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HIGHLIGHTS GRAPHICAL ABSTRACT

e Orange peels was liquefied in sub/su-
percritical environments without N
supply.

e The synergetic effects of process pa-
rameters promote biocrude’s quality
and yield.

e Biocrude HHV of 38.1 MJ/kg was ob-
tained at 50% ethanol, 430 °C and 35
min.
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Keywords: The efficient valorization of biomass for energy-derived biocrudes is essential for effective waste management.
Lignocellulose biomass However, the production of biocrudes with high energy and reduced oxygen contents during the liquefaction
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Sustainable biofuel
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process requires further insight. Therefore, the impact of reaction temperature, residence time, and ethanol:
acetone on the energy compositions and bioproduct’s yield enhancement were investigated. The biocrudes ob-
tained were characterized using elemental analysis, GC-MS, FTIR, GPC and TGA to understand the effects of

process parameters on the biocrudes’ compositions. An improved HHV (38.18 MJ/kg) and lower O/C ratio (0.11)
were obtained at 430 °C, 35 min and 50% ethanol with a significant improvement in the enhancement factor,
deoxygenation, and percentage hydrogenation of 2.63, 36.88%, and 77.87%, respectively. The presence of ke-
tones, hydrocarbons, phenolics and aromatics of 23.74, 4.28, 37.20 and 17.81% respectively indicate the po-

tential of the obtained biocrude as renewable energy sources upon further upgrading.
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1. Kariim et al.
1. Introduction

The demand for fossil fuel energy resources for transportation and
other purposes is continuously increasing due to human population and
industrialization. Fossil fuels are prominent sources of energy world-
wide, but their dependency has resulted in greenhouse gases emission
which causes global warming. Coupled with these challenges, the non-
renewable nature of fossil fuels is another setback whose sources for
instance, the petroleum crude deposits, has been continuously depleting
due to overdependency (Martins et al., 2019). The production of an
alternative energy such as biofuel, is through the conversion of biomass
materials via novel approaches having a tendency to meet the trans-
portation’s requirements. Biomass has been identified as one of the most
efficient, effective, sustainable, and renewable energy sources which has
the potential of reducing the dependency on fossil fuels and hence,
protecting the environment.

Continuous agricultural activities in quest of providing staple food
for the growing population and the intense growth in industrial activ-
ities have resulted to an increase in solid wastes generation whose
disposal are causing environmental pollution (Chen et al., 2019; Oku-
nola et al., 2019). Handling of such solid wastes are not effective as most
often, they are burned or/and disposed to degrade in open landfills
which result into products with hazardous consequences (Nanda and
Berruti, 2021). Orange, a family of citrus species is one of the predom-
inant crops cultivated in Muheza district, Tanga region of Tanzania
which contributes to about 75% of household and 70% of council’s
generated revenue and this resulted to Tanzania being ranked 6th in
Africa as citrus fruits’ producer. The presence of cellulose, lignin and
hemicellulose in orange peels have positioned it as an excellent feed-
stock for biofuel production (Divyabharathi and Subramanian, 2021).
Oranges are always being processed into fruit juice through extraction
process and huge quantity of peels are discharged into the surroundings
as solid wastes. The need to convert orange peels into economic products
such as biofuel is of importance to mitigate against indiscriminate
burning and therefore, presenting orange peels as raw material for
biofuel and useful chemicals producing industries, hence, creating a
secondary income stream. Several conversion processes have been
employed to convert solid wastes into useful products such as sustain-
able biofuels having potential as an alternative to conventional trans-
portation fuels (Castello et al., 2019; Fernandes et al., 2021).

The valorization of orange peels into biocrude has been investigated
by limited researchers using pyrolysis and liquefaction processes
(Aboagye et al., 2017; Divyabharathi and Subramanian, 2021).
Although, the application of liquefaction approach has received
numerous attentions due to its high energy efficiency, production of
biocrudes with higher heating value (HHV) among others when
compared to pyrolysis process (Ong et al., 2019; Sun et al., 2020).
Recently, the optimization of orange peels conversion into biocrude via
solvothermal liquefaction process has been reported where the effects of
process parameters such as temperature, residence time and total solid
loading were optimized to enhance the biocrude HHV (Divyabharathi
and Subramanian, 2021). Highest HHV of 32 MJ/kg was obtained which
implies the presence of high composition of oxygenated compounds in
the biocrude that hampered the overall quality of the biocrude. Hence,
there is need to explore optimal reaction conditions that can enhance the
HHV effectively and efficiently.

Determining optimal reaction conditions to tailor biocrude proper-
ties is critical for achieving economic feasibility, enhancing reactor
design, and guaranteeing the production of high-quality biocrude. In
this context, it is imperative to consider how process parameters can
influence the enhancement of biocrude quality throughout the lique-
faction process. The effects of residence time and reaction temperature
have been widely studied on several biomass materials while the insight
into the synergetic effects of organic solvents (ethanol and acetone) on
the HHV, molecular weight and combustion properties of biocrude are
still missing in literature (Fernandes et al., 2021; Wang et al., 2019). The
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intriguing characteristics of ethanol and acetone at supercritical condi-
tions have made the search into the best compositional mix an inter-
esting adventure during the liquefaction process (Malins, 2017; Park
et al., 2019; Tekin and Karagoz, 2013). The available literature on or-
ange peels conversion were domicile in the regime of pyrolysis and
hydrothermal liquefaction processes with low reported HHV, making it
necessary to investigate the synergetic effects of sub/supercritical con-
ditions of ethanol and acetone on the biocrude characteristics.

The effects of ethanol and acetone ratio on the biomass conversion,
yield and the composition of biocrudes on the liquefaction of waste
hazelnut shell using sub- and supercritical solvents as a reaction medium
have been reported by Demirkaya et al. (2019). Through pyrolytic
cleavage, the efficiency of ethanol at supercritical conditions enhances
the direct liquefaction of biomass through hydrogen donation and
thereby, improved biomass conversion (Brand and Kim, 2015; Demi-
rkaya et al., 2019). In the itemized literature, the application of initial
nitrogen supply in the reactions are predominant and resulted to an
increase in the operating cost. Hence, the investigation of dipolar aprotic
(acetone) and polar protic (ethanol) solvents at supercritical conditions
would enhance the solubilities of biomass, its intermediates and prod-
ucts, and improved percentage hydrogenation for biocrudes with high
HHV (Brand and Kim, 2015).

Therefore, combining the excellent liquefaction properties of ethanol
and acetone during the liquefaction process of orange peels would be a
novel approach to obtaining high HHV biocrude and effective hydro-
deoxygenation pathway. Though, the optimization of reaction temper-
ature, residence time and catalyst loading have been reported to
enhance the quality and yield of biocrudes at constant ratio of ethanol to
acetone (Kariim et al., 2023). Literature on the dependency of process
variables (temperature, time, and the concentration of ethanol in
acetone) at sub/supercritical conditions on the properties of biocrudes
derived from orange peels in the absence of initial nitrogen supply is
lacking.

In this present study, the effects of temperature, residence time and
solvent ratio (ethanol to acetone) were investigated to establish the
dependency of several biocrudes’ properties on the process variables
during the solvothermal liquefaction (STL) of orange peels feedstock in
sub/supercritical conditions. The relationships between several physi-
ochemical parameters and the energy related quantities were estab-
lished to understand the effect of severity of process conditions on
biocrude’s properties and to enable the best selection of process pa-
rameters which promotes high biocrudes’ quality. Also, a reaction
pathway for the solvothermal conversion of the orange feedstocks into
biocrude through detailed considerations of the biocrudes’ compositions
was proposed. For the first time, in the absence of initial gas supply
during the STL of orange peels, the dependency of enhancement factor,
percentage deoxygenation, carbon recovery efficiency, percentage hy-
drogenation, carbon element index and energy recovery efficiency on
process variables were established.

2. Materials and methods
2.1. Materials

Orange peels whose proximate and compositional contents used in
this study have been presented elsewhere (Kariim et al., 2023). Ethanol
and acetone with purity of 99 % and 97% respectively, were supplied by
Scharlau (Barcelona, Spain) and LOBA Chemie (Mumbai, India)
respectively.

KJ
HHV (E) =0.3386Carbon+1.423Hydrogen—0.1540xygen—0.145Nitrogen
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2.2. Solvothermal liquefaction of orange peel

In all the cases of the STL experiment, a stainless-steel autoclave
reactor having 500 mL volume capacity, 600 °C and 35 MPa maximum
temperature and pressure respectively by Parr 4650, Illinois, USA was
employed. The reactor was connected appropriately; feedstock and
solvents were loaded as required using a constant weight of 10 g feed-
stocks and 100 mL solvents. For the first experiment case, the effects of
temperature (230, 280, 330, 380, 430 and 480 °C) at constant reaction
time of 15 min, 50:50 ethanol/acetone, 5 & 1 °C/min heating rate, were
investigated. Following the conclusion of the reaction, the reactor was
rapidly cooled by continuously introducing water, and the resulting gas
volume was determined by venting the reactor through the exhaust
control valve into an inverted measuring cylinder filled with water
(Kariim et al., 2023). The solid-liquid products that had formed during
the experiment were transferred into a beaker and subjected to acetone
washing until a clear solution became visible. The effects of reaction
time (at a constant temperature that yielded the highest biocrude) and
the solvent ratio (ethanol: acetone) at a constant temperature and time
(which also resulted in the highest biocrude yield). This analysis aimed
to understand how different process conditions influence the production
of a high biocrude yield and enhance the energy contents.

2.2.1. Biocrude separation

Solid residue containing solvent and biocrude was filtered through a
pre-weighed Whatman No. 1 filter paper under vacuum. The solid res-
idue was completely washed with acetone until droppings of colorless
filtrates were observed. The retained solid residue on the pre-weighed
filter paper was dried at 110 °C for a period 6 h in a convention oven
and the yield of the solid residues were determined by comparing the
solid residue yield with the weight of the feedstock. The solvents were
recovered from the filtrate through the application of rotary evaporator
operating at reduced pressure of 0.2 bar and temperature of 79 °C for a
period of 2 h in a pre-weighed round-bottomed flask. The yields of the
biocrudes were further estimated by comparing the retained weight to
the weight of the biomass feedstock. In all the cases studied, the bio-
crude yield, solid residue yield, volume of gas yield (mL/g) and the
biomass conversions were obtained using the expression in Egs. (3-6)
respectively. The deduced parameters which are shown in Table 1 were
obtained using the relationships presented by (He et al., 2020; Zhang
et al., 2020)

_ Weight of biocrude after solvent removal

w
Biocrude ield (%) 100
rocrude yietd (% Weight of biomass feedstock x

3
. . . w Weight of solid residue after drying
lid re: (f ) = 1
Solid residue yield w% Weight of biomass feedstock x 100
(€]
Biomass conersion (%%) = 100 — % Solid residue 5)
L Vol duced (mL
Volume of gas produced me) e ume:’ of g(?s produced (mL) (6)
g Weight of reactants (g)

2.3. Biocrude characterization

The compositional analysis of the biocrudes were determined using
Agilent GC-7890A coupled with MSD-5977A, USA and an auto-injector
by Agilent 7683B series having HP-5 column with dimension 30 m X
0.25 mm x 0.25 pm. The analysis was conducted in He (99.999% purity)
environment at 1 mL/min flow rate at an injection volume of 1.0 pL of
1:100 split ratio while the oven was maintained at an initial temperature
of 45 °C and was increased progressively to 280 °C at 8 °C/min heating
rate. The functional groups present in the feedstock and the biocrudes
were determined using FTIR by Shimadzu (IRSpirit, USA). The
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elemental compositions (CHN) were characterized using CHN628
Analyzer while the Sulfur, S contents were obtained via SC-832DR
(LECO. Co. USA) sulfur Analyzer. The thermal stability was deter-
mined using TGA SDT Q600 TA instrument (USA) operated in Nj
environment at a heating rate of 10 °C/min between 30 and 900 °C. The
average molecular weight of the biocrudes were determined using Wa-
ters 2695 Gel Permeation Chromatograph (GPC) with tetrahydrofuran
as solvent. The elemental analysis of the orange peels was determined
while the oxygen content and the HHV of the orange peels and biocrudes
were obtained using the correlation presented in Egs. (1) and (2) (Liu
et al., 2018).

3. Results and discussion
3.1. Characterization of the orange peels feedstock

The elemental compositions were shown in Table 1 and the thermal
stability of the orange peels (see Supplementary materials) was pre-
sented for the initial evaluation of the suitability for biocrude produc-
tion. From Table 1, the presence of carbon content of 41.47 wt% implies
the transfer of carbon into biocrude which ultimately improved the
shared HHV. The volatility nature of the orange peels was observed in
the TGA (see Supplementary materials). This observation is linked to the
presence of organic species which are depolymerized constituents of
lignin, cellulose, and hemicellulose. At the initial stage of the analysis,
between 30 and 160 °C, the weight loss was attributed to moisture
content with 5.89 wt%. Further increase in temperature shows two
dominant peaks degradation temperature (Tp) at 220.4 °C and 321.3 °C
which are attributed to hemicellulose and lignin devolatilization
respectively. This is in agreement with the study conducted by Hornung
and Stenzel (2019). The possible valorization of the orange peels into
biocrude is deducible by the volatile constituents of 57.70 wt% observed
between 30 and 430 °C. Two main important information could be
established from this observation; that the feedstock is potent for bio-
energy production and that through adequate conversion approach
within the degradation temperature, biocrude of high yield and con-
version could be obtained.

3.2. Effect of operating conditions on bio-products’ yield and biocrude’s
composition

The effects of process parameters, such as reaction temperature, re-
action time, and the solvents’ ratio (ethanol: acetone), were investigated
on the biocrude yield, solid residue, volume of gas and the biomass
conversion, and the results are presented in Fig. 1(a-f).

3.2.1. Effect of reaction temperature on bio-products’ yield

In order to understand the effects of process parameters that favor
the STL of orange peels biomass, the application of one-factor at a time
was adopted to establish the correlations which exist between process
variables and products’ yield. The effects of reaction temperature at
constant feed to solvent ratio of 1:10, reaction time (15 min) and
ethanol: acetone ratio (50:50) were investigated and the result is as
shown in Fig. 1a. As regards the biocrude yield, the biocrude yield was
observed to increase progressively as the reaction temperature increases
at constant time (15 min) and solvent ratio (50:50 of EtOH: acetone).
The observable increase in biocrude yield as temperature increases is in
accordance with the findings of Kazmi et al. (2023). The increase in
biocrude yield due to an increment in temperature is attributed to an
improved internal energy in the STL process and consequently promotes
biomass decomposition. The percentage biocrude yield increases from
33.87 wt% at 230 °C to 73.30 wt% at 430 °C. The low biocrude yield of
33.87 wt% at 230 °C could be associated with low biomass conversion
due to incomplete depolymerization (degradation of higher percentage
of hemicellulose and partial cellulose and lignin) at the subcritical re-
gion of the solvents (Demirkaya et al., 2019; Khampuang et al., 2015).



Table 1

Elemental analysis of biocrudes produced at different reaction conditions.

Solvothermal liquefaction products

Elemental composition (%)

Deduced data from biocrude properties

Biocrude  Solid Gas Biomass N C H S [0} o/C H/C HHV EF DO CRE HG ER CR CEIL
residue volume conversion
(wt.%) (wt.%) (mL/g) (wt.%)
Orange feedstock - - - - 0.77 41.47 6.00 0.10 51.66 0.94 1.72 14.49 - - - - -
Effect of temperature
230,15 min,50:50 33.87 40.71 2.18 59.29 1.54 60.70 7.27 0.01 30.49 0.38 1.43 25.94 1.79 40.99 68.32 17.46 60.64 49.57 0.52
280,15 min,50:50 37.34 34.90 8.18 65.10 1.80 71.23 7.11 0.00 19.87 0.21 1.19 30.87 213 61.54 58.22 15.56 79.54 64.139 0.81
330,15 min,50:50 50.75 25.31 10.18 74.69 1.22 73.17 8.62 0.00 16.99 0.17 1.40 34.20 2.36 67.11 56.68 30.39 119.79 89.54 0.86
380,15 min,50:50 73.33 24.15 23.82 75.85 0.69 73.97 8.83 0.00 16.51 0.17 1.42 34.93 2.41 68.04 56.06 32.06 176.75 130.80 0.88
430,15 min,50:50 74.30 23.35 30.18 76.65 0.41 76.42 8.99 0.00 14.18 0.14 1.40 36.38 2.51 72.55 54.27 33.29 186.57 136.92 0.95
Effect of reaction time
430,5min,50:50 70.12 25.76 27.27 74.24 0.40 74.36 8.81 0.00 16.42 0.17 1.41 35.09 2.42 68.21 55.77 31.92 169.79 125.74 0.89
430,15 min,50:50 74.30 23.35 30.18 76.65 0.41 76.42 8.99 0.00 14.18 0.14 1.40 36.38 2.51 72.55 54.27 33.29 186.57 136.92 0.95
430,25 min,50:50 73.01 22.01 32.27 77.99 0.41 73.49 8.80 0.00 17.30 0.18 1.43 34.63 2.39 66.51 56.43 31.79 174.51 129.40 0.87
430,35 min,50:50 70.03 26.36 33.64 73.64 0.64 78.42 9.51 0.00 11.43 0.11 1.44 38.18 2.63 77.87 52.88 36.88 184.52 132.44 1.00
Effect of solvent ratio
430,15 min, 100EtOH 50.34 18.34 34.23 81.66 1.31 75.87 9.26 0.00 13.56 0.13 1.45 36.55 2.52 73.76 54.66 35.23 126.97 92.10 0.93
430,15 min, 68.53 23.60 32.12 76.40 0.40 75.37 8.78 0.00 15.45 0.15 1.39 35.53 2.45 70.09 55.02 31.63 168.02 124.56 0.92
75EtOH:25Acetone
430,15 min, 74.30 23.35 30.18 76.65 0.41 76.42 8.99 0.00 14.18 0.14 1.40 36.38 2.51 72.55 54.27 33.29 186.57 136.92 0.95
50EtOH:50Acetone
430,15 min, 77.88 21.08 25.35 78.92 0.59 76.83 9.25 0.00 13.33 0.13 1.44 37.00 2.55 74.19 53.98 35.16 198.85 144.29 0.96
25EtOH:75Acetone
430,15 min, 100Acetone 76.45 20.54 20.43 79.46 0.45 75.54 8.55 0.00 15.46 0.15 1.35 35.26 2.43 70.07 54.90 29.83 186.01 139.27 0.92
EF = Enhancement Factor; DO = Percentage Deoxygenation; CRE = Carbon Recovery Efficiency; HG = Percentage Hydrogenation; %ER = Energy recovery;
CR = Carbon recovery; CEI = Carbon Element index; ERE = Energy Recovery Efficiency.
HHYV of biocrude Carbon in biocrudes .
EF = f ; DO = (1 - ; CRE = 100 —% Decarbonization;
HHYV of orange feedstock Carbon content in orange feedstock
H in biocrude — H in feedstock HHYV of biocrude C in biocrude Carbon element at time t — Carbon element of feedstock
HG f x 100; ER = f ; x 100; CEI = f f x 100.

H in biocrude

HHYV of feedstock’

“Cin feedstock

Carbon element at HHV condition — Carbon elemnt of feedstock

0 70 WDy
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Fig. 1. Effects of reaction temperature on (a) bio-products’ yield (b) biocrude compositions; residence time on: (c) bio-products’ yield (d) biocrude compositions and
solvent ratio on: (e) bio-products’ yield (f) biocrude compositions.

Corroboratively, the TGA thermograph of the feedstock (see Supple-
mentary materials) indicates the peak degradation temperature (Tp) of
220.4 and 321.3 °C. Reaction temperature of 230 °C are considered low
for optimum STL of orange peels into biocrude which inferably would
produce biocrudes with lower yield and biomass conversion. Lower
biocrude formations were also observed at 280 and 330 °C. Thus, the
temperature was not sufficiently high enough to weaken the crystallinity
of the cellulose and the lignin, preventing the hydrolysis reaction into
glucose and other monomers, which could have been further be

converted into aromatics. At 480 °C, the biocrude yield reduces by 0.65
wt% compared to the biocrude yield obtained at 430 °C. The reduction
in the biocrude yield could be a result of secondary cracking reactions,
which led to biocrude acting as feedstock and, therefore, promote
gasification process over liquefaction.

Furthermore, the yield of biochar and the percentage conversion of
orange peels exhibited an inverse relationship throughout the findings.
This observation is in accordance with the findings of Demirkaya et al.
(2019) who reported the effects of process parameters on the sub/
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supercritical valorization of hazelnuts. For instance, 40.71, 34.90 and
25.31 wt% of solid residue were obtained at the reaction temperature of
230, 280 and 330 °C respectively. The temperature of 230 °C is below
the peak degradation profile of lignin and the supercritical temperature
of the two solvents hence, lower solvothermal cracking occurs and
produces higher solid residue over biocrude formation with high acid
contents. At a temperature closer to the T}, of the orange peels and at the
supercritical regions on the solvents, 330 °C, the conversion was highly
enhanced and resulted in a noticeable decrease in solid residue yield
with 27.47 % when compared to the reaction temperature of 280 °C. The
conversion follows an inverse relationship with solid residue yield in-
line with the established relationship as described in Eq.(5); the
higher the yield of solid residue, the lower the biomass conversion.

The gas volume formation (mL/g of reactants) is an important factor
which indicate the quantity of gaseous product obtained as a result of
possible chemical reactions and cracking of large molecular weight
compounds including the solvent during the solvothermal process
(Brand and Kim, 2015). As previously described in various literature,
that, the liquefaction process of biomass follows a complex reaction
schemes involving decarbonylation, dehydroxylation, decarboxylation,
deoxygenation and dehydration reactions which lead to CO2, CO and
H50 formation (Li et al., 2021). The biomass conversion increases as
temperature increases from 59.29 to 76.65 wt% at 230 to 430 °C as
shown in Table 1. This finding is in accordance with the report of Li et al.
(2021) who reported the effect of process variables on the thermo-
chemical conversion of Gracilaria corticata microalgae into biocrude,
and Biswas et al. (2020) who investigated the effects of temperature and
solvent on bioproducts’ formation.

3.2.2. Effect of reaction time on bio-products’ yield

The effects of reaction temperature at constant feed to solvent ratio
of 1:10, reaction temperature (430 °C), and using an ethanol: acetone
ratio (50:50) were investigated, and the results are shown in Fig. 1c.
Residence time has been reported as an important parameters during the
STL of biomass (Malins, 2017). Fig. 1c shows that the yield of biocrude
increased from 70.12 wt% at 5 min to 74.30 wt% at 15 min of the re-
action time, followed by a subsequent decrease to 70.03 wt% at 35 min.
The first progression (5-15 min) indicates that there was enough resi-
dence time for high depolymerization of orange peels’ constituents,
resulting into an enhanced biomass conversion and promoting the ag-
gregation of the produced gases into hydrocarbon monomers. According
to the findings of Caprariis et al. (2017), the possible competition be-
tween the decompositions of the orange peels and the repolymerization
reaction within biocrude’s fragments during the degradation of hol-
ocellulose could lead to a reduction in the biocrude yield at longer re-
action times, as observed between 25 and 35 min. The conversion of
biocrude into volatiles, a secondary product, may account for the
decrease in biocrude yield. This observation has also been reported in
the findings of Bakari et al. (2021) who studied the effects of reaction
parameters on the valorization of rice husks. At the optimal reaction
time of 15 min, a preference for higher aggregation of gases and solid
decomposition over repolymerization, condensation, and cyclization
reactions was observed, which could contribute to the formation of
gaseous products and solid residues. This observation is also supported
by the report of Rachel-Tang et al. (2017), who presented the catalytic
solvolysis of biomass into biocrude.

3.2.3. Effect of solvent ratio on bio-products yield

The effects of solvent ratio, while maintaining a constant feed to
solvent ratio of 1:10, reaction temperature (430 °C), and residence time
of 15 min were investigated and the results are presented in Fig. le.
Ethanol and acetone have been highlighted as promising solvents in the
STL of biomass feedstock (Demirkaya et al., 2019; Fernandes et al.,
2021). From Fig. le, the effects of solvents’ ratio were studied by
increasing the ratio of acetone in ethanol; 100:0, 75:25, 50:70, 27:75
and 0:100 (EtOH: acetone) during the STL of the orange peels. The
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products yield, while using pure ethanol under constant reaction con-
ditions, were observed to be 50.34 wt%, 18.34 wt%, 34.23 mL/g of
reactant and 81.66 wt% of biocrude yield, solid residue, gas product and
biomass conversion, respectively. Meanwhile, the biocrude yield, solid
residue yield and the gas yield obtained in pure acetone medium were
76.45 wt%, 20.54 wt% and 20.43 mL/g, respectively. The significant
increase in the yield of biocrude derived from acetone could be linked to
the improved solubility potentials of extractives and lignin, coupled
with the cracking of organic soluble and intermediates at elevated
temperature and the synergetic contribution of the dipolar aprotic
characteristics of acetone at the supercritical conditions (Demirkaya
et al., 2019). The addition of acetone to the ethanol medium enhances
the biocrude yield compared to using pure ethanol as a solvent to 68.53,
74.30, and 77.88 wt% for 75:25, 50:50 and 25:75 (ethanol: acetone),
respectively. The significant rise in biocrude yield upon the addition of
acetone implies that acetone has contributory impact, promoting the
enrichment of both polar and nonpolar soluble components in the or-
ange peels’ feedstock. At the solvent ratio of 75: 25 (acetone: ethanol),
the percentage biocrude yield increases as compared to pure acetone by
1.84 wt%. This indicates the synergistic effects of acetone and ethanol as
an excellent solvent mixture during the orange peels’ valorization pro-
cess, leading to an improvement in the biocrude yield.

3.3. Effect of reaction conditions on biocrudes’ compositions

3.3.1. Effects of reaction temperature on biocrude’s compositions

To determine the effect of reaction temperature quantitatively and
qualitatively on the compositional make-up of the produced biocrude,
GC-MS analysis was utilized, and the results are presented in Fig. 1b.
The detailed composition of the biocrudes as obtained from the GC-MS
spectral are shown (see Supplementary materials). The presence of
several oxygenated and non-oxygenated compounds was identified and
presented based on their respective percentage area. The compositions
were classified based on acid, alcohol, aldehydes, aromatics, phenols,
ketones, ethers, esters, hydrocarbons, nitrogen containing compounds,
and others (include heteroatoms, like chlorine, and sulfur containing
aromatic compounds). The identified compounds were produced
through the depolymerization and decomposition of lignin, hemicellu-
lose and cellulosic components of the orange peels, forming a complex
mixture (Divyabharathi and Subramanian, 2021).

Although, the variation in the itemized compositions differs across
various reaction conditions, providing insights into the optimum process
parameters to be adopted for tailoring the biocrude properties of in-
terest. For instance, at lower temperatures of 230 °C and 280 °C, as
shown in Fig. 1b, the biocrudes exhibit the highest compositions of acids
and esters. This indicates that esterification and hydrolysis reactions are
favored at lower reaction temperature (Kariim et al., 2023). This
observation further reveals that the production of high ester contents
and acids were favored at low temperatures. The formation of ketones
with percentages of 10.94%, 51.50%, 61.72%, and 21.45% at temper-
atures of 230 °C, 330 °C, 380 °C, and 430 °C, respectively, suggests a
possible hydrogen transfer from the produced alcohol. Additionally,
aldehyde formation, accounting for 0.80%, was also observed at 380 °C.
The possible conversion of alcohol to ketones and aldehydes through
hydrogen transfer mechanism has been reported by Jun et al., (1998).
The noteworthy observation here is the increasing trend in ketone
selectivity at elevated temperatures of 330 °C, 380 °C, and 430 °C. This
indicates a substantial conversion of aromatic ethers into ketones and
their derivatives, likely driven by hydrogenation and hydrolysis pro-
cesses. This possible reactions phenomena is supported by the study of
Meng et al. (2017), who investigated the synthesis of ketones from
biomass-derived feedstock using solid catalysts.

As the temperature increases from 330 °C to 430 °C, the selectivity to
acids formation was inhibited. This shows that, high temperature above
the peak degradation temperature of orange feedstocks in the co-solvent
environment retards hydrolysis reaction for acids formation. The most
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favorable conditions for the synthesis of aromatic ethers were observed
at 330 °C, accounting for 7.15 % of the biocrude through etherification
reactions. A similar observation was reported by Rorrer et al. (2019),
where ethers were linked to the etherification reactions of acids, ke-
tones, aldehydes and esters. Moreover, the biocrude obtained at
different temperatures exhibits a lower hydrocarbon content and a
higher selectivity towards oxygenated compounds, indicating the need
for additional upgrading using the hydrodeoxygenation approach. The
highest observable composition of hydrocarbon in all the reaction con-
ditions shown in Fig. 1b indicates that 430 °C is the most favorable re-
action condition for further study.

3.3.2. Effects of reaction time on biocrude’s compositions

At the constant reaction temperature of 430 °C, with a feed to solvent
ratio of 1:10, and residence time ranging from 5 to 35 min, and solvent
ratio of 50:50 EtOH: acetone. Like the temperature effect, various
compounds were identified and classified, as illustrated in Fig. 1d.
Notably, acids and aldehydes were not favored throughout the studied
residence time at 430 °C. Primarily from Fig. 1d, three main compounds;
ketones, aromatics and phenolics were highly selectively produced
during the studied conditions. About 40.07 % of ketones were selec-
tively produced at the residence time of 5 mins, while the concentration
reduced to 21.44 % at 15 mins. The formation of phenols and their
derivates were associated to the decomposition of lignin and carbohy-
drates through a series of reactions involving hydrolysis and subsequent
methoxy groups hydrolysis. This is in accordance with the findings re-
ported by Carpio et al. (2021) who reported the effects of reaction time
and temperature on the hydrothermal liquefaction of demineralized
wastewater algal biomass. From the result presented in Fig. 1d, the
percentage composition of phenolics increases with increasing residence
time. The stability of the produced ester-containing compounds and
their derivatives becomes noticeable as the residence time increases,
with a clear indication of a complete esterification reaction throughout
the observations, resulting in no formation of acids. Hence, high tem-
perature solvothermal of orange peels favors the complete esterification
reaction over reversed esterification. The formation of nitrogen-
containing aromatics increases with prolonged residence time. This
phenomenon can be attributed to the inherent instability of the aromatic
intermediates produced, which exhibit a high tendency to react with
nitrogen and other heteroatoms as the residence time is extended.

3.3.3. Effects of solvent ratio on biocrude’s compositions

The effects of EtOH to acetone ratio on the compositional make-up of
the produced biocrudes at constant reaction temperature and residence
time were evaluated and the results are shown in Fig. 1f. Based on the
result presented in Fig. 1f, there is an increase in the percentage
composition of ketones as the acetone loading on ethanol increases. For
instance, at 100 % ethanol (0 % acetone), the observable presence of
ketones is 4.36 % and this increases to 15.30, 21.44 and 32.58 % at 75,
50 and 25 %ethanol in acetone, respectively. This implies that the
introduction of acetones in ethanol solvent enhances the ketonization
reaction by improving hydrogen transfer mechanisms through solvent
cracking and carboxylic acids conversion. This process is capable of

Table 2
TGA result of some selected biocrude based on HHV.

Bioresource Technology 391 (2024) 129928

carbon dioxide and water formation which is in accordance with the
report of Pacchioni, 2014 who reported the ketonization of carboxylic
acids during the biomass conversion over ZrO; and TiOs. The biocrude
produced in 100 % ethanol as solvent favors hydrolysis and reverse
esterification which could be associated with the production of acids
(Kazmi et al., 2023).

3.4. Energy composition and Van-Krevelen plot

Table 2 shows the elemental compositions and deduced energy
related parameters of the biocrudes obtained at several reaction condi-
tions. The production of high quality biocrude via STL process has been
observed to depend on various process parameters and adequate
attention has been channeled to evaluate the inter-relationship that
exists through several correlation factors. The HHV is one of the most
important parameters which could be identified to be primarily depends
on the degree of HDO process. From Fig. 2a, the HHV (MJ/kg) increases
with an increasing reaction temperature; from 26.96 to 36.38 MJ/kg at
230 to 430 °C reaction temperature. HHV was observed to possess a
direct relationship between the deoxygenation (%) and hydrogenation
(%) except at the reaction temperature of 280 °C where a little decrease
in the hydrogenation process was observed. The decrease in HHV is
supported with the compositional results shown in Fig. 1b where
reversed esterification which led to high acid formation was observed
over esterification reaction. Similar observation of increasing tempera-
ture on the HHV of biocrude has been reported in various literature
during the catalytic HDO of waste coffee oil in supercritical ethanol
medium (Kazmi et al., 2023).

The progressive increase in HHV as temperature increases promotes
the enhancement factor (EF) which compares the HHV of biocrude at a
certain condition to the HHV of the initial feedstock as shown in Fig. 2a.
The HHV observed at the effect of reaction time was noticed to follow a
sinusoidal effect where the HHV increases from 5 to 5 min with a
decrease at 25 min reaction time. This sudden decrease in the HHV could
be associated with the cracking of side alkyl chains, which mostly
contain H and C. As a result, an increase in the oxygen content is
observed at the residence time of 25 min, as shown in Fig. 2b and
Table 1. Highest HHV was obtained to be 38.18 MJ/kg at the reaction
temperature of 430 °C, 35 min residence time and 50:50 EtOH to
acetone ratio with the highest enhancement factor of 2.63. The HHV of
38.18 MJ/kg observed is higher than the reported HHV of 37.76 MJ/kg
obtained during the catalytic depolymerization of orange peels over Fe
supported carbon nanospheres and 25% ethanol in acetone as reported
by Kariim et al. (2023) and Divyabharathi and Subramanian (2021) who
reported 32 MJ/kg. Furthermore, the introduction of 75 % acetone was
found to improve the HHV from 36.66 MJ/kg at 100 % EtOH to 37.00
MJ/kg due to an improved deoxygenation process during the depoly-
merization process as depicted in Fig. 2c.

The Van-Krevelen plot which is shown in Fig. 2d shows the degree of
hydrodeoxygenation (HDO) process where O/C and H/C are important
parameters that depict biocrude properties. The lowest O/C ratio was
observed to be 0.11 as compared to the starting orange peels with 0.94
as shown in Fig. 2d. Biocrude with the lowest O/C and H/C ratio was

Sample Onset temp. Peak degrad < 180 °C (Light 180-360 °C Medium 360-550 °C Heavy >550 °C Inorganics Total volatiles
(Tonser) (°C) Temp, T, (°C) volatiles) (wt.%) volatiles (wt.%) oils (wt.%) and coke (wt.%) (30-900 °C) (wt.%)

430 °C,15 min,50 % 205.20 250.40 8.54 77.11 9.62 0.57 95.84
EtOH50%acetone

430 °C,35 min,50 % 131.80 222.60 26.99 63.52 5.86 1.160 97.65
EtOH50%acetone

430°C,15min,100 % 129.50 258.10 18.36 59.10 12.58 1.150 91.19
EtOH

430 °C,15 min,75 % 215.20 251.60 8.59 75.70 10.84 0.45 95.58

EtOHS50%acetone
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Fig. 2. Inherent biocrude properties relative to (a) reaction temperature (b) residence time (c) solvent ratio and (d) Van-Krevelen plot.

obtained at the reaction temperature of 430 °C, 35 min reaction time
and 50:50 solvent ratio of EtOH to acetone. In order to enhance the H/C
ratio of the biocrude with an O/C ratio of 0.11, it is necessary to conduct
a hydrodeoxygenation (HDO) process by selectively developing a cata-
lyst for improved conversion. Also, the decrease in oxygen and nitrogen
contents in the biocrude obtained throughout the process conditions as
compared to the starting orange peels feedstock are associated to the
possible reactions such as dehydration and de-methanation during the
solvothermal process (Liu et al., 2022).

3.5. Biocrude’s properties correlation

The percentage deoxygenation (DO), percentage hydrogenation
(HG), carbon recovery (CR), carbon recovery efficiency (CRE),
enhancement factor (EF) and energy recovery (ER) were correlated and
fitted with carbon element index (CEI) as depicted (see Supplementary
materials). The results presented in (see Supplementary materials)
contained the fitting model, the regression line, correlation coefficient,
R? and the fitting equation in all cases. The physiochemical properties
presented were suitable to a polynomial expression y = cx> + bx + a as

adopted from the findings of He et al. (2020) where the effect of resi-
dence time possesses the highest correlation coefficient, R? of above 0.9
for the percentage DO, HG and CRE.

From the results presented (see Supplementary materials), the in-
formation from the polynomial is highly relevant to providing the
severity of the liquefaction process during the investigation of the effects
of residence time followed by temperature and solvent ratio as the CEI
increases. From the correlation coefficients, the b and ¢ parameters
signify the elements’ sensitivity as a function of CEI and then, depends
on the severity of the liquefaction conditions. The energy properties
analysis of the liquified orange peels which shows the relationship be-
tween enhancement factor and energy recovery on the carbon element
index at various reaction conditions are presented (see Supplementary
materials). As the severity of the process conditions increases, most
especially, when the effects of temperature and time were considered,
the EF and ER increases with a gradual corresponding increase in the
CEIL Hence, the relationships established through the polynomial fittings
help in correlating between the energy parameters (EF and ER) and the
liquefaction conditions. A more direct relationships were observed in
the effects of temperature and residence time on the enhancement factor
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where the regression coefficient, R were greater than 0.9.

3.5.1. Combustion and molecular weight distribution analysis of biocrudes

The thermogravimetric analysis is an important tool which reveals
the thermal stability of biocrude, boiling point range to enable the
quantification of the presence of several fractions and the inherent coke
formation due to the possible presence of polyaromatics hydrocarbons in
the biocrude. Fig. 3a and b show the TGA and the DTG plots of biocrudes
having the highest heating values in the present reaction conditions
considered. The deduced data presented in Table 2 shows the variations
in the thermal properties due to the different fractions contained in the
biocrude.

From Fig. 3a and b, the different compositions which are present in
the biocrude are observable in the thermal responses and indicate the
present of different fractions of obtainable fuel-grades as a function of
fractionation. The main fractions in the biocrudes were categorized into
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light volatiles, medium volatiles, heavy oil and inorganic and cokes with
temperature ranges from < 180 °C, 180-360 °C, 360-550 °C and greater
than 550 °C respectively as presented in Table 2. From the deduced data
shown in Table 2, the onset temperature, Tonset is the temperature at
which the biocrude begins to be volatilized. Considering the effect of
residence time at constant solvent ratio of 50:50 EtOH: Acetone and
reaction time of 430 °C, the volatility increases from 205.20 °C and
131.80 °C as the residence time increases from 15 min to 35 min
respectively. This implies that, the longer reaction time produces higher
fractions of volatiles from the depolymerization of the orange peels’
constituents over a shorter residence time though there is a corre-
sponding decrease in the medium volatile components i.e., gasoline and
diesel range fuel. The overall percentage volatile content of 97.65 wt%
as compared to 95.84 wt% were obtained at 35 and 15 min of residence
time respectively. Also, the effect of acetone addition in ethanol to the
thermal decomposition of biocrude at constant reaction temperature
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Fig. 3. (a) TGA and (b) DTG (c-f) GPC plots of biocrudes obtained with the highest HHV.
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and residence time of 430 °C and 15 min, respectively were observed.
Therefore, to produce biocrude with high fractions of jet and diesels
range fuels, the application of reaction condition with 430 °C, 50:50
ratio of EtOH: acetone and 15mins residence time proves superior
though, a further increase in acetone content to 75% shows a slight
increment in the formation of gasoline, and heavy oils production with a
slight decrease in the formation of inorganics and cokes as shown in
Table 2. Additionally, it was noted that the use of 100% ethanol resulted
in an increased production of heavy oils in the biocrude, 12.58 wt%,
accompanied by the lowest onset temperature of 129.50 °C.

The molecular weight distribution of the biocrudes obtained with the
lowest oxygen content and highest HHV were presented in Fig. 3(c-f)
where the effects of residence time and percentage ethanol loading
could be understood. Based on the results presented, it can be observed
that the average and peak molecular weights of the biocrudes displayed
variations depending on the reaction conditions, including temperature,
solvent ratio, and residence time. At 50% ethanol ratio, 430 °C and
different residence time of the solvothermal reaction from 15 to 35 min
(Fig. 3c and 3d), the molecular weight increases from 348 g/mol to 360
g/mol respectively. The increase in weight could be associated with an
observable increase in esters and ketones contents in the biocrude which
were identified as large molecular weight compounds as contained in
the GC-MS results in Fig. 1d though the higher content of phenol; a
lower molecular weight present in Fig. 3d could meant to have limited
effect in the overall properties. The increase in average molecular
weight in biocrude has been reported previously to depend on higher
content of esters and acids (Liu et al., 2022). The use of 100% ethanol as
solvent in the solvothermal process resulted in esterification reaction as
the most pronounced phenomenon leading to 25.60% of ester and
reverse-esterification with 16.15% of acid. This higher selectivity of
esters formation resulted in the highest average molecular weight
compounds with 542 g/mol in the biocrude as shown in Fig. 3e. Cor-
roboratively, this GPC result further correlates with the TGA/DTG of the
biocrude obtained which shows the highest heavy biocrude composition
of 12.58 wt% as shown in Table 2. The introduction of acetone at 25%
concentration into the ethanol drastically reduced the average molecu-
lar weight from 542 to 350 g/mol due to an improved selectivity to
phenolics compounds (light molecular weight compounds) and absence
of acids formation.

3.5.2. Functional groups in the produced biocrudes

The FTIR spectra of the obtained biocrudes are shown (see Supple-
mentary materials) where the effects of operating parameters were
depicted. The FT-IR spectra of the biocrude as depicted shows a
distinctive absorption peak that indicated the presence of different
functional groups which corresponding to specific compounds. From the
FTIR spectra, the peak at 3405 cm™! on the effect of temperature is
associated with O-H stretching vibration due to the presence of phenols,
alcohols and accompanied moisture from hydrolyzed cellulose. Broader
peaks were observed on the biocrudes produced at 230 °C and 280 °C.
The broader peaks formation could be associated to the presence of large
amount of alcohols and water content as against those observed at
330,380 and 430 °C. The peaks observed at 2954, 2923 and 2871 cm ™ *
are associated to the formation of = CH groups due to asymmetric
stretching vibration indicating the presence of alkyl groups acetone (Ali
et al., 2014; Matin and Aydin, 2022). The peaks at 2954 cm ™! become
prominent from 330 to 430 °C with similar patterns of the spectral were
observed throughout the biocrudes obtained on the effect of residence
time and the solvent ratio except the presence of peak at 1574 cm ™' at
100%. From the FTIR spectral (see Supplementary materials), the details
of peaks assignment for all the biocrudes are presented with the
observable variation due to changes in the reaction conditions.

3.6. Reaction mechanisms and pathways

The proposed reaction pathways for the biocrude production during
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the STL process of orange peels have been presented (see Supplementary
materials). Through the products’ compositions at varied reaction con-
ditions as shown in Fig. 1 b, d and f, several reactions were observed to
be taking place. Such reactions include esterification, hydrolysis,
reversed-esterification, etherification, ketonization, deoxygenation and
hydrogenation reactions. Within an ethanol medium, it is conceivable
that cellulose depolymerization in the feedstock could transform into
alcohols and esters, while there have been reports of the production of
ketones and aromatic ketones (Galebach et al., 2018; Tao et al., 2013).
Furthermore, the depolymerization of cellulose in the presence of
acetone produces high content of ketones at supercritical conditions
(Wang et al., 2019). The ketones produced could act as an intermediate
product which is capable of further conversion through metal acid
catalyst via dehydration and hydrogenation into hydrocarbons pools
(Serrano-Ruiz et al., 2010). The existence of furan within the biocrude
might result from cellulose dehydration, while the potential for alkane
formation through hydrogenolysis and hydrodeoxygenation reactions is
plausible (Xin et al., 2020). Regarding the conversion of lignin content
in biomass feedstock, it is possible to polymerize lignin into aliphatic/
aromatic esters, phenolics, and ketones. (Limarta et al., 2018). Also, the
formation of aromatic compounds (lignin monomers) has been reported
to be produced through depolymerization, alkylation and hydro-
genolysis reactions while repolymerization reactions could lead to the
formation of char (Huang et al., 2014). The formation of a high content
of hetero-atom aromatics, esters, and phenols has been reported during
the initial reaction period (0-30 min) (Riaz et al., 2016). With detailed
considerations of the possible reactions in the system, due to the com-
plex nature of the orange peels’ compositions, then, the mechanisms
were proposed (see Supplementary materials).

4. Conclusion

Variation of reaction temperature and residence time in Sub/super-
critical environment exhibited an immense contribution into STL of
orange peels. The synergetic effects of 50%-ethanol resulted in an
excellent liquefaction for biocrude with high HHV, deoxygenation, hy-
drogenation with lower oxygen content. An increase in temperatures
during the STL process lowers the hydrolysis reaction. The highest
composition of light volatiles and overall volatility-biocrude was
favored at an increased residence time of 35 min. The findings confirm
that supercritical conditions at 50:50 (ethanol: acetone) enhance the
overall performance of STL of orange peels into high quality biocrude in
absence of initial nitrogen supply.
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