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ARTICLE INFO ABSTRACT

Keywords: The potential of the least-exploited date pam waste was presented as feedstock for bio-oil production. The surface
Date pallm waste fibers of the date palm are widely available as waste material in the Gulf region, the Middle East, and Africa.
Pyrolysis Chemical composition analysis and physiochemical characterization showed that surface fibers are valuable
g:e:hc analyses feedstock for energy production. Surface fibers were analyzed thermogravimetrically at different heating rates

(10, 20, and 30 °C /min) in an inert atmosphere. Decomposition was carried out in three stages: dehydration,
devolatilization, and solid combustion. Kinetic analysis was performed on the devolatilization region using the
Coats—Redfern model-fitting method using twenty—one reaction mechanisms from four different solid-state re-
action mechanisms. Two diffusion models: one-way transport (g(x) = (xz) and Valensi equation (g(x) = a+(1-o)
x In(1-a)) showed the highest regression coefficient (R2) with the experimental data. The activation energy (Eq)
and the pre-exponential factor (A) was estimated to be 91.40 kJ/mol and 1.59 x 10% —29.39 x 10° min’l,
respectively. The kinetic parameters were found to be dependent on the heating rate. The surface fibers’ ther-
modynamic parameters AH, AG, and AS were 80-97, 151-164, and —0.17- —0.18 kJ/mol, respectively. This
indicates that the pyrolysis of surface fibers is endothermal and not spontaneous. Since there is not much
experimental work on the pyrolysis of surface fibers available in the literature, the reported results are crucial for
designing the pyrolysis process.

Waste management
Waste utilization
Coats—Redfern method

1. Introduction per day were expected to be consumed [5]. At the same time,

transportation-related CO, emissions amounted to 7 billion metric tons,

In recent years, the global demand for sustainable and renewable
energy has increased due to uncertain fossil fuel supply, rapid industrial
growth, increasing population, and stringent environmental regulations
[1,2]. Currently, nearly 80 % of the world’s primary energy consump-
tion comes from oil, natural gas, and coal [3]. The transport sector
consumed about 29 % of total energy in 2015, with 96 % of fuels coming
from petroleum [4]. In 2017, about 97.50 million barrels of liquid fuel

accounting for a quarter of global CO, emissions. As a result, the ever-
increasing demand for petroleum fuels and the environmental prob-
lems associated with their use have led experts to look at renewable
energy sources [6]. In this context, organic waste, especially lignocel-
lulosic waste materials, has a promising future [7,8]. Lignocellulosic
waste is an abundant and long-term renewable energy source. Biomass
generation at the global level is estimated to exceed 220 million tons per
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Fig. 1. Date palm surface fibers.

year [9]. For example, the United Arab Emirates has nearly 40 million
date trees, with Abu Dhabi accounting for 75 percent of the total. Each
tree produces about 15 kg of biomass waste yearly, including dried
leaves, rachis, fronds, date seeds, fibers, and other materials. Each year,
nearly 2 million tons of palm dates are produced and wasted during
production[10].

Gaseous, liquid, and solid fuels can be produced from biomass waste
using a variety of processes. Pyrolysis is a thermochemical conversion
process that produces bio-oil, biochar, and pyrolytic gasses from various
biomasses [11]. Pyrolysis is the thermal degradation of material in an
inert atmosphere. The three main categories are slow, fast, and flash
pyrolysis, which is ascertained by the temperature range, heating rate,
and residence time. Fast pyrolysis produces bio-oil, also known as py-
rolysis oil. Fast pyrolysis has a moderate temperature (300-700 °C), a
faster heating rate of 10-200 °C/min, and a quick solids retention time
of 0.5-10 s [12]. Bio-oil synthesis from fast pyrolysis of lignocellulosic
waste materials is a promising candidate for replacing conventional
fuels because it is clean and renewable. Its combustion produces very
low levels of SO, and NO, emissions [13,14]. Bio-oil has the potential to
be used in boilers, turbines, and vehicle engines, as well as to produce a
variety of high-value compounds [15]. The bio-oil yield depends on the
amount and type of volatiles extracted from a feedstock [16]. Biochar,
the main by-product of slow pyrolysis, can be produced from lignocel-
lulosic wastes. Because biochar contains a very stable carbon compo-
nent, it was initially proposed as a soil amendment to sequester carbon
in the soil [17]. It can be used as a soil amendment to improve soil
health, as a nutrient and microbial carrier, as an immobilizing agent to
remove toxic metals and pollutants from water and soil, as a catalyst for
industrial purposes, as a porous medium to reduce emissions of green-
house gases and odorous substances, and as a supplemental feed to
improve the health and productivity of wildlife through more effective
nutrient uptake [18]. Pyrolysis is the only thermochemical conversion
process producing products in all three forms (solid, liquid, and gas).
Gasification is also a thermochemical process that produces syngas (CO
-+ Hy) under partial oxygen conditions. Synthesis gas can be used for
power generation. However, unlike other thermal conversion processes,
the products of pyrolysis are suitable for storage and transportation
[19].

Lignocellulosic biomasses consist of cellulose, hemicellulose, and
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lignin in varying proportions. Cellulose is mainly responsible for bio-oil
production [20,21]. In thermogravimetric analysis, a technique for py-
rolysis of solid materials, the decomposition of lignocellulosic biomasses
occurred in three regions [22]. The devolatilization region or active
pyrolysis zone is the pyrolysis section where cellulose, hemicellulose,
and little lignin decompose. The volatiles from this pyrolysis zone escape
and a significant mass loss occurs in this region. The volatiles from the
active pyrolysis zone is then condensed to form bio-oil [23]. The residue
after the active pyrolysis zone is the carbon-rich material called biochar
[24]. Biochar can be used in various fields, such as soil fertilizer, cata-
lyst, energy production, composite materials, and many other purposes
[25]. Kiman Silas et al. [26] review the applications of biochar and
conclude that it can produce cost-effective catalysts to overcome the
limitations of conventional catalysts such as short catalyst life, addi-
tional pollutant production, high capital cost, and temperature limita-
tions. Safa Gamal et al. [27] prepared charcoal-based activated carbon
as a catalyst from waste coconut shell for the deoxygenation of palm
fatty acid distillate. Junaid Ahmed et al. [28] prepared solid-acid cata-
lyst from biochar for biodiesel production. Ninety-six percent of the
ester was reacted with a solid acidic charcoal-based catalyst. The cata-
lyst had excellent catalytic activity, yielding 70 % conversion after five
uses. Therefore, identifying and understanding the kinetics of the active
pyrolysis region before performing pyrolysis is very important. This
helps in a detailed understanding of the mechanism, performing selec-
tive pyrolysis, designing pyrolyzers, and performing pyrolysis under
predetermined optimal conditions.

Each date palm produces a variety of waste materials, including
leaves, vapors, stem wood, rachis, surface fibers, and seeds. The typical
annual production of a date palm includes 20 kg of dry leaves, and date
seeds account for 10-12 % of the date fruit [29]. Surface fibers of the
date palm are lignocellulosic materials that are abundant as municipal
and agricultural wastes in the United Arab Emirates and the Gulf region
[30]. Surface fibers have yet to be examined at various heating rates to
predict their kinetics and comprehend the pyrolysis behavior. To un-
derstand the reaction mechanism of pyrolysis and predict more accurate
activation energy values, one needs to understand the effects of the
heating rate. In addition, the estimation of the kinetic parameters at
various heating rates helps to understand the accuracy of the model
reaction mechanism. Moreover, to the best of the author’s knowledge,
no experimental work on the pyrolysis of date palm surface fibers has
been published. Therefore, it is valuable to highlight the valorization of
unattended waste materials.

Therefore, this is the first study to present a thermogravimetric
analysis of date palm surface fibers at various heating rates (10, 20, 30
°C /min). Coats-Redfern model fitting evaluated the kinetic and ther-
modynamic parameters at different heating rates. The advantage of the
Coats-Redfern method over model-free methods is that kinetic and
thermodynamic parameters can be obtained at a single heating rate, and
then the effects of the heating rate on these parameters can be observed.
Other authors like Raza et al. [31] estimated the pyrolytic kinetic pa-
rameters of date palm waste using the Coats-Redfern integral method
using different reaction mechanisms from the reaction, diffusion, geo-
metric, and nucleation models. They found that the diffusion reaction
mechanisms were the best-fit models. E, in the main active pyrolysis
region was 96-98 kJ/mol. Hani H. Sait et al. [31] estimated the pyrolytic
and combustion kinetics of different date palm wastes using Coats-
Redfern integral method. However, they only used a single reaction
mechanism model. E, in the main pyrolysis region varied from 32 to 43
kJ/mol. Galiwango Emmanuel et al. [32] estimated the pyrolytic ki-
netics of different date palm waste using the model-free method. They
used Flynn-Wall-Ozawa (FWO), Kissinger—Akahila-Sunose (KAS), and
Starink methods. The results were promising to declare the waste as a
potential source for biorefinery. Moreover, no study has evaluated the
effect of heating rate on the pyrolytic kinetics of date palm wastes. In
this research work, the potential of date palm tree surface fibers as a
renewable material for bio-oil or biochar production and their thermal
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Table 1
Physiochemical properties of date palm fibers.
Analysis Method Properties
Proximate ASTM method Volatile matter, fixed
analysis carbon, moisture, and ash
content
Ultimate analysis =~ ASTM method using CHNS/O Carbon, hydrogen,
analyzer nitrogen, sulphur, and

oxygen

Higher heating Bomb calorimeter HHV in MJ/Kg
value (HHV)
Chemical TAPPI-T 204 ¢cm-97 Extractables, pectins,
composition waxes, etc.
analyses ASTM D1104-56 Lignin content
ASTM D1103-60 a-cellulose content
Holocellulose—a-cellulose Hemicellulose
Density (Obernberger and Thek, 2004) Density in Kg/m®
Functional IRTracer-100 FTIR spectrometer Study the changes in
chemistry (Shimadzu, Kyoto, Japan) functional groups at
analysis —(ATR-FTIR) with a range of 500  different wavelengths.
to 4000 cm™?, an average of 34
scans, and a spectral resolution of
4cm L
Table 2
Reaction mechanisms g(x) used in Coasts-Redfern model-fitting approach.
Mechanism g(a) Code
Chemical reaction
Oth order o CROO
1st order -In(1-0) CRO1
One and half order 2 [(1-0)715-1] CRO1.5
2nd order [1/(1-0)]-1 CRO2
3rd order 0.5[(1-0) 1] CRO3
Diffusion
1-D transport o? DM1
2-D transport (1-00)-In(1-0) + o DM2
3-D transport [[-n(1-0)131? DM3
Valensi equation a+(1-a) In(1-a) DM4
Ginstling-Brounshtein equation (1-20/3) -(1-00)%*3 DM5
Zhuravlev equation [(1-00"131]12 DM6
Jander equation [1-(1-0:)1/3]2 DM7
Ginstling equation 1-(0.67a) -(1-0)%¢7 DMS8
Geometric
cylindrical symmetry 1-(1-00%/? GM1
sphere symmetry 1-1-00'3 GM2
Random nucleation and nuclei growth
Power law(P2) ol’? NM1
Power law(P3) o3 NM2
Power law(P4) ol/4 NM3
Avrami-Erofeev equ. (when n = 2) [-In(1-0)]%/2 NM4
Avrami-Erofeev equ. (when n = 3) [-In(1-00]'/3 NM5
Avrami-Erofeev equ. (when n = 3/2) [-In(1-0)]% NM6

degradation mechanism are presented along with kinetic and thermo-
dynamic parameters at various heating rates that will help in carrying
out their pyrolysis under predetermined optimal conditions.

2. Materials and methods
2.1. Materials

Surface fibers of the date palm tree were taken from a local farm in
UAE as shown in Fig. 1. The fibers were rinsed with tap water and then
placed in a convection oven at 105 °C for 48 h [33]. The fibers were then
reduced to micrometer size using laboratory shredders. Laboratory
crushers were used to reduce particle size and then sieved with 120 pm
sieve plate.
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2.2. Physicochemical characterization

Table 1 presents the summary of the analysis performed to evaluate
physiochemical properties.

2.3. Thermal analysis

Thermal degradation of the fibers was determined by thermogravi-
metric analysis. A thermogravimetric analyzer (TGA Q 500 series, TA
Instruments, USA) was used to analyze samples of 5-10 mg from a date
palm at various heating rates 10-30 °C /min, and the mass loss of fibers
from 20 to 800 °C. At a 60 ml/min rate, N, was used to keep the envi-
ronment inert. The TGA of each respective heating rate was performed
three times to obtain the lowest error and highest accuracy.

2.4. Kinetic parameters

The activation energy (E,) and pre-exponential factor (A) was
calculated by the Coats-Redfern approach. Coats-Redfern is a model-
fitting method that helps in finding the kinetic parameters using the
following equation (1) [34].

In @ =In AR leRT _ L (@D)
T E, E, RT
whereas,

g(a) represents different solid-state reaction mechanisms-21 reac-
tion mechanism used in this study.

f is the rate of heating in °C/min-10, 20, 30 °C/min in this study.

R represents a gas constant—its value is taken as 8.321 x 107> kJ/
mol.

T is the process temperature. It is taken on a kelvin scale (K).

A represents frequency factor or known as a pre-exponential factor-it
is taken in.m™!

a is the degree of decomposition-it is determined with equation (2)

o= n, —m; (2)

m, —my

here, m, is the initial mass of the date palm surface fibers sample
when t = 0, m; represents instantaneous mass, and my represents final
mass of the sample.

A kinetic analysis can be performed using the Arrhenius equation,
which defines the temperature dependence of the reaction rate. Equa-
tion (3) contains the formula of the Arrhenius law.

K(T) = A x exp(—%) ©)

The two required unknows: (I) activation energy (E,) and (II) pre-
exponential factor (A) can be found with equation (1). By plotting the

L.H.S (In {%] ) versus R.H.S (1/T(K)) of an equation (1). The slope of the

straight line will be equal to -E,/R, the value of E, can simply be found
by multiplying the slope’s value with —8.321 x 10~3 kJ/mol. The

intercept of this straight line will be equal to ln[ﬁ"‘T’j (1 —%T). The

twenty-one solid-state reaction mechanisms used to define g(x) are
presented in Table 2.

2.5. Thermodynamic parameters

The thermodynamic parameters (AH, AG, and AS) were derived
using the kinetic parameters. Equations (4)-(6) represent the relations
used to find the thermodynamic properties [35]:

Change in enthalpy

AH=E,—RxT (4

Gibbs free energy
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Table 3
Chemical composition of some lignocellulosic biomass materials.
Feedstock extractives  cellulose  hemicellulose  lignin Ref.
Date palm 225+ 5 43.10 + 29.30 £ 5 25.35 Current
fibers 5 +5 study
Oil palm - 59.14 12.07 25.33 [37]
bunch
Rice husk - 35 33 23 [38]
Walnut 1.57 27.40 31.30 36.31 [39]
shell
Olive waste - 39.40 24.20 14.0 [40]
Date seeds — 21.6 28.1 23.7 [41]
Date fronds 7.72 31.40 20.92 25.20 [42]
Table 4
Proximate and ultimate analysis of surface fibers.
Proximate analysis (percentage weight dry basis)
Fixed carbon 10.20
Volatile matter 86.70
Ash 3.10
Moisture 3.50
Ultimate analysis (percentage weight dry basis)
Carbon (C) 39.50
Hydrogen (H) 5.90
Nitrogen (N) 2.60
Sulphur (S) 0.65
Oxygen (0)* 51.35
Higher heating value (HHV) (MJ/kg) 17.25

*Calculated based on difference between 100 and sum of C, H, N, and S.

Table 5

Bulk density of various biomass wastes.
Biomass Bulk density (kg/m®) References
Surface fibers (date palm) 405+ 5 Current study
Date fruit seeds 450 [51]
Date leaf stem 216 [52]
Corn stover 160 [53]

4000

3500
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2500
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K, xT
AG=E,+RxT,
G .+ R X ,,,xln( A > 5)
Entropy
AH — AG
AS=—p— (6)

3. Results and discussion
3.1. Physiochemical characterization of surface fibers

Table 3 shows the chemical composition analysis of the surface fi-
bers. It consists of 43.10 wt% cellulose, 29.30 wt% hemicellulose, and
25.35 wt% lignin. The information on the proportion of these three
biopolymers is essential for performing selective pyrolysis and predict-
ing the expected fuel yield. Cellulose can produce more bio-oil with a
higher organic content, lower water content, and lower solids content.
Hemicellulose produces a higher gas yield and moderate bio-oil with
higher water content and lowers organic content. Lignin produces
moderate bio-oil, lower gas yield, and significantly higher solids yield
[36]. Therefore, lignocellulosic biomasses with higher cellulose content
are preferred for bio-oil production, and biomasses with higher lignin
content are preferred for biochar production. Table 3 relates the
biopolymer composition of date palm tree surface fibers to that of other
biomasses. Thus, this lignocellulosic waste has similar potential for use
in the pyrolysis process.

Table 4 shows the proximity and ultimate analysis of surface fibers.
The determination of the proximate and ultimate analysis, along with
the higher heating value, means that the thermal properties were un-
derstood. Information on the amount of fixed carbon, volatiles, moisture
content, and ash provides useful information on the behavior of the fuels
during thermal conversion [43,44]. Surface fibers have a higher heating
value (HHV) of 17.25 MJ/kg. The fibers have lower moisture and ash
content, making them suitable for thermal conversion [45]. The higher
volatile content of the fibers (86.70 wt%) makes them suitable for bio-oil
production by pyrolysis [46]. Date fibers had total carbon (39.50 wt%),
hydrogen (5.90 wt%), and a very small amount of nitrogen (2.60 wt%)
and sulfur (0.65 wt%). The higher oxygen content (51.35 wt%) in the
date fibers is responsible for forming undesirable oxygenated com-
pounds during pyrolysis. The ultimate and proximate analysis results are
comparable to other lignocellulosic materials [33,47-49].

The bulk density of surface fibers is shown in Table 5. Bulk density is
an essential characteristic of biomass materials because it is related to
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Fig. 2. FT-IR spectrum for surface fibers of date palm.
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Fig. 3. TGA profile of surface fibers of date palm at 10 °C/min.
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Fig. 4. DTG profile of surface fibers of date palm at 10 °C/min.

their energy density. Biomass materials with higher bulk density are
well suited for thermal conversion processes and are easier to handle
and transport [50].

Fig. 2 illustrates the FT-IR spectra of surface fibers. Date palm waste
materials contain esters, ketones, alkanes, aromatics, and alcohols with
different oxygenated functional groups, as it is a lignocellulosic sub-
stance composed mainly of cellulose, lignin, and hemicellulose [54].

Because of the presence of C—H and C—O stretching peaks for cellulose
linkage, the absorption bands 860 cm~! were formed [55]. The band at
1726 cm™! in the spectra of surface fibers is ascribed to C=O0 stretching
of hemicellulose’s uronic ester and acetyl groups or the ester linkage of
carboxylic groups of ferulic and p-coumaric acids of lignin or xylan in
hemicellulose [56]. The absorption band at 1602 cm™! could be linked
to the —C=0 stretch of lignin linked p-substituted aryl ketones. [57].
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Additional lignin-linked absorption bands include those at 1237 cm™!

related to ether C—O—C linkage elongation and 1418 cm™! ascribed to
aromatic ring vibrations. [58]. The characteristic peaks that appear for
cellulose are at 665 and 1022 cm™! [55]. The expansive absorption band
having a peak at 3321 cm™! is owing to the broadening of the —OH
groups (hydrogen-bonded) presenting the hydrophilic affinity of the
date fibres [59]. At 2919 cm™! is linked to the C—H stretching vibrations

[60]. The analysis shows that the functional chemistry is a typical
lignocellulosic material consisting of lignin, hemicellulose and cellulose.

3.2. Thermal decomposition characteristics

The profile of thermal decomposition of the surface fibers of the date
palm is shown in Fig. 3. The profile of thermogravimetric analysis of
surface fibers shows that decomposition occurred in three regions:
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Table 6

TG-DTG parameters for date palm fibers at multiple heating rates.
Heating rate § (min~') T;(°C) T¢(°C) T,(°C) Mioss
10 260 380 360 60 +1
20 270 392 378 60 +1
30 288 414 395 60 +1

T; = initial temperature of active pyrolysis region.

T, = final temperature of active pyrolysis region.

T, = maximum peak temperature/ temperature for maximum decomposition
rate.

M, = percentage mass loss in active pyrolysis region.

dehydration region (20-260 °C), devolatilization region (260-380 °C)
and solid combustion stage (380-800 °C). In the dehydration region,
there is a 5 percent mass loss due to the removal of unbound moisture up
to 100 °C, a 10 percent mass loss due to the removal of bound moisture,
and lower hydrocarbons up to 260 °C. The devolatilization region is also
described as active pyrolysis. The active pyrolysis region for surface fi-
bers is between 260 and 380 °C. In this region, sixty percent of mass loss
takes place. It is known that during the pyrolysis of lignocellulosic ma-
terials in the active pyrolysis region, mainly cellulose and hemicellulose,
are decomposed. Cellulose and partially hemicellulose generate the
volatiles in the active pyrolysis region. Lignin is decomposed after
devolatilization, which is described as the passive pyrolysis region [61].
After the devolatilization region, a lignin-rich solid material called
biochar remains. In Fig. 4, the DTG curves consist of a moderate peak, a
prominent peak, and a long tail representing different reactions during
the pyrolysis of surface fibers. The different peaks correspond to the
maximum mass loss during the decomposition of hemicellulose, cellu-
lose, and lignin. It is known from the literature that during the pyrolysis
of lignocellulosic materials, the first peak corresponds to hemicellulose
and the second peak represents the cellulose degradation rate [62].
Hence, it is seen that the maximum volatilities will escape at 360 °C
(peak 2, DTG curve) in the active pyrolysis region. Therefore, the evo-
lution of active pyrolysis region components of surface fibers of date
palm can be used to infer the formation mechanism of bio-oil and heavy
chemicals.

3.3. Effect of heating rate

The TG and DTG curves of date palm fibers pyrolyzed at low and
medium heating rates (10 °C, 20, and 30 °C /min) are shown in Fig. 5
and Fig. 6. Similar TG and DTG curve patterns were evident in both
ranges of different heating rates. As the heating rates increased, the TG
and DTG curves transitioned to higher temperatures, affecting decom-
position rates. This is due to the heat and mass transfer delay resulting
from a higher heating rate. Table 6 presents data from TG-DTG at 10, 20,
and 30 °C /min, along with typical pyrolysis temperatures and percent
mass loss. Despite the shift in decomposition temperatures toward
higher values, the mass loss/release of volatiles in the active pyrolysis
region did not change significantly. The mass loss at all three heating
rates (10, 20 and 30 °C /min) in the active pyrolysis region is almost 60
percent. The shape of the DTG curve shows that the active pyrolysis
region contains several reactions leading to the degradation of low-
temperature thermally stable components (LTSCs). The high-
temperature thermally stable components (HTSC) are degraded above
400 °C in the passive pyrolysis region, where the remaining mass loss
occurs.

3.4. Kinetic analysis

The estimation of pyrolysis kinetics was carried out in the range of
active pyrolysis, which is considered as a one-step mechanism. Based on
a study of thermal degradation, several kinetic models with different
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Table 7
Kinetic parameters of surface fibers of date palm using different solid-state re-
action mechanisms.

Model Heating Rates (°C/min) E,(kJ/mol) R? A (min™1)
CRO 10 37.58 0.98 0.11
20 36.77 0.99 0.15
30 38.39 0.98 0.25
CR1 10 62.42 0.93 42.77
20 60.27 0.92 39.87
30 66.09 0.92  144.65
CR1.5 10 129.17 0.69  497.27 x 10°
20 124.20 0.55  195.42 x 10°
30 147.40 0.53 1.69 x 10°
CR2 10 103.90 0.76  569.46 x 10°
20 100.17 0.63  321.02 x 10°
30 116.72 0.61 8.32 x 10°
CR3 10 158.96 0.59 1.258 x 10*!
20 149.86 0.50 18.14 x 10°
30 180.14 0.49 5.56 x 10'?
DM1 10 84.96 0.99 1.59 x 10°
20 83.56 0.99 1.61 x 10°
30 87.04 0.99 3.07 x 10°
DM2 10 19.85 0.62 6.80 x 1073
20 18.46 0.58 8.41 x 1072
30 22.29 0.61 28.12 x 1072
DM3 10 38.29 0.92 0.228
20 36.80 0.90 0.267
30 40.61 0.90 0.002
DM4 10 97.25 0.99 13.81 x 10°
20 95.27 0.99 11.96 x 10°
30 100.43 0.99 29.39 x 10°
DM5 10 102.40 0.98 10.15 x 10°
20 100.18 0.98 8.055 x 10°
30 106.16 0.98 23.10 x 10°
DM6 10 158.78 0.88 3.35 x 10°
20 153.86 0.84 1.19 x 10°
30 119.68 0.97 0.42 x 10°
DM7 10 114.60 0.97  161.92 x 10°
20 111.64 0.97  104.41 x 10°
30 119.63 0.97  427.50 x 10°
DM8 10 102.76 0.98 10.81 x 10°
20 100.53 0.98 8.55 x 10°
30 106.51 0.98 24.49 x 10°
GM1 10 48.10 0.98 0.72
20 46.78 0.97 0.85
30 49.90 0.98 1.86
GM2 10 52.40 0.97 1.34
20 50.82 0.96 1.47
30 54.67 0.97 3.67
NM1 10 13.88 0.97 0.514 x 1072
20 13.39 0.98 8.17 x 107*
30 14.03 0.97 1.28 x 1072
NM2 10 5.96 0.94 5.169 x 1075
20 5.57 0.96 8.32 x 107°
30 5.89 0.92 8.32 x 107°
NM3 10 2.03 0.77 8.44 x 10°°
20 1.69 0.78 1.25 x 10~
30 1.82 0.67 2.01 x 107°
NM4 10 26.30 0.90 0.014
20 25.14 0.89 0.019
30 27.91 0.89 0.046
NM5 10 14.23 0.87 7.50 x 107*
20 13.40 0.84 1.08 x 1072
30 15.14 0.85 2.28 x 1072
NM6 10 38.36 0.92 0.232
20 36.87 0.90 0.270
30 40.65 0.90 0.747

kinetic mechanisms of pyrolysis could be further recognized after
demonstrating the pyrolysis process of date palm fibers. Twenty—one
solid-state reaction mechanisms from four reaction mechanism types
and the corresponding kinetic parameters (E, and A) are listed in
Table 7. The main solid-state reaction kinetics models can be linearly
fitted, and the linear regression coefficient R? of each model can be used
to determine which model is the best fit. The most appropriate mecha-
nism model would be one with a linear regression coefficient R? of 0.99
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Fig. 7. Average activation energy from two best-fit diffusion models.
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Fig. 8a. Solid-state diffusion model DM1 linear regression with experimental data at a heating rate of (a)- 10 °C/min, (b)- 20 °C/min, and (c)- 30 °C/min.

indica and Phyllanthus emblica kernel biomasses, [52] for date seeds,
[65] for dry, oily sludge, [66] for paddy husk, [67] for pine and straw
pallets, and many others [68]. The Coats-Redfern model-fitting method

or equal. The criterion of selecting a suitable model based on the highest
regression coefficient (R?) to estimate the kinetic parameters has already
been used by [63] for high ash sewage sludge, [64] for Azadirachta
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Table 8
Kinetic parameters of other biomasses evaluated using Coats—Redfern method.

Feedstock E,(kJ/ A (min~1) Best-fitted model Ref.

mol)

Date palm 84-100 1.59 x 10° Diffusion models (one- This
surface -29.39 x way transport & Valensi study
fibers 10° equation)

Pure glycerol 102.22 8.20 x 10° Chemical reaction-3rd [72]

order

Date leaflets 43.6 1.9 x 10° Chemical reaction-1st [52]

order

Pineand corn  218.05 1.28 x 10" Diffusion model [67]
starch pellet (spherical symmetry)

Paddy husk 82 - Diffusion model (two- [66]

dimensional)

Corn stalk 63-69 10 x 10° Chemical reaction (1st [73]1

order)

was utilized to compute the activation energy (E;) and pre-exponential
factor (A, min~!) for the kinetic study of surface fibers of date palm.
Table 7 shows the activation energy, regression coefficient, and pre-
exponential factor for different kinetic models in different heating
ranges. The pyrolysis temperature range of the devolatilization region
for heating rates of 10, 20 and 30 °C /min were 260-380 °C, 270-392 °C

and 288-414 °C, respectively. All chemical reaction models (CR1,
CR1.5, CR2 and CR3) gave poor regression coefficient values, except
CRO. However, the regression coefficient value for CRO is not consistent
at all heating rates. Also, two geometric models (GM1 and GM2) and two
nucleation models (NM1 and NM2) had better regression coefficients
but were still inconsistent at different heating rates and were below the
established criteria for kinetic model selection. All remaining nucleation
models (NM3, NM4, NM5, and NM6) had poor regression coefficients.
Three diffusion models (DM2, DM3, and DM6) had poor regression co-
efficient values. Three diffusion models (DM5, DM7, and DM8) had good
regression coefficients (R2 = 0.97-0.98). Diffusion model DM5 has an
activation energy of 102.40, 100.18 and 106.16 kJ/mol at a heating rate
of 10, 20 and 30 °C /min, respectively. Diffusion model DM7 has acti-
vation energy values of 114.60, 111.64 and 119.63 kJ/mol at heating
rates of 10, 20, and 30 °C /min, respectively. The DM8 diffusion model
has activation energy values of 102.76, 100.53, and 106.51 kJ/mol at
heating rates of 10, 20, and 30 °C /min, respectively. Only two diffusion
models, the one-way transport (DM1) and the Valensi equation (DM4),
showed the best values for the regression coefficient (R? > 0.99) at all
three heating rates. The diffusion model DM1 has activation energy
values of 84.96, 83.56 and 87.04 kJ/mol at heating rates of 10, 20, and
30 °C /min, respectively, as shown in Fig. 7. Diffusion model DM4 has
activation energy values of 97.25, 95.27 and 100.43 kJ/mol at heating
rates of 10, 20, and 30 °C /min, respectively, as shown in Fig. 7. Thus,
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Table 9 Table 10
Thermodynamic parameters of surface fibers of date palm pyrolysis. Thermodynamic parameters of other biomasses.
Model Heating Rates (°C/ AH (kJ/ AG (kJ/ AS (kJ/mol. Material AH (kJ/ AG (kJ/ AS (kJ/mol) Ref.
min) mol) mol) K) mol) mol)
CRO 10 34.58696 132.9192 -0.27315 Surface fibers (date 80— +97 151- +164  —0.17 to This
20 33.62731 136.0547 ~0.27097 palm) -0.18 study
30 35.10597 140.6068 —0.26709 Date palm waste 93— +108  205- +280 —0.30to [31]
CR1 10 59.42696 139.9113 —0.22357 +0.32
20 57.12731 142.0099 —0.22456 Date palm leaflets - 186.5 + 0.742 £0.13  [32]
30 62.80597 147.4184 —0.21421 38.2
CR1.5 10 126.177 157.9681 —0.08831 Red pepper waste 93.17 105.49 —26.49 [74]
20 121.0573 157.5266 ~0.09648 Rice husk 74.28 134.89 -0.18 [33]
30 144.116 167.7234 —0.05977
CR2 10 100.907 152.9676 —0.14461
20 97.02731 153.6457 —0.14978 For all models of the reaction mechanism, the pre-exponential factor
30 113.436 162.0559 ~0.12309 increased with increasing heating rate, as shown in Table 7. The pre-
CR3 10 155.967 171.1967 —0.0423 tial fact ts the fi ¢ collisions bet
20 1467173 168.9479 0.05881 exponential factor represents the frequency of collisions between reac-
30 176.856 181.429 _0.01158 tion molecules at a standard concentration. The pre-exponential factor is
DM1 10 81.96696 151.6295 -0.19351 related to the number of collisions of molecules in the orientation
20 80.41731 153.6771 —0.19381 required for a reaction [69]. The best-fitted diffusion models DM1 and
30 83.75597 158.3353 —0.18881 : 3
DM 10 16.85696 1235205 029629 DM4 }}ave pre-exponential factor value? of the order of thot;sands o g
20 15.31731 126.7995 _0.29493 Diffusion model3DM1 h?s pre-exponential values 1.59 x 107, 1.61 x 107,
30 19.00597 131.6824 ~0.28526 and 3.07 x 10° min "~ at a heating rate of 10, 20, and 30 °C/min.
DM3 10 35.29696 131.4476 —0.26709 Diffusion model DM4 has pre-exponential values 13.81 x 103, 11.96 x
20 33.65731 134.2726 —0.26618 103, and 29.39 x 10° min~! at a heating rate of 10, 20, and 30 °C/min.
8
30 37.32597 158.6831 —0.30723 Table 8 ts the Kineti " ¢ ther bi
DM4 10 04.25696 157.4496 —0.17554 able 8 represents the kinetic parameters of some other biomasses
20 92.12731 159.0849 017714 performed using the Coats-Redfern method. Fig. 7 shows an overview of
30 97.14597 164.3067 —0.17003 best-fit diffusion models at various heating rates. Gmar Bensidhom et al.
DM5 10 99.40696 163.5212 —0.1781 [70] performed pyrolysis to obtain bio-oil, biochar, and syngas, from
20 97.03731 165.2371 —0.18042 . L . .
various Tunisian e palm waste ing a fixed-bed r r m-
30 102.876 170.8276 017203 arious Tunisia date pa stes using e? eq eacto .at te
DM6 10 155.787 181.8687 _0.07245 peratures ranging from room temperature to 500 °C with a heating rate
20 150.7173 181.5091 ~0.08146 of 15 °C/min. The bio-oil production under these conditions varied from
30 116.396 174.8225 —0.14792 17.03 to 25.99 wt%. Raza et al. [71] performed pyrolysis of date seeds
bm7 10 111.607 167.4316 —0.15507 and coffee waste blend using ASPEN Plus. The effect of pyrolysis oper-
20 108.4973 168.6455 -0.15912 ting © ¢ lvsi duct . tigated by chanei
30 116.346 1747144 014777 ating temperature on pyrolysis products was investigated by changing
DMS8 10 99.76696 163.6927 017757 the temperature in a controlled range from 300 OC to 500 OC. The re-
20 97.38731 165.3997 -0.17993 sults show that the production of gases and bio-oil increases linearly
30 103.226 170.9857 —0.17154 with increasing pyrolysis operating temperature up to 450 °C, with gas
GM1 10 45.10696 137.8159 —0.25752 production increasing and bio-oil production decreasing. Research on
20 43.63731 140.6134 ~0.25655 th Ivsis of d . . lvsis kineti
30 46.61597 145.5262 0.25041 e pyrolysis of date waste is progressing. However, pyrolysis kinetic
GM2 10 49.40696 140.2567 ~0.25236 studies help to highlight the potential of waste types and to design the
20 47.67731 142.9319 —0.252 pyrolysis reaction based on kinetic data.
30 51.38597 148.0643 —0.24476
NM1 10 10.88696 125.2799 —0.31776
20 10.24731 129.0568 —0.31431 3.5. Thermodynamic parameters
30 10.74597 133.5688 —0.31094
NM2 10 2.96696 124.2347 —0.33685 . . . .
20 2427308 1284159 —0.3333 As shown in Table ?, different types of reaction fnechamsm mode.ls
30 2.60597 134.4052 —0.33367 were used to determine thermodynamic properties: (1)-change in
NM3 10 —0.96304 125.729 —0.35192 enthalpy (AH), (2) change in Gibbs free energy (AG), and (3) change in
20 —1.45269 130.493 —0.34906 entropy (AS). The thermodynamic parameters were calculated at three
80 —1.46403 135.0003 —0.34548 different heating rates (10, 20, and 30 °C/min). AH values were positive,
NM4 10 23.30696 127.8091 -0.29028 o . .
20 21.99731 130.9182 0.28815 indicating that the surface fibers of date palm require external energy to
30 24.62597 135.6861 ~0.28116 start the pyrolysis process. The best-fit diffusion models DM1 and DM2
NM5 10 11.23696 124.4989 —0.31462 show an enthalpy change of 80-97 kJ/mol. The change in Gibbs free
20 10.25731 128.1898 —0.31199 energy (AG) provides informative data about the reaction’s spontaneity.
30 11.85597 132.7828 —0.30614 All AG val f the different model itive. indicating that
NM6 1o 3536696 131 4656 0.26694 values of the different models were positive, indicating tha
20 33.79731 134.3075 —0.26609 pyrolysis of surface fibers of date palm is a non-spontaneous process.
30 37.36597 139.2721 —0.25799 The best-fit diffusion models DM1 and DM2 showed a change in Gibbs

based on the best-fit diffusion models (DM1 and DM4), the average
activation energy value for date palm fibers is 91.40 kJ/mol. In all re-
action mechanism models, including the best-fit diffusion models, when
the heating rate is increased from 10 to 20 °C/min, the activation energy
drops, but there is an increase in activation energy values when the
heating rate is increased from 20 to 30 °C/min. Fig. 8a and Fig. 8b
illustrate the liner regression of the best-fit diffusion models (DM1 and
DM4) at different heating rates (10, 20, and 30 °C /min).

10

free energy of 151-164 kJ/mol. The AS values were negative, indicating
that the disorder of the bond dissociation products was less than that of
the original reactants. These negative values indicate that the thermal
decay in the activated state has a better-organized structure than before
and that the reactions there are more accessible than predicted. The
best-fit diffusion models DM1 and DM2 show an entropy change of
—0.17003 to —0.18881 kJ/(mol. K). The thermodynamic parameters of
the date palm surface fibers are similar to those of other biomasses, as
shown in Table 10. The thermodynamic parameters of the investigated
date palm fibers are in suitable range in comparison to other
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lignocellulosic waste materials. The thermodynamic parameters AH and
AG showed that the pyrolysis of surface fibers is an endothermic and not
spontaneous process.

4. Conclusion

The potential of date palm surface fibers has been demonstrated as a
valuable feedstock for bio-oil production. The physicochemical prop-
erties of the feedstock confirmed the potential for biofuel and bioenergy
production. FT-IR and chemical composition analysis confirmed that the
surface fibers of date palm are composed of lignocellulose. Thermal
degradation of the surface fibers was carried out by thermogravimetric
analysis at different heating rates (10, 20 and 30 °C /min) under inert
atmosphere and showed that the decomposition is a multistep process
with complex behavior. The kinetic analysis of the devolatilization re-
gion was performed by the Coats—Redfern model fitting method using
twenty-one reaction mechanisms from different solid-state mechanisms.
Two diffusion models: one-way transport (g(x) = (xz) and Valensi
equation (g(x) = a+(1-a) x In(1-a)) showed the highest regression co-
efficient (RZ) with the experimental data. The activation energy (E,) and
the pre-exponential factor (A) was estimated to be 91.40 kJ/mol and
1.59 x 103-29.39 x 10° min~?, respectively. The thermodynamic pa-
rameters AH and AG showed that the pyrolysis of surface fibers is an
endothermic and not spontaneous process. Since there is no experi-
mental work on the pyrolysis of date palm surface fibers, the reported
results are crucial for the design of the pyrolysis process.
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