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ARTICLE INFO ABSTRACT

Keywords: This study investigates the simultaneous production of hydrochar and bioactive compounds from Ulva lactuca via
Algae a hydrothermal process. The experiment was carried out using a batch reaction vessel at different reaction

Bioactive compound temperatures of 180-220 °C and various holding times of 30-90 min. As expected, both temperature and time

gygizgqlz:mal vigorously influenced hydrochar and bioactive compound production. The maximum hydrochar yield was at
Se);wee d 32.4 wt%. The higher heating value (HHV) of hydrochar was observed in the range of 17.68-21.07 MJ kg~!, near

the energy content of low-rank coals. The hydrochars exhibited contact angles higher than 90° (i.e., 94-108°) for
a longer time, confirming their hydrophobic surfaces. The scanning electron microscope analysis (SEM) showed
that the hydrothermal process enables cracks in the spherical shape of raw U. lactuca into small and porous
particles. Besides producing hydrochar, the hydrothermal process of U. lactuca also gives promising antioxidants
and phenolics as bioactive compounds. The highest total phenolic content and antioxidant activity could be
achieved in hydrolysate at 200 °C and 30 min with the value of 1.20 + 0.12 mg/g and 71.6 + 1.3%, respectively.

1. Introduction

The sole reliance on fossil energy causes many environmental and
economic problems. The current uncertain global political situation has
also resulted in an unprecedented energy crisis [1]. Therefore, the
transition to renewable energy, including biomass, to replace fossil fuels
is strongly encouraged in various parts of the world. Moreover, renew-
able energy has been seen as one of the essential efforts to achieve Net
Zero Emissions before or by 2050 that are targeted by many countries
[2]. This is because biomass is considered carbon neutral, unlike fossil
fuel, meaning that its burning will release carbon dioxide that is part of
the biogenic carbon cycle.

The use of lignocellulosic biomass still faces pressures on land and
fresh water-use competition, as well as the need for fertilizers [3,4]. As
an alternative, macroalgae are an attractive option over terrestrial

biomass since they are aquatic species that can grow in the ocean, have a
high growth rate, do not require arable land, and contain high organic
compounds [5].

As one of the countries with the longest coastline and largest ocean
area worldwide, Indonesia has extraordinary marine organism biodi-
versity [6], including macroalgae, commonly known as seaweed.
Seaweed has been used for centuries, mainly for food and medicines. In
the modern era, Indonesia has been producing seaweed and has become
the 2nd largest producer after China, with production accounting for 9.9
million tons in 2019 [7]. Nevertheless, the commercially utilized species
are mostly Gracilaria sp., Gelidium sp., and Eucheuma sp., while other
species remain less utilized. Moreover, Indonesian seaweed export is
80% in the form of raw materials with low added value, while processed
products with higher economic benefits, such as food and pharmaceu-
tical industry, are still in small share [8]. Realizing the great potential,
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Indonesia is encouraged to increase the utilization of seaweed and its
added value by diversifying their product for food, feed, fertilizer,
pharmaceutical, and cosmetics [9].

Meanwhile, Indonesia is working on achieving its Net Zero Emission
(NZE) by 2060. One of the efforts is elevating the percentage of
renewable energy from biomass in the national energy mix [10].
Intriguingly, with its organic content, macroalgae can be converted to
solid fuel for energy sources, but this application path seems to be
overlooked. Some studies showed that macroalgae could be the source
generating hydrochar, using the hydrothermal process [11-13]. The
hydrothermal technique uses hot compressed water, generally at
150-250 °C and elevated pressure, allowing a sequence of reactions to
take place, including biomass decomposition and depolymerization,
producing hydrochar with high content of carbon (up to 73%) and en-
ergy (15-30 MJ/kg) [14-16].

A study by Brown et al. in 2020 showed that the energy content of
hydrochar from macroalgae Saccharina latissima and Fucus serratus
increased by 47% and 172%, respectively, with the progress of the hy-
drothermal process [12]. A different study investigated activated
hydrochar from Euchema cottonii exhibiting the formation of allotropes
of carbon consisting of carbon microfibers and graphene [13]. Such
porosity and functionality allow hydrochar to be used for various ap-
plications such as soil amendment, catalyst, adsorbent, and solid-
combustion fuel [12]. Moreover, the energy densification ratio of
hydrochar from macroalgae Gelidium sp. was observed by Patel et al. in
2021, ranging from 1.13 to 1.55, and can be categorized as a highly
energy-dense product [11]. The solid fuel from macroalgae is expected
to be applied so that the share of renewable energy to achieve the NZE
target can be realized.

Macroalgae have a unique chemical composition, including bioac-
tive materials such as sugars, phenolic compounds, and antioxidants
[8,17]. These chemicals can be obtained in the liquid fraction along with
the production of hydrochar using a hydrothermal process. This strategy
is an example of a biorefinery framework to generate multiproduct that
will increase the feasibility. However, the discussion on simultaneous
hydrochar and high-value chemical production is still rare in the liter-
ature. U. lactuca is selected as a feedstock since it is abundantly avail-
able. Having said that, the bloom of U. lactuca can cause a significant
problem in the marine biota due to the eutrophication problem. Hence,
this study elaborated on using macroalgae U. lactuca to simultaneously
obtain hydrochar and bioactive compounds, namely phenolic com-
pounds and antioxidants.

2. Materials and methods
2.1. Characterization of U. Lactuca

The sample of U. lactuca was obtained from East Lombok beach, Nusa
Tenggara Barat, Indonesia. The preparation of feedstock has been re-
ported in our previous work [18]. In brief, the fresh U. lactuca was first
cleaned with tap water to remove the sand and impurities. Subse-
quently, the wet U. lactuca biomass was dried under sunlight for around
6 h. The dried sample was then ground using a coffee bean grinder. Next,
the sample was sieved to achieve a uniform particle size of 0.25 mm and
stored in sacks for further analysis. Thermogravimetry analyses were
carried out using a TGA 4000 thermogravimetric analyzer (Perkin
Elmer, United States of America). This instrument was used to conduct
proximate analysis under ASTM E1131-08. The ash content of U. lactuca
was measured using the standard method of ASTM D1102. Our earlier
works have informed the detailed proximate analysis [18,19].

Meanwhile, CHN628 (Leco, United States) was used to carry out the
ultimate analysis of U. lactuca so that the carbon (C), hydrogen (H), and
nitrogen (N) content could be measured. Moreover, CHN632 (Leco,
United States) was used for sulfur (S) analysis. Finally, the remaining
mass balance was expressed as oxygen (O) content. Moreover, a Parr
6200 bomb calorimeter (Isoperibol) was used to measure the HHV
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following the method of ASTM D 5865-04.

2.2. Hydrothermal process of U. Lactuca

A high-pressure reaction vessel (Berghof, Instruments GmbH, Ger-
many) was used for the hydrothermal process of the U. lactuca. Fig. 1
shows a schematic diagram of a batch reactor. The feature of this reactor
can be found in our previous work [19]. This reactor is available for use
at elevated pressure and temperature (maximum pressure and temper-
ature of 20 MPa and 300 °C, respectively).

The dried macroalgae with a particle size of 0.25 mm were mixed
with distilled water so that the concentration obtained was 5 wt%. The
mixture was placed into the reactor, and then the reaction vessel was
closed securely with a top cover and purged with purified nitrogen gas to
eliminate the air. The hydrothermal experiment was carried out at 180,
200, and 220 °C for 30, 60, and 90 min of holding times at a pressure of
approximately 8 MPa. Once the hydrothermal process was completed,
the reactor heater was switched off. Afterward, an ice water chamber
cooled down the reaction vessel immediately. Next, the sample inside
the reactor was moved to a beaker glass. Then, the solid product
(hydrochar) was removed from the aqueous product (hydrolysate) by
filtration using a vacuum pump. Subsequently, the solid product was
oven-dried for 24 h at 105 °C. Please note that triple-replicate experi-
ments were conducted. The yields of the product were calculated using
the following equations [11]:

Wiiguidapeerfittration
Liquid(hydrolysate)yield (%) = —ddaferiration () @
initialfeedstock
. . Wsolidpraduz‘mﬁmﬁltralian
Solidyield (%) = ——————— x 100 (2)
Mniliulfeed.ﬂork
Gasyield (%) = 100 — (solidyield% + liquidyield%) 3)

Meanwhile, equation (4) was employed to determine the energy
densification ratio [11]:

HHY iyarochar

= " fudvochar_ C)
HHVinilialfzedsmck

Energydensificationratio (—)

2.3. Characterization of hydrochar

The hydrochar obtained from the hydrothermal process was exam-
ined concerning ultimate analyses, higher heating values (HHVs), sur-
face morphology, functional group, and contact angle. As mentioned
previously, the protocol to measure the elemental composition and the
HHYV of hydrochar product is the same as the one applied for U. lactuca.

A Fourier Transform Infrared (FTIR) spectrometer (Perkin Elmer,
United States) was applied to identify the functional groups of untreated
U. lactuca and its derived hydrochar. As a result, FTIR spectra were
obtained in the wavenumber ranging from 400 to 4000 cm ™. Moreover,
an SU 3500 Scanning Electron Microscope (Hitachi, Japan) was
employed to examine the imaging characterization of feedstock
U. lactuca and its corresponding product of hydrochars. Meanwhile,
surface contact angle analysis was performed using a JC2000D1 contact
angle tester (Shanghai Zhongshan Digital Technology Equipment Co.
Ltd., China). This contact angle instrument was equipped with a high-
resolution CCD camera.

2.4. Characterization of hydrolysate

The analysis of total phenolic content, antioxidant activity, and UV-
absorbance was employed to characterize the hydrolysate, the aqueous
phase of the hydrothermal process. To calculate the total phenolic
content of U. lactuca hydrolysate, we used the Folin-Ciocalteau method.
The detailed protocol to determine total phenolic content can be found
in the previous works [19-21]. In summary, the absorbance of the
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Fig. 1. A schematical diagram of the experimental apparatus.

sample mixture and the Folin-Ciocalteau’s phenol reagent was deter-
mined using a UV-Vis Spectrophotometer at 750 nm. The standard
curve of gallic acid solution calculates the total phenolic content (TPC).
Moreover, the value of TPC was determined as a mass of gallic acid
equivalent (GAE) per mass of samples (mg GAE/g).

The antioxidant activity of U. lactuca hydrolysate was determined
using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) method [19,22]. The
mixture of the sample and DPPH reagent was determined using a UV-Vis
spectrophotometer at 515 nm. The scavenging effect (%) was deter-
mined using equation (5):

Scavenging effect (%) = A;Ay x 100 )
Where, As and A, represent the sample and control reaction absor-
bance, respectively.
Meanwhile, a U-2900 UV-Vis spectrophotometer (Hitachi, Japan)
was used to determine the UV-absorbance of hydrolysate. Three
repeated measures were performed for all analyses.

3. Results and discussion
3.1. Product yield

Temperature, as well as time, are the most significant parameters
influencing liquid, solid, and gas product distribution. As Stemann et al.
(2013) reported, temperature enables the decomposition of macromo-
lecular biomass structures [23]. The change in product distribution of
the hydrothermal process of U. lactuca with temperature and holding
time is shown in Fig. 2. Increasing temperature and prolonging reaction
time leads to a decrease in hydrochar yield (Fig. 2). Hydrochar yields
decreased from 32.43 wt% to 28.22 wt% once the temperature was
raised from 180 to 200 °C for 30 min reaction time. The hydrochar yield
gradually dropped to approximately 24.15 wt% as the temperature rose
further to 220 °C. This can be explained because the increased tem-
perature could enhance the carbonization and more substantial primary
decomposition of macromolecules generating liquid and gas products
[24]. Roman et al. (2018) reported that various decomposition reactions
occur on the intermediates generated during the hydrothermal process
of biomass, such as dehydration, deoxygenation, and aromatization,

resulting in the production of liquid and gas products, and causing a
decrease in solid product [25].

The product yield changes during the hydrothermal are in accor-
dance with the earlier works [11,12]. In addition, hot compressed water
in the hydrothermal process could suppress the mass transfer limitation,
causing lower activation energy [26,27]. Consequently, the hydrother-
mal process enables better penetration into porous biomass, making it
easy to decompose into liquid and gas products, resulting in biomass
deterioration [28]. Partridge et al. (2020) also postulated that during the
hydrothermal process, the hemicellulose initially decomposed at the
temperature range of 180-200 °C. The hydrolysis of cellulose, repre-
senting the significant loss of hydrochar occurred as the temperature is
further increased beyond 200 °C [29].

Unlike the solid trend, the extended reaction time from 10 to 20 min
resulted in an enhancement in liquid product from 62.40 wt% to 64.26
wt% at 180 °C. However, the liquid yield slightly dropped to about
63.49 wt% with an extended time of 30 min. Increasing liquid yield with
time from 10 to 20 min might be because the main decomposition re-
actions, primarily due to thermal cracking and dehydration, were
enhanced. In the meantime, extending the reaction time to 30 min might
cause further product decomposition, improving gaseous products
instead of pertaining to the liquid phase. Nevertheless, at higher tem-
peratures, 200 and 220 °C, the liquid yield gradually decreased once the
holding time was extended. This can be explained because higher tem-
peratures and longer reaction times led to complete carbonization,
causing a lower liquid yield [30,31]. Apart from that, under more severe
conditions at elevated temperatures and times, the simple compounds in
the liquid phase having low molecular weight were also thermally
cracked to generate non-condensable gas [32-34]. The trend of gas yield
proved this, which increased with temperature and time.

3.2. Higher heating value and energy densification ratio of hydrochar

The change in HHV and energy densification ratio with temperature
and holding time during the hydrothermal process is presented in
Table 1. The energy densification ratios of hydrochar obtained at the
operating temperatures of 180-220 °C and times of 30-90 min were
between 1.47 and 1.75. Since the energy densification ratio of hydrochar
is above 1.00, it confirms that hydrothermal processing enabled the
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Fig. 2. Product distribution of hydrothermal process of U. lactuca at (a) 180 °C,
(b) 200 °C, and (c) 220 °C.
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Table 1
The higher heating value (HHV) and energy analysis of hydrochar derived from
U. lactuca.

Parameters HHV (MJ/ Energy densification ratio

Temperature Holding time ke) k-

[°C] [min]

180 30 17.68 + 1.47
0.19

180 60 17.95 + 1.49
0.21

180 90 18.06 + 1.50
0.26

200 30 18.11 + 1.50
0.31

200 60 18.76 + 1.56
0.38

200 90 19.06 + 1.58
0.14

220 30 19.60 + 1.63
0.21

220 60 19.93 + 1.66
0.18

220 90 21.07 + 1.75
0.14

production of energy-dense hydrochar.

Moreover, increasing temperature and extending holding time led to
the rise of the HHV of the hydrochar. As the temperature was elevated
from 180 to 220 °C, the HHV of hydrochar raised by over 10.86%,
11.03%, and 16.67% at the reaction time of 30, 60, and 90 min,
respectively. Therefore, it might be associated with decarboxylation and
dehydration reaction, which could enhance the carbon content in
hydrochar, causing an increase in HHV [11,35-37]. As a result, the HHV
of hydrochar was between 17.68 and 21.07 MJ kg™!, which is compa-
rable with the energy content of the low-rank coals. The HHVs of low-
rank coals are in the range of 12-25 MJ kg~ with an average value of
15 MJ kg’l, as Luo and Tao (2017) reported [38].

3.3. Elemental composition of hydrochar

The elemental composition of hydrochar derived from the hydro-
thermal process of U. lactuca at various operating conditions is presented
in Table 2. In general, increasing temperature and extending time
enhanced the carbon content of U. lactuca. The carbon content rose from
39.10% in untreated U. lactuca to 48.20% in hydrochar after hydro-
thermal. This might be due to dehydration and aromatization at elevated
temperatures [24,33,39]. It is noteworthy to mention that the
enhancement of carbon content in hydrochar is helpful for carbon di-
oxide sequestration. Since its carbon component is generally stable,
increasing carbon content results in more carbon fixed in the soil as char,
enhancing carbon dioxide sequestration. A relatively stable form of
carbon has the potential to serve as an effective long-term carbon store
and have a significant impact on the reduction of greenhouse gas
emissions. It can also be linked because increasing carbon content in
hydrochar as a porous material can enhance its capacity to adsorb and
retain carbon dioxide, thus improving its effectiveness for carbon di-
oxide sequestration [40].

In contrast, increasing temperature and extending time resulted in a
slight decrease in oxygen contents from 31.06% in the raw U. lactuca to
28.24% in the hydrochar at the operating conditions observed in this
study. It should be attributed to the decarboxylation and dehydration
reactions [41]. Similarly to the oxygen content, the hydrothermal pro-
cess could reduce nitrogen from 4.46% in the raw U. lactuca to 3.05% in
the hydrochar. The decreasing nitrogen content during the hydrother-
mal process could be related to the degradation of protein-containing
nitrogen released from macroalgae into the liquid phase [42].

Furthermore, the effect of hydrothermal temperature and time on
ash content was investigated. It was found that temperature and time
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Table 2
Elemental composition of U. lactuca and its corresponding hydrochar.
Sample Ultimate analysis (wt%) Ash
(wWt%)
% C % H % N % S % O
Raw feedstock 39.10 6.2 + 4.46 7.28 31.06 11.90
(U. lactuca) + 0.30 0.03 + 0.02 + 0.03 + 0.45
Hydrochar 43.98 5.12 4.04 6.77 28.68 11.41
(180 °C, 30 + 0.16 + 0.06 + 0.03 + 0.07 + 0.29
min)
Hydrochar 44.39 5.02 3.94 6.91 28.48 11.25
(180 °C, 60 + 0.21 + 0.10 + 0.07 + 0.04 + 0.32
min)
Hydrochar 45.25 4.91 3.88 7.15 27.76 11.04
(180 °C, 90 + 0.14 + 0.08 + 0.02 + 0.02 + 0.24
min)
Hydrochar 45.87 5.00 3.53 7.08 28.05 10.47
(200 °C, 30 + 0.19 +0.11 + 0.09 + 0.06 +0.31
min)
Hydrochar 46.08 4.53 3.49 7.51 28.17 10.22
(200 °C, 60 + 0.24 + 0.04 + 0.04 +0.11 +0.28
min)
Hydrochar 47.29 4.11 3.39 6.93 28.33 9.94
(200 °C, 90 +0.14 + 0.03 + 0.06 + 0.07 + 0.36
min)
Hydrochar 47.58 4.01 3.30 8.24 27.44 9.43
(220 °C, 30 +0.19 + 0.05 + 0.08 + 0.09 +0.35
min)
Hydrochar 47.68 3.93 3.13 8.58 27.44 9.24
(220 °C, 60 +0.17 + 0.08 + 0.06 + 0.03 + 0.26
min)
Hydrochar 48.20 3.40 3.05 7.94 28.24 9.17
(220 °C, 90 + 0.24 + 0.11 + 0.05 +0.12 +0.19
min)

significantly affected the ash content (P < 0.05). It is important to note
that the ash content was reduced with hydrothermal temperature and
duration increment. The decrease in ash content with increasing hy-
drothermal process temperature and time can be attributed to removing
minerals from the feedstock during the hydrothermal process. Since the
hydrothermal process uses water as a medium, some minerals in the
feedstock, such as potassium, calcium, etc., can be dissolved in the water
during the hydrothermal process. As a result, they are removed from the
solid material. In addition, as the temperature and time of the hydro-
thermal process increase, the solubility of these minerals in the water
also increases, leading to more significant removal of these minerals.
To compare the O/C and H/C atomic ratios between untreated
feedstock and hydrochar, a van Krevelen diagram is presented in Fig. 3.
As shown in the diagram, more severe conditions at elevated tempera-
tures and times led to a drop in the O/C and H/C atomic ratios. The O/C
and H/C atomic ratios of untreated feedstock were 0.59 and 1.90,

#Raw feedstock (Ulva Iact'iié’a).\

@ Hydrochar (180 °C) B
1.75 1 AHydrochar (200 °C)
EHydrochar (220 °C)

H/C atomic ratio

0.4 0.6 0.8 1 1.2
O/C atomic ratio

Fig. 3. van Krevelen diagram of U. lactuca and its corresponding hydrochar.
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respectively. In the meantime, the O/C and H/C atomic ratios of
hydrochar were achieved at about 0.44 and 0.85, respectively, at 220 °C
and 90 min. It should be due to decarboxylation and dehydration re-
actions via breaking the carbon-oxygen bond of ester and ether in
biomass [43,44].

3.4. SEM images and functional groups of hydrochar

The morphological change during the hydrothermal process of raw
U. lactuca was observed by SEM. Images of untreated U. lactuca and its
derived hydrochar are depicted in Fig. 4. It is clearly shown that the
hydrothermal process could significantly alter the surface morphology
of U. lactuca. The hydrothermal process enables cracks in the spherical
shape of raw U. lactuca into small and porous particles with rough sur-
faces. In addition, the formation of mesoporous particles was also found
in the hydrochar that evolved from several kinds of feedstocks [45-47].
The mesoporous particles in hydrochar are thought to be generated due
to the deformation of the chemical bond in raw feedstock and the
discharge of volatile compounds at elevated temperatures [48,49].
Furthermore, it is also postulated owing to the hydrothermal process of
cellulose and other carbohydrate compounds [50,51].

The functional groups of raw U. lactuca and its derived hydrochar
were also investigated by FTIR. Fig. 5 shows the FTIR spectra of un-
treated U. lactuca and its derived hydrochar. Both raw U. lactuca and its
derived hydrochar had a wide peak at 3000-3300 cm ™}, assigned to the
vibration of —OH stretching from the hydroxyl and carboxyl functional
groups [46]. Nevertheless, this band weakened or even disappeared
once the operating condition was elevated from 180 °C to 200 °C and
220 °C, confirming the dehydration at elevated temperatures. The
aliphatic C-H medium bands stretching at 2852-2918 cm ™' were
identified in hydrochar. The strong peak at 1628-1636 cm™' was
observed at raw feedstock and its hydrochar, attributed to the aromatic
C—C ring stretching [52]. Moreover, the aromatic C-H group with the
stretching vibrations was also observed, with evidence of strong peaks at
1027-1032 cm™ . Interestingly, few peaks were observed around
400-700 cm™! in hydrochar, but this is not the case for raw feedstock.
These peaks correlate to the presence of polycyclic aromatic compounds
in hydrochar [53].

3.5. Contact angle of hydrochar

The contact angle of hydrochar was observed to examine the hy-
drophobicity of biomass. The contact angle of raw U. lactuca and its
corresponding hydrochar are depicted in Fig. 6. It should be noted that
the contact angle above 90° correlated to a hydrophobic surface.
Meanwhile, with the contact angle below 90°, the sample’s surface is
more hydrophilic. Once the contact angle is close to 0°, the surface is
entirely hydrophilic, which tends to be hygroscopic property.

As observed in Fig. 6, for the case of raw U. lactuca, the initial contact
angle is 64°. At around 4 s, the angle of U. lactuca becomes 0°, con-
firming its hydrophilicity. It could be attributed to the fact that raw
U. lactuca contains hydroxyl groups (-OH) from carbohydrates soluble
in water via hydrogen bonding interaction [54].

In contrast with the raw U. lactuca, the hydrochar exhibited contact
angles higher than 90° for a longer time, indicating that hydrochar is
more hydrophobic than hydrophilic. The higher the temperature of the
hydrothermal process, the greater the contact angle. Hydrochar derived
from U. lactuca has contact angles in the ranges of 94-108°. This finding
reveals that the transformational property of macroalgae from hydro-
philic to hydrophobic after hydrothermal can considerably enhance
their stability, causing the improvement of CO, sequestration ability. It
should be noted that the hydrophobicity of produced hydrochar can help
enhance its stability and carbon sequestration since hydrophobicity can
prevent hydorchar from absorbing water, reducing degradation through
water exposure, and increasing its stability in the soil.
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3.6. Phenolic content and antioxidant activities of hydrolysate

Fig. 7 shows the total phenolic content, the ability of DPPH-radical
scavenging, and the UV-absorbance of U. lactuca hydrolysate at
various temperatures. As depicted in Fig. 7 (a), increasing the operating
condition from 180 °C to 200 °C at reaction times of 30 and 60 min

120
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Fig. 6. Contact angle profile of raw U. lactuca and its corresponding hydrochar.

increased the total phenolic content of U. lactuca hydrolysate. The total
content of phenolic compounds was identified to be the highest (1.20 +
0.11 mg/g) in U. lactuca hydrolysate at 200 °C and 30 min. It should be
because increasing temperature from 180 °C to 200 °C resulted in more
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Fig. 7. (a) total phenolic content, (b) antioxidant activity, and (c) UV-
absorbance spectra of U. lactuca hydrolysate.

nonpolar phenolic compounds being extracted owing to lowering the
value of the water dielectric constant [55]. Nevertheless, at more severe
temperatures higher than 200 °C and longer holding time at 90 min, the
total phenolic constant declined due to the thermal decomposition of
phenolic compounds under higher severity conditions.

The potential antioxidant activity of U. lactuca hydrolysate was
determined using DPPH free radical scavenging assay. The DPPH-
radical-scavenging ability of U. lactuca hydrolysate at various oper-
ating conditions is presented in Fig. 7 (b). As observed, the antioxidant
activity increased considerably with temperature observed from 180 to
200 °C. It could be due to the more nutritional compounds, such as
flavonoid and phenolic compounds, extracted at 200 °C. However, at a
temperature beyond 200 °C, the antioxidant activity decreased due to
nutritional compounds’ decomposition. This work confirms that the
hydrolysate of macroalgae U. lactuca can be a valuable material for
bioactive compounds.
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Fig. 7 (c) presents the UV absorption spectra of U. lactuca hydroly-
sate. The absorption band at 230 nm was observed, corresponding to the
transition of n — n* orbital for —C—=0 (carbonyl) or —COOH (carboxyl)
groups. Moreover, the sharp absorption band at 460 nm was assigned to
the change of n — n* orbital for the —N—O (nitroso) groups [56]. The
peak was shifted to the longer wavelength at 480 nm once the operating
temperature was raised to 200 and 220 °C. It should be linked to the
movement of auxochrome groups with the temperature.

4. Conclusion

Concurrent production of hydrochar and bioactive compounds from
macroalgae U. lactuca via a hydrothermal method was successfully
conducted. The maximum total phenolic content (1.20 + 0.12 mg/g)
and antioxidant activity (71.6 + 1.3%) were obtained from U. lactuca
hydrolysate at 200 °C and 30 min. At the same time, the yield of
hydrochar (28.2 wt%) was also obtained. Based on the van Krevelen
diagram, more severe conditions at elevated temperatures and times
decreased the O/C and H/C atomic ratios. The energy densification ra-
tios of hydrochar were reported between 1.47 and 1.75, indicating that
hydrothermal processing enabled the production of energy-dense
hydrochar. The hydrochar exhibits a calorific value of 17.68-21.07
MJ kg™!, which is similar to the low-rank coals. Moreover, the hydro-
char exhibited contact angles higher than 90° (i.e., 94-108°) for a longer
time, confirming their hydrophobic surfaces. Overall, this work provides
insights into hydrochar and bioactive compounds that could be obtained
simultaneously from U. lactuca via a hydrothermal process.
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