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The prototype of batch process pyrolysis reactor combine with microwave
and stirrer mode for biomass residues to produce biofuels (case study: oil
palm shell)
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In this study, we designed and implemented bench-scale equipment for the microwave
pyrolysis of biomass, and tested its effects on oil palm shell (OPS). The design uses the
interference of two MW sources to increase the electric field intensity, based on model
predictions by finite elements simulations. The MW pyrolysis experiments were done varying

the mixture ratio of OPS and activated carbon (75:25, 50:50, or 25:75 by weight), the MW power



(450 or 800 W), and the use of MW source magnetrons (left, right, or both). The pyrotysis
temperature depended on the varied experimental parameters. The highest temperature and
the highest yields of liquid bio-oil and gas were obtained with the 75:25 mixture treated with
800W total power using both magnetrons. The end-products were assessed by analyses with
bomb calorimeter, GC-MS, and the solid residue with SEM, showing good heating values, mainly
phenolic compounds in the oil phase, and good surface morphology of the “active carbon”
char. The results demonstrate that the bench-scale equipment is suited for experimental work

on the pyrolysis of biomass, and provide new pyrolysis data for OPS.
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Induction and Microwave Heating of Mineral and Organic Materials," 14 Feb 2011)

nszvaunsinlslada nallunszuiuns () aqumail (K)
%1 (slow) 450-550 500-950

137 (fast) 0.5-10 850-1,250

AU (flash) <0.5 1,050-1,300
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WUYBIWAIRET Has N1NARYN \Dﬁdg‘WdLE!, et al,, 2000; Dufour, et al., 2005 a3uunNIEyLIuUn mw
Tslagadmelulasanfagnihunysygndld wssduniisluiimaiiliiAanszuiunsinlsladaviag

AT AU
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sugunsiinuieuds 245 Snzidsn faduauiildlusilulasnnaiadouily defvesnisle
Amnudeudilulasian (Microwave  heating ilausuifisuiunisidninudeulunvudaiy
(conventional heating) uiunisliarusoululuuanisirauiou (conduction heating) NM1FWIARN
¥ou (convection heating) way MsuHsdAMUTaU (radiation heating) Aa N1snIzeAINToudLLlY
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wisunsldeendiausneielulasiaulugnm 0.2 gnuiadiunssiedilus ndesasintdegluzuvesven
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UBNIINTULEINT a1 (Budarin, et al,, 2009; Zhao, et al, 2012; Zhao, et al, 2011) Aeuy
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a L. (3
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We designed and implemented bench-scale equipment for the microwave pyrolysis of biomnass, and
tested its effects on oil palm shell (OPS). The design uses the interference of two MW sources to increase
the electric field intensity, based on model predictions by finite elements simulations. The MW pyrolysis
experiments were done varying the mixture ratio of OPS and activated carbon (75:25, 50:50, or 25:75 by
weight), the MW power (450 or 800 W), and the use of MW source magnetrons (left, right, or both). The
pyrolysis temperature depended on the varied experimental parameters. The highest temperature and
the highest yields of liquid bio-cil and gas were obtained with the 75:25 mixture treated with 800 W total
power using both magnetrons. The end-products were analyzed with bomb calorimeter, GC-MS, and the
solid residue with SEM. The results demonstrate that the bench-scale equipment is suited for
experimental work on the pyrolysis of biomass (OPS).
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1. Introduction

The biggest issues of the 21th century include the world’s
population growth and the increasing energy consumption. Some
countries are less vulnerable to negative effects, but all countries
can be impacted by the human energy use that also grows with the

- Uy - - - o H
standard of living. However, the energy preduction dominantly

relies on fossil fuels, and by the end of the 21th century the global
energy use might be similar over each 10-20 year period as the
ioial use from the dawn of civilization up to now by ali of mankind
[1]. We have to consider the energy reserves and alternative fuels
to satisfy such energy demands. Biomass is a natural renewable
alternative that could reduce the impacts of these issues,
potentially by replacing some use of fossil fuels in such manner
that also limits environmental impacts.

Thailand is an agriculturally strong country, with favorable
climate for rapid growth of crops, in a sense a kitchen of the world

4la~t alenm ""p\'.)i'ts fi
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ood products. The raw matenal

aquaculture and agriculture, the latter products including rice,
corn, sugar cane, coconut, and oil palm. Oil palm plantations have
flourished in southern Thailand, and the Agricultural Research and
Development Agency (Public Organization; ARDA) has reported at

Yo Vs ~ e

the end of year 2010 its palm oil production as 8,229,573 {ons.

* Corresponding author.
E-mail addresses: yutthapong.p@psu.ac.th. yutt_r@yahoo.com (Y. Pianroi).
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Thus, southern Thailand has much palm oil related industry
producing palm oil traditionally by crushing, refining, and
fractionation processes, but also in alternative ways. The crushing
of fruit bunches provides crude palm oil and crude palm kernel oil,
while oil palm fiber and oil palm shell (OPS) are residuals from this
process. These are examples of abundant streams of biomass that

. N . .
are largely waste or at least low-cost, and that are renewable and

reliable sources of fairly homogeneous biomass in Thailand.

The thermo-chemical process named pyrolysis takes place
when oxygen is abseni or at least lacking for full combusition, and
can generate useful end-products including bie-char, bio-oil, and
syngas. During pyrolysis the large hydrocarbon molecules decom-
pose into smaller ones. This process can upgrade biomass to end-
products that are solids, liquids and gases with higher energy
densities per unit mass (high heating values). The solid bio-char
can directly be used as a solid fuel, and alternatively it can be used
as adsorbent activated carbon (AC) in purification applications;
morcover, it can be usced for soil improvement. As for the bio-eil
and the gases, they can be used as fuels or refined to higher value
fuels and chemicals.

Microwave (MW) heating is based on the dielectric heating of a
material when subjected to microwaves. Thus, all materials do not
have the appropriaie dielecivic properiies o be good MW
absorbers [2-7]. In fact, biomass tends to have poor dielectric
properties, so that carhonaceous materials such as char, activated

carbon, graphite, etc, are commonly mixed with biomass to make it
a better MW absorber. The advantages of MW heating consist of
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volumetric heating, allowing large-sized feedstock, product
quality benefits from uniformity of heating, enhanced chemical
aciivily, and (ime and energy savings due io high ihermal
efficiency [8,9]. There are several prior studies on the experimental
MW pyrolysis of various materials, including Chen et al. [10] and
Huang et al. [11] that pyrolysed pine wood sawdust and rice straw,
respectively, both in nitrogen atmosphere, while Dominguez et al.
[12] used MW to pyrolyse coffee hulis in helium atmosphere. Gil
palm biomass [13,14] was pyrolysed with MW heating so that
nitrogen flushing of the reactor got particular attention. A good
example of MW experiments and techniques is Abubakar et al
[15]. ins which the inert nitrogen gas was introduced at the top of
the reactor, while vapor was condensed by a condensing unit at the
bottom of the reactor. This arrangement helps avoid bio-oil
deposition in the experimental equipment.

However, household MW units have been used in these prior
studies, although with a quartz reactor inside the cavity. This
approach has some important limitations. First, it is very difficult

G A Tyt - trv oF 1y~ 12~ M ol 31
to find a guartz reactor of such shape and size that it would well

match the household MW oven. The quartz reactor then restricts
that samiple or batch size, Further, the maximum MW power tends
to be around 800-1000W. Finally, the electromagnetic wave
pattern inside an MW cavity is typically a superposition of several
standing waves or modes, as acknowledged in the terms “multi-
mode MW cavity” or “multi-mode resonant cavity”. A single
standing wave wouid give a highly inhomogeneous temperature
distribution in the heated sample, while a multi-mode cavity can
be designed to provide mere uniform heating. In several recent
studies the uniformity of temperature distribution has been
pursucd by using simulations during the design phase of
experimental equipment {16,17].

To address these limitations of prior studies, we designed a MW
cavity with waveguides from two microwave sources (magnet-
rons) using finite elements software to model and predict the
electromagnetic fields. The expectation was that this would
increase the achievable bio-mass temperatures, while adding
magnetrons is the lowest cost alternative to increase microwave
power. The two magnctrons used in this study were commercial
grade. Another way to increase the bio-mass temperature is to
increase the output power of the magnetron. The design is simpler
than with two magnetrons, but the cost is higher and the options to
pursue uniformity of heating remain limited: we decided in favor
of two magnetrons. A one-liter commercial quartz beaker was
targeted as the reactor, to be accornmodated by the design. After
construction of the equipment, 400 g samples of various OPS and
AC mixtures were treated in the reactor. The temperature profiles
during heating were monitored by type-K thermocouples, and
product yields as well as bio-char and bic-oil quality were
characterized. The quality parameters included chemical compo-
sition and heating value, and a SEM assessment was done for the
biochar.

2.1. Materials

In this study, the biomass used was oil palm shell (OPS) received
from the Thaksin Palm Oil Mill located in Punpin, Suratthani
province, Thailand. OPS samples were sent to the Scientific
Equipment Center, Prince of Songkla University Ilatvai Campus,
for proximate analysis (Thermogravimetric Analyzer, TGA7, Perkin
Fimer, 1ISA) and for ultimate analysis (CHNS-O Analyzer, CE
Instrument Flash EA 1112 Series, Thermo Quest, Italy), with results
shown in Tables 1 and 2. Next, the OPS was ground roughly to
0.5 size and ihen dried in an oven ai 146°C for 30min. iis
moisture content after drying was around 8.5wt%. Because

Table 1
Proximate analysis of oil palm shell (OPS).
Sample Weght {4}
Maisture Volatile Matter Fix Carbon Ash
Palm shell 11.393 65.760 15.730 3117
Table 2
Uttimate analysis of the oil palm shell (OPS) material used.
Sample Parameter Instrument/method Unit Result £ SD
Palm sheil Nitrogen (N) CHNS/O Analyzer % 0.32 £ 0.01
Carbon (C) CHNS/O Analyzer % 4565 +0.26
Hydrogen (H) CHNS/O Analyzer % 5.49 +0.06
Sulphur (S) CHNS/O Analyzer % Not Detected
Oxygen (0) CHNS/O Analyzer % 36.59+0.36

biomass with low moisture content is a poor microwave absorber,
commercial grade water treatment activated carbon (AC, based on
coconut shell) was mixed in with the OPS [18-20). The AC has high
dielectric loss factor of about 0.35-0.83 [3] also reported as 0.22-
2.95 [21]. Other advantages of AC, causing it to be selected for ouy
experiments, include that it is a common material, inexpensive,
easy to find, and easily available in various textures, sizes, and
forms.

2.2. Experimental set-up

Mostly microwave induced pyrolysis has been studied with
domestic microwave ovens, modified for the experiments.
However, finding a quartz reactor that matches the dimensions
of a domestic microwave oven is difficult, and the biomass sample
sizes are severely limited. Thus, in the current study the microwave
cavity was specifically designed to address these problems. It was
designed to accommedate a quartz reactor with a cylindrical shape
of diameter 10.7cm, height 14.0cm, and capacity 1.0l For a
muitimode standing wave the rectangular shape had inner
dimensions 20 cm, 22 cm, and 32 cm height. The MW cavity was
designed to have two microwave sources (magnetrons), and the
interference of standing waves inside the cavity was used to
improve MW power delivery. Thus, the two rectangular wave-
guides operated in TEy; mode, and each had the dimensions 8 cm,
10 cm, and 4 an heighi. They were placed at opposiie sides of ihe
cavity with some asymmetry [22-24], as illustrated in the
schematic diagram of the MW pyrolysis system in Fig. 1. These
magnetrons taken from domestic microwave ovens operated at
2450 MHz frequency and were rated for 800 W each. They were
connected to an MW power supply providing a pulsed electric
signal, generated by a high voltage transformer to double voltage, a
high voltage capacitor, and a high voltage diode that cuts the signal.
The microwave power could be selected from 180, 300, 450, and

SO0 dtheo H bad 100 mi Tho t + £k
SCO0W, and the timer had 1-20min rangc. The {emperature oi ac

mixture was measured by a type-K OMEGA thermocouple with a
junction type ungrounded probe. It offers electrical isolation of
1.5M1/2 at 500 Vdc in all diameters, so it is suitable for a harsh
microwave environment. Moreover, the thermocouple was
grounded to avoid arcing when the microwave was operated.
This thermocouple was connected to a temperature read-outand a
data logger, providing 0.5°C accuracy.

The governing equation for the electric field (E) is shown in
Eq. (1), and this was numerically solved with the Finite Element
Method (FEM) software COMSOL MultiPhysics™, using the
features in RF Modules/Electromagnetic Waves/Harmonic Propa-

gation. The simulation results for the selected design are shown in
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Fig. 1. Schematic diagram of the MW pyrolysis system: (1) nitrogen gas, (2)
rotameter, (3) thermocouple, (4) temperature display and data logger, (5) MW
cavity lid, (6) rubber lid seal, (7) MW cavity, (8) right magnetron, (9) left magnetron,
(10) MW power supply for right magnetron, (11) MW power supply for left
magnetron, (12) sample mixture of biomass and AC, {13) quartz reactor, (14)
entrance valve, (15) condensing unit, and (16) cooling water pump.

. 1
ad Processing 106 (201G) 42-453

&
~
'

Fig. 2. The FEM mesh for this solution had 27,371 elements and the
direct (UMFPACK) linear system solver was used.

V X | ji \/xg\‘—kz/z?—-i,g\z?:: (1)
(k7 8) (=5 g

e, 1, Y v T jm]l, jis the imaginary unit,
a is the conductivity [Siemen], w is the angular frequency [rad/s], &,

s the relative permittivity, and &g is the permittivity of free space

Then, to confirm the density of electric field inside the cavity.
the tegral of normalized electric field (normE_rtw) was
computed inside the cavity. It is found to equal 207.63Vm?Z. For
the cases of using only the left magnetron (only the right
magnetron) at maximum power, the result was 135.05Vm?

s

{13250V m?). it should be noied that this simiation focosed on

the standing MW pattern inside the cavity, to confirm that the

design achieved its purpose. Thus, simulation includine sample

=lgil ALICVe 13 pPurpose. g sam

mixture was not of immediate interest and was not done.

2.3. Method

0, and 75:25 by weight. The total weight of the mixture
samiple was fixed at 400 g. Before microwave exposuie, 95.96%
pure nitrogen gas was supplied to the cavity with a 10 LPM flow
rate for around 10 min. While the microwave irradiation was on,
the nitrogen gas was continuously supplied at the same flow-rate
to maintain an inert atmosphere, and to prevent any possible
explosion hazard. The microwave power 450 W and the irradiation
time 30 min were used throughout the experiments. The designed
system with two magnetrons provided the alternatives to channel
the 450 W microwave power from magnetronl, magnetron2, or
jointly from both of them. As volatile materials were evaporated
from the sample, nitrogen was supplied from the top of the cavity
to push the gases out at its bottom side. The condensing unit, made

of borosilicate glass and water-cooled to 6-8 °C, was placed at the

Pax: 2428
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Fig. 2. The normalized electric field (V/m) patterns inside the microwave cavity.
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exit to condense the vapor into bio-ail (liquid phase). At the end of
each experiment, the total bio-oil and the solid char residue were
weighed using a digital balance, 1o record the yields of these
products. It should be noted that there were some losses in the gas
phase; the yields might be improved by a different design. Further
experiments were done by otherwise similar procedures, but the
microwave power was increased to 800W. In the collected yield
the main products were bio-oil and bio-char that were character-
ized as follows. The bio-oil was analyzed using a Gas

15 x < or
Chromatograph—Mass Spectromcter (GC-MS, Trance GC Ultra/

ISQ MS, Thermo Scientific Inc., USA). The bio-char was analyzed for
its heating value by the IKA Calorimeter System C5000 contral
(Germany), and its surface morphology was assessed with a
Scanning Flectron Microscope (SEM, Quanta400-FEl, Czech Re-

public).
3. Results and discussion

3.1. Temperature profiles

As described in the previcus scction, mixtures with varicus
ratios of OPS to AC at the total 400 g weight were used in the batch
experiments. Two microwave power levels were used, namely
medium (450W) and maximum (800W). Temperature of the
mixture sample was measured by a type-K thermocouple inserted
into the MW cavity, and the tip of the thermocouple was at the
middle of the sample. From its other end the thermocouple was
connccted to the temperature reader and data logger, so that time
profiles of sample temperature were obtained, as shown in Fig. 3.

tn Fig. 3. the same line style indicates siinilar use of the
magnetrons (mixture ratio can vary). The mixture ratios OPS:AC at
75:25 (dot), 50:50 (dash), and 25:75 (line) gave comparatively high

temperatures because the AC is a good microwave absorber. As the
AC in the mixture receives the MW power, it transfers this as heat
immedialely (o the OPS by using inierfacial polarization, cailed

Maxwell-Wagner-Sillars or MWS polarization [3,25,26]. When AC
alone was heated by MW, the temperature ramped un from room

one was heated by MW, the temperature wped up from om
temperature to 100°C in 300 s, as shown in Fig. 4. The same figure
shows the case of OPS only, where the temperature increased
quickly in 400's due to initial moisture and voiatile components,
but then leveled off at 290 *C. Clearly a single mixture component

v A ) + 1a +
alonc {(only AC or only OPC) could not reach tempcratures beyond

300°C, while pyrolysis requires temperature beyond 400°C [13],
and these weie reached with the mixtuies in Fig. 3. Moreover, MW
irradiation causes dielectric heating which depends on the
dielectric properties of the material. In the case [19], researchers

studied the complex dielectric constant (¢*) of a high surface area
activated carbon from coconut shell. In their study, the complex
dielectric constant was given as a function of the MW frequency as
follows:

&(w) = & (w) - ig"(w) (2)

wheve,

() = £ + 55 ;8,,0) 1_ sinh(Bnw)
cosh(Blnwr) + cos (@)
(& — . )sin{ 5;)
gll(w e -
2[cosh(Blnwr) + cos (4%)|
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T =148 x 1075T% — 4.48 x 107%T? + 0.0452T + 6.92] [21]. The
suntuerical values of all complex permiitivities can be calculaied
as dimensionless relative permittivities or relative dielectric
constants (g, = £*/g5), where the complex permittivity is divided
by the permittivity of free space (gg = 8.84 x 107" F/m). The
relative dielectric constant and the relative dielectric loss factor
depend not only on the MW frequency, but also on the
temperature. Their values for the AC are plotted as functions of
temperaiure wiih the MW irequency {ixed ai 2.45GHz, in Fig. 5.
Clearly, around 200 °C both relative dielectric constants decrease
rapidly, indicating thart the AC wili lose its good MW absorption as
temperature increases past this point. It is for this reason that the
MW absorber AC alene cannot reach high temperatures, and since
the biomass needs an added MW absorber at the lower temper-
atures. there is some optimal mixture ratio that needs to be
determined experimentally.

In Fig. 3, the color indicates the mixture ratio (but magnetron
can be Left, Right, or Both). A comparison of the top and the bottom
panels shows the unsurprising effect of MW power on temperature
profiles. At a fixed MW power level there was no significant
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difference between the left and the right magnetron, although the
magnetron mounting location could have had an ettect. When
using both magnetrons the temperature reached 400°C - a
requirement for pyrolysis - in all cases except one, namely the case
with mixture ratio 25:75 (OPS:AC) at 450 W MW power. This was
probdbiv due fo locaiized heating without efficient beat bransfer o
the OPS, as reported in prior studies [15,27]. This indicates the
synergistic effect the OPS component had on absorption by the AC
component: the mixtures absorbed better than either component
alone. Moreover, the combination of two magnetrons gave higher
temperatures in the sampie than those achieved in the prior

studies [13] and [15] with similar sample material.
3.2. Product yields and quality characteristics

The three main products from any pyrolysis process are the
solid phase or bio-char, the lignid phase or hio-nil, and the gas
phase or syngas. The goal of this study was to maximize the yield of
bio-oil, although this may be specific to the run procedures and the
apparatius used. in Fig. 6 ihe yields are shown ior the ihree main
products, across experiments run at 800 W of MW power. The use
of either single

magnetron gave similar resuits, but the use of both

magnetrons gave significantly increased liquid and gas phase

. o i :
vields, apparently due to the comparatively high temperatures. In

general, liquid and gas phases yields are higher with MW pyrolysis
than with conventional pyrolysis [3]. Also. the OPS:AC mixture
ratio 75:25 had the highest bio-oil yield, followed by the 50:50 and
the 25:75 ratios in this order. The mixture ratio 75:25 may be near
optiinal, with the high absorption of MW power heating the
biomass to reach temperatures up to 700 °C (see also the bottom
panei of Fig, 3). Only ihe bio-char from ihis near opiimai operaiing
point was analyzed, while the bio-oils were assessed across the
cases with both magnetrons. The process conditions and nroduct

oth magnetrons. The process conditions and preoduct
distribution are compared to prior studies (Salema and Ani {13],
and Abubakar et al. [15]) in Table 3. The main differences in the
process configurations are in empioying a stirrer, and in empioying
two magnetrons. The results suggest that the yield of bio-oil was
significantly influcnced by cmploying a stirrer, by the ratio of

biomass to MW absorber, and by MW power.

3.2.1. Bomb calorimeter

As mentioned in the previous section, only the bio-char from
the best experimental case for bio-oil production was sent to bomb
calorimeter determination of the heating value. The heating value
of the bio-char in this current study equals to the highest value

A summary tabulation comparing the current study to two prior studies in terms of the process conditions and the product distribution.

Process conditions Salema et al.

Abubakar et al. This study

Size of OPS, its moisture content {wt%) 1-100mm, 8-10wt%
Type and size of MW absorber (MW abs)

MW source (mmagnetron specifications) 1 magnetron, 1000W, 2.45 GHz

Char from oil palm shell, 100-300 wm

14mm, 8.5wt%
Char from coconut based, 3 mm
1 magnetron, 800W, 2.45 GHz

5mm, 8.5wt%
Activated carbon from coconut shell, T mm
2 magnetrons, 800W, 2.45 GHz per magnetron

MW cavity Multi-mode household cavity Multi-mode household cavity ~ Multi-mode modified cavity

Reactor type (diameter/meter, height/meter) Fluidized bed guartz glase (010, 0.15) Quartz glass (010, 013} Quartz (0.10, 0.14)

Exposure time 1-90 min 30min 30min

Blend ratio {biomass):(MW abs) 80:20, 67:33, 50:50 80:20, 67:33, 57:43 75:25, 50:50, 25:75

Total initial sample weight - - 4008

N; flow rate 10 LPM 7 LPM 10 LFM

Stirrer speed (rpm) - 50, 100, 150 -

*Product distribution Salema et al. Abubakar et al. This study
%Char 70 38 47
%Bio-oil 10 27 30
%Gas 20 38 23

4 Specific cases representing each study were selected for comparison of the product distribution. These cases had the minimum (MW abs) in each study; blend ratio was
80:20 for Salema et al., 80:20 with stirrer speed 50 rpm for Abubakar et al.; and 75:25 using both magnetrons for the current study.
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Table 4

The heating values of bio-char and bio-oil, as determined in a bomb calorimeter.
Sample type and case Gross hearing value + SD {Jounlesjg)
Bio-char 29,2477 £ 3281
Bio-oil (75:25) 26,529.7 +£206.4
Bio-oil (50:50) 28,438.7 £ 5106
Bio-oil (25:75) 28,208.0:518.8

achieved in a prior study [15]. Moreover, three samples of bio-oil,
for the “B"—cases in Fig. 6, were aiso sent to bomb calorimeter
determinations with results shown in Table 4. The heating value

arma Tovar fr\v tlan Iain ATt Hlan TEDL o L cause AF tha higlh
Was 1OWCsT {07 UnC Bis-0ii i UaC /5125 Tasg, otlaust G ad nléu

temperatures that reached up to 700 °C. It has been found that the

energy coiitent

ecreases with temperature [27]. Too high
temperatures are no longer suitable for pyrolysis when making
valuable bio-oil, because of thermal degradation affecting some
chemical compounds. This will be discussed further in the next
section, in connection with the GC-MS analysis results.

3.2.2. GC-MS

The chomical composit

11C Cacimidai Composia HOH

ons of the bio-oils from various mixturc
ratios, pyrolyzed similarly with both magnetrons used for the total
800W MW power, were analvzed by gas chromatography (GC) and
mass spectroscopy (MS) with results summarized in Table 5. It was
found that these hin-oils have potential for upgrading them to
value-added fuels, or to replace fossil fuel based phenols. However,
with increasing pyrolysis temperature some phenolic contents
decreased, as did the heating vaiue {see previous section). The
same tendency is reported in [15], which found around 400-450°C
as suitable temperatures to produce the highest peak areas

representing phenol content.

Table 5

3.2.3. SEM
The surface morphology of bio-char was assessed by scanning
election microsc

oy (SEM) imaging, for the experimental case
with highest liquid yield. The representative images in Fig. 7 show
many micro-pores and a structure with hwh <npr|ﬁr surface, This
is an advantage of bio-char from MW pyrolysis when compared to
bio—char from conventional pyrolysiS' the latter has large deep

inside the bulk material (OPS), the heating is fairly uniform. In

rontract cating is based n nf hoat from
contrast, conventiona!l heating is based on diffusion of heat from

the outer surfaces inwards, and the large temperature differences
4 omamz =

aina radding of the material.
4. Conclusions

Bench-scale microwave (MW) pyrolysis equipment with two
magnetrons was designed, constructed, and tested in pyrolysis
experiments of oil palm shells (OPS). The two magnetrons gave
significantly higher pyrolysis temperatures when used in combi-
nation than when used singly, at the same total power level. The
OPS was mixed with active charcoal (AC) in mass ratios 75:25,
50:50, and 25:75 to improve MW absorption. The temperatures
achieved depended strongly on the mixture ratio, showing
synergistic effects of the mixture components. The highest
temperature observed was around 700°C for the mixture ratio

75:25 with both llldgllt‘tl 0i1s used ai suin total 8G0W PoOWEer, The

yields of end-products also depended on the pyrolysis parameters,
pl_‘obabiy i:hygugb femperature, Higher temperatures gave higher

yields of liquid and gas phases, and for select cases these products
were characterized for their properties. The solid bio-char had

heating value of about 29,200]/g and its surface morphology was

Chemical compounds in bio-oil obtained from pyrolysis of various raw material mixtures with MW power set at 800W.

Chemical Compounds OPS:AC, total MW power 860W

75:25 50:50 25:75

Peak area% sI* Peak area% N Peak area% Str
Phenol 2154 933 23.56 913 32.86 933
Phenol,2-methoxy 3.39 945 3.89 941 3.59 921
Phenol,3-methyl (m-Cresol) 11 922 2.00 935 261 964
Phenol,2,6-dimethoxy 233 862 0.59 812 1.99 865
Phenul4-wietiivi {p-Giesol) 141 545 2.63 351 150 557
2-Methoxy-4-methyphenol 145 920 138 921 146 942

SI* = Similarity Index.

Fig. 7. Surface morphology of bio-char from MW pyrolysis, with the SEM magnification 1500x (left), and 5000x (right).
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assessed from SEM images. The char surfaces had many micro-
pores with an absence of any cracks. The bio-oils were degraded at
too high pyrolysis temperatures, with loss of heating value and

—oae ey e
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The results indicate that remewable OPS waste could be
converted to various fuels by 4 simpie pyrolysis process. Fu ther,

the difference between single and two magnetrons configurations
suggests that a properly designed experimental setup will give

=iy LCRGNCeC X

significantly different results from those obtained with a consumer
microwave over.
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assessed from SEM images. The char surfaces had many micro-
pores with an absence of any cracks. The bio-oils were degraded at
too high pyrolysis temperatures, with loss of heating value and
changes in chemical composition.

The results indicate that remewable OPS waste could be
ronveried {0 various fuels by a simpie pyrolysis mocess. Further,
the difference between single and two magnetrons configurations

sugaectg that a nrnpprl\r designed experimental setup will give
suggests that properiy designed ex pernimental setup will give

significantly different results from those obtained with a consumer
microwave oven.
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