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ABSTRACT 

Energy is a fundamental factor for civilization development and sustainability. However, energy sources are 

dominated by non-renewable fractions, such as fossil fuels. Renewable biomass is projected to be a future 

fuel source. Spirulina platensis (SP) has numerous advantages compared to other biomass, and it is 

considered 3rd generation biomass that does not interfere with food and land usage and has a relatively low 

main decomposition temperature at 325.7℃. Thermogravimetric analysis (TGA) was conducted to observe 

SP kinetics parameters, especially activation energy. Kissinger-Akahira-Sunose (KAS), Ozawa-Flynn-Wall 

(OFW), and Starink iso-conversional methods reveal that SP has an activation energy of 152.33, 154.56, 

and 152.78 kJ/mol, respectively. The coefficient correlation (R2) of OFW is the highest compared to its 

counterpart at 0.9918. Non-condensable gas (H2, CH4, and CO2) product distribution is characterized using 

a fixed-bed pyrolysis reactor. The average concentrations of H2, CH4, and CO2 are 3775.2, 83792.19, and 

23592.58 ppm, in that order. H2 production is linked with carbohydrates and protein decomposition. CH4 

yield heavily depends on protein degradation, followed by carbohydrates and lipids. CO2 yield mainly 

originated from carbohydrate cracking. The optimum SP pyrolysis temperature is 310—370℃ based on its 

non-condensable gas yield, TGA result, OFW kinetics method, and thermodynamics parameter, where it 

has relatively low activation energy (139.29 kJ/mol) accompanied by a significant increase of non-

condensable-gas-production. 

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

Energy is a basic driver of human civilization and technological progress. The growing 

global population and modern lifestyle have increased energy demand, which is still going 

on [1]. However, fossil fuel reserves, being finite and major contributors to environmental 

damages resulting in climate change, are unable to meet these escalating demands in a 

sustainable manner [2]. Efforts are ongoing to restrict the rise of global temperature to below 

2°C, such as the Doha Protocol and COP26, where most countries agreed to achieve this 

target [3]. This effort is directly associated with decreasing reliance on fossil fuels by 

incorporating more sustainable and low-carbon footprint energy sources. To support this 

goal, the United Nations has established 17 Sustainable Development Goals (SDGs), 

providing a comprehensive framework to address global temperature rise and restore 
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conditions to pre-industrial levels [4]. In this scenario, scientists, policymakers, and energy-

producing and providing enterprises are exploring various energy production options such 

as solar, geothermal, wind, and biomass-based energy [5].  

Among all sustainable energy avenues, biomass stands out as one of the most important 

due to its renewability, carbon neutrality, ability to produce multiple energy products (such 

as hydrogen, diesel, and biogas), and many value-added products. This provides a 

comprehensive biorefinery concept, offering an alternative to products traditionally obtained 

from fossil fuel-based refineries [6]. Biomass is a non-fossilized source known as renewable 

biomass resources, including forest residue, non-edible seeds, agricultural residue, and 

advanced biomass such as microalgae, which are acknowledged for their sustainability and 

carbon neutrality [1]. There are two main ways to extract energy from biomass: biological 

and thermochemical conversion processes. Biomass is the only source capable of producing 

liquid, solid, and gaseous fuels [7]. Thermochemical processes are the most efficient means 

of converting biomass into renewable fuels [2]. These processes, including combustion, 

gasification, hydrothermal liquefaction, and pyrolysis, are the major thermochemical 

techniques aiming to degrade higher molecular weight compounds into lower molecular 

weight ones under the influence of heat [8]. Consequently, volatile products are released, 

generating various gases such as hydrogen, methane, carbon dioxide, and trace amounts of 

other hydrocarbon gases.  

The cyanobacterium Spirulina platensis (SP) is a species of blue-green algae that grows 

in freshwater or brackish habitats. It can also be found in marine regions in the equatorial 

and tropical zones [9], [10]. Algae cultivation can also be done on non-arable soils, in 

contrast to typical crops, which require arable land. Furthermore, microalgae may be grown 

in wastewater with far less water than terrestrial plants, easing freshwater scarcity [11]. 

Algae are photoautotrophs that require sunlight, CO2, and water and contain small amounts 

of mineral salts. Microalgae could be characterized by high-efficiency photosynthesis; 

theoretically, microalgae may be more efficient than terrestrial plants due to their relatively 

simple structure and immersion in the nutrient solution [12]. These microalgae are relatively 

large in size, which makes it easier and economical to harvest them by filtering the medium 

[13]. Algal technologies provide options for long-term CO2 capture and sequestration. These 

include burying carbon-rich fractions derived from biomass, leading to CO2 neutrality along 

with lower emission of other pollutants into the environment [11].  

SP is common and prolific in Indonesia because of its vast oceanic area. It could be a 

very good source for producing bioenergy and value-added products through both biological 

and thermal conversion processes. This is due to its numerous benefits, such as abundant 

availability, carbon neutrality, year-round availability, and good calorific values. At the 

same time, a number of studies have examined the thermal properties of SP for pyrolysis-

based feedstock and its promising gas product yield [9], [11], [14]–[16]. Pyrolysis is an 

important process for producing liquid and gaseous products. To utilize SP in a tailored 

pyrolysis reactor process, it is very beneficial to determine the thermal properties and 

thermal kinetics using a thermogravimetric analyzer, which also provides the pyrolysis 

environment and conditions [17]. However, pyrolysis temperature plays a vital role in 

energy usage, economics, and desired product yield efficiency.   

Thermal decomposition and reaction kinetics of biomass are often studied utilizing 

thermogravimetric analysis (TGA) to obtain optimum pyrolysis temperature [18]. Kinetics 

parameters and pyrolysis mechanisms are determined using TGA data through various 

mathematical approaches [19]. Biomass thermal degradation follows both the single-step 
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global model and the Arrhenius equation, later differentiated into iso-conversional methods 

such as Kissinger-Akahira-Sunose (KAS), Ozawa-Flynn-Wall (OFW) and Starink 

representing kinetics parameters during the reaction. Soen et al. [20] found that model-free 

iso-conversional methods had a better approach than model-based methods and required less 

mathematical proficiency compared to distributed activation methods. TGA also provides 

an estimated production of gaseous products at a specific temperature through its derivative 

graph [21]. Nevertheless, TGA alone cannot determine non-condensable gas distribution. 

Suprianto et al. [22] employ an MQ-series sensor to detect sawdust pyrolysis gas product 

species. Pyrolysis temperature dictates the occurrence of reactions that affect product yield 

and gas composition [23]. Combining TGA with non-condensable gas composition analysis 

provides an overview of the pyrolysis potential to produce H2-rich non-condensable gas 

along with other products. Non-condensable gas production is directly correlated with 

kinetics parameters. Yacob et al. [24] reveal that gas products from human feces pyrolysis 

consisting of H2, CH4, CO2, CO, and C2H6 are linked with kinetics parameters, especially 

activation energy, where kinetics modeling is required to optimize the biomass pyrolysis 

process. Another study done by Qin et al. [25] also found that gaseous products of medical 

waste pyrolysis consisting of H2, CH4, C2H2, C2H4, and C2H6 are formed with the activation 

energy of 65.1, 39.98, 35.17, 38.71, and 40.75 kJ/mol. However, kinetic parameter and gas 

product distribution correlation still lack literature, and studies about SP kinetics and non-

condensable gas yield correlation has not been deducted, where it can be useful to determine 

optimum SP pyrolysis temperature.  

From the above discussion, it can be concluded that thermal degradation studies are 

very important for understanding reaction kinetics and the composition of pyrolysis 

products, such as gaseous outputs. The novelty of this study lies in its clear definition of the 

correlation between activation energy, thermodynamics parameters, and the pyrolysis 

process for gas production, a relationship that has not been reported previously. The thermal 

degradation of SP has been minimally investigated, especially concerning its gas 

composition through the pyrolysis process. The aim of this investigation is to study the 

thermal degradation of SP at heating rates of 10, 20, 30, and 40 °C/min and to perform the 

model-free iso-conversional of KAS, OFW, and Starink. The most suitable model-free 

method based on its coefficient correlation (R2) is employed to calculate thermodynamic 

parameters. The second and most important objective is to perform the pyrolysis of SP in a 

tailored fixed-bed reactor to determine the non-condensable gas composition and evaluate 

its production.  

This study will provide valuable information on the basic kinetic and thermal properties 

as well as the non-condensable gas potential from the pyrolysis process, which will be 

helpful for further designing efficient pyrolysis reactor parameters based on SP optimum 

degradation temperature and support efforts towards carbon-neutral approaches. 

II. Material and Methods 

1. Biomass Feedstock 

Commercially available Spirulina microalgae were used as pyrolysis feedstock. 

Spiruganik+TM spirulina (SP) was purchased from Tangerang, West Java, Indonesia. SP 

powder was then filtered using a mesh size of 60 and kept in a desiccator. It was stored in 

an airtight jar. 
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2. Experimental Setup and Procedure 

The system has been used for the conversion of SP into non-condensable gas via the 

pyrolysis process is presented in Figure 1.  The system consists of a fixed-bed pyrolysis 

reactor, which consists of a SUS 304 feedstock crucible that is loaded with 10 g of SP for 

each experiment and placed inside the reaction chamber. The reaction chamber is also made 

of SUS 304, which has a diameter of 10 cm and is 15 cm in height. N2 carrier gas was 

streamed into the reactor system for 10 minutes before applying heat until pyrolysis was 

completed with a flow rate of 0.8 l/min. The reactor was heated using a gas stove until it 

reached 550℃ with a constant heating rate. The produced pyrolysis vapor produced was 

transferred into the water bath using a 100 cm 3/8"copper pipe and cooled down with a non-

baffle condenser. The water bath functions as a secondary cooling unit and filters water-

soluble compounds due to sensor working temperature requirements (<50°C). Water-soluble 

and other complex components need to be separated from non-condensable fractions to 

prevent sensor inlet blockage. The water bath was maintained at room temperature. Non-

condensable vapor flows into a series of pre-calibrated MQ sensors to measure the 

concentration of hydrogen (MQ-8), methane (MQ-4), and carbon dioxide (MQ-135). Analog 

data from the sensor is then converted into digital data utilizing an Arduino Uno 

microcontroller and stored in a personal computer.  

 
Fig. 1. Fixed-bed pyrolysis reactor 

3. Thermogravimetry Analysis (TGA) 

A non-isothermal TG/DTG analysis was carried out using the Mettler Toledo DSC 1 

TGA apparatus to perform the pyrolysis of SP samples utilizing nitrogen as purging gas with 

a 100 ml/min flow rate. Pyrolysis temperature ranges of 25—900℃ were selected with 10, 

20, 30, and 40℃/min heating rate variations. 

4. Non-isothermal Kinetics Methods 

Generally, the thermal degradation of SP microalgae generates volatile and char as the 

main product. Biomass pyrolysis is considered as a heterogeneous gas-solid reaction [26]. 

Its rate of reaction can be expressed using Eq. (1). 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠
𝑘(𝑡)
→  𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 (𝑔𝑎𝑠 𝑎𝑛𝑑 𝑡𝑎𝑟) + 𝐶ℎ𝑎𝑟 (𝑆𝑜𝑙𝑖𝑑 𝑅𝑒𝑠𝑖𝑑𝑢𝑒) 

𝑑𝛼

𝑑𝑡
= 𝑘(𝑇)𝑓(𝛼) .................................................................................................................. (1) 
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where 𝑇 is the reaction temperature, K; 𝑘(𝑇) is the reaction rate constant originating from 

the Arrhenius equation, as defined in Eq. (2); 𝑓(𝛼) is the differential reaction function 

dependent on the reaction mechanism; 𝛼 is conversion degree, described in Eq. (3). 

𝑘(𝑇) = 𝐴 exp(−
𝐸a

𝑅𝑇
) ............................................................................................... (2) 

Arrhenius equation is useful for describing the rate constant of solid-state temperature-

dependent reaction, encompassing phenomena such as diffusion, nucleation, and the growth 

of nuclei. Those behaviors happen presumably because the system has to overcome an 

energy barrier, and energy distribution along the relevant coordinates is controlled by 

Boltzmann statistics [26]. Therefore, 𝐴 is frequency factor (𝑠−1); exp(−𝐸a/𝑅𝑇) is 

Boltzmann factor; 𝐸a is apparent activation energy; R is universal gas constant 

(8.314 𝐽/𝑚𝑜𝑙 ∙ 𝐾). 

α =
mi−mT

mi−m∞
 .............................................................................................................. (3) 

𝛼 value obtained from the mass difference during the reaction. Where mi is sample mass at 

initial reaction temperature; mT is sample mass at a certain temperature; m∞ is the final 

sample mass. A frequency factor is defined as:  

A = β × Eα
exp (

Eα
R × Tm

)

R × Tm2
 ............................................................................................ (4) 

where 𝑇𝑚 is the peak decomposition temperature (K); KB is Boltzmann constant; ℎ is Planck 

constant (6.626 × 10−34𝐽𝑠). 

Substituting reaction rate constant with Arrhenius formula into Eq. (5): 

𝑑𝛼

𝑑𝑡
= 𝐴 exp(−

𝐸a

𝑅𝑇
)𝑓(𝛼)   ......................................................................................... (5) 

β =
𝑑𝑇

𝑑𝑡
=
𝑑𝑇

𝑑𝛼
×
𝑑𝛼

𝑑𝑡
   .................................................................................................. (6) 

A constant term β, as described in Eq. (6) refers to the heating rate introduced as a 

conversion factor, used when required to alter the dynamic form into a non-isothermal form 

[26]. Converting Eq. (5) into Eq. (7).  

𝑑𝛼

𝑑𝑇
= (

𝐴

β
) exp(−

𝐸a

𝑅𝑇
)𝑓(𝛼)   ...................................................................................... (7) 

Integrating Eq. (7) on both sides: 

∫
𝑑α

𝑓(α)

α

0
= g(α) = ∫

𝐴

β

T

0
exp(−

𝐸a

𝑅𝑇
)𝑑𝑇 ...................................................................... (8) 

or 

g(α) = ∫ (
𝐴

β
)

Tα
0

exp (−
𝐸a

𝑅𝑇
)𝑑𝑇 − ∫ (

𝐴

β
)

T0
0

exp (−
𝐸a

𝑅𝑇
) 𝑑𝑇  ..................................... (9) 

The second term of Eq. (9) is comparatively small [26]. The general form of the integral 

iso-conversional kinetic methods after neglecting the low-temperature end of the interval 

described in Eq. (10). 

g(α) ≈ ∫ (
𝐴

β
)

Tα
0

exp (−
𝐸a

𝑅𝑇
)𝑑𝑇 = (

𝐴

βR
)∫ 𝐸a

exp (−𝑥)

𝑥2

∞

0
𝑑𝑥  ................................... (10) 

when 𝑥 = 𝐸a/𝑅𝑇α 
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The g(α) is the integral form of the reaction model. Then, for non-isothermal TGA 

thermogram at a constant heating rate, Eq. (9) converts as below: 

g(α) =
𝐴𝐸a

βR
∫

𝑒−𝑥

𝑥2
𝑑𝑥

∞

𝑥
=
𝐴𝐸a

βR
𝑝(𝑥)  ........................................................................ (11) 

 𝑝(𝑥) is termed as exponential/temperature integral. At Eq. (11), 𝑝(𝑥) = p(𝐸a, 𝑇α). For a 

specific value of 𝑥, 𝑝(𝑥) has no analytical/exact solution [26]. However, various numerical 

approximation was proposed [27]–[29], and based on these studies, different mathematical 

expressions were derived for 𝐸a estimation. 

a. Kissinger-Akahira-Sunose (KAS) 

KAS is an iso-conversional method employed to calculate the kinetic energy of SP. 

Applying the numerical approximation described in Eq. (12) in Eq. (11). 

𝑝(𝑥) = 𝑥−2𝑒−𝑥  .................................................................................................... (12) 

ln (
𝛽

T2
) = ln

AR

𝐸ag(𝛼)
−
𝐸a

RT
  ....................................................................................... (13) 

ln (
𝛽

T2
) = −

𝐸a

RT
  ..................................................................................................... (14) 

Eq. (14) is a general form of KAS model. Apparent 𝐸a obtained from the slope of 

ln(𝛽/T2) versus 1/𝑇 plot, as described in Eq. (15), where 𝑚 is the gradient multiplied by 

the universal gas constant. 

𝐸𝑎 = 𝑚 × 𝑅  ......................................................................................................... (15) 

b. Ozawa-Flynn-Wall (OFW) 

OFW is known as the model-free method [1]. Doyle's approximation, as expressed in 

Eq. (16), is used to calculate the activation energy and frequency factor of the material. 

𝑝(𝑥) = −2.315 + 0.457𝑥  ................................................................................... (16) 

Eq. (18) is a general form of OFW. 𝐸a at a different conversion is acquired from the slope 

of ln 𝛽 versus 1/𝑇, later substituting its gradient value into Eq. (19). 

ln(𝛽) = ln
𝐸𝑎A

Rg(𝛼)
− 5,331 − 1,052

𝐸𝑎

RT
  .................................................................. (17) 

ln(𝛽) = 1,052
𝐸𝑎

RT
  ................................................................................................. (18) 

𝐸𝑎 = (𝑚 × 𝑅)/1.0516  ........................................................................................ (19) 

c. Starink 

Starink is considered a non-isothermal model-free method [1]. Gai et al. [30] reveal that 

the Starink method has higher accuracy compared to KAS and OFW. 'Ozawa's technique 

exhibits lower precision compared to KAS due to one order of magnitude. However, the 

KAS method achieves an error margin of 0.05%, while the Starink method output is five 

times more precise [29]. Eq. (20) originated from derived approximation. 

ln (
𝛽

T𝑆
) = Cs −

B𝐸𝑎

RT
  ............................................................................................... (20) 
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Substituting 𝑆 = 1.8 and 𝐵 = 1.003 in Eq. (20) can be written as below: 

ln (
𝛽

T1.8
) = Cs − 1,0037

𝐸𝑎

RT
  .................................................................................. (21) 

ln (
𝛽

T1.8
) = −1,0037

𝐸𝑎

RT
  ....................................................................................... (22) 

Eq. (22) is known as the Starink method. Linear graph plotting between ln(𝛽/T1.8) 
versus 1/𝑇 produces a gradient that can be used with Eq. (23) to calculate the apparent 𝐸𝑎. 

𝐸𝑎 = (𝑚 × 𝑅)/1,0037  ........................................................................................ (23) 

5. Thermodynamics 

Thermal phenomena during the pyrolysis process can be explained with 

thermodynamics parameter analysis. The change in enthalpy (∆H) indicates a reaction 

process (endothermic or exothermic), the change in entropy (∆S) indicates reaction system 

reactivity and the change in Gibbs free energy (∆G) shows how far the system is from 

thermodynamic equilibrium [1]. Those thermodynamic parameters were calculated using 

the following equation: 

∆H = E𝛼 − RT  ..................................................................................................... (24) 

∆G = Eα + R × 𝑇𝑚 × ln (
KB × 𝑇𝑚

ℎ × A
)  ..................................................................... (25) 

∆S =
∆H−∆G

𝑇𝑚
  .......................................................................................................... (26) 

III. Results and Discussions 

1. Thermal Analysis 

The result of the thermal degradation of SP at different heating rates has been presented 

in Figure 2a for the thermogravimetric (TG) graph. There are three general decomposition 

stages observed: moisture release or desorption of water (25—162.75℃), devolatilization 

(162.75—609.47℃), and carbonization (609.47—900℃). SP contains 8.25% moisture 

content, as shown with mass reduction at 162.75℃ [31]. The weight loss during the first 

stage is due to the removal of water or inbound moisture, and very low-temperature 

hydrocarbon is well documented [23]. The devolatilization process is the main 

decomposition zone of SP, indicated by 66.97% mass loss, the highest percentage compared 

to its counterpart. SP's main components are carbohydrates, proteins, and lipids with 

decomposition temperatures of 176—441, 211—564, and 216—302℃, respectively [32]. 

Those components degraded during the devolatilization stage, producing non-condensable 

gas through cracking, deoxygenation, and decarboxylation reaction [33]. SP residual mass 

consists of fixed carbon and ash with an average portion lower than 25%. As observed in 

the TG graph, heating variation does not change the decomposition behavior of SP.  

The derivative thermogravimetric (DTG) graph (Figure 2b) reveals differences in 

decomposition rate with heating rate variation. As the heating rate increased, the maximum 

decomposition temperature (𝑇𝑚) tend to be shifted to higher temperatures. Mass loss rate 

has a positive correlation with an incline of heating rate, with a maximum value of -0.043 

mg/s at 40℃/min. That phenomenon is a result of thermal lag during pyrolysis throughout 

the cross-section of biomass particles, where short residence time did not allow enough time 

for interparticle heating [1], [34].  
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Fig. 2. Thermal behavior of SP during pyrolysis (a) TG and (b) DTG graph  

2. Kinetics Analysis 

Iso-conversional methods such as KAS, OFW, and Starink were used to determine the 

kinetic parameters such as activation energy and frequency factor. Iso-conversional kinetics 

parameter analysis requires conversion rate determination to calculate mass changes with 

respect to temperature [35]. The devolatilization zone was selected due to the significant 

decomposition that occurs in this process (Figure 2b), representing the SP component's 

conversion into volatile matter.  

 

 



ISSN: 2580-0817                   Journal of Mechanical Engineering Science and Technology 159 

                                                           Vol. 8, No. 1, July 2024, pp. 151-167 

Aminullah et al. (Pyrolysis Kinetics of Spirulina platensis and Non-condensable Gas Product Distribution) 

   
(a) (b) 

 
(c) 

Fig. 3. Activation energy regression line plot of (a) KAS, (b) OFW, and (c) Starink 

 

Figures 3a, b, and c depict the regression line plots of KAS, OFW, and Starink, 

respectively. OFW method has the best linear fit, resulting in the highest coefficient 

correlation (R2) at 0.9918 compared to Starink and KAS. The average activation energy 

calculated from KAS, OFW, and Starink slope was 152.33, 154.56, and 152.78 kJ/mol, 

respectively (Table. 1). SP activation energy is comparatively lower than terrestrial biomass 

such as Samanea saman (188.28 kJ/mol), corn stalks (260.08 kJ/mol), pine sawdust (217.39 

kJ/mol), and reed (231.5 kJ/mol) [1], [36]. Those results confirm that SP is suitable for 

pyrolysis feedstock and generates a good quantity of volatiles. An increase in Ea shows 

complex component degradation which is indicated by a relatively small change of mass at 

a certain temperature range as the devolatilization process is finished, leaving fixed carbon 

as a by-product due to volatile depletion [24], [37]. Fixed carbon decomposition requires 

more energy that promotes the activation energy increase when conversion nearly reaches 1 

[25], [38]. Frequency factor (A) represents the probability of particle collision linked with 

reactivity at a given temperature. This frequency factor is directly related to the reaction as 

the reaction proceeds with the collision of particles [21]. The higher the frequency factor, 

the more complicated the reaction involved in the pyrolysis process [39], which was 

consistent with SP pyrolysis, where at the end of the devolatilization zone, the frequency 

factor value is rapidly increased due to exhaustion on volatile component and decomposing 

remaining complex component [25]. 



160   Journal of Mechanical Engineering Science and Technology                       ISSN 2580-0817 

                                             Vol. 8, No. 1, July 2024, pp. 151-167 

Aminullah et al. (Pyrolysis Kinetics of Spirulina platensis and Non-condensable Gas Product Distribution) 

Table 1. Kinetics Analysis of SP 

𝛼 
KAS OFW Starink 

Ea 

(kJ/mol) 
R2 A (s-1) 

Ea 

(kJ/mol) 
R2 A (s-1) 

Ea 

(kJ/mol) 
R2 A (s-1) 

0.05 129.44 0.999 1.93E+11 131.19 0.999 2.78E+11 129.81 0.999 2.08E+11 

0.1 127.79 0.997 1.37E+11 130.03 0.997 2.18E+11 128.20 0.997 1.49E+11 

0.15 136.29 0.999 8.03E+11 138.37 0.999 1.24E+12 136.70 0.999 8.76E+11 

0.2 141.93 0.999 2.59E+12 143.92 0.999 3.93E+12 142.34 0.999 2.83E+12 

0.25 139.03 0.999 1.42E+12 141.30 0.999 2.27E+12 139.47 0.999 1.55E+12 

0.3 137.26 0.998 9.84E+11 139.73 0.999 1.64E+12 137.71 0.998 1.08E+12 

0.35 133.04 0.998 4.09E+11 135.82 0.998 7.29E+11 133.52 0.998 4.52E+11 

0.4 135.82 0.996 7.29E+11 138.55 0.996 1.28E+12 136.31 0.996 8.07E+11 

0.45 136.39 0.995 8.20E+11 139.17 0.996 1.46E+12 136.88 0.995 9.08E+11 

0.5 133.73 0.996 4.71E+11 136.74 0.997 8.82E+11 134.24 0.996 5.25E+11 

0.55 136.16 0.992 7.83E+11 139.14 0.993 1.45E+12 136.67 0.992 8.70E+11 

0.6 135.02 0.993 6.18E+11 138.18 0.994 1.19E+12 135.55 0.993 6.89E+11 

0.65 139.15 0.989 1.45E+12 142.21 0.991 2.75E+12 139.67 0.989 1.62E+12 

0.7 141.00 0.990 2.14E+12 144.14 0.992 4.10E+12 141.53 0.991 2.39E+12 

0.75 145.02 0.989 4.93E+12 148.15 0.990 9.45E+12 145.55 0.989 5.50E+12 

0.8 158.14 0.986 7.50E+13 160.88 0.988 1.32E+14 158.65 0.987 8.33E+13 

0.85 188.88 0.986 4.31E+16 190.42 0.988 5.92E+16 189.32 0.986 4.72E+16 

0.9 243.67 0.988 3.42E+21 242.92 0.989 2.93E+21 243.95 0.988 3.63E+21 

0.95 256.46 0.929 4.75E+22 255.71 0.935 4.07E+22 256.75 0.930 5.04E+22 

Avg. 152.33 0.990 2.68E+21 154.56 0.991 2.29E+21 152.78 0.991 2.84E+21 

 

Table 2 enlist the comparison of SP average activation energy with other reported 

literature using iso-conversional methods. Simão et al. [40] calculated SP pyrolysis kinetics 

using OFW methods, where the obtained activation energy is 143.77 kJ/mol, lower than 

present study findings with an interval of 10.76 kJ/mol. However, Ea differences between 

methods are common in kinetics calculation, as suggested by Soen et al. [20].  

Table 2. SP Apparent Activation Energy Comparison 

Methods Activation Energy (kJ/mol) Reference 

OFW 154.56  This work 

Differential 109—340 [41] 

Integral 102—272  

OFW 143.77 [40] 

Friedman 132.62  

Miura-Maki 136.89  

Freeman-Caroll 76—97 [42] 

Vyazovkin 74.4—140.1 [43] 

3. Thermodynamics Analysis 

Table 3 shows thermodynamic parameters such as enthalpy, entropy, and Gibbs free 

energy, calculated using apparent activation energy from OFW methods due to its suitability 

for SP pyrolysis. The amount of energy exchanged during a chemical reaction is known as 

enthalpy. Pyrolysis feedstock conversion into gas, liquid, and solid products requires 

sufficient enthalpy, which implies the energy difference between the activated complex 

(transition state) and the reagent [44]. Activation energy and enthalpy comparison show a 
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small potential energy barrier (5.13 kJ/mol), indicating the reaction viability at that 

condition. Xu et al. [44] reveal that small intervals between activation energy and enthalpy 

imply that the formation of an activation complex is favorable, whereby providing a small 

amount of additional energy, the product formation will be achieved. However, a positive 

value of ∆H indicates a non-spontaneous reaction. 

Entropy implies a degree of disorder that represents the reactivity of a system. The 

average entropy value is -0.09J/mol.K, and negative entropy was also reported in the 

previous study [38], [45], [46]. A negative sign shows low reactivity and vice versa. 

Thereby, the reaction is unfavorable and requires energy input to sustain the reaction [47].  

Gibbs energy represents the amount of energy available from the material [1]; its 

changes imply that the 'system's overall energy rises as the reagents approach to convert into 

the activated form [48]. Gibbs energy shows a positive value, indicating a non-spontaneous 

reaction where external energy is needed to sustain the reaction [49].  

Table 3. Thermodynamics Parameter of OFW Methods 

Temperature (℃) (𝛼) ∆H (kJ/mol) ∆G0 (kJ/mol) ∆S (J/mol.K) 

241.4 0.05 126.91 150.20 -38.90 

268.5 0.1 125.53 150.24 -41.28 

284.3 0.15 133.74 149.93 -27.05 

295.7 0.2 139.20 149.74 -17.61 

304.6 0.25 136.50 149.83 -22.27 

312.1 0.3 134.87 149.88 -25.08 

318.7 0.35 130.90 150.03 -31.95 

324.5 0.4 133.58 149.93 -27.30 

330.0 0.45 134.16 149.90 -26.30 

335.8 0.5 131.68 149.99 -30.60 

341.8 0.55 134.03 149.91 -26.52 

348.8 0.6 133.01 149.94 -28.29 

356.7 0.65 136.97 149.80 -21.42 

366.6 0.7 138.82 149.73 -18.22 

379.1 0.75 142.73 149.59 -11.46 

394.5 0.8 155.33 149.18 10.27 

413.2 0.85 184.71 148.34 60.75 

436.9 0.9 237.01 147.13 150.14 

475.2 0.95 249.49 146.88 171.40 

Avg. 149.43 149.48 -0.09 

4. Non-condensable Gas Yield and Its Correlation with Activation Energy 

Gas formation characteristics from SP pyrolysis using a fixed-bed reactor are analyzed 

with an MQ series sensor. Table 4. shows the average non-condensable gas concentration 

during pyrolysis. Gas product distribution is dominated by CH4, indicating SP has the 

potential to be used as a gaseous fuel feedstock. Those results are in line with Chernova et 

al. [11] findings where Spirulina non-condensable product dominated by CxHy fraction. 

The non-condensable gas concentration is dependent on biomass component 

degradation temperature, as shown in Figure 4. At 310℃, all non-condensable gas 

production surges due to the maximum decomposition rate have been achieved (Figure 2b). 

Based on a literature study, carbohydrate and protein decomposition mainly produced H2 

[33]. CH4 is also generated from those degraded components. However, lipid is also one of 
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the CH4 product contributors; as visualized in Figure 3b, the production of CH4 shows an 

inclining trend during lipid decomposition temperature. The generation of CH4 is due to a 

methanation reaction that occurs, as indicated by many researchers. CO2 is generated 

through carbohydrate decomposition due to its vast amount of oxygen compound [50]. This 

theory confirmed the CO2 production decline at the end of the carbohydrate decomposition 

zone (441℃). The CO2 formation is caused by a decarboxylation reaction. Xu et al. [44] 

found that protein decomposed at a higher conversion degree than cellulose.  

Table 4. Non-condensable gas production of SP pyrolysis 

Gas Product Species Average Concentration (ppm) 

Hydrogen (H2) 3775.212 

Methane (CH4) 83792.19 

Carbon Dioxide (CO2) 23592.58 
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Fig. 4. Apparent activation energy correlation with SP non-condensable gas production 

The calculated activation energy forms a plateau trend on conversion (𝛼) of 0.05—0.75 

and begins to increase until 𝛼 = 0.95. Those phenomena can be explained by the 

decomposition temperature of the SP main component, where easy to decompose 

components tend to have lower activation energy than their counterparts due to their rapid 

mass changes in narrow temperature ranges [24]. The temperature range of 0.05—0.75 

conversion is 241.47—379.16℃, exactly the same as the decomposition temperature of the 

three SP's main components. This indicates the easy convertibility of SP from solid to gas 

phase during pyrolysis. However, 0.8—0.95 conversion has a temperature range of 
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394.56—475.28℃ where lipid and carbohydrate are already or almost completely 

decomposed, and only protein exists until the temperature of 564℃. Activation energy 

increase is due to a higher amount of energy required for the decomposition of material such 

as protein and other complex materials [25]. 

The activation energy needed for decomposing for carbohydrates, lipids, and proteins 

ranges from 50.07—207.3, 45.59—146.06, and 126.69—304.61 kJ/mol, respectively [51]. 

As listed in Table 1, lipids already decomposed at 𝛼 = 0.15, carbohydrates at 𝛼 = 0.85, and 

protein lasted until the end of the conversion degree. Those findings are inline with the 

decomposition temperature of SP components, where protein is the main contributor for CH4 

generation, which is indicated by production incline during 𝛼 = 0.9—0.95. H2 production 

was dependent on carbohydrate decomposition, increasing until reaching stagnation at 𝛼 = 

0.6 due to mass loss rate decline (Figure 4) and carbohydrate depletion. However, protein 

also contributes to H2 generation, though it does not increase its production rate. Carbon 

dioxide yield decreased at 𝛼 = 0.75, near the end of the carbohydrate activation energy 

barrier (207.3 kJ/mol), confirming that CO2 yield is dependent on the degradation of 

carbohydrates. As shown in Figure 4, the optimum SP pyrolysis temperature ranges between 

310—370℃ or in terms of conversion rate is 𝛼 = 0.3—0.7, where activation energy is 

relatively low (139.29 kJ/mol) accompanied by a rapid increase of H2 and CH4 yield. 

IV. Conclusions 

The optimal SP pyrolysis temperature is required to develop better economic, energy, 

and desired product yield efficiency. The activation energies of KAS, OFW, and Starink are 

152.33, 154.56, and 152.78 kJ/mol, respectively. Thermodynamic analysis was conducted 

using the OFW method due to its highest R2 of 0.9918. The average enthalpy is 149.43 

kJ/mol with an energy barrier of 5.13 kJ/mol. The Entropy of SP pyrolysis is -0.09 J/mol.K 

on average. Gibbs energy mean value is 149.48 kJ/mol, and those thermodynamic 

parameters indicate that SP pyrolysis is unfavorable and requires energy input to sustain the 

reaction. Non-condensable gasses produced during pyrolysis are composed of H2 (3775.21 

ppm), CH4 (83792.19 ppm), and CO2 (23592.58 ppm). Combining kinetics analysis with 

non-condensable gas yield, the optimum SP decomposition temperature is 310—370℃ or 

in terms of conversion rate is 𝛼 = 0.3—0.7, where average activation energy is 139.29 

kJ/mol along with rapid non-condensable gas generation. However, those temperatures only 

apply in non-condensable gas production. This study can provide -additional information 

for optimizing SP pyrolysis reactor parameters. 
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