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Abstract: Biochar has attracted considerable attention in numerous industrial and environmental
applications because of its advantageous properties. Pyrolysis, a cost-effective and eco-friendly engi-
neering technique for improving biochar’s physicochemical and adsorption properties, is important
in a variety of environmental applications. The effect of pyrolysis temperature and ball-milling time
on the physicochemical properties of biochar derived from rice bran was investigated in this study,
and its effectiveness in the aqueous removal of rhodamine B (RhB) dye was evaluated. The biochar
was prepared by pyrolyzing rice bran at various temperatures, i.e., 400, 500, 600, and 700 °C (RB
400, RB 500, RB 600, and RB 700, respectively). In addition, in order to investigate the effect of the
ball-milling time on the RB 600 biochar, it was milled for 30, 60, 120, 180, and 240 min. The surfaces
of the raw material and biochar exhibited honeycomb-like pores and a layered structure. The biochar
structure shrank, became fragile, and cracked as the pyrolysis temperature increased. After ball
milling, the honeycomb-like pores and layered structure of the pristine biochar were transformed into
irregular particles. The particle size decreased as milling time increased. Furthermore, the physico-
chemical properties of ball-milled biochar were superior to those of pristine biochar. According to
the Raman spectral analysis, the ID/IG ratio decreased as the pyrolysis temperature and the milling
time increased, indicating a decreased disorder and an increased graphitization in the biochar. The
efficiency of RhB removal increased as the pyrolysis temperature and ball-milling time increased,
and up to 82% of RhB was removed from 50 mg of biochar milled for 180 min at 600 ◦C.

Keywords: biochar; high-energy ball-milling; pyrolysis; adsorption; Raman spectroscopy

1. Introduction

Environmental pollution from heavy metals or dyes has been progressively wors-
ening, owing to rapid industrial growth, and has now become a worldwide issue [1].
Therefore, eco-friendly, cost-effective, and high-efficiency adsorbents for heavy metal-
or dye-contaminated water are urgently required. Recently, biochar has attracted con-
siderable attention for environmental protection, owing to its unique physicochemical
properties [2–4]. Biochar is a carbonaceous material made by pyrolyzing biomass in the
absence of oxygen, and has garnered a significant interest as a less toxic, environmentally
friendly, and inexpensive material [5–9]. Additionally, biochar has the advantages of a high
specific surface area, a well-developed mesoporous structure, enriched surface functional
groups, and mineral components, making it an excellent adsorbent for removing contami-
nants from aqueous solutions. Compared to traditional activated carbon, biochar is a new
cost-effective and efficient sorbent candidate. A higher temperature is required for the
production of activated carbon, whereas the production of biochar, which is derived from
agricultural biomass and solid wastes, is cheaper and requires less energy [10–12]. Previous
studies have shown that biochar is incredibly effective at removing various organic and
inorganic pollutants, such as heavy metals, dyes, and polycyclic aromatic hydrocarbons [13–
16]. Hsieh et al. used modified biochar to remove malachite green from polluted aqueous
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environments [17]. Among the various biochars, rice-bran-derived biochar has been widely
studied as a raw material for biochar synthesis for use as an adsorbent material, due to its
chemical stability and local availability [18–20].

The physical and chemical properties of biochar depend on several factors related
to the pyrolysis temperature and the milling process. Ball milling is a mechanochemical
process that utilizes mechanical energy to induce chemical and structural changes in mate-
rials, and is now considered a green technology for pristine biochar modification [21,22].
Xu et al. studied mesoporous ball-milled Fe-loaded biochar for enhanced sorption of
reactive red [23]. Pyrolysis is the thermochemical conversion of agricultural organic waste,
and the pyrolysis temperature is related to the biochar yield and its physicochemical
characteristics [24–26].

However, the effects of pyrolysis and ball milling on the physicochemical and ad-
sorption properties of rice-bran-derived biochar remain unexplored. Rice bran is a major
agricultural waste in Korea, and the potential applications of this biomass are currently
under study. Thus, in the present study, we investigated the effect of pyrolysis tempera-
ture and ball-milling time on the physicochemical properties of rice-bran-derived biochar.
Moreover, we demonstrated the effects of pyrolysis temperature, ball-milling time, biochar
dose, and contact reaction time on the Rhodamine B (RhB) removal efficiency of the rice-
bran-derived biochar. RhB is widely used in textile production and paper printing, as well
as in the biological, analytical and optical sciences [27,28]. RhB can cause burning of the
eyes and throat, chest pain, cough, and headache in humans [29,30]. However, RhB is a
common contaminant in waste water; therefore, removing RhB from waste water is critical
not only for fundamental studies but also for aquatic life and human health.

2. Materials and Methods
2.1. Synthesis of the Rice Brain Biochar

Rice bran was obtained from a local rice mill facility in Seokgok, Republic of Korea.
The rice bran was washed with deionized water and dried for 48 h at 80 ◦C. To remove ash
and non-water-soluble substances from the samples, the rice bran was rinsed several times
with 0.1 M HCl in a beaker, subsequently washed by deionized water, and then dried for
24 h at 80 ◦C. Next, we pyrolyzed the rice bran. The pyrolysis experiments were carried
out in a muffle furnace under a nitrogen atmosphere. Subsequently, 5 g samples of the
dried raw bran were placed in the furnace and heated at a rate of 5 ◦C/min from room
temperature to 400, 500, 600, and 700 ◦C for 1 h under a 3000 cc/min nitrogen (inert) gas
flow. The samples were then cooled to room temperature. The rice bran biochar samples
obtained at various pyrolysis temperatures were labeled as RB400, RB500, RB600, and
RB700, respectively.

2.2. Preparation of the Ball-Milled Biochar

The synthesized rice bran biochar was placed in an 80 mL zirconia jar with 3 mm
zirconia balls inside of a planetary ball-mill machine (Pulverisette 6 Fritsch, Idar-Oberstein,
Germany) and milled at 300 rpm in ambient air. The weight ratio of the sample to the ball
was 50:1. To prevent the biochar and balls from overheating, the biochar was milled for
15 min and then rested for 15 min. In order to investigate the effect of the ball-milling time
on the RB600 biochar, it was milled for 30, 60, 120, 180, and 240 min.

2.3. Characterization of the Biochar

To characterize the crystal structures of the biochar samples, X-ray diffraction (XRD,
PANalytical, X’pert PRO MPD) analysis was performed in the 2θ = 10◦–90◦ measurement
with Cu Kα radiation (λ = 1.54060 Å) at a scanning rate of 0.02◦/s. The acceleration voltage
and current were set to 40 kV and 30 mA, respectively. The surface morphology of the
biochar was analyzed by field-emission scanning electron microscopy (FE-SEM; S-4800
Hitachi) at 15 kV. Fourier transform infrared (FTIR) spectroscopy was used to examine
the surface-functional groups in the biochar samples. (FT/IR-4200 spectrometer, JASCO,
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Japan). The samples were measured using a KBr pellet in the 400–4000 cm−1 range. A
785-nm diode laser source-equipped XperRam F1.4 system (Nanobase Inc., Seoul, Korea)
was used to record the Raman spectra in the 800–1800 cm−1 range. The particle size and
zeta potential of the biochar samples were measured by dynamic light scattering (DLS)
using the same instrument and by nanoparticle tracking analysis (Zetasizer Nano ZSP,
Malvern Worcestershire, UK).

2.4. Removal of RhB

In order to investigate the effects of different pyrolysis temperatures and ball-milling
times on the RhB removal efficiency of the biochar samples, 50 mg samples of the biochar
were mixed with 50 mL of RhB for 10 min. An RhB solution (10 µM) was obtained by
solubilizing RhB in deionized water. The effect of the biochar doses (10, 20, 30, 40, 50, 60,
70, 80, 90, and 100 mg) on the RhB solution (10 µM) was studied using a sample with a
pyrolysis temperature of 600 ◦C and a ball-milling time of 180 min. The contact reaction
time was 10 min. The effect of contact reaction times (0, 4, 8, 12, 16, and 20 min) on the
RhB solution (10 µM) was investigated using a sample with a pyrolysis temperature of
600 °C and a ball-milling time of 180 min. The biochar dose was 50 mg. In all of the
experiments, a mechanical shaker at room temperature was used to shake the mixtures at a
constant rate of 100 rpm. After the removal test, the withdrawn samples were separated
twice by centrifugation at 8000 rpm for 5 min. The final concentration of the residual RhB
solution was determined using a fluorescence spectrometer (Fluormax-4; Horiba, Japan)
at a maximum wavelength of 576 nm. The removal percentage (R%) was calculated as
follows [31]:

R% =
(C0 − Ce)

C0
× 100 (1)

where C0 (mg L−1) and Ce (mg L−1) are the initial and equilibrium RhB concentrations,
respectively.

3. Results and Discussion
3.1. Biochar Characterization

The surface morphology and particle size of the pristine and ball-milled biochar
samples were characterized using SEM. Figure 1a shows the SEM images of the raw and
biochar samples obtained at various pyrolysis temperatures of 400, 500, 600, and 700 ◦C (RB
400, RB 500, RB 600, and RB 700). The surface morphologies of the raw and biochar samples
show honeycomb-like pores and a layered structure. As the pyrolysis temperature increases,
the structure of the biochar shrinks. Furthermore, owing to their thin walls, the structures
appear fragile and cracked. Figure 1b presents the SEM images of the biochar sample
RB600 milled for 30, 60, 120, 180, and 240 min. After ball milling, the honeycomb-like pores
and layered structure of the pristine biochar change to irregular particles. The particle
size decreases with increased milling time. DLS measurements were also performed to
investigate the particle size distribution. As shown in Figure 1c, the particle size decreases
with increased milling time, and after 180 min, the particle size is approximately 350 nm.
This result is consistent with the SEM image shown in Figure 1b.

XRD was performed in order to characterize the crystalline structures. Figure 2a
displays the XRD patterns of the biochar samples at different pyrolysis temperatures (400,
500, 600, and 700 °C). As shown in Figure 2a, the biochar samples’ XRD spectra show two
broad peaks centered at 2θ = 23◦ and 43◦, which correspond to the (002) and (100) planes of
graphitic carbon materials, respectively. No crystalline structure is detected; that is, there is
no sharp peak, implying that the biochar structures are completely amorphous. Figure 2b
shows the XRD patterns of the RB600 biochar ball milled for different times (30, 60, 120,
180, and 240 min). The XRD spectra of all biochar samples show similar trends, as shown
in Figure 2b, with two broad peaks at 2θ ≈ 23◦ and 43◦.
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Figure 2. XRD patterns of the biochar samples obtained at different (a) pyrolysis temperatures and
(b) ball-milling times.

Raman spectroscopy is an important characterization technique for highly disordered
carbonaceous materials, such as biochar, owing to its sensitivity to molecular structures
with a short-range order. Figure 3 shows the deconvoluted and fitted Raman peaks of
the biochar samples at different pyrolysis temperatures and milling times; the black circle
and blue line are the original raw data and fitted data, respectively. The D and G bands
are depicted in red and green, respectively. As shown in Figure 3a, the Raman spectra of
the biochar sample exhibit two broad bands at approximately 1330 and 1580 cm−1, which
are defined as the D and G peaks, respectively. The D band at 1330 cm−1 is related to
the disordered and defective structure of the biochar [32], and the G band at 1580 cm−1

arises from the in-plane vibrations of the sp2 graphitic structure of the biochar [33]. The
broad D and G bands are deconvoluted into two components. The intensity ratio, ID/IG,
and full width at half maximum (FWHM) are used to determine the defect density and
degree of crystallinity [34], respectively, which can indicate the quality of the biochar.
A low ID/IG ratio and narrow FWHM suggest a high biochar quality. As the pyrolysis
temperature increases from 400 ◦C to 700 ◦C, the ID/IG ratio decreases (2.70, 2.05, 1.76,
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and 1.82) (Figure 3a). This result indicates that the disorder decreases and graphitization
increases with increasied pyrolysis temperature. The FWHM of the biochar becomes
narrower with increased pyrolysis temperature, indicating that the crystalline quality of
the biochar increases with increased pyrolysis temperature. Further, the ID/IG ratio slightly
decreases (1.81, 1.75, 1.66, 1.68, 1.71, and 1.77) as the milling time increases (0, 30, 60, 120,
180, and 240 min, respectively). This behavior indicates that as the milling time increases,
the disorder and defective structure of the biochar decreases. The FWHM of the biochar
narrows with increased milling time. However, the FWHM of the biochar milled for
240 min is wider than that of the other samples, indicating that this biochar has a low
crystalline quality.
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Figure 4 shows the FTIR spectra of the biochar samples at different pyrolysis tempera-
tures and milling times. Evidently, the FTIR spectra of all the biochar samples show almost
similar trends. The band at 1070 cm−1 is attributed to the stretching vibration of C-O, and
the peak at 1651 cm−1 corresponds to the stretching vibration of C=C. The O-H stretching
mode is associated with the broad band at 3416 cm−1 [35].
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The biochar samples produced at different pyrolysis temperatures and milling times
show significantly different morphological structures, resulting in changes in the electrical
potentials on their surfaces. The surface electrical potential of the biochar samples was
investigated using a zeta potential analyzer. Zeta potential is a crucial factor for determin-
ing the effect of particles in a suspension on particle agglomeration, sedimentation, and
interactions [36].

Figure 5a shows the zeta potentials of the biochar surfaces at different pyrolysis
temperatures. The zeta potential gradually decreases with increased pyrolysis temperature.
This result indicates that the negative charge of the biochar surface gradually increases,
resulting in a strong electronegativity. Figure 5b shows the zeta potential of the biochar
surface after different milling times, indicating that the zeta potential gradually decreases
with increased milling time. This result may be related to particle agglomeration, because
milling time minimizes particle agglomeration. This result is in good agreement with the
SEM images shown in Figure 1b.
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3.2. Removal of RhB

Applying the optimum conditions for biochar is important for its cost-effective appli-
cation in contaminant removal. Thus, we investigated the effects of pyrolysis temperature,



Appl. Sci. 2023, 13, 4288 7 of 10

milling time, adsorbent dosage, and contact reaction time on RhB removal using biochar.
Figure 6 shows the photoluminescence spectra and the RhB removal efficiency at different
pyrolysis temperatures, milling times, adsorbent dosages, and contact reaction times; the
inset of the graph displays a photograph of the corresponding stage. The RhB removal
efficiency is calculated at a maximum wavelength of 576 nm by Equation (1). The effect of
the pyrolysis temperature on RhB was investigated using a biochar concentration of 50 mg.
The contact reaction time was fixed at 10 min. Evidently, the removal percentage increases
rapidly as the pyrolysis temperature increases, and a maximum percentage removal of 82%
is observed for RhB using RB600 (Figure 6a). In the remaining experiments, we evaluated
the RhB removal characteristics of the biochar using RB600. Figure 6b shows the RhB re-
moval efficiency of the biochar for different milling times. The removal efficiency increases
with increased milling time; the removal efficiencies of the unmilled and 180-min milled
biochar samples are 5% and 82%, respectively. This finding suggests that ball milling is an
excellent engineering method for improving organic pollutant removal characteristics.
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Figure 6. Photoluminescence spectra and removal efficiency of RhB at different (a) pyrolytic tem-
peratures, (b) ball-milling times, (c) biochar doses, and (d) contact reaction times. The insets show
photographs of the corresponding stage.

Adsorbent dose is a crucial factor in regulating the effectiveness of organic pollutant
removal. The effect of biochar dosage on its RhB removal efficiency was investigated in
the range of 10–100 mg using RB600 and the 180-min milled biochar sample. Initially,
the removal efficiency increases, and the maximum RhB removal is observed at 80 mg
(~99%). However, as the biochar dose is increased beyond the optimum dose, the RhB
removal efficiency remains almost identical. When the adsorbent dose is increased, the dye
molecules and biochar can form agglomerations and clusters, thereby limiting the active
binding sites and lowering the overall efficiency [28]. In the biochar adsorption process,
the contact reaction time of the dyes is an important factor in the design of adsorption
systems. Figure 6d presents the RhB removal efficiencies of the RB600, 180-min milled, and
50 mg of biochar samples at different contact reaction times (0–20 min). At the beginning
of the reaction, the removal efficiency rapidly increases with increased reaction time due
to the numerous active sites. The maximum RhB removal is observed at 12 min (removal
efficiency 82%). As the contact reaction time increases further, the RhB removal efficiencies
remain nearly identical.
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4. Conclusions

In this study, we demonstrated the characteristics of rice-bran-derived biochar at
different pyrolysis temperatures (400, 500, 600, and 700 °C) and ball-milling times (30,
60, 120, 180, and 240 min). The effects of the pyrolysis temperature, ball-milling time,
adsorbent amount, and contact reaction time on the RhB removal performance were also
investigated. The pyrolysis temperature and ball-milling time had a significant impact on
the physicochemical and structural properties of the biochar. The FTIR analysis revealed
that all of the biochar samples contained similar functional groups (C-O, C=C, and C-H).
With increased pyrolysis temperature, the biochar exhibited a highly ordered aromatic
carbon structure. In addition, as the pyrolysis temperature was increased, the RhB removal
efficiency increased as well.

When compared to pristine biochar, ball-milled biochar demonstrated improved
physicochemical properties, and its RhB removal efficiency was remarkable compared
to that of unmilled biochar. Among the samples, the 180-min ball-milled RB600 biochar
sample exhibited the highest RhB removal efficiency due to the tiny particle size and high
surface area obtained through ball milling and high pyrolysis temperature. These results
reveal that the ball-milling technique has a high potential for efficiency improvement and is
an environmentally friendly and cost-effective technique for a wide range of environmental
applications. In the future, we will further investigate the physicochemical properties
of biochar by extending the pyrolysis temperature and ball milling time to enhance the
generalizability of this study’s findings. In addition, the adsorption kinetics and isotherms
of heavy metals and dyes to rice-bran-derived biochar will be studied in detail.
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