].
An increased AGS dosage leads to a rise in the rate of car-
bon consumption and the release of more electrons, which
fully utilizes the ability of RSB, to transfer electrons, thereby
increasing the decolorization rates of OG. However, the
action of RSB, has an upper limit; once the AGS concentra-
tion becomes too high, excess electrons cannot be transferred
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Fig. 9. Effect of initial pH on the decolorization of OG
[RSB],=0.3 g L7, [Na,S], = 10 mM, and 37°C.
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to OG via RSB, in time, so that the OG decolorization rate
begins to decrease. Similar behavior was observed for the
dosage of RSB,. When the RSB, dosage increased from 0.1
to 0.4 g L7, the decolorization rate of OG increased from
61.0% to 84.6% after 48 h, while when the dosage of RSB,

cre,

) 20 40 60 80 100 120 140 160
Time(min)
-1
(b)
2F W
3+
g/ K =-4807.0203
R’= 0.94989
4L Fa=39.96 KJ/mol .
"~ 0.0030 0.0032 0.0034

/T

Fig. 10. (a) Effect of temperature on RSB, to promote Na,S for
OG degradation and (b) the Arrhenius plot of Ink vs. 1/T of the
decolorization of OG. Experimental conditions: [OG],=20mg L,
[RSB,],=0.3 gL, and pH=7.2.
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increased to 0.5 g L7, the OG decolorization rate increased
only slightly. The larger the dosage is, the stronger the ability
to transfer electrons is, and the more easily electrons trans-
fer to OG, which significantly increases the decolorization
rate of OG.

The primary electron donor in biological dye decolor-
ization may play an important role in OG decolorization
[38]. Therefore, the substrate type and concentration may
affect the OG decolorization rate. Glucose, sodium formate,
sodium acetate, sodium propionate, and a mixture of them
were used as carbon sources to compare the effects of differ-
ent substrates on OG decolorization. Fig. 13 represents the
dye decolorization rate as a function of the reaction time.
Better decolorization was achieved in the order: mixed
carbon source > sodium propionate > glucose > sodium
formate > sodium acetate > no carbon source. Furthermore,
when sodium propionate is used as the carbon source, the
decolorization rate of OG is 72.1%, which is closest to the
value of 72.2% for the mixed carbon source. Therefore,
sodium propionate is taken as an example to investigate
the effect of the carbon source dosage on dye decoloriza-
tion. The decolorization rate increased sharply with the
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Fig. 12. Effect of AGS dosage on the decolorization of OG
[OG], =50 mg L, [RSB], = 0.3 g L}, pH 7.2, and 37°C.
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Fig. 11. (a and b) Decolorization of OG in different systems [OG],=20 mg L™, [RSB],=0.3 g L', [AGS], =10 mM, pH 7.2, and 37°C.
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Fig. 13. Effect different carbon source types on the decoloriza-
tion of OG [OG], =20 mg L, [RSB], = 0.3 g L, [AGS], = 30 mM,
pH 7.2, and 37°C.

sodium propionate dosage up to 2.5 g L. However, when
the sodium propionate dosage was increased to 3.5 g L7,
the OG decolorization rate was 87.3%, which did not rep-
resent a significant increase (Fig. 14). The addition of a
carbon source is a prerequisite for the AGS reduction and
decolorization of OG. AGS generates extracellular reduc-
tase or transfers electrons by consuming an additional car-
bon source to degrade and decolorize OG. The higher the
concentration of sodium propionate is the more electrons
are released after being absorbed by AGS, which results in
more electrons being transferred to OG through RSB,, and
a higher rate of OG decolorization. However, if the amount
of sodium propionate continues to increase, the upper limit
of the electron transfer amount of RSB, will be reached
for its microporous structure and limited surface groups,
so that excess sodium propionate will be wasted, thus
the decolorization rate of OG will not continue to increase.

The effect of RSB on the decolorization of azo dyes
was also studied in a continuous flow UASB reactors.
The reactor was initiated with 1.5 g L' AGS and fed with
nutrient medium. OG (50-150 mg L) was added to the
influent after a 45 d start-up stage, during which time,
the COD in the effluent was less than 200 mg L (Fig. 15),
then the reactor operation was continued. The moment of
dye addition was defined as the start of the experiment
(0 d in Fig. 16). The concentration of OG in the effluent
increased continuously with that in the influent up to
60 d, reaching 46 mg L. After RSB, was added for 40 d,
the dye removal efficiency increased considerably from
69% to 83%. The results from this continuous experiment
implied that RSB played an important role in improving the
decolorization of azo dye.

3.4. Mechanism
3.4.1. Product analysis

Fig. 17 shows the UV-Vis spectra of OG during its
decolorization in the RSB,/Na,S system. OG has the absorp-
tion peak at 479 and 330 nm, characteristics of azo bond
and naphthalene nucleus, respectively [33]. As the reaction
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Fig. 14. Effect of carbon sources dosage on OG decolorization
[OG], = 20 mg L7, [RSB], = 0.3 g L™, [AGS], = 30 mM, pH 7.2,
and 37°C.
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Fig. 15. COD value changed of continuous flow UASB reactor.

proceeds, the peak intensities of OG at 479 and 330 nm are
decreased, indicating that the azo bond and naphthalene
nuclei of OG molecules cleaved. The above peaks com-
pletely disappeared after 150 min. OG molecules receive
electrons continuously to be reduced, leading to disruption
of azo bonds and naphthalene nuclei, so that the azo dye is
decolorized.

GC/MS was used to identify the intermediate prod-
ucts of OG decolorization. As shown in Table 4, in both
the RSB,/AGS and RSB,/Na,S systems, the intermediates
mainly consist of N-containing compounds and aromatic
amines, while O-containing aromatic compounds are fewer,
confirming that in the process whereby RSB, promotes the
reduction and decolorization of OG by Na,S, the electron
transfer finally acts on the chromophore of the azo bond,
while damage to the benzene ring is limited. In addition,
more products arise from the RSB,/AGS system, which
indicates that OG underwent deeper decolorization in
the anaerobic biological system.
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Table 4
Intermediate products of OG decolorization
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Compound Constitutional formula Molecular formula RSB,/AGS RSB./Na,S
NH,
Aniline ©/ CHN Y Y
S
1,2-Phenyl ¢
o enyene { CH,N,S, - Y
diisothiocyanate ©i S
N/
H,C
N-(2-Aminopropionyl)-2,6- o
’ l(‘d‘ propionyl) H3C% j? C,H,N,0 Y Y
ylidine N
NH, H,
S—S
s s
Sulfur powder, precipitated § S, - Y
g g
CH;
Bis (2-Ethylhexyl) phthalate C,H,0, - Y
CH,
O\/[/\/CH3
O
NH,
2-a.mino-l,4-naphtha O‘ C HNO, Y _
quinone |
O
CH,
HO N
4-methylesculetin C,HO, Y -
HO
HO
N-2-(3,4-dihydroxyphenyl) :@\/\
HO _CH; C9HUNO2 Y _

ethylmethylamine

Y means the products were detected.

3.4.2. Chemical decolorization of OG

From the characterization results of RSB, (Fig. 18a),
we can observe the pore structure and many surface func-
tional groups that play an important role in electron trans-
fer between OG and Na,S, greatly improving the rate of
electron transfer and indirectly increasing the rate of OG
decolorization.

Fig. 19 shows an analysis of the pathway of OG reduc-
tion and decolorization in the RSB,/Na,S system. In the

experiment, the solution containing OG gradually light-
ened from orange to colorless, which indicated that the
chromogenic azo bond of OG was broken, and the result
of UV-Vis scanning during the reaction also confirmed this
point. The OG decolorization pathway is as follows. OG as
electron acceptor is reduced after receiving electrons, and
the molecular structure of -N=N- transforms to -NH-NH-,
and then continues to transform to R-NH, and R-NH,,
further degrading to small molecule acids and eventually
mineralizing to H,O and CO, [7].
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Fig. 19. Degradation pathway of Azo dye OG.

3.4.3. Biological decolorization of OG

The addition of RSB, to the AGS system can acceler-
ate the rate of OG decolorization. The principle of OG
decolorization is shown in Fig. 18b. There are three ways
to degrade OG. (1) The reduction equivalent produced by
the oxidizing substrate is transferred to OG by nonspe-
cific enzymes produced by microorganisms in AGS. (2)
There are specific azoreductases under anaerobic condi-
tions in the environment or in sewage treatment systems.
Specific azoreductases under anaerobic conditions in sew-
age treatment systems stimulate the transformation of elec-
trons to OG, causing its reduction and decolorization. (3)
Microorganisms in AGS channel from the oxidized nutrient
solution to electron-accepting groups on RSB. The reduced
RSB then transfer the electrons to reduce OG [39-41].
In pathway one, the low permeability of the cell membranes
for the highly polar sulfonated azo compounds leads to
the limited ability of enzymes to reduce azo dye [42]. In
pathway two, the amount and performance of extracellular
electron shuttling determines the rate of electron transfer,
while in the environment, extracellular electron shuttles
are usually rare, so their performance is poor. In pathway
three, the addition of RM is controllable. Certain amount
of RM can improve electron transfer significantly, so it is
more suitable for practical engineering applications. In the
RSB,/AGS system, RSB, as an additional RM contains pores
and abundant surface functional groups in its structure. The
electron transfer efficiency of RSB, plays an important role
in electron transfer between AGS and OG, greatly improv-
ing it. An increase in the rate of electron transfer indirectly
increases the rate of OG reductive decolorization.

4. Conclusion

The biochar was synthesized from rice straw by chemi-
cal/thermal treatment, and then characterized by FTIR, BET,
SEM, and Raman spectra. RSB possessed oxygen-functional
groups on the surface, which could act as redox mediators
in the decolorization of azo dye. Indeed, RSB could signifi-
cantly accelerate the chemical reduction of OG with Na,S as
the electron donor. Moreover, addition of RSB could enhance
the decolorization rate of OG in the anaerobic biological
process, since the oxygen group on RSB could accelerate

the electrons transfer from organic substrate to azo bond.
The role of RSB as redox mediator was further verified in
the continuous flow UASB reactor to enhance the decolori-
zation rate.
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