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Abstract

Persistent organic pollutants (POPs) and metals are harmful pollutants; thus, their emission and diffusion need to be con-
trolled. Biochar derived from biomass shows potential application in pollutant adsorption. Sugarcane bagasse raw (SCR) is
a major by-product of the sugar industry, and its added value will be well exploited by a proper carbonization process with a
mild temperature. In this work, biochar samples were prepared using simple and cost-effective carbonization to the SCR at
300 and 400 °C (roughly corresponding to the complete volatilization of hemicellulose and cellulose, respectively). The alkali
(NaOH) pretreatment was employed, and their activation process was investigated at these temperatures. It was found that
alkali pretreatment resulted in significant changes in specific surface area (SSA) and total pore volume (TPV) significantly
as compared to those without alkali activation. The changes in surface morphology and oxygen-containing functional groups
(mainly C—OH) were observed, especially on the activated one at 400 °C, where the samples showed a pore structure and
cracks with uneven distribution. Thus, RhB and Cr(II) which were selected as the represented contaminants were efficiently
adsorbed by the samples with alkali pretreatment. Moreover, an excellent monolayer coverage adsorption per unit specific
surface area (0.82-57.79 mg/m?) was observed. The adsorption process of RhB on alkali-biochar could be dominated by
physisorption, while chemisorption was for Cr(III). In addition, competitive adsorption behavior was speculated to exist
between the sodium oxide embedded in alkali-pretreated biochar and Cr (III) in the aqueous phase. Therefore, with a sim-
ple alkali pretreatment and a mild temperature carbonization, SCR could be transferred to biochar with adsorption to both
POPs and metal ions. This method will be suitable to mass production of biochar for environmental protecting application.

Keywords Pyrolysis - NaOH activation - Adsorbent - Removal mechanism

1 Introduction

Persistent organic pollutants (POPs) and metals are the
harmful pollutants because they are bioaccumulated up the
food chain and cause adverse problems in the human body,
i.e., carcinogenic and mutagenic [1-3]. They are generally
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produced in industries such as paper making, dyeing, clos-
ing, and electroplating, diffused with the wastewater, and
are difficult to totally remove from sewage [4—6]. For the
purpose of environmental protection and sustainable devel-
opment, controlling their emission and diffusion is becoming
a critical issue. By now, many methods have been developed
for advanced water treatment to remove POPs and metal
ions, including physical adsorption [4, 7], membrane separa-
tion [2], chemical and biological reactions [6], and cataly-
sis [§—10]. Among these methods, physical adsorption is a
suitable one for its efficient treatment and cost-effectiveness
[1, 4]. Therefore, exploring the advanced adsorbents for
the efficient adsorption of POPs and metal ions remains a
challenging concern. Compared to mesoporous silica [11],
zeolite [12], or metal-organic framework [13], biochar
derived from biomass, i.e., sugarcane [14], pinecone [15],
and wheat husks [9], shows more competitiveness because
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of the abundance in the earth, easy preparation and low cost,
which allow their mass production for scalable application
in industry.

Sugarcane residue is one of the by-products generated
in a large quantity in the sugar industry [16]. For instance,
millions of tons of sugarcane bagasse is produced in China,
Brazil, and India on a wet basis annually [17-19], and a
considerable quantity of this residue is used as boiler fuel,
since its added value has not been properly exploited [20,
21]. Since sugarcane is rich in fibrous lignocelluloses, its
residues are chemically composed of cellulose, hemicellu-
lose, and lignin, which are highly carbon-containing [16,
22]. Noncovalent forces and covalent cross-linkages connect
these components, providing strength to the plant cell wall
and forming a complex network [23]. Therefore, sugarcane
bagasse can serve as a potential biomass for the conversion
to biochar with a complex network that may induce a porous
structure and possibly apply in physical adsorption to POPs
and metal ions in water [24-26].

Biochar from biomass residue with porous structure is an
important derivative due to the high SSA and abundant oxy-
gen-containing functional groups render excellent adsorb-
ing ability [23, 26]. Pyrolytic carbonization is a possible
thermochemical treatment to convert the biomass to biochar
which shows better adsorbing ability than the biomass to
POPs or metal ions in water for the advanced treatment [27,
28]. The carbonization temperature condition and the raw
materials will affect the properties of the biochar, i.e., pore
distribution, functional group distribution, and yield. Since
the high temperature and protective atmosphere will cause
a high SSA, aromaticity, and carbonization [29, 30], most of
the previous reports focused on the high-temperature treat-
ment of biomass with a protective atmosphere and showed
highly absorbing ability to metal ions or organic pollutants.
For example, the phosphorus from the solution could be
removed by melamine-modified sugarcane bagasse bifunc-
tional biochar material at 800 °C [31]. Potassium hydroxide-
modified bagasse biochar prepared at 600 °C had adsorp-
tion of imidacloprid [32]. Eucalyptus biochar obtained by
pyrolysis annealing under 800 °C nitrogen protection could
remove phenol in wastewater from petroleum refineries [33],
and pinecone-derived biochar (600 °C) can be defluorinated
[15]. However, the costly energy and equipment associated
with the preparation of synthetic porous biochar under high-
temperature protective atmospheres are not advantageous to
their mass production for industrial application.

Furthermore, in order to improve the adsorption ability,
alkali, such as potassium/sodium hydroxide (KOH/NaOH),
was often employed as an activator for the generation of
mesoporous structure and enriching surface functional
groups of carbon materials due to its low cost and being
more environmentally friendly [26, 34-37]. The activation
process produced a large number of oxygen-containing
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functional groups through synergistic effects, mainly
hydroxyl groups, by using carbon—oxygen bonds and alka-
linity [26, 38, 39]. The produced carbon materials usually
showed highly SSA and porous structure, yet a high-temper-
ature annealing process and a protective atmosphere were
necessary during the reaction process.

In the current work, the sugarcane bagasse was employed
as the precursor for biochar production. The carbonization
process was carried out at a mild temperature (300 and
400 °C) without using protective gas. At this temperature,
the hemicellulose and cellulose, the main components of
biomass, are almost pyrolyzed to completion, respectively.
The activation process by NaOH at such a mild temperature
was also studied. The mechanism of NaOH-biochar material
formation was investigated by means of thermal analysis,
SSA and porosity analysis, infrared spectroscopy, and scan-
ning electron microscopy (SEM). The adsorption ability of
the produced biochar samples was studied. Rhodamine B
(RhB) and chromium (III) ions (Cr(IIT)) which were the typi-
cal POPs and metal ions that possibly oxide to toxic Cr(VI)
were employed as the target pollutants in water [40, 41].
It was found that the NaOH activation could substantially
improve the adsorption ability and the adsorption mecha-
nism was preliminarily explored. Overall, a simple and effi-
cient preparation approach for sugarcane bagasse—based bio-
char/NaOH composite materials was proposed. It not only
solves the problem of excessive accumulation of agricultural
waste on the land, but also provides an economically viable
idea for the industrial production of biochar materials.

2 Experimental

2.1 Biochar and chemically modified biochar
preparation

The biochar precursor used in this experiment was the natu-
ral sugarcane bagasse raw (SCR) obtained from the com-
mercial market in Guangzhou. The preparation procedures
are detailed as follows: (1) SCR was rinsed with deionized
(DI) water to remove impurities adhering to the surface, and
subsequently, dried at 60 °C in an oven. (2) Afterward, the
biomass was pretreated by immersing in NaOH aqueous
solution (0.1 mol/L) for 24 h. The NaOH-modified dried
sugarcane precursor (ASCR) was obtained. (3) ASCR was
pyrolyzed at the desired temperatures (300 and 400 °C)
without protective gas for 2 h. (4) The control samples were
synthesized in the same process using DI water to replace
the NaOH solution. (5) All as-prepared biochars above were
rinsed with DI water until the pH was stable, followed by
drying at 60 °C and subsequently stored. The control sam-
ples synthesized at 300 and 400 °C were denoted as SCB300
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and SCB400, while the modified samples were denoted as
ASCB300 and ASCB400, respectively.

2.2 Characterization of biochar

The pyrolysis process of biomass was monitored by TGA/
DSC (TGA/DSC3 +, METTLER TOLEDO, Switzerland).
Elemental analysis of C, H, N, S, and O was detected by
an organic element analyzer (EA3000, Euro Vector, Italy).
Zeta potential was carried out using a zeta potential analyzer
(Nano ZS, Malvern, USA) to identify the surface charge
of biochar. The pH was acquired using a pH meter (FE28,
METTLER TOLEDO, Switzerland). The crystal structure
was examined with an X-ray diffractometer (D8 ADVANCE,
Bruker, Germany) with Cu Ka radiation (0.1541 nm) from
5 to 90°. The Fourier transform mid-infrared spectrum was
used for identifying functional groups with KBr (Nicolet IS
50, Thermo Fisher, USA). The morphology of biochar was
studied by a field emission scanning electron microscope
(SU8220, Hitachi, Japan). The SSA and pore size distri-
bution (PSD) were measured by an automatic fast specific
surface and porosity analyzer (ASAP 2460, Micromeritics,
USA).

2.3 Liquid-phase adsorption

Batch experiments were carried out in DI water at around
23 +1 °C (pH is approximately 7) to investigate the adsorp-
tion ability, which was conducted by placing 5 mg of the
biochar into 10-mL centrifuge tubes containing 3 mL Cr(III)
or RhB of different concentrations (1-16 ppm) respectively,

followed by shaking in a constant temperature oscillator
(THZ-B, Blue Instrument Technology, China) at 100 rpm
for 2 h. The DI water was employed as a blank solution
similarly. After sampling at a specific time, the supernatant
was separated through a 0.22-pm filter. The concentration
of Cr(IIT) and RhB was measured by inductively coupled
plasma mass spectrometry (ICAP RQ, Thermo Fisher, USA)
and an ultraviolet—visible near-infrared spectrophotometer
(UV-3600 Plus, SHIMADZU, Japan) at 556 nm, respec-
tively. The adsorption ratio and amount of Cr(III) and RhB
were calculated using Eqgs. (1) and (2), separately.

recamyrng = (Co = C,)/Co % 100% (1)

Ocram/rnB = (Co—C,)xV/M, @)

where C, and C, (mg/L) are the initial and equilibrium
Cr(IIT) and RhB concentrations in a solution, respectively,
and V(L) is the volume of Cr(IIT) and RhB solution; M, (g)
is the initial dry weight of the adsorbent. All the results were
expressed as the mean value of duplicate measurements.

3 Results and discussion

3.1 TG/DTG analysis of biomass
and chemical-modified biomass

The carbonization process of the SCR and ASCR was mon-
itored using thermogravimetry/difference thermogravim-
etry (TG/DTG) shown in Fig. 1. According to the current
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knowledge, water evaporation, hemicellulose, cellulose, and
lignin volatilization, sequentially, were observed over the
entire range of biomass pyrolysis [42—44]. In the present
work, hemicellulose (120-380 °C), cellulose (380-550 °C),
and lignin pyrolysis occurring over the entire range were
observed in SCR. Previous work showed that the main pyrol-
ysis stage of all three components above played an important
role in the initial coke formation determining the adsorp-
tion property during the mild carbonization process [45, 46].
With the progressive pyrolysis, most of the organic matter
remained except hemicellulose at 300 °C, while most of the
cellulose was volatile and escaped until 400 °C, remaining
a backbone-like carbon structure [23]. As such, the modi-
fied sample at 400 °C could have preferable pore distribu-
tion with excellent functional groups. A smaller weight loss
(>220 °C, especially) and a slight shift to a lower tempera-
ture of DTG curves were presented in ASCR versus SCR.
As can be observed in Fig. 1b, the characteristic peaks of
the maximum weightless rate of hemicellulose and cellu-
lose were displaced to lower temperatures, and Han et al.
pointed out that this could be due to the metal ions with
alkali modification [47]; likewise, Jais et al. proposed the
NaOH impregnation contributed to the dissolution of hemi-
cellulose and cellulose [26]. It has, also, been reported that
alkali pretreatment reduced clogged pores by clearing up
impurities such as tar [48]. More ash content in the residue
at 300 and 400 °C of ASCR was formed as that of SCR
based on previous literature, in which the metal ions and
oxides contained therein may be driving factors in pollutant
adsorption [37, 38]. Consequently, ASCB synthetic materi-
als with greater porosity, and abundant inorganic and organic
components can be manufactured at a lower temperature
(300 and 400 °C).

3.2 Elemental distribution and zeta potential

Several properties including element compositions, zeta
potential, H/C (aromaticity and carbonization), O/C
(hydrophilic), and (O + N)/C (polarity) of biochars are
presented in Table 1. The zeta potential (pH = 8.34-9.85)
of SCB and ASCB indicated that the surface of biochars

had a negative charge attributing to the surface basic
functional groups of biochars and probably conducive to
the adsorption of cationic pollutants [49]. The negatively
charged surface groups attracted the cations in the environ-
ment so that high cation exchange capacity was expressed
in biochar [23, 50]. Xiao et al. reported that along with
the increase in carbonization temperature, the carbon ele-
ment was enriched with enhanced aromaticity, while the
hydrophilicity (<350 °C) and polarity were weakened in
the biochar [51], which was due to the aliphatic carbon
and aromatic carbon with low aromaticity in biomass. As
the pyrolysis reaction proceeded, oxygen and hydrogen
were dissociated, and new aromatic carbon was formed,
which improved with temperature increasing, forming
regular aromatic carbon fragments [48, 52]. The aromatic
carbon structure of biochar provided a possibility to bind
to the organic compounds with aromatic structures in the
environment through the n-n electron donor—acceptor
action [50]. During pyrolysis, meanwhile, a large number
of groups are volatilized and left from the surface of the
aromatic carbon while non-polar and hydrophobic groups
remained on the biochar surface leading to increased
polarity. Both SCB and ASCB were enriched in carbon
(58.97 to 62.31%, 57.93 to 63.35%, respectively, in this
work) with the pyrolysis temperature rising (300—400 °C)
representing that the carbonization degree of biochar was
enhanced that was consistent with what the carboniza-
tion process described in the TG. Complementary to the
increase in carbon content was the decrease in atomic
ratios of H/C, O/C, and (O + N)/C in biochar drawn from
several research [51, 53-55]. Consistent with this, the
H/C ratio of SCB and ASCB was decreased from 0.06 to
0.05 and 0.08 to 0.05, respectively, which implied higher
aromatic biochar production with temperature increasing;
meanwhile, the ratios of O/C and (O + N)/C of SCB and
ASCB were decreased, indicating that the hydrophilicity
of the surface reduced due to the disappearance of hydro-
philic functional groups and the decreased polarity of SCB
and ASCB. Upon NaOH activation to generate ASCB (300
and 400 °C), the polarity and hydrophilicity were weak-
ened, yet aromaticity seemed to be no different.

Table 1 pH, zeta potential, organic element distribution, specific surface area, total pore volume, micropore volume, and average pore size of

SCB (sugarcane biochar) and ASCB (NaOH-modified sugarcane biochar).

e

ekt

Biochar pH  Zetapotential C(%) H (%) N(%) O(%) H/IC O/C (O+N)/C Sgp V, Visiero D,
SCB300 9.85 —19.10 58.97 3.39 1.06 22.02 006 037 0.39 0.35 8.80e—004 1.15e—004 10.41
SCB400 9.02 -21.10 62.31 2.92 1.22 19.96 0.05 032 0.34 0.86 1.39e—003 3.48¢—004  6.68
ASCB300 8.82 —10.60 5793 4.63 0.51 18.44 0.08 032 0.33 0.52 1.88¢—003 7.30e—005 14.68
ASCB400 834 —41.00 63.35 3.35 0.44 1594 0.05 025 0.26 8.59 271e—-002 2.12¢e—003 494
SBET*, mZ/g, the specific surface area; V,**, m3/g, the total pore volume; V..o - m3/g, the micropore volume; Dp****, nm, average pore size.
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3.3 XRD, FTIR analysis

Two wide peaks at around 22 and 41° were observed with
XRD shown in Fig. 2a, corresponding to the (002) and
(101) crystal plane diffraction of carbon. Due to the ordered
graphite structure which could facilitate the formation of
n-nt bond [34], the adsorption of pollutants containing a
conjugated structure could be encouraged in the adsorp-
tion. The increment of pyrolysis temperature or the NaOH
treatment seemed not to affect the carbon backbone struc-
ture. The peaks of inorganic salts in ash such as CaCO;,
Si0,, and KClI can also be observed, similar to the previous
study [14], which might play a driving role in the removal
of metal ions [37]. Abundant characteristic peaks were
observed in both SCB and ASCB in FTIR analysis shown
in Fig. 2b, which could provide active sites so as to enhance
the adsorption performance [35]. The peaks corresponding
to the -CH, vibrations (2933 cm™', 2860 cm™', 1373 cm™)
and C=0 (1713 cm™') were gradually weakened; mean-
while, C—-O—C (1171 cm™!) of pyranose ring skeletal bond-
ing ketone and carbonyl C=0 (1512 cm™') vibration peak
of cellulose disappeared, from contrast with SCB300 and
SCB400, while C=C (1608 cm™") increased. This phenom-
enon was supposed to be the pyrolysis volatilization of cel-
lulose and hemicellulose from 300 up to 400 °C [44], which
was consistent with the pyrolysis process of the TG-DTG
curve. Correspondingly, the polarity of biochar was gradu-
ally weakened during the pyrolysis process, and the degree
of aromatization was gradually increased, resulting in the
adsorption capacity increasing accordingly [52, 56]. -OH
(3408 cm™") and C—OH (1031 cm™") were slightly increased
after NaOH activation, representing that the oxygen func-
tional group of biochar was enhanced; this was similar to the
results of reported research [26]. Similarly, the displacement

of C=0 (1713 to 1698 cm™") could be caused by the activa-
tion process. The increase in pyrolysis temperature reduced
the polarity and enhanced aromatization, and the alkali pre-
treatment increased the oxygen-containing functional groups
on the surface of biochar (mainly -OH), contributing to the
enhanced adsorption capacity [26, 42].

3.4 Surface analysis and pore distribution

According to the previous literature [34, 38], the alkali mod-
ification, i.e., NaOH, could optimize some blocking pores
to open holes and increase the porosity of the material. As
mentioned in the Jais et al. study, during NaOH activation,
the main reaction that occurs refer to Egs. (3)—(5):

6NaOH + 2C — 2Na + 2Na,CO; + 3H, 3)
Na,CO; = Na,0 + CO, 4)
2Na + CO, — Na,O0 + CO 3)

In the process of pyrolysis, the reaction between NaOH
and carbon could promote the reduction of sodium ions
to metal sodium and the formation of sodium carbonate
(Na,CO;), while the hydroxyl anion will become hydro-
gen (H,), and then, the decomposition of sodium carbon-
ate (Na,CO;), and the embedding of metal sodium (Na)
in the carbon backbone can produce carbon dioxide (CO,)
and carbon monoxide (CO) to generate smaller mesopores
and micropores [26], resulting in the increased SSA and the
enriched functional group species as well as the adsorption
capacity [37, 57]. Accordingly, the higher ash content of
ASCB might be due to the produced sodium oxide (Na,O)
and carbonates during the alkali modification [36].

1
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Fig.2 a XRD; b FTIR spectral analysis for the SCB (sugarcane biochar) and ASCB (NaOH-modified sugarcane biochar) before adsorption. The

numbers after “SCB” and “ASCB” represent the pyrolysis temperatures
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Fig.3 SEM images of sug-
arcane biochar (a SCB300; b
SCB400), and NaOH-modified
sugarcane biochar (¢ ASCB300
and d ASCB400) before adsorp-
tion. The image indicated by the
white arrow is a 5.00 K X mag-
nification. The bold red arrow
points to a typical pore mor-
phology distribution

nm x1.00k SE(UL)

The morphology of biochar is shown in Fig. 3. The
smooth surface of SCB300 and fragmentation distribution
of SCB400 indicated that fiber chain structures, as well as
the collapse of the carbon network, were destroyed with the
increment of pyrolysis temperature, and accordingly, quanti-
ties of pore structure and inner pore appeared on the surface.
Meanwhile, uneven open pores were observed on the surface

of ASCB300, and by the increment of pyrolysis tempera-
ture, a considerable number of non-uniform arranged pore
structures and cracks appeared on the surface of ASCB400
obviously, which was consistent with the relatively high SSA
and wide pore structure distribution after activation (Fig. 4).
As exhibited in Fig. 3 and Table 1, from the nitrogen adsorp-
tion—desorption isotherms, type II adsorption isotherm, and
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H2(a) type hysteresis loop indicated that the material had
a mesoporous structure consisting with SEM results. Dis-
tinctly, as the temperature rises, SCB400 had less mesopore
distribution (2-20 nm) versus SCB300, and the 20—-60-nm
meso-macropore distribution was, also, reduced, probably
due to the collapse of the carbon structure resulting in clog-
ging of partial pores; meanwhile, the increase in the total
volume of micropores exhibited the amount of new micropo-
res generated (Table 1).

With the increase of pyrolysis temperature, the SSA of
biochar was increased and further increased with NaOH
modification; especially the SSA of ASCB400 (8.59 mz/g)
was 10 to 24 times higher than that of other biochars which
was similar to the results of previous reports [35, 38].
Furthermore, all samples after alkalinization (ASCB300,
ASCB400) were observed, not only to maintain and motivate
the original meso-macropore distribution (20-100 nm), but
also to generate numerous mesopore distribution (2-20 nm)
due to the gas species in Egs. (3)—(5) produced. The average
pore diameter of ASCB400 was 4.94 nm, which was smaller
than that of ASCB300 (14.68 nm), SCB300 (10.41 nm), and
SCB400 (6.68 nm). NaOH activation chemically etched
the dense carbon network, and a large number of 2-20-nm
mesopores appeared inside the biochar; thus, the mass trans-
fer and more adsorption and filling sites were promoted,
which was conducive to the removal of pollutants [34, 35,
37]. Likewise, Wei-Cong Qian et al. synthesized bamboo-
biochar material with NaOH modification determined to
have an SSA of 1.40 m2/g [58]. As can be observed at low
temperature (<400 °C), the biochar after NaOH treatment
in this study, with a slight advantage of SSA than partially
previous literature reported, might present superior adsorp-
tion capacity.

The XPS of SCB300 and SCB400 are shown in Figs. S3
and S4. Deconvolution of the data indicated three possible
energy of the carbon bonds, including the sp? and sp* C-C,
C-0, and C=0 bonds, responsible for the 284.6, 286.2, and
288.7 eV [37, 42]. The binding of N at 399.6 eV indicated
the appearance of C-N—H bonds of the biochars. The detect-
able 1 s of Na at 1071.1 eV implied its stabilization dur-
ing the alkali pretreatment. This stabilization was achieved
around the polar functional groups, such as the -OH. A
small peak at 536.7 eV was observed in ASCB400, instead
of ASCB300. Based on the NIST Spectral Library, this peak
came from the Auger energy of O that could be considered
more stabilized of Na on the biochar.

3.5 Analysis of adsorption property and possible
mechanism

The increased SSA attributed to the alkali treatment resulted
in more adsorption sites, so it could improve the adsorp-
tion capacity of the biochar possibly. The adsorption ability

was estimated toward RhB and Cr(III), which were the rep-
resentative organic and metal pollutants. As exhibited in
Fig. 5, the liquid adsorption isotherm and the removal of
RhB and Cr (IIT) demonstrated that the samples exhibited
a convex curvature, indicating a type I (according to the
IUPAC standard) isotherm to RhB. It demonstrated that the
adsorption approached a maximum adsorbed concentration,
the saturation capacity because the higher concentration of
RhB caused the smaller degree of adsorption. Meanwhile,
for Cr(III), the samples exhibited a concave curvature, rep-
resenting the type III isotherms, from which a high concen-
tration of Cr(IIl) was advantageous to the larger degree of
adsorption. As shown in Fig. 5c and d, both rgp,p and reyy
of the ASCB samples were higher than those of SCB in
various pollutant concentrations, indicating the ASCB had
stronger adsorption ability than the SCB, and demonstrating
that alkali pretreatment had improved the adsorption ability
of biochar.

Previous research has established that a variety of mech-
anisms including physical adsorption, complexation, ion
exchange, and precipitation combine to influence the adsorp-
tion behavior of biochar on heavy metal ions [25, 42, 59].
Based on the above discussion, a high SSA and optimization
of pore distribution attributed to chemically regulated bio-
char of NaOH provided more physical adsorption sites for
the adsorption of Cr (III); moreover, negative charge distri-
bution on the surface could motivate the electrostatic attrac-
tion, especially for ASCB, with more negative surface poten-
tial, preferred adsorption of cations [38]. As indicated in
Fig. S1, the complexes of Cr(III) were formed on the surface
of biochar. The vibration of -OH was weakened and shifted
toward the high wavenumber with a step of 13-29 cm™".
In addition, the peaks responsible for the Cr,0; (1384 and
616 cm™") and Cr (OH); (1464, 1378, and 722 cm™') were
observed, indicating the stabilization of adsorbed Cr(III)
[25, 42, 60]. This view is supported by Batool et al. who
claimed that Cr(IIT) and -OH formed stable complexes of
Cr (OH); and Cr,0; on biochar [59, 61]. Moreover, the 3p
binding energy of Cr(III) could be observed at 577.5 and
587.1 eV in XPS (Fig. S5, S6), confirming the appearance
of Cr,05 and Cr (OH); equally [38]. Thus, Cr(III) in an
aqueous solution was successfully adsorbed on the biochar.
The various inorganic components of the aforementioned
alkali-regulated biochar, such as KCl, CaCOj;, and Na,O,
possessed the potential to exchange ions with Cr(III) in the
aqueous phase (Figs. 1 and 2). Interestingly, superior micro-
mesoporous distribution and larger SSA were presented on
ASCB400 than on ASCB300, while the adsorption amount
of Cr(IIT) was comparable in this work inferring that SSA
and other factors such as functional group distribution and
charge distribution compound affected the adsorption of
Cr(III) on NaOH-activated biochar cooperatively. As a pos-
sible interpretation, the appearance of Na in the biochar
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Fig.5 Sorption isotherm and removal ratio of RhB (a, ¢); Cr (III) (b, d) from 0.09 to 2.08 mg/L solutions by 5 mg SCB (sugarcane biochar) and

ASCB (NaOH-modified sugarcane biochar) at 25 °C and pH of 6.98

resulted in the competitive adsorption to Cr(III); thus, the
ASCB400 with more Na ions showed smaller adsorbed
amount to Cr(III) as compared to the ASCB300 (Fig. 5).
Differently, the adsorption mechanism of RhB was mainly
controlled by pore filling, n-x interaction, H bond, and
electrostatic attraction [34, 35]. The SSA of ASCB300 and
ASCB400 were 0.52 and 8.59 m?/g, respectively, which
were 1.5 times and 10 times higher than the original ones,
and the TPV was increased by 19 times and 2 times, respec-
tively. Moreover, the pore distribution was optimized; more
micropores and narrow mesopores were raised in ASCB,
providing pore-filling adsorption sites for the adsorption of
pollutants. Furthermore, the ordered graphitized structure
shown in micropore generating XRD contributed to the
formation of n-n bonds [34]; the enhanced aromatization
derived from FTIR and elemental analysis was also favora-
ble to the formation of n-x bonds with aromatic structured
organics [35], as well as the distribution of negative surface
charge for the electrostatic attraction of RhB [34]. The vibra-
tion of -OH shifted toward a high wavenumber direction
with a step of 11-14 cm™! of before and after RhB adsorp-
tion from Fig. S2, probably due to the attachment of RhB
molecules to hydrogen bonds with -OH [35]. In addition,
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the vibration from -CH,, (2840-2920 cm™!) was increased,
confirming its adsorption on biochars. Chen et al. proposed
that the high SSA and pore size distribution provided further
pore filling points, and functional groups offering H-bond
between biochar and RhB, and the imine nitrogen of RhB
maintained a positive charge through electrostatic interac-
tion to improve its adsorption on the biochar surface [35].
Referring to Figs. S7 and S8, the increment of 1 s peak of N
also confirmed the RhB adsorption. Under the experimental
conditions specified in this study, the optimum adsorption
capacities of alkali-treated modified biochars (ASCB300 and
ASCB400) for Cr (IIT) were 30.06 mg/g and 29.90 mg/g,
respectively; the optimum adsorption capacities for RhB
were 6.29 mg/g and 7.03 mg/g, which was superior over the
unmodified biochar adsorption capacity (RhB: 67 times; Cr
(II): 1-2 times). Therefore, under the combined effect of the
above factors, the biochar with alkalinization rendered pref-
erable adsorption capacity of Cr(III) and RhB. A monolayer
coverage adsorption per unit specific surface area (Q,,/Sgrr)
was calculated; also, a comparison with previous studies is
shown in Table 2. As seen from the removal rate (Fig. 5c, d),
while RhB uptake approached the saturation capacity and a
high concentration of RhB reduced the degree of adsorption,
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Table 2 Data of Q,, (maximum adsorption capacity)/Sgg; (specific surface area) of modified biochar for different adsorbates

Adsorbent Adsorbate pH Temp.(°C) Sggr Ouax /Sper  Reference
(m”/g)  (mg/m?)
NaOH-sugarcane BC-300 °C RhB Without adjustment 25 0.52 12.10 Present work
Cr (IIT) 25 57.79
NaOH-sugarcane BC-400 °C RhB 25 8.59 0.82
Cr (IIT) 25 3.48
HCI- bamboo hydrochar-200 °C Methylene blue - 30 31.60 8.04 [58]
NaOH-bamboo BC-200 °C 1.40 191.70
Acid/alkali-bamboo BC-200 °C 26.25 24.95
KOH- corn cobs hydrochar-230 °C Ammonium nitrogen - 25 3.18 2.16 [59]
KOH- corn cobs hydrochar-260 °C 5.26 1.70
KOH- douglas fir BC 900-1000 °C Cr (V) - 25 1049.00 0.08 [37]
NaOH-fir wood BC-450 °C Methylene blue Without adjustment 25 2406.00 0.28 [49]
NaOH-fir wood BC 450 °C -2 1672.00 0.44
Sugarcane biochar/ iron oxide composite 110 °C  Cr (VI) Without adjustment 25 342.36 3.31 [42]
Sodium alginate/NaOH sugarcane BC-80 °C Malachite green - - 82.23 0.70 [43]
NaOH-tea BC-700 °C Methylene Blue 10 25 178.00 0.59 [34]
Orange 11 2 0.54
KOH- corn straw BC-500 °C Cr (VD) - 30 2183.80 0.05 [60]
Edible fungus-NaOH BC-600 °C RhB - 25 1598.90 0.57 [35]
NaOH-citrus peel BC-500 °C Cd (D - 25 148.41 1.24 [38]

QOmax*, maximum adsorption capacity; -**, not mentioned

the high concentration of Cr (III) was advantageous to the
larger degree of adsorption until constant, which was due to
the different adsorption mechanisms of RhB and Cr (IIT) on
the biochar. It might be suggested that the removal of RhB
was mainly controlled by physical adsorption: due to the
limited number of active adsorption sites in the adsorbent,
the excessive solute density of RhB resulted in its complete
consumption until the dynamic saturation adsorption; thus,
the removal rate of RhB decreases when the initial con-
centration of RhB increases. Differentially, the adsorption
of Cr (III) on alkali-modified biochar might be based on
chemisorption, showing a gradual increase with the initial

-

concentration as well as continuous precipitation producing
until a constant state [38]. The schematic of possible adsorp-
tion mechanism of modified biochar for Cr (III) and RhB is
shown in Fig. 6.

4 Conclusions

In this work, NaOH was used as an activator to modify sug-
arcane bagasse biochar. The SSA and TPV of the modified
ASCB were significantly optimized (10, 1.5 times; 19, 2
times, respectively), which proved the pore-forming effect

(b) = = o= S S i

...........

cr r
R )
Complexation

Fig.6 Schematic of possible adsorption mechanism of a RhB and b Cr(III) by NaOH-modified sugarcane biochar
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of NaOH in the activation process (both mesopore and
micropore). Oxygen-containing functional groups (mainly
C-OH) were expanded, especially on the activated one at
400 °C which showed an optimized pore structure with une-
ven distribution. In addition, the adsorption performance
of each biochar for RhB and Cr(III) was investigated. The
maximum adsorption amounts of ASCB300 and ASCB400
for RhB and Cr(III) were 6.29, 7.02 mg/g; and 30.06,
29.90 mg/g, respectively (6—7 times for RhB before modi-
fication and 1-2 times for Cr(III) before activation), which
was higher than that before modification. Moreover, a larger
adsorption capacity per unit specific surface area of mon-
olayer coverage was observed on alkalinized biochar than
in other literature. Finally, the possible adsorption mecha-
nisms were initially explored; pore filling, n-m interaction,
and electrostatic attraction were the main mechanisms of
the RhB adsorption process, while pore filling might be the
dominant physical adsorption. The adsorption mechanisms
of Cr(IIl) were mainly physical adsorption, complexation,
precipitation, and cation exchange, while chemisorption
should be the dominant one.
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