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ARTICLE INFO ABSTRACT
Keywords: The study undertook the thermal degradation of a tropical grass species, Digitaria sanguinalis, in
Kinetics nitrogen (pyrolysis) and air (combustion) atmospheres through thermogravimetric analysis as

Model-fitting well as comparative kinetic investigation. The differential (Friedman) and integral (Flynn-Wall-

Zﬁfﬁ:{ﬁg als Ozawa and Straink) isoconversional methods in conjunction with the Coats-Redfern method were
. utilized. This was to obtain the kinetic parameters and also predict the probable reaction
Thermogravimetry

mechanisms involved in the decomposition process. Before the thermal and kinetic investigations,
the grass was analyzed for its physical, chemical, and structural properties utilizing diverse wet-
chemistry and spectroscopic techniques. This research attempt is part of a larger project designed
to investigate a couple of local grass species, which are invasive by nature, as potential energy
crops for pyrolytic and combustion applications. The grass had a fixed carbon content of 17.85%
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and a calorific value of 13.7 MJ kg’l. The fatty acids detected were from C12 (lauric acid) to C24
(lignoceric acid), with the three most abundant being palmitic (94 mg/g extract), linoleic (27 mg/
g extract), and oleic (19 mg/g extract) acids. The average residual weight in air (25.3%) was
relatively less than in nitrogen (38.7%), affirming the higher rate of reaction in an oxidative
process (combustion). The activation energy profiles in both atmospheres were markedly
different, as shown by the Flynn-Wall-Ozawa technique for a conversion ratio of 0.1-0.2 (nitro-
gen, 149 kJ/mol; air, 177 kJ/mol) and 0.65-0.8 (nitrogen, 366 kJ/mol; air, 170 kJ/mol). Of all
the models tested, the model-fitting technique indicates that the chemical reaction and diffusional
models play predominant roles in the thermal decomposition of the grass under investigation. The
thermal degradation of Digitaria sanguinalis proceeded mainly as complex multi-step reaction
mechanisms. Aside from the potential suitability of the grass species for bioenergy applications
and biofuels production, it also demonstrated huge capability for biochemical extraction. Future
work will incorporate the kinetic data for the associated thermochemical processes development,
and the design and optimization of reactors/combustors.

Nomenclature

Abbreviations

A pre-frequency factor (min~')

ccr cellulose crystallinity index (—)

C carbon content (wt%)

E, apparent activation energy (kJ/mol)
FC fixed carbon (wt%)

f(a) integral decomposition model (—)
HHV higher heating value (MJ/kg)
LOI lateral order index (—)

M" molecular weight (m/z)

N reaction order (—)

N nitrogen content (wt%)

RT retention time (min)

R universal gas constant (8.314J /mol -K)
S/G syringyl/guaiacyl ratio (—)

TCI total crystallinity index (—)

T, peak temperature (°C)

T time (min)

T temperature (K)

VM volatile matter content (wt%)

w weight at temperature T (%)

Ww; initial weight (%)

Wy residual weight (%)

wt% weight percentage

Greek Symbols

a conversion ratio (—)

B heating rate (°C/min)

Latin Symbols

(0] diameter

1. Introduction

An attempt to mitigate the adverse effects of global warming and climate change occasioned by overdependence on fossil fuel has
led to an insatiable quest for alternative and renewable energy resources [1,2]. Lignocellulosic biomass is a critical resource in the
renewable energy spectrum because it is carbon neutral, abundantly available as residues, and has a wide geographical reach. A variety
of biomass types which includes agricultural residues [3], woody materials [4], algae, and municipal solid wastes [5], have been
explored as feedstock materials for bioenergy production. Of recent, however, researchers have shown keen interest in studying some
grass species for bioenergy and biofuels applications because of their short growth duration, ease of harvest and processing, low
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maintenance requirement, and significant contribution to CO, emission reduction [6].

Digitaria sanguinalis (DS), also known as crabgrass, is an important grass that belongs to the Poaceae family [7]. DS undergoes an
annual growth cycle and has been reported to be prolific in seed-bearing and reproduction [8]. In addition, it thrives well in both the
temperate and tropical regions; though, it is regarded as an invasive weed that competes for water, air, and nutrients. Generally,
grasses could be supported by varied weather conditions, low-fertility soil, and low-water requirements. It is also noteworthy that DS is
a C4 plant that has a particular advantage of absorbing CO3 and converting solar energy to chemical energy through the C4 photo-
synthesis pathway [6]. This is the most efficient pathway to photosynthesis because it maximizes COs fixation. Thus, facilitating the
production of organic compounds in lignocellulosic biomass. The cultivation of DS would promote the reversal of global warming
through its carbon sequestration prospect. Hidayat et al. [6] observed that an efficient CO, fixation is a vital factor in choosing an
energy crop. Despite the promises that DS holds, the exploration of grasses for biofuels applications is still in its infancy. With the
prolific and invasive nature of grasses, this study is part of a larger research endeavor to investigate the suitability of some local grass
species as a potential feedstock for thermochemical conversion processes.

The recalcitrant nature of lignocellulosic biomass makes them more amenable to thermochemical conversion techniques. As a
result, the thermal means (e.g., combustion [9], torrefaction [10], and pyrolysis [6]) have become the most prominent in the bioenergy
sector. The commonest means are pyrolysis [4,6], which occurs in an oxygen-lean environment, and combustion [9,11], which is
essentially an oxidizing process. Most often, pyrolysis is used for the extraction of chemicals and biofuels such as syngas, bio-oil, and
biochar. Syngas and bio-oil can be deployed for energy recovery because of their relatively high heating values, while bio-oil can be
processed into transportation fuels and other biochemical products [12]. Biochar can be used for soil amendment and purification
purposes, as well as fuel [12]. Furthermore, lignocellulosic biomass is often subjected to combustion or co-firing for electricity gen-
eration and heat recovery purposes [13]. Though the early stages of pyrolysis and combustion processes have similar characteristics,
each process still follows different chemical reaction pathways; and decomposition mechanisms — leading to distinct reaction kinetics.
Wu et al. [12] studied the kinetics and reaction chemistry of the pyrolysis and combustion of tobacco waste in TGA experiments at five
different heating rates. They observed distinctive reaction mechanisms for both processes. They reported that, though the first stage of
both processes was similar, pyrolysis had one additional decomposition stage. The study concluded that the effective activation en-
ergies for the combustion process was relatively lower. Mlonka-Mgdrala et al. [14] investigated the effect of biomass particle size on
the pyrolysis and combustion of three different lignocellulosic biomass resources in a TG GC/MS analysis. They concluded that particle
size variation influences the activation energy significantly during combustion but marginally during pyrolysis. A comparative study
was conducted to examine the combustion and pyrolysis behaviors of peanut shells in air and nitrogen through a TG/DSC analysis. It
was observed that the thermal performance parameters were comparatively higher in the air experiment [15]. They also noted that the
temperature that represents the end of the reaction varies significantly for both atmospheres.

A heterogeneous lignocellulosic biomass feedstock consists of a complex matrix of low-molecular organics, macromolecular
polymers, and inorganics [16,17]. The origin, species, and feedstock type determine the biomass structure and composition, which
influences the biomass thermal decomposition and the subsequent char formation and volatile release. According to Hidayat et al. [6],
grass plants consist of loosely bound fibers with a lower proportion of lignin components relative to woody resources. Apparently, this
has the capacity to influence the decomposition pathway and product yields during thermal decomposition processes. Concerning the
effects biomass composition on decomposition kinetics, it was shown that among Miscanthus, acacia, and pine samples, Miscanthus
giganteus, a grass species, had the highest activation energy [13]. This was attributed partly to the temperature dependence of the
chemical and pore structure variation [13]. Karampinis et al. [18], in a comparative thermal study of Greek lignite and five different
energy crops, namely, cardoon, Miscanthus, Paulownia, willow, and poplar, observed significant variations in the values of the acti-
vation energy for the respective polymeric constituents. They also concluded that Miscanthus and other wood samples had a relatively
higher char reactivity. The bulk of the bioenergy-related investigation done on different grass species focused on their
physico-chemical and structural characterization [6,19]. There are limited attempts at undertaking comparative kinetics modeling and
the thermal decomposition of grass species in air and inert atmospheres. It is essential to understand the decomposition process to
achieve efficient reactor design and successfully undertake the modeling and optimization of the associated thermal processes. Again,
the kinetic data could be incorporated as sub-models in transport phenomena investigation for a much larger scale project.

It is vital to combine experimental analyses with modeling to understand decomposition mechanisms and reaction kinetics.
Biomass decomposition processes are often captured by kinetic modeling; particularly, when it involves negligible thermal gradient
effects and slow heating rates. Kinetic models are reputed for their simplicity and strong predictive capability. Furthermore, they are
fitted to thermogravimetric analysis (TGA) data for the evaluation of the kinetic parameters, which are subsequently utilized for
simulation. The mathematical procedure employed in obtaining solutions requires two essential techniques - model-free (isoconver-
sional) and model fitting. In the model-free technique, the knowledge of the reaction mechanism is not necessary and obviates the need
for the decomposition model in the rate equation. Though it relatively simplifies kinetic analysis, it excludes information on the re-
action scheme. It also requires multiple TGA measurements at different heating rates. Lopes et al. [20] undertook the kinetic inves-
tigation of guarana seed residue using an iso-conversional method and affirmed that activation energy varied with conversion in both
pyrolytic and oxidizing environments. Onsree et al. [4] studied the pyrolysis behavior and kinetics of corn residue pellets and
eucalyptus wood chips in a macro TGA deploying an integral model-free algorithm of FWO. They noted that the activation energy
obtained was about four times lower than those in a typical TGA experiment. Balogun et al. [21] investigated the kinetics of the
thermal decomposition of brewer’s spent grains utilizing the model-free techniques and concluded that it proceeded as a multi-step
mechanism process. On the other hand, the model-fitting method requires foreknowledge of the reaction mechanism to obtain a
precise decomposition model. In this case, the kinetic parameters are evaluated by choosing a model of best-fit from a couple of
decomposition models fitted to TGA data. The major merit is that the reaction model choice gives an understanding of the possible
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decomposition mechanism. A commonly utilized model-fitting method is Coats-Redfern (CR) integral technique. Almazrouei and
Janajreh [22] deployed two model-fitting approaches, namely, direct differential and CR methods, to deduce the non-isothermal
kinetic parameters of the pyrolysis of pure and crude glycerol. The techniques present distinctive activation energy values for the
samples under investigation. Masnadi et al. [23] analyzed the kinetics of solid fuel pyrolysis using CR technique and concluded that the
model identified the probable reaction mechanisms and activation energy values at different pyrolysis stages.

Relatively, the exploration of different grass species for bioenergy purposes is in its early days, particularly in Nigeria, and this is
one of such attempts. Again, much of the thermal degradation studies have focused on either pyrolysis [4,6] or combustion [9,11] of
varied biomass residues. There is still scarce research efforts in comparing the thermal behavior of biomass residues in pyrolytic and
oxidizing environment [12]; in fact, much less have been explored for tropical grass species [13]. Furthermore, there is limited study
that compares the kinetic analysis of biomass thermal decomposition based on model-fitting and model-free methods. Therefore, the
primary objective of this study was to conduct the thermal decomposition of a tropical grass, DS, and undertake its kinetic analysis
through a model-fitting and an isoconversional approach. The DS sample was characterized through proximate and ultimate analyses,
Fourier Transform Infra-Red Spectroscopy (FTIR), and X-ray diffraction (XRD). In addition, it was thermally degraded through
thermogravimetric experiments under Ny (pyrolysis) and air (combustion) environments.

2. Material and methods
2.1. Materials

The DS grass was obtained in an open field (8°7'14”N; 5°4'56”E) within Landmark University premises in June 2020. Initially, the
grass was air-dried for 2 weeks. After, it was oven-dried at 70 °C for 24 h for ease of pulverization. The sample was ground in a ball mill
and sieved into particle sizes ranging between 0.6 and 1.18 mm using a mechanical sieve. The 0.6 mm screened particles were used for
characterization and TGA.

2.2. Biomass characterization

A Parr oxygen bomb calorimeter (model 1261) was used to obtain the HHV of compressed DS (1.0 g, 6 mm @ using a Carver
laboratory press at 68 MPa) in accordance with ASTM D5865-04. The DS ash, VM, and FC contents were determined by proximate
analysis according to ASTM E870-82. The elemental analysis was performed on a Costech ESC 4010 instrument to obtain C and N
contents.

The DS sample (4.0 g) was Soxhlet extracted using CH5Cly (150 mL) for 16 h, and the extractives content was determined
gravimetrically, according to ASTM D1108-96. The extract was analyzed for lipid profiles as fatty acid methyl ester (FAME) derivatives
after acidic methanolysis [2 mL of CH30H/H2SO4/CHCl3 (1.7:0.3:2.0 v/v/v) at 90 °C for 90 min]. This was followed by gas
chromatography-mass spectrometry (Thermoscientific ISQ-Trace1300; Phenomenex ZB5 30 m x 0.25 mm column; 40 °C (1 min) to
280 °C at 5 °C min 1) analysis [24]. The extractive-free DS (200 mg) was analyzed for lignin and carbohydrate contents by hydrolysis
in HySO4 (2 mL, 72%) for 60 min at 30 °C, followed by secondary hydrolysis (4% H2SO4, 30 min, 121 °C) in an autoclave (ASTM D
1106-96). The Klason lignin content was determined gravimetrically after filtration. The acid soluble lignin was determined at 205 nm
of the filtered hydrolysate (250 mL) using an extinction coefficient of 110 L g~ cm™! (Genesys 50, Thermoscientific). The carbo-
hydrate analysis was performed on the hydrolysis filtrate (5 mL) according to ASTM E 1758-01. The monosaccharides were quantified
by HPLC (two Rezex RPM columns, 7.8 mm x 300 mm, Phenomenex) at 85 °C on elution with water (0.5 mL min~ 1) using differential
refractive index detection (Waters model 2414). All analyses were performed in duplicate.

The FTIR spectroscopy was performed on an iS5 spectrometer (ThermoNicolet) in the single bounce attenuated total reflection
(ATR) mode (iD5, ZnSe). The lignin S/G ratio was determined from the relative band intensities at 1462 and 1508 cm L. The cellulose
crystallinity in terms of TCI was calculated from the relative band intensities at 1430 and 897 cm! [25]. The cellulose LOI was
determined from the band intensity ratios at 1430 and 897 cm ! [25]. The XRD was done on a Siemens D5000 diffractometer (26 from
5 to 50° with steps of 0.2°). The diffractogram was peak fitted using Origin software before the determination of the CCI = 1 -
(Iam/T002), where Ly, is the intensity of the peak at 20 = 15° and Ip3 is the maximum intensity of the (002) plane diffraction at 20 = 22°)
[21].

2.3. Thermal decomposition through TGA

A biomass sample with an initial mass of 5.4 + 0.29 mg was subjected to heating measurements in a PerkinElmer TGA-7 instrument
under N; and dry air atmospheres at a flow rate of 30 mL min~'. The heating temperature was ramped up from ambient conditions
(28.9 £+ 0.92 °C) to 900 °C at different heating rates (5, 10, 20, and 50 °C min’l), and the data obtained were analyzed using the Pyris
v11 software.

2.4. Kinetic modeling

A one-step global kinetic model for solid-state decomposition in an isothermal condition is expressed as a rate equation (Eq. (1))

[4].
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4 tew <7) f(@) &
while the conversion degree is given as Eq. (2) [26].
W —-W;
= 2
a W, =W, (2)

At constant linear heating rate, = dT/ dr therefore for dynamic heating condition, Eq. (1) yields Eq. (3) [4].

2 _4 _) f(@) ®)

2.4.1. Coats-Redfern method
The temperature-rate differential equation in Eq. (3) can be integrated by separation of variables to obtain a temperature integral
function (Eq. (4)) [27], which is not amenable to an analytical solution.

a7, (4)
gla)= Of(a)fT/ﬂexp dTr (C))

Eq. (4) reflects the reaction mechanism associated with the solid-state decomposition and a number of such models is presented in
Table 1. The logarithmic transformation of Eq. (3) alongside Eq. (4) gives the popular CR model for the determination of the kinetic
parameters, as shown in Eq. (5) [11].

sl | AR(| RT\ E
ln< Tz)_lnﬁE(l 2E> RT %)
The plot of the left-hand side of Eq. (5) against the reciprocal of temperature yields approximately a linear curve from whose slope
the activation energy can be deduced. It is assumed that RT < E; therefore, the pre-frequency factor can be evaluated from the

intercept (intercept = ln%> .

2.4.2. Differential Friedman (DFM) method
If the natural logarithm of Eq. (3) is taken, it yields Eq. (6), which is popularly referred to as differential Friedman’s kinetic model
[29,30].

da da E
In {E} =In {ﬂ (ﬁ)} =In[Af(a)] — RT 6)
In Friedman’s relation the conversion function, f(«), is assumed constant. This implies that the solid-state decomposition is

essentially dependent on the mass loss rate and independent of the temperature. The linear plot of In {%} against 1 is generated for

Table 1

Empirical correlations for g(a) on different reaction mechanisms [11,28].
Mechanism model ga)
Power law (n =1, 2, 3) al/n

Nucleation reaction models

Avarami-Eroféve (n = 1.5, 2, 3) [=In(1 — )]/

Contracting sphere 1-(1-a)'?

Contracting cylinder 1-(1-—a)®
Diffusional models

1-D diffusion a?

2-D diffusion (@ —a) xIn(l —a)]+a

3-D diffusion-Jander 1-@1-a)P

3-D diffusion-GB 1- % - a)2/3
Chemical reaction models

1st order —In(1 —a)

n" order 1-1-a"/Q -n)
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different heating rates and the activation energy is determined from the slope <slope = — %) . Itis important to note that the use of the

derivative conversion data makes DFM prone to noise sensitivity and numerical instability. Therefore, caution must be exercised in the
data interpretation [28].

2.4.3. Flynn-Wall-Ozawa (FWO) method
The FWO model takes the apparent activation energy to be constant during the thermal decomposition process and engages Doyle’s
relation to approximate the temperature integral function. Taking logarithm of the integral function and inserting Doyle’s approxi-
mation yields Eq. (7) [24,30].
E E
1 =log| A—— | —2.315 - 0.4567 — 7
e (705 RT @

A plot of log 8 against 1 for different heating rates produces straight lines. Again, the activation energy can be evaluated from the

slope of the lines as (slope = — 0.4567 ﬁ)

2.4.4. Starink (STK) method
The Starink method is based on the optimization of two isoconversional methods; namely, FWO and KAS, and it is expressed as Eq.
(8) [31].

p E
In <W) =C, — 1.0008 (®)

A plot of In (T{—’QZ> against the reciprocal of temperature generates linear curves and the activation energy can be computed from

their slopes. It was noted that the Starink’s model presented an accuracy of an order of magnitude higher than the FWO and KAS.
3. Results and discussion
3.1. Characterization of DS

The results of the elemental, proximate, ultimate (ash, extractives, lignin, and carbohydrate), and calorific value analyses of DS, are
given in Table 2. The DS sample contained 34% C, 2.5% N, and 4.4% ash. These elemental results are clearly in the range for
lignocellulosic biomass materials. The ash content was 45% lower than that reported by Sultan et al. [32]. An estimated protein
content of 15.6% was obtained and was higher than that reported by Sultan et al. [32] and Lee and Lee [33]. A FC value of 17.85%
obtained from this study was found comparable to the values reported for Napier grass [34]. The HHV value obtained for DS was 13.7
MJ kg’l, and it is about 25% lower than that published by Lee and Lee [33]. An extractives (lipid) content of 1.7% was obtained and in
the range (1.0-3.8%) for grasses [35]. Klason lignin content of 14.2% was noted and slightly higher than what was reported in
literature for DS (8.3-13.9%) [33]. The Klason and acid-soluble lignin contents were comparable to that of Napier grass [36]. The
detailed carbohydrate analysis showed mainly glucan (43.6%) and xylan (20.1%) together with arabinan and galactan. The total
carbohydrate value (hemicellulose + cellulose) agrees with data from existing literature [33]. Some of the variations observed in some
parameter values may be due to differences in the climatic, geographical, agricultural practices, and soil nutrient availability.

Table 2

Proximate, ultimate and calorific value analyses of Digitaria

sanguinalis.
Parameter DS
VM (wt%) 71.48 + 0.38
FC (wt%) 17.85 + 0.83
Ash (wt%) 4.40 £ 0.20
HHV (MJ/kg) 13.70 £ 0.20
CH,Cl, extractives (wt%) 1.70 + 0.01
Acid soluble lignin (wt%) 3.30 + 0.51
Klason lignin (wt%) 14.32 +£ 0.10
Total lignin (wt%) 17.62 £+ 0.62
C (wt%) 34.00 + 0.30
N (wt%) 2.50 £ 0.03
Protein (N * 6.25) (wt%) 15.62 + 0.16
Glucan (wt%) 43.57 + 2.80
Xylan (wt%) 20.10 + 1.40
Galactan (wt%) 3.10 = 0.50
Arabinan (wt%) 6.30 + 0.30
Total Neutral sugar (wWt%) 73.07 + 5.00
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The fatty acid profile of DS was determined as FAME derivatives and given in Table 3. The fatty acids were from C;2 (lauric acid) to
Ca4 (lignoceric acid) with the most abundant being palmitic acid (94 mg/g extract), followed by linoleic (27 mg/g extract) and oleic
(19 mg/g extract) acids. Garton [37] found fatty acids from Cj4 to Cy in cocksfoot and rye grasses, while Mir et al. [35] found only
palmitic, linolenic, oleic, and stearic acids in three forage grasses.

The XRD analysis of DS (Fig. 1a) showed a typical diffractogram of cellulose I with 26 peaks at 15° and 22°, which were assigned to
the planes of (101) and (002), respectively [21]. The CCI was determined as 0.375, and it is slightly higher than that reported for
Napier grass (0.327) [36]. The sharp peak at 26.8° was assigned to quartz (silica) [38,39]. This same trend has been observed in the
literature [40]. The peak at 28.5° was tentatively assigned to sylvite [41].

The FTIR spectroscopy was used to obtain nondestructive chemical information on DS (Fig. 1b). The infrared band assignments
outlined in Refs. [29,42] were used for peak identification. A broadband around 3300 cm ™' was assigned to O-H stretching in
polysaccharides and lignin. The band around 2919 cm ™! was assigned to C-H stretching from aliphatic structures, while the carbonyl
absorption band around 1740 cm ™! was assigned to acetyl and uronic acid groups in xylan. The presence of lignin was confirmed by the
distinct bands at 1518 and 1604 cm ™! assigned to aromatic skeletal vibrations. The broadband centered around 1036 cm ™! was
assigned to C-O stretching mainly due to cellulose, hemicellulose, and lignin.

The cellulose crystallinity is a key factor in the degradability of biomass. The cellulose structural information was determined from
the TCI (crystallinity) and LOI (cellulose I) measurements as 0.73 and 1.03, respectively. These were different from the values noted for
Napier grass (TCI - 1.25 and LOI - 0.53) [36]. In addition, the LOI obtained in this study for DS was higher relative to sorghum residue
(LOI - 0.75) [29]. The S/G ratio significantly influences lignin properties, such as reactivity and glass transition temperature [43]. The
lignin S/G ratio in DS was estimated as 1.1, which was comparable to agricultural straw soda lignin at 1.05 [43]. It is noteworthy that
Sun et al. [44] reported S/G ratios of 0.92 for switchgrass and 1.1 for maize by Raman spectroscopy.

3.2. Thermal decomposition characteristics of DS at different heating rates

Fig. 2a and b presents the TG and DTG curves for the thermal decomposition of DS in N, and air atmospheres, respectively, at
different heating rates. Table 4 gives the data on critical peak temperature and resultant residues in the thermal process.

The plots show that both inert and oxidative DS thermal degradation follows a similar trend. Generally, the thermal decomposition
of lignocellulosic biomass involves dehydration (I), devolatilization (II), and char formation/solid decomposition (III) stages, as clearly
depicted on the thermograms. In both scenarios, the first main DTG peak appears below 100 °C, which corresponds to less than 5%
weight loss. This may be attributed to moisture evaporation. Next is a barely visible shoulder at around 230 °C, and it is traditionally
assigned to hemicellulose decomposition [45]. It is noteworthy, however, that the imperceptibility of this peak could be as a result of
the overlapping of the thermal degradation of hemicellulose and cellulose components. This is closely followed by the highest peak in
the thermal process at a temperature between 270 and 360 °C. Whereas some consider this a representation of the simultaneous
decomposition of hemicellulose, cellulose and lignin constituents [11,31], others view it as an indication of cellulose degradation
mainly [45]. The latter view is supported by the assertion that at temperatures above 250 °C, cellulose completely degrades in a rapid
manner leading primarily to char formation [46]. It is noteworthy, however, that stage II represents a significant region, where
hemicellulose and cellulose are predominantly degraded. Before the maximum peak, between 140 and 210 °C, a weight loss of less
than 1% is observed. This may be due to the liberation of some low-molecular organics that are easily degradable [47]. A minor peak
emerges at the wake of the decomposition trail around 600 °C. It has been reported that this may be indicative of the decomposition of
lignin strongest bonds and/or thermal cracking of some residual organic compounds formed from the previous primary reactions [29,
31]. Onsree et al. [4] essentially reported a similar trend in terms of the stages of decomposition at different temperature regimes. The
temperature variation observed may be due to the fact that the thermal decomposition process was done in a macro TGA. Significantly,
the thermograms for both N and air atmospheres reveal a marginal variation in the residual weight with respect to the heating rate
(Table 4) - a pointer to the fact that the weight loss trend is largely independent of the heating rate.

Furthermore, as the heating rate increases, the weight loss rate peaks shift to higher temperature as well as increase in height in
absolute terms. For example, for the maximum peak, under Ny, the peak temperatures (height), and the heating rate, respectively are

Table 3

Fatty acid profile of Digitaria sanguinalis extract.
FAME RT (min) M" (m/2) DS (mg/g extract)
Lauric acid (C12:0) 24.15 214 2.80
Myristic (C14:0) 28.69 242 3.10
Pentadecanoic acid (C15:0) 30.79 256 2.99
Palmitelaidic acid (16:1) 32.31 268 7.67
Palmitic acid (C16:0) 32.83 270 93.5
Heptadecanoic acid (C17:0) 34.83 284 6.65
Linoleic acid (C18:2) 35.84 294 27.2
Oleic acid (C18:1) 36.00 296 18.9
Stearic acid (C18:0) 36.54 298 9.26
Arachidic acid (C20:0) 40.00 326 7.78
Behenic acid (C22:0) 43.14 354 16.5
Tricosanoic acid (C23:0) 44.82 368 3.23
Lignoceric acid (C24:0) 46.85 382 12.8




A.O. Balogun et al.

(a)

Intensity(a.u.)

(b)

R’=93.13

Case Studies in Thermal Engineering 26 (2021) 101138

3000 2000 1000
Wavenumber (cm')
Fig. 1. (a) X-ray diffractogram and (b) FTIR spectrum of Digitaria sanguinalis.
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Fig. 2. Plots of thermal decomposition of DS in (a) Ny and (b) air atmospheres.
Table 4
Thermal characteristics of DS decomposition under N5 and air atmospheres.
Ny Air
B (°C min~1) T, (°C) DTG (%/min) W; (%) T, (°C) DTG (%/min) Wy (%)
5 43.6 —0.52 38.1 57.2 —0.46 24.6
321.9 —2.64 285.3 —2.80
447.0 -1.35
608.5 —0.12 625.3 —0.07
10 51.7 -0.87 38.9 56.04 —0.83 25.3
332.9 —5.15 295.5 —5.48
459.0 —2.96
623.1 —-0.25 637.2 -0.12
20 70.6 —1.58 38.0 71.9 -1.51 25.3
345.9 —10.69 306.2 —11.48
465.0 —13.09
641.9 —0.46 658.6 —0.26
50 82.5 —3.48 39.7 89.0 —3.45 26.0
358.8 —26.22 316.8 —116.6
445.8 —-37.2
663.3 —1.05 686.0 —0.46
Average 38.7+0.7 25.3+0.5

321.9 °C (2.64%,/min), 332.9 °C (5.15%/min), 345.9 °C (10.69%,/min), 358.8 °C (26.22%,/min) and 5, 10, 20, 50 °C min~'. A probable
explanation could be that the rapid rates that characterize higher heating rates lead to heat transfer limitations and cause high thermal
gradients within the DS sample; consequently, the decomposition temperature are pushed to higher values [47].
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Specifically, the residual weight after thermal degradation for the air atmosphere (average of 25.3%) is comparatively less than that
of Nj (average of 38.7%). This is in agreement with findings from published literature [47]. It should be noted that the air atmosphere
is an oxidative environment (combustion) with a relatively higher rate of reaction. Therefore, a higher decomposition rate is not
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Fig. 3. Plots of linear curves for DFM, FWO, STK models in (a) N, and (b) air environments.
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unexpected. Furthermore, it is observed that there was a minimal variation in the peak temperature, T}, for the corresponding stages of
degradation for both scenarios except for the maximum decomposition stage at 50 °C min ™. At this heating rate, the DTG peak for air
and Nj environments respectively reads —116.6 and —26.22%/min. Notably, under air, a prominent peak protrudes at about 450 °C as
against a shoulder under N2. This agrees with published data [14]. These observations could suggest a thermal degradation phe-
nomenon that is related to the combustion of char residues because it has been opined that char formation is predominant in the latter
stage of oxidative degradation processes [11,48].

3.3. Kinetic modeling

3.3.1. Model-free technique

The linear curves obtained by the application of DFM, FWO, and STK models under inert and airflow conditions, respectively, are
depicted in Fig. 3a and b. The plot was restricted to a conversion ratio, a, (0.1 < a < 0.8) because it spans the region where chemical
reactions are predominant, and kinetic models are more likely to provide good approximations. It is shown that the application of the
isoconversional models to the data of the inert environment has a strong correlation nearly over the entire conversion range with the
coefficient of determination, R2 > 0.9, for a conversion ratio of 0.1-0.7. On the contrary, there was poor correlation mid-way into the
conversion (above o > 0.4) for the oxidizing environment so that the models provide good approximations only for the first half of the
conversion. There have been a couple of reasons adduced for the parallel nature or otherwise of the linear plots. Alvarenga et al. [49]
noted that the non-parallelism exhibited in the kinetic study suggests a change in the reaction mechanism at higher decomposition
temperature. It was also observed that poor correlations of the linear plots may be due to the heterogeneous character the solid assumes
at the latter stages of decomposition [50]. The reaction mechanism at this stage involves a complex interplay of secondary reactions,
diffusion, and in-situ catalysis of metals.

Fig. 4a and b shows the variation of apparent activation energy, E,, with conversion ratio, o, for the three isoconversional methods.
Similarly, Table 5 shows the E,, o, and coefficient of determination, R? data. The « is within the limits of 0.1-0.8 with an increment of
0.05. There is an apparent distinction between the trend shown for the inert and oxidative conditions. In the inert situation, the three
methods show closely similar trends particularly the FWO and STK, which were based on the temperature integral approximation in
the kinetic rate model. On the other hand, DFM is a differential method that is devoid of the oversimplified integral approximation of
the temperature function, and relatively, it is expected to be more accurate [28]. The profile of the E, could be delineated into three
different stages. The early stage of decomposition, a = 0.1-0.2, for FDM, FWO, and STK presents average values of E, as 157 kJ/mol,
149 kJ/mol, and 149 kJ/mol respectively. Next the average values of E, were computed as 197 kJ/mol, 185 kJ/mol, and 185 kJ/mol
for a = 0.25-0.6 for the models according to the earlier order. In the final reaction stage (a = 0.65-0.8), the E, spiked to much higher
levels presenting average values for the models as 422 kJ/mol, 366 kJ/mol, and 374 kJ/mol. The decomposition of DS involves
multi-step reactions of the polymeric constituents leading to a distribution of the activation energies [28]. Thus, underscoring the
dependency of activation energy on conversion. The activation energy refers to the minimum energy barrier that must be overcome for
a reaction to occur to ensure the formation of new products. The higher E, values at the latter stage of the conversion process suggest
that the initiation of reactions was relatively more difficult. The E, trend shown here for the inert environment agrees well with trends
reported in literature for corn stalk (148-473 kJ/mol) [28], and tobacco waste (144-338 kJ/mol) [12].

The E, profile for the airflow environment, on the other hand, is distinctively different as it presents a curve with a wavy pattern
having a deep valley mid-way into the conversion. A similar trend has been observed in literature [12]. It is noteworthy that the values
of E, in the early stages, a = 0.1-0.2, relative to the inert conditions were slightly higher. A similar observation was made in published
literature in which the values of Ea at the first stage for synthetic air and Ny atmosphere were determined to be 200 and 133 kJ/mol,
respectively [26]. A plausible reason is the exothermic reactions that characterize the oxidation of the volatiles liberated. This leads to
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Fig. 4. Plots of apparent activation energy, E,, against conversion ratio, «, (a) Ny and (b) air environments.
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Table 5
Values of E, (kJ/mol), and R? for DFM, FWO, STK models under N, and air environments.
a Ny Air
DFM FWO STK DFM FWO STK
E, (kJ/mol) R? E,(kJ/mol) R? E,(kJ/mol) R? E,(kJ/mol) R? E,(kJ/mol) R? E,(kJ/mol) R?

STAGE 1 0.1 141.3 0.969 123.4 0.951 122.3 0.942 152.4 0.988 175.8 0.986 167.6 0.982
0.15 164.4 0.990 160.2 0.982 159.9 0.978 176.2 0.995 171.6 1.000 162.8 0.999
0.2 165.4 0.995 164.6 0.991 164.2 0.989 197.4 0.986 182.0 0.998 173.1 0.996

Average 157.0+11.1 149.4+18.5 148.8+18.8 175.3+18.3 176.5+4.3 167.8+4.2

STAGE II 0.25 173.6 0.997 166.8 0.996 166.2 0.996 224.7 0.966 199.2 0.992 190.1 0.988
0.3 181.3 0.997 171.9 0.997 171.4 0.996 255.9 0.927 215.7 0.977 206.5 0.971
0.35 188.8 0.997 178.3 0.996 178.0 0.995 297.2 0.855 230.9 0.955 221.6 0.47
0.4 194.2 0.997 183.3 0.997 183.2 0.996 349.9 0.682 250.7 0.880 241.3 0.869
0.45 197.2 0.996 187.6 0.997 187.6 0.995 342.3 0.404 256.9 0.685 247.4 0.671
0.5 198.7 0.997 188.3 0.998 188.2 0.996 158.5 0.073 185.4 0.319 175.9 0.304
0.55 212.9 0.998 198.0 0.997 198.3 0.996 —98.3 0.04 46.9 0.032 37.3 0.021
0.6 232.6 0.996 205.9 0.996 206.6 0.995 —147.0 0.249 —-14.9 0.006 —24.8 0.020

Average 197.4+17.3 185.0+12.1 184.9+12.5 172.94+180.7 171.4493.7 161.9+93.9

STAGE III 0.65 280.7 0.991 227.3 0.994 2289 0.992 67.6 0.642 106.7 0.365 96.3 0.336
0.7 360.6 0.974 286.6 0.981 291.1 0.980 150.9 0.879 140.0 0.854 129.1 0.828
0.75 476.5 0.915 420.7 0.922 431.7 0.918 292.1 0.621 185.8 0.740 174.5 0.714
0.8 572.1 0.877 527.5 0.861 543.4 0.855 378.2 0.773 247.7 0.647 236.0 0.628

Average 422.5+111.0 365.5+116.8 373.8+122.4 222.2+120.6 170.1452.9 159.0+52.4
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an increase in the reaction rate, and consequently, an increase in the energy barrier [26]. The next stage consists of two parts: (1)
between a = 0.25-0.45 the E, rises from 224.7, 199.2, and 190.1 kJ/mol, and hits 342.3, 256.9, and 247.4 kJ/mol, respectively for the
isoconversional methods; (2) between a = 0.5-0.6 the values of E, plummets deeply even to negative values. This is not unusual since
this is an intricate thermal process that is not species-specific. These activation energy values are “apparent” and can therefore show
marked deviations from the intrinsic kinetic parameters of an individual step [51]. In the final decomposition stage, a sharp slope is
seen in which the values of E, reach another peak (378.2, 247.7, and 236.0 kJ/mol) for DFM, FWO, STK models, respectively. It is
noteworthy that the average values of E, for the last two stages under air scenarios relative to Ny are lower. The markedly different
trend displayed in the last two stages may be suggestive of dissimilar reaction mechanisms and complex degradation phenomena. It has
been noted that whereas the latter decomposition stage of oxidative processes consists of char burnout, the inert thermal decompo-
sition processes experience char formation [15]. It is important to note that the trend above underscores the fact that pyrolytic and
oxidative processes involve complex multi-step reaction mechanisms.

3.3.2. Model-fitting technique
The values of E,, A, and R? for both N, and air atmospheres, obtained using the CR model, are shown in Table 6. These were

deduced according to Eq. (5) from the slope of plots of In <%> against 1 for different heating rates. In deploying the integral chemical

reaction model, the reaction order, n, could be a positive or negative integer, however, the value of n was restricted, as shown in Eq. (9)
[52].

0<n<3 (©)]

The E, for the second-order reaction model ranges from 118 to 135 kJ/mol and 100-255 kJ/mol for N and air conditions,
respectively. In both thermal conditions, the diffusional model presents the highest average value of 139 kJ/mol (N2) and 149 kJ/mol
(air), which represents the closest to the average value E, (190 kJ/mol; N») and (167 kJ/mol; air) of the integral model-free techniques
for stage II. This implies that diffusion plays a critical role in this decomposition stage for the tropical grass being investigated. It has
been explained that where mobility of reactant constituents depends on lattice defects, solid-state reactions mostly transpire between
either the crystal lattices or the molecules penetrating the lattices [52]. For this investigation, the reaction models shown in Table 1
were tested for the best fit in the CR technique at the three stages earlier identified under the model-free kinetic study. Several re-
searchers have opined that comparing the average value of E, obtained from different heating rates with that of a model-free technique
such as FWO can be used in the selection of a suitable reaction mechanism [11,52]. They postulated that the closest Ea among the given
integral models represents a probable mechanism. In the present study, this postulation was employed. Furthermore, due to a couple of
non-realistic values obtained for some models at some stages of decomposition, consideration was given to the values of E, that have
the same order of magnitude as the model-free kinetic data. From the foregoing, it is only the data from stage II that satisfy this
criterion, and are presented for discussion in Table 6. The chemical reaction and diffusional models represent the possible reaction
mechanisms that govern the thermal decomposition process in both inert and oxidative environments. It is shown that regardless of the
integral model, the activation energy and pre-frequency exponential factor increase with an increase in heating rates, and for the
chemical reaction model, reaction order.

4. Conclusion

A tropical grass species (Digitaria sanguinalis) obtained from Nigeria was subjected to thermal decomposition under inert and
oxidative atmospheres. The model-free and model-fitting techniques were used in the investigation of the kinetic data of the grass.
Before this, the grass sample was submitted to thermal, structural, and physico-chemical characterization techniques, through ther-
mogravimetry, spectroscopic analyses, and wet-chemistry methods, respectively. This comparative study is part of a larger project on
the investigation of a couple of grass species as potential energy crops both for pyrolytic and combustion applications within the
context of a local environment. The grass sample showed clear physico-chemical and structural variations relative to some grasses from
previous studies. The elemental analysis showed that in the DS sample 34% C, 2.5% N, and 4.4% ash were present. The total crys-
tallinity index and lateral order index, respectively, were estimated as 0.73 and 1.03. The fatty acids detected ranged from C;2 (lauric
acid) to Ca4 (lignoceric acid).

Regarding the thermal decomposition, the derivative weight loss reveals a distinct variation in the decomposition behavior of the
biomass in the thermal atmospheres explored such that at 50 °C/min~! the weight loss rate peak for Ny and air atmospheres read
—26.22 and —116.6%/min, respectively. In the latter stages of decomposition in air, around 450 °C, a prominent peak emerges that is
suggestive of a unique degradation phenomenon (combustion). In addition, whereas the isoconversional methods presented a strong
correlation for almost the entire conversion range in Ny, they provided a good approximation for just the first half of the conversion in
air. The model-fitting method suggests that chemical reaction and diffusional models play dominant roles in the thermal decompo-
sition of the tropical grass, whether in an inert or an oxidative environment. It was thus concluded that the thermal degradation of the
biomass in question proceeded mainly as complex multi-step reaction mechanisms. The grass species investigated have shown a huge
potential for bioenergy applications. The kinetic data would also contribute significantly to the development of the associated ther-
mochemical processes and the design and optimization of reactors/combustors.
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Table 6
Values of E, (kJ/mol), R% A (min~!) for inert and airflow conditions (stage II) based on Coats-Redfern (CR) model.

Inert 5°C min ! 10 °C min ! 20 °C min~! 50 °C min~! Average
g(a) E, R? A Eq R? A Eq R? A Eq R? A Eq R? A
Chemical reaction model

1-01- a))*l/ (- 95.3 0.993 4.8E09 97.5 0.991 1.1E10 102.6 0.991 4.6E10 108.6 0.990 2.7E11 101.0 0.991 8.2E10

1)
1-(1-a) 2/( - 2) 118.0 0.987 8.8E11 120.7 0.984 2.2E12 127.1 0.984 1.0E13 1345 0.983 7.1E13 125.1 0.985 2.1E13
Diffusional model
a? 110.1 0.999 2.7E10 112.9 0.999 6.8E10 118.8 0.999 3.0E11 125.8 0.999 2.0E12 116.9 0.999 6.0E11
1-a)*In(l —a)+ a 119.7 0.999 1.3E11 122.7 0.999 3.2E11 129.1 0.999 1.5E12 136.8 0.999 1.1E13 127.07 0.999 3.2E12
1-@a- a)1/3)2 130.7 0.998 3.5E11 133.9 0.998 9.1E11 141.0 0.997 4.6E12 149.4 0.997 3.7E13 138.7 0.998 1.1E13
1-(2/3)a— (1— (1)2/3 123.4 0.999 6.5E10 126.4 0.998 1.7E11 133.1 0.998 8.1E11 141.0 0.998 6.0E12 130.9 0.998 1.8E12
Airflow
Chemical reaction model
1-01- (1))71/( -1) 80.5 0.989 2.6E08 77.3 0.983 1.9E08 72.8 0.962 1.2E08 203.8 0.982 4.0E20 108.6 0.979 10.0E19
1-0a- a))’2/( -2) 99.8 0.994 2.7E10 95.8 0.989 1.5E10 90.3 0.970 6.8E09 255.0 0.975 2.5E25 135.2 0.982 6.2E24
Diffusional model
o? 91.3 0.966 6.7E08 87.4 0.957 4.0E08 81,8 0.927 1.8E08 237.9 0.992 1.1E23 124.6 0.961 2.9E22
1-a)*In(l —a)+ a 99.3 0.970 2.4E09 95.1 0.962 1.3E09 89.0 0.932 5.1E08 259.6 0.991 6.2E24 135.7 0.964 1.6E24
(1-(1- a)1/3)2 108.7 0.975 4.9E09 104.0 0.966 2.4E09 97.3 0.938 8.0E08 284.4 0.990 3.0E26 148.6 0.967 7.4E25
1-(2/3)a— (1— (1)2/3 102.4 0.972 1.1E09 98.0 0.963 5.8E08 91.8 0.934 2.2E08 267.8 0.991 8.2E24 140.0 0.965 2.1E24
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