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Abstract. Nowadays, energy consumption has increased as a population increases with socio-
economic developments and improved living standards. Therefore, it is necessary to find a 
replacement for fossil energy with renewable energy sources, and the potential to develop is 
biofuels. Bio-oil, water phase, gas, and char products will be produced by utilizing Spirulina 
platensis (SPR) microalgae extraction residue as pyrolysis raw material. The purpose of this study 
is to characterize pyrolysis products and bio-oil analysis with GC-MS. Quality fuel is good if O/C is 
low, H/C is high, HHV is high, and oxygenate compounds are low, but aliphatic and aromatic are 
high. Pyrolysis was carried out at a temperature of 300-600oC with a feed of 50 grams in 
atmospheric conditions with a heating rate of 5-35°C/min, the equipment used was a fixed-bed 
reactor. The higher the pyrolysis temperature, the higher the bio-oil yield will be to an optimum 
temperature, then lower. The optimum temperature of pyrolysis is 550ºC with a bio-oil yield of 
23.99 wt%. The higher the pyrolysis temperature, the higher the H/C, the lower O/C. The optimum 
condition was reached at a temperature of 500ºC with the values of H/C, and O/C is 1.17 and 0.47. 
With an increase in temperature of 300-600ºC, HHV increased from 11.64 MJ/kg to 20.63 MJ/kg, 
the oxygenate compound decreased from 85.26 to 37.55 wt%. Aliphatics and aromatics increased, 
respectively, from 5.76 to 36.72 wt% and 1.67 to 6.67 wt%. 

Introduction 
Renewable energy sustainable with the production of heat and power available throughout the 

world can be obtained from biomass sources, one of which comes from microalgae. Microalgae 
development has many advantages over energy sources from other biomass, such as high biomass 
production rates, no competition with food, and no need for extensive land for growth [1,2]. 

Biodiesel production from microalgae by extraction produces solid residues to be reused as a 
source of raw materials to produce biofuels [3]. Esterification of microalgae Spirulina platensis 
produces solid residues that can be called Spirulina platensis residue (SPR). The advantage is that 
they still contain a lot of carbohydrates and high protein [4]. SPR processing by fermentation will 
produce ethanol, while processing by pyrolysis will produce biofuels (char, biogas, and bio-oil). 
The use of microalgae with low lipid content such as Spirulina platensis (4-9% lipid) as pyrolysis 
feedstock is very beneficial because it can optimize the yield of bio-oil products by almost 40% 
[5,6]. 

Biomass pyrolysis generally involves two main steps: primary and secondary pyrolysis [7]. The main 
products of pyrolysis are non-condensable gases (for example, CO, CO2, and H2), light hydrocarbons (for 
example, CH4, C2H4), condensable gases (bio-oil and water phase), solid residues (char), and mineral ash. 
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If the primary pyrolysis product undergoes further reactions at higher temperatures and longer 
residence time, secondary pyrolysis will occur [8]. 

Bio-oil is a liquid fuel made from biomass such as urban waste agriculture, agricultural, and 
forestry byproducts through biochemical or thermochemical processes [9], consisting of carbon, 
hydrogen, and oxygen elements with little nitrogen and sulfur content. The largest organic 
components in bio-oil are lignin, alcohol, organic acids, and carbonyl. Bio-oil has a greater heating 
value than other liquid fuels containing oxygen (such as methanol), and its value is only slightly 
lower than that of diesel and other light fuel oil [10,11]. Bio-oil from microalgae has a higher 
heating value compared to biomass. Bio-oil from microalgae has better quality than other biomass 
and can produce energy of 39.7 MJ/kg. The development of bio-oil can be a substitute for 
hydrocarbon fuels in the industry and effectively used as a substitute for diesel, heavy fuel oil, light 
fuel oil, and can be used in various types of boilers [12-15]. 

From the explanation above, the opportunity to utilize solid residues from the extraction of 
microalgae for fuel production by pyrolysis is very promising when considering the calorific value 
and composition of the bio-oil of the product. Identification of the composition of bio-oil 
compounds at various pyrolysis temperatures is important so that efforts are made to upgrade bio-
oil to be applied in the industry. In this research, the characterization of Spirulina platensis residue 
(SPR) microalgae pyrolysis products for the development of renewable energy will be conducted. 

Material and Method 
Material: Spirulina platensis residue (SPR). The byproduct of Spirulina platensis extraction is 

a solid residue dried first and called Spirulina platensis residue (SPR). Before used for the pyrolysis 
of SPR samples, ultimate, proximate, and HHV were analyzed. Proximate and HHV analysis was 
carried out at Laboratorium Pangan dan Hasil Pertanian, Departemen Teknologi Pertanian, and 
Laboratorium Pangan dan Gizi from Pusat Antar Universitas (PAU), UGM. As for the ultimate (C, 
H, O, N, and S), it was conducted at Laboratorium Pengujian, Puslitbang Tekmira, Bandung.   

Method: SPR microalgae pyrolysis experiments were carried out with fixed-bed reactors made 
of stainless steel with dimensions: inner diameter = 40 mm, outer diameter = 44 mm, and height = 
600 mm. The SPR pyrolysis apparatus consisted of three (3) parts: a reactor equipped with a heater, 
condenser, and gas reservoir [3].  

Research Methods 
Fifty (50) gram of SPRs were put into the reactor, tightly closed and heated. The reactor was 

heated externally by an electric furnace, and the temperature was controlled by a NiCr-Ni 
thermocouple placed outside the furnace. The samples tested were heated at a heating rate of 5-
35ºC/min from room temperature to 300ºC, then kept constant for 1 hour. The gas formed was 
condensed, the condenser came out, and the condenser was collected in an accumulator. Then, the 
amount of non-condensable gas product was measured. The experiments were repeated in the same 
way for temperatures of 400, 500, 550, and 600ºC. 

Liquid products in the form of a mixture of bio-oil and the water phase were separated by 
decantation. After the experiment was finished, the number of solids (char) left behind was taken 
and weighed. The total liquid products (bio-oil and water phase), char, and gas are calculated by the 
equation [14]:  

𝑌𝑌𝐿𝐿 = (𝑊𝑊𝐿𝐿 𝑊𝑊𝑀𝑀⁄ )𝑥𝑥100%              (1) 
𝑌𝑌𝐵𝐵0 = (𝑊𝑊𝐵𝐵0 𝑊𝑊𝑀𝑀⁄ )𝑥𝑥100%       (2) 
𝑌𝑌𝐴𝐴 = (𝑊𝑊𝐴𝐴 𝑊𝑊𝑀𝑀⁄ )𝑥𝑥100% = 𝑌𝑌𝐿𝐿 − 𝑌𝑌𝐵𝐵0                              (3) 
𝑌𝑌𝐶𝐶 = (𝑊𝑊𝐶𝐶 𝑊𝑊𝑀𝑀⁄ )𝑥𝑥100%       (4) 
𝑌𝑌𝐺𝐺 = 1 − (𝑌𝑌𝐿𝐿 + 𝑌𝑌𝐶𝐶)        (5) 
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In this case, the YL, YA, YBo, YC, and YG notations are liquid product yields; water phase, bio-oil, 
char, and gas. Meanwhile, WM, WL, WA, WBo, and WC are respectively the initial SPR weight, the 
weight of the liquid product, the water phase, bio-oil, and char. 

Results and Discussion 
Characteristics of Spirulina platensis residue (SPR) 

To discover the characteristics of the composition of Spirulina platensis residue (SPR), 
proximate and ultimate analysis and heat value (HHV) were carried out. The analytical results were 
for components C (41.36 wt%), H (6.60 wt%), and N (7.17 wt%), O (35.33 wt%). Meanwhile, for 
the proximate analysis, the lipids at SPR (0.09 wt%) were very low, and HHV (18.21 MJ/kg) [3-5].  
Product yield 

The yield of the SPR pyrolysis product was calculated by equation (1-5). SPR pyrolysis 
experiment was carried out three (3) times, product yield was the average value, and the results are 
shown in Fig. 1. 

 

 

Fig. 1. Relationship between the effect of temperature on product yield: (a) bio-oil, (b) water phase, 
(c) char, and (d) gas 

From Fig. 1, we can see the effect of temperature on the yield of bio-oil, water phase, char, and 
gas with a heating rate of 5-35ºC/min. From Fig. 1(a), the lowest bio-oil yield (8.46 wt%) occurs at 
300oC but will rise sharply to 550°C (23.06 wt%) and then drops again at 600°C (21.14 wt%). 
Meanwhile, in Fig. 1(b), the water phase from a temperature of 300 to 600°C rises slightly, then 
falls with the amount in the range of 16.17 to 19.04 wt%. As for Fig. 1(d), the char yield at 300-
600°C falls sharply from 49.86 to 27.92 wt%. The yield of bio-oil and water phase above the 
optimum temperature of 550 °C will decrease due to secondary cracking (cracking, polymerization, 
condensation) reaction, because the liquid product in primary cracking will partially decompose 
into gas so that the yield of bio-oil and the water phase will go down. The yield water phase has 
increased because of temperature rise from 300-400ºC, then it is relatively stable at 400-550 °C and 
drops slightly above 550°C. Yield from the water phase is influenced by the water content in the 
SPR (9.99 wt% free water) and the reactions of water formation during pyrolysis (dehydration).  
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From Fig. 1(c), gas yields increase relatively as temperature increases from 300-550ºC (25.52-
27.11%), above 550ºC the increase in gas yield is relatively sharpie from 27.11 to 33.28%. The 
addition of this gas is due to secondary cracking (cracking, polymerization, condensation) products 
in tar, which produce a gas called secondary gas. The total amount of non-condensable gas is the 
sum of gas produced from primary and secondary reactions, namely primary and secondary gases 
[5,6].  
Characteristics of Bio-oil 

Effect of temperature on O/C, H/C, and HHV: The effect of temperature on H/C and O/C is 
presented in Fig. 2(a), while the effect of temperature on HHV can be seen in Fig. 2(b). From Fig. 
2(a), it can be seen that O/C and H/C bio-oil from temperatures of 300-600ºC in the range 0.33-0.78 
and 0.64-1.25. O/C range value in bio-oil is lower than SPR of 0.85, while the amount of H/C range 
of bio-oil is higher than SPR, which is 0.16. This indicates that with SPR pyrolysis, a better quality 
bio-oil is produced, the higher the temperature, the lower O/C, the higher H/C. The optimum 
conditions are reached at 500ºC, i.e., O/C and H/C values are respectively 0.33 and 1.25. From Fig. 
2(b), it can be seen that the rise in temperature causes the HHV to rise to an optimum temperature, 
ie, at 600ºC HHV value is 20.71 MJ/kg. 

 
Fig. 2. Effect of temperature on (a) O/C and H/C ratio of bio-oil, (b) HHV 

Effect of temperature on four (4) bio-oil functional groups. From the research results, bio-oil 
products are analyzed by GC-MS and obtained more than 100 kinds of components, but can be 
categorized into 4 functional groups namely oxygenate compounds (ether, ester, alcohol, acid, 
aldehyde, ketone and phenol), nitrogenate, aliphatic, and aromatics (mono aromatic and 
polyaromatic) which are presented in Fig. 3.  

The oxygenate compound (Fig. 3(a)) decreases (85.26-37.55 wt%) with an increase in 
temperature (300-600°C). This can be explained by the rise in temperature, cracking of oxygenate 
compounds (phenol, ketone, aldehydes, acids, and alcohols) faster, so that oxygenate compounds 
are cut into aliphatic and aromatic by releasing CO, CO2  gas, etc. The nitrogenate compound (Fig. 
3(b)) is produced from cracking protein, the increase in the number of nitrogenate compounds 
(7.32-20.93 wt.wt%) is caused by the deamination reaction, and Maillard's reaction with 
carbohydrates produces Amadori compounds [2].  

From Fig. 3 (c), it can be explained that on the aliphatic compound, the higher the pyrolysis 
temperature (300-600°C), the higher it is (5.76-39.02 wt%). Aliphatic compounds (alkanes and 
alkenes) are formed by a series of reactions from carbohydrates. The first step is (i) the hydrolysis 
and cracking reactions produce anhydrosugars and furfurals, (ii) the decarboxylation and 
deoxygenation reactions produce ketones, aldehydes, acids, and alcohols. The second step is 
continued by cracking to form olefin. Aliphatic can also be produced from protein by cracking, 
followed by deoxygenation (2). The higher the pyrolysis temperature, the faster the decomposition, 
the more aliphatic formation produces NH3 and long-chain olefins [16]. A non-significant aromatic 
increase (Fig. 3(d)) indicates that the cyclization of olefins is less effective even though the 
pyrolysis temperature is raised [16].  
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Decomposition will also produce lighter hydrocarbon compounds, methane, hydrogen, CO2, and 
CO, indicated by an increase in gas yield. This happens because, at high temperatures, the acid 
group instability occurs so that the oxygenate function group decomposes to form CO and CO2. The 
decrease in oxygenating compounds indicates that the quality of bio-oil is getting better with an 
increase in pyrolysis temperature, which is optimum at 600°C (37.55 wt%). 

 

 

 
Fig. 3. Effect of temperature on the functional groups making up bio-oil: (a) oxygenate, (b) 

nitrogenate, (c) aliphatic and (d) aromatic 

Conclusion 
The oxygenate and O/C compounds are quite low, and HHV is quite high, so bio-oil has the 

potential as a profitable new renewable energy (EBT) fuel. In pyrolysis without catalyst, the higher 
the pyrolysis temperature, the lower the bio-oil yield will be to an optimum temperature, then 
decrease. The optimum pyrolysis temperature is 550ºC (23.99 wt% bio-oil) and at 600°C  
(33.28 wt% gas). The higher the pyrolysis temperature, the higher the H/C, the lower O/C. The 
optimum conditions are reached at a temperature of 500ºC,  the values of H/C and O/C are 1.17 and 
0.47. HHV increases from 11.64 MJ/kg to 20.63 MJ/kg, with an increase in temperature from  
300 to 600ºC. Oxygenate compounds decrease with an increase in temperature, ie, from an average 
of 85.26 (300ºC) to 37.55 wt% (600ºC), a decrease in oxygenating compounds is around 55.96%. 
Aliphatics and aromatics increase from 300-600ºC, respectively, from 5.76 to 36.72 wt% and  
1.67 to 6.67 wt%. 
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