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Abstract: Using the thermalgravimetric technique, we investigated the non-isothermal combustion
kinetics of abundant and low-cost date palm wastes (leaflet, rachis, fibers, and their composite)
as potential biomass energy sources. The kinetic and thermodynamic parameters were
determined by Flynn-Wall-Ozawa (FWO), Kissinger—Akahila-Sunose (KAS), and Starink methods.
Thermogravimetric analysis results showed a major peak for the degradation of volatiles between
127-138 °C 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 FWO model showed the lowest activation
energy, E«, of 157 + 25.6, 158 + 25.7, 164 + 40.1, and 169 + 51.8 k] mol~! for the composite,
rachis, leaflet, and fibers, respectively. The positive enthalpy values confirmed an endothermic
pyrolysis reaction. For all models, a minimal difference of 4.40, 5.57, 6.55, and 7.51 kJ mol ™1
between activation energy and enthalpy for rachis, fibers, composite, and leaflet ensued, respectively.
The KAS model was best suited to describe chemical equilibrium with average AG values of
90.3 + 28.8,99.3 + 34.9,178.9 + 27.3,and 186.5 + 38.2 k] mol~"! for rachis, fibers, composite, and leaflet,
respectively. The reaction mechanism by the Malek and Popescu methods was ((g(«x) = [— In(1 - «)] i )
across the conversion range of 0.1-0.9 for all heating rates. The high energy content and volatile matter
combined with low energy barriers make date palm waste a potential candidate in a biorefinery.

Keywords: lignocellulosic biomass; waste-to-energy; reaction mechanism; date palm waste; Malek
and Popescu methods

1. Introduction

Sunlight, by far, is the most abundant carbon-neutral source of energy. Insolation releases
4.3 x 10%° ] every hour, enormous energy more than the total energy requirement on Earth yearly [1].
The global energy consumption has risen from 13 TW in 2015 [1] to 18 TW in 2019 [2]. The increasing
population, technology advancement, and economic growth will raise energy demand to about 30 TW
by 2050 and 46 TW by the end of the century [1,3]. The current most dependable source of energy is fossil
fuels [4]; however, even with robust energy conservation and efficient measures, the non-renewable
nature of fossil fuels is not sustainable because it is finite. Furthermore, the incessant combustion
of fossil fuels to provide energy has some negative environmental impacts such as anthropogenic
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global warming, attributed to the emissions of greenhouse gases (GHGs). Among the GHG major
contributors is CO, whose atmospheric concentrations has risen by 1.3% to 33 Gigatons in 2018 [2].
In addition, NOx emissions are projected to increase due to the increase in coal-fired energy generating
operations. China currently depends on coal to meet about 70% of its energy requirements and coal
usage is projected to increase [5]. Coal processing used to generate energy pollutes the environment
with NOx emissions. Emission reduction technologies such as CO, capture and storage, selective
and non-selective catalytic systems have yielded less in terms of controlling global emissions largely
due to technology cost and deficiency in emission control commitment by stake holders [6]. In an
attempt to reduce the industrial emissions, several cleaner production technologies and good practices
such as re-engineering approaches, substituting toxic for less toxic and renewable inputs have been
recommended [7,8]. Alternatively, sustainable and renewable fuels (such as lignocellulose biomass)
can reduce toxic industrial emissions and meet the future global energy demands because they have
competitive energy capacity and low cost advantage [9,10]. Moreover, the policy implications of
implementing renewable biomass is high motivation for their development. Some policy implications
including competition between food, feed, and fuels can be greatly reduced if the increase in the
production of biomass for energy is balanced by agricultural management improvements and reliance
on perennial lignocellulosic biomass in degraded and marginal areas. In addition, major environmental
concerns such as biodiversity, quality of the soil and availability of water, need attention. This can be
achieved by choosing appropriate bioenergy systems and implementing enough land use planning.
Choosing suited biomass sources (such as using residual biomass like date palm waste and perennial
crops) can secure positive greenhouse gas (GHG) balances of bioenergy systems, while preventing
direct and indirect land use changes that cause high greenhouse gas emissions [11]. In the context
of emissions reduction, biomass co-firing can produce power output to 10% of coal plant and thus,
reduce CO, and NOx emissions by 10% or even higher [6,12]. In order to reduce the negative
effects such as price volatility and future availability arising from fossil-based feedstocks in chemical
and manufacturing industry, biorefineries are projected to be among the future chemical and energy
drivers [13]. The biorefinery concept relies on different renewable biomasses such as algal, lignocellulose,
and plant biomass. The varying and wide processing range of processing technologies and the physical,
and chemical properties of different biomasses remains a challenge to the fast development of
biorefinery technology [14]. In addition, there are challenges surrounding the design and optimal
development of biorefinery against market uncertainties [13]. Designing an optimal biorefinery against
market uncertainties has been reported, highlighting the advantages of lignocellulose over other
biomasses like algal biomass [13,15]. In addition, the economic risk and technical and conceptual
approaches have been quantitatively studied and factors such as choice of biomass raw material and
robust processing technology remain important for the development of an optimal biorefinery [14,15].
However, the existing operational biorefinery process technologies largely depend on copied processes
from oil refineries and this has some limitation on biorefinery competitiveness, actual long-term
environmental impact assessment, reduced profitability, and challenges to process some lignocellulose
biomass [14,16]. Thus, more research on different biorefinery feedstocks and processing approaches is
needed to bridge the uncertainties around the variance in physico-chemical properties and insufficient
knowledge on robust processing technologies of lignocellulose biomass. The fundamental questions
that have not been addressed are the utilization of different parts of the same waste to assess their
differences in terms of physical and chemical properties and their suitability to be configured in a
biorefinery model. Furthermore, studies of pyrolysis kinetic and thermodynamic parameters to predict
the reaction mechanism are still insufficient. This research aims to characterize a new biorefinery
candidate using simple and robust thermogravimetric analysis data to determine the pyrolysis kinetics
and thermodynamic properties of date palm lignocellulose waste biomass. The research outcomes
will also lead to the prediction of the reaction mechanism taking place during the pyrolysis involving
pseudo-chemical components such as hemicellulose, cellulose, and lignin.
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Lignocellulose biomass stores some of the solar energy in its tissues through photosynthesis and
this process guarantees carbon sequestration for a prolonged period [17]. The energy density of liquid
fuels from plants (47 MJ kg~!) is more than one magnitude higher than common rechargeable Li-ion
batteries (0.8 MJ kg~1) [18]. Lignocellulose biomass is regarded as a viable source for sustainable energy
due to its high energy density and wide global spread [18]. Researchers have reported on its prospects
to produce biomass-based energy on both small- and large-scales [19-22]. However, the differences
in the origin and period of growth can result in varying physicochemical properties of biomass [23].
Therefore, the cost of production is key to processing different biomass-based energy. Like conventional
energy crops (such as grasses), wood-based biomass waste requires no fertilizers during growth and
has no competition with nutritional or industrial consumptions, thus offsetting any production cost.
In addition, policies such as renewable fuel standards in the USA and the European rules on renewable
energy development favor bioenergy development, which will significantly reduce the cost of biofuel
production [24]. Different technologies such as direct combustion, fermentation, and pyrolysis are
used to exploit the energy resource stored in lignocellulose-based biomass. Among these technologies,
pyrolysis can convert biomass into three forms of biofuel: bio-oil, gas, and biochar [25-29].

Biomass pyrolysis involves complex and simultaneous reactions [30,31], attributed to the
differences in biomass type and pyrolysis conditions [32,33]. Understanding the pyrolytic response
of certain biomass is vital to optimizing its thermal conversion to desirable products. Such thermal
responses (conversion pathways and reaction mechanisms) are dependent on the kinetic and
thermodynamic profiles of the process [32]. General kinetic models on different lignocellulosic
biomass have been suggested [34,35]. However, developing accurate kinetic models to account for all
sub-reactions taking place, remains a challenge [36]. However, thermogravimetric analysis (TGA) can
provide a deeper understanding of the kinetics and reaction mechanisms of a pyrolysis process [37-39].
Using TGA data and different models to predict pyrolysis and kinetics properties of coal and other
biomasses like algae, lignocellulose, etc. have often been used. The single reaction model (SRM) is
the simplest among all models and this focuses on first order reactions. SRM is valid over a narrow
range of temperatures, hence its limited applicability [40]. Hence, other models like the distributed
activation energy model (DAEM) and model-free methods are famously used. The DAEM model
has practically been used for a single distribution of activation energy. However, due to multistage
reactions involved during pyrolysis, single activation energy distribution cannot be guaranteed [41].
Therefore, the model-free methods such as FWO, KAS, and Starink models have received attention.
The models have advantages such as the ease for the determinations of kinetic parameters and can
cover a wide range of activation energy over a wide range of temperatures without knowledge about
the reaction model [42]. In addition, model free methods can be used to calculate the activation energy
at varying heating rates at the same conversion value [43]. Despite the promising growing applicability
of the model free methods, a lot has been studied on coal solid fuels. Therefore, some assumptions
made during coal processing may not be valid for other feedstocks such as lignocellulose biomasses.
In addition, some model-free methods like KAS does not depend on isoconversion to calculate the
activation energy, but rather assumes a constant activation energy [43]. This means one model-free
method alone cannot be used to predict the reaction kinetics of biomass. However, the wide application
of the model free methods to mainly coal provides more opportunity for research on solid state kinetic
studies in many other renewable biomasses whose kinetic, thermodynamic, and physico-chemical
characteristics are known to vary depending on biomass type, period of growth, etc.

Recently, the pyrolysis of date palm waste was conducted extensively [44—46]. However, hardly any
reports on the non-isothermal kinetics and thermodynamics have been reported using the date palm
waste parts (DPWP). Therefore, this research utilized low-cost and locally abundant DPWP to model
non-isothermal pyrolysis kinetics. Furthermore, we proposed the application of free-model methods to
determine the kinetics, plausible reaction mechanism, and thermodynamic parameters for the pyrolysis
of these wastes.
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The DPWP considered in this research came from over 40 million date palm trees in the UAE,
which generate about 500,000 tons of non-edible waste annually [47]. Furthermore, waste from the
edible fruit of the date palm is also generated. For instance, at the UAE University farm (where raw
materials for this research were sourced), for every 1 kg of date fruits produced, 400 g of seed waste is
generated. However, we did not cover this type of waste due to the nutritional health values probably
attributed to such wastes. Currently, all the waste is used for low energy values such as art and craft,
and or burned, thus polluting the environment. This study is vital to understanding the kinetics,
thermodynamics, and reaction mechanism of pyrolyzing date palm waste. In the future, it could be
considered for biorefinery generation of bioenergy.

2. Materials and Methods

2.1. Sample Preparation and Determination of Physicochemical Properties

The DPWP (i.e., leaflet (L), rachis (R), fiber (F), and composite (M)) were collected from UAE
University Farm, Al Foah, in the UAE in June 2019, released from mature date palm trees (>10 years
old). The M sample was a bulk ratio of 0.5:2:0.6 for L, R, and F, respectively. The samples were
ground and sieved to a particle size of 180 um to aid effective heat transfer during pyrolysis. Then,
aliquots of the samples were analyzed using standard protocols to determine the moisture content
(ASTM E1755-01, 2007), ash content (ASTM E872-82, 2006), volatile matter (ASTM E871-82, 2006),
fixed carbon (ASTM D3172-07a), and high heating value (HHV) [48]. Experiments were performed in
triplicate. The ultimate analysis was determined by an automatic elemental analyzer (Flash EA1112,
CE Instruments). The inorganic elemental analysis was conducted on an inductively-coupled
plasma optical emission spectrometer (Varian 710-ES, USA) [49]. In brief, DPWP samples (5 g
each) were pre-homogenized with nitric acid (5 mL, 65%), hydrofluoric acid (2 mL, 40%), and DI
water (8 mL), followed by ultrasonication for 8 h at 90 °C (ANALAB steel ultrasonic bath, India).
The pre-homogenization stage helps in effective digestion with nitric acid where organic matter is
oxidized to CO, and NO, resulting in the formation of soluble nitrates with most elements that can then
be analyzed. The samples in the Nalgene vessel, placed in a 100 °C water bath, were kept under constant
stirring for 4 h until a homogeneous paste was obtained. The pre-homogenized DPWP (0.4 g) was
digested with nitric acid (4 mL, 65%) before being diluted to working concentrations before analysis.

2.2. Lignin and Carbohydrate Analysis

The extractive-free DPWP samples were analyzed for lignin and carbohydrate contents using
standard NREEL methods [50]. The extractives in DPWP were determined gravimetrically after Soxhlet
extraction (48 h) with ethanol and benzene (1:2, v:v) [51]. In detail, the soluble and insoluble parts of the
lignin were determined by digesting aliquots of L, R, F, and M (1.0 + 0.1g) each with sulfuric acid (4 mL,
72%) at 37 °C for 1 h. Further dilution with deionized water (DI) to achieve secondary hydrolysis
(3% sulfuric acid) was carried out in an autoclave at 121 °C for 1 h [50]. After filtration, the insoluble
lignin was obtained gravimetrically, whereas the liquid aliquot was used to obtain the acid-soluble
lignin and the carbohydrate. Using a Shimadzu UV-1800 UV spectrophotometer, the acid-soluble
lignin was determined at 205 nm and absorptivity value (110 Lg~! cm™1), following the TAPPI method
UM-250 [51,52]. Furthermore, the solubilized carbohydrate aliquot (1 mL) was diluted with DI water
to the mark of the volumetric flask (10 mL), followed by filtration using a 13 mm diameter syringe
filter with a 0.2 um pore size PTFE membrane. Soluble carbohydrates were quantified using HPLC
(two Hi-plex columns, 7.7 mm X 300 mm, Agilent Technologies 1260 Infinity, Santa Clara, CA, USA).

2.3. Thermogravimetric Analysis (TGA)

The pyrolytic properties of the DPWP sample were investigated using thermogravimetric analysis,
TGA (Q500 series, TA Instruments, New Castle, DE, USA). First, 6 + 1.0 mg of each DPWP was
equilibrated at 25 °C for 5 min before heating to 900 °C at heating rates of 10, 15, 20, and 25 °C/min
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under a N flow of 20 mL/min. While thermal decomposition proceeded to completion, the change in
weight was continuously recorded as a function of temperature and time.

2.4. Scanning Electron Microscopy (SEM)

The structural morphologies of the L, R, F, and M samples were observed using a JEOL Neoscope
JCM-5000, Tokyo Japan microscope following the method in the literature [53]. Before the scanning
electron microscope (SEM) examination, the samples were gold (Au/C)-coated using a vacuum spatter
fixed on the sample holder. The images were captured on a spot size of 40 using 10 kV.

2.5. Fourier-Transform Infrared (FTIR) Spectroscopy

To identify the possible differences in the functional groups on L, R, F and M samples,
Fourier transform infrared (FTIR) spectra were obtained with a Jasco FT/IR-4700, USA spectrometer.
The analysis was performed analogous to the literature methods within the spectral range of
4000-400 cm~! wavelengths using 32 scans and 4 cm™! resolution to the background spectra
recorded [54,55].

2.6. Non-Isothermal Kinetics and Thermodynamic Parameter Mathematical Modeling

Finally, the TGA data were further analyzed to calculate the non-isothermal kinetic
and thermodynamic parameters using the model-free equations of Flynn—-Wall-Ozawa (FWO),
Kissinger—-Akahila-Sunose (KAS), and Starink [56]. These model-free methods were chosen because no
previous knowledge of reaction mechanisms is required to determine the reaction kinetic energy [57].
We also estimated the pre-exponential factor (A) and thermodynamic parameters (enthalpy (AH),
entropy (AS), and Gibb’s free energy (AG)) [37]. The pre-exponential factor is heavily linked with the
kinetic equation and the activation energy. Therefore, to accurately determine A and to avoid the
introduction of unknowns, the equation used must involve a kinetics model [58]. Thus, the choice of
the FWO, KAS, and Starink model free methods for this research.

3. Results and Discussion

3.1. Date Palm Waste Parts (DPWP) Characteristics

The results of the proximate and ultimate analyses are shown in Table 1. The former gives details
of sample chemical composition and the latter gives the quantitative results of the organic elements
present in the samples. The low moisture and ash contents were important in the reactor configuration.
Additionally, the generally high volatile matter implies that all parts of DPWP were highly pyrolyzable
into biobased products. However, the samples exhibited common high oxygen content, low carbon to
hydrogen ratio, and no nitrogen and sulfur contents, which is characteristic of most lignocellulosic
biomasses. The high oxygen content remains a challenge to the full conversion of biomass on a
commercial scale. Furthermore, the proximate and ultimate analyses results were similar to those of
other energy crops such as Arundo donax (volatile matter = 68.4%, C = 42.7, H=7.5, O = 48.7) and
miscanthus giganthus (volatile matter = 78.8%, C =43.7, H= 5.7, O = 44.8) [59].

Table 1. Physicochemical analysis of date palm waste parts (DPWP) (dried basis).

DPWP Samples
Leaflet (L) Rachis (R) Fibers (F)  Composite (M)

Proximate analysis

Moisture content (wt.%) 730 +£0.2 6.72 +0.4 6.44 + 0.1 7.02+0.2
Volatile matter (wt.%) 7584 +0.01 78.62+0.04 77.40+0.01 76.64 +0.01
Ash content (wt.%) 12.71 £ 0.1 6.12 + 0.1 824 +0.2 6.56 + 0.4
Fixed carbon (wt.%) 712 +0.01 5.40 +0.01 9.02 + 0.02 6.24 + 0.01

Ethanol/benzene extractives (%)  29.00 + 0.6 21.07 £ 0.4 9.12 +0.1 22.03 £ 0.6
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Table 1. Cont.

DPWP Samples
Leaflet (L) Rachis (R) Fibers (F) Composite (M)

Ultimate analysis

C (%) 45.20 43.72 43.12 42.08
H (%) 6.00 5.80 5.81 5.62
O (%) 47.80 49.87 50.20 48.81
HHV (M] kg™1) 17.96 17.28 17.01 16.53
Insoluble lignin (wt.%) 19.02 +0.1 16.03 + 0.1 20.28 £ 0.4 18.20 + 0.2
Soluble lignin (wt.%) 1+£0.01 1+0.04 1+0.02 1+0.01
Glucan (wt.%) 21 +0.03 32 +0.01 33 +£0.01 30 £ 0.02
Xylan (wt.%) 11 £ 0.01 19 £ 0.01 17 £ 0.01 16 £ 0.01
Arabinan (wt.%) 2 +0.02 3+0.02 2 +0.01 3+0.01
Elemental Analysis (ppm)
K 33.0+0.6 289+ 0.6 30.8+£0.0 263 +04
p 109 +0.2 16.7 + 1.8 6.7+1.6 120+ 0.4
Ca 196.5 + 8.0 158.2 + 20 305.9 + 28 166.6 + 12
Mg 240+£22 21.4+£3.0 46.6 £ 8.0 21.2+£20
Na 87+23 11.5+1.4 26.5+3.6 93+1.6

3.2. Thermogravimetric Analysis (TGA)

Figure 1 shows the biomass isoconversion and differential thermograms (DTG) against the
temperature of each DPWP. All samples showed similar thermal degradation trends at all heating
rates. At <350 °C, the conversion curves increased slightly with temperature for all samples. However,
at >350 °C, the conversion curves changed in reverse order for all heating rates. The two distinct
trends signify a likely difference in the degradation chemistry of components under combustion,
below and after 350 °C. Below 350 °C can plausibly be associated with the thermal decomposition of
extractives, hemicellulose, and part of the cellulose contained in the samples. However, above 350 °C,
this higher degradation temperature is characteristic to the degradation of complex lignin. In addition,
the similarity in the conversion trends at all the heating rates indicate that the heating rate does not
influence the chemical transformation of the samples at specified temperature regions. Therefore,
a lower heating rate could be used to maximize the thermal conversion of DPWP to bio-products in
a biorefinery [31]. The DTG versus temperature curves showed similar trends among the samples.
All samples exhibited thermal hysteresis (i.e., the decrease in mass with an increase in temperature),
resulting in shorter reaction time. The observed thermal degradation patterns are prevalent in many
types of lignocellulosic biomass [60,61].

Tables 2 and 3 show the temperature range and major stages of weight loss associated with
the temperature regimes. The mass loss in Stage-I represents inherent moisture within both intra-
and inter-cellular void spaces of the biomass, whereas Stage-II represents the region of the main
thermal decomposition involving the release of volatile matter, mainly from hemicellulose, cellulose,
and lignin [62]. The average mass loss followed the order R > M > L > F. In Stage-III, the pyrolysis of
lignin, carbonaceous matter, and some char oxidation were observed [60,63]. The last stage represents
the charring process and ash formation. Using DTG from TGA data, the chemical kinetics of the
pyrolysis reaction can be predicted and described.
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Figure 1. The TG and DTG of (a) leaflet (L), (b) rachis (R), (c) fibers (F), and (d) composite (M) at heating

rates of 10, 15, 20, and 25 °C min .

Table 2. Characteristic temperatures associated with mass loss during the pyrolysis of DPWP.

Temperature (°C)

Heating Rate
cC min_l) Tmin T T, T3 Ty Tmax Tmin Ty T, T3 Ty Tmax
Leaflet (L) Rachis (R)
10 129 198 260 372 127 197 280 370
15 133 200 269 385 128 203 286 383
20 30 137 205 283 3sy 0 30 159 207 202 304 90
25 140 210 288 398 131 212 300 398
Fibers (F) Composite (M)
10 127 201 262 383 130 195 277 378
15 129 209 269 389 132 196 288 389
20 30 131 212 273 zo1 0 30 433 197 289 304 0
25 142 220 290 396 135 210 292 398
Table 3. Mass loss during the Stages I-III of the DPWP decomposition.
Heating Rate (°Cmin~1)
Stages Temperature (°C)
10 15 20 25
Leaflet (L)
Stage-I, WL% Tmin=T1 6.07 5.81 5.87 5.89
Stage-1I, WL% T1-Ty 58.39 63.48 63.01 66.98
Stage-III, WL% T4—Tmax 28.54 23.07 2346 20.0

Final residue at 900-100 °C (%) 7.0 7.64 7.66 7.13
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Table 3. Cont.

Heating Rate (°Cmin—1)

Stages Temperature (°C)
10 15 20 25
Rachis (R)

Stage-I, WL% Tmin—T1 5.92 6.32 6.54 5.80
Stage-1I, WL% T1-Ty 66.22 67.54 68.89 69.49
Stage-1II, WL% T4—Tmax 20.52 18.59 14.09 14.61

Final residue at 900-100 °C (%) 7.34 7.55 10.48 10.10
Fibers (F)

Stage-1, WL% Tmin=T1 6.63 5.96 6.96 5.89
Stage-1I, WL% T1-Ty 54.86 60.74 58.92 62.53
Stage-1II, WL% T4—Tmax 25.91 25.16 25.05 23.58

Final residue at 900-100 °C (%) 12.6 8.14 9.07 8.0
Composite (M)

Stage-I, WL% Tmin—T1 6.96 7.2 6.89 6.56
Stage-II, WL% T1-Ty 64.88 65.90 65.31 66.20
Stage-11I, WL% T4—Tmax 22.55 19.83 16.17 13.56

Final residue at 900-100 °C (%) 5.61 7.07 11.63 13.68

3.3. Micrographic Image Properties

Each DPWP was evinced for its characteristic structural morphology, observed at x1500
magnification. L showed a relatively regular cylindrical shape with irregular pore diameters (Figure 2A),
whereas R exhibited irregular structures mixed with spiral ring-shaped morphologies (Figure 2B).
Unlike L and R, the F sample had closed-end regular cylindrical rods with measurable external
diameter, with an average outer diameter of 94.81 um (Figure 2C). In Figure 2D, a clear representation
of M with both regular and irregular morphologies was observed. Generally, the SEM results inform
the co-pyrolysis synergy such as volatile matter release capabilities and the properties of the biochar
formed [64]. However, because the quantity of biochar left after TGA analysis was too small to be used
for replicate analysis, further SEM analysis was not performed.

3.4. FTIR Analysis of DPWP

Through the FTIR analysis of DPWP, we observed that all DPWP showed similar functional groups
with varying spectral intensities across the measured spectrum (Figure 3). The absorption bands around
1260-1034 cm™! were assigned to C-O-C and C-O bond stretching in the aryl ether groups present in
cellulose and lignin [40,41]. The spectral bands at 1649, 1527, and 1649 cm™! were attributed to the C=C
vibration of the aromatic ring, C-H bending, and C=C aromatic skeletal vibrations, respectively [41,42].
Furthermore, the bands in the range between 2371 and 2098 cm™! were characteristic of C=O stretching
present in the carboxylic, ketone, and aldehyde groups [42]. Whereas the spectral bands between 2925
and 2846 cm™! were assigned to the C-H stretching of the aldehyde and hydrocarbon groups [43].
Finally, the spectral in the region of 3900-3200 cm~! was due to O-H bond vibrations [42]. These FTIR
results were like those reportedly found in other biomasses [42,43].
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X500 : X500 50pm* -

Figure 2. Scanning electron micrographs of DPWP: (A) leaflet (L), (B) rachis (R), (C) fibers (F), and (D)
composite (M) at 500x magnification.

Transmittance (%)

T * T * T

4000 3000 2000 1000
Wave number (cm'1)

Figure 3. The Fourier transform infrared (FTIR) spectra of (A) leaflet (L), (B) rachis (R), (C) fibers (F),
and (D) composite (M) samples.



Energies 2020, 13, 6553 10 of 19

3.5. Analyses of Kinetic and Thermodynamic Parameters

The activation energies of each DPWP were calculated using the three model-free techniques of
FWO, KAS, and Starink. As illustrated in Figures S1-S3 (Supplementary Materials), the fitting of the
experimental data with the kinetic models for all DPWP showed similar linear trends.

Pyrolysis of biomass involves complex heterogeneous reactions, whose chemical kinetics and
reaction dynamics are influenced by many factors such as the activation energy (E«) and pre-exponential
factor [34]. Therefore, for each conversion, «, the activation energy (E«) was determined from the
corresponding slope of the model, while the pre-exponential factor (A) and thermodynamic parameters
were calculated using relevant equations [37]. Table 4 shows the results of the average values of E,
A, and thermodynamic parameters of L, R, F, and M. In addition, in a range of conversion (0.1-0.9),
the values of Ey, A, and thermodynamic parameters are shown in Tables S1-54. The correlation
coefficient, R? (for the regression lines in Figures S1-S3 for the models) were above 0.98 for all samples.
Therefore, the models described the data with 98% accuracy.

As shown in Table 4, the average activation energy values were lowest and highest in the
composite and fiber samples, respectively. Furthermore, in Tables S1-54, activation energies for all
the samples increased exponentially with increasing isoconversion. The trend for the dependency
of activation energy on conversion was linked to the pyrolysis of lignocellulose components in the
samples [65]. Irrespective of the model, at lower conversions, the activation energy was low due to the
thermal decomposition of hemicellulose and cellulose. Activation energy continued to rise at higher
conversions due to the pyrolysis of the lignin complex structure [65]. The FWO model evinced a lower
E« compared to those of the KAS and Starink, whose activation energies were similar. Specifically,
the M sample had the lowest activation energy values from the FWO model. However, the value
obtained by KAS and Starink were slightly higher than those for the R sample. This was possibly due
to the L and F contributions in the M ratio, whose activation energy by KAS and Starink was higher
than that of the M sample. Generally, the average E of all the DPWP from the FWO model was lower
than that reported for common biomasses such as rice husks (221.2 + 22.3 k] mol~!) and elephant grass
(218.1 + 26.4 k] mol 1) [60]. Moreover, the Ex of M (57.1 + 25.6 k] mol~!) by FWO was closely similar
to that of red algae (57.0 k] mol~!) [66]. We presumed that the difference in the E was plausibly due to
the variation in biomass type, growth conditions, and the biomass composition [36]. Activation energy
can be through molecular transition theory, where only molecules with enough kinetic energy can
overcome a reaction energy barrier threshold to react and form products. Furthermore, activation
energy can be due to transition state theory, which is the difference between the average energy of
molecules under reaction conditions and the average energy of all participating reactant molecules [67].
This implies that samples with low activation energy would easily be pyrolyzable. On this basis and as
representative of all other parts, the M sample was the most suitable sample for the pyrolysis of date
palm waste into bio-products.

Leaflet (L), rachis (R), fibers (F), composite (M), and the enthalpy, AH is a thermodynamic property
of state function arising from heat absorbed or released during a chemical reaction, often involving
chemical bond dissociation under constant pressure. Furthermore, Figure 4 shows the plot of enthalpy
change against the conversion rate of DPWP as determined by the FWO, KAS, and Starink methods.
All enthalpies calculated by FWO had similar values for all samples at all conversion conditions,
except at very high temperature (i.e., E = 0.9), where F and L AH was noticeably higher than that of R
and M samples. From KAS models, the L and F had close AH values until up to E« = 0.7 and beyond
this point, the AH values of F were higher than that of L. The R samples had the least AH followed by
M. Similar AH trend from KAS was observed in the Starink model except that the R evinced AH higher
than that of M.
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Table 4. The average activation energies and thermodynamic parameters of leaflet (L), rachis (R), fiber (F), and (d) composite (M) samples of DPWP determined by
three model-free methods.

FWO KAS Starink
prwe E/kJ mol—1 Log A AG/kJ AS/Jmol-1 Eo/kjmol-1  LogA (s71) AG/K] AS/J mol—1 E«/k] mol-1 Log A (s71) AG/i] AS/J mol-1
* (s mol~1 * 8 mol~1 “ 8 mol~1
L 163.97 £40.1 13.66 +1.2 193.77 +40.1 —0.068 +0.02 667.52 +225.8 56.36 + 8.1 186.51 £38.2 0.742+0.13  647.29 + 218.7 54.64 +7.8 186.67 +38.4 0.710 £ 0.13
R 15797 £25.7 2675+19  93.19 £ 209 0.201 £0.04 46346 +114.3 7643 £2.1 90.33 + 28.8 1.152 +0.04  451.08 £ 110.6 7442 + 19 90.40 + 28.8 1.114 + 0.04
F 169.14 £ 51.8 2691 +2.6 107.09 +45.1 0.183 £ 0.06  684.61 +261.2 107.08 +£3.6 99.29 + 34.9 1.625 + 0.1 663.92 +2253.7 103.86 = 3.5 99.38 + 34.9 1.568 + 0.09
M 157.04 £25.6 13.82+1.0 184.30+286 —0.054+0.02 466.78+1154 41.31+49 17891 +£27.3 0.467 = 0.08  454.22 + 128.6 29.54 + 6.9 180.58 +27.0 0.242 +0.12
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In addition, the relationship between E, and AH was investigated as shown in Figure 5. Little or
no difference between E, and AH was observed. This closeness indicates the formation of the
activation complex and insignificant additional energy that might be required to form the product [68].
For instance, petroleum fuels (such paraffin and naptha) have a broad range of carbon number
distributions with varying bond energies that might require higher energy at a wide temperature range
to break the intramolecular bonds [69]. Similarly, DPWP consists of fractions of hemicellulose, cellulose,
and lignin (lignocellulosic-based complex) with varying carbon number distributions. Therefore,
thermal decomposition of such a complex might involve varying bond dissociation energies at a
wide temperature profile, as we have observed. Moreover, all the samples” AH values were positive,
which signifies an endothermic pyrolysis reaction [70]. The L and M samples in Table 4 and Tables S1-54
for the FWO model showed negative entropy results. This means that the degree of disorder for
products was less than that of the reactants due to bond dissociations [37]. This also confirmed that the
bond dissociation of the reactants was attributed to the heat input into the system. Based on reaction
energy, the M sample required lower activation energy and enthalpy than other investigated DPWP.
By comparison, the average AG values of the rachis sample (R) were much lower by almost twice
the highest values of the leaflet samples (L) across all models. In addition, the AG values of R were
three times lower at lower conversions and almost twice as high as those of L at the same conversion
conditions. Based on the first and second laws of thermodynamics, the big AG values and small
AS suggests that the driving force between the L and M samples was a non-spontaneous reaction.
The range of the average AG values of DPWP for all models (90.33-193.77 k]/mol) were similar to those
reported with rice straw (164.594-180.143 kJ/mol), diary product (165.086-176.6 k]/mol), and chicken
manure (158.906-175.299 kJ/mol) [71]. The Gibb’s free energy gives more information on how favored
a reaction is to reach chemical equilibrium [72].
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Figure 4. The enthalpy changes of DPWP as determined by the (a) FWO, (b) KAS, and (c) Starink
model-free methods.
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Figure 5. Combined activation energies and enthalpies of DPWP for (a) leaflet (L), (b) rachis (R),
(c) fibers (F), and (d) composite (M) by three model-free methods.

3.6. Reaction Model Determination

3.6.1. Malek Method

The Malek method, expressed by Equation (1), is used to determine the probable reaction
mechanism involving heterogeneous reaction [73].

2000 = flog(o) = (5 13|22 )

where, (‘fi—‘;‘)“ is rate of reaction at a given conversion, «, and heating rate, 3, II(x) approximates

temperature integral profile and x = E«/RT«. The x values used were in a range of 5-20 and the
temperature approximation IT(x) function is defined by Equation (2) [74].

- x® +18x° + 88x + 96
x4 4 20x3 4 12023 + 240x + 120

(x)

)

The theoretical z(«) plots against « depend on f(«) and g(x) functions, whereas the experimental
z(or) values are determined for a specific value ‘fi—‘;‘, Ex and Ty using a known heating rate.
The known theoretical model functions give the basis of comparison with the experimental z(x)
master plots [34,57,75]. The best fit between the experimental and theoretical models gives the probable
biomass reaction mechanism.

Figures 54-57 show the results of the experimental z(cc) master plots and fitted model plots of
DPWP biomass waste, obtained using model-free methods.

The experimental and the fitted z(ct) master plots showed a similar trend in all samples for all three
model-free methods at all the studied heating rates. The correlation coefficient was between 0.8913 and
0.9664, which means that the model described the data with 89.13 and 96.64% accuracy. The best-fitting
trend followed the order of F > L > M > R at heating rates of 20, 20, 25, and 25 °C min~}, respectively.
The data were fit with polynomial curves of n = 4, implying a fourth order dimension Avrami-Erofeev
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model. This type of model is characterized by multidimensional nuclei and the random growth reaction
mechanism with a polynomial equation as ((g(e) = [— In(1 - o)] %) [76]. These random growths and
nucleation caused thermodynamic inhibition, leading to differing activation energies arising from

processes such as hydration and imperfections of the sample crystallite particle size [77].

3.6.2. Popescu Method

This is another common integral method that can be used to determine the mechanism of a
reaction. This is based on varying heating rates for conversion o at the same temperature and is defined
by Equation (3).

o da 1 (T 1
where o, and «;;, are conversion rates at corresponding temperatures T,, and T, respectively, whereas
k(T) is the reaction rate constant [76]. The method is dependent on the choice of T, and Tp,, and in an
experiment, the (I(T),,,) value is constant, irrespective of the temperature. Unlike the Malek method
that requires approximation of the temperature integral, the main advantage of the Popescu method is
that prior activation energy determination and assumption on temperature integral are not required,
thus, it exhibits superior accuracy in model prediction. However, the technique has a shortcoming:
in the case of a poor choice of T, and T}, it could lead to erroneous results. To minimize such errors,
a wide temperature range of Ty, T};, between 170 °C and 700 °C was considered to determine the
G(at),,, values at different heating rates. The ignition and burnout temperatures are often reported as
good guiding tools for the choice of T;; and T, [78]. Due to the lack of instruments to determine the
T, and T,; chosen were assumed to fall in the range of the DPWP ignition and burnout temperatures.

To determine the reaction mechanism, a linear plot of G(«),,,,, versus % with an intercept (I(T),,,)
passing through zero was made [79]. The plot with an intercept close or equal to zero and R? close or
equal to 1 describes the best possible reaction mechanism. Table S5 shows the linear fitting mechanism
functions by the Popescu method for different parts of date palm waste biomass. The FWO model-free
method showed better I(T),,,, results, with the trend as M > R > F > L. Furthermore, the KAS and Starink
models for all samples evinced excellent plots with reliable correlation coefficients, R?>. Additionally,
the G(«),,, versus % straight lines were dependent on the random nucleation and nuclei growth
mechanism as defined by the Avrami-Erofeev equation [80]. Therefore, the linear plot results of the
Popescu method suggest that all DPWP biomass follows the random nucleation and nuclei growth

mechanism defined by Avrami-Erofeev ((g(x) = [— In(1-«)] %)

3.6.3. Evaluation of the Reaction Model g(«x)

Finally, the compensation effect parameters were obtained by reconstructing the model numerically
with the predetermined Ex and A(«) from the model-free methods. Figure S8 showed a good linear
fitting of the experimental results to the equation of kinetic compensation effects (InA = aE + b).
We observed a high correlation coefficient of 0.95-0.99. This strong relationship between activation
energy and pre-exponential factor signifies the existence of kinetic compensation effects for the
combustion of L, R, F, and M, which is consistent with that suggested by the Avrami kinetic model [56].
Furthermore, the model was reconstructed using Equations (13) and (14) in a reference article [81].
Figure S9 shows the g(x)/g(0.5) remodeled from the experimental data and the chosen Avrami
mechanism function (n = 4). The experimental n values ranged between 4 and 5, with an average
value of 4.25 + 0.45 and an average correlation coefficient of 0.9917 + 0.01, for all investigated DPWP.
There was an overlap between the experimental data and the theoretical model curve. Similar results
were reported for the pyrolysis of reed canary [81].
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4. Conclusions

Non-isothermal kinetic and thermodynamic behaviors of different DPWP were studied at different
heating rates using model-free methods, and the following conclusions were drawn. All DPWP showed
good energy potential with high average total volatile matter and high heating value. The DPWP TGA
results revealed the main mass loss at Stage-II with the average mass loss trend of R>M > L > F at
127-398 °C. The lowest and highest activation energies were quantitated by the FWO model for M
and F, respectively. There was an observed strong relationship between the activation energy and
enthalpy, and the overall pyrolysis was endothermic. Regarding the chemical equilibrium, the KAS
model performed best, indicating the AG value trend of R > F > M > L. The reaction mechanism of
all DPWP was described by the Avrami-Erofeev model mechanism, characterized by random and
multidimensional nuclei growth. Additionally, kinetic compensation effects were observed for all
pyrolytic processes. Consequently, the high volatile matter, energy content, low energy barriers across
a wide range of temperature, and thermodynamic feasibility associated with the pyrolysis of DPWP
profess it as a viable energy-biomass candidate in the biorefinery. However, further examination on
how the proposed reaction mechanism happens is required. Future works may include pyrolysis of the
same waste parts in a tube furnace as a step forward to implementation in a biorefinery. Furthermore,
the results of this study will be used during the thermal chemical conversion of DPWP to high value
chemical precursors.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/24/6553/s1
Tables S1-S5 and Figures S1-S9 demonstrate the data that support the analysis and discussion in Sections 3.5
and 3.6 (kinetic, thermodynamic parameters and reaction mechanism).
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