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Abstract

The waste generated from agro-activities are enormous, due to high demand for food to meet the ever growing human popu-
lation. These waste can be converted into useful product for various applications. This work converted agro-waste from
breadfruit processing (breadfruit pulp) to bio oil through hydrothermal liquefaction (HTL). Central composite design (C-
CD) of response surface method (RSM) was applied using Design Expert software to design the experiment for the bio oil
production. The produced bio oil and hydrochar as well as the feedstock was characterized by carrying out ultimate, proxi-
mate, and thermogravimetric analysis. The chemical composition of the bio oil was also determined through GCMS and
FTIR analysis. The experimental result gave maximum oil yield of 48.9% at the parameter combination of 300 °C reaction
temperature, and water-biomass ratio of 10, at reaction time of 50 minutes and heating rate of 5 °C/min. The ultimate analy-
sis showed that the bio-oil contains 45.09% carbon, 2.49% hydrogen, 0.67% nitrogen, 0.58% sulphur, and 51.27% oxygen.
The proximate analysis gave moisture, ash, volatile matter, and fixed carbon content of 12.7%, 2.6%, 42.6%, and 41.8%, re-
spectively for the bio-oil. The GCMS analysis showed that the oil is composed majorly of organic acid, and hydrocarbon of
alkenes and alkynes family, which is confirmed by the FTIR analysis. The energy recovery analysis showed that the HTL pro-
cess recovered 48.5% of the energy in the breadfruit pulp in the bio-oil, while 39.7% was recovered in the hydro-char. This
shows that the HTL is suitable for bio-oil production from breadfruit pulp. The produced bio-oil can be upgraded to bio-die-

sel for diesel engine application, while the hydrochar can be used as solid fuel or as a filler for fertilizer production.
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Introduction

The surge in economic activities as a result of significant rise in global population has accelerated the demand for energy, global-
ly. This is because, energy is very essential for economic activities, and this growing demand is predominantly met through fos-
sil fuels, thereby resulting in excessive reliance on these sources for power generation [1]. This leads to excessive consumption
of fossil fuels, thereby emitting harmful gases such as carbon dioxide (CO,), sulfur dioxide (SO,), and nitrogen dioxide (NO,).
These emissions contribute to environmental issues like global warming, acid rain, and the formation of hazardous particulate
matter. Additionally, they play a major role in the formation of ground-level ozone (smog), which can damage lung tissue and
increase the risk of respiratory conditions such as asthma, bronchitis, and other chronic diseases [1,2,3]. More so, fossil fuels
are non-renewable sources of energy as they are derived from pre-historic fossils and will not be able to replenish at the rate at
which it is been consumed [4]. Therefore to meet the ever growing demand for energy with less impact on the environment,

there is need to source for other alternative clean energy sources, to reduce or replace the consumption of fossil fuels.

The quest for alternative source of energy in order to reduce fossil fuels consumption and still meet up with the global energy
demand has led researchers to point towards biomass due to its availability and ease of handling [1]. Biomass was once the glob-
al major energy source before the advent of fossil fuels. Fossil energy being the cheapest and easily accessible, dominated all
other energy resources over the recent past. However, fossil oil depletion and its uneconomical extraction have once again high-
lighted biomass as a source of energy in transportation and power generation related applications. More so, huge potential lies
in the use of biomass for the production of various chemical products [5]. Biomass conversion into fuels and chemicals can
share demand loads of fossil fuels to avail cheaper means of transportation, electricity, and chemicals. This will help to save for-
eign reserves and boost economic activities in regions of the world, which lack in fossil fuel resources but have abundant bio-
mass [6]. Moreover, biomass conversion would rid our environment of waste and reduce dumping costs such as in incineration

of municipal wastes [7].

The methods for biomass conversion into biofuels, which are capable of substituting petroleum-derived fuels, are complex and
ranges from biochemical conversion processes to severe catalytic thermochemical processes. However, the conversion of bio-
mass into bio-oil are only possible through pyrolysis or hydrothermal liquefaction processes [8]. Pyrolysis is the thermochemi-
cal process of decomposing organic materials in the absence of oxygen at elevated temperature [9]. While hydrothermal lique-
faction (HTL), is a thermochemical technique that transforms diverse biomass feedstocks into bio-oil through a treatment with

pressurized hot water at subcritical temperatures and pressures [8].

HTL requires operating temperature of 300 °C to 350 °C at a pressure of 5 MPa to 20 MPa for 5mins to 60 mins, wherein water
is in the liquid form [8]. While Sahu et al [10] and Gollakota et al [11], with some other researchers, reported operating condi-
tions within the temperature range of 250 °C to 380 °C and pressure range of 5 MPa to 28 MPa. HTL process begins with solvol-
ysis of biomass in micellar forms, followed by the disintegration of biomass fractions (cellulose, hemicellulose, and lignin), and
then the thermal depolymerization into smaller fragments [12]. HTL, which mimics the processing of fossil fuels buried deep in-
side the earth, occurs in minutes or hours. It produces oil with low oxygen content as opposed to other processes like fast pyrol-
ysis, and proves to be very energy efficient as it entails temperatures lower than those reached during pyrolysis [8]. HTL possess
several advantages that makes it an attractive and efficient biomass conversion option over other thermochemical conversion
techniques, because it does not require prior thermal drying and thus suitable for the production of bio oil from biomass with
varying moisture contents. Secondly, it uses hot pressurized water as a reaction medium, hence, other chemicals may not be ne-
cessary. Thirdly, HTL is less corrosive to equipment than other conversion alternatives, and the whole process is versatile and

environmentally friendly [13].

Several biomass has been employed for bio oil production through HTL by various researchers. These biomasses ranges from
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first generation to third generation feedstock. The first generation feedstock includes the edible seeds and plants such as maize,
wheat, sugarcane, sugar beet, cassava, and corn. However, the competitiveness of the of the first generation feedstock with food
led to development of second generation feedstock, which include lignocellulosic resources, woody biomass and inedible seeds
such as jatropha curcas, as well as waste oil feedstocks, all of which are available at low prices. Presently, third generation feeds-
tock which include microalgae and some other microorganisms such as cyanobacteria, bacteria, fungi, and yeast, has been devel-
oped to eliminate concerns of the first and second generation feedstock, and other resources over land [14]. The type of bio-
mass used for HTL plays an important role in biocrude production. This is because different biomass has different constituents
such as lignin, hemicelluloses, and cellulose, which behave differently to hydrothermal temperature variations [15]. Among the
three major components, lignin is most stable in nature and its molecular chain is relatively difficult to fracture, but it can be
easily coked during liquefaction process. On the other hand, the physical structure of cellulose and hemicellulose is relatively
simple with relatively weak hydrogen bonding and stacking interactions, showing poor thermal stability and thus higher
degradability in HTL [16]. In general, high cellulose and hemicelluloses content in biomass yields more bio-oil in HTL process.
For example, hardwood samples (cherry) produced more oils than softwood (cypress) due to the high lignin contents in later

biomass [16].

Different researchers has reported different biomass conversion through HTL, ranging from second, third (algae) and even the
combination of second and third generation feed stock [14]. Briman et al [17], studied the effect of possible interaction be-
tween three different feeds (protein-rich microalgae, lignocellulosic wood, and carbohydrate-rich sugar beet pulp), at the tem-
perature of 250 °C and 350 °C, and residence time of 10 mins, using 10 wt% ( in water) binary mixtures (1:1 wt basis) and a
(1:1:1 wt basis) ternary mixture. The results showed that the mixture of the feedstock plays a role in the HTL, reducing the
amount of biocrude produced against the estimated values for binary and ternary mixtures, on the basis of linear averaging of
the results for the single feeds. Also Kiran et al. [19] investigated the effect of different algal biomass namely, Chlorella vulgaris,
Botryococcus braunii and Scenedesmus quadricauda on bio oil yield, under hydrothermal liquefaction with different water con-
centrations (1:6, 1:7, 1:8, 1:9 & 1:10 ratio) at temperature range of 200-320 °C, pressure (60 bars) and reaction time (30 min)
and reported highest bio-oil yield with S. quadricauda at 1:9 ratio. Feng et al. [16], also investigated the liquefaction of three
feedstocks; white spruce bark, birch bark, and white pine bark under the same processing conditions. It was observed that the
bio-oil yields were 58%, 67%, and 36%, respectively. The high oil yield recorded with white spruce bark and birch bark is as a re-

sult of high cellulose and hemicellulose in the biomasses.

The use of other biomasses for bio oil production through hydrothermal liquefaction has been reviewed. These include the use
of different species of algae [20 - 25] for bio oil production via HTL. Other reviewed works, combined algae and other second
generation feedstock such as micro algae, wood and sugar beet pulp [18], and microalgae (chlorella pyrenoidosa, CP) and ligno-
cellulosic biomass (rice husk, RH) [26]. While some other researchers used only the second generation feedstock such as fruit
processing wastes (cornelian cherry stones) [27], barley straw [28], dairy manure [29], Litsea Cubeba Seed [30], oil palm bio-
mass; empty fruit bunch(EFB), palm mesocarp fiber (PMF) and palm kernel shell (PKS) [31], and real biomass: (water
hyacinth, and rice straw), microcrystalline cellulose, and xylan [32], for bio oil production through HTL. However, the use of

breadfruit pulp for bio oil production through HTL has not been reported, and this frms the knowledge gap for this work.

Breadfruit, also known as Treculia Africana is a species in the genus Treculia and belongs to the taxonomic family of Mureccae.
It is used as a food plant in Nigeria and some other countries of West Africa. The edible seeds are rich in high quality vegetable
protein, oil and carbohydrate, and contains some essential vitamins and minerals [33]. It comes in nature as fruit head with the
seed embedded inside the pulp as seen in figure 1. The pulp are allowed to decay before the extraction of the seed for easy ex-
traction. The ruminant pulps after seed extraction are discarded as waste. Hence the need to convert it into a useful product, in

order to eliminate the waste.
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Figure 1: Breadfruit head

Materials and Method
Material’s Collection and Preparation

The feedstock used for the bio-oil production was decayed breadfruit pulp. The decayed breadfruit pulp was collected from a
farm refuse dump located at Ogboji, in Orumba South Local Government Area of Anambra State, Nigeria, where the breadfruit
seed extraction is been carried out. The collected feedstock was sun dried for seven days to reduce the moisture, in order to de-
termine the actual weight of feedstock used for the experiment. The dried feedstock was then grinded using manual grinder to

increase the surface area and allow for easy interaction with water during reaction

Experimental Design and Procedures

The production of bio oil via hydrothermal liquefaction (HTL) of breadfruit pulp was carried out with HTL batch reactor with
a reaction chamber volume of 1.6 liter. The reaction chamber is embedded inside the reactor housing for safety. The reactor
was designed for a maximum working pressure of 10 bar. Before the bio production, an experimental design was carried out in
order to provide a guide for the bio oil production experiment. This was done using Central Composite Design (CCD) of Re-
sponse Surface Method (RSM) with the aid of Design Expert software, version 10. The four major factors that affects hydrother-
mal liquefaction reaction such as water-biomass ratio, reaction temperature, reaction time and heating rate were chosen as the
dependent variables, while the bio oil and hydrochar yield was chosen as the responses. The selected high and low values of th-
ese factors are presented in table 1. This design of experiment gave a total of thirty runs with different process parameter combi-

nation.

The process parameter combinations from the experimental design was used to carry out the liquefaction experiment. The ex-
periment was carried out under subcritical condition using HTL autoclave reactor. The reactor was loaded with the sample at a
biomass-water ratio of 1:5, 1:7.5, and 1:10 according to the experimental design. For each of the biomass-water ratio, 100 grams
of the prepared sample and the corresponding mass of water that gives the ratio was loaded in the reactor, and sealed using the
provided clamps. The voltage regulator and the thermocouple of the reactor was adjusted to a setpoint that will give the re-
quired heating rate and temperature respectively. The reactor is then powered and the stirrer turned on, to allow for the HTL of
the biomass. The reactor was monitored until the required temperature is reached, and the residence timing starts. The reac-
tion was allowed to proceed until the required residence time is reached, then the reactor was turned off and allowed to cool be-
fore the product collection and separation. This experimental processes was repeated for all the experimental runs produced by

the experimental design.
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Table 1: DOE factors for bio oil production

Factor Name Unit Low Level High Level
A Reaction Temperature OC 200 300
W-B Ratio 5 10
C Reaction Time min 20 50
D Heating Rate OC/min 5 10

Product Separation and Yield

The mixture of liquid and solid products collected from the reactor after the reaction was first separated by filtering. The solid
residue was rinsed with ethyl acetate to extract the oil trapped within the solid product. The mixture of the residue with the sol-
vent was also filtered. The solid residue was then pressed to drain the oil and solvent within the solid product. The solid prod-
uct termed hydrochar was sun dried, while the filtrate which was the mixture of oil, water and ethyl acetate was then taken to
lab for separation. The ethyl acetate within the filtrate was first recovered by distillation, while the water and the oil solution

was separated by centrifugation.

The recovered products after separation which were bio oil and hydrochar were weighed and recorded. The recorded weights

of each of the products were used to determine the product yield of each of the products using the equations;

%Yo = 29 % 100 (1)
mp

%Yue = 19 %100 (2)
mpg

Where %YBO and %YHGC, are the percentage bio oil, and hydrochar yield by mass, respectively. mBO, and mHC, are the mass-
es of the recovered bio oil and hydrochar respectivey. While mB is the mass of the biomass used as feedstock for the reaction.

This was repeated for each of the runs to determine the product yields for each of the parameter combination.

Sample Testing

The bio oil and the corresponding hydrochar produced from the experimental run that gave the highest oil yield was character-
ized alongside with the feedstock. The characterization carried out on the samples include; ultimate, proximate, thermogravi-

metric, gas chromatography-mas spectrometery (GC-MS), and Fourier Transform Infrared Spectroscopy (FTIR) analysis.

Ultimate Analysis

The ultimate analysis was done using Perkin Elmer 2400 Series II CHNS/O Elemental Analyzer, to determine the carbon (C),
hydrogen (H), nitrogen (N), and sulphur (S) content of the samples, as described by Harissanker et al [34]. The oxygen (O) con-
tent was obtained by mass difference. The obtained elemental constituents of the samples were used to determine high heating

values (HHV) of the samples using equations (3), as described by Ezenwa et al [1]

HHV =0.349C + 1.1783H + 0.1005S5 — 0.10340 — 0.0151N (3)

The high heating values of the samples was used to determine the energy recovered (ER) from the feedstock into the bio oil and

hydrochar using equation (4) as described by Ezenwa et al [1].

ER = \frac{\text{HHV of Product} \times \text{mass of product}}{\text{HHV of Feedstock} \times \text{mass of feedstock}}\:\:\:
(4)
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Proximate Analysis

The proximate analysis was conducted to determine their moisture, ash, volatile mater and fixed carbon contents of all the sam-
ples. The moisture, ash and volatile matter contents were obtained according standards; ASTM E872-82, ASTM E1755- 11, and
ASTM E 872, respectively as described by Ezenwa et al [1]. The obtained data was employed in equations (5), (6), and (7) to ob-
tain the moisture, ash, and volatile matter contents of the samples respectively. While the fixed carbon content was obtained by

subtracting the sum of moisture, ash, and volatile matter content from 100% as seen in equation (8).

%MC = M x 100 (5)

(3

%AC = Yo s 100 (6)
W w
GVM =—L_" (1)

%FC = 100% — (BAC + %V M + %MC) (8)

Where %MC, %AC, %VM and %FC are the percentage moisture, ash, volatile matter and fixed carbon contents of the samples
respectively. Wi and Wd is the weight of the sample before and after drying, while Wa is the weight of ash obtained after burn-
ing the samples in the furnace at 550 °C for 8 hours. Wh is the weight of the sample after heating the dried sample in a furnace

at 900 °C for 7 min to drive off the volatiles.

Thermogravimetric (TGA) Analysis

Thermogravimetric Analysis was conducted using thermogravimetric analyzer (Perkin Elmer TGA 4000). This was done to de-
termine the thermos-physical properties of the samples. To carry out the analysis, a measured sample was loaded in the furnace
of the analyzer and the start icon was clicked to run the analysis. The furnace was allowed for the measurement to complete be-
fore returning it back into the cool position, and the crucible removed. The result of the analysis is then displayed on the

screen.

Gas Chromatograph Mass Spectrometry (GC-MS) Analysis

The GC-MS analysis was carried out by injecting the sample into the spectrometer through a port that is heated to 300° C,
where the material is volatilized. The gaseous component is separated as they flow through the column based on size and/or po-
larity. The sample components that are more volatile and smaller in size will then travel through the column more quickly than
others into the MS region where the separated components are blasted with electrons, causing them to break up and turn into
positively charged ions. The detector within the MS region then detects and records the filtered ions and the mass spectrum.

The mass spectrum is used to identify the components by comparing each to reference libraries of over 275,000 unique spectra.

FTIR Analysis

The Fourier Transform Infrared Spectroscopy (FTIR) analysis was carried out using FTIR spectrometer (Agilent Technology
Cary 630), to identify the functional group within the sample. The spectrometer was interphase with a computer that is con-
trolled by a window called MicroLab PC window. To carry out the analysis, the instrument was turned on and allow to war-
m-up for 15 minutes before launching the MicroLab PC window. 15 mg of the sample was loaded and sample alignment was
checked before sampling. After sampling the peaks were picked and labelled by dragging, to acquire the wavenumbers as well

as Transmittance or Absorbance.
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Results and Discussion

Experimental Result

The result of the hydrothermal liquefaction experiment for each of the parameter combination obtained from the experimental
design is presented in table 2. Form the table, it can be seen that the parameter combination that gave the highest oil yield of
48.9% was obtained from the parameter combination of 300 °C reaction temperature, and water-biomass ratio of 10, at 50 min-
utes reaction time and heating rate of 5 °C/min. The obtained bio oil and hydrochar is shown in figure 2(a) and (b) respectively.
The bio oil is a viscous fluid that is darkish brown in colour with a decayed pungent smell. The produced bio-oil can be upgrad-
ed and used for diesel engine application, or can be used as coolant in cutting applications. While the bio char is a black solid
residue that are left after the separation of the liquefaction products. The solid residue can be used for several purposes such as

in the production of briquettes, fertilizer and for carbon capture.

Table 2: Hydrothermal liquefaction experimental result

Std A: B: C: D: Oil Yield | Hydrochar

Reaction Temperature W-B Ratio Reaction Time | Heating Rate (%) (%)
(0 (min) (C/min)

1 200 5 20 5 34.8 35.9
2 300 5 20 5 44.7 30.6
3 200 10 20 5 37 34.6
4 300 10 20 5 46.2 29.8
5 200 5 50 5 29.8 38.9
6 300 5 50 5 36.6 35.1
7 200 10 50 5 40.5 32.5
8 300 10 50 5 48.9 27.5
9 200 5 20 10 32.1 36.9
10 300 5 20 10 43.8 39.8
11 200 10 20 10 354 35.5
12 300 10 20 10 45 30.8
13 200 5 50 10 26.3 37.7
14 300 5 50 10 34.1 36.2
15 200 10 50 10 38.7 33.7
16 300 10 50 10 46.6 30.2
17 150 7.5 35 7.5 29.9 38.9
18 350 7.5 35 7.5 42.1 30.3
19 250 2.5 35 7.5 24.3 40.4
20 250 12.5 35 7.5 41.8 32.5
21 250 7.5 5 7.5 37.5 34.9
22 250 7.5 65 7.5 39.9 33.1
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23 250 7.5 35 2.5 45.3 31

24 250 7.5 35 12.5 42.2 31.4
25 250 7.5 35 7.5 47 29.9
26 250 7.5 35 7.5 42 31.5
27 250 7.5 35 7.5 45 30.1
28 250 7.5 35 7.5 46.8 29.8
29 250 7.5 35 7.5 47.9 28.6
30 250 7.5 35 7.5 44.7 31.6

Figure 2: (a) Bio oil and (b) hydrochar obtained from hydrothermal liquefaction of breadfruit pulp

Effect of the Process Parameter on Qil Yield

The effects of the process parameters (A: reaction temperature, B: water-biomass ratio, C: reaction time, and D: heating rate)
are shown in figure 3. The figure shows that temperature is one of the major factors that affects hydrothermal liquefaction be-
cause it controls the extent depolymerization and secondary cracking. In figure 3(A) it can be seen that maximum oil yield oc-
curs at moderate temperature of about 300°C. This is because the temperature is sufficient enough to enhance depolymeriza-
tion, followed by decarboxylation and dehydration. However at low temperature, there is limited depolymerization of biopoly-
mers due to insufficient temperature. Hence there will be incomplete conversion of the biomass components. Similarly the oil
yield also tend to decrease at higher temperature above 300°C because secondary cracking dominates at higher temperature,
thereby leading to increase in gas formation and production of lighter oil. This can be seen to agree with some reported litera-

tures such as in Elliott [35] and Coronado et al, [36].

In figure 3(B), it can be seen that increase in water-biomass (W-B) ratio increases the oil yield, until at higher W-B ratio when
the yield begins to drop. Though low W-B ratio favours oil yield due to increase in collision frequency of reactive intermedi-
ates, but hindrances such as poor mixing and mass transfer tends to lower the yield compered to moderate W-B ratio. Howev-
er, maximum yield is seen at moderate W-B ratio of 7-8. This is because the water is sufficient for proper mixing and good
heater transfer, thereby enhancing hydrolysis and depolymerization. But at higher W-B ratio, oil yield decreases because dilu-
tion reduces the concentration of relative intermediates, thereby limiting repolymerization of the feedstock into oil. This is in

agreement with the reports of Gollakota et al [11] and Elliot [35].

In figure 3(C), it is seen from the figure that oil yield slightly increases and the reaction time increases from 20 mins to 32mins.
Beyond 32 mins of reaction time, the oil yield begins to decrease. This is because at long time, secondary reactions such as repo-

lymerization, condensation, cracking and formation of gas and char occurs.
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Figure 3: graph of oil yield against (A) reaction temperature, (B) W-B ratio, (C) reaction time and (D) heating rate
Test Result

Ultimate Analysis Result

The result of the ultimate analysis conducted on the samples (breadfruit pulp, bio-oil, and hydrochar), are presented in table 3.
This gave the carbon, hydrogen, nitrogen, sulphur, and the oxygen content of the samples, as well as their high heating values,

hydrogen-carbon and oxygen-carbon ratios. This values are compared with bar chart as shown in figure 3.

Table 3: Ultimate analysis result of the samples

Samples Elemental Composition HHYV (M]/kg) Energy
Carbon | Hydrogen | Nitrogen | Sulphur | Oxygen Recovery (%)
BF pulp 38.53 3.6 1.64 0.67 55.56 11.99
Bio-oil 45.09 2.49 0.67 0.58 51.27 13.43 48.5
Hydro char | 40.79 3.95 0.31 0.31 54.64 13.23 39.7

Figure 4 compares the ultimate analysis result of all the samples. The colour codes represents the each of the samples as labelled
in the chart. It can be seen that the bio-oil has higher carbon content compared to the biomass feedstock and its hydro char af-
ter HTL. This could be as a result of the HTL process which the feedstock undergone before the production of the oil. The hy-
dro char has a higher carbon content compared to the feedstock. This makes it suitable briquette and fertilizer application.
Consequently, the higher heating value seen at the products (bio-oil and hydro char) as compared to feedstock material (bread-
fruit), showed that the HTL processes improved on the energy content of the products. It can also be seen from the energy re-

covery bar, that 48.5% of the feedstock energy was recovered in the bio-oil via HTL, while 39.7% is recovered in solid residue.
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This shows that 11.8% of the feedstock energy was lost during the process. This shows that HTL is suitable for bio oil produc-
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B Breadfruitpulp MW Biooil = Hydrochar
Figure 4: Comparative presentation of the samples elemental composition, high heating value and the energy recovery result

Proximate Analysis Result

The proximate analysis was conducted on the samples (breadfruit pulp, bio-oil, solid residue and the briquettes), to determine

the moisture, ash, volatile and fixed carbon content of the samples. The result of the proximate analysis is presented in table 4.

Table 4: Proximate analysis of the samples

Samples Moisture Ash Volatile Fixed carbon
BF pulp 6.8 3.6 51.8 37.7

Bio Oil 12.7 2.6 42.6 41.8
Bio Char 8.9 3.2 48.1 39.1

MC A5 W FC

B Breadfruitpulp M Biooil = Hydrochar

Figure 5: Comparative presentation of the proximate analysis of the samples

The result of the proximate analysis of table 4, was analyzed and presented in figure 4. The colour code of the chart indicate the
results of the different samples. While the bars represents the moisture, ash, volatile matter (VM), fixed carbon (FC), and the
energy recovery (ER) of the samples as seen in the figure. It was observed that moisture content of 12.7% was seen in the oil
which is slightly lower than that, reported by Mussatto et al. [37], but within the range reported by Khanh-Quang et al. [38].

The bio-oil sample exhibited higher moisture content compared to the other samples, which can be attributed to the nature of
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the hydrothermal liquefaction (HTL) process. The figure also showed that the ash content in the bio-oil was significantly lower

than in the other samples, indicating that HTL effectively reduces the ash content of the biomass feedstock. Additionally, the
bio-oil had the lowest volatile matter content, as shown by the shorter bars in the figure. This may be due to its relatively low

carbon content, which likely burns off more completely during the test, resulting in lower measured volatile matter. The fixed

carbon of the bio oil was seen to be lesser than the carbon content obtained from the ultimate analysis. This is expected because

some of the organic carbon will escape as volatile matter emissions during combustion.

TGA/DTA Result

The result of thermogravimetric and differential thermal analysis of the samples are shown in figure 6(a) to 6(c) for the pro-
duced bio-oil, breadfruit pulp and the hydrochar, respectively. Thermogravimetric analysis determines the decomposition by

mass loss over a temperature range, while differential thermal analysis determines the endothermic and exothermic event tem-

peratures, and shows phase transitions [39].

Figure 6(a): TGA/DTA curve for the bio oil

L ——

Figure 6(b): TGA/DTA curve for the breadfruit pulp
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Figure 6(c): TGA/DTA curve for the hydrochar

The graph in red colour represent the TGA result while the graph in blue represent the DTA result. In figure 6(a), the TGA re-
sult showed an initial mass loss of 6% within the temperatures of 100 - 120°C which indicates drying process. The second mass
loss of about 36% occurred between the temperatures of 350 - 450°C, which indicates decomposition with removal of CO and
other volatile matter. This can also be referred to as the volatile content of the bio-oil [40]. The difference in the earlier reported
volatile matter content could be due to the temperature used for the test, which may have resulted to loss of some fixed carbon
due to high heating. The third mass loss of 44% occurred between the temperatures of 450 -550 °C. This mass loss can be
termed fixed carbon content of the bio-oil, while the remaining mass can be termed ash content, according to Khairuddin et al.
[40]. It can be seen that the bio-oil was stable up to the temperature of 350 °C before decomposition. The changes in masses
seen in the DTA curve of figure 6(a), is due to dehydration, decomposition and combustion, and the curve is seen to be en-
dothermic. The sample showed no reaction until the onset temperature of 350 °C, at which the endothermic reaction starts.
This heat absorption occurred between 350 — 600 °C, and then returned to baseline. At this point of stability the material left

could be ash as interpreted by the TGA curve.

The TGA/DTA curve of the breadfruit pulp as seen in figure 6(b) showed an initial mass loss of 3% within the temperature 100
- 120°C which indicates the drying process. The second loss of mass occurred between the temperatures from 270 - 420°C,
which indicates decomposition with removal of CO, and the percentage mass loss of 40% which is assumed to be the volatile
matter within the feedstock. The third mass loss of 34% occurred between the temperatures 420 - 600 °C. This mass loss can be
termed the fixed carbon content, while the remaining mass can be termed the ash content. It can also be seen that the bread-
fruit pulp was thermally stable up to the temperature of 250 °C before decomposition and the curve is endothermic. The sample
showed no reaction until the onset temperature of 200 °C, at which the endothermic reaction starts. This heat absorption oc-
curred between 350 - 650 °C, and then returned to baseline. At this point of stability the material left could be ash as interpret-
ed by the TGA curve. Figures 6(a) and (b) showed that the bio-oil was more thermally stable than its parent feedstock. Also the

heat absorption is seen to be higher in the feedstock compared to the bio-oil.

Also the TGA curve of the obtained hydrochar from HTL of breadfruit pulp as seen in figure 6(c) showed an initial gradual
mass loss of 5.5% between the temperature 100 - 300 °C which indicates the dehydration region. The second loss of mass oc-
curred between the temperatures from 300 - 400 °C, which indicates decomposition with removal of CO, and the percentage
mass loss of 31.2% seen within that region is assumed to be the volatile matter content of the solid residue. The third mass loss
of 49.8% occurred between the temperatures 400 - 550 °C as seen in figure 6(c). This indicates combustion with air accom-

panied with removal of CO,. This mass loss can be termed fixed carbon content, while the remaining mass can be termed the
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ash content. This high content of fixed carbon within the hydrochar validates the need to employ the solid residue for fuels pur-
poses such as briquetting purposes. It can also be seen that the hydrochar was thermally stable up to the temperature of 300 °C
before decomposition. These changes in masses due to dehydration, decomposition and combustion is seen the DTA curve to
be endothermic. The sample showed no reaction until the onset temperature of 300 °C, before the decomposition starts. This
heat absorption occurred between 300 - 550 °C, and then returned to baseline. At this point of stability the material left could
be ash as interpreted by the TGA curve.

GCMS Analysis Result

The main chemical components of the produced bio oil are presented in table 5. They were extracted from the GCMS analysis
raw result, by removing the components with quality factor less than 50%. It was observed that the components of the bio-oil
are majorly oxygenated hydrocarbons and alkenes as seen in table 5. The oxygenated hydrocarbons are majorly organic acid
and esters, which are normally found in bio-oils obtained from the hydrothermal liquefaction of biomasses [41]. The organic
acids include hexadecanoic acid (palmitic acid), 9,12-octadecadienoic acid (linoleic acid), and 2-methylpentyl formate. While
n-Propyl 11-octadecenoate is grouped under esters. These oxygenated hydrocarbons comes hydrolysis and decomposition of
lignin content of the biomass during HTL. The 2-methylpentyl formate can be traced to the ethyl acetate used in rinsing the re-

actor container and solid residue after the HTL process.

Table 5: Chemical composition of the bio-oil

. Chemical Quality Molar
Chemical Compound Formula CAS Factor weight(g/mol)
2-methylpentyl formate CH O, 381670-34-4 53 130.1
Hexadecanoic acid, methyl ester CH O, 000112-39-0 89 270.4
9,12-Octadecadienoic acid (Z,Z)-, CHO 000112-63-0 93 2804
methyl ester o

6-Octadecenoic acid, methyl ester, (Z)- CH O, 002777-58-4 97 296.5
1,5,9—Undecatr1er(1§,) _2,6,10—tr1methyl—, CH, 062951-96-6 58 1923
n-Propyl 11-octadecenoate CH O, 1000336-71-7 53 324.5

FTIR Result

The result of Fourier Transform Infrared (FTIR) spectrum carried out on the produced bio-oil is presented in figure 7. The
FTIR analysis was done to identify the molecular compounds within the bio-oil. The nature and wavenumber of the peaks as ap-
peared in figure 7, was used to identify the functional groups within the sample. This was done with the infrared spectroscopy
correlation table. The first peak is broad and strong, and appeared at the wave number of 3338 cm’, which is an indication of
carboxylic acid from the FTIR correlation table. This correlates with the result of the GCMS analysis that indicated the chemi-
cal content of some organic acid such as palmitic and linoleic acid. The second peak is broad and weak, and appeared at a wave
number of 2113.4, which is an indication of alkyenes. The third peak is sharp with medium intensity and falls under the wave
number of 1650 - 1566 cm™', which is an indication of alkenes. This correlates with the GCMS result that presented the content
of 1,5,9-Undecatriene, 2,6,10-trimethyl-, (Z)-, that belongs to the alkene family. Also the forth peak is sharp and weak and falls
under the wavenumber of 1440 — 1395 cm™', which is an indication of carboxylic acid. From the spectrum interpretation, it can
be conclude that the bio-oil produced from the HTL of breadfruit pulp is majorly composed of organic acid, and hydrocarbons

of alkene and alkyne family.
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Figure 7: FTIR spectrum of the bio-oil

Conclusion

This work successfully demonstrated the technical feasibility and promising potential of producing bio-oil from breadfruit pulp
through hydrothermal liquefaction process. The 48.9% oil yield obtained from this work shows that breadfruit pulp which is an
abundant underutilized tropical biomass from breadfruit processing, can give a substantial fraction of bio oil under optimized
condition, which can be further upgraded to transport fuels. The process also generated char fraction that maybe leveraged for

agricultural or material applications, thereby enhancing the overall resources efficiency.

The results obtained from the characterization of the produced oil highlight breadfruit pulp as a viable feedstock for decentral-
ization of biofuel production, particularly in regions where breadfruit is abundant. This will help to boost the contribution of
biomass in meeting the global energy demand, thereby reducing the demand load on fossil fuels. Also the HTL’s ability to pro-

cess wet biomass without extensive drying further strengthens its suitability for tropical agro-industries.

Finally, this research advances the understanding of breadfruit pulp biomass valorization and contributes to the development
of renewable circular bioenergy pathways. However, further work is required to investigate the effect of pressure on the oil
yield from HTL of breadfruit pulp, and the catalytic upgrading of the bio oil. Also, future work should focus on the techno-eco-

nomic analysis and system-level sustainability assessment to fully evaluate the commercial viability.
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