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Abstract: Ulva Lactuca is a fast-growing algae that can be utilized as a bioenergy source. However,
the direct utilization of U. lactuca for energy applications still remains challenging due to its high
moisture and inorganics content. Therefore, thermochemical processing such as slow pyrolysis to
produce valuable added products, namely bio-oil and biochar, is needed. This study aims to conduct
a thorough investigation of bio-oil and biochar production from LI lactuca to provide valuable data
for its further valorization. A slow pyrolysis of U. lactuca was conducted in a batch-type reactor at a
temperature range of 400-600 °C and times of 10-50 min. The results showed that significant com-
pounds obtained in U. lactuca’s bio-oil are carboxylic acids (22.63-35.28%), phenolics (9.73-31.89%),
amines/amides (15.33-23.31%), and N-aromatic compounds (14.04-15.68%). The ultimate analysis
revealed that biochar’s H/C and O/C atomic ratios were lower than feedstock, confirming that
dehydration and decarboxylation reactions occurred throughout the pyrolysis. Additionally, biochar
exhibited calorific values in the range of 19.94-21.61 M] kg—1, which is potential to be used as a solid
renewable fuel. The surface morphological analysis by scanning electron microscope (SEM) showed
a larger surface area in U. lacfuca’s biochar than in the algal feedstock. Overall, this finding provides
insight on the valorization of U. lactuca for value-added chemicals, i.e., biofuels and biochar, which
can be further utilized for other applications.

Keywords: thermochemical conversion; biomass; seaweed; biofuel; algae

1. Introduction

Biomass-derived bioenergy has received much interest as a renewable energy option to
replace fossil fuels, owing to its potential to provide sustainable energy, abundance, carbon-
neufrality, low cost, and inherently environmental friendliness [1,2]. Several methods are
developed to produce energy from biomass, including biological and thermochemical
processes. Biological conversion is considered a less energy-intensive process than the
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thermochemical route, but it has shortcomings due to long processing times and rigorous
requirements of temperature and pH [3]. Thermochemical processes of gasification, tor-
refaction, and pyrolysis are considered favorable due to them being more cost-effective
and efficient [4-6]. Pyrolysis is a thermochemical process that has received much interest in
recent years as a cost-effective and energy-effident process for biomass conversion to biofu-
els and valuable chemicals [7]. Principally, pyrolysis is conducted by biomass conversion
at a temperature between 300 and 600 °C in the absence of oxygen, generating three main
products, ie., bio-oil, biochar, and syngas [8]. Pyrolysis has recently been recognized as
a viable approach for managing some biomass sources for the simultaneous production
of high-calorific-value liquid and gas products, as well as a carbon-rich solid that can be
utilized as activated carbon, soil ameliorant, etc. [9].

In the context of utilization and source, biomass is classified into first-, second-, third-,
and fourth generations. The exploitation of first- and second-generation biomass not only
triggers the food versus fuel debate, but also increases the inflation of food prices, and
requiring fresh water and arable land [10]. To ensure the sustainability of biomass-derived
energy, the diversification of biomass sources is vital, especially concerning the use of
freshwater and arable land to supply biomass. It is needless to say that fresh water demand
keeps increasing due to the rapid growth in world population leading to the limitation
of freshwater for biomass cultivation [10]. Therefore, as the third generation of biomass,
marine macroalgae (seaweeds) are expected to play a vital role as a source of biomass
since they have a rapid growth rate and high-value compounds, including polysaccharides,
protein, and bioactive molecules [11,12]. Further, marine macroalgae do not compete with
food crops over fresh water and arable land [13,14].

Ulva is considered to be one of the most promising macroalgal biomass sources,
since it is a fast-growing green macroalga that may be found abundantly all over the
world [15,16]. Indeed, species identified in genus Ulva are well known for their ability
to uptake organic materials and ease of cultivation [17]. They can absorb heavy metals
and organic pollutants [18]. Additionally, Ulva is gaining more interest since their growth
rates can be five times faster than corn, making them a potential contender as a source
of bioenergy feedstock [19]. Having said that, Lllva has also been reported as the most
common algae, besides water hyacinth and Sargassum, which can cause severe aquatic
problems due to excessive growth and eutrophication [20-24]. In this sense, the valorization
of Ulva would be beneficial not only for meeting the requirement of renewable energy
sources but also for environmental mitigation. Additionally, the utilization of macroalgae
as a viable source of renewable energy would give a promising option to efffrgy security
and tackle global concerns due to fossil fuel scarcity and global warming. However, the
direct utilization of U. lactuca for energy applications still renfffins challenging due to its
high moisture and inorganics content, but low calorific value. Therefore, thermochemical
processing such as slow pyrolysis to produce value-added products, namely bio-oil and
biochar, is required.

A number of studies concerning bio-oil and biochar production from algae have
reported that sustainable solid and liquid biofuels can be generated from macroalgae via
pyrolysis [8,25-31]. Nevertheless, very little information is available on bio-oil and biochar
production from Ulva [32-34]. It should be noted that most of the previous studies only
focused on the characteristics of bio-oil. A comprehensive study notonly focusing on bio-oil
but also biochar is necessary, since biochar has excellent potential as a carbon material for
catalyst, pollutant removal, energy storage, and CO; capture [35]. Meanwhile, after being
upgraded, bio-oil can be used as a substitute for fossil resources for various applications,
such as fuel to generate heat and power and for chemical production. Apart from that, the
most used green algae for bio-o0il and biochar production in previous works is U. prolifera.
The valorization of U. lactuca for bio-oil and biochar production via pyrolysis has not been
studied well. Therefore, this study aims to investigate the bio-oil and biochar production
as well as their characteristics from U. lactuca via slow-pyrolysis.
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The new finding of this study is highlighted as follows: (1) performing a compre-
hensive study for the coproduction of bio-oil and biochar from U. lactuca, including their
characteristics which have not been reported elsewhere and (2) providing the detailed
reaction pathway for the conversion of U. lactuca into high-value compounds identified
in bio-oil.

2. Materials and Methods
2.1. Feedstock Preparation

A green macroalgal feedstock, L. lactuca, was obtained at Ekas beach, Pemongkong,
East Lombok Regency, West Nusa Tenggara, Indonesia. To remove sand and debris,
the fresh macroalgal feedstock was washed with tap water followed by distilled water.
Subsequently, the macroalgal sample was dried u@ oven for 3 hat 50 °C. Afterwards, the
sample was ground in a coffee bean grinder and sieved to create a consistent particle size
of 0.25 mm.

2.2. Feedstock Characterization

The proximate analysis of feedstock was conducted using a thermogravimetric ana-
lyzer TGA 4000 (Perkin Elmer, United States) following ASTM E1131-08. The feedstock's
moisture content (MC) was calculated after the sample was heated to 110 °C under inert
conditions using pure N». Meanwhile, the volatile matter (VM) was determined from the
mass loss after heating the sample to 900 °C. The ash content (AC) was calculated as the
amount of sample that remained after 45 min of isothermal heating at 900 °C by switching
the Ny to air. The fixed carbon (FC) value was calculated using the formula as depicted in
Equation (1) below:

FC (wt%) = 100 — [VM (wt%) + MC (wt%) + AC (wt%)] 1)

Higher heating values (HHVs) of L. lactuca were calculated using a bomb calorimeter
(Parr 6200 Isoperibol) in accordance with ASTM D 5865-04. A CHN628 analyzer (Leco)
was used to determine the final contents of carbon (C), hydrogen (H), and nitrogen (N).
Meanwhile, a CHN632 analyzer (Leco) was employed to measure the sulfur (S) content.
The content of oxygen (O) was determined using the formula as follow:

O (%) = 100 — (%C + %H + %N + %S3) )

Each analysis was conducted three times until the reproducible data were achieved.
Table S1 presents the proximate and ultimate analyses of Ll lactuca.

2.3. Pyrolysis of U. lactuca

The feedstock was pyrolyzed in a stainless batch-type reactor as schematically illus-
trated in Figure 1. The reactor was equipped with a thermocouple, an electric furnace,
and a condenser. The maximum operating temperature of the reactor is 1000 °C, which is
controlled using a PID temperature controller. A 50 g dried U. lactuca was placed inside
the reactor. To ensure an oxygen-free atmosphere, the reactor was purged with N, prior to
the pyrolysis process at a flow rate of 100 mL min~!. Please note that all experiments were
conducted at atmospheric pressure. The reactor was heated at a rate of 30 °C min~! from
ambient to the final temperatures of 400, 500, and 600 °C.
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Figure 1. The pyrolysis reactor of L. lactuca.

Vapor-phase products were condensed and collected in a liquid sample port during
pyrolysis. The biochar was collected after cooling down the reactor, and the mass was
weighed using gravimetry. All of the experiments were carried out twice. The yield of the
products is calculated using the equations listed below.

wbiu— ail

Bio-oil yield (%) = % 100 (3)

wf' nitial feedstock (dry)

Wso} i product

Solid yield (%) = % 100 (4)

W,

intial feedstock (dry)
Gas yield (%) = 100 — (bio — oil + solid product) (5)

2.4. Product Characterization

The bio-oil was characterized using a gas chromatography-mass spectrometry (GC/MS-
QP2010 SE-Shimadzu, Japan) system with an Rix®-5MS capillary column. The details of
bio-oil analysis have been reported in our previous studies [36,37]. In brief, the temperature
of GC was initially set at 150 °C for 5 min. The temperature was then ramped to 300 °C ata
rate 0f 10 °C min L. The oven was maintained at this temperature for 26 min. The NIST2008
¢2.0 /Xcalibur data library was used to compare recorded mass spectra to determine the
bio-0il compounds.

The biochar was analyzed using an elemental (C, H, N, 5) analyzer, scanning electron
microscopy (SEM), and a Fourier transform infrared spectroscopy (FTIR). The elemental
composition of solid products (C, H, N, 5, O) was determined using the same procedures as
feedstock. A scanning electron microscopy (SEM) (Hitachi, SU 3500) was used to observe
the morphology of the solid product with the magnifications of 1000 and 2500x. To
evaluate the appearance of functional groups in the biochar, FTIR analysis was conducted
using infrared spectrometer Spectrum Two Universal ATR-FT-IR (Perkin Elmer, Waltham,
MA, USA).
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3. Results and Discussion
3.1. Product Yield Distribution at the Different Reaction Temperature

The effect of temperature on product yield distribution from the pyrolysis of LL lactuca
at the temperature range of 400-600 °C is summarized in Figure 2. At400 °C, bio-oil yields
were still relatively low. Bio-oil yields of merely 7.82, 12.49, and 14.32% were obtained
for reaction times of 10, 30, and 50 min, respectively, reflecting incomplete pyrolysis of
U lactuca at 400 °C. The bio-oil yields significantly increased with an increase in tem-
perature of 400 to 500 °C, achieving 7.98, 17.06, and 24.05% within 10, 30, and 50 min,
respectively. This trend could be attributed to; (1) more significant primary decomposition
of macroalgal biomass at higher temperature and (2) secondary decomposition of biochar.
As the pyrolysis temperature rose to 600 °C, the bio-oil yields slightly increased, but the
prolonged reaction time did not lead to a considerable increase in bio-oil. This could be
attributed to the more significant decomposition of low molecular weight compounds in the
liquid phase into noncondensable gas occurring at higher temperatures and longer reaction
times [38]. The bio-oil yield obtained from this study is comparable with the previous
work using hydrothermal liquefaction. Yan et al. [39] reported that the highest bio-oil yield
of 12.0 wt% was achieved for noncatalytic liquefaction of Ulva prolifera at 290 °C within
10 min. Meanwhile, the bio-oil yield increased as the KOH (0.1 g) catalyst was added,
achieving the highest yield of 26.7 wt%.

(a) 400 °C (b) 500 °C
BGas @EBio-oil @Solid Gas B Bio-oil DSolid
100 ﬁ 100 m

= =
=80 f\_ 80
= £
E 60 = 60
- =
b -1
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0 il

10 30 50 10 30 50
Reaction time [min] Reaction time [min]

(¢) 600 °C
BGas B Bio-oil 2Solid
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80
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Figure 2. Product yield distribution of U. lactuca at the different reaction temperatures of (a) 400 °C,
{b) 500 °C, and (c) 600 °C.
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In contrast with the bio-oil yield, the biochar yield decreased with higher temperatures
and longer reaction times. At 400 °C, the biochar yields decreased from 88.47 to 80.07%
as the reaction time was prolonged from 10 to 50 min. A substantial decomposition of
biochar was observed at higher temperatures of 500 °C, resulting in yields of 87.52, 70.29,
and 60.53% at 10, 30, and 50 min, respectively. The biochar yield sharply decreased when
the temperature increased to 600 °C, leading to yields of 84.85, 66.49, and 49.53% at 10,
30, and 50 min, respectively. This result could be attributed to the more considerable
decomposition of macroalgal feedstock at high temperatures, resulting in a decreasing in
biochar formation [31]. This finding is in accordance with previous works that reported
that biochar yield significantly decreased with temperature and time [33,40].

It can be noted from this study that the gas yield remarkably increased with temper-
ature and time. However, the effect of temperature is more significant than the reaction
time. This can be explained due to the pyrolysis vapors at higher temperatures as well as
the secondary cracking of the char to generate noncondensable gases, such as CHy4, CO,
and CO», as reported by a previous study [31].

3.2. Bio-Oil Characteristics

The composition of bio-oil from the pyrolysis of U. lactuca was determined by GC/MS
analysis. GC/MS chromatogram of bio-oil from pyrolysis of U. lactuca is presented in
Figure S1. The bio-oil product from the L. lactuca pyrolysis displayed various chemicals.
Table 1 summarizes the compounds identified in U. lactuca bio-oil at different temperatures.
As shown in Table 1, the three abundant compounds obtained from the pyrolysis of
U lactuca are phenol, acetic acid, and 3-hydroxypyridine. The formation of phenol might
be derived from the interaction of the aromatic compound with steam during the pyrolysis
of biomass [41]. Meanwhile, acetic acid is derived from the thermal decomposition of
lipid [10]. Apart from that, the 3-hydroxypyridine has been linked to the degradation of
protein into amino acids at high pyrolysis temperature, followed by the cydization reaction
of amino acids [42].

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

Relative Area (%) under Different

No. Compounds Molecuilar Pyrolysis Temperature
Formula 200 °C 500°C 600°C
1 Acetic acid CaH40s 18.011 22.582 32.908
2 Propionic acid C3HgO- 1.986 2.495 1.689
3 Cyclopropane C3Hg 5.515 3.859 8.268
4 Acetamide CsHsNO 5.030 8.535 5.061
5 Butanoeic acid CyHaOs 1.168 1.248 0.283
6 2-Methylpyrazine CsHgN, 1.370 1.918 2243
7 Isovaleric acid CsHqp0 1.463 1.693 0.404
8 2-Furanmethanol CsHgOo 0.462 0.263 0.283
9 3- Methy lp yridinc CeHzN 0.631 0.294 0.283
10 2-Hexen-1-ol CHp,0 2144 0.314 0.566
11 2-Acetylfuran C,H,0 2173 1.918 1.368
12 5-Methylfurfural CeH O 1.195 1.329 2447
13 3-Methyl-2-cyclopenten-1-one CgHzO 1.370 1.745 0423
14 Phenol CgHgO 27.671 18.130 8.106
15 2,3-Dimethyl-2-cyclopente-1-one CyHy O 0.713 0.593 1.324
16 0-Cresol CsHgO 0.920 0.697 0.283
17 p-Cresol CyHzO 3.295 1.337 1.346
18 3-Hydroxypyridine CsHsNO 9.864 8.483 9.015
19 2-(2-Butoxyethoxy) ethanol CyHq505 0.727 0.213 0.280
20 Ethyl methacrylate CeH g0, 0.660 1.195 1.681

21 2-Hyrodxy-5-methylacetophenone CoH1pO2 0.555 1.428 5.000
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Table 1. Cont.
Relative Area (%) under Different
No. Compounds BApicosia Pyrolysis Temperature
STt 400 °C 500°C 600 °C
22 5-Methylhydantoin C4HyN,O» 2.781 1.081 2.499
23 4-(2-Aminoethyl) morpholine CgH14N,O 1.458 1.445 1.763
24 4-Octadecylmorpholine CanHygsNO 5.787 6.718 10.429
25 Propanamide CyH>NO 0.622 1.767 0.799
26 Hexanamide CgHy3NO 0.917 1.871 0.722
27 2-Pyrrolidinone Cy4H7NO 1.206 1.964 0.291
28 4-methylpentanamide CgHy3NO 0.310 1.009 0.253
Compounds obtained from the pyrolysis of U. lactuca as shown in Table 1 can be clas-
sified into several groups, namely aliphatic hydrocarbon, amines /amides, carboxylic acids,
furan derivatives, ketones, N-aromatic compounds, and phenolic compounds (Figure 3).
Carboxylic acid was the most predominant compound observed from the pyrolysis of UL
lactuca, representing 22.63-35.28% of the total relative area. The formation of short-chain car-
boxylic acids has been linked to the thermal decomposition of lipids. The result of this study
is in line with the previous finding of laccarino et al. [10], who observed that carboxylic
acids were predominantly found in bio-oil from the pyrolysis of Salicornia bigelovii.
40.00
@400 °C
o
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2600 °C —I'
¥ 3000
g
@
‘g 25.00
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Aliphatic Amines/amides Carboxylic acids Furan Ketones N-aromatic Phenolics
hydrocarbons derivatives compounds

Figure 3. Compounds observed in bio-oil during pyrolysis of U. lactuca at 400, 500, and 600 °C.

Phenolic compounds were also observed from the pyrolysis of U. lactuca. As previously
mentioned, the phenolic compounds might be derived from the steam reaction of aromatic
compound. In addition, the formation of phenolic compounds has also been linked to
the decomposition of lignin or protein-containing phenylalanine [38]. In this study, it was
noticed that the selectivity of phenolic compounds in the bio-oil decreased with an increase
in temperature, following the trend: 31.89% (400 °C) > 20.16% (500 °C) > 9.73% (600 °C).
This could be attributed to the fact that higher temperatures could promote the cleavage of
side chains in phenolic compounds to generate the hydrocarbon [43].

It is worth noting that substantial amine/amide derivatives were observed in the
pyrolysis of LI lactuca. The relative area of amines/amides was found to be around 15.33,
23.31, and 19.32% at 400, 500, and 600 °C, respectively. The amine/amide derivatives from
the pyrolysis of LL lactuca were higher than that of other terrestrial lignocellulosic biomass.
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Zhang et al. [44] reported that the typical compounds identified from the pyrolysis of
lignocellulosic biomass are hydrocarbons, N-containing compounds, alcohols, aldehydes,
sugars, phenols, furans, ketones, and acids, and no amine/amide derivatives were observed.
This can be explained as being due to the fact that macroalgae have higher protein content
than terrestrial lignocellulosic biomass [14]. Amine derivatives are plausibly derived from
the decomposition and decarboxylation of amino acids. Meanwhile, the amide compounds
might be deduced from the reaction of organic acids and the ammonium produced from
the decomposition of amino acids during pyrolysis. The plausible reaction pathways from
the slow-pyrolysis of the U. lactuca is depicted in Figure 4.
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Figure 4. A plausible reaciton pathway of U. lactuca decomposition during pyrolysis.

Besides amine /amide derivatives, a significant amount of N-aromatic compounds
(14.04-15.68%) were observed in the slow-pyrolysis of L lactuca. The main component
of N-aromatic compounds observed in this study was heterocyclic derivatives such as
2-methylpyrazine, 3-methylpyridine, 2-hydroxypyridine, and 5-methylhydantoin. The
formation of N-aromatic compounds can be deduced from the deterioration of protein into
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amino acids at high pyrolysis temperatures, followed by the cyclization and aromatiza-
tion reactions of amino acids. Another possibility is the reaction of the amino acids and
carbohydrates through the Maillard reaction, which can further decompose to generate
N-aromatic compounds [42].

The aliphatic hydrocarbons were also identified in the L. lactitca’s bio-oil, which might
be generated from the decomposition of long-chain organic acids followed by a decarboxy-
lation reaction. Furthermore, the aliphatic hydrocarbons are plausibly derived from the
ring-opening, cracking, and dehydration of cellulose [12]. The small amounts of furan
derivatives (i.e., 3.51-4.10%) were observed from the pyrolysis of U. lactuca. The typical
furan derivatives identified in UL lactuca’s bio-oil are 2-furanmethanol, 2-acetylfuran, and
5-methylfurfural (5-HMF). Furan derivatives are generally derived from several steps of de-
hydration and ring-opening reactions of xylose. Another possibility for furan generation is
via a concerted electrocyclic reaction followed by multiple steps of dehydration and cycliza-
tion [45]. Finally, trace amounts of ketone derivatives (i.e., 2.64-6.75%) were also identified,
which are typical pyrolysis products of cellulose and hemicellulose decomposition [46].

3.3. Biochar Product and Its Characteristics

The ultimate analysis and calorific value of original feedstock and biochar obtained
from the pyrolysis of U. lactuca at 400, 500, and 600 °C are shown in Table 2. Itis clearly
shown that the biochar has a higher C content (44.30-48.03%) than the original feedstock
(39.1%). The C content in the solid increased with the temperature. However, the Oand H
contents in the biochar were much lower than those in the original feedstock. The decrease
in O and H content could be associated with promoting dehydration and deoxygenation
reactions during pyrolysis. The low hydrogen content of biochar has also been linked
with the aromatization and formation of hydrogen gas (H;) as a result of the generation
of the low-molecular weight of hydrocarbons [38]. Apart from that, the HHVs of biochar
(19.94-21.61 M] kg !) obtained from the pyrolysis of U lactuca are much higher than that
of the original feedstock (12.04 M] kg_l). This indicates that the biochar from the pyrolysis
of U. lactuca can be applied as a solid renewable fuel.

Table 2. Elemental analysis of biochar from pyrolysis of Ulva lactuca.

Ultimate Analysis (wt%, Dry Ash-Free)

Sample HHV (M] kg—1)
P % C Y% H Y% N Y% S Y% O (MJ kg
Ulva ftafm 39.10 £ 0.30 620 £0.03 446 £0.02 7.28 £ 0.10 4296 + 0.45 12.04 £ 0.06
Biochar (400 “C) 4430+ 013 425 +0.17 333 £0.22 841 £0.04 39.72 £ 047 19.94 £ 0.08
Biochar (500 “C) 45.55 + 0.06 3.87 £0.15 291 £0.15 9.34 £0.08 3834 £ 016 20,50 = 0.06
Biochar (600 “C) 48.03 £0.20 239 +£0.15 254 +£0.18 10,03 £ 0.04 37.01 £ 048 21.61 = 0.09

The Van Krevelen diagram was also presented to investigate the evolution of O/C
and H/C atomic ratios during the pyrolysis of U. lactuca (Figure 5). The O/C aton§® ratio
remarkably decreased from 0.82 for B lactuca feedstock to 0.67, 063, and 0.58 for biochar
at400, 500, and 600 °C, respectively. A similar trend with the O/C atomic ratio, the H/C
atomic ratitasu significantly decreased from 1.90 for U. lactuca feedstock to 1.15, 1.02,
and 0.60 for biochar at 400, 500, and 600 °C, respectively. The reduction of O/C and H/C
EBomic ratios of biochar obtained from the pyrolysis of U. lactuca could be attributed to the
dehydration and decarboxylation reactions that occurred throughout the pyrolysis.

The biochar obtained from the pyrolysis of U. lactica was also characterized by FTIR
(Figure 6). Meanwhile, the typical band assignment from the FTIR spectra of biochar ob-
tained from the pyrolysis of U. lactuca at different temperatures is summarized in Table S2.
The broadband at 3239 cm™! indicated O-H stretching vibration in the biochar at a pyroly-
sis temperature of 400 °C. However, this peak disappeared when the pyrolysis temperature
was increased to 500 and 600 °C, confirming that the dehydration reaction was enhanced
with high pyrolysis temperature. The absorption band at 1436 cm™! was assigned in
the spectra of biochar, indicating the aliphatic C-H bending. Meanwhile, strong peaks
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at 1087 cm~! were observed to stretch vibrations from the C-O group. Moreover, a few
peaks at 873 cm ™! were observed, indicating the aromatic C-H out-of-plan bending, as
Gautam et al. [41] reported. This peak indicated that the biochar contains aromatic com-
pounds. Furthermore, the peaks around 595-873 cm ! have been attributed to the existence
of polycyclic aromatic hydrocarbons (PAHs), which could be produced throughout the
pyrolysis of biomass [10].
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Figure 5. Van Krevelen diagram of the solid product obtained from the pyrolysis of LI lactuca at the
different reaction temperatures.
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Figure 6. FTIR spectra of biochar obtained from the pyrolysis of U. lactuca at (a) 400 °C (b) 500 °C,
and (c) 600 °C.

The macroalgal feedstock’s surface morphology and its biochar were also observed
using SEM (Figure 7). As shown, macroalgal feedstock revealed different properties in
terms of morphological structure compared to its solid product. Surprisingly, biochar
surface has a higher porosity than the original feedstock. This might be because the
high pyrolysis temperature could deform the surface of U. lactuca, resulting in the higher
porosity structure found in biochar. Furthermore, the pore size of biochar also increased
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with the temperature. The pore sizes Bf the biochar was found to be in the ranges of
4-6 pm, 10-20 pum, and 21-23 pum for pyrolysis temperatures of 400, 500, and 600 °C,
respectively. This could be attributed to more organic compounds being decomposed at
the higher temperature.

2
Figure 7. SEM images of (a) original feedstock.; (b) biochar at 400 °C; (c) biochar at 500 °C; and
(d) biochar at 600 °C.

4, Conclusions

A comprehensive study of the behavior of U. lactica via slow pyrolysis was re-
ported herein to provide a deeper understanding of its valorization. Reaction temperature
(400-600 °C) and time (10-50 min) could affect the distribution of bio-oil, biochar, and gas
products. An increase in temperature and time increases bio-oil and gas products, but it
decreases the biochar yield. This could be due to the significant primary decomposition
of macroalgal biomass at higher temperatures or the secondary decomposition of biochar.
The maximum bio-oil yield (24.05%) was achieved at 500 °C within 50 min. l\nanwhile,
the highest biochar yield (88.47%) was obtained at 400 °C within 10 min. The significant
compounds obtained in U. lactuca’s bio-oil are carboxylic acids (22.63-35.28%), phenolics
(9.73-31.89%), amines/amides (15.33-23.31%), and N-aromatic compounds (14.04-15.68%),
with the trace amount(ff aliphatic hydrocarbon, furan derivatives, and ketones. Based on
the ultimate analysis, biochar’s H/C and O/C atomic ratios were lower than feedstock,
confirming that dehydration and decarboxylation reactions occurred throughout the pyrol-
ysis. Higher heating values (HHV) of U. lactuca’s biochar (19.94-21.61 MJ kg™!) were much
higher than that of the original feedstock (12.04 MJ kg™1), confirming that the biochar from
the pyrolysis of L. lactuca can be applied as a solid renewable fuel. Intriguingly, SEM analy-
sis exhibited a higher porosity in the biochar surface compared to the original feedstock,
indicating that U. lactuca’s derived biochar has a great potential as a raw carbon material
for synthesizing various functional materials such as catalysts, adsorbents, and energy
storage. Overall, the finding highlights that the valorization of U. lactuca for environmental
mitigation and bioenergy production can be conducted through pyrolysis. Hence, the
integrated downstream processes to further valorize U. lactuca for bioenergy needs to be
conducted in the future.
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Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/su14063233 /51, Figure 51: GC/MS chromatogram from pyrolysis
of U. lactuca at (a) 400 °C, (b) 500 “C, and (c) 600 °C. Table S1: Proximate and ultimate analysis of

Ulva lactuca. Table 52: Typical band assignment of biochar from slow pyrolysis of U. lactuca.
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