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In the current study, sugarcane bagasse-derived biochar catalysts were synthesized by doping with metal-free
heteroatoms including nitrogen, phosphorus, oxygen, and boron and their efficacy was tested for catalytic co-
pyrolysis of walnut shells (WS) and palm oil fatty acid distillate (PFAD) using Py-GC/MS. The biochar cata-
lysts’ properties and their effectiveness on co-pyrolytic bio-oil (overall product distribution, selectivity towards
aliphatic and aromatic hydrocarbons, and carbon number ranges) were extensively examined. Among the various
catalysts considered, boron-doped biochar (BCB) demonstrated effective performance due to an improved surface
area, porosity, and acidity and resulted in a significantly increased hydrocarbon yield, particularly in the gasoline
and diesel range, and preference for aromatic over aliphatic hydrocarbons. The optimum bio-oil quality was
achieved at a feedstock-to-catalyst ratio of 2:1 and a pyrolysis temperature of 750 °C, with a hydrocarbon yield of
90.8 % and aromatic hydrocarbon selectivity of 63.5 %. Overall, the study underscores the role of BCB in
fostering deoxygenation, decarboxylation, and aromatic selectivity via thermal and catalytic pathways, high-

lighting the potential of non-metallic doped biochars for bio-oil upgrading.

1. Introduction

The development of renewable energy resources has led to extensive
research into innovative technologies capable of harnessing the enor-
mous potential of feedstocks derived from biomass [1]. One of the most
effective ways to produce biofuels from biomass is through pyrolysis, a
thermochemical process that converts biomass into useful bio-oil, char,
and gases [2,3]. However, because of its high oxygenated compound
content, the resulting bio-oil often exhibits poor quality, being charac-
terized by high viscosity, low thermal stability, and corrosiveness [4].
Thus, improving the quality of bio-oil is critical to its widespread use and
economic viability [5]. Using catalysis is an important approach for
improving bio-oil quality and increasing pyrolysis efficiency [6]. Yet,
conventional catalysts, such as zeolites, have the disadvantage of being
expensive and easily deactivated [7,8]. Therefore, biochar, which is a
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pyrogenic product of biomass, can be used as a heterogeneous, renew-
able, inexpensive, and efficient carbon-based catalyst in pyrolysis to
reduce costs and prevent carbon deposition [9,10]. Biochar can be
produced from all types of agricultural wastes [11] and its significant
catalytic abilities are attributed to its tunable surface chemistry, porous
structure, and surface functional groups [12,13]. Moreover, biochar’s
utilization as a catalyst is consistent with the ideals of eco-friendly and
sustainable processes, which encourages further research into a wide
range of applications [10,14]. Biochar can act as a channel for bio-oil’s
production enriched with valuable hydrocarbons via catalytic pyrolysis,
paving the way for improved biofuel production and a lower environ-
mental footprint [11,15].

Aside from using pristine biochar, a variety of modification strategies
have been established to further improve its catalytic characteristics,
such as physical and chemical activation, as well as metal and non-metal
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heteroatom doping [10]. In the literature, biochar [16], activated bio-
char [17,18] and metal-modified biochar [19-21] catalysts have been
largely investigated for catalytic pyrolysis of various feedstocks to in-
crease hydrocarbons content and lower the oxygen species in bio-oil.
Among these, biochar modified with metals (Ni, Fe, Zn, Zr, Cu)
showed the highest yield and selectivity for hydrocarbons [22,23].

Although metal- or metal oxide-modified biochar has shown excep-
tional selectivity and yield towards hydrocarbons, there are substantial
limitations to utilizing metals such as leaching difficulties, poisoning,
and cost [24]. Consequently, the focus has recently shifted to non-metal
heteroatom doping, which involves chemically incorporating metal-free
heteroatoms such as phosphorus (P), oxygen (O), nitrogen (N), and
boron (B) into biochar, and can alter the catalyst surface structure and
impact the yield and selectivity of the pyrolysis products [25]. For
example, Chen et al., [26] investigated the influence of N doping on
bio-oil composition produced during the catalytic pyrolysis of bamboo
and discovered that the N-doped biochar catalyst significantly increased
phenol generation up to (82 %). In contrast, doping P into biochar using
phosphoric acid resulted in aromatic hydrocarbons being produced
instead of phenol in the presence of a hydrogen donor (soap stick) [27].
The results are consistent with Su et al., [28] who reduced the oxy-
genates and nitrogenates content in bio-oil by 88.8 % and 83.2 %,
respectively, from the catalytic co-pyrolysis of waste cooking oil and
microalgae using P-doped biochar catalyst. The presence of functional
groups in biochar is essential for its catalytic activity, thus an increase in
the number of these groups can accelerate the reaction rate [29].

Despite growing interest, research on the effects of non-metal het-
eroatom doping in biochar on bio-o0il compositions during pyrolysis has
been limited to a few studies of N and P doping. Further examination of
the effects of N and P doping, as well as additional heteroatoms such as B
and O, on different feedstocks is needed, especially given the untapped
potential of boron and oxygen heteroatoms. Incorporating these ele-
ments has the potential to introduce more active sites within the bio-
char, which could potentially alter the pyrolysis pathways. To the best of
the author’s knowledge there is no study available on the effects of B and
O doping on the compositions of bio-oils. Consequently, the current
study investigates the effects of N, P, O, and B doping on the catalytic
properties of biochar produced from sugarcane bagasse (SCB) and the
effectiveness of the synthesized catalysts for the co-pyrolysis of walnut
shells (WS) and palm oil fatty acid distillate (PFAD) using Pyro/GC-MS.
These three biomasses were chosen for the experiments due to their
importance as industrial and agricultural byproducts, as well as their
abundance. SCB is one of the most common agricultural wastes in the
world [30] and walnuts are among the top four dried fruits consumed
globally [31]. PFAD, a free fatty acid waste derived from industrial
processes, has the potential to significantly increase hydrocarbon pro-
duction during co-pyrolysis due to its higher hydrogen contents [32].

Initially a comparative analysis was conducted using five catalysts:
(i) pristine biochar (BC); (ii) boron-doped biochar (BCB); (iii)
phosphorus-doped biochar (BCP); (iv) nitrogen-doped biochar (BCN);
and (v) oxygen-doped biochar (BCO), at a fixed pyrolysis temperature
(650 °C). Subsequently, BCB was selected for optimization by varying
temperature (550, 650, and 750 °C) and feedstock-catalyst ratio (1:1,
2:1, 4:1). This is the first comprehensive and comparative investigation
of N, P, O, and B doping on biochar for the pyrolysis of walnut shells
(WS) and palm oil fatty acid distillate (PFAD) by using first time PFAD as
a unique hydrogen donor for catalytic co-pyrolysis.

2. Materials and methods
2.1. Materials

Three biomasses were used in this study: (i) Palm fatty acid distillate
(PFAD) provided by the Malaysian oil palm industry; (ii) walnut shells

collected locally; and (iii) sugarcane bagasse (SCB) obtained from Wil-
mar’s Victoria Mill, Australia. All analytical-grade chemicals were
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purchased from Sigma-Aldrich, including oxalic acid (98 % purity),
boric acid (99.5 % purity), orthophosphoric acid (85 % purity), and urea
(99.0 % purity).

2.2. Biochar catalyst synthesis

The biochar catalysts were produced from SCB biomass. The SCB was
thoroughly washed with distilled water to remove contaminants and
then dried in an oven for 24 hours at 105 °C. For doping, the wet
impregnation method was employed to incorporate four dopants (boric
acid, oxalic acid, urea, and phosphoric acid) using a fixed ratio of 1:1
(SCB: dopants) based on previous studies [29,33,34] with some modi-
fications. Briefly 4 g of SCB and 4 g of the selected dopant were mixed in
150 mL of distilled water and stirred continuously for 24 hours at
300 rpm with a magnetic stirrer. After impregnation, the water was
separated by centrifugation and the biomass was dried in an oven for
24 hours at 105°C. The doped biomasses were then pyrolyzed in a
horizontal quartz tube furnace at 600 °C (15 °C/min) for one hour under
a Ny atmosphere (2 L/min). Following pyrolysis, the biochars were
washed twice with distilled water to remove unreacted dopants, then
dried in an oven. To ensure reproducibility, each experiment was
repeated at least three times. Biochar doped with boric acid, phosphoric
acid, oxalic acid, and urea is labeled as BCB, BCP, BCO and BCN,
respectively. The schematic overview of the procedure is depicted in
Fig. 1.

2.3. Feedstock and catalyst characterizations

The feedstocks and biochar catalysts were characterized by ther-
mogravimetric analysis (TGA), proximate and elemental analysis, ni-
trogen adsorption-desorption analysis, Field emission scanning electron
microscopy (FE-SEM/EDS), Ammonia temperature programmed
desorption (NH3-TPD) analysis and Fourier-transform infrared spec-
troscopy (FTIR) analysis and X-ray photoelectron spectroscopy (XPS)
analysis. The details of each characterization analysis are provided in
Supplementary materials (Text S1).

2.4. Pyrolysis GC/MS

The pyrolysis GC-MS experiments were carried out on a Shimadzu
GCMS-QP2020 NX connected to a Multi-shot Pyrolyzer (EGA/PY-
3030D). For catalytic co-pyrolysis, WS and PFAD feedstocks were used
with a mixing ratio of 1:1 for all experiments. The samples were pyro-
lyzed at predetermined temperatures of 550, 650, or 750 °C for 1 min
using Ny carrier gas according to the previous studies [35] and helium
gas was used to sweep pyrolysis vapors from the quartz furnace tube into
the gas chromatograph mass spectrometer. For GC/MS, the injector
temperature was set at 280 °C with a split ratio of 40:1. Product sepa-
ration was achieved using a HP-5MS column with ultra-pure helium
(99.999 %) at a flow rate of 1.0 mL/min. Peaks identification was per-
formed by checking against the NIST library database and literature
sources. Compounds with a similarity index above 75 % were used for
analysis. The chromatographic peak area percentages were used to
quantify the pyrolysis products. Before each analysis, blank runs were
conducted until no identifiable peaks were observed. The relative
selectivity of aromatic and aliphatic hydrocarbons, as well as the carbon
numbers, was calculated by using Eq. (1) adopted from [36].

Relative area % of individual component
Relative area % of total hydrocarbons
x 100

Selectivity (%) =

®
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Fig. 1. Schematic overview of the procedure (materials and methodologies).
3. Results and discussion
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3.1. Feedstock characteristics
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The proximate and elemental compositions of feedstocks are listed in
Table 1 and TGA analyses are depicted in Fig. 2. The SCB had a moisture S 604
=
content of 7.4 % and an ash content of 5.3 %, indicating the presence of ey
minerals that could influence catalysis during pyrolysis [30]. Moreover, = 404
it showed 64.0 % volatile matter and 23.2 % fixed carbon content,
useful for biochar production. In contrast, WS showed a lower fixed 204
carbon content (16.8 %) and ash contents while higher volatile matter
(72.8 %), indicating minimal inorganic interference and higher volatile 0
product yields during pyrolysis [31]. On the other hand, unlike ligno- 0.0
cellulosic biomass, PFAD was entirely composed of volatile matter
(100 %), which was expected to behave differently during pyrolysis and Z-0.5-
completely breakdown when heated. E
In terms of elemental composition, PFAD showed the highest per- s
centage of carbon (74.9 %) and hydrogen (11.5 %) in comparison with g -1.04
SCB (42.5 % carbon, 4.9 % hydrogen) and WS (47.0 % carbon, 5.5 %
hydrogen), which may potentially result in a higher energy content in 1.5
the bio-oil [32]. The SCB, on the other hand, contained the highest
2.0

Table 1
Proximate and elemental compositions of feedstocks: sugarcane bagasse (SCB),
walnut shells (WS), and palm oil fatty acid distillate (PFAD).

SCB WS PFAD
“Proximate analysis (Wt%)
Moisture 7.44 8.14 0
Ash 5.29 2.21 0
Volatile matter 64.02 72.82 100
"Fixed carbon 23.25 16.83 0
“Elemental analysis (Wt%)
Carbon 42.58 47.0 74.89
Hydrogen 4.99 5.52 11.55
Nitrogen N/D N/D N/D
Sulphur N/D N/D N/D
Oxygen 47.14 45.27 13.56
# Dry basis

b Calculated by difference; N/D not detected

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 2. TGA and DTG curves of biomass feedstocks sugarcane bagasse (SCB),
walnut shells (WS), palm oil fatty acid distillate (PFAD), and mixture of SCB
and WS.

oxygen (57.7 %), followed by WS (45.3 %) and PFAD (13.5 %),
respectively.

Thermogravimetric analyses (Fig. 2) for WS and SCB demonstrated
identical weight loss patterns and thermal stability, with notable
decomposition occurred above 300 °C representing cellulose decom-
position [37]. Compared to SCB, the WS lost weight more gradually,
likely due to its higher lignin content which decomposes at higher
temperatures [38].

Conversely, PFAD showed a noticeable and more pronounced weight
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reduction at lower temperatures due to the higher volatility of fatty
acids. Furthermore, the thermal behavior showed intermediate thermal
stability between the individual components when WS and PFAD were
blended (1:1) possibly due to the WS’s fibrous structure interacting with
PFAD’s fatty components.

3.2. Production and characterizations of biochar catalysts

3.2.1. Biochar yield

The biochar yields from slow pyrolysis of SCB and SCB treated with
urea, phosphoric acid, oxalic acid, and boric acid are shown in Table 2.
The biochar yield from SCB was 26.1 wt% which was comparable with
previous studies [39,40]. However, the addition of phosphoric acid and
boric acid significantly increased the yield of biochar by approximately
73.9 % and 49.3 %, respectively. In contrast, adding oxalic acid and
urea led to a substantial decrease in biochar yield by approximately
18.1 % and 13.3 %, respectively. The possible explanations for the
observed changes in biochar yield are provided in Supplementary Ma-
terials (Text S2).

3.2.2. Biochar catalyst characteristics

The Ny adsorption-desorption isotherms for the biochar catalysts are
provided in Fig. S1 (Supplementary Materials) while the textural char-
acteristics and SEM morphologies are presented in Table 3, and Fig. 3,
respectively.

Compared to pristine BC, BCO exhibited a higher surface area of
388.0 m?/g than BC (315.9 m?/g). Additionally, BCO showed a larger
total pore volume (0.234 cm®/g), particularly in the mesopore range,
implying that oxalic acid treatment effectively expanded pore channels.
This was further supported by SEM observation (Fig. 3), which showed
that BCO had a more rugged and porous structure with clear pore
widening compared to BC’s smoother morphology. Thus, oxalic acid
modification has the capacity to enhance BCO’s catalytic potential such
as increased surface area and mesoporosity, which could promote better
reactant accessibility [4].

When examining the impact of nitrogen doping, urea impregnation
had a significant effect on biochar’s textural properties. Both BC and
BCN isotherms exhibited Type I characteristics (Fig. S1), which are
typical of microporous materials [36].

Compared to BC, BCN exhibited a lower surface area (232.2 m3/g)
than BC (315.9 m?/g). This finding implies that urea impregnation may
have caused partial micropore blockage or narrowing, reducing the
average pore diameter and total pore volume [41]. The mesopore vol-
ume remained unchanged, indicating that nitrogen doping mostly
impacted the microstructure rather than the mesoporous framework,
which could have implications for catalytic applications requiring
micropore accessibility [42].

The phosphorus doped biochar (BCP) resulted in significant changes
in its porous properties. Phosphorus incorporation significantly reduced
the BET surface area for BCP from 315.9 m?/g (BC) to 81.8 m?/g (BCP).
Moreover, BCP also demonstrated a lower total pore volume compared
to BC, indicating that phosphoric acid treatment led to pore contraction
or closure. The micropore volume also decreased from 0.100 cm3/g (BC)
to 0.022 cm®/g (BCP), indicating further pore narrowing. This suggests
that the biochar structure was densified, reducing its ability to adsorb

Table 2
The effect of heteroatom doping on biochar yield produced from the slow py-
rolysis of sugarcane bagasse at 600 °C.

No. Feedstock Heteroatom Precursor Biochar yield (wt%)
1 SCB / / 26.12 £ 2.12
2 SCB Phosphorus Phosphoric acid 45.37 £1.71
3 SCB Boron Boric acid 38.95 + 0.08
4 SCB Oxygen Oxalic acid 21.39 + 0.40
5 SCB Nitrogen Urea 22.64 +£1.03
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Table 3

Surface area and porosity characteristics of biochar catalysts produced from the
slow pyrolysis of SCB impregnated with different precursors. Ratio of SCB to
precursor = 1:1.

Sample  “BET "Total ‘Micropore ‘IMesopore 'Average
surface pore volume volume pore
area volume (cm3/g) (cm3/g) diameter
(m?/g)  (em®/g) (nm)

BC 3159 0.193 0.100 0.093 3.18

BCO 388.0 0.234 0.118 0.116 3.92

BCN 232.2 0.161 0.065 0.096 3.06

BCP 81.8 0.064 0.022 0.042 2.01

BCB 431.5 0.204 0.151 0.053 3.98

2 BET method;

b single point at P/P0=0.99;
¢ t-plot method;

4 Vmeso= Vtotal -Vmicro;

f BJH desorption

the same amount of nitrogen. The SEM images further confirmed that
BCP had a smoother surface with fewer pores than BC’s open porous
network, as evident in Table 3. Thus, phosphorus doping resulted in a
denser biochar with reduced porosity which could affect its performance
in applications where pore volume and surface area are critical pa-
rameters. Literature studies [28,43] showed that phosphoric acid
impregnation always increased surface area and porosity due to HgPOy4
acting as an effective activating agent to generate pore structure.
However, opposite findings observed in the current study could be due
to possible over-concentration of phosphoric acid resulted in
pore-congestion and/or specific interactions between the phosphorus
compounds and the carbon matrix that hindered pore formation.

Boron doping substantially enhanced the textural properties of bio-
char (BCB). For example, the BET surface area of BCB increased from
315.9 m?/g (BC) to 431.5 m?/g. Additionally, BCB showed a significant
increase in meso- and microporous structures, with a total pore volume
of 0.204 cm3/g which was in-line with previous studies [29,44]. These
changes were further confirmed by SEM images, which revealed that the
morphology of BCB consisted of a variety of distinct, well-defined, and
connected pores, compared to BC’s more compact and less porous
structure, as evidenced by pore volume and isotherm measurements.
The improvement in textural properties was thought to be due to boric
acid’s catalytic effect on the dehydration and depolymerization re-
actions of biochar, which accelerated the removal of volatile organic
matter from biomass materials during pyrolysis [29,44]. The boron
doping process appeared to increase the size of existing pores while also
creating new ones, which can significantly improve the material’s po-
tential as a catalyst by increasing its active surface area facilitating
reactant diffusion through the pores to the active sites.

The NH3 TPD analysis for the different doped biochars provided in-
formation on their surface acidity. As depicted in Fig. 4, pristine biochar
(BC) had a moderate desorption peak that served as a starting point for
comparing acidity.

The highest desorption intensity was seen in boron-doped biochar
(BCB), particularly at higher temperatures, suggesting the formation of
borate or boron-oxygen groups that caused the significant increase in
strong acid sites [45]. A desorption peak at lower temperatures was
observed for BCN, indicating the presence of weak acid sites that may
have originated from nitrogen-containing groups such as amines or
amides [46]. For BCO, an increased desorption peak intensity at inter-
mediate temperatures was observed indicating a greater number of
medium-strength acid sites, most likely from oxygen functionalities like
carboxylic groups. Finally, BCP exhibited two distinct desorption peaks,
indicating a complex acid profile with weak and strong acid sites that
may have originated from phosphate groups [47].

The FT-IR spectra of pristine biochar (BC) and heteroatom-doped
biochars (BCN, BCO, BCP and BCB) are provided in Fig. 5. The FT-IR
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Fig. 3. SEM images of SCB (a), BC (b), BCO (c), BCN (d), BCP (e), and BCB (f) at 10.00 pm scale x3.00 k.
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Fig. 4. NH;3 TPD profiles of biochar catalysts (BC, BCN, BCB, BCO, and BCP).

spectrum of BC showed several distinct peaks, including a weaker broad
band around 3400 cm Y, indicating the presence of -OH groups [1], and
a peak near 1600 cm™!, indicating aromatic structures and C=C
stretching vibrations [48]. The sharp peak at around 1000 cm ! was
attributed to the stretching of the C-OH, C-O, and C-O-C functional
groups [49]. Nitrogen doping invoked the formation of nitrogen func-
tionalities by increasing intensity and forming new peaks for BCN. A
new peak at around 3430 cm™! was attributed to N-H stretching [50],
while sharper and more intense peaks at 1630 cm ™' could be due to
C=N and N-H bending vibrations, indicating amine or amide func-
tionalities [51].

Oxygen doping was evident by the widening and intensification of
peaks corresponding to oxygen-containing groups. The sharp peak at
1735 cm™! indicated C=0 stretching from carboxylic acids [24],

whereas the strong peak at 1030 cm ™! could be due to C-O stretching in
ethers or esters [52]. Phosphorus doping was confirmed by the forma-
tion of new peaks and intensity shifts in the BCP spectrum. Specifically,
the peak at 1030 cm ™! could be attributed to P-O-C stretching vibra-
tions, which indicates the formation of phosphate esters or organo-
phosphates [53]. In addition, the peak at 560 cm ™! was attributed to
P-O-Phosphate stretching vibrations.

The introduction of boron was observed in changes at lower wave-
numbers in the BCB spectra. The peak at 1390 cm ™! was attributed to B-
O stretching [44] and the subtle features at around 700-800 cm
suggested B-O-B bending vibrations, indicating boron incorporation into
the biochar’s lattice structure [24]. The BCB was further analyzed using
XPS, TEM, and EDS to gain a better understanding of the surface
composition and chemical states of the elements present. As shown in
Fig. 6, the full survey spectrum revealed distinct peaks for C 1s
(284.2eV), O 15 (533.8eV), N 15 (400.5€V), and B 1s (191.9 eV),
with 65.1 % of C, 25.9 % of O, 4.9 % of B, and 4.1 % of N, confirming
successful boron doping and significant oxygen content, consistent with
previous studies on boron doped biochars [29,54]. The high-resolution
spectrum for C 1's demonstrated numerous peaks, including C-C, sp?
carbon at 284.7 eV, C-O at 285.2 eV, C=0 at 286.2 eV, and O-C=O0 at
288.2 eV, indicating a variety of carbon structures, including graphitic,
alcohols, ethers, carbonyls, and carboxylate groups [24,54].

Moreover, the peaks O-H, C-OH/C-OOH, and O-C/0O-B-O were visible
in the O 1 s spectrum at binding energies of 533.1, 533.5, and 533.8 eV,
suggesting a variety of oxygen functionalities in the BCB, including the
formation of hydroxyl and carboxyl groups and boron-oxygen bonds
[24,29]. Lastly, The B 1’s high resolution spectrum revealed two visible
components: ByO3 at 193.8 eV, indicating strong boron inclusion into
the carbon matrix; and BC20 at 191.1 eV, suggesting surface oxidation
[44]. The boron oxides resulting from the interaction between boric acid
and biomass during pyrolysis can be represented using the following
possible equations [29]:

2B (OH;) - B,0; + 3H,0 2

B,0O3; +6C - BC3; + BCO, +B C,0 3

Moreover, the microstructure of the BCB was examined in detail by
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Fig. 5. FT-IR spectra of pristine biochar (BC) and biochar-doped with nitrogen (BCN), phosphorus (BCP), oxygen (BCO), and boron (BCB).

the TEM analysis (Figure S3), which revealed amorphous carbon re-
gions, thin film collections, and a solid amorphous matrix with in-
clusions. These findings suggested that boron doping had a major effect
on the structural properties of the BCB, which was consistent with the
previous study [54].

The EDS spectrum (Figure S4) indicated that BCB was primarily
composed of carbon, with a notable oxygen content and trace amounts
of silicon impurities. It is worthwhile to mention that boron was not
detected in EDS; this could be due to the boron’s lower atomic number,
ionization concerns, and low fluorescence yield upon exciting, making it
difficult to detect [55].

3.3. Pyrolysis product characteristics

3.3.1. Non-catalytic pyrolysis of WS and PFAD

The overall product distributions, selectivity of aliphatic and aro-
matic hydrocarbons, and selectivity of carbon number range arising
from the non-catalytic pyrolysis of WS, PFAD, and co-pyrolysis of WS
and PFAD at 650 °C are shown in Fig. 7.

The primary organic compounds in bio-oil were classified into eight
categories based on their chemical structures, which include hydrocar-
bons, phenols, ketones, aldehydes, alcohols, acids, esters, and furans. As
depicted in Fig. 7 (a), the major products from WS pyrolysis were hy-
drocarbons (28.1 %), phenols (21.0 %), ketones (15.7 %), acids
(14.6 %) and aldehydes (14.3 %) as well as a lower proportion of al-
cohols and furans (4.4 %), which were reasonably comparable to prior
studies on WS [35,56,57]. A significant amount of aliphatic

hydrocarbons was also present indicating that the extractives (>10 %)
found in walnut shells, such as oils, waxes, and fats, could be the main
reason for higher hydrocarbons [31,58].

Considering the selectivity of aliphatic and aromatic hydrocarbons,
as previously stated, WS bio-oil predominately contained aliphatic hy-
drocarbons (22.5 % yield) with 80 % selectivity, as shown in Fig. 7 (b).
The selectivity of individual carbon number contents in bio-oil is
depicted in Fig. 7 (b). Carbon numbers can be divided into two cate-
gories: gasoline (C5-C11) and diesel (C12-C20) [23,59]. The WS bio-oil
contained 85.9 % gasoline range hydrocarbons and 14.4 % diesel range
hydrocarbons. C8 hydrocarbons were dominant in the gasoline range
followed by C6, while C12 hydrocarbons were dominant in the diesel
range followed by C14 (Table S1).

On the other hand, PFAD bio-oil contained the highest concentration
of hydrocarbons (63.9 %), followed by acids (27.7 %), and a small
proportion of phenols, ketones, alcohols, and esters. Aliphatic hydro-
carbons accounted for 97.0 % of total hydrocarbons dominated by al-
kenes (77 %) and alkanes (23 %) including 1-undecene (8.7 %), 1-
octene (5.9 %), 1-heptene (5.8 %), tetradecane (5.3 %), 1l-octane
(4.3 %) and 1-tetradecene (4.5 %) as well as small proportions of
other alkanes and alkenes. Malaysian PFAD is typically made up of free
fatty acids, including saturated fatty acids consisting of palmitic acid
(46 %), stearic acid (4.3 %), myristic acid (1.2 %) and lauric acid
(0.4 %), as well as unsaturated fatty acids including oleic acid (36.7 %)
and linoleic acid (9.0 %) [32]. The pyrolytic process involves complex
cracking, decarboxylation and decarbonylation reactions of free fatty
acids that results in a variety of long-chain alkanes and alkenes [60].
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1-undecene, 1-octene, 1-heptene, and 1-tetradecene were the major
alkene compounds found in PFAD bio-oil. Fatty acid pyrolysis may have
followed a free-radical chain reaction mechanism via p-scission, result-
ing in the breaking of C-C bonds and the significant production of
small-molecule unsaturated hydrocarbons such as propene, 1-heptene,
and 1-octene [61,62].

In the literature, no study is available that directly reported the fast
pyrolysis/GC-MS of PFAD. However, there are a few studies available
that reported the pyrolysis characteristics of individual fatty acids as a
model component such as palmitic acid and oleic acid [63,64].
Furthermore, the acidic compounds in the PFAD bio-oil were palmitic
acid (11 %) and oleic acid (6 %) which indicated that some of the PFAD
components were partially decomposed.

When the WS and PFAD were co-pyrolyzed, the bio-oil contained the
highest proportion of hydrocarbons (71.5 %), followed by acids
(17.4 %). The hydrocarbon yield was higher than from individual WS
and PFAD pyrolysis, which could be attributed to the distinct properties
of the two feedstocks. PFAD aided in the production of aliphatic hy-
drocarbons due to their high fatty acid content, whereas WS’s ligno-
cellulosic components produced aromatic and aliphatic hydrocarbons
during the pyrolysis process. Among the hydrocarbons, co-pyrolysis
improved aromatic hydrocarbon selectivity (24.4 %), outperforming
WS and PFAD pyrolysis alone (20.1 % and 2.9 %) as shown in Fig. 7 (b).
The primary aromatic compounds in the co-pyrolytic bio-oil were ben-
zene, toluene, ethylbenzene, and p-xylene. This suggests that co-

pyrolysis had a positive synergistic effect on aromatic hydrocarbons,
with phenolic, ketonic, and aldehyde compounds from WS most likely
being converted into aromatic hydrocarbons via different reaction
pathways such as cyclization, deoxygenation, and aromatization [65].

In contrast, oxygenated compounds in the WS bio-oil were notably
reduced suggesting that co-pyrolysis significantly reduced the oxygen in
bio-oil. It is worth noting that the acid component (17.4 %) in the co-
pyrolysis product contained only palmitic and oleic acid, which was
likely to arise from PFAD. However, acetic acid in WS (14.6 %) was
completely converted into hydrocarbons during co-pyrolysis. Examining
the selectivity of carbon numbers, co-pyrolysis significantly enhanced
the gasoline range carbon number to 90 % which was higher than the
individual pyrolysis of WS (85.5 %) and PFAD (67.9 %). Overall, the
synergistic effect of co-pyrolyzing WS and PFAD at 650 °C enhanced the
bio-oil quality. While oxygenated compounds in WS were significantly
reduced, the total hydrocarbon yield and selectivity towards aromatic
hydrocarbons significantly increased, illustrating the potential of co-
pyrolysis to improve bio-oil quality.

3.3.2. Catalytic co-pyrolysis of WS and PFAD

The ensuing section compares the effects of different biochar cata-
lysts (BC, BCB, BCP, BCN, and BCO) on the co-pyrolysis of WS and PFAD
(ratio 1:1). The pyrolysis/GC-MS experiments were conducted at 650 °C
with a fixed feedstock-to-catalyst ratio (1:1) and results are shown in
Fig. 8. Prior to choosing the pyrolysis temperature, the TGA analysis was
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performed to determine the thermal stability of the biochar. The results
(Figure S2) indicated that the biochar was stable up to 800 °C and
experienced only minor weight loss (about 3-4 %).

3.3.2.1. Effect of pristine biochar catalyst. The effect of BC as a catalyst
on co-pyrolytic bio-oil production is shown in Fig. 8. As observed in
Fig. 8 (a), the distribution of products changed significantly upon bio-
char addition. Hydrocarbon production was improved by 5.1 %,
increasing from 71.5 % to 75.2 %. A shift towards more aromatic ring
structures was evident with the selectivity to aromatic hydrocarbons
increasing by 16.3 % and aliphatic hydrocarbons decreasing by 6.3 %
(Fig. 8 (b)). Among the hydrocarbons, toluene, p-xylene, o-xylene, and
various benzene derivatives were the most abundant aromatics. The
increase in these compounds upon BC addition indicates the shift was
probably caused by enhanced cyclization and aromatization reactions
on the surface of the biochar [16]. BC may have provided sites that
assisted stabilization of the transition states that resulted in these com-
pounds or facilitated the dehydrogenation and cyclization of aliphatics
[7]. There was also a shift in selectivity for the carbon numbers, with
longer chain hydrocarbons (C15-C20) increasing by a substantial
265.8 % and shorter chains (C5) decreasing by 41.9 % (Fig. 8 (b) and
Table S1). The gasoline range hydrocarbons (C5-C11) decreased from
91.1 % (non-catalytic) to 83.6 % (catalytic), while diesel range hydro-
carbons (C12-C20) increased from 8.8 % (non-catalytic) to 15.3 %
(catalytic).

Conversely, the amount of phenol increased significantly (by
151.4 %), indicating that biochar had a strong catalytic effect on phenol
formation. While the ketone concentration did not appreciably change,
the amount of alcohol increased significantly (by 57.2 %). The acids
produced decreased considerably from 17.4 % to 0.4 %, indicating that
biochar was an effective catalyst for decarboxylation and decarbon-
ylation reactions. In contrast, the ester content increased from 2.4 % to
5.9 %, possibly due to improved esterification processes enabled by the

biochar’s acidic sites. Based on the catalytic action of the biochar, there
may be a correlation between the decrease in long-chain fatty acids, like
palmitic and oleic acids, and the increase in phenols and esters contents.
The fatty acids may have reacted more readily due to the double bond
that exists between their carbon and carbon-oxygen atoms. Biochar
could aid in the formation of rings in the acid structures as well as the
removal of water. This may have triggered additional chemical reactions
resulting in the creation of numerous aromatic compounds, including
phenols [10]. In the literature (Table S2), studies [7,10,16] have re-
ported a similar trend with slight variations on effects of using pristine
biochar as a catalyst on bio-oil composition obtained from pyrolysis or
co-pyrolysis of biomass, due to differences in feedstocks and pyrolysis
conditions.

3.3.2.2. Effect of boron-doped biochar catalyst. Examining the effect of
the BCB catalyst, compared to non-catalytic pyrolysis, BCB had a sig-
nificant effect on the pyrolytic products. Hydrocarbons significantly
increased from 71.5 % to 86.8 %, representing a 21.3 % increase in
hydrocarbon yield. In terms of hydrocarbon compositions, the selec-
tivity to aromatic hydrocarbons increased from 24.4 % to 36.7 % while
the selectivity to aliphatic hydrocarbons decreased from 75.5 % to
63.2 %. The major aliphatic hydrocarbons found in the resulting bio-oil
were 1,3-cyclopentadiene, 2-butene, 2-methyl-, 2-pentene, 2-methyl-, 4-
methylenecyclopentene, heptadecane, cyclopentene, and 7-tetradecene
while the main aromatics were p-xylene, 1,3-dimethyl-benzene,
propyl-benzene, indane, 1,2-diethyl-benzene, and naphthalene. There
was a significant shift in the carbon number distribution, with a
considerable rise in C5 hydrocarbons and a general decline in higher
carbon number hydrocarbons over the BCB catalyst. Additionally, when
compared to non-catalytic pyrolysis, the gasoline range hydrocarbons
(C5-C11) over BCB catalyst decreased from 91.1 % to 85.8 %, while the
diesel range (C12-C20) hydrocarbons increased proportionally. The
boron in BCB likely provided more catalytic sites for the pyrolysis
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process by facilitating the breaking down (cracking) of larger molecules
into smaller hydrocarbon chains, as evidenced by the rise in C5 hydro-
carbons. Furthermore, the formation of borate esters and the unique
electronic structure of boron may have aided in the stabilization and
rearrangement of reaction intermediates, increasing hydrocarbon
production.

In contrast, the acid content decreased from 17.4 % to 1.1 % and
ester content increased from 2.3 % to 7.9 %, representing a substantial
increase of 225 %. The observed increase in ester content, particularly in
the case of the hexanoic acid-pentadecyl ester, could be attributed to the
esterification reactions catalyzed by BCB. In these reactions, alcohols
found in the pyrolysis vapors could have reacted with fatty acids from
PFAD (palmitic acid) to form esters [60].

There was also a substantial decrease in oxygenated functional
groups such as alcohols (from 2.7 % to 0.3 %), phenols (from 2.7 % to
1.9 %), and ketones (from 3.1 % to 1.2 %). The reduction in phenols
suggests that BCB may have promoted ring saturation and hydrogena-
tion processes that converted them to hydrocarbons. The significant
decrease in alcohols indicates that deoxygenation was taking place
efficiently, which could occur through reactions such as dehydration to
form alkenes, which can then be hydrogenated to form alkanes. Alter-
natively, the decrease in ketones could be due to BCB catalyzing deox-
ygenation reactions such as decarbonylation, which converted ketones
to alkanes and possibly alkenes. There appeared to be no existing
literature reporting the catalytic effect of boron-doped biochar on
biomass pyrolysis, making the findings of this study novel. Overall,
boron-doped biochar significantly altered the bio-oil composition in the
catalytic pyrolysis of WS and PFAD, increasing the production of hy-
drocarbons while significantly lowering oxygenated species such as
phenols, alcohols, ketones, and acids. The findings suggest that the
unique properties of BCB influenced the pyrolysis reaction pathways and

intermediates. BCB appeared to be a promising catalyst for upgrading
bio-oil, due to its multifunctional role in deoxygenation, it can selec-
tively convert pyrolysis intermediates into desired products.

3.3.2.3. Effect of phosphorus-doped biochar catalyst. Examining the ef-
fect of BCP on co-pyrolytic bio-oil production, as shown in Fig. 8 (a),
BCP also increased the total hydrocarbon yield from 71.6 % to 78.5 %.
The enhancement suggested that the catalyst was beneficial for deoxy-
genation and carbon-carbon bond formation reactions [28]. Further-
more, the reduction in phenol content from 2.7 % to 1.8 % suggested
that phosphorus may have aided in the demethoxylation and dehydra-
tion reactions that converted phenols to aromatic hydrocarbons [27].
Interestingly, a high percentage of furans (9.7 %) was also found in the
BCP-derived bio-oil, indicating a shift toward more thermally stable
aromatic structures [66]. In terms of selectivity, the addition of BCP
significantly increased aromatic hydrocarbon selectivity from 24.4 % to
32.7 % while decreasing aliphatic hydrocarbon selectivity from 75.5 %
to 67.3 % (Fig. 8 (b)). The introduction of polarity and acidic sites via
phosphorus doping may have promoted cyclization and aromatization
reactions, resulting in a higher aromatic yield. Moreover, there was a
discernible rise in heavier hydrocarbons (C15-C20) from 3.5 % to
14.5 % over the BCP catalyst (Table S1). The formation of longer-chain
hydrocarbons could be favored by the catalytic properties of BCP, which
may have promoted oligomerization and chain growth reactions. In
terms of gasoline and diesel range hydrocarbons, compared to the
non-catalytic pyrolysis, the gasoline range hydrocarbons (C5-C11)
decreased from 91.2 % to 77.6 % over the BCP catalyst, while the diesel
range hydrocarbons increased from 6.4 % to 29.5%. The major
aliphatic hydrocarbons found in bio-oil were cyclopentene, 1-methyl-;
1-octene; 7-tetradecene; octadecane; 3-octadecene, (E)-; 1-butene, 3,
3-dimethyl- and many others whereas the main aromatic hydrocarbons
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were toluene; p-xylene; benzene, and 1,3-diethyl-benzene. These find-
ings were consistent with previous research [27,28], with some varia-
tions (Table S2) due to feedstock variability and different pyrolysis
conditions. Overall, the BCP catalyst had a significant impact on
co-pyrolysis by increasing aromatic hydrocarbon production and facil-
itating the formation of longer-chain, more complex hydrocarbons. The
changes were attributed to the BCP’s improved catalytic properties,
which accelerated the reaction pathways of cyclization, aromatization,
and oligomerization.

3.3.2.4. Effect of nitrogen-doped biochar catalyst. The catalytic effect of
BCN on co-pyrolytic bio-oil generation is presented in Fig. 8. BCN
increased the overall hydrocarbon yield from 71.6 % to 77.2 % implying
that BCN accelerated the deoxygenation and carbon-carbon linking re-
actions. In terms of hydrocarbon selectivity, the addition of BCN had no
major effect on the selectivity of aliphatic and aromatic hydrocarbons,
as it was almost identical to that produced by non-catalytic pyrolysis.
However, BCN provided a noticeable shift toward heavier hydrocarbons
(C15-C20), increasing from 3.5 % to 9.5 % (Table S1). This can be
attributed to the nitrogen in the biochar promoting condensation or
polymerization reactions, which resulted in longer-chain hydrocarbons
[67]. Furthermore, a significant increase in C5 hydrocarbons (from
11.8 % to 15.0 %) implied that nitrogen doping may have assisted the
formation or stabilization of shorter carbon chains. In terms of gasoline
and diesel range hydrocarbons, BCN significantly decreased the gasoline
range hydrocarbons from 91.2% to 79.4 %, while concurrently
increasing the diesel range hydrocarbons from 6.4 % to 16.1 % (Fig. 8
(b)).

The phenol content increased substantially from 2.7 % to 8.4 %,
implying that nitrogen functional groups in biochar aided in the for-
mation of phenolic compounds, possibly through ammonia-driven pro-
cesses that stabilized the phenol precursors [68]. A significant reduction
in acids, from 17.4 % to 0 %, showed that BCN was effective for
de-acidifying the process. On the other hand, the alcohol content tripled
when the BCN catalyst was present, indicating a possible shift toward
hydroxyl group-stabilized intermediates [41]. Other studies [67] have
reported an increase in phenolic compounds during catalytic pyrolysis
by nitrogen-doped biochar/activated carbon materials (Table S2). This
was attributed to the introduced nitrogen active sites promoting deox-
ygenation, cracking, aromatization, and Diels-Alder reactions of the
co-pyrolysis vapors [26]. Overall, the findings indicate that
nitrogen-doped biochar had a significant impact on both the yield and
the chemical nature of the hydrocarbons produced during co-pyrolysis.
The BCN reaction mechanisms were most likely multifaceted, involving
a combination of basic catalysis, reactive intermediate stabilization,
hydrogenation and dehydrogenation step facilitation, and selective in-
fluence on f-scission and polymerization reactions.

3.3.2.5. Effect of oxygen-doped biochar catalyst. The catalytic effect of
BCO on overall product distribution, aliphatic and aromatic hydrocar-
bon selectivity, and carbon number range during the co-pyrolysis of WS
and PFAD are shown in Fig. 8 (a) and Fig. 8 (b). BCO had no significant
effect on total hydrocarbon yield or aliphatic and aromatic hydrocarbon
selectivity. The total amount of hydrocarbons, phenols, and acids
decreased slightly, while total ketones, alcohols, and esters increased
minimally. However, the selectivity for C5 hydrocarbons decreased
(from 11.8 % to 8.4 %), while the selectivity for heavier hydrocarbons
increased (from 3.5 % to 6.7 %). Adding oxygen functional groups to the
biochar surface was expected to improve the selectivity and reactivity of
the pyrolytic product. The FTIR and other characterizations revealed
that either the added functional groups were not stable under the py-
rolysis conditions, or the treatment did not introduce a significant
amount of new functional groups. This may be either because oxalic acid
was ineffective as a doping agent under the conditions used, or the py-
rolysis process might decompose the functional groups.
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3.3.3. Comparative performance analysis of biochar catalysts

Overall, the comparative analysis demonstrated that all catalysts
(except BCO) significantly increased total hydrocarbon production
when compared to non-catalytic co-pyrolysis, indicating their superior
catalytic efficiency in promoting hydrocarbon formation, with BCB
having the highest (86.8 %), followed by BCP, BCN, and BC. The highest
selectivity for aromatic hydrocarbons (36.7 %) was observed with BCB,
which showed its effectiveness in promoting aromatization, followed by
BCP, BC, and BCN. Among the carbon numbers, non-catalytic co-py-
rolysis produced the most gasoline range hydrocarbons (91 % selec-
tivity), followed by BCB, BC, BCN, BCO, and BCO while BCP
demonstrated the highest selectivity for diesel range hydrocarbons
(29.5 %), followed by BCO, BCN, BCB, and BC.

On the other hand, non-catalytic co-pyrolysis produced a significant
amount (30.0 %) of oxygenates (phenols, acids, furans, esters, ketones,
alcohols), which were substantially decreased by all catalysts to 21.48 %
by BCN, 20.9 % by BC, 18.95 % by BCP, and 16.31 % by BCB.

Thus, based on comparative performance analysis, BCB was found to
be the most efficient catalyst, improving both the quality and quantity of
hydrocarbon produced. Consequently, BCB was selected to further
optimize bio-oil quality by assessing the influence of pyrolysis temper-
ature and feedstock to catalyst ratio during WS and PFAD co-pyrolysis.

3.4. Optimization of catalytic co-pyrolysis of PFAD and WS over boron-
doped biochar

The effect of the feed-to-catalyst ratio on pyrolytic products at
different pyrolysis temperatures is shown in Fig. 9. Generally, the
amount of aromatic hydrocarbon increased while the amount of
aliphatic hydrocarbon decreased as the pyrolysis temperature rose from
550 to 750 °C. This indicates that the catalytic properties of BCB pro-
moted ring formation and dehydrogenation reactions, which were
facilitated by higher temperatures.

At a feedstock to catalyst ratio of 1:1, the hydrocarbon yields peaked
at 650 °C (86.9 %), indicating the best possible interaction between
BCB’s catalytic sites and the feedstock. A significant increase in aromatic
hydrocarbons (36.8 %) suggested that cyclization and dehydrogenation
reactions were facilitated. The highest selectivity of aromatic hydro-
carbons at this ratio was 50.4 % at 750 °C. The distribution of carbon
numbers illustrated a preference for C5-C11 (gasoline-range) hydro-
carbons (90.1 % selectivity) at lower temperature (550 °C), and C12-
C20 (diesel range) at higher temperature (750 °C) with the 18.2 %
selectivity.

The trend of rising hydrocarbon yield with temperature persisted
when the feedstock to catalyst ratio was changed to 2:1, reaching a peak
at 750 °C (90.8 %). The significant rise in aromatic selectivity (63.5 %)
at this temperature highlighted the ability of BCB to stimulate aromatic
condensation reactions at a lower catalyst loading. At 750 °C, the
selectivity to C5-C11 remained high (74.2 %), while the ratio of
C12-C20 (diesel-range hydrocarbons) increased in comparison to the
1:1 feedstock to catalyst ratio.

When the catalyst concentration was further diluted (4:1 ratio), a
decrease in hydrocarbon yield was evident at 650 °C although it
recovered at 750°C (70.9 %), highlighting a threshold in catalyst con-
centration for effective catalytic activity. Here, the aromatic selectivity
was highest at 750 °C (53.3 %), demonstrating the influence of tem-
perature on promoting ring formation. Furthermore, the selectivity to-
wards C5-C11 hydrocarbons was found to be predominant at lower
temperatures (82.1 % at 550 °C), which then decreased with increasing
temperature, reaching 62.7 % at 750 °C.

Concurrently, the percentage of C12-C20 hydrocarbons decreased
from 17.9 % at 550 °C to 17.3 % at 750 °C. The optimal conditions for
co-pyrolysis of WS and PFAD over BCB catalyst were found to be a 2:1
feedstock-to-catalyst ratio and a temperature of 750 °C. Under these
conditions, the hydrocarbon yield reached its highest level (90.8 %),
with greater selectivity for aromatic hydrocarbons (63.5 %). The high
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temperature and moderate catalyst concentration were also beneficial
for diesel range hydrocarbons as evidenced by a 25.8 % selectivity to-
wards C12-C20 hydrocarbons.

3.5. Role of BCB catalyst in co-pyrolysis of WS and PFAD

The possible role of BCB catalyst in the co-pyrolysis process of WS
and PFAD can be explained based on the comprehensive investigations
and detailed characterizations of feedstocks (WS and PFAD), BCB cata-
lyst and the catalytic and non-catalytic pyrolytic products of WS and
PFAD. As shown in Fig. 10, during co-pyrolysis, WS components (cel-
lulose, hemicellulose, and lignin) undergo cracking (decarboxylation,
decarbonylation and depolymerization), generating pyrolysis volatile
intermediates. Simultaneously, PFAD components (palmitic acid, lino-
leic acid, stearic acid, and oleic acid) undergoing cracking via f-scission
[62], which was catalyzed by the boron-doped active sites of BCB,
producing intermediates such as aliphatics, fatty acid esters and lighter
fractions. BCB’s unique characteristics, such as its high surface area and
well-developed pore structure, assisted in stabilizing and absorbing
reactive intermediates. Boron sites promoted dehydration and decar-
boxylation reactions, which removed CO, and oxygen in the form of
water while converting oxygenates into hydrocarbons. These catalytic

11

sites also aided in aromatization via cyclization and hydrogen transfer
processes. The aromatic rings in lignin in WS and fatty acid esters in
PFAD emphasized a free radical mechanism in which free radicals
generated from thermal cracking were stabilized and recombined. Ar-
omatics were produced through Diels-Alder reactions, in which inter-
mediate unsaturated compounds from WS and PFAD reacted to form
cyclic structures that were then dehydrogenated into benzene, toluene,
xylene, and other aromatic hydrocarbons [4]. Acidic boron sites on BCB
boosted the hydrocarbon pool by converting long-chain hydrocarbons
into smaller alkenes that then formed aromatic structures. This trans-
formation was supported by its high selectivity for aromatic hydrocar-
bons, as evidenced by increased aromatic selectivity at 750 °C with a
feedstock-to-catalyst ratio of 2:1.

Overall, BCB catalyzed a series of reactions that include deoxygen-
ation, olefin synthesis, and cyclization, ultimately enriching the product
with useful hydrocarbons while limiting oxygenated byproducts. The
integrated approach emphasized the catalyst’s critical role in increasing
hydrocarbon yields, particularly aromatic species, by combining the
intrinsic features of both feedstock types.
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Fig. 10. The Possible pathways for catalytic co-pyrolysis of WS and PFAD over BCB catalyst.

4. Conclusions

The current study investigated the effects of nitrogen, phosphorus,
oxygen, and boron doping on the catalytic properties of biochar pro-
duced from sugarcane bagasse (SCB) and their effectiveness for bio-oil
upgrading in the co-pyrolysis of walnut shells (WS) and palm oil fatty
acid distillate (PFAD) using Pyro/GC-MS. The findings showed that wet
impregnation of SCB biomass with various precursors (boric acid, oxalic
acid, urea, and phosphoric acid) followed by pyrolysis successfully
introduced the targeted hetero atoms (B, O, N and P) in the resultant
biochars, as evidenced by FTIR analysis, and induced certain changes in
biochar’s catalytic properties. The textural analysis revealed that the
boric acid and oxalic acid treatments significantly increased the specific
surface area and porosity of the biochars, whereas the urea and phos-
phoric acid treatments decreased surface and porosity when compared
to pristine biochar which were consistent to the FE-SEM observations.
The NH3 TPD analysis revealed that boron-doped biochar had the
highest desorption intensity, particularly at higher temperatures, indi-
cating higher acidity. Comparative performance analysis of catalytic co-
pyrolysis of WS and PFAD at 650 °C demonstrated that all catalysts
(except BCO) significantly increased total hydrocarbon production
when compared to non-catalytic co-pyrolysis, indicating their superior
catalytic efficiency in promoting hydrocarbon formation, with BCB
having the highest (86.8 %), followed by BCP, BCN, and BC. The highest
selectivity for aromatic hydrocarbons (36.7 %) was observed with BCB,
which showed its effectiveness in promoting aromatization, followed by
BCP, BC, and BCN. The optimum process conditions and bio-oil quality
were obtained over the BCB catalyst at a feedstock-to-catalyst ratio of
2:1 and a pyrolysis temperature of 750 °C, with a hydrocarbon yield of
90.8 % and aromatic hydrocarbon selectivity of 63.5 %.

Overall, this study emphasized the economic and environmental
benefits of biochar catalysts derived from agricultural residues or waste
biomass for bio-oil upgrading, and it is consistent with the principles of
green chemistry and circular economy, aiming for waste valorization.
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