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INTRODUCTION

Rubber trees (Hevea brasiliensis) are extensive-
ly cultivated in tropical regions, primarily for latex 
tapping (Qi et al., 2016). As part of their life cycle, 
rubber trees produce seeds that eventually fall to the 
ground (Borhan et al., 2019). According to Bhat-
tacharjee et al. (2021), the global production of rub-
ber seeds in 2016 was estimated to be approximate-
ly 7.7·109 kg. This biomass is commonly collected 
for oil extraction, leading to the release of abundant 
rubber seed shells (RSS) as waste (Sun et al., 2010). 
There have been increasing efforts in recent years to 
reduce waste and promote sustainability. Thus, the 
valorization of RSS can contribute to a more sus-
tainable and resource-efficient rubber industry.

Biochar is a versatile and sustainable material 
produced through the pyrolysis of organic mate-
rials such as wood, agricultural waste, and ma-
nure in a low-oxygen environment (Xiang et al., 
2020; Niedziński et al., 2023). Its highly porous 

structure and functional groups are advantageous 
for water purification (Kujawska, 2023). Nev-
ertheless, traditional separation of biochar from 
treated water is generally complex and costly (Yi 
et al., 2020). To be more convenient, a hybrid ma-
terial called magnetic biochar (MBC) has been 
developed (Thines et al., 2017; Zhao et al., 2021). 
The composite material includes magnetic parti-
cles for its magnetic separation by external mag-
netic fields and a biochar support for the adsorp-
tion of pollutants (Li et al., 2020; Yi et al., 2020). 
To facilitate the preparation of MBC, direct FeCl3 
activation of biomass has been devised (Do et al., 
2022). FeCl3 is dispersed into biomass, and the 
resulting mixture is pyrolyzed into MBC. Despite 
the fact that the properties of MBC are highly de-
pendent on biomass resources, little RSS-derived 
MBC has been reported in the published litera-
ture. In this investigation, RSS was utilized to in-
crease selection for the fabrication of MBC from 
potential biomass resources.
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As mentioned before, MBC is commonly used 
for adsorbing various inorganic and organic pol-
lutants from wastewater (Qu et al., 2022; Nguyen 
et al., 2023). In those situations, magnetic par-
ticles such as Fe3O4 and Fe0 just aid in magnetic 
separation. Recently, such reports have explored 
the catalytic performance of magnetic Fe-based 
particles in MBC (Feng et al., 2021). Typically, 
MBC has become an inexpensive and efficient 
catalyst for the degradation of different organic 
pollutants using common oxidizing agents like 
hydrogen peroxide and persulfate (Rong et al., 
2019; Nguyen et al., 2023). Nevertheless, the use 
of MBC for catalytic ozonation is still limited. 
That is due to the fact that manganese-based ma-
terials are normally considered for effective cata-
lytic ozonation (Wang et al., 2019; Tran-Thuy et 
al., 2023). However, excessive levels of Mn can 
pose health risks. WHO recommends a guideline 
value of 400 mg/L for Mn in drinking water (Fris-
bie et al., 2012). For a more eco-friendly process, 
non-toxic catalysts should be used. In this study, 
low-cost RSS-derived MBC was explored as a 
potential catalyst for ozonation over a broad pH 
range. Ponceau 4R (P4R), a synthetic azo dye 
used in various food and beverage products, was 
selected for the ozonation process. Its structure is 
shown in Figure 1.

MATERIALS AND METHODS

Materials

Rubber seed shells were collected from Binh 
Long town, Binh Phuoc province, Vietnam. The 
collected biomass underwent sequential rinsing 
steps, first with tap water and then with distilled 
water. Next, desiccation was carried out at 105 °C 
for 24 h. The dried material was milled and sieved 
to collect a particle size range of 0.25–0.50 mm. 
The resulting powder was then stored in a plas-
tic bag for later use. All chemicals were utilized 
without extra purification.

One-pot preparation of MBC from RSS

First, 2.000 g of RSS and 0.400 g of FeCl3 
were added to distilled water. The mass ratio 
of FeCl3/RSS was 0.2. The mixture was stirred 
at ambient temperature for 24 h, then further 
dried at 105 °C for another 24 h. After that, the 
solid was pyrolyzed at 600 °C within 2 h at a 

continuous N2 flow rate of 200 mL/h. The result-
ing product underwent meticulous cleaning with 
distilled water to eliminate all water-soluble 
components. The remaining solid was then dried 
once again at 105 °C for 24 h to yield MBC. The 
material was put in a desiccator for further ex-
periments. In addition, BC, a reference sample, 
was prepared by direct pyrolysis of RSS without 
FeCl3 addition.

Characterization of MBC

The crystal structure of MBC was deter-
mined using an X-ray diffractometer (D8 Ad-
vance, Bruker). Fourier transform infrared 
(FTIR) spectroscopy was obtained using a 
TENSOR 27 spectrometer. Magnetic proper-
ties were investigated at room temperature us-
ing a vibration sample magnetometer (VSM). 
Scanning electron microscopy (SEM) images 
were captured using a FE-SEM Hitachi S-4800 
instrument. Porous properties were studied by 
a NOVA 2200e surface area and pore size ana-
lyzer at 77 K. Prior to the measurement, MBC 
was degassed at 300 °C for 3 h. The total pore 
volume (Vtotal) was computed at P/Po = 0.99. 
The specific surface area (SBET) was deter-
mined using the Brunauer-Emmett-Teller 
(BET) equation. Lastly, the average pore size 
(davg) was computed from 4Vtotal/SBET.

Ozonation of Ponceau 4R catalyzed by MBC

The catalytic activity of MBC was investi-
gated for the decolorization of Ponceau 4R by 
O3 at ambient temperature (31 °C). The scheme 
of the ozonation system is illustrated in Figure 2. 
First, a glass flask containing 500 mL of P4R 
(50 mg/L) and 0.50 g/L of MBC was filled. The 
pH of the P4R solution, which was measured by 
a Hanna HI 2210 pH meter, was adjusted using 
solutions of H2SO4 (0.1 M) and NaOH (1.0 M). 
In order to closely reach equilibrium adsorption, 
the suspension was stirred for 10 min. Next, 
P4R decolorization was initiated by bubbling 
ozone-containing airflow (0.46 mmol/min) from 
a Vina VN3 Ozone Generator. At predetermined 
intervals, samples were collected, and MBC was 
removed using a magnet. Lastly, P4R concentra-
tions were analyzed by a Spectronic Genesys 2 
PC UV-Vis spectrophotometer at 508 nm. The 
P4R adsorption capacity and removal of MBC 
were computed as follows:
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For the adsorption step, C0A  and C10A    (mg/L) 
were the initial and 10-min P4R concentrations, 
respectively. Similarly, C0O  and C90O   (mg/L) rep-
resented the initial and 90-min P4R concentra-
tions for the ozonation step, respectively. CMBC 
(0.50 g/L) was MBC dosage. Furthermore, P4R 
decolorization was studied with the pseudo-first-
order kinetic model. k (min-1) represented the rate 
constant, while CtO   (mg/L) was the P4R concen-
tration after t (min) of decolorization.
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RESULTS AND DISCUSSION

Properties of MBC

Figure 3 depicts the X-ray diffraction (XRD) 
patterns of FeCl3-loaded RSS and MBC. Prior to 
undergoing pyrolysis, the FeCl3-loaded RSS ex-
hibited a distinct peak at 2q = 22.2°, indicating 
the presence of the (200) plane of cellulose from 
RSS. Hemicellulose and lignin, which are less 
ordered, could affect the baseline. Notably, the 
characteristic peaks of FeCl3 were not detected in 
the mixture. FeCl3 may exist in amorphous form, 
or the baseline may overlap its weak peaks. Dur-
ing the impregnation process, FeCl3 electrolyte 
may disperse within the RSS structure rather than 
gather into big crystals. Regarding MBC, charac-
teristic peaks at 2q = 30.1, 35.4, 43.1, 53.3, 56.9, 
and 62.5° were attributed to the (220), (311), 
(400), (422), (511), and (440) planes of Fe3O4 
crystal (JCPDS 19–0629), respectively. In addi-
tion, Fe0 crystals were identified at 2q = 44.8 and 
60.6°, corresponding to (110) and (200) planes 

Figure 1. Structure of Ponceau 4R (C20H11N2Na3O10S3)

Figure 2. Scheme of the ozonation system

90
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(JCPDS 06–0696). Consequently, MBC con-
tained both magnetic components, which have 
been described in a number of publications (Shin 
et al., 2021; Nguyen et al., 2023). The pathway 
for the formation of MBC during one-pot pyroly-
sis of FeCl3-loaded RSS is proposed as follows:

RSS → C, CO, H2, H2O         (4) 

FeCl3
+H2O→      FeO(OH) → Fe2O3

+C,CO,H2→         Fe3O4
+C,CO,H2→         Fe   (5) 

(4)

RSS → C, CO, H2, H2O         (4) 

FeCl3
+H2O→      FeO(OH) → Fe2O3

+C,CO,H2→         Fe3O4
+C,CO,H2→         Fe   (5) RSS → C, CO, H2, H2O         (4) 

FeCl3
+H2O→      FeO(OH) → Fe2O3

+C,CO,H2→         Fe3O4
+C,CO,H2→         Fe   (5) 

(5)

First, pyrolysis of RSS could create porous 
carbon and gas-phase products like CO, H2, 
and H2O. Then, FeCl3 could use the released H2O 
to form FeO(OH). Consecutive reductions could 
not only produce Fe3O4 and Fe0 particles but also 
activate porous carbon. As a result, SBET, Vtotal, and 
davg of MBC reached 378 m2/g, 0.22 cm3/g, and 
2.3 nm, respectively.

FTIR spectroscopy reveals distinct peaks 
from functional groups on the MBC surface 
(Figure 4). Typical groups were O-H (3839 and 
3738 cm-1), C-H (2919 and 2854 cm-1), O=C=O 
(2351 cm-1), C=O (1737 cm-1), C=C (1530 cm-1), 
and C-O (1147 cm-1). Especially, the detected 
peak at 671 cm-1 may originate from C-Cl bonds, 
which may be formed from FeCl3 activation of 
RSS (Devi et al., 2014; Xu et al., 2020; Tomin 
et al., 2022). More importantly, these functional 
groups could enhance the polarity of the MBC 
surface, thereby facilitating interactions with 

water-soluble organic pollutants present in aque-
ous environments.

As shown in Figure 5, MBC consisted of 
fragments of different shapes and sizes, which 
could be the result of fine milling and inten-
sive pyrolysis. Additionally, it appears that 
few Fe-based particles were identifiable. Since 
FeCl3 was well mixed with RSS before pyroly-
sis, it is likely that the Fe-based particles were 
trapped in the carbon matrix instead of just 
on the MBC surface (Bedia et al., 2017). This 
firm immobilization is anticipated to improve 
MBC stability during use.

As shown in Figure 6, MBC was complete-
ly attracted by a magnet. According to VSM 
analysis, the narrow hysteresis curve indicates 
that MBC can be magnetized and demagne-
tized with relative ease. The hysteresis loop 
displayed central symmetry, and the specific 
saturation magnetization reached 6.83 emu/g, 
indicating that magnetic components, includ-
ing Fe3O4 and Fe0 particles, were successfully 
loaded on the carbon matrix. Coercivity plays 
a vital role in determining whether to distin-
guish between soft and hard magnetic materi-
als. According to Jiles (2003), the coercivity 
of the soft magnetic materials is 0.002–5 Oe, 
while that of the hard magnetic materials is 
125 Oe–12 kOe. In this research, the coerciv-
ity of MBC was approximately 130 Oe, which 
was the hard magnetic material. Despite this, 
the weak coercivity of MBC could support ef-
fective magnetization and demagnetization by 
external magnetic fields.

Figure 3. XRD patterns of FeCl3-loaded RSS and MBC
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Ozonation of Ponceau 4R catalyzed by MBC

Figure 7 shows that ozone, a strong oxidizing 
agent, decolorized 71% of P4R within 90 min 
of bubbling. When MBC was used, P4R was 
partly removed due to an adsorption capacity of 
17 mg/g. In the subsequent ozonation step, P4R 
removal increased to 86%. The rate constants 
for ozonation of P4R without and with MBC 
were 0.014 min-1 (R2 = 0.998) and 0.021 min-1 
(R2 = 0.993), respectively. Hence, the decolor-
ization rate was improved by 50%. These results 
proved that MBC enhanced P4R removal by O3. 
The suggested mechanisms for ozonation accel-
erated by Fe-based crystals in MBC (MBC-Fe) 
are as follows (Kishimoto et al., 2012; Ji et al., 
2018; Yu et al., 2019):

MBC − Fe +  O0 2+ H3 2O → MBC − Fe + O+ +2 -
2 2OH (6)

 0 2
3 3MBC Fe  2O MBC Fe 2O+ -- + ® - + (7)

 0 2
3 2 2MBC Fe  O 2H MBC Fe O 2H O+ +- + + ® - + + (8)

 2 2
3 2MBC Fe  O MBC FeO O+ +- + ® - + (9)

 2 3
2MBC FeO  H O MBC Fe OH OH+ + -- + ® - + + (10)

 3 2
3 2 2MBC Fe  O H O MBC FeO OH O H+ + +- + + ® - + + + (11)

 P4R OH Intermediates Mineralization+ ® ® (12)

Figure 4. FTIR spectroscopy of MBC

Figure 5. SEM images of MBC
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MBC possessed both Fe0 and FeO.Fe2O3 
particles. Fe0 was first converted into Fe2+ in a 
wide range of pH. In acidic media, Equation 8 
can dominate, whereas neutral and basic me-
dia can boost Equations 6 and 7. Next, Fe2+ 
and Fe3+ sites might accelerate the formation 
of •OH radicals from O3. Lastly, •OH could 
oxidize P4R. Although ozone itself can oxidize 
P4R directly, MBC could accelerate decolor-
ization as well as reduce O3 use.

The effect of pH on the ozonation of P4R 
with MBC is presented in Figure 8. In the ad-
sorption step, the adsorption capacities of MBC 
at pH 3.0, 5.8, 8.0, and 10.0 were 20, 17, 14, 

and 13 mg/g, respectively. These results re-
vealed a gradual decrease in adsorption capac-
ity with increasing pH. In fact, the MBC sur-
face with oxygen-containing functional groups 
might become more negative as pH increases. 
Therefore, its interaction with the anionic dye 
P4R may become weak. In the subsequent ozo-
nation step, P4R decolorization was boosted 
with the increase in pH from 3.0 to 5.8. Next, 
similar decolorization rates were observed be-
tween pH 5.8 and 8.0. However, the decoloriza-
tion rate was enhanced again in a basic envi-
ronment at pH 10.0. In detail, the rate constants 
for ozonation of P4R at pH 3.0, 5.8, 8.0, and 

Figure 7. (a) Ozonation of P4R without and with MBC, and (b) its pseudo-
first-order kinetics (pH 5.8, 50 mg/L P4R, 0.50 g/L catalyst).

Figure 6. Hysteresis curve of MBC
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10.0 were 0.017 min-1 (R2 = 0.984), 0.021 min-1 
(R2 = 0.993), 0.020 min-1 (R2 = 0.955), and 
0.028 min-1 (R2 = 0.893), respectively. To 
demonstrate the enhancement of MBC, P4R 
decolorization with O3 alone as a reference 
was performed. As expected, P4R removal 
increased when pH rose (Figure 8c). Such re-
ports demonstrate that indirect oxidation pre-
dominates at high pH (basic media), whereas 
direct ozonation prevails at low pH (acidic 
media), and both direct and indirect mecha-
nisms operate at around neutral pH (Pera-Ti-
tus et al., 2004; Wang et al., 2020). As a re-
sult, non-catalytic ozonation occurred rapidly 
in basic environments, and MBC became less 
important. However, the weakness of direct 
non-catalytic ozonation at low pH emphasizes 
the importance of MBC catalyst. At pH 3.0, 
the presence of MBC improved P4R removal 
by 22%. Thus, low-cost MBC catalyst had po-
tential for enhanced ozonation of P4R.

CONCLUSION

In this research, magnetic biochar was pre-
pared from rubber seed shell and FeCl3 via one-
pot pyrolysis. MBC attained a SBET of 378 m2/g 
and a Vtotal of 0.22 cm3/g as a result of activa-
tion. In addition, the formation of Fe3O4 and Fe0 
crystals resulted in the introduction of magnetic 
properties and catalytic activity for MBC. With a 
magnetic saturation of 6.83 emu/g, MBC is con-
veniently gathered by a magnet. Regarding its 
catalytic performance, MBC enhanced the ozona-
tion of Ponceau 4R over a broad pH range. On the 
whole, rubber seed shell-derived magnetic bio-
char is a low-cost and effective catalyst for boost-
ing the ozonation of Ponceau 4R.
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Figure 8. (a) Effect of pH on decolorization of P4R with O3+MBC; (b) its pseudo-first-order kinetics; 
and (c) P4R removal at 90 min for O3 alone and O3+MBC (50 mg/L P4R, 0.50 g/L MBC).
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