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ABSTRACT

Global energy consumption has surged due to the population's rapid growth, leading to a switch to using
renewable and clean energy. Among various strategies for developing renewable and clean energy, biomass
pyrolysis emerged as attractive, and microwave irradiation pyrolysis is a prominent technique. This research
aims to determine the ideal parameters for microwave-assisted pyrolysis of Spirulina platensis (SP)
microalgae in order to produce high-value liquid products with the addition of activated carbon (AC)
additives. Liquid bio-oil products were characterized concerning their calorific value, chemical bonds, and
thermal stability. This research also investigates product distribution as a function of AC loading. Using
900W output power of microwave and 550 °C pyrolysis temperature, the pyrolysis process was shortened
by 36.5% at 15% of AC loading. At 20% AC loading, the pyrolysis duration was shortened by 33%. This
study demonstrated that the highest liquid and minimum solid residue were obtained at 20% AC loading.
The heating value of liquid bio-oil with no AC additives was 35.419 MJ/kg, while at a 10% AC additive
was 37.464 MJ/kg. The highest heating value was found at a 15% AC additive, which was 39.345 MJ/kg;
meanwhile, at a 20% AC additive, it was 36.097 MJ/kg. These findings conclusively showed that the liquid
bio-oil's quality was significantly improved by the addition of activated carbon (AC), establishing it as an
attractive option for the microwave-assisted pyrolysis (MAP) process that produces advanced renewable
fuels.

Copyright © 2024. Journal of Mechanical Engineering Science and Technology.
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I. Introduction

Global energy consumption has surged due to the fast growth of the population in the
world, driving an increased reliance on non-renewable sources like coal, oil, and gas [1].
This situation has prompted an urgent search for alternative fuels to sustain the industrial
and transportation sectors globally. There is a continual rise in global natural resource
demand, with projected oil demand increasing by 35% by 2025 [2]. These conditions cause
global warming, which in turn threatens global climate change. This issue prompted a shift
toward the use of clean energy, making renewable energy utilization a key focus of research
and driving its rapid development [3]. This provides opportunities to develop renewable
energy sources, including biomass [4].

Various methods exist to convert biomass into fuels and biochemical products,
categorized into thermochemical, chemical, and biochemical processes [5]. Among these,
thermochemical methods offer distinct advantages, such as versatility in handling different
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feedstocks, shorter reaction times, and higher energy efficiency [6]. Pyrolysis, for instance,
involves breaking down complex chemical compounds at moderate to high temperatures
without oxygen, yielding solid, gas, and liquid products [7].

The pyrolysis method enables the conversion of biomass into solid, liquid, and gas
products [8]. Conventional pyrolysis and microwave-assisted pyrolysis are the two well-
known types of pyrolysis [9]. In the conventional pyrolysis process, heat is produced by a
variety of sources, including heated surfaces, sands, and electrical [10]. Recently,
microwave-assisted pyrolysis has emerged as a prominent thermochemical process due to
its distinct advantages over conventional methods. This technique is renowned for its unique
heating capabilities, superior product upgrading, and enhanced conversion efficiency.
Microwave heating offers several advantages, including fast and environmentally friendly
processing, higher product yields, the capability to process large raw materials directly,
flexibility to handle diverse feedstock, no requirement for agitation or fluidization, and
reduced particle (ash) content in resulting bio-oil [11]. Studies of microwave-assisted
pyrolysis (MAP) using biomass such as corn stover [12], wood [13], rice straw [14], and
pine sawdust [15] have been reported, and it is suggested that MAP is well-suited for the
conversion of biomass.

Microalgae have attracted growing interest as a potential source of third-generation
biofuels in recent years [16]. Microalgae biomass offers rapid growth rates and requires
minimal land space compared to terrestrial biomass like switchgrass, with productivity rates
up to 50 times faster [17]. Microalgae biomass production is higher than 30 times that of
traditional oil crops per surface area, which are rich in oil [18], [19]. Microalgae do not
significantly compete with traditional agricultural resources, as they can be grown on non-
arable land or in wastewater, thus preserving valuable agricultural land [20]. Due to their
numerous advantages, microalgae are considered one of the most promising biomass
resources for replacing fossil fuels [21]. Consequently, the study of microalgae for energy
production is of critical importance. Spirulina platensis (SP) stands out as a leading
candidate due to its abundant cultivation [22]. It boasts a large-scale cultivation capacity of
3000 tons annually and has lower ash content than other microalgae species such as
Chlorella sp and Nannochloropsis [12], [13], [16].

Microwave heating primarily relies on dipole rotation and ionic conduction, converting
energy directly into heat instead of heat transfer [23]. However, dry biomass has a poor
ability to convert microwave power into heat [24]. Since microwave pyrolysis involves
selective heating, where the materials exposed to microwave energy exhibit varying
dielectric responses due to interactions between their particles or molecules and internal
magnetic fields [25]. It is necessary to use an additive in the microwave cavity or inside the
reactor to get optimum microwave absorption ability and high efficiency of biomass
pyrolysis to improve the pyrolysis conditions, product yields, and properties of the products
[26]. Combining microalgae with an additive could enhance the material’s ability to
effectively absorb microwave power [27]. Activated carbon could be an excellent
microwave absorber because of its behavior that is easily heated by microwave.

Anis et al. succeeded in producing liquid biofuel from pyrolysis of used cooking oil
using the MAP method using a microwave oven, which has an easier, cheaper process and
lower energy consumption. Because it speeds up chemical processes and reduces residence
time, this technique has become one of the finest in the pyrolysis process, saving energy
[28]. Hu et al. [29] converted Chlorella vulgaris using a microwave-assisted pyrolysis
process on various catalysts, including CaO, SiC, activated carbon, and the solid residue of
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the product (biochar). The highest biofuel yield was obtained at 87.47% when using a 5%
activated carbon catalyst. Borges et al. [30] investigated the microwave-assisted pyrolysis
(MAP) of Chlorella sp. and Nannochloropsis sp. strains, utilizing HZSM-5 as the catalyst
and silicon carbide (SiC) as the absorber. The findings revealed that incorporating both SiC
and HZSM-5 into the process led to substantial improvements in several key aspects.
Specifically, the presence of these additives significantly enhanced the yield and quality of
the bio-oil produced. In addition, the overall properties of the final bio-oil, such as its
chemical composition and energy content, were notably improved, demonstrating the
effectiveness of these materials in optimizing the pyrolysis process. The results highlight the
potential of combining HZSM-5 and SiC to improve the efficiency and performance of MAP
in producing high-quality bio-oil from microalgae. Eshun et al. [31] reported that the
conversion of Chlorella sp. using microwave pyrolysis for 20 minutes at 750 watts power
achieved the highest yield of 28.6%. Sardi et al. examined microwave-assisted pyrolysis
(MAP) in low-rank coal (LRC) using two catalyst and receptor combinations: HZSM-5 with
Fe2(SO4)s, and activated carbon (AC) with Fex(SO4)s. The study revealed that the
combination of AC and Fe2(SOa)s produced a higher bio-oil yield compared to HZSM-5
with Fe2(SOa)s. This result is attributed to the sufficient acidity of carbon-based materials
like AC and LRC, which also serve as effective microwave absorbers [32], [33]. Hu et al.
conducted pyrolysis of Chlorella vulgaris under varying microwave power levels, catalyst,
amount of activated carbon, and solid residue content. The results indicated that increasing
the microwave power levels and using a catalyst enhanced gas production. The catalyst
facilitated the pyrolysis process, with activated carbon proving to be the most effective
catalyst, followed by solid residue. The highest bio-oil yield, reaching 87.47%, was achieved
with 5% activated carbon [34].

Based on the background above, activated carbon could promote the pyrolysis process
of biomass, but pyrolysis of SP and activated carbon was uncommonly discussed. This study
investigated the production and characterization of pyrolysis products from microwave-
assisted pyrolysis of Spirulina plantensis (SP) and activated carbon as an additive. The
research aims to determine the optimal amount of additive for microwave-assisted pyrolysis
to obtain high-value-added chemical products. This research also investigates pyrolysis
product yields and characterizes the liquid bio-oil concerning their calorific value, chemical
bonds and functional groups, and fuel thermal behavior.

I1. Material and Methods
A. Raw Material

The SP microalgae (Spiruganik+TM) used during the present study was purchased as a
powder from the Jepara Brackish Water Cultivation Center. Mesh 60 (0.25mm) was used to
sift the particle size.

B. Additive

The additive used in this study was Haycarb activated carbon powder (AC). Powder-
activated carbon was crushed and sieved into 20 mesh sizes. It was then dried in the oven at
100 °C for 2 hours. The dried activated carbon was then collected into the vial and ready to
use. SP was mixed with AC at various amounts of 10, 15, and 20 (wt,%) by using mechanical
mixing (magnetic stirrer) at 1200 rpm and 15 minutes. After the process, the SP+AC samples
were ready to be used. The absorbent used in this study is granule-char. The granule char
was 300g in each pyrolysis process. The absorbent was placed in a different place from the
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sample and placed under the sample reactor as a source of heat to maintain temperature
stability while the temperature-holding process was being carried out.

C. Experimental Method

The pyrolysis of SP and variations of additives were carried out with a 2450 MHz
frequency of microwave oven, using 900 W output power and 12.23 cm wavelength. The
microwave was manufactured for kitchen use and has a capacity of 23L. In order to ensure
that each pyrolysis experiment was carried out properly, the microwave oven was modified.
Figure 1 shows a schematic of the microwave-assisted pyrolysis system.

The prepared sample was placed in a 500 mL clay pottery reactor, which was positioned
vertically inside the microwave compartment. To purge the air from the reactor, N2 gas was
used as a carrier, flowing at a rate of 0.5 L/min for 15 minutes before the experiment began.
K-type thermocouples were installed to monitor the temperatures of both the sample and the
microwave cavity. One thermocouple was placed inside the reactor, ensuring it did not touch
the bottom, in order to accurately measure the temperature of the sample. The temperature
of the pyrolysis reaction was regulated using an Omron E5CWL-type temperature
controller.

A double glass-tube condenser was used to condense the pyrolysis vapor product, with
a pump circulating cooling fluid from a water bath containing a water-ice mixture. Two 500
mL glass bottles were used to collect the crude oil product. Non-condensable gases were
vented through the exhaust and safely burned. The pyrolysis process was carried out until a
temperature of 550°C was reached. The resulting bio-oil and biochar from the pyrolysis were
then stored for further characterization.

D. Pyrolysis Yield

Crude oil has compound physical and chemical properties of hydrocarbons that are
influenced by the arrangement of the carbon chain. Besides crude oil, another by-product is
obtained from pyrolysis. Solid and syngas are the products besides crude oil. Every product
yield can be calculated by using equations as follows:

%Yy = “;LS: X L000h covvovveeeeeeeeeeeeeeeeesssssesssssesssesssssssssssesssssssssssssssssesssssssssesssesssessseseeees 1)
%oYpgs = % D 1 1L S )
%Ygo = ’;jp X 100 Yiig = Y205 eorerereereeeseeeeeesseeeseseeeeesseseseeessesseeeeeesseseesesseseeee (3)
%Yehar = % P 0117 X (4)
%Yyas = 100% — (%Y1 — Yo¥har) ooveermsmsemrsssemsssssesssssesssssesssssesssssessosees (5)

where %VYiig, %Y gas, and %Y char are the yields of liquid, gas, and char produced in wt.%;
Miig, and Mchar are the weight of the liquid and the charcoal mass collected, respectively,
while Msp is the initial mass of raw material during the pyrolysis process.
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E. Characterization

1. HHV

The purpose of Bomb Calorimeter testing is to accurately measure the calorific value of
the sample being analyzed, which indicates the amount of energy released during
combustion. This testing was conducted at the ITS Energy and Environment Laboratory,
utilizing the Envilife OBC-1A+ model of the Bomb Calorimeter. During the process, the
sample was carefully placed in the calorimeter, and the test was performed under controlled
conditions to ensure precise measurements. The results obtained from the testing provided
the calorific values of the samples, which are crucial for evaluating the energy content and
potential efficiency of the materials being studied.

2. FTIR

The investigated samples' functional groups were examined using Fourier Transform
Infrared Spectroscopy (FTIR). The measurement was carried out in the 4000-600 cm™ wave
number range. The solid sample was combined with 5-10% KBr powder to get the samples
ready for FTIR analysis. A Mini Hand Press tool was then used to press the homogenous
mixture into KBr pellets. The KBr pill was prepared for analysis once it had formed. Graphs
of transmittance or absorbance were used to display the results. A Shimadzu IR Prestige-21
instrument was used to conduct this analysis at the Laboratory of Advanced Materials and
Minerals, Universitas Negeri Malang.

3. TGA

Thermogravimetric analysis (TGA) was used to examine fuel stability at temperatures
between 30 and 900 °C and a heating rate of 10°C min?. A Mettler—TGA 851
thermobalance was using an N2 atmosphere with a flow rate of 25 mL min-1. For each
experiment, approximately 100 mg of the oil sample was used. An aluminum crucible with
a 100 mg capacity was employed to ensure a more uniform distribution of the sample's
temperature gradient. A computer connected to the thermoanalytical apparatus collected all
of the thermal conversion data, which were then assessed using the Mettler STAR program.

PARTS LIST
Microwave
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K-Type Thermocouple
Charcoal Pottery
Arduino Uno
Temperature Control
Tube
Computer
Thermometer
10 |Condensor
11 |Cooling Water Circulation
12 |Cooler
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Fig. 1. Microwave-assisted pyrolysis apparatus.

I11. Results and Discussions

The discussion will include the temperature profile, pyrolysis product yield, bio-oil
heating value, chemical bond characteristics, and thermal stability characteristics. These
groupings are then discussed and explained as follows. Proximate analysis reveals that SP
has a high volatile matter content (77.96 wt.%), indicating its suitability for energy recovery
through thermochemical conversion technologies [35].
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Temperature Profile

Figure 2 illustrates the real-time temperature profiles of SP pyrolysis, both with and
without the addition of AC, subjected to a microwave power 900 W. The temperature stage
during microwave pyrolysis can be categorized into four distinct stages: (i) an initial rapid
temperature increase from ambient conditions to 100°C; (ii) a drying phase occurring
between 100°C and 150°C; (iii) the evaporation of hydrocarbons within the range of 150—
450°C; (iv) the pyrolysis process spanning from 450°C to 600°C.

The presence of moisture can indicate a rise in temperature at the initial stage (Figure
2). Due to the dielectric properties and polar nature, moisture (water) could generate heat
under a microwave environment, resulting in a good microwave absorber for the first stage
of SP pyrolysis. When microwaves interacted with the SP, the moisture absorbed the
microwaves and caused water molecules to align themselves to the radiation. This created
molecular friction, generating energy as heat and causing a rapid temperature increase [36].
After the moisture evaporated from the SP, essential elements such as hydrocarbons did not
absorb the microwaves. This is why the temperature was observed not to rise significantly
and tended to remain stable after reaching 100 °C where the SP gradually dried [37]. Around
150°C, the temperature started to increase until it reached 550 °C. At this stage, primary
components were started to pyrolyze and volatilize. During the pyrolysis, condensable and
non-condensable gas were produced, and the condensable gas would be condensed by a
condenser and trapped in a product collector; the non-condensable gas would be removed
by an exhaust fan and ready to be burned for safety reasons.
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Fig. 2. Effect of AC addition on the real-time temperature of SP

Figure 2 shows that the addition of AC on SP increased the heating rate, and the reaction
temperature was faster than SP with no AC addition. AC played an important role in heat
transfer and interaction between microwave and SP during the pyrolysis process. SP with
no AC additive needs 66 min to reach the set temperature. SP with 10% AC addition reaches
the set temperature almost the same, around 63 min, which means 4.5% faster than pure SP.
The 10% AC addition promotes drying faster than pure SP. SP with 10%, 15%, and 20%
AC loading has the same drying process behavior, which is faster than the SP with no AC
addition, this phenomenon has also been reported in [36]-[38].
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In an earlier study conducted by Zhifeng et al. [34] a similar phenomenon was observed
when C. vulgaris was mixed with activated carbon (AC) as an absorber. The combination
of C. vulgaris and activated carbon resulted in a 17.88% higher maximum pyrolysis
temperature compared to pure C. vulgaris, indicating a significant enhancement in thermal
performance. Furthermore, the rate of temperature increase was considerably higher in the
mixture, with a remarkable 174.30% rise compared to the pure C. vulgaris sample. This
demonstrates that the presence of activated carbon not only elevates the maximum
temperature achieved during pyrolysis but also accelerates the overall heating process,
suggesting that activated carbon plays a key role in improving the efficiency and
effectiveness of the pyrolysis reaction.

The prominent differences were observed in the second stage, in which 15% and 20%
AC loading promoted a very steep temperature rise, indicating the starting decomposition
and pyrolyzing of the SP. The addition of 15% AC took 40 min to get the set temperature,
while the 20% AC took 42 min. The entire pyrolysis process was shortened by 36.5% at
15% of AC loading. At 20% AC loading, the pyrolysis duration was shortened by 33%. It is
caused by the absorption ability of activated carbon, which is admirable [39]. The polar
molecules of SP will be distributed averagely on the surface of the activated carbon
molecules. On the other hand, after the activation process, activated carbon often has polar
functional groups on its surface, which increases its ability to interact with various molecules
[34]. Then, under the microwave field, activated carbon, which absorbed and distributed
many polar molecules of SP, moved and collided a million times within a second and
generated so much heat, which made the pyrolysis reaction better. This indicates that adding
AC could significantly accelerate the microwave pyrolysis process, where increasing the AC
concentration will result in more polar molecules being distributed. The addition was
necessary for achieving time efficiency and energy saving in microwave-assisted pyrolysis
of SP.

Product Yield of Pyrolysis

Figure 3 shows the product distributions of SP pyrolysis at various amounts of AC
additives and a pyrolysis temperature of 550°C. The product distribution contained gas, char,
and liquid phases (water and bio-oil). In the pyrolysis of SP without additives, the yields
were 27.2% gas, 30% char, and 42.8% liquid phase. Adding 10% AC vyielded results similar
to pure SP, indicating minimal impact on product yield. However, with a 15% AC addition,
the liquid phase yield increased to 46.6%, while char and gas yields decreased to 27% and
26%, respectively. This indicates that 15% AC significantly enhanced liquid yield compared
to pure SP and the 10% AC addition. Adding 20% AC resulted in the highest liquid phase
yield among all tested conditions, suggesting this concentration is optimal for maximizing
liquid product yield.

It can be expected that increasing the amount of AC in the system will lead to greater
hydrocarbon decomposition. This effect was observed as a decrease in the yield of the solid
product (biochar). As the AC concentration increases, the char yield obtained decreases. As
seen in Figure 3, char yield was 30% without additives. Char yield decreased to 28%, 26.2%,
and 22% as the AC loading increased from 10%, 15%, and 20%, respectively. The more AC
concentration increases in SP, the faster the pyrolysis heating process in SP will be. The
larger amount of activated carbon (AC) used the greater the contact area of the additives
involved in the microalgae degradation process. This reduces the activation energy, leading
to a higher conversion of reactants into products. Increased contact between the reacting
substances results in higher liquid yield obtained [40]. Additionally, according to Lili et al.
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[41], activated carbon has a high surface area, which significantly enhances reaction
performance. This is because activated carbon can spread the polar molecules in the SP more
evenly and cause faster heating because, under the microwave field, the polar molecules
collide with each other and produce heat. As the temperature rapidly increases from ambient
to its maximum value, endothermic reactions occur faster, and they absorb much heat [19],
[42]. Furthermore, there was a significant enough temperature differential between the
sample and the surrounding air to permit heat escape. The pyrolysis reaction was so strong
under these circumstances that it briefly produced a significant amount of bio-oil and gas.

The operating temperature used was 550°C, which is the optimal temperature for
producing bio-oil according to several previous studies [40], [43]. Whereas earlier research
used pyrolysis methods in a fixed-bed reactor with atmospheric nitrogen and no catalysts to
convert Spirulina sp. into biofuels [43], these studies found that the optimal temperature for
biofuel was 550°C. The results demonstrate that pyrolysis at this temperature yields a high
liquid phase. At this temperature, the pyrolysis produces a larger molecular weight, which
leads to a condensable gas. Therefore, the bio-oil yield is high at 20% AC because it has a
larger contact area than the other. Aswie et al. stated that a higher proportion of liquid
production would result from a longer pyrolysis duration. This is because a longer pyrolysis
time would result in more contact between the reacting components, which would increase
the liquid yield.

By adding 20% AC, the time needed will be less because AC promotes a high contact
area and a high heating rate. This can avoid excessive costs and also save time in bio-oil
production. Besides that, the longer the pyrolysis process takes, the pyrolysis will reach an
equilibrium condition. Once the equilibrium condition is reached, the bio-oil production will
not change much. So, the longer the reaction time, the greater the inefficiency, as supported
by Patil et al. [44] the pyrolysis process lasts too long, it can lead to overheating, which
causes excessive gas production, increased char formation, and energy loss during the
process. This study demonstrated that the highest liquid and lowest solid residue were
obtained at 20% AC loading. Adding AC leads to a very high heating rate and higher contact
area, which will produce more tar during the process.
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Fig. 3. Product yield of pyrolysis
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Heating Value

As we can see in Figure 3, the heating values of bio-oil from the pyrolysis at
temperatures of 550°C using additives have different values. The heating value at an SP
with no additives was 35.419 MJ/kg, while at a 10% AC additive was 37.464 MJ/kg. The
heating value at a 15% AC additive was 39.345 MJ/kg, and the last 20% AC additive was
36.097. The overall results indicated that the addition of activated carbon (AC) significantly
improved the quality of the liquid bio-oil, leading to a higher heating value compared to the
bio-oil produced without any AC additive. This enhancement was particularly noticeable at
a 15% AC loading, where the bio-oil exhibited the highest heating value. This suggests that
the presence of activated carbon plays a crucial role in optimizing the bio-oil's energy
content, making it a more efficient and viable option for use as a fuel. The findings highlight
the potential benefits of using AC as an additive in the pyrolysis process to improve the
performance of bio-oil for various applications.

According to Jena et al. [45], a slow and low pyrolysis process potentially has a higher
O element in the liquid product, resulting in a lower energy content than a high-temperature
one. Therefore, the addition of activated carbon additives will speed up heating; this will
support a faster pyrolysis process and heat up faster compared to low amounts of additive.
This process results in a low amount of O in the liquid fuel resulting in an increase of the
heating value. The 20% additive has an excellent heating speed, but 20% loading produces
more water phase than the other based on Figure 3, which could lead to a decrease in heating
value. It is also found that the increase in temperature could increase the water content in
bio-oil (Figure 3), possibly caused by secondary reactions [36]. A decrease in heating value
can be caused by the high level of oxygenate compounds in crude oil, such as water, hydroxy
aldehydes, hydroxy ketones, and phenols, which are highly oxygenated compounds in crude
oil. The presence of water in bio-oil significantly impacts its usability as a fuel, as it can
reduce the heating value, cause phase separation, and delay ignition. These factors create
challenges in efficiently utilizing bio-oil as a reliable energy source [46]. However, the
specific mechanisms behind these effects are not yet fully understood, highlighting the need
for further in-depth research to clarify the underlying causes. Moreover, the high oxygen
content in bio-oil is another critical aspect that warrants detailed study. Comprehensive
characterization methods, such as Gas Chromatography-Mass Spectrometry (GC-MS), are
essential to analyze and better understand the bio-oil's chemical composition, properties, and
potential for optimization. This additional research could help address the limitations and
improve the overall performance and application of bio-oil as a sustainable fuel alternative.
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Thermogravimetry Analysis

Thermoanalysis techniques, including thermogravimetric analysis (TGA), are crucial
for evaluating the thermal behavior of bio-oil. TGA provides data on The relationship
between the weight loss of bio-oil and temperature under an inert atmosphere, which was
analyzed in this study. Thermogravimetric analysis (TGA) was conducted to examine the
weight loss stages of the liquid bio-oil. The TGA curves for the bio-oil samples derived from
the microwave pyrolysis of Spirulina platensis (SP) are shown in Figure 5. For comparison
purposes, the thermograms for the same category of additives are displayed together in the
figure. As shown in Figure 5, the bio-oil produced through microwave-assisted pyrolysis
(MAP) with activated carbon additives exhibited a similar decomposition process.

From Figure 5, it can be seen that the thermal decomposition process of all liquid bio-
oil samples is investigated. All liquid bio-oil from pyrolysis using or no AC additives
experienced three stages of decomposition, where all samples have similar decomposition
mechanisms. Stage | occurs below 120°C, stage Il between 120—477°C called the
decomposition stage, and stage 111 is the formation of solid residues at around 535°C. This
result is in line with the study that was reported by Liu et al. [47]. Liquid bio-oil from no
AC additive has the lowest temperature to decompose with residue under 1%, which is only
0.006 mg. In contrast, the liquid bio-oil sample containing additives such as a 10% AC
additive sample having a residue of 3.9% (0.45 mg), a 15% AC additive having a residue of
2.4% (0.27 mg), and a residue of a 20% AC additive that was 2.3% (0.24 mg). Liquid bio-
oil of SP with no AC addition has the lowest residue. This phenomenon was due to the low
impurities (such as coke) produced during pyrolysis [48]. In contrast, the addition of 10%
AC has the highest residue. The increase of the solid residue in bio-oil could be caused by
many impurities, and the amount of AC was too small; the SP could not get enough heat to
decompose AC. It's critical to keep the solid content in bio-oil to a minimum since they can
act as catalysts and speed up the aging process [49]. Conventional boilers have lenient
standards for solid content, making bio-oil easily usable in these systems. However, the
particulates in bio-oil can adversely affect the precise nature of diesel fuel injection systems,
thereby restricting their use in such applications [10].
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Fig. 5. TG profiles of liquid bio-oil at various amounts of AC additives
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In accordance with Figures 5 and 6, it can be understood that liquid bio-oil from SP
without AC within the temperature range of 27.27—450°C had a rapid mass loss, where
about 98.043 wt.%. Following this decomposition process, the DTG peak was encountered
at 261°C, in correlation with the crack of the protein element [7]. The TG curve for liquid
bio-oil from SP without AC additive has a second mass loss at 712.94°C, whereby only
about 2.85% mass was lost, and a seamless DTG peak was observed at 714°C due to
secondary cracking. The red line of Figures 5 and 6 illustrate the curve of liquid bio-oil
originating from 10% AC addition. The TG curve shows a direct incline line, indicating
there was a massive mass loss. The liquid bio-oil originating from 10% AC addition has
experienced a drying process within a range of temperatures of 80—150°C, then the thermal
degradation is still going on until reaching the peak at 275.56°C and decreases and finishes
at around 550°C.

The blue line of Figures 5 and 6 illustrates the curve of liquid bio-oil originating from
15% AC addition. There are two peaks in the graph, the first peak at 98°C and the second
peak at 270°C. The DTG of liquid bio-oil originating from 20% AC addition shows a little
difference at the first peak compared to the 10% and 15%; when others have a sharp look,
this one has a little slope at 109°C then the rate starts to increase until it reaches the peak at
268.55°C, after that the rate slowed down until the temperature around 430°C.

In accordance with Figures 5 and 6, it was well understood that liquid bio-oil originating
from SP no AC additive decomposed earlier than three others, and it seemed fast to
decompose at first. The TG-DTG graph of all the samples looks similar, but the shape of the
graph is a little bit different at the first peak. It can be seen that 10% of AC addition has the
highest temperature to decompose, compared to 15% and 20%, which means that liquid bio-
oil originating from 10% AC addition does not easily react and decompose. Generally, a
higher temperature corresponding to the peak of sample weight loss indicates better thermal
stability [50].
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Fig. 6. DTG profiles of liquid bio-oil at various amounts of AC additives

Infrared Spectra Changes

The spectra of SP microalgae and liquid bio-oil originating from SP pyrolysis with AC
additives of 10%, 15%, and 20% are presented in Figure 7. FTIR is an effective method for

Romaz et al. (Characteristics of Liquid Products from Spirulina platensis Pyrolysis



514 Journal of Mechanical Engineering Science and Technology ISSN 2580-0817
Vol. 8, No. 2, November 2024, pp. 503-519

analyzing small molecules in liquid products. This technique can identify the type of organic
matter by analyzing the functional group of organic molecules. The structural variation of
liquid biofuel from pyrolysis products can be analyzed using FTIR spectroscopy [51].

Figure 7 presents the FTIR spectra results between the liquid bio-oil originating from
SP pyrolysis with and without the AC addition. The complex and long-chain molecules in
microalgae are broken down into shorter molecular chains with a variety of functional
groups by pyrolysis at 550°C. The peaks that emerged at the specified wavenumber range
in the four samples show different compounds presented in liquid bio-oil.

The band spectra at the wavenumber range 3200—3600 cm™! contain an O-H stretching,
which was derived from water, lipids, protein, and carbohydrates. This finding was linear
with the study of Barbosa et al. [52] that classified the O-H in the water group. The observed
bands at the wavenumber range 3003—3512 cm™! in correlation with N-H stretching of the
amide group [53]. The peak found in the wavenumber range 2750—2950 cm™! is related to
aliphatic C-H stretching of methylene [46], and bands in the wavenumber range 1870—1540
cm™! strongly linked to C=0 stretching of esters that originated from lipids of microalgae.
A strong peak at 1750 cm™ indicates the absence of aldehydes, ketones, and ester
compounds. In this wavenumber (1750 cm™), C=0 stretching is strongly associated with
fatty acid. A peak at 1450 cm™ is related to C-H bending, which is a vibration of methyl.
Unpronunced bands at the range of 1540—1870 cm™! are linked to the C=0 stretching of
the carboxyl group [54]. A small peak at 750—810 cm™ correlates with the C-H group
(aliphatic character) and is also associated with the N-H and C=0O groups derived from
protein [33]. It is observed that hydrocarbons, aliphatic chemicals, nitro compounds, and
amide groups are among the functional groups found in the liquid bio-oil that result from SP
pyrolysis with AC loading.
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Fig. 7. Infrared spectra of liquid products in different amounts of AC additives

The addition of AC to SP during the pyrolysis process significantly affects the chemical
composition of the final products, as evidenced by the FTIR spectrum. The decrease in the
band intensity at 3400 cm™ indicates that AC effectively adsorbs water or hydroxyl
compounds from SP. This finding was also supported by the data from the heating value
test, whereby the highest heating value was found at 15% AC loading, which was 39.64
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MJ/kg. This increase is likely due to the reduction of O-H (water) bonds, as the presence of
moisture in the fuel decreases its heating value [45]. Additionally, variations in the intensity
and position of bands in the 3000-2800 cm* range suggest that AC influences the aliphatic
structure in the pyrolysis products. The increased band intensity at 3000 cm™ with 20% AC
indicates high aliphatic stability. Furthermore, the increased intensity of the band at 1700
cm* with higher AC concentrations suggests an increase in carbonyl compounds, likely due
to further decomposition or reactions with AC. The formation of new compounds is also
indicated by the presence of a new band at 2200 cm with 15% AC, suggesting the formation
of compounds such as carbon or nitriles during pyrolysis with higher AC concentrations.
Moreover, changes in the intensity of bands at 1450 cm™ and 750 cm™ indicate that AC
affects the stabilization and modification of organic compounds in the pyrolysis products,
particularly hydrocarbons and aromatic compounds. Overall, mixing activated carbon (AC)
into SP could significantly reduce hydroxyl compounds, modify the aliphatic structure,
increase the concentration of carbonyl compounds, and lead to the creation of new
compounds that are absent in samples without additives.

IVV. Conclusions

Using activated carbon (AC) as an additive in the microwave-assisted pyrolysis of SP
presents a promising thermochemical conversion method for improving both the efficiency
of the process and the yield of bio-oil. AC significantly increases the heating rate and speeds
up the drying process during the pyrolysis up to 36% at 20% AC loading. Giving AC 20%
to SP pyrolysis could increase bio-oil yield to 52%, but the optimum heating value was at
15% additive loading with 39.6 MJ/kg. Bio-oil without AC additive has the lowest
decomposition temperature, adding 10% AC, which results in the highest decomposition
temperature among concentrations tested, indicating lower reactivity but better thermal
stability. Increasing AC can affect macromolecular bonds by reducing hydroxyl groups and
increasing carbonyl groups. Several characteristic tests of SP microalga bio-oil with AC
additives have been carried out. Further studies are required to gain a deeper understanding
of the properties and composition of bio-oil, including evaluations of its volatile content,
water content, and aging characteristics.

Acknowledgment

This research was funded by a DRTPM grant for the Magister Thesis (contract numbers:
140/E5/PG.02.00.PL/2023 and 20.6.73/UN32.20.1/LT/2023).

References

[1]  A. AlNouss, G. McKay, and T. Al-Ansari, “Enhancing waste to hydrogen production
through biomass feedstock blending: A techno-economic-environmental evaluation,”
Appl Energy, vol. 266, no. September 2019, p. 114885, 2020, doi:
10.1016/j.apenergy.2020.114885.

[2] [IEA, “World Energy Outlook 2021: Part of the World Energy Outlook,”
International Energy Agency, p. 386, 2021.

[3] L. Chen, Z. Yu, H. Xu, K. Wan, Y. Liao, and X. Ma, “Microwave-assisted co-
pyrolysis of Chlorella vulgaris and wood sawdust using different additives,”
Bioresour Technol, vol. 273, pp. 34-39, 2019, doi: 10.1016/j.biortech.2018.10.086.

[4] S.Jamilatun, Budhijanto, Rochmadi, A. Yuliestyan, H. Hadiyanto, and A. Budiman,
“Comparative analysis between pyrolysis products of Spirulina platensis biomass and
its residues,” International Journal of Renewable Energy Development, vol. 8, no. 2,

Romaz et al. (Characteristics of Liquid Products from Spirulina platensis Pyrolysis



516

[5]

[6]
[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Journal of Mechanical Engineering Science and Technology ISSN 2580-0817
Vol. 8, No. 2, November 2024, pp. 503-519

pp. 133-140, 2019, doi: 10.14710/ijred.8.2.133-140.

J.A. Okolie, E.l. Epelle, S. Nanda, D. Castello, A.K. Dalai, and J.A. Kozinski,
“Modeling and process optimization of hydrothermal gasification for hydrogen
production: A comprehensive review,” The Journal of Supercritical Fluids, vol. 173,
p.105199, 2021, doi: 10.1016/j.supflu.2021.105199.

P.K. Sarangi, S. Nanda, and P. Mohanty, Recent advancements in biofuels and
bioenergy utilization. Springer, Singapore, 2018. doi: 10.1007/978-981-13-1307-3.
Z. Tang, W. Chen, Y. Chen, J. Hu, H. Yang, and H. Chen, “Journal of Analytical and
Applied Pyrolysis Preparation of low-nitrogen and high-quality bio-oil from
microalgae catalytic pyrolysis with zeolites and activated carbon,” J Anal Appl
Pyrolysis, no. May, p. 105182, 2021, doi: 10.1016/j.jaap.2021.105182.

M. Materazzi and A. Holt, “Experimental analysis and preliminary assessment of an
integrated thermochemical process for production of low-molecular weight biofuels
from municipal solid waste (MSW),” Renew Energy, vol. 143, pp. 663-678, 2019,
doi: 10.1016/j.renene.2019.05.027.

C. Chen, D. Huang, X. Bu, Y. Huang, J. Tang, C. Guo et al., “Microwave-assisted
catalytic pyrolysis of Dunaliella salina using different compound additives,” Renew
Energy, vol. 149, pp. 806-815, Apr. 2020, doi: 10.1016/j.renene.2019.12.0809.

S. Czernik and A.V. Bridgwater, “Overview of applications of biomass fast pyrolysis
oil,” Energy and Fuels, vol. 18, no. 2, pp. 590-598, 2004, doi: 10.1021/ef034067u.
M. A. Budianto, S. Anis, and W. Sumbodo, “Study of thermal heating of waste engine
oil in a microwave pyrolysis reactor,” Journal of Physical Science, vol. 29, pp. 39—
52, 2018, doi: 10.21315/jps2018.29.52.4.

Y. Wan, P. Chen, B. Zhang, C. Yang, Y. Liu, X. Lin et al., “Microwave-assisted
pyrolysis of biomass: Catalysts to improve product selectivity,” J Anal Appl
Pyrolysis, vol. 86, no. 1, pp. 161-167, 2009, doi: 10.1016/j.jaap.2009.05.006.

M. Miura, H. Kaga, A. Sakurai, T. Kakuchi, and K. Takahashi, “Rapid pyrolysis of
wood block by microwave heating,” J Anal Appl Pyrolysis, vol. 71, no. 1, pp. 187—
199, 2004, doi: 10.1016/S0165-2370(03)00087-1.

Y.F. Huang, W.H. Kuan, S.L. Lo, and C.F. Lin, “Hydrogen-rich fuel gas from rice
straw via microwave-induced pyrolysis,” Bioresour Technol, vol. 101, no. 6, pp.
1968-1973, 2010, doi: 10.1016/j.biortech.2009.09.073.

X.-H. Wang, H.-P. Chen, X.-J. Ding, H.-P. Yang, S.-H. Zhang, and Y.-Q. Shen,
“Properties of gas and char from microwave pyrolysis of pine sawdust,”
BioResources, vol. 4, no. 2007, pp. 946-959, 2009, doi: 10.15376/biores.4.3.946-959.
R.V. Piloni, I.C. Daga, C. Urcelay, and E.L. Moyano, “Experimental investigation on
fast pyrolysis of freshwater algae. Prospects for alternative bio-fuel production,”
Algal Res, vol. 54, no. February, p. 102206, 2021, doi: 10.1016/j.algal.2021.102206.
A.A. Casazza, E. Spennati, A. Converti, and G. Busca, “Production of carbon-based
biofuels by pyrolysis of exhausted Arthrospira platensis biomass after protein or lipid
recovery,” Fuel Processing Technology, vol. 201, no. November 2019, p. 106336,
2020, doi: 10.1016/j.fuproc.2020.106336.

L. Gouveia and A.C. Oliveira, “Microalgae as a raw material for biofuels production,”
J Ind Microbiol Biotechnol, vol. 36, no. 2, pp. 269-274, 2009, doi: 10.1007/s10295-
008-0495-6.

Z. Du, Y. Li, X. Wang, Y. Wan, Q. Chen, C. Wang et al., “Microwave-assisted
pyrolysis of microalgae for biofuel production,” Bioresour Technol, vol. 102, no. 7,
pp. 48904896, Apr. 2011, doi: 10.1016/j.biortech.2011.01.055.

Romaz et al. (Characteristics of Liquid Products from Spirulina platensis Pyrolysis)



ISSN

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

: 2580-0817 Journal of Mechanical Engineering Science and Technology 517

Vol. 8, No. 2, November 2024, pp. 503-519

J.Y. Lee, C. Yoo, S.Y. Jun, C.Y. Ahn, and H.M. Oh, “Comparison of several methods
for effective lipid extraction from microalgae,” Bioresour Technol, vol. 101, no. 1
SUPPL., pp. S75-S77, 2010, doi: 10.1016/j.biortech.2009.03.058.

Y. Chisti, “Biodiesel from microalgae,” Biotechnology Advances, vol. 25, no. 3, pp.
294-306, 2007, doi: 10.1016/j.biotechadv.2007.02.001.

N. H. Zainan, S. C. Srivatsa, F. Li, and S. Bhattacharya, “Quality of bio-0il from
catalytic pyrolysis of microalgae Chlorella vulgaris,” Fuel, vol. 223, no. March 2017,
pp. 12-19, 2018, doi: 10.1016/j.fuel.2018.02.166.

W.Zi, Y. Chen, Y. Pan, Y. Zhang, Y. He, and Q. Wang, “Pyrolysis, morphology and
microwave absorption properties of tobacco stem materials,” Science of the Total
Environment, vol. 683, pp. 341-350, 2019, doi: 10.1016/j.scitotenv.2019.04.053.

A. Zaker, Z. Chen, X. Wang, and Q. Zhang, “Microwave-assisted pyrolysis of sewage
sludge: A review,” Fuel Processing Technology, vol. 187, no. December 2018, pp.
84-104, 2019, doi: 10.1016/j.fuproc.2018.12.011.

R. Chen, S. Zhang, X. Yang, G. Li, H. Zhou, Q. Li et al., “Thermal behaviour and
kinetic study of co-pyrolysis of microalgae with different plastics,” Waste
Management, vol. 126, pp. 331-339, 2021, doi: 10.1016/j.wasman.2021.03.001.

Y. Li, M. Horsman, N. Wu, C.Q. Lan, and N. Dubois-Calero, “Biofuels from
microalgae.,” Biotechnol Prog, vol. 24, no. 4, pp. 815-820, 2008.

W. Zuo, Y. Tian, and N. Ren, “The important role of microwave receptors in bio-fuel
production by microwave-induced pyrolysis of sewage sludge,” Waste Management,
vol. 31, no. 6, pp. 1321-1326, 2011, doi: 10.1016/j.wasman.2011.02.001.

S. Anis, R. Alhakim, Wahyudi, A.M. Khoiron, and A. Kusumastuti, “Microwave-
assisted pyrolysis and distillation of cooking oils for liquid bio-fuel production,” J
Anal Appl Pyrolysis, vol. 154, no. October 2020, p. 105014, 2021, doi:
10.1016/j.jaap.2020.105014.

Z.Hu, Y. Zheng, F. Yan, B. Xiao, and S. Liu, “Bio-oil production through pyrolysis
of Dblue-green algae blooms (BGAB): Product distribution and bio-oil
characterization,” Energy, vol. 52, pp. 119-125, 2013, doi:
10.1016/j.energy.2013.01.059.

F.C. Borges, Q. Xie, M. Min, L.A.O.R. Muniz, M. Farenzena, J.O. Trierweiler et al.,
“Fast microwave-assisted pyrolysis of microalgae using microwave absorbent and
HZSM-5 catalyst,” Bioresour Technol, vol. 166, pp. 518-526, 2014, doi:
10.1016/j.biortech.2014.05.100.

J. Eshun, L. Wang, E. Ansah, A. Shahbazi, K. Schimmel, V. Kabadi et al.,
“Characterization of the physicochemical and structural evolution of biomass
particles during combined pyrolysis and CO2 gasification,” Journal of the Energy
Institute, vol. 92, no. 1, pp. 82-93, Feb. 2019, doi: 10.1016/j.joei.2017.11.003.

J.A. Menéndez, A. Arenillas, B. Fidalgo, Y. Fernandez, L. Zubizarreta, E.G. Calvo et
al., “Microwave heating processes involving carbon materials,” Fuel Processing
Technology, vol. 91, no. 1, pp. 1-8, 2010, doi: 10.1016/j.fuproc.2009.08.021.

B. Sardi, A. Altway, and M. Mahfud, “Bio-oil production from low-rank coal via
novel catalytic microwave pyrolysis using activated carbon + Fe2(SO4)s and HZSM-
5+Fe2(SO4)3,” Fuel, wvol. 324, no. PA, p. 124509, 2022, doi:
10.1016/j.fuel.2022.124509.

Z. Hu, X. Ma, and C. Chen, “A study on experimental characteristic of microwave-
assisted pyrolysis of microalgae,” Bioresour Technol, vol. 107, pp. 487493, 2012,
doi: 10.1016/j.biortech.2011.12.095.

Romaz et al. (Characteristics of Liquid Products from Spirulina platensis Pyrolysis



518

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Journal of Mechanical Engineering Science and Technology ISSN 2580-0817
Vol. 8, No. 2, November 2024, pp. 503-519

S. Sukarni, “Thermogravimetric analysis of the combustion of marine microalgae
Spirulina platensis and its blend with synthetic waste,” Heliyon, vol. 6, no. 9, p.
e04902, 2020, doi: 10.1016/j.heliyon.2020.e04902.

Y.R. Chen, “Microwave pyrolysis of oily sludge with activated carbon,”
Environmental Technology (United Kingdom), vol. 37, no. 24, pp. 3139-3145, 2016,
doi: 10.1080/09593330.2016.1178333.

L. Qin, J. Han, X. He, Y. Zhan, and F. Yu, “Recovery of energy and iron from oily
sludge pyrolysis in a fluidized bed reactor,” J Environ Manage, vol. 154, pp. 177—
182, 2015, doi: 10.1016/j.jenvman.2015.02.030.

F. Mushtag, R. Mat, and F.N. Ani, “Fuel production from microwave assisted
pyrolysis of coal with carbon surfaces,” Energy Convers Manag, vol. 110, pp. 142—
153, Feb. 2016, doi: 10.1016/j.enconman.2015.12.008.

R. Omar, A. Idris, R. Yunus, K. Khalid, and M.l.A. Isma, “Characterization of empty
fruit bunch for microwave-assisted pyrolysis,” Fuel, vol. 90, no. 4, pp. 1536-1544,
2011, doi: 10.1016/j.fuel.2011.01.023.

V. Aswie, L. Qadariyah, and M. Mahfud, “Pyrolysis of Microalgae Chlorella sp.
using Activated Carbon as Catalyst for Biofuel Production,” Bulletin of Chemical
Reaction Engineering and Catalysis, vol. 16, no. 1, pp. 205-213, 2021, doi:
10.9767/bcrec.16.1.10316.205-213.

L. Ning, D. Yunjie, C. Weimiao, L. Ronghe, L.U. Yuan, and X. Qin, “Glycerol
Dehydration to Acrolein over Activated Carbon-Supported Silicotungstic Acids,”
Chinese Journal of Catalysis, vol. 29, no. 3, pp. 212-214, 2008.

J.A. Mene, M. Inguanzo, and J.J. Pis, “Production of bio-fuels by high temperature
pyrolysis of sewage sludge using conventional and microwave heating,” Bioresource
Technology, vol. 97, pp. 1185-1193, 2006, doi: 10.1016/j.biortech.2005.05.011.

S. Jamilatun, A. Budiman, Budhijanto, and Rochmadi, “Non-catalytic slow pyrolysis
of spirulina platensis residue for production of liquid biofuel,” International Journal
of Renewable Energy Research, vol. 7, no. 4, pp. 1901-1908, 2017, doi:
10.20508/ijrer.v7i4.6305.97233.

P.D. Patil, V.G. Gude, A. Mannarswamy, P. Cooke, S. Munson-McGee, N.
Nirmalakhandan et al., “Optimization of microwave-assisted transesterification of
dry algal biomass using response surface methodology,” Bioresour Technol, vol. 102,
no. 2, pp. 1399-1405, 2011, doi: 10.1016/j.biortech.2010.09.046.

U. Jena and K.C. Das, “Comparative evaluation of thermochemical liquefaction and
pyrolysis for bio-oil production from microalgae,” Energy and Fuels, vol. 25, no. 11,
pp. 5472-5482, 2011, doi: 10.1021/ef201373m.

N. Zhong, X. Ren, L. Cheng, M. Yamamoto, T. Leskinen, J. Lommi et al.,
“Microwave-assisted catalytic pyrolysis of commercial residual lignin with in-situ
catalysts to produce homogenous bio-oil and high-yield biochar with enriched pores,”
Energy Convers Manag, vol. 295, no. May, p. 117620, 2023, doi:
10.1016/j.enconman.2023.117620.

S. Liu, M. Chen, Q. Hu, J. Wang, and L. Kong, “The kinetics model and pyrolysis
behavior of the aqueous fraction of bio-oil,” Bioresour Technol, vol. 129, pp. 381-
386, 2013, doi: 10.1016/j.biortech.2012.11.006.

D. Chen, J. Zhou, Q. Zhang, and X. Zhu, “Evaluation methods and research
progresses in bio-oil storage stability,” Renewable and Sustainable Energy Reviews,
vol. 40, pp. 69-79, 2014, doi: 10.1016/j.rser.2014.07.159.

R. French and S. Czernik, “Catalytic pyrolysis of biomass for biofuels production,”
Fuel Processing Technology, vol. 91, no. 1, pp. 25-32, 2010, doi:

Romaz et al. (Characteristics of Liquid Products from Spirulina platensis Pyrolysis)



ISSN: 2580-0817 Journal of Mechanical Engineering Science and Technology 519

[50]

[51]

[52]

[53]

[54]

Vol. 8, No. 2, November 2024, pp. 503-519

10.1016/j.fuproc.2009.08.011.

R.N. Hilten and K.C. Das, “Comparison of three accelerated aging procedures to
assess bio-oil stability,” Fuel, vol. 89, no. 10, pp. 2741-2749, 2010, doi:
10.1016/j.fuel.2010.03.033.

B. Zheng, Y. Li, H. Ma, G. Chen, Y. Gu, and C. Wang, “Journal of Analytical and
Applied Pyrolysis Pyrolysis characteristics, kinetics and products of flexible
polyurethane foam in luxury cruise ship via TG, FTIR, GC-MS and Shuffled
Complex Evolution,” J Anal Appl Pyrolysis, vol. 179, no. January, p. 106497, 2024,
doi: 10.1016/j.jaap.2024.106497.

J.M. Barbosa, L.A. Andrade, L.G.M. Vieira, and M.A.S. Barrozo, ‘“Multi-response
optimization of bio-oil production from catalytic solar pyrolysis of Spirulina
platensis,” Journal of the Energy Institute, vol. 93, no. 4, pp. 1313-1323, 2020, doi:
10.1016/j.joei.2019.12.001.

Sukarni, Sudjito, N. Hamidi, U. Yanuhar, and [LN.G. Wardana, “Potential and
properties of marine microalgae Nannochloropsis oculata as biomass fuel feedstock,”
International Journal of Energy and Environmental Engineering, vol. 5, no. 4, pp.
279-290, Aug. 2014, doi: 10.1007/s40095-014-0138-9.

K. Sudhakar and M. Premalatha, “Characterization of micro algal biomass through
FTIR/TGA /CHN analysis: Application to scenedesmus sp.,” Energy Sources, Part
A: Recovery, Utilization and Environmental Effects, vol. 37, no. 21, pp. 2330-2337,
2015, doi: 10.1080/15567036.2013.825661.

Romaz et al. (Characteristics of Liquid Products from Spirulina platensis Pyrolysis



