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A B S T R A C T   

Biomass-derived energy is gaining more attention due to environmental issues and increasing energy demand. To 
ensure the sustainability of fossil energy substitution using biomass, diversification of sources, including marine 
organisms, is vital. Among various types of marine biomass discussed in the literature, the utilization of green 
algae Ulva lactuca for energy generation is still rare globally. Therefore, this study aims to investigate the po-
tential of green fuel (syngas and hydrochar) production from U. lactuca (Chlorophyta) via sub-critical water 
gasification (SbWG). The experiments were conducted using a batch reactor at varying temperatures (300, 350, 
and 400 ◦C), reaction times (30, 60, and 90 min), and feedstock concentrations (1 and 5 wt%). The effect of 
temperature on gas composition was examined in detail. The results revealed that increasing temperature from 
300 to 400 ◦C leads to an increase in the H2 content significantly from 2.21 % to 8.09 % within 90 min. However, 
increasing feedstock concentration from 1 to 5 wt% reduces the H2 fraction due to suppression of the steam 
reforming and water-gas shift reactions. Based on the ultimate analysis, the high severity of operating conditions 
leads to lower O/C and H/C atomic ratios owing to dehydration and decarboxylation reactions. It was confirmed 
by scanning electron microscope (SEM) analysis that more void structures existed in hydrochar than the algal 
feedstock. The SbWG process at varying temperatures and times can increase the energy contents of U. lactuca by 
over 47 %. Intriguingly, hydrochar obtained at 400 ◦C exhibited higher HHVs (i.e., 21.75–22.93 MJ kg− 1) than 
typical low-ranked coals, making hydrochar more potential to be used as solid fuels. Finally, a reaction model 
was deduced, and the decomposition of U. lactuca was confirmed to follow the Arrhenius behavior.   

1. Introduction 

Fossil fuel-derived energy is currently being used as the most viable 
transportation fuel worldwide [1]. Nevertheless, the prolonged and 

massive consumption of fossil fuels contributes to the declining energy 
source and causes severe environmental problems due to the emission of 
harmful pollutants, leading to global warming [2]. Needless to say, 
fossil-derived energy is deemed non-renewable and unstainable, 
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triggering enormous research efforts to find alternatively environmen-
tally benign energy sources. This mitigation would also play a role in 
minimizing carbon emission and greenhouse gases (GHGs). One of the 
most promising and environmentally friendly alternative energy sources 
is biomass since it is globally available and considered utterly 
non‑carbon benefits. It is because the released CO2 to the environment 
when biomass is converted into energy is captured during biomass 
production through photosynthesis [3]. 

In biomass energy, diversification is vital to ensure sustainability, 
especially in addressing the land-use change issue to supply biomass [4]. 
Hence, marine resources, namely algal biomass (micro and macro) 
termed as the third generation of biomass, is expected to play an 
essential role in harvesting the energy since they have high organic 
content, rapid growth rate, and do not require arable land, and do not 
compete with agricultural crops over fresh water [5,6]. Microalgae with 
their high lipid content have been widely discussed in various research 
as raw materials for bioenergy production [7]. On the contrary, the 
studies on macroalgae, popularly known as seaweed as an energy 
resource, have not received much attention, although it is found abun-
dantly [5,8]. 

Since severe problems in the aquatic environment by reducing the 
oxygen content in water, the excessive growth of macroalgae has been a 
worldwide concern for the freshwater and coastal regions [9,10]. 
Among several species of algae, sea lettuce, Sargassum, and water hy-
acinth have been reported to generate bloom causing eutrophication 
with the most common sea lettuce (U. lactuca) as a green seaweed 
[11–14]. To address this issue, the valorization of U. lactuca to alter-
native energy would enable us to answer the shortcomings caused by the 
marine pollution problem as well as environmental pollutions due to 
fossil fuel combustion. 

Numerous biological and thermochemical techniques are developed 
to produce renewable energy from biomass. A biological approach 
including anaerobic digestion and alcoholic fermentation to convert 
biomass into energy is considered less energy-intensive than the ther-
mochemical route [6]. Nevertheless, the biological conversion has sig-
nificant drawbacks of long processing time, low tolerance to heavy 
metals, the stringent requirement of temperature and pH, and low 
conversion technology [15,16]. Hence, thermochemical methods, such 
as torrefaction, combustion, pyrolysis, gasification, hydrothermal pro-
cess, are considered as suitable techniques for biomass conversion into 
energy due to their efficiency and simplicity, and well-understood 
operation [17–19]. However, one of the challenges in the valorization 
of macroalgae is the natural water content and the associated need for 
drying the biomass prior to thermal conversion. Hence, one of the most 
promising techniques to convert wet biomass is hydrothermal process-
ing, including hydrothermal liquefaction, carbonization, and gasifica-
tion owing to the reduction of energy-intensive drying steps, resulting in 
saving cost and energy [20]. 

Very few studies have reported biofuel production potential from 
Ulva sp. using hydrothermal processes, including hydrothermal 
carbonization and hydrothermal liquefaction [10,21–24]. Yan et al. [21] 
have reported the hydrothermal liquefaction of U. prolifera in the pres-
ence of a base catalyst at varying temperatures (270–310 ◦C) and re-
action time (10–30 min). They found that the bio-crude oil as much as 
12.0 wt% and 26.7 wt% was achieved at non-catalytic and KOH- 
catalyzed liquefaction, respectively. Furthermore, Ma et al. [23] 
showed that the hydrothermal liquefaction of U. prolifera over a zeolites- 
based catalyst at 280 ◦C increased the bio-crude oil yield by over 44 %. 
Xu et al. [22] also conducted the catalytic behavior of hydrothermal 
liquefaction of U. prolifera at different temperatures (260–300 ◦C) and 
time (15–45 min). Their result revealed that the highest bio-crude oil 
yield of 35.1 wt% was obtained over the metal MgO catalyst. Moreover, 
Steinbruch et al. [24] investigated the production of monosaccharides, 
polyhydroxyalkanoates (PHA), and hydrochar from the hydrothermal 
processing of Ulva sp. Further, Shrestha et al. [10] reported the hydro-
char production through hydrothermal carbonization of U. lactuca at 

operating temperature and time of 150–220 ◦C and 30–120 min, 
respectively. They found that the HHV of hydrochar obtained from hy-
drothermal carbonization of U. lactuca is in the range of 13.4–20.2 MJ 
kg− 1. 

Previous studies give insights that bio-crude oil and hydrochar can be 
produced from Ulva sp. through hydrothermal liquefaction and hydro-
thermal carbonization. However, the previous works focused on liquid 
(bio-crude oil) and solid (hydrochar) products. It should be noted that 
U. prolifera is the most used green algae for biofuel production in the 
previous works. The valorization of U. lactuca for biofuels is still rarely 
investigated. Furthermore, there are no reports on the simultaneous 
production of syngas and hydrochar from U. lactuca via sub-critical 
water gasification (SbWG) to the best of our knowledge. The SbWG 
process effectively dissolves and converts biomass into the desired 
product by modifying its operating parameters, typically at a tempera-
ture range of 150 to 374 ◦C under sufficient pressure to keep water in the 
liquid state [25–27]. Bio-syngas is fuel gas derived from biomass con-
sisting of a mixture of hydrogen (H2), carbon monoxide (CO), and very 
often some carbon dioxide (CO2). Hydrogen is not just attractive as 
green energy but also an essential gas for various chemical industries 
[6]. On the other hand, hydrochar is a carbon-rich solid with charac-
teristics that allow it to be applied for various purposes such as energy 
storage and solid-combustion fuel [28]. To design the efficient and 
effective use of U. lactuca for syngas and hydrochar production using the 
SbWG method, comprehensive studies are necessary. Thus, this work 
discusses the effect of temperature, holding time, and feedstock con-
centration on product distribution, kinetic model, and characteristics of 
syngas and hydrochar products from U. lactuca under sub-critical water 
conditions in detail. 

2. Materials and methods 

2.1. Feedstock preparation and analysis 

The feedstock of U. lactuca was collected from Ekas beach, Lombok 
Island, Indonesia. The fresh macroalgal feedstock was initially cleaned 
with tap water to remove the sand and debris, then rinsed with distilled 
water. Afterward, the macroalgal sample was dried using an oven at 
50 ◦C for 3 h. The dried sample was then ground using a coffee bean 
grinder and subsequently sieved to achieve a uniform particle size of 
0.25 mm. Please note that the drying process of the sample in this study 
was conducted to ensure the precise concentration of feedstock. For the 
implementation stage of this technology, the drying process can be 
eliminated by adjusting the water content of the feedstock. 

Proximate analysis of feedstock was conducted using a thermogra-
vimetric analyzer TGA 4000 (Perkin Elmer, United States) following the 
ASTM E1131-08. The moisture content was determined from the weight 
loss of the sample after being heated at 110 ◦C in an inert atmosphere 
with pure N2. The volatile matter was measured from the weight loss of 
the sample at 900 ◦C. Meanwhile, the ash content was determined by 
switching the N2 to air and keeping isothermally at 900 ◦C for 45 min. 
The fixed carbon (FC) value was determined using the following 
formula: 

FC (wt%) = 100–(volatile matter wt%+moisture wt%+ ash wt%)

The higher heating value (HHV) of the feedstock was calculated 
using a bomb calorimeter (Parr 6200 Isoperibol) according to ASTM D 
5865–04. Furthermore, the ultimate analysis of carbon (C), hydrogen 
(H), and nitrogen (N) was determined using a CHN628 analyzer (Leco). 
Meanwhile, the sulfur (S) analysis was carried out using the CHN632 
analyzer (Leco). The oxygen (O) content was calculated using a formula 
as follows: 

Oxygen (%) = 100–(%C+%H+%N+%S)

All the analysis was conducted at least three times to obtain repro-
ducible data. The proximate and ultimate analysis of Ulva sp. is 

O. Farobie et al.                                                                                                                                                                                                                                 



Algal Research 67 (2022) 102834

3

summarized in Table S1. 

2.2. Sub-critical water gasification of U. lactuca 

The sub-critical water gasification of the Ulva sp. was carried out 
using a 500 mL Parr reactor (Model 4575, Parr Instrument Co.) with a 
batch mode schematically illustrated in Fig. 1. The temperature profile 
of this reactor for the operating condition of SbWG of U. lactuca is 
provided in Fig. S1. The reactor was equipped with a block element 
electric heater, a removable vessel, a magnetic drive agitator, a tem-
perature controller Autronics TZN4s, and a data logger. The reactor was 
designed for an operating temperature of 500 ◦C and a pressure of 34.5 
MPa. 

The desired amount of dried sample (1 and 5 wt%) was added to the 
reactor. Afterward, the reactor was sealed and purged with pure N2 gas 
to remove air. The SbWG process was conducted at several temperatures 
(300, 350, and 400 ◦C) and holding times (30, 60, and 90 min). The 
reactor's pressure was set at 8 MPa under a nitrogen atmosphere, and the 
suspension was stirred at 100 rpm. The reactor was cooled rapidly using 
a cooling water chamber after completing the SbWG reaction. After that, 
the gas product was carefully collected, and the yield was calculated 
based on the reactor pressure using the ideal gas equation. In the 
meantime, the reaction mixture was then filtered by vacuum filtration, 
and the solid residue (hydrochar) was dried in the oven at 60 ◦C for 24 h. 
The product yields were calculated by gravimetry and based on the 
initial mass feedstock. All experiments were conducted in duplicate. 

2.3. Characterization of syngas and bio-char 

The gaseous products from SbWG of Ulva sp. were analyzed using 
two gas chromatographs (GC Shimadzu 8A, Japan). One is equipped 
with a thermal conductivity detector (TCD), a Shincarbon ST 50/80 
mesh column, and He as the carrier gas to analyze H2 CH4, CO2, and CO. 
Meanwhile, another GC is equipped with a flame ionization detector 
(FID), a Porapak Q column, and He as the carrier gas to analyze C2H4 
and C2H6. The temperature inside the column was isothermally set at 
50 ◦C. Meanwhile, the injector and detector temperatures were both set 
at 100 ◦C. 

The elemental composition of hydrochar was characterized using an 
elemental (C, H, N, S) analyzer with the same methods used for the 
feedstock. Meanwhile, Hydrochar was analyzed using an infrared 
spectrometer Spectrum Two Universal ATR–FT-IR (Perkin Elmer, United 

States) at 400–4000 cm− 1 wavelength to evaluate the appearance of 
functional groups in the hydrochar. The hydrochar morphology was also 
examined by Scanning Electron Microscope (Hitachi, SU 3500). 

Fig. 1. A schematical diagram of the experimental apparatus.  
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Fig. 2. Effect of temperature and time on product distributions of U. lactuca via 
sub-critical water gasification at feedstock concentration (a) 1 wt% and (b) 5 
wt%. 
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3. Results and discussion 

3.1. Effect of temperature on product distribution 

The effect of temperature on the product distribution of SbWG of 
U. lactuca is presented in Fig. 2. At a dilute feedstock concentration (1 wt 
%), the gas yields significantly increased with temperature and reaction 
time. The gas yields increased from 3.42 % to 15.20 % when the re-
actions occurred from 300 to 400 ◦C at 30 min. The yields were higher 
when the reactions were performed at 60 min, increasing from 10.24 % 
to 23.39 %. Meanwhile, when the reaction time was further prolonged to 
90 min, a substantial increase in gas yield was observed from 15.60 % to 
31.10 %, increasing operating temperature from 300 ◦C to 400 ◦C. It can 
be explained due to the more significant breakdown of low molecular 
weight compounds in the liquid phase into non-condensable gas 
occurring at higher temperatures and longer reaction times. 

The linear trend of temperature and gas yield has been linked to the 
rapidly changing water properties with temperature. In the vicinity of a 
critical point of water (374 ◦C), the physical properties of water, i.e., 
viscosity, density, and dielectric constant, change dramatically. Hence, 
it enables water to act like a non-polar solvent, resulting in miscibility 
with gases. The higher amount of gas produced at high temperature 
during the hydrothermal process of biomass has been observed by other 
researchers [21,29,30]. 

In contrast with the gas trend, the yield of hydrochar decreased with 
reaction temperature and time. This result should be attributed to; (1) 
more significant primary decomposition of macroalgal biomass (carbo-
hydrates, lipids, and proteins) at higher temperatures and longer reac-
tion times to generate liquid and gas products [31], and (2) secondary 
decomposition of hydrochar during the carbonization process under 
severe conditions [32]. At 400 ◦C, the hydrochar yield dramatically 
decreased, which may be due to the degradation of macromolecules in 
macroalgae into liquid and gaseous phase products instead of retaining 
in the solid phase. 

It is also clearly noticeable that the liquid yield increased with pro-
longed reaction time from 30 to 60 min, but it then slightly decreased 
once the reaction time was prolonged further to 90 min at 300 and 
350 ◦C. The increase in liquid yield when prolonging the reaction time 
from 30 to 60 min could be attributed to an increase in the primary 
decomposition reactions of the algal biomass, such as thermal cracking 
and dehydration. Meanwhile, the decrease in liquid yield as the reaction 
time was further prolonged to 90 min could be due to the secondary 
decomposition of the products, enhancing gas products such as CH4, H2, 
and CO2. At 400 ◦C, the liquid yield relatively decreased with a longer 
reaction time. It is supported by the fact that the gas yield observed at 
400 ◦C was significantly higher than those at 300 ◦C and 350 ◦C. The 
increasing temperature should improve the decomposition of organic 
compounds, especially the possible in situ catalytic by the alkali as well 

as alkaline earth metal contained in U. lactuca. In the previous experi-
ments, macroalgae have been reported to contain a high amount of al-
kali and alkaline earth metals such as Ca and Na. These metals were 
responsible for enhancing carbonaceous materials degradation and char 
reforming during gasification to generate gas products [33–35]. In our 
study, the high ash content of U. lactuca was found as presented in the 
proximate and ultimate analysis of feedstock (see Table S1). 

20 μm

Fig. 3. Scanning electron microscope–energy dispersive X-ray (SEM–EDX) analysis of the dried biomass of U. lactuca.  
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Furthermore, it was supported by the SEM-EDX analysis, which 
exhibited the high contents of alkali and alkaline earth metal species, 
especially Ca (90.13 wt%), Mg (8.51 wt%), and Na (1.05 wt%) (Fig. 3). 

At the feedstock concentration of 5 wt%, the product distribution 
trend is similar to 1 wt%. However, the hydrochar yield was signifi-
cantly higher than that obtained at 1 wt%. It could be because the 
increased feedstock concentration from 1 to 5 wt% could reduce the 
possibility of thermal decomposition of macroalgal biomass, resulting in 
high hydrochar yield. This result is following the former research of 
Arun et al. [36], who reported that a high concentration of feedstock 
during the hydrothermal process leads to solid residue formation due to 
incomplete degradation. Another possibility is due to char formation, 
whose reaction is enhanced for higher concentration, and thus the liquid 
product is consumed more for char production and thus gasification is 
suppressed. 

3.2. Effect of temperature on gas composition 

GC/MS analysis was conducted to determine the composition of bio- 
oil where the peak area percentage of the detected compounds is related 
to the response factor. 

The effect of temperature on gas composition is shown in Fig. 4. As 
can be seen, the gaseous products from SbWG of U. lactuca mainly 
consist of CO2 and low content of CH4 and H2. At a feedstock concen-
tration of 1 wt%, the high reaction temperature and long reaction time 
had a positive trend on H2 production. The H2 content increased 2.4-fold 
when the reaction temperature was increased from 300 to 400 ◦C at 30 
min. The increase of H2 production was observed when the reaction time 
was extended to 60 min, yielding H2 production to increase 3.8-time. 
However, prolonging a reaction at 90 min did not significantly 
enhance the H2 production, i.e., 3.7-folds, compared with that at 60 min. 
Even though the maximum H2 yield increased about 2.21 to 8.09 % as 
the operating temperature increased from 300 to 400 ◦C. It should be 
noted that the significant effect of operating conditions (temperature 
and time) on the yield of H2 during biomass gasification was also 
mentioned in the literatures [37–39]. 

The higher H2 fraction with increasing the operating temperature 
and time might be due to the thermal decomposition of intermediates, as 
proposed by Acelas et al. [40]. It could also be attributed to the nature of 
the biomass gasification process, which undergoes the steam reforming 
reaction and water-gas shift reaction as depicted in Eqs. (1) and (2), 
respectively. Since the steam reforming reaction is endothermic, it is 
enhanced with high temperature, enabling to increase in the H2 fraction 
[41]. Water-gas shift reaction is also promoted at the higher 

temperature, increasing H2 content [42]. Apart from that, H2 is mainly 
generated via free-radical reaction. Below the critical point of water, the 
ionic reaction is more dominant, and the aqueous phase is favourable to 
undergo the free-radical gas reaction above the critical point of water 
[43]. 

CHxOy+(1–y) H2O→CO+(1–y+ x/2) H2 (1)  

CO+H2O ↔ CO2+H2 (2) 

It is worth noting that no CH4 is observed at low temperatures of 300 
and 350 ◦C, but CH4 production was enhanced in supercritical condi-
tions (400 ◦C). It could be attributed to the methanation reaction (see Eq. 
(3)) being promoted when the H2 is sufficient in the system. It is plau-
sible to occur because the high H2 fraction was found at 400 ◦C, leading 
to the CH4 production at this state. 

CO+ 3H2 ↔ CH4+H2O (3) 

At feedstock concentration of 5 wt%, the trend of gas composition 
was utterly different from that at 1 wt%. As clearly observed in Fig. 4, 
the H2 fraction was significantly lower than obtained at 1 wt%. It can be 
explained that at low feedstock concentration (1 wt%), the surplus water 
can shift the steam reforming and water-gas shift reaction forward, 
leading to increase H2 yield [6,39]. On the other hand, at high feedstock 
concentration (5 wt%), water deficiency can reduce the steam reforming 
and water-gas shift reactions, potentially reducing H2 yields. The results 
of this finding follow the previous studies [44,45]. Graz et al. [44] re-
ported that when the Ulva sp. concentration was increased from 7 to 
16.4 wt%, H2 yields sharply decreased from 2.7 to 1.8 mol/kg. 
Furthermore, Norouzi et al. [45] explored the effect of feedstock con-
centration on SCWG of E. intestinalis macroalgae. They observed that 
when the concentration of E. intestinalis was increased from 1 wt% to 2 
wt%, the H2 yield reduced significantly from 4.07 to 2.55 mol H2/kg 
algae. Overall, the results emphasized that increased macroalgal loading 
could reduce the H2 yields due to the suppressed steam reforming and 
water-gas shift reactions. 

In general, the overall biomass gasification reaction is performed 
following Eq. (4), where a represents the molar ratio of H/C and b 
corresponds to the molar ratio of O/C. Based on this reaction, the main 
products from sub- and supercritical water gasification of biomass are 
CO2 and H2. The finding of this study is in accordance with this overall 
reaction. The low amount of CH4 was observed in this study from the 
intermediate reaction of methanation, as depicted above. It is worth-
while to mention that no CO was found in this study, which might be 
because CO was consumed through the water-gas shift reaction (Eq. (2)) 

Table 1 
Ultimate and heating values of hydrochar from sub-critical water gasification of U. lactuca.  

Feedstock loading Temperature [◦C] Holding time [min] Ultimate analysis (wt%) HHV (MJ kg− 1) 

% C % H % N % S % O  

Feedstock (U. lactuca) 39.10 ± 0.05 6.20 ± 0.05 4.46 ± 0.02 7.28 ± 0.03 42.96 ± 0.05 12.04 ± 0.03 
1 wt% 300 30 45.57 ± 0.50 4.74 ± 0.08 1.88 ± 0.02 6.45 ± 0.06 41.35 ± 0.54 19.03 ± 0.02 

60 47.19 ± 0.07 4.65 ± 0.04 2.00 ± 0.02 6.58 ± 0.05 39.59 ± 0.03 20.20 ± 0.02 
90 47.63 ± 0.21 4.55 ± 0.04 2.24 ± 0.01 6.81 ± 0.04 38.97 ± 0.29 20.31 ± 0.03 

350 30 48.06 ± 0.17 4.63 ± 0.09 1.77 ± 0.06 6.74 ± 0.04 38.80 ± 0.37 19.29 ± 0.02 
60 49.07 ± 0.07 4.19 ± 0.05 2.07 ± 0.05 7.15 ± 0.04 37.52 ± 0.21 20.41 ± 0.02 
90 49.12 ± 0.05 3.81 ± 0.05 2.11 ± 0.03 6.60 ± 0.13 38.36 ± 0.06 21.32 ± 0.04 

400 30 51.46 ± 0.11 3.71 ± 0.06 2.15 ± 0.09 7.85 ± 0.06 34.83 ± 0.21 21.75 ± 0.03 
60 51.50 ± 0.06 3.64 ± 0.06 2.28 ± 0.01 8.17 ± 0.06 34.41 ± 0.16 22.09 ± 0.04 
90 53.15 ± 0.11 3.15 ± 0.10 2.17 ± 0.04 7.56 ± 0.04 33.98 ± 0.08 22.32 ± 0.03 

5 wt% 300 30 51.87 ± 0.06 3.95 ± 0.02 1.96 ± 0.04 6.85 ± 0.07 35.37 ± 0.19 19.61 ± 0.04 
60 52.51 ± 0.73 3.31 ± 0.08 1.96 ± 0.01 6.92 ± 0.01 35.30 ± 0.82 20.85 ± 0.04 
90 53.19 ± 0.10 2.89 ± 0.04 1.98 ± 0.01 8.94 ± 0.04 33.00 ± 0.09 21.30 ± 0.02 

350 30 54.67 ± 0.16 3.19 ± 0.04 2.15 ± 0.04 7.43 ± 0.07 32.56 ± 0.17 19.69 ± 0.02 
60 54.87 ± 0.11 3.08 ± 0.05 2.17 ± 0.02 7.29 ± 0.04 32.60 ± 0.12 21.11 ± 0.02 
90 55.17 ± 0.84 2.8 ± 0.05 2.29 ± 0.04 7.98 ± 0.02 31.77 ± 0.78 21.32 ± 0.04 

400 30 56.70 ± 0.09 3.11 ± 0.06 2.40 ± 0.03 7.70 ± 0.05 30.09 ± 0.11 21.75 ± 0.03 
60 56.81 ± 0.04 3.06 ± 0.04 2.14 ± 0.01 10.20 ± 0.05 27.69 ± 0.04 22.84 ± 0.02 
90 56.94 ± 0.06 3.01 ± 0.08 2.31 ± 0.03 9.04 ± 0.04 28.70 ± 0.03 22.93 ± 0.02  
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and methanation reaction (Eq. (3)). 

CHaOb+(2–b) H2O→CO2+(2–b+ a/2) H2 (4)  

3.3. Characteristics of hydrochar 

Hydrochar obtained from SbWG of U. lactuca was analyzed in terms 
of ultimate and heating values, the functional group using FTIR, and 
morphology using SEM to better understand its behavior during the 
gasification process. 

3.3.1. Ultimate and heating values 
The results of ultimate analysis and heating values measurement of 

hydrochar derived from SbWG of Ulva sp. at 300, 350, and 400 ◦C are 
presented in Table 1. Please note that feedstock's elemental composition 
and heating values are also presented for comparison purposes. The 
SbWG process altered the elemental composition of the hydrochar at 
varying temperatures and times. In general, hydrochar has high C con-
tent (45.57–56.94 %), low H content (3.01–4.74 %), and moderate O 
content (27.69–41.35 %). Compared with the C content of the macro-
algal feedstock (39.10 %), the C content of hydrochar increased with 
increasing temperature, time, and feedstock concentration, confirming 
an increase in their energy density. The highest C content (56.94 %) was 
achieved from the SbWG reaction at 400 ◦C, 90 min, and 5 wt% feed-
stock concentration, whereas the lowest C content (45.57 %) was ob-
tained at 300 ◦C, 30 min, and 1 wt% feedstock concentration. The 
increasing C content of hydrochar with increasing temperature and time 
has been linked to the condensation and aromatization taking place in 
subcritical water [10,29,31]. On the other hand, the hydrochar's H and 
O contents decreased with temperature and time due to demethanation, 
dehydration, and decarboxylation reactions, which were enhanced with 
the increasing temperature. [46] The low hydrogen content of hydro-
char was also possibly due to the aromatization and formation of 
hydrogen gas (H2). It should be noted that the nitrogen content of 
hydrochar derived from SbWG of macroalgae decreased with increasing 
temperatures. It may be because nitrogen is released in the gas phase 
when the temperature increases. 

Furthermore, the hydrochar produced from the SbWG process con-
tained higher energy (19.03–22.93 MJ kg− 1) than U. lactuca (12.04 MJ 
kg− 1). The lowest HHV (19.03 MJ kg− 1) was obtained from the reaction 
at 300 ◦C, 30 min, and 1 wt% feedstock concentration, whereas the 
highest HHV (22.93 MJ kg− 1) was produced from the reaction at 400 ◦C, 
90 min, and 5 wt% feedstock concentration. It is intriguing to mention 
that the HHVs of hydrochar obtained from the reaction at 400 ◦C and 5 
wt% feedstock concentration (21.75–22.93 MJ kg− 1) are comparable 

with those of the low-ranked coals. According to Luo and Tao [47], low- 
ranked coals typically have the HHV of 15 MJ kg− 1, but the values vary 
in the range of 12–25 MJ kg− 1. The high carbon content and calorific 
values of hydrochar indicated that macroalgal hydrochar could be used 
as solid fuel. 

Besides HHV, the O/C and H/C atomic ratios are also considered in 
this study to investigate the characteristics of biomass for energy 
application. Fig. 5 shows the interpretation of O/C and H/C atomic ra-
tios from the SbWG of U. lactuca by the van Krevelen diagram. Notably, 
hydrochar has lower O/C and H/C atomic ratios than the feedstock. 
Furthermore, high temperature and long reaction time lead to lower O/ 
C and H/C atomic ratios of the solid product. The feedstock's O/C and H/ 
C atomic ratios are 0.82 and 1.90, respectively. Meanwhile, the hydro-
char obtained from the reaction of 1 wt% of feedstock had the O/C 
atomic ratios of 0.61–0.68; 0.59–0.61; and 0.48–0.51, respectively. The 
results confirmed that decarboxylation and cleavage of ether and ester 
bonds of organic components of the feedstock through hydrolysis were 
enhanced with the high temperature. The H/C atomic ratios of hydro-
char also sharply decreased in the range of 1.15–1.25; 0.93–1.16; and 
0.71–0.86 as an increase in temperatures of 300, 350, and 400 ◦C, 
respectively, indicating that the removal of hydroxyl groups through 
dehydration occurred throughout the subcritical water process. It is 
worthwhile noting that the O/C and H/C atomic ratios at feedstock 
concentration of 5 wt% were relatively lower than those obtained from 
the reaction of 1 wt% feedstock. One plausible reason is the carbon-
ization reaction that leads to high C content remaining in hydrochar. In 
summary, the low O/C and H/C atomic ratios of hydrochar indicated its 
high carbon stability and high aromatic derivatives, as presumed by 
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Fig. 5. Van Krevelen diagram of the hydrochar from sub-critical water gasifi-
cation of U. lactuca. 
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Gasco et al. [48]. 

3.3.2. FTIR spectra 
The typical FTIR spectra of hydrochar produced through SbWG of 

U. lactuca are shown in Fig. 6. Meanwhile, the details of the typical band 
assignment of hydrochar at different temperatures are presented in 
Table S2. The FTIR spectra of hydrochar exhibited no broadband 
observed at 3000–3500 cm− 1 representing the O–H stretching vibra-
tion, confirming that the SbWG process promotes the dehydration 
reaction. 

At 1 wt% feedstock concentration, the bands between 2851 and 
2921 cm− 1 are observed, associated with the aliphatic C − H stretching 
and deforming vibrations. However, the peak intensity exhibited 
reduction with the increased temperature from 300 to 400 ◦C, which 
indicated that the decomposition of C–H alkyl groups is favourable at 
high temperatures. Interestingly, the absorbance peak around 1700 
cm− 1, which is attributed to C––O, was absent in the FTIR spectra of 
hydrochar. It could be due to the deformation of C––O of the organic 
substances of feedstock during the SbWG process [49]. Meanwhile, the 
bands observed at 1436–1477 cm− 1 correspond to the aliphatic C–H 
bending, which could be linked to the C–H vibration [50]. The strong 
peaks observed at 995–1009 cm− 1 are associated with the stretching 
vibrations from the aromatic C–H group, confirming that hydrochar 
contains aromatic compounds. Furthermore, the weak bands at 
593–806 cm− 1 appeared, closely linked to the existence of polycyclic 
aromatic hydrocarbons (PAHs), as reported in the previous study [51]. 

The FTIR spectra of hydrochar produced from the SbWG reaction of 
5 wt% feedstock concentration (see Fig. 6b) are almost the same as at 1 
wt%. The significant difference is only observed at the broadband at 
1008 to 1261 cm− 1, which was split into several bands. It could be due to 
the deformation of the C–O bonds of polysaccharides and aromatic 
chars, as reported by Liu et al. [52]. Increasing temperature weakened 
the band at 1008 cm− 1, probably due to the degradation of organic 

materials such as a polysaccharide. Overall, the FTIR spectra of hydro-
char from the SbWG of U. lactuca show the existence of aromatic com-
pounds. The FTIR spectra correspond to the result of ultimate analysis 
confirming the high carbon content in hydrochar. 

3.3.3. Surface morphology 
The surface morphology of macroalgal feedstock and its hydrochar 

was compared using SEM to observe the morphological changes during 
the SbWG process. A comparison of the SEM photographs for U. lactuca 
and its hydrochar at different temperatures is presented in Fig. 7. It 
should be noted that the reaction time of 60 min was selected in this 
study to compare the morphological structure of macroalgal feedstock 
and its hydrochar. 

As clearly shown in this figure, the morphology of macroalgal 
feedstock exhibited different characteristics from its hydrochar. The 
SbWG process could deform the surface of macroalgal feedstock even 
with some cracks, resulting in a smaller size of hydrochar than the 
macroalga feedstock. Furthermore, some voids were also observed in 
macro-pores of hdyrochar, which could be attributed to more volatiles 
released during subcritical water gasification. Nevertheless, increasing 
the temperature from 300 to 400 ◦C could not significantly affect the 
pore size of hydrochar. More voids that appeared in hydrochar than the 
biomass feedstock have been reported in the previous studies 
[34,53,54]. Hence, the exploration of hydrochar-derived macroalgae as 
renewable porous carbon-based materials for the application of catalyst, 
adsorbent, or even energy storage must be intriguing to be done in the 
future. 

3.4. Kinetic modeling of macroalgal degradation 

The kinetics model of macroalgal degradation during the SbWG 
process was determined to quantify the effect of temperature on product 
distribution. The model was assumed following Arun et al. [36] 

(a) (b)

(c) (d)

Fig. 7. SEM images of (a) untreated U. lactuca and hydrochar at (b) 300 ◦C, (c) 350 ◦C, and (d) 400 ◦C.  
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explanation, that a high concentration of feedstock results in incomplete 
degradation. Furthermore, the kinetic model was determined based on 
the solid, liquid, and gas yields, adapted from the previous study of 
Mainil and Matsumura [55], who determined the kinetics during SCWG 
of palm oil mills effluent (POME). The reaction pathways of macroalgal 
decomposition during SbWG are shown in Fig. 8. The U. lactuca feed-
stock (solid) was decomposed into the liquid (k1), whereas some solid 
macroalgae were converted to the gaseous product (k2). In the mean-
time, the liquid product was also changed to produce gas (k3). 

Based on the reaction pathways above, the rate of change in product 
yield can be expressed as follows: 

dY(solid)/dt = − (k1 + k2)Y(solid) (5)  

dY(liquid)/dt = k1Y(solid) − k3Y(liquid) (6)  

dY(gas)/dt = k2Y(solid)+ k3 Y(liquid) (7)  

where t denotes reaction time [s], k is reaction rate constant [s− 1], and Y 
(X) represents the yield of product X [− ]. 

Using the same technique with the previous studies [37,38,56], the 
least-squares-error (LSE) method was employed to determine the reac-
tion rate constants. The results of the fitting curve for feedstock con-
centration of 1 wt% are shown in Fig. 9 (a)–(c). Meanwhile, the fitting 
curve for feedstock concentration of 5 wt% is presented in Fig. S2. As 
depicted by the parity plot (see Fig. 9 (d)), the high r2 (coefficient of 
determination) value was achieved, confirming that the model can 
reproduce the trends of most product yields. 

The reaction rate constants obtained for the reaction pathways of 
U. lactuca decomposition at operating temperatures (300–400 ◦C) are 
shown in Table S3. The correlation of the temperature on the rate con-
stants was determined by the Arrhenius equation (Eq. (8)) to calculate 
the activation energy and pre-exponential factor. 

k = Ae(− Ea/RT) (8)  

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

Fig. 10 shows the Arrhenius plots for the SbWG of U. lactuca. 
Expectedly, the straight line between the logarithm of reaction rate 
constant (ln k) and the inverse temperatures (1/T) was observed, con-
firming that rate constants for the product resulting from SbWG of 
U. lactuca follow the Arrhenius equation. The activation energies and 
pre-exponential factors determined for the SbWG of U. lactuca are 
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Liquid Product

Gas Product
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k2

k3

Fig. 8. Reaction pathways of macroalgal decomposition during sub-critical 
water gasification. 
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presented in Table 2. Overall, the activation energies for SbWG of 
U. lactuca at feedstock concentration of 5 wt% was higher than that at 1 
wt%. It indicates that high energy is needed to decompose the solid 
macroalgae at high concentration instead of low concentration. At a 
feedstock concentration of 1 wt%, the activation energies were calcu-
lated between 14.36 and 34.98 kJ. Pre-exponential factors to convert 
solid to liquid, solid to gas, and liquid to gas products were found to be 
1.14 × 10− 2, 2.28 × 10− 3, and 4.04 × 10− 2 s − 1, respectively. Mean-
while, the reaction with 5 wt% of macroalgal feedstock had activation 
energies between 22.27 and 45.14 kJ mol− 1 with the pre-exponential 
factors of 3.14 × 10− 2, 2.12 × 10− 1, and 4.43 × 10− 2 s − 1 for the con-
version of solid to liquid, solid to gas, and liquid to gas products, 
respectively. 

Furthermore, it is worth noting that at low feedstock concentration, 

the highest activation energy was found to convert liquid to gas (k3). In 
contrast, at high feedstock concentration, the highest value was 
observed to convert solid to gas (k2). It could be attributed to the fact 
that the macromolecule in biomass (carbohydrate, protein, etc.) at low 
feedstock concentration was possibly diluted into the liquid phase. It is 
further decomposed into non-condensable gaseous products. 

4. Conclusion 

In this work, simultaneous production of green fuels (syngas and 
hydrochar) from green algae U. lactuca was performed using non- 
catalytic SbWG. The results revealed that the yield of the gaseous 
product increased while hydrochar yield decreased with high tempera-
ture (300–400 ◦C) and long reaction time (30–90 min). The highest H2 
content was achieved at 400 ◦C, 90 min, and feedstock concentration of 
1 wt%. The SbWG process significantly decreased the macroalgal feed-
stock's O/C and H/C atomic ratios from 0.82 and 1.90 to 0.37–0.68 and 
0.63–1.25, respectively. It confirms that dehydration and decarboxyl-
ation reactions have occurred throughout the SbWG process. The heat-
ing values of macroalgal hydrochar increased with temperature and 
time, with the highest HHVs of 22.93 MJ kg− 1 comparable to the low- 
ranked coals. Based on the SEM analysis, the SbWG process could 
deform the surface of macroalgal feedstock, generating a higher surface 
area in hydrochar. The kinetic model of SbWG of U. lactuca was deter-
mined the activation energies to be around 14.36 to 34.98 kJ mol− 1 and 
22.27 to 45.14 kJ mol− 1 for feedstock concentrations of 1 and 5 wt%, 
respectively. Overall, the finding highlights that the simultaneous pro-
duction of syngas and hydrochar could be attained by SbWG of macro-
algae. However, the optimization to increase H2 yield and process 
evaluation needs to be conducted in the future. 
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Table 2 
Activation energies (Ea) and pre-exponential factors (A) obtained for SbWG of 
U. lactuca (Experimental conditions: 300–400 ◦C and feedstock concentration of 
1 and 5 wt%).  

Kinetic 
parameters 

Feedstock concentration of 1 wt 
% 

Feedstock concentration of 5 wt 
% 

Activation 
energy, Eₐ 
[kJ mol− 1] 

Pre- 
exponential 
factor, A [s − 1] 

Activation 
energy, Eₐ 
[kJ mol− 1] 

Pre- 
exponential 
factor, A [s − 1] 

k1  14.36 1.14 × 10− 2  22.27 3.14 × 10− 2 

k2  29.93 2.28 × 10− 2  45.14 2.12 × 10− 1 

k3  34.98 4.04 × 10− 2  23.79 4.43 × 10− 2  
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2022.102834. 
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