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Abstract: The important parameters characterizing mi-
crowave pyrolysis kinetics, namely the activation energy
(E,) and the rate constant pre-exponential factor (4), were
investigated for oil palm shell mixed with activated carbon
and palm oil fuel ash as microwave absorbers, using sim-
ple lab-scale equipment. These parameters were estimated
for the Kissinger model. The estimates for E, ranged within
31.55-58.04 k] mol " and for A within 6.40E0-6.84E+157",
in good agreement with prior studies that employed stan-
dard techniques: Thermogravimetric Analysis (TGA) and
Differential Scanning Calorimetry (DSC). The E, and A were
used with the Arrhenius reaction rate equation, solved by
the 4th order Runge-Kutta method. The statistical param-
eters coefficient of determination (R?) and root mean
square error (RMSE) were used to verify the good fit of
simulation to the experimental results. The best fit had
R?=0.900 and RMSE = 4.438, respectively, for MW pyrol-
ysis at power 440 W for OPS with AC as MW absorber.
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1 Introduction

Thailand is a developing county, and its economy is based
on agricultural products and agro-industry. Therefore,
biomass residues from these activities are abundant and
low-cost in every part of Thailand. In the southern part of
Thailand the main agricultural product is oil palm, and
the value chain from this product involves crude palm oil
mills and palm oil refineries. The crude palm oil mills use
as their raw material fresh fruit bunches of oil palm to
extract the crude palm oil, and the by-products from this
processing are lignocellulosic biomass: empty fruit
bunches, oil palm shell (OPS), and oil palm fiber (OPF),
among others. Normally, both OPS and OPF residues are
used as fuel burned in the factory boiler; and this again
leaves residue from the combustion, namely palm oil fuel
ash (POFA). The total annual solid waste from the crude
palm oil mill industry in Thailand is estimated at around
2.1 million tons (Chavalparit et al. 2006). Therefore, value-
added utilization of oil palm by-products or wastes has
been considered in several studies, as shown in the good
review by Foo and Hameed (2009b). The concepts
addressed in studies include generating energy from oil
palm waste, in the forms of palm leaves, palm fronds,
palm trunks, empty fruit bunches, etc. (Chuah et al. 2006).
The POFA was used as a microwave (MW) absorber to
absorb MW energy to heat for MW pyrolysis, in a study by
Chuayjumnong et al. (2020). Foo and Hameed (2009a) and
Haydar and Aziz (2009) used POFA as a novel adsorbent,
tested among a wide range of treatment technologies
including precipitation, coagulation-flocculation, sedi-
mentation, flotation, adsorption, and ion exchange. Dur-
ing the last 20 years, many studies (Sata, Jaturapitakkul,
and Kiattikomol 2007; Tangchirapat et al. 2007) have
assessed the utilization of oil palm ash as a supplementary
cementitious material and a viable pozzolanic material for
producing high-strength concrete. Yin et al. (2008) tested
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POFA as sludge chemical binder for stabilizing pH,
reducing mobility of contaminants, and improving pre-
cipitation, encapsulation, chemisorption, and ion ex-
change processes.

To utilize biomass or to add value to it, the chemical
approach by pyrolysis is based on thermochemical conver-
sion in the absence of oxygen, to produce target products
such as biochar, bio-oil, and syngas. Microwaves (MW) have
been used as an alternative heat source to pyrolyze various
lignocellulosic biomass feedstocks, and the main advan-
tages of MW are volumetric heating of the sample, rapid,
selective, precise, and controlled heating (dependent on the
material properties), low thermal inertia, and fast response
(Chen et al. 2016; Huang, Chiueh, and Lo 2016; Pianroj et al.
2016; Reddy et al. 2019; Yerrayya et al. 2018; Zhang et al.
2017). Moreover, the ability of microwave heating to process
a wide variety of biomasses is a tremendous benefit when it
comes to processing feedstock with a high moisture content.
A characteristic feature of this technique is the ability to
manipulate the heating rate of a sample without increasing
the input power, through the use of microwave absorbers
(MWADs), also known as susceptors (Francis Prashanth,
Midhun Kumar, and Vinu 2020).

Evaluation and understanding of the pyrolysis kinetics
and mechanisms of thermochemical biomass conversion
are essential for the design, optimization, and scale-up of
industrial thermochemical biomass reactors (Gogoi et al.
2018; Wang et al. 2018). Normally, the most widely used
reliable characterization techniques, Thermogravimetric
Analysis (TGA) and Differential Scanning Calorimetry
(DSC), are used to evaluate the pyrolysis kinetics and other
reaction parameters of an energetic biomass (Cai et al.
2018; Jain, Mehra, and Ranade 2016; Kristanto, Azis, and
Purwono 2021; Miisellim et al. 2018; Ozsin and Piitiin 2019;
Rasool and Kumar 2020; Williams and Nugranad 2000).
However, this current study aimed to investigate and
identify the pyrolysis kinetics, specifically the parameters
activation energy (E,) and rate constant pre-exponential
factor or frequency factor (4), of MW pyrolysis with
different types of MWAD by using simple equipment. These
two parameters were identified in the Kissinger model and
the estimates were compared with previous literature data
from using the standard equipment: TGA and DSC. Finally,
these important parameters were fitted by solving the
general reaction rate with temperature dependence given
by the Arrhenius equation, and the numerical solution
method was the 4th order Runge-Kutta method. The
parameter estimation from least-squares fits between
experimental and simulation data iteratively maximized
the coefficient of determination (R?) and minimized the
root mean square error (RMSE).
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2 Materials and methods
2.1 Materials

In this experiment, the oil palm shell (OPS) lignocellulosic biomass,
and the palm oil fuel ash (POFA) for use as a microwave absorber
(MWAD), were obtained from palm oil mills of the Green Glory co.,
Ltd., at Tha-Chang, in Surat-Thani province of Thailand. A commercial
grade activated carbon (AC) for water treatment, based on coconut
shells, was used as an alternative catalyst. The OPS was ground to
1.18-2.00 mm particle size range, and both OPS and POFA were dried
in an oven at 105 °C to reduce the moisture content to approximately
8.50 %whb, and then they were kept in zip-lock plastic bags to maintain
the moisture content. The feedstocks were subjected to proximate
analysis (ASTM D7582 by Thermogravimetric Analyzer, TGA7, Perki-
nElmer, USA) and ultimate analysis (CHNS-O Analyzer, CE Instrument
Flash EA1112 Series, Thermo Quest, Italy), and the composition of
POFA was characterized by X-ray Fluorescence Spectrometry (XRF
spectrometer, Zetium, PANalytical, Netherlands). It is noted that all
these analyses were run by the Office of Scientific Instruments and
Testing (OSIT), Prince of Songkla University, Hat-Yai Campus.

2.2 Experimental set-up

These experiments were carried out in a domestic multimode micro-
wave oven with maximum power output rated as 800 W at 2.45 GHz
microwave frequency. The microwave oven was modified by removing
the base of the turntable, and a hole with 25 mm diameter was drilled
on top of the oven. The electrical system for ON-OFF control of the
microwave oven was modified, so that the power cord was coupled
with a pair of clamps to an electronic switch. A stirrer rotated by a
geared motor was installed so that it was turned on or off along with
the rest of the system. The stirrer had a metallic propeller and motor
driving it at 50 rpm to disturb (homogenize) the microwave electric
field: its purpose was to make the heating inside the cavity uniform
across a sample. For electrical grounding copper ingots were buried in
the ground and the microwave as well as thermocouples were
grounded, to reduce measurement noise while the microwave is on.

The 250 mL reactor was made of quartz, flask-shaped, with nar-
row mouth and internal diameter of 23 mm, external diameter of
32 mm, and height of 140 mm. Teflon corks were made for use as lid, to
height 40 mm and diameter 22 mm, with three holes of 7 mm in
diameter drilled in this stopper so that glass tubes could be inserted.
Each hole had a different function. Hole 1, for a bent glass tube was
intended for inflow of N, flushing. The bent glass tube was coupled by
a hose to a rotameter with a valve, for control of N, flowrate. Hole 2, for
inserting a straight glass tube was intended for the type-K thermo-
couple probe: a metal sheet is needed around the glass tube to reduce
interference from the microwaves. The third hole was for a long glass
tube to vent out the pyrolysis product gases to the condensation sys-
tem. A ceramic cup was used as base to support the quartz reactor,
with an insulation layer between these to prevent rattling, reduce
friction, and shield against burns.

The temperature feedback control system had the type-K ther-
mocouple provide an analog signal to the temperature controller
SHIMAX™ model MAC3D-MSF-EN-NRN. This was the command
unit controlling the solid-state relay (SSR). This SSR functioned as
an ON-OFF switch of the electric microwave power supply. The
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temperature controller also communicated with a personal computer
(PC) by RS485 to RS232 for collecting temperature data. The thermo-
couple was inserted into the sample from the top of the reactor. The
method of operation was to set the desired temperature value, set the
maximum and minimum temperatures, and during a run the real-time
temperature was displayed and all data were logged by the Shimax
software. Figure 1 shows the temperature controller, and RS485 and
RS232 ports.

Before the pyrolysis run, N, flushing of the reactor was done for
2 min to ensure that the sample was in inert atmosphere, because
pyrolysis requires oxygen-free heating. This flushing removed oxygen
from the system and during a run moved pyrolysis products to the
condensation section of the setup. N, is colorless, odorless, non-toxic,
and non-flammable gas and its flow rate were set at four LPM. The inert
gas could also play an important role in ensuring safety during the
experiment, as it helps avoid explosion or other risks potentially
caused by accumulation of volatile compounds. During the runs, care
was taken to prevent any product gas leaks from the system, as it had
elevated pressure and a high temperature. After the pyrolysis was
complete, N, flushing of the system was continued for another 2 min to
remove heat from the system. Then liquid products were collected
from both parts of the condensing system.

The optimum conditions from the previous work of Chuay-
jumnong et al. (2020) were determined to maximize the liquid product
with each type of MWAb, and were adopted in this study of pyrolysis
kinetics. In the experimental runs the time profiles of weights were
determined. Before the experiment, a glass tube was placed in a hole at
the bottom of the microwave oven so that the top of the glass tube
would support the weight of the sample, and the bottom end of that

RS485/RS232
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glass tube was on a weighing scale that sent its reading to the com-
puter during a run. In this experiment, insulation between glass tubes
and quartz reactor was used. After that, the runs used three alternative
microwave power levels of 440, 616, and 800 W, for a pyrolysis time of
20 min. Throughout the experiments, the N, flow rate was set at four
LPM. Figure 1shows a schematic diagram of the system for the study of
microwave pyrolysis kinetics. After the experiment was completed,
the data were used to estimate the activation energy in the microwave
pyrolysis of OPS with each type of MWAb, by using the Arrhenius
equation and the Kissinger method.

2.3 Theory background on reaction kinetics

In this study, the reaction kinetics analysis of oil palm shell (OPS)
microwave (MW) pyrolysis applied the Kissinger method (Huang et al.
2016; Kissinger 1957). Mostly the kinetics of a reaction of the type “
solid — solid + gas ” can be described by Eq. (1).

dx —~E,/RT n

e Ae 1-x) 1)
_ moy —mg
= o= my ()]

where dx/dt is the rate of change of mass fraction, m, and my are the
initial and final masses of the sample, respectively, m, is sample mass
at time t, and n is the empirical order of the reaction. This includes the
Arrhenius equation for the rate constant k as described in Eq. (3).

k=Aexp(;£fl> (3)

Temperature
controller
Thermocouple
Rotameter A N, Outlet
Microwave
oven

Stirrer mode

Quartz glass
reactor Teflon
Insulation
ceramic fiber
Digital balance
Nitrogen Tube

Bio-oil storage

Figure 1: Schematic diagram of the experimental microwave pyrolysis system for studying pyrolysis kinetics.
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where A is the rate constant pre-exponential factor or frequency factor,
E, is the activation energy (k] mol ™), R is the universal gas constant
(8.314 J mol ™ K™, and T is the absolute temperature (K). The temper-
ature rises during the reaction, so the reaction rate dx/dt will increase to
its maximum, then return to zero as the reactant is exhausted.
Assuming that the temperature rises at a constant heating rate  and
differentiating Eq. (1), the Kissinger model is obtained in Eq. (4).

E, A
ln<R1€ ) = RTom +1n(E—a) ()]

in which Tp,x is the maximum temperature. From Eq. (4), the plot of
In( ﬁ/RTﬁm) versus 1/Tmax should give a straight line. The slope and
intercept of the fitted line can be used to estimate the activation energy

and pre-exponential factor for MW pyrolysis.

3 Results and discussion

3.1 Compositions of biomass feedstocks
and microwave absorbers

By its physical appearance, the OPS was brown particles,
solid, irregularly flat, curved and concave on the surface,
relatively smooth, with some residual fibers, with edges of
surfaces and cracks sharp, and the heating value was quite
high. The sharpness and appearance of the cracks depend
on the cracking of the palm fruit. AC was made from

Figure 2: Appearances of OPS, POFA, AC.

Table 1: Proximate and ultimate analyses of OPS, AC, and POFA.
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coconut shell and was commercial grade porous carbon.
By physical characteristics, the AC was granular, black,
very porous, and brittle. POFA was formed by combustion
of OPS and oil palm fiber from the palm oil extraction
process in a boiler, and the ash appeared heavy. By phys-
ical characteristics, the POFA was powdery, lightweight,
easily dusting, and dark black. In the presence of moisture,
it will cake or clump, the particles are of irregular sizes, and
there is a small amount of oil palm fiber. Lower tempera-
ture firing produces black to dark gray POFA due to the
high content of unburned carbon, known as ground POFA.
The higher the firing temperature the less there is un-
burned carbon, thus giving it a lighter color and better
appearance; this is called unground POFA. In specific
gravity ground POFA is heavier, while the particle size of
unground POFA is larger than in ground POFA. Figure 2
shows the appearances of OPS, POFA, and AC in this cur-
rent study.

The results of the OPS analysis in Table 1 (Pianroj et al.
2016) are for the Thaksin Palm Oil Mill in the factory area in
Suratthani province, as well as the OPS used for testing.
Due to the physical nature and hardness of OPS, it can be
considered a natural lignocellulosic material (Asadullah
et al. 2013). The results show that the compositions of AC
and POFA specified in Table 1 (given in wt% by dry weight)
had moisture contents approximately 8.88 + 0.0 and

Parameter oPS?® AC POFA
Moisture content (wt%) 11.39 + 0.00 8.88 + 0.04 5.23 +0.27
Volatile matter (wt%) 65.76 + 0.00 8.22 +0.27 6.53 £ 0.29
Fixed carbon (wt%) 19.73 £ 0.00 71.50 + 0.26 11.76 + 1.32
Ash (wt%) 3.117 + 0.00 2.40 + 0.04 78.48 +1.87
Carbon (C) (wt%) 45.65 + 0.26 75.99 + 0.18 17.42 +0.23
Hydrogen (H) (wt%) 5.49 + 0.06 1.88 + 0.03 0.41 £ 0.01
Nitrogen (N) (wt%) 0.32 +0.01 0.13 + 0.01 0.16 + 0.01
Sulfur (S) (Wt%) Not detected <0.01 0.30 £ 0.01
Oxygen (0) (wt%) 36.59 + 0.36 14.60 £ 0.12 4.39 +0.02

Net heating value (N.H.V) (kcal kg™)

29,522.48 + 0.00°

6155.11 + 10.30

1367.63 + 16.82

According to Pianroj et al. (2016), "According to Onochie et al. (2015).
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5.23 + 0.27 wt%, respectively, and the volatile carbon
content and ash (dry) were approximately 71.50 + 0.26 and
11.76 + 1.32 wt%, respectively. The amount of carbon
combustible of AC was 75.99 + 0.18, while POFA had only
17.42 + 0.23 wt%. The amounts of hydrogen, oxygen, and
nitrogen in AC were approximately 1.88 + 0.03, 14.60 + 0.12,
and 0.13 + 0.01 wt%, respectively. The amounts of
hydrogen, oxygen, and nitrogen in POFA were approxi-
mately 0.41 + 0.01, 4.39 + 0.02, and 0.16 + 0.01 wt%,
respectively. It can be observed that these materials have
otherwise similar compositions, but the carbon contents are
very different. On the other hand, the POFA ash content was
greater than that of AC. This may be because POFA had
been burned at a high temperature (800-1000 °C) (Awang
and Al-Mulli 2018), resulting in less carbon remaining than
in AC. Also, this analysis is related to the dielectric prop-
erties. Also, the net heating value was measured in a Bomb
Calorimeter. The chemical components of POFA as char-
acterized by XRF technique are shown in Table 2.

3.2 Pyrolysis kinetics and temperature
profiles

In an earlier study, Chuayjumnong et al. (2020) had acti-
vated carbon (AC) and palm oil fuel ash (POFA) as micro-
wave absorbers (MWADbs) in the microwave-assisted
pyrolysis of oil palm shell (OPS). The results showed that
the highest bio-oil yield was obtained at 500 °C with
OPS:AC and OPS:POFA blend ratios at 70:30; and more-
over, the AC and POFA did not significantly differ in bio-oil
yields (Chuayjumnong et al. 2020). Therefore in this study,
the microwave pyrolysis kinetics and temperature profiles
of OPS:AC and OPS:POFA blends at 70:30 ratio were

Table 2: The chemical components of POFA as analyzed by X-ray
fluorescence spectrometry (XRF).

No. Chemical components %Concentration
1 Silicon dioxide (SiO,) 51.20
2 Calcium oxide (Ca0) 8.05
3 Potassium oxide (K,0) 7.20
4 Phosphorus pentoxide (P,05) 4.14
5 Magnesium oxide (MgO) 3.29
6 Aluminum oxide (Al,03) 2.10
7 Sulfur trioxide (S05) 1.48
8 Ferric oxide (Fe,05) 1.45
9 Other components® 1.09

20ther components; Chloride (Cl), Titanium dioxide (TiO,), Manganese
oxide (MnO,), Sodium oxide (Na,0), Copper oxide (Cu0O), Strontium
oxide (Sr0), Rubidium oxide (Rb,0), Chromic oxide (Cr,05), Zirconium
dioxide (Zr0,), and Zinc oxide (ZnO).
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studied at MW power levels of 440, 616, and 800 W. All
results from pyrolysis run kinetics and time profiles of
temperature are shown in Figure 3.

In the left panels of Figure 3, i.e. Figure 3a and c, the
pyrolysis kinetics and temperature profile are shown for
OPS:AC, while in the right panels (Figure 3b and d), similar
profiles are shown for OPS:POFA, and each panel has
separate curves for the microwave levels 440, 616, and
800 W. There are no surprises in these results as increasing
MW power increased weight loss and temperature with
steeper slopes in all graphs. These data are for real exper-
imental runs, and the first period around 0-5 min domi-
nates all changes. The volatiles were vaporized in this
period, so that the weight decreased sharply, along with a
rapid increase in temperature. Then both weight and
temperature remained practically steady from the 6th min
to the end of the run. No volatiles were vaporized in this
steady period. However, the pyrolysis kinetics and thermal
behaviors can be compared between the two MWAbs at the
alternative MW power levels tested. In the case of using AC
as MWAD (Figure 3a and 3c), it was found that the weight
decreased to 50, 45, and 43%, and the maximum temper-
atures were 799, 900, and 951 °C, as the MW power
increased from 440 to 616, and to 800 W. In the case of
POFA as MWAD (Figure 3b and d), the weight losses were
37, 36, and 35%, and the maximum temperatures were 909,
980, and 1040 °C, in the same order. It is important
to assess from these experiments whether the different
pyrolysis conditions affected the distribution of products,
which has earlier been reported by Chuayjumnong et al.
(2020).

3.3 Reaction kinetics

To express the reaction kinetics of oil palm shell (OPS)
microwave (MW) pyrolysis, some parameters of the Kis-
singer model in Eq. (4) can be obtained from the experi-
ments, like the maximum temperature and the heating
rate. First, the maximum temperatures at each MW power
level (440, 616, and 800 W) with activated carbon (AC) as
microwave absorber (MWAb) were 799, 900, and 951 °C,
respectively, while with palm oil fuel ash (POFA) these
were 909, 980, and 1040 °C. All the data were plotted
versus the MW power level, as shown in Figure 4, and the
data were fit with least squares in the linearized equation
form by using Microsoft Excel, and the equations and their
coefficients of determination (R*) were recorded.

Next, the heating rate is important as it affects the
quantity and the composition of volatile substances in
biomass during pyrolysis. The heating rates for each MW
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Figure 3: Time profiles of weight and temperature in MW pyrolysis of OPS at various MW power levels, with AC or POFA as MW absorber.
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Figure 4: Plot of the maximum temperatures at different MW power
levels using AC or POFA as MWAb.

power level with AC or POFA are the slopes (AT/At) in
Figure 3c and d, and were estimated for the first period of
0-5 min in each run. It was found that the heating rates
with AC as MWAD were 93.00, 125.78, and 175.15 °C min ™'
for MW power levels 440, 616, and 800 W, respectively, and
the corresponding heating rates with POFA as MWAD were
112.57, 170.12, and 205.66 °C min~", respectively. The heat-
ing rates were fit with linear least squares in Microsoft
Excel as shown in Figure 5 for both AC and POFA.

rate (°C/min)

y=0.2581x +3.1129
R?=0.9781 Y

00 e
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Figure 5: Plot of heating rates with AC or POFA as MWADb versus MW
power.

Using the fits for interpolation by Eq. (4), the results in
Tables 2 and 3 were obtained for AC or POFA as MWAD,
respectively.

The Arrhenius reaction rate constant (k) has been
verified empirically to give the correct temperature
behavior for most reaction rate constants within experi-
mental accuracy over fairly large temperature ranges.
Additionally, the activation energy can be thought of in
two conceptual scenarios (Fogler 2020). Firstly, in the
collision theory, kinetic energy is transferred through atom
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Table 3: Interpolation of MW pyrolysis performance for OPS with AC as MWADb.

MW power (W) Heating rate (°C min™) Tmax (°C) Tmax () 1/Trax In (B/RTmax)
450 92.76 812.75 1085.75 0.00092 -11.57
500 104.19 833.86 1106.86 0.00090 -11.49
550 115.61 854.96 1127.96 0.00089 -11.42
600 127.04 876.07 1149.07 0.00087 -11.37
650 138.46 897.17 1170.17 0.00085 -11.32
700 149.89 918.28 1191.28 0.00084 -11.27
750 161.31 939.38 1212.38 0.00082 -11.24
800 172.74 972.74 1233.49 0.00081 -11.20

and molecule collisions to internal energy for stretching
and bending bonds. Secondly, activation energy acts as a
barrier to energy transfer from kinetic energy to potential
energy between reacting atoms and molecules, and it
needs to be overcome. To investigate MW pyrolysis kinetics
of OPS with AC or POFA as MWADb, the Arrhenius reaction
rate constant (k) was plotted as a function of pyrolysis
temperature, with results shown in Figure 7. The AC gave
larger values than POFA in the range 400-800 °C, while in
the temperature range 800-1400 °C the POFA caught up
with AC and passed by it, given final temperatures higher
than AC. These trends and results were found also earlier
by Chuayjumnong et al. (2020). This indicates that OPS
with AC as MWAD has a lower activation energy than with
POFA as MWAD, so that the barrier to energy transfer from

kinetic to potential energy between molecules is easier to
overcome.

Finally, Figure 6a and b) show the straight line fits in
plots of In (B/RT’ax) Versus 1/Tmax for AC and POFA,
based on data in Tables 3 and 4, respectively. The slope of
a straight line shows the activation energy (E,) and the
intercept gives the pre-exponential factor (4). The aver-
ages of E, and A estimates in the range of MW power tested
(400-800 W) for OPS with AC were 31.55 k] mol™' and 6.40
(s™H; while in the case of POFA as MWAD the estimates of
E, and A were 58.04 k] mol™ and 68.40 (s™), respectively.
These results agree with prior studies, as shown in Table 5.
However, it is very difficult to identify the exact values or
the causes of variations in these parameters. Salema,
Ting, and Shang (2019) and the good review article by
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Figure 6: Plots of In (8/RTna) Versus 1/ Ty for OPS with (a) AC, and (b) with POFA as MWA.
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Table 4: Interpolation of MW pyrolysis performance for OPS with
POFA as MWADb.

1200

Power (W) Heating rate Tpax (°C) Trax K)  1/Tmax In

(°C min™) (B/RT max)
450 119.26 917.89 1190.89 0.00084 -11.50
500 132.16 933.13 1206.13 0.00083 -11.42
550 145.07 948.37 1221.37 0.00082 -11.36
600 157.97 963.61 1236.61 0.00081 -11.30
650 170.88 978.85 1251.85 0.00080 -11.24
700 183.78 994.09 1267.09 0.00079 -11.19
750 196.69 1009.33 1282.33 0.00078 -11.15
800 209.59 1024.57 1297.57 0.00077 -11.11

Table 5: Comparision of £, and A parameters for OPS with prior
literature data.

Reference E, (kl mol™®) A(1/s)

Present work 31.55-58.04 6.40E0-6.84E+1
Lee et al. (2017) 84.0-445.05 -

Mohd Din, Hameed, 5.7-65.3 1.53E-4-877E+1

and Ahmad (2005)

Salema, Ting, and Shang (2019) 40.49-109.11 4.51E-1-6.36E+7

White, Catallo, and Legendre (2011) mention that these
parameters are affected by reaction conditions, including
temperature, heating rate, residence time, particle size,
pressure, gaseous atmosphere, and the presence of inor-
ganic minerals in the biomass. Moreover, Rodilla, Con-
treras, and Bahillo (2018) found that variations in these

constant plotted versus the MW pyrolysis
reaction temperature for OPS with AC or with
POFA as MWAb.

1400 1600

results could be caused by reaction mechanisms that are
too complex to predict, while other causes of variations
include accelerated heating, high volatile matter content,
catalytic effects (Mallick et al. 2018), biomass blend ratio,
and coal-biomass blend proportions (Jayaraman, Kok,
and Gokalp 2017). Huang et al. (2016) found that
increasing MW power level increased E, and A, which
means that a higher power level provides more weight
loss. It can be seen that energy is needed to decompose the
thermally-resistant part of biomass.

Therefore, this study has demonstrated that MW
pyrolysis kinetics can be identified by simple tools, such as
a slightly modified microwave oven, to characterize feed-
stock blends. Also, the heating rate, the maximum tem-
perature, the weight loss, and the activation energy were
obtained from the kinetic analysis of OPS microwave

pyrolysis.

3.4 Numerical simulation of pyrolysis
kinetics

The solid-state pyrolysis kinetics of biomass complied with
the general reaction rate equation Eq. (1). The dynamic
situation is represented by a 1st order ordinary differential
equation (ODE). To solve this ODE, a high accuracy
numerical method, namely the 4th order Runge-Kutta (RK),
was applied to solving the reaction rate equation with the
empirical order set to 1 (n = 1). In order to optimize the
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Figure 8: The simulations and experimental results on sample weight plotted as functions of pyrolysis time for OPS with AC of POFA as MWADb,

at each MW power level.

simulation parameters used by the RK method, to better
agree with the experimental data for each microwave
power level, iterations were applied to maximize the
coefficient of determination (R? and to minimize the root
mean square error (RMSE) defined in Eq. (5).

N 2
Z (Xsim,i - Xexp,i)

i=1

®)

1
RMSE = 1|
e

where Xy, ; and X, ; refer to the experimental and simu-
lated mass fractions remaining, respectively, and N is the
number of data points. The scanned ranges of the kinetic
parameters, activation energy (E,) and the rate constant
pre-exponential factor (4), came from Table 4 using initial
T = 313 K. The optimal results matching simulations and
experiments in the first period of 0—-5 min of pyrolysis time
for OPS with AC of POFA as MWADb at each MW power level
are shown in Figure 8.

The cases with AC as MWAD are shown on the left in
Figure 8, while those with POFA as MWAD are on the right

side. The simulations of AC compared with the experiment
results had R? in 0.806—0.900 and RMSE in 4.438-7.752,
while these ranges with POFA were 0.526—-0.809 and
8.171-12.617, respectively. The ranges of R* and RMSE with
AC were narrower and better than those with POFA,
because AC absorbed MW energy better, quickly con-
verting it into heat in the initial period of pyrolysis, as
evidenced in Figure 7. However, the measurements of
sample weights were less than ideal, having fluctuations
in the signals from the digital balance.

4 Conclusions

The Arrhenius type temperature dependence in reaction
kinetics for the microwave (MW) pyrolysis of oil palm shell
(OPS), with either activated carbon (AC) or palm oil fuel
ash (POFA) as the microwave absorber (MWAD), was
demonstrated with simple laboratory scale experiments.
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The results show that the average of activation energy (E,)
and the rate constant pre-exponential factor (4) for MW
pyrolysis (power 400-800 W) of OPS using AC or POFA as a
MWAD were 31.55 k] mol " and 6.40 (s™), or 58.04 k] mol ™
and 68.40 (s™), respectively. The estimates agreed with
previous studies, which have used standard methods, such
as thermogravimetric analysis (TGA), differential thermal
gravimetry (DTG), and differential scanning calorimetry
(DSC). However, a disadvantage of the simple lab-scale
setup was the fluctuating weight data, and this should be
improved for more accurate and precise results.

Nomenclature

Symbols

E, Activation energy (k] mol™)
A Rate constant pre-exponential factor or frequency
factor (s

R Universal gas constant (8.314 ) mol™ K™

T Temperature (K)

Tinax Maximum temperature (K)

n The empirical order of the reaction (-)

X Mass fraction (-)

mo, mg, and m, Sample masses: initial, final, and at time t (kg)
k Rate constant of Arrhenius equation (-)

R? Coefficient of determination (-)

RMSE Root mean square error (-)

Greek letters

B Heating rate (°C min™?)

Subscripts

OPS Qil palm shell

OPF Oil palm fiber

POFA Palm oil fuel ash

AC Activated carbon

mw Microwave

MWAb Microwave absorber

TGA Thermogravimetric analysis

DSC Differential scanning calorimetry
DTG Differential thermal gravimetry
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