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ABSTRACT

Organic pollutants in wastewater became a major challenge in the field of environmental remedi-
ation. In this work, biochar-loaded nano zero-valent iron (BC@nZVI) was successfully prepared
and used to activate persulfate (PS) for Rhodamine B (RhB) removal from water. The structure and
morphology of the nanocomposites were characterized by scanning electron microscopy equipped
with energy-dispersive X-ray spectroscopy, X-ray diffraction, Brunauer-Emmett-Teller testing, and
Raman spectroscopy. The effects of pyrolysis temperature and iron loading on RhB removal were
investigated, and the optimum conditions of RhB removal were determined by reaction parameters:
BC@nZVI dosage, PS concentration, pH values, reaction temperature, and inorganic anions in the
BC@nZVI/PS system. Acidic and high-temperature conditions were more favorable for RhB removal.
Additionally, free radical burst tests and electron paramagnetic resonance assays showed that SO;~
and ‘OH were generated and worked in the removal process, while SO;~ is the main active species.
BC@nZVI is an excellent catalyst for the treatment of RhB and provides an eco-friendly strategy

for the treatment of organic pollutants in wastewater, with a broad application prospects.
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1. Introduction

With the rapid development of industrialisation, organic
wastewater discharges are increasing and the environmental
problems caused by water pollution are becoming more and
more serious. Rhodamine B (RhB), an organic pollutant in
textile printing and dyeing wastewater, with the molecular
formula of C,;H, N,O.Cl, is a highly water soluble bright red
fluorescent hetero-anthracene dye, which has been proven
to be toxic effects on animals and humans [1]. Current treat-
ment methods for pollutants in organic wastewater include
activated carbon adsorption [2], Fenton oxidation [3], pho-
tocatalytic oxidation [4], and microbial degradation [5].
Although these methods are more effective in removing

* Corresponding author.
*First authors.

organic contaminants, the disadvantages of serious second-
ary pollution, high costs and energy consumption cannot be
avoided [6].

Recently, advanced oxidation processes (AOPs) have
been proven to be effective in the removal of various
organic pollutants [7]. Advanced oxidation processes based
on hydroxyl radicals ("OH) (E° = 1.8 ~ 2.7 V) are an effec-
tive technology for the removal of organic pollutants, while
advanced oxidation processes based on sulfate radicals
(SO;7) (E*=2.5 ~ 3.1 V) have much higher oxidation capacity
[8]. Compared to *OH, SO; have a longer half-life, a wider
pH tolerance, and are more selective than *OH [9]. This
means that SO;~ have a wider range of applications, allow-
ing better contact and mass transfer between the catalyst
and the target pollutant [10,11], and the above advantages
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of SO;~ ensure its better catalytic activity for the oxidation
of toxic organic compounds. Many researchers have there-
fore produced SO;~ by activating persulfate (PS) to remove
and mineralize hard-to-degrade pollutants. Typically, PS
can be activated by heating [12], UV radiation [13], transi-
tion metal ions and metal oxidants [14,15], nano zero-va-
lent iron (nZVT) [16], ultrasound, and alkalinization [17,18].
However, high energy inputs or the inevitable leaching of
toxic metals limit its practical application.

Biochar (BC) is a cheap and readily available material
made by pyrolysis of biomass in an anaerobic environment
[19]. BC forms a porous structure during the pyrolysis pro-
cess, and then shows a large surface area for many heavy
metal ions and organic pollutants adsorption and excel-
lent ion exchange capacity [20]. However, there are many
problems in the application of biochar in wastewater, such
as difficulty in separation and incomplete removal. Due to
the advantages of cost-effective, efficient and environmen-
tally friendly iron-based materials [21], and for the reason
that the small particle size of nZVI, the large specific sur-
face area and the high reactivity [22], many studies have
used nZVI to activate PS and effectively produce SO;- for
removing organic pollutants [23,24]. However, nZVI tends
to aggregate into micro-scale particles due to its high sur-
face energy and intrinsic magnetic interactions [25], and is
poorly stable and thermodynamically unstable in air, which
reduces its activation performance [26]. To overcome these
drawbacks, BC@nZVI was synthesized by loading nZVI on
the surface of biochar [27]. As a compounds, BC@nZVI has
the advantages of both BC and nZV], thus it has the advan-
tages of higher reduction or degradation efficiency, as well
as easy recycling and non-agglomeration [28]. Abundant
oxygen-containing functional groups, including hydroxyl
(-OH) and carboxyl (-COOH) groups, can also be observed
on the BC surface. These functional groups are able to acti-
vate PS with nZVI and show outstanding potential in the
removal of organic pollutants from the environment [29].
Previous studies have shown that biochar loaded with nZVI
not only increases the dispersibility of nZVI particles but
also improves the removal efficiency of pollutants [30].

The zero-valent iron has been widely used as an acti-
vator for persulfates. Ghanbari et al. [31] have successfully
prepared and used PDS/mZVI/aeration for the first time
to degrade dye Acid Blue 9 (AB9). Tan et al. [32] prepared
nZVI/CF-900-0.3 by one-step carbon thermal reduction in
an inert gas atmosphere with high LEV degradation effi-
ciency in the presence of PMS, and this catalyst showed
excellent long-term stability after 6 months of storage. Pang
et al. [33] investigated the degradation of Rhodamine B by
ultrasound-assisted zero-valent iron corrosion-activated
peroxymonosulfate. Under optimal conditions, 99.76%
decolourisation of RhB was achieved within 12 min, and
ZVI remained effective in activating PMS after 5 cycles of
repeated use.

In the process of agricultural production, the waste rice
husk is produced in huge quantities and will produce a lot
of harmful gases that pollute the environment if it is dis-
posed by incineration. Recycling the waste rice husk not
only solves the pollution problem to a certain extent, but
also increases the value of using rice husk. In contrast to
the above-mentioned studies, we used agricultural waste

rice husk as a source of biochar and synthesized BC@nZVI
by high-temperature pyrolysis and carbothermal reduc-
tion, in which the iron compounds were reduced to nano
zero-valent iron and the biomass was turned into biochar,
and BC@nZVI was used to activate sodium persulfate for
RhB removal. Biochar as a carrier of nano zero-valent iron
has good stability and electrical conductivity, which effec-
tively solves the problem that nano zero-valent iron is easy
to agglomerate. And the biochar and nano-zero valent iron
can synergistically activate the peroxynitrite’s and improve
the pollutant removal efficiency. In this study, the struc-
ture and morphology of the catalyst were characterized,
the catalytic performance of the catalyst was analyzed
and the effects of factors such as iron loading, pyrolysis
temperature, PS concentration, catalyst dosage, pH, reac-
tion temperature and interfering ions were investigated.
This study provides a green and effective method for
the removal of organic pollutants from wastewater.

2. Material and methods
2.1. Materials

Rice husk samples were taken from a local village in
Shenyang, Liaoning Province, China. Chemicals including
tert-butanol (TBA), methanol (MeOH), hydrochloric acid,
sodium hydroxide, ferric chloride hexahydrate (FeCl,-6H,0O),
anhydrous sodium sulfate, anhydrous sodium chloride,
anhydrous sodium nitrate and sodium persulfate (Na,S,O,).
RhB (C,H,N,O,Cl) was used as the dye to simulate
organic pollutants and was supplied by Shanghai Macklin
Reagent Ltd., Co., (Shanghai, China).

All these chemicals were analytical grade and used
without further purification. Distilled water was used to
prepare the synthetic solutions of RhB as well as the other
analytical solutions.

2.2. Catalyst synthesis

Rice husk powder with particle size less than 0.15 mm
was used as raw material to prepare biochar. The FeCl,-6H,0
(4.5, 6.0, 7.5, 10.5, and 15.0 mmol) was dissolved in 200 mL
of deionized water, and 5.0 g of rice husk powder was
added under magnetic stirring. After stirring for 24 h at
room-temperature, put it into an oven and dried at 80°C for
24 h to obtain the Fe* impregnated rice husk powder.

The obtained Fe* impregnated straw powder was then
to the tube furnace, and the temperature of the tube furnace
was made to reach 700°C, 800°C, 900°C, and 1,000°C at a
heating rate of 5°C/min under the condition of continuous
high purity nitrogen gas. The insulation was kept for 4 h,
and then naturally cooled to room temperature in the tube
furnace.

2.3. Removal of RhB

The BC@nZVI and PS were added into 100 mL of RhB
solution (10 mg/L). The effects of initial PS concentration (0,
0.5, 1.0, 1.5, and 2.0 mmol/L), catalyst dosage (0, 0.05, 0.075,
0.10, and 0.15 mg/L), pH value (3, 5, 7, 9, and 11), reaction
temperature (20°C, 25°C, 30°C, and 35°C) and inorganic
anion (CI;, NO;, SO¥) were investigated on the removal
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efficiency of RhB. Quenching tests were carried out using
TBA and MeOH as radical scavengers. Using 0.1 mol/L
of HCIl and NaOH adjust the pH of RhB solution. Fe*" was
determined by UV-VIS absorption spectrometry at 510 nm
with 1,10-phenanthroline colorimetry and using hydroxyl-
amine hydrochloride reduction Fe* to Fe* for determining
total Fe.

The 250 mL conical flask was placed in a shaker with
the speed 60 r/min, and a temperature of 25.0°C, 3.0 mL of
suspension was extracted from the conical flask at a cer-
tain time intervals and filtered through a 0.45 pm filter
membrane. Then the concentration of RhB was determined
immediately. All experiments were repeated three times.

2.4. Material characterizations

The microstructure of the biochar and BC@nZVI were
analyzed by scanning electron microscopy (SEM) (Quattro,
Thermo Scientific, USA) coupled with energy-dispersive
X-ray spectroscopy (EDS), to obtain surface elemental
distribution maps by examining surface elemental composi-
tion. Raman spectrometer was used to record Raman spec-
trum at an excitation wavelength of 532 nm (BX41, Horiba,
Japan). Automatic physical adsorption instrument was used
to determine the specific surface area, pore volume, pore-
size distribution (ASAP 2020, Micromeritics Instrument
Corporation, USA). X-ray powder diffraction (XRD) pat-
terns of the products were performed on X-ray diffractom-
eter with Cu Ka radiation in the scattering angle 20 range
10°C-90° (MiniFlex600, Rigaku, Japan). Active free radicals
were identified by electron paramagnetic resonance (EPR)
(EMXplus-10/12, Bruker, GER).

3. Result and discussion
3.1. XRD analysis

Fig. 1a shows the removal efficiency of RhB by the effect
on pyrolysis temperatures of BC@nZVI. The final removal
efficiency at different BC@nZVI (700°C, 800°C, 900°C, and
1,000°C) were 56.4%, 79.4%, 90.1%, and 93.1%, respectively.
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It can be seen that all four catalysts promote RhB removal,
and BC@nZVI at high temperatures is more advantageous
(BC@nZzZVI-1000 > BC@nZVI-900 > BC@nzZVI-800 > BCe@
nZVI-700, respectively). The rise of pyrolysis temperature
leads to the gradual conversion of Fe,O, into nZVI, and the
formation and conversion of nZVI affect the removal effect
of RhB. Compared with nZVI, the removal effect of Fe,O,
on RhB is relatively weak.

To support these conclusions, XRD patterns was carried
out to study the crystallization of BC and BC@nZVI syn-
thesized at different pyrolysis temperature. Fig. 1b shows
that all samples have diffraction peaks at characteristic
positions and the existence of Fe varies at different pyroly-
sis temperatures. The broad diffraction peak at 20°~25° that
matches well with the (002) face of the graphitic carbon [34],
which is attributed to the amorphous biochar carbon [35],
the degree of broadening of which is related to the amor-
phous structure [36]. When the temperature was 700°C,
the iron in the pyrolysis product was mainly in the form
of Fe,O,. When the temperature was increased to 800°C,
900°C, and 1,000°C, three diffraction peaks at 44.7°, 65.0°,
and 82.3° match well with the (110), (200), and (211) faces
of nZV], respectively [37]. The intensity of the nZVI diffrac-
tion peaks increases sequentially with the increase of tem-
perature, but the diffraction peaks of Fe,O, still remain in
the temperature of 900°C. At temperatures greater than or
equal to 900°C, there are no diffraction peaks corresponding
to Fe,O, in the XRD spectra, indicating a better crystallin-
ity of nZVI and a high purity of the nZVI obtained. When
BC is loaded with nZVI, the intensity of the BC diffraction
peak diminishes and the characteristics of BC and nZVI are
reflected in specific positions of the BC@nZVI diffraction
pattern, indicating the presence of nZVI in the synthesized
nanomaterials, and BC@nZVI was successfully synthe-
sized. Since the difference between BC@nZVI-900 and BC@
nZVI-1000 was not significant for RhB removal efficiency,
900°C was chosen for subsequent experiments.

Fig. 2a shows the effect of different iron loadings on
BC@nZVI for RhB removal. The removal efficiency of RhB
at different iron impregnation concentration (0, 22.5, 30.0,
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Fig. 1. Effect of pyrolysis temperatures on the removal efficiency of RhB (a); X-ray powder diffraction pattern of BC@nZVI at
different pyrolysis temperatures (b). [BC@nZVI],=0.10 g/L, [PS], = 1.0 mmol/L, [RhB], =10 mg/L, T=298.0 K, pH=6 +0.2.
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37.5, 52.5, and 75.0 mmol/L) were 31.1%, 49.2%, 66.9%,
90.1%, 91.1%, and 84.7% and the reaction rate constants were
0.00492, 0.00852, 0.01648, 0.03948, 0.04033, and 0.02938 min™,
respectively. It can be seen that the removal of RhB gradu-
ally increased with the iron impregnation concentration
was increased from 22.5 to 52.2 mmol/L, but when the iron
impregnation concentration was 75.0 mmol/L, the removal
rate and the reaction rate constant of RhB decreased. This
is because that more iron loading leads to an increase in
nZVI agglomeration on the surface of BC [38], resulting in
a decrease in the specific surface area of the material and
removal efficiency.

Fig. 2b shows the XRD patterns of BC@nZVI made at
900°C with different iron loadings. All BC@nZVIs show
distinctive diffraction peaks of nZVI and good crystallin-
ity. The results indicate that the biomass could still reduce
Fe compounds (Fe*) to nZVI. Furthermore, when other
loading amounts of BC@nZVI were added, the resulting
SO;~ reacted immediately with RhB, leading to an increase
in the removal rate. However, adding BC@nZVI iron impreg-
nation concentration of 75 mmol/L, excess Fe** [Egs. (1)
and (2)] [39] could be combined with SO;~ to produce SO3
[Eq. (3)] [40], leading to a significant disappearance of SO;"
and a decrease in the RhB removal efficiency.

As there was little difference between the iron iron
impregnation concentration of 37.5 and 52.5 mmol/L, the
iron impregnation concentration of 37.5 mmol/L was chosen
for subsequent experiments due to economic considerations.

2Fe’ + O, +2H,0 — 2Fe’" +40H" (1)
Fe’ +2H,0 — Fe’* +20H +H, )

SOy +Fe?* »>Fe® +507 k=4.6x10°M's" ®)

3.2. Raman analysis

Raman spectroscopy can quickly and non-destructively
characterize and differentiate the structure between vari-
ous carbon-based materials. BC and BC@nZVI samples were
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selected for Raman spectroscopy testing and the results
are shown in Fig. 3. The D-band at 1,350 cm™ shows sp®
hybridized carbon with structural defects, and the G-band
at 1,570 cm™ shows sp? hybridized carbon in the graphite
structure [34]. The peak intensity ratio I /I of the D and G
peaks can react to reflect the degree of defects and disorder
in the carbon material [41]. The larger the value, the smaller
the microcrystals on the surface of the sample, the greater
the number of unsaturated carbon atoms on the surface and
edge positions of the corresponding biochar, and thus the
greater the reactivity of the surface. The I /I, ratios of BC
and BC@nZVI were 1.14 and 1.26, respectively, indicating
that the degree of defective structure of biochar increased
with the loading of nZVI. It also indicated that the sample
material had a low degree of graphitization and an amor-
phous carbon structure with strong surface reactivity [42].

3.3. SEM analysis

The morphology of BC and BC@nZVI was character-
ized using SEM techniques. As shown in Fig. 4a and b, BC
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Fig. 3. Raman pattern of BC and BC@nZVI.
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Fig. 2. Effect of different iron loads dosage on the removal efficiency of RhB (a); X-ray powder diffraction pattern of BC@nZVI
with different iron loads at 900°C (b). [BC@nZVI], = 0.10 g/L, [PS], = 1.0 mmol/L, [RhB] =10 mg/L, T=298.0 K, pH =6 +0.2.
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Fig. 4. Scanning electron microscopy images of BC (a, b) and BC@nZVI (c, d).
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Fig. 5. Energy-dispersive X-ray spectroscopy mapping of BC@nZVI composite.

exhibits a smooth surface with a uniform lamellar struc-
ture. This lamellar structure and large specific surface area
provide abundant active sites for nZVI immobilization
and acts as an excellent carrier to prevent agglomeration of
nZVI particles and facilitate the adsorption of pollutants.

The SEM images of BC@nZVI are shown in Fig. 4c and
d. The nZVI particles are amorphous and dispersed on the
surface of the biochar. The nZVI particle loading change
the morphology and structural properties of BC, indicating
that BC is an excellent solid dispersion, and maintain the
stability and dispersion of nZVI, and improve the agglomer-
ation resistance and catalytic activity of the composite.

The EDS elemental mapping identifies the surface ele-
mental composition of BC@nZVI. As shown in Fig. 5, BC@
nZVI catalyst contains mainly C (67.4%), Fe (11.2%) and O
(15.2%), which further demonstrates the homogeneous dis-
tribution of the elements and the successful synthesis of the
BC@nZVI composite. As biochar is a porous carbon with a
high mineral content [43], it is worth noting that Si (3.6%),
K (0.05%), Ca (0.1%) and Nb (2.5%) were also present in the
catalyst. The above characterization visually explains the
successful synthesis of BC@nZVI nanocomposites, which

can successfully avoid aggregation of nZVI and may fur-
ther show other good prospects.

3.4. Brunauer—Emmett=Teller analysis

The surface area and pore structure parameters of BC
and BC@nZVI are listed in Table 1. The pore size of BC@
nZVI is mainly distributed in 2~50 nm, which proves the
mesoporous structure of BC@nZVI. The results show that
BC has a larger surface area and a more porous structure.
After loading nZVI onto the BC, SBET decreased slightly,
indicating that the nZVI nanoparticles occupied some areas
of the BC surface and porous. However, the total pore vol-
ume of BC@nZVI was larger than that of BC. Therefore,
loading nZVI on BC improved the porous structure of
BC@nZVI. The larger surface area and larger pore volume
expand the contact area and facilitates Fenton-like reactions
in the catalytic system.

3.5. Effect of PS concentration on the removal efficiency of RhB

The effect of PS concentration on RhB removal effi-
ciency is shown in Fig. 6. In the absence of PS, the removal



Z.L. Shi et al. | Desalination and Water Treatment 299 (2023) 190-202 195

Table 1
Surface structure characterization of different materials

Sample BC BC@nzZVI
Brunauer-Emmett-Teller surface 683.444 648.947
area (m%/g)

Total pore volume (cm?/g) 0.457535 0.525195
Micropore volume (cm®/g) 0.304612 0.072550
Pore width (nm) 2.67782 3.23721

of RhB is mainly attributable to adsorption at BC@nZVL
The removal efficiency of RhB was 43.0% within 120 min.
When the dosage of PS increased from 0 to 0.5 mmol/L, the
removal efficiency was significantly accelerated. This phe-
nomenon is due to the formation of SO;~ derived from PS.
With the increase of PS concentration from 0.5 to 1.5 mmol/L,
the removal efficiency of RhB increased from 70.4% to 97.0%
within 120 min, indicating that the higher PS concentration
was conducive to the removal of RhB. As PS is the source of
SO;~, the increase of PS concentration promotes the genera-
tion of SO;~, thus promoting the removal efficiency of RhB.
However, when the amount of PS increased to 2.0 mmol/L,
the removal efficiency of RhB decreased. This may be due
to reactions between ions in the solution or the consump-
tion of SO;~ by PS [Egs. (4) and (5)] [44]. The removal effi-
ciency of RhB increased by 19.7% with the PS concentration
increased from 0.5 to 1 mmol/L, but slowly changed (6.9%)
when the PS concentration increased to 1.5 mmol/L. Thus,
1.0 mmol/L PS was selected as the best dosage for further
experiment.

SO; +S0; =5,0% k=7x10°M"s™! 4)

5,07 +S0; =5,0, +S0% )

3.6. Effect of BC@nZVI dosage on the removal efficiency of RhB

As shown in Fig. 7, the removal efficiency of RhB changed
with BC@nZVI dosage. Previous studies have reported sim-
ilar results, with increasing catalyst usage, catalytic activity
increased [45,46]. In the absence of catalyst, RhB is difficult
to be removed. With the increase of dosage from 0.05 to
0.1 g/L, the removal efficiency of RhB increased from 24.8%
to 90.1% within 120 min. The removal efficiency of RhB
was significantly improved, owing to the number of active
sites increased with the increase of catalyst dose, result-
ing in the production of a large number of sulfate radicals
attacking RhB chromophore. Adsorption is also conducive
to this attack due to the larger contact surface availability
on the catalyst [47]. With the further increase of catalyst to
0.15 g/L, its effect on RhB removal efficiency was weak-
ened, possibly because excessive catalyst would produce
scavenging effect and consume SO;~ [48].

3.7. Effect of pH values on the removal efficiency of RhB

Solution pH is an important factor in Fenton-like reac-
tion process by metal leaching [48]. As shown in Fig. 8a, the
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Fig. 6. Effect of PS concentration on the removal efficiency
of RhB. [BC@nZVI], = 0.10 g/L, [RhB], = 10 mg/L, T = 25°C,
pH=6+0.2.

—m—0glL
—e—0.05gL _w
1.5 4 —A—0075gL ..
—v—0.1g/L 2
—+—0.15gL

0.0 Tee———————&

T T
0 20 40 60 80 100 120
Time (min)

Fig. 7. Effect of BC@nZVI dosage on the removal efficiency of
RhB (a); K, (b). [PS], = 1.0 mmol/L, [RhB], = 10 mg/L, T = 25°C,

pH=6+02.

removal efficiency of RhB decreased with the increase of
pH value. At pH = 3, 99.72% of RhB was removed for only
15 min, and the similar removal efficiency was obtained by
Pang et al. [33] (12 min, 99.76%) under acid condition. At
natural pH, the removal efficiency of RhB reached 90.1% at
120 min. The removal efficiency of RhB was 41.4% in pH =11,
in 120 min. Through kinetic equation calculation, the reac-
tion rate constants are listed in Table 2, indicating that the
acidic conditions had a more positive effect on the removal
efficiency of RhB than the neutral and alkaline conditions.
Furthermore, BC@nZVI was corroded to form Fe* as the
activator of PS to generate under acidic conditions. With the
decrease of pH value, the concentration of Fe* in the solu-
tion increases, and the removal efficiency correspondingly
increased. According to the report, Fe*" can be highly acti-
vated PS [49]. Dissolved Fe?" play an important role in the
activation of PS. At the same time, acidic conditions are
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Fig. 8. Effect of pH values on the removal efficiency of RhB (a); corresponding kinetic curves of RhB with different pH values (b).
[BC@nZVI], = 0.10 g/L; [PS], = 1.0 mmol/L, [RhB], = 10 mg/L, T =25°C.

Table 2
Kinetic parameters of RhB removal efficiency by different pH

Factors Gradient R? k (min™)
3 0.99575 0.27385
5 0.99831 0.15167

pH 7 0.99144 0.02571
9 0.99500 0.02211
11 0.98096 0.00905
Natural 0.99036 0.03948

conducive to the conversion of PS into SO;~ [Eq. (6)] [50].
Under acidic conditions, the enhanced removal efficiency of
RhB may be due to the decreased activation energy required
for PS activation and the accelerated activation process [51].
Under alkaline conditions, the catalytic performance of
BC@nZVI reduced by the formation of iron oxide and iron
hydroxide, which hinder the reaction of BC@nZVI with PS.

S,0 +H" - HS,0, —» SO} + SO +H" (6)

3.8. Effect of temperature on the removal efficiency of RhB

Temperature is a key factor affecting non-homoge-
neous Fenton-like reactions. It has been reported that high
temperature can activate PS to generate SO;~ by open-
ing O-O bond [Eq. (7)] [52]. Therefore, batch experiments
were conducted at different temperatures of 20°C, 25°C,
30°C, and 35°C to study the effect of temperature on the
removal of RhB.

S,07 +heat — 250} 7)

As shown in Fig. 9a, the removal efficiency was signifi-
cantly improved with the increase of temperature from 20°C
to 35°C within 120 min (increased from 79.4% to 100%), the
complete RhB removal was observed in 30 min at 35°C. As

shown in Fig. 9b, RhB removal follows the pseudo-first-or-
der kinetic equation. The kinetic rate constants of the
RhB reaction at 20°C, 25°C, 30°C, and 35°C are shown in
Table 3. And the fitting coefficients R* were over 0.99.

It can be seen that the removal efficiency was accelerated
with the increase of temperature. Because higher tempera-
ture can increase the reaction rate of PS with the catalyst,
and also increase the formation rate of SO;~. High catalytic
activity at high temperature has also been reported [53].
However, high temperature increases operation cost for
real application. Also, high temperature may have negative
effects on the stability of catalysts, for example, destruc-
tion of biochar support and loss of active metals [54]. It is
favorable for effective RhB removal at room temperature.
Therefore, considering the practicability and convenience
of removal rate, 25°C was selected for other experimental
conditions.

3.9. Effect of inorganic anion on the removal efficiency of RhB

As we known, coexistence of inorganic anions is
mainly in groundwater and industrial wastewater which
will greatly reduce the removal efficiency of pollutants. In
order to clarify the influence of inorganic anions on RhB
removal, three common anions (Cl-, NO;, SOX) were added
to the simulated wastewater to study their influence on
the removal of RhB by BC@nZVI/PS system.

From Fig. 10, the anions have different degrees of influ-
ence on the removal of RhB from the BC@nZVI/PS system.
Compared to the blank solution, the effect on removal
increased in the order of CI- < NO; < SOZ. when CI, NO;,
and SO~ exists in 120 min, the removal efficiency of RhB
decreased from 90.1% to 81.1%, 70.1% and 54.6%, respec-
tively, due to the competition between CI, NO; and SO} on
the catalyst surface and the adsorption of RhB molecules,
resulting in a decrease in the removal efficiency [55].

Although CI" reacts with SO;~ and *OH, the effect of CI-
is minimal, probably due to the large amount of chloride-
reactive radicals (*Cl, *Cl; and CIOH") generated in solu-
tion by the reaction with SO;~ and *OH. These radicals can
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Fig. 9. Effect of temperature values on the removal efficiency of RhB (a); corresponding kinetic curves of RhB with different tem-
perature values (b). [BC@nZVI] =0.10 g/L, [PS],=1.0 mmol/L, [RhB], =10 mg/L, pH=6+0.2.

Table 3
Kinetic parameters of RhB removal efficiency by different
temperatures

Factors Gradient R? k (min™)
20°C 0.99249 0.02881
Temperature 25°C 0.99036 0.03948
u
P 30°C 0.99691 0.05451
35°C 0.99976 0.07976
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Fig. 10. Effect of inorganic anion on the removal efficiency of
RhB. [BC@nZVI],=0.1 g/L, [PS], = 1.0 mmol/L, [RhB],= 10 mg/L,
T=25°C,pH=6+0.2.

compensate the consumption of SO;~ and *OH, thus leading
to a slight reduction in the removal of RhB. RhB removal
efficiency is slightly reduced [Eqgs. (8)—-(12)] [56,57]. NO; is
a competitive redox anion that oxidizes nZVI, and can be
reduced to be NH}, NO;, N, o causing depletion of nZVI
and inhibiting the removal eféiciency of RhB [Egs. (13)-(15)]

[58]. On the other hand, SO~ showed a strong inhibitory
effect on the removal of RhB, probably due to the reaction
of sulphate with nZVI to form iron sulphate deposited on
the surface of BC@nZVI/PS, which hindered the activation
of PS and reduced the removal efficiency of RhB. Studies
have also confirmed that the presence of oxygen-containing
anions in the solution hinders the normal progress of the
reaction [59].

S,0; +Cl” - "Cl+S0%" k=3x10°M"s" 8)
"Cl+Cl" > Cl; )
*Cl, +°Cl; —»2Cl" +Cl, (10)
"OH +Cl” — CIOH" k=43x10°M"s™ (11)
CIOH" +H" - *Cl+H,0 k=21x10"M7s"  (12)
4Fe’ +NO; +10H" — NH; +4Fe*" +3H,0 (13)
Fe’ +NOj; + 2H" - NO, +Fe** +H,0 (14)
5Fe’ +2NO; +12H" — N, (g) + 5Fe’* + 6H,0 (15)

3.10. Identification of reactive free radicals

During the conversion of persulfate, SO;~ and *OH
are generated, which affect the rate of non-homogeneous
Fenton-like reactions. To further validate the reaction mech-
anism and to determine the type of radicals, EPR analysis
was carried out using DMPO as the radical trap. The DMPO
spin-capture EPR spectra of SO;~ and ‘OH are shown in
Fig. 11a. In the BC@nZVI/PS system, SO;~ and ‘OH were
produced, where the peak intensity of SO;~ was stron-
ger than that of *OH, and SO;~ and *OH co-existed in the
reaction system.
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The Fe* generated by BC@nZVI reacts with PS to
form SO;~, and then reacts with H,O or OH" to form *OH
[Eqs. (16)~(18)] [40].

Fe’ +5,07 — Fe™ +S0? +S0O; k=30M"s" (16)

SO; +H,0 - SO} +*OH+H* (17)
SO; +OH — SO +°OH (18)

To better analyze the degradation mechanism and iden-
tify the dominant radicals (SO;~ and *OH) during the deg-
radation of RhB, MeOH or TBA were added to the reac-
tion system as radical bursting agents. MeOH with o-hy-
drogen reacts with similar rate constants of 1.1 x 10" and
9.7 x 10®* M™s for SO;~ and ‘OH, respectively, whereas
TBA reacts with (6 x 108 M1-s) at a much faster rate than
(8.4 x 10° M1-s!) [60]. Therefore, MeOH and TBA can be
used for the determination of the dominant radical in the
system.

As shown in Fig. 11b, Both MeOH and TBA inhibited
the degradation of RhB, and the removal efficiency of RhB
decreased from 90.14% to 45.44% and 84.57%, respectively,
within 120 min at natural pH. This shows that the SO;-
and ‘OH were generated in BC@nZVI/PS system, and the
SO;~ plays a more important role than the *OH.

3.11. Removal mechanism

Iron content in the nZVI/BC was determined as follow:
1.0 g of BC and BC@nZVI (37.5 mmol/L of iron impregna-
tion concentration) were accurately weighed each in a cru-
cible and then pyrolysised to ash at 600°C in muffle furnace.
The resulting ashes were mixed with 30 mL of 1:1 hydro-
chloric acid and then shaken in a shaker for 2 h. The sam-
ples were then digested by heating in a water bath at 90°C
for 20 min, and when the samples cooled down, they were
filtered through a 0.45 pm filter membrane, and finally
the iron content of the samples was determined by atomic

« DMPO--OH
* DMPO-SO,”

BC@nzVl

Intensity(a.u.)

BC

T T T T T T
3420 3440 3460 3480 3500 3520

Magnetic Field(mT)

absorption spectrophotometry. The iron content in BC@
nZVI was obtained by calculating the difference of the iron
content between BC@nZVI and BC. The obtained result is
that 1.0 g of BC@nZVI with an iron impregnation concen-
tration of 37.5 mmol/L contained 0.13 g of iron.

The BC@nZVI/PS system exhibits higher RhB removal
efficiency than the BC/PS system, suggesting the load-
ing of nZVI enhanced the PS-activating properties of BC.
In addition, Fe measurements were carried out, as shown
in Fig. 12. The concentration of Fe?" increased gradually
within 20 min, reached the peak and slowly decreased until
equilibrium, while the concentration of Fe* maintained a
slow increase until equilibrium. Meanwhile, the gradually
increased concentration of total Fe (Fe(T)) can represent
the leaching of the Fe ion concentration form nZVI/BC in
the solution.

6
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Fig. 12. Concentration of Fe** and Fe* in the BC@nZVI/PS sys-

tem. [BC@nZVI], = 0.1 g/L, [PS], = 1.0 mmol/L, [RhB], =10 mg/L,
T=25°C,pH=6+0.2.
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Fig. 11. EPR spectra of BC and BC@nZVI/PS system (a); effects of radical scavengers on RhB removal efficiency in BC@nZVI/PS
system (b). [BC@nZVI] = 0.1 g/L, [PS], = 1.0 mmol/L, [RhB] =10 mg/L, T =25°C, pH =6 +0.2.
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Fig. 13. Proposed mechanism of RhB removal by BC@nZVI/PS system.

The results show that in BC@nZVI/PS system, some
of the nZVI is converted to dissolve Fe. In aqueous solu-
tion, nZVI can activate PS to form SO;-, *‘OH and Fe*
[Egs. (19) and (20)] [40]. At the same time, the generated
Fe** also reacts with S OZ" to form SO;~ and Fe** [Eq. (16)].
Excess SO;~ may react with Fe* to form Fe* [Eq. (21)] [40].
As a result, the concentration of Fe? increases and then
decreases until equilibrium, while the concentration of Fe*
keeps increasing [61].

Based on these results, a mechanism of RhB removal is
proposed (Fig. 13). BC is able to activate PS via the abundant
containing oxygen functional groups (BC-OOH and BC-OH)
on the BC surface, and release of SO;~ [Egs. (22) and (23)]
[62]. In addition, the structure of BC provides sufficient
binding sites for nZVI, which facilitates the dispersion and
full activation of nZVI particles. At the same time PS is acti-
vated by nZVI, producing SO;~ and a small amount of *OH
to degrade RhB [Egs. (19 and (20)]. The concentration of Fe?"
in the water also gradually increases through the corrosion
reaction of PS with nZVI. Then, Fe* activates PS to produce
SO;- through an electron transfer process [Eq. (16)]. Fe** in
the pores of the BC@nZVI material can react with nZVI to
regenerate Fe?* [Eq. (24)] [40]. The pH then gradually drops
due to the decomposition of PS and the release of H* into the
system [Eq. (25)] [63]. Acidic aqueous conditions also favour
the production of Fe*. In addition, SO;~ can react with H,O
to form *OH [Eq. (26)] [64]. During the reaction, the large spe-
cific surface area of BC@nZVI allows RhB to be concentrated
near its surface or within its pores, facilitating the contact
reaction between the pollutant and the active species. Fig. 13
shows the possible mechanisms for the removal of RhB in
the BC@nZVI/PS system include adsorption, homogeneous
and non-homogeneous Fenton reactions [65]. According
to the previous study, the destruction of RhB via N-de-
ethylation, chromophore cleavage and ring open reactions,
and finally mineralize into CO, and H,O [66].

Fe’ +2S,0;" — Fe’ +2S07 +2S0; (19)
Fe’ +5,02 +2H,0 — 2SO} +Fe** +2°0OH + 2H" (20)

SO; +Fe* —»S,07 +Fe™ k=46x10"M"'s"  (21)

BC-OOH +5,02” — ‘BC-00 + SO} + HSO, (22)
BC-OH +S,0%" - "BC-O+80;" + HSO; 23)
Fe® + Fe” — 2Fe? (24)
S,07” +2H,0 - HO, +2S0; +3H" (25)
SOY +H,0 - SO* +*OH+H’ (26)

4. Conclusions

In this study, BC@nZVI was prepared by co-heating rice
husk powder with ferric chloride, and used as an activator
for removing RhB from wastewater. The physico-chemical
properties were characterized. According to the experi-
mental results, the optimum pyrolysis temperature is 900°C
and the iron impregnation concentration is 37.5 mmol/L.
The nZVI loaded on the surface of BC enhanced the redox
effect between Fe? and Fe’ and promoted the production
of SO;~, and low pyrolysis temperature and high loading of
Fe were detrimental to RhB removal. BC@nZVI dosage, PS
concentration, inorganic anions, initial pH, and tempera-
ture had different degrees of influence on RhB removal. The
results showed that low pH and high temperature were ben-
eficial to the removal of RhB. At natural pH (pH = 6 + 0.2)
and room temperature (25°C), the removal efficiency of
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RhB was up to 90.1% within 120 min. The mechanism of
PS activation by BC@nZVI was investigated using EPR and
quenching experiments. The results showed that both *SO;
and ‘OH played a positive role in BC@nZVI/PS system,
but the *SO; radical was the dominant species. Overall, the
BC@nZVI was successfully prepared in this study, and is a
promising PS activation material with great potential for
application in the decomposition of organic pollutants and
environmental remediation.
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