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ABSTRACT 

 In this study, the effects of pyrolysis and gasification temperatures (800, 900 and 1000 °C) on the reactivity, behaviours, kinetic and 
thermodynamics parameters of date palm fronds (DPF) were investigated using a thermogravimetric analyzer (TGA). Homogeneous 
model (HM) or the first-order chemical reaction (O1) and shrinking core models (SCM) or Phase boundary-controlled reactions (R2 
and R3) were used to estimate the kinetics and thermodynamics parameters. The temperature is found to have significant effects on 
gasification compared to the pyrolysis process. The gasification process showed two stages of combustion at 900 and 1000 °C, but for 
the pyrolysis, it was one at 800 °C.  The mean reactivity was directly proportional to pyrolysis temperature. However, for the 
gasification, the mean reactivity increased as the temperature increased up to 900 °C, before it decreased as the temperature reached 
1000 °C. The gasification process at 900 oC showed lower values of activation energy, pre-exponential factor and reaction rate compared 
to those at 800 and 1000 °C. Average enthalpy change was 3.85 and 7.10 % higher in stage 1 with the O1 and R3 model, respectively, 
compared to the R2 model. The average Gibbs free energy for the R3 model was 0.3– 2.7% higher in stage 1 than the R2 and O1 model. 
However, the change of entropy for the samples investigated was found to be insignificant. Finally, all the models are successfully 
utilized to predict the experimental data under both processes at the investigated temperature.  
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1. INTRODUCTION 
Biomass utilization for energy usage has increased because of its 

economic and environmental benefits [1]. Biomass is an organic 

material such as sugar cane, straw, wood waste, date palm fronds, 

and different varieties of agricultural and industrial waste 

products [2]. Gasification is an efficient and advanced technology 

for extracting energy from biomass [3].  It is divided into two 

stages after the initial short drying: devolatilization (pyrolysis) 

and char gasification. The char gasification process is a much 

slower conversion process compared to the initial pyrolysis, thus 

it is dominant in the whole gasification process [4, 5]. Date palm 

fronds are the branching parts of date palm trees. According to 

the Food and Agriculture Organization, 1.14 million hectares 

were cultivated, and the tree sheds 14─20 kg annually. This could 

achieve up to 3.4 million tons of date palm fronds annually, 

depending on tree density per hectare.  

Sudan ranks in 8th place worldwide in date production. 

However, due to the lack of technologies, the fronds waste is 

burned traditionally for cooking and other uses [6].  However, few 

studies were focused on the date palm fronds thermal conversion 

process. Jeguirim et al. [7] examined the behavior of date palm 

leaflets, date palm rachis, date palm trunk, date stones, and 

fruitstalk prunings using a thermogravimetric analyzer under non-

isothermal conditions. Ultimate and proximate analyses showed 

that date stones have high energy density among the samples. The 

thermal degradation of the samples was found to be similar, 

except for the date stones. Date palm trunk was the most reactive 

at both oxidative atmosphere and pyrolysis, whereas a date stone 

was less reactive. The activation energies for the tested samples 

were in the range of 45.2– 89.1 and 49.6– 110.7 kJ mol-1 for 

pyrolysis and oxidation. Cardoso et al. [8] studied thermal 

decomposition of sorghum bagasse and tobacco waste at non-

isothermal thermogravimetric conditions. The activation energy 

was 103.94 and 120.01 kJ/mol for tobacco waste and sorghum 

bagasse, respectively using Ozawa method, respectively. 

However, for the Starink method, these values were -135.95 and 

148.91 kJ/mol for tobacco waste and sorghum bagasse, 

respectively. For the independent parallel reaction model, 

activation energy values were in the range of 39.7–272.0 and 

35.7–220.0 kJ/mol for tobacco waste and sorghum bagasse , 

respectively. Okoroigwe et al. [9] studied the devolatilization 

characteristics and kinetics of Gmelina, Mango, Neem, and 

Tropical Almond woods under synthetic air conditions at a 

heating rate of 30 oC/min. Non-isothermal thermogravimetric 

analysis at temperature of 30 and 750 oC under synthetic air was 

used. The samples were found to follow two stages reactions at a 

https://en.wikipedia.org/wiki/Sudan
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temperature range of 200– 500 oC, which indicated volatile 

oxidation and char combustion. The weight losses were 2.20, 

1.50, 1.25 and 1.60 for Gmelina, Mango, Neem and Tropical 

almond woods, respectively, and occurred at peak temperatures 

of 310, 322, 320 and 320 oC. At the oxidative stage, the activation 

energies with the Arrhenius model are 125,108, 142 and 113 

kJ/mol, respectively, for Gmelina, Mango, Neem and Tropical 

almond woods, while at the char combustion stage, these values 

were 257, 210, 281 and 345 kJ/mol, respectively. Raza et al. [10]  

studied the thermo-kinetics and thermodynamic analyses of date 

palm surface fibers (DPSFs) using thermogravimetric analysis. 

DPSFs were heated non-isothermally from 20 to 800 °C at a 

temperature rate of 10 °C/min in a nitrogen atmosphere. 

Thermogravimetric analysis showed two stages for pyrolysis. The 

low-temperature stable components were decomposed in a 

temperature range of 270─390 °C and the high-temperature stable 

components were degraded in a temperature range of 390─600 
°C. Ginstlinge Brounshtein and Ginstling diffusion models were 

the best fitted models with the highest regression coefficient 

values (R2 > 0.99) in both mass-loss regions. The activation 

energy values were found to be 96─ 98 and 113─ 114 kJ/mol, 

respectively. El‑Sayed et al. [11] investigated thermal 

degradation of palm fronds (PF), olive leaves (OL), and wheat 

straw (WS) through pyrolysis and calculated kinetic data using 

TG-DTG and DTA. Ozawa-Flynn-Wall (OFW) and Kissinger–

Akahira–Sunose (KAS) methods, as well as model-fitting 

techniques like the integral method, were used for kinetics 

studies. For PF, OL, and WS, the activation energy from the 

integral method ranged between 8.82 ─167.13, 23.06 ─ 149.20, 

and 11.01─ 156.27, respectively. For the reaction order model, 

the activation energies were 22.3 ─ 117.49, 51.69 ─ 92.88, and 

23.48 ─ 125.97, respectively. Ali et al.[12] studied the process 

optimization and economic evaluation of air gasification of date 

palm fronds (DPF. The temperature was the most influential 

factor for H2 composition, compared to air flow rate and feedstock 

particle size. The optimum conditions were 900 ℃, 1 l/min air 

flow rate, and 6 mm feed stock particle size. Galiwango et al.[13] 

investigated date palm wastes (leaflet, rachis, fibers, and their 

composite) at non-isothermal combustion kinetics using the 

thermogravimetric technique. Thermogravimetric analysis results 

showed a major peak for the degradation of volatiles between 

127–138 oC with average percentage mass loss of 68.04 ± 1.5, 

65.57± 0.6, 62.97 ± 5.5, and 59.26 ±  3.2, for rachis, composite, 

leaflet, and fibers, respectively. The positive enthalpy values 

confirmed an endothermic pyrolysis reaction. A minimal 

defference of 4.40─ 7.51 kJ mol-1 between activation energy and 

enthalpy for rachis, fibers, composite, and leaflet ensued, 

respectively. Wang et al. [14] studied co-gasification properties 

of petroleum coke and millet husk biomass char and their blends 

using thermogravimetric analysis under steam atmosphere 

conditions. The activation energy was calculated using random 

pore, volumetric and unreacted-core models. Random pore model 

was better describing char co-gasification compared to 

volumetric and unreacted-core models. Xu et al. [15] studied the 

kinetic behavior of CO2 gasification for three types of coal 

(lignite, bituminous coal and lean coal) and biomass (Sawdust, 

Rice straw, and Corn stalk) samples using a thermogravimetric 

analyzer. The activation energy was estimated using the 

homogeneous reaction model and the shrinking core model. The 

activation energy decreases as the sawdust content increases. 

Edreis , et al. [16] investigated, the H2O co-gasification of 

petroleum coke (PC) with low (sulfur and V2O5 contents) and 

different five kinds of biomass wastes (rice husk (RH), rice stalk 

(RS), cotton straw (CS)), by-product wastes (sawdust (SD) and 

sugar cane bagasse (SCB)) were conducted using a 

thermogravimetric analyzer (TGA). The kinetics and 

thermodynamics parameters were estimated using homogeneous 

model (HM) or the first-order chemical reaction (O1) and 

shrinking core models (SCM) or Phase boundary controlled 

reactions (R2 and R3). Biomass wastes improved the blends 

gasification reactivity. Synergistic effect was observed in the char 

gasification stage of the blends compared with the pyrolysis stage. 

Compared to other models the phase boundary controlled reaction 

(R2) was found to be the best model to predict the experimental 

data of the co-gasification process. For both reaction stages of 

single fuels, SD showed the lowest values of activation energy 

and thermodynamics parameters.  

Moreover, in spite of significant on-going research of the 

thermal conversion technologies such as pyrolysis and 

gasification for fuel production, there is no information on the 

reactivity, behaviour, kinetic and thermodynamics of Sudanese 

date palm frond. Therefore, this study investigates the effect of 

temperature on reactivity, behaviour, kinetic and thermodynamic 

parameters of date palm frond at pyrolysis and gasification 

processes with different temperatures using thermogravimetric 

analyzer. Homogeneous model (HM) or the first-order chemical 

reaction (O1) and shrinking core models (SCM) or Phase 

boundary-controlled reactions (R2 and R3) were used to estimate 

the kinetics and thermodynamics parameters. 

2. MATERIAL AND METHODS  
2.1 Materials and sample preparation  

In this study, date palm fronds were used. The samples were cut 

into small pieces and dried naturally. Proximate and ultimate 

analyses were conducted to obtain the properties of the materials. 

TGA-2000 (Navas Instruments, Spain) and a Euro-CA 3000 

(HEKAtech, Italy) elemental analyser were used following 

American Society for Testing and Materials (ASTM) D5142. Parr 

6300 automatic isoperibol calorimeter was used to estimate the 

calorific values. 

2.2 Thermogravimetric analysis 

The thermogravimetric analyser (TGA, NETZSCHSTA 449/F3) 

was used to investigate the combustion of date palm front under 

isothermal conditions. A temperature of 800, 900 and 1000 °C at 

a heating rate of 20 °C min-1 was studied. A 5 mg sample was 

used to avoid the mass transfer effect. The experiments were 

conducted three times, and the average values were used. The 

mass loss (TG) and derivative curve (DTG) of the samples were 

presented as a function of temperature. For the active site 

Boudouard reactions mechanism (Equation 1, 2, 3 and 4) were 

considered for char gasification in carbon dioxide domain [17, 

18]. 

https://scholar.google.com/citations?user=a6qDhvwAAAAJ&hl=en&oi=sra
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     𝐶 + 𝐶𝑂2 → 2𝐶𝑂                                                           (1) 

𝐶𝑓𝑎𝑠 + 𝐶𝑂2
𝑘𝑏1
→ 𝐶(𝑂) + 𝐶𝑂                                        (2)   

  𝐶(𝑂) + 𝐶𝑂
𝑘𝑏2
→ 𝐶𝑓𝑎𝑠 + 𝐶𝑂2                                             (3) 

𝐶(𝑂)
𝑘𝑏3
→ 𝐶𝑂                                                                     (4) 

Where 𝑘𝑖 is the rate of the ith reaction. 

2.3 Reactivity measurement   

The conversion degree ( X ) was estimated using Equation (1).       

i t

i f

w w
X

w w

-
=

-                                                                    
(5) 

where iw is the initial mass sample (mg), tw  is the mass sample 

at a specific time (min), and fw  is final mass sample at the end 

of the combustion process. The combustion reactivity was 

calculated based on the method proposed by Okoroigwe [19] and 

Edreis et al [20] using Equation (6).   

                   𝑅𝑚 = 100∑
RDTGmax

TDTGmax
                                                    (6) 

where Rm is the mean reactivity (% o C -1 min-1), RDTGmax is the 

maximum weight loss rate (% min-1) and TDTGmax is the 

corresponding peak temperature (o C).

 

The reactivity indexes R 0.1, 

R 0.5, and R 0.9 were calculated using Equations (7), (8), and (9) 

respectively, at different conversion degrees (10%,50%, and 90%) 

[21, 22].   

          𝑅0.1 =
0.1

𝑡0.1
                                                   (7) 

           0.5

0.5

0.5
R

t
=                                                     (8)   

            0.9

0.9

0.9
R

t
=                                                   (9)  

Where t0.1, t0.5, and t0.9 are the time (min) required to reach the carbon 

conversion of 10%, 50%, and 90% respectively. 

2.4 Kinetic study  

The TGA data were used to estimate the kinetic studies of the 

combustion process. Methods such as the shrinking core models 

(SCM) or phase boundary controlled reactions (R2 and R3), the 

homogeneous model (HM), or the first-order chemical reaction 

(O1) through the Coats–Redfern method, were applied to estimate 

the kinetic parameters such as activation energy (E) and pre-

exponential factor (ko). The overall reaction rate (dX/dt) of a 

solid-gas reaction was calculated using Equation (10). 

                ( )=  
dX

k f X
dt

                                      (10) 

where k is the rate constant (min−1) and f(x) is the reaction 

mechanism (see Table 1). Assuming that, the partial pressure of 

the combustion agent remains constant during the process. Based 

on the temperature, the reaction rate can be described using 

Arrhenius Equation (11). 

  𝑘 = 𝐴𝑒𝑥𝑝 (
−𝐸

𝑅𝑇
)                                   (11) 

where ko, E and R are the pre-exponential factor (min-1), 

activation energy (kJ mol-1), and universal gas constant (kJ/mole. 

K), respectively. The activation energy and pre-exponential factor 

were related to the reactivity and the material structure, 

respectively. Reactions with large activation energy require a 

long reaction time or a higher temperature [20, 23]. The kinetic 

studies of the DPF combustion were conducted using SCM and 

HM  through Coats–Redfern equation [24], using Equation (12). 

                                         

( )
2

2
ln ln 1o

g X k R RT E

T E E RT

    
= − −    

   
              (12)                                                                          

where ( )g X  is the reaction model mechanism used for the 

calculation of shrinking core models (SCM) and homogeneous 

model (HM) [25-28]. It is obvious that in Equation (12) the 

expression 
2

ln 1ok R RT

E E

  
−  

  
  is basically constant for the 

value of E in the combustion temperature range  [29, 30]. 

Therefore, the left side of Equation (12) is plotted versus 1/T and 

a straight line was found. Values of E and 
ok  were obtained 

through the slope of the straight line and the intercept of Equation 

(12), respectively. The HM assumes a homogeneous reaction 

throughout the particle [28]. The reaction mechanism of the first-

order chemical reaction represents the process controlled by the 

chemical reactions, rather than the effect of intra-particle 

diffusion, and the reaction happens simultaneously in the whole 

particle. However, compared to diffusion, the chemical reaction 

is much faster, therefore, the model R2 and R3 assume the process 

is controlled by diffusion, rather than the chemical reaction. 

Moreover, in the SCM the reaction occurs initially at the external 

surface of the particle and moves gradually to the inside. 
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Table 1: Expressions of ( )f x and ( )g x for the kinetic model functions employed for the solid-state reactions [25-28, 31]. 

2.5 Thermodynamic parameters 

Thermodynamic parameters such as enthalpies change (ΔHo, kJ 

mol-1 ), Gibbs free energies (ΔGo, kJ mol-1) and entropies 

change (ΔSo, mol-1.K-1) were calculated using Equations (13), 

(14) and (15) respectively [32, 33]. 

  
oH E RT = −                                       (13)              

.
. .ln

.

o B m
m

o

K T
G E RT

h k

 
 = +  

 
                       (14)                      

o o
o

m

H G
S

T

 −
 =                                                    (15) 

where, 
BK  is Boltzmann constant (1.38X10-23JK-1), h  is Planck 

constant (6.626X10-34Js), 
mT is the peak temperature (K) , The 

change of enthalpies (
oH ) demonstrates the energy difference 

between the activated complex agrees with activation energies  

 

 

 

 

 

 

 

 

 

 

and the reagent [33]. However, the values of Gibbs free energies 

(ΔGo) showed the growth of overall energy [32]. Whereas, the 

ΔSo measures random energy and matter in the DPF combustion 

[32]. 

 

3. RESULTS AND DISCUSSION 
3.1 Characterization of date palm frond 

The proximate, ultimate, and ash analysis of date palm fronts are 

shown in Table 2. Higher contents of hydrogen, carbon, oxygen, 

and volatiles were observed in the date palm front; however, 

nitrogen and sulfur were lower. The higher heating value was 

found 15.92 MJ kg-1. Oxygen content was 54.31%; this is 

considerably higher than that of coal and most of biomasses, 

hence, a small amount of stoichiometric air could be required for 

the combustion. The higher value of volatiles (69.84%) indicated 

its suitability for gasification, pyrolysis, and co-gasification. 

However, the lower fixed carbon of 12.93% was due to low lignin 

content in the samples [34]. The ash content was found 

comparable with that of other biomass [35]. Therefore, DPF 

found appropriate fuel for continuous thermal processes because 

of the ash removal and handling problem. 

Table 2: Date palm fronds characteristics analysis 

Proximate analysis (w%)a Ultimate analysis (w%)b Heating Value 

Ash VM FC M C H O c N S HHV (MJ/kg)b 

5.97 69.84 12.93 11.25 39.66 5.47 54.31 0.22 0.34 15.92   

 

Ash analyses 

Mg Si  P  S  CL  K Ca Fe Mgo Sio2 P2o5 So3 Cl2O K2O CaO Fe2O3 

8.61 4.22 4.26 3.94 21.78 42.42  14.55 0.23 12.35 7.33 7.67 7.51 19.31 33.38 12.26  0.19 
a As received basis.; b as Dry ash basis; c Calculated by the difference   

 

3.2 Thermal behavior and reactivity analysis at pyrolysis 

condition   

Figure 1 presents the TG and DTG as a function of temperature 

for the DPF samples investigated. The pyrolysis of DPF was 

found occurred in one stage at temperature higher than 325 oC. 

From Table 3, DTGmax values were 0.135, 0.155 and 0.165% s-1, 

at temperature ranges of 164.22─ 366.55 oC, 160.73─ 373.73 oC 

and 153.76─ 357.93 oC for pyrolysis temperatures of 800, 900 

and 1000 oC respectively. Whereas The Tmax values were 325.91, 

329.38 and 329.89 oC for 800, 900 and 1000 oC respectively. This 

is indicated that DTGmax and Tmax were proportional to pyrolysis 

temperature. The values of maximum rates of weight loss 

(DTG)(% s-1) changed from 0.135 to 0.165 at a temperature 

range of 800─ 1000 oC, found similar to the results reported by 

Jeguirimand et al. [36]. From Table 2, the reactivities were 0.42 

×10-3, 0.47×10-3 and 0.51×10-3 % s-1 oC-1 for DPF at pyrolysis 

temperatures of 800, 900 and 1000 oC respectively. A similar 

results range was obtained by Munir et al. [37] using four 

different agricultural residues during pyrolysis. Figure 2 shows 

the variation of the reactivity index against pyrolysis temperature. 

The reactivity index was found to be proportional to the pyrolysis 

temperature and increased by 14.96%, 5.07% and 13.22%, 

respectively, for 800, 900 and 1000 oC. 

Model Symbol ( )f x  ( )g x  

Chemical reaction or  homogenous model (HM) 

First-order O1 (1 )x−  ln(1 )x− −  

Phase boundary controlled reactions 

Two dimensions  (contracting cylinder) R2 1

22(1 )x−  

1

21 (1 )x− −  

Three dimensions  (contracting sphere ) R3 2

33(1 )x−  

1

31 (1 )x− −  
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Figure 1: TG and DTG of date palm frond against the temperature at pyrolysis condition. 

 

 

Figure 2: Reactivity (a) and mean reactivity (b) index against the temperature at pyrolysis condition. 

 

Table 3: Pyrolysis characteristics of DPF obtained at different temperatures 

Temperature 

OC 

Pyrolysis temp. 

range  ( °C) 

DTG max 

% s-1 

t max 

s 

T max 

°C 

Rm×10-3 

%s-1 oC-1 

800 164.22-366.55 0.135 1991 325.91 0. 42 

900 160.73-373.73 0.155 2033 329.38 0.47 

1000 153.76-357.93 0.165 1941 329.89 0.51 

DTGmax: maximum pyrolysis rate (% s-1); Tmax: temperature corresponds to maximum pyrolysis rate (oC); tmax: time corresponds to 

maximum pyrolysis rate (min); Rm: mean reactivity (% min-1 oC-1) 

3.3 Thermal behaviour and reactivity analysis at gasification 

conditions   

Figure 3 shows TG and DTG curves for DPF under CO2 

gasification as a function of temperature. The first weight loss 

found occurred at a temperature ˂ 150 °C. This is attributed to 

moisture evaporation. Whereas the second weight loss occurred 

at a temperature range of 150 ─ 380 °C. However, the variation 

of shapes and the position are seen between 900 to 1000 °C at 

stage 2. This is due to the reaction of higher volatile matter and 

lower fixed carbon content in DPF with the gasification agent. 
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From Table 4, DTGmax values were 0. 0.117, 0.155 and 0.135% 

s-1, while Tmax values were 326.01, 326.46 and 325.85 oC, at 

temperatures of 800, 900 and 1000 oC respectively. The mean 

reactivity profiles depicted in Figure 4 were 0.35, 0.52 and 

0.48%s-1°C, for temperatures of 800, 900 and 1000 oC 

respectively. It concluded that the maximum rate of mass loss was 

proportional to the reactivity of the sample, while the maximum 

temperature (Tmax) was inversely proportional to the reactivity. 

Similar conclusion was reported by Gil et al. [38]. 

 

Figure 3: TG and DTG of date palm frond against the temperature at gasification stage. 

 

Figure 4: Mean reactivity of DPF as a function of temperature at gasification stage. 

 

Table 4: Characteristics of DPF obtained at different gasification temperatures  

       Stage (1)      Stage (2)  

Temperature 

OC 

Temperature 

range OC 

DTG 

max 

%s-1 

   t  max 

     s 

  T 

max
  

   OC 

Temperature 

Range OC 

  DTG 

max     

%s-1 

    t 

max 

 s 

  T max
  

OC 

      

Rm×103
 

%min-1 oC-1 

800 150.88-380.09 0.117 2049 326.01 
    

0.35 

900 155.58-373.91 0.155 1987 326.46   697.67-878.24 0.047   5004    839.67 0.52 

1000 146.83-381.66 0.135 1964 325.85   682.17-895.57   0.045   4783   804.53 0.48 

DTGmax: maximum gasifiction rate (% s-1); Tmax: temperature corresponds to maximum gasification rate (oC); tmax: time corresponds to 

maximum gasification rate (s-1); Rm: mean reactivity (%s-1oC-1). 

3.4 Kinetic and thermodynamic parameters analyses under 

pyrolysis conditions 

The kinetics and thermodynamic parameters investigated are 

presented in Table 5. Phase boundary controlled reaction (R2) 

showed the lowest values of activation energy, pre exponential 

factor and reaction rate, however an opposite trend was observed 

with first order chemical reaction model (O1). The lowest 

activation energy value achieved by R2 model was 50.63 kJ/mol 
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at a pyrolysis temperature of 1000 oC, whereas the highest was 

63.15 kJ/mol obtained by O1 model at a pyrolysis temperature of 

800 oC. Furthermore, it’s found that as the pyrolysis temperature 

increases, the activation energy, pre-exponential factor and 

reaction rate decreased. The models of O1, R2, and R3 provided 

activation energy values in the ranges of 59.37 ─63.15, 50.63 ─ 

52.35 and 54.22 ─55.85 kJ mol-1 with average values of 61.43, 

51.55 and 55.06 kJ mol-1, respectively. Furthermore, the pre-

exponential factor achieved by models O1, R2, and R3 ranged 

from 7.32E+4 ─1.75E+5, 3.82E+03 ─ 5.80E+03 and 6.33E+03 - 

9.41E+03 min-1, with average values of 1.20E+05, 4.77E+03 and 

7.74E+03 min-1 for pyrolysis temperatures of 800, 900 and 

1000oC respectively.  The correlation coefficient for the models 

of O1, R2 and R3 was in the range of 0.9887– 0.9980 as presented 

in Figures 5. This is indicated that the reaction models highly 

fitted the experimental data. Also, from Table 5, it was found that 

increasing the pyrolysis temperatures reduced the values of both 

E and A for O1, R2, and R3 models. This result agrees with the 

previous works [39, 40]. In addition, for the thermodynamic 

parameters from Table 5 it was observed that the change of 

enthalpies achieved by models O1, R2, and R3 for pyrolysis 

temperatures of 800, 900 and 1000 oC in the range of 54.38 

─58.17, 45.64 ─ 47.37 and 49.23 ─ 50.87kJ mol-1 with average 

values of 56.32, 46.56 and 50.06 kJ mol-1, respectively. Whereas, 

models of O1, R2, and R3 provided the values of Gibbs free 

energies in the ranges of 140.87 – 142.38, 159.35 – 160.39, and 

160.44 – 161.49 kJ mol-1, with average values of 141.64, 159.88 

and 160.96 kJ mol-1 respectively. However, all the models O1, 

R2, and R3 showed negative values of entropies change (ΔSo) of 

-0.142, -0.18873 and -0.18470 kJ mol-1K-1, respectively. Among 

the models investigated, the model of R2 shows the lowest 

enthalpy change values, but the lower Gibbs free energy value 

was obtained by O1 model for all pyrolysis temperatures. It’s 

concluded that the enthalpy change decreases as the pyrolysis 

temperature increases. 

 

Table 5: Kinetic and thermodynamic parameters at pyrolysis conditions. 

Model  Temperature Kinetic parameters Thermodynamic parameters 

 oC E 

((kJ mol-1) 

    A 

 (min-1) 

    K 

(min-1) 

   ΔHo 

(kJ mol-1) 

   ΔGo 

(kJ mol-1) 

    ΔSo 

(kJ mol-1.K) 

 

O1 

800 63.15 1.75E+5 1.73E+05 58.17 141.69 -0.13945 

900 61.43 1.13E+5 1.12E+05 56.42 142.38 -0.14268 

1000 59.37 7.32E+4 7.23E+04 54.38 140.87 -0.14417 

Average 61.43 1.20E+05 1.19E+05 56.32 141.64 -0.1421 

 

R2 

800 52.35 5.80E+03 5.73E+03 47.37 159.35 -0.18697 

900 51.68 4.69E+03 4.64E+03 46.67 160.39 -0.18878 

1000 50.63 3.82E+03 3.77E+03 45.64 159.90 -0.19046 

Average 51.55 4.77E+03 4.71E+03 46.56 159.88 -0.18873 

 

R3 

800 55.85 9.41E+03 9.29E+03 50.87 160.44 -0.18295 

900 55.11 7.48E+03 7.39E+03 50.10 161.49 -0.18491 

1000 54.22 6.33E+03 6.26E+03 49.23 160.97 -0.18625 

Average 55.06 7.74E+03 7.65E+03 50.06 160.96 -0.18470 

E: Activation Energy, A: pre-exponential factor, k (min-1) , ΔHo: Enthalpies change, ΔGo: Gibbs free energies and ΔSo : entropies 

change. 
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Figure 5: Plots of 𝒍𝒏[𝒈(𝒙)/𝑻𝟐] against 1/T with correlation coefficients for DPF at pyrolysis condition (a) Coats–Redfern 

method; (b) and (c) shrinking core models (SCM). 

 

3.5 Kinetic and thermodynamic parameters analyses under 

gasification conditions 

The correlation coefficient values for the models of O1, R2 and 

R3 were in ranges of 0.9915– 0.9984, 0.9937 – 0.9907, and 

0.9987 – 0.9911, respectively, as presented in Figure 6. All the 

models showed high correlation coefficients (R2 > 0.991) for the 

both reaction stages for all of samples. This is indicated that the 

reaction models highly fitted the experimental data for 

gasification temperatures of 800, 900 and 1000 oC. The kinetics 

parameter values of activation energy, pre-exponential factor and 

reaction rate obtained from the slope of each line in Figure 6 are 

presented in Table 6. With respect to the kinetic parameters, the 

pre-exponential factor and activation energy were related to the 

material structure and reactivity, respectively. Reactions with the 

high activation energy required high temperature or long reaction 

time [28]. From Table 6, it was found that for both reaction stages 

of samples, the lower values of (E, A and k) were achieved by the 

boundary controlled reactions models (R2 and R3), however the 

higher values were obtained by the first order chemical reaction 

model (O1). For stage 1 the lowest value of E, A and K was 50.33 

kJ/mol, 3.46E+03 min-1 and 3.42E+03 min-1 respectively, for 

gasification temperature 900oC, which was achieved by model 

R2. However the highest value was 61.79 kJ/mol, 1.32E+05 min-

1 and 1.30E+05 min-1 respectively, for gasification temperature 

800 oC, obtained by model O1. For stage 2 the lowest values of 

E, A and K were 219.69 kJ/mol 5.78E+11 min-1 and 5.61E+11 

min-1 respectively, for temperature 900oC which was provided by 

model R2. Whereas, the highest value was 293.72 kJ/mol, 

1.01E+14 min-1and 9.81E+13 min-1 respectively, for a 

temperature 1000 oC,  which obtained  by model O1. Therefore, 

it’s concluded that the DPF gasification at temperature of 900 oC 

was more reactive compared to those of 800 and 1000 oC, and the 

R2 model is most suitable for gasification of DPF. 
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Figure 6: Plots of 𝒍𝒏[𝒈(𝒙)/𝑻𝟐] and ln [𝜷] versus 1/T with correlation coefficients for DPF at gasification stage (a) Coats–

Redfern method; (b) and (c) shrinking core models (SCM). 

 

Table 6: Kinetic parameters of gasification stages. 

3.6 Thermodynamic parameters analyses under gasification condition 

Thermodynamic parameters of the investigated samples of DPF 

are shown in Table 7. The changes of enthalpies (ΔHo) 

demonstrating the energy difference between the activated 

complex agreed with activation energies and the reagent [33]. 

However, the values of Gibbs free energies (ΔGo) showed the 

growth of overall energy which would obtainable on the DPF 

gasification [32]. Whereas the ΔSo measures random energy and 

matter in DPF gasification [32].  From the table, It was observed 

that for both reaction stages, R2 provided the lowest values of the 

∆𝐻. Also, it was observed that all the models provided positive 

values for both ∆𝐻 and ∆𝐺 and negative values for ∆𝑆. The values 

of ∆𝐻 and ∆𝐺 obtained by all models in stage2 were much higher 

                                        Stage1                    Stage2 

Temperature 

   (oC ) 

Models parameters 

  E      A        K    E      A   K                

  O1 61.79 1.32E+05 1.30E+05     

800oC R2 56.65 1.28E+04 1.27E+04    

  R3 57.19 1.59E+04 1.57E+04    

  O1 59.60 7.87E+04 7.77E+04 254.38 5.78E+11 5.61E+11 

900oC R2 50.33 3.46E+03 3.42E+03 219.69 4.35E+09 4.24E+09 

  R3 53.48 5.17E+03 5.10E+03  233.09 1.47E+10 1.44E+10 

  O1 60.34 9.60E+04 9.48E+04  293.72 1.01E+14 9.81E+13 

1000oC R2 50.46 3.71E+03 3.67E+03  248.72 2.09E+11 2.04E+11 

  R3 54.16 6.49E+03 6.41E+03 263.78 8.72E+11 8.46E+11 

E: Activation Energy (kJ mol-1), A:pre-exponential factor(min-1) K: reaction rate (min-1) 
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compared with the values achieved in stage1.While the values 

of ∆𝑆 for the gasification temperatures investigated were almost 

similar. The gasification temperature of (900 oC) showed the 

lowest ∆𝐻 and ∆𝑆 with values of 45.35 kJmol-1 and -0.1912 

kJmol-1 K-1 for stage1and 210.44 kJmol-1 and-0.0796 kJmol-1K-1 

for stage2, respectively, which were obtained by model R2. 

However, highest values of ∆𝐺  was 161.16 kJmol-1 for stage1 and 

301.18 kJmol-1 for stage2, which occurred at gasification 

temperature of (900 oC), with the R3 model. Among the models 

investigated, the model of R2 shows the lowest enthalpy changes, 

but the lower Gibbs free energy value was obtained by O1 model 

for stages and all gasification temperatures. Otherwise, the 

highest Gibbs free energy values were shown by the R3 model. 

 

Table 7: Thermodynamics parameters estimation of gasification stage 

 

 

 

 

 

 

 

 

ΔHo: Enthalpies change, ΔGo: Gibbs free energies and ΔSo : entropies change 

 

4.CONCLUSION 
In this study, a Sudanese date palm frond was investigated under 

pyrolysis and gasification. The samples were characterized and 

higher heating value, fixed carbon, volatiles and oxygen content 

were 15.92 MJ kg-1, 12.93%, 69.84% and 54.31% respectively. A 

common approach was used to model the kinetic parameters of 

DPF at different temperatures under pyrolysis and gasification 

conditions. The results indicated that the reactivity, behaviour, 

kinetics, and thermodynamic parameters were significantly 

affected by the temperature. Despite the different temperatures, 

the thermal degradation profiles were similar among the DPF 

samples. Model R2 was the most effective solid-state mechanism 

for DPF. Activation energies associated with the devolatilization 

step in both pyrolysis and two stages of gasification were 52.35, 

51.68, and 50.63 kJ mol-1 and 59.60, 50.33 and 53.48  kJ mol-1 

and 254.38, 219.69 and 233.09 for  800, 900 and 1000 °C  , 

respectively. DPF at 1000 oC was the most reactive and showed 

the lowest E , 
oH and ∆𝑆 with values of 50.63 kJ mol-1, 45.64 

kJ mol-1 and -0.190 kJ mol-1 K for the pyrolysis process. 

Furthermore, for gasification at 900 oC, the DPF provided the 

lowest E , 
oH and ∆𝑆° with values 50.33 kJ mol-1, 45.35 kJ mol-

1 and -0.191 kJ mol-1 K , respectively for S1 and 219.69  kJ mol-

1, 210.44 kJ mol-1 and -0.079 kJ mol-1 K , respectively for S1 . 

Finally, all the models are found to be compatible for predicting 

the experimental data under all temperature values for both 

processes. 
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