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ABSTRACT: Effects of alkali ceramics, Na,ZrO3 (NZ) and Li4Si04 (LS), were quantified in the
catalytic pyrolysis of sawdust, using thermogravimetric analysis and kinetic modeling. Results

indicated that the alkali ceramics were able to initiate thermal decomposition at lower



temperatures and enhanced H: yield. The mean activation energies estimated by Kissinger-
Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO) methods were within the range of 164-
166, 114-116, 112-117 kJ mol ! for sawdust (SD), sawdust mixed with LisSiO4 (SD-LS) and
sawdust mixed with Na,ZrOsz (SD-NZ), respectively. The theoretical and experimental master
plots constructed for SD closely match with theoretical master plot corresponding to three-
dimensional diffusion (Ginstling-Brounshtein equation) (D4) reaction model. The SD-LS and
SD-NZ samples followed first order (F1) reaction model at lower conversions and shifted from

F1 to three-dimensional diffusion (D4) reaction model at higher conversions.
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SYNOPSIS. Knowledge of thermal and kinetic behavior of biomass is essential is developing

sustainable energy conversion processes.

B Introduction

Increase in energy demand, depleting fossil fuel reserves and climate change have spurred
energy experts and researchers to search for clean alternative energy resources. In comparison to
fossil fuels, certain types of biomass, such as agricultural and forest wastes, can be considered as
sustainable and eco-friendly energy resources in terms of reduction in pollution and global

warming Lignocellulosic biomass, in particular, is considered as an ideal feedstock for



thermochemical processes to produce energy-related productsﬂ It is estimated that China
produces around 728-750 and 200-220 Mt yr'! of agricultural residues and forest biomass,
respectivelyﬂ

Pyrolysis is one of the most widely applied method used to convert biomass into high-energy
content fuels, which can later be used for internal combustion engines and gas turbines after an
intermediate processﬂ When compared to gasification and combustion, pyrolysis possesses the
following advantages: (i) it does not require high temperatures, as liquid production can be
maximized with low vapour residence time (up to 5 s) and vapour temperature less than 400 °C
(11) anaerobic conditions, which produce biochar that can be used as soil additive and (iii)
generation of high quality of oilwhich contain 200 types of organic compounds that can serve
as a source of pure chemicals such as organic acids, aldehydes, etc. However, several different
types of oxygenated compounds are generated during biomass pyrolysis because of complex
structure of biomass and various reaction pathways. These oxygenated compounds make bio-oil
incompatible with petroleum based infrastructure. Catalytic pyrolysis has been investigated as a
method to optimize the distribution of desired products by selectively enhancing a specific

reaction Alkali metals, such as sodium (Na) and potassium (K), are widely reported to show

|
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notable catalytic effect on biomass pyrolysis The addition of potassium salts improved the

product distribution and promoted the fragmentation and depolymerization of biomass
components during pyrolysis

Thermal decomposition is a complicated process and involves hundreds of consecutive and/or
parallel reactions. The biomass decomposition usually ensues in three regions representing water
evaporation, active pyrolysis and passive pyrolysislj The decompositions of cellulose and

hemicellulose occur during the active pyrolysis in temperature range of 523 to 653 K and 473 to



653 K respectively. Lignin decomposition takes place in both active and passive pyrolysis in
temperature range 453 to 1173 KEl It is to be noted that the solid residue left at the end of the
pyrolysis (char and mineral matter) largely depends on the source biomass. Moreover, the
process of thermal decomposition is influenced by operational parameters such as temperature,
heating rate, size and shape of biomass etc.

The iso-conversional methods are highly recommended by International Confederation for
Thermal Analysis and Calorimetry (ICTAC) to evaluate the ‘kinetic triplet’ that includes
apparent activation energy, pre-exponential factor and reaction mechanism The list of
differential expressions f{a) and integral expressions g(a) of mechanism functions tested in the
present study are presented in Table 1. It should be noted that most of models specified in Table
1 are relevant to solid-state reactions. It is always important to confirm if a solid substance would
react in solid state upon heating. It is to be understood that once heating has begun, before the
reaction starts any solid substance may melt and the reaction may take place in liquid phase. It is
advisable to use a reaction model that is appropriate to the process being studied. However, all
the reaction models that are available can be reduced into three major types: accelerating (e.g.,
power-law models), decelerating (e.g., reaction-order @hgibn models), and sigmoidal (e.qg.,
Avrami-Erofeev models) typﬁ The present study investigates the thermal decomposition
characteristics of sawdust, with and without alkali ceramic bifunctional materials, at multiple
heating rates. The studied samples include sawdust (SD), sawdust mixed with lithium silicate
(SD-LS) and sawdust mixed with sodium zirconate (SD-NZ). The evolution trends of various

pyrolysis gases were analyzed and reported. The kinetic parameters, apparent activation energy

was identified by using Kissinger-Akhira-Sunose (KAS and Flynn-Wall-Ozawa (FWO



methods. The pyrolysis reaction mechanism function f{a) was identified by using generalized

master plots methoﬂ

Table 1. Most common reaction mechanisms in solid stare reactions

—
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Mechanism — Solid state process

Differential form f{o)

Integral form g(a)

A, — Nucleation and growth (Avrami Eqn. 1)
A3 — Nucleation and growth (Avrami Eqn. 2)

A4 — Nucleation and growth (Avrami Eqn. 3)

R> — Phase boundary controlled reaction
(contracting area)

Rs; — Phase boundary controlled reaction
(contracting volume)

D: — One-dimensional diffusion

D, — Two-dimensional diffusion (Valensi
equation)

D; — Three-dimensional diffusion (Jander
equation)

D4 — Three-dimensional diffusion (Ginstling-
Brounshtein equation)

F; — Random nucleation with one nucleus on
the individual particle

F, — Random nucleation with two nuclei on
the individual particle

F3; — Random nucleation with three nuclei on
the individual particle

Pi— Mampel power law (n = % )
P, — Mampel power law (n = % )

P3 — Mampel power law (n =%)
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Biomass Characterization. Sawdust (SD) was selected as waste biomass for pyrolysis
experiments. The biomass samples were processed in a&rgand then were sieved to a
diameter less than Og@m. Ultimate and proximate analyses were performed to cleaizethe
biomass. To detect carbon, hydrogen, oxygen, and nitrogetofrgcin the biomass, a
EuroEA3000 Elemental Analyser was used, while, 5E-AS3200B Automaitido@b Sulfur
Analyzer identified the sulfur fraction. The values ol#dinfrom proximate, ultimate and
structural compondsanalysis of sawdust are presented able 2.

Table 2. Characterization of sawdust samples.

Structural ~ component

Proximate Analysis (wt. %)  Ultimate analysis (dry wt. %) analysis (. %)
. /0

Moisture content ~ 9.85 C 45.93 Lignin 21.5
Volatile matter 72.92 H 6.26 Cellulose 50.03
Ash 0.27 O 44.54 Hemicellulose 24.8
Fixed Carbon 16.97 N 0.12 Others 34

S 0.04

The bifunctional materialiNaxZrOs (NZ) and LiSiOs (LS) were synthesized according to

methods previously investigated by our group and a detailed explanatithe synthesis

methods and characterization can be found in the liter={-Y

TG-DTG-MS Analysis. The thermogravimetric (TG) and derivative thermogravimetric
(DTG) analyses were performed in a thermal analyzer (Q60@) eXperiments were divided in
two sets. The first set of experiments was run at a aunseating rate of 35 °C minfor the
selected waste biomass samples and biomass samples nitixeédentwo alkali ceramics. Each
sample weighing 3 mg was heated from ambient temperature to 60Dhé&Csecond setfo

experiments was run at multiple heating rates, 40 and 45 A€, fmdom ambient temperature to



600 °C for both plain and blended samples. The biomass andctwinal materials were
mechanically mixed at 1:1 ratio (w/w) for the experimentsauthree heating rates. Argon (Ar)
gas, with a flow rate of 500 mL minwas used to maintain the inert gas atmosphere within the
system. All the experiments were conducted in triplicate dedrésults reported were the
average of the obtained data.

The mass spectrometer (MS) ionizes the gas molecules collected by heated capillary and
differentiates the resulting positive ions on the basis of their mass to charge ratio (m/z). The ions
set to be scanned and their corresponding evolved gas species are given in Table 3.

Table 3. Key ion fragments and representative evolved gas species.

m/z Ion fragments Representative Species
2 Ho" Hydrogen

15 CH;" Methane

28 COo" Carbon monoxide

40 Ar’ Argon

44 COy" Carbon dioxide

The raw signals received obtained from MS were nornwlielative to constant Ar purge and
weight of biomass (Eqn. 1)

Normalized signal for key molecule fragments i’ = (IC*500)/(ICa*Wt.sampid (1)

In the Eqgn. (1), ICstands for molecular méignals for molecular ion fragments ‘i’ (arbitrary
unit), 1Ca is the m/z signals for Ar, and wdmpieis the weight of sample (g). The normalized ion
current signals from MS were expressed as instant wlaoancentrations of gas products
contained in carrier gas (Ar, 500 nmint, and 25 °C, 1 atm). The total gas product (mLYng

was obtained by integrating the normalized curves obtaimed fhe plot generation rate (mL



mint g?) vs. reaction temperature. The temperature region irchwhaiaximum gas yield
occurred was chosen for integration and it should hednthat all the volume related units are
presented at normal conditions (%5, 1 atm). The gas yields obtained in mL thig! where
then converted into mmoligand then where repted.

Kinetic Analyses. Pyrolysis of biomass varies because of variations m themical
composition of compounds in the biomass material. Howetver overall path of biomass

pyrolysis can be defined asBiomass> Char Volatiles Gast According to the Arrhenius

eqguation, the rate constant k(T) is expressed as follows:

K(T) = Ae' ®)

where A(s?) is the preexponential (or “frequency”) factor, E, (J mole') is the activation
energy of the reaction, R is the universal gas conggB14 J mot K1), and T (°K) is the
absolute temperature. When applied to an overall reactsmiamnism, the activation energy for
the ensemble of reactions is termfagparent”.

According to Mishra et al. (2014), the kinetics of heteregeis solid-state thermal

degradation can be defineﬁ

%%:kﬁﬁ@ﬂ:A&E”ua) 3)

wherea is the fractional conversion (or conversion degreghefmain reactant at timeft(a)
represents a reaction function depending on the coaowverate in relation to reaction model at
the conversion degreeandt stands for time.

Taking the logarithm of Eq. (3) and lumping A(a)f{(a) to give Friedman’s methodm

da) E (@)
|%quqamum]7§— 4)

The conversion degreereflects the thermal decomposition and is defined as
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where m, m, m, are initial, instantaneous and final masses during thedegfadation,
respectively.

Taking into consideration that the temperature is &tfon of time and is increasing with a
constant heating rage theng can be expressed as

~dT _ dT _ do

=——=—x— 6
P> 0 " de at (©)
Rearranging Eqgns. (3) and) (6

,Eu
47 _ A f(a) ™)
dT gz

The integrated form df(«) is generally stated as:

9e)= [, = e ™ dT (8)

The above integral equation has no exact solution. THgg). (8) can be solved by
approximations or numerical methods. Considering the galaghtability and validity for their
model-free approaches, the iso-conversional methods awenkio provide a feasible approach
to estimate the activation energy and pre-exponent@bifa Thus, three iso-conversional
methods: Kissinger-Akahira-Sunose (KA$Jynn-Wall-Ozawa (FWO) and Friedman method
(FM), are used for the determination of kinetic paranseter

The FWO method can be expressed as follows:

In(B) =In[ AE, ]-5.331- 1.0516E—“ (9)
o RT

Rg(a)

The KAS method can be expressed as follows:



AR E,
E, g(a)] " RT (10)

In(% =In[

At constant conversion rate the plots In(p/T?) vs. 1/T (KAS method)n (B) vs. 1/T (FWO
method) and In(@/dt) vs. 1/T (Friedman method) obtained from TG plots (100®(itv) vs. T)
at several heating rates result in straight lineswfuch the slopes and intercepts help determine
the apparent activation energy and pre-exponential factarder to identify the most probable
mechanism function gif, integral master plots methods was adopted. Althoughemgalsts are
theoretical curves that depend on kinetic model, theyndependent of kinetic parameters such
as activation energy and pre-exponential factor. T¢teal master plots, listed in Table 1, were
considered as a reference for determining the besiniitik model for a solid-state reaction.
Experimental master plots were constructed and then cethpartheoretical master plots. The
most probable kinetic model can be determined by the aitemaster-plot method proposed by
Gotoﬂ The concept underlying the generalized master plots method is the generalized time (0),
at infinite temperature, required to achieve a given conversion (aﬂr—sl and obeys the equation

below

—Ea
T

E):J';e(R ) dt (11)

Using the integral kinetic equation at infinite temperaturentegral form, Eqn. (8), by
considering o = 0.5 as a reference point we can obtain the following equation.

9() 6 (12)
g(O(.)o.s Bos

wherefo s is the generalized time at o= 0.5.
Under non-isothermal conditions with linear heating rt from Eqgn.(11), the value ob, at

any given o can be obtained from the following equation.

10
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Apdwly E e E
H‘Efoe dT—BR . dx= BRP()) (13)

where x = E/RT. The function P(x) in Eqfl3) does not have analytical solution and can be
expressed by an approximation. In this study, secondarynaatpproximation of Senum and
Yangr’| is used. Therefore, for a linear heating réte os values can be obtained from the
following equation.

ALY w0
Bos P()@s)
From Eqgns. (12) and (}4considering o = 0.5 as a reference point we can relate the

appropriate kinetic model to reduced generalized rate dioaaas given below

0@ _ 6 __P(3 .
g(a)os Hos P(X%s)

Therefore, by plotting the generalized reaction ratenf(d@5), and the fraction @)/g(co.s)
listed in Table 1 against conversion),( an appropriate kinetic model can be inferred on
comparison.

The pre-exponential factor YAnd other thermodynamic parameters such as, enthalpy (AH),

free Gibbs energy (AG), and changes in entropy (AS) were expressed using Egs. (16) td{1¥

Ea
A= ﬁ-Ea-e[Rij /(R ) (16)
AH =E_—RT (17)
AG = E + RTm-ln{kBi} (18)
hA
S - AHT— AG (19)

11



where, k is the Boltzmann constant (1.381 x%20 K1); Tm is the DTG peak temperature; h is
the Plank constant (6.626 x 3 s).
B RESULTSAND DISCUSSION

Pyrolysis Behavior of Sawdust under Catalytic and Non-catalytic Conditions. The TG
(mass % loss vs. T) and DTG (dm/dt vs. T) curves of thelysis process for samples, which
include SD, SD-NZ and SD-LS at heating rate 35 °Cndne presented ifig. 1. Pyrolysis
decomposes the organic components of a material interekif vapor phases and gas
compounds leaving char as residue. The main pyrolysikeoplain sample, SD, took place

between 200 and 500 °C and is in good agreement with other stuiiegeedstock of similar

category, reported in the literat{i®l| During pyrolysis, the mass loss in samples is because of

vapor and gas evolution. The pyrolysis of samples, with without alkali materials, can be
divided in to three stages. The first stage correspondshi@iaeion (< 200 °C), where moisture
gets extracted from the samples. A small quantity of teliniose, as it acts as a link between
cellulose and lignin, starts decomposing in this ﬁg‘éhe second stage of the pyrolysis is
considered as the main decomposition stage and a drashatige can be noticed in the DTG
curve during the second stage of decomposition. It can tieedofrom Fig. 1 that a little
devolatilization occurred at around 250 °C and proceeded rapitlyinereasing temperature.
The peak temperature for SD, where maximum mass loss ocowagahoticed at 388 °C, after
which, the mass loss decreased gradually.

The impact of catalytic activity of alkali materialgas evident in the mass loss pattern during
pyrolysis. The maxima of mass loss for samples SDaNd SD-LS were lower than those
registered for plain sample. This suggests the possibiliglkali metals (Li and Na) initiating

the pyrolysis process at lower temperatures. The pegperatures for SD-NZ and SD-LS were

12



359 and 361 °C respectively. ¥aOs and LkSiOs have been shown in previous studies to
exhibit catalytic activity in devolatilization. The re®imatch the previous works with cellulose
and NaZrOs, where the catalyst was able to lower the activation urther, the presence
of third peak of mass loss was noticed at around 550 °C fireaflamples and the reason can be

attributed to a continuous period of catalytic breakdowrgoini
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Figure 1. TG and DTG curves of plain and alkali metal mixed samples (a) SD and (b) SD-LS

and (c) SD- NZ at heating rate 35 °C min™.

Analysis of Evolved Gas Species. Gas evolution from pyrolysis of samples SD, SD-LS and
SD-NZ are shown inFig. 2a, 2b and 2c respectively From the samples, syngas primarily
evolved during the pyrolysis and, at temperatures above G@0second peak ofHjeneration
was observed. The emerging peak over 500 °C could be from multiple tar cracking amd t

reforming reactions. CO and G@ere dominant species released during primary pyrolysis of

13



SD, and a small peak of GHvas also observed. The presence of alkali metalstedsun a
dramatic effect on the release of &fter the primary pyrolysis phase. €&ahd CO yield trends
from SD-NZ and SD-LS samples are similar to SD sampigisH, and CQ trends appear to be
suppressed in the presence of alkali metals.

The second Hpeak for SD-NZ and SD-LS is due to the participation oi2d@z and LkSiOs
in sorption enhanced reforming (SER) reactions as €tbents. SER reactions depend o, CO
removal to overcome thermodynamic limitations set orhf@mnperature endothermic steam
reforming (SR) reactions, shown here wkis as the feed in (Eqn. 20) and low-temperature
exothermic water-gas shift (WGS) reaction (Eqn. 21).

CHs+ H OS5 3H: + CO (20)

CO+HOS Hx+ COy (21)

NaZrOs, a more active COsorbent, captured G@arlier, which resulted in+peak from SD-
NZ samples at temperatures around 450 °C, whi8iOk participated in SESR at around 500
°C. The results are enhanced pfloduction. A similar results has been reported by Merabn,

aI where NaZrOz enhanced EHproduction in similar manner during cellulose pyrolysis.

14
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Fig. 2. Gas formation rates (H2, CH4, CO, CO>) of (a) SD, (b) SD-LS and (¢) SD- NZ

Kinetic Analysis. Thermogravimetric data was used to characterize the selbaiathss

samples as well as to study the reaction kinetics tsattrieom thermal degradation. Chemical

kinetics together with description of transport phenomeaa be considered as useful

information for the design and optimization of thermemical systenﬁm The linear

correlations of pyrolysis for SD, SD-LS and SD-NZ wearalculated by iso-conversional

methods KAS and FWO at 35, 40 and 45 °C “‘tnammd are presented Fig. 3. According to

Egns. (7) and (8) the apparent activation energies werelatdd within a selected range of

conversion 0.1 0.8 with a step of 0.1 and are listedlable 4.

15



0.00145 0.00155 0.00165 0.00175
e
89 I = 385 [o) [07] (o 0.3 01
38 1 |
-9 0 \ | |
\ 3.75 | [
9.1 05 \ |
& 07 \ a 3.7 | | =
@ 9.2 z | \ 3
oL =R 3.65 | | 2
- | 02 \ | =%
\ |
9.3 \ 3.6 | \
94 | |
9.4 Wos 3.55 ‘ ;
08| (06| o4 02
i L 35
95 . 0.00145 0.00155 0.00165 0.0017
YT /T (1/°K)
0.00145  0.00155  0.00165 0.00175  0.00185
8.9 5
(d) (101 385 () 0 0s| o 0.1
9 03 “, 3.8 | \
&2 \ 3.75 ! {
9.1 0.7 \ \
) \ -~ 3.7 \ =
& 9.2 \ & | || 2
5 \ 02 = 365 \ \ | 2.
. \ \ £
9.3 \ 0t 3.6 | \
06 \ \
94 3.55 '
08 08 06 04 02
9.5 3.5
0.00145 0.00155 0.00165 0.00175
UT (1°K) VT (1°K)
0.00145 0.00155 0.00165 0.00175
3.85
89 (g 0 385 1) [o07] [os] [o 01
3.8 \ \
-9 0. \ | \“
= \ 3.75 \ |
9.1 = r, ‘\ x
= \ = 3.7 \ =
O \ ‘e | N
g 92 \ o= = 365 ; | |2
\ \ \ -
9.3 \\ 0.4 3.6 \ \
\ \ \
04 0s 3.55 ‘ '
08 08 0.6 04 0.2
05 35
s - 0.00145 0.00155 0.00165 0.00175 -1.5
VT (1/°K) /T (1/°K)

0.00145 0.00155 0.00165 0.00175
-0.6
(© \ 06
\
D8 \ (105
07"
-1 08 04
03
1.2
0.1
0.2
14
1.6
T (1/°K)
0.00145 0.00155 0.00165 0.00175
(f) 05
-0.7
0.6 04
-0.9 07 \\ \ 93
08 \
1.1 0.1
0. \
\
\
13 \
\
\
-1.5
VT (1°K)
0.00145 0.00155 0.00165 0.00175
0.7 @ %2
06 \ 04
\
-0.9 08 \
07 \\ 03
1.1
01
0 \\
1.3 \
\
\\
\
1.5

VT (1°K)

Fig. 3. Linear correlation of pyrolysis at 35, 40, 45 °C min! by (a) KAS (b) FWO (c) FM for SD,

(d) KAS, (e) FWO (f) FM for SD-LS and (g) KAS, (h) FWO (i) FM for SD-NZ respectively.

Activation energy can be defined as the minimum en@égpessary to initiate a reaction,

which means that for a given pre-exponential factorhigber the activation energy, the slower

the reactio

From the results shown in Table 4 it should be ndtatithe apparent activation

energy (E) is highly dependent on the conversion, indicating thepdexity of the biomass

pyrolysis with many reactions occurring simultaneousiyha same sta.lt can be noticed,

from Table 4, that the Jcalculated from KAS and FWO methods remained stable \wiéh t

conversion progressing in the range 0.2-0.5 for SD and dasitmehavior was noticed for
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samples mixed with alkali materials. It can also be dhdteat the E value is low at low
conversion (oo =0.1) when compared to the other stages of conversion, could possibly be
influenced by the higher reaction rate. The rapid iner@ashe activation energy for SD samples
from a = 0.2 indicate the initiation of main component pyrolysis|*°| During the estimation of E
for a chemical reaction involving the physical transfoiomabf biomass, it should be noted that
the value of k& correlates to the chemical stability of the compound.réfbes, to ensure the
decomposition of stable compounds, it is necessary toysoppk energy.

Table 4. Results of apparent activation energy (E,) (kJ mol') with KAS, FWO and Friedman

methods

Method/ Conversion (a)/ KAS FWO Friedman Method

Material Parameters/ E, R2 E, R2 E, R2

SD 0.1 155.1 0.972 156.7 0.975 158.2 0.994
0.2 171.5 0.999 172.6 1.000 170.0 1.000
0.3 179.5 0.992 180.5 0.992 175.3 0.999
0.4 170.9 0.998 172.5 0.998 168.1 1.000
0.5 170.7 0.992 172.5 0.993 166.2 0.987
0.6 159.7 0.987 162.2 0.989 156.0 0.998
0.7 149.4 0.993 152.5 0.993 149.9 0.998
0.8 155.6 0.993 158.5 0.994 155.7 0.998
Average 164.0 166.0 162.4

SD-LS 0.1 90.3 0.984 95.1 0.989 89.4 0.990
0.2 104.2 0.999 108.6 1.000 103.2 0.993
0.3 114.2 0.997 118.4 0.999 115.9 0.999
0.4 114.1 0.987 119.1 0.993 118.2 0.986
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0.5 113.8 0.996 118.4 0.999 112.7 0.995

0.6 117.1 0.996 121.7 1.000 120.0 0.996
0.7 122.9 0.980 127.7 0.990 126.5 0.997
0.8 123.3 0.982 125.4 0.997 123.3 1.000
Average 112.6 116.8 113.7

SD-NZ 0.1 109.3 0.993 113.1 0.994 110.8 0.998
0.2 110.6 0.998 114.6 0.998 114.3 1.000
0.3 105.0 0.997 109.5 0.997 111.7 1.000
0.4 103.8 0.996 108.6 0.997 109.6 0.993
0.5 106.2 1.000 111.0 1.000 113.9 0.999
0.6 114.0 1.000 122.0 1.000 116.5 1.000
0.7 115.9 1.000 120.4 0.998 124.4 0.999
0.8 135.3 1.000 139.2 1.000 132.7 0.997
Average 112.5 117.3 116.7

It can be witnessed from the results that thedue for all the samples is found to decrease at
higher conversions. This may be attributed to the feat diaring the decomposition of stable
compounds at high temperature, less stable compounds ehedisier to decompose are formed
resulting in the lowering the heat supply. Additionally, ligher temperatures, easily
decomposable molecules formed art higher temperatusaking in the decrease in activation
energy at higher conversiclﬁ.'r he second stage of pyrolysis (major mass loss Stagjee
temperature range 200-600 °C) was considered for kinetic analgsisshould be noted that the
thermal degradation of major components of biomass, whiclude cellulose, hemicellulose
and lignin, happens in the range of 200-600 ‘{8ccording to Burhenne et al., higher values of
activation energy are needed for the decompositidniomfiass with high lignin contﬂ.The E

values varied from 149.4 to 179.5 kJ mblor SD, whereas for samples mixed with alkali
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materials, & were found to be low. The values varied from 90.3 to 136.2 kJ'nawi¢ 103.8 to
135.3 kJ mol@ for SD-LS and SD-NZ samples respectively. The reaatih higher E value
needs longer retention time or elevated temperatureshwvaliows the reaction to gain sufficient
energy. Thus the value of apparent activation energigddme used to differentiate the stages of
reaction during thermal decompos'rﬂﬁ Furthermore, the average falues for all the samples
considered in this study were lower than the averageakies reported for rice husk (22R9

kJ mol!), elephant grass (21827 kJ mol")[*¥ cellulose (191 kJ moll)rjl algae (154 -261 kJ
morlﬁl and camel grass (168 -169 kJ mpP| This indicates the suitability of SD for co-firing
with other types of biomass.

The generalized master plots do not depend on heating raésdusng experiments and
strictly depend on the kinetic model used to fit the ieactTherefore, in principle, the master
plots generated experimentally under different heatitegsrshould take similar shapes. The right
hand side of Eqn. (13) vs. conversian, were used to construct master plots for every
experimental curves by using the activation energy olatafrem iso-conversional methods
previously. Similarly, the theoretical master plots cgpomnding to different kinetic models
mentioned in Table 1 are built by constructing the lafichside of Egn. (13) vs. conversian,
Fig. 4 shows the comparison between theoretical and experinmeaster plots for SD (Fig. 4a),
SD-LS (Fig. 4b) and SD-NZ (Fig. 4c). The integral master lodnstructed for SD closely
match with theoretical master plot corresponding to thieeensional diffusion (Ginstling-
Brounshtein equation) (D4) reaction model. For SD-LS abDeNZ, the experimental master-
plots were closely in accordance with random nucleatiagh wme nucleus on the individual
particle (F1) reaction model in the conversion range-0016. At higher conversion rates, the

reaction model shifted from F1 to three-dimensional diffugGinstling-Brounshtein equation)
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(D4) reaction model. It can be inferred that the syngegesfect of alkali metals on the biomass
has similar influence on the degradation mechanisms. Thadsgmn mechanism of SD-LS and
SD-NZ were similar to each other and differed significantly frdmat of the plain sample SD.
The little divergence of experimental master plot cuatetew conversions, for all the samples
considered in the study, could be attributed to the deviationdeaf conditions assumed in

kinetic models with real conditions.
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Figure 4. Comparison between theoretical master plots generated from kinetic models in Table 1

and the generalized master plots generated from experimental curves (a) for SD, (b) SD-LS and

(C) SD-NZ, recorded under heating rate 40 °C min™.
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The pre-exponential factor (A) and other thermal deconipasiiarameters such as activation
enthalpy (AH), activation entropy (AS) and activation Gibbs energy (AG) were calculated and the
results are presented Trable 5. The mean value o& obtained were 6.9 x1f) 7.88 x16° and
8.87 x1G° for SD at heating rates 35, 40 and 45 °C respectivelySBeLS the meaw values
obtained at heating rates 35, 40 and 45 °C were 1.46°x1®6 x16° and 1.75x1¥
respectively. For SD-NZ the me#@nvalues obtained at heating rates 35, 40 and 45 °C were 6.9
x1010, 7.89 x18° and 8.87x1% s! respectively. TheA values > 10° st indicate a complex
reaction, while the values < 10° stindicate a surface react.The values of A in between 10
and 102 s! indicate that the activated complex was restricted iatioot when compared to
initial reageThe values oA varied with conversion but with a very narrow range,dating

the reliability of the E values. The activation enthalpy can be defined astm@unt of energy
exchanged during a chemical reaction. From Table 5 it cabserved that the changes in the
activation enthalpies explaining the energy differelme®veen the activated complex and reagent
agreed with the activation energies. When thedhies are compared against the AH values for

all the samples considered for pyrolysis, a small gndxa@rier (~5 kJ mol) indicate the
possibility of the reaction happening under chosen condjtamshe literature point out that the
lower difference in Eand AH indicate the favorable conditions for the format@hactivated
compIeAs the enthalpy is the amount of energy utilizedratbugh the thermal conversion of
biomass material into resultant products, the closeness of AH and E indicates the additional
energy required to achieve the product formation, in thig,cas5 kJ mot. The activation
entropy (AS) is associated with the formation of complex atéilaspecies and is a measure of
disorder. The low activation entropy indicates that mheterial has reached a state near its

chemical equilibrium after undergoing some kind of physicathmmical aging process. On the
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other side, high activation entropy indicates that theena is far from its own thermodynamic
equilibrium. In the former case, the reactivity of thaterial is low and demands more time to
form the activated complexes, while in the latter ctsematerial is highly reactive and produce
activated complex in shorter retention tinigd.he positive and negative values of activation
entropy can reflect the degree of arrangement of cakb@s in biomass sampﬁAll the
values for AS reported in Table 5 were negative for SD mixed with alkadtals, which
illustrated that the activated complexes formed where mganized structure when compared
to initial material. The change in Gibbs free energydatdis the increase in the total energy of
the system during the formation of activated co k.can be noticed from Table 5 that the
change in Gibbs free energy was lower for samples mix#d alkali metals, indicating the

effect of catalysts on the pyrolysis process.
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Table 5. Kinetic and thermodynamic parameters of thermal degradation of SD, SD-LS and SD-NZ under the heating rate (B) of 35, 40

and 45 °C min™! for conversions (o) in the 0.1-0.8 range.

Sample Pre-exponential factor, Enthalpy, °AH Gibbs free energy, °AG Entropy, °AS
E&) ?‘;; A (min’) (kJ mol™) (kJ mol™) (J mol™)
B, (°C min™) B, (°C min™) B, (°C min™) B, (°C min™)
a 35 40 45 35 40 45 35 40 45 35 40 45
SD 0.1 1567 3.6x10"” 4.1x10% 4.6x10” 1519 151.8 151.8 1640 1633 1626 -184 -17.3 -16.4
02 172.6  7.2x10"% 8.3x10" 93x10® 167.6 167.6 167.6 163.5 1627 162.1 6.2 7.3 8.3
03  180.5 3.2x10™ 3.6x10™ 4.1x10" 1753 1753 1753 1632 1625 1619 183 194 203
04 1725 7.1x10"% 8.1x10% 9.1x10® 1673 167.3 1672 163.5 162.8 162.1 5.7 6.8 7.8
0.5 1725 7.1x10"% 8.1x10" 9.1x10" 167.1 167.1 167.1 163.5 162.8 162.1 5.5 6.6 7.6
0.6 1622 1.0x10" 1.2x10" 13x10® 1568 156.7 156.7 163.8 163.1 1624 -10.7 9.6 -8.7
0.7 1525  1.7x10"% 1.9x10™ 2.1x10 147.0 147.0 147.0 1642 163.4 1628 -259 249 -239
0.8 1585 5.1x10"% 59x10™ 6.6x10% 153.0 1529 1529 1640 1632 162.6 -16.6 -15.5 -14.6
SD-LS 0.1 95.1  6.9x107 7.8x10" 8.8x10" 90.4 903 903 1593 158.6 158.0 -108.7 -107.7 -106.7
02 1086 1.0x<10° 1.1x10° 13x10° 103.6 103.6 103.6 158.6 1579 1573 -86.7 -85.6 -84.7
03 1184 7.1x10° 8.1x10° 9.1x10° 1134 1133 1133 158.1 1574 1568 -70.6  -69.5  -68.6
04 1191  8.0x10° 9.2x10° 1.0x10" 1139 1139 1139 158.1 1574 1568 -69.7 -68.6 -67.7
0.5 1184 7.1x10° 8.1x10° 9.0x10° 1132 1132 113.1 1581 1574 1568 -70.9 -69.8  -68.9
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SD-NZ

0.6
0.7
0.8
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

121.7

127.7

125.4
113.08
114.62
109.54
108.57
111.02
122.02
120.41
139.2

1.3x10"
4.4x10"
2.8x10'°
2.8x10°
3.9x10°
1.4x10°
1.2x10°
1.9x10°
1.7x10'°
1.2x10"

5.1x10"

1.5%10"
5.0x10"
3.2x10'°
3.2x10°
4.4x10°
1.6x10°
1.3x10°
2.1x10°
1.9x10'°
1.4x10"

5.8x10"

1.7x10"
5.6x10"
3.6x10'°
3.6x10°
5.0x10°
1.8x10°
1.5%10°
2.4x10°
2.2x10"
1.6x10'°

6.6x10"

116.4
122.3
119.9
108.3
109.6
104.5
103.4
105.8
116.7
115.0
133.6

116.3
122.2
119.9
108.2
109.6
104.4
103.4
105.7
116.7
115.0
133.6

116.3
122.2
119.9
108.2
109.6
104.4
103.3
105.7
116.6
114.9
133.6

158.0
157.7
157.8
157.3
157.2
157.5
157.5
157.4
156.9
157.0
156.2

157.3
157.0
157.1
156.6
156.5
156.8
156.8
156.7
156.2
156.3
155.5

156.7
156.4
156.5
156.0
155.9
156.1
156.2
156.1
155.6
155.6
154.9

-65.6
-55.9
-59.8
-77.3
-75.0
-83.6
-85.3
-81.4
-63.4
-66.2
-35.6

-64.6
-54.9
-58.7
-76.2
-73.9
-82.5
-84.3
-80.3
-62.3
-65.1
-34.5

-63.6
-53.9
-57.8
-75.3
-73.0
-81.6
-83.3
-79.4
-61.4
-64.2
-33.6
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The validation of a given kinetic triplet may be ddmeplotting and comparing the curve of
conversion ¢) vs temperature (T) obtained from its model simulatigth that derived from the
experimental results. A numerical procedure was used héxgltbup simulated: vs. T curve in
Excel and is described as follows. A column of tempeesatyin °K) was set up with an
incremental step d{E 5 °K). Corresponding guesstimates of o were then set up for each T, here
a single ‘guesstimate’ a of 1x10° was chosen for all values of T. The columi dT was then
built (LHS of Eqgn (6)), and another witW{)exp(-E/(RT)) xf(a), i.e. RHS of Eqn. (6). A final
column with 16 x|LHS-RHS| was set up, ensuring non zero initial values of LHS-Bven at
low o. Finally, a macro ran the function goal seek in@plover all the data rows for each T to
achieve convergence of CILHS-RHS|) towards zero by adjusting the value.of

Fig. 5 depicts the simulated and experimemntais T curves obtained for SD, SD-LS and SD-
NZ. Overall the simulated curves were in good agreement watkexperimental results, which
infers that the identified kinetic parameters were adeurilatching between simulated and
experimental values was very good in the low to mid conwensinge, where the conversion
rate better conformed to conditions of kinetic contanld in particular the modelledvs T curve
for SD-LS at 35 °K mirt superimposed the experimental curve for all conversietsm0.8.
Greatest discrepancies were found for the SD 35 °K!ndiata, where the conversion error
remained at worse below 0.1, and the temperature error washum below 10 °K for a given
conversion. With the validation step carried out, & of generating meaningful modelling
tools for the future design of conversion plants featutiegdevolatilisation of saw dust and saw

dust - catalyst mixtures was achieved.
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Figure 5. Simulation of (a) SD, (b) SD-LS and (c) SD-NZ pyrolysis using kinetic data obtained

from FWO method and reaction mechanism obtained from master plots.
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B Conclusions

The thermal behavior of sawdust during the catalytic and-cadalytic pyrolysis was
qguantitatively evaluated. The presence of alkali metdsld to an early appearance of major
peak of mass loss, signifying that the alkali metals appetredatalyze reaction in the
temperature range 400550 °C. Furthermore, the alkali metals were effectiveowering the
activation energy of sawdust pyrolysis. If heat flow angbdier change are comprehensively
evaluated, the higher activation AG values indicated favorability for the reaction to happen
Results also showed that presence ofZNas and LiSiOs increased Hyield during pyrolysis.
Alkali metals were able to capture e@leased during pyrolysis and removal of(GfDshed the
equilibrium of WGS reaction towards:igroduction.
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