energies

Article

Solar Pyrolysis of Spirulina platensis Assisted by Fresnel Lens
Using Hydrocalumite-Type Precursors

Marcus P. B. Martins, Carla E. Hori, Marcos A. S. Barrozo *

check for
updates

Citation: Martins, M.P.B.; Hori, C.E.;
Barrozo, M.A.S.; Vieira, L.G.M. Solar
Pyrolysis of Spirulina platensis
Assisted by Fresnel Lens Using
Hydrocalumite-Type Precursors.
Energies 2022, 15, 7590. https://
doi.org/10.3390/en15207590

Academic Editors: Nélio Teixeira
Machado, Jose Geraldo Andrade
Pacheco and Luiz Eduardo

Pizarro Borges

Received: 25 August 2022
Accepted: 5 October 2022
Published: 14 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Luiz G. M. Vieira

Chemical Engineering School, Federal University of Uberlandia, Uberlandia 38400-902, MG, Brazil
* Correspondence: masbarrozo@ufu.br; Tel.: +55-34-32309533

Abstract: Solar pyrolysis is a promising technology as it combines use of biomass and solar energy to
generate transportable and storable fuels, as well as chemicals of interest. The most desired product
of rapid pyrolysis of microalgae is bio-oil, a liquid and viscous mixture composed of hundreds of
chemicals. Among these compounds are many oxygenates that usually bring some undesirable
properties to bio-oil, e.g., instability. This study aimed to investigate the potential of Spirulina platensis
to produce bio-oil from catalytic solar pyrolysis assisted by Fresnel lens. The performance of the
mixed oxides derived from hydrocalumite was evaluated, aiming to improve the yield and quality of
the liquid product. The effects of reaction time and percentage of catalyst on the product distribution
and bio-oil composition were quantified. An optimization study was performed using the differential
evolution (DE) algorithm in order to maximize the bio-oil yield. The results showed that the highest
liquid yield (43.4%) was obtained in 23.4 min using a catalyst percentage of 58.6%. The mixed oxides
derived from hydrocalumite contributed to the improvement in the bio-oil quality, which presented in
its composition a low quantity of oxygenated compounds and a higher percentage of hydrocarbons.

Keywords: solar pyrolysis; Fresnel lens; hydrocalumite; Spirulina platensis

1. Introduction

The increasing world population and rapid industrialization have contributed to
growth in global energy demand over the years. As a side effect, generation of energy
from non-renewable matrices has increased the environmental impact due to gas emis-
sions responsible for the greenhouse effect, especially carbon dioxide (CO,) [1,2]. Besides
influencing the current environmental problems, fossil fuels are finite resources that may
be depleted in the coming decades. For this reason, it is essential to develop new sus-
tainable fuels with low carbon footprints compared to fossil fuel. Biofuels can reduce
consumption of fossil fuels and thus reduce carbon dioxide emissions because biofuels
are carbon-neutral. The carbon dioxide that is emitted when a biofuel is burned merely
returns to the atmospheric carbon dioxide that was taken into plants from the atmosphere
by photosynthesis [3]. Thus, use of biomass-derived biofuels has become attractive be-
cause biomass is abundant in nature, low-cost, biodegradable, and a source of renewable
carbon [2,4].

Biomass can be used as a renewable source of carbon for production of fuels or chemi-
cal precursors from thermochemical transformations, such as combustion, gasification, and
pyrolysis. Among the thermochemical processes, pyrolysis stands out mainly because of
its ability to generate products (solids, liquids, and gases) with greater added value that
could be used as fuels or chemicals of interest for other industrial activities [5-7]. Even
though lignocellulosic biomass is the most used raw material to produce bio-oil [8], new
raw materials are being evaluated in the pyrolysis process. In this respect, microalgae
have shown great potential as a source of biomass in pyrolysis processes given their great
diversity of species and good environmental adaptability, allowing their cultivation in
systems that do not compete for arable land. According to some studies, another advantage

Energies 2022, 15, 7590. https:/ /doi.org/10.3390/en15207590

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15207590
https://doi.org/10.3390/en15207590
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-8873-162X
https://doi.org/10.3390/en15207590
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15207590?type=check_update&version=1

Energies 2022, 15, 7590

20f19

of using microalgae as a raw material in pyrolysis is the fact that the bio-oil obtained by
their thermochemical conversion has a higher heating value and less viscosity than the
bio-oil produced from lignocellulosic biomass [5,9].

Bio-oil obtained by pyrolysis can have some undesirable characteristics because of its
chemical composition, such as low high heating value and high acidity and viscosity. The
presence of oxygenated compounds in the composition of pyrolysis oil is the characteristic
that most contributes to these negative factors. For these reasons, this product must
undergo deoxygenation processes so that it can be integrated into refineries and meet the
specifications of finished fuels [10,11]. One way to improve the quality of the fuel generated
is to change the reaction routes through addition of catalysts [7,9,12,13].

In recent decades, layered double hydroxides (LDHs in the following) received in-
creased attention due to their wide-ranging applications and the relative ease of their
availability and functional modification [14,15]. LDHs also have considerable potential in
health care: they can be applied as antacids, medicine stabilizers, and even used as catalysts
of base-catalyzed transformations in their layered forms or, more frequently, after calcina-
tion (then, the layered structure is lost) [16,17]. However, few studies have outlined layered
double hydroxides (LDHs) as possible catalysts for improvement in biomass pyrolysis oil
characteristics [18,19]. Maree and Heydenrych [18] showed that MgAl-LDH significantly
reduced the concentrations of ketones and oxygenated aromatics in electrostatic precipitator
oils and increased the concentration of aliphatics [18].

Hydrocalumite is a type of double lamellar hydroxide composed of calcium and
aluminum neatly distributed within its hexagonal structural layers, interspersed with
carbonate, and represented by the general formula [Ca; AI(OH)s]NO3.nH,O [14,15]. When
subjected to the calcination process at different temperatures, it generates mixed oxides,
favoring their application as basic catalysts [16]. These materials have already been applied
as catalytic precursors in the isomerization of 1-butene [15] and transesterification of oils
for biodiesel production [17]. However, there are still no records regarding their application
in deoxygenation of bio-oil obtained by microalgae pyrolysis.

Among the challenges of a pyrolysis system is the reactor design and its heating
system. In conventional pyrolysis, use of an electrical heater or combustion of external
fuels generally imply high-energy consumption and costly production [7]. This problem
can be softened by incorporating solar heating devices in the pyrolysis system [12]. Thus,
solar pyrolysis emerges as an interesting process as it combines concentrated solar energy
and biomass to generate fuel and chemicals. Concentration of solar radiation in this process
occurs through solar concentrators. These optical devices can operate reflexively, similar to
parabolic mirrors or refractive lenses (e.g., Fresnel lenses) [20,21]. Some studies on solar
pyrolysis have reported satisfactory results regarding application of this technology in
biomass conversion [7,12,22,23].

Zeng et al. [24] studied wood pyrolysis impregnated with Cu and Ni using a solar
concentration system composed of a heliostat and a parabolic disk. The studies were
carried out at temperatures from 600 °C to 1600 °C at heating rates of 10 and 50 °C/s and
a thermochemical decomposition time of 5 min. The results showed that the increase in
temperature favored the gas yield but caused a decrease in the solid and liquid yields.

Hijazi et al. [25] performed catalytic and non-catalytic pyrolysis of tire strips using
Fresnel lenses at a temperature range from 550 to 570 °C at the focal point. The assays were
developed using heterogeneous photocatalysts. The authors evaluated the effects of use of
pure titanium dioxide (TiO,) catalysts, as well as Pd/TiO,, Pt/TiO,, and TiO; /Bi, O3 /5iO;
on the gas yield. They observed that the amount of gas produced increased by 7% with
addition of TiO, and 21% with use of palladium supported on titanium dioxide at a
reaction time of 15 min. However, no records were found on the use of Fresnel lenses in
thermochemical processes with a focus on bio-oil production and upgrading.

Cyanobacteria and especially Spirulina platensis are recognized as abundant resources
of lipids and poly-unsaturated fatty acids (PUFA). The main valorization of these lipids
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has been biofuel production [26]. Effective methods to extract lipids from Cyanobacteria
have been developed, extending their application potential [27].

Therefore, the general objective of this work was to perform catalytic pyrolysis of
the cyanobacteria Spirulina platensis using a renewable source of energy (sunlight) as a
heating starting point. A Fresnel-lens-type solar concentrator was employed to promote
concentration of sun rays at the focal point where the reactor was positioned. In the present
work, for the first time, the effect of using mixed oxides derived from hydrocalumite as
catalysts on the yields and quality of the bio-oil generated by ex situ catalytic solar pyrolysis
of Spirulina platensis was analyzed. The experiments were conducted based on a central
composite design (CCD), and the effects of percentage of catalyst and reaction time on yield
and quality of the liquid product obtained were quantified using regression techniques.
To identify the process condition capable of maximizing the bio-oil yield, an optimization
study was carried out using the differential evolution algorithm.

2. Materials and Methods
2.1. Biomass Characterization

The cyanobacteria Spirulina platensis used in this work was purchased from Brasil-Vital
(Anapolis, Brazil; initial moisture of 82.53% =+ 0.71%) due to its low cost. The biomass
was dried in a non-conventional rotary dryer with inert bed [28] at 60 °C. The rotational
speed of the dryer and speed of air supply were equal to 60 rpm and 10 m/s, respectively.
After drying and prior to use in the solar pyrolysis experiments, microalgae with final
moisture of 7.06% =+ 0.01% were classified by sieving and passing through an 80-mesh
sieve (dg = 0.177 mm).

The elemental composition of the dry material was analyzed using a Perkin Elmer
2400 Series II CHNS/O elemental analyzer. The volatile and ash contents were determined
according to ASTM E872-82 and E1534-93, respectively. The higher heating value (HHV)
was measured on a calorimetric pump (IKAC200) following ASTM D240-09. The chemical
composition analyses to determine the levels of lipids and proteins were performed by
the Soxhlet [29] and Kjeldahl [30] methods, respectively. The carbohydrate content was
determined by the mass balance, as described in Jafarian and Tavasoli [31].

2.2. Catalyst Synthesis and Characterization

The hydrocalumite [Cay AI(OH)sNO3-2H,O] was prepared via co-precipitation method
of metallic calcium and aluminum nitrates with controlled pH [14] and a molar ratio
x = [AI3*/(CaZ* + AI**)] = 0.25. Prior to use, the catalytic precursor was calcined in a muffle
furnace under a synthetic airflow and at a heating rate of 2 °C/min up to 700 °C, remaining
at this temperature for 4 h to form the calcium-aluminum mixed oxides.

The non-calcined (HC000) and calcined (HC700) samples were characterized by X-
ray diffraction (XRD) using a Huber diffractometer in the D10B-XPD beamline of the
Brazilian Synchrotron Light Laboratory (Campinas, Brazil) with CuKa source (1.540 A).
These samples were also characterized by scanning electron microscopy (SEM) on a See
3—Tescan (DES injector) device (Brno, Czech Republic). Furthermore, the specific surface
areas of the HC000 and HC700 samples were determined by the Brunauer-Emmett-Teller
method (BET) by nitrogen adsorption (77 K). The Barret-Joyner-Halenda method (BJH)
was used to determine the pore size (Dy) and pore volume (V) distributions.

2.3. Experimental Apparatus and Solar Pyrolysis Conditions

Figure 1 schematizes the experimental unit used to perform the solar pyrolysis studied
in this work. The solar radiation was concentrated using a Fresnel-lens-type solar concen-
trator consisting of polymethylacrylate, with a usable area of 0.5 m?, a thickness of 5 mm,
and a focal length of 150 cm. The quartz reactor with a transmittance of 0.94, a useful
volume of 31.4 cm?, a wall thickness of 2 mm, and a diameter of 44 mm was arranged
at the focal point of the lens. Solar pyrolysis was carried out in an open field (latitude:
18.919216° S; longitude: 48.257466° O; altitude: 938 m) under a solar radiation flow of
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(810 4 50) W/m?. The experiments took place at an operating temperature of (600 + 40) °C,
measured by a thermocouple (type K). Figure 2 shows the heating ramp obtained during
the solar pyrolysis tests. The final operating temperature was reached in approximately
5 min, and the heating rate was about 1.0 °C/s.

1. Fresnel lens
2. Reactor
3. Steam outlet pipe
Iy 4. Thermocouple
5. Support bar (for reactor)
6 6. Support base (for Fresnel lens)
7. Catalytic bed

) 8. Thermal blanket
condensation system

vacuum pump
Figure 1. Schematic representation of the experimental apparatus used in solar pyrolysis.
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Figure 2. Heating ramp during solar pyrolysis tests.

A fixed-bed catalytic reactor (d; = 1.7 cm and L = 10.0 cm, and bed height ranging
from 0.2 to 0.7 cm, depending on the percentage of catalyst) containing mixed oxides
derived from hydrocalumite was positioned at the upper end of the pyrolysis reactor.
After the pyrolytic vapors percolated through the catalyst bed, they were directed to a
condenser. A vacuum pump operating at 600 mmHg was placed downstream of the
condensation system to assist in the percolation of pyrolysis vapors through the catalyst
bed since no inert gas was used to provide the entrainment of substances generated in the
thermochemical decomposition.

Solid and liquid yields were determined by gravimetry by weighing the bio-coal
formed inside the reactor and the bio-oil recovered in the condensers and calculating the
percentage obtained based on the initial mass of microalgae (g = 2.0 g) in the reactor
(Equations (1) and (2)). The yield of the non-condensable gas was calculated by the mass
balance (Equation (3)).

Sy — [Mbiochar 1, 1)
my
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2.4. Experimental Design

A central composite design (CDD) was used to define the levels of reaction time () and
percentage of catalyst (C) and to calculate their effects on the product yields and quality of
the liquid obtained by ex situ catalytic solar pyrolysis of Spirulina platensis. The independent
variables t and C are represented in coded form by Equations (4) and (5), respectively, and
were evaluated at five levels (—a, —1, 0, +1, +a), with « turnover rates of 1.41. The results
obtained in the 10 solar tests (Table 1) combined with the regression techniques [32] were
used to determine empirical equations capable of predicting solid (SY), liquid (LY), and
gas (GY) yields as functions of the independent variables using software Stastistica® 7.0
(StatSoft, Tulsa, OK, USA). Variance analysis allowed us to identify which parameters were
significant. The quality of the fit to the regression model was assessed by the coefficient of
determination (r?) and residual analysis. These equations were applied in an optimization
study using the differential evolution algorithm [22] so as to identify the values of the
independent variables X; and X, (reaction time and percentage of catalyst, respectively)
capable of maximizing the bio-oil yield.

X, = t(mmg) 15 )
C(%) —29.29

X2 = 20.71

Q)

Table 1. Central composite design for solar pyrolysis experiments.

Test X, X, t (min) C (%)
1 ~1.00 ~1.00 6.00 8.58
2 ~1.00 +1.00 6.00 50.00
3 +1.00 ~1.00 24.00 8.58
4 +1.00 +1.00 24.00 50.00
5 141 0.00 2.27 29.29
6 +1.41 0.00 27.73 29.29
7 0.00 ~141 15.00 0.00
8 0.00 +1.41 15.00 58.58
9 0.00 0.00 15.00 29.29
10 0.00 0.00 15.00 29.29

2.5. Bio-Oil Characterization
2.5.1. Gas Chromatography Mass Spectrometry (GC/MS)

Aliquots of the bio-oil obtained by solar pyrolysis were diluted (60% w/w of ethanol) and
injected into a chromatograph (GC/MS QSP2010SE*-Shimadzu), followed by separation of
the gaseous components using an SH-Rtx-5MS column GC 195 (30 m, 0.25 mm, 0.25 um).
The linear velocity was set at 25.6 cm/s and the purge flow at 3 mL/min. The initial
temperature of the oven was 45 °C, and, after 4 min in operation, it was raised to 280 °C at
a heating rate of 3 °C/min. In addition, the injection temperatures and the chromatograph—
spectrometer interface were adjusted to 250 °C and 275 °C, respectively. The main peaks
were identified based on the retention times of each compound and the information from
NIST library version 08, considering a similarity index greater than 80%. The compounds
were classified as hydrocarbons, oxygenated, and nitrogenous compounds according to the
areas of each peak of a given functional group.
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2.5.2. Infrared Spectroscopy Analyses

The functional groups present in the bio-oil were identified by attenuated total re-
flectance infrared spectroscopy (ATR-FTIR). The analyses were performed on a PerkinElmer
Spectrum Two infrared spectrometer at wavelengths ranging from 400 to 4000 cm !, with
a resolution of 4 cm~! and several sets of 32 scans per spectrum.

3. Results
3.1. Biomass Characteristics

Table 2 presents the characterization results of Spirulina platensis after drying.
Spirulina platensis had a high content of volatile matter (80.09%) and an ash content equal
to 10.43%, in accordance with the results found by Chagas et al. [33] for cyanobacteria
of the same species (volatile matter of 79.38% and ash content of 7.94%). Biomass with a
high content of volatiles and small amounts of ash, as in the case of Spirulina platensis, has
greater reactive capacities that can lead to high ignition power for fuels [34].

Table 2. Characterization of dried Spirulina platensis.

Elemental Analysis ? (wt%) Proximate Analysis ?

C 43.67 Volatile matter 80.09 £ 0.01

H 6.80 Ash 10.43 + 0.01

N 9.84 Fixed carbon 9.48

S 1.89 HHV 20.86 £+ 0.03 MJ /kg
ob 37.8

Compositional analysis (Wt%)

Protein 55.86 £ 0.61
Carbohydrate 22.33

Lipid 11.38 £ 0.11

2 Dry basis; P calculated by difference: O = 100 — [C + H + N + S + ash].

The ash content directly affects the higher heating value (HHV) of biomass; that
is, the higher the amount of ash, the smaller the HHV. Thus, the low percentage of ash
observed for Spirulina platensis favored a high heating value (20.86 MJ/kg). This HHV
exceeded the values reported by Carrier et al. [35] for sugarcane bagasse (17.60 MJ/kg)
and Norouzi et al. [36] for macroalgae Gracilaria gracilis (12.87 M]/kg) but is similar to
those found for other microalgae, such as Chlamydomonas reinhardtii (20.68 MJ/kg) [13] and
Chlorella vulgaris (21.10 MJ /kg) [37].

Elemental analysis showed that the nitrogen percentage of Spirulina platensis (9.84%)
is significantly higher than that observed in lignocellulosic biomass, such as sugarcane
bagasse (0.5%) and corn cob (0.6%) [38]. This can be attributed to the high protein content
present in the microalgae composition (55.86%). The bio-oils obtained from microalgae
raw materials have shown good quality since the high protein content of these biomass
types leads to an increase in the production of aromatic hydrocarbons in comparison with
lignocellulosic biomass [35]. This ensures that Spirulina platensis is an attractive resource to
produce clean fuel through the pyrolysis process.

Microalgae biomass has a high carbon content and low oxygen content compared to
lignocellulosic biomass [38]. In this study, the percentage of carbon identified in Spirulina
platensis was 43.67%, a similar value to those found for other microalgae, e.g., Chlamy-
domonas reinhardtii (41.23%) [22,39].

While oxygen contents of more than 45% can be found in the biomass of traditional
cultures, such as corn cobs [35], for Spirulina platensis, this content was 37.80%. Moreover,
other biomass types may also have higher oxygen content than Spirulina platensis, e.g.,
Chlamydomonas reinhardtii (41.30%) [22,39], Chaetoceros gracilis (53.30%), and Pleurochrysis
carterae (60.70%) [40].

Table 2 shows that the carbohydrate content (22.33%) of Spirulina platensis was higher
than that of Chlamydomonas reinhardtii (3.28%) [21,39] and Nannochloropsis sp. (9.62%) [41].
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This fact indicates that the bio-oil obtained through pyrolysis of Spirulina platensis may have
a high content of oxygenated compounds considering that degradation of carbohydrates is
associated with formation of these components [5,7,42].

Regarding lipid content, the Spirulina platensis presented a lipid value of 11.38%. This
content is a considerable factor in selection of microalgae as a raw material to produce
biofuels by pyrolysis. This is because thermal degradation of the lipid fraction can lead to
formation of aliphatic hydrocarbons. Additionally, during the conversion process, reactions
between lipids and carbohydrates or lipids and proteins (synthesis of biosurfactants) may
occur, which can stimulate the diversity of chemical compounds [43].

3.2. Catalyst Characteristics

The diffractograms of the non-calcined sample and the mixed oxides obtained after
heat treatment are shown in Figure 3a,b, respectively.

. 0 CaCO3
B [Ca:AI(QH):JNO; 2H,0
&
=y
Z
8
RS
B o
B ; B o
B ‘
_ b l | f"'| o 6 P
- . . i \ 3 o W _)‘J. ) ‘7-
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Bragg angle 26 (°)
(@)
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*Ca0
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Figure 3. X-ray diffraction profiles of (a) HC000 and (b) HC700.
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The non-calcined sample (HC000) showed diffraction peaks characteristic of hydro-
calumite ([Cap, AI(OH)¢INO3-2H,0) (JCPDS 31-0245) [14,44]. In addition, there were clear
reflections of the crystalline calcite phase (JCPDS 47-1743), which is a polymorph of calcium
carbonate (CaCOs). This can be explained by absorption of CO, during the synthesis or
storage process of hydrocalumite [45,46].

Figure 3b illustrates complete destruction of the lamellar structure of hydrocalu-
mite and disappearance of peaks related to the calcite phase between 36.14° and 48.72°
(Figure 3a). This phenomenon can be attributed to the carbonation reactions that pro-
mote conversion of CaCOj3 to CaO at temperatures above 700 °C [47]. Along with the
calcium oxide peaks (JCPDS 48-1467), formation of diffraction peaks of the mayenite phase
(CajpAl14033) (JCPDS 09-0413) was identified in HC700 as well. The high intensity of
the diffraction peaks observed in HC700 suggests high crystallinity of the mixed oxides
obtained. The highest-intensity peak was observed for the CaO phase (26 = 37.5°), which
led to an average crystallite size of 91 nm, determined by the Scherrer equation [48,49].

Figure 4a shows the typical structure of hydrocalumite obtained by scanning electron
microscopy, where it is possible to observe the presence of the lamellae in the sample
(HCO000). Calcination at 700 °C enabled collapse of the lamellar layers and formation
of small pores (Figure 4b), which increased the catalytic activity of the mixed oxides
formed [50]. Compared to HCO00 (Figure 4a), heat treatment caused a reduction in the
interlamellar spaces and contributed to formation of a smaller, more crystalline, and slightly
more disordered planar structure in HC700.

(b)
Figure 4. SEM images of hydrocalumite precursors: (a) HC000 and (b) HC700.

The results of the textural analysis of the hydrocalumite precursor and the mixed
oxides are shown in Table 3. The highest values of specific surface area (23 m?/g) and
pore volume (0.05 cm3/g) were found in the non-calcined sample, in accordance with the
results reported by Pérez-Barrado et al. [51]. Calcination was responsible for reducing the
specific area of the mixed oxides formed, possibly due to removal of anions present in
the interlamellar layers. Zheng et al. [45] also reported similar results and noticed that an
increase in the calcination temperature caused a decrease in the BET area due to material
sintering and crystal growth.

Table 3. BET surface and textural characteristics of catalysts.

Sample Sger [m2.g—1] Vpore [em3.g~1] Dypore [A]

HCO000 23 0.05 42
HC700 11 0.02 17
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3.3. Product Yields

The solid (SY), liquid (LY), and gas (GY) yields (Table 4) were obtained in the exper-
iments carried out according to the central composite design (CCD). In some operating
conditions, the solid yield was lower than the liquid and gas yields. As a rule, the higher
the operating temperature, the lower the biochar yields [52]. Thermochemical decompo-
sition time is another important variable to be considered when evaluating solid yields.
In light of this discussion, when comparing the bio-coal yields in tests T5 (2.27 min) and
T6 (27.73 min), it is possible to notice that a 25-min increase in reaction time provided a
41% lower solid yield. The minimum bio-oil yield (18.50%) found in this work was only
4% lower than the maximum liquid yield (22.55%) obtained during catalytic pyrolysis of
Pavlova microalgae using a fixed-bed reactor [53]. This fact proves that use of different types
of biomass and different process configurations have a direct impact on bio-oil yields.

Table 4. Experimental data for product yields from Spirulina platensis solar pyrolysis.

Test SY (%) LY (%) GY (%)
1 47.62 22.48 29.90
2 43.45 28.49 28.06
3 26.14 33.48 40.38
4 25.22 39.17 35.60
5 63.90 18.50 17.60
6 22.75 30.90 46.35
7 37.45 24.48 38.07
8 32.75 41.56 25.69
9 31.20 31.37 37.43
10 31.88 30.55 37.57

The regression equations obtained to predict the solid, liquid, and gas yields as
functions of the independent variables X; (time) and X, (percentage of catalyst) are given, in
their matrix form, by Equations (6)—(8), respectively. The regressions were performed using
software Stastistica® 7.0, and the experimental results (Table 4) and quadratic correlation
coefficients (1,2) obtained were 0.946, 0.933, and 0.861, respectively. The statistical analysis
indicated that the residues were randomly and independently distributed with zero mean
and constant variance. Only parameters with a p-value < 5% were considered significant.
Non-significant parameters (p-value > 5%) were given null values [54].

T
SY = 3254+ (—1225 —1.47) (2) + (%) (4.83 8> (%) (6)
T
LY = 3095+ (491 4.49) @;) - (ﬁ) <_2(563 1-%6) @;) 7
T
GY = 3749+ (7.34 —3.01) (2) + (2) <2637 —2942) (f{i) ®

Under average operating conditions (X = 0), when assessing the impact of variables
X1 and X, on production of biochar (Equation (6)), it can be observed that the effect of
reaction time on the solid yield was greater (about 733%) than that of percentage of catalyst.
Both variables had negative effects on formation of the solid product. Likewise, X; was
the variable that most affected formation of gas products (Equation (8)), with an influence
approximately 144% greater than the impact caused by variable Xj. In this case, an increase
in the percentage of catalyst led to a reduction in the gas yield. Furthermore, according
to Equation (7), the reaction time and percentage of catalyst generated practically the
same impact on the production of liquid products, with a difference of only 9% between
them. Additionally, it is interesting to note that there was no interaction between time and
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percentage of catalyst in the formation of all products, considering By, = 0 for all yields
(Equations (6)—(8)).

3.4. Effect of a Multivariable System on Bio-Oil Yield

Figure 5 shows a response surface for the liquid yield as a function of thermochemical
decomposition time (X1) and percentage of catalyst (X;) in coded form (Equations (4) and (5)),
which was obtained from Equation (7). Indeed, higher percentages of catalyst favored
condensation reactions, thus leading to a higher liquid yield. The increased amount
of catalyst in the reactor ensured sufficient residence time to promote recombination
reactions of some molecules present in the vapor, including alkylation, aromatization, and
isomerization processes, which contributed to formation of condensable compounds [9].
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Figure 5. Liquid yield as a function of reaction time (X;) and percentage of catalyst (X»).

Reaction time also had an impact on bio-oil yield. Intermediate values of X; guaran-
teed the best results for liquid formation, with the highest yield (41.56%) being observed
under the condition X; = 0.00 (Test 8, Table 4). In contrast, higher values of reaction time
slightly decreased the liquid yield. Times between 15 min and 24 min were effective in
thermochemical degradation of biomass. This behavior can be lower deactivation of the
catalyst, ensuring an increased liquid yield. The same phenomenon was observed by
Rossi et al. [39], who studied the influence of reaction time on ex situ solar pyrolysis of
microalgae Chlamydomonas reinhardtii. Although some studies indicate that an increment in
reaction time may result in increased liquid yield, very long times contribute to occurrence
of secondary reactions of thermal cracking, carbonization, and gasification responsible for
increasing the gas yield at expense of the liquid yield [55].

3.5. Liquid Yield Optimization

Table 5 shows the results obtained from the optimization study. The values of the
independent variables responsible for maximizing the bio-oil yield are in agreement
with the best range observed in Figure 5. The solid, liquid, and gas yields predicted
by Equations (6)—(8), respectively, and calculated by the optimal values of X; and X are
also listed in Table 5. A new solar pyrolysis experiment using the optimized conditions
was conducted, and the results are reported in Table 5 as well. A comparison between the
experimental results for SY, LY, and GY and those predicted by the regression equations
pointed to errors of less than 10%, with an estimated error for liquid yield of less than 2%.
It can then be concluded that the regression equations obtained in this work adequately
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describe the yields of products from solar pyrolysis (heating with Fresnel lens combined
with hydrocalumite-type catalytic precursor).

Table 5. Optimization results for product yields.

Optimized Conditions

Coded values Original values
X4 +0.93 Time (min) 23.37
X5 +1.41 Catalyst (%) 58.58
Calculated yield (%) Experimental yield (%)
Solid 23.08 Solid 25.17
Liquid 42.68 Liquid 43.39
Gas 33.21 Gas 31.44

The maximum liquid yield obtained during catalytic solar pyrolysis of Spirulina platensis
(43.39%) was higher than that found by Babich et al. [55] for the microalgae Chlorella (41%)
in the presence of the basic catalyst Na,COj3. The bio-oil yield found herein was also higher
than that obtained in the conventional pyrolysis process of the microalgae Lyngbya sp.
(12.6%) and Cladophora sp. (20.5%) at 600 °C [56].

3.6. Bio-Oil Composition

The composition of bio-oil is directly linked to the biomass composition. Based on
the results of chemical composition of Spirulina (Table 2), reaction routes were proposed,
based on our previous work [7], for their pyrolysis from the degradation of their main
components, as shown in Figure 6.
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Figure 6. Proposed reaction pathway for pyrolysis of Spirulina platensis.
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Degradation of lipids in the microalgae induces formation of fatty acids, which, in
turn, are converted into linear aliphatic hydrocarbons by decarboxylation or decarboniza-
tion reactions [57]. At high temperatures, hydrocarbon dehydration reactions are favored,
leading to aromatization of these compounds via the Diels—Alder reaction [58]. Oxygenated
compounds are formed by dehydration of carbohydrate molecules in microalgae [59].
Degradation of amino acids that compose the structure of proteins, which are also present
in the composition of Spirulina platensis, results in formation of several nitrogenous com-
pounds [5,60].

FTIR analyses were used to correlate the functional groups and the compounds iden-
tified in the chromatographic analyses. As observed, the results agree with those found
in the GCMS analysis, which are listed in Table 6. Figure 7 displays the bio-o0il IR spectra
obtained in the solar pyrolysis experiments of Spirulina platensis. The spectrum of bio-oil
produced under the optimized conditions of X; and X, is also reported and described
as TOT.

Table 6. Main compounds found in the bio-oil obtained by solar pyrolysis.

Hydrocarbon Oxygenated Compound Nitrogenous Compound
1-Dodecene 1,3-Cyclopentenedione Acetamide
1-Heptene 1-Hexadecanol 1-Cyanoacetyl-piperidine
1-Tridecene 1-Hydroxy-2-propanone 3-Methylbutanonitrile
1,7-Octadiene 2-Furamethanol 4-Methylpentanitrile
3-Hexadecene 2-Heptadecanone 5-Hidroxypentamide
Eicosane 2-Methylpropanal Benzenepropanenitrile
Heneicosane 2,3-Butenodione Butanamide
Heptadecane 3-Methoxy-2-methylphenol Hexadecanamide
Pentadecane Acetic Acid Hexanamide
d-Limonene Oleic acid Indole
Styrene Phenol Pyrrole
Ethylbenzene n-hexadecanoic acid
o-Xyleno n-octadecanoic acid
Toluene p-Cresol

120

D
=

Transmittance (%)
%

30 F T10
—TOT

I 1 1 I 1 1
4000 3500 3000 2500 2000 1500 1000 500
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Figure 7. Infrared spectra of the bio-oil obtained by solar pyrolysis of Spirulina platensis.
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The presence of peaks in the same wavenumber, observed in all bio-oil samples,
indicates that the liquid product obtained by solar pyrolysis of Spirulina platensis had the
same functional groups under different operating conditions. The absorption band between
3055 and 3745 cm ! characterizes formation of oxygenated compounds (associated with
O-H bond vibrations). Furthermore, peaks in the region between 975 and 1215 cm ™!
occurred mainly due to C—O vibrations caused by the presence of oxygenated compounds,
such as alcohols, phenols, and esters [61].

The presence of methyl (—CHj3) and methylene (—CH,—) groups related to aliphatic
hydrocarbons (alkanes and alkenes) is evidenced by the intense peak between 2840 and
3005 cm ™! characterized by C—H vibrations and deformation vibrations of the C—H bond
in the wavenumbers between 1235 and 1475 cm ™1 [62]. Additionally, the small peak with
absorption at 1659 cm ! is attributed to stretching of C=C bonds arising from the presence
of olefins that configure formation of alkenes [61,63]. The peaks between 793 and 885 cm ™!
are assigned to stretching of aromatic vibrations [61], which indicates the presence of
aromatic compounds in the bio-oil obtained by solar pyrolysis of Spirulina platensis.

The GCMS analysis of the bio-oil samples obtained by the tests of the Central Com-
posite Design (Table 2) enabled quantification of compounds according to the area of each
chromatographic peak. The percentages related to the contents of hydrocarbons and oxy-
genated and nitrogenous compounds are shown in Figure 8. The oxygenated compounds
represent the sum of alcohols, carboxylic acids, ketones, esters, ethers, phenols, and furans
observed in the bio-oil samples.
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Figure 8. Semi-quantified percentages (% area) of hydrocarbons (a), and oxygenated (b) and nitroge-
nous compounds (c) found in bio-oil in each solar pyrolysis test.

As shown in Figure 8, tests 1 and 7 (performed with little or no amount of catalyst)
were the ones that produced bio-oil with a higher concentration of oxygenated compounds
(T1 =51.20% and T7 = 41.18%). Consequently, these same experiments had the smallest
fraction of hydrocarbons (T1 = 24.93% and T7 = 25.84%). These results show that mixed
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oxides derived from hydrocalumite favored the reaction routes, contributing to production
of hydrocarbons in the catalytic solar pyrolysis process of Spirulina platensis. When compar-
ing the results of tests 7 (without catalyst, i.e., X, = —1.41) and 8 (percentage of catalyst of
58.58% or X, = 1.41), the fraction of hydrocarbons identified increased from around 26% to
50%, while the content of oxygenated compounds dropped from around 41% to 20%.

Navarro et al. [64] reported that basic catalysts are capable of altering the reaction
route, promoting a decrease in oxygenated compounds due to removal of acids. Conversion
of acids to hydrocarbons can occur via catalytic thermal cracking [65]. Calcium oxides have
also shown good performance in reduction in yields of acids and ketones while promoting
an increase in the contents of aromatic hydrocarbons [60]. Therefore, the presence of CaO in
the composition of the HC700 catalyst used in the solar pyrolysis reactions was significant
for conversion of oxygenated compounds to hydrocarbons. The maximum hydrocarbon
yield (55.14%) associated with one of the smallest amounts of oxygenates (15.78%) was
found in T9 (Figure 8a,b). These values were greater than the maximum yields found in the
in situ solar pyrolysis of Spirulina platensis (27% of hydrocarbons and 45% of oxygenated
compounds) [12], reinforcing the favorable performance of mixed oxides derived from
hydrocalumite in the removal of oxygenated compounds during ex situ solar pyrolysis.

Although Spirulina platensis has a high concentration of proteins (55.86%) responsible
for formation of nitrogenous compounds in the liquid product, these compounds were
identified in smaller amounts (15-27%) than oxygenated ones (14-51%). Similar behavior
was observed by Barbosa et al. [7]. The polymerization or thermal cracking reactions that
normally occur during pyrolysis processes favored reduction in nitrogenous compounds
present in the bio-oil due to their capacity to convert such compounds into light gases, such
as HCN or NHj; [66].

3.7. Effect of the Studied Variables on Bio-Oil Composition

Figure 9 shows the percentage of hydrocarbons (a) and oxygenated compounds (b) in
the bio-oil as a function of reaction time (X;) and percentage of catalyst (X») in coded form
(Equations (4) and (5)). Regarding bio-oil quality, the best condition is the one that yields
the smallest amount of oxygenates. According to Figure 9b, the region of domain of the
variables in which the minimum production of these compounds was observed coincides
with the region close to the central point (X; = 0 and X, = 0). Figure 9a indicates that the
central region of the experimental domain is also the region capable of maximizing the
fraction of hydrocarbons. Therefore, it can be suggested that the mixed oxides derived
from hydrocalumite favored deoxygenation of bio-oil and contributed to chemical routes
that certainly increased the hydrocarbon content during the ex situ solar pyrolysis process.
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Figure 9. Hydrocarbons (a) and oxygenated compounds (b) as functions of reaction time (X;) and
percentage of catalyst (X5).
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As shown in Figure 9a, higher percentages of catalyst (X) led to formation of hydro-
carbons in the bio-oil. In this case, the increase in the catalytic bed enhanced the contact
between the pyrolysis vapors and the catalyst and was responsible for favoring reactions
of hydrocarbon formation through degradation of fatty acids. However, there is a limit to
this increase in formation of hydrocarbons. When studying microalgae catalytic pyrolysis,
Thangalazhy-Gopakumar et al. [67] observed that the fraction of hydrocarbons present in
bio-oil increased as a function of the mass percentage of the catalyst.

When pyrolysis occurs at very long reaction times, coke formation and poisoning of
the catalyst active sites can occur, leading to catalytic deactivation and, consequently, a
lower hydrocarbon yield [11]. Nonetheless, a higher hydrocarbon yield was observed when
longer reaction times (X;) were applied (Figure 9a). This phenomenon probably occurred
due to the restrictive ability of hydrocalumite precursors to coke formation compared to
other catalysts [68-72].

Formation of nitrogenous compounds in the bio-oil as a function of independent
variables X; and X (in coded form) is depicted in Figure 10. The conditions that yielded
the smallest amounts of nitrogen-containing products were those with low reaction times
(X1) and low percentages of catalyst (X). Conversion of nitrogenous compounds into
bio-oil takes place via the Hofmann mechanism through the interaction between acidic
and basic sites of the catalyst and the nitrogen present in the molecule [73]. Thus, as a
bifunctional catalyst, hydrocalumite can also act in this reaction route.

Nitrogenated Compounds

(%) 30
20 30
I 25
10 B 20
Bl 15
B 10
5
2.0
2.0
1.0
0.0
X2 [C(%)]

X [f (min)]

=20 20

Figure 10. Nitrogenous compounds as a function of reaction time (X;) and catalyst percentage (Xj).

4. Conclusions

The liquid product obtained by the catalytic solar pyrolysis process of Spirulina platensis
showed highly desirable compounds, including long-chain aliphatic hydrocarbons (i.e., oc-
tadecane and scalene) and aromatic hydrocarbons (i.e., styrene, ethylbenzene, and toluene)
widely used in fuel additives and chemicals. Formation of these compounds was favored
when intermediate and longer reaction times (f) were associated with intermediate and
greater percentages of catalyst (C), demonstrating a positive performance of hydrocalumite-
mixed oxides in the restriction of coke formation. Moreover, the smallest number of
oxygenated compounds (14%) was observed in the same experimental range (f = 15 min
and C = 29%), which ended up maximizing the fraction of hydrocarbons (55.14%), result-
ing in a bio-oil yield of 31.37%. However, the optimization study using the differential
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evolution algorithm indicated that the maximum bio-oil yield (43.39%) was obtained with
t =23.4 min and C = 58.6%.

The results of this work show that mixed oxides derived from hydrocalumite have
good application potential for the ex situ catalytic solar pyrolysis process of Spirulina
platensis since their application contributed to a reduced reaction time and improved bio-oil
quality due to the reduced amount of oxygenates and increased hydrocarbon content. In
addition, the Fresnel lens proved to be an important instrument to produce bio-oil from
a renewable source of energy (sunlight) without burning other fuels or using electricity,
evidencing that solar pyrolysis can be applied as a sustainable process.
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Abbreviations and Symbols

ASTM American Society for Testing and Materials

C percentage of catalyst (%)

Dyore pore diameter (A)

dy sieve diameter (mm)

d; internal diameter of the catalytic reactor (cm)

GY gas yield (%)

JCPDS Joint Committee on Powder Diffraction Standards
HHV higher heating value (M]/kg)
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