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ABSTRACT

In this study, torrefaction via microwave irradiation was introduced towards oil palm empty
fruit bunches (EFB) samples. The samples was fed into the alumina type crucible inside the
microwave with the power input limit at 385W. Experimental was carried in non-oxidative
atmosphere at 50 ml/min continous flow of nitrogen gas into the torrefaction system. The
effects of main parameters from temperature, residence time were studied towards mass yield,

energy yield, proximate analysis and hydrophobicity percentage.
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Result revealed the increased of energy value up to 22.4MJ/kg for torrefied samples, whereby
from proximate analysis mark the increased of fixed carbon percentage whilst volatile matter
decreased. Torrefaction products also shows the ability of reducing of moisture uptake up to
60%, which is prudent the good grindability.

Keywords: microwave reactor; oil palm empty fruit bunch (EFB); torrefied samples.

1. INTRODUCTION

Currently, fossil fuels are the primary sources as cheap energy that powers our modern
industrial civilization [1]. The other problem with fossil fuels is that they will soon run out
and considerable not a good thing [2]. According to the global problem associated with the
intensive use of fossil fuel have increased the interest in the use of renewable fuel worldwide,
and Malaysia is blessed with widely availability of such renewable resources from biomass
[3]. There are better in financial gains and other advantages when used as a fuel for renewable
energy power generation. The rapid consumption of fossil fuel needs an alternative
replacement and the developed nations mostly are pursuing the development of biomass as an
alternative method of power generation. Biomass energy or bioenergy is the largest and the
most important one that has been employed in worldwide including in underdeveloped,
developing and developed countries [4].

Biomass can be lignocellulosic or non-lignocellulosic material. Lignocellulosic biomass has
the potential to produce sustainable clean-green energy and other bio-based materials.
Compared to coal, reported by [5] the low bulk density, high moisture content, degradation
during storage and low energy density of raw lignocellulosic biomass are challenges in
generating agricultural residues as a cellulosic feedstock. The lignocellulosic biomass has
difficulty to store and also grinding into small particles. However, there is solution of all this
weakness of lignocellulosic biomass which is through the pre-treatment of biomass.
Torrefaction is one of the solution methods [4].

Torrefaction of lignocellulosic biomass has attention interest because of its potential to
overcome the disadvantages of current biofuel. Torrefaction improve the biomass properties to
be used as energy. In [7] mentioned that torrefaction improve grinding properties of biomass.

The fuel characteristics make such as fixed carbon and heating value, closer to coal. Torrefied
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particles are brittle which is easy to grind with less energy consumption. The torrefaction able
to increase 40% the calorific value of the biomass. However, about more than 50% of weight
was lost from the biomass. Torrefaction can enhance the hydrophobic properties of biomass
which can be stored even in an open environment [8]. The lignocellulosic biomass structure is
damaged especially on hemicellulose from torrefaction so that the grindability of biomass is
improved significantly. In other hand, the advantages torrefied biomass is suitable to be
co-fired or co-gasified with coal [9-10].

Torrefaction of various types of biomass by electrical heating method (conventional method)
has been discussed in literature. Previously, conventional heat methods comes from external
firing like tube furnace, fluidized or fixed bed reactor which normally consumed a long
heating duration and severe energy consumption that results in low quality products. The
reaction is usually carried out at 200-300°C and the heating rates are usually kept below
50°C/min with the heating of the biomass takes place from the surface to the inside of the
particle through conduction, convection and radiation and therefore higher heating rates may
result in shorter processing time and also result in incomplete reaction [11] In contrast to this,
in microwave, heating takes place at a molecular level and volumetric heating is achieved [12].
Because of the difference in how heat being generated, microwave heating has many potential
advantages in processing materials. Microwave heating is a selective, rapid, uniform, and
energy-saving method without direct contacts with the heated materials [11]. Only few studies
have been done for torrefaction of oil palm wastes and microwaved-assisted using statistical
approach is undoubtedly novel in this area.

Present paper focuses on the characteristics of torrified samples production from oil palm
EFB via microwave-assisted based on torrefaction process in the absence of oxygen. The
effect of holding temperature, residence time on the torrefaction mass and energy yield were
investigated. The correlations among parameters were analysed using statistical software. The

moisture uptake percentage was also been addressed as it is an advantage for storage purpose.
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2. METHODOLOGY

2.1. Materials

Oil palm EFB were taken from local oil palm mill in FeldaKemahang at Jeli, Kelantan,
Malaysia. Fresh oil palm EFB samples collected were undergoes sun-dried for 2 days to
dry-off the moisture content. Then, samples were grounded using rotating grinder and sieved
progressively under finer screen into < 500 um particle size. Therefore, it will be kept for 24
hours at 105°C before further process in order to minimal the moisture content. Only 10g was
used for each batch processing inside the microwave reactor.

2.2. Methods

In this study, the microwave system with 2.45GHz with the maximum power level 700W was
modified as shown in Fig. 1. The microwave system [25] setup consisted of nitrogen gas tank,
torrefaction chamber (alumina crucible) and power modulator
(proportional-intergral-derivative controller (PID) with type-K thermocouple). Hollow tube
made of ceramic (internal diameter (ID): 30 mm) as housing was coupled with two aluminium
(ID: 4 mm) for inlet nitrogen gas and outlet gas from torrefaction chamber. In order to obtain
the process effect, torrefaction chamber from alumina cylindrical crucible (at ID: 71 mm and
length 114 mm) in purity of 99.6% was manned for this purpose. The heating source
(magnetron power) was modulated using PID, so it could work in on-off mode to achieve the
desired temperature in torrefaction chamber. Data logger was used to ensure all the intrinsic
temperature was kept profile. Input power of 385W (medium level) was selected for further
experiments. Effect of such various residence time (15 and 30 min) and holding temperature
at 200, 240, 280 and 300°C were chosen for further analysis. All experiments were duplicated

to determine the range and deviation between the results.
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Fig.1. Schematic diagram of modified microwave reactor for torrefaction process
2.3. Proximate and Calorific Value Analysis
The raw and torrefied oil palm EFB were underwent the proximate analysis in order to
characterize the biomass (dry basis). It can determine three categories in such of volatile, ash
and fixed carbon content carried out by electric furnace. Moisture content is obtained by using
moisture analyser by having the biomass into the oven at 105°C at 180 min to remove the
moisture. The test procedures ASTM D3175 and ASTM D3174 were used to determine the
volatile matter and fixed carbon content respectively. The sample (1 g) was placed and heated
up to 900°C for 7 min in closed crucible to prevent oxidation. The weight loss is calculated
and represent as volatile matter. The remaining sample was then combusted in 3 hours under
temperature of 815°C. Weight loss is calculated as fixed carbon while ash content can
obtained simultaneously. The following equation been used for proximate analysis which is
Equation (1) for moisture content; Equation (2) for volatile matter; Equation (3) for ash
content and Equation (4) for fixed carbon.
Moisture content (MC) in dry basis = (W; — Wyg)/ Wex 100 (1)
Volatile matter (VM) = (W; — W¢)/W; x 100 (2)

Weight of ash
Ash content (AC) = %X

100 (3)

Fixed carbon = 100 - (MC + VM + AC) 4)

where Wi is the initial dry weight of sample and Wis the final dry weight at every stage
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respectively.

The samples were then undergoing investigation for calorific value using adiabatic bomb
calorimeter (model 1013-B Yoshida Seisakusho). This test is important to reflect the effect of
microwave heating in order to enhance the biomass energy content. The standard test method
(ASTM D2015) was used with initially the sample approximately 1 g was put into the
chamber, inducing high pressure into 30 bar and connected fuse wire. Heat generated in the
chamber is defined as the total heat liberated by the complete combustion of the sample. This
particular value is determined by measuring the heat removed when cooling [24] the products
of combustion to a standard reference temperature. The deviation of initial and final
temperature accordance of heat release was recorded as a function of T;and Ty. The following
Equation (5) was used to determine the lower heating value (LHV).

AHwaterx(m )XAT

water

LHV sample (m‘mmp/e) - thap, H,O (5)

wheremy,eis 2.74kg, deviation temperature, AT = T¢ - Tj, heating value of water, AHyater =
4.18kJ/kg and latent heat of vaporization water, Lhy,, H,O = 2260kJ/kg (at 100°C).
Using the torrefaction output, the sample was then measured the following Equation (6), (7)

and (8).

Weight of mass after torrfaction

Yin: 6

m Mass of raw EFB ( )
_CV of sample after torrefaction

CVr: CV of raw oil palm EFB (7)

Ye: Y, X CVr (8)

whereY,is mass yield, CVy is ration of calorific value and Y. is energy yield.
2.4.Hydrophobicity Analysis

Poor absorption and drying tends to have longer storage and on that hydrophobicity test was
carried out to torrefied oil palm EFB. To compare the hydrophobicity of the torrefied biomass
material, approximately 0.5g of biomass (particle size < 1 mm) were immersed in deionised
water at room temperature for 12 hours. The hydrophobic nature was evaluated based on the
state of the biomass after this period and by determine the degree of water uptake. Equation (9)
i1s manned for moisture uptake calculation.

Moisture uptake :[((Wr. Wj)/ Wy) x 100] 9)
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where, W; = Initial weight and W= Final weight

3. RESULTS AND DISCUSSION

3.1. Mass Yield

The mass yield of torrefaction products is shown in Fig. 2. Solid fraction (bio-char) yield
decreases with an increase of torrefaction temperature. In trend of results, mass yield also
decreased with increased of residence time and the holding temperature. It might explain the
severity of thermal exposure would lead to extend further the decomposition of oil palm EFB.
Higher weight loss at 30 min was obtained comparable to 15 min residence time. Meanwhile,
the highest mass yield value for oil palm EFB torrefied is achieved at 83.8% in 15 min while
72.9% at 30 min residence time at low holding temperature (200°C). On the other hand, the
mass yields gradually decrease over the range of microwave temperature. Increasing the
microwave temperature increases the heating exposure during torrefaction process, thus
results in secondary cracking and depolymerisation occurs between 225°C and 325°C for

hemicelluloses [13].
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Fig.2. Effect of holding temperature and residence time on the mass yield
3.2. Proximate Properties
The proximate properties revealed oil palm EFB value in different categories which is

moisture content (6-8%), volatile matter (85-73%), fixed carbon (6-22%) and ash (0.25-0.96%)
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as illustrated in Fig. 3 and 4. Based on the result, raw oil palm EFB exhibits the highest
moisture content 8.1%. Moisture content expressed as the quality of water per unit mass of
dry solid. The amount of moisture in biomass is reflecting the handling and storage conditions.
The highest volatile matter content was attained 82.01% at holding temperature of 200°C in
15 min residence time, while lower content as 72.88% at holding temperature 300°C in 30
min residence time. These trends shown the effect of decreasing residence time and
temperature might approach the increasing of volatile matter contents. The reported by [14]
high volatile matter content biomass and low char content makes biomass a highly reactive
fuel giving a faster combustion rate during the volatilization phase than other fuels such as
coal. Besides that, according to [15] reported that the biomass was decomposed into volatile
gases and solid char during this process. Typically, biomass has high volatile matter content
which is more than 80% compared to coal which had low volatile matter content which is less
than 20%. Therefore, lower volatile content matter might closer the torrefied biomass to coal.
On the other hand, the highest ash content in torrefied oil palm EFB was attained 1.08% and
the lowest was 0.2% while 1.04 and 0.25% for 30 and 15 min residence time respectively. In
the trends of recorded result the percentage of ash content increased when the temperature and
residence time increased. Meanwhile, higher ash content attributes to lower calorific value. As
reported by [16] said that the non-combustible component of biomass was found to be 2.6%
known ash.An impurity of ash that will not burn, fuels with low ash content are better suited
for thermal utilisation than fuels with high ash content. Higher ash content in a fuel usually
leads to higher dust emissions and affects the combustion volume and efficiency.Biomass ash
does not contain toxic metals like coal ash. Ash composition is important to prevent the
corrosion. The combustion temperature significantly affects the total yield of ash from
biomass.

Another parameter is fixed carbon which observing in raw and torrefied oil palm EFB. The
trends observed the highest value are 8.25 and 17.89 % in raw and 30 min of residence time.
In counterparts at 15 min residence time shown the value varies from 9.59 to 17.7 % at 200 to
300°C torrefaction holding temperature. Therefore, more time necessary needed rather than
desired various holding temperatures to improve the heating value. As predicted, the increases

of temperature and residence, the fixed carbon will definitely increase. The fixed carbon is the
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fraction that remaining after releases of volatiles, keep out the ash and moisture contents.
Fixed carbon gives a rough estimate of the heating value of a fuel and acts as the main heat
generator during burning [16]. Carbon content is physically approach by effect of heating
source and it would attribute the changes of heating value. Thus, higher carbon content will

have a higher heating value.
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Fig.3. Proximate properties for oil palm EFB in 15 min torrefaction residence time
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Fig.4. Proximate properties for oil palm EFB in 30 min torrefaction residence time
3.3. Calorific Value

The standard measurement of energy content in fuel is heating value, sometimes called the
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calorific value or heat of combustion. In order to discuss more specifically, the calorific value
yield of torrefied sample are plotted against torrefied temperature as shown in Fig. 5. The
calorific value was attained at 20.4 and 22.4MJ/kg in 15 and 30 min residence time
respectively. In the trends of result shown calorific value of oil palm EFB is coherent with the
factor of residence time and holding temperature as reported by [17-18]. The increase in the
calorific value is due to decrease in the moisture content and an increase in the carbon content
of the samples. As expected, the fixed carbon also shown similarity trends correspond to the

increasing of calorific value.
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Fig.5. Calorific value in 15 and 30 min torrefaction residence time

3.4. Energy Yield

Equation (8) was used to define the energy yield of various range temperature of torrefied oil
palm EFB. As reported by [19] said that parameters such as the energy yield, the composition
of the torrefied products and the calorific value must be considered to obtain the optimum
torrefaction temperature. The energy yields of oil palm EFB are slightly decreased from 78%
to 54% depending on the residence time as shown in Fig. 6. The same trend goes for both
parameters with the longer residence time would have low energy yield. The difference value
in residence time mainly based on poor mass yield and it also exhibit moisture loss during the

treatment.
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Fig.6. Energy yield at various temperatures in 15 and 30 min torrefaction residence time

3.5. Hydrophobicity Properties

From these studies, torrefaction was proven to improve the physical properties of a biomass
by increasing its hydrophobicity. Based on torrefaction treatment, the higher water uptakes
was recorded at holding temperature 200°C in 15 min residence time while the lowest water
uptakes was at holding temperature 300°C in 30 min residence time as shown in Fig. 7. The
hydrophobic behaviour of oil palm EFB was observed higher at all test conditions rather than
torrefied material. The moisture absorption capacity in biomass of its hemicellulose
constituent is highest. This show a good agreement with [20], torrefaction was involved to
near-complete breakdown of hemicellulose, the process makes biomass hydrophobic. This
was another special feature of torrefaction that it reduces the hygroscopic properties of
biomass. Therefore, when torrefied biomass is stored, it absorbs less moisture than that
absorbed by fresh biomass. Besides that, torrefaction improves the water repelling
characteristics of biomass through the elimination of hydroxyl groups responsible for
hydrogen bonding with water molecules and the generation of a non-polar, hydrophobic

compound [21].
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Fig.7. Immersion test on oil palm EFB treatment on 15 and 30 min torrefaction residence time

3.6. Correlation Coefficient

For further analysis to determine the existing relationship between independent and dependent

variable, correlation coefficient analysis was conducted.

Table 1. Correlation coefficient analysis of tprrefied oil palm EFB

Holding Residence  Volatile Ash Fixed Calorific
Temperature Time Matter  Content Carbon Value
Holding 1 - -0.872" 09657 0973 0.462"
Temperature
Residence time 1 -0.457™  0.061™  0.688"  0.803"
Volatile matter 1 -0.905"  -0.953"  -0.760"
Ash 1 0.734" 0496~
content
Fixed 1 0.862""
carbon
Calorific value 1

Notes: "~ Correlation is significant at p < 0.01; "Correlation is significant at p < 0.05; "Not

significant
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Based on Table 1, holding temperature was positively correlated (r = 0.462) at significant (p <
0.05) towards calorific value.Meanwhile, for residence time towards calorific value, it shows
the similar trend (positive correlation) with r = 0.803 at p < 0.01. This indicates calorific value
of torrefied oil palm EFB increased with the increment of holding temperature and residence
time. According to [22], the nature of biomass or its high heating value (HHV) as fuel is a
combined effect from moisture content, volatile content, ash content and fixed carbon. For
determination of the relationship between these variables, the readings of proximate
properties obtained were examined based on their impact towards calorific value. Based on
the correlation coefficient analysis in Table 1, volatile matter was negatively correlated (r =
-0.760; p < 0.01) with the calorific value. This indicated that the higher volatile matter of
torrefied oil palm EFB resulting lower its calorific value. The relationship between volatile

matter and calorific value is illustrated in Fig. 8.
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Fig.8. Relationship between volatile matter and calorific value of torrefied oil palm EFB
Besides that, positive correlations (p < 0.01) were existing among ash content and fixed
carbon towards calorific value with r = 0.496 and r = 0.862 respectively. It means that
calorific value of torrefied oil palm EFB was increased towards increment of ash content and
fixed carbon. Fig. 9 and 10 show the relationship between ash content and fixed carbon

towards calorific value respectively.



M. I. Ahmad et al. J Fundam Appl Sci. 2017, 9(3S), 924-940 937

=2 Linear = U 295
3.50—
o
L)
o
3.00
L=
Ca o o —
o o o /
= o
lor 2.50— = =
o
. /
]
ific = /
=
= 00— /
val /
o
O/’ o o
(=) o (=) =
/ o o = o
1 .50— = o o
| — £ =
=
1.00—
T T T T ¥ T T
1.00 =.00 =.00 4.00 s.00 .00 .00
o)

Fig.9. Relationship between ash content and calorific value of torrefied oil palm EFB
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4. CONCLUSION

Torrefaction process using microwave irradiation was proved for biomass upgrading towards
energy applications. Result revealed heat irradiation from microwave could improve the
physical properties of biomass. In other hand, product, measured in terms of mass yield,
energy yield and energy density is influenced by the following parameters including which is
holding temperature, type of lignocellulose biomass and residence time. Based on this study,
result from proximate properties, calorific value and hydrophobicity extend the validity
reason of applying heat source from microwave [23]. The issues highlight of holding
temperatures were fuel dependent and therefore the results indicate that careful optimisation is
required for all fuel types to maximise the benefits of torrefaction whilst maintaining a good

energy yield.
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