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ABSTRACT
This paper investigates the effects of four reaction parameters that include type of catalyst, catalyst loading, reaction
temperature and nitrogen gas flowrate on the liquid (bio-oil) yield from the catalytic pyrolysis of Empty Fruit Bunch (EFB). The
experimental design is based on Taguchi’s L9 Orthogonal Array in which the reaction parameters are varied at three levels. The
maximum liquid yield is predicted based on systematic experimental runs, and is found to be at 5 wt-% of H-Y catalyst, 500°C and at
nitrogen flowrate of 100 ml min™. The predicted maximum liquid yield is validated with an experimental run at the corresponding
predicted conditions. The bio-oil produced at the optimum reaction condition is characterized and compared with known bio-oil

standards in the literature.
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1. INTRODUCTION

The fluctuating prices of fossil fuels and the detrimental
effects of fossil fuel utilization have increased the importance of
renewable energy resources. Among all these alternative
renewable energy sources, biomass is considered to be one of the
most attractive options, because unlike other renewable sources
of energy (i.e. solar, wind), biomass can be converted to liquid,
solid and gaseous fuels, * and a range of specialty chemicals.
Furthermore, as pointed out by Chang et al. (2008), biomass
utilization is carbon neutral as it does not emit additional carbon
dioxide and carbon monoxide (greenhouse gases), NO, and SO
into the atmosphere, reducing the usage of fossil fuels as well as
mitigating the impact on the environment. ?

Biomass can be converted to energy via two pathways;
biological (fermentation and anaerobic digestion) and
thermochemical (gasification, liquefaction and pyrolysis)
processes. * Thermochemical conversion via pyrolysis is a
promising process as it produces mainly liquid bio-oil, along with
solid char and gas as valuable byproducts. Bio-oil can substitute
fuel oil or diesel in many static applications, such as boilers,
furnaces, engines and turbines to generate electricity. * Besides, it
can be upgraded to extract various chemicals such as acetic acid,
food flavorings, preservatives, adhesives, hydrogen, resins and
sugars.

As pyrolysis can be a slow process which requires several
minutes, the reaction can be improved and enhanced by the
introduction of catalyst. Catalysts facilitate the cracking of
carbon-carbon bonds and de-oxygenation reaction, producing

bio-oil that is lower in oxygenates, has a higher calorific value
and better hydrocarbon distribution. Hence the quality and
stability of bio-oil is improved, making the handling, upgrading
and transporting of bio-oils easier in addition to reduction of
costs of downstream upgrading processes. ***®

Various parameters affect the pyrolysis process, which
include the temperature and heating rate of the reactor, the
properties of different biomass and catalysts, the water content,
the design of the reactor and the catalyst loading. Investigating
the effect of the parameters individually is costly and time
consuming. Thus, to reduce the number of experiment, Taguchi’s
Orthogonal Array can be used to perform a number of
representative experiments. Taguchi’s Orthogonal Array is
utilized in various fields, such as the medical industry, pollution
control, therapeutic and pharmaceutical industries. **? Not many
investigations have utilized Taguchi’s Orthogonal Array to
determine the optimum reaction parameters for bio-oil
production.*®

In this study, the catalytic pyrolysis of empty fruit bunch
(EFB) is investigated. EFB is one of the solid waste from palm
oil industry. * The effects of catalyst type, catalyst loading,
reaction temperature and nitrogen flowrate on the liquid (bio-oil)
yield from the pyrolysis process is predicted and optimized using
the Taguchi’s L9 Orthogonal Array method. The optimum
reaction condition that produces the maximum liquid yield is
predicted and compared with the experimental results. The
characteristics of the bio-oil obtained at the optimum reaction
condition are characterized and compared with known bio-oil
standards.



2. MATERIALS AND METHODS
2.1 Materials

Fresh EFBs are obtained from FELCRA Nasaruddin Oil
Palm Mill, Bota, Perak, Malaysia. These EFBs are washed and
dried in an oven at 80 °C for three days. The dried EFB are
manually chopped and cut into smaller pieces. They are then
washed with water to remove the sand and dust particles. Then,
they are dried again in the oven at 80 °C. The particle size of the
dried EFB is reduced with a FRITSCH Cutting Mill and is sieved
to a particle size of smaller than 500 um. The EFB is dried in the
oven at 105 °C for at least 24 hours before being used in the
catalytic pyrolysis experiments. Chemical composition of the
EFB and higher heating value (HHV) are summarized in Table 1.
Both properties are determined using a LECO 932 CHNS
Analyzer and the IKA C5000 Bomb Calorimeter respectively.

Table 1: Chemical composition of EFB

Table 4, the liquid yield for the other combination of factors is
also predicted from the Taguchi’s L9 Orthogonal Array. From
the predicted results, the conditions for maximum liquid yield are
obtained. An experimental run is performed at the predicted
condition to validate the predicted liquid yield. The
characteristics of bio-oil that is produced at the optimum reaction
condition are also determined.

Table 3: Reaction parameters and their levels

Reaction Parameters Leil el Le; el Level 3
Factor A: Type of catalyst H-Beta H-Y H-ZSM-5
Factor B: Catalyst Loading

W% 1 5 12
;:oacctor C: Reaction Temperature 450 500 550
Factor_ I?l: Nitrogen Flowrate 100 300 500
/ml min

Properties Measured value
Carbon /mf wt-% 46.83
Hydrogen /mf wt-% 6.277
Nitrogen /mf wt-% 0.664
Sulfur /mf wt-% 0.237
Oxygen (by difference) /mf wt-% 45,992
HHV /MJ kgt 19.643

Table 4: Experimental runs and corresponding parameters
determined from Taguchi’s L9 Orthogonal Array

The zeolite catalysts used in this study are obtained from

Zeolyst International. Their properties are summarized in Table 2.

Table 2: Properties of zeolite catalysts

Type of Surface Area /

catalyst SiO,/AlLO; me gt Pore Size /| A ®®

H-ZSM-5 30 400 5.1x5.5 5.3x5.6

H-Beta 25 680 6.6%6.7 5.6%5.6
H-Y 30 780 7.4%x7.4

Type of Catalyst Reaction Nitrogen

Run catalyst Loading Temperature Flowrate

Iwt- % /°C /ml min™
1 H-Y 5 450 500
2 H-ZSM-5 1 450 100
3 H-ZSM-5 12 550 500
4 H-Beta 5 550 100
5 H-ZSM-5 5 500 300
6 H-Beta 1 500 500
7 H-Beta 12 450 300
8 H-Y 12 500 100
9 H-Y 1 550 300

2.2 Experimental Procedure and Plan

The experimental runs with four parameters are determined
using Design Expert, a statistical software which incorporates
Taguchi’s L9 Orthogonal Array Method. The software
determines nine significant experimental runs instead of 81 runs
in the case of 4 reaction parameters, with 3 levels each; 3* = 81.
The four reaction parameters or factors in this study are: the type
of catalysts, catalyst loading, the reaction temperature and the
nitrogen flowrate. The levels of each factor are summarized in
Table 3 and the significant nine runs determined from the
Taguchi’s Orthogonal Array Method are summarized in Table 4.
Based on the liquid yield data obtained from the nine runs in

The signal-to-noise (S/N) ratio, which indicates the effect of
each variable on the liquid yield, is calculated using the-higher-
the-better criteria for each factor since a higher liquid yield from
the pyrolysis process is needed. The equation for the calculation
of S/N ratio is shown in equation (1):

1r1
(S/N)=-10log(- % —) @
r |=:|.yi

where r is the number of tests in a trial, y; is the experimental
response at ith repetition. In order to examine the significance of
each individual factor on the liquid yield, the average S/N value
for each factor f at level j is computed for each factor and level,
as shown in equation (2): ¢’



SIN = Sum of S/N values for factor i at each level j
3

@

The range of S/N ratio values (A) is calculated for each
factor and a larger range signifies a higher influence on the liquid
yield.

2.3 Equipment
The reactor used in this study is a tube furnace reactor with

an inner diameter of 25 mm and a length of 340 mm, as shown in
Figure 1.

Stainless .
steel flange Gas

product

Condenser

Glass wool Ice box

Nitrogen tube
Thermocouple

Furnace

EFB + Catalyst
Figure 1: Tube Furnace (Semi-Batch) Reactor (P12013001664)

In each experimental run, 15 g of dried EFB are mixed with
catalysts into a borosilicate glass tube, which is inserted into the
tube furnace. The tube furnace is equipped with heating elements
rated at 1.5 kW, thus the temperature can be varied accordingly.
Nitrogen gas is used to flush out oxygen in the reactor. Then, the
temperature of the reactor and the nitrogen flowrate are varied
according to the values in Table 4. The heating rate of the furnace
is fixed at 20 °C min™. Gas is produced from pyrolysis reaction
in the system, and is flushed out by nitrogen and passed through
an ice bath, where part of the gases is condensed as bio-oil. The
weight of the condensed bio-oil is determined by measuring the
weight of the condenser before and after the experiment. The
liquid yield from the pyrolysis process is calculated from the
amount of bio-oil produced based on the original biomass used,
according to the following equation (3).

Weight of bio — oil
Weight of biomass

Liquid or bio - oil yield =

2.4 Characterization of bio-oil

The bio-oil produced is tested for water content with
Metrohm 870 Karl Fischer Titrino Plus. The density, pH value,
viscosity and heating value are measured using Anton Paar

x100% (3)

Density Meter DMA 4500 M, EUTECH Instruments pH 510
pH/mV/°C Meter, Brookfield CAP 2000+ Viscometer and IKA
C5000 Bomb Calorimeter respectively. Ultimate analysis of the
bio-oil is also performed using LECO CHNS Analyzer 932 to
determine its elemental content.

3. RESULTS AND DISCUSSION

3.1 Predicted maximum liquid yield and effect of individual
factors on liquid yield

The experimental results for the nine runs are shown in
Table 5 and are used to predict the optimum liquid. Table 6
shows the predicted liquid yield for other combination of factors
and levels and the liquid yield from the nine experimental runs.
Figure 2 and 3 show the interaction effects of catalyst type,
catalyst loading, temperature and nitrogen flowrate on the
experimental liquid yield. From these two figures, it can be seen
that the maximum liquid yield of 45.98 wt-% is obtained using 5
wt-% of H-Y catalyst loading, temperature of 500 °C and at
nitrogen flowrate of 100 ml min™.

Interaction of Factor A (Type of Catalyst) and Factor D
(Nitrogen Flow Rate)

Liquid Yield /
wt-% 47
45.98 e HLZS M
'S 45.00 H-ZSM-5
45
3 44.%\\ 41.96 “»
N P 4378 H-Beta
4 41.46 a4
39 : 40.48 H-Y
37 . 37.43
100 200 500

Nitrogen Flow Rate / ml min?
Figure 2: Interactive effects of catalysts type and nitrogen
flowrate on the liquid yield for 5 wt-% of catalyst loading at
reaction temperature of 500 °C.

Interaction of Factor B (Catalyst Loading) and Factor C
(Reaction Temperature)

Liquid Yield /
wt-%
47 45.98
45 | 4397 450 Deg C
45.4
43 43.34
a1 i 40.16 500 Deg C
41.47
39
41 \39.58 ——550 Deg C
37
\35.55
35 | | )
1 5 12

Catalyst Loading / wt-%

Figure 3: Interactive effects of catalyst loading and temperature
on the liquid yield for H-Y catalyst at 100 ml min™ of nitrogen
flow.

An experimental run at the predicted optimum conditions is
performed to validate the liquid yield from the predicted data.



From the experimental run, the liquid yield is 44.05 wt-%, which
is very close to the predicted liquid yield.

Table 5: Experimental liquid yield from pyrolysis reactor

RUN Experimental liquid yield

Iwit-% (S/N) ratio
1 40.49 32.15
2 38.19 31.64
3 37.38 31.45
4 40.88 32.23
5 40.74 32.20
6 38.41 31.69
7 27.10 28.66
8 40.16 32.08
9 39.31 31.89

From Table 7, the range of S/N ratio is the highest referring
to catalyst loading, followed by type of catalyst, reaction
temperature and nitrogen flowrate. This means that the catalyst
loading has the highest influence on the liquid yield, because a
change in the factor causes a larger impact on the liquid yield,
resulting in a larger S/N ratio range (A).

Table 7: S/N ratio values for each factor and level

Level Type of  Catalyst Reaction Nitrogen
catalyst Loading Temperature  Flowrate
1 30.86 31.74 30.82 31.98
2 32.04 32.19 31.99 30.92
3 31.76 30.73 31.86 31.76
Range (A) 1.18 1.46 1.17 1.06
Rank 2 1 3 4

3.1.1 Effect of catalyst type on liquid yield

The difference in liquid yield using three catalysts can be
explained in terms of its acidity (SiO,/Al,O; ratio), surface area
and the pore size of the catalysts. Catalyst with higher acidity
which has lower value of SiO,/Al,Oj3 ratio will produce less
liquid bio-oil because the high acidity of the catalyst promotes
higher decomposition and cracking of pyrolysis vapor. *® This
agrees well with the results obtained; H-p gives the lowest liquid
yield as it has the highest acidity at a SiO,/Al,O3 ratio of 25,
compared to H-ZSM-5 and H-Y, both with lower acidity at
SiO,/Al,05 ratios of 30 as shown in Table 2. The H-Y catalyst
has a larger surface area of 780 m* g™ compared to that of H-
ZSM-5 (400 m? g*), which allows more active sites of the
catalyst to be exposed for reactions, hence giving higher liquid
yield. On the other hand, larger pore size of H-Y catalyst (7.4 x
7.4 A) compared to that of H-ZSM-5 (5.1x5.5 5.3x5.6 A) has

reduced the liquid yield. As reported by Park et al. (2011) and Du
et al. (2013), catalyst with larger pore size tends to have higher
coke and tar formation. % As a result, it causes higher degree of
catalyst deactivation, leading to decreased liquid yield. Thus, the
liquid yield produced using H-Y catalyst is slightly higher than
that of H-ZSM-5 as in Fig. 2, which is similar to the findings
reported in the literature. *

3.1.2 Effect of nitrogen flowrate on liquid yield

The liquid yield is observed to vary less significantly with
increasing nitrogen flowrate as compared to the other three
factors as shown in Fig. 2, and this is synonymous with the S/N
ratios in Table 7, where the S/N ratio for the nitrogen flowrate is
the least compared to other three factors. The change in nitrogen
flowrate causes about 4.03 wt-% of variation in the liquid yield
compared to about 5.82 wt-% of variation for effect of catalyst
loading, 4.52 wt-% of variation for the effect of type of catalyst
and 4.51 wt-% of variation for the effect of reaction temperature.
The flowrate of sweeping gas might affect the liquid yield in
which higher nitrogen flowrate decreases the vapor residence
times. These residence times in the literature were reported to be
in the range of 40 s to 560 s, depending on the type of reactor, "
222 \while the residence time in this study is approximately 80,
133 and 400 s for nitrogen flowrate of 500, 300 and 100 ml min™
respectively. Higher nitrogen flowrate removes pyrolysis vapor
from the reaction zone rapidly and hence, prevents secondary
reactions of the vapor thus increasing the liquid yield. On the
other hand, high nitrogen flowrate might also cause insufficient
quenching of pyrolysis vapor that might decrease the liquid yield.
"2 Hence, the determination of optimum sweeping gas flowrate
in the pyrolysis of biomass should be given further consideration
and investigation.

3.1.3 Effect of catalyst loading on liquid yield

Figure 3 shows that as the catalyst loading increases from 1
wt-% to 5 wt-%, the liquid yield increased. However as the
catalyst loading increases from 5 wt-% to 12 wt-%, the liquid
yield decreased. The increase in liquid yield with the catalyst is
due to an increase of the rate of decomposition and cracking in
the pyrolysis reaction.”® However, further increase in catalyst
loading could cause secondary reactions which convert the
pyrolysis vapors into non-condensable gases, hence decreased the
amount of bio-oil produced. This trend is consistent with other
researchers’ works > which showed that the introduction of
catalyst in catalytic pyrolysis decreased the amount of organic
yield (bio-oil) and increased the amount of gas yield, water
content and polyaromatic hydrocarbons (PAHSs). French et al.
(2010) pointed out that the oxygenated compounds in the bio-oil
undergo dehydration, decarboxylation, cracking, aromatization,
alkylation, condensation and polymerization with de-oxygenation
simultaneously. *® At lower temperatures, oxygen in the biomass



is removed as H,O (dehydration) whereas at higher temperatures,
oxygen is removed as CO, (decarboxylation) and CO
(decarbonylation). **** The second reason for the low yield of
bio-oil is because of rapid deactivation of catalyst which caused
catalyst coking. &7%%



Table 6: Liquid Yield Based on Taguchi’s L9 Orthogonal Array’s Prediction. The liquid yield from the nine experimental runs are
marked with ¢ * *| the other yields are predicted from Taguchi’s method.

Factor Factor Factor Factor Yield Factor Factor Factor Factor Yield
No. Note No. Note
A B C D Iwt-% A B C D Iwit-%
1 H-Y 1 450 100 39.41 41 H-ZSM-5 5 500 300 40.74 *
2 H-Y 1 450 300 35.38 42 H-ZSM-5 5 500 500 43.78
3 H-Y 1 450 500 38.42 43 H-ZSM-5 5 550 100 44.19
4 H-Y 1 500 100 43.92 44 H-ZSM-5 5 550 300 40.16
5 H-Y 1 500 300 39.89 45 H-ZSM-5 5 550 500 43.20
6 H-Y 1 500 500 42.93 46 H-ZSM-5 12 450 100 34.43
7 H-Y 1 550 100 43.34 47 H-ZSM-5 12 450 300 30.41
8 H-Y 1 550 300 39.31 * 48 H-ZSM-5 12 450 500 33.45
9 H-Y 1 550 500 42.35 49 H-ZSM-5 12 500 100 38.94
10 H-Y 5 450 100 41.47 50 H-ZSM-5 12 500 300 34.92
11 H-Y 5 450 300 37.45 51 H-ZSM-5 12 500 500 37.96
12 H-Y 5 450 500 40.49 * 52 H-ZSM-5 12 550 100 38.36
13 H-Y 5 500 100 45.98 53 H-ZSM-5 12 550 300 34.34
14 H-Y 5 500 300 41.96 54 H-ZSM-5 12 550 500 37.38 *
15 H-Y 5 500 500 45.00 55 H-Beta 1 450 100 34.88
16 H-Y 5 550 100 45.40 56 H-Beta 1 450 300 30.86
17 H-Y 5 550 300 41.38 57 H-Beta 1 450 500 33.90
18 H-Y 5 550 500 44.42 58 H-Beta 1 500 100 39.39
19 H-Y 12 450 100 35.65 59 H-Beta 1 500 300 35.37
20 H-Y 12 450 300 31.62 60 H-Beta 1 500 500 38.41 *
21 H-Y 12 450 500 34.67 61 H-Beta 1 550 100 38.81
22 H-Y 12 500 100 40.16 * 62 H-Beta 1 550 300 34.79
23 H-Y 12 500 300 36.13 63 H-Beta 1 550 500 37.83
24 H-Y 12 500 500 39.18 64 H-Beta 5 450 100 36.95
25 H-Y 12 550 100 39.58 65 H-Beta 5 450 300 32.92
26 H-Y 12 550 300 35.55 66 H-Beta 5 450 500 35.97
27 H-Y 12 550 500 38.60 67 H-Beta 5 500 100 41.46
28 H-ZSM-5 1 450 100 38.19 * 68 H-Beta 5 500 300 37.43
29 H-ZSM-5 1 450 300 34.16 69 H-Beta 5 500 500 40.48
30 H-ZSM-5 1 450 500 37.21 70 H-Beta 5 550 100 40.88 *
31 H-ZSM-5 1 500 100 42.7 71 H-Beta 5 550 300 36.85
32 H-ZSM-5 1 500 300 38.67 72 H-Beta 5 550 500 39.90
33 H-ZSM-5 1 500 500 41.72 73 H-Beta 12 450 100 31.13
34 H-ZSM-5 1 550 100 42.12 74 H-Beta 12 450 300 27.10 *
35 H-ZSM-5 1 550 300 38.09 75 H-Beta 12 450 500 30.14
36 H-ZSM-5 1 550 500 41.14 76 H-Beta 12 500 100 35.64
37 H-ZSM-5 5 450 100 40.26 77 H-Beta 12 500 300 31.61
38 H-ZSM-5 5 450 300 36.23 78 H-Beta 12 500 500 34.65
39 H-ZSM-5 5 450 500 39.27 79 H-Beta 12 550 100 35.06
40 H-ZSM-5 5 500 100 4477 80 H-Beta 12 550 300 31.03
81 H-Beta 12 550 500 34.07




3.1.4 Effect of reaction temperature on liquid yield

Figure 3 shows that as the temperature increases, the rate of
reaction also increases, hence increasing the liquid yield. ’ There
is a decrease in liquid yield when the temperature increased from
500 °C to 550 °C due to the secondary decomposition reaction of
the liquid fraction of volatiles that produced incondensable

4,

3.2 Bio-oil characteristics

The properties of the bio-oil produced at optimum condition
are measured and summarized in Table 8. The range of water
content of bio-oil obtained from literature is found to vary from 8
to 75 %. This large range of the water content is due to the
difference in the types of pyrolysis reaction, various feedstocks

pyrolysis vapor. Similar trends are also reported in other findings.
7,28-31

and the mode of operation of reactors. Catalytic pyrolysis
reactions generally produce bio-oil with higher water content
compared to that of non-catalytic pyrolysis. This is because the
acidic catalyst improves the de-oxygenation of bio-oil and
dehydration reaction, hence forming a higher amount of water at
the expense of organic oil. “®*#32 This can be shown when the
water content of bio-oil produced in this study (50 wt-%) is
higher than that of non-catalytic pyrolysis, ***3?but is
comparable to those of catalytic pyrolysis. 203

The ultimate analysis of the bio-oil produced in this study is
also shown in Table 8, and it can be seen that the bio-oil is
similar in composition to that of wood derived bio-oil. 2

As the bio-oil produced in this study has a higher water
content (50%), the HHV measured is slightly lower compared to
the values measured in the literature. **"2

Table 8: Properties of bio-oil produced at optimum reaction condition and comparison with existing literatures

References This work [4] [28-30] [7] [33] [31] [32]
7.90-64.01 ( deiir?;ng
Water Content /wt-% 50 25 (depending on 20-30 on the tvpe of
the feedstock) yp
pyrolysis)
pH 2.69 2.5 3.0-34 2.5 2.5
Viscosity (at 40 °C) / cP 45.47 40-100 30-200 40-1000
Density /g cm® 1.0699 0.832-1.170
(at 20°C) (at 30 °C)
Ultimate Analysis / %
Carbon 25.33 56 32-48 77.62 56.4 50-58
Hydrogen 9.317 6 7-8.5 12.15 6.2 5.5-7.0
Nitrogen 0.317 0-0.1 <0.4 5.33 0.2 <0.2
Sulfur 0.451 <0.05 0 <0.01
Oxygen (by difference) 64.585 38 44-60 4.9 37.1 35-42
17 16-19
HHV /MJ kgt 10.425 17 4291 . (15-30 %
(25 % moisture) -
moisture)

4. CONCLUSION

The influence of four reaction parameters; type of catalyst,
catalyst loading, reaction temperature and nitrogen gas flowrate
on the liquid (bio-oil) yield is investigated and studied. Catalyst
loading has the most significant influence, followed by type of
catalyst, reaction temperature and nitrogen gas flowrate based on
the computation of signal-to-noise (S/N) ratio using the-higher-
the-better criteria for each factor. Besides, the ranking is also
consistent with the variation of liquid yield brought about
by the change in the levels of a certain factor (catalyst
loadings caused a variation of 5.82 wt-% in liquid yield,
followed by type of catalyst which caused a variation of

4.52 wt-% in liquid yield, reaction temperature which
caused a variation of 4.51 wt-% in liquid yield and nitrogen
gas flowrate which caused a variation of 4.03 wt-% in
liquid yield).

In the design of the experiment, Taguchi L9 Orthogonal
Array Method is used to determine and predict the optimum
reaction condition based on nine runs. The predicted maximum
liquid yield is 45.98 wt-%, using 5 wt-% of H-Y catalyst at
temperature of 500 °C and nitrogen flowrate of 100 ml min™.
This condition is validated based on experimental result, giving a
yield of 44.05 wt-%, which is close to the predicted yield.

The properties of the bio-oil produced at optimum condition
are consistent with the known standards of bio-oils. As catalyst



promotes dehydration reaction, the bio-oil produced in this work
has higher water content. Other physical properties such as pH
value, viscosity, higher heating value and density are consistent
with the standards obtained from other existing literatures.
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