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1 Introduction

The conversion of carbon-rich biomass into value-added
materials is a promising strategy for reusing natural
resources (Liu et al., 2015; Zhang et al., 2020a). Many
carbonaceous materials include but not limited to activated

carbon (AC) (Ao et al., 2018; Liu et al., 2019; Ajmani,
et al., 2020), biochar (BC) (Rajapaksha et al., 2016; Sizmur
et al., 2017; Bakshi et al., 2018), carbon nanotube (CNT)
(Yao et al., 2017; Zhang et al., 2018; Zhang et al., 2019),
and graphene (Choi et al., 2018; Lu et al., 2020) can be
prepared using different kinds of biomass feedstock.
Among them, BC is the most widely studied product
derived from biomass due to its potential applications in
energy storage, contaminants removal, and gas separation
and storage (Liu et al., 2015). Alternatively, biomass
calcination is an important route for BC preparation.
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H I G H L I G H T S

•Mechanochemical treatment reduced the calcina-
tion temperature for biochar synthesis.

•Biochar is converted to graphite after mechan-
ochemical treatment.

•Biochar was reduced to nanoscale after mechan-
ochemical treatment.
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G R A P H I C A B S T R A C T

A B S T R A C T

Biochar (BC) has been extensively studied as adsorbent for the treatment of water pollution. Despite
the distinct advantages, the high calcination temperature and low adsorption capacity of pristine BC
limit its practical applications. Most of the former studies focused on the structure and/or surface
modification to improve the adsorption capacity of BC. However, the harsh experiment conditions
involved in the biochar modification limited the application in industrial level. Herein, we introduced
mechanical treatment into BC preparation to reduce the calcination temperature and improve the
adsorption capacity simultaneously. The results indicated that the calcination temperature was reduced
and the adsorption capacity of the treated BC was improved after mechanochemical treatment.
Characterization of the samples disclosed that BCs were graphitized with the particle size reduced to
nanoscale after treatment. Adsorption tests indicated that the mechanochemically treated BCs showed
much better removal performance of organic contaminants than that of pristine BCs. For instance,
among four pristine BCs (BC600, BC700, BC800, and BC900), only BC900 has strong adsorption
capacity for MB, while BC600 has low adsorption capacity (1.2 mg/g). By comparison, the adsorption
capacity of MB increased greatly to 173.96 mg/g by BC600-500/1 (treated at 500 r/min for 1 hour). To
optimize the mechanochemical treatment, the effects of rotation speed and agitation duration were also
investigated.
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Biomasses such as rice husk, wheat straw, hickory chips,
etc. are heated in the absence of oxygen to prepare BC (Sun
et al., 2014; Peters et al., 2015; Zhang et al., 2015; Li et al.,
2017a). The physicochemical properties (i.e., surface area,
pore structure and size distribution, and surface functional
groups) of BC strongly depend on the compositions of
feedstock, temperature, and calcination process (Yu et al.,
2017; Kim et al., 2020). However, pristine BCs that are
prepared at low-temperature usually have low adsorption
capacity because the pore structure and surface functional
groups are not well developed.
The basic strategy for the improvement of the adsorption

capacity of BC is the optimization of the calcination
process (Li et al., 2017a; He et al., 2018). The surface
structure, ash content, surface functional groups and
thermal stability, etc. are significantly affected by the
calcination temperature and heating rate. In common cases,
the higher the temperature, the more developed the pore
structure of BC, and the adsorption ability for pollutants
would increase accordingly. However, there is an inevi-
table problem that energy consumption will increase with
the increase of calcination temperature. Xu et al. (Xu et al.,
2019) investigated the properties of hickory chips (HC)-
and bagasse (BG)-derived BCs at calcination temperature
ranged from 450°C–600°C. The results showed that the
specific surface area of synthesized BC at 450°C was very
small, 7.36 and 88.5 m2/g for HC450 and BG450,
respectively. When the calcination temperature increased
to 600°C, the specific surface area of HC600 and BG600
increased to 370 and 196 m2/g, respectively. As a result,
the adsorption capacity of HC and BG was improved,
accordingly. Therefore, in order to harvest BCs with high
sorption capacity, a high temperature is usually needed.
Another strategy for the reinforcement of the adsorption

capacity of BC is surface modification. Different chemical
methods such as acid/alkaline activation, nanoparticle
loading, and magnetization have been employed to modify
BC for different purposes (Cheng et al., 2017; Huang et al.,
2019; Kim et al., 2019; Zhang et al., 2020b). For instance,
different kinds of pine sawdust-derived BCs were
synthesized by Huang et al. (2019) and modified by 3-
mercaptopropyltrimethoxysilane (3-MPTS). The thiol-
modified BCs showed exciting removal performance for
aqueous Hg2+ and CH3Hg

+. In another study by Li et al.
(2017b), magnetic BCs were prepared by Fe(NO3)3 and
rice straw at 400°C, 600°C, and 800°C, respectively. They
found that the removal efficiency of aromatic contaminants
(anisole and phenol) by the magnetic BCs followed the
order: MB 600 > MB 800 >MB 400. Moreover, publica-
tions have also reported the BC-supported photocatalysts
for organic pollutants degradation in water purification (Ye
et al., 2019; Talukdar et al., 2020; Zhang et al., 2020c).
Nevertheless, surface modification usually reduces the

adsorption performance of raw BC since the limited active
sites on the BC would be occupied by the loaded
substances (Tian et al., 2017; Lu et al., 2019; Djellabi

et al., 2020; Kumar et al., 2020). Besides, the harsh
experiment conditions involved in chemical modification
limit the wide application at industrial level. Compara-
tively, mechanochemistry, which is well known as ball
milling, is considered as a cost-efficient, environmentally
sound, facile, and solvent-free technique for BC modifica-
tion (Lyu et al., 2018; Xu et al., 2019). There is no need to
introduce chemicals into BC during ball milling. Under the
treatment of high mechanical energy, the surface charge
and chemical bonds will be changed and the particle size of
the processed BC will be reduced to nanoscale along with
the milling medium (Kumar et al., 2020). In addition, ball
milling is usually associated with crystal deformation and
temperature increase, which can improve the activity of
BC and reduce the biomass calcination temperature for BC
preparation (Julien et al., 2016; Do and Friscić, 2017; Teng
et al., 2017).
Therefore, the specific objective of this study was to

improve the adsorption capacity of BC and reduce the
calcination temperature using mechanochemical treatment.
Different kinds of coconut bran-derived BCs were
prepared at different calcination temperatures (600°C,
700°C, 800°C, and 900°C) under N2 protection, followed
by ball milling process under various conditions. The
adsorption performance of the BCs was examined by
removing organic pollutants (methylene blue (MB),
rhodamine B (RHB)), and inorganic pollutant (Cr6+) in
aqueous solution. The effects of calcination temperature,
initial concentration of contaminant, pH, rotation speed,
and agitation duration were investigated to optimize the
conditions for BC preparation.

2 Materials and methods

2.1 Materials

Coconut bran collected from farmland was used as
feedstock for BC preparation. Potassium dichromate
(K2Cr2O7, 99.8%), sodium hydroxide (NaOH, 96%),
rhodamine B (C28H31ClN2O3, 99.75%), hydrochloric
acid (HCl, 36%–38%), and methylene blue trihydrate
(C16H18ClN3S$3H2O, 99.5%) were bought from Sino-
pharm Chemical Reagent Co., Ltd. (China). All the
chemicals were used as received without purification.
Ultra-purified water (r = 18.2 MW$cm) was prepared using
a purification system (Millipore, Billerica, MA, USA) and
used throughout the experiment.

2.2 BC preparation

The pristine BCs were prepared by heating the Coconut
bran to 600°C, 700°C, 800°C, and 900°C under N2

protection for 6 h at a heating rate of 3°/min, respectively.
The obtained BCs were ground evenly until no obvious
flocks, and followed by washing with ultra-purified water
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three times. After dried at 105°C for 12 h, the samples were
collected and named BC600, BC700, BC800, and BC900,
respectively.
Ball milling of the above prepared BCs was conducted

in a planetary ball-milling machine (Fristch Pulverisette7,
Germany). The agate jars and balls are all made of zirconia
(ZrO2). In brief, 200 mg raw BC was mixed with 7 balls
(7 � 10 g) in the jar and milled at designed speed and
duration with rotation direction altered every 10 min. The
harvested BCs were named in the form of calcination
temperature-speed/duration. For example, BC600-500/2
means the BC was synthesized at 600°C and milled at
500 r/min for 2 h. To optimize the activation process,
the milling speed was set to be 100, 200, 300, 400, and
500 r/min, respectively, and the milling duration was set to
be 0.5, 1.0, 1.5, and 2.0 h.

2.3 Material characterization

The surface functional groups of the selected BCs were
determined using Fourier transform infrared (FT-IR)
spectrometer (Nicolet 8700, Thermal Fisher Scientific,
USA) with an ESCALAB250Xi spectrometer. To deter-
mine the specific surface area and pore size of the BCs, N2

adsorption and desorption isotherms were analyzed using
AUTOSORB-1 surface area and pore size analyzer
(Quantachrome, USA). The crystallinity of the BCs before
and after ball milling was evaluated by X-ray diffraction
(XRD) using a X` Pert Pro (Bruker, Germany) equipped
with a Cu Kα radiation source at 40 mA and 40 kV. The
surface morphologies of the BCs were analyzed by
Scanning Electron Microscopy- Energy Dispersive Spec-
trometer (SEM-EDS) (Hitachi SU8020, Japan). To deter-
mine the chemical bonds involved in the samples, X-ray
photoelectron spectroscopy (XPS) was carried out.

2.4 Adsorption test

In this study, the adsorption performance of MB, RHB and
Cr6+ ions by raw BCs and ball milled-BCs were conducted
in aqueous solution. Typically, 0.05 g BC was added into
100 mL of MB, RHB or Cr6+ solution at designed
concentrations. The mixture was then stirred at 300 r/min
for 180 min at room temperature. About 1.5 mL of the
sample was taken out at designed intervals using a syringe
and filtered through 0.45 mm filter for UV-vis analysis
(UV-Vis 2600, Shimadzu, Japan). For MB and RHB,
organic phase syringe filter was used while water phase
syringe filter for Cr6+ solution. The effect of initial pH on
the adsorption ability of BCs was evaluated with the initial
pH of 2.0, 4.0, 8.0, 10.0, and 12.0, respectively. The pH of
the solutions was adjusted using 1 M HCl or 2 M NaOH.
The adsorption capacity of MB, RHB, and Cr6+ by each
BC was calculated using Eq. (1):

q ¼ ðC0 –CeÞV=m, (1)

where, q is the adsorption capacity of pollutant (mg/g), V is
the solution volume (100 mL), m is the dosage of BC
(0.05 g), and C0 and Ce (mg/L) is the initial and
equilibrium concentration of contaminant, respectively.

2.5 Adsorption isotherm and kinetic analyses

To investigate the adsorption isotherm, 0.05 g BC was
mixed with 100 mL MB, RHB, and Cr6+ solutions with
different initial concentrations at room temperature.
Langmuir (Langmuir, 1918) and Freundlich (Freundlich,
1906) adsorption isotherms were employed to simulate the
adsorption process of selected pollutants. The correspond-
ing equations of the two isotherms are as follows (Eq. (2)):

Langmuir isotherm :
Ce

qe
¼ 1

KLQmax
þ Ce

Qmax
, (2)

Freundlich isotherm ðEq:ð3ÞÞ :

ln qe ¼ lnKF þ
1

n
lnCe, (3)

In the above equations, Qmax (mg/g) represents the
maximum adsorbed quantity of contaminants, KL (L/mg),
KF (L/g) are Langmuir and Freundlich isotherm constants,
respectively. 1/n indicates the heterogeneity of the
adsorbent’s surface. Usually, the smaller 1/n is, the more
heterogeneous the surface will be.
The adsorption kinetics analysis of MB, RHB, and Cr6+

by raw BC and ball milled-BCs was investigated through
pseudo-first-order model (Lagergreen, 1898) (Eq. (4)) and
pseudo-second-order model (Ho and McKay, 1998) (Eq.
(5)), respectively:

lnðqe – qtÞ ¼ lnqe – k1t, (4)

t

qt
¼ 1

k2qe
2 þ

t

qe
, (5)

where qe (mg/g) and qt (mg/g) are the quantity of
contaminants removed at equilibrium and time t, respec-
tively. k1 (min–1) and k2 (g/mg/min) represent the reaction
constant of pseudo-first order and pseudo-second order
model, respectively.

3 Results and discussion

3.1 Characterization of raw BCs and ball milled-BCs

To identify the inner structure of prepared BCs, XRD tests
were performed. As shown in Fig. 1(a), two specific peaks
were identified. The peak located around 20.6o was
attributed to amorphous carbon ((PDF#26–1076 (006)
and/or PDF#26–1080 (004)) (Jonidi Jafari et al., 2017).
The peaks around 26.6o were identified as graphite
(PDF#99–0057). Compared the raw BCs with ball milled
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BCs, the peak intensities of graphite in ball milled BCs
were enhanced which revealed that ball milling could
promote the graphitization of BCs.
To examine the variation of functional groups in BC

after mechanochemical treatment, FTIR analysis was
performed on BC600, BC900, BC600-500/2, and
BC900-500/2. As shown in Fig. 1(b), the small peak at
about 1368 cm–1 should be in-plane bending of-OH, while
peaks at about 3600 cm–1 correspond to the-OH stretching.
It is obvious that the -OH stretching was enhanced
significantly after mechanochemical treatment. The band
at 2917 cm–1 was identified as aliphatic C-H wags, and
band at 1647 cm–1 represented C = C stretching. C = O
band stretching usually appeared at about 1560 cm–1, and
in this study, the adown band at 1557 cm–1 should be
-COOH (Sun et al., 2014; Xiao et al., 2019). The BC
prepared at 600°C have much stronger-COOH band than
that of BCs prepared at 900°C, indicating that -COOH
would be destroyed with temperature increasing. By
comparing the -COOH band for BC600 and BC600-
500/2, it can be concluded that mechanochemical treat-
ment can improve the intensity of -COOH.
N2 adsorption-desorption analyses were further per-

formed on BC600, BC900, BC600-500/2, and BC900-
500/2 to investigate the variation of pore structure. As
shown in Fig. 2(a), all the samples show type IV
adsorption-desorption isotherm with an H1 hysteresis
loop, indicating mesoporous structure of them (Tran
et al., 2017; Li et al., 2018; Su et al., 2020b; Tang et al.,
2020a). This is further proved by the pore size distribution

of BC600, BC900, BC600-500/2, and BC900-500/2 as
presented in Fig. 2(b). The average pore sizes of BC600,
BC900, BC600-500/2, and BC900-500/2 were 31.61,
36.78, 39.54, and 17.23 nm, respectively (Table 1).
In the meanwhile, the specific surface area of the four

types of BCs followed the order of BC900-500/2 (245.598
m2/g)>BC600-500/2 (162.847 m2/g)>BC900 (139.290
m2/g)>BC600 (45.536 m2/g). Obviously, ball milling can
improve the specific surface area of the BCs significantly.
As shown in Fig. S1(a), the full survey XPS spectra of

BC600, BC900, BC600-500/2, and BC900-500/2 indi-
cated that C1s (Fig. S1(b)) and N1s (Fig. S1(c)) were
identified. However, from Fig. S1(c) it can be found that N
was only detected in sample BC900-500/2. Through high-
resolution XPS spectra (Fig. 3), C = C (284.8 eV), C-O
(286.5 eV) and C = O (288.4 eV) were detected in both
BC600 and BC900. By comparison, C-O (286.5 eV) and C
= O (288.4 eV) disappeared after ball milling, while C-C
(285.9 eV) was detected in BC600-500/2 and BC900-
500/2. This phenomenon further confirmed that graphiti-
zation of BCs during ball milling process.
According to the former studies, one of the main

advantages of ball milling is size adjustment, and the
particle size of the ball milled sample would be reduced to
nanoscale (Tsuzuki and McCormick, 2004; Yang et al.,
2004; Biswal et al., 2013). As shown in Fig. 4(a), there are
big blocks and lamellar structures with a size of tens of
micros in BC600, BC700, and BC800. These big blocks
and lamellar structures should be unburnt substances of the
coconut bran. The morphology of BC900 in Fig. 4(a)

Fig. 1 (a) XRD patterns of BCs, and (b) FTIR plots of BC600, BC900, BC600-500/2, and BC900-500/2.

Table 1 Specific surface area (SSA) and pore structure of BC600, BC900, BC600-500/2, and BC900-500/2

Sample SSA (m2/g) Pore volume (cm3/g) Pore size (nm)

BC600 44.536 0.0704 31.61

BC600-500/2 162.847 0.2994 36.78

BC900 139.290 0.2753 39.54

BC900-500/2 245.598 0.2116 17.23
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showed that there were less lamellar structures left as
compared to the other three raw BCs. This is reasonable
because the higher the temperature, the more complete the
combustion and structural damage. After ball milling, as
shown in Fig. 4(b), lamellar structures disappeared, and the
particle size of the milled BCs was reduced to nanometer
size. In this case, there were more active sites available on
the surface of ball milled BCs. The element distribution
analysis in Fig. 4(c) indicated that C, N, S, and O were four
dominant elements in the coconut bran-derived BCs.

3.2 MB removal by raw BCs and ball milled-BCs

3.2.1 Effect of ball milling on MB removal

In this study, the adsorption performance of synthesized
BCs and ball milled- BCs was firstly evaluated through the
removal of MB at 10 mg/L. As shown in Fig. 5(a), the
adsorption of MB was negligible by raw BC600, BC700,
and BC800. The equilibrant removal efficiency of MB was
only 11.2%, 24.0%, and 28.7% for BC600, BC700, and

Fig. 2 N2 adsorption and desorption isotherms (a) and pore size distribution of BC600, BC900, BC600-500/2, and BC900-500/2 (b).

Fig. 3 High resolution of C1s of BC600 (a), BC900 (b), BC600-500/2 (c), and BC900-500/2 (d).
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BC800, respectively. When it comes to BC900, the
removal efficiency of MB was increased greatly to about
100% after 30 min continuous adsorption, indicating that
the adsorption capacity of raw coconut bran-derived BCs
was strongly affected by calcination temperature. By
comparison, the ball milled-BCs showed much better
performance on MB removal. The removal efficiency of
MB by BC600-500/2 increased to 97.8% at 1 min and
100% at about 10 min, which is much faster than that of
raw BC900 (61.5% at 1 min, and 95.7% at 10 min).
Similarly, the other three ball milled BCs, BC700-500/2,
BC800-500/2, and BC900-500/2 showed much better
performance on MB removal than their originated BCs,
and all of them can remove MB completely with 30 min.
In order to further investigate the effect of ball milling on

the improvement of MB removal, the adsorption of MB at
different concentrations by BC900 and BC900-500/2 were
tested. As shown in Fig. 5(b), the removal efficiency of 10,
15, 20, and 25 mg/L MB by BC900 at 150 min were
99.8%, 99.6%, 90.1%, and 76.0%, respectively. For
BC900-500/2, different gradients of MB were completely
absorbed within 10 min. Therefore, ball milling can not
only improve the adsorption capacity of coconut bran-
derived BC but also boost the adsorption process.

3.2.2 Effect of rotation speed on MB removal

Rotation speed is one of the main factors that affect the
activation of BC since kinetic energy generated during ball
milling process strongly depends on the motion of

Fig. 4 (a) SEM images of BC600, BC700, BC800, BC900 (Scale bar, 10 mm), (b) SEM images of BC600-500/2, BC700-500/2, BC800-
500/2, BC900-500/2 (Scale bar, 1 mm), and (c) C, N, S, and O distribution on BC900-500/2.

Fig. 5 The removal efficiency of MB by different BCs (a) (adsorbent dosage = 0.05 g, MB concentration = 10.0 mg/L, solution volume
= 100.0 mL), and the effect of initial concentration on the adsorption of MB by BC900 and BC900-500/2 (b) (adsorbent dosage = 0.05 g,
solution volume = 100.0 mL, lines for BC900 and dots for BC900-500/2).
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agitating balls. Besides, the rupture of chemical bond and
macromolecules is mainly determined by rotation speed. In
order to examine the effect of rotation speed on MB
removal, the ball milling was conducted at 100, 200, 300,
400, and 500 r/min for a period of 2 h. The harvested ball
milled BCs were then employed to the removal of 100 mL
10 mg/L of MB. The removal efficiency of MB by ball
milled BCs obtained at 500 r/min is presented in Fig. 5, and
the results of MB removal by BCs obtained at 100, 200,
300, and 400 r/min are given in Fig. 6. As shown in Fig. 6
(a), the adsorption of MB by BCs was hardly improved
when the rotation speed was 100 r/min. In fact, we noticed
that the motion of balls was mild at 100 r/min during
experiment. The motion of balls at 100 r/min was rather
mild, and little kinetic energy was generated. As a result,
there was little possibility to active BC. However, when the
rotation speed increased to 200 r/min, the removal
efficiency of MB increased significantly. As shown in
Figs. 6(b)–6(d), MB can be completely removed within 30
min by ball milled BC600, BC700, BC800, and BC900. It
is clear that the higher rotation speed would lead to better
removal efficiency for MB. However, the higher rotation
speed would result in higher energy consumption. Thus,
200 r/min was selected as the optimal rotation speed.

3.2.3 Effect of ball milling duration on MB removal

Ball milling duration is another important factor that
affects the adsorption capacity of ball milled BC. It is
generally believed that within a certain time range, the
adsorption capacity of BC increases with the increase of
the ball milling time, while excessive ball milling has little
effect on the improvement of adsorption capacity of BC.
Besides, too long ball milling time may cause the
destruction of BC structure as well as much energy
consumption. Therefore, it is necessary to determine the
optimal ball milling time. For the adsorption of MB, we
have previously determined that the optimal ball milling
speed is 200 r/min. Therefore, in the experiment to
determine the optimal ball milling time, we chose to run at
200 r/min. As seen in Fig. S2(a), after ball milling at
200 r/min for 0.5 h, 0.05 g of BC700-200/0.5, BC800-200/
0.5, and BC900-200/0.5 can completely remove 100 mL
10 mg/L of MB within 10 min. In particular, the adsorption
capacity of BC700-200/0.5 and BC800-200/0.5 was much
higher than that of raw BC700 and BC800, respectively. In
contrast, the maximum removal efficiency of MB by
BC600-200/0.5 was only about 82.2% after 150 min of
continuous reaction. When the ball milling time increased

Fig. 6 The effect of rotation speed on the removal efficiency of MB by BCs Agitation speed = 100 r/min (a), 200 r/min (b), 300 r/min (c),
and 400 r/min (d) (adsorbent dosage = 0.05 g, MB concentration = 10.0 mg/L, solution volume = 100.0 mL).
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to 1 h, BC600-200/1 can remove all MB in about 60 min
(Fig. S2(b)). After that, with the increase in ball milling
time, the time for the complete removal of MB reduced
gradually. But as mentioned earlier, reducing ball milling
time means reducing costs, the optimal ball billing time
was chosen to be 1 h. compared to other adsorbents for the
adsorption of MB, BC900-200/1 outranked other BCs due
to its superior adsorption performance and energy saving.

3.3 RHB removal by raw BCs and ball milled-BCs

Compared with easily adsorbed MB, RHB with low
adsorption was selected as another pollutant to further
examine the effect of ball milling on the improvement of
adsorption of BC. Similarly, 0.05 g of different adsorbents
were used to adsorb 100 mL 10 mg/L of RHB. As shown in
Fig. 7(a), the maximum removal efficiency of RHB was
obtained by BC900, which is about 64.3%. The removal
efficiency of RHB by BC600, BC700, and BC800 were
only 20.0%, 22.2%, and 23.6%, respectively. After milling
at 500 r/min for 2 h, the removal efficiency of RHB by
BC600-500/2 increased to 96.0%. And BC700-500/2,
BC800-500/2, and BC900-500/2 can completely remove
RHB in about 30 min. In addition, the investigation of the
effect of initial concentration on the removal of RHB
indicated that RHB can be removed in depth by BC900-
500/2 in about 30 min when the RHB concentration ranged
from 5 to 20 mg/L (Fig. 7(b)). From Fig. S3, it can be
found that the RHB removal efficiency by BC900-200/2
was about 98.9%. In contrast, RHB removal efficiency by
BC600-200/2, BC700-200/2, and BC800-200/2 were
63.9%, 73.74%, and 87.7%, respectively.
The milled four BCs were able to remove all RHB in

about 30 min after milling at 200 r/min for 2 h (Fig. S3).
The effect of ball milling time on RHB removal is
presented in Fig. 8. As can be seen in Fig. 8, the removal
efficiency of RHB was significantly improved by all milled
BCs as compared with raw BCs. For instance, the removal

efficiency of MB was 37.3%, 46.4%, 67.1%, and 89.3% by
BC600-200/0.5, BC700-200/0.5, BC800-200/0.5, and
BC900-200/0.5, respectively. Overall, the RHB removal
efficiency increased with the increase of ball milling time.
However, only BC900-200/1.5 and BC900-200/2 could
remove RHB completely after about 90 min. Thus, to
remove 100 mL 10 mg/L of RHB, the ball milling time
should be no less than 1.5 h. In this study, we chose
BC900-200/1.5 as the ideal adsorbent for RHB removal.

3.4 Cr6+ removal by raw BCs and ball milled-BCs

In addition to the above-mentioned two organic pollutants,
the adsorption of metal ions by coconut bran-derived BC
before and after ball milling was also studied. As a
hazardous metal in water, Cr(VI) was selected as a probe to
evaluate the adsorption ability of BC. The results are given
in Fig. S4. Obviously, BCs before and after ball milling
showed poor adsorption for Cr(VI). The removal efficiency
of Cr(VI) by raw BC600, BC700, BC800, and BC900
were only 1.7%, 2.0%, 2.9%, and 4.7%, respectively as
shown in Fig. S4(a). To investigate the removal efficiency
of Cr(VI) by ball milled BCs, BC900 for milling at
500 r/min for different time was selected. As shown in
Fig. S4(b), the maximum removal efficiency of Cr(VI) was
obtained by BC900-500/2 (7.7%). While removal effi-
ciency of Cr(VI) was only 4.8%, 6.4%, and 7.4% by
BC900-500/0.5, BC900-500/1, and BC900-500/1.5,
respectively. It is worth noting that BC900-200/2, which
showed great adsorption of MB and RHB, did not show
adsorption for Cr(VI). It is believed that BC prepared with
coconut bran obtained a negligible adsorption effect on the
removal of metal ions.

3.5 The effect of solution pH on contaminant removal by
ball milled-BCs

Considering that pH can significantly affect the removal

Fig. 7 The removal efficiency of RHB by different BCs (a) (adsorbent dosage = 0.05 g, RHB concentration = 10.0 mg/L, solution
volume = 100.0 mL), and the effect of initial concentration on the adsorption of RHB by BC900 and BC900-500/2 (b) (adsorbent dosage =
0.05 g, solution volume = 100.0 mL, lines for BC900 and dots for BC900-500/2).
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efficiency of pollutants in aqueous solutions by BCs (Qiu
et al., 2009; Mohan et al., 2014; Tang et al., 2020b; Xiang
et al., 2020), the effect of pH on the adsorption of target
pollutants must address. Typically, when the solution pH
was less than the point of zero charge pH (pHpzc), extra
H+ or H3O

+ ions will exist in the solution and may occupy
the active sites of BC, resulting in a positively charged
adsorbent. In this case, negatively charged pollutants tend
to be adsorbed. On the contrary, the negatively charged
surface of BCs will trap positively charged pollutants when
pH>pHpzc (Qiu et al., 2009; Su et al., 2019). Since MB
can react with OH– to form a purple or dark purple
precipitate, and all of the prepared BCs have no adsorption
for Cr(VI), RHB was used to investigate the effect of pH
on BC adsorption process. The initial solution pH was set
to be 2, 4, 6, 8, 10, and 12, and BC900-200/1.5 was
selected as adsorbent. For single adsorption, 0.05 g
BC900-200/1.5 was added into 100 mL 10 mg/L of
RHB solution and the mixture was stirred at 300 r/min for
150 min. As shown in Fig. S5(a), pH has little effect on the
removal of RHB by BC900 when pH< 10. By compar-
ison, the removal efficiency decreased to 46.4% at pH =
12. Similarly, the lowest RHB removal efficiency by
BC900-200/1.5 obtained at pH = 12, at which the removal
efficiency decreased to 89.5% after reaction for 30 min
(Fig. S5(b)).

3.6 Adsorption kinetics and isotherm analyses

To disclose the adsorption kinetics which controls the time
for equilibrium adsorption at the solid-liquid interface,
0.05 g BC600, BC700, BC800, BC900, and BC900-200/1
(BC900-200/1) were added to remove MB (RHB). As
shown in Figs. S6(a) and S6(b), the adsorption proceeded
rapidly at the very beginning. After about 5 min, the
adsorption reaction slowed down gradually and the
adsorption equilibrium reached at about 30 min for MB
while 60 min for RHB. The parameters that summarized in
Table S1 showed that the R2 for pseudo-second-order
adsorption was all higher than 0.99, which is much higher
than that of pseudo-second-order adsorption (Hu et al.,
2020; Su et al., 2020a). This is confirmed by the plots in
Figs. S6(c) and S6(d). To further investigate the adsorption
performance of prepared BCs, the adsorption isotherms
were also investigated by Langmuir and Freundlich
models. The fitting plots are presented in Figs. S6(e) and
S6(f), respectively, and the related parameters are given in
Table S2. According to the calculated R2, the adsorption of
MB and RHB by BC600, BC700, BC800, BC900, and
BC900-200/1(BC900-200/1) was in line with Langmuir
adsorption isotherm, which further proved that the
adsorption was chemically dominated (Zhang et al.,
2013; Xiao et al., 2019). The adsorption capability of

Fig. 8 The effect of ball milling time on the removal efficiency of RHB by BCs. Agitation time = 0.5 h (a), 1 h (b), 1.5 h (c), and 2 h (d)
(adsorbent dosage = 0.05 g, RHB concentration = 10.0 mg/L, solution volume = 100.0 mL).
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MB by BC600, BC700, BC800, and BC900 was then
calculated to be 1.20, 4.14, 3.06, and 39.36 mg/g,
respectively (Fig. 9). By comparison, BC900-500/2 has
the highest MB removal capability with 187.36 mg/g. For
RHB, the removal amounts by raw BCs are 3.80, 4.58,
5.10, and 12.88 mg/g by BC600, BC700, BC800, and
BC900, respectively. After ball milling, the maximum
removal capacity of RHB is 36.58 mg/g obtained by
BC600-500/2 (Fig. 9).

4 Conclusions

This study found that mechanochemical treatment not only
improved the adsorption properties of biochar (BC)
significantly but also reduced the calcination temperature
for the BC preparation. The XRD analysis revealed that
graphite was generated during mechanochemical treatment
which is speculated to promote the adsorption of organic
pollutant. The adsorption tests indicated that the removal
amount of MB by BC600, BC700, BC800, and BC900
were only 1.20, 4.14, 3.06, and 39.36 mg/g, respectively.
By comparison, the MB removal amount by BC900-500/2
which represents the product of BC900 ball milled at 500 r/
min for 2 h reached 187.36 mg/g. For RHB, the removal
amounts by raw BCs are 3.80, 4.58, 5.10, and 12.88 mg/g
by BC600, BC700, BC800, and BC900, respectively.
After mechanochemical treatment, the maximum removal
capacity is 36.58 mg/g obtained by BC600-500/2.
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