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Abstract

Sugarcane pulp bagasse biochar (SCPBB) was produced through pyrolysis from 500 to 900 °C under a nitrogen
atmosphere, and their SCPBB/CuNi composites was produced through wetness impregnation with copper and
nickel salts followed by pyrolysis. The impact of pyrolysis temperature on SCPBB and SCPBB/CuN:i for physic-
chemical properties was evaluated. SEM images that spherical bimetallic CuNi nanoparticles were evenly
dispersed on the surface of the biochar matrix, and the size of the nanoparticles increased with increasing
temperature. In particular, when the pyrolysis temperature is higher than 700 °C, the nanoparticles on the surface
exhibit novel structures that are partially embedded or completely enclosed within the porous biochar matrix.
FT-IR ATR and Raman spectra proved that SCPBB materials contain abundant surface functional groups and
carbonaceous structures, which were preserved by the introduction of metal nanoparticles. TGA demonstrated
SCPBB-500 biochar started to lose mass quickly first, followed by SCPBB-700 and finally SCPBB-900, and the
weight residues of SCPBB@CUuNi increased by 30%-34% compared with SCPBB. In addition, the catalytic
performance of the synthesized material was explored for the degradation of malachite green (MG) representing
dye molecules, Amoxicillin(AMX) representing pharmaceuticals, and Methyl-parabens(MP) representing
personal care products contaminants. Each SCPBB/CuNi sample showed catalytic degradation performance
under Advanted oxidation processes(AOPSs), among which the SCPBB/CuNi catalyst obtained by pyrolysis
temperature 500 °C performed best. Hence, SCPBB/CuNi demonstrates promising potential as a multifunctional

catalyst for diverse environmental pollutants in wastewater treatments.
Keywords: antibiotics, cosmetics, pharmaceuticals and personal care products (PPCPs), biochar, Saccharum
officinarum, Fenton-like nanocatalyst.
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1. Introduction

Carbon-rich biochar-based materials obtained by thermochemical conversion of biomass, including agricultural
waste and forestry residues, animal manures and municipal wastes, have become a very popular and far-reaching
catalyst supports for environmental remediation[1,2]. Slow pyrolysis is a classical and potent process of slowly
heating up and staying for a long time under an oxygen-free atmosphere to fabricate biochar with abundant
aromatization structure, which imparts chemical and biological stability to biochar [3].

Sugarcane bagasse, a byproduct of the sugar processing industry, is a residue with a global annual production of
approximately 180 million tons [4]. The raw sugarcane bagasse/pulp mainly consists of 32-45% cellulose, 20-
32% hemicellulose, and 17-32% lignin [5]. This kind of fibrous and dry agricultural waste can be used as a
promising substitute material. Pyrolysis temperature is an important parameter for the conversion of biomass
such as sugarcane bagasse to biochar [6]. It has been reported that hemicellulose can be decomposed at lower
pyrolysis temperature, around 220-315 °C, cellulose decomposes around 280-400 °C, whereas lignin requires
temperatures as high as 900 °C to completely decompose[7,8]. Additionally, the pyrolysis temperature also
influences the physicochemical characterization of biochar, such as morphology, carbonaceous structure, pore
size, functional groups, and elemental composition.

Based on the previous experience of our research group, the loading of bimetallic nanoparticles could be a good
choice for the carbonization process to obtain the biochar composites with porous structure[9-11]. It is noted that
Cu-based nanoparticles are commonly regarded as excellent catalysts with great pH tolerance and low oxidation-
reduction potential[12], whereas Ni-based nanoparticles with magnetic performance could remarkably decrease
the leaching of Cu active sites [13]. Moreover, Ni nanoparticles also contribute to the formation of pore structure
for biochar support[9]. Biochar loaded with bimetallic copper-nickel or silver-copper nanoparticles are
remarkable composites for the removal of toxic organic dye molecules [10,14,15]. Pharmaceuticals and personal
care products (PPCPs) are other emerging persistent environmental pollutants which could compromise the
quality of natural water. Their bioaccumulation in aquatic organisms could result in humans intoxication upon
consumption of contaminated fish or shellfish[16]. It follows that PPCPs require efficient degradation processes.
In this context, advanced oxidation processes (AOPs) are promising for efficient pollutant degradation
technology[17]. Many kinds of catalytic systems using biochar-supported catalysts have been developed in this
regard, Rad et al. [18] synthesized carbon nanotube/biochar-based nanocomposites as a sonophotocatalyst for
sonocatalytic degradation of rifadin reached 80.3 % via AOPs. Zhao et al. [19] designed a Fe-N/biochar system
as catalytic particle electrodes in an electro-Fenton/H20- system for the decomplexation and removal of a model
pollutant. Eltaweil et al. [20] investigated Fenton-like degradation % of doxycycline reached 86.9 % after 1 h

with biochar/amine chitosan composite decorated with CuNi layered double hydroxide. As a continuation of our
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previous research, the bimetallic/Fenton-like technologies as an efficient system has once again captured our
attention, this process relies on the valence state change of transition metals, such as Fe, Co, Cu, Ni, Cr and Mn,
[20,21].

In this study, sugarcane pulp biochar (SCPBB) and SCPBB/CuNi composites prepared at different pyrolysis
temperatures (500, 700, and 900°C) and thoroughly investigated for their physicochemical properties and
catalytic performances. Additionally, the possibility of potential degradation of various contaminants in aqueous
solutions via Fenton-like reactions is provided, with target contaminants including Malachite green representing
dye molecules, and emerging pollutants amoxicillin representing pharmaceuticals, and methyl-parabens
representing personal care products contaminants. Malchite Green degradation has been investigated in our
previous study on the nanocatalyst loading effect at 500 °C slow pyrolysis temperature
[https://doi.org/10.1016/j.envres.2023.116232], and herein it is employed to characterize the biochar composite
catalysts prepared under various pyrolysis temperature, using optimized CuNi loading. We take advantage of our
wet impregnation strategy to prepare biochar/bimetallic nanocatalyst to interrogate their propensity to catalyze
PPCPs, considered as emerging pollutants requiring urgent development of highly efficient mineralization

catalysts.

2. Materials and methods

2.1. Biomass and Chemicals

The raw sugarcane bagasse material was obtained from local farms in Egypt. Sugarcane pulp bagasse (SCPB)
after drying is secondary finely ground before use as biomass feedstock. Metal nitrate Cu(NOs3).-6H.0O and
Ni(NO3)2-6H.0 was purchased from Aldrich and used as a precursor for impregnating biomass. Distilled water

dissolved metal nitrates as an aqueous solution.

2.2. Synthesis of biochar materials

Firstly, the SCPB powder was added to Cu(NOs3),-6H20 and Ni(NOsz)2-6H20 aqueous solutions with different
molar masses. The molar ratios of SCPB and CuNi were 0.5mmol pyrolyses 500°, 700°, 900°, respectively.
The biomass was wet impregnated and then dried overnight at 60 °C. Then, the samples were pyrolyzed in a
tube furnace under N, atmosphere to 500 °C for 1 h (the heating rate of 20 °C min™t). Finally, the catalyst was
cooled to room temperature under the N flow and collected. The biochar samples loaded with metal nanoparticles
were labeled as SCPBB@CuNi-500, SCPBB@CuNi-700 and SCPBB@CuNi-900, respectively.

2.3. Materials characterization
3



The crystalline structure of the biochar compositea, as shown were determined by XRD in the 20° < 26< 100°
range, using a D8 Advance Bruker diffractometer (Cu Ko radiation). The XRD data were processed using
Highscore Plus software.
X-ray photoelectron spectroscopy (XPS) spectra were acquired using a K Alpha+ apparatus (Thermo, East
Grinsted, UK) to determine the different major chemical elements on the surface of the samples. The machine
employs a mono Al K (source energy = 1486.6 eV) and a flood gun for charge compensation. Avantage software
was used for acquisition and processing of the data. The pass energy was set at 80 eV for the narrow regions, and
200 eV to record the survey spectra.
Raman spectra analysis wascarried out on the composites to determine the carbon signature by a Horiba HR 800
instrument. The curve fitting of the Raman was processed using MagicPlot software.
The surface morphology was investigated using a Hitachi SU 8030 Scanning Electron Microscope (SEM).
Transmission electron microscope imaging was performed using a TecnaiG220 (FEI, Hillsboro, OR, USA) fitted
with an energy dispersive spectrometer (EDS).

Fourier transform infrared (FTIR) attenuated total reflection (ATR) spectroscopy analyses were performed on
a NICOLET 8700 spectrometer.
Thermal gravimetric analyses (TGA), a Setaram Setsys Evolution model was utilized, operating under N

atmosphere with a temperature range of RT-900 °C and a heating rate of 20 °C/min.

2.4. Catalytic activity

Catalytic tests were conducted using a methodology similar to that we previously reported [9,14]. Biochar
supported bimetallic nanoparticle SCPBB/CuNi prepared at various pyrolysis temperatures was employed as a
catalyst for catalytic degradation of three target pollutants in wastewater, namely Malachite Green (dye),
Amoxicillin (antibiotic, obtained from local pharmacy in Paris, “Pharmacie Grosicki”) and methyl-paraben
(cosmetic). For each experiment, 5 mg of the biochar catalyst was introduced into a solution (20 mL,
concentration: 20 mg/L). The addition of H.O, triggered the Fenton-like degradation reaction of the organic
pollutants.  The suspension was filtered to determine the residual dye concentration, and UV-Vis

spectrophotometry was employed at specific time intervals.



3. Results and Discussion

In this work, we targeted to investigate the pyrolysis temperature effect on the catalytic
performance of biochar@CuNi. It is well-known that at 500 °C, the H/C ratio starts to be
significantly low and thus one reaches a highly carbon-rich  structure
[https://doi.org/10.1038/srep22644]. During the pyrolysis of biomass at low temperature, tar is the
main product formed [], while only a small amount of biochar is produced. When the pyrolysis
temperature is 500°C, the biochar yield reaches the maximum. As the temperature increases from
500 °C, secondary cracking reactions occur and tar yield reduces during the pyrolysis process.
Therefore, the pyrolysis region of 500-900°C was selected to further study. This has also been
explained in the seaweed biochar pyrolysis process[10.1016/j.algal.2020.101900]. In this regime,
and particularly under slow pyrolysis conditions, biochar is the main product
[https://doi.org/10.3390/surfaces6020013], which is important in this work as it serves as support
for the nanocatalysts. Temperature is also an important parameter controlling biochar textural
properties [https://doi.org/10.1016/j.scitotenv.2020.144204], with an ideal 400-700 °C pyrolysis
temperature range, as well as carbonization and graphitization [https://doi.org/10.1007/s42773-
020-00056-0]. However, as we consider the pyrolysis of nanocatalyst precursor-impregnated
biomass, the pyrolysis temperature effect on the final biochar composite catalyst is worth this

comprehensive investigation.

3.1. Catalyst characterization
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Fig. 1. XRD pattern of SCPBB biochar (a) and SCPBB/CuNi (b).

For pure SCPBB materials, Fig. 1a exhibits two broad diffraction peaks near 23° and 43°, attributed to the (002)
plane and (100) plane of carbon, respectively, indicating that sugarcane pulp bagasse biomass converted to
amorphous carbon under high-temperature pyrolysis[22]. The carbonaceous structural peaks observed at 51.3°
for the high-temperature biochars SCPBB-700 and SCPBB-900 indicated the formation of slightly ordered
biochars[23]. However, there are two typical peaks in SCPBB/CuNi composites at 51.3 ° and 60.0 °, which are
indexed to (111) planes and (002) planes of copper nickel (ICSD No0.98-062-8542), respectively. The diffraction
peaks become sharper as increasing pyrolysis temperature, implying the high crystallinity of CuNi alloy

successfully supported on biochar, as well indicated that smaller alloy particles merge into larger alloy particles

on the surface[24].
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Fig. 2. Raman spectra of pure SCPBB(a-c) and SCPBB@CuNi(e-g), the Raman band area ratios of SCPBB(d)
and SCPBB/CuNi(h).

Raman spectroscopy can identify both presence of graphite and amorphous carbon in these samples, which were
fitted using Lorentzian and Gaussian functions for the background correction, different band height and integral
areas measurements[25]. The Raman spectra of all biochar samples exhibit two strong peaks in the D; and G
bands (Fig. 2). The D band around 1340-1370 cm™* corresponds to the structural defects, while the G band at
about 1580-1600 cm™* corresponds to the graphite C=C bond[26].The D, (V-band, ~1500 cm—1) and D3 bands
(~1200 cm—1) are associated with amorphous carbon structure and mixed sp?-sp? bonds, respectively[27]. Fig.
2(d) illustrates the related band area ratios for all biochars. The ratio 1(D1)/I(G) have an inverse proportional

correlation with the crystallite size[28], the lower I(D1)/1(G) suggests the average planar size of the graphite
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microcrystals is higher[29]. Similarly, the 1(D2+D3)/I(G) ratio also increases as the pyrolyzed temperature
increases, the condensed aromatic ring structures with defects and the presence of a significant amount of
amorphous carbon in the SCPBB biochar[28]. Simultaneously, with the increase in pyrolysis temperature, and D
peak shapes of biochars and their composites becomes narrower, which indicates a growing order of the carbon
matrix during pyrolysis as non-crystallite carbon is decomposited/polymerized into larger molecules[30].
Interestingly, the Raman spectra of the bimetallic-impregnated biochar SCPBB/CuNi show similarities to those
of pure biochar SCPBB, with a reduced 1(D1)/I(G) ratio (Fig. 2(h)). This suggests the incorporation of the
bimetallic nanoparticles enhances the uniformity of carbon structure, leading to a higher degree of graphitic

carbon formation in the composite material[31].
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Fig. 3. FTIR-ATR spectra of pure biochar under different pyrolysis temperatures(a), SCPBB vs. SCPBB/CuNi
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The FTIR-ATR spectra illustrate the transformation of biochar under varying pyrolysis temperatures and the
impact of metal nanoparticles in Fig. 3. Broad bands observed at 3100-3660 cm™ and ~1700 cm! representing -
OH and C=0O stretching vibrations, which are attributed to dehydration and decarboxylation during
pyrolysis[32,33]. The 2800-3000 cm™ and ~1435 cm™ regions represent aliphatic functional groups CH3 and
CHj stretching and deformation vibrations. The C=C, C=0 for ketones and quinones occur in the region around
1600 cm* and aromatic C-H occurs between 885 - 750 cmL. The strong band at 1030 cm! is attributed to the C-
O stretching of phenolic related to oxygenated functional groups of cellulose, hemicellulose, and methoxyl
groups of lignin[33,34]. Strong aromatic C=C stretching vibration was observed in biochar produced at 500 °C,
indicating the formation of aromatic structures in the biochar[32]. The vibrations of functional structures also
persisted for pyrolysis temperature to 700°C. Meanwhile, as the pyrolysis temperature increases to 900°C,
SCPBB shows a similar spectrum, but the intensity of its functional groups decreases. Remarkably, loading
copper and nickel metal nanoparticles preserves almost all organic functional groups over biochar supports. It

can be suggested that the pyrolysis temperature has a significant influence on the organic functional structure of
biochar-based materials.
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Fig. 4. TGA/DTG analyses of the sugarcane pulp bagasse(SCPB) and sugarcane pulp bagasse with metal nitrate
salts.

The decomposition of sugarcane pulp bagasse and its wet-impregnated mixture with metal nitrate under a
nitrogen atmosphere was studied by thermogravimetric analysis (TG), consistent with the conditions of pyrolysis
synthesis. The TG/DTG curve shown in Fig. 4(a), the thermal degradation of SCPB is 4.6% mass loss between
40 °C and 189 °C, which is related to moisture loss and devolatilization [35]. The second weight loss stage of
sugarcane bagasse begins at ~200 °C, with approximately 60% mass loss, and complete thermal degradation of

holocellulose occurs at approximately 400 °C. This is a main weight loss stage associated to the sum of volatiles,
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hemicellulose, cellulose and lignin thermal decomposition, respectively[36]. For the mixture of sugarcane pulp
bagasse with Cu(NO3)2-6H.0 and Ni(NOs)2-6H20, Fig. 4(b) can be clearly observed on the DTG curve that the
first peak corresponds to the moisture from SCPB and bound water molecules from hydrated metal salts during
wetness impregnation. This is followed by two overlapping peaks, hemicellulose (312 °C) and cellulose (333 °C),
with the peak corresponding to lignin partially overlapping the other two peaks at 430°C -550°C [37]. A broader
peak is observed, attributed to weight loss caused by lignin decomposition reactions[7].

100 nm i o | _and 100 nm

Fig. 5. SEM images of biochar: SCPBB-500 (a), SCPBB-700(b), SCPBB-900(c), thermal-treated CuNi-
impregnated biochar composites: SCPBB/CuNi-500(d,g), SCPBB/CuNi-700(e,h) and SCPBB/CuNi-900(f,i).

SEM images of the SCPBB and SCPBB@CUuN:i at different pyrolysis temperatures are shown in Fig. 5. Pure
SCPBB biochar had a smooth surface(Fig. 5 a-c), which makes it a good carrier and support. The loading of the
bimetallic nanoparticles on biochar induced a cracked and porous structure (Fig. 5d-f). The CuNi alloy
nanoparticles are spherical and evenly distributed on the biochar, and the particle size of CuNi nanoparticles

obviously increases with the gradual increase of pyrolysis temperature, which is consistent with the XRD data.
10



Notably, SCPBB/CuNi-700 and SCPBB/CuNi-900 formed larger pores and channel structures due to release
more volatile substances as raising pyrolysis temperature, and CuNi particles are either partially embedded or
fully enclosed within the porous biochar matrix.

In the Fig. 6, particle size and shape were investigated through TEM images with micron-scale of biochar-based
composites. It was observed that CuNi metal nanoparticles with spherical on the biochar matrix, the particle size
distribution of 5-15 nm, 15-23 nm and 12-26 nm, the mean size of 11.68 nm, 18.23 nm and 18. 91 nm at pyrolysis
temperatures of 500°C, 700°C and 900°C, respectively. These metal nanoparticles as alloys aggregated by the
high surface energy and surface tension[38], and there are porous structures appeared in surfaces with pyrolysis

temperature above 700 °C.

Fig. 6. TEM images of CuNi-impregnated biochar composites: SCPBB/CuNi-500 (a), SCPBB/CuNi-700(b) and
SCPBB/CuNi-900(c).
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Fig. 7. XPS analysis of biochar samples: survey regions of SCPBB-500 (a) and SCPBB/CuNi-500, peak-fitted
N1s from SCPBB-500 (c) and SCPBB/CuNi-500EM (d), Cu2p (e) and Ni2p (f) regions from SCPBB/CuNi
samples; N/C atomic ratio (g), and (Cu+Ni)/C atomic ratio versus pyrolysis temperature.

XPS was used as a unique surface analytical technique to determine the surface chemical composition of bare
and nanocatalyst-coated biochar samples. Figure 7 displays the survey regions of SCPBB/CuNi-500 (Figure 7b)
and that of the same biochar, prepared without any catalyst (Figure 7a). The addition of copper and nickel specific
peaks is clearly visible despite their low relative intensity, due to the dispersed nature of the CuNi nanoparticles
instead of a continuous nanoparticle top layer. N1s is peak-fitted for both SCPBB-500 (Figure 7c) and
SCPBB/CuNi-500 (Figure 7d) with three components assigned to pyridinic (398.5-399 eV), pyrrolic (400+0.5
eV), and graphitic (401.2+0.5 eV) nitrogen atoms, respectively. Concerning the SCPBB/CuNi materials, the
contributions of the pyridinic, pyrrolic, and graphitic nitrogen types to the total N1s peak-area (47.2, 47.2, 5.6%),
(40.3, 50.4, 9.3%), and (34.1, 52.4, 13.5%) for the pyrolysis temperature of 500, 700 and 900 °C.

All Cu2p regions do not seem to be affected by the pyrolysis temperature, and the Cu2p regions are dominated
by the metallic state of copper (Cu2ps. centred at ~932.4 eV), however with little oxidation evidenced by Cu2ps/.
centred at ~934.7 eV and particularly by the broad satellite feature (940-948 eV). Nickel shows complex Ni2p
spectrum showing the coexistence of nickel in both the metallic and the Ni(ll) oxide states (Ni2ps centred at
852.5 and 856.0, respectively). The broad satellite region (860-868 eV) is consistent with Ni(ll) oxidation state.
There seems to be slightly more nickel oxide at 700 and 900 °C.

The N/C atomic ratio is plotted versus pyrolysis temperature for all samples (Figure 7g). It shows clearly that the

wet impregnation affects the carbon structure, and the nitrogen containing heterocycles seem to withstand
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elevated temperature. Yet, one can note a gradual decrease in the N/C ratio with increasing preparation
temperature for the SCPBB/CuNi samples. For the SCPBB/CuNi samples, there is a slight increase in total metal

to carbon atomic ratio as a result of the increasing of the pyrolysis temperature (Figure 7h); this is due to the

elimination of carbon during the carbonization and the creation of the porous structure of the underlying biochar.

Surprisingly, despite the impregnation of equal number of moles of copper and nickel ions, the Cu/Ni atomic
ratio was found to be 2.1, 1.42 and 0.97 (nearly 1) for SCPBB/CuNi prepared at 500, 700 and 900 °C. Possibly,
the bimetallic catalyst nanoparticles undergo segregation of copper to the outermost surface of the nanoparticles
at lower pyrolysis temperature, and at 900 °C there could be more mobility of nickel yielding a Cu/Ni atomic

ratio equal 1, matching the initial ratio during the wet impregnation process, prior to pyrolysis.

3.2. Catalytic application of SCPBB@CUuNi
3.2.1. Removal of Malachite green dye
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Fig. 8. Catalytic degradation of Malachite Green: UV-vis spectra using SCPBB/CuNi-500(a), SCPBB/CuN:i-
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10 min(f), 20 min(g), 30 min(h).

SCPBB/CuNi composites with different pyrolysis temperatures, a range of heterogeneous catalysts, was assessed
for its catalytic activity in degrading Malachite green (MG) dyes under the optimal experimental conditions
reported previously. Spectral changes as shown in Fig. 8a-c; all SCPBB/CuNi catalysts achieved significant
degradation efficiency in 30 min in the presence of H20..T0 assess the reaction rate, we conducted a study to
estimate the degradation of MG over SCPBB/CuNi generated material as a function of reaction time. The
degradation kinetics were quantitatively evaluated using the pseudo-first-order model, -Ln(C/Co) = kt, where 'C'
represents the dye concentration at time 't', 'Co' is the initial dye concentration, and 'k’ is the rate constant(min™1).
The ranking of rate constant "k" for MG degradation by these catalysts is as follows, from highest to lowest:
SCPBB/CuNi-500 > SCPBB/CuNi-700 > SCPBB/CuNi-900. Moreover, it can be seen from C/Cqy that
SCPBB/CuNi-500 exhibited higher catalytic efficiency, with 64% in 10 min and approximately 96% in 20 min.
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In contrast, SCPBB/CuNi-700 and SCPBB/CuNi-900 showed slower degradation rates of 47 and 43%,
respectively, within the first 10 min but all catalysts were able to completely remove the dye molecule within 30

min.

3.2.2. Removal of Amoxicillin
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Fig. 9. Removal of Amoxicillin: UV-vis spectra using SCPBB/CuNi-500(a), SCPBB/CuNi-700(b),
SCPBB/CuNi-900(c), C/Co-vs-time plots(d), -In (C/Co)-vs-time plot(e), the corresponding removal % in 30
min(f).

Furthermore, the degradation of pharmaceuticals is equally significant in the water pollution context; the biochar
catalyst/H20, system were employed for amoxicillin(AMX) degradation at room temperature under advanced
oxidation processes. The experiments revealed that AMX self-degradation with H,O, was negligible in the
absence of the catalyst. The addition of SCPBB/CuNi as a H.O; activator proved crucial for AMX degradation.
The catalyst amount of 0.25 g/L, the initial concentration of AMX of 20 PPM, resulted in a remarkable catalytic
activity to assess the degradation of AMX. Fig. 9a-c illustrate the gradual decrease in the spectra intensity of
AMX with increasing catalytic time. Fig. 9d displayed the removal trends of antibiotic, revealing that
SCPBB/CuNi catalyst achieved the highest degradation efficiency within 60 minutes. The rate constants,
determined from the pseudo-first-order reaction kinetics, were 0.0415 min~t, 0.0093 min~* and 0.0074 min~* for
SCPBB/CuNi-500, SCPBB/CuNi-700 and SCPBB/CuNi-900, respectively (Fig. 9¢). Correspondingly, Fig. 99
illustrated degradation efficiencies of 93%, 46% and 37% for SCPBB/CuNi-500, SCPBB/CuNi-700 and
SCPBB/CuNi-900 within 60 min, highlighting the superior degradation rate of SCPBB/CuNi-500 catalyst.

3.2.3. Removal of methyl-paraben

Methyl paraben(MP) was selected as the model pollutant of pharmaceutical field was studied the catalytic activity
and degradation performances of SCPBB/CuNi composites with different pyrolysis temperatures. 250mg/L of
catalysts were carried out to removal 20mg/L of MP with H,O(Fig. 10). After 180 min of degradation test, the
SCPBB/CuNi-500, -700 and -900 catalysts could degrade MP at room temperature and daylight reached 97%,
T77% and 82%, respectively. It is found that the SCPBB/CuNi-500 showed the highest removal efficiency on the
degradation of MP, the catalyst could be effectively activate H-O- to generate the oxidation capacity.
Subsequently, the first-order kinetic characteristics reflected that a linear relationship with different temperatures,
it is noted that the reaction rates constants were very close during the initial 90 min among all catalyst, after that,

SCPBB/CuNi-500 showed the best reaction rate constant compared with other two catalysts.
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As the results mentioned before, SCPBB/CuNi composite showed efficient degradation performance of
wastewater containing pollutants from dyes, pharmaceuticals, and personal care products. For the treatment of
complex pollutant molecules, the catalytic activity highly dependent on the pyrolysis temperature, with the
optimal temperature being 500 °C. Thus, it is noticeable that the pyrolysis temperature plays a crucial role in
influencing the catalytic performance of the catalyst. As mentioned before in the XPS section, it is possible that
the pyridinic nitrogen type plays an important role as the best catalytic performances were obtained at 500 °C
pyrolysis temperature, for which a highest pyridinic nitrogen contribution is obtained. This type of nitrogen is
versatile; it has a Lewis donor characteristic and can be protonated-deprotonated. It follows that the pollutant
molecule adsorption could be favored on such biochar sites whilst the nanocatalyst cleaves the hydrogen peroxide
for further action to degrade the dye or the PPCP.

Moreover, one key feature of the composite catalysts prepared so far, they are highly stable with CuNi
nanoparticles tightly bound to the wunderlying biochar; this we have reported previously
[https://doi.org/10.1016/j.envres.2023.116232].

Table 1. The catalytic efficiency of the composites prepared in this work is compared with that of
other researches.

Experimental Contact Degradation
Catalyst conditions Time(min) (%0) References
Malachite Green
. ] Catalyst 1 g/L, MG 10.1016/j.tal
Nitrogen-doped 93 mg/L, room 60 >95 anta.2023.12
carbon dots
temperature 5278
Catalyst 0.2 g/L, MG 10.1016/j.jci
mZVI/NGB 20 mg/L, H20- 30 >95 5.2024.01.06
1 mM, pH5.8 1

Catalyst 1 g/L, MG

Bi20.CO3/CuBi: 10.1016/j.pse

200 mg/L, pH 6,
O4 temperature 25 °C, 180 91.6 9.2024;01.09
simulated sunlight -
Catalyst 0.25 g/L,
. H20, 48 mmol/L, > i
SCPBB@CUNI 10 maiL., room 30 99 This work
temperature
Amoxicillin
Catalyst 0.12 g, AMX 10.1021/acso
SCB/Fe304 100 mg/L, pH 6, 240 74.07% mega.3c0811
sunlight radiation 6
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https://doi.org/10.1016/j.talanta.2023.125278
https://doi.org/10.1016/j.talanta.2023.125278
https://doi.org/10.1016/j.talanta.2023.125278
https://doi.org/10.1016/j.jcis.2024.01.061
https://doi.org/10.1016/j.jcis.2024.01.061
https://doi.org/10.1016/j.jcis.2024.01.061
https://doi.org/10.1016/j.psep.2024.01.097
https://doi.org/10.1016/j.psep.2024.01.097
https://doi.org/10.1016/j.psep.2024.01.097

Catalyst 2 g/L, H2O»,

CuF AMX 100 mg/L,pH 10.1016/j.cej
u—e- ; - 35 > 58% 2022.13467
FeCs@NDB 4-8.5, Electrol_y5|s :
current density
12 mA cm™?
Catalyst 1 g/L, 10.1016/j.jall
Cul/FePO, AMX 20 mg/L, 120 ~90% com.2021.16
Osram lamp 400 W 2176
Catalyst 0.25 g/L,
SCPBB@CUNi- H20-, 48 mmoI/L, >03% .
500 AMX 20 mg/L, room 60 This work
temperature
Methyl paraben
Catalyst 0.1 g/L, MP 10.1016/j.ch
Ni/Co/CN 75 mg/L, LED light 120 ~100% emosphere.2
42 W 023.140680
Catalyst 20 mg, MP 10.1016/j.ch
IN2S3/WS; 100 mg L2, Xe lamp 90 95.8 % emosphere.2
400 W, pH 7 023.138235
Catalyst 25 mg/L, MP
1 mg/L, ultrasound 10.1016/j.ult
CX/CoFe irradiation 25/ 60 min 54.6%/100%  sonch.2020.1
52 WIL, temperature 05045
20°C
Catalyst 0.25 g/L,
SCPBB@CuNi-  H202 48 mmol/L, MP >97% .
500 20 mg/L, room 180 This work
temperature

In our case, the SCPBB/CuNIi-500, as multipurpose catalyst, is to boost the degradation of
malachite green, amoxicillin drug and methyl paraben. Its performances are compared to those of

other catalysts reported in the literature (Table 1). Thara et
al. [10.1016/j.talanta.2023.125278] degraded 95% of MG within 60 min using nitrogen-doped
carbon dots synthesized by microwave method. Sokhansanj et

al. [10.1016/j.psep.2024.01.097] reported the degradation MG of 91.6 within 180 min when using
Bi2O,CO3/CuBi2Os  under sunlight  radiation.  For ~ AMX  drug, Zulfigar et
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https://doi.org/10.1016/j.chemosphere.2023.140680
https://doi.org/10.1016/j.chemosphere.2023.140680
https://doi.org/10.1016/j.chemosphere.2023.140680
https://doi.org/10.1016/j.chemosphere.2023.138235
https://doi.org/10.1016/j.chemosphere.2023.138235
https://doi.org/10.1016/j.chemosphere.2023.138235
https://doi.org/10.1016/j.ultsonch.2020.105045
https://doi.org/10.1016/j.ultsonch.2020.105045
https://doi.org/10.1016/j.ultsonch.2020.105045
https://www.sciencedirect.com/science/article/pii/S0921510720302208#t0005
https://www.sciencedirect.com/science/article/pii/S0921510720302208#b0005
https://www.sciencedirect.com/science/article/pii/S0921510720302208#b0005
https://www.sciencedirect.com/science/article/pii/S0921510720302208#b0010

al. [10.1021/acsomega.3c08116] reported 74.1% degradation using SCB/Fez04 under sunlight
radiation for 240 mins, whereas Beshkar et al. [10.1016/j.jallcom.2021.162176] found 90%
degradation under visible light radiation in 120 min using Cul/FePOs4 photocatalyst. The
degradation of AMX has also been reported using the different Cu—Fe—FesC@NDB electrolysts
prepared at the pyrolysis temperatures and the degradation efficiencies under current density
12 mA cm2 were 58.0, 78.1, 99.3, and 97.4% at 500, 600, 700 and 800 °C, respectively
[10.1016/j.cej.2022.134675]. It is worth to mention the methyl paraben degradation efficiency
reported by Alhamzani et al. [10.1016/j.chemosphere.2023.138235] using
In2S3/WS: heterostructure catalyst (~95.8 % under visible light irradiation, at pH 7, and within
90 min). Zanias et al. [10.1016/j.ultsonch.2020.105045] reported ultrasound irradiation system to
form HO; for the degradation of MP molecule using CX/CoFe; the degradation efficiency was
found to be 54.6% for 25 W/L and 100 % for 52 W/L. Comparative studies clearly show that in
our case, using SCPBB/CuNi-500 as catalyst with H2O>, the diverse degradations of MG, AMX,
and MP were demonstrated to complete within 30, 60, and 180 min, respectively, without

additional change in temperature, pH, and light irradiation.

21
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https://www.sciencedirect.com/science/article/pii/S0921510720302208#b0195
https://www.sciencedirect.com/science/article/pii/S0921510720302208#b0180
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3.3 Possible mechanism
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Fig. 11. Reaction mechanism diagram removal organic pollutant using SCPBB/CuNi-500.

According to the experimental findings, the degradation of organic pollutant molecules by the SCPBB/CuNi
composite occurs through the synergistic effects of adsorption and Fenton-like reactions, as illustrated in the
reaction mechanism diagram shown in Fig. 11. Initially, electrostatic interaction/coordination bonds between the
transition metals (i.e., copper and nickel)/functional group on the composite material and organic molecules,
leading to adsorption on the surface of SCPBB/CuNi[20]. The aromatic rings in SCPBB form n-n interactions
with the aromatic rings of the organic molecules [39]. In addition, BET measurements indicate main mesoporous
pore sizes larger than 2.43 nm, indicating that organic molecules adsorbed in the composite material through
pore-filling interaction[40].

For the Fenton-like degradation system, it is noteworthy that the transformation and recovery of the metal
oxidation states on the catalyst, along with the generation of reactive oxygen species (ROS) from H.0,, are
closely associated with the degradation of organic contaminants[41-43]. Firstly, Cu?* is reduced to Cu* by
decomposition of H2O,, because the standard potential (Eo) of HO,¢/H202(+1.44 V) is higher than that of
Cu?*/Cu*(+0.159 V) (Eq.1)[21,44]. Subsquently, Cu* and Ni%* on the composite surface gives rise to Cu?* and
Ni®* and hydroxyl radicals (OH) (Eq. 2 and 3). After that, reduced Ni®* to Ni?* by Cu* due to the Eo of
Cu?*/Cu* is lower than that of Ni**/Ni?* (2.94 V)(Eq. 4)[20]. These indicates that CuNi nanoparticles can form a
continuous redox transformation, as both metal ions can undergo recycle on the biochar surface. Ultimately, the

reactive hydroxyl radicals (-OH) as the main active species attacks pollutant molecules, degrading them into CO>
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and H20O (Eg. 5).

Cu?*+H0; —» Cu*+HO2" +H* (1)
Cu*+Hz20, — Cu?* +HO" + OH @
Ni 2 +H,02 — Ni¥* + HO® + OH- 3)
Cu*+Ni3 —  Cu® +Niz (4)

Pollutant molecules + HO* — CO2+H20 5)

In order to further illustrate the influence of light on the whole process, catalytic degradation tests using
SCPBB/CuNi were conducted under visible light conditions in comparison to dark conditions. Taking AMX
molecules as an example, it was observed that there was no significant difference in AMX removal efficiency
between dark and visible light conditions, indicating that the photocatalytic effect of SCPBB/CuNi under AOPs

can be negligible.

4. Conclusion

SCPBB and SCPBB/CuNi composites were prepared by the pyrolysis and wet impregnation/pyrolysis approach
in the 500 to 900 °C temperature range. XRD data confirmed CuNi as alloy loaded on biochar-based samples.
SEM images indicated that the sized of CuNi nanoparticles with spherical shape dispersed on biochar surface
increased with increasing the pyrolysis temperature. FT-IR ATR and Raman spectra showed that SCPBB/CuNi
composite materials retain the surface functional groups and carbon structure present in the SCPBB material.
TGA indicates that the introduction of CuNi nanoparticles enhances the thermal stability of the SCPBB supports.
Subsequently, under indoor visible light and room temperature conditions, the catalytic degradation were carried
out with catalysts/AOPs system toward dyes, pharmaceuticals and personal care products. Regarding Methyl-
paraben, the degradation rate of SCPBB/CuNi remained above 77 %. Malachite Green can be completely
degraded with SCPBB/CuNi samples in 30 mins. The degradation efficiency of Amoxicilline in the presence of
SCPBB/CuNi-500, -700, and -900 were 93%, 46%, and 37%, respectively. Thus, SCPBB/CuNi prepared by
optimal pyrolysis temperature 500 °C may serve as a potential candidate material for mitigating toxic organic
pollutants into the aquatic environment. Slow pyrolysis is an interesting process because it gives a high yield of
solid biochar support over the two other main products (gas and bio-oil). The direct wet impregnation employing
nickel catalyst precursor ensures obtaing supported nanocatalysts over porous biochar structure from the pulp of
sugarcane. Yet, it remains tedious to anticipate which biomass will enable obtaining a porous structure; this
requires a full comprehensive study. Moreover, we tentatively correlated the efficient catalysis with the pyrolysis

temperature of 500 °C which yielded the highest relative concentration of pyridinic centres. However, this point
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merits also a comprehensive study of the nitrogen centres which could be obtained from the natural initial biomass,
but also by doping the biomass with a nitrogen-containing species such as urea.

Beyond the firm results and open questions, SCPBB/CuN:i is indisputably a potential candidate material to
mitigate toxic organic emerging contaminants in aquatic environments. It is a low-coast and sustainable

composite material; it helps to address SDG6 (clean water and sanitation) and SDG14 (life below water).
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