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 To reduce the environmental footprints of fossil fuels, there is a need to source more 

biomasses to increase the renewable energy supply. However, a critical study of the 

energy-conversion process of biomass must be carried out to make the process 

economical. In this research, the optimization of the bio-oil production from the thermal 

conversion of novel biomass- cow hoof was carried out. Three independent variables- 

temperature of pyrolysis, heating rate and CaO catalyst mass were studied at 3 levels 

based on the rotatable central composite design (CCD) of the response surface 

methodology (RSM) to ascertain their influence on two responses- bio-oil yield and its 

HHV. The quadratic model was more suitable to fit the experimental data. At optimum 

values of the process variables, bio-oil yield of 50.64% and HHV of 23.86 MJ/kg were 

obtained. From the analysis of variance carried out, the model R2 values were 0.9949 and 

0.9802 respectively for the bio-oil yield and HHV models which showed the models’ 

ability to predict the bio-oil yield and its HHV in the pyrolysis process is high. The 

characterization of the bio-oil revealed it has better fuel properties compared with most 

bio-oils from some biomasses hence it is a viable renewable energy source. 
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1. INTRODUCTION 

 

The world presently relies on fossil fuels from petroleum, 

natural gas and coal for its energy usage [1, 2]. This is a very 

unhealthy situation due to the environmental pollution 

associated with the exploration, processing and usage of fossil 

fuels [3-6]. In addition, the over-dependence on fossil fuels is 

responsible for the fast depletion of their reserves and this will 

create a harsh energy crisis in the future. To cub, these 

problems, the use of sustainable and eco-friendly alternative 

energy sources like biomass is being investigated [7-9]. 

Biomass is usually classified as organic wastes containing 

different hydrocarbon compounds that can burn to produce 

energy [10-13]. Biomass is easily obtained from different 

sources in the environment and its ease of conversion into 

solid, liquid or gaseous fuels makes it a viable substitute for 

fossil fuels. For ease of transportation and to increase the 

energy density, biomass is subjected to thermochemical or 

biological conversion techniques [14, 15]. 

Pyrolysis, the most used thermochemical conversion 

process is the thermal decomposition of biomass in an oxygen-

deficient condition to produce biochar, bio-oil and gas [16-18]. 

Though bio-oil is the most desired product in the pyrolysis of 

biomass [6, 19], its use is highly limited because of its high 

oxygen and water contents [20, 21]. The bio-oil is usually 

upgraded using different processes [22-24]. The upgrading 

process is however expensive and impacts the process 

economy making the process unattractive to investors. Since 

the quantity and quality of bio-oil in a thermal conversion 

process depends on certain conditions, proper control of the 

pyrolysis process can guarantee high-quality bio-oil even with 

minimal upgrade hence saving cost. Temperature, heating rate 

and catalyst are key factors in a pyrolysis process [25, 26] 

which when properly manipulated can give the desired high 

yield and quality of bio-oil which include high pH, low water 

and ash contents as well as high heating value [27, 28]. While 

the yield of bio-oil is highly linked to temperature influence 

[29, 30] and heating rate [31], bio-oil quality is greatly 

influenced by catalysts like CaO which is known to increase 

the oil pH [32] as well as decrease its moisture content [33-37]. 

In the study of how variables affect a process, the interacting 

effect is very important. One of the most effective and robust 

statistical tools for studying the interactive influence of 

process variables is the Response Surface Methodology [38-

40]. 

Though several researches on bio-energy have explored 

different biomass [41-47], a good number of biomass like the 

cow hoof that could be viable energy sources have not been 

explored. Cows are the commonest animals slaughtered in 

abattoirs in different parts of the world [48]. The non-edible 

parts like bones which are made up of the skeleton, head, horn 

and hoof are the second-largest part by weight of cow [49] and 

usually generate huge wastes which cause severe 

environmental pollution. The steady generation of these non-

edible cow parts like hoof due to a large number of cows 

slaughtered daily [50] makes them very abundant in the 

environment. Also, since the hoof is not easily degraded in the 

environment, there is usually a disposal problem. 

Uncontrolled waste disposal in the environment causes serious 

environmental problems [51] and burning them creates even 
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harsher hazards [52]. In this research, an in-depth investigation 

of the combined influence of three process variables in the 

pyrolysis process- temperature, heating rate and catalyst on the 

yield and quality of cow hooves bio-oil was carried out. The 

aim is to establish conditions for the key process variables in 

the catalytic pyrolysis process to design an efficient pyrolysis 

unit to convert cow hooves into bio-oil to address their 

disposal challenge. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Biomass preparation 

 

The cow hooves sample was collected from an abattoir in 

Onitsha, Nigeria and to remove sand from the cow hooves, the 

samples were properly washed in running water. The washed 

hooves were subjected to sun-drying for 3 days to reduce the 

moisture content. Because the low moisture content of 

biomass enhances bio-oil quantity and quality [53], the hooves 

were further dried in a dryer (DGH-9053) at 100℃ for 3 days 

to obtain bone-dried biomass. The dried biomass was crushed 

in a locally fabricated hammer mill to 2.5mm average size and 

kept in air-tight containers to prevent contact with moisture. A 

calcium oxide catalyst was synthesized from turtle shells 

calcined at 900℃ for 3h according to the procedure in Orugba 

and Edomwonyi-Otu [53]. The characterization of the catalyst 

can be found in the work by Orugba and Edomwonyi-Otu [53]. 

 

2.2 Pyrolysis experiments 

 

The pyrolysis of the cow hooves was performed in a fixed-

bed batch reactor. In each of the pyrolysis experiments, 30 g 

of the sample biomass and a calculated mass of the catalyst 

were fed into the reactor which was heated externally by an 

electric heater for 10min. The reactor unit was purged with 

nitrogen gas flowing at 5mL/min and a pressure of 1bar. The 

temperature was varied in the range of 350–650℃; the heating 

rate was in the range of 5−10℃/min and the catalyst mass was 

in the range of 1–3g. The vapour from the pyrolysis unit was 

sent to a condenser to produce bio-oil and the uncondensed 

gases were flared off. The char was removed from the reactor 

before the next batch of experiments and the percentage yield 

of bio-oil was calculated from Eq. (1): 

 

𝑏𝑖𝑜 − 𝑜𝑖𝑙𝑦𝑖𝑒𝑙𝑑(%) =
𝑏𝑖𝑜 − 𝑜𝑖𝑙𝑚𝑎𝑠𝑠(𝑔)

𝑏𝑖𝑜𝑚𝑎𝑠𝑠(𝑔)
x100 (1) 

 

The higher heating value (HHV) of the produced bio-oil 

was determined using the Oxygen bomb calorimeter (PAAR 

1314) with pellets of benzoic acid. Elemental analysis of the 

produced bio-oil was performed using the automated Euro EA 

3000 (Italy). The samples were weighed on a balance Mettler 

Toledo AT-20 (Switzerland) and burned in a vertical reactor 

in the dynamic mode at 1050℃ in a helium flow with oxygen. 

The bio-oil produced with the optimum conditions of the 

studied process variables was analyzed for its chemical 

contents using Gas chromatography-Mass spectrometry 

(Agilent 7890GC/5975MS). The other important fuel 

properties of the bio-oil produced at the optimum conditions 

of the studied process variables were determined using 

different techniques and were presented in section 3.1. 

 

2.3 Experimental design 

 

The 3 independent variables- temperature of pyrolysis, 

heating rate and catalyst mass were studied at 3 levels in the 

Rotatable Central composite design (CCD) of the response 

surface methodology (RSM) to determine their influence on 

the two responses- bio-oil yield and its HHV. The number of 

experiments (N) was calculated based on Eq. (2): 

 

𝑁 = 2𝑝 + 2𝑝 + 6 (2) 

 

For 3 independent variables (p=3), there are 8 factorial (2p), 

6 axial points (2p) and 6 replications, hence N is 20. Presented 

in Table 1 are the levels of the 3 used variables. 

 

Table 1. Levels of used variables 

 

Independent Variable/Unit Symbol 
Levels 

−1 0 +1 

Pyrolysis temp (℃) X1 350 500 650 

Heating rate (℃/min) X2 5 7.5 10 

Mass of catalyst (g) X3 1 2 3 

 

2.4 Statistical analysis 

 

The Design Expert (V11) was used to perform the statistical 

analysis of the model. The experimental data were tested on 3 

models- linear, quadratic and cubic equations and the level of 

adequacy of each resulting model was ascertained based on its 

p-value and F-value in the Analysis of variance (ANOVA) test. 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Physical and elemental analysis of the cow hooves bio-

oil 

 

The physical and elemental analysis of the cow hooves bio-

oil produced at 500℃ pyrolysis temperature, a heating rate of 

9.18℃/min and 2.045g of catalyst is presented in Table 2. 

 

Table 2. Cow hoof bio-oil physical and elemental analysis 

 
Property and Their Units Value 

Moisture content (wt%) 18.5 

Viscosity@ 40℃ (cSt) 10.2 

API gravity  18.92 

pH 6.75 

Density (kg/mL) 1.03 

Flash point (℃) 71 

Fire point(℃) 112 

Pour point −12 

Cloud point(℃) 5.9 

Cetane Index 39.8 

Aniline(℃) 35 

HHV(MJ/kg)  23.32 

LHV(MJ/kg)  22.74 

Elemental Analysis (wt %) Value 

C 61.11 

H 4.2 

N 0.96 

O 33.5 

S 0.12 

Ash 0.11 
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Table 3. Cow hooves bio-oil GC-MS table summary 

 
SN Formula Compound Name RT Area (%) 

1 C6H6O Phenol 9.146 3.377 

2 C7H8O p-Cresol 11.964 2.904 

3 C6H12N4 Methenamine 15.658 1.331 

4 C17H31F3O2 3-Trifluoroacetoxy pentadecane 29.680 2.251 

5 C11H22 Cycloundecane 30.108 1.648 

6 C8H12O 4-Acetylcyclo hexene 30.139 1.518 

7 C13H16CINO 4-[p-Chlorobenzoyl]-1-methylpiperidine 31.027 3.508 

8 C6H10N2 3-(Cyclopropylamino)-propionitrile 31.063 3.410 

9 C11H18N2O2 Pyrrolo[1,2-a]pyrazine-1,4-dione,hexahydro-3-(2-methylpropyl)- 31.248 5.699 

10 C17H34O2 Hexadecanoic acid, methyl ester 31.437 6.818 

11 C16H22O4 1,2-Benzenedicar boxylic acid, butyl 2-methylpropyl ester 31.558 24.590 

12 C16H32O2 n-Hexadecanoic acid 31.799 5.754 

13 C18H34O2 6-Octadecenoic acid, (Z)- 32.262 0.490 

14 C22H43NO 13-Docosenamide, (Z)- 32.629 11.708 

15 C19H34O2 Methyl linoleate 32.731 3.998 

16 C19H36O2 Methyl oleate 32.790 4.933 

17 C19H36O2 Methyl oleate 32.828 1.797 

18 C16H32O2 Palmitic acid 32.987 2.502 

19 C18H34O2 Oleic Acid 33.103 8.237 

20 C18H35NO 9-Octadecenamide 33.272 2.538 

21 C21H40O4 2,3-Dihydroxypropyl elaidate 35.981 0.988 

 

As presented in Table 2, the cow hooves bio-oil produced at 

the optimum conditions (temperature of 551℃, heating rate of 

9.18℃/min and catalyst mass of 2.045g) has a higher heating 

value of 23.32MJ/kg and a lower heating value of 22.74MJ/kg. 

These are relatively high energy values compared with bio-oils 

derived from many biomasses [51, 52]. The bio-oil also has 

low sulfur and nitrogen contents compared with most fossil 

fuels [17]. The bio-oil moisture content, API gravity, pH and 

density are in the same ranges as those from most bio-oils from 

different biomasses [54-57] while its ash content value of 

0.11wt% is similar to the result obtained by [55, 58]. 

 

3.2 Gas chromatography-mass spectrometry (GC-MS) 

Analysis of the cow hooves bio-oil 

 

The GC-MS analysis of the cow hooves bio-oil produced at 

a temperature of 551℃, 9.18℃/min and 2.045g of catalyst are 

presented in Table 3. 

From the GC-MS result presented in Table 3, 21 chemical 

components were detected in the cow hooves bio-oil, the most 

abundant of them are 1,2-Benzenedicarboxylic acid and 13-

Docosenamide, (Z)- with compositions of 24.59% and 11.71% 

respectively. The bio-oil can be used as fuel due to the 

presence of hydrocarbons, oleic acid, fatty acids and other 

compounds with excellent fuel properties [57]. 

 

3.3 Developed regression equations for the cow hooves bio-

oil yield and its HHV responses 

 

From the central composite design-based statistical analysis 

of the combined influences of the three independent variables- 

pyrolysis temperature (A), heating rate (B) and the mass of 

catalyst (C) on the cow hooves bio-oil yield and HHV, the 

most suitable model was the second-order quadratic model as 

shown in Eq. (3) and (4) respectively. 

 
𝑅𝑂𝑖𝑙−𝑦𝑖𝑒𝑙𝑑 = 53.78 + 4.69𝐴 − 0.302𝐵 + 1.28𝐶 − 1.8𝐴𝐵

+ 2.07𝐵𝐶 − 9.31𝐴2 −  2.93𝐵2 − 2.35𝐶2 (3) 

 
𝑅𝑂𝑖𝑙−𝐻𝐻𝑉 = 23.26 + 0.7572𝐴 + 0.9236𝐵 + 1.09𝐶 + 0.3250𝐴𝐵

+ 0.2250𝐴𝐶 + 0.1250𝐵𝐶 − 1.03𝐴2

− 0.0385𝐵2 − 0.5324𝐶2 
(4) 

Table 4 shows the design experimental matrix of the central 

composite design and each response’s actual and predicted 

values. 

The summary of the analysis of variance for the cow hooves 

bio-oil yield is presented in Table 5 while that of the bio-oil 

HHV is given in Table 6. 

At a confidence interval of 95%, the model small p-value 

(<0.0001) with its very high F-value (216.42) shows that it is 

very significant. The high correlation coefficient value of the 

model (R2 0.9949) further confirms the model reliability. All 

the model linear and quadratic terms are highly significant 

with pyrolysis temperature (A) being the most significant 

linear term because it has the highest F-value (317.93). This 

may be due to the increased biomass cracking rate to release 

more condensable vapours as temperature increases [53].  

Since catalyst mass (C) appeared to be the least significant 

linear term, it implies that catalyst mass did not have much 

influence on the yield of bio-oil from the biomass. The highest 

quadratic term is A2 with the highest F-value (1324.11). 

Except for AC, all the interaction effects are also significant. 

The final bio-oil model equation is in Eq. (5): 

 
𝑅𝑂𝑖𝑙−𝑦𝑖𝑒𝑙𝑑 = 53.78 + 4.69𝐴 − 0.302𝐵 + 1.28𝐶 − 1.8𝐴𝐵

+ 2.07𝐵𝐶 − 9.31𝐴2 −  2.93𝐵2

− 2.35𝐶2 
(5) 

 

From the data presented in Table 6, the obtained bio-oil 

HHV model is very significant due to its small p-value 

(<0.0001) and its high F-value (54.96). The model is also 

highly reliable because of its high coefficient of correlation (R2 

0.9802). Since all the model linear terms are significant, it 

could be inferred that pyrolysis temperature, heating rate and 

catalyst mass all have strong influences on the HHV of the bio-

oil. Catalyst mass has the most significant influence on the bio-

oil HHV due to its high F-value of 136.05. This could be due 

to the ability of the catalyst to increase secondary cracking of 

the bio-oil to release the lower molecular fractions in the bio-

oil and leave behind more of the heavier fractions with higher 

energy content [36]. The temperature has the least influence 

on the bio-oil HHV (F-value of 66.2). Except for BC, all the 

interaction terms are significant while all the quadratic terms 
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are highly significant. Eliminating the only non-significant 

term- BC, from Eq. (3), the final model equation is shown in 

Eq. (6): 

 

𝑅𝑂𝑖𝑙−𝐻𝐻𝑉 = 23.26 + 0.7572𝐴 + 0.9236𝐵 + 1.09𝐶
+ 0.3250𝐴𝐵 + 0.2250𝐴𝐶
− 1.03𝐴2 − 0.0385𝐵2

− 0.5324𝐶2 

(6) 

 

Table 4. The design experimental matrix of the central composite design and each response’s actual and predicted values 

 

Run 

Order 

Independent Variables Bio-Oil Yield (%) Bio-Oil HHV (MJ/kg) 

Temp. (℃) A Heat/R (℃/min) B C/mass (g) C Actual Predicted Actual Predicted 

1 350 5 1 35.9 36.5 18.9 18.9 

2 650 5 1 48.9 49.5 19.2 19.4 

3 350 10 1 29.4 29.9 19.8 19.9 

4 650 10 1 35.2 35.7 21.5 21.6 

5 350 5 3 34.3 34.9 20.3 20.4 

6 650 5 3 47.3 47.9 21.6 21.8 

7 350 10 3 36.1 36.6 21.8 21.9 

8 650 10 3 41.9 42.4 24.3 24.5 

9 247 7.5 2 20.4 19.5 19.2 19.1 

10 752 7.5 2 36.1 35.3 21.9 21.6 

11 500 3.3 2 51.5 50.5 20.1 19.9 

12 500 11.7 2 41.1 40.4 23.2 23.0 

13 500 7.5 0.3 45.8 45.0 20.1 19.9 

14 500 7.5 3.7 50.1 49.2 23.8 23.6 

15 500 7.5 2 54.1 53.8 23.8 23.3 

16 500 7.5 2 53.9 53.8 23.1 23.3 

17 500 7.5 2 52.8 53.8 22.9 23.3 

18 500 7.5 2 53.9 53.8 23.3 23.3 

19 500 7.5 2 54.8 53.8 22.8 23.3 

20 500 7.5 2 52.9 53.8 23.6 23.3 

 

Table 5. Summary of ANOVA for the cow hooves bio-oil yield model 

 
Source SS df MS F-Value p-Value Degree of Importance 

Model 1837.74 9 204.19 216.42 <0.0001 Highly significant 

A-Temperature 299.96 1 299.96 317.93 <0.0001 Highly significant 

B-Heating/Rate 124.84 1 124.84 132.32 <0.0001 Highly significant 

C-Catalyst mass 22.25 1 22.25 23.58 0.0007 Highly significant 

AB 25.92 1 25.92 27.47 0.0004 Highly significant 

AC 0.0000 1 0.0000 0.0000 1.0000 Not significant 

BC 34.44 1 34.44 36.51 0.0001 Highly significant 

A2 1249.28 1 1249.28 1324.11 <0.0001 Highly significant 

B2 123.63 1 123.63 131.04 <0.0001 Highly significant 

C2 79.29 1 79.29 84.04 <0.0001 Highly significant 

Residual 9.43 10 0.9435    

Lack of Fit 6.54 5 1.31 2.26 0.1958 Not significant 

Pure Error 2.89 5 0.5787    

 

Table 6. Cow hooves bio-oil HHV model ANOVA table summary 

 
Source SS Df MS F-Value p-Value Degree of Importance 

Model 58.49 9 6.50 54.96 <0.0001 Highly significant 

A-Temperature 7.83 1 7.83 66.22 <0.0001 Highly significant 

B-Heating/Rate 11.65 1 11.65 98.52 <0.0001 Highly significant 

C-Catalyst mass 16.09 1 16.09 136.05 <0.0001 Highly significant 

AB 0.8450 1 0.8450 7.15 0.0234 Significant 

AC 0.4050 1 0.4050 3.43 0.0939 Significant 

BC 0.1250 1 0.1250 1.06 0.3281 Not significant 

A2 15.21 1 15.21 128.65 <0.0001 Highly significant 

B2 5.88 1 5.88 49.69 <0.0001 Highly significant 

C2 4.09 1 4.09 34.55 0.0002 Highly significant 

Residual 1.18 10 0.1182    

Lack of Fit 0.4075 5 0.0815 0.5258 0.7513 Not significant 

Pure Error 0.7750 5 0.1550    

Cor Total 593.00 19     

R2 0.9802      

Adj R2 0.9623      

Pred R2 0.9296      
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3.4 Parametric optimization 

3.4.1 Optimization of the yield of cow hooves bio-oil 

The 3D response surface plots based on the developed cow 

hooves bio-oil yield model are presented in Figures 1-3. 

Figure 1. Temperature and heating rate effects on cow 

hooves bio-oil yield 

Figure 2. Temperature and catalyst mass effects on cow 

hooves bio-oil yield 

Figure 3. Catalyst mass and heating rate effects on cow 

hooves bio-oil yield 

Figure 1 shows the interactive effect of pyrolysis 

temperature and the heating rate at the mean catalyst mass of 

2g. The least bio-oil yield of 38% was obtained at 350℃ and 

5℃/min, the lowest temperature and heating rate respectively. 

This is because, though a low heating rate increases the 

biomass cracking rate to produce more condensable vapours 

which increase bio-oil yield [53], the low temperature will still 

reduce the biomass cracking rate. The bio-oil yield appeared 

to increase as both pyrolysis temperature and heating rate were 

increased and a maximum yield of 54.3% was obtained at 

pyrolysis temperature of 500℃ and 6.9℃/min due to the high 

temperature and moderately low heating rate. However, 

further increase of both pyrolysis temperature and heating rate 

to 650℃ and 10℃/min decreased bio-oil yield to 41% which 

represents about a 24% decrease because, at very high 

temperatures, there is further cracking of the bio-oil to produce 

more of non-condensable gases. Similar results were obtained 

by Lopez et al. [53]. 

Figure 2 represents the influence of pyrolysis temperature 

and mass of catalyst at the mean heating rate of 7.5℃/min. At 

350℃ pyrolysis temperature and 1g catalyst mass, the bio-oil 

yield was as low as 36%. The yield gradually increased with 

pyrolysis temperature and mass of the catalyst to a maximum 

value of 54.4% at 542℃ and 2.5g of pyrolysis temperature and 

catalyst mass respectively. The increased biomass-cracking 

rate at high temperatures and catalyst mass resulted in the 

increased bio-oil yield [36]. Further increase of the two 

variables however produced a reduced bio-oil yield of 48% at 

650℃ and 3g of temperature and catalyst mass respectively. 

This is because, when the temperature is very high, cracking 

of the bio-oil into non-condensable gases occurs and this 

reduces the bio-oil yield [59]. 

From the influence of the heating rate and catalyst mass at 

the mean pyrolysis temperature of 500℃ on the bio-oil yield 

presented in Figure 3, it could be seen that low heating rate 

and low catalyst mass produced 52% bio-oil yield. The 

relatively high bio-oil yield produced at the low heating rate 

and low catalyst mass is due to the increased biomass-cracking 

rate to produce more condensable vapours which increases 

yield. The yield was increased to only 54% as the heating rate 

and catalyst mass was increased to 7.35℃/min and 2.1g 

respectively. The bio-oil yield however was slightly reduced 

at the highest heating rate and catalyst mass of 10℃/min and 

3g respectively because though a high heating rate reduces 

yield [60], the high catalyst mass could still increase the 

cracking rate of the biomass to produce more of condensable 

vapours [61]. 

3.4.2 Optimization of the cow hooves bio-oil HHV 

Each Figure presented in Figures 4–6 shows the interactive 

influence of two independent variables at the mean value of 

the third variable on the higher heating value (HHV) of the 

cow hooves bio-oil. Figure 4 represents the interactive 

influence of pyrolysis temperature and the heating rate at the 

mean catalyst mass of 2 g on the bio-oil yield. At the lowest 

values of the variables- temperature of 350℃ and heating rate 

of 5℃/min, the bio-oil HHV was 20.2 MJ/kg and this was 

gradually increased to a maximum value of 23.7MJ/kg as both 

temperature and heating rate were increased to 630℃ and 

9.7℃/min. The increased value of the bio-oil HHV with 

temperature and heating rate is due to the further cracking of 

the bio-oil to release more of the light components with lower 

energy contents from the bio-oil. Further temperature and 

heating rate increases to their maximum values of 650℃ and 
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10°C/min did not show any noticeable change in the bio-oil 

HHV. Sharuddin et al. [62] obtained similar results. 

Figure 5 represents the interaction influence of pyrolysis 

temperature and mass of catalyst at 7.5℃/min mean value of 

heating rate. At pyrolysis temperature of 350℃ and 1 g of 

catalyst, the bio-oil had an HHV value of 20.1 MJ/kg. The bio-

oil HHV increased to 23.8 MJ/kg when the pyrolysis 

temperature and catalyst mass were increased to 640℃ and 

2.91 g respectively. This is because the increased temperature 

and catalyst mass favoured the bio-oil cracking rate to release 

more of the non-condensable gases with low energy contents 

while leaving behind more of the high energy-content 

components in the bio-oil. Further increase of the two 

independent variables showed a very slight decrease in the bio-

oil HHV. 

Figure 6 represents the combined influence of catalyst mass 

and the heating rate at 500℃ mean value of temperature on the 

bio-oil HHV. The least bio-oil HHV of 20.24 MJ/kg was 

obtained at 1 g and 5℃/min of catalyst mass and heating rate 

respectively. The bio-oil HHV increased gradually to a 

maximum value of 24.2MJ/kg as catalyst mass and heating 

rate were respectively increased to their maximum values of 

3g and 10℃/min. The increased bio-oil HHV could be due to 

the increased decarboxylation which occurs at high catalyst 

mass [36]. 

 

 
 

Figure 4. Temperature and heating rate effects on cow 

hooves bio-oil HHV 

 

 
 

Figure 5. Temperature and catalyst mass effects on cow 

hooves bio-oil HHV 

 

 
 

Figure 6. Catalyst mass and heating rate effects on cow 

hooves bio-oil HHV 

 

3.5 Validation of the developed models 

 

The bio-oil yield and HHV models were validated for 

further confirmation of their adequacies. This was done using 

data from a new set of experiments based on the optimum 

values of the three independent variables. The experimental 

and predicted values of the variables are presented in Table 7. 

 

Table 7. Validation of the bio-oil yield and HHV models 

 

Independent Variables Variables Optimum Values 
Yield of Bio-Oil (%) HHV of Bio-Oil (MJ/kg) 

Experiment Predicted Experiment Predicted 

Temperature A (℃) 551 

52.76 50.64 22.15 23.86 Heating rate B (℃/min) 9.18 

Mass of catalyst C (g) 2.045 

 

The bio-oil yield and HHV models were validated for 

further confirmation of their adequacies. This was done using 

data from a new set of experiments based on the optimum 

values of the three independent variables. The experimental 

and predicted values of the variables are presented in Table 7. 

 

 

4. CONCLUSIONS 

 

The process optimization of the pyrolysis of a novel 

biomass-cow hoof has been successfully implemented. The 

characterization of the bio-oil revealed that cow hoof bio-oil 

has better fuel properties compared with most bio-oils from 

several biomasses hence it is a viable renewable energy source. 

The investigation of the combined influence of three process 

variables- pyrolysis temperature, heating rate and catalyst 

mass on the yield and HHV of the bio-oil carried out revealed 

optimum values of the variables as 551℃, 9.18℃/min and 

2.045g for pyrolysis temperature, heating rate and catalyst 

mass respectively. Under these conditions, the bio-oil yield 

was 50.64% and HHV was 23.86MJ/kg. The optimum 

conditions of the key process variables obtained can be used 
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to adequately design a catalytic pyrolysis unit for the efficient 

pyrolysis of the new biomass. This will also help to safeguard 

the environment since a waste material like cow hoof will now 

be converted into energy rather than polluting the environment. 
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NOMENCLATURE 

 

HHV high heating value, MJ/kg 

CCD Central composite design 

RSM Response surface methodology 
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