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Abstract: Algae are a diverse group of aquatic organisms and have a potential to produce renewable
biofuel via hydrothermal liquefaction (HTL). This study investigated the effects of reaction environ-
ments on biocrude production from “Tetraselmis sp.” algae strain by HTL process using red mud
(RM) based catalyst. The inert (N3), ethylene (CoHy), reducing (10% H; /90% Nj), and oxidizing (10%
0,/90% Nj) environments were applied to the non-catalytic as well as catalytic HTL treatments with
two forms of RM catalysts: RM reduced at 500 °C (RRM) and nickel-supported RM (Ni/RM). Under
nitrogen, ethylene and reducing environments, the biocrude yield increased by the following trend:
No Catalyst < RRM < Ni/RM. The Ni/RM catalyst produced the highest biocrude yield (37 wt.%)
in an ethylene environment, generated the lowest total acid number (14 mg KOH/g) under inert
atmosphere, and lowered sulfur (33-66%) and oxygen (18-30%) from biocrude products irrespective
of environments. The RRM catalyst maximized the biocrude carbon content (61 wt.%) under a
reducing environment and minimized the heavy metal and phosphorus transfer from the feedstock
to biocrude in studied ambiences. The reducing environment facilitated mild hydrotreatment during
HTL reaction in the presence of RRM catalyst. Among the non-catalytic experiments, the reducing
atmosphere optimized carbon content (54.3 wt.%) and calorific value (28 MJ/kg) with minimum
oxygen amount (27.2 wt.%) in biocrudes.

Keywords: hydrothermal liquefaction; algae; red mud; ethylene; reaction environment; catalyst;
biocrude

1. Introduction

Hydrothermal liquefaction (HTL) is a widely studied conversion technology for
biomass liquefaction where the conversion of biomass takes place under sub- or super-
critical condition of water, acting it as both reactant and catalyst and produces liquid (also
known as biocrude), aqueous, solid, and gaseous products ([1,2] figure). The advantage
of HTL process includes the total utilization of all three products for chemicals, advanced
carbon materials and transportation fuel [3]. Moreover, pretreatment of feedstocks can
improve the HTL biocrude yield [4]. Algae are a diverse group of aquatic organisms, gained
worldwide attention for renewable biofuel production by HTL process as drying stage
can be avoided [5]. Moreover, high biofuel precursor (lipid, starch) content, the ability
to grow in non-arable land or in wastewater with high growth rates, have proved the
potential of algae feedstock in biofuel production [6-8]. Therefore, several researchers
have explored the HTL technology for various algae conversion. Recently, Jazie et al.
have maximized algae (F. vesiculosus) derived biocrude oil yield by 27.6%, utilizing 15%
of Hf3 zeolite catalyst loading with residence time of 20 min and at reaction temperature
of 300 °C [9]. Kandasamy et al. have found enhanced biocrude yield (33%) from HTL
conversion of Spirulina platensis algae at lower temperature (250 °C) with feedstock (Spir-
ulina platensis) biochar supported CeO; catalyst [10]. Xia et al. have produced 10% higher
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biocrude yield from co-liquefaction of rice straw and algae (Nannochloropsis) using alkali
catalyst (K,CO3) in glycerol-water solvent compared to pure rice straw feedstock [11].
Norouzi et al. have utilized functionalized graphene oxide/polyurethane composite as
catalyst for HTL of Cladophora glomerata and effectively repealed the undesired chemicals
formation in biocrudes [12].Yu et al. produced biocrude from HTL conversion of algae
grown on brackish dairy wastewater and valorized the HTL solid byproduct (hydrochar)
as renewable anode material for lithium-ion batteries [13]. Guo et al. have showed that
the addition of dichloromethane solvent induced about 9 wt.% higher biocrude yields of
microalgae Chlorella vulgaris, compared to non-solvent separation technique [14]. Biswas
et al. have explored the co-hydrothermal liquefaction of Prot lignin and Sargassum tenerri-
mum macroalgae in water, ethanol, and water—ethanol solvent mixture and found a 7:3
ratio of lignin:macroalgae feedstock under water—ethanol solvent mixture could maximize
the biocrude yield [15]. To reduce the algae production cost, researchers around the world
adopted various strategies. Chen et al. have reused the aqueous HTL by product from
Chlorella sp. algae conversion to grow the feedstock [16]. Mishra et al. utilized domestic
wastewater as growth medium of Monoraphidium sp. algae and later blended the algae
with domestic wastewater derived sewage sludge for co-liquefaction [17]. In a similar
co-HTL study, Islam et al. increased the fecal sludge portion in co-liquefaction of algae
and sludge mixture and noticed that the blend of 25% microalgae: 75% fecal sludge could
produce the highest biocrude yield with lighter hydrocarbon content [18]. Kim and Lee
incorporated a transparent low-density polyethylene film-based floating photobioreactor
to culture Tetraselmis sp. microalga strain in the ocean [19]. Fon Sing et al. also determined
that Tetraselmis sp. can maintain high growth rate under various salinity levels ranging
from saline to hypersaline conditions [20]. For low production cost and high growth rate,
Tetraselmis sp. can be a promising algal feedstock for HTL biocrude production.

The HTL biocrude derived from algae has a high viscosity, high oxygen and nitrogen,
and low heating value. Catalytic HTL treatment is a suitable option to upgrade this
product. The bauxite plant residue called red mud (RM) can be used as an inexpensive
catalyst by modifying its properties. The heterogeneity of this industrial waste with high
iron content can work as a liquefaction catalyst since iron is known to react with hot
compressed water or steam and produce in situ hydrogen to react with the organic fractions
of feedstock [21]. Red mud has been employed as catalyst support due to its low cost,
strong stability, high surface area, sintering resistance, and resistance to poisoning [22].
The catalytic effects of red mud were already studied in HTL conversion of different
feedstocks such as algae (Spirulina platensis), lignocellulosic biomass (oak wood), sewage
sludge [23-25]. In separate studies, nickel (Ni)-based catalysts supported by Al,O3 have
been used for hydrotreatment of the algal biocrude oil, which removed sulfur, nitrogen and
oxygen heteroatoms from oil with increased higher heating value (HHV) [26,27]. Red mud
supported Ni (Ni/RM) catalyst successfully utilized for hydrodeoxygenation of pyrolysis
oil and hydrogen production by ammonia decomposition [22,28]. Due to the perceived
potential of Ni/RM, it is being tested for HTL process as well. The reaction atmosphere is
an important operating parameter that can affect the distributions of HTL products. Peng
et al. found that under CO, H, and N, gaseous reaction environments biocrude yield from
cornstalk followed this trend: CO > H; > Nj [29]. Wang et al. also used Hy, syngas (Hy:
68.1%, CO: 30.1%, C1-C4: 0.9% and CO;: 0.9%.), Ar and CO gases in HTL conversion of
sawdust feedstock and mentioned that H, gas generated more biocrude yield than syngas,
Ar, and CO [30]. Yang et al. found out that Ni/REHY (REHY, Y zeolite exchanged with
rare earth) catalyst achieved further deoxygenation and desulfurization of algae (Dunaleilla
salina) derived HTL biocrude product under hydrogen gas [31]. However, understanding
the effect of reaction environment over catalytic and non-catalytic HTL conversion of any
algal feedstock is still rare.

This work aims to investigate the effect of inert, ethylene, reducing and oxidizing reac-
tion environments over non-catalytic as well as catalytic HTL treatment of “Tetraselmis sp.”
algae strain. Our previous work showed the superiority of ethylene reaction atmosphere
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with reduced red mud (RRM) catalysts over inert(nitrogen) conditions by increased yield
and stability of municipal sewage sludge derived HTL biocrude [32]. Current study is
designed to assess the influence of four different reaction atmospheres over HTL process
of highly productive Tetraselmis sp. algae strain with the reduced red mud (RRM) and Ni
metal on RM support (Ni/RM) catalysts. The hypothesis of this study is that the RRM
and Ni/RM will enhance biocrude yield and carbon recovery from Tetraselmis feedstock. It
is also expected that the RM catalysts under reducing environment could promote mild
hydrogenation of Tetraselmis derived biocrude during the HTL reactions whereas the oxi-
dizing environment may lead to oxidation of reactive functional groups in biocrude. Thus,
the goal is to enhance biocrude production from highly productive algal feedstock with
improved quality, which can be further upgraded via hydrotreatment.

2. Materials and Methods
2.1. Material

Tetraselmis sp. microalga was purchased from Reed Mariculture Inc. (Campbell,
California, USA). Red mud (RM) was obtained from Almatis Burnside, Inc. (Gonzales,
Louisiana, USA). Airgas Inc. (Opelika, Alabama, USA) supplied high purity nitrogen,
ethylene, and a gas mixture of 10% Hy/90% N3 and 10% O, /90% Nj denoted as reducing
and oxidizing reaction ambience, respectively, in this study. Nickel (II) nitrate hexahydrate
(99 wt.% crystalline) was purchased from Sigma—Aldrich (St. Louis, MO, USA) and was
used as received.

2.2. Feedstock Characterization

For feedstock characterization, the algae samples were dried at 105 °C for 24 h, and a
planetary ball mill (MSK-SFM-1S, MTI Corporation, Richmond, CA, USA) was used to grind
the dried samples for uniform size. The EPA 1684 method was followed to measure the
total solid content. The ash content was quantified using ASTM E1755 method. Biochemical
composition of Tetraselmis sp. strain was provided by the supplier. The elemental analysis
(CHNS/O) was performed according to the ASTM D5373-02 method in Vario MICRO cube,
Elementar (New York, NY, USA). The higher heating value (HHV) of dried algae samples
was determined using a unified correlation (Equation (1)) based on elemental analysis,
proposed by Channiwala et al.

HHYV = 0.3491*C + 1.1783*H + 0.1005*S — 0.1034*O — 0.015*N — 0.0211*A (1)

where, C, H, O, N, S and A represents carbon, hydrogen, oxygen, nitrogen, sulfur, and ash
contents of material, respectively, expressed in mass percentages on dry basis [33].

2.3. Catalyst Preparation

The RRM catalyst was prepared according to our previous work [32]. The as-received
RM was calcined at 575 °C for four hours without any pretreatment and then sieved
to obtain the particle size between 106-595 pm. The sieved calcined RM was reduced
at 500 °C temperature. The reduction temperatures for RM were based on TG-TPR
(Thermogravimetric-temperature programmed reduction) profile. For RM reduction, a gas
mixture of 10% Hy and 90% N, was used for six hours at the predetermined temperature.
Incipient wetness impregnation method was used to prepare Ni/RM catalysts with nickel
nitrate hexahydrate (Ni(NO3),-6H,O) salt. The details of Ni/RM catalyst preparation and
characterization such as TG-TPR (Thermogravimetric-temperature programmed reduction)
analysis can be found in published document elsewhere [28]. In brief, 20 g of calcined RM
with 106-595 um particle size was mixed with 350 mL deionized water. To this slurry, a
calculated amount of Ni(NOs3),-6H,O salt was added to give 10% Ni loading in the final
catalyst. The metallic salts mixed with calcined red mud slurry were stirred at 80 °C for 4 h
to obtain a thick mixture. The mixture was then dried at 105 °C overnight to obtain catalyst
precursors. The catalyst precursor was calcined for 5 h in air at 620 °C in a muffle furnace
(Thermo Scientific, Inc., Waltham, MA, USA). Then, the calcined material was reduced
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for 6 h at 500 °C using a reducing gas mixture of 10% Hj and 90% N to obtain the final
catalyst.

2.4. Catalyst Characterization

Inductively coupled plasma-optical emission spectrometry (ICP-OES), X-ray diffrac-
tion (XRD) techniques, and surface analyzer methods were used to characterize the catalysts.
The Soil, Plant, and Water Laboratory (University of Georgia, Athens, USA) performed
ICP-OES analysis. XRD analysis was performed by the method discussed in our previous
work [34]. Briefly, a bench-top powder X-ray diffraction system (AXRD, Proto Manufac-
turing, Taylor, MI, USA) was utilized from 20° to 100° (20) with 2 s of dwell time and
0.014° of A26 at 30 mA and 40 kV with CuK« radiation (A = 1.5418 A). An Autosorb-iQ
(Quantachrome Instruments, Boynton Beach, FL, USA) measured the specific surface area of
the catalysts by BET (Brunauer—-Emmett-Teller) equation using N»-adsorption—-desorption
isotherm in an adsorption analyzer. The physisorption macro steps can be found in our
previous work [35].

2.5. Experimental Setup and Procedure

A high-pressure, high-temperature reactor from Parr Instrument Company (Model
4578, Moline, IL, USA) was used for HTL experiments. The reactor setup was the same
as our previous work [32]. The reactor has 1.8 L vessel, PID controlled electrical heating
unit, controllable agitator, pressure gauge, and J-type thermocouple to monitor the tem-
perature inside the reactor. For all reaction environments (nitrogen, ethylene, reducing
and oxidizing), the HTL experiments were performed at a reaction temperature of 275 °C,
agitator speed of 550 rpm and a residence time of 60 min. For each HTL experiment, 450 g
as-received Tetraselmis sp. (with 18-19% solid content) was loaded into the reactor. For all
catalytic HTL experiments, catalyst:feedstock loading was fixed at 1:10 on basis of solid
content of feedstock (i.e., ~8 g catalyst per 450 g as-received feedstock). The reactor was
purged with desired gas (nitrogen, ethylene, 10%H; /90%N; and 10% O, /90% Nj) three
times to remove air from the reactor headspace before pressurizing with it to an initial
pressure of 200 psi (1.38 MPa). The reactor was then heated to the desired temperature at
the heating rate of ~3 °C/min. After holding the reactor at 275 °C temperature for 1 h, the
heater was removed, and the reactor was cooled to a room temperature by running cold
water in the internal cooling coil. The products (gas, solid, aqueous phase, and biocrude)
were separated as described in Section 2.6. All experiments were performed in duplicates.

2.6. Product Separation

After cooling down the reactor to room temperature, the gas was analyzed. Then,
the remaining gaseous products were vented and the reactor was opened to recover the
liquid and solid products. The content in the reactor was poured into a large flask, and
the weight was recorded. The aqueous phase and biocrude mixed solid remaining (char)
were separated by gravity after the HTL reaction. The aqueous product was separated by
decantation and heavier solid char with biocrude remained at the bottom layer. Then, the
bottom layer was filtered through Whatman No.50 filter paper (particle filtration size of
2.7 um) for further separation of the solid from the organic phase. Then, the remaining
solids on the filter paper were washed with methanol (MEOH). The weight of all liquids
(aqueous and organic phases) was recorded for mass balance. The MEOH was separated
from the biocrude using an IKA rotary evaporator at 85 °C and 230 mbar vacuum pressure
to obtain MEOH extracted bio-oil, which is termed as “biocrude oil” throughout the paper.

2.7. Product Analysis

The gas products were analyzed using a micro-GC (Agilent 3000A, Agilent, Santa
Clara, CA, USA) as discussed elsewhere [32]. The Agilent 3000 A Micro GC is equipped
with three modules: a 10 m Molsieve 5A (MS) column and two 10 m porous polymer (PPU)
columns. Each module had a thermal conductivity detector. The instrument can split the
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sample into three streams. Each stream would go to one of these modules. MS column
was used to analyze hydrogen, methane, and carbon monoxide, while carbon dioxide and
ethylene hydrocarbons were analyzed on the PPU columns simultaneously. Argon and
helium were used as carrier gases for MS column and PPU column, respectively. The gas
composition analysis was performed in triplicates.

The mass of the gaseous product was calculated by using Equation (2).

Wy =Y x;- MW;-ngp )

where Wy is the total mass of gaseous product (g), x; is the mole fraction of gas i, MW; is the
molecular weight of gas i (g/mole), and 7, is the total number of moles of gas product.

In the case of ethylene, reducing, oxidizing HTL experiments, ethylene (C,Hy), hydro-
gen (Hjy), oxygen (O,) consumption was estimated using Equation (3).

(moleof gas)\ _ ( . 1 1000 g
(kg Algae) ) (nlgus *fgas nft"t) " nass of algae 1 kg ®)

Gas consumption (

where n;g4 is the initial number of moles of ethylene, hydrogen, or oxygen, sy is the final
mole fraction of ethylene, hydrogen, and oxygen. ng,; is the total number of moles of gas at
the end of the experiment [32]. The yield of biocrude and solid product were calculated on
dry-ash free basis using Equations (4) and (5), respectively [36]. The remaining product
fraction was regarded as “balance” and calculated using Equation (6).

w
Ybiocrude(%) = waf;_wa % 100 4)
Ws — We
Y 1 00 = 1
solzd( /) Wy — Wy — We x 100 (5)
Ybalunce(%) =100 — Ybiocrude — Ysolid (6)

where wy is the mass of Tetraselmis sp. algae feedstock (g), wy and w, are the mass of
moisture and ash content of feedstock (g), respectively, w;, is the mass of the biocrude
product (g), ws is the weight of total solid residues (g), and w, is the weight of catalyst (g).

The elemental analysis was performed on each sample using an elemental analyzer
(Vario MICRO, Elementar, NY, USA) according to ASTM D5373-02. Effects and interactions
of catalysts and reaction environments on biocrude yield, carbon, sulfur, ash and oxygen
content were analyzed by the two-way analysis of variance (ANOVA) at 0.05 significance
level followed by Tukey HSD test, using statistical programming software R [37]. V20
Volumetric Karl Fischer Titrator (Mettler Toledo, Columbus, OH, USA), was used in this
study to measure the water content of the algal biocrudes. The higher heating value
(HHV) of biocrude was determined using Equation (1). The total acid number (TAN)
of each sample was determined through titration according to ASTM D664-07 using a
Mettler Toledo T50 Titrator. Thermogravimetric analysis (TGA) of biocrude was performed
by using a Shimadzu TGA-50 (Shimadzu, Japan) under nitrogen atmosphere (flow rate:
20 mL/min) with heating rate of 10 °C/min from room temperature up to 800 °C [38].
The chemical composition of each biocrude sample was subsequently analyzed by Fourier
transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy analy-
ses. The FTIR of biocrudes was performed by using Thermo Nicolet iS10 (Thermo Sci-
entific, Waltham, MA, USA). The samples were analyzed for 34 scans over a range of
400-4000 cm ! wavenumbers. Samples for NMR spectroscopy containing 15 mg of oil in
1 mL of ethanol-d6 (99.9 atom% D) (Acros organic, Switzerland) were prepared in 5 mm
535-PP NMR tubes (Wilmad-LabGlass, Vineland, NJ, USA).13C spectra were collected using
a Bruker 500 MHZ spectrometer equipped with a broadband nitrogen-cooled prodigy
probe. The spectra were referenced to ethanol-d6 (C,DgO, §'3C = 56.96 and 17.31 ppm) and
processed in Bruker Topspin software (4.1.3 version). The chemical composition of biocrude
samples was also analyzed by an Agilent Technologies 7890A Gas Chromatograph (GC)
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System outfitted with a 7683B Series Injector and 5975C Inert Mass Selective Detector (MSD)
with Triple-Axis Detector. In brief, 30 m x 250 pm x 0.25 um DB-35MS column was used
in GC-MS to analyze the product. During analysis, the GC oven was heated to an initial
temperature of 50 °C and held for 2 min and then ramped at a heating rate of 5 °C/min to a
final temperature of 280 °C and holding time of 15 min. The chemical structures identified
by the National Institute of Standards and Technology (NIST) MS Library of the GC-MS
were then semi-quantified based on their peak area percentage.

The aqueous phase analysis followed the procedure as discussed in the published
document elsewhere [32]. Total organic carbon (TOC), total nitrogen (TN) with specific
species distribution (ammonium (NHy*-N), nitrate (NO3; ~-N), organic nitrogen (Org-N)),
chemical oxygen demand (COD), and pH, were measured to characterize the aqueous
products. The TOC and TN were measured by a TOC/TN analyzer (TOC-L, Shimadzu,
Kyoto, Japan). A Prominence Liquid Chromatography (LC) system coupled with a con-
ductivity detector (Shimadzu, Japan) was used to analyze concentrations of ammonium
(NH4*-N) and nitrate (NO37-N) in digestate samples. The detailed procedure can be
found elsewhere [39]. Briefly, A Dionex IonPac CS12 column (4 x 250 mm, Thermoscience,
Sunnyvale, CA, USA) and a Dionex IonPac AS22 column (4 x 250 mm) with suppression
(Dionex CERS 500 4 mm and Dionex AERS 500 4 mm, respectively) were used for ion
separation. Acidic eluent (20 mM methane sulfonic acid) was used on the CS12 column,
and basic eluent (4.5 mM sodium carbonate and 1.4 mM sodium bicarbonate solution) was
used on the AS22 column. The amount of organic nitrogen (Org-N) was calculated by the
difference of total nitrogen and inorganic nitrogen (the sum of NH;*-N and NO3; ~-N). The
COD was determined using a COD assay kit (HACH, Loveland, Colorado, USA) and a
spectrometer (DR900, HACH, Loveland, CO, USA). The detailed procedure can be found
in a published document [40]. The pH of the solution was measured using a pH meter
(pH510, Oakton, Vernon Hills, IL, USA).

3. Results and Discussion
3.1. Feedstock Characterization

The physicochemical properties of the chosen algae feedstock (Tetraselmis sp.) were
studied by elemental composition analysis (CHNS/O), higher heating value (HHV), ash
content and the biochemical composition. The characterization result of Tetraselmis sp.
along with other algae strains on dry basis is presented in Table 1. The carbon content
and HHYV of Tetraselmis sp. was lower than other strains, which is supported by previous
Tetraselmis reports [41,42]. The biochemical composition of the algae varied widely with the
strain. Teteraselmis strain has high protein content similar to Nannochloropsis strain [43]. The
ash content of Tetraselmis sp. was also in agreement with the previous work. The saline
growth culture for this alga might be responsible for ash content [41].

3.2. Catalyst Characterization

Due to difficulties in separation of catalysts from char, only fresh catalysts were ana-
lyzed. Figure 1 illustrates the XRD analysis of RRM and Ni/RM catalysts. Metal oxides
such as gibbsite (Al(OH)3), quartz(SiO;), hematite(Fe,O3), calcite(CaCO3), anatase(TiOy)
and magnetite(Fe304) were detected in these RM based catalysts. Major peaks of iron
(hematite, magnetite) were detected by XRD analysis in both catalysts. ICP-OES analysis
(Table S1, Supplementary Material) also determined a significant amount of Fe metal in
RRM and Ni/RM catalysts where RRM contained 11.8% more iron than Ni/RM catalyst.
The prominent XRD peak of nickel (Ni) in Ni/RM catalyst indicated the successful incor-
poration of this transition metal on RM support.10.5 wt.%(104,802 ppm) of Ni metal was
detected by ICP-OES analysis in Ni/RM catalyst, which was very close to the desired Ni
loading. However, no significant difference was observed in BET surface area (Table 52) of
Ni/RM (22.4 m?/g) and RRM (21.9 m?/g) catalysts.
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Table 1. Characterization of Tetraselmis sp. feedstock and comparison with other algae strains [43].

Tetraselmis Nannochloropsis Pavlova Isochrysis
Proximate Analysis ?
(Wt.%)
Moisture 82.00 +1.20 68.88 +1.24 75.80 £ 0.42 7393 +1.44
Ash 2.60 +0.10 3.42 + 0.38 3.47 +0.33 3.39 +0.29
Volatile content 13.20 £ 0.30 2251 +1.28 17.74 £ 0.77 18.20 £ 1.01
Elemental (lf)omposition
(Wt.%)
C 32.20 +0.31 56.83 4+ 0.33 54.34 + 1.36 55.76 + 1.14
H 5.13 +0.23 9.32 + 0.06 8.69 + 0.41 8.70 + 0.34
N 442 + 0.05 10.13 £ 0.06 8.67 +0.21 7.96 + 0.06
S 0.79 + 0.11 0.37 £ 0.19 0.82 4+ 0.09 0.62 +0.10
Ash 15.00 £ 0.20 3.42 + 0.38 3.47 +0.33 3.39 +0.29
Oc¢ 42.46 + 0.90 19.93 £ 0.26 24.01 +2.07 23.57 +1.65
H/C ratio 1.90 1.96 191 1.87
HHV P (MJ/kg) 12.60 £+ 0.20 24.02 £ 0.07 22.69 4+ 0.07 22.97 +£0.02
Biochemical
Composition P
(Wt.%)
Protein 63.00 62.79 46.94 44.36
Lipid 11.00 18.12 13.88 18.98
Carbohydrate 11.00 8.92 28.00 25.46

a as received basis, P dry basis, © by difference.

A = Gibbsite( Al(OH)s)
B = Quartz(510;)

C = Hematite(Fe;03)

==
% D =Calcite(CaCOs)
;E E = Anatase(TiOy)
‘E F = Magnetite(Fe;O,)
G = Nickel(Ni)
20 30 40 50 60 70
26(°)
—Ni/RM —RRM

Figure 1. XRD pattern of RRM and Ni/RM catalysts.

3.3. HTL Products Characterization
3.3.1. Products Yield Distribution

Figure 2 demonstrated the product distribution (on dry-ash free basis) for catalytic and
non-catalytic HTL experiments of Tetraselmis under four reaction environments. Without
the use of catalyst, the inert (nitrogen) environment generated the highest biocrude yield by
22.8 wt.% where the reducing environment produced the lowest biocrude yield by 17 wt.%.
The trend of biocrude yield in non-catalytic reactions under studied reaction environments
was as follows: nitrogen > oxidizing> ethylene > reducing. The biocrude yield of this study
was lower compared to other Tetraselmis HIL biocrude studies where biocrude products
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were extracted by dichloromethane (DCM) solvent [41,44]. The increased biocrude yield by
DCM solvent from Chlorella vulgaris microalgae and municipal sewage sludge feedstock
was observed in previous HTL works [14,45]. The use of MEOH instead of DCM, for
biocrude separation was the reason to obtain lower yield from Tetraselmis feedstock in
the current work. From our previous work with municipal sewage sludge liquefaction,
it was found that the dichloromethane (DCM) certainly enhanced the biocrude yield but
the hydrotreatment of DCM-extracted biocrude was affected by catalyst deactivation,
polymerization of biocrude, and equipment corrosion. The high chloride content in DCM-
extracted biocrude was mainly responsible for these issues. To avoid the complication in
downstream upgrading (hydrotreatment) stage, we incorporated MEOH to extract biocrude
from Tetraselmis feedstock [46]. Incorporation of catalyst has increased the biocrude yield in
inert, ethylene and reducing ambiences. Except for oxidizing environment, biocrude yield
enhanced by the following trend: no catalyst < RRM < Ni/RM. The influence of catalysts
over biocrude yield was found statistically significant (d.f. = 2, F = 32.9, p = 0.000) but there
was no interaction between the environment and catalysts (Supplementary Materials, Table
S3). The Ni/RM catalyst successfully maximized the biocrude yield up to 37.4 wt.% in
ethylene environment which closely matched with Tetraselmis biocrude yield from HTL
study by the Pacific Northwest National Laboratory, at higher temperature (350 °C) in inert
environment [47]. According to Wang et al., Ni catalyst (Ni/SiO,-Al,O3) is able to reduce
the activation energy for algae building blocks (protein and carbohydrate) conversion
which could generate more biocrude with higher nitrogen and oxygen content [48]. In
this study, the elemental analysis (Table 2) of biocrude showed that RRM catalyst has
increased the nitrogen content of biocrude in four reaction environments where Ni/RM
has the same effect under oxidizing ambience. This finding suggested that Ni/RM catalyst
might facilitate the higher conversion of protein from Tetrsaselmis during HTL process
compared to non-catalytic or RRM reactions in all four reaction ambiences. In addition, the
Ni/RM catalyst appeared to catalyze deoxygenation reaction under reactive ambiences
(ethylene, reducing, and oxidizing environments). The reducing reaction environment and
Ni/RM catalyst combination produced almost 91% more biocrude products comparing to
non-catalytic reaction in reducing environment. The hydrogenation ability of hydrogen gas
could be a reason for higher feedstock conversion during HTL process [30]. In oxidizing
reaction ambience, the biocrude yield was also increased by the catalysts compared to
non-catalytic condition. Unlike other three reaction conditions, RRM catalyst promoted
more biocrude production than Ni/RM under oxidizing environment.

Table 2. Physicochemical properties of Tetraselmis HTL biocrude.

Nitrogen Ethylene Reducing Oxidizing
No . No . No . No .
Catalyst RRM Ni/RM Catalyst RRM Ni/RM Catalyst RRM Ni/RM Catalyst RRM Ni/RM
C 47.9 £0.6 61.0 +0.1 539+ 05 489+ 0.2 570403 582+03 543+ 1.0 61.0 +0.1 5934+ 0.3 525+03 54.6 + 0.6 60.2 4+ 0.3
Elemental H 103 £ 04 10.6 0.2 102 £0.1 104 £0.2 10.6 £ 0.1 105+0.3 102 £0.5 109 £0.1 11.2+£0.1 10.1 £ 0.6 104 £0.1 95+08
Composi- N 31+01 44+£01 40+£01 31+£01 41+01 42+01 35+01 45+0.1 45+0.1 35+£01 39+01 44+01
tion @ S 04+£0.1 05+0.1 02+£01 05+£0.1 0.6£0.1 02401 03+£02 04+£0.1 02+0.1 05+03 0.6£0.1 03+£0.1
(Wt.%) Ash 6.0£0.1 49+01 45+£00 53+£0.1 38+0.0 44102 44+01 39+£0.1 29+0.1 56 £0.0 34+£01 45+00
ob 323413 18.8+0.4 272+07 31.8+0.6 239403 225408 272419 194+03 219407 277 +12 27.14+09 212411
Water
Content 16.0 £2.3 103+17 193 £22 16.6 £2.1 126+ 1.8 10.0 £ 0.9 147 £1.2 11.7 £ 1.6 123+1.0 139+23 144+12 121+07
(Wt.%)
(I\I/}I]I}[:g) 254408 31.7+03 27.9+03 26.0 03 29.8+0.2 30.3 £ 0.6 28.0+1.1 321402 315+ 04 27.3+09 284+04 299411
(mgj;?ONH/g) 219401 273+ 1.0 14.0 £ 01 189 £04 246+03 275+03 263+0.1 28.54+0.1 283+£04 244418 27.1+£02 30.0 £ 0.8
Co 379 40.1 443 +£05 16.7 £0.3 403+ 0.7 65.0 + 0.2 57.1+0.3 224408 221404 7124+ 05 20.6 £ 0.2 50.1 + 0.6 52.6 +0.1
Heav Cr 13+02 15+04 1.0+06 15+08 04+0.0 0.6 £ 0.0 09+00 37+06 27+£07 024+0.0 1.94+03 14404
Metal a}rl\d Cu 131£1.0 40+£05 87+£12 <0.5+£0.0 <0.5 £ 0.0 134+11 40+£08 <0.5+0.0 47 £03 <0.5£0.0 <05£00 146 +£14
1075.0 = 2788.1 £ 31731 £ 11452 £+ 3408.6 &= 3253.5 &+ 2405.3 & 15189 + 1050.5 = 2233.7 +
Ph‘;igh“ fe 2.3 14 0.5 07 13 16 854108 07 14 588407 05 0.3
(ppm) Mn <25+0.0 <25+0.0 <25+0.0 50+1.0 50£1.1 <25+0.0 50+1.0 50+1.1 56+17 96+14 50+1.0 <25+00
Ni 2805+ 1.2 155+ 0.7 14418'67 + 127 +£1.0 874416 11113'42 * 81+1.1 68+12 19328'32 + 165+ 1.1 16.1 £0.6 15410'61 +
P 375406 9.6+10 320+ 16 43.0+09 6.1+1.4 93+06 160.4 = 0.3 349+ 1.0 535.4 4 0.5 255+ 0.4 25407 8.7+0.4
Zn 135+1.1 59+ 0.6 122+08 <25+00 <25+ 0.0 89+ 14 140 £ 0.6 <25+ 0.0 9.0£1.1 99+06 <2.5+0.0 9.8 +1.0

2 dry basis, ° by difference.
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Figure 2. Yield distribution of Tetraselmis sp. (on dry-ash free basis) under different reaction environ-
ments and catalysts.

The solid residue increased with catalyst regardless of the reaction environment.
Except oxidizing environment, the solid residue increasing trend was as follows: no catalyst
< RRM < Ni/RM. The oxidizing environment increased the solid residue in both catalytic
and non-catalytic reactions compared to other three reaction environments. The oxidizing
atmosphere might promote oxidation of feedstock in HTL condition and raise the char
yield. The RRM catalyst under oxidizing environment produced the highest solid residue
by 24 wt.% whereas the lowest solid residue (14 wt.%) was found from no catalyst-reducing
environment combination. The addition of Ni/RM catalyst led to 46% more solid residue
production than non-catalytic reaction under reducing ambience.

3.3.2. Biocrude Characterization
Physicochemical Properties

Table 2 shows the physicochemical properties of HTL biocrude from Tetraselmis algal
feedstock. Due to MEOH solvent extraction, the Tetraselmis derived biocrude of this study
has lower carbon and subsequently higher oxygen content compared to other report [42].
This phenomenon was already discussed in our previous work [46]. Among non-catalytic
reactions, the reducing environment has maximized the carbon content with 54.3 + 1.0 wt.%
and subsequently minimized the oxygen content (27.2 & 1.9 wt.%). This result suggested
that the reducing environment performed deoxygenation reaction without catalyst during
HTL process. The ash and sulfur contents were also lowered by reducing ambience in
non-catalytic reaction. Therefore, the HHV of the same biocrude subsequently increased
by 10.6% compared to inert-no catalyst reaction derived biocrude. The hydrogen and
nitrogen percentages in biocrudes remained almost the same in non-catalytic reactions
under four reaction environments. Among catalytic and non-catalytic reactions, the inert
environment-no catalyst combination generated highest ash (6 wt.%), oxygen percentage
(32.3 wt.%) with the lowest carbon content of 47.9 wt.% in biocrude, which ultimately led
to the minimum HHYV of 25.4 M]/kg. Ethylene reaction atmosphere reduced acidity (TAN)
by 15-39% in non-catalytic biocrude compared to other non-catalytic experiments.

Prominent catalytic effects were observed in carbon, ash, sulfur, oxygen content and
HHYV of the biocrudes in all studied environments. Irrespective of reaction environments,
both RRM and Ni/RM catalyst increased carbon and nitrogen percentage with reduced
ash content in biocrudes compared to non-catalytic reactions. As a result, the oxygen
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percentage was lowered in catalyst derived biocrudes with higher HHV. The interaction of
reaction environment and catalyst over the carbon (d.f. =6, F =41.9, p = 0.000), ash (d.f.
=6,F =282, p =0.000) and oxygen(d.f. =6, F = 12.7, p = 0.000) content of biocrude were
statistically significant. The RRM catalyst in inert and reducing environments and Ni/RM
catalyst in oxidizing environments were successful in maximizing carbon percentage in
Tetraselmis biocrude by 61 wt.% and 60.2 wt.%, respectively. Increased carbon percentage
was also found in HTL conversion of Nannochloropsis salina (N. salina) with Ni-Mo/Al,O3
catalyst under Hj reaction ambience [49]. However, the catalytic HTL reactions raised the
nitrogen content of the biocrudes. As discussed earlier (Section 3.3.1), the catalyst probably
converted more protein compounds compared to non-catalytic reactions and increased the
nitrogen content of the biocrudes. Incorporation of Ni metal on RM support has clearly
favored deoxygenation reaction. The oxygen removal by Ni/RM followed this trend: inert
< ethylene < reducing < oxidizing reaction environment. The low (1.35 wt.%) oxygen
content in hydrotreated pyrolysis oil from pinyon-juniper was observed by Ni/RM catalyst
at high pressure hydrogen (6.2 MPa initial pressure) [50]. In this study, the Ni/RM catalyst
under reducing environment lowered oxygen percentage of biocrude by 20% compared to
the Ni/RM-inert reactions under lower hydrogen pressure (1.37 MPa initial pressure). This
finding suggested that Ni/RM catalyst might perform mild hydrodeoxygenation at lower
hydrogen pressure of HTL process. Addition of Ni/RM catalyst also reduced the sulfur
content of the biocrudes by 33-66% compared to non-catalytic and RRM catalytic reactions
in four ambiences. This desulfurization of the biocrudes might occur due to the adsorption
ability of Ni/RM catalyst [51]. The sulfur removal from biocrudes by catalyst was found
to be statistically significant (d.f. = 2, F = 8.3, p = 0.005) without any interaction between
environment and catalyst (Supplementary Material, Table S3).

The catalytic reactions increased TAN of Tetraselmis biocrude in all reaction envi-
ronments, except inert atmosphere. Higher TAN was reported in HTL conversion of
Nannochloropsis by Ni/TiO, catalyst in inert atmosphere. Most probably, Ni/TiO, catalyst
promoted the hydrolysis of protein and lipids from algae in HTL process which generated
more TAN increasing compounds such as carboxyl group enriched fatty acid, carboxylates,
amino acid or phenolic compounds from amino acid conversion [48]. However, Ni/RM-
inert reaction generated minimum acidity in the biocrude of this study. The presence of
TiO, with other metal oxides of AI(OH)s3, SiO,,Fe;03,CaCO3, and Fe;O4 in Ni/RM catalyst
was confirmed by XRD analysis (Figure 1). Most probably, the mixed metal oxides of RM
support affected the Ni/RM catalytic activity and suppressed the generation of TAN in-
creasing compounds in Tetraselmis biocrude. Significant amount of water (10-19 wt.%) was
detected in the biocrude products of this study. The utilization of MEOH solvent might be
responsible for the excess water content of biocrudes. From ICP analysis, RRM catalyst was
found to be more effective than Ni/RM catalyst to suppress the migration of heavy metals
such as copper (Cu), zinc (Zn) and phosphorus (P) compounds to biocrudes irrespective of
reaction environments. It is well established that treated or untreated RM can absorb heavy
metals and phosphate from soil and water [52]. However, the effect of RM-based catalyst
on metal content of HTL biocrude was rarely investigated. The lowest Cu (<0.50 ppm)
and Zn (<2.50 ppm) contents were observed in biocrude from RRM-ethylene, reducing
and oxidizing reaction environments. However, the minimum values of Cu, Zn or P from
Tetraselmis biocrude were higher than conventional petroleum crude oil [53,54]. Significant
leaching of iron (Fe) took place in catalytic reactions derived biocrude. The introduction
of Ni metal on RM support also increased the Ni content in the biocrudes regardless of
the reaction atmospheres. Under oxidizing environment, RRM catalyst reduced the iron
migration to biocrude by 8-62% compared to other reaction conditions. The ethylene
environment was successful in repealing the Ni leaching from Ni/RM catalyst to biocrude
products by 30-74% compared to other three reaction environments.
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Thermogravimetric Analysis

Figure 3 presents the thermogravimetric analysis of biocrude products from catalytic
and non-catalytic HTL conversion of Tetraselmis feedstock under nitrogen, ethylene, re-
ducing and oxidizing reaction environments. Based on decomposition patterns, the TGA
thermograms of the biocrudes were divided into three regions: 100-300 °C (referred to
as light fraction), 300-550 °C (medium fraction), and 550-800 °C (heavy fraction). The
biocrude products of this work contained 32-38 wt.% light fraction, 28-36 wt.% medium
fraction and 13-22 wt.% heavy fraction. Among all non-catalytic reactions, the reducing
environment generated 1.2-9.2% higher light fraction in biocrude. Regardless of the re-
action environment, incorporation of catalysts increased the decline of biocrude weight
percentage or mass loss in both medium and heavy fraction regions of the TGA graphs
compared to non-catalytic reactions. The decomposition peak at around 80 °C in biocrudes
(Figure 3A) might be due to remaining water in that specific biocrude sample which was
supported by the water content data from Table 2. The lowest heavy fraction was found
in biocrude sample from non-catalytic reaction under oxidizing ambience. The Ni/RM
catalyst increased the mass loss in heavy fraction region by 90% compared to non-catalytic
reaction in oxidizing environment. The heavy fraction decomposition in oxidizing environ-
ment showed following trend: No Catalyst < RRM <Ni/RM. At 130 °C, the biocrude mass
loss in oxidizing environment exhibited following trend: No Catalyst > RRM > Ni/RM.
This finding suggested that non-catalytic reaction under oxidizing environment might
favor gasoline range products in Tetraselmis biocrude. The Ni/RM-reducing environment
combination decreased heavy fraction of biocrude by 12.4-30.8%—compared to other three
reaction ambiences with same catalyst.

FTIR Analysis

FTIR spectra of Tetraselmis biocrude are presented in Figure 4.

In Figure 4A, reducing environment without catalyst showed higher intensity in
four regions of hydroxyl and phenolic groups (3050-3700 cm '), methylene groups (2800~
3000 cm~!) and in bands of 1300~1750 cm~! compared to the other three reaction ambiences.
The sharp peaks of 2800-3000 cm~! band under reducing environment suggested strong
presence of C-H stretching in biocrude [55]. The increased peak in 3050-3700 cm ™! region
under reducing environment might appear due to high biocrude TAN value as oxygen
content was lower in biocrude [48]. Variation in region of 980-1080 cm ! might cause by
the lowest aliphatic esters from oxidizing environment where reducing environment has
generated the maximum amount.

From Figure 4B, the reduction in peak of 3050-3700 cm~!, might take place due to
the decline of -OH group as minimum oxygen content was reported (Table 2) from RRM
catalyst under inert environment. Both RRM and Ni/RM increased methylene groups (2800-
3000 cm~!) and the bands of 980-1080 cm ! and 1300-1750 cm ! which suggested that
catalysts might promote nitrogen heteroatom under inert condition which was consistent
with the increasing nitrogen content (Table 2) of the catalytic biocrudes [55].

In ethylene atmosphere (Figure 4C), the catalysts have promoted the methylene groups
(2800-3000 cm ') compared to non-catalytic biocrude. The RRM catalyst produced a sharp
peak at 980-1030 cm ! area which could be explained by the enhanced nitrogen content of
the biocrude (Table 2).

In Figure 4D, lower intensity in 3050-3700 cm ! area suggested that RRM and Ni/RM
catalysts effectively reduced -OH group in reducing environment. This finding was also
supported by the elemental analysis of the biocrude products where oxygen content of RRM
catalytic reactions derived biocrude under reducing environment was lower compared to
no catalyst and Ni/RM conditions.

In oxidizing environment (Figure 4E), the suppressed peak of -OH group by Ni/RM
catalyst was supported by the lower oxygen content of the same biocrude. The Ni/RM
catalyst also generated sharper peak in methylene group (2800-3000 cm ') and in band
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of 1300-1750 cm~!. The peaks from catalytic biocrudes in 980-1080 cm ! area, were close
where RRM catalyst has shown little more intense peak compared to Ni/RM catalyst.
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Figure 3. Thermogravimetric analysis of biocrude samples from non-catalytic and catalytic reactions:
(A)—Nitrogen, (B)—Ethylene, (C)—Reducing and (D)—Oxidizing reaction environments.
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Figure 4. FTIR spectra of Tetraselmis biocrudes, (A)—non-catalytic reactions, (B)—reactions under
nitrogen environment, (C)—reactions under ethylene environment, (D)—reactions under reducing

environment and (E)—reactions under oxidizing environment.

NMR Analysis

Figure 5 illustrated the functional groups of Tetraselmis biocrudes generated under
four reaction atmospheres from three different catalytic conditions, by semi-quantitative
integration of '>C NMR spectra. The aliphatic groups found (such as methyl and methy-
lene carbon atoms) within 0-28 ppm was assigned to saturated aliphatic groups where
28-55 ppm region was attributed to unsaturated aliphatic groups (separated from oxygen
atoms by at least two bonds). The region of 55-95 ppm was designated to alcohols, es-
ters, and anhydrous carbohydrates [56]. The reaction atmosphere significantly affected
saturated aliphatic groups of biocrudes. The ethylene environment with Ni/RM catalyst
has produced the highest saturated aliphatic groups percentage. The incorporation of
catalyst has generated more saturated aliphatic compounds compared to non-catalytic reac-
tion under reducing environment. According to absolute integral value (Supplementary
Material, Table S5), Ni/RM catalyst produced 25.7% and 33% more saturated aliphatic
groups in biocrudes than non-catalytic and RRM catalyst, respectively under reducing
ambience. This finding agreed with the previous hydrodeoxygenation study by Ni/RM
catalyst where incorporation of Ni metal increased the saturated aliphatic compounds
in upgraded pinyon-juniper catalytic pyrolysis oil [50]. However, the absolute integral
values of unsaturated and saturated aliphatic groups were almost same by Ni/RM cat-
alyst in reducing atmosphere (Table S5). The RRM catalyst suppressed the unsaturated
aliphatic groups of the biocrude by almost 2.5 times in reducing ambience. Therefore, it
was evident that the RRM catalyst performed hydrogenation of unsaturated carbon in
biocrude during HTL process under reducing environment [56]. The maximum alcohols,
esters, and anhydrous carbohydrates were observed in the biocrudes from reducing-RRM
condition. This result agreed with aliphatic ester region of FTIR biocrude spectra from
the same reaction condition. The alcohols, esters, and anhydrous carbohydrates groups
content were lower in all catalytic conditions under oxidizing environment compared to
other three reaction environments. This finding agreed with the aliphatic ester region
(980-1080 cm 1) of oxidizing environment (Figure 4A) where the oxidizing environment
showed the minimum aliphatic esters peak in non-catalytic biocrude spectra.
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Figure 5. Functional group distribution in 3C NMR analysis of Tetraselmis biocrudes.

GC-MS Analysis

Table 3 has represented the GC-MS analysis of Tetraselmis derived HTL biocrude. The
identified compounds with higher than 90% quality were selected for GC-MS analysis
which covered 60% of total area percentages. A significant presence of long chain fatty acid
(13-43% of area), alkenes (5.8-28% of area) along with nitrogenated compounds (2.9-8.1%
of area), phenols (2.2-12.5% of area) and other oxygenates(2-11.8% of area) were detected
in the Tetraselmis derived biocrude products. The abundance of long chain fatty acid
and nitrogenated compounds were also observed in previous Tetraselmis HTL studies [57].
Algae generally contains fatty acid with high carbon number (14-22) which shows increased
thermal stability during HTL conversion and remains intact in algal biocrude [58]. Among
four non-catalytic conditions, a notable amount of fatty acid (n-hexadecanoic and oleic
acid) was found in the biocrude produced under ethylene and oxidizing atmospheres.
The fatty acid generally originates from the lipid fraction of algal feedstock which directly
contributes to the HTL biocrude yield. During HTL conversion, the triglycerides from
algal lipid hydrolyzed to free fatty acids due to the low dielectric constant of hot water [59].
The trend of biocrude yield in non-catalytic reactions in “3.3.1 Products yield distribution”
section of this article was as follows: nitrogen > oxidizing > ethylene > reducing. It was
reported that oxygen gas could facilitate the decomposition of softwood derived sugars
during HTL conversion and enhanced organic acid production [60]. Most probably the
ethylene and oxygen gases promoted fatty acid production under HTL condition and raised
the biocrude yield in non-catalytic conversion. However, the algal biocrude from non-
catalytic reaction under nitrogen environment contained notable amount of phenol with
less fatty acid compared to other three gaseous atmospheres. It is difficult to conclude from
this study, how different gases influenced the biocrude yield and composition. Besides lipid
conversion, the interaction between algal building blocks (carbohydrates, lipid, protein) of
Tetraselmis could be also responsible for biocrude yield enhancement under specific gaseous
environment. More HTL experiments with model compounds of Tetraselmis feedstock are
needed to reveal the reaction mechanism under certain gaseous environments.
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Table 3. GC-MS analysis of Tetraselmis HTL biocrude.

Area (%)
Nitrogen Ethylene Reducing Oxidizing
Compounds Chemical NoCat- ppm  NyrM N°Cat  prm nyrM N €2t ppm NvrM MO €t RrM NiRM
Formula alyst alyst alyst alyst
“‘Hexjfigcanom C16H3,0, 9.9 103 79 142 214 15.6 147 26.1 253 207 26 12,5
Oleic Acid C15H3,0, 6.0 10.9 6.0 10.3 12.9 207 8.7 17.6 10.9 10.0 16.6 14.6
Phenol, 2,2’-
methylenebis[6-
(1,1- CasHz0, 102 32 8.1 15 14 24 6.2 06 1.0 25 1.1 1.0
dimethylethyl)-4-
ethyl]-
Phenol CsHsO 23 07 2.6 2.0 13 0.6 <LOD 16 1.9 <LOD 14 12
2-Pentadecanone,
6,10,14-trimethyl- C15H30 43 20 25 36 2.1 08 33 16 19 48 14 16
Phenylethyl CsHy00 <LOD <LOD 05 12 2.8 1.1 <LOD 23 16 <LOD 1.9 0.9
Alcohol
Isophytol CaoHyO 32 <LOD <LOD 55 <LOD 05 6.7 <LOD <LOD 3.6 <lOD 1.0
Dianhydromannitol CsH1004 <LOD <LOD 1.0 15 <LOD <LOD 1.1 <LOD <LOD  <LOD 23 0.9
9H-Pyrido[3,4-
blindole, CipHioN 3.1 15 25 25 1.1 29 47 22 12 25 2.1 2.0
1-methyl-
Pyridine, CiHoN <a0D 09 06  <lOD 02 02  <lOD 04 05 16 08 12
3-phenyl-

Indole CsH,N <LOD 08 19 12 0.6 05 <LOD 07 17 1.9 1.1 2.0
1H-Indole, CoHoN <LOD <LOD 10 0.8 0.4 <LOD  <LOD 0.7 1.0 <LOD 12 1.9
3-methyl-

Quinoline,
1,2,34- CoH1N <lOD <LOD 06 1.0 06 05 <LOD 04 07 <LOD 04 1.0
tetrahydro-
2-Hexadecene,
3,7,11,15- CyoH 210 286 247 139 156 136 147 58 102 140 6.1 16.4
tetramethyl-, 201740 : - - . X . . .
[R-[R*R*-(E)]]-

* < LOD = < Limit of Detection.

The alkene (2-hexadecene, 3,7,11,15-tetramethyl-, [R-[R* R*-(E)]]-) detected in Tetraselmis
biocrudes, might come from the decomposition of unsaturated fatty acids of algal feed-
stock [61]. The phenols and nitrogenated compounds including pyridine, indole, quinoline
might originate from protein fraction of Tetraselmis by the decarboxylation and deamination
reactions [62,63]. Besides phenols and organic acids, the other oxygenated compounds such
as alcohol (isophytol, phenylethyl alcohol), ketones (2-Pentadecanone, 6,10,14-trimethyl-)
and dianhydromannitol might source back to the polysaccharides and cellulose content
of algae [61].The catalyst played a role in elevating the total area percentage of the nitro-
genated compounds in inert, reducing, and oxidizing reaction environments. Irrespective
of reaction environments, the lower amount of oxygenates was also found in the biocrudes
from catalytic conversion. The increasing nitrogen with suppressed oxygen content by
catalytic HTL was also supported by the elemental composition of the biocrudes (Table 2).
The minimum total area percentage of fatty acid (n-hexadecanoic acid and oleic acid) by
Ni/RM catalyst under nitrogen environment, might be responsible for the lowest TAN
value (Table 2) of the same biocrude. The RRM catalysts under reducing environment, sup-
pressed the area percentage of alkene (2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R*-(E)]-)
compared to Ni/RM and non-catalytic reaction. This finding agreed with the NMR result
of lower unsaturated compounds by RRM catalyst under reducing atmosphere.

3.3.3. Analysis of Byproducts

Table 4 presents the analysis of three HTL byproducts: aqueous phase, solid residue,
and gaseous phase. The aqueous phase was characterized by TOC, TN with NH;*-N,
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NO3;7-N, COD, and pH. Among the non-catalytic reactions, the reducing environment has
maximized TOC of aqueous phase where the minimum was found in inert environment.
This result suggested that the reducing ambience in the absence of catalyst solubilized some
organic compounds into the aqueous phase. The addition of catalysts increased TOC value
in the aqueous products. The highest TOC (16.41 g/L) was observed in the aqueous phase
produced from oxidizing-Ni/RM reaction. Since pH of aqueous phase was not in acidic
side for oxidizing-Ni/RM condition, the TOC increase was probably due to the formation
of more hydroxyl groups from alcohols and low molecular weight phenolics. Almost 70%
of TN was occupied by Org-N. The majority of Org-N in TN could be the confirmation
of protein decomposition as the nitrogen source in aqueous phase [64]. Incorporation of
catalysts increased the NH4*-N content of the aqueous products, and the highest amount
was detected in oxidizing-RRM reaction. Both RRM and Ni/RM catalysts increased COD
of the aqueous phases irrespective of reaction environments which indicated the negative
effects of catalysts over aqueous phase treatment for reuse. The highest COD was observed
in the aqueous product of reducing-Ni/RM reactions. The Ni/RM catalyst under reducing
environment also reduced the pH value of the aqueous byproduct by 2-7% compared to
other reactions of this study.

Table 4. Properties of Tetraselmis HTL byproducts.

Nitrogen Ethylene Reducing Oxidizing
NoCat- pem  NirM N €% prv NirM N°C%t grm NirM NOCAt ppM NiRM
alyst alyst alyst alyst
e 1319 1365 oo 1898 1379 o 1326 1580 o . 1395 1641
TocC 1.00 + + 0.82 * + 131 + + 0.77 = +
: 053 020 - 150 014 ' 045 038 : 089 093
NHE N 287 + 4£0 3? 271+ 3’? Zf 313+ 3i5 4£2 3.00 + 4ﬁ0 3’24
. 0.34 0.19 0.46 0.76
043 022 036 054 027 043 045 044
. o 006 002 o002 005 o 002 006 . 005 006
NO;™-N 0.00 * * 0.00 + * 0.00 + + 0.00 + +
Aqueous Phase : 001  0.00 : 000 001 : 000 002 : 001 001
(g/L) Org N 741 + 7ﬁ4 7i2 7.54 + 7£2 7f 752 + 7ﬁ7 6£8 6.98 + 7i9 7f6
0.16 004 054 0.35 040 030 0.17 005 040 0.01 028 001
losos 130 1106 oo 1138 1071 oo 1054 1076 0. 1144 1156
™ 0.50 + + 0.54 + + 0.63 + + 0.75 + +
: 048 076 : 076 085 : 032 085 : 018 046
geo0s 9960 8920 oo 1100 9640 oo 10110 11910 g 0. 10300 10760
CoD 0.30 + + 0.10 + £ 0.23 + + 0.31 + +
- 001 010 : 011 361 : 082 022 : 021 012
g0 860 840 oo 830 870 g 850 790 o, 810 820
pH 0.60 + + 0.12 + + 0.20 + + 0.20 + +
010 031 052 022 : 010 0.0 010 030
c 342+ 251 211 369+ 183 225 289+ 207 180 374+ 249 247
23 £01  +14 01 £10 401 0.9 +03 402 16 +14  +01
. 48+ 27+ 254 44+ 21+ 24+ 34+ 194 27+ 35+ 34+ 32+
0.1 0.1 02 0.1 0.2 0.1 02 14 0.1 0.6 03 01
Solid Residue N 23+ 16+ 14+ 22+ 13+ 15+ 19+ 14+ 12+ 28+ 18+ 18+
° 0.2 0.1 01 01 0.1 04 01 0.1 01 01 0.2 01
(Wt.%) S 03+ 05+ 12+ 04+ 04+ 12+ 03+ 04+ 14+ 03+ 04+ 08+
0.1 0.1 01 02 0.1 01 0.1 0.1 0.1 0.1 01 0.2
Adh 554+ 581 643 553+ 685 629 596+ 572 705 467+ 478 569
0.1 £02  +01 03 102  +04 0.2 101 401 0.1 +£02  +03
o 31+ 120 95+ 09+ 94+ 96+ 59+ 184 61+ 94+ 218 126
28 +04 18 07 15 09 13 +18 04 24 +21  +08
u 15+ 61+ 48+ 11+ 80+ 67+ Consumed 10+ 39+ 25+
2 0.0 02 0.1 0.0 0.1 0.1 0.1 02 0.1
CH 01+ 15+ 01+ 01+ 14+ 30+ o0l+ 11+ 01+ 01+ 07+ 01+
Gas Composition 4 0.0 0.1 0.0 0.0 0.1 01 0.0 0.1 0.0 0.0 01 0.0
o o 32+ 08+ 48+ 22+ 25+ 01+ 31+ 24+ 84+ 17+ 38+ 29+
01 0.1 0.1 0.0 0.1 0.0 0.1 0.1 0.1 0.0 02 0.0
o 808+ 621 658 727+ 410 587 88+ 675 698 851+ 529 727
2 0.9 £01  +03 12 £16 401 0.8 106 +02 15 +05 +01
Balance ® 144+ 294 246 239+ 471 315 1404+ 291 218 122+ 381 217
0.9 £03  +03 13 £15 401 0.7 108 0.1 15 £10  +01
Gas 0.04
Consumption 0 0 0 011+ 072 148 001+ ? 152 12+ 107 123
(mol/kg 002 402 +04 0.0 ool +03 01 £02  +04
feedstock) :

2 by difference.
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The solid residues of this study were analyzed by elemental composition and the
analysis results were presented as catalyst free basis (Equation (S1), Supplementary Mate-
rial). The addition of catalyst clearly decreased the carbon content of solid chars compared
to non-catalytic reaction. The carbon percentage of the char showed the opposite trend
of biocrudes: Ni/RM < RRM < No Catalyst. It suggested that catalysts transferred the
carbon from feedstock to biocrude rather than solid char. The lowered nitrogen content
in catalyst derived solid char was the result of enhanced nitrogen content of biocrude
and aqueous phase. Regardless of reaction environment, increased oxygen and sulfur
was found in the solid residues of catalytic reactions which indicated that the RM based
catalysts assisted the migration of oxygen and sulfur-based compounds from Tetraselmis
feedstock to char by HTL treatment in inert, ethylene, reducing and oxidizing reaction
environments. The catalysts also increased ash in the char under four reaction atmospheres.
A similar phenomenon was observed in sewage sludge HTL study with reduced red mud
catalysts under nitrogen and ethylene atmospheres [32].

The gas phase analysis only quantified Hy, CHy, CO and CO; gases on a mol% basis
(excluding reaction environment). The RRM catalyst has promoted in situ hydrogen produc-
tion in nitrogen, ethylene and oxidizing ambiences. The hydrogen production maximized
under ethylene environment by 1.3-7 mol%. The reaction ambience consumption was
significantly high with Ni/RM catalyst in ethylene and hydrogen reaction atmospheres.
Addition of catalysts suppressed the CO, production for all four reaction atmospheres. The
maximum CO, production was observed from non-catalytic oxidizing environment which
suggested that the decarboxylation is a dominant pathway in this condition.

3.4. Carbon and Nitrogen Distribution

Carbon distribution in the Tetraselmis HTL products is illustrated in Figure 6A. The
carbon recovery was calculated based on the elemental analysis of Tetraselmis feedstock,
biocrude, solid residue; TOC content of the aqueous phase and the mol fraction of CO, CO,
and CH4 gases (Equations (52)—(54), Supplementary Material). The carbon addition to the
HTL system by ethylene atmosphere was calculated using the ethylene consumption rate
from Table 4 (Equation (S3), Supplementary Material). The carbon mostly transferred from
feedstock to biocrude products and carbon transfer was increased by catalytic reactions.
The elemental analysis (Table 2) of the biocrudes and carbon distribution showed the
identical carbon transfer trend: No Catalyst < RRM < Ni/RM. The carbon recovery in
biocrudes was comparatively lower in oxidizing atmosphere. Therefore, the carbon transfer
to solid residue and aqueous phase was increased by oxidizing environment. Irrespective of
reaction environments, significant amount of carbon transferred to the “Balance” fractions
of the non-catalytic reactions. Most probably more gases with higher carbon content were
produced from those HTL reactions, which were not analyzed in this study. Moreover,
increased CO, production (Table 4) from non-catalytic reactions under inert, ethylene
and reducing reaction environments, was supported by the enhanced carbon transfer in
gaseous phase.

Nitrogen distribution of Tetraselmis HTL products was presented in Figure 6B. The
nitrogen distribution was calculated based on nitrogen content of feedstock, biocrude, solid
residue from elemental analysis and TN value of aqueous phase. Almost 64-73% of the
nitrogen ended up in the aqueous phase whereas 9-25% transferred to the biocrude. In this
study, a notable amount of nitrogen transferred from algal feedstock to biocrudes and aque-
ous products. It was evident that the addition of catalysts promoted higher decomposition
of the protein rich Tetraselmis feedstock during HTL process and the produced nitrogenated
compounds distributed among the HTL products. The higher nitrogen content of biocrudes
indicated that further upgrading process was required to use it as transportation fuel [65].
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Figure 6. Carbon and nitrogen distribution in Tetraselmis HTL products, (A)—Carbon distribution,
and (B)—Nitrogen distribution.

4. Conclusions

The red mud (RM) based catalysts, reduced red mud (RRM) and red mud supported
nickel (Ni/RM), were applied to hydrothermal liquefaction (HTL) of Tetraselmis sp. algae
under nitrogen, ethylene, reducing and oxidizing reaction environments. Regardless of
reaction environments, the use of catalysts has increased the yield of Tetraselmis derived
biocrude. The highest biocrude yield of 37 wt.% was produced under ethylene environ-
ment with Ni/RM catalyst. Both RRM and Ni/RM catalysts promoted deoxygenation,
reaction with increased carbon content and calorific value for the biocrude products in
four reaction atmospheres. The Ni/RM catalyst under inert environment reduced biocrude
acidity by 20-50% compared to other reaction conditions. The desulfurization activity of
Ni/RM catalysts and demetallization effect of RRM catalyst were observed in all biocrude
products, irrespective of reaction environments. A major portion of nitrogen migrated
to aqueous phase from protein enriched Tetraselmis feedstock after HTL treatment where
most of the carbon ended up in the biocrudes. Among the non-catalytic HTL reactions,
inert environment maximized biocrude production from Tetraslmis feedstock, ethylene
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environment lowered total acid number (TAN) of the biocrudes and reducing environment
added maximum carbon and minimum oxygen and sulfur content to Tetraselmis biocrude.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16010491/s1. Table S1: ICP-OES analysis of feedstock (Tetraselmis
sp.) and catalysts (RRM, Ni/RM); Table S2: Physisorption data of the catalysts; Table S3: F and p
values from two-way ANOVA of Tetraselmis biocrude yields, carbon, sulfur, ash and oxygen content
with reaction environment and catalysts as independent variables; Table S4: p values from Tukey HSD
test for interaction between reaction environment and catalyst in carbon, ash, and oxygen content of
Tetraselmis biocrude; Figure S1: 13C NMR spectra of Ni/RM catalyst derived Tetraselmis biocrudes:
A-Nitrogen, B-Ethylene, C-Reducing and D-Oxidizing reaction environments; Table S5: Functional
group distribution in biocrudes from 13C NMR spectral integration, Equation (S1): Calculation for
catalyst free basis elemental composition of solid char, Equations (S2)—(54): Calculation of carbon
distribution among HTL products from Tetraselmis conversion.
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