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Abstract

In today's energy-demanding lifestyle, the need for exploring and exploiting new sources of energy
that are renewable as well as environmentally benign is a must. Nigeria has a lot of non-edible oil
tree-born seeds. The country is endowed with a lot of species of tree-born non-edible oils seeds which
can be exploited for the production of biofuels to meet her energy needs. Jatropha curcas is a versatile
plant with several actual and potential uses. The effect of chemical pretreatment on De-oiled Jatropha
curcas L. kernel (DJSK) on the chemical compositions, surface chemistry, and residual biomass
surface morphology was studied. The dried resulting cake from the Jatropha curcas L. kernels was
pretreated with 4 % sulphuric acid solution and 4 % alkaline solution using NaOH respectively. Both
the raw and pretreated samples were subjected to slow pyrolysis in a fixed bed reactor. The
temperature of the furnace was set at 450 °C and as the biomass sample (< 2 mm particle size, 1000 g)
gets pyrolysed at about 245 °C, volatiles released, exits from the volatile delivery tube and are passed
through the Liebig condenser. The sample was pyrolysed to the set pyrolysis temperature of 450 °C
and held for about 45-50 min. until no release gas was observed from the reactor. The pyrolysis liquid
products - viscous phase (Bio-oil) and aqueous phase (polar liquid) were collected via flat bottom flask
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by condensing in a condenser and cold traps maintained at about 0-5 °C. The viscous phase was
separated from the aqueous phase using a colloquially sep funnel, weighed, and stored in a plastic
container for further use and analysis. The chemical composition of both the raw and pretreated
samples was identified by Gas Chromatography-Mass Spectrometry (GC-MS) which shows different
peaks and data of different compounds. The surface chemical properties of the raw and pretreated (acid
and alkali) Bio-oil revealed the functional groups present through Fourier Transform Infrared
Spectroscopy (FTIR). Surface morphological characteristics of the residual biomass used for the
pyrolysis process for both raw and pretreated samples were examined by Scanning Electron
Microscope (SEM). The results showed that the bio-oil obtained from the De-oiled Jatropha curcas L.
seed kernel might be an important fuel source and chemical feedstock.

Keywords: Biofuels; De-oiled Jatropha curcas L. kernel; Bio-oil; Pyrolysis; Characterization.

Introduction

The scarcity of conventional fossil fuels, growing emissions of combusted generated
pollutants, and their increasing costs will make biomass sources more attractive, coupled
with the shortening of fossil fuel day by day, as most countries are on the verge of reaching
their peak production. (Dermibas, 2009; Lateef et al., 2018). Biofuel from lignocellulosic
materials is considered renewable, abundant, and low cost since the feedstock is readily
available worldwide in the forms of agricultural waste, forestry refuse, industrial biomass
by-products, municipal sewage sludge, aquatic algae, and plants (Lee et al., 2017). The use of
biomass for biofuel and commodity chemicals is quite interesting when it involves waste
products (which sometimes end up been burnt in an open field). Researchers all over the
world owe it a duty to preserve our world from destruction, as the whole world is alarmed
by the damage climate change has done to Nigeria and the world in general. The biomass
currently provides approximately 14 % of the world’s total energy demand (Dhanavath et
al., 2017). Several conversion processes such as torrefaction, pyrolysis, gasification,
fermentation, transesterification, anaerobic digestion, etc have been explored up to date to
obtain solid, gaseous, liquid fuels, and commodity chemicals. Among the thermochemical
conversion processes, pyrolysis is recognized as a promising technology for fuels and
chemicals, and this conversion method has received increased interest because process
condition can be optimized to maximize the production of chars, liquids, or gases (Onay and
Kockar, 2003; Ertas and Alma, 2010; Capunitan and Capareda, 2013). Thermochemical
conversion of biomass such as pyrolysis yields liquid oil, solid charcoal (biochar), and gases
in different proportions, depending on the temperature, heating rate, reactor type, and
biomass particle size (Sricharoenchaikul and Atong, 2009). For the production of biofuel
from lignocellulosic biomasses, the availability and sustainability of less expensive feedstock
is a crucial determinant. Such feedstock must be of low cost or probably a waste, must not
compete with food. These distinctive characteristics turn a great deal of attention to Jatropha
curcas L.

Jatropha curcas (physic nut or purging nut) is a drought-resistant shrub or tree belonging to
the family Euphorbiaceae, which is cultivated in Central and South America, Southeast Asia,
and Africa (Sirisomboon et al., 2007). Jatropha curcas L. has been identified as a novel
bioenergy crop in the regional potential assessment conducted by Linde, 2012 in biofuel
categories currently considered in fifteen ECOWAS countries (including Nigeria). This may
be as a result of its high oil yield which is used in Biodiesel production through
transesterification, as well as its use of residual seed sake for bio methanation processes and
many other potential applications (Lateef et al., 2014a; Lateef et al., 2014b; Lateef et al., 2014c).
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Probably as a result of this, Jatropha is one of the most widely planted crops in Nigeria with
plantation all over the states of Adamawa, Gombe, Borno, Bauchi, Yobe, Katsina, Kano,
Jigawa, Zamfara, Sokoto, Kebbi, Kwara, Kogi, Osun, Ondo e.t.c.

Jatropha curcas plant has been recognized as a source of a medium viscosity pure plant oil
that is easily converted to biodiesel with good fuel properties and has been tested
successfully in stationary diesel engines (Openshaw, 2000); coupled with its ability to thrive
in a variety of agro-climatic conditions, a low-gestation period, and high oil seed yield
relative to other plants with oil-bearing seeds (Doshi et al., 2014). The non-consumptive
utilization of the plant will facilitate the protection of the environment and ensure faster and
durable greening of the country, help to conserve the soil, water and provide a permanent
renewable source of energy (Hipal ef al., 2009). Bio-oil production from non-edible oilseed
cakes is a simple method of cake disposal and to obtain self-sufficiency in meeting energy
needs and commodity chemicals.

Bio-oil also known as pyrolytic oil or bio-crude is the liquid condensate of the vapors of a
pyrolysis reaction. Pyrolysis is defined as the initial process that takes place when organic
matter is first heated in the absence of oxygen to produce combustible gases (Sadaka and
Boateng, 2009). Pyrolysis is classified into three types namely: flash, fast and slow pyrolysis
depending on the temperature, heating rate, and residence time (Ioannidou et al., 2009); slow
pyrolysis occurs at 450-700 °C. However, fast pyrolysis is very expensive and requires a high
level of engineering technology which has limited its utilization for biomass conversion
especially in this part of the world and that slow pyrolysis is relatively cheaper and has been
found to suitably convert biomass to liquid fuel (Ogunjobi and Lajide, 2013). Bio-oil, an
important product from biomass pyrolysis, can be regarded in its crude state as a low-grade
fuel (Melligan et al., 2012). Bio-oil could be used as fuel when upgraded. It can also be used
for Wood preservation, Adhesives, Asphalt-paving substitution, Bio-carbon electrodes, Coal
dust suppression, Fertilizer, Antioxidants, Food additives, Pesticides, Impermiabilizer, Road
de-icer, and Surfactants (Murray et al., 2014).

Several pretreatments have been proposed to enhance the digestibility of lignocellulosic
biomass for biofuel production since these biomasses have lignin, cellulose, and
hemicellulose. Among these pretreatments, the acidic, alkaline, peroxide, and steam
explosion pretreatments are the most applied ones (Guilherme et al., 2017). Mild Alkaline
and dilute acid pretreatments are more practically useful due to few drawbacks when
compared to others (Zhao et al., 2008). Jatropha biomasses- seed shell, fruit hull, and de-oiled
seed cake consists of lignin, cellulose, and hemicelluloses. Therefore, conversion of Jatropha
curcas L. biomasses is hindered by the presence of these complex structures. According to
Singh et al., 2013, pretreatment is required to remove or modify the surrounding matrix of
lignin and hemicelluloses before hydrolysis of the polysaccharides. Generally speaking,
pretreatment reduces cellulose crystallinity and increases the porosity of the material and
until now, no pretreatment has been considered the best process option. Acid pretreatment
can be performed with diluted or concentrated acids. Organic and inorganic acids including
H,S0,, HCI, HNOj;, H3PO,, acetic acid, and maleic acid have all been used for acid
pretreatment, with H>SO4 being the most commonly used acid (Den et al., 2018). H>SO4
(generally 1-4 wt %) (Galletti and Antonetti, 2011) is the most commonly employed acid: an
efficient mild acid pretreatment solubilizes part of the hemicellulosic component of the
biomass and exposing a larger area of cellulose (at low acid concentration) to enzymatic
attack (Guilherme et al., 2017). In dilute acid hydrolysis, the firm structure of the
lignocellulosic materials is cracked, followed by the removal of hemicelluloses, thereby
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increasing the porosity and digestibility of biomass (Badiei et al., 2014), while the alkaline
pretreatment method requires an alkaline solution of sodium hydroxide, calcium hydroxide
or ammonia for the pretreatment of biomass (Kumar et al., 2015). Sodium hydroxide and
lime being the most popular alkali. Alkaline pretreatment increases porosity and internal
surface area by promoting structural swelling, decreases the degree of polymerization and
crystallinity, thus breaking down the lignin structure (Den et al., 2018). Lignin is separated
from inhibitors through neutralization (Badiei ef al., 2014). The alkaline hydrolysis process
involves alteration in the structure of lignin, partial decrystalization of cellulose, and partial
solvation of hemicellulose (Galletti and Antonetti, 2011, Badiei et al., 2014). Sodium
hydroxide has been extensively studied for many years and it has been shown to
significantly disrupt the lignin structure of the biomass, with many successful reports on
corn stover, switchgrass, bagasse, wheat, and rice straw (Menon and Rao, 2012). Another
important aspect of alkaline pretreatment is the change of the cellulose structure to a form
that is denser and thermodynamically more stable than the native cellulose (Hendriks and
Zeeman, 2009). The conditions for alkaline pretreatment are usually less severe than another
pretreatment as it involves soaking the biomass in alkaline solutions and mixing it at a target
temperature for a certain amount of time (Menon and Rao, 2012; Badiei et al., 2014). The
pretreatment can be accomplished at low (0.5 - 4 wt % NaOH) or at high (6-20 wt % NaOH)
concentrations; at low NaOH concentration, the pretreatment aims at lignin and
hemicellulose removal and is operated at higher temperature and atmospheric pressure
(Den et al., 2018). The influence of the pretreatment on the structure of the biomass can be
verified using scanning electron microscopy (SEM) methodology (Guilherme et al., 2017).
Bio-oil from biomass pyrolysis contains a very complex mixture of products, its
chromatographic analyses require the coupling of these instruments with a mass selective
detector to aid the identification of eluted products (Shah et al., 2016b) using Gas
Chromatography-Mass spectrometer (GC-MS). Fourier Transform-infrared is a preferred
method of infrared spectroscopy. Infrared spectroscopy is widely used to determine the
functional groups in molecules of different biomasses.

The potentials of bio-oil from Jatropha curcas L. waste have been studied. Sricharoenchaikul
and Atong, 2009 investigated thermal decomposition on Jatropha curcas L. waste using TGA
and fixed bed reactor. Onifade et al., 2017, converted Jatropha curcas L. nutshell into bio-oil
and several works have been done on the conversion of agricultural waste into bio-oil
(Bomelli et al., 2001; Ji-lu, 2007; Anthonia and Kieran, 2015, Mohammed et al., 2018); as well
as various reports on the pyrolysis of de-oiled edible and non-edible seed cakes (Volli and
Singh, 2012a; Volli and Singh, 2012b; Kumar et al., 2013; Aldobouni et al., 2015; Mulimani
and Navindgi, 2016, Mulimani and Navindgi, 2018). One thing that is common to all these
conversion processes is the use of a solvent (especially n-hexane) to strip the cake from the
oil. This practice makes the process uneconomical as the cost of this solvent is very high.

To date, chemical compositions, surface chemical groups, and residual biomass surface
morphological characterization of de-oiled Jatropha curcas L. seed kernel of Nigerian origin
via slow pyrolysis has not been reported in peer-reviewed open-access journals (to the best
of the author's knowledge). In this context, the present work focuses on the effects of
chemical pretreatments (acid and alkali) on the chemical compositions, surface chemical
groups, and residual biomass surface morphology of slow-pyrolyzed Nigerian de-oiled
Jatropha curcas L. kernel.
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Materials and Method

The raw material used in this work was semi-dried Jatropha curcas L. fruits ripened to a dark-
brown state for the production of Bio-oil. The Jatropha curcas fruits were obtained from a
local farmer at Idah, Kogi State, North Central Nigeria. The hulls of the fruits were
separated from the seed shells. The Jatropha husk (seed shells) were manually hand-picked
from the kernels. The leftover Kernels were milled in a Grinding machine (SFE 200, 6.5 HP,
Japan). The milled kernel was made into a paste and then paste were exposed to moisture
conditioning pretreatment before been pressed (Subroto et al., 2015) ( i.e moistened with
very little water) and hand-kneaded continuously, wrapped tightly in a sieve, and subjected
to mechanical presses. The oil was squeezed through a tapering outlet in the mechanical
pressing and filtered to get pure Jatropha oil. The resulting cake from the kernels was dried
under the sun for 7 days. The Jatropha seed kernels were placed in an oven at 40 °C for 10
min. and then stored in perforated bags at room temperature (within a range of 26-32 °C)
until used. All reagents used are of analytical grade and were used as received.

o 3
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Fig 1: (i) ]uropha curcas L. seed kernel and (if) De-oiled Jatropha curcas L. seed cake (DJSK)

Pretreatment of seed kernels

DJSK pretreatment was carried out in a pilot-scale reactor designed by the authors. Biomass
hydrolysis runs were carried out in a modified pressure pot with a continuous temperature
control probe, where the temperature inside the vessel is maintained homogeneous. The
treatment was performed on DJSK at 109 °C, 30 min. residence time, with a different solid to
liquid ratio.

Acid hydrolysis

In the pretreatment with dilute acid, biomass samples were soaked separately in 4 %
sulphuric acid solution (Biomass liquid ratio was calculated in 1: 6; 500g of biomass = 3000
mL of water for DJSK) and subjected to heating at 109 °C for 30 mins. (Tutt et al., 2012)
modified. The pretreated biomass was washed thoroughly with tap water, then 0.1 M
sodium hydroxide was added to neutralize the acid, stirred thoroughly with tap water until
neutral (pH adjusted to 7.0). The sieve was used to drain the supernatant from the residual
biomass. The residual biomass was air-dried for 14 days and weighed. Air-dried residual
biomass collected was subjected to further analysis and used for biofuel synthesis.

Alkaline hydrolysis

The alkaline pretreatment was carried out using 4 wt. % sodium hydroxide solution
(Guilherme et al., 2017) modified. The biomass feedstock DJSK was immersed in a 4 wt. %
sodium hydroxide solution (Biomass liquid ratio was calculated in 1: 6; 500g of biomass =
3000 mL of water for DJSK) and subjected to heating at 109 °C (followed by intermittent
shaking) for 30 min. The pretreated biomass was washed thoroughly, then 0.005 M of H>SO4
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was introduced to neutralize the base, stirred thoroughly with tap water until neutral (pH
adjusted to 7.0). The sieve was used to drain the supernatant from the residual biomass. The
residual biomass was air-dried for 14 days and weighed. Air-dried biomass residues
collected were subjected to further analysis and used for biofuel synthesis.

Pyrolysis procedure

Pyrolysis reactor is of fixed bed type and made of Brass steel and cylindrical shape. The
cylindrical reactor is having an internal diameter of 20 mm and a height of 70 mm, which is
placed in an electric furnace with a heating element of Imm thickness. The electrical furnace
is connected to the Electrotechnical system: temperature controller unit (Temperature
controller, C900FK07-M*EN, 0-1300 °C, 220 V, AC 50/60Hz, Japan), Contactor (Cutler-
Hammer, C316KNA3, Germany and a Sensor (Thermocouple, K -Type, China) which
governs the inside temperature of the furnace and another temperature controller unit
which governs the inside temperature of the reactor. To create an oxygen-free environment,
the reactor was neatly packed with a heat-resistant gasket. The temperature of the furnace
was set at 450 °C and as the biomass sample (< 2 mm particle size, 1000 g) gets pyrolysed at
about 245 °C, volatiles released, exits from the volatile delivery tube and are passed through
the Liebig condenser. The sample was pyrolysed to the set pyrolysis temperature of 450 °C
and held for about 45-50 min. until no release gas was observed from the reactor. The
pyrolysis liquid products - viscous phase (Bio-o0il) and aqueous phase (water) were collected
via flat bottom flask by condensing in a condenser and cold traps maintained at about 0-5 °C.
The viscous phase was separated from the aqueous phase using a colloquially sep funnel,
weighed, and stored in a plastic container for further use and analysis. The biochar resulting
from pyrolysis was equally weighed and stored inside a polythene bag.

Analytical methods
Gas Chromatography-Mass Spectrometry (GC-MS) of the Bio-oil.

Extraction of the sample

5 mL of the sample was weighed into a beaker and 10 mL of hexane was added. The sample
was sonicated for 10 mins. in an ultrasonic bath and the extract was transferred to another
beaker. The extraction was repeated with 10 mL of the solvent mixture. The extracts were
combined, concentrated to about 2.0 mL. Clean-up of the extract was done with a glass
syringe loaded with silica gel, glass wool, and anhydrous sodium sulfate and then eluted
with 5 mL of hexane. The purified extracts were then reconstituted in 2 mL hexane.

The GC-MS was used to identify the chemical compositions of the bio-oil. The analysis was
performed using Agilent Technologies 7890 A equipped with 5975 MSD with HP-5ms
capillary column (30 m length, 0.32 mm internal diameter, 0.25 pm thickness). Helium gas is
used as carrier gas at a constant flow rate of 1 mL per min. The injection was done in spitless
mode and injector temperature was set at 250 °C. The oven temperature was programmed
from 90 °C for 0 min., then at 3 °C per min. to 180 °C for 10 min. Identification of the
compounds was carried out by comparing the spectra data of the sample with reference
spectra in spectra libraries (NIST).

Fourier Transform Infrared Spectroscopy (FTIR) analysis of the Bio-oil

The surface chemical properties of the raw and hydrolysed (acid and alkali) Bio-oil
produced through slow pyrolysis at 450 °C were performed using an Alpha sample
compartment RT-Dia TGS with serial number 104319. About 0.4 mL of the Bio-oil sample
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were smeared to cover the sample crystal. The absorption bands were obtained at 4 cm-!
with a 400-4000 cm! scan range. Spectra were collected in 40 sec. The data was collected
using OMNIC™ spectroscopy software showing spectrum region, absolute threshold, and
sensitivity.

Scanning Electron Microscopy (SEM) analysis of raw and hydrolyzed samples

The morphological characteristics of raw (unmodified) and hydrolysed (modified) Jatropha
curcas L. biomass used for Bio-oil production were examined by scanning electron
microscope (SEM, JSM-6390LV, 6733B-IUUS-SN, Thermo Electron Corporation, USA)
equipped with an energy dispersive X-ray (EDX) Spectrometer and X-max detector (Oxford-
instruments, INCA 400, UK). The samples were placed on the SEM stub using double-sided
carbon tape, inserted into the chamber operated at approximately 1.4 x 103, 15 kV
accelerating voltage, 5 - 100 pm working distances, and 50- 5,000 times magnification.

Results and Discussion

Proximate and Higher Heating value analysis of DJSK

Proximate analysis of fuel or biomass provides the percentage of the materials that burn in a
gaseous state (volatile matter), in the solid-state (fixed carbon), and the percentage of
inorganic waste material (ash) and therefore is of fundamental importance for biomass
energy use. This equally provides a broad understanding of the combustion characteristics
of the biomass intended for fuel purposes. Table 1 is a list of results of proximate analysis
and higher heating value of DJSK biomass

Table 1: Characterization of the tested (raw, untreated) DJSK waste Biomass

Analysis Waste Biomass
DJSK
Proximate analysis

Moisture content 8.74

Ash content 8.71
Volatile matter (VM) 64.11
Fixed carbon (FC) 17.11
Higher Heating (Calorific) value (MJ/Kg) 23.20

The Ash, VM, and FC are conducted on a dry and dry ash-free basis respectively.

All analyses were conducted in duplicate and the values reported are averages of two
values. The obtained averages are compared with J. curcas L. waste residues from other
sources as found in the literature

The moisture and ash contents are 8.74 % and 8.71 % respectively. The DJSK has a volatile
matter of 64.11 %. Fixed carbon is determined by subtracting the percentages of moisture,
volatile matter, and ash from the biomass sample, and in this present study was calculated
to be 17.11. The values obtained are within the acceptable values for biomass to be used for
biofuel conversion (Grover and Mishra, 1996).
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Higher Heating (Calorific) value (HHV)

The HHV of DJSK- 23.20 MJ/Kg is higher than the values reported for non-edible seed cake:
Mahua de-oiled seed cake (19.9 MJ/Kg), Pongamia de-oiled seed cake (17.65 MJ/Kg)
(Mulimani and Navindgi, 2016). A possible reason for this higher heating value may be due
to the fact the DJSK is oil-laden and the presence of oil may contribute to an increase in HHV
and also the difference in the oil extraction method employed. While most studies employed
n-hexane as the extraction solvent, this study uses a mechanical oil extraction method, which
is cost-effective and economical.

Chemical changes in DJSK by pretreatment

The impact of acid and alkali pretreatments on DJSK biomass was studied to reveal how
chemicals transformed the lignocellulosic biomass structure. Both acid and alkali
pretreatments are some of the leading pretreatments that have been studied to deconstruct
lignocellulosic biomass into fuels and chemicals. Pretreatment in DJSK biomass showed a
great difference between the DJSK native cell wall and the pretreated cell wall. Both acid and
alkali pretreated biomass had increased porosity, cellulose decrystalization, hemicellulose
solubilization, and coalesced lignin (Chundawat et al., 2011). Though, both H>SO,; and
NaOH could effectively degrade hemicellulose and break or weaken the linkages between
lignin and hemicellulose; NaOH could effectively remove lignin, whereas H>SO; removed
more hemicellulose (Isaac et al., 2018). The pretreated DJSK biomass showed a loose
structure of DJSK fibre bundles. Both acid and alkaline pretreated DJSK showed an increase
in cellulose crystallinity than the raw or untreated one.

A reduction in solid quantity in acid and alkali-treated DJSK was noticed after pretreatment.
As shown in Table 2, a significant percentage loss on pretreatment was recorded in acid
hydrolysed DJSK (76.20 %). Also, 51.40 % percentage loss on pretreatment was recorded in
acid hydrolysed DJSK. Percentage loss during acid-treated DJSK may be due to removal (or
lessening) of hemicellulose and other DJSK components, as well as solubilization of organic
matter; because dilute acid pretreatment is effective in removing hemicelluloses by breaking
the ether bonds in lignin/ phenolic carbohydrate complexes without dissolving the lignin
(Monlau et al., 2013). In the same manner, solid loss after alkali pretreatment may be due to
structural separation, disruption and disaggregation by the interaction between the biomass
and NaOH solution at elevated heating condition leading to the deconstruction of the
lignified matrix and hydrophilicity of cellulose (Iroba et al., 2013,). The pretreated DJSK
physical structure changed after sodium hydroxide and Sulphuric acid pretreatments at 4 %
sodium hydroxide and sulphuric acid solution each respectively. Again, there is increased
porosity in the pretreated samples compare to raw sample with a rigid or compact structure.
Structural modification in DJSK due to pretreatment is supported by SEM observations as
shown in Fig. 8.

Table 2: Biomass solid yield and percentage loss on pretreatment.

Biomass sample Biomass weight

Before pmt  After pmt Solid yield (%) Percentage loss on pretreatment
Acid hydrolysed DJSK 500 119 23.80 76.20
Alkali hydrolysed DJSK 500 243 48.60 51.40

*pmt —pretreatment
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The solid yield was evaluated using Equation 1,

. . Weight of the biomass after pretreatment
Solid Yield = Zeghtos frerp

x 100 1)

Original weight of biomass feed

Percentage loss is calculated as the difference between the weight of the biomass before and
after pretreatment divided by the original weight of the biomass X 100.

Pyrolysis of DJSK

The results of slow pyrolysis of 1 Kg of JSS, JFH and DJSK at 450 °C using a fixed bed
reactor is presented in Table 2. The liquid product obtained was darkish-black with a
characteristic pungent smell. The yield of DJSK biomass is presented in Table 3.

Table 3: Mass of bio-oil (viscous and aqueous layers) and bio-char recovered from 1Kg DJSK
biomass feedstock

Pyrolysis products Biomass sample (g)
DJSK
Condensate (raw)
Viscous phase 169.50
Aqueous phase 27.50
Bio-char 250.00

Condensate (acid hydrolysed)

Viscous phase 159.00
Aqueous phase 24.00
Bio-char 300.00

Condensate (alkali hydrolysed)

Viscous phase 141.00
Aqueous phase 18.00
Bio-char 286.00

The yield was evaluated using Equation 2,

Weight of the biomass after pretreatment

x 100 @)

Original weight of biomass feed

Yield of condensate (bio-oil viscous and aqueous layers) and bio-char
The yields of condensate (Viscous and aqueous phase) obtained from the pyrolysis of DJSK
at 450 °C, with particle size 1.14 mm are presented in Table 4.
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Table 4: Percentage by mass of bio-oil (viscous and aqueous layers) and bio-char recovered
from DJSK biomass feedstock

Pyrolysis products Biomass sample (%)
DJSK
Condensate (raw)
Viscous phase 16.95
Aqueous phase 14.10
Bio-char 15.90

Condensate (acid hydrolysed)

Viscous phase 2.75
Aqueous phase 1.80
Bio-char 240

Condensate (alkali hydrolysed)

Viscous phase 25.00
Aqueous phase 28.60
Bio-char 30.00

Untreated (raw), acid-treated and alkali-treated DJSK pyrolysis yielded 25.00, 28.60 and
30.00 % biochar respectively; while 16.95, 14.10 and 15.90 % were released by the raw, acid-
treated and alkali-treated bio-oil (viscous phase) and 2.75, 1.80 and 2.40 % were obtained as
bio-o0il aqueous phase (polar liquid) by the raw, acid-treated and alkali-treated DJSK
respectively. The raw pyrolyzed DJSK gave the highest yield than the pretreated DJSK. This
may be because the lignocellulosic matrix of the raw DJSK is still intact, as both H>SO, and
NaOH could effectively degrade hemicellulose and break or weaken the linkages between
lignin and hemicellulose. Furthermore, NaOH could effectively remove lignin, whereas
H>SO,4 removed more hemicellulose. Percentage mass loss on pretreatment was due to
solubilization of some part of hemicellulose (Mohammed et al., 2016). The mass loss was
significant, as none of the pyrolysis products (condensate and biochar) recorded a 50 %
yield. Bed temperature is undoubtedly an important parameter affecting the yields and
properties of the pyrolysis products (Garcia-Perez et al., 2008). According to Aldobouni et al.,
2015, pyrolysis temperature higher than 400 °C, reduces the bio-oil yield and attributed the
low yield to the secondary reactions which accelerate the decomposition of the produced
bio-oil into non-condensable gases; thereby leading to an increase in non-condensable gas
yield.

The highest bio-char recorded 30 %, was from the alkali hydrolysed biomass compare to
15.90 and 2.40 % in the raw and acid hydrolysed samples respectively. Research findings
from researchers have shown that alkali treatment of biomass promoted bio-char formation
and this is in agreement with the results of the yields presented. This observation
corroborates Mohammed et al., 2016 in their recent findings on the effect of deionized water,
sulphuric acid, and sodium hydroxide pretreatments of Napier grass on pyrolysis oil
characteristics.

GC-MS of Pyrolyzed Jatropha curcas L. biomass waste

The GC-MS results indicate the presence of different classes of compounds. The compounds
identified are categorized as: Paraffins, Olefins, Oxygen-containing compounds, Nitrogen-
containing compounds, Phenols, Acids and are listed in Table 8. The Oxygen-containing
compounds (O.C.Cs) comprises ester, alcohol, cyano and ketone while Nitrogen-containing
compounds (N.C.Cs) consists of amide, nitrile, amine and nitroso. The retention time (min.),
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the peak area and the compound name are contained in Table 5-7, while the breakdown
compounds detected in terms of percentage in the untreated (raw), acid hydrolysed and
alkali hydrolysed DJSK are itemized in Table 8. Meanwhile, it is worth mentioning that bio-
oil consists of hundreds of organic compounds. The most prominent peaks are chosen.

Table 5: Chemical constituents of raw (untreated) de-oiled Jatropha seed kernel (DJSK)
detected by GC-MS

s/n Retention time (min.) Peak area (min.) Compound name
1. 12.745 1.74 Tridecane
2. 16.399 3.10 Tetradecane
3. 19.659 1.11 E-2-Hexadecacen-1-ol
4, 19.866 1.55 1-Hexadecene
5. 20.145 9.01 Pentadecane
6. 23.120 227 Cyclohexadecane
7. 23.612 1.75 7-Hexadecene
8. 23.871 3.21 Hexadecane
9. 26.439 1.34 1,11-Dodecadiene
10. 26.697 13.26 8- Heptadecene
11. 26.904 10.63 8- Heptadecene
12. 27.493 7.53 Heptadecane
13. 30.152 141 2-Trifluoroacetoxypentadecane
14. 31.018 1.13 Octadecanoic
15. 33.056 3.44 9- Octadecenoic acid (Z)-
16. 35.521 35.37 Undecanenitrile
17. 36.821 215 Hexadecanoic acid

Table 6: Chemical constituents of acid hydrolysed de-oiled Jatropha seed kernels (DJSK)
detected by GC-MS

s/n Retention time (min.) Peak area (min.) Compound name
1. 6.341 2.19 Phenol, 4-methyl-
2. 12.745 2.39 Tridecane
3. 16.108 3.22 5-Tetradecene, (E)-
4, 16.393 3.78 Tetradecane
5. 16.860 2.36 1-Pentadecene
6. 20.151 8.28 Pentadecane
7. 22.092 1.26 Cyclohexane, 2-propenyl-
8. 22.881 2.29 1,9-Tetradecadiene
9. 23.327 2.29 Cyclohexadecane
10. 23.605 2.59 1-Hexadecene
11. 23.864 2.89 Hexadecane
12. 26.691 7.52 8-Heptadecene
13. 26.904 7.70 Cyclopentadecane
14. 27.487 5.52 Heptadecane
15. 35.534 40.64 Pentadecanenitrile
16. 36.840 5.08 Hexadecanoic acid
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Table 7: Chemical constituents of alkali hydrolysed de-oiled Jatropha seed kernel (DJSK)
detected by GC-MS

s/n Retention time (min.) Peak area (min.) Compound name

1. 16.102 1.69 9-Octadecene

2. 16.406 1.66 Tetradecane

3. 20.151 3.99 Pentadecane

4. 23.864 1.59 Hexadecane

5. 26.684 3.40 8-Heptadecene

6. 26.904 3.50 8-Heptadecene

7. 27.486 2.94 Heptadecane

8. 30.236 418 1-Methyl-2-methylenecyclohexane

9. 31.031 51.84 Oleanitrile

10. 33.121 222 Oxiraneundecanoic acid
11. 33.696 6.64 Heptadecanenitrile
12. 35.520 16.34 Hexadecanenitrile

There was a similarity in the chemical composition of DJSK in the raw and pretreated
samples as indicated in the presence of Tetradecane, Pentadecane, Hexadecane, 8-
Heptadecene. The breakdown of compounds detected in terms of percentage in the
untreated (raw), acid hydrolysed and alkali hydrolysed DJSK are itemized in Table 8

Table 8: Breakdown of compounds detected in terms of percentage in the untreated (raw),
acid hydrolysed and alkali hydrolysed DJSK

s/n  Compounds detected Percentage of Compounds detected (%)
Raw (untreated) Acid hydrolysed Alkali hydrolysed
1. Paraffins 47.06 50.00 41.57
2. Olefins 2941 31.25 25.00
3. 0.C.Cs 5.88 0.00 8.33
4. N.C.Cs 5.88 6.25 16.67
5. Phenols 0.00 6.25 0.00
6. Acids 11.76 6.25 8.33

As can be seen from Table 8, the pyrolysis of acid hydrolysed DJSK seems to produce a more
interesting bio-oil fraction since it does not favour the production of O.C.Cs such as ester,
alcohol, cyano and ketone (0.00 %) which are categorized as undesirable compounds. These
undesirable compounds are equally less prominent in raw (5.88 %) and alkali hydrolysed
(8.33 %) DJSK. According to Ioannidou et al., 2009; an increased fraction of small molecular
weight, oxygenated compounds would result in a reduction in calorific value of the liquid
produced if the bio-oil produced would be used as a fuel. Furthermore, the acid hydrolysed
DJSK favours the production of Phenols (6.25 %) and hydrocarbons: paraffin (50.00 %) and
olefins (31.25 %) which are higher than the other feedstocks: raw and alkali hydrolysed
(paraffin (47.06 %), olefins (29.41 %); paraffin (41.57 %), olefins (25.00 %) respectively.
Hydrocarbons (paraffin and olefins) and phenols are considered interesting bio-oil fractions.
Therefore, pretreatment has a strong influence on the determination of bio-oil fractions in
biomass pyrolysis. Interestingly, there is 0.00 % (nil) of aromatics and furan in both the raw
and the pretreated samples. The alkaline pretreatment lessens lignin and this may have
resulted in 0.00 % of phenols in the alkali hydrolysed DJSK. Production of phenols was
enhanced by 6.25 % in acid hydrolysed DJSK. The presence of a fraction of phenols is
attributed to enhancement of the cracking and reforming mechanisms and more especially
reactions such as decarboxylation, decarbonylation, dehydration and aromatization
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reactions (loannidou et al., 2009). Lastly, the presence of acids may be undesirable as it
favours corrosion of equipment.

3.5 GC-MS chromatograms of pyrolyzed de-oiled J.curcas seed cake

The Chromatograms of pyrolyzed de-oiled ].curcas seed cake is shown in Figs. 2-4
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Fig 2: GC-MS chromatograms of the raw (untreated) DJSK
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Fig 3: GC-MS chromatograms of the acid-treated DJSK
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FTIR analysis of the Bio-oil
The Bio-o0il obtained from the slow pyrolysis process was characterised by infrared
spectroscopy. The reflectance bands were used to identify the main functional groups
present and as reported in Bio-oil from biomass previous studies (Wong et al., 1998;
Capunitan and Capareda, 2013; Mohammed et al., 2014; Shah et al., 2016a; Shah et al., 2016b;
Sutrisno and Hidayat, 2016; Dhanavath et al., 2017).

The FTIR spectra for raw (untreated), acid hydrolyzed and alkali-hydrolyzed DJSK
are shown in Figs. 5-7
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Fig. 5: FTIR spectrum for raw (untreated) DJSK Bio-oil
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Fig. 7: FTIR spectrum for alkali hydrolysed DJSK Bio-oil

The raw, acid hydrolysed and alkali hydrolysed DJSK at 3365.19, 3363.14 and 3364.28 cm-!
respectively represent O-H (H-bonding) stretching vibration while (C-H) alkene stretching
vibration is revealed at 2922.62, 2923.00 and 2922.63 cm for the three Bio-oil samples
respectively. A strong sharp peak at 2853.00 and 2852.92 cm-! for raw and alkali hydrolysed
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DJSK respectively correspond to (C-H) methylene asymmetrical stretching vibrations. The
aromatic C=C stretching vibration at 1547.30, 1547.21 and 1547.59 cmfor raw, acid
hydrolysed and alkali hydrolysed DJSK respectively; its intensity is a medium-weak band.
Multiple bands at 1456.45 cm-! for raw DJSK also corresponds to (C=C) aromatic stretching
vibration while peaks at 1406.39 and 1405.84 cm-! for acid and alkali hydrolysed DJSK also
corresponds to CHz symmetrical bending vibration.

The O-H stretch peaks at 3365.19, 3363.14 and 3364.28 cm! are visible in the raw, acid and
alkali hydrolysed DJSK which is due to the presence of water content in the Bio-oils. Same
functional group C-H (alkane), C=C (aromatic) were observed at 2922.62, 2923.00, 2922.63
and 1547.37, 1547.21, 1547.59 cm? for raw, acid and alkali hydrolysed DJSK respectively.
Differences were observed in the functional groups' absorption bands at 1456.45 cm 1456.45
cm? -C=C (aromatic) and 1406.39, 1405.84 -CH, symmetrical bending. C-H (methylene)
functional group was absent in the acid hydrolysed sample but observed at 2853.00 and
285290 cm? in the sample. The Characteristics IR absorption frequencies of Organic
functional groups of raw, acid and hydrolysed DJSK are itemized in Table 9

Table 9: Characteristics IR absorption frequencies of Organic functional groups of raw, acid
and hydrolysed DJSK

Characteristics absorption (cm?) Functional group/Type of vibration
Raw Acid hydrolysed  Alkali hydrolysed

3365.19 3363.14 3364.28 O-H / stretching (H-bonded)
2922.62 2923.00 2922.63 C-H (alkane)/stretching
2853.00 - 2852.90 C-H (methylene)/ asymmetrical stretching
1547.37 1547.21 1547.59 C=C (aromatic)/ stretching
1456.45 - - C=C (aromatic)/ stretching

- 1406.39 1405.84 CH,/symmetrical bending

SEM observation

To gain a deeper insight into the effect of pretreatment on the DJSK, the scanning electron
microscope (SEM) images of the raw DJSK and pretreated DJSK are shown in Fig. 8. The
images have been amplified by a factor of 1000 and 2000.
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Fig. 8: SEM images of the raw (untreated) DJSK, acid hydrolysed and alkali hydrolysed DJSK at X1000 and X2000
magnifications

The raw, acid and alkali-treated DJSK show a similar structural pattern that is dense and
almost spherical. The particles are multidispersed, except for the acid hydrolysed sample
that tends to agglomerate better than the other two (raw and alkali hydrolysed). The raw
and alkali hydrolysed DJSK revealed numerous tiny pores which create a larger contact area
and opening site (pores). It can also be observed that the acid hydrolysed DJSK is more
closely packed, compared to the raw and alkali hydrolysed samples. Acid pretreatment
effectively lessened hemicellulose, which might have altered the interaction between
cellulose and lignin. Again, in acid pretreated biomass, lignin undergoes extensive
modification of its native state. This observation is in line with Isaac et al., 2018 in their
studies on the role of microwave-assisted acid pretreatments in the sugarcane biomass
structure.
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Conclusion
Pyrolysis of raw and pretreated DJSK leads to significant changes in Chemical compositions,
functional groups and residual biomass morphological characteristics. In this present study,
raw, acid and alkali-pretreated DJSK were pyrolyzed in a fixed bed reactor at 450 °C. The
high volatile matter, less moisture and ash contents make the hitherto neglected DJSK a
viable feedstock for thermochemical conversion processes such as pyrolysis for the
production of fuel (after upgrading) and chemical feedstock (after separation). In summary,
the following conclusions could be drawn from the present study:

Pretreatment transformed the lignocellulosic biomass structure by deconstructing
DJSK  lignocellulosic biomass into fuels and chemicals.

e DPretreatment influenced the bio-oil fractions in biomass pyrolysis. Both the raw and
pretreated DJSK do not contain the same bio-oil fractions.

e The presence of major compounds such as phenols and hydrocarbons in the raw and
the pretreated biomasses shows that this neglected waste could be transformed to
fuel and chemical feedstocks

e FTIR results showed that the major functional groups are present in the raw and
pretreated DJSK in the production of bio-oil, there was more omission of major
functional group in the acid-treated bio-oil than raw and alkali-treated bio-oil.

e SEM images revealed that the surface rupture and damage is more pronounced in
pretreated DJSK than the untreated DJSK. It also revealed that both the treated and
the untreated biomass material (DJSK) carbonizes at the prevailing temperature of
450 °C. It is also observed that pretreatment before pyrolysis of the biomass enhanced
the surface structure and specific surface area of the biomass material.
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