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Abstract 

Waste accruing from Pumpkin pod (Telfairia occidentalis Hook F.) was exposed 

to pyrolysis at varying temperatures namely; 350oC, 400oC, 500oC and 600oC 

and the heating rates were monitored at 0.17, 0.33 and 0.5 oC/sec. The biochar 

were then characterized in terms of yield, proximate composition and the 

process kinetics evaluated using Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-

Sunose (KAS) and Starink models. The models also showed the behaviour of the 

biochar with respect to to change in temperature.  Proximate analysis of the 

biochar shows that it contains 11.77% moisture, 2.64%ash 12.50% fixed carbon 

and 73.10% volatile matter with a heating value of 17.91 MJ/kg. Furthermore, 

at 10oC/min, 20oC/min and 30℃/min, the biochar yield (wt%) decreased from 

63.1 to 42.13, 59.87 to 38.33 and 51.91 to 32.12 respectively as pyrolysis 

temperature increased from 350oC to 600oC. FWO, KAS and Starink models, 

show high R2 squared values greater than 0.9400, which indicate a good fit of 

the models. The mean activation energy (EA) obtained for FWO, KAS and Starink 

models were 157.68kJ/mol, 157.23kJ/mol and 157.38kJ/mol. The 

thermodynamics results for FWO, KAS and Starink models show an average 

enthalpy of 152.30kJ/mol, 157.44kJ/mol and 155.14KJ/mol, average free energy 

of 112.89kJ/mol, 122.77kJ/mol and 116.73kJ/mol and low average entropy of 

0.077kJ/mol, 0.075kJ/mol and 0.073kJ/mol. The optimization of the thermal 

conversion of pumpkin pod for energy and sequestration purposes is provided 

by the theoretical analysis of this study.   
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1.0  INTRODUCTION 

Energy is one of the most critical factors that 

contribute to the advancement of a nation's 

development. The availability and adequate provision 

of energy is an essential requirement in the quest for 

better living conditions.  The high requirement for 

energy is a result of the growing global population in 

addition to emerging industries and advancements 

across subfields [1]. In order to meet the current high 

energy demands, other energy sources are being 

researched as alternatives to fossil sources which are 

known to be depleting in reserves and also cause 

challenges of greenhouse emissions. In developing 

countries, there has been an increase in the studies of 

converting biowaste to fuels, so as to meet the 

demands of an increasing population and cleaner 

environment  [2].  

 

Biofuels which could be solids, liquids or gases are 

generally cleaner burning than petroleum fuels made 

from crude oil.  They may be considered carbon-
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neutral because the plants that are used to make 

biofuels (such as corn and sugarcane for ethanol and 

soy beans and oil palm trees for biodiesel) absorb 

CO2 as they grow and may offset the CO2 emissions 

when biofuels are produced and burned [3]. The 

biomass from agricultural waste is a promising source 

of substitutes of conventional fuels because of their 

high energy potential and high carbon content [4], [5]. 

Among the various types of agricultural waste, those 

from bean crops (represented by straw and pods) is 

highlighted because it is produced in large amounts as 

the result of grain processing [6]. Because these 

residues require a significant amount of time to be 

naturally degraded and absorbed in the soil, several 

studies investigated the reuse of these types of 

biomasses in the generation of products with 

aggregated value [7].  

 

Pyrolysis occurs between 300oC and 700oC and 

converts biomass into biofuels and biochar. This 

process is significant for managing hazardous waste, 

soil remediation and as well as carbon sequestration 

[8]. The design of pyrolytic reactions as well as the 

mechanism of the reactions are evaluated by the 

kinetic and thermodynamic analysis of the process for 

optimal output. Therefore, this study looks at the 

production of liquid and solid biofuels by subjecting 

pretreated pumpkin pods to the pyrolytic process. The 

resultant properties of the process were further 

investigated using kinetic models.  
 

2.0  MATERIALS AND METHOD 

2.1  Pre-treatment of Pumpkin Pod (PP)  

Fresh empty PP which were sourced from Eku local 

market in Ethiope East Local Government Area, Delta 

State, Nigeria and washed thoroughly to eliminate the 

dirt particles and dusts. The PP were sun-dried for one 

week, care was taken to leave them in a well-aerated 

environment.  This to avoid the growth of moulds, 

which may denature the PP. They were thereafter, 

reduced to sizes of about 4cm by 4cm using knives 

and cutters. 

 

2.2  Production of Biochar by the Pyrolytic 

Process   

The pyrolytic process was conducted in line with 

Mohan et al. [8], 10g each of the dried PP was 

transferred to a stainless-steel tray and transferred to a 

muffle furnace (Model: SNOL 1,6,5.1/11 Ceramic, 

India) set at a temperature of 350℃. Nitrogen was 

continuously passed through the furnace to purge the 

furnace of oxygen at 0.2 ml/minute. The process was 

ramped at 30 oC/minute. This experiment was 

repeated at 400, 500 and 600 oC. The resultant 

products of the reaction were present in all three 

phases.  Oil from each of the processes was extracted 

from the aqueous fraction and the mass of each 

fraction was taken before and after heat treatment at 

each temperature to ascertain the total mass of the fuel 

products  [9].  

 

2.3  Analysis of Fuel Constituents  

The solid and bio-oil yields at different temperatures 

were obtained using Equation 1 and 2. 

𝐶ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐ℎ𝑎𝑟

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑜𝑑𝑠
× 100%           (1) 

𝑂𝑖𝑙 𝑦𝑖𝑒𝑙𝑑 (%) =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑜𝑖𝑙

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑜𝑑𝑠
× 100%                        (2) 

 

Proximate analysis was conducted on the PP and 

pumpkin pod biochar (PPB) pyrolyzed at 350, 400, 

500 and 600 oC) using LECO TGA 701 (USA) based 

on the ASTM D5142 method [26].  

 

2.4  Thermal Properties 

The thermal behaviour of the biochar pyrolysed at 

500oC was examined following the standard 

procedure outlined in ASTM E113 [27].  The analysis 

was performed using a Shimadzu DTA-50 analyzer at 

0.17, 0.33 and 0.5oC/sec from 0 to 900oC in inert 

conditions using N2 gas at a flow rate of 20 ml/min. 

First, 20mg of weighted samples were heated from 

30°C to 100°C until complete dehydration was 

established. This was followed by the decomposition 

reaction at 600°C for 7 minutes to monitor the quantity 

of volatile matter. The atmosphere was oxidized at the 

final stage to determine the percentage composition of 

the fixed carbon. The oxidation reaction was allowed 

to progress until the solid reached a constant mass 

percent [10].  

 

2.5  Kinetics of Biochar Synthesized at 500oC 

The thermal decomposition kinetics of pumpkin pod 

biochar pyrolyzed at 500 (PPB-500) can be expressed 

as the differential equation of the mass transfer 

functions and mass fraction derivatives [28]. It 

follows the reaction (Equations 3-11):  

 PPB-500 = fixed carbon + (L + G) volatile              (3) 

 

For a reaction which occurs at an unsteady 

temperature in a multi-phase system, the conversion 

of the biochar (PPB-500):  

 
𝑑𝑥

𝑑𝑡
= 𝑘𝑝𝑓(𝑥)                (4) 

Where, x = conversion, t = time, kp = kinetic rate 

constant, f(x) = reaction model conversion factor.  

 

𝑓(𝑥) = (1 − 𝑥)𝑛 and;                (5) 

x = 
𝑚0−𝑚𝑡

𝑚0−𝑚𝑓
,                        (6)
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 n = order of reaction, mo = initial mass, mt = mass at 

specific time t, mf  = mass of PPB-500.  The Arrhenius 

theory is given in terms of kp as; 𝑘𝑝 = 𝐴𝑒
−𝜀𝐴
𝑅𝑇 ;  A = 

Arrhenius pre-exponential factor (1/s), T = reaction 

temperature (K), 𝜀𝐴 = activation energy in kJ/mol, and 

R is the universal gas constant represented as 8.314 

J/mol/K. Thus, substituting Arrhenius equation gives; 

 
𝑑𝑥

𝑑𝑡
 = 𝐴𝑒

−𝜀𝐴
𝑅𝑇 f(x)              (7) 

 

For an increase in temperature at a given rate, β = 

dT/dt or Tt = T0 + βt.  

 

Substituting dt = 
𝑑𝑇

𝛽
 into Equation 7, the time 

derivative is changed to the temperature derivative 

(Equation 6) [11], [12],  

 
𝑑𝑥

𝑑𝑇
= 𝐴/𝛽𝑒

−𝜀𝐴
𝑅𝑇 f(x)                                                     (8)   

 

Flynn–Wall–Ozawa (FWO) [29], Kissinger–Akahira–

Sunose (KAS) [30] and the Starink [31] models were 

used in the evaluation of the kinetic properties. The 

FWO method expressed in Equation (9) shows that 

ln(β) and 1/T are directly related at various conditions 

of β at different temperatures. The slopes of the plots 

of equation (9) were used to compute the activation 

energies  [12]. 

 

𝑙 ∩ 𝛽 =
𝑙𝑛 𝐴𝜖𝐴

𝑓(𝑥)𝑅
− 5 ⋅ 331 − 1.052

𝜖𝐴

𝑅𝑇
                             (9)   

 

The KAS model expressed in Equation (10) gives a 

linear relationship between (lnβ/T2) and 2/T in which 

EA is obtained from the gradient of the plot as shown 

in Equation 8;         

𝐿𝑛 (
𝛽

𝑇2) = 𝑙𝑛 (
𝐴𝜖𝐴

𝑔(𝑥)𝑅
)

𝜖𝐴

𝑅𝑇
                                  (10) 

 

The Starink model is similar to the KAS and the FWO. 

Equation (11) is applied in the estimation of 𝜖𝐴 

𝑙𝑛 (
𝛽

𝑇1⋅92) = 𝐶 − 1.0008 (
𝜀𝐴

𝑅𝑇𝐴
)                  (11) 

 

The plots of 𝑙𝑛 (
𝛽

𝑇1⋅92)  against 
1

𝑇
 gives a slope of 

1.0008 (
𝜀𝐴

𝑅𝑇𝐴
) 

 

2.6  Thermodynamic Properties of PPB-500 

The average activation energy from FWO and KAS 

models were used to compute the thermodynamics 

properties e.g., enthalpy, ΔH, pre-exponential factor, 

A, entropy ΔS and Gibbs free energy ΔG as shown in 

Equations 10 - 13. 

 

𝐴 =
𝛽ⅇ−𝜖𝐴∕𝑇𝑚

𝑅𝑇𝑚2
                            (10) 

𝛥𝐻 = 𝜖𝐴 − 𝑅𝑇                               (11) 

𝛥𝐺 = 𝜖𝐴 − 𝑅𝑇𝑚 𝑙𝑛 (
𝑘𝐵𝑅𝑇

ℎ𝐴
)                 (12) 

𝛥𝑠 =
𝛥𝐻−𝛥𝐺

𝑇𝑚
                      (13) 

Where, Tm is the maximum decomposition tempera-

ture at DTG peak, KB is Boltzmann constant (1.381 

x10-23 J/K), and h is the Planck’s constant (6.626 x 10-

34 J/s). 

 

3.0  RESULTS AND DISCUSSION 

3.1  Biomass Characterization  

The composition analyses of fresh and dried pumpkin 

pod (Telfaira occidentalis Hook F.) are given in Table 

1. Essentially, the bulk density and/or mechanical 

durability during storage and transportation have 

direct relationship with the amount of moisture 

present in a material [13]. Research has shown that for 

significant thermal efficiency, a moisture content of 

11 – 13% for storage over four months is preferred 

[13]. In other words, moisture is one of the main 

factors influencing biomass performance as fuel, this 

is due to energy losses during drying, thus leading to 

a considerable decline in calorific value [14]. To say 

the least, higher moisture implies a decrease in the 

thermal energy of the precursor combustion [15]. The 

moisture of the fresh PP was found to be 90.8% which 

indicates a high moisture. The dried PP, however, 

contained 11.77% which indicates that the dried pod 

can be stored and transported over some time. Ash is 

the solid residue left after the volatile matter is 

completely burned. Table 1 shows that the ash content 

of the fresh and dried fluted pumpkin pods is 0.50 and 

2.64% respectively. This increase may be attributed to 

a decrease in the moisture content of the pod as a 

reduction in moisture aids carbonization. Moreover, 

the level of volatile matter is predicated on the amount 

of smoke or gas produced during combustion and thus, 

facilitates ignition as a result of flammable organic 

compounds [5]. The volatile matter of the dried 

pumpkin pod is found to be 73.10% while the fixed 

carbon, known as the solid carbonaceous residue from 

drying and devolatilization is used to estimate the coke 

(coking) potential [16] of carbonaceous materials and 

in this case, the fixed carbon obtained is 12.50%. 

 

Table 1: Composition of fresh and dried PP  
Nutrient 

Fraction  

Undried (wt 

%) 

Proximate 

content 

Dried (wt 

%) 

Moisture content 90.80 Moisture content 11.77 

Protein 1.38 Ash 2.64 

Fibre 0.84 Fixed carbon 12.50 

Ash  0.50 Volatile matter 73.10 

Ether extract 0.60   

Nitrogen-free 

extract (NFE) 5.88 
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3.2  The Dependency of Yield on Temperature 

and Heating Rates  

The biochar and bio-oil yields is as shown in Figure 1. 

Heating rate a vital parameter used in the description 

of the types of pyrolytic process (slow, fast, flash, 

etc.). Bio-chars derived from varying heating rates 

display diverse distributions of the functional groups 

and have different porosities and surface areas which 

are of vital importance for the effectiveness of bio-

char for soil amendment [17], [18]. More so, an 

increase in the heating rate from 10 to 30℃/min had a 

considerable effect on bio-char yield from 350℃ to 

600℃. In other words, 283Kmin, 293Kmin and 

303Kmin, bio-char yield decreased from 63.15wt% to 

42.13wt%, 59.87wt% to 38.33wt% and 51.91wt% to 

32.12wt% respectively as pyrolysis temperature 

increased from 350℃ to 600℃. Mohan [8] used a 

gradual heating speed of 120 oC/hour to produce high-

yield biochar. This implies that pyrolysis with gradual 

heating speed can produce a high yield of biochar with 

higher agronomic values [19], [20].  Similarly, an 

increase in the temperature has an inhibitive effect on 

biochar yield, this is because high temperature 

facilitates the thermal cracking of biomass [21]. 

Figure 1 showed an increase in bio-oil yield from 

4.15wt% to 29.65wt% at 350°C and 500°C 

respectively, and decreased to 27.13wt% with 

pyrolysis temperature of 600°C at a heating rate of 

10°C/min. This decrease may be due to ash formation 

and as resulting from high temperature after a 

maximum temperature of 500°C was attained. At 

20°C/min, bio-oil yield increased from 7.68wt% to 

22.26wt% as the temperature rose from 350°C to 

600°C and at 30°C/min, bio-oil yield decreased from 

5.84wt% to 5.82wt% between 350°C and 400°C 

before increasing to 18.70wt% as the temperature 

moved from 400°C to 600°C [9]. 

 

 
Figure 1:  Effect of temperature and heating rate 

(HR) on the yield of biochar and bio-oil 

 

3.3  Biochar Analysis  
The composition of PPB from proximate analysis of 

the different biochar obtained after pyrolysis (slow) at 

varying temperatures and ramp values are shown in 

Figure 2.  

 

 
Figure 2:  Biochar content from proximate analysis 

at different temperatures and ramp rates  

 

The moisture content of PPB decreased with 

temperatures and ramp rates. The highest and lowest 

values were7.00 and 3.25% at 350 oC (0.17 oC/sec) 

and 600 oC (0.50 OC/sec) respectively.   An efficient 

thermal degradation with a highly volatile matter 

requires an additional secondary air supply. Thus, 

biochar must go through additional thermal 

processing before being used for energy conversion. 

As shown in Figure 2, the volatile matter 

concentration was reduced from 73.10wt% to 

43.66wt%, 38.18wt%, and 21.32wt% ramped at 0.17, 

0.33 and 0.50 oC/sec. respectively. At 350°C, the 

volatile matter concentr-ation was reduced from 

73.10wt% to 62.82wt%, 59.93wt% and 56.62wt% at 

283k/min, 293K/min and 303K/min respectively. The 

ash represents the stable and incombustible fraction of 

biochar. In addition, at 350 °C, the ash concentration 

increased from 2.56wt% to 5.6wt%, 6.10wt%, and 

6.70wt% at 0.17, 0.33 and 0.50 oC/sec respectively. 

Ash content also increased to 7.70wt%, 9.70wt%, and 

10.80wt% for each of the heating rates. According to 

Venderbosch et al.  [9], an increase in ash content at 

higher temperatures may be related to the constant 

concentration of mineral compositions. Low ash 

contents are likely preferred because high ash content 

in fuel often affects boiler efficiency since it causes 

more ash to accumulate on heat transmission surfaces 

[10]. Additionally, the increased ash level could make 

combustion's fouling and slagging issues worse. 

Additionally, upon pyrolysis at 350°C, the fixed 

carbon increased from 12.50wt% to 27.54wt%, 

30.41wt%, and 31.61wt% for heating rates of 

10°C/min, 20°C/min, and 30°C/min. At a maximum 

temperature of 600°C, higher fixed carbon contents of 

40.50wt%, 46.23wt%, and 56.62wt% were obtained. 

By removing more volatile chemicals at higher 

pyrolysis temperatures, more carbon is produced 

during secondary carbonization reactions, which 
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raises the fixed carbon content [9], [22]. Overall, fixed 

carbon is a significant metric that determines fuel and 

combustion characteristics [12]. 

    

3.4  Thermal Analysis  

The thermal behaviour of biochar synthesized at 500 
oC was examined by the evaluation of the mass loss 

and derivative thermogravimetric (DTG) characteris-

tics. The flow of N2 gas was 10mL/min and the 

temperatures were ramped rates of 283, 293 and 303 

K/min as shown in Figure 3 (a and b). The thermogr-

avimetric (TGA) plots each constitute three segments. 

The first lies between 0 and 190oC and it is associated 

with the elimination of water and other light volatiles. 

The maximum mass loss of moisture at this region for 

the three heating rates is an average of 4%, which 

indicates the suitability of the pumpkin pod as a 

suitable feedstock for biochar [23]. Between 198oC 

and 590oC is the second phase of the pyrolysis. There 

was a rapid increase in the rate of decomposition of 

the biochar coupled with the increase in degradation 

rate and temperature. The maximum rate of 

degradation of biochar increases faster than the other 

regions following the publication of [19]. 

 

 

 
Figure 3:  (a) TGA curve at 500oC (b) DTG curve 

at 500oC 

 

The mass losses were 65.50%, 63.17% and 67.23% at 

0.17, 0.33 and 0.50 oC/sec respectively, which are due 

to the heat  degradation of cellulose and hemicellulose 

[11]. Furthermore, at 590oC to 900oC speedy 

degradation occurs due to the decomposition of the 

remains of cellulose and lignin [3]. Similarly, there is 

a marked decrease in the rate of degradation from 

850oC to 900oC with ash contents of 8.88%, 8.21% 

and 7.11% at 0.17, 0.13 and 0.5 oC/sec respectively. 

 

 

 

 
Figure 4:  Plots of the (a) FWO  (b) KAS  and (c) 

Starink models of the biochar pyrolyzed at 500 oC 
 

3.5  Kinetic Analysis  

The change in activation energy (with conversion is 

represented in Figure 4 (a, b and c).   The gradients of 

the straight lines at different conversion were used to 

calculate the activation energies as discussed in 

Equations (9), (10) and (11).  Chemical reactions will 

not occur except when the reactants are energized to 

the extent that atoms become excited and either leave 

or cleave to one another. The energy required to 

achieve this is the activation energy. Table 2 shows 

the kinetic parameter evaluated by three models, 

FWO, KAS and the Starink models. The correlation 
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coefficients, R2 for FWO is 0.9798 < R2 < 0.9979, 

KAS is 0.9521 < R2 < 0.9988 and Starink is 

0.9438<R2<0.9977. The values of R2 of the   FWO and 

KAS models are both higher than   0.940, this 

confirms an almost perfect linear fit of reduced error 

in the calculated. The activation energy obtained from 

FWO, KAS and Starink models ranged between 

16.66kJ/mol to 277.35kJ/mol, 16.01kJ/mol to 

267.43kJ/mol, and 16.98kJ/mol to 269.23kJ/mol 

respectively. The high variation between the EA at low 

(16.01 to 45.42 kJ/mol) and high (127.50 to 277.89 

kJ/mol)compositions may be due to a high the process 

being dominated by the decomposition of easily 

degradable constituents like  hemicellulose  and some 

parts  cellulose The averages of the EA are 157.68 

kJ/mol, 157.23 kJ/mol, and 157.89 kJ/mol 

respectively. The average values of the EA   obtained 

are comparable to the values obtained by Singh et al 

[32] in the pyrolysis of corn cob with average EA 

values of 159 (FWO), 156 (KAS) and 148 kJ/mol 

(Starink).  The activation energies EA of the KAS and 

Starink models were somewhat higher than those of  

the FWO model. 

 

Table 2: Activation Energies of PPB-500 at different composition from FWO, KAS and Starink models 
 

x 

FWO KAS  Starink 

Β (oC/sec) 𝑬𝑨 (kJ/mol) R2 A (K-1) 𝑬𝑨 (kJ/mol) R2 A (K-1) 𝑬𝑨 (kJ/mol) R2 A (K-1) 

0.1 0.17 16.66 

 

0.9808 

 

5.31 x 105 16.01 

 

0.9976 5.31 x1005 16.87 0.9976 5.33 x105 

0.33 9.62 x 106 9.62x 1006   9.62 x 106 

0.50 1.30 x1006 1.30 x 1006   1.30 x1006 

0.2 0.17 45.03 

 

0.9407 

 

1.49 x1010 44.79 

 

0.9971 

 

1.49 x 1010 45.42 0.9435  

0.33 2.06 x1010 2.06 x 1010    

0.50 4.48 x1010 4.48 x 1010    

0.3 0.17 128.70 

 

0.9798 

 

7.90 x 1015 128.27 

 

0.9521 

 

7.90 x 1015 128.84 0.9778 7.90 x 1015 

0.33 1.58 x 1017 1.58 x 1017   1.58 x 1017 

0.50 2.37 x 1017 2.37 x 1017   2.37 x 1017 

0.4 0.17 147.42 

 

0.9796 

 

3.57 x1019 153.28 

 

0.9805 

 

3.57 x 1019 136.26 0.9778 3.57 x 1019 

0.33 7.141 x1019 7.141 x 1019   7.14 x 1019 

 0.50 1.07 x 1020 1.07 x 1020   1.07 x 1020 

0.5 0.17 156.41 

 

0.9794 

 

1.70 x1020 158.84 0.9788 

 

1.70 x 10 20 

3.56 x 1020 

5.34 x 1020 

156.89 0.9881 1.70 x1020 

0.33 3.56 x1020    3.56 x1020 

0.50 5.34 x1020    5.34 x1020 

0.6 0.17 238.58 0.9977 2.41 x1021 239.21 0.8816 

 

2.41 x 1021 170.08 0.9975 2.41 x1021 

0.33  4.83 x1021 4.83 x 1021   4.83 x1021 

0.50  7.24 x1021 7.24 x 1021   7.24 x1021 

0.7 0.17 225.50 

 

0.9791 

 

5.02 x1022 233.63 0.9988 

 

5.02 x 1022 226.42 0.9778 5.02 x1022 

0.33 9.62 x1023  9.62 x 1023   9.62 x1023 

0.50 1.44 x1023  1.44 x 1023   1.44 x1023 

0.8 0.17 257.35 

 

0.9979 

 

4.59 x1025 261.43 

 

0.9762 

 

4.59 x 1025 277.85 0.9977 4.59 x 1025 

0.33 9.18 x1025 9.18 x 1025   9.18 x 1025 

0.50 1.37 x1026 1.37 x 1026   1.37 x 1026 

 

                 

0.9 

0.17 258.4 

 

0.9798 

 

7.95 x1027 254.62 0.9962 7.95 x 1027 257.95 0.9778 7.95 x1027 

0.33 1.59 x1028  1.59 x 1028   1.59 x1028 

0.50 2.38 x1028  2.38 x 1028   2.38 x1028 

Average  157.23   157.68   157.38   

  

Figure 5 represents the Ea - X plots for all the models 

studied.  The (EA) showed a continual increase with 

conversion, except at some point where there was a 

decline. The slight increase of 0.1 to 0.2 may be due 

to the removal of moisture. More so, from 0.3 – 0.6, 

there is a rapid increase which may be due to the 

presence of volatiles, and the breakdown of the 

hemicellulose and cellulose [3]. The increase in EA at 

the latter end may be due to the high energy needed 

for the degradation of the lignin, which has higher 

molecular masses than the cellulose [3], [24]. 

 

3.6  Estimation of Thermodynamics Parameters  

The parameters of the thermodynamics behaviour of 

biochar at 500 oC derived from FWO, KAS and 

Starink models at different heating rates are shown in 

Table 3.   

               

Figure 5:  Variation of EA values with conversion  

 

Essentially, the enthalpy (ΔH), the Gibbs free energy 

and the entropy are key properties of thermochemical 

reactions.  This means that positive values of ΔH ind-
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icate that the reaction is endothermic. In this case, low 

EA  of 16.23 and 16.01 at 100 oC is an indication a of 

low energy barrier of the reaction at the beginning 

[21]. The ΔH computed from FWO, KAS and Starink 

models were within the limit of 20.12 to 253.49 

kJ/mol, 20.2 to 252.02 kJ/mol, and 20.47 to 

230.98kJ/kmol,  while the mean  ΔH are  152.30,  

157.44  and 155.14 kJ/mol, respectively. Furthermore, 

the difference between ΔH and EA with the FWO, 

KAS and Starink models shows that it is between 

4kJ/mol and 10kJ/mol at the same extent of reaction. 

This implies an exceptional high reactive and 

spontaneous process which induces activation 

complexes with minimal energy [12]. The 

thermochemical changes which occur in the pyrolysis 

of biomass and the production of active complexes are 

functions of ΔG. The ΔG computed using FWO, KAS 

and Starink models (Table 3) ranged from 19.26 to 

140.17kJ/mol, 18.32 to 143kJ/mol and 19.04 to 

145.73kJ/mol. The mean ΔG are 112.89kJ/mol, 

122.77k and 116.73kJ/mol respectively. The stability 

of the pyrolytic energy production of PP was 

confirmed by the low value of ΔG (5kJ/kmol) between 

two successive temperatures. This difference was not 

observed at 100 and 120oC in all of the models [25]. 

The extent of disorder and randomness of the reaction   

is defined by the entropy (ΔS).  Low values of ΔS are 

confirmations of physical reaction, while higher 

values of ΔS implies the that chemical reaction is 

dominant and complexes are formed FWO, KAS and 

Starink models, ranged from 0.004kJ/mol/K to 

0.20kJ/mol/K, and 0.0045kJ/mol/K to 0.22kJ/mol/K 

and 0.0049kJ/mol/K to 0.20kJ/mol/K respectively.  

 

Values of of entropy greater than zero are indicative 

of a greater degree of disorder in the as the products 

are being formed than at the initial reaction stage. At 

70% conversion, there was a large increase in enthalpy 

of approximately 0.2kJ/mol for all of the models, 

indicating that the system has greater disorder at the 

end of the pyrolysis reaction and the pyrolysis reaction 

has difficulty reaching thermodynamic equilibrium 

[4], [15].  

 

Positive values of entropy indicate that the degree of 

disorder during the pyrolysis reaction (i.e., product) 

was larger than that of the initial reactants. 

Significantly, when the conversion rate is above 0.7, 

the entropy shows a large increase, indicating that the 

system has greater disorder at the end of the pyrolysis 

reaction and the pyrolysis reaction has difficulty 

reaching thermodynamic equilibrium [4], [15]. 
 

Table 3: Thermodynamics Parameters of PPBC at 500 oC 
Composition FWO KAS Starink 

ΔH 

(kJ/mol) 

ΔG 

(kJ/mol) 

ΔS 

(kJ/mol) 

ΔH 

(kJ/mol) 

ΔG 

(kJ/mol) 

ΔS 

(kJ/mol) 

ΔH 

(kJ/mol) 

ΔG 

(kJ/mol) 

ΔS 

(kJ/mol) 

0.1 20.12 18.32 0.0046 20.44 19.26 0.0045 20.47 19.03 0.0049 

0.2 48.96 46.21 0.0041 45.18 47.84 0.004 47.32 46.77 0.0046 

0.3 134.56 143.64 0.0098 132.49 146.12 0.0093 134.40 144.69 0.01 

0.4 154.79 143.29 0.01 155.81 146.00 0.01 154.19 145.73 0.01 

0.4 164.51 141.47 0.06 164.21 146.85 0.06 165.01 143.99 0.061 

0.6 230.64 139.21 0.122 232.11 139.88 0.12 230.98 139.68 0.122 

0.7 229.91 134.55 0.23 230.02 133.50 0.22 230.23 133.75 0.20 

0.8 253.49 137.82 0.191 252.92 133.82 0.19 252.73 136.50 0.19 

0.9 160.66 141.22 0.0611 161.20 140.17 0.06 160.94 140.42 0.0612 

Average 152.30 112.89 0.077 157.44 122.77 0.076 155.14 116.73 0.074 

 

4.0  CONCLUSION 

The consequences of temperatures and rates of heating   

on the pyrolysis process towards the derivation of bio-

oil and bio-char from pumpkin pods were evaluated. 

Pyrolysis temperatures of 350 oC, 400 oC, 500 oC and 

600 and heating rates of 0.17, 0.33 and 0.50 oC/sec 

yielded biochar and bio-oil. Compared to the biomass, 

the bio-char had more fixed carbon and less volatile 

matter. The yield of the biochar and bio-oil was found 

to decrease with rise in temperature and heating rate. 

The kinetics of pyrolysis examined using Flynn–

Wall– Ozawa (FWO), Kissinger–Akahira–Sunose 

(KAS) and Starink models showed high significance 

at 95% confidence level (i.e., R2 for FWO is 0.9798 < 

R2 < 0.9979, KAS is 0.9521 < R2 < 0.9988 and Starink 

is 0.9438<R2<0.9977). Overall, R2 values obtained 

indicate a good fit for the three models while the trend 

in the activation energy(s) for FWO and KAS show a 

continual increase with the conversion of pumpkin 

pod to bio-char. The thermodynamic analysis showed 

that the process involves an endothermic reaction, 

with stable energy output, reactive but with little or no 

disorderliness. In other words, the pumpkin pod is a 

suitable biomass for energy derivation. Its availability 

as food waste and zero competition for food makes it 

a dependable sustainable energy feedstock, with no 

deforestation when compared to other biomasses and 

adds to other existing energy resources (mix) for bio-

char and/or bio-oil production. 
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