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A B S T R A C T

Hydrothermal liquefaction (HTL) is presented as an eco-friendly method for producing biocrude from algal 
biomass, specifically macroalgae, which are abundant resources but often overlooked for biofuel production. 
This research aimed to create sustainable fuel from macroalgae and explored HTL product yields alongside ul
trasonic and microwave pretreatments. Focusing on the green macroalga Caulerpa sertularioides in a batch 
reactor, the study used response surface methodology to analyze operational parameters like temperature 
(250–350 ◦C), pressure (50–150 bar), and feedstock concentration (3–10 wt%). Optimal conditions were iden
tified at 350 ◦C, 150 bar, and 9.75 wt% feed concentration, achieving a biocrude yield of 22.15 wt%. The 
biocrude showed a high heating value of 39.17 MJ/kg with energy recovery at 73.19 %. Predominantly con
sisting of complex cyclic compounds such as acids and ketones, about 35.79 % of biocrude components have 
boiling points similar to standard diesel oil. However, an upgrading process is necessary due to the high oxygen 
content. Pretreatment using microwave and ultrasonication at 350 ◦C did not enhance biocrude yield.

1. Introduction

An increase in environmental awareness leads to a considerable 
transition in research focus towards the use of more sustainable and 
renewable energy sources. Biomass conversion to biofuels technologies 
have attracted much attention due to their potential to integrate into 
pre-existing infrastructure [1]. Hydrothermal liquefaction (HTL) stands 
out as one of the most effective techniques for biomass processing and 
has emerged as a highly promising technology for future applications. 
HTL converts biomass into four phases, notably solid residue, gas phase 
and aqueous products, and biocrude [2] produced at high temperatures 
(200–500 ◦C) and pressures (5–30 MPa) [3]. The primary product 
derived from HTL is a biocrude oil, which exhibits an energy density 
typically between 30 and 40 MJ/kg [4,5]. One of the primary benefits of 
HTL lies in its ability to process biomass in its high water content state, 
thereby decreasing the substantial energy demands typically associated 
with drying biomass. Therefore, HTL has emerged as a particularly ad
vantageous process for converting biomass with high moisture content, 
including algae [6].

HTL variables include reaction temperature and pressure, solid and 
liquid residence time, feed concentration, presence of a solvent and/or 
catalyst, and heating rate [7]. Temperature stands as a critical opera
tional variable in the HTL process, significantly influencing both the 
yield and the characteristics of the biocrude by changing water prop
erties [8,9]. Typically, a rise in temperature acts as a catalyst for the 
breakdown of organic matter, subsequently improving both the quantity 
and the quality of the products [10]. Elevated temperatures, beyond a 
certain threshold, lead to an increase in the yield of solid and gas phases, 
while concurrently diminishing both the quantity and the quality of the 
biocrude [11]. The optimum temperature of algal HTL is suggested to be 
between 300 and 350 ◦C, which depends on the biochemical component 
of algae [7,12,13]. For instance, Eboibi et al. [14] achieved the highest 
biocrude yield of 58 % and 42 wt% from Tetraselmis sp. and Spirulina sp. 
at 350 ◦C. Their results indicated that the increase in temperature also 
had positive effects on the heating value and the extent of carbon and 
nitrogen recovery. Zhou et al. [15] obtained the highest product yield at 
a temperature of 300 ◦C in which biocrude was produced with a 
maximum yield of 23.4 wt% from Enteromorpha prolifera. Recently, HTL 
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of microalgae grown in wastewater was performed by Arun et al. [16]. 
Results indicated that the highest biocrude yield was 29.37 wt% at 
300 ◦C. Fernandes et al. [17] showed that the maximum biocrude pro
duction of 5.25 wt% is obtained from HTL of the red macroalga Graci
laria corticata at 350 ◦C. The optimum reaction time is significantly 
influenced by the biomass variety and the temperature, with adjust
ments made to optimize biocrude production yields [18,19]. Prolonging 
the reaction time typically increases the conversion of biomass material 
[20]. However, an increase in the conversion rate does not necessarily 
correlate with improved biocrude yields. The determination of an ideal 
reaction time is intricately linked to a range of other factors [8]. Pre
vious studies have indicated that both short and long retention times, 
when coupled with varying reaction temperatures, result in biocrude 
with disparate yields and characteristics [21]. Typically, maximal bio
crude production is achieved when algae are subjected to an optimal 
residence time of 30 min [22–24]. For instance, Li et al. [25] found that 
the highest biocrude yield of 43.8 wt% was produced through HTL of 
Ulva macroalgae in 30 min. The result was similar to the results pre
sented by Liu et al. [24] which a maximum biocrude of 43.6 wt% was 
achieved in HTL of Spirulina microalgae in 30 min. The optimization of 
the ratio of biomass to solvent is crucial in influencing the yield of 
products in the HTL process. Research indicates that the feed concen
tration typically ranges from 10 % to 20 %, with many studies specif
ically identifying 10 wt% as the optimal concentration [22]. For 
instance, the greatest bio-oil yields recorded were 47.5 wt% from Nan
nochloropsis and 32.5 wt% from Chlorella under HTL conditions of 10 wt 
% algal concentration, a temperature of 300 ◦C, and a duration of 30 min 
[26]. Cyanobacteria sp. yielded a maximum of 21.10 wt% bio-oil when 
processed at a feed concentration of 10 wt%, a temperature of 325 ◦C, 
and a time frame of 45 min [27]. Typically, a high increase in feed 
concentration results in lower biocrude yields while leading to higher 
amounts of solid residue and gas [22]. The decline in biocrude yield is 
attributed to factors such as re-polymerization reactions, intermolecular 
forces, and the solubility of compounds [28]. In analyzing the impact of 
pressure within both continuous and batch operations, it is typically 
considered dependently alongside temperature as a variable. In the HTL 
process, pressure does not affect the properties of the solvent; rather, it is 
effective in influencing properties such as gas dissolution which in turn 
affects the biomass decomposition reactions [29]. To explore the effect 
of varying pressure of the reaction, methodologies such as the injection 
of gas [30] or modification of the reactor’s volume are utilized [31]. 
Remón et al. [8] found that in catalytic HTL at long residence times, 
performing the process at a pressure of 120 bar compared to 50 bar led 
to an increase in biocrude yield. Mathanker et al. [30] indicated that the 
optimal production of heavy oil, reaching a peak at 29.25 wt%, was 
achieved when the temperature was maintained at 300 ◦C and the 
pressure was sustained at approximately 152 bar. However, further 
pressure increases reduce the biocrude yield due to operating out of the 
optimal condition of the pressure-temperature range [32].

While the HTL technique offers several advantages over alternative 
biofuel synthesis methodologies, it is not without its challenges. One 
significant limitation is the elevated levels of nitrogen and oxygen atoms 
present within the biocrude. This issue can lead to a decrease in the 
higher heating value (HHV), potentially compromise catalyst effective
ness through poisoning, and contribute to an increase in the fluid’s 
viscosity [23]. Implementing a pretreatment strategy prior to HTL can 
result in the production of biocrude containing a low nitrogen and ox
ygen content [33]. To facilitate the extraction of vital components for 
biocrude production, it is imperative to disrupt the cell wall, which 
serves as a barrier safeguarding the components within the cellular 
membrane. This disruption acts as a preliminary step in the pretreat
ment phase, enabling access to the crucial intracellular constituents 
[34]. Two effective pretreatment processes include ultrasonication and 
the use of microwave radiation. The disruption of algal cells can be 
achieved through the application of ultrasonic vibrations, generally 
utilizing an energy output ranging from 100 to 200 W over a period 

spanning 5–10 min [35,36]. Table S1 presents the studies on the ultra
sonic pretreatment of algae. The effect of using ultrasonication as a 
pretreatment method was reported for several algae. In some cases, 
ultrasonication increased the yield [37,38], and in others, the ultrasonic 
pretreatment did not affect the performance in the HTL of microalgae 
[39–41]. Also, some studies show that ultrasonic pretreatment increases 
the yield of compounds of lower boiling point in the biocrude [40,42]. In 
a study conducted by Saber et al. [43], it was observed that the appli
cation of ultrasonic pretreatment during the HTL process resulted in an 
increase in biocrude production with a reduced oxygen content, which 
in turn contributed to an elevation in the calorific value of the resulting 
fuel. Conversely, research by Kapusta showed that the influence of ul
trasound on the biocrude composition was negligible [44]. Garoma et al. 
[37] and Heo et al. [38] showed that ultrasonication increased biocrude 
yield. However, Hu et al. [39] and Halim [40] reported that ultrasonic 
pretreatment did not affect the performance of cell disruption of 
microalgae. Although ultrasonic pretreatment has its advantages in 
terms of scalability and reduced operational expenditure, the result of 
ultrasonic pretreatment highly depends on feedstock and operating 
conditions [22]. Compared to conventional HTL, utilizing microwave 
irradiation as a preliminary step has been demonstrated to increase the 
biocrude yield [45]. When the microwave irradiates the cell inside, 
oscillation of polar compounds causes rapid heating, which leads to cell 
rupture and improves the performance of the extraction [35]. Several 
researchers have employed the technique of microwave pretreatment 
(Pre-M) to obtain high-yield biofuels. An overview of recent studies on 
the pretreatment microwave process is summarized in Table S2. In their 
research, Ma et al. [35] demonstrated that microwave-assisted extrac
tion of lipids was more efficient and rapid than using an ultrasonic 
pretreatment technique. Similarly, Lee et al. [46] conducted compara
tive analyses on several pretreatment methods, including sonication, 
microwaving, bead-beating, autoclaving, and the employment of a 10 % 
NaCl solution. Their findings indicated that microwave-assisted tech
nology stood out as the most proficient and straightforward method for 
the extraction of lipids from microalgae. Onumaegbu et al. [47] and 
Biller et al. [48] also employed microwave pretreatment in their studies 
and validated the results reported by Lee et al. [46]. Table S2 showed 
that Pre-M-HTL took place at a temperature of 140-100 ◦C for less than 
12 min.

The most promising raw material for biofuel production is macro- 
and micro-algae. Despite the higher lipid content of microalgae, the high 
cost of harvesting microalgae and the need for large-scale cultivation are 
challenges in biocrude production. Also, the potential of microalgae 
produced in low-efficiency, costly photobioreactors for producing value- 
added products limits their use for biocrude production [49]. Although 
macroalgae have limited use in industry, they can be harvested rather 
easily and display a higher growth rate. Consequently, they present a 
suitable alternative source as a renewable feedstock for the generation of 
biofuels [50]. Aquatic plants, especially seaweed or macroalgae, can be 
considered abundant and available sources for bioenergy production. 
Also, macroalgae with their high biodiversity in marine water have one 
of the best benefits for efficient water consumption. The Persian gulf 
coasts have a good potential for algae cultivation and easy imple
mentation of large-scale growth ponds because of the good humidity, 
long-term irradiation, and significant CO2 production by power plants, 
gas plants, and petrochemical complexes in this area [51]. Few studies 
performed to evaluate the potential of macroalgae to produce biofuel 
through HTL. Typically, macroscopic algal species are characterized by 
a relatively low lipid concentration, often comprising less than 5 % of 
their dry mass [52,53]. The emphasis on lipid composition underscores 
the potential of macroalgae as a valuable source for the generation of 
oil-derived bioproducts [54]. Also, the availability and abundance of 
macroalgae are key factors in selecting the most suitable macroalgae for 
biocrude production. The reported ranges of the lipid content of green 
algae Caulerpa sertularioides were 0.92–9.13 wt% [55–59], which is 
widespread, in in which macroalgae that could be observed in offshore 
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platforms and coastal areas. Also, they can be cultivated in artificial 
ponds. Moreover, no study was found to produce biocrude by HTL of 
Caulerpa. Hence, Caulerpa macroalgae has the potential to be a benefi
cial choice for biocrude production due to its lipid content and wide
spread availability.

To the best of our knowledge, there is no study on the production of 
biofuels by HTL from the green algae Caulerpa; thus, there is a lack of 
information, knowledge, and insight into the challenges associated with 
this alga when selected as the feed for HTL. The literature review indi
cated that little attention was paid to the pressure effect on HTL product 
yield obtained from algae [30,60,61]. No study was found which eval
uated the influence of temperature, pressure, and feed concentration on 
biocrude production through HTL. Also, Pre-M-HTL studies are limited, 
and less attention has been paid to the effect of microwave power as a 
pretreatment of algae. Besides, the effect of the pretreatment heating 
method depends on the characteristics and nature of the raw material 
utilized. Hence, there is a knowledge gap with respect to the use of 
microwave or ultrasonic as pretreatment of HTL. The main aims of this 
study included an evaluation of the quality and quantity of biocrude 
produced through the HTL process from selected macroalgae, with 
changes in critical variables such as temperature, pressure, and feed
stock concentration, which have complex effects on each other, and the 
examination of influence of power input on pretreatment on the bio
crude yield. This study is novel in three ways: (1) for the first time, the 
effect of pressure was examined with a change in HTL temperature and 
algae slurry in the reactor simultaneously, while this method has not 
been previously reported, (2) HTL operating parameters including 
temperature, pressure, and feedstock concentration, were optimized 
based on the quantitative approach for modeling and analyzing the re
lationships between multiple variables, and (3) the ultrasonic- and 
microwave-pretreatment of HTL and understanding its performance 
from the marine feedstock were evaluated. The experimental design was 
performed based on response surface methodology (RSM) [62,63]. The 
quality of biocrude was evaluated by various analyses such as CHN, 
Fourier transforms infrared (FT-IR), thermal gravimetric analysis (TGA), 
and gas chromatography-mass spectroscopy (GC-MS). Moreover, the 
characterization of the HTL byproducts was carried out to evaluate their 
reuse possibility. Besides, the quantity of each product was evaluated by 
measuring the yield of the product. Finally, a comparison was made 
between autoclave-assisted HTL and microwave and ultrasonic pre
treatment HTL of selected algae.

2. Materials and method

2.1. Materials and apparatus

Caulerpa sertularioides macroalgae was collected from the north coast 
of the Persian Gulf, Bushehr, Iran (28◦50′N, 50◦51′E). In addition, 
distilled water was used to prepare the algae slurry. Nitrogen gas was 
utilized to purge air in the HTL reactor. Moreover, dichloromethane 
(DCM), sourced from Merck Chem. Co., used as an extraction solvent to 
separate the biocrude from the aqueous phase. Also, high-quality filter 
papers from Whatman, England, were utilized to separate the remaining 
solid residue. The algae were ground to a fine powder using a planetary 
ball mill to increase the surface area of the algae. The milling process 
involved mixing dried algae with metal balls in a specific mass ratio of 
1–10 and ground for 2 h. This reactor, made of stainless steel and 
capable of holding 100 mL, was custom-designed to withstand temper
atures up to 400 ◦C and pressures as high as 25 MPa.

2.2. Hydrothermal liquefaction

The HTL process includes liquefaction, filtration, and extraction. 
Fig. 1 shows a procedure for producing HTL products. First, a compo
sition was formulated by combining specific proportions of algae 
biomass with water to achieve a weight ratio (3–10 wt% biomass). 
Second, the slurry was placed inside the autoclave reactor for the HTL 
process. To maintain an inert environment free from air, nitrogen gas 
was introduced into the HTL reactor. The reactor was equipped with a 
heater, and the reaction time was recorded when the temperature of the 
slurry reached the designed pressure and temperature. The autoclave 
remained at a constant temperature and pressure for 30 min. The filled 
volume of the reactor vessel was changed to reach the desired pressure 
[31]. The time was recorded from the moment that the reactor tem
perature and pressure remained constant. At the end of the reaction, the 
reactor was subsequently cooled to the ambient temperature. Subse
quently, the gaseous products were released via a valve to equalize the 
pressure inside the reactor to approximately ambient pressure. Then, 
DCM was added as an extraction solvent to the reaction medium vessel. 
This was followed by the process of liquid-solid separation, where the 
mixture was passed through the filter paper to separate any residual 
particulate matter. The solid phase was separated from the liquid 
products by vacuum filtration and dried at 105 ◦C for 24 h, then weighed 

Fig. 1. Schematic procedure of the HTL process.
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as solid residue [64]. The liquid was maintained within a two-phase 
separating funnel for 24 h. Separation of DCM-soluble and aqueous 
phases was done by gravity force in the separating funnel.

The DCM-soluble material was placed in a rotary evaporator at 45 ◦C 
for 15 min [65] to recover DCM, then put in a vacuum oven to evaporate 
the remaining DCM at 35 ◦C and 10 kPa for 5 min [66]. Finally, a dark 
liquid (biocrude) product was obtained. The aqueous phase was placed 
in a drying oven at 60 ◦C to evaporate the water completely over 3 days 
[67]. The aqueous phase yield accounted for the mass of dissolved 
aqueous constituents remaining after DCM extraction, filtration, and 
water evaporation [68].

2.3. Product yields, HHV, and ER calculation

The HTL product yield was calculated by dividing the amount of dry 
algae, while the gas yield was based on mass balance estimations. Mass 
yield and energy recovery were used to analyze the experimental results. 
The mass yields of different products (biocrude, solid residue, aqueous 
phase, and gas) were calculated as follows (Eqs. (1)–(4)) [42]. 

YBC =
W BC

W DA
× 100 (1) 

YSR =
W S

W DA
× 100 (2) 

YAP =
W AP

W DA
× 100 (3) 

YG =100 − (YBC +YSR +YAP) (4) 

where YBC, YSR, YAP and YG are the mass yield of biocrude, solid residue, 
aqueous phase, and gas, respectively. Also, W BC , W S, W AP, and W DA 
indicate the weight of biocrude, solid, aqueous phase, and dry algae. 
Moreover, the HHV of HTL products was calculated by the calorimetry 
empirical correlation of Eq. (5) [69]. Also, Eq. (6) was used to estimate 
the energy recovery (ER) of products from HTL of algae.   

ER=
HHVBC

HHVDA
× YBC × 100 (6) 

where C, H, N, S, O, and Ash represent carbon, hydrogen, nitrogen, 
oxygen, sulfur, and ash based on the moisture-free weight. HHVBC and 
HHVDA are the high heating value of biocrude and algae. The effects of 
temperature, pressure, and feed concentration were considered in this 
study to examine the potential of biocrude production from green 
macroalgae. A reaction time of 30 min was chosen for HTL of Caulerpa 
sertularioides macroalgae based on the repeatable optimal time found in 
the literature [11,70,71].

2.4. Experimental design

he experimental design was performed using RSM. The RSM serves 
as a quantitative approach for modeling and analyzing the relationships 
between multiple variables. In particular, the central composite design 
(CCD) stands out as an optimal strategy within RSM for examining the 
influences of varying parameters [63]. Analysis of variance (ANOVA) 
was used to analyze HTL product yields. Data derived from the proposed 

experimental investigations were quantitatively analyzed and subse
quently modeled using a polynomial regression equation, as shown in 
Eq. (7) [72]. 

Y= β0 +
∑k

i=1
βiXi +

∑k

i=1
βiiXi

2 +
∑k− 1

i=1

∑k

j>i
βijXiXj (7) 

where Y and X are the predicted response and the amount of the 
investigated factor, respectively. β0 is the constant coefficient, βi is the 
linear coefficient, βii is the quadratic coefficient, and βij is the interaction 
coefficient. In this study, a standard CCD with three variables, i.e. 
temperature, pressure, and feed concentration was used to examine HTL 
product yields. The factors and levels are given in Table 1. The RSM 
design suggests 17 tests and includes 6 axial points, 8 cubic points, and 1 
center point with 3 repeats for the central point. The range of variables 
was 250–350 ◦C for temperature, 50–150 bar for pressure, and 3–10 wt 
% for biomass concentration. The Design-Expert software version 13 
was employed to analysis the experimental results.

2.5. Algae and products characterization

The biochemical component of the biomass has a direct effect on the 
quantity and quality of the HTL products. In general, the composition of 
algae includes lipids, proteins, carbohydrates, moisture, and ash. The 
lipid content is the main composition of biomass for biofuel production 
[73,74]. The lipid content was determined by Soxhlet extraction. The 
Kjeldahl method was also used to estimate the protein content of algae 
[75,76]. One gram of algae powder was weighed and then placed in the 
oven for 24 h at a temperature of 100 ◦C to estimate the moisture content 
of the algae. The moisture content was calculated according to the 
weight difference between dried powder and fresh sample Eq. (8) [10]. 
The ash proportion was quantified by contrasting the mass of the sample 
post-incineration with its pre-incineration mass. In this way, some algae 
powder was weighed and placed in the furnace at a temperature of 
550 ◦C for 5 h [77]. Carbohydrate content was calculated by a balance of 
other constituents using Eq. (9) [78]. 

%WMoisture =
WDried powder − WFresh sample

WFresh sample
× 100 (8) 

XCar =100 −
(
XLip +XPro +XAsh

)
(9) 

where %WMoisture is the percentage of moisture fraction of algae. 
WDried powder and WFresh sample are algae weight in dried and fresh con
dition. X is the mass fraction (wt%) of each biochemical component such 
as lipid, protein, ash, and carbohydrate in Eq. (9). C H N, O elemental 
analysis was used to determine elements of feed, biocrude, and solid 

Table 1 
Levels of operation parameters in experiment design.

Experimental variables Symbol Coded level of variables

​ ​ − 1.682 − 1 0 1 1.682
Temperature (◦C) A 215.91 250 300 350 384.09
Pressure (bar) B 15.91 50 100 150 184.09
Feed concentration (wt 

%)
C 0.61 3 6.5 10 12.38

HHV (MJ / kg)=0.3491 × C + 1.1783 × H + 0.1005 × S − 0.1034 × O – 0.0151 × N – 0.0211 × Ash (5) 
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phase [76]. The amount of oxygen element (O) was determined by a 
balance of other elements using Eq. (10) [79]. 

O=100 − (C+H+N+ S+Ash) (10) 

GC-MS and GC were used to identify the biocrude and gaseous 
compounds, respectively [66,80]. TGA was performed to examine 
changes in the weight of the biocrude with increasing temperature and 
the boiling point of biocrude compounds. The process of increasing 
temperature was done at a rate of 10 ◦C per minute, and the process of 
changing the weight of the biocrude with increasing temperature was 
recorded and analyzed from the ambient temperature to the tempera
ture of 900 ◦C [10]. The FT-IR of biocrude was performed using a model 
FT-IR 4600 spectrometer equipped with a KBr plate beam splitter to 
determine the main organic components based on the peaks of the 
functional groups [76,81]. Brunauer-Emmett-Teller (BET) analysis was 
employed to ascertain key physical characteristics of materials, 
including their specific surface area, pore volume, average pore diam
eter, and distribution of pore sizes. Total organic carbon (TOC) was 
calculated with a TOC analyzer. The amount of total nitrogen was 
calculated by the Kjeldahl method [75]. The amount of chemical oxygen 
demand (COD) of the aqueous phase was determined with the COD 
HACH device. In addition, the total dissolved solids (TDS) and pH were 
calculated by TDS analysis and a pH meter.

2.6. Pretreatment method

A comparative study of the microwave and ultrasonication condi
tions can help evaluate the pretreatment effect on the HTL of Caulerpa 
sertularioides algae. Algal slurries were processed by microwave with a 
volume capacity of 800 ml and designed to a maximum temperature of 
190 ◦C and a maximum power of 1400 W. Moreover, the ultrasonic 
homogenizer was used with a maximum temperature of 120 ◦C and a 
maximum power of 200 W. Literature analysis showed that the oper
ating conditions of the microwave changed between 180 and 900 W and 
2–20 min [47,82]. The sonication time varied from 30 s to 30 min [41,
43] and most sonication powers were lower than 140 W [40,41,83]. In 
this work, algal slurries were processed by microwave at 500 W and 600 
W for 1 min. Also, ultrasonication was performed at 50, 75, and 134 W. 
The ultrasonic pretreatment time was 1 and 15 min. The microwave and 
ultrasonic processing were subjected to HTL at 350 ◦C for 35 min. The 
feedstock concentration and pressure were considered 8.6 wt% and 130 
bar based on the optimum HTL condition which was reported for a 
brown macroalgae Sargassum [49].

3. Results and discussion

3.1. Characteristics of algae

The biochemical components of algae include lipids, proteins, car
bohydrates, moisture, and ash. Caulerpa sertularioides macroalgae used 
in this study constituted 1.02 % lipid, 38.5 % protein, 6.6 % carbohy
drate, 13.98 % moisture, and 39.9 % ash by weight. The total lipid, 
protein, and ash contents (dry weight) of Persian Gulf macroalgae spe
cies are compared in Table 2. Results revealed that the native algal 
species has high protein (7.31 %–44.76 %), low lipid (1.18 %–9.13 %), 
and high ash (26.31 %–49.14 %) content. The biochemical result 
showed that the main biochemical components of Caulerpa sertularioides 
were ash and protein. Table 3 presents the result of C, H N, O elemental 
analysis of macroalgae. The macroalgae used in this research contained 
25.93 % carbon, 3.58 % hydrogen, 2.52 % nitrogen, and 21.59 % oxygen 
by dry weight. It was found that the carbon element had a significant 
share, while nitrogen had a low content. The carbon content in the 
Caulerpa sertularioides was similar to Ulva lactuca [84] and Solieria 
chordalis [78]. The nitrogen content in Caulerpa sertularioides (2.52 %) 
was close to Rhizoclonium riparium (2.6 %), Fucus ceranoides (2.3 %), 
Solieria chordalis (2.7 %) [78], Ulva lactuca and (2.61 %) [84].

Also, the amount of hydrogen was very similar to the values pre
sented for Sargassum muticum and Solieria chordalisb [78]. The high 
carbon and hydrogen contents in Caulerpa sertularioides highlight the 
attractive potential of this macroalgae to produce biocrude. Further
more, the low nitrogen content improves the quality of produced bio
crude which increases the calorific value and, as a result, reduces the 
emission of pollutants such as NOx [86]. Elemental analysis showed the 
high potential of Caulerpa sertularioides for biofuel production with 
relatively high yield and favorable quality.

The high HHV value represents the ability to produce biofuel with 
high amounts of energy. As shown in Table 3, the HHV of Caulerpa 
sertularioides was equal to 10.02 MJ/kg, higher than the HHV of Fucus 
ceranoides, Sargassum muticum (7.4 MJ/kg), and Solieria chordalis (7.3 
MJ/kg) from Paignton [78]. The HHV of Caulerpa sertularioides was 
slightly less than Enteromorpha prolifera (12.15 MJ/kg) from the coast of 
the East Sea [15], Rhizoclonium riparium (12.20 MJ/kg) from Paignton 
[78]. The HHV of Caulerpa sertularioides indicates the suitability of 
Persian Gulf macroalgae for biofuel production.

Other characteristics of biomass that have a great effect on the extent 
of decomposition and destruction of biomass structure are the specific 
surface and porosity. Also, these properties can be used to compare the 
structure of the solid phase and the primary feedstock. The linear 
isotherm and the distribution trends of the pore volume and pore surface 
of algae are shown in Fig. S1 and Fig. S2 in the supplementary material. 
The specific surface area is equal to 2.269 m2/g, which was close to the 
surface area of Gelidium corneum red macroalgae (2.19 m2/g) [87] and 
Sargassum brown macroalgae (2.29 m2/g) [49]. The adsorption average 
pore volume and pore width in this macroalgae were equal to 0.0043 
cm³/g and 35.2130 Å (3.52 nm).

3.2. Hydrothermal liquefaction results

Table 4 presents the data on product yields from HTL of Caulerpa 
sertularioides macroalgae, derived from systematically designed experi
mental conditions. Table 4 shows the yields of these experiments, 
providing a comprehensive overview of the HTL process efficiency 
under various operational parameters. As observed, the range of the 
biocrude yield varied between 4.88 and 22.12 wt%, the aqueous yield 
varied from 22.28 to 60.50 wt%, the solid yield changed from 37.79 to 
19.81 wt%, and the gas yield ranged from 0.52 to 47.12 wt%.

The experimental conditions were subcritical experiments, while 
runs 6 and 13–16 in Table 4 were superheated steam hydrothermal 
processes and other experiments were subcooled water HTL under given 
pressure conditions. The superheated processes would directly affect the 

Table 2 
Biochemical component of Persian Gulf macroalgae species (as % of algal dry 
weight).

Algae Biochemical component (wt%) Reference

Lipid Protein Ash Carbohydratea

Caulerpa sertularioides 1.18 44.76 46.39 7.67 This study
Caulerpa racemosa 6.12 29.10 45.34 19.44 [57]
Caulerpa sertularioides 9.13 35.06 41.18 14.63 [57]
Galaxaura rugosa 4.02 17.82 38.31 39.85 [57]
Sargassum boveanum 2.02 21.33 49.14 27.51 [57]
Colpomenia sinuosa 3.45 11.57 26.31 58.67 [85]
Acanthophora spicifera 2.03 7.31 30.21 60.45 [85]
Champia parvula 4.26 16.52 39.65 39.57 [85]
Hypnea cervicornis 3.83 11.52 34.61 50.04 [85]
Gracillaria corticata 5.71 11.23 39.50 43.56 [85]
Jania rubens 1.52 10.12 44.13 44.23 [85]
Laurencia papillosa 3.70 12.23 32.20 51.87 [85]

a Calculated by the difference.
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biocrude-solid ratio. The result shows the biocrude-solid ratio changed 
from 0.13 to 1.12 with higher values for experiments in superheated 
conditions. In subcooled conditions, the ratio of biocrude to solids 
ranged from 0.16 to 0.2 when pressure changed between 50 and 150 bar 
at 250 ◦C, irrespective of variations feed concentration. It varied be
tween 0.23 and 0.37 at 300 ◦C, having a higher value for higher pres
sures and feed concentrations. The findings align with those reported by 
Ocfemia et al. [89], which demonstrated that enhanced pressure 
improved oil yield at subcooled conditions with operating temperatures 
of 285 ◦C and 305 ◦C. The highest biocrude-to-solid ratio of 0.67 was 
obtained at 300 ◦C and 184 bar. The results showed that high pressure 
leads to effective decomposition and extraction of biomass at higher 
temperature in subcooled conditions. Thus, more biocrude and less solid 
were produced, resulting in the highest biocrude-to-solid ratio under 
subcooled conditions. Despite observing a comparable trend under su
perheated conditions, the ratio was higher than that observed under 
subcooled conditions. When the feed concentration ranged from 3 to 10 
wt%, elevating the pressure to 150 bar led to an enhanced 
biocrude-to-solid ratio to 1.12 at a temperature of 350 ◦C. In super
heated conditions, the solid yields fluctuated around 20 wt%. Although 
the solid yields did not change much, the share of liquid and gas prod
ucts changed significantly. The highest biocrude yield was obtained at 
350 ◦C and 150 bar, resulting in the maximum biocrude-to-solid ratio 
under superheated conditions.

3.2.1. Biocrude prediction model
The experimental data was subjected to analytical scrutiny using 

version 13 of the Design-Expert software, which employed a multifac
eted regression analysis technique. Additionally, within this 

computational platform, evaluations to determine the statistical signif
icance of the regression model were performed. Results showed that the 
inverse model was a better choice for predicting the results of the HTL 
biocrude yield with the highest regression (0.9939). Furthermore, R2, 
adjusted-R2, predicted-R2, and predicted residual error sum of square 
(PRESS) for the inverse model are presented in Table S3 in the supple
mentary material. The quadratic equation presented better prediction 
accuracy based on adjusted-R2, and predicted-R2. The adjusted-R2 and 
predicted-R2 are equal to 0.986 and 0.974 for the quadratic inverse 
model. As shown in Table S3, the lowest value of PRESS of 0.0009 for the 
quadratic model showed that this statistical model was a better fit for the 
data.

The normal plot, residuals vs. the run, and residuals vs. predicted are 
presented in Figs. S3–S5 in the supplementary material. These figures 
confirmed the adequacy of the inverse quadratic model because of the 
random distribution of results in these graphs. All data were scattered 
without a specific pattern within the acceptable limits of the process. 
Fig. S6 shows model predictions vs. actual values. The closeness and 
agreement of obtained values with the predicted line indicate the cor
rectness of the selected model. Therefore, the selected model was well- 
matched with the experiment results.

The variance of the model is presented in Table S4. The selected 
model was significant, while the lack of fit was not significant. This 
result confirmed the adequacy of the selected model. Also, according to 
low P-values (<0.0001), reaction temperature, pressure, and feed con
centration were effective parameters. The terms with P-value >0.05 
such as A2 and BC were not significant in the biocrude model. After 
ignoring these parameters, coefficients were adjusted. Table 5 shows the 
ANOVA of the biocrude yield model. An empirical correlation was 

Table 3 
Elemental analysis and HHV of macroalgae species (as % of algal dry weight).

Macroalgae C (wt%) H (wt%) N (wt%) O (wt%) Ash (wt%) HHVa (MJ/kg) References

Caulerpa sertularioides 25.93 3.58 2.52 21.58 46.39 10.02 This study
Enteromorpha prolifera 28.75 5.22 3.65 32.28 30.1 12.15 [15]
Oedogonium 39.6 5.8 1.1 45 9.1 15.79 [88]
Rhizoclonium riparium 26.8 5.1 2.6 21.0 44.5 12.20 [78]
Fucus ceranoides 28.4 3.9 2.3 52.8 12.6 8.7 [78]
Sargassum muticum 26.4 3.6 2.0 56.2 11.8 7.4 [78]
Solieria chordalis 25.3 3.5 2.7 51.4 17.1 7.3 [78]
Gracilaria gracilis 36.75 5.82 2.88 18.55 36 17.17 [79]
Cladophora glomerata 31.33 4.99 4.9 32.68 26.1 13.01 [79]
Ulva lactuca 25.31 5.44 2.61 – – – [84]
Gracilaria corticata 26.46 5.01 1.89 – – – [84]
Sargassum ilcifolium 26.20 4.52 1.88 – – – [84]

a Calculated in this study.

Table 4 
HTL experiment results of Caulerpa sertularioides macroalgae.

RUN T (◦C) P (bar) CFeed (wt%) YBC (wt%) YAP (wt%) YSR (wt%) YG (wt%) Biocrude
Solid

Phase

1 215.91 100 6.5 5.09 52.26 37.79 4.86 0.13 Subcooled
2 250 50 3 5.21 51.62 32.46 10.71 0.16 Subcooled
3 250 50 10 5.38 60.50 33.60 0.52 0.16 Subcooled
4 250 150 10 6.37 59.79 32.35 1.49 0.20 Subcooled
5 250 150 3 6.22 56.03 30.35 7.4 0.20 Subcooled
6 300 15.91 6.5 7.02 38.33 29.17 25.48 0.24 Superheated
7 300 100 0.61 4.88 50.19 20.86 24.07 0.23 Subcooled
8 300 100 6.5 7.89 40.58 22.13 29.4 0.36 Subcooled
9 300 184.09 6.5 14.10 46.05 20.92 18.93 0.67 Subcooled
10 300 100 6.5 7.08 42.20 22.07 28.65 0.32 Subcooled
11 300 100 6.5 7.88 42.99 21.41 27.72 0.37 Subcooled
12 300 100 12.38 6.89 43.05 25.77 24.29 0.27 Subcooled
13 350 150 10 22.12 25.56 19.81 32.51 1.12 Superheated
14 350 50 3 6.66 28.56 20.94 43.84 0.32 Superheated
15 350 150 3 10.02 26.23 19.99 43.76 0.50 Superheated
16 350 50 10 9.68 22.28 20.92 47.12 0.46 Superheated
17 384.09 100 6.5 14.28 30.13 20.40 35.19 0.70 Superheated
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obtained to predict the biocrude yield based on the quadratic model (Eq. 
(11)). 

1
YBC

=0.2408 − 0.00007 A + 0.0010 B − 0.0006 C − 2.4240×10− 6AB

− 6.5210×10− 6 AC − 3.7024×10− 6B2 + 0.0012 C2

(11) 

where YBC is biocrude yield (wt%), A, B, and C are temperature (◦C), 
pressure (bar), and feed concentration (wt%). The interaction term was 
denoted as AC.

3.2.2. HTL byproduct prediction models
The aqueous phase, solid residue, and gas phase yield models are 

presented in this section. The linear model was more accurate for the 
yield of the aqueous phase and gas phase, while the quadratic model 
could predict solid residue yield well. ANOVA and statistical analysis for 
biocrude, solid residue, aqueous-phase, and gas-phase yield models are 
presented in Tables S4–S7 in the supplementary material. The P-value 
was less than 0.0500, which indicates the models were significant. 
Moreover, the quadratic (R2 = 0.97), linear (R2 = 0.82), and linear (R2 

= 0.83) equations were recognized as the best models for solid residue, 
aqueous phase, and gas yield prediction, respectively. The adjusted-R2 

was in agreement with the predicted-R2 for HTL product yields. The 
adjusted-R2 and predicted-R2 differences were less than 0.2. Adequate 

Table 5 
Adjusted ANOVA results for biocrude yield.

Sum of squares df Mean square F-value P-value

Model 0.0345 7 0.0049 207.02 <0.0001 significant
A-Temperature (◦C) 0.0190 1 0.0190 797.15 <0.0001 ​
B-Pressure (bar) 0.0061 1 0.0061 256.34 <0.0001 ​
C-Feed concentration (wt%) 0.0033 1 0.0033 137.95 <0.0001 ​
AB 0.0003 1 0.0003 12.34 0.0066 ​
AC 0.0010 1 0.0010 43.76 <0.0001 ​
B2 0.0011 1 0.0011 44.45 <0.0001 ​
C2 0.0027 1 0.0027 114.20 <0.0001 ​
Residual 0.0002 9 0.0000 ​ ​ ​
Lack of Fit 0.0001 7 0.0000 0.1596 0.9725 not significant
Pure Error 0.0001 2 0.0001 ​ ​ ​
Cor Total 0.0347 16 ​ ​ ​ ​

Fig. 2. Change in biocrude yield by a) temperature at 100 bar and 6.5 wt% b) pressure at 300 ◦C and 6.5 wt%, and c) feed concentration at 300 ◦C and 100 bar.
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precision measures signal-to-noise ratio and desired adequate precision 
is greater than 4. The adequate precision of solid residue, aqueous phase, 
and gas phase indicated an adequate signal. These models can be used to 
navigate the design space. The results showed that among the operating 
parameters, temperature with a P-value <0.0001 had the greatest effect 
on the solid, aqueous phase, and gas yield. The pressure effect was more 
influential on solid yield. However, feed concentration had a negligible 
effect on HTL byproduct yields. The results of ANOVA for adjusted 
models were presented in Tables S8–S10 in the supplementary material. 
The normal plot, residuals vs. the run, and residuals vs. predicted figures 
of solid residue, aqueous phase, and gas phase yield are given in 
Figs. S7–S15 in the supplementary material. The aqueous phase, solid 
residue, and gas phase yields were calculated by Eq. (12)–(14). 

YSR =149.3418 − 0.6976 A − 0.1090 B + 0.2340 C + 0.0009 A2

+ 0.0004 B2 (12) 

YAP =113.5468 − 0.2380 A (13) 

YG = − 61.1116 + 0.2821 A (14) 

where YSR, YAP, and YG are solid residue, aqueous phase, and gas phase 
yields.

3.2.3. Effect of parameters on HTL
In this section, the influence of operating factors and the binary in

teractions of these parameters on the product yield obtained from HTL of 
Caulerpa sertularioides macroalgae has been investigated. The effect of 
operating parameters on biocrude and other HTL products is shown in 
Fig. 2 and Figs. S16–S18 in supplementary material, respectively.

3.2.3.1. Temperature. Thermal conditions stand as the paramount fac
tor influencing HTL and induce significant changes in product yield in 
subcooled and superheated conditions. The temperature effect on bio
crude yield at 100 bar is presented in Fig. 2a. As can be seen, in super
heated conditions (the temperature range from 315 ◦C to 350 ◦C), the 
biocrude yield increased at a steeper rate than subcooled. This is because 
higher temperatures typically accelerate chemical reaction rates. The 
breakdown of organic substances into smaller molecular structures, 
followed by their reassembly into biocrude above 300 ◦C, might proceed 
with greater efficiency, potentially resulting in a higher yield [1]. High 
temperatures (above 300 ◦C) are likely high enough to initiate and 
sustain endothermic reactions that are essential for breaking down 
complex organic structures into simpler hydrocarbons, leading to 
increased biocrude production [21]. The overall results showed that 
elevated temperatures were conducive to the enhancement of biocrude 
and gaseous yields. Conversely, there was a discernible reduction in the 
yield of both the aqueous and solid phases. This implies that at constant 
pressure and biomass concentration, a thermal elevation from 250 ◦C to 
350 ◦C significantly enhances the production of biocrude and gaseous 
yields, with gas yields showing a dramatic increase. Superheated water 
has a lower dielectric constant, which reduces the solvation of ions and 
polar molecules, leading to a higher concentration of free radicals, 
which may favorable for gasification [90]. A similar trend was observed 
by Nazari et al. [91]. Investigations revealed an enhanced efficacy in the 
hydrolytic breakdown of biomass when subjected to elevated thermal 
conditions. This absorption of heat facilitates the disintegration of the 
biomass’s structural integrity, subsequently promoting the transposition 
of its constituents into both biocrude and gaseous states [91]. Addi
tionally, empirical evidence suggests that a rise in temperature acts as a 
catalyst for the transformation of low-molecular-weight substances into 
more complex molecular entities through a series of repolymerization 
processes. This observation is consistent with findings in the literature 
[62,92–94].

3.2.3.2. Pressure. Reactor pressure significantly influences the HTL of 

biomass. Experiments were performed at a pressure range of 50–150 bar 
to explore the influence of pressure. In this study, operational con
straints were imposed on the reactor to prevent the internal pressure 
from exceeding 200 bar. This precautionary measure was in adherence 
to the upper-pressure limits recommended by the equipment’s manu
facturer for safe operation. Fig. 2b presents the effect of pressure on 
biocrude yield at 300 ◦C. The biocrude and aqueous phase yields were 
slightly enhanced by increasing pressure, while high pressure was 
detrimental to gas and solid production under subcooled conditions. 
Under conditions of superheating (with pressures varying between 90 
bar and 150 bar), the production of biocrude exhibited a more pro
nounced increase compared to that under subcooled conditions. There 
are few studies were conducted under superheated process. For instance, 
Qian et al. [31] investigated the effects of reactor pressure on HTL of 
sewage sludge and stated that biocrude yield increased significantly 
when pressure went up from 200 to 220 bar under superheated condi
tions. In the study conducted by Qian et al. [31], a comparable pattern 
was observed for superheated conditions. Also, water density in the HTL 
reactor increases with increasing pressure, and higher water density 
favors the decomposition and extraction of biomass [95]. The biomass 
converted into biocrude and aqueous phase easily at high pressure, 
because more force was applied to destroy the bonds of biomass [8]. As a 
result, the tendency to gasification decreased as the pressure increased. 
However, the influence of pressure on gas yield was small. This outcome 
is in agreement with the literature [31,96].

3.2.3.3. Feedstock concentration. Among the three parameters investi
gated in HTL, feed concentration had the least influence on the yield of 
HTL products. Fig. 2c shows that a slight change was observed in the 
HTL biocrude. However, a higher feed concentration led to higher bio
crude and solid residue yields. Valdez et al. [97] indicated an increase in 
biocrude yields by increasing the biomass-to-solvent ratio. Although 
changes in feed concentration did not affect the aqueous phase, the gas 
yield reduced with increasing biomass concentration. A similar trend 
was obtained by Qu et al. during the HTL of woody biomass [98]. Results 
showed that the maximum biocrude was obtained at 7.5 wt% of Caulerpa 
sertularioides macroalgae concentration at 300 ◦C and 100 bar. This 
observation is confirmed by Mastalinezhad et al. [49] who mentioned 
that the maximum biocrude yield was obtained at 300 ◦C when using 
7.5 wt% of feedstock concentration.

3.2.3.4. Parameter interactions. Each process parameter was analyzed 
individually while keeping the others fixed. In this section, the inter
action of parameters on the HTL performance in terms of product yield is 
examined. The contour plots of interaction between parameters are 
presented in Figs. S19–S21 in the supplementary material.

3.2.3.4.1. Temperature and pressure interaction. The interaction of 
temperature and pressure on biocrude and other HTL products is pre
sented in Fig. 3 and Fig. S22, respectively. All interaction effects are 

Fig. 3. Temperature and pressure interaction effect on biocrude.
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shown in the central point of feed composition (6.5 wt%). Results show 
that biomass decomposes more to HTL products by increasing temper
ature and pressure. The maximum biocrude of 17.35 wt% was obtained 
at 350 ◦C and 150 bar. However, HTL favored the aqueous phase pro
duction at low temperatures and high pressure. The HTL process with 
6.5 wt% of biomass concentration produced the maximum aqueous 
phase yield (55.31 wt%) at 250 ◦C and 150 bar. At minimal tempera
tures and pressures, the destruction of biomass is significantly impeded. 
As a result, solid residue yield was a maximum of 32.25 wt% at 250 ◦C 
and 50 bar. Moreover, the gas yield decreased at low temperatures and 
high pressure. The minimum gas yield (7.13 wt%) was predicted at 
250 ◦C and 150 bar.

3.2.3.4.2. Temperature and feed concentration interaction. The inter
action of feed concentration with pressure and temperature for biocrude 
and solid residue are shown in Fig. 4 and Fig. S23, respectively. Fig. 4a 
presents the temperature and feed concentration interaction on bio
crude. All interaction effects were studied in the central point of pressure 
(100 bar). The minimum solid residue yield was obtained at high tem
peratures and high feed concentrations. Also, the highest biocrude yield 
of 10.30 wt% was predicted at 350 ◦C and 10 wt% biomass concentra
tion. A similar result was reported by Jena et al. [99] and Anastasakis 
and Ross [100], where the maximum biocrude yield was obtained at 
350 ◦C and 10 wt% feed concentration. Also, a close result was obtained 
by Qu et al. [98] during the HTL of woody biomass, where the maximum 
biocrude yield at 340 ◦C was obtained with 9 wt% of biomass concen
tration. Anastasakis and Ross [100] indicated that the highest biocrude 
yield was accomplished by adding 9.1 wt% of reactor loading at 350 ◦C.

3.2.3.4.3. Pressure and feed concentration interaction. The interac
tion of pressure and feed concentration for biocrude are indicated in 
Fig. 4b. Results reveal that this interaction had a low effect on biocrude 
and solid residue yields.

Just one study was found to consider an interaction of pressure and 
feed concentration simultaneously. Chan et al. [93] studied the pro
duction of bio-oil from palm kernel shells via HTL. Their findings indi
cated that at a lower biomass-to-water ratio of 0.20, elevating the 
pressure from 25 to 35 MPa had a minimal impact on the yield of bio-oil 
at 360 ◦C. Conversely, at a higher biomass-to-water ratio of 0.50, the 
reduction in bio-oil yield became more pronounced with an increase in 
pressure because of a diminished liquefaction efficiency at this partic
ular biomass-to-water ratio [93]. In comparison with the results of Chan 
et al. [93], the maximum biocrude was predicted at high pressure and 
feed concentration at the central point of 300 ◦C in this study. These 
contradictory results may refer to different operation ranges performed 
in the HTL experiments. The highest solid yield of 25 wt% was obtained 
at lower pressure and higher feed concentration. This is because the 
cellular membrane disruption of feed components is not provided at 
lower pressure, and they remain in as solid phase, which results in a 
lower biocrude yield.

3.2.4. HTL optimization
Two optimization for subcooled and superheated conditions were 

performed, before overall optimization being done. The optimization 
results for subcooled conditions showed that the highest biocrude of 
10.62 wt% was predicted at 300, 150 bar, and 8.86 wt% of feed con
centration, while that for superheated conditions was obtained at 24.60 
wt% at 350 ◦C, 150 bar, and 10 wt% of feed concentration. The optimum 
biocrude-to-solid ratio was predicted at 0.47 under subcooled condi
tions, while that was reported at 1.29 under superheated conditions. The 
overall optimization results indicate that the optimum conditions for 
maximum biocrude yield were 350 ◦C, 150 bar, and 9.752 wt% of feed 
concentration. The close result of optimum conditions was reported by 
Bach et al. [101], Jazrawi et al. [10], and Biller and Ross [102]. More
over, Wei and Jie showed that in optimum conditions of 10.5 % con
centration, 357 ◦C, and 37 min, the highest biocrude yield was obtained 
using the fresh microalgae [92].

Table 6 compares the predicted model and experiment results. Under 
optimum conditions, RSM predicted 22.41, 31.10, and 19.74 wt% for 
biocrude, aqueous phase, and solid residue, respectively. The predictive 
gas yield was calculated at 26.75 wt% by differences. However, the 
experiment result indicated that the biocrude, aqueous phase, solid 
residue, and gas yield were 22.15, 26.46, 19.79, and 31.60 wt% under 
optimum conditions. The biocrude yield of Caulerpa sertularioides was 
close to the HTL biocrude yield of Enteromorpha prolifera (23.0 wt%) at 
300 ◦C [15] and slightly lower than the biocrude yield of Cladophora 
vagabunda (26.2 wt%) at 340 ◦C and 140–170 bar [103]. The percentage 
of error shows that solid and biocrude yield models have high accuracy. 
The difference between predicted and experiment yields for gas and 
aqueous phase were obtained at just above 4.6 wt%. The over-prediction 
of the model for the aqueous phase was previously seen at reaction times 
of about 30 min [21]. The low accuracy for the gas phase may refer to 
the difficulty of gas measuring, which is usually calculated by difference. 
Results showed that the maximum yield of biocrude produced in this 
study was higher than the values of HTL for Fucus serratus (16.5 wt%) 
[104], Eucheuma denticulatum (18.5 wt%) [105], Sargassum tenerrimum 
(16.33 wt%) [106], Ulva prolifera (12.0 wt%) [107], Laminaria saccha
rina (19.3 wt%) [100], Laminaria japonica (15.32 wt%) [108], Derbesia 
tenuissima (19.7 wt%), Ulva ohnoi (18.7 wt%), Chaetomorpha linum (9.7 

Fig. 4. The effect of a) the temperature and feed concentration interaction and b) the pressure and feed concentration interaction on biocrude yield.

Table 6 
Comparing the experiment and RSM predicted product yields.

Condition T 
(◦C)

P 
(bar)

CFeed 
(wt%)

YBC 

(wt%)
YAP 

(wt%)
YSR 

(wt%)
YG 

(wt%)

Predicted 
HTL yield

350 150 9.752 22.41 31.10 19.74 26.75

Experiment 
HTL yield

350 150 9.752 22.15 26.46 19.79 31.60

Error % 1.17 17.53 0.25 15.34
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wt%), Cladophora coelothrix (13.5 wt%), and Oedogonium sp. (19.7 wt%) 
[103] macroalgae. Therefore, Caulerpa sertularioides macroalgae gives 
good performance for a future biorefinery.

3.3. Biocrude characterization

In this section, the characteristics of biocrude are discussed. 
Elemental analysis was performed for all runs to calculate HHV and ER. 
However, FT-IR, GC-MS, and TGA results of biocrude were reported at 
optimized operating conditions.

3.3.1. Elemental analysis, HHV, and ER calculation
Determining the concentration of biocrude elements leads to a better 

understanding of the characteristics of biocrude. In addition, it is 
possible to examine the mechanisms of biocrude production and the 
amount of heating value. Table 7 lists elemental composition, HHV, and 
ER for biocrude obtained from HTL at different experimental conditions. 
It should be noted that the sulfur content of the biocrude was below the 
detection limit.

As shown in Table 7, biocrude had a range of 63–74 %, 7–11 %, 
2–4.5 %, and 9–25 % for carbon, hydrogen, nitrogen, and oxygen, 
respectively. Elemental analysis showed that compared to the initial 
feed, the amount of carbon and hydrogen elements in the biocrude 
increased sharply while the amount of oxygen decreased compared to 
the oxygen of algae. Oxygen was consistently eliminated through the 
processes of dehydration and decarboxylation [109]. The nitrogen 
contents slightly increased compared to dry algae, indicating that the 
removal of N was not as effective as deoxidation during HTL. The 
elemental analysis showed that carbon contents had a significant share 
of the constituent elements of biocrude and increased with temperature. 
The carbon content increased from 63.22 wt% to 73.43 wt% when 
temperature varied between 250 ◦C and 384 ◦C. Similar results previ
ously were reported by Yang et al. [109], Anastasakis and Ross [110], 
and Zhu et al. [111]. Also, higher temperatures facilitated deoxygen
ation as oxygen content reduced from 25 % at 215 ◦C to 13.62 % at 
384 ◦C.

The H/C atomic ratio fluctuates in the range of 1.10–1.15, which is 
below the average of H/C (1.65) in petroleum [112]. For comparison, 
the H/C ratio of petroleum crudes ranges from 1.4 to 1.9 [113]. A pri
mary factor contributing to the inadequate increase in hydrogen con
centration, which remained at approximately 8 % within the biocrude, 
was its insensitivity to fluctuations in temperature and pressure. Intro
ducing a catalyst along with supplemental hydrogen during the HTL 
process may enhance the hydrogenation of the biocrude [114]. The N/C 
atomic ratio varied from 0.03 to 0.07, which was higher than the range 
of 0.001–0.02 N/C in petroleum [112,113]. The high N/C ratio mainly 

results from the high nitrogen content (2.52 %) in the algal feedstock. 
The O/C ratio changed from 0.12 to 0.4. More severe HTL conditions 
drove more of the oxygen atoms out of the biocrude, but the O/C ratio 
still exceeded the 0.0004–0.01 O/C ratio for petroleum crude oils [113]. 
However, biocrude had a high oxygen and nitrogen content. Thus, 
upgrading is needed to create oils with lower O/C and N/C ratios to are 
comparable to those in petroleum-derived oils [113].

The quality and energy recovery of biocrude is important. As shown 
in Table 7, HHVs ranged from 28.31 to 39.17 MJ/kg, which is higher 
than the HHVs biocrude from Sargassum tenerrimum (22–27 MJ/kg) 
[115], and Enteromorpha prolifera (22–27 MJ/kg) [109]. Also, HHVs of 
biocrude were much higher than feedstock (10.02 MJ/kg). The highest 
HHV (39.17 MJ/kg) was obtained at 300 ◦C, and 184 bar, while HHV 
slightly decreased to 34.17 MJ/kg at 384 ◦C, 100 bar, and 6.5 wt% of 
feed concentration, and 33.16 MJ/kg at 350 ◦C, 150 bar, and 10 wt% of 
algal feed concentration. These results are consistent with the conver
sion of lipid-bound fatty acids to free acids at temperatures above 300 ◦C 
[116], and dehydration, rearrangement, decomposition, and conversion 
of saturated bonds into unsaturated bonds, resulting in lower HHVs for 
oils from higher temperatures, most notable at 350 ◦C [117]. The HHV 
(33.16 MJ/kg) of Caulerpa sertularioides-derived biocrude at 350 ◦C, 150 
bar and 10 wt% feed concentration was close to the HHV of biocrude 
obtained from marine green macroalgae Derbesia (33.2 MJ/kg), Ulva 
(33.8 MJ/kg), Chaetomorpha (32.5 MJ/kg), Cladophora (33.3 MJ/kg) at 
350 ◦C, 250 bar and 6.67 wt% [103]. Furthermore, ERs use the amount 
of produced biocrude and take its heating value into account. The values 
for the ER of Caulerpa sertularioides ranged from a low value of 14.71 % 
at 215 ◦C, to 73.19 % at 350 ◦C. Although, temperature and pressure had 
a strong effect on HHV, an increase in algae content did not appear to 
impact energy recovery. The higher energy of 31–73 % was recovered at 
the higher temperatures than that of 14–20 % at the lower temperatures. 
The maximum HHV of 73.19 % was obtained at high temperatures and 
pressure (350 ◦C and 150 bar), which was higher than those in previous 
studies [118–121]. The ER represents that Caulerpa sertularioides has 
considerable potential to produce biocrude with great quantity and 
quality.

3.3.2. FT-IR analysis
The FT-IR spectra of biocrude feed reveals distinct absorption bands 

indicative of specific functional groups, signifying the existence of 
particular classes of compounds within the sample. The FT-IR spectra of 
the biocrude are shown in Fig. 5. The absorbance peaks at around 3200 
cm− 1 were observed in biocrude spectra, corresponding to O-H or N-H 
stretching vibrations in carboxyl, hydroxyl, and amino groups [27], 
which were abundant in molecules of acids, and N-containing hetero
cyclic compounds that were detected by GC–MS. The N-H bending 

Table 7 
Elemental composition, HHV, and ER of biocrude.

RUN T (◦C) P (bar) CFeed (wt%) C (wt%) H (wt%) N (wt%) O (wt%) H/C N/C O/C HHV (MJ/kg) ER%

1 215.91 100 6.5 63.22 8.08 3.7 25 0.13 0.06 0.40 28.95 14.71
2 250 50 3 64.49 8.46 3.34 23.71 0.13 0.05 0.37 29.98 15.59
3 250 50 10 64.19 8.21 3.95 23.65 0.13 0.06 0.37 29.58 15.88
4 250 150 10 64.44 7.65 4.13 23.78 0.12 0.06 0.37 28.99 18.43
5 250 150 3 64.54 10.29 2.15 23.02 0.16 0.03 0.36 32.24 20.02
6 300 15.91 6.5 69.97 8.81 2.65 18.57 0.13 0.04 0.27 32.85 23.01
7 300 100 0.61 71.67 8.85 3.35 16.13 0.12 0.05 0.23 33.73 16.43
8 300 100 6.5 66.74 7.72 4.07 21.47 0.12 0.06 0.32 30.11 23.71
9 300 184.09 6.5 77.02 11.26 2.54 9.18 0.15 0.03 0.12 39.17 55.12
10 300 100 6.5 65.1 7.36 3.99 23.55 0.11 0.06 0.36 28.90 20.42
11 300 100 6.5 66.91 7.44 4.19 21.46 0.11 0.06 0.32 29.84 23.47
12 300 100 12.38 63.15 7.57 4.25 25.03 0.12 0.07 0.40 28.31 19.47
13 350 150 10 72.87 7.91 4.35 14.87 0.11 0.06 0.20 30.59 73.19
14 350 50 3 74.71 7.73 3.84 13.72 0.10 0.05 0.18 33.16 22.41
15 350 150 3 68.63 7.81 3.7 19.86 0.11 0.05 0.29 31.05 31.05
16 350 50 10 70.05 8.83 3.51 17.61 0.13 0.05 0.25 32.98 31.87
17 384.09 100 6.5 73.43 8.5 4.45 13.62 0.12 0.06 0.19 34.17 48.70
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vibration peak at 1511‒1679 cm− 1 indicated the presence of N-con
taining compounds [75,122]. The weak absorbance peak at 3216 cm− 1 

is attributed to the O–H vibration caused by water and alcohol in the 
biocrude. Also, the strong absorbance peak of C–H stretching vibrations 
between 2854 and 3058 cm− 1 represent the CH3 and CH2 groups [15]. 
The intense absorbance C=O vibration at 1818 cm− 1 in biocrude sug
gests that a lot of ketones and aldehydes are produced by the decom
position of proteins in raw materials [76]. The C=C stretching vibrations 
at 1511, 1608, and 1679 cm− 1 in biocrude indicate alkenes. Moreover, 
the presence of C–H bending vibrations between 1376 and 1452 cm− 1 

indicates the presence of alkanes. The bands at 1039 and 1268 cm− 1 

may be attributed to C–O vibrations, suggesting the presence of func
tional groups typically found in esters, acids, or alcohols within the 
biocrude composition [81]. Also, the bands at around 700 and 806 cm− 1 

in the biocrude due to O–H bending indicate the presence of phenols, 
ethers, esters, and aromatic compounds. Similar results are seen for 
different macroalgae. For instance, the FT-IR result reported for bio
crude from green macroalgae Chaetomorpha sp. [123] showed that the 
significant peaks observed at 2926 cm− 1 and 2858 cm− 1 corresponded 
to the C–H, a strong absorbance peak at 1674 cm− 1 that attributed to 
C=O, the C–H bending at 1460 cm− 1 and 1388 cm− 1 with the C–O 
bending at 1000–1300 cm− 1 suggested the presence of acids and ester 
group, and the aromatic C=C stretching observed at 1521 cm− 1. The 
FT-IR result of biocrude from brown macroalgae Sargassum sp. indicated 
that its peaks at 722, 737, and 819 cm− 1, O–H bending, showed the 
presence of aromatic compounds, phenols, esters, and ethers; at 1265 
cm− 1, C–O stretching for alcohols and with peaks at 1383 and 1458 
cm− 1, C–H bending; alkenes were detected at 1625 cm− 1, C=C 
stretching; ketones, aldehydes, and carboxylic acids with peak at 1688 
cm− 1, C=O stretching; alkanes were found at 2875, 2932, and 2965 
cm− 1, C–H stretching and water with the peak at 3375 cm− 1 [124].

3.3.3. GC-MS analysis
GC-MS analysis was carried out to confirm the finding from FT-IR by 

gaining further insight into the identification of biocrude compounds 
obtained from HTL of Caulerpa sertularioides at 350 ◦C and 150 bar. 
Components were characterized by comparing their principal peaks 
with reference spectra in the NIST mass spectral database. The biocrude 
contained ketones, esters, acids, aldehydes, alcohols, hydrocarbon, and 
nitrogen-containing compounds. The major components of biocrude are 
shown in Table 8. It was clear that most constituents of the biocrude 
were complex cyclic compounds. The main functional groups include 
acids, n-containing heterocyclic compounds, and ketones, which were 
similar to that of the biocrude obtained from Enteromorpha prolifera 
[109], Sargassum tenerrimum [125], and Ulva prolifera [107] macroalgae. 

The main components were n-Hexadecanoic acid (48.75 %), 9-Oxabicy
clo [3.3.1] non-6-en-2-one oxime (6.76 %), 2-Cyclopenten-1-one 2, 
3-dimethyl- (5.91 %), 1-Dodecanol, 3,7,11-trimethyl- (4.54 %), 1-Hexa
decanol 2-methyl- (4.71 %), 9-Hexadecenoic acid (4.10 %) and Tetra
decanoic acid (3.58 %). Hexadecanoic acid, a predominant constituent 
frequently identified in bio-oil derived from algal sources, stands out as a 
significant molecular entity [107,126,127].

Fig. 5. FT-IR spectra of biocrude.

Table 8 
Compounds identified from the biocrude obtained from HTL of Caulerpa ser
tularioides at optimum condition by the GC-MS analysis.

Classification Compound name Chemical 
formulas

Area 
(%)

Ketones 2-Cyclopenten-1-one, 3-methyl- C6H8O 1.02
2-Cyclopenten-1-one, 2,3-dimethyl- C7H10O 5.91
2-Cyclopenten-1-one, 2,3,4- 
trimethyl-

C8H12O 0.68

2-(2-Methyl-propenyl)- 
cyclohexanone

C10H16O 0.56

Spiro[5.5]undecane-1,7-dione C11H16O2 0.58
1H-Inden-1-one, 2,3-dihydro-3- 
methyl-

C10H10O 1.36

Aldehydes 2,4-Heptadienal, (E,E)- C7H10O 1.00
Esters 2(3H)-Benzofuranone, hexahydro-3- 

methylene-
C9H12O2 1.85

7-Methyl-Z-tetradecen-1-ol acetate C17H32O2 0.88
Amines 3-Buten-2-amine, 4-(2,6,6-trimethyl- 

1-cyclohexen-1-yl)-
C13H23N 0.32

Acids Tetradecanoic acid C14H28O2 3.58
9-Hexadecenoic acid C16H30O2 4.10
n-Hexadecanoic acid C16H32O2 48.75

Alcohols 1-Hexadecanol, 2-methyl- C17H36O 5.30
1-Dodecanol, 3,7,11-trimethyl- C15H32O 4.71

Others Cyclopropa[d]naphthalen-3-one, 
octahydro-2,4a,8,8-tetramethyl-, 
oxime

C15H25NO 0.66

1H-Indole, 5,7-dimethyl- C10H11N 2.03
2,3,7-Trimethylindole C11H13N 1.02
1H-Indole, 5,6,7-trimethyl- C11H13N 1.88
Quinoline, 1,2-dihydro-2,2,4- 
trimethyl-

C12H15N 0.90

1-Benzoylamino-5-piperidinyl-1- 
phenylpentane

C23H30N2O 0.54

9-Oxabicyclo[3.3.1]non-6-en-2-one, 
oxime

C8H11NO2 6.76

Phorbol C20H28O6 0.48
1-Propanone, 1-(2-methylphenyl)-2- 
methyl-3-(1-piperidyl)-

C16H23NO 2.46

Piperacetazine C24H30N2O2S 1.73
Ergost-14-ene, (5.alpha.)- C28H48 0.94
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The mechanism of the various reactions occurring during HTL of 
algae is difficult to describe because the reaction pathways are multifold 
[50]. The HTL involves a complex array of sequential and parallel re
actions that are influenced by the feedstock’s composition and operating 
conditions. The high temperatures and pressures utilized in the HTL 
process alter the structure of long-chain polymers composed of 
hydrogen, oxygen, and carbon into short-chain hydrocarbons [128]. The 
major HTL reaction pathways are depolymerisation (hydrolysis), 
decomposition, and recombination (repolymerization) [129]. Through 
depolymerisation, long-chain polymers are broken down into oligomers 
that can dissolve in water. This transformation allows carbohydrates to 
be broken down into monosaccharides and polysaccharides; proteins are 
reduced to peptides and amino acids; and lipids are separated into fatty 
acids and glycerol [130]. The hydrolyzed monomers undergo further 
breakdown through the elimination of water (dehydration), carbon di
oxide (decarboxylation), and the removal of amino groups (deamina
tion) by decomposition [131]. These processes of dehydration and 
decarboxylation contribute to a reduction in oxygen levels. Various 
reactive fragments formed through decomposition processes start to 
recombine (undergo repolymerization) at temperatures exceeding 
300 ◦C, leading to the synthesis of biocrude constituents [1]. In this 
study, GC-MS analysis indicated three likely pathways for the identified 
compounds. In the first pathway, fatty acids, like hexadecanoic acid and 
tetradecanoic acid, are generally produced from the hydrolysis of lipids 
in the raw material [109]. Subsequently, these compounds undergo 
reactions with carbohydrates, potentially forming additional com
pounds such as 7-methyl-Z-tetradecen-1-ol acetate and 2(3H)-benzofur
anone, hexahydro-3-methylene. In the second pathway, nitrogenated 
compounds are formed by decarboxylation, deamination, dehydration, 
depolymerisation, and decomposition reactions of proteins [9]. After 
temperature increases in the HTL reactor, protein dehydrates to amino 
acids and then based on the Maillard reaction goes on to react with the 
carbohydrates [132]. The Maillard reaction is capable of generating 
various types of nitrogen-containing heterocyclic compounds, like 
piperacetazine and quinoline, 1,2-dihydro-2,2,4-trimethyl-. In the third 
pathway, ketones (e.g. 2-cyclopenten-1-one, 2,3-dimethyl-) and alco
hols (e.g. 1-Hexadecanol, 2-methyl-) mostly convert from carbohydrates 
by hydrolysis, dehydration, and cyclization [107].

Previous GC-MS analyses of oils produced through HTL of various 
macroalgae, including Ulva prolifera [133], Enteromorpha prolifera 
[109], Gracilaria gracilis, and Cladophora glomerata [134], have shown 
that biocrude compositions can vary significantly among different algal 
sources. These oils have been found to contain fatty acids (e.g., 
C14-C20), long-chain hydrocarbons (e.g., C17-C22), aromatics, and 
other polar substances such as phenols, alcohols, and 
nitrogen-containing compounds. While this study also identified similar 

compounds, including fatty acids and nitrogenous heterocyclic com
pounds in the biocrude, some constituents differed from those identified 
in earlier research. These differences in biocrude composition were 
influenced not only by the type of algal feedstock but also by the con
ditions under which liquefaction occurred. From GC-MS analysis it can 
be seen that the content of acids exceeds 56 %, and the N-containing 
compounds are around 18 %. The specific percentage of 
nitrogen-containing compounds in biocrude can vary significantly 
depending on algae species, reaction conditions, and efficiency of ni
trogen removal pathways [1]. Studies noted that higher temperatures 
resulted in a biocrude with a low nitrogen content and an aqueous phase 
with a high content of nitrogen [132]. Throughout the process, various 
nitrogen-containing compounds are formed, but many of these com
pounds are volatile and are removed as gas and aqueous phase [1], 
leading to reduction in nitrogen content of final biocrude. The HTL 
deamination involves the removal of amino groups (NH2) from amino 
acids and other nitrogen-containing compounds. While decarboxylation 
primarily involves the removal of carbon dioxide, it can also result in the 
removal of nitrogen, particularly when it occurs in conjunction with 
deamination [1,135]. The removed nitrogen is typically released as 
ammonia or other nitrogen-containing compounds in gas and aqueous 
phase [1,77]. Also, the Maillard reactions can occur between amino 
acids and reducing sugars, leading to the formation of volatile 
nitrogen-containing compounds in gas and aqueous phase [132]. 
Additional refinement processes, including the removal of oxygen 
(deoxygenation) and nitrogen (denitrogenation), are imperative to 
render biocrude compatible for use as an engine fuel [136]. These en
hancements are crucial to meet the stringent specifications for fuel 
properties and performance characteristics required for efficient com
bustion in engines.

Fig. 6. TG (black line) and DTA (red line) curves of biocrude. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Table 9 
Boiling point distribution of biocrude obtained from the optimum condition.

Distillate range 
(◦C)

Typical application Biocrude 
(%)

25–110 Bottle gas and chemicals 3.71
110–200 Gasoline 17.22
200–300 Jet fuel, fuel for stoves, and diesel oil 35.79
300–400 Lubricating oil for engines, fuel for ships, and 

machines
28.03

400–550 Lubricants and candles, fuel for ships 12.15
550–700 Fuel for ships, factories, and central heating 1.42
700–800 Asphalt and roofing 0.84
>800 Residues 0.84
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3.3.4. TGA analysis
TGA applied in simulated distillation is regarded as miniature 

distillation and provides an estimate of the boiling range of biocrude. 
Thermogravimetry (TG)/differential thermal analysis (DTG) curves of 
biocrude are presented in Fig. 6. Biocrude heating under an inert at
mosphere to 900 ◦C resulted in about 85 % weight loss. The weight loss 
of biocrude before 110 ◦C was 3.14 %, which indicates the drying pro
cess effectively removed the DCM solvent. The most weight loss for 
biocrude occurring below 400 ◦C was 84.75 %. Overall, TG/TGA char
acterizations of biocrude showed that biocrude contained large dis
tillable fractions. Table 9 presents the boiling point distribution of 
biocrude. The distribution of petroleum products at different tempera
tures was adopted from the literature [137,138]. The main biocrude 
distribution was mainly in the range of 110–550 ◦C. Bicrude contained a 
significant amount of boiling point fractions (63.82 %) at 200–400 ◦C. 
Moreover, the fractions at 200–300 ◦C accounted for the highest bio
crude weight loss of 35.79 %, representing the fraction of diesel oil. It is 
consistent with the previous studies [110,138–140] that, most biocrude 
fractions were light in the range of jet fuel and diesel. However, the 
biocrude contained significant amounts of oxygen and nitrogen. 
Therefore, there is a need for following upgrading stages to enhance 
biocrude quality. Moreover, the weight loss of biocrude at 300–400 ◦C 
was 28.03 %, which was the fraction of lubricant oil for engines and fuel 
for ships. This result also agrees with the GC–MS result where com
pounds of the same boiling range, i.e. Hexadecanoic acid and Tetrade
canoic acid were found. However, major components of biocrude 
obtained from cornstalk [111], Scenedesmus [68], Chlorella, and Spir
ulina microalgae [10] fall in the category of lubricant and fuel for the 
ship. TGA of biocrude obtained from Caulerpa sertularioides macroalgae 
indicates that the higher biocrude quality is achievable according to the 
higher amount of low boiling point fractions.

3.4. Solid residue characterization

Solid residue analysis is shown in Table 10. The produced solid from 
Caulerpa sertularioides had 12.50 % carbon, 7.05 % hydrogen, 4.65 % 
nitrogen, and 24.56 % oxygen at 350 ◦C. The amount of carbon (12.50 
%) had decreased significantly compared to the initial feed (25.93 %). 
The HHV of solid residue from Caulerpa sertularioides was calculated at 
8.97 MJ/kg, which was slightly higher than the HHV of HTL solid res
idue from Sargassum angustifolium at 350 ◦C (5.61 MJ/kg) [49].

The surface properties of macroalgae biochar depend on the pro
duction method and the properties of the raw materials. The average 
pore size, surface area, and total pore volume of the solid phase were 
obtained by BET analysis. According to the resulting linear isotherm 
shown in Figs. S24–S25, the surface area was measured at 4.54 m2/g, 
which is twice the specific surface area of the macroalgae (2.26 m2/g). 
As reported by Leng et al., the biochar obtained from macroalgae typi
cally has a small surface area (1–5 m2/g) [141]. The low surface area of 
solid residue may be justified by the fact that it also happened to have a 
large average particle size, as concluded from the particle size distri
bution (1.97 and 233.60 nm) [142]. The surface area increases due to 
the escape of volatile materials produced by macroalgae [79].

The solid material produced from Caulerpa sertularioides had a pore 
diameter of 98.97 Å (9.89 nm) and can be classified as mesoporous 
material (between 2 and 50 nm). Amar et al. observed that the signifi
cant pore volume of HTL solid residue was mainly confined to the 
average pore size of 8–14 nm [143]. Also, the total pore volume of solid 
residue was 0.027 cm³/g, which was near to the pore volume of solid 
co-products of the HTL process of corn stover (0.02–0.03 cm³/g) [143,
144].

3.5. Aqueous phase characterization

The properties of the aqueous phase are presented in Table 11. The 
chemical oxygen demand was detected at 14360 mg/l, which was near 
the COD of 19475 mg/l reported for the HTL aqueous phase of sewage 
sludge at 300 ◦C for 30 min [145]. The high value of COD indicates the 
presence of high organic contents that could lead to ecological concerns 
if this effluent is released without treatment. The amount of TOC found 
within the liquid phase varies considerably with the biomass utilized, 
the density of solids within the reaction vessel, and the reaction condi
tions [146]. The TOC was found 6.031 g/l, which was close to the TOC of 
6.171 g/l reported for the aqueous phase from HTL of sludge with a 
biomass concentration of 10 wt% [147]. The higher protein content of 
the feedstock and higher content of polar compounds in the HTL liquid 
phase lead the higher TOC in the aqueous phase [64]. The cultivation of 
algae utilizing dissolved organic carbon in water presents an economi
cally and technologically viable approach [148]. The TN was obtained at 
9550 mg/l, corresponding to the high nitrogen content of the aqueous 
phase. The TN of the HTL aqueous phase of Caulerpa sertularioides was 
higher than Nannochloropsis gaditana (5419 mg/l) and Scenedesmus 
almeriensis (4039 mg/l) at 350 ◦C [149], because algae containing high 
proteins give higher TNs [74]. Many studies indicated that the nitrogen 
in the aqueous phase is in NH+

4 form [74,150,151]. Elevated concen
trations of ammonium within the aquatic phase indicate a promising 
opportunity for nitrogen recuperation through the proliferation of algae. 
This is attributed to the fact that algae can assimilate ammonium with 
greater efficiency for the biosynthesis of nitrogenous cellular com
pounds as compared to utilizing nitrate [74]. The TDS and pH were 
detected at 1657 mg/l and 7.91, respectively. The pH of the aqueous 
phase was slightly alkaline, which was supported by pH (typically ~8) 
reported for the HTL aqueous phase of different microalgae and mac
roalgae [64]. The presence of ammonia in the water-based component is 
attributable to the breakdown of proteins within the algal cells. Conse
quently, a greater concentration of proteins in the initial biomass cor
relates with an elevated pH level in the HTL aqueous phase. Also, algae 
can grow rapidly in slightly alkaline environments. Therefore, the pH 
value of 7.91 shows the potential of the aqueous product for algae 
cultivation. However, relatively high amounts of COD and TDS make it 
necessary to dilute this phase before using it as an algae culture medium.

3.6. Gas phase characterization

The gas chromatography indicated that the gas phase contained 
79.46 % CO2, 1.52 % H2, 1.20 % N2, 0.46 % C2H6, 0.39 % CH4, and 
11.81 % others. Results indicated that CO2 is typically present in the 
highest amount, which is common for HTL of biomass [152]. CO2 could 
be formed from reactions such as water-gas shift reaction, steam 

Table 10 
Analysis of solid phase.

Component/Property Solid residue Algal feedstock

C (wt%) 12.50 25.93
H (wt%) 7.05 3.58
N (wt%) 4.65 2.52
O (wt%) 24.56 21.59
Ash (wt%) 51.24 46.39
HHV (MJ/kg) 8.97 10.02
Surface area (m2/g) 4.54 2.269
Pore volume (cm³/g) 0.027 0.0043
Pore size (nm) 9.89 3.52

Table 11 
Analysis of aqueous phase.

Property Aqueous phase

COD 14360 mg/l
TOC 6031 mg/l
TDS 1657 mg/l
TN 9550 mg/l
pH 7.91
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reforming, and decarboxylation [66,153]. However, the low amount of 
H2 to CO2 ratio and differences in activation energies for their formation 
during HTL (38 ± 3 kJ/mol vs. 99 ± 5 kJ/mol, respectively) indicate 
that decarboxylation is most likely to occur [153]. Moreover, the gas 
formation is thought to mainly arise from radical reactions, but the high 
protein content of the feedstock means that a large number of free 
radical scavengers are formed which includes N-containing heterocyclic 
aromatic organic compounds [154].

3.7. Pretreatment of HTL

The microwave and ultrasonic pretreatments were performed at 
350 ◦C, 130 bar, and 8.6 wt% feed concentration. Comparison was made 
between conventional HTL and the HTL assisted by microwave and ul
trasonic pretreatment and results are shown in Table 12. The solid yield 
decreased with the increase of ultrasonic and microwave power, indi
cating an increase in biomass biodegradation. However, biomass 
biodegradation was in favor of the aqueous phase and had a negative 
impact on the yield of biocrude. When the power increased from ul
trasonic to microwave, the aqueous phase yield increased significantly. 
Moreover, biocrude yield decreased with the increase in ultrasonic 
pretreatment time from 1 min to 15 min. By increasing microwave 
power from 500 to 600 W, the aqueous phase converted to the biocrude 
and gas phase, and the biocrude and gas yields increased slightly to 8.64 
wt% and 3.81 wt%. Higher biocrude yields were obtained at conven
tional HTL of Caulerpa sertularioides without pretreatment as well as the 
lowest pretreatment power and time. It is expected to be due to high 
protein and low lipid content in algae. This result was confirmed by Hu 
et al. [39] and Shi et al. [155], who carried out HTL with ultrasonic 
pretreatment. They showed that in comparison with conventional HTL, 
the lower bio-oil yield was achieved in ultrasonication pretreatment. 
Compared to high-power ultrasonication (75 & 134 W), the yield of 
bio-oil had higher values in the microwave-assisted HTL process, but it 
was still lower than the yield in the conventional HTL. This is because 
the larger molecules break into smaller molecules in high pretreatment 
power via decomposition and re-polymerization [155].

The pretreatment effect on biocrude yields obtained from untreated 
and treated algae at 350 ◦C is in agreement with previous studies. For 
instance, Eboibi et al. [156] discovered that the HTL of microalgae 
biomass that had undergone pretreatment resulted in reduced biocrude 
production compared to yields from raw, unprocessed microalgae. 
Similarly, Zou et al. [81] observed a decrease in biocrude yield by 
approximately 10 wt% when processing D. tertiolecta. that had been 
subjected to pretreatment compared to processing of untreated 
D. tertiolecta [81]. Furthermore, Vardon et al. [68] noted a biocrude 
yield of 31 wt% from defatted Scenedesmus sp., which was significantly 

lower than the yield (45 wt%) achieved from Scenedesmus sp. without 
lipid extraction [156]. Compared to processing of untreated D. tertiolecta 
[81]. The study of Biller et al. [48] showed that the microwave pre
treatment of Nannochloropsis and C. fritschii before HTL did not appear to 
be particularly beneficial due to reduced biocrude yield. In general, it 
can be concluded that the pretreatment is not effective on Caulerpa 
sertularioides algae to increase biocrude production in these conditions.

4. Directions for future work

There are some significant opportunities and challenges associated 
with the large-scale application of algae for biofuel production that need 
to be addressed in future research. Many macroalgae species are found, 
but few samples were examined for biofuel production. Further research 
is necessary to compare performance and find the best feedstock before 
establishing a biorefinery in coastal areas. Also, understanding the 
interaction between HTL parameters needs a detailed study to find their 
impact on the use of HTL product yields. Moreover, characteristics of the 
algal cell wall must be considered in the selection of pretreatment 
technique, energy demand, and process design to improve product re
covery and extraction. In addition, extensive research is required to 
achieve a deep understanding of the relationship between cell wall 
characteristics and disruption efficiency. Moreover, the quality of bio
crude obtained from HTL is lower than that from petroleum-based fuels. 
Therefore, the produced biofuel needs upgrading to meet the fuel 
standards. A variety of techniques have been established to enhance the 
quality of biocrude, including the use of supercritical fluid processing, 
the application of esterification reactions, the implementation of cata
lytic cracking procedures, the employment of hydrogenation processes, 
the practice of hydrodeoxygenation, and the incorporation of emulsifi
cation strategies. The selection of an appropriate enhancement method 
in conjunction with HTL is pivotal in advancing the quality of biocrude.

5. Conclusion

HTL of Caulerpa sertularioides was performed at 250–350 ◦C, 50–150 
bar, and 3–10 wt% feed concentration. The RSM with CCD was used to 
optimize the operating parameters in HTL. Results showed that more 
biomass decomposes to HTL products with an increase in temperature 
and pressure. Optimization results indicate that the highest biocrude 
yield was obtained at 350 ◦C and 150 bar in 9.752 wt%. In optimal 
conditions, the yield of biocrude in the experiment was obtained at 
22.15 wt%. Furthermore, the biocrude characterization showed that 
biocrude had a range of 63–74 %, 7–11 %, 2–4.5 %, and 9–25 % for 
carbon, hydrogen, nitrogen, and oxygen, respectively. Also, HTL of 
Caulerpa sertularioides at 350 ◦C and 150 bar resulted in a maximum ER 
of 73.19 %. The maximum HHV of 39.17 MJ/kg was obtained at 300 ◦C 
and 184 bar. The FT-IR and GC-MS analysis showed that the main 
compounds of biocrude were acids, ketones, and heterocyclic com
pounds. Although the boiling point of 35.79 % of biocrude components 
was the same as the boiling point of diesel oil (200–300 ◦C), the biocrude 
contained high oxygen content. Thus, subsequent deoxygenation steps 
may make this feasible for fuel production of Caulerpa sertularioides. 
Finally, an investigation of ultrasonic and microwave pretreatment ef
fects suggested that solid and biocrude yields decreased, while the 
aqueous phase increased with the increase of pretreatment power. It 
turned out that the pretreatment was not effective in increasing biocrude 
production from Caulerpa sertularioides algae at 350 ◦C.
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Table 12 
Pretreatment HTL of Caulerpa sertularioides.

Experiment Condition YSR 

(wt%)
YAP 

(wt%)
YBC 

(wt%)
YG (wt 
%)

Conventional 
HTL

HTL: 350 ◦C, 8.6 wt% 
for 35min

22.62 42.25 10.34 24.79

Ultrasonic +
HTL

Pretreatment: Power 
= 50W for 1min

15.38 53.05 9.53 22.04

Ultrasonic +
HTL

Pretreatment: Power 
= 50W for 15min

17.44 45.34 8.52 28.7

Ultrasonic +
HTL

Pretreatment: Power 
= 75W for 1min

16.74 55.68 6.74 20.84

Ultrasonic +
HTL

Pretreatment: Power 
= 75W for 15min

10.46 44.52 4.84 40.18

Ultrasonic +
HTL

Pretreatment: Power 
= 134W for 15min

13.93 50.57 5.93 29.57

Microwave +
HTL

Pretreatment: Power 
= 500W for 1min

14.33 75.13 7.44 3.10

Microwave +
HTL

Pretreatment: Power 
= 600W for 1min

16.69 70.86 8.64 3.81
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