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Abstract. This study investigates the effects of catalyst preparation techniques on the yield and
quality of liquid biofuel produced from slow catalytic pyrolysis of microalgae Chlorella sp. using
various catalysts, including acid catalysts (HZSM-5) and base catalysts (activated carbon). The
effects of different temperatures, catalyst loading, and reaction time on the yield and quality of
liquid biofuels, including chemical composition, density, and the resulting viscosity at the optimal
variable, were investigated. The results showed that slow catalytic pyrolysis using 1 wt.% activated
carbon catalyst, a temperature of 550°C, and a reaction time of three hours produced a maximum
yield of liquid biofuel at 50.38 wt.% with high aromatic hydrocarbons, less oxygen and acid, a
density of 0.88 kg/L, and a viscosity of 5.79 cSt that satisfied specifications of biodiesel No. 2. Slow
catalytic pyrolysis with a variety of catalyst types and catalyst preparation techniques affects the
increase in yield and quality adjustment of liquid biofuel. The proposed technology can be further
developed for commercial applications, replacing conventional diesel fuel.
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1. Introduction

Globally, CO; emissions are a product of the consumption of fossil fuels, especially
crude oil, as the primary energy source impacting climate change and global warming
(Hosseini et al., 2019). One of the alternative renewable energy resources that can meet
global demand is biomass in the form of third-generation biofuels (Alaswad et al., 2015).
The third generation of biofuels, especially those derived from microalgae biomass, is an
ideal source of raw materials and has advantages over the first and second generations
biofuels in terms of cultivation, lipid composition, product yield, viscosity, density, and
calorific value of biofuels (Mahfud et al., 2020; Shihab et al., 2020). However, the conversion
efficiency of biofuel production from microalgae compared with biofuels from other
biomass is still very low (Rizzo et al., 2013).

One of the thermochemical conversion methods to produce liquid biofuel (aka bio-oil)
from microalgae biomass is pyrolysis (Yang et al., 2019). Studies related to pyrolysis have
been reported in the literature. Supramono et al. (2016) investigated the co-pyrolysis of
biomass and plastics (polypropylene). The results showed that adding polypropylene
composition in the feed blend from 37.5 to 87.5 wt.% increased the bio-oil yield from 25.8
to 67.2 wt.%. The pyrolysis could also be used to fabricate advanced materials, such as
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as nanocomposites (Kusdianto et al., 2019) and fluorine-doped tin oxide (Yuwono et al.,
2017).

The characteristics of microalgae Chlorella sp. as biofuel feedstock have been studied
widely by many researchers. Hu et al. (2014) investigated the production of liquid bio-oil
via fast catalytic pyrolysis from microalga Chlorella vulgaris using different catalysts and
contents of activated carbon. They found that catalysts only affected the pyrolysis products.
The maximum liquid and gaseous yield were achieved with activated carbon. Zainan et al.
(2018) investigated slow catalytic pyrolysis of microalgae Chlorella vulgaris using Ni
supported zeolite (Si/Al=30). The effects of different temperatures and catalyst to algae
ratio on bio-oil yield and quality were analyzed. They found that the optimal pyrolysis
temperature for slow catalytic pyrolysis of Chlorella vulgaris was 500°C with high
hydrocarbon production and low oxygenated and acid compounds in the oil. Also, a lower
catalyst to algae ratio produced a higher bio-oil yield was observed. The catalyst
preparation method did not affect the yield but affected the bio-oil composition.
Oxygenated bio-oil compounds were lower for catalyst prepared using wet impregnation
than catalyst prepared using ion-exchange at all temperature variations (400°C and 500°C).

Although the studies mentioned above researched the Chlorella sp. as the bio-oil
feedstock, studies on slow catalytic pyrolysis to increase the yield and quality of bio-oil from
Chlorella sp. are still scarce in the literature, especially those using acid and base types of
catalysts. In this study, we investigated the production of bio-oil (i.e., bio-oil yield) using
various types of catalysts, including acid catalysts (HZSM-5) and base catalytic (activated
carbon) with variations of catalyst treatment. The quality of bio-oil, including its chemical
composition, density, and viscosity, at optimum conditions of catalyst treatment,
temperature, and reaction time, was analyzed. The primary outcome of this study is
expected to produce bio-oil that can easily meet the requirements of diesel fuel No. 2 in
commercial applications.

2. Methods

2.1. Materials

Chlorella sp. was used in the form of phytoplankton culture obtained from free waters.
The process was carried out in the Brackishwater Aquaculture Development Center (BADC)
laboratory in Situbondo, East Java, with multilevel culture methods. Chlorella sp. starting
with the preparation of tools and materials that have been sterilized, making Walne
fertilizer and vitamins, isolation of Chlorella sp. on Petri dish as agar media, culture on the
10-mL test tube, culture on 250 mL Erlenmeyer, culture on 3-L glass bottles, and culture on
a 10L carboy. An intermediate scale was started using Chlorella sp. derived from pure
culture on a laboratory scale. The Chlorella sp. was maintained for approximately five days
and reached the exponential phase on day 4. Harvesting for the intermediate scale at the
BADC was conducted by removing the Chlorella sp. from the intermediate culture tank into
the mass-scale culture tank. A mass-scale culture was conducted with a water volum of
more than 1 m3. In addition to mass-scale culture, seedlings were also harvested to make
powder. Harvesting was done by the chemical flocculant method using sodium hydroxide
(NaOH). The main characteristics of the dried Chlorella sp. are ash of 53.08 wt.%, protein of
12.13 wt.%, lipids of 12.41 wt.%, fibers of 0.14 wt.%, nitrogen-free extract of 2.74 wt.%, and
heating value of 1398.98 cal/g. The greater the organic content of the feedstock, the greater
the bio-oil that could be produced due to thermal decomposition within the pyrolysis
process.

2.2. Pyrolysis
This study used a fixed bed reactor made of stainless steel, with a maximum heating
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temperature of 750°C, and an insulated space to reduce heat transfer from the system. This
reactor worked with thermal and catalytic pyrolysis processes. The temperature was
measured and regulated by an electric heating source using an integral proposal model with
an offset of 2°C. The heating speed was <1°C/s, categorized as slow pyrolysis under vacuum
pressure (Pinput = -7 mmH0; Poutput = =10 mm H0) to isolate the contents from the
presence of oxygen (Thahir et al, 2019). A schematic diagram of the experimental
equipment is shown in Figure 1.

The experiment was carried out by inserting 200g of Chlorella sp. into the reactor and
catalyst according to the desired ratio. The sample was then heated in a reactor under
vacuum conditions. Then the temperature setting was carried out according to the desired
process conditions until the pyrolysis time was reached. Under specific temperature and
time conditions, solid, liquid, and gaseous products will form. Next was the separation of
the aqueous phase and organic phase using a separatory funnel and evaporating the
moisture content still contained in the liquid product. The product was weighed and
analyzed in the form of char, gas, organic fraction, and the aqueous fraction of the liquid
product. The research was again carried out for other process variables. The process
parameters reviewed in this study were temperature variations of450°C, 500°C, 550°C, and
600°C. The amount of catalyst (HZSM-5 and activated carbon) was 0 wt.% (non-catalyzed),
1 wt.%, and 2 wt.%. Variations in pyrolysis time were measured at 1, 2, 3, and 4 hours. The
catalyst types are non-catalyst, HZSM-5 catalyst (i.e., 1 wt.%-2 wt.%) and activated carbon
catalysts (i.e., 1 wt.%-2 wt.%).
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Figure 1 The slow catalytic pyrolysis

2.3. Analysis of Liquid Biofuels

The properties of the liquid biofuel product, which was composed of organic and
aqueous fractions, were characterized by Fourier transform infrared (FTIR) analysis, and
the density and viscosity were determined. The FTIR spectra were collected in a Nicolet
Series II Magna-IR System 750 spectrometer, equipped with a liquid nitrogen-cooled
mercury cadmium telluride (MCT) detector. The oil was deposited between two NaCl disks.
The selected spectral range was 400-650 cm-1, with a resolution of 4 cm-1.

The density of the liquid biofuel was determined using a 5-mL size-specific gravity
bottle pycnometer. The bottom of the flat bottle with a perforated stopper is borosilicate
glass from Eisco Labs. The pycnometer test began with its cleaning and drying in an oven
at 105°C for 15-30 minutes, after which it was placed in a desiccator for 10-15 minutes.
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The volume (I/Z'Dycno) and the mass of the empty pycnometer (Mpycno) were recorded. The
liquid biofuel was added to the pycnometer up above the neck, and the lid was placed until
the liquid biofuel filled the capillary tube until it was full, ensuring that no air bubbles were
present in it (Mpycno + ruer)- The density of the liquid biofuel (pj,e;) was determined by the
following equation:

p (1

M - Mpycno
Fuel = ( pycno + fuel) by

Vpycno

The viscosity of the liquid biofuel was determined using the Ostwald viscometer
(Thomas XXX80B1539 Borosilicate Glass Ostwald 0Oil Viscometer, with a 5-mL minimum
sample), which measures the time taken for the liquid biofuel to pass through two points
when flowing through the viscometer because of gravity. The viscometer was first
calibrated with water, which has known time (t,,4¢,), density (pyqrer), and viscosity
(Nwater)- Its use began with piping the liquid biofuel into the viscometer and sucking it using
a pushball until it crossed the two limits. Then, a stopwatch was prepared, the liquid biofuel
was relaxed to the first limit, and the liquid biofuel time was calculated (tfuel). The viscosity

of the liquid biofuel (77 fuel) was determined by the following equation:

Lruel X Pruel
77fuel =Nwater (2)

twater X Pwater

3. Results and Discussion

3.1. Influence of Temperature on Pyrolysis Product Yields

The relationship between the temperature and the liquid yield is shown in Figure 2
with a heating rate <1°C/s. The higher the temperature (450-550°C), the greater the
increase in the liquid yield. The liquid yield consisted primarily of aqueous and organic
fractions, resulting from the cracking process at 450-550°C, to 550-600°C. The highest
liquid biofuel yield (50.38 wt.%) is obtained at a temperature of 550°C with 1 wt.%
activated carbon (base catalyst). These conditions are similar to what has been found by
Dai et al. (2018), where the optimum temperature to produce the liquid yield is 550°C at 1
wt.% activated carbon (base catalyst). The temperature of 600°C is the optimum
temperature for the maximum gas yield (%). The optimum temperature for the maximum
char yield in variations of catalysts was 2 wt.% HZSM-5 (acid catalysts) product and a
maximum char yield of 72.16 wt.%. The gas yield was inconsistent between 1.14 wt.% and
22.85 wt.%.

An increase in the process temperature of 1 wt.% HZSM-5 catalyst and 1 wt.% activated
carbon catalyst caused a decrease in the char yield. This is because the primary
decomposition of microalgae is greater at high temperatures; the secondary thermal
decomposition of char occurred before it exited reaction conditions (Pattiya, 2011). If char
was not separated rapidly from steam, heat-catalyzed cracking from primary organic vapor
could occur at low temperatures (Pourkarimi et al.,, 2019). The increase in temperature
caused a decrease in the char yield and an increase in the gas yield, the same result obtained
by Hu et al. (2013). The temperature rise impacted the greater gas yield, owing to the
secondary cracking of char and the pyrolysis vapor reaction (Pattiya etal., 2012). The effect
of the reaction temperature on biofuel products with the 2 wt.% HZSM-5 catalyst and 2
wt.% activated carbon catalyst during slow pyrolysis provided larger char yields than the
liquid and gas yields. An increase in the acid catalyst results in lower liquid biofuel due to
char formation, and the maximum biofuel is obtained at the base catalyst.
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Figure 2 Effect of temperature on product yields

3.2. Effect of Catalyst Amount on Pyrolysis Product Yields

The amount of catalyst is a variable that plays a vital role in converting dried microalgae
into biofuel products. In this study, a variation of catalyst concentration, including HZSM-5
catalyst (1 wt.%-2 wt.%) and activated carbon catalysts (1 wt.%-2 wt.%), were compared
to the non-catalyst treatment with the use of 200g of microalgae (dry weight). The
relationship between each treatment of various catalysts and the liquid yield of bio-oil is
shown in Figure 3.
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Figure 3 Effect of the catalyst on pyrolysis liquid yields

Figure 3 shows that when a larger amount of HZSM-5 (acid catalyst) and activated
carbon (base catalyst) were used, the liquid biofuel yield decreased, including the organic
and aqueous fractions. At a temperature range of 450-600°C, the maximum liquid biofuel
was achieved at 1 wt.% activated carbon (base catalysts). The optimum temperature with
a variation of 1 wt.% activated carbon catalysts that produced the maximum liquid biofuel
yield of 50.38 wt.% was 550°C. This shows that the higher pyrolysis temperature improved
bio-oil quality in the form of heat and hydrocarbon values. Still, it can also cause unwanted
products such as polycyclic aromatic hydrocarbon (PAH) and nitrogen compounds (Li et
al., 2017). However, several studies on pyrolysis with catalyst treatment would provide
mixed results (Aysu et al., 2016). In addition, the choice of the catalyst in the pyrolysis
process, both acid or base catalyst, should depend on the chemical structure and desired
results. The literature revealed that acid catalysts in the pyrolysis process would increase
char yield, while base catalysts would increase the liquid yield (Tripathi et al., 2016).

3.3. Effect of Reaction Time on Pyrolysis Product Yields

Figure 4a presents the relationship between the reaction time (i.e., 1-4 hours) at
temperatures of 450-600°C and the aqueous fraction yield for each catalyst treatment. As
shown, the longer the pyrolysis time, the higher the aqueous fraction yield is for all from
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Figure 4 Effect of reaction time on (a) aqueous fraction; and (b) organic fraction

The optimal reaction time and temperature with 1 wt.% activated carbon (base catalysts)
product the maximum aqueous fraction yield (41.42 wt.%) was 3 hours and 550°C,
respectively. Meanwhile, Figure 4b shows the relationship between the reaction time (i.e.,
1-4 hours) at a temperature of 450-600°C and organic fraction yield with the treatment of
the catalyst. As shown, the longer the pyrolysis time and temperature, the fluctuating the
organic fraction yield produced from all catalyst treatments. The optimal reaction time,
temperature, and catalyst treatment necessary to create a maximum organic fraction yield
of 11.27 wt%-11.80 wt.% were 3-4 hours, 550°C, and 1 wt.% activated carbon,
respectively. Compared to temperature, reaction time had a lower impact on product yield.
Also, the aqueous fraction yield was influenced by temperature and type of catalyst, similar
to that observed by Duan et al. (2013).

3.4. Effect of Catalyst Type on Liquid Biofuel Yields

Figure 5 shows that the non-catalyst, HZSM-5 catalyst (i.e., 1 wt.%-2 wt.%) and
activated carbon catalysts (i.e.,, 1 wt.%-2 wt.%), have different effects on the liquid biofuel
yield. The liquid biofuel produced from 1 wt.% activated carbon (base catalyst) was greater
than the one made from the non-catalyst, HZSM-5 catalyst (1 wt.%-2 wt.%), and 2 wt.%
activated carbon.
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Figure 5 Effect of catalyst type on liquid biofuel yields

With the variable of the activated carbon (base catalyst), the maximum liquid biofuel yield
of 50.38 wt.% was obtained with a 1 wt.% catalyst; whereas with the variable of the HZSM-
5 (acid catalyst), the maximum liquid biofuel yield of 42.81 wt.% was obtained with the
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non-catalyst treatment; the maximum liquid biofuel yield of 27.75 wt.% was obtained with
1 wt.% HZSM catalyst. Besides increasing the water content in the liquid fraction, the
catalyst increased the amount of char, especially at low temperatures. Higher temperatures
reduced the aqueous fraction yield and increased the gas yield. This was caused primarily
by an increase in the secondary cracking of oil vapor into incondensable gases. In several
previous studies of catalytic pyrolysis, the addition of base catalysts increased the liquid
yield. In contrast, the solid product increased in other studies, but the liquid and gas
products decreased (Conti et al., 2016).

3.5. Analysis of Characteristics of Liquid Biofuel Products

3.5.1. FTIR analysis

Figure 6a shows the FTIR spectrum of the aqueous fraction of the biofuel. FTIR spectra
from the aqueous fraction of the biofuel showed the presence of amine, alkene, alkene, and
fluoro bonds at the peak of vibration. The test results showed that the peak with high
intensity was at a wavelength of 1,632.42 cm-1, that is, the alkene group (C = C). In addition,
the peak at 3,261.74 cm! can be interpreted as the vibration range of primary aliphatic
amine (N-H) groups with moderate intensity, 1,408.75 cm-! as the vibration range of fluoro
compound (C-F), and 2,161.18 cm! as the vibration range of the alkyne (C = C) with low
intensity.

@ (b)
Figure 6 FTIR spectra: (a) Aqueous fraction; and (b) Organic fraction

Figure 6b shows the FTIR spectrum of the organic fraction biofuel. The FTIR spectra
from the organic fraction of the biofuel show the presence of carboxylic acid, alkane,
isothiocyanate, cyclic alkanes, nitro compound, methyl, alkyl aryl ether, ester, sulfoxide, and
halogen compound bonds. Figures 6a and 6b show a peak with high intensity at a
wavelength of 2,955.82 cm-1, namely the alkane group (C = H). FTIR spectrophotometer
analysis of the Chlorella sp. aqueous fraction based on a study by Du et al. (2011) revealed
that it contains phenol (O-H) and amines (N-H) groups at a wavelength of 3,261.74 cm1. In
addition, the results of the FTIR spectrophotometer analysis of the organic fraction are also
consistent with Du et al. (2011), showing that a wavelength of 3,000-2,500 cm-! contains
amines derived from carboxylic acid, a reaction amide and water. The same results were
produced by Zainan et al. (2018) in catalytic pyrolysis of microalgae using base catalysts.
Their findings show that the catalyst increases the selectivity of the compound and the
composition of higher carbon content.

3.5.2. Analysis of the density of liquid biofuel products

Figure 7a shows the density of the aqueous fraction (i.e., 1-4 hours); with each catalyst
treatment, the density decreased. The aqueous fraction density with the catalyst variations,
non-catalyst, HZSM-5 catalyst (i.e., 1 wt.%-2 wt.%), and activated carbon catalyst (i.e., 1
wt.%-2 wt.%), ranged from 0.81-0.89 kg/L, satisfying most of the requirements as a
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number 2 type diesel biofuel, that is, 0.87-0.95 kg/L.

Figure 7b shows the value of organic fraction density (i.e., 1-4 hours). In each catalyst
treatment, the density value decreased. Organic fraction density in the catalyst variation
was non-catalyst, HZSM-5 catalyst (i.e., 1 wt.%--2 wt.%), and activated carbon catalyst (i.e.,
1 wt.%-2 wt.%) at an interval of 0.65-0.70 kg/L. The type of catalyst treatment can affect
the density of the resulting product. A decreasing density of the aqueous fraction (i.e., 1-4
hours) can be caused by the catalyst treatment. According to Williams and Horne (1995),
catalysts reduce the oxygen content and increase the aromatic hydrocarbon content of
liquid biofuel owing to their unique pore structure and high catalytic activity. This is
because the catalytic pyrolysis of microalgae using base catalysts affects the quality of liquid
biofuels. Various catalysts in the pyrolysis process with a specific reaction time affect the
density. The longer the time of reaction, the better the density.
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Figure 7 Effect of time on the density: (a) aqueous fraction; and (b) organic fraction

3.5.3. Analysis of liquid biofuel viscosity

Figure 8a shows the viscosity of the aqueous fraction (i.e, 1-4 hours) with each
treatment variable, resulting in fluctuating values. The aqueous fraction viscosity for the
variable 1 wt.% activated carbon catalyst (i.e., 1-4 hours) was 5.62-5.82 cSt.
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Figure 8 Effect of reaction time on the viscosity: (a) aqueous fraction; and (b) organic fraction

Figure 8a shows that the variable of the 1 wt.% HZSM-5 (acid catalyst) treatment with
pyrolysis time (i.e., 2-4 hours) decreased the viscosity from 5.52-5.35 cSt. Figure 8b shows
the viscosity of the organic fraction (i.e., 1-4 hours) with each treatment variable, resulting
in fluctuating values. The organic fraction viscosity for the variable of 1 wt.% activated
carbon catalyst (i.e., 1-4 hours) was 2.36-2.33 cSt. The results of the aqueous and organic
fractions viscosity with each variable (i.e., HZSM 5.1 wt.%, HZSM 5.2 wt.%, Act 1 wt.%, and
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Act 2 w.%) showed that the viscosity values obtained in this study are consistent with the
standard specifications for biodiesel following ASTM D445 (Amin et al, 2016). The
existence of various catalysts in the pyrolysis process in a specific reaction time affects the
viscosity of biofuels. The longer the time of reaction, the better the viscosity of biofuels.

4. Conclusions

The yield and quality of liquid biofuel from microalgae Chlorella sp. via slow catalytic
pyrolysis is influenced by the type of catalyst (acid and base catalyst) and catalyst
preparation method. The conditions for slow catalytic pyrolysis include temperature,
catalyst amount of algae, type of catalyst, and the optimum reaction time for liquid biofuel
yield. The maximum yield composed of aqueous and organic fractions is 550°C, 1 wt.%
activated carbon catalyst and 3 hours. The characteristics of liquid biofuels in chemical
composition, density, and viscosity at optimum process conditions show that the type of
catalyst and catalyst preparation method affects the yield and quality of the product.
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