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A B S T R A C T   

Non-catalytic pyrolysis of brown macroalgae (Padina sp.) was studied in a batch reactor at 
temperature ranges of 400–600 ◦C and 10–90 min reaction times on the product distribution and 
conversion rate behavior. The highest pyro-oil and pyro-gas yields were obtained at 600 ◦C, 
which reached 67 wt% and 27 wt%, respectively, when the reaction times were prolonged 
(30–90 min). In addition, the high reaction temperature resulted in more generations of heavy tar 
and a considerable enhancement in aromatization degree. N-aromatic groups and phenol were 
observed from pyro-oil at 500 ◦C and 600 ◦C, respectively. Tar yield increased with reaction 
temperature, reflecting an order of reaction greater than one for tar production. The rate constant 
of tar formation was found to be 0.0013/s at 400 ◦C; 0.0023/s at 500 ◦C; and 0.0033/s at 600 ◦C, 
respectively, with the reaction order being higher than one (1.25). These findings highlighted that 
the proposed model could be used to accurately predict the pyrolysis process’s behavior.   

1. Introduction 

The reliance on fossil fuels alone is problematic on multiple fronts, including the economy and the environment. A great energy 
crisis has directly resulted from the unstable international political scenario [1]. Consequently, there is widespread support around the 
globe for replacing fossil fuels with sustainable energy sources like biomass. In addition, many governments have set the goal of 
reaching Net Zero Emissions by 2050, and renewable energy has been considered a vital part of that effort [2]. This is because biomass 
is regarded as carbon neutral, unlike fossil fuels. The utilization of lignocellulosic biomass still needs to improve with competition for 
land and freshwater use, besides the need for fertilizers [3,4]. However, as an alternative to terrestrial biomass, macroalgae are an 
appealing option considering that they are aquatic species that can thrive in the ocean, have a rapid growth rate, do not require arable 
land, and have a significant organic matter content [5]. 

Indonesia, which boasts one of the world’s longest coastlines and largest ocean areas, is home to various unusual marine species 
[6]. Seaweed, or macroalgae, is one example. For generations, maritime societies have relied on seaweed for food and medicine. 
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Production in 2019 is expected to reach 9.9 million tons, making Indonesia the world’s second-largest seaweed producer behind China 
[7]. However, Gracillaria sp., Gelidium sp., and Euchema sp. are the most often used species in industrial applications. Moreover, most of 
Indonesia’s seaweed exports are raw materials with limited added value. In contrast, only a percentage of the total is exported in a 
processed form, offering incredible economic benefits in sectors like the food and pharmaceutical industries [8]. Considering the 
massive potential of seaweed, Indonesia is being challenged to improve its use and added value by diversifying its product for use in 
various industries, including food, feed, fertilizer, pharmaceuticals, and cosmetics [9]. 

In the meantime, Indonesia is working toward its goal of reaching Net Zero Emissions by the year 2060. Increasing the proportion of 
renewable energy derived from biomass in the country’s overall energy mix is one initiative [10]. Because of its organic content, 
macroalgae can be turned into bio-oil and solid fuel for energy sources; however, this application path must be included. After being 
improved, bio-oil can replace fossil fuels in many ways, such as a fuel to make heat, electricity, and chemicals. Bio-oil with better 
quality can be used in boilers, furnaces, turbines, diesel engines, power plants, and other industrial processes [11,12]. As to produce 
chemicals, bio-oil can be further treated to get phenol for resins and wood adhesives, molded plastic, and foam insulation. Research has 
shown that macroalgae could be the source of bio-oil and hydrochar via the thermochemical process. Thermochemical processes are 
considerably faster than biochemical processes and are frequently employed to enhance biofuel generation from biomass [13]. Among 
the thermochemical conversion techniques for biomass, the pyrolysis process is most designed to produce biofuels [14,15]. Pyrolysis is 
one-way that biomass can be changed thermochemically to produce energy and chemicals. Without oxygen, biomass can be used to 
produce gas, oil, and char [16]. 

Several studies have reported bio-oil production potential from macroalgae. Verma et al. (2021) [17] investigated a different study 
that examined the catalytic and reaction parameters of the pyrolysis of Ulva lactuca macroalgae on bio-oil production. They concluded 
that a bimetallic Co–Ni/ZrO2 catalyst produced the most bio-oil (49.2 wt%), showing that both metals work together to break down 
biomass and improve bio-oil. Ly et al. (2015) [18] examined the effects of varying temperatures, flow rates, and feedstock particle sizes 
on the pyrolysis of Saccharina japonica. The maximum bio-oil obtained in their study was 44.99% at 350 ◦C. Furthermore, Farobie 
et al., (2022a) [19] investigated the bio-oil and biochar production from Sargassum sp. via slow pyrolysis. They found that significant 
compounds could be identified in bio-oil from Sargassum sp., including carboxylic acids, furan derivatives, aliphatic hydrocarbons, and 
N-aromatic compounds. 

Previous studies give insights that bio-crude oil and biochar can be produced from macroalgae via pyrolysis. However, until now, 
no previous study has reported a detailed study on the pyrolysis of brown macroalgae Padina sp. in terms of the effect of operating 
parameters and kinetic study. Padina sp. is selected since it is one of the species of macroalgae mostly found in Indonesia [20]. 
Therefore, the key objectives of this study are (1) to elucidate the effect of pyrolysis parameters on the product distribution and bio-oil 
characteristics during the pyrolysis of Padina sp. and (2) to evaluate the kinetic behavior of brown algae Padina sp. degradation during 
pyrolysis. 

2. Materials and methods 

2.1. Material 

The macroalgae of the Padina sp. species used in this study were obtained from Lombok, located in the western part of Nusa 
Tenggara. Initially, the feedstock was washed with normal water to remove sand or debris. After that, the cleaned feedstock was dried 
in an oven (105 ◦C for 24 h) before being placed on a grinder fitted with a sieve and reduced to a constant particle size of 0.3 mm. A 
thermogravimetric analyzer (TGA 4000; PerkinElmer, USA) was used to determine feedstock proxies following ASTM E1131-08. The 
proximtae analysis showed a high volatile matter concentration in Padina sp. (51.92%). Therefore, biomass with a high volatile matter 
content may be useful as an energy source. Padina sp. has moisture (11.29%), fixed carbon (9.01%), and ash (28.50%) content. 

Fig. 1. Schematic diagram of experimental apparatus.  
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2.2. Batch pyrolysis experiments 

The pyrolysis was carried out in a stainless-steel batch reactor (Fig. 1). The reactor had a condenser, an electric burner, and a 
thermocouple. The highest temperature at which the reactor can operate is 1000 ◦C. A PID temperature controller is used to control the 
temperature. Briefly, 50 g of dried Padina sp. was added to the reactor as feedstock. A 100 mL min− 1 flow of nitrogen gas was used for 
flushing the reactor to eliminate any traces of oxygen. 

After confirming that the atmosphere was at the standard temperature, the reactor was gradually heated to 400, 500, and 600 ◦C at 
30 ◦C per minute. During the pyrolysis process, the products in the vapor phase were allowed to condense and collected through a 
liquid sample port. After the reactor had cooled down, the biochar was removed, and its weight was measured digitally. Tar was 
collected by absorbing the liquid products and washing the entire cooling pipeline with isopropanol (tar protocol [21]), with the water 
content separated using a separating funnel (the water-soluble organic materials were neglected in all runs). Every single test was done 
three times. The yield of products was calculated using the following formula (1)-(4): 

Ytar =
mtar+pyrooil − Cslt × mpyrooil

mfeedstock [dry]
100% (1)  

Ypyro− oil =
mpyrooil

mfeedstock [dry]
× 100% (2)  

Ysolid =
msolid

mfeedstock [dry]
× 100% (3)  

Ypyro− gas =
(
1 − Ytar + Ypyrooil + Ysolid

)
× 100% (4)  

where mtar+pyrooil is the mass of pyro-oil product [g]; Cslt is the water content of solution [g]; mpyrooil is the initial mass content of the 
pyro-oil product [g]; and msolid and mfeedstock are the mass content of solid product and feedstock (dry basis), respectively [g]. 

2.3. Product analyses 

Pyro-oil samples were analyzed using a GC–MS (QP-2010) with a capillary column coated with white Rtx-5MS (i.d. 60 mm × 0.25 
mm and film thickness of 0.25 μm). 1 mL of the sample was mixed with methanol and injected into the column. The GC temperature 
program started at 150 ◦C and stayed at that temperature for 5 min. The temperature then went up to 300 ◦C. Using the standard 
solution, each compound was identified. Due to laboratory limitations, the water-soluble compounds were not determined and 
analyzed for composition. After the experiment, the solid product was taken and dried overnight in a desiccator. It was then weighed 
until the weight was comparable. The final analysis used a CHNOS analyzer (VarioEL III, Germany). Using the VarioEL III, Germany 
CHNSO analyzer, the common organic elements such as C, H, N, S, and O were examined. The sample (1 mg) was placed in a tin boat to 
analyze the percentage composition of C, H, N, and S, and the percentage of O was measured by difference. In the case of pyro-gaseous, 
it is essential to point out that due to defective equipment, pyro-gas were not collected and examined for this particular study. 

Fig. 2. Reaction pathways employed for analysis of the kinetics of macroalgae conversion.  
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Alternatively, the yield (%) of the other products is determined. 

2.4. Reaction model 

After obtaining data that revealed the impact of the operating parameters on macrolagae decomposition in the presence of py-
rolysis, the following step was to apply a kinetic model to the data to glean information that helped understand the reaction kinetics of 
macroalgae decomposition. This was accomplished by fitting the data to the model. An investigation of the kinetics of the degradation 
of macroalgae was carried out using the reaction pathways illustrated in Fig. 2. 

As will be seen below, there are four possible reactions to be considered appropriately: 

(solid feedstock) → (pyro − gas) (5)  

(solid feedstock) → (pyro − oil) (6)  

(pyro − oil) → (pyro − gas) (7)  

(pyro − oil) → (tar) (8)  

k and x represent reaction rate constants and reaction orders, respectively, and Eqs (5)–(8) are expressed by sfpg, sfpo, popg, and potr, 
respectively. Eqs should express the reaction equation. (9) – (15) using concentration. 

−

[
dC (feedstock)

dt

]

k
=

[
dC (pyro − oil)

dt

]

k2

=

[
dC (pyro − gas)

dt

]

k1

= k1,2 C(feedstock) (9)  

−

[
dC (pyro − oil)

dt

]

k3 t
=

1
6

[
dC (pyro − gas)

dt

]

k3 t
= k3t C(pyro − oil) (10)  

−

[
dC (pyro − oil)

dt

]

k4 t
=

[
dC (tar)

dt

]

k4 t
= k4t C(pyro − oil)Xpotr t (11)  

Then, the following equations are obtained. 

dC (feedstock)
dt

=

[
dC (feedstock)

dt

]

k1

= − k1C (feedstock) (12)  

dC (pyro − oil)
dt

=

[
dC (pyro − oil)

dt

]

k1

+

[
dC (pyro − oil)

dt

]

k3 t
+

[
dC (pyro − oil)

dt

]

k4 t  

= k2C (feedstock) − k3t C (pyro − oil) − k4t C (pyro − oil)Xpotr t (13)  

dC(pyro − gas)
dt

=

[
dC(pyro − gas)

dt

]

k1

+

[
dC(pyro − gas)

dt

]

k3 t  

= k1C (feedstock) + 6k3t C (pyro − oil) (14)  

dC (tar)
dt

=

[
dC (feedstock)

dt

]

k1

= k4t C (pyro − oil)Xpotr t (15)  

where C (feedstock) = macroalga concentration [g], C (pyro-oil) = concentration of pyro-oil product [g], [pyro-gas] = concentration of 
gas product [g], C (tar) = concentration of tar production [g], and t = reaction time [min]. The rate constants were then generated 
using nonlinear least-squares regression to fit the model to the experimental data, and the correlation on the rate constant was 
determined by the Arrhenius equation (Eq. 16). Microsoft Excel’s Solver add-in feature was utilized with a trial-and-error approach. 

k=Ae

(
− Ea
RT

)

(16)  

where T is the temperature of the reaction [K], Ea is the activation energy [kJ/mol], R is the reaction rate constant for a universal gas 
[8.314 J mol− 1 K− 1, and A is the pre-exponential factor [s]. 
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3. Results and discussion 

3.1. Element analysis of feedstock and solid product 

The calorific value and ultimate analysis of Padina sp. solid produced at 400 ◦C, 500 ◦C, and 600 ◦C are shown in Fig. 3. 
The solid product formed from the pyrolysis of Padina sp. contained a high concentration of carbon, ranging from 47.45 to 50.78%, 

low hydrogen content, varying from 4.44 to 4.67%, and medium oxygen content, ranging from 40.10 to 41.31%. As shown in Fig. 3, 
the solid product had a carbon content higher than that of the macroalgal feedstock. In addition, the amount of carbon present in the 
solid product increased as the temperature increased. In the meantime, the O and H concentrations of the solid product were lower 
than those of the feedstock. This may be due to dehydration, decarboxylation, and decarbonylation reactions during pyrolysis. In 
contrast, the hydrogen content of the solid product reduced substantially with increasing temperature, with the trend being as follows: 
4.67% (400 ◦C), 4.44% (500 ◦C), 4.31% (600 ◦C). In addition, there was a decreasing trend tendency for the oxygen concentration of 
the solid product as the temperature increased. 

The aromatization and production of hydrogen gas (H2) due to the generation of low molecular-weight hydrocarbons (CH4, C2H6, 
or C2H4) was another possible cause for the low hydrogen content of the solid product. It should be noticed that as pyrolysis tem-
peratures were raised, the nitrogen content of the solid product obtained from macroalgal pyrolysis decreased. This could be because 
nitrogen is released into the gas phase as the pyrolysis temperature increases. Interestingly, the HHV of solid product from the pyrolysis 
of macroalgae was between 20.96 and 22.25 MJ kg− 1, which is higher than that of low-ranked coals (12–25 MJ kg− 1) [22]. 

3.2. Product distribution 

The pyrolysis products of the macroalgal feedstock were investigated at temperatures of 400 and 600 ◦C, with a temperature in-
terval of 100 ◦C. Fig. 4 depicts the distribution of solid, pyro-oil, pyro-gas, and tar products at different pyrolysis temperatures. 

Generally, with increasing pyrolysis temperature and reaction time, pyro-oil, pyro-gas, and tar increased while solid decreased. The 
highest pyro-oil yield and pyro-gas yield were obtained at 600 ◦C, which reached 67 wt% and 27 wt%, respectively, when the reaction 
times were prolonged (30–90 min). The pyro-oil yield obtained from this study is comparable with the previous study using an in-situ 
catalytic process. Agnihotri and Mondal, (2023) [23] mentioned that the maximum bio-oil yield 0f 56 wt% was achieved for in-situ 
catalytic of Melia azedarach sawdust at 550 ◦C within 60 min. It was not surprising that higher temperatures were preferred for gas 
production. In addition, the solid yields decreased significantly as the reaction time increased, indicating the apparent degradation of 
the algal biomass due to the cracking of heavy hydrocarbons. This finding aligns with the previous study of Choi et al. (2016) [24], who 
identified that holding Saccharina japonica longer during the pyrolysis process enhanced the bio-oil yield but reduced the biochar yield. 
The tar yield showed an overall increasing trend with an increase in pyrolysis temperature. The highest tar yield reached 16 wt% at 
600 ◦C. Generally, as the temperature increases, the primary reactions take place to biomass decompose and generate tar compounds. 
Pyrolysis oil or pyro-oil comprises primary tars, with some secondary tars, as assumed in this study [25]. For instance, N-aromatic 
groups and phenol were observed from pyro-oil at 500 ◦C and 600 ◦C, respectively. It was found that the primary tars that were 
produced from low-temperature pyrolysis might go through two main reaction pathways. First, some of the primary tars condensed 
and underwent polymerization reactions, leading to heavy tars’ production. Secondly, some of the primary tars were decomposed into 
minor molecular gases, which resulted in a significant reduction of tar as well as an increase in the production of permanent gases. 
Considering the mass balance, it is possible to verify the output yield of Padina. sp. after the pyrolysis process. New equipment and 
technology development relies heavily on mass balance calculations, particularly those involving the design of the material used and 
the sizing of the structure, dependent on factors such as temperature. Secondary products that can be integrated into the system must 
also be quantified to increase their overall value [26]. 

Fig. 3. Ultimate analysis of feedstock and solid product at 400, 500, and 600 ◦C.  
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3.3. Pyor-oil production 

Fig. 5 shows the chemical composition obtained from the pyrolysis of Padina sp. with the different pyrolysis temperatures. The bio- 
oil obtained from the pyrolysis of Padina sp. contained various chemicals. 

It is worth mentioning that the bio-oil made from slow pyrolysis of Padina sp. was mostly carboxylic acid, N-aromatics, aliphatic 
hydrocarbons, phenol, ketones, alkanes, and amines/amides. For comparison, the peak area percentage of some compounds was used 
to determine how it changed with the pyrolysis temperature. At 400 ◦C, the percentage areas represented by compounds belonging to 
the carboxylic acid (carbon dioxide: 11.70%) and alkanes (Tetradecamethylheptasiloxane: 19.95%, Dodecamethylhexasiloxane: 
12.0%, and Octadecamethylcycolonasiloxane: 11.2%), respectively, were found to be a major part of pyro-oil. It’s worth noting that 
after pyrolyzing Padina sp. at 400 ◦C, small amounts of ketones and N-aromatic groups were also detected. 

N-aromatic compounds are often generated via high-temperature pyrolysis of proteins, which results in their amino acids, which 
are then cyclized and aromatized to form N-aromatic compounds. The main component of N-aromatic compounds observed in this 
study was heterocyclic derivatives, such as 7-Hydroxy-7-phenyl-3,9-diisopropyl-2,10-dioxadispiro, pyrazine, 2,4 Imidazolidinedion, 
Morpholine, 4-Octadecyl, 3,5-Diphenyl-1-p. This study’s results agree with those of a recent study by Iaccarino et al. (2021), which 
found that during the pyrolysis of Salicornia bigelovii, amino acids might undergo decarboxylation, cyclization, and dehydration to form 
the N-heterocyclic derivatives. Aliphatic hydrocarbons, which may be produced by the degradation of long-chain organic acids fol-
lowed by a decarboxylation process, were also detected in the pyro-oil of Padina sp. In addition, a small amount of methane (8.32%) 

Fig. 4. Product yield at different pyrolysis temperatures (a) 400, (b) 500, and (c) 600 ◦C.  
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was obtained from the pyrolysis of Padina sp. Finally, pyrolysis products of cellulose and hemicellulose degradation, including trace 
amounts of ketone derivatives (i.e., 7.06%), were detected. 

In addition, the alkanes and amines groups decreased with increasing temperature for both 500 and 600 ◦C. Conversely, the ketones 
and N-aromatic groups were observed to behave in an opposite trend. Additionally, pyrolysis of Padina sp. generated phenolic 
compounds. As previously discussed, phenolic compounds might emerge from the steam reaction of aromatic compounds. Further-
more, the degradation of lignin or phenylalanine-containing protein has been attributed to producing phenolic compounds [27]. In this 
research, it was shown that the selectivity of phenolic compounds in pyro-oil decreased with increasing temperature, as follows: 3.54% 
(500 ◦C) > 2.7% (600 ◦C). This could be linked to higher temperatures promoting the disintegration of the main chain in phenolic 
compounds to produce hydrocarbons [28]. The summary of the general compounds by GC/MS is listed in Table 1. 

3.4. Tar production 

Fig. 6 shows that more tar is made when the pyrolysis temperature is raised. Tar is made of heavy molecules, and the order of 
reactions that lead to heavy molecules is higher than one. Thus, an increase in tar yield with increased pyrolysis temperature is 
attributed to the reaction order being greater than one for tar production (Eq. (8)), and the assumption of the first order for solid 
feedstock decomposition (Eq. (5) and Eq. (6)), and pyro-oil conversion (Eq. (7)) should be reasonable. 

3.5. Kinetic parameters 

Table 2 provides the kinetic parameters for the disappearance of macroalgae derived through the data-fitting approach. Mean-
while, Fig. 7 depicts the difference between the calculated (lines) and experimental product yields. The calculated results were very 
close to the experimental data. 

It is worth noting that the reduction in the solid yield with an increasing temperature and prolonged reaction time is due to the 
production of pyro-gas, pyro-oil, and tar products. It should be noted that when all the reactions are first order, a common effect of 
product distribution is observed. In this case, the assumption of the first order for macroalgae degradation (Eq. (5)) and pyro-oil 
conversion (Eq. (7)) should be plausible. In contrast, the assumption of a higher reaction order for tar generation (Eq. (8)) is 
responsible for the elevation in pyrolysis temperature. The sequence of reactions leading to tar was determined to be 1.25. Activation 

Fig. 5. GC/MS chromatogram of Padina sp. pyro-oil obtained at (a) 400 ◦C, (b) 500 ◦C, and (c) 600 ◦C.  

Table 1 
Compounds identified in Padina’s sp. bio-oil at different experimental temperatures by GC/MS.  

Residence time Name Molecular formula Contentn (% Area) 

400 ◦C 500 ◦C 600 ◦C 

N-aromatic compounds 
1.052 7-Hydroxy-7-phenyl-3,9-diisopropyl-2,10-dioxadispiro C22H28O5 n.a 19.620 n.a 
2.997 Pyrazine C5H6N2 n.a n.a 1.189 
15.283 2,4-Imidazolidinedion C4H6N2O n.a n.a 4.304 
16.265 4-Morpholineethanmine C6H14N2O n.a n.a 1.628 
16.821 Morpholine, 4-Octadecyl C22H45NO n.a n.a 3.603 
23.112 3,5-Diphenyl-1-p-(ethoxycarbonyl)phenyl-4-phenyliminoimidazolidine-2-one C30H25N3O3 n.a n.a n.a 
Carboxylic acids 
1.094 Carbamic acid CH3NO2 n.a n.a 28.015 
1.128 Carbon dioxide CO2 11.704 n.a n.a 
1.39 Acetic acid/Ethylic acid C2H4O2 n.a 6.482 6.364 
3.241 Butanoic acid C5H10 O2 n.a n.a 4.340 
Aliphatic hydrocarbons 
1.16 Methane, isocyano C2H3N n.a n.a 8.32 
Ketone 
1.352 2-Butanone C4H8O n.a 3.653 n.a 
2.16 1-Butyne, 3,3-dimethyl C6H10 n.a n.a 4.008 
4.29 2-Cyclopenten C6H8O n.a n.a 2.628 
7.313 2,3-Dimethul-2-cyclopenten-1-one C7H10O n.a n.a 0.657 
13.428 Cycolhexasiloxane dodecamethyl C12H36O6Si6 7.066 n.a n.a 
Phenol 
5.944 Phenol C6H6O n.a 3.539 2.71 
Alkanes 
16.041 Tetradecamethylcycloheptasiloxane C₁₄H₄₂O₇Si 2.781 n.a n.a 
21.427 Decamethyl-5-(trimethylsiloxy)hexasiloxane C13H42O6Si7 n.a 4.944 n.a 
21.763 Hexadecamethyl-octasiloxane C16H50 O7Si8 10.205 n.a 2.149 
22.184 Dodecamethylhexasiloxane C12H38 O5Si6 12.001 11.752 0.611 
Amines/Amides 
22.865 Eicosamethylcyclodecasiloxane C20H60O10Si10 n.a n.a 2.956 
22.97 Octadecamethylcyclononasilo C18H54O9Si9 11.151 27.283 6.657  
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energies between 26.24 and 64.42 kJ/mol were obtained for Padina sp. pyrolysis. 
Interestingly, the activation energy (Ea) needed to transform pyro-oil into tar is roughly double (64.42 kJ/mol) that needed to 

convert a solid into pyro-gas, a solid into pyro-gas or a liquid into pyro-gas, all of which are in the range of 26.24, 38.12, and 38.63 kJ/ 
mol, respectively. This finding is in accordance with the previous study that reported Ea required to produce char/tar via polymer-
ization of intermediate products was significantly greater than Ea necessary for direct solid conversion of OM in DSS [29]. This could 
be explained by the fact that the energy required to convert pyro-oil into tar products is more significant than that required to convert 
solids into pyro-gas or pyro-oil. 

The rate constant of tar formation was increased, followed by increased pyrolysis temperature (0.0013 s− 1 at 400 ◦C; 0.0023 s− 1 at 
500 ◦C; and 0.0033 s− 1 at 600 ◦C), respectively. Fig. 7 depicts a comparison of this value with findings from earlier investigations. 
Compared this value to those from Palla et al. [30], Jamilatun et al. [31], and Sasaki et al. [32], it looks to be on the lower range. It is 
important to note that the difference in reactor diameter impacts the reaction processes occurring during the process. Notably that our 
reactor diameter (4.85 cm) was more significant than those of Sasaki et al. (0.6 cm), Palla et al. (2.5 cm), and Jamilatun et al. (4.0 cm). 
The stainless steel construction may have a negative catalytic effect. We intend to investigate this catalytic effect of the reactor wall in 
the near future. 

Fig. 6. Effect of temperature and residence time on (a) solid yield, (b) pyro-gas yield, (c) pyro-oil yield, (d) tar yield.  

Table 2 
The reaction rate constant, activation energy, and order reaction for Padina sp. conversion via slow-pyrolysis.  

Reaction symbol Reaction route The reaction rate constant (k) [(mol-C/L)1− x s− 1 Ea [kJ/mol] Order of reaction, x 

400 500 600 

k1, xsfpg solid feedstock ⟶ pyro-gas 0.0199 0.0328 0.0588 26.24 1 (assumed) 
k2, xsfpo solid feedstock ⟶ pyro-oil 0.0012 0.0036 0.0056 38.12 1 (assumed) 
k3, xpopg pyro-oil ⟶ pyro-gas 0.0010 0.0028 0.0048 38.63 1 (assumed) 
k4, xpotr pyro-oil ⟶ tar 0.0013 0.0023 0.0033 64.42 1.25  
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4. Conclusion 

Brown macroalgae Padina sp. was subjected to pyrolysis and kinetic study in a temperature range of 400, 500, and 600 ◦C. Several 
characteristic tests, i.e., element analysis, product distribution, GC-MS analyses as well as tar formation rate constant, were conducted 
in the study. The maximum pyro-oil yield (67 wt%) was achieved at 500 ◦C within 60 min. Meanwhile, the highest solid yield (78 wt%) 
was obtained at 400 ◦C within 10 min. The main compounds obtained in pyro-oil are N-aromatic (3.6–19.62%), carboxylic acid 
(6.3–28.0%), aliphatic hydrocarbon (8.32–17.12%), phenols (2.7–3.5%) with the trace amount of ketone, alkanes, and amines/am-
ides. As indicated, pyrolysis at low temperatures did not favor preserving polar functional groups, whereas high temperatures did. The 
increased tar output was primarily due to forming of many aliphatic and aromatic compounds at the pyrolysis temperature of 500 to 
600 ◦C. To properly duplicate the results of the experiments, a reaction model was developed, and the reaction rate constants were 
successfully determined. The rate constant of tar formation was determined in a range of 0.0013–0.0033 s− 1. A reaction order of 1.25 
was determined for the tar formation. 
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