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Abstract: The yield and composition of the biocrude obtained by hydrothermal liquefaction (HTL)
of Nannocloropsis gaditana using heterogeneous catalysts were evaluated. The catalysts were based
on metal oxides (CaO, CeO,, La;O3, MnO,, and Al,O3). The reactions were performed in a batch
autoclave reactor at 320 °C for 10 min with a 1:10 (wt/wt) microalga:water ratio. These catalysts
increased the yield of the liquefaction phase (from 94.14 + 0.30 wt% for LayO3 to 99.49 + 0.11 wt%
for MnO;) as compared with the thermal reaction (92.60 + 1.20 wt%). Consequently, the biocrude
yields also raised in the metal oxides catalysed HTL, showing values remarkably higher for the
CaO (49.73 + 0.9 wt%) in comparison to the HTL without catalyst (42.60 + 0.70 wt%). The N
and O content of the biocrude obtained from non-catalytic HTL were 6.11 + 0.02 wt% and
10.50 + 0.50 wt%, respectively. In this sense, the use of the metal oxides decreased the N content of
the biocrude (4.62 + 0.15-5.45 + 0.11 wt%), although, they kept constant or increased its O content
(11.39 + 2.06-21.68 + 0.03 wt%). This study shows that CaO, CeO, and Al;O3 can be promising
catalysts based on the remarkable amount of biocrude, the highest values of C, H, heating value,
energy recovery, and the lowest content of N, O and S.
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1. Introduction

Advanced biofuels derived from microalgae are considered a promising source of energy thanks
to the well-known advantages of this type of biomass: high-production yields, neutral with respect
to CO, emissions, growing in industrial facilities and wastewater can be used as nutrients in the
cultivation stage [1-4]. In this context, a thermochemical process such as the hydrothermal liquefaction
(HTL) is postulated as one of the most promising current routes to produce biofuels from microalgae.
HTL allows for the biofuel production from wet microalgae without a drying pre-treatment [5] and
it tolerates the conversion of the whole microalga biomass, also including the low-lipid microalgal
biomass which normally has higher growth rates [3,6-9]. Moderate temperatures (200-380 °C) and
high pressures (10-25 MPa) and microalga:water ratios within the range 5%-15% are commonly used in
HTL [10,11]. HTL yields a solid residue or biochar, a gaseous phase and two liquid fractions (aqueous
and organic). Although all phases are useful in a microalga biorefinery, the organic liquid phase,
usually referred to as biocrude or bio-oil, is the most interesting to produce biofuels [5].
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The yield and quality of the biocrude is influenced by parameters such as temperature, pressure,
reaction time and biomass:water ratio [12,13]. This biocrude obtained through HTL usually has a
yield between 25 and 65 wt% under thermal conditions. However, it is characterised by having a
high content of N and O, since the initial microalga has a high content of these heteroatoms [14].
Consequently, the heating value is influenced in a negative way and the biocrudes obtained from HTL
are not entirely in accordance with the regulations for their use as biofuel. For these reasons, current
HTL research is focused mainly on improving the quality of the biocrude, reducing the content of these
heteroatoms. The HTL biocrude can be upgraded with a conventional catalytic hydrotreatment [15],
but novel processes involve the modification of the HTL process. Thus, some recent investigations
deal to the HTL in two stages, where the N and O contained in the initial biomass is removed at
low temperatures in a pre-treatment and the solid phase obtained in this first stage is transform to
a low N and O content biocrude in the following HTL step [6,16,17]. Other authors have studied
the use of co-solvents such as ethanol [18,19], obtaining high biocrude yields at lower temperatures.
The use of appropriate catalysts in the HTL process is one of the most promising recent routes since
the catalyst promotes dehydration, deoxygenation, denitrogenation and desulfurisation during the
HTL, consequently decreasing the N, O and S content of the biocrude [1,20]. In particular, catalysts are
capable of carrying out the hydrolysis of proteins, lipids and carbohydrates into smaller molecules,
which in turn suffer decarboxylation and deamination reactions [20].

The homogeneous catalysts were the first used in HTL due to the ease of handling. Initially,
catalytic tests used Nay,CO3, obtaining positive effects on the biocrude yield. In addition, this catalyst
allows for the reduction of the N and O present in the starting biomass, which increases the higher
heating value (HHV) of the biocrude and improves its quality [1,21]. However, its use can produce
secondary reactions of saponification [22], which promoted the study of acid homogeneous catalysts,
such as inorganic acid or short-chain organic acids, which act as hydrogenating agents of the process,
reducing the biocrude N and O contents [23,24]. However, the homogenous catalyst cannot be reused
in the catalytic HTL process.

The recovery ease of the heterogeneous catalysts makes the use of these catalysts in HTL a
growing line of research. In this way, there are catalysts that promote the loss of N in biocrude, such
as metals supported on carbon (Pt/C, Ru/C) or alumina with nickel or platinum [10,20]. Conversely,
deoxygenation is promoted mainly by alumina doped with Ni, Co or Mo [20]. In addition, new diverse
materials (i.e., zeolites, carbon nanotubes, nanoparticles, etc.) have being tested recently to favour the
loss of these heteroatoms in the biocrude [25,26]. In previous works, the content of N and O in the
biocrude was reduced using heterogeneous catalysts such as Pd, Pt or Ru supported on C, Co, Mo, Ni,
Pt, Ni/SiO, supported on Al,Os and zeolites [27] and also metals supported in carbon nanotubes [25].
However, the possible contaminations and the activity of the materials need to be evaluated for its real
reutilisation [3]. Therefore, the development of catalysts with a high hydrothermal stability that resist
deactivation during HTL is essential.

In this context, the main objective of this work is to compare the biocrude obtained by the use of
different metal oxide heterogeneous catalysts (CaO, CeO,, La;O3, MnO; and Al,O3) in the HTL of
Nannochloropsis gaditana to develop this process at an industrial scale. These catalysts have relatively
low prices and have been highly used in the production of biodiesel thanks to their high basicity
that promotes a greater catalytic activity to convert triglycerides without significant deactivation.
In addition, metal oxides are non-soluble in the alcoholic media of this reaction and therefore, are
recoverable [28-32]. However, there are no references about the use of oxides as catalysts in the
microalga HTL process. These catalysts are advantageous for microalga HTL since their metal cations
are Lewis acid sites that act as acceptors of electrons, whereas their oxygen anions are acceptors of
protons or Bronze bases [33]. Besides, metal oxides are not soluble in the aqueous medium of the HTL
process, so that the leaching reactions of the oxides are avoided, which would decrease their catalytic
activity [30].
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2. Materials and Methods

2.1. Microalga

The microalga used in this work was the N. gaditana, and it was supplied by AlgaEnergy S.A.
(Madrid, Spain). Table 1 shows the biological composition (lipids, proteins, carbohydrates and
ashes) together with the principal and minority elements composition of the microalgae, which were
determined according to the methodology reported previously [34].

Table 1. Microalga composition (dry weight basis).

Biochemical Composition (wt%) Elemental Composition (wt%) Metals (mg/g)
Lipids 35.52 +1.23 H 710 +0.18 Na 21.04 £ 2.01
Proteins 43.81 £ 3.50 C 48.7 +0.14 K 3.53 +0.09
Carbohydrates 15.70 + 3.59 N 6.80 + 0.04 Mg 0.90 + 0.03
Ashes 4.50 +0.79 S 0.90 + 0.04 Fe 0.16 + 0.01
O 36.5 +0.20 Ca 0.08 + 0.01
P 6.43 + 0.02

2.2. Catalysts

The metal-oxide catalysts used in this work were calcium oxide (CaO), cerium (IV) oxide (CeOy),
manganese (IV) orxide (MnO;) and lanthanum (III) oxide (Lay;O3) supplied by Sigma-Aldrich (St.
Louis, MO, USA), and Y-alumina (Al,O3) provided by Alfa Aesar (Haverhill, MA, USA).

2.3. Catalytic Liquefaction

The catalytic liquefaction was performed in a 100 mL stainless-steel autoclave (EZ-SEAL®,
Autoclave Engineers. Erie, PA, USA). In each experiment, 33 g of slurry with a 10 wt% of microalga
and 5 wt% metal-oxide catalyst was loaded into the reactor. A control thermal experiment was carried
out in the absence of any catalyst for comparison purposes. All the experiments were run at 320 °C for
10 min in an inert atmosphere (nitrogen). The stirrer was set at 500 rpm to ensure adequate mixing. At
the end of the reaction, the autoclave was rapidly cooled down to room temperature to quench the
reaction. Each HTL experiment was carried out three times for the statistical analysis.

When the reactor achieved room temperature, the gas phase was separated through the reactor
valve that connects the reactor to the microGC Varian CP-4900 (Varian Inc., Palo Alto, CA, USA) where
it was analysed. Then, 30 mL of dichloromethane (DCM) was used to collect the reaction mixture,
which consists of solid residue, aqueous phase and biocrude. The solid residue and the catalyst were
separated together by a vacuum filter, dried at 105 °C for 24 h and weighted. The biocrude and aqueous
phase were separated by decantation in a separation funnel. Both water and DCM were evaporated
by vacuum evaporation from their respective fractions (aqueous phase and biocrude, respectively) in
order to determine their yield and composition.

The yields (Y) of each phases were determined on a dry basis using Equations (1)—(4) [35] and the
gas phase yield was calculated by the difference.

mass of biocrude

Y %) — x1 1
Biocrude (%) mass dry matter of microalgae 00 .

o mass of solid residue
Ysolid Residue (%) = :
mass dry matter of microalgae

x 100 @)

mass of water — soluble products

YWa’ter—soluble products (0/0) = x 100 (3)

mass dry matter of microalgae

mass of solid residue
mass dry matter of microalgae

Liquefaction phase (%) = (1 ) x100 4)
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2.4. Products Analysis

2.4.1. Biocrude Analysis

The content of the principal elements (hydrogen, carbon, nitrogen, sulfur and oxygen) present in
the biocrude oil were measured in a Vario EL III element analyser (Elementar Analysensysteme GmbH,
Langenselbold, Germany) using sulphanilic acid as standard. With the content of these elements, the
high heating value (HHV) of the bio-oil can be determined using the Boie equation (Equation (5)) [36].

HHV (M]J/kg) = 0.3516 xC + 1.16225 xH — 0.1109 x O + 0.0628 x N (5)

The energy recovery (ER) was defined as the ratio of the total heating value of biocrude to the
total heating value of microalgae, as shown by Equation (6).

(HHYV of biocrude X Mass of biocrude)
(HHYV of microalga X Mass of dry matter of microalgae)

ER (%) = %100 6)

The composition of biocrude was analysed by gas chromatography-mass spectrometry (GC-MS)
(Bruker 450GC, Bruker Corp., Billerica, MA, USA). The samples were diluted with carbon disulphide
and filtered with a 0.45 um nylon filter. The GC-MS was coupled to a triple quadrupole mass
spectrometer (Bruker 320 MS, Bruker Corp., Billerica, MA, USA) that operates in electronic impact (EI)
mode and it was provided with a Rxi-55il MS 30 m 0.25 mm ID column (Restek, Lisses, France). Data
acquisition and processing were performed by using Bruker MS Workstation software v.7. (Bruker
Corp., Billerica, MA, USA).

2.4.2. Analysis of Aqueous Phase

The total organic content (TOC) was determined in a Shimadzu-V equipment (Shimadzu Corp.,
Kioto, Japan) while the pH was measured in a pH meter Basic 30 pH meter (Crison Instruments,
Barcelona, Spain). In addition, the water recovery from the aqueous phase was as evaluated by
Equation (7).

mass of aqueous phase

Water recovery (%) = ol mass of water < 100 (7)

2.4.3. Analysis of Gas Phase

The catalytic hydrothermal liquefaction gas products were collected and analysed by using a
gas chromatograph Varian CP-4900 (Varian Inc., Palo Alto, CA, USA) with a thermal conductivity
detector (TCD) connected on-line to the autoclave reactor. The samples were analysed when the
reaction mixture was cooled to 30 °C.

2.4.4. Statistical Analysis

Overall, data were subjected to statistical analysis by one-way analysis of variance (ANOVA), and
Duncan’s comparison of means using SPSS statistics software version 21 (IBM Corp., Armonk, NY,
USA). Duncan’s comparison of means tables were also applied to evaluate the effects of catalysts on the
conversion yields and the elemental compositions of biocrude obtained through HTL of microalgae.
Average and standard deviation of replications were also applied where required. In addition, before
the analysis, the normality of data was approved by the Kolmogorov—-Smirnov test.
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3. Results and Discussion

3.1. Effects of Catalysts on the Yields of Hydrothermal Liquefaction (HTL) Processes

The yields of the different fractions obtained from the catalytic HTL processes (biocrude,
water-soluble products, gas phase and solid residue) are shown in Table 2. The corresponding yields for
the non-catalytic HTL (thermal) process are also included in the same table for comparison purposes.

Table 2. Effects of catalysts on the yields of hydrothermal liquefaction (HTL) process.

Biocrude (wt%) WSP 1 (wt%) Gas (wWt%) SR 2 (wt%) LP 3 (wt%)

Thermal 4260b 4 3198 ¢ 17.81a 7.60d 92.69 d

CaO 49.73 a 37.43Db 7.57b 525c¢ 94.74 cd

CeO, 43.80 b 4412 a 9.82b 2.25ab 97.74 ab

Catalysts MnO, 4411Db 37.61b 18.26 a 0.50 a 99.49 a
LayO3 42.66 b 38.98 b 12.50 ab 5.85 cd 94.14 cd

AL O3 4422 Db 34.02c 1744 a 4.30 bc 95.69 bc

1 Water-soluble products; 250lid Residue; 3 Liquefaction Phase; 4 Different letters (a, b, ¢, and d) in the same column
refers to statistical differences of Duncan’s multiple range test at p < 0.05 between control and different catalysts

i

applied in the HTL process. “a” is the desirable mean value of groups for Biocrude, WSP, Gas, SR and LP.

The yield towards the fraction of greatest interest, i.e., biocrude, were mostly between 43 and
50 wt%, which were near or somewhat higher than the equivalent obtained under thermal non-catalysed
conditions (42.60 + 0.80 wt%). According to Shi et al. [37], these catalysts prevent dehydration and
promote the hydrolysis and cracking reactions. The use of CeO,, MnO,, La;O3 and Al,O3 as
heterogeneous catalysts results in lower yields (43.80 + 0.50 wt%, 44.11 + 0.50 wt%, 42.66 + 1.10 wt%
and 44.22 + 1.60 wt%, respectively) than the use of CaO (49.73 + 0.90 wt%). If we attend at the
electronegativity of these catalysts under the reaction conditions, the first four had a electronegativity
between 8 and 11.5 while CaO had a value close to 5 [38]. Consequently, the highest yield of biocrude
was obtained with the most basic oxide catalyst (CaO), which promoted the hydrolysis and cracking
reactions. In addition, the basicity of CaO could give rise to secondary reactions of saponification,
decreasing the biocrude yield [22]. However, the saponification reactions were not significant at the
short reaction time used in this work (10 min) in comparison to the longer reaction times (60 min) in a
previous study using palm biomass as raw material [38].

The yields of the water-soluble products for basic metal oxides catalysts (CaO, CeO,, MnOs,,
Lay03) ranged from 37.43 + 0.61 wt% to 44.12 + 0.92 wt%, being higher than the corresponding value
in the thermal HTL (31.98 + 1.20 wt%). This implies that the metallic oxides also promote an increase
of this fraction yield, which was also previously observed in the HTL of rice husk using these types of
catalysts [37]. In addition, the acid nature of these types of catalysts has an influence on the yield of the
water-soluble products. Thus, the more acidic Al;O3 had a lower yield of water-soluble compounds
than the more basic metal oxides.

The yields of the gas fraction obtained with CaO and CeO, were significantly lower
(7.57 £ 0.50 wt% and 9.82 + 0.01 wt%, respectively) than the thermal HTL (17.81 + 2.27 wt%), whereas
the yield of this fraction using La;O3; (12.50 + 1.90 wt%), MnO, (18.27 + 1.41 wt%) and Al,O3
(17.44 + 3.21 wt%) was statistically the same as the one obtained without a catalyst. The decrease of the
gas fraction yield could be related to the observed increase of the biocrude and water-soluble product
yields because of the interaction between the different phases during HTL, according to the kinetic
model proposed by Valdez [39].

The liquefied fraction yields obtained with metallic oxides were generally higher than this fraction
yield obtained in the HTL without catalyst (the liquefaction phase values of MnO,, CeO, and Al,O3
were significantly higher than the value of the non-catalysed HTL), which is due to the detected
increase in the yields of the liquid fractions (water-soluble products and biocrude) with these catalysts.
These yields are in all cases higher than 94 wt%, even reaching 99.49 + 0.70 wt% when MnO, was used.
It is noteworthy, therefore, that the high yield of the liquefied fraction indicates a conversion of the



Processes 2020, 8, 15 6 of 12

microalga near 100%. These high yields are linked to the low amounts of solid residue obtained in the
catalytic processes (0.50 wt% to just under 6 wt%) in comparison with the solid yield in the thermal
reaction (7.60 + 0.70 wt%). This increase in the liquefied fraction and a low yield of the solid residue
was observed previously in the HTL of rice husk and microalga Nannochloropsis with the same type of
catalysts [37,40].

3.2. Element Content, Higher Heating Value (HHV) and Enerqy Recovery (ER) of Obtained Biocrude

Table 3 shows the elemental analysis, HHV and energy recovery (ER) of the biocrudes obtained
with the metal oxide-catalysed HTL and the non-catalysed process.

Biocrudes obtained with the metal oxides CaO, CeO, and La,O3 had statistically similar N content
(4.76 + 0.02 wt%, 4.62 + 0.15 wt% and 4.64 + 0.01 wt%, respectively). Therefore, these catalysts are
suitable to carry out denitrogenation reactions. However, the N content of the biocrude obtained with
MnO, and Al,O3 were slightly higher (5.45 + 0.11 wt% and 5.39 + 0.21 wt%). In all cases, a significant
decrease was observed in the N content with respect to the non-catalysed reaction (6.11 + 0.02 wt%).
This fact corroborates the power of metal oxides as catalysts of hydrolysis and cracking reactions
breaking the macromolecules (proteins and lipids) to give compounds with N soluble in the aqueous
phase fraction that decrease the content of this heteroatom in biocrude [20,38].

Table 3. Elemental composition, higher heating value (HHV) and energy recovery (ER) of the biocrude
obtained through HTL of microalgae with different catalysts compared to non-catalysed reaction.

N (wt%) Cwt%) HWwt%) Swt%) O wt%) HHV M]/kg) ER (%)

Thermal 6.11c 73.84al 917 ¢ 031c 10.54 a 33.18a 58.25a

CaO 476 a 69.98 b 931lc 0.40d 15.59b 31.47b 55.00b

CeO, 462a 73.04 a 9.83a 0.16 a 1232 a 3340 a 58.50 a

Catalyst MnO, 545D 70.17 b 9.17 c 0.16 a 1494 Db 31.49Db 55.25Db
LayOs 4.63a 64.88 ¢ 8.39d 0.39d 21.68 ¢ 30.12c¢ 53.00 c

AlL,O3 539b 7336 a 9.64Db 0.20b 1139 a 3343 a 58.75a

1 Different letters (a, b, ¢, and d) in the same column refers to statistical differences of Duncan’s multiple range test
at p < 0.05 between control and different catalysts applied in the HTL process. “a” is the desirable mean value of
groups for C, H, HHV, ER, N, O and S.

Regarding the O concentration in the biocrudes, the values obtained with the metal oxides ranged
from 14.94 + 0.58 wt% for MnO, to 21.68 + 0.04 wt% for La,;O3, being higher than those obtained by
the thermal reaction (10.54 + 0.50 wt%). This fact may be due to the hydrolysis of the main molecules
(carbohydrates, lipids and proteins) into smaller ones that cannot undergo deoxygenation. However,
the O content could be improved with these catalysts at a longer reaction time [20]. In spite of that, in
comparison with thermal reaction, no considerable growth was detected in the O concentration for
CeO; and Al,Os catalysts.

The HHV values obtained from the elemental analysis were between 30.12 + 0.01 and
33.43 + 0.91 MJ/kg (Table 2), regardless of the type of metallic oxide used. These values are typical
of biocrudes obtained from microalgae by HTL process (30-43 M]/kg) [20]. Conversely, the ER were
between 52.88% + 0.02% to 58.75% + 1.62%. The HHV and ER results of the CeO, and Al,O3 were
similar to those of the thermal reaction and the mentioned indexes for CaO and MnO, were slightly
lower. These values were approximately similar to the ones reported previously for fast HTL (400 °C,
2 min) with Pd/C, Pt/C or dimethalic alumina catalysts [15], but somewhat lower than those obtained
in the HTL at 350 °C and 60 min with similar catalysts [27]. Among the catalysts applied in this study,
CeO; resulted in remarkable specifications for the obtained biocrude through HTL of microalgae,
N. gaditana. As can be clearly seen in Table 2, the highest values of C and H content, HHV and ER, in
addition to the lowest content of N, O and S occurred as a consequence of the HTL process using the
CeO; catalyst.
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Because the biocrude properties are highly dependent on the H/C, N/C and O/C atomic ratios,
these were calculated and compared with the corresponding ratios of the thermal biocrude and the
initial microalgal biomass. In addition, the atomic ratios of the biocrudes were compared with a
biodiesel obtained from rapeseed oil that complies European Biodiesel EN 14214 Standards, a biodiesel
from N. gaditana oil that meets the biodiesel specifications except for the content of polyunsaturated
(>4 double bonds) methylester and a reference fossil diesel complying European Standard EN-590. The
atomic ratios were represented using a Van Krevelen diagram (Figure 1a,b). The H/C, N/C and O/C
ratio for the reference diesel were 1.84, 0.005 and 0.008, respectively. In the HTL process, deoxygenation
and denitrogenation mechanisms are produced during the reaction [12]. Therefore, O/C and N/C ratios
decrease with respect to the initial biomass around 80% and 40%, respectively. The H/C ratios shown
in Figure 1 were similar for the five biocrudes regardless of the catalysts used, showing values around
1.50-1.65. However, the ratio of the thermal biocrude obtained was 1.25 because of its higher percentage
of C in the composition. On the other hand, the N/C ratios were all between 0.05 and 0.06, slightly
higher than that for the reference diesel oil (0.005) and somewhat lower than the thermal biocrude
(0.084). Despite the fact that the N content was reduced with respect to the thermal reaction, a total
recovery of C in the biocrude was not achieved and therefore, the N/C ratio obtained was somewhat
higher than the limits reported in the literature [20]. The values of O/C were between 0.10 and 0.20,
which were higher values than the ones obtained previously for this heterogeneous catalysed process
(0.004-0.053) [15], which is associated to the fact that the O and C were not completely recovered in
the biocrude phase. However, the O/C ratios obtained with oxygenated biofuels, such as biodiesels
from rapeseed and N. gaditana oils, were close to 0.10 and similar to the O/C ratios of the biocrudes
obtained using CeO; (0.135) and Al,O3 (0.113). Longer reaction times are required to decrease the
O concentrations of the biocrude obtained by HTL with heterogeneous catalysts. In spite of higher
values of the H/C, N/C and O/C, we can also remark on the fact that, apart from higher NOy emission
due to the higher N content and lower heating value, using oxygenated biofuels such as biodiesel
and bioethanol has significantly reduced the formation of air pollutants like CO, soot and unburned
hydrocarbons and increased the combustion efficiency. In addition, developing engine technologies
and fuel additives, besides optimizing biocrude production and upgrading systems, will provide a
sustainable source of biofuel for commercial purposes [41-44].
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Figure 1. Van Krevelen diagram for biocrude obtained with metal oxide catalyst (@) CaO, (m) CeO,, (m)
MnO,, (m) LayO3 and (m) Al,O3. For comparison purposes, thermal conditions (¢), reference diesel
(©), biodiesel from rapeseed oil (®), biodiesel from N. gaditana oil (®) and microalga N. gaditana (0O) are
shown. (a) O/C vs H/C and (b) N/C vs H/C).

The composition of the biocrudes obtained by GC-MS, grouped by families, is shown in Table 4.
A high content of acids was obtained in the biocrudes using CaO, CeO,, La;O3 and Al,Os3, achieving
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values of 28.08 wt%, 31.18 wt%, 24.99 wt% and 17.82 wt%, respectively. These catalysts promote
hydrolysis reactions to a greater extent, increasing the amount of organic acids and alcohols. The latter
achieved values of 9.46-18.48 wt%. Conversely, the content of organic acids in the biocrude obtained
in the HTL with MnO, was remarkably higher (60.96 wt%). In this sense, this catalyst promotes
the deamination reactions of aminoacids to organic acids, in addition to the hydrolysis of lipids to
these organic acids. The high content of oxygenates (mainly acids, alcohols and amides) was around
65-70 wt% of the composition, which causes a low biocrude stability, a low HHV and high corrosive
power [45]. However, these values were lower than those of the thermal reaction were, where the
oxygenated compounds were higher than 85 wt%. Attending to the N compounds (amines, amides
and nitriles), they supposed between a 20.24 wt% and a 36.85 wt%. These compounds mainly come
from the hydrolysis of the proteins [12]. The content of amines was higher than that of the thermal
reaction (9.74 wt%), while the amides were lower than the one obtained in the control thermal reaction
(31.26 wt%). Finally, the amount of hydrocarbons in the biocrudes obtained with these metal oxides
were higher (12.71-15.36 wt%) than the corresponding value obtained in the thermal control HTL
(6.02 wt%), that is associated again with the decrease of heteroatoms in biocrude.

Table 4. Biocrudes composition determinate by gas chromatography-mass spectrometry (GC-MS).

Composition (%)

Acid Alcohol Aldehyde Amine Amide Ketone HC AHC  Ether Nitrile

Thermal 4325 6.49 0.46 974 3126 1.99 3.71 2.31 0.55 0.23
CaO 28.09 18.48 0.00 1651  10.10 7.31 1126 410 nd 3.11

CeO, 31.18 9.46 0.00 18.84 1630  9.44 12.51 0.33 nd 1.71

Catalyst MnO, 60.96 0.00 0.00 10.71 6.08 9.41 10.68 2.03 nd 0.12
LayOs 24.99 17.32 0.00 1512 9.36 16,53 1326  0.00 n.d 3.13

Al,O4 17.82 17.27 0.00 12.02 3478 8.31 7.10 1.81 nd 0.14

HC: Hydrocarbon; AHC: Aromatic hydrocarbon; n.d: non-detectable.

The boiling temperature of the biocrudes obtained by metal oxide catalysis was determined
and compared with a diesel that complies with the EN-590 standard (Table 5). The results obtained
for the boiling point showed that the obtained biocrudes boiled completely at temperatures close to
529.20-551.80 °C and were similar to the one achieved in the thermal reaction (546.00 °C). However, these
boiling points of the biocrude were higher than in the reference diesel (476.10 °C). Despite the decrease
in the heteroatom content of the biocrudes obtained with the catalysts, the content of N and O remained
high compared to the diesel that follows the regulations. This implies that the biocrude containing
these electronegative heteroatoms is capable of forming more intense dipole-dipole interactions, which
would lead to a higher apparent boiling point in the mixture. This fact was previously observed in
the metal oxide-catalysed HTL of Malaysian oil palm biomass [38] due to the presence of oxygenated
compounds and aromatic compounds.

Table 5. Boiling point distribution of biocrudes obtained from HTL of microalgae using metal oxides
catalysts compared with reference diesel.

Boiling Point (°C)

Distillation (%) 20 40 60 80 100
Reference diesel 223.40 290.10 332.90 379.70 476.10
Thermal 417.80 422.50 438.90 476.30 545.60
CaO 330.90 395.20 439.30 486.00 539.50
CeO, 348.70 393.50 420.10 467.10 529.20
Catalyst MnO, 319.80 388.50 418.10 467.90 539.20
LayO3 301.90 383.00 418.30 480.60 546.20

Al,O5 347.70 395.20 436.00 488.00 551.80
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3.3. Analysis of Aqueous Phase

Although no statistically significant differences have been observed by one-way ANOVA, the
recovery of the aqueous phases obtained in the reactions of HTL catalysed by metal oxides was
slightly higher (92.11 + 1.10-95.48 + 2.07 wt%) than the recovery of this fraction in the thermal process
(90.13 + 1.11 wt%) (Table 6). The pH of this phase (8.20-10.80) is marked by the basicity of the catalyst.
The values of the different fractions according to the used catalyst have coherence in function of the
basicity of the catalysts used, the lowest value being for the Al,O3 and the highest for the oxide of
greater basic character, the CaO [38].

Table 6. Characteristics of the aqueous phase.

Water Recovery (wt%) pH TOC (mg/L)

Thermal 0+1 8.40 1283 + 4

CaO 93+1 10.80 745+ 1

CeO, 94 +2 8.53 698 + 2

Catalysts MnO, 92+1 8.70 694 +1
LayO3 94 +1 8.90 681 + 2

Al,O3 95 +2 8.20 741+£5

TOC: Total Organic Carbon.

The total organic carbon (TOC) values (681-745 ppm) indicated a high formation of new organic
compounds soluble in aqueous medium. These values are within the ranges found in the starting
biomass at temperatures between 300 and 350 °C (300-1146 ppm) [23]. However, the value obtained in
the thermal reaction was higher (1283 ppm). Therefore, the carbon content was lower in the aqueous
fraction obtained through metal oxide-catalysed HTL in comparison to the thermal reaction, which
implies the existence of other elements such as N or O. As previously mentioned, the use of metal
oxides as catalysts reduced the presence of this N in the biocrude, increasing the amount of this
heteroatom in the aqueous phase.

3.4. Analysis of Gas Phase

The gaseous phases obtained by metal oxide heterogeneous catalysis had a composition similar to
that obtained in the thermal reaction. These fractions were composed mainly of CO,, by more than
95% in all cases. The gas fraction also contained small amounts of saturated and monounsatured linear
light hydrocarbons (C1—Cy4) (<1%), and less than 1% of H; and CO. Therefore, the results showed that,
despite the different catalysts used in the HTL reactions, the composition was always similar to the
previous results in the literature [27,38]. The high and low contents of CO, and light hydrocarbons
respectively, were related to the working temperature, which was below the critical point of water.
In addition, the low concentration of CO can be due to the fact that the elimination of hydrogen
occurred mainly by decarboxylation instead of decarbonylation [46]. Taking into account the CO,-rich
gas fraction obtained in all cases, this fraction can be integrated into a microalgal biorefinery, with
the growth of the microalga stage being recirculated, thus providing the carbon source necessary for
its development.

4. Conclusions

Our results indicated that metal oxide catalysts can improve the results of the HTL process of
microalgae in comparison with the non-catalysed reaction. The catalytic HTL catalysts increased the
yields of biocrude (42.60 + 0.80-49.73 £ 0.90 wt%) compaed to the thermal reaction (42.60 + 0.02 wt%).
The biocrude yield was remarkably high with the CaO catalyst (49.73 + 0.90 wt%). In addition,
the biocrude yields increase for CeO; (43.80 = 0.50 wt%), Al,O3 (44.22 + 1.60 wt%) and MnO,
(44.11 £ 0.60 wt%) were also high. Biocrudes showed a decrease in the N content with all the metal
oxides compared to the one obtained without the catalyst (6.11 + 0.0.02 wt%). The N content achieved
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with CeO;, Lay O3 and CaO was low (4.63 + 0.15 wt%, 4.64 + 0.01 wt% and 4.76 + 0.02 wt%, respectively).
However, despite being reduced in comparison to microalgae (36.50 + 0.20 wt%), there is still a high
content of O in all the biocrudes (11.39 + 2.06-21.68 + 0.03 wt%). Thus, apart from the positive effects
of catalysts utilizing on HTL process, CeO;, along with Al;O3 and CaO, can be considered for further
investigations to achieve the greatest yield of produced biocrude with optimised specifications.
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