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Imperata Cylindrica A B S T R A C T  This study examined the non-isothermal kinetics of the

slow pyrolysis of Imperata Cylindrica (IC). Pyrolysis conditions were developed under the

pure N2 flow and non-isothermal conditions at the heating rates of 2.5, 5, 10, and 17.5

K/min and over the temperature range of 303–1173 K. The IC pyrolysis profiles could be

identified into three parallel reactions, each of which corresponded to pseudo-

hemicelluloses (P-Hem), pseudo-cellulose (P- Cell), and pseudo-lignin (P-Lig)

decomposition. A systematic kinetic study of the pyrolysis of IC via thermogravimetric

analysis (TGA) deconvolution using Asymmetric Double Sigmoidal (Asym2sig), Friedman

differential iso-conversional and combined kinetics of biomass pseudo-components was

carried out. The kinetics parameters of pseudo components fitted well with the pyrolysis

experimental data for all the heating rates. Differential master-plots showed that the

reaction mechanisms for pseudo hemicellulose (P-Hem) and pseudo cellulose (P- Cell) were

diffusional and order based, and high order based (3rd order) for the pseudo lignin (P-Lig).

Mechanism of P-Hem, P-Cell and P-Lig could be further reconstructed to Sestak and

Berggren model of f (α) = α  0.9875 (1   α )1.325 [   ln(1   α)]0.0209 , f (α) = α0.3313 (1  



α)1.4731 [   ln(1   α )]0.0215 and f (α) = α   2.9551 (1   α )2.7642 [   ln(1   α)]0.0074 ,

respectively. The combined kinetic reported the activation energies of pseudo-components

were as 194.709 kJ/mol, 179.968 kJ/mol and 219.226 kJ/mol for P-Hem, P-Cell and P-Lig,

respectively.    1. Introduction The consumption of non-renewable energy to come upon

the growing energy demands has deleterious effects on the environment, such as acidic

rain, greenhouse gas emissions, and climate change [1–5]. Furthermore, the reserves of

fossil fuel are anticipated to be depleted in the near future. Hence, increasing attention has

been paid towards the development and application of cleaner and renewable sources of

energy to achieve sustainable future frameworks. Biomass has advantages over other

renewable energy resources because it is widely available and carbon-neutral resource. In

addition, it can be transformed into biofuel in solid, liquid, and gaseous forms by applying

various conversion processes [6–9]. 1Imperata cylindrica (IC) is one of prospective biomass,

also known as cogongrass, alang-alang in Southeast Asia. IC can grow well without any

specific nutritional treatments over a wide variety of soil types and is found in various

environments, such as grasslands, abandoned fields, highway and railway edges, pine and

hardwood jungles, and recreational areas [10]. Among thermochemical technologies,

pyrolysis process decompose biomass directly into value-added products 4in the form of

solid (bio- char), liquid (bio-oil), and gaseous biofuels [11–14]. The analysis of the kinetics

of the biomass pyrolysis reactions provides fundamental information on how it is

decomposed, allowing optimization of the process, and also provides useful data for the

reactor design to convert biomass effectively. Kinetics analysis also provides important

information on reaction mechanism models to develop mathematical models that *
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pyrolysis process [15,16]. Kinetic studies on biomass pyrolysis can be estimated in two

ways: iso-conversional methods and model-fitting methods [17]. Iso-conversional methods

have been developed to examine the kinetic parameters of solid biomass reactions with

simple thermal characteristics. In recent studies, the kinetic parameters of biomass included

IC were evaluated using these methods [18–21]. On the other hand, the reaction model

analysis familiar with a single step method via master-plots owing to homogeneity in the

biomass pyrolysis process were evaluated [21]. The data from the single components

biomass pyrolysis mechanism cannot describe the thermal behaviour of biomass. This is

considered contradictory rather than complementary in the complexity of the reaction

kinetics [17,22]. The multi components analysis of biomass pyrolysis provided more

detailed knowledge about the simulation and modelling of thermochemical reactions [23].

International Confederation for Thermal Analysis and Calorimetry (ICTAC) [24]

recommended comprehensive kinetic analysis to represent the distributed reactivity

analysis because biomass components are complex materials, in which the decomposition

occurs through multiple, independent and parallel reactions. Oladokun et al. [20]

performed model fitting for a kinetic study by the multi-step de-volatilization of IC by

assuming the reaction model of pseudo-components as parallel first-order reactions.

Furthermore, numerous kinetic studies of biomass decomposition through Distributed

Activation Energy Model (DAEM) and nth order-based kinetics have been reported [25,26].

Poletto et al. [27] reported that the first-order or n-order models to analyse the

degradation process have an erroneous physical meaning and order 39because of the

combined effects of some mechanisms. In this context, an investigation of comprehensive

pyrolysis kinetic analysis via combination 3deconvolution and combined kinetic would be

important. The systematic approaches in multi-step kinetics are 1thermogravimetric

analysis (TGA) deconvolution, iso-conversional method, master plot analysis and combined

kinetics. Systematic multi-step kinetics can offer more precise info on the modelling and

simulation 4of pyrolysis reactions [23]. 1Based on the deconvolution method, the reaction



rates are separated into three main components in biomass: pseudo hemicellulose,

cellulose, and lignin. The obtained deconvolution profiles of the 2pseudo-components of

biomass can be analysed by the kinetic parameters and reaction model by iso-conversional

method, master plot and combined kinetics [24]. In various studies regarding 1the

deconvolution of biomass pyrolysis, thermogram profile was deconvoluted by symmetric

functions (Logistic, Gaussian, and Lorentz functions) [28–30] or asymmetric functions

(Asymmetric Double Sigmoidal, Weibull, Fraser–Suzuki functions and Bi-Gaussian)

[21,30–32]. Among these functions, recent studies [32–34] have shown that Asymmetric

Double Sigmoidal (Asym2sig) functions gave an appropriate deconvolution for the kinetic

model. To the best of the authors knowledge there are no studies regarding the

comprehensive deconvolution and combined kinetic pyrolysis of IC reported yet in

literature. Hence, this study to proposed the systematic kinetic pyrolysis of IC via

thermogravimetric analysis (TGA) deconvolution using Asym2sig, iso-conversional method,

master plot and combined kinetic is the first report of this kind. The systematic multi-step

kinetic offer reliable calculation 2of kinetic parameters and good model description of

pyrolysis. Thermogravimetric analysis and differential thermal gravimetric analysis

(TGA/DTG) analysis at four 1different heating rates were carried out. In addition to this, IC

biomass was also 2characterized by the proximate and ultimate analysis, compositional

analysis, and Fourier transform infrared (FTIR) to report its bioenergetic value. 1This study is

expected to put forward the beneficial management solution of Imperata Cylindrica

biomass to produce bio-oil for the energy requirements, which at the present are heavily

dependent on the fossil fuels. 2. Methodology 2.1. Materials The Imperata Cylindrica (IC)

biomass was gathered from a grassland in Muara District, Brunei Darussalam. The 2biomass

samples were crushed and sieved to obtain the particles within a size range of 0.125 mm to

0.25 mm, and subsequently dried in a furnace at 50 ◦ C for 24 h to reduce the moisture

content. 2.2. Characterization of the feedstock The biomass of IC was characterized based

on proximate and ultimate analyses, compositional analysis, and Fourier-transform infrared

(FTIR) analysis by Perkin Elmer Frontier spectroscopy. A detailed description of the ultimate



and proximate analysis and compositional analysis are reported elsewhere [35]. FTIR

spectroscopy was used to analysis the functional groups of the IC sample. The 40spectra

were generated using a scan range of 600 to 4000 cm  1 with steps of 1 cm  1. 2.3.

3Thermogravimetric analysis (TGA) Thermogravimetric analysis (TGA) by Hitachi SII EXSTAR

7300 Series was performed using the parameters for kinetic modelling, according to ICTAC

recommendation [36]. Approximately 5–10 mg of IC with a range 2of particle sizes, 0.125

mm – 0.25 mm, were heated at four heating rates of 2.5 K/min, 5 K/min, 10 K/min, and 17.5

K/min, from room temperature to 1173 K under a pure N2 environment at the flow rate of

100 mL min  1. The thermogram data were analysed using different software, Origin,

MATLAB and Microsoft Excel. The Asym2sig deconvolution resulted derivative

thermogravimetry (DTG) of Table 1 1Physicochemical characteristics of Imperata Cylindrica

biomass [35].   Proximate Analysis* (wt. %)  Moisture 6.80 VM 72.01 FC 18.21a Ash

2.97  Elemental Analysis* (wt. %)  C 44.38 H 5.65 N 0.82 O 49.06a S 0.09 O/C** 0.83 H/C**

1.53  Molecular Formula CH1.528O0.829N0.016   Calorific Value* (MJ/kg) HHV 18.39

HHVcorrelation 18.47  Compositional Analysis* (wt. %) Hemicellulose 25.13 Cellulose 44.49

Lignin 17.89 Extractives 12.49 HHVcorrelation = 0.2791 N + 0.3984C + 0.4030H–1.8644S –

0.03153O [63]. * Based on dried basis. ** Molar ratio. a By difference. S. Hidayat et

al.                                                                                                                                               

                                                                                    1Journal of Analytical and Applied

Pyrolysis 156 (2021) 105133 3 pseudo-hemicellulose (P-Hem), pseudo-celluloses (P-Cell)

and pseudo-lignin (P-Lig). To identify the main component of IC sample based on order of

peak temperature (Tp), where Tp(P-Hem) < Tp(P-Cell) < Tp(P-Lig). In addition to the peak

width (Wp) of Wp(P-Lig) > Wp (P-Hem) > Wp (P-Cell) [32]. 3. Theoretical background 4of

the study Theoretical background of the study is provided in the supplementary data. 4.

Results and discussions 4.1. Physicochemical characteristics Table 1 lists the

physicochemical properties of IC biomass used in this study. IC had a low moisture (6.80 %)

content, ash (2.97 %) content, and a high value of (72.01%) volatile matter. The ultimate

analysis results reported that 41the mass percentage of carbon (C), hydrogen (H), nitrogen



(N), oxygen (O), and sulphur were 44.38 %, 5.65 %, 0.82 %, 49.06 %, and 0.09 %,

respectively. Ultimate analysis showed that the molecular formula of the organic

composition of IC was CH1.528O0.829N0.016. The high content 2of volatile matter in

addition to low nitrogen and sulphur designate IC as a valued candidate for pyrolysis to

bio-oil from environmental emissions perspectives [37]. These properties have similarity to

established bioenergy 39crops, such as Miscanthus giganteus (volatile = 72.5 %, N = 1.21 %

and S = 0.1 %) [38], Acacia auriculiformis [39], rice husk [40] and sugarcane bagasse

(volatile = 71.79 %, N = 0.26 % and S = 0.06 %) [41]. The calorific value (HHV) acquired

from the analysis (HHV =18.39 MJ/kg) has a comparable value to the calorific value from

calculations (HHV =18.47 MJ / kg). The calorific value (HHV) on a dry basis shows that the

calorific value of IC is higher than Miscanthus giganteus (HHV =16.58 MJ/kg) [38] and

sugarcane bagasse (HHV =17.24 MJ/kg) [41]. Huang et al. reported that the calorific value

HHV increases with increasing C and H Fig. 1. FTIR spectra 3of Imperata Cylindrica.   Fig. 2.

DTG (a) and TGA (b) curves in N2 atmosphere at four heating rates.   2Table 2 The

functional groups detected in the Imperata Cylindrica.   Wavenumbers (cm  1) Band

position (cm  1) Functional group 3200 – 3600 3329 Alcohol 2850 – 3000 2917 Alkane 2100

– 2260 2190 Alkyne 1795 – 1850 1830 Acid 1580 – 1615 1605 Aromatic 1350 – 1480 1373

Alkane 1180 – 1260 1243 Phenolic 1020 – 1120 1037 Ether 675 – 1000 819 Alkene 600 –

700 643 Alkyne  S. Hidayat et

al.                                                                                                                                               
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Compositional analysis (Table 1) of IC revealed 25.13 % hemicelluloses, 12.49 % extractive,

17.89 % lignin, and 44.49 % cellulose. IC has a lower lignin content than Mischantus

gigantus (23.4 %) [43] and sugarcane bagasse (19.2 %) [44]. 2The variation of the chemical

compositions of bio-oil in the literature can be explained by the different results of

compositional analysis of IC and bioenergy crops. The FTIR was performed to analysis the

functional groups in the IC biomass. Fig. 1 presents the FTIR spectra, and Table 2 lists the



corresponding wavenumber and atomic bonds of the functional groups. The broad

absorption for IC at 3329 cm  1 200  3600 cm  1 was intended to the O–H stretching

vibration, indicating phenolic and/or alcohol groups [45]. The peaks at 2916 cm  1 and

2190 cm  1 were assigned C–H and C– – – C stretching vibrations. 2The presence of a C– –

O stretching vibration at 1830 cm  1 confirmed the existence of ketones, esters, aldehydes,

and carboxylic acid [46]. The absorbance at 1580 to 1615 cm  1 was presented to C– – C

stretching vibrations associated with aromatics or alkenes. Ether subtractions could be

found from the area = C–H warping vibrations at 819 cm  1 [47]. At high intensity, the

wavelength range, 1020 – 1120 cm  1 caused by C–O tensing vibrations, resembles to the

primary, secondary, and tertiary alcohols, and ether [48]. The low-intensity peak at 600 –

700 cm  1 was assigned to ≡C–H originating from phenyl ring substitution and alkynes

bends [49]. Fig. 4. Deconvolution of TGA profile of IC at four 2heating rates (a). 2.5 K/min,

(b). 5 K/min, (c). 10 K/min, and (d). 17.5 K/min.  Table 3 Characteristic temperatures 35of the

different zones during pyrolysis process.   Heating Rate (K/min) Zone 1 Zone 2 Zone 3 Ti (K)

Tf (K) Ti (K) Tp (K) Tf (K) Ti (K) Tf (K) 2.5 303.04 380.64 380.64 578.53 883.84 883.84 1072.98

5 303.41 380.49 380.49 590.38 883.19 883.19 1073.00 10 303.58 380.33 380.33 601.20

882.65 882.65 1072.98 17.5 303.71 380.06 380.06 610.79 882.60 882.60 1072.88  Fig. 3.

Characteristic of pyrolysis zone by using derivative DTG.   S. Hidayat et

al.                                                                                                                                               
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plots 2of the thermal behaviour of IC under the N2 atmosphere at various heating rates.

The heating rate influenced the pyrolysis process of IC. The thermal degradation

characteristics showed that the rate of mass-loss and peak temperature switched to a high

temperature when the heating rate was raised from 2.5–17.5 K/min which suggested that at

a lower heating rate, biomass particle heating occurs more gradually, which results in a

longer heating time. As a result, the conversion rate was slow at the low heating rates, and

the decomposition temperature was higher in a short time of thermal shock. The pyrolysis



of IC can be divided into three zones of the DTG profiles. Based on derivative DTG, the

preliminary (Ti) and final temperature (Tf) of each zone can be determined, as shown in

Table 3 and Fig. 3. The first zone from ambient temperature to approximately 380 K was

associated with the initial loss of mass biomass due to moisture removal. The second zone,

ranging from approximately 380 K–883 K, was the major pyrolysis stage due to

devolatilization. In this zone, one peak and one shoulder, 2as well as one long tail, could be

considered for the degradation of three major components of biomass. The shoulder

signifies the fastest degradation of hemicellulose. The peak was attributed to the

conversion of cellulose component, and the tailing was associated mainly with the

devolatilization of lignin. The third zone ranging from 883 K – 1073 K, showed a very small

loss of mass due probably to the carbonaceous degradation of residues. 4.3. DTG/TGA

curve deconvolution The DTG and TGA curves were deconvoluted to each pseudo-

component using the Asym2sig function. 2In this work, the Asym2sig function Eq. (S2 – S6)

1was applied to deconvolute the rate (dα/dT) and the conversion value using the integral

deconvolution in zone 2 of the TGA/DTG data. Figs. 4 and 5 present the deconvolution

profile of TGA and DTG at several heating rates (2.5, 5, 10, and 17.5 K/min). Three

deconvolution profiles at four different heating rates were observed, which were associated

with the pyrolysis of pseudo-hemicellulose (P- Hem), pseudo-cellulose (P-Cell), and

pseudo-lignin (P-Lig). The three peaks increased with increasing heating rate. Moreover,

the deconvolution (Figs. 4 and 5) data 2can be applied to calculate (dα/dT) and the

conversion (α) profile for pseudo-components at all heating rates. Fig. 6 shows the (dα/dT)

and conversion (α) profile of P-Cell (Fig. 6 a,b), P-Hem (Fig. 6 c,d), and P-Lig (Fig. 6 e,f).

Table 4 lists the Asym2sig parameters and the contributing factor of the pseudo-

components. 4.4. 1Friedman differential iso-conversional The deconvolution of TGA/DTG in

previous section had generated the data percentage conversion and conversion rate of the

respective pseudo components biomass at four heating rates. The activation energy of

each biomass constituents could be further estimated using Friedman iso-conversional

method. The Friedmann plots for the pyrolysis of individual constituent’s IC biomass are



presented in Fig. 7 (a – c) and the average activation energies (Eα) for components showed

in Table 5. It can be exhibited that under certain conversion (α) gave good degree of linear

relationship between ln[β dα dT ] vs 1 T in Eq. (S9) for P-Hem, P-Cell and P-Lig. 2In this

study, the conversion ranges was selected from 0.05 to 0.95 with step size 0.05, as

recommended by ICTAC [17]. For all biomass constituents, in the conversion range of 0.05

– 0.95, Eα increases with the conversion (α) increasing. The Eα varied 1in the range of

158.496–247.883 kJ.mol  1, 175.221–193.091 kJ.mol  1 and 75.898–503.222 kJ.mol  1 for P-

Hem, P-Cell and P-Lig, respectively. The activation energy ranges of P-Lig provided quite

broad range (75.898–503.222 kJ.mol  1) compare to P-Cell and P-Hem. Anca-Couce, et al.,

[50] reported that the values of the activation energy of P-Lig pyrolysis vary greatly and

covers a wider temperature from low temperature with very low activation energy to high

temperature. While, optimum P-Lig decomposition mainly at high temperatures with high

activation energy. Furthermore, P-Lig as an amorphous three-dimensional polymer with

strong linkage and higher thermal stability caused 2the reaction rate of lignin is slow and

occurs over the entire pyrolysis temperature interval [51]. Moreover, the value of activation

energy average (Eαv) for P-Hem, P-Cell and P-Lig were 198.117 kJ.mol  1, 181.135 kJ.mol-1

dan 190.766 kJ.mol  1, respectively. Further, the results show the variation of activation

energy as can Fig. 5. Deconvolution of DTG profile of IC at four heating rates (a). 2.5 K/min,

(b). 5 K/min, (c). 10 K/min, and (d). 17.5 K/min.  S. Hidayat et

al.                                                                                                                                               
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P-Lig (e, f).   Table 4 Asym2sig parameters and contribution factor 1of P-Hem, P-Cell and P-

Lig.   Heating Rate (K/min) Pseudo Components ci xp.i Ai w1.i w2.i w3.i 2.5 P-Hem 0.321

540.778 0.023 41.418 18.670 7.384 P-Cell 0.439 579.982 0.099 2.046 9.317 8.823 P-Lig 0.232

616.154 0.010 65.691 47.165 73.845 5 P-Hem 0.329 548.412 0.022 42.586 19.128 7.587 P-

Cell 0.460 591.319 0.090 3.223 9.677 9.016 P-Lig 0.208 646.834 0.021   15.532 47.987 62.470

10 P-Hem 0.333 557.441 0.022 42.886 19.420 6.932 P-Cell 0.471 602.381 0.070 8.642 9.955



8.479 P-Lig 0.196 666.215 0.167   139.984 42.359 45.568 17.5 P-Hem 0.352 565.992 0.023

40.933 18.892 6.608 P-Cell 0.466 611.420 0.074 6.620 10.294 9.195 P-Lig 0.178 704.618

0.183   155.326 48.221 44.263  S. Hidayat et

al.                                                                                                                                               
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compared to P-Hem and P-Lig. As 40can be seen in Table 6, the high dependency Eα vs α

for P-Hem and P-Lig higher than 20 %. As stated by Vyazovkin et al. [17], when the

percentage deviation Eα more than 20 % percent to Eαv between Eα minimum or

maximum values, signify 2the pyrolysis processes of P-Hem and P-Cell or overall pyrolysis

of IC was multiple reaction mechanism. Hence, in order to obtain reliable kinetic estimation,

combined kinetic analysis would be applied. 4.5. Analysis of reaction mechanism The

differential master plots method was used to estimate the reaction mechanism involved

during the thermal decomposition of each pseudo-components. By using the Eαv and Tα

values from Friedman iso- conversional method, γ(α) vs. α profiles for three main IC

biomass constituents were 4as shown in Fig. 9. The appropriate reaction mechanisms 1were

determined by comparing the experimental and theoretical curves. it was observed that

pyrolysis of P-Hem (Fig. 9a) follows diffusional reaction mechanism (D2, D3 and D4) 2in the

range 0.05 < α <</span> 0.95 and 2nd order (F2) in the range 0.5 < α <</span> 0.95

based. Furthermore, belong to pyrolysis of P-Cell (Fig. 9b) in the 0.5 < α <</span> 0.95

range, the γ(α) vs. α profiles have the shape diffusional reaction mechanism (D2, D3 and

D4) and 1st order (F1) in the range 0.25 < α <</span> 0.95. The P-Lig pyrolysis mechanism

showed high-order model (3rd order, F3) in the range 0.5 < α <</span> 0.95 and α below

0.5 present no exact reaction model as per listed in the Table. S1. This could be explained

to the structure complexity of P-Lig. Basically, the natural polymer of lignin structure is an

amorphous three-dimensional structure that have a phenylpropane structure. Furthermore,

4the results of the comparison ideal reaction mechanism as showed in the Fig. 9a, c and e

could be applied as reference to determine empirical reaction model of 1Sestak and



Berggren. 4.6. Mechanism reconstruction of Sestak and Berggren empirical model The

optimisation of Sestak and Berggren (SB) model in Eq. (S13) was performed based on excel

solver. The maximum and minimum range for m, n and p of respective pseudo-

components based on a previously study [51]. 2To perform a best fitting result, the

estimation ranges and initial guess of m, n, and p are required. Where the n is belonging to

nth order Fig. 7. Friedmann Iso-conversional Plots for P-Hem (a), P-Cell (b) and P-Lig (c).  

Table 5 Results of the activation energies (Eα) and factor correlation coefficients (R2).   α P-

Hem P-Cell P-Lig Eα (kJ/mol) R2 Eα (kJ/mol) R2 Eα (kJ/mol) R2 0.05 158.496 0.984 175.221

1.000 75.898 0.908 0.10 167.244 0.989 175.616 1.000 87.674 0.914 0.15 172.836 0.992

176.017 1.000 96.355 0.919 0.20 177.155 0.993 176.440 1.000 103.859 0.926 0.25 180.804

0.995 176.894 0.999 110.929 0.933 0.30 184.063 0.996 177.386 0.999 117.975 0.941 0.35

187.092 0.997 177.920 0.999 125.288 0.948 0.40 190.001 0.997 178.502 0.999 133.121 0.956

0.45 192.878 0.998 179.137 0.999 141.734 0.962 0.50 195.798 0.998 179.829 0.999 151.433

0.967 0.55 198.837 0.999 180.588 0.999 162.608 0.971 0.60 202.079 0.999 181.421 0.998

175.794 0.973 0.65 205.616 0.999 182.345 0.998 191.769 0.972 0.70 209.565 1.000 183.377

0.998 211.728 0.967 0.75 214.081 1.000 184.550 0.997 237.621 0.957 0.80 219.396 1.000

185.915 0.996 272.840 0.935 0.85 225.910 1.000 187.571 0.995 323.641 0.891 0.90 234.489

0.999 189.735 0.994 401.071 0.792 0.95 247.883 0.997 193.091 0.991 503.222 0.521 Average

198.117 0.996 181.135 0.998 190.766 0.913  Fig. 8. Variation 1activation energies of P-Hem,

P-Cell and P-Lig via Friedman method. Table 6 Percentage of Eα minimum and Eα

maximum deviation.   Pseudo - components of Biomass Minimum Eα (kJ/ mol) Maximum

Eα (kJ/ mol) Eαv (kJ/ mol) % Eα Min Deviation % Eα Max Deviation P-Hem 158.496 247.883

198.117 20.00% 25.12 % P-Cell 175.221 193.091 181.135 3.26% 6.60 % P-Lig 75.898 503.222

190.766 60.21% 163.79 %  S. Hidayat et

al.                                                                                                                                               
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denotes to Power law model which have range value of m was -8 < m < 8. Furthermore,



The term of [-ln(1-α)]p show the Nucleation reaction model with -8 < p < 8 range value of

p. The initial guess value of m, n, and p of each pseudo components based on analysis 4in

the Section 4.5. Reaction model of P-Hem follow D2 and F2 (initial guess: m = 0, n = 2 and

p = –1). The initial guess m = 0, n = 1 and p = – 1 (D2 and F1 reaction mechanism) belong

to P-Cell. Moreover, the initial guess for P-Lig follow 3rd order (m = 0, n = 3 and p = 0). Fig.

9b, d and f shows the fitting results of model via 1Sestak and Berggren empirical model (SB

model). The best model for P-Hem, P- Cell and P-Lig were f (α) = α  0.9875 (1   α)1.325 [  

ln(1   α)]0.0209 , f (α) = α0.3313 (1   α)1.4731 [   ln(1   α)]0.0215 and f (α) = α  2.9551

(1  α)2.7642 [   ln(1   α)]0.0074 , respectively. As 2can be seen from Fig. 9 and Table 7, R2

correlation was more than 0.8 for all pseudo components model at four heating rates,

which mean that the SB model predicted the pyrolysis model of P-Hem, P-Cell and P-Lig

very well. As per the theoretical reaction mechanism, m = –0.9875 for P-Hem and m =

–2.9951 for P-Lig signify that there was contribution from the 2/3-Power law (P23) and 1-D

diffusion (D1) model. The value m = 0.3313 for P-Cell denote caused by power law (P2, P3

and P4) mechanism. The optimum parameters values of n were higher than 1st order

model reaction (n = 1) for all pseudo components, which indicate that there are

Geometrical contraction, 1Order based, and Diffusion model contribution. The results of p

value were slightly lower for all pseudo components (0.007 < p < 0.02), which indicate that

the pyrolysis of P-Hem, P-Cell and P-Lig from IC was low contribution from Nucleation

mechanism. These results were 4in line with the results from Section 4.5 that Fig. 9.

Differential master Plots dan reconstructed Sestak-Berggren reaction mechanism for P-

Hem (a-b), P-Cell (c-d) and P-Lig (e-f) of IC.   Table 7 Correlation coefficient of γ(α)exp vs

γ(α)cal of 1sestak and berggren empirical model.   Heating Rate (K/min) Correlation

Coefficient (R2) P-Hem P-Cell P-Cell 2.5 0.984 0.999 0.824 5 0.985 0.999 0.967 10 1.000

0.997 0.854 17.5 0.848 1.000 0.901  S. Hidayat et

al.                                                                                                                                               
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kinetic (CK) of pseudo components CK could 2be used to define the pre-exponential factor

(A) and activation energy (E) from the linearisation in Eq. (S14) after determining the

reaction mechanism models (f(α)). The best fit of reaction models 4in the Section 4.6 would

be applied to estimate values of kinetic parameters each of pseudo components and using

single heating (β =5 K/min). Owing to the low accuracy in a single 2heating rate, the

obtained kinetic parameters of the CK technique could be applied to all the observed

heating rates according to the suggestion by ICTAC [17]. Fig. 10(a–c) and Table 8 present

the linear fitting results of CK and the correlation coefficients (R2) were high, where R2 >

0.99 for all pseudo components. Fig. 10. Combined 3kinetics analysis of IC pyrolysis: (a) P-

Hem, (b) P-Cell and (c) P-Lig.   Table 8 Result parameters, pre-exponential factors,

2activation energy, and factor correlation (R2) obtained by CK.   Components m n p E

(kJ/mol) lnA (ln min    1) Correlation Coefficient (R2) P-Hem   0.9875 1.3250 0.0209 194.709

40.774 0.9994 P-Cell 0.3313 1.4731 0.0215 179.968 35.985 0.9999 P-Lig   2.9551 2.7642

0.0074 219.226 36.048 0.9903  Fig. 11. DTG profiles comparison experimental and

calculation CK 3of Imperata Cylindrica pyrolysis at four heating rates (a). 2.5 K/min, (b). 5

K/min, (c). 10 K/min, and (d). 17.5 K/min. S. Hidayat et

al.                                                                                                                                               
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Pyrolysis 156 (2021) 105133 10 The activation energy of P-Lig (219.226 kJ/mol) pyrolysis

was the highest one, followed in order by P-Hem (194.709 kJ/mol) and P-Cell (179.968

kJ/mol). The percentages of deviation activation energy between CK to Friedman method

were 1.7 %, 0.6 % and 14.9 % for P-Hem, P-Cell and P-Lig, respectively. The deviation 2of

activation energy results for all of components follow the recommendation below of upper

limit 20 % for linear regression method [51,52]. In previous studied by O. Oladokun [20]

had been obtained EHemicellulose =12.94 kJ/mol, ECellulose =14.26 kJ/mol and ELignin

=12.66 kJ/mol that significantly lower than 1in this study and literatures [50,53,54]. The

result in this study performed the activation energy hemicellulose higher than cellulose,

whereas some literatures reported the activation energy of hemicellulose lower than



cellulose [50,53]. Furthermore within the study reported by Subramanian et al. [55]

(EHemicellulose =229.0 kJ/mol) and Siddiqi et al. [56] (EHemicellulose =191.90 kJ/mol) have

obtained 2the value of activation energy of hemicellulose and order value activation energy

of hemicellulose higher than cellulose, which are similar to this study. As reported in the

study Siddiqi et al. [56], high activation energy of hemicellulose could be caused by the

structural heterogeneity, synergetic and the catalysing effect of neighbouring   OH groups

and metals in the ash. Meanwhile Dussan et al. [57] and Moriana et al. [58] explained that

the high 1activation energy of hemicellulose probably correspond to softwood and grasses

that have content of glucomannan upto around 5–20 % of hemicellulose structure, its

properties show thermally resistant and higher thermal-stability values. Furthermore,

Moriana et al. [58] performed that glucomannan have high 2activation energy of around

218–230 kJ/mol. The value of EP-Cell (179.968 kJ/mol) was comparable with other

literatures 175.6 kJ/mol [59], 186.5 kJ/mol [15], 179.54 [25], and 179.87 [60]. As indicated

effect of structural heterogeneity, synergetic and the catalysing effect, hence the value of

EP-Cell lower than value of EP-Hem and EP-Lig. Furthermore, 1the activation energy of P-

Lig exhibited higher than P-Hem and P-Cell, indicate that lignin as an amorphous three-

dimensional polymer, consists of three major basic units: p-coumaryl, coniferyl, and sinapyl,

which are linked by ether bonds, ester bonds, and carbon-carbon bonds. Ether bonds

present as a phenylpropane side chain, and a benzene ring is the most dominant in lignin,

accounted for around 70 % of the total linkages. This linkage ring of lignin is strong and

causes higher thermal stability than 2cellulose and hemicellulose. Therefore, the reaction

rate of lignin is slow and occurs over the entire pyrolysis temperature interval; it is

completed at below 800 ◦ C [61]. The first stage of lignin decomposition 4is within the

interval of 150 ◦ C–400 ◦ C. The main ether linkages are broken down and converted to o-

vanillin, guaiacol, and o-quinone methide. When 2the temperature of lignin pyrolysis

continued to increase after 400 ℃, the benzene rings were destroyed and transformed into

non-condensable gases [62]. The lnA values of respective 1P-Hem, P-Cell and P-Lig was

40.774 ln m  1 (A = 5.103x1017  m-1), 35.985 ln m  1 (A = 4.246x1015  m-1) and 36.048 ln



m  1 (A = 4.524x1015  m-1). 2The pyrolysis kinetics equation of respective pseudo

components IC based on CK can be written as: For P-Hem: d αH dT = 5.103x1017 β

exp(  194709 RT )αH   0.9875 (1   αH )1.325 [   ln(1   αH )]0.0209 (1) For P-Cell: Fig. 12. TGA

profiles comparison experimental and calculation CK 3of Imperata Cylindrica pyrolysis at

four heating rates (a). 2.5 K/min, (b). 5 K/min, (c). 10 K/min, and (d). 17.5 K/min. S. Hidayat

et

al.                                                                                                                                               
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Pyrolysis 156 (2021) 105133 11 d αC dT = 4.246x1015 β exp(   179968 RT )αC 0.3313 (1   αC

)1.4731 [   ln(1   αC )]0.0215 (2) For P-Lig: d αL dT = 4.524x1015 β exp(   219226 RT )αL  

2.9551 (1   αL )2.7642 [   ln(1   αL )]0.0074 (3) As per ICTAC suggestion to verified the

accuracy between calculation with experimental for all heating, the Eq. (1) to Eq. (3) could

be arranged to estimate conversion rate ( dα dT 2) and conversion (α) for calculation data

at four difference heating rates, as described in Eq. (4) dan Eq. (5). ( d α dT )calculation = cH

( d αH dT ) + cC ( d αC dT ) + cL (d αL dT ) (4)  αcalculation = cH .αH + cC αC + cL αL

(5)  Where cH , cC , and cL were contribution factors and its values obtained from the Table

4 based on average of ci value belong to respective pseudo components. The value of β is

heating rate (K/min); R is the universal gas constant (8.314 J/mol.K); and T is temperature

(K).The Eq. (1) to Eq. (3) would be solved by using 4th order Runge-Kutta method for

respective heating rate. Figs. 11 (a–d) and 12 (a–d) 8 show 4the results of the CK of IC

pyrolysis at four heating rates. The results have been presented high coefficient correlation

factors 1in the ranges 0.98 < R2 < 0.999 for TGA and DTG profiles of respective heating

rates, which mean show that the CK describes the IC pyrolysis kinetic model fitted very well

with experimental data for all heating rates. 5. Conclusion A combination Asym2sig

deconvolution and combined kinetics of the pyrolysis of IC was performed via

thermogravimetric analysis (TGA) deconvolution, iso-conversional method, master plot

analysis and combined kinetics. The kinetic study 2of pyrolysis process was performed

following the multi step reaction, due to the heterogeneous pyrolysis process. 1Based on



the results, reaction models of P-Hem, P-Cell and P-Lig were f (α) = α  0.9875 (1   α)1.325 [  

ln(1   α)]0.0209 , f (α) = α0.3313 (1  α)1.4731 [   ln(1   α)]0.0215 and f (α) = α  2.9551 (1  

α)2.7642 [   ln(1  α)]0.0074 , respectively. 2The value of m = –0.9875 for P-Hem and m =

–2.9951 for P-Lig signify that there was contribution from the 2/3- Power law (P23) and 1-D

diffusion (D1) model. The value m = 0.3313 for P-Cell denote caused by the power law (P2,

P3 and P4) mechanism. The optimum parameters values of n were higher than 1st order

model reaction for all pseudo components, which indicated that there are Geometrical

contraction, 1Order based, and Diffusion model contribution. Through the combine kinetics

the activation energies of the pseudo-components were reported as 194.709 kJ/mol,

179.968 kJ/mol and 219.226 kJ/mol for P-Hem, P-Cell and P-Lig, respectively. 2The value of

EP-Cell lower than the value of EP-Hem and EP-Lig, probably indicated the effect of

structural heterogeneity, synergetic and the catalysing effects. Furthermore, the activation

energy of P-Lig exhibited higher than P- Hem and P-Cell, indicated that lignin linkage ring

of lignin was strong and caused a higher thermal stability than cellulose and hemicellulose.

Therefore, the reaction rate of lignin was slow and occured over the entire pyrolysis
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