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A B S T R A C T   

Pyrolysis of typical wetland biomass, namely purun tikus (Eleocharis dulcis) was experimentally studied herein for 
the first time. The pyrolysis of purun tikus leaves for bio-oil production was conducted under different reaction 
temperatures (300, 400, and 500 ◦C) at fixed pressure and different particle size distributions (0.2, 0.4, and 0.6 
mm). Characteristics of bio-oil and product distributions were studied. The bio-oil yield as high as 31% was 
obtained at 500 ◦C and 0.6 mm of particle size. Meanwhile, the highest bio-char yield of 62% was obtained at 
300 ◦C and 0.2 mm of particle size. The bio-oil was characterized by gas chromatography/mass spectrometry 
(GC/MS). Phenol yield as high as 18.23% was achieved at 500 ◦C and 0.6 mm of particle size under atmospheric 
pressure. A reaction model was proposed, and the reaction kinetic parameters by assuming the first-order kinetics 
were determined. The reaction was observed to follow the Arrhenius behavior, and the kinetic model agreed well 
with the experimental data.   

1. Introduction 

The problems of energy consumption and environmental pollution 
have motivated researchers to improve and develop technologies and 
innovations in the renewable energy sector, especially those that can be 
substituted for fossil fuel resources. Over the past few decades, re
searchers have sought to explore potential alternative energy sources 
from renewable energy sources, such as solar, wind, wave, geothermal, 
and biomass to replace fossil fuels. Among the renewable energy sources 
which are not competing with food, biomass or its wastes is a strong 
candidate as an energy source since it is a low cost, abundantly avail
able, sustainable, and able to reduce the greenhouse effect significantly 
(Abdeshahian et al., 2010; Mortensen et al., 2011). 

Biomass, called lignocellulosic biomass, is organic material derived 
from a living being, such as plants or plant-based products that are not 
used for food or feed (Paksung and Matsumura, 2015) As a great agri
cultural and forestry country covered with swamp area, Indonesia can 
produce a considerable amount of agricultural wastes, forestry residues, 
as well as tidal swamp plants, which are categorized as wet biomass. 

Thus, the utilization of biomass is a good option to replace fossil fuel 
resources in Indonesia for the production of energy and high-value 
chemicals. Lignocellulosic biomass is mostly composed of a natural 
polymer, namely cellulose (32–45%), hemicellulose (19–25%), and 
lignin (14–26%) (Rony et al., 2019). Hence, it can be converted to 
gaseous, solid, and liquid fuels for the production of heat and power as 
well as biofuel. In comparison to conventional fossil fuels, the use of 
biomass energy has many benefits in terms of the shorter life cycles, 
broader distribution, and lower emissions of greenhouse gases (Cheng 
et al., 2019). 

Several technologies have been employed for biomass conversion to 
energy, such as thermochemical conversion, biochemical conversion, 
and physicochemical conversion technology. Thermochemical conver
sion is the most popular technology to convert biomass due to the fact 
that it is fast and no limitations for processing mixtures of various kinds 
of biomass (Dhyani and Bhaskar, 2018). The thermochemical process 
can be conducted by combustion, torrefaction, gasification (Amrullah 
and Matsumura, 2019) (Gong et al., 2016), and pyrolysis (Gurevich 
Messina et al., 2017) (Yu et al., 2016). 
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Pyrolysis is considered the most common method for the thermal 
conversion of biomass to valuable hydrocarbons and alternative fuels 
since it is efficient and economical (Gurevich Messina et al., 2017). The 
products of bio-oils, biogas, and coal can be generated through pyrolysis 
at 300–600 ◦C under an inert atmosphere. There have been several at
tempts to produce bio-oil for fuel as well as high-value chemicals such as 
phenolic compounds from lignocellulosic biomass using pyrolysis. 
Naron et al. (2019) studied the phenols production from pyrolysis of 
hardwood, softwood, and herbaceous lignin under different catalyst 
agent. The influence of the catalyst was found to differ, depending on the 
types of lignin. Asadullah et al. (2013) reported that palm residue was an 
excellent source for phenol production. 

Apart from that, several types of biomass such as rice straw (Biswas 
et al., 2018), waste tire (Seng-eiad and Jitkarnka, 2016), sawdust 
(Moralı et al., 2016), swine manure (Cheng et al., 2014), algae (Shan
mugam et al., 2017), empty fruit bunch (Park et al., 2019), switchgrass 
(Fortin et al., 2015) have been used to produce bio-oil using pyrolysis. 
However, there has been no previous study to utilize purun tikus 
(Eleocharis dulcis) as a feedstock of pyrolysis. Therefore, the pyrolysis 
process of purun tikus (Eleocharis dulcis) was studied herein for the first 
time. Purun tikus (commonly known in Indonesian) is one of the bio
masses in the swampland and grows well in acidic water. To the best of 
the authors’ knowledge, this is the first study to investigate the pyrolysis 
of purun tikus (Eleocharis dulcis) leaves and to deduce the detailed re
action kinetics for pyrolysis process. The reaction kinetics is helpful for 
understanding the reaction behavior. This study aims to evaluate the 
effect of pyrolysis temperature and particle size on product distributions 
and bio-oil composition during the pyrolysis of purun tikus (Eleocharis 
dulcis) leaves as well as to deduce the rates of the corresponding 
reaction. 

2. Materials and methods 

2.1. Materials 

The purun tikus used in this work was collected from the Danau 
Seran, Banjarbaru, South Kalimantan, Indonesia. Purun tikus was 
composed of crude protein (8.22%), fiber (25.72%), ether extract 
(0.48%), ash (15.13%), hemicellulose (19.74%), cellulose (21.80%), 
and lignin (28.04%) (Muhakka et al., 2020). Meanwhile, the ultimate 
analysis showed that the purun tikus was composed of N (3.4%), P 
(0.43%), K (2.0%), Ca (0.3%), Mg (0.4%), S (0.8%), Al (0.6%), and Fe 
(142.2 mg/l) (Thamrin, 2012). The plant was washed manually and the 
leaves were cut and dried in an oven at 105 ◦C for 24 h before use. After 

the pulverization process, particle sizes of 20, 40, and 60 μm were 
achieved. The volatile content was determined using the Thermogravi
metric Analyzer (TGA) according to ISO 562:2010. Meanwhile, the ash 
content was determined using the Muffle furnace (type Furnace 
Naberthem LE 4/11/R6) according to ASTM D 3174-12, 2009. 

2.2. Experimental 

The purun tikus was prepared as feedstock and the varied particle 
sizes of 0.2, 0.4. and 0.6 mm were used. The pyrolysis process was 
performed in a stainless steel-batch reactor illustrated in Fig. 1. The 
reactor was equipped with a heater, condenser, and temperature 
controller. The 220 V electric heater was used and controlled with a PCD 
controller. A K-type thermocouple was used to measure the temperature. 
The condenser is composed of a copper tube, and cold water was used as 
the condensate. The reactor was purged with N2 for approximately 20 
min before each experimental trial. The pressure gauge was used to 
control the N2 flow. The feedstock was placed in the reactor and kept at a 
specified temperature for approximately 30 min, and the volatile was 
released. The experimental temperatures were varied at 300, 400, and 
500 ◦C. Amount of feedstock as much as 250 g were used. Initially, 
feedstock was placed inside the reactor and was closed with a bolt. 
During the process, the condensation process occurred; bio-oil was 
produced and was separated into the oil phase and water phase. After 
the reactor was cooled down, the char was collected and weighted. At 
the end of each experiment, the solid mass that remained in the crucible 
was assumed as the char yield. The gas yield was determined using argon 
as a tracer from the ideal gas equation. The yield of products was 
calculated based on the initial mass of feedstock. 

2.3. Bio-oil and char characterization 

The chemical composition of bio-oil samples was analyzed using a 
GC–MS (QP-2010), which employed a capillary column coated with 
whit Rtx-5MS (i.d. 60 m × 0.25 mm and film thickness of 0.25 μm). 1 mL 
of sample was dissolved in methanol and injected into the column. The 
temperature program of GC began at 150 ◦C, first maintaining this 
temperature for 5 min. The temperature was then inclined to 300 ◦C. 
Each compound was then identified using the standard solution. The 
solid (char) product was observed using a digital microscope CHR 
(B80GHM) equipped with 8 LEDs. In this study, the focal length (3–60 
mm) and image resolution (640 x 480P) were used. All experimental 
runs have been carried out in duplicate. 
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Fig. 1. Experimental apparatus.  
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3. Results and discussion 

3.1. Effect of pyrolysis temperature and particle size on product 
distribution 

The most important operating parameter on the pyrolysis process 
was the temperature of a chemical process, especially those involving 
the endothermic process. The temperature plays a vital role in providing 
the heat needed for biomass decomposition. In this study, the temper
ature was varied at 300, 400, and 500 ◦C. The bio-oil, bio-char, and 
gaseous yield were compared as shown in Fig. 2. The combustible 
gaseous such as H2 and CO were dominant (38.9% and 31%, respec
tively), while the hydrocarbons such as CH4, C2H6, and C3H6 were 
merely 18%, 4%, and 1.4%, respectively as the gaseous product. The 
yield of bio-oil and gaseous is positively affected by changes in tem
perature. Bio-oil increased from 16 to 31%, followed by an increase in 
temperature from 300 to 500 ◦C. Meanwhile, bio-char yield decreased 
from 62 to 45% by increasing temperature from 300 to 500 ◦C. These 
results agreed well with the previous study, which observed that the 
decrease in the yield of char with the rise in temperature could be 
attributed to the loss of volatiles, which thermally breaks into low mo
lecular weight organic liquids and gaseous products due to thermal 
degradation of the lignocellulosic biomass (Chandra and Bhattacharya, 
2019; Dhanavath et al., 2019). 

The effect of temperature on the morphological structure of purun 
tikus pyrolysis has been given in Supplementary material. It is clearly 
shown that temperature has a significant impact on the morphological 
structure of purun tikus. The solid products displayed an extreme black 
color with an increase in the temperature of the pyrolysis, along with an 
increase in the particle size. In terms of the heat transfer during the 

pyrolysis process, the size of the biomass particles is very influential and 
contributed to the yield and quality of pyrolysis products (Sirijanusorn 
et al., 2013). In this work, the small particle size of biomass contributed 
to the decrease of bio-oil yield (16%); which is correlated with the high 
bio-char yield (62%). There could be two reasons why the small particle 
size of biomass gave the lowest bio-oil yield. The first reason is corre
lated with the high ash content of feedstock because of the segregation 
of the feed into a high dirt feed. The second explanation is due to the 
hydrodynamic nature of small particle size of biomass may tend to be 
entrained out of the reaction zone prior to complete pyrolysis (Pattiya 
and Suttibak, 2012). Therefore, it is recommended that a small range of 
biomass particle sizes should be avoided when bio-oil is generated from 
rapid pyrolysis. 

3.2. Effect of temperature on the characteristics of bio-oil 

Fig. 3 displays the effect of pyrolysis temperature (300, 400, and 500 
◦C) on the characteristics of bio-oil with a particle size of 0.6 mm. The 
figure shows the chromatograms of bio-oil detected by GC–MS from 
different samples at different temperatures. The general compounds 
identified by GC–MS were listed in Table 1. The main components were 
acetic acid, hydroxy acetone, phenol, and furfural. Meanwhile, o-cresol, 
p-cresol, guaiacol, methyl propyl ketone, and 2,6 dimethoxyphenol were 
produced as side products of phenolic compounds. This result trend goes 
along with Supriyanto et al. (2020) who reported that methoxy groups 
were performed as the main volatile compound for the fast pyrolysis of 
alkali lignin. In this work, acetic acid dominated as a compound in the 
bio-oil product. The yield of acetic acid increased from 31 to 38 (wt%), 
followed by increasing the temperature; this is most likely indicating 
that lignin and hemicelluloses were degraded to produce acetic acid 

Fig. 2. Effect of temperature and particle size (a) 0.2 mm, (b) 0.4 mm, and (c) 0.6 mm on product distributions of purun tikus pyrolysis.  
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(Jeffries, 1994; Sjöberg et al., 2004). Not only acid but also phenol can 
be produced from the degradation of lignin. Zhang et al. (2012) reported 
that there are two-steps degradation of lignin to produce phenol from 
pyrolysis of biomass, i.e., firstly, lignin decomposed into different 
phenolic compounds; secondly, demethylation, decarboxylation, and 
other phenol reactions were subjected to phenol compounds to generate 
phenol. In this work, the effect of pyrolysis temperature on phenol 
production was elucidated. The yield of selective phenol increased by 
increasing pyrolysis temperature. The maximum phenol content as high 

as 18.23 wt% was achieved at a maximum temperature of 500 ◦C. This 
content is slightly higher than the previous study by Guzelciftci et al. 
(2020) who obtained the phenol content of 16 wt% from typical one- 
stage pyrolysis of wood biomass. This should be due to the different 
lignin content of biomass since phenolic compounds are mainly derived 
from the degradation of lignin. 

Fig. 3. GC/MS chromatogram of purun tikus bio-oil obtained at (a) 300 ◦C, (b) 400 ◦C, and (c) 500 ◦C.  
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Fig. 3. (continued). 

Table 1 
Compounds identified in purun tikus bio-oil by GC/MS.  

No Compounds name Formula Residence time Percentage under different pyrolysis temperature (%) Group 

300 ◦C 400 ◦C 500 ◦C  

1 Acetaldehyde C2H4O  1.1 n/a 0.92 n/a Aldehyde  
2 Acetone-oxime C3H7NO  1.18 7.28 4.79 5.34 Ketone  
3 Methyl acetate C3H6O2  1.23 6.01 3.46 n/a Aldehyde  
4 Acetic acid C2H4O2  1.45 30.96 31.16 37.53 Acid  
5 Tetrahydrofuran C4H8O  1.49 0.51 n/a 0.23 Furfuran  
6 Hydroxy acetone C3H6O2  1.63 10.61 5.87 12.95 Alcohol  
7 Methyl propyl ketone C5H10O  1.64 n/a 6.86 n/a Ketone  
8 Propionic acid C₃H₆O₂  1.79 n/a n/a 1.5 Acid  
9 2-Butanone C18H18O3  1.78 n/a 0.39 n/a Ketone  
10 3-Hydroxy-acetoin C4H8O2  1.89 n/a 0.46 0.61 Ketone  
11 Pyrazine C4H4N2  2.07 n/a 0.45 0.31 Aromatic  
12 Pyridine C5H5N  2.19 0.83 0.53 0.73 Benzene  
13 Diethyl ketone C5H10O  2.34 1.87 n/a n/a Ketone  
14 1-Hydroxy-2-butanone C4H8O2  2.35 n/a 1.32 1.44 Ketone  
15 Cyclopentanone C5H8O  2.61 1.37 0.62 0.68 Ketone  
16 Methylpyrazine C5H6N2  3.03 0.63 0.31 n/a Ketone  
17 Furfural C5H4O2  3.11 10.97 4.21 3.82 Furfuran  
18 Isovaleric acid C5H10O2  3.19 0.25 n/a n/a Acid  
19 Furfuryl alcohol C5H6O2  3.42 0.67 0.47 0.76 Alcohol  
20 Methyl acetoacetate C5H8O3  3.61 5.02 2.28 3.05 Ketone  
21 2-Methyl-2-cyclopentenone C6H8O  4.32 1.12 0.45 0.51 Ketone  
22 2-Acetylfuran C6H6O2  4.41 1.75 0.62 0.73 Furfuran  
23 5-Methyl-2-furfural C6H6O2  5.52 1.09 n/a 0.31 Furan  
24 3-Methyl-2-cyclopentenone C6H8O  5.57 0.65 n/a 0.4 Ketone  
25 Phenol C6H6O  5.94 9.5 16.68 18.23 Phenol  
26 Cyclohexane C6H12  6.37 0.26 n/a n/a Alkane  
27 2-Cyclopentenone, 2-hydroxy-3-methyl C6H8O2  7.04 0.52 0.35 0.45 Ketone  
28 2,3-Dimethyl-2-cyclopentenone C7H10O  7.35 0.38 n/a n/a Ketone  
29 Phenol, 2-methyl-o-cresol CH3C6H4OH  7.83 0.64 0.48 0.93 Phenol  
30 Phenol, 4-methyl-p-cresol C7H8O  8.42 1.62 0.67 1.54 Phenol  
31 Phenol, 2-methoxy-guaiacol C7H8O2  8.75 2.68 1.81 1.27 Phenol  
32 Phenol, 3-ethyl-m-ethylphenol C8H10O  10.93 1.09 n/a 0.64 Phenol  
33 2-Methoxy-4-methylphenol C8H10O2  11.52 0.59 0.39 n/a Phenol  
34 1,2-Benzenediol-pyrocatechol C6H6O2  11.6 n/a 0.75 1.12 Benzene  
35 2-Propenoic acid, 2-methyl-ethyl ester C11H18O4  12 n/a 0.18 0.3 Acid  
36 Phenol, 4-ethyl-2-methoxy-p-ethylguaiacol C9H12O2  13.32 0.83 0.4 n/a Phenol  
37 2,6-Dimethoxyphenol C8H10O3  14.62 n/a 0.94 0.71 Phenol  
38 1,2,4-Trimethoxybenzene C9H12O3  16.13 n/a 0.24 n/a Benzene  
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3.3. Kinetic modeling of purun tikus pyrolysis under different temperature 

A detailed kinetics study is needed to examine the characteristics of 
purun tikus pyrolysis under different operating temperatures. A reaction 
model was proposed based on the product yields obtained in this study. 
The solid-phase was directly transformed into the liquid phase (ksbo), 
while others were converted into the gaseous phase (ksg). In the mean
time, the liquid phase could also be decomposed to produce gas (kbog). 

The kinetic parameters were calculated by the reaction network to 
match the experimental data and the model measurement. It is possible 
to express the change in each product yield as follows: 

dY(s)
dt

= −
(
ksbo + ksg

)
Y(s) (1)  

dY(bo)
dt

= ksboY(s) − kbogY(bo) (2)  

dY(g)
dt

= ksgY(s) + kbogY(bo) (3)  

where k, t, and Y(X) is reaction rate constant [s− 1], reaction time [h], 
and the yield of product, respectively. The subscript sbo, sg, and bog 
indicated the reaction direction for solid to bio-oil, solid to gas, and bio- 
oil to gas, respectively. 

Non-linear regression with the least-squares-error (LSE) method (i.e., 
a common technique in regression analysis to compare experimental and 
calculation data to find the best fit between them) was used to determine 
reaction rate constants. Fig. 4 shows the curve fitting between experi
mental and calculation data. Meanwhile, the reaction rate constants 
were tabulated in Table 2. For each product yield, the parity plot is 

shown in Fig. 5(a). There is a strong agreement between the calculation 
and the experimental data. 

To determine the activation energy and pre-exponential factor, the 
Arrhenius equation (Eq. (4)) was employed. 

k = Ae
− Ea
(RT) (4)  

where A (pre-exponential factor, [s− 1]), Ea (activation energy, [kJ 
mol− 1]), T (reaction temperature [K]), R (constant of universal gas, 
[8.314 J/mol K]). As illustrated in Fig. 5(b), a straight line was observed 
between the rate constant (lnk) logarithm and the temperature inverse 
(1/T) logarithm from which the activation energy and pre-exponential 
factor could be calculated. The activation energies and pre- 
exponential factors are also presented in Table 2. The activation en
ergy values between 12.65 and 39.18 kJ mol− 1 were determined for 
purun tikus pyrolysis. The activation energy values obtained in this 
study was lower than those of previous works using greenhouse waste 
(67 to 74 kJ mol− 1), algal and lignocellulosic biomass (125 and 113 kJ 
mol− 1), corn stalk (147 to 473 kJ mol− 1), and miscanthus (129 to 156 kJ 
mol− 1) (Cortés and Bridgwater, 2015; Leng et al., 2020; Merdun and 
Laougé, 2021; Vasudev et al., 2019). It is probably due to the chemical 
composition of each feedstock. 

4. Conclusion 

Purun tikus was used as a feedstock for pyrolysis to produce bio-oil, 
bio-char, dan gaseous for the first time. The bio-oil yield (31%) was 
obtained at 500 ◦C and 0.6 mm of particle size. The bio-oil yield was 
affected by particle size distribution. The bio-oil product was mainly 
composed of acetic acid, hydroxy acetone, phenol, and furfural. The 

Fig. 4. Effect of reaction temperature and reaction time on the behavior of purun tikus pyrolysis at (a) 300 ◦C, (b) 400 ◦C, and (c) 500 ◦C.  
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highest bio-char yield of 62% was obtained at 300 ◦C. The kinetic model 
developed was found to fit well with the experimental results. The 
activation energies were determined between 12.65 and 39.18 kJ mol− 1. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biteb.2021.100642. 
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