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Abstract
The increasing shift into sustainable fuels and its global demand necessitates integrating biomass derivatives into petroleum refineries as a viable strategy for renewable fuel production. This study investigated the catalytic co-pyrolysis of coconut shell with vacuum gas oil (VGO) in a fixed-bed reactor at 550 °C and a catalyst-to-feed ratio of 1:3 (w/w). Coconut shells were obtained from market dumps, processed and characterized for its proximate, calorific value (HHV) and ultimate composition. Crude bio-oil obtained via fast pyrolysis of coconut shell and further cracked with VGO was characterized using Gas Chromatography-Mass Spectrometry (GCMS) and Fourier Infrared Transform Spectroscopy (FTIR). The physiochemical properties of the bio-oil in terms of viscosity, acid value, saponification value, specific gravity, ester value and pH were  determined. Bio-fuel (upgraded oil) obtained through fluid catalytic cracking with vacuum gas oil was analysed to determine the density, pH, refractive index, pour point, flash point, viscosity. The bio-fuel functional groups was determine using (FTIR). Response Surface Methodology (RSM) were used to develop the bio-oil and bio-fuel yield among the considered factors; (particle size, heating temperature and holding time and reaction temperature) and (temperature, time, reactor riser and dosage mixture) respectively.  The proximate, calorific value (HHV) and ultimate analysis of the coconut shell, was determined as follows: moisture content 7.67%, volatile matter 66.1%, ash 1.4%, fixed carbon 24.8%, HHV 4339.85 kcal/kg, carbon 56.43%, hydrogen 4.16%, oxygen 37.51%, and nitrogen 0.48%. The crude bio-oil exhibited a viscosity of 12.7 cP, saponification value of 332.39 mg KOH/g, ester value of 192.14 mg KOH/g, and acid value of 140.25 mg KOH/g, demonstrating suitability but high oxygenate content.  GC-MS identified dominant compounds including phenol, p-cresol, 2-methoxyphenol, methyl paraben, cresol, and 2,6-dimethoxy-4-(2-propenyl)phenol, consistent with lignocellulosic pyrolysis products. FTIR of the upgraded oil (Bio-fuel) revealed reduced oxygenated functional groups such as ketones, phenols and enriched hydrocarbons such as alkanes, aromatic ethers, confirming effective deoxygenation and aromatization. The upgraded oil physicochemical properties was determined as follows: density 1.05 g/cm³ at 30°C, pH 3.12, refractive index 1.51, pour point -20°C, flash point 150°C, and viscosity 1.46 cP. Experimental yields for bio-oil were 62.35 wt% (particle size 1.5 mm, heating 500 °C, holding 60 min, reaction 550 °C), and for biofuel 70.12 wt% (temperature 500–532°C, time 300–228 min, riser 30–38 inches, dosage 0.5–0.78). This co-processing approach demonstrates potential for producing refinery-compatible bio-fuel with improved stability and energy density.
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1.0 Introduction
Most liquid fuels currently in use are derived from fossil hydrocarbons. Typically, vehicles are powered by internal combustion engines propelled by gasoline and diesel. In 2015, the total world liquid fuel consumption was around 94 million barrels per day, a volume that is expected to rise to 97 million in 2017 (Energy Information Administration, 2016). There are several concerns associated with the use of fossil fuels, including availability and environmental issues, which prompt the search for new alternative sources of energy to replace them. According to Rudolf Diesel, the use of vegetable oil as a fuel has drawbacks due to its unfavorable properties, notably viscosity, which can lead to engine wear, poor combustion, and high emission levels. These negative characteristics have motivated research that aimed at finding other compatible fuels [1,2]. Liquid fuels obtained from biomass (i.e. bioethanol, biodiesel, and biogasoline), known as biofuels, are considered sustainable energy sources and being probably the best candidates to replace fossil fuels [1, 2]. The coconut plant plays a significant role in the Nigerian economy and is cultivated in various states throughout the country. Coconut has many uses in Africa and is a primary source of income for over 100 million farmers who utilize all parts of the coconut for handicrafts, furniture, food, beverages, and bioenergy [3, 4]. Coconut production results in waste, such as coconut shells, which increase as coconut production increases. The shell (12%), meat (28%), husk (35%), and water (25%) are the four basic components of the coconut. The global abundance of coconut shell waste leads to environmental pollution and public health into commercial products reducing the environmental pollution. Coconut shells can be transformed into pyrolytic oil (bio-oil) [5]. 
Various research and development are being performed in the field of science to identify a substitute for fossil fuels due to increased environmental concerns associated with it [18, 19. 20]. Hence, the need to discover more sustainable alternatives to fossil fuels. One of the alternate sources for fuels is the use of biomasses to produce liquid fuels by fast pyrolysis. Biomass, an organic matter obtained from plants or animals is a renewable and sustainable source of energy [6]. Its popularity is due to its local availability and cost-effectiveness. Biomass can be converted to higher-value products or energy. Pyrolysis is an irreversible thermochemical treatment in which biomass is exposed to elevated temperatures in an inert atmosphere. The products of pyrolysis include bio-oil, gas and carbon black [7,8]. Pyrolytic oil contains a mixture of 300 or more compounds resulting from the depolymerisation of cellulose, hemicellulose and lignin. Pyrolytic oils are generally acidic, contain solid char particles with relatively high moisture content, low heating value, thermally unstable and degrade with time. Many value-added products, liquid fuels and chemicals can be obtained by the refinement of bio-oils [9,10]. Lignocellulosic biomass, such as coconut shell, an abundant waste from coconut processing a low-cost feedstock for bio-oil via fast pyrolysis [11]. However, crude bio-oil's high oxygen content (30–40 wt%) leads to undesirable properties: low heating value (HHV) (<25 MJ/kg), high viscosity, acidity, and instability, hindering direct refinery integration. Catalytic upgrading addresses these challenges by promoting deoxygenation, cracking, and aromatization. Zeolites like HZSM-5 excel due to their acidity and shape selectivity, converting oxygenates into hydrocarbons. Co-processing with petroleum fractions, particularly vacuum gas oil (VGO) a heavy FCC feed leverages synergistic effects: VGO provides hydrogen donors (e.g., naphthenes, aromatics) to stabilize biomass radicals, reducing coke and enhancing yields. Traditional approaches include hydrodeoxygenation (requiring high-pressure H₂) or separate bio-oil injection into FCC units [12]. Two-stage processes initial pyrolysis followed by upgrading offer flexibility, minimizing catalyst poisoning and allowing optimization. The difficulties of meeting global energy demand as a result of current technology breakthroughs and rapid population increase have nearly drained our planet's fossil fuel supplies. Aside from excessive use, higher pollution levels related with their handling and processing have reshaped the industry, the global climatic and atmospheric situations placing the entire world at risk. These possible concerns have forced many academics from numerous sectors to rely on renewable energy supplies to meet this energy need, in addition to serve as a replacement for fossil fuel, while emitting little or no pollution into the atmosphere [21, 22, 23, 24]
The coconut shell is a high-lignin biomass, making it a viable feedstock for bio-oil production [13]. However, the resulting bio-oil exhibits poor physicochemical properties that severely limit its direct application in internal combustion engines. The primary issue is the high concentration of oxygen-containing compounds, typically derived from the thermal degradation of cellulose, hemicellulose, and lignin [15,16, 17].
A major challenge highlighted in the literature is the specific chemical composition of coconut shell bio-oil. Research by [14] revealed that the main components are overwhelmingly phenolic, with compounds like phenol 45.42%, 2-methoxy-phenol 13.37%, and 2,6-dimethoxy-phenol 11.72% dominating the product. This high oxygenate content is responsible for the bio-oil’s low Higher Heating Value (HHV), high viscosity, high acidity (Total Acid Number,TAN), and thermal instability due to re-polymerization reactions. To overcome the inherent limitations of crude bio-oil, catalytic upgrading processes, such as Hydrodeoxygenation (HDO) and catalytic cracking, are essential [31 – 35].
Recent studies on co-pyrolysis with model compounds or plastics show huge potential, (, but real VGO co-feeding with agricultural residues like coconut shell remains underexplored. For instance, Fogassy et al,  co-processed wood bio-oil with VGO in fluid catalytic cracking (FCC), but reported high coke (15-20 wt%). Similarly [13],  noted improved aromatics from palm kernel shell and VGO, yet at high catalyst ratios impractical for scale-up. Research gaps exist in detailed characterization of two-stage pathways, optimal ratios, and characterization insights for coconut shell, which has unique hemicellulose-rich composition favoring furanics. This work bridges these gaps through a two-stage catalytic, fast pyrolysis of coconut shell to generate crude bio-oil, and  co-processing with VGO to produce upgraded bio-oil. The objectives include evaluating VGO ratio effects on yield composition, elucidating reaction mechanisms using GC-MS and FTIR, and assessing refinery compatibility [25, 26, 27]. The findings promotes single-feedstock strategies for drop-in biofuels, aligning with circular economy goals.
2.0 Materials and Methods
2.1 Materials.
Coconut shells was acquired from waste dump in Onitsha and Nnewi local market at Anambra state. Sieve of various sizes, Scrapper, Jaw crusher, Roller crusher, a Davison Circulating Riser (DCR) setup,  Analytical grade chemicals and distilled water was used for the research work.
2.2 Experimental methods.
2.2.1 Preparation of Coconut shells
The waste coconut shells was processed using standard methods and characterized using proximate, heating value and ultimate analysis. A large coconut shells was gathered from the markets in Onitsha and Nnewi in Anambra state Nigeria. The coconuts were initially sun dried to minimize the moisture contents (especially the non-edible coconuts) as shown in figure 1. The coconut shells collected were further dried for two days for further removal of moisture and the pulps surrounding the coconut shells were scooped with scrapper as shown in figure 2, to ensure particle removal and coconut shells fibre were removed by filing with a filler to obtain a smooth surface and a slight sheen to the shell. The sheen coconut shell was washed with distilled water and cut into smaller pieces and dried in an oven at 110oC for an hour. (Ifediorah and Ezeugo, 
I. Proximate analysis 
a. Moisture Content
As per the ASTM D-3173, The moisture content of the raw biomass was assessed by measuring the weight loss of the material through the hot air oven drying method. Subsequently, the moisture content was computed by using
formula:
                                          (W2– W3)
Moisture, % (wet basis) = ------------ × 100       (1)
                                          (W2– W1)
                                                      
                                          (W2– W3)
Moisture, % (dry basis) = -------------- × 100     (2)
                                          (W3– W1)
Where,
W1 = Weight of crucible, g
W2 = Weight of crucible + initial weight of sample, g 
W3 = Weight of crucible + weight of dried sample, g 
b. Volatile Matter
As per ASTM D-3175, the volatile matter was assessed by placing the oven-dried sample, obtained after determining the moisture content, in a sealed crucible at a temperature of 950 ± 20 °C for seven minutes in a muffle furnace (Quality NSW-101, MF-1, Temperature range 0-1200 °C). The weight loss was then measured as the percentage of volatile matter present in the sample. 
                                                     (W3– W4)
Volatile Matter, % (dry basis) = --------------- ×100 				(3)
                                                     (W2–W1)
Where,
W1 = Weight of crucible, g
W2 = Weight of crucible + sample, g
W3 = Weight of crucible +weight of sample before keeping in muffle furnace, g
W4 = Weight of crucible + weight of sample after keeping in muffle furnace, g
c. Ash Content
As per ASTM D-3174, the residual samples underwent gradual heating in a muffle furnace to 750 °C for 30 minutes. After cooling, they were weighed repeatedly until a constant weight was achieved. The weight of the residue indicated the sample ash content as a percentage basis.
                                   (W5– W1)
Ash, % (dry basis) = ------------- × 100 				(4)
                                   (W2– W1)
Where,
W1 = Weight of crucible, g
W2 = Weight of crucible + sample, g
W5 = Weight of crucible + Constant weight of sample after
keeping in muffle furnace, g
d. Fixed Carbon
The fixed carbon (FC) content in the sample gives a rough indication of the charcoal yield. The fixed carbon is estimated by using the following formula
Fixed carbon (%) = 100 - % of (moisture content + volatile matter + ash)      (5)
II. Heating Value of Coconut shell
The gross heating value of coconut shell (Cocos nucifera) was found using a bomb calorimeter (ASTME–711) under controlled conditions with 25 atmospheric pressure of oxygen to ensure complete combustion. The water equivalent of the apparatus was determined by burning a known weight (1.0 g) of pure and dry benzoic acid in powdered form in the bomb under identical conditions, with the rise in temperature noted for 5 minutes. The standard heating value of benzoic acid (6324 cal/g) was used to calculate the water equivalent. This allowed for the determination of the higher calorific value of coconut shell (Cocos nucifera) through the bomb calorimeter experiment was determined as:
Gross Calorific Value, Q = [(W+w)(T2 −T1 +tC )]−[tA+tF+tT]                                  (6)
                                                                      m
Where,
W = Mass of water placed in the calorimeter, g
w = Water equivalent of the apparatus, g
T1 = Initial temperature of water in the calorimeter, °C
T2 = Final temperature of water in the calorimeter, °C
tC = Cooling correction
tA = Acid correction
tF = Fuse wire correction
tT = Cotton thread correction
m = Mass of fuel sample taken in the crucible, g
III. Ultimate Analysis
The ultimate analysis includes determination of Carbon content, Hydrogen content, Oxygen content and Nitrogen content of the fuels. The ultimate analysis is helpful in calculating heat balances in any process in which biomass is used as fuel. Using the values of proximate analysis, ultimate analysis of the biomass was calculated by using the multilinear regression technique (MLR model) equations for predicting the elemental compositions of coconut shell (Cocos nucifera) (Lawal et al. 2021).
a. Carbon Content, (%)
Carbon content (C) of the sample was calculated based on the following formula,
C = 348.4658 – 2.36909FC – 2.97122VM – 3.5354A –3.67567M                                  (7)
b. Hydrogen Content, (%)
The hydrogen (H) content of the sample was calculated theoretically based on following formula,
H = - 6156.21 + 61.44348FC +61.66506VM + 61.74225A + 61.65247M                 (8)
c. Oxygen Content, (%)
The oxygen (O) content of the sample was calculated theoretically by using the following formula,
O = 31071.47 – 309.621FC – 310.437VM – 312.201A – 310.789M                              (9)
d. Nitrogen content, (%)
Nitrogen content (N) of the sample was theoretically calculated by difference using the following formula,
N = 100 - % of (C + H + O + Ash), %                                  (10)
Where,
FC = Fixed Carbon, %
A = Ash content, %
VM = Volatile matter, %
M = Moisture content, %
2025).
2.2.2 Bio-oil extraction 
The prepared sample (powdered coconut at different particle sizes) was fed directly to the fixed bed reactor. Instead of air, Nitrogen gas was fed to the vertical reactor (furnace attached to the reactor) at 200ml/min rate). The use of Nitrogen was to control the heating value and the pyrolysis temperature to match with the conditions of the design of experiment carried out in table 1. The fast pyrolysis was anaerobic process, hence, Nitrogen gas was utilized instead of air that contains oxygen. The steam formed in the reactor during the pyrolysis was collected in the bagasse that flows together with the nitrogen at the top of the reactor. The gases were cooled  using a water filled condenser and the temperature drops from the design temperature to 50oC which turns the vapour phase to liquid phase. The liquid product from the condenser was collected and the non-condensable gas was collected in a gas bag. The condensed liquid (bio-oil) was further characterized to determine its physiochemical properties.
The liquid product which was the bio-oil was stored in a cooling unit (refrigerator) and subjected to gas chromatograph mass spectroscopy (GC-MS) (GC-MS: Perkin Elmer Clarus 680 MS Clarus SQ 8T) and Fourier Transform Infrared Spectroscopy (FTIR) [28,29,30]. 
Table 1: Considered factors  
	Factors 
	Range

	Particle size (mm): X1
Heating temperature ( oC); X2
Holding time (hr): X3
Reaction temperature ( oC): X4
	8-16
10-20
2-4
500-900


I. Determination of Density 
The weight of a 100ml empty bottle was determined using an electronic weighing balance. The bottle was then filled to the brim with the oil and the weight of the bottle and oil determined. This procedure was repeated and the density calculated using the formula below. 
				
W2=weight of bottle and oil, W1=weight of bottle, V =volume of oil.
II. Saponification Value (S.V) 
30ml of oil sample was placed in a 250ml conical flask and 25ml of 0.5M ethanol potassium hydroxide solution added. A reflux condenser was attached and the flask content refluxed for 30min on a water bath with continuous swirling until it simmered. The excess potassium hydroxide was titrated with 0.5 hydrochloric acid using phenolphthalein indicator while still hot. A blank determination was carried out using distilled water under the same condition and the saponification value calculated using the Equation: 

Where B = Titre value of blank (Distilled water), R= Titre value of real sample (oil).
III. Determination of Acid Value (A.V) 
The oil sample (40ml) was placed in a 250ml conical flask and warmed. Methanol (25ml) was added with through stirring followed by two drop of phenolphthalein indicator and a drop of 0.14M sodium hydroxide solution while shaking vigorously until a permanent light pink colour, which persisted for 1 minute, was observed, recorded as end the point and used in the calculation of the FFA value as indicated below: 

IV. Determination of Kinematic Viscosity of the Bio-oil
[bookmark: _Hlk186500612]The kinematic viscosity was determined according to ASTM D7042-04 standard. It was analyzed by injecting a sample into the digital automatic viscometer analyzer analyzed at 40 oC. The measured kinematic viscosities of glycerin from palm oil and palm kernel oil were 912cP and 908cp respectively.
V. Determination of pH of the Bio-oil
pH meter was used to measure the pH of the bio-oil.
The specific gravity and ester values of bio-oil was calculated using Albert’s method.
2.2.3 Design of Experiment for Bio-oil yield using Response Surface Methodology (RSM)
The considered factors (particle size mm, heating temp, holding time min, and reaction temp) of the bio-oil yield was investigated. Design Expert software version 13 was used to design the experiment. The experimental building information and considered factors are presented in Table 2. (Ifediorah, et al., 2025 and E.I. Ifediorah, et al., 2025). Table 3 shows the RSM experimental design data of pyrolytic oil.
Table 2: Build Information for Bio-fuel
	File Version
	13.1.2.0
	
	

	Study Type
	Response Surface
	Subtype
	Randomized

	Design Type
	Central Composite
	Runs
	30

	Design Model
	Quadratic
	Blocks
	No Blocks

	Build Time (ms)
	2.00
	
	


Table 3: RSM Experimental design data of Bio- oil
	Std
	Runs
	X1
	X2
	X3
	X4

		6

	19

	1

	2

	3

	15

	9

	8

	20

	4

	23

	17

	11

	12

	14

	30

	7

	5

	16

	13

	26

	24

	10

	27

	29

	21

	18

	28

	25

	22



		1

	2

	3

	4

	5

	6

	7

	8

	9

	10

	11

	12

	13

	14

	15

	16

	17

	18

	19

	20

	21

	22

	23

	24

	25

	26

	27

	28

	29

	30



		600

	500

	400

	600

	400

	400

	400

	600

	500

	600

	500

	300

	400

	600

	600

	500

	400

	400

	600

	400

	500

	500

	600

	500

	500

	500

	700

	500

	500

	500



		3

	2

	3

	3

	5

	5

	3

	5

	6

	5

	4

	4

	5

	5

	3

	4

	5

	3

	5

	3

	4

	4

	3

	4

	4

	4

	4

	4

	4

	4



		40

	30

	20

	20

	20

	40

	20

	40

	30

	20

	30

	30

	20

	20

	40

	30

	40

	40

	40

	40

	30

	30

	20

	30

	30

	10

	30

	30

	30

	50



		0.5

	0.75

	0.5

	0.5

	0.5

	1

	1

	0.5

	0.75

	0.5

	0.25

	0.75

	1

	1

	1

	0.75

	0.5

	0.5

	1

	1

	0.75

	1.25

	1

	0.75

	0.75

	0.75

	0.75

	0.75

	0.75

	0.75





2.2.3 Co-processing of bio-oil and vacuum gas oil (VGO)
Using a Davison Circulating Riser (DCR) setup, The VGO was first heated to 50oC to decrease the viscosity and improve the dispersion of the sample. The VGO was mixed with the bio-oil product and sent to the pre-heater. The pre-heater would heat up the feed to the temperature of the runs and the reactor temperature was also controlled to be have operating temperature equal to temperature of the inlet sample. The inlet sample from the preheater was sent to the FCC reactor. The reactor temperature was maintained according to the temperature value for each run and the holdup time was obtained. The position of the reactor riser was set and the reactor effluent was sent to the condensation tower where cooling takes place so as to extract the liquid product which was the bio-diesel. The top product was recycled back and mixed with the feed stream. The catalyst stripper removes the catalyst from the effluent and regenerates the catalyst and the catalyst utilized was zeolite. The choice of zeolite catalyst stems from the fact that it can be regenerated by the oxidation with air. The bio-fuel physiochemical properties was determined using standard methods and characterized using FTIR and GC-MS.
I.  Determination of Pour point of the Bio-fuel
The pour point of the bio-oil was determined according to the ASTM D97 standard, measured as the lowest temperature at which the oil flows when cooled under the specified test conditions. A hot specimen was cooled inside a cooling bath to allow the formation of wax crystals. At a temperature slightly above the expected pour point, and for every subsequent X °C decrease, the test jar was removed and tilted to check for surface movement. When the specimen did not flow when tilted, the jar was held horizontally for 5 seconds. When it did not flow, the result was recorded as the pour point temperature.
II. Determination of Flash point of the Bio-fuel
The flash point of the bio-oil was determined according to the ASTM D93 standard. The temperature at which the vapor over the bio-oil ignited upon exposure to an ignition source. The Cleveland Open Cup (COC) was used to determine the flash point. The sample was contained in an open cup, which was heated, and at intervals, a flame was brought over the surface. The measured flash point varied with the height of the flame above the oil surface, and at a sufficient height, the measured flash point temperature was recorded.
III. Determination of viscosity of the Bio-fuel
The dynamic viscosity of the bio-oil was determined according to ASTM D2983 standard, measured with a rotational viscometer by Brookfield at 40℃, which uses a spinning probe immersed in the sample of the bio-oil. Viscosity is a measure of a oil’s resistance to flow, which is caused by the internal resistance to motion. The viscosity was determined by the force needed to rotate the probe at a chosen speed. 
IV. Determination of Density of the Bio-oil
A clean empty bottle was weighed on an electronic balance and the weight (W1) recorded. It was then filled with the bio-oil and weighed (W2). All the determinations were at room temperature. The volume (V) of the bio-oil was recorded. The density was calculated using Equation (14):
Density = mass/volume								(14)
V. Determination of Refractive index of the Bio-oil
Abbe refractometer -bench type (Model: WAY-2S, made by Search tech Instruments) was used to determine the refractive index of the bio-oil. The power switch was pressed on and the illuminating lamp came up and the display showed 0000. A drop of the bio-oil was introduced on the working surface of the lower refracting prism. Then, the reading of bio-oil was obtained from the process.
[bookmark: _Hlk215905629]VI. Determination of pH of the Bio-oil
pH meter was used to measure the pH of the bio-oil.
3.0 Results and Discussion
3.1 Physiochemical Properties of the Coconut shell
The standard analytical procedures were used to determine the physical characteristics, proximate analysis, calorific value, and ultimate analysis of coconut shell (Cocos nucifera) as per methodology section. It was observed that, the average weight of individual coconut shell was found to be 0.081 kg with average height of 0.065 m and shell thickness was 0.0038 m. The standard analytical procedures were used to determine the physical characteristics, proximate analysis, calorific value, and ultimate analysis of coconut shell (Cocos nucifera) as per methodology section. It was observed that, the average weight of individual coconut shell was found to be 0.081 kg with average height of 0.065 m and shell thickness was 0.0038 m. The proximate analysis of coconut shell (Cocos nucifera) in terms of moisture content, volatile matter, fixed carbon content and ash content was determined as presented in Table 4 and Fig. a. The moisture content of coconut shell (Cocos nucifera) was found to be 7.67 % on dry basis, indicates that relatively low moisture content. The low moisture content of coconut shell makes suitable fuel for combustion applications, offering the potential for improved performance. The moisture content of coconut shell (Cocos nucifera) reported in the range of  7.40-11.00 % (dry basis) by various researches [14]. From experimental data, it was observed that the volatile matter, ash content and fixed carbon of coconut shell (Cocos nucifera) were found as 66.1, 1.4 and 24.8 % respectively. The results showed the feasibility of coconut shell (Cocos nucifera) as a fuel for combustion because of low ash content and higher fixed carbon content. 
The calorific value of coconut shell (Cocos nucifera) was determined with the help of bomb calorimeter and calorific value of coconut shell (Cocos nucifera) was found to be 4339.85 kcal kg-1. The coconut shell has higher calorific value indicating good characteristics for combustion because higher heat generated during combustion leads to high temperature in various thermal applications. 
The ultimate analysis of coconut shell (Cocos nucifera) in terms of carbon (C), hydrogen (H), oxygen and nitrogen content was estimated theoretically from the results obtained in proximate analysis using the multilinear regression technique (MLR model) equations.
The ultimate analysis findings for coconut shell (Cocos nucifera) is presented in Table 4 and figure b. The average carbon, hydrogen, oxygen and nitrogen content of coconut shell (Cocos nucifera) were found to be 56.43, 4.16, 37.51, and 0.48 %, respectively. The elemental composition result of coconut shell (Cocos nucifera) in ultimate analysis correlates closely with the heat of combustion, containing high carbon content (C) which makes it suitable fuels for combustion process.
Table 4: Physiochemical properties of coconut shell.
	Parameters
	Coconut shell

	Proximate analysis
	

	Moisture content, %
	7.67

	Volatile matter, %
	66.1

	Ash content, %
	1.4

	Fixed carbon
	24.8%

	[bookmark: _Hlk215930707]Calorific value (HHV)
	kcal/kg 4339.85

	Ultimate analysis
	

	Carbon, %
	56.43

	Hydrogen, %
	4.16

	Oxygen, %
	37.51

	Nitrogen, %
	0.48



Figure a: Proximate analysis of coconut shell


Figure b: Ultimate analysis of coconut shell
3.2 Physicochemical properties of Bio-oil
The produced bio-oil, is a homogenous dark-brown liquids with no phase separation was observed upon storage. The physical properties of the bio-oil were determined and recorded in Table 5. The Bio-oil contained high concentration of  acid value and the high moisture content reduced the viscosity significantly. 
Table 5: Physicochemical properties of bio-oil.
	Parameters 
	Values

	Specific gravity (g/ml)
	0.98

	Acid value
	330.23

	Saponification value
	189.41

	Ester value
	64.21

	pH 
	2.90

	Viscosity (cP)
	13.98


3.2 Fourier Transform Infrared Spectroscopy of bio-oil
The FTIR of spectrum of the bio-oil is shown in (Figure 3). The FTIR analysis is presented in Table 6. it reveals the functional groups, vibrations and intensity of the bio-oil spectra. the presence of saturated and unsaturated hydrocarbons confirms the suitability of the Bio-oil for Industry and allied applications [14].
Table 6: FTIR analysis of bio-oil
	Functional groups
	Types of vibration

	Characteristic vibrations (cm-1)

	Intensity


	Alcohols/ Phenols (O-H)
	H bonded O-H Stretch
	3400
	Strong broad band

	Alkane (C-H)
	Stretch
	2853 - 2962
	Strong

	Alkane (C-H)
	Bending
	1340 – 1450
	Medium

	Ketones/ Aldehydes (C=O)
	Stretch
	1650-1750
	Strong

	Alkene (C=C)
	Stretch
	1600-1680
	Medium

	Aromatic (C=C)
	Stretch
	1475-1600
	Medium

	Aromatic ether (C-O)
	Stretch
	1000-1300
	Strong

	Aromatic Bend
	Stretch
	690-900
	


3.3 Fourier Transform Infrared Spectroscopy of VGO
FT-IR spectra of VGO is presented in figure 4, the FTIR analysis is shown in Table 7.  The FTIR analysis confirms that the VGO is not a pure hydrocarbon stream but contains characteristic trace functional groups, notably the C=O stretch at 1723 and multiple weak sulfur and oxygen-containing bands, It confirms VGO suitability for catalytic cracking in the co-processing with coconut shell oil [13].
Table 7: FTIR analysis of VGO
	[bookmark: _Hlk215402228]Functional groups
	Types of vibration

	Characteristic vibrations (cm-1)

	Intensity


	Alcohols/ Phenols (O-H)
	H bonded O-H Stretch
	1040
	weak

	Sulphur oxide S=O
	Stretch
	1410
	weak

	Phenols R3COH
	Bending
	1281
	weak

	Carboxylic COOH
	Bending
	1368
	Medium

	Epoxy COC
	Stretch
	980
	weak

	Ketones (C=O)
	Stretch
	1723
	Medium


3.4 Gas Chromatography-Mass Spectrometry of bio-oil
The coconut shell consists of lignocellulosic components such as hemicellulose, cellulose and lignin. During thermal degradation processes, these components are converted into different types of hydrocarbons, carboxylic acids, acid derivatives and phenols. The GC-MS chromatogram of pyrolytic oil (Figure 5) was analyzed to know the exact composition of the oil. GC-MS analysis of coconut shell pyrolytic oil revealed thirteen compounds which are summarized in Table 8 of which phenol and phenol derivatives are the major constituents [1, 2]. 
Table 8: GC-MS analysis of bio-oil.
	Retention time

	Compound name
	Area
	Area %


	7.483
	Phenol
	12429
	5.3904


	9.793
	p-cresol
	2685
	1.1644

	10.336
	2-methoxy phenol
	2307
	1.0004

	12.838
	Methyl paraben
	4161
	1.8045

	12.888
	Cresol
	165805
	71.9081


	15.534
	2,6-dimethoxy-4-(2-propenyl)-phenol

	3687
	1.5991


	16.918
	1-(2,4,6-trihydroxy-3-
methylphenyl)-1-butanone

	11981
	5.1959


	20.146
	4-hydroxy-2-methoxy cinnamaldehyde
	4067
	
1.7639


	20.433
	n-hexadecanoic acid
	4049
	1.7562


	28.214
	4-ethyl-2-methoxy phenol
	12914
	5.6007


	30.850
	2,6-dimethoxy phenol
	2895
	1.2554


	33.029
	3,5-dimethoxy-4 hydroxytoluene

	1655
	0.7179


	38.070
	2,3,5-trimethoxyamphetamine
	1944
	0.8430


	
	Total
	230579
	100.000



3.5 [bookmark: _Hlk215403606]Fourier Transform Infrared Spectroscopy of upgraded bio-oil (Bio-fuel)
FT-IR spectra of upgraded bio-oil is presented in figure 6, the FTIR analysis is shown in table 9.  From the FTIR analysis, the substantial attenuation of the  O-H and general C-O stretching bands confirms the effective removal of highly polar and unstable oxygenates facilitated by the the VGO/ZSM. The presence of strong, dominant C-H stretching bands reveals the conversion of oxygenated species into stable, high-energy aliphatic hydrocarbons. Peak aromatic groups, further confirms the catalytic cracking and cyclization activity of the ZSM catalyst, producing desirable gasoline-range components in agreement with [3].
Table 9: FTIR analysis of upgraded bio-oil (bio-fuel)
	Functional Group
	Type of Vibration
	Wavenumber cm-1
	Intensity

	C=O hydroxyl
	Stretch
	1723
	Weak

	O – H water vapour
	bend
	1819
	Strong

	S = O Sulfoxide
	Stretch 
	1410
	Weak

	C – O alcohol 
	Stretch
	1281
	weak

	C – O – C Epoxy
	Stretch 
	980
	Medium

	S = O Sulfone
	Stretch
	1223
	Weak

	COOH Carboxylic 
	Bend
	1368
	weak


3.5.1  Physiochemical Properties of the Bio-fuel
[bookmark: _Hlk185589242]Physico-chemical properties of the bio-hydraulic fluids are presented in Table 410. Recorded moderate values of viscosity, flash point and allied properties show that the bio-fuel is suitable for drop in transportation fuels. Choice of an energy efficient fluid for any specific application is highly related with a proper viscosity grade [14].
[bookmark: _Hlk185589994]Table 10: Physiochemical properties of the bio-fuel
	Parameters
	Bio-fuel

	Density g/cm3 @ 30℃
pH
Refractive index
Pour point (oC)
	1.05
3.12
1.51
-20

	Flash point (oC)
	150

	Viscosity (cP)
	1.46


[bookmark: _Hlk185687687]3.6 Results Validation and Optimum RSM results of the Bio-oil Yield 
Table 11 and 12 shows the RSM experimental data and the maximum yield of the bio-oil. The experimental yield of bio-oil was obtained at 62.35wt% (particle size 1.5 mm, heating temp. 500 °C, holding time 60 min, reaction temp 550 °C) Table 11 shows the number of experimental runs for the pyrolysis of coconut shell to bio-oil and bio-fuel. Each of the factors were represented in the experimental process to generate the response in the laboratory experimental process [35].
Table 11: Experimental runs
	Std
	Run
	X1
	X2
	X3
	X4

		15

	29

	3

	9

	21

	2

	19

	8

	24

	20

	28

	23

	12

	7

	22

	30

	25

	1

	27

	5

	18

	4

	11

	16

	26

	13

	6

	10

	17

	14



		1

	2

	3

	4

	5

	6

	7

	8

	9

	10

	11

	12

	13

	14

	15

	16

	17

	18

	19

	20

	21

	22

	23

	24

	25

	26

	27

	28

	29

	30



		8

	12

	8

	8

	12

	16

	12

	16

	12

	12

	12

	12

	16

	8

	12

	12

	12

	8

	12

	8

	20

	16

	8

	16

	12

	8

	16

	16

	4

	16



		20

	15

	20

	10

	15

	10

	5

	20

	15

	25

	15

	15

	20

	20

	15

	15

	15

	10

	15

	10

	15

	20

	20

	20

	15

	10

	10

	10

	15

	10



		4

	3

	2

	2

	1

	2

	3

	4

	3

	3

	3

	3

	2

	4

	5

	3

	3

	2

	3

	4

	3

	2

	2

	4

	3

	4

	4

	2

	3

	4



		900

	700

	500

	900

	700

	500

	700

	500

	1100

	700

	700

	300

	900

	500

	700

	700

	700

	500

	700

	500

	700

	500

	900

	900

	700

	900

	500

	900

	700

	900





Table 12. Maximum Experimental yield of the Bio-oil
	[bookmark: _Hlk185521809]Oil type
	Particle size (mm)
	Heating Temp℃
	Holding time (min)
	Reaction Temp℃
	Exp. yield 
(%)
	%tage deviation (%)

	Bio-oil
	1.5
	500
	60
	550
	62.35
	1.77


4.0 CONCLUSION 
This study successfully investigated the two-stage thermochemical process for the integrated valorization of waste coconut shell into a refinery-compatible biofuel using catalytic co-processing with Vacuum Gas Oil VGO. The proximate analysis of coconut shell revealed moisture content of 7.67%, volatile matter of 66.1%, ash content of 1.4%, and fixed carbon of 24.8%, indicating low moisture and ash suitable for pyrolysis with minimal catalyst poisoning. The higher heating value (HHV) was 4339.85 kcal/kg, demonstrating its potential as a combustion fuel. Ultimate analysis showed carbon 56.43%, hydrogen 4.16%, oxygen 37.51%, and nitrogen 0.48%,confirming its suitability as a pyrolysis feedstock. Functional groups in bio-oil included oxygenated compounds (O-H, C=O), indicating high acidity and instability, suitable for upgrading. The bio-oil was characterized based on specific gravity, acid/saponification (SAP)/ester values, viscosity, pH and found to be acidic. The GC-MS analysis of the bio-oil reveal a major dominance of oxygenated phenolic compounds and corrosive components like n-Hexadecanoic acid . Bio-oil yields from coconut shell pyrolysis varied with process variables (particle size, temperatures, time), achieving maximum 62.35 wt% experimentally. Optimum bio-oil yields were 62.35 wt%. Moderate physicochemical properties of biofuel (density 1.05 g/cm³, pH 3.12, viscosity 1.46 cP) confirm suitability for industrial applications, with reduced oxygenation via FCC. Biofuel deoxygenation efficiency increased with optimized FCC conditions, confirming VGO's role in enhancing hydrocarbon content.
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Figure 1: Collected coconut shells 
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Figure 2: Crushed coconut shells 
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Figure 3: FT-IR spectrum of the bio-oil
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Figure 4: FT-IR spectrum of VGO
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Figure 5: FT-IR spectrum of the Bio-oil 
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Figure 6: GC-MS spectra of the Bio-oil
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