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Abstract: In this work, the influence of temperature on the yield of reaction products (bio-oil, gas,
H:0, and coke), physicochemical properties (acid value, density, and kinematic viscosity) and
chemical composition (hydrocarbons and oxygenates) of bio-oil obtained by pyrolysis of Acai
(Euterpe oleracea Mart.) seeds, a rich lignin-cellulose residue, has been systematically investigated in
technical scale. The pyrolysis reaction carried out in a reactor of 143 L, operating in batch mode at
350, 400, and 450 °C, 1.0 atmosphere. The distillation of bio-o0il carried out in a laboratory scale
(Vigreux) column according to the boiling temperature range of fossil fuels. The bio-oil and
distillation fractions were physical-chemistry characterized for density, kinematic viscosity, acid
value and refractive index. The chemical composition and qualitative analysis of chemical functions
and/or groups present in bio-oils were determined by GC-MS and FT-IR. The yields of bio-oil, H2O
and gas varied between 2.0 and 4.39% (wt.), 26.58 and 29.39% (wt.), and 18.76 and 30.56% (wt.),
respectively, increasing with process temperature, while that of solid phase (coke) varied between
35.67 and 52.67% (wt.), decreasing with temperature. The distillation of bio-oil yielded gasoline, light
kerosene, and kerosene-like fuel fractions of 16.16, 19.56, and 41.89% (wt.), respectively. The bio-oil
densities and kinematic viscosities ranged between 1.0236 and 1.0468 g/cm3, and 57.22 and 68.34
mm?/s, respectively, increasing with temperature, while bio-oil acid values varied between 70.26 and
92.87 mg KOH/g, decreasing with temperature. The densities of gasoline, light kerosene, and
kerosene-like fuel fractions were 0.9146, 0.9191, and 0.9816 g/cm3, respectively, while the kinematic
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viscosities were 1.457, 3.106, and 4.040 mm?/s, respectively, with acid values of 14.94, 61.08, and 64.78
mg KOH/g, increasing with boiling range temperature. The FT-IR analysis identified in bio-oil
chemical functions characteristics of hydrocarbons (alkanes, alkenes, and aromatics) and oxygenates
(phenols, cresols, ketones, esters, carboxylic acids, aldehyds, and furans). The GC-MS analysis
identified hydrocarbons and oxygenates as major chemical compounds in bio-oil, with chemical
composition strongly dependent on pyrolysis temperature. The concentration of hydrocarbons in
bio-oil varied between 13.505 and 21.542% (area.), increasing with temperature, while that of
oxygenates varied between 78.458 and 86.495% (area.), decreasing with pyrolysis temperature. The
composition of alkanes, alkenes, and aromatics increase with temperature, showing that higher
temperatures favor the formation of hydrocarbons

Keywords: agai; Residual Seeds; pyrolysis; bio-oil; physicochemical properties; chemical composition

1. Introduction

Acai (Euterpe oleracea Mart.) is a native palm species naturally found in tropical regions of
Central and South America [1], thriving in floodplains, swamps, and upland areas [2]. This palm
produces dark-purple, berry-like fruits that grow in clusters [2]. Traditionally, the fresh fruits are
processed by maceration or extraction of the pulp and skin using warm water, resulting in a thick,
purple-colored beverage or paste [3,4]. Over time, agai has become one of the most significant export
commodities from the Amazon River estuary, both to other regions of Brazil [5] and internationally
[6], accounting for 93.77% of total fruit, juice, and pulp exports between 2010 and 2016 [6].

The state of Para is the largest national producer of acai (Euterpe oleracea Mart.), with an annual
production of 1,228,811 tons of fruit in the 2015 harvest year [6]. Of this total, approximately 83% to
85% by weight corresponds to processing residues, primarily acai seeds [7,8], resulting in an
estimated 1,019,913 to 1,044,489 tons/year of waste material. The metropolitan region of Belém,
capital of the state of Para (Brazil), comprises approximately 4,000 agai-selling establishments [9],
each processing, on average, between 4 and 10 boxes (14 kg per box) of fresh fruit daily, depending
on the harvest season—August to January (main crop) and February to July (off-season) [10]. This
results in the daily generation of approximately 175.7 tons of acai seed residue during the off-season
and 448.0 tons during the harvest season. Such volumes pose a significant solid waste management
challenge for the metropolitan area of Belém and surrounding municipalities.

The acai (Euterpe oleracea Mart.) fruit is a small, dark purple, nearly spherical drupe, weighing
between 2.6 and 3.0 g [11], with a diameter ranging from 10.0 to 20.0 mm [11]. It contains a large
central seed, which accounts for approximately 85% of the fruit's total volume (vol./vol.) [3]. A fibrous
layer is present between the seed (mesocarp) and the pericarp [11]. The seed itself is oily and fibrous,
characterized by a high lignocellulosic content. Anatomically, the fruit is composed of an embryo,
endocarp, scar, pulp, pericarp with tegument, and mesocarp [12].

The centesimal composition of acai (Euterpe oleracea Mart.) fruit reveals a variable range of
components, including lipids (1.65-3.56% wt.), total fiber (29.69-62.75% wt.), hemicellulose (9.01-
14.19% wt.), cellulose (39.83-40.29% wt.), lignin (4.00-8.93% wt.), ash (0.15-1.68% wt.), moisture
(10.15-39.39% wt.), and protein (5.02-7.85% wt.). Additionally, the fruit contains approximately
0.83% (wt.) fixed carbon and 7.82% (wt.) volatile matter [12-15].

In a global context where modern industrial society seeks to mitigate climate change, reduce
CO; emissions, improve energy efficiency, and decrease dependence on fossil fuels, the adoption of
renewable energy sources becomes imperative [16]. Within this framework, processes that reduce
industrial and agro-industrial waste through reuse or recycling are essential, as they offer both
environmental and energetic benefits to society [17]. Moreover, the recycling of such residues allows
for the use of low-cost raw materials, thereby enhancing the economic feasibility of biofuel
production [17].
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Among the various renewable energy sources, biomass stands out as a promising alternative to
conventional fossil fuels [18]. Its systematic use contributes to the mitigation of global warming when
compared to fossil-based energy systems [19]. The carbon dioxide (CO,) absorbed by plants during
growth is subsequently released during combustion or decomposition of the biomass [18,19].
However, by replanting these crops, the newly growing vegetation can reabsorb the CO, emitted
during processes such as carbonization (e.g., pyrolysis), thereby contributing to the closure of the
carbon cycle, as noted by Kelli et al. [20].

A process that makes it possible the use of Acai (Euterpe oleracea Mart.) seeds, an oil-fiber
residue, rich in lignin-cellulosic based material of low quality, for producing liquid bio-oils and
gaseous fuels, and a solid phase adsorbent is pyrolysis, and the literature reports several studies on
the subject [18,21-92], including biomass pyrolysis [23,26-28,30,34-37,40,41,43—
45,49,50,55,58,60,61,63,66,71,72], bio-oils physical-chemical properties [25,29,30,32,38,39,47,61,66,67],
bio-oils chemical composition [18,21,22,24,32,42,48,51,52,57,64,65,69,70,74-77], as well as separation
and/or purification processes to improve bio-oils quality [21,22,24,25,42,51,52,57,64,65,69,70,74-92].

The production of bio-oil through biomass pyrolysis is a promising and attractive approach for
renewable energy generation; however, it is accompanied by several complex technical challenges
[51]. Pyrolysis-derived bio-oil is a complex, multicomponent mixture composed of water, carboxylic
acids, aldehydes, ketones, alcohols, esters, [18,21-92] ethers, aliphatic and aromatic hydrocarbons,
furans, phenolic compounds, among other chemical groups
[18,21,22,24,32,42,48,51,52,57,64,65,69,70,74-77]. The organic fraction exhibits a broad range of
polarities and molecular weights [51], as well as significant variability in thermophysical and
transport properties, as demonstrated in simulations of organic liquid compounds [93]. These
characteristics hinder the efficiency of separation and purification processes [51,93]. Furthermore,
pyrolysis bio-oil is thermally unstable—even at ambient temperature—and readily undergoes
oxidation when exposed to air (O, N2). In addition, its oxygenated components are prone to chemical
reactions such as polymerization, condensation, esterification, and etherification, which further
complicate its handling and storage [51].

In recent years, numerous studies have investigated the influence of process conditions on the
yields of pyrolysis products (bio-oil, gas, char (coke), and aqueous phase) as well as on the
physicochemical properties and chemical composition of the resulting bio-oils [21,23,26,34—
37,40,41,43-45,48,50,53,55,58,63]. To address the challenges associated with the high oxygen content
of biomass-derived bio-oils, various thermal and physical separation techniques have been proposed.
These include molecular distillation, which enables the separation of water and carboxylic acids from
pyrolysis bio-oils [42,80,84-86]; fractional distillation, which facilitates the isolation of valuable
chemical fractions and improves bio-oil quality [21,22,24,25,51,52,57,64,70,74-78,87-89,92]; and
liquid-liquid extraction using organic solvents and water to recover specific oxygenated compounds
[65,79,81]. Other approaches, such as fractional condensation [69,90,91], the use of aqueous salt
solutions for phase separation [82], and pressure swing extraction [62], have also been explored as
non-conventional strategies for upgrading and refining pyrolysis bio-oils.

Fractional distillation studies were carried out in micro/bench scale [21,51,89], laboratory scale
[57,70,74,76,77,88], and pilot scale [22,25], under atmospheric [21,22,51,52,57,70,74,76,77,89], or under
vacuum [22,52,57,78,88]. The bio-oils derived biomass include aspen poplar wood bio-oil [21],
Eucalyptus tar bio-oil [22], maple wood bio-oil [78], softwood bark bio-oil [25], rice husk bio-oil
[51,70,74,76,88], jatropha cruces cake bio-oil [89], corn Stover bio-oil [52], bio-oils from horse manure,
switch-grass, and Eucalyptus [57], and until Agai (Euterpe oleracea, Mart.) seeds bio-oil [77], the only
fruit specie, whose centesimal and elemental composition is completely different from wood biomass
(aspen poplar wood, eucalyptus, maple wood, and softwood bark), agriculture residues of cereal
grains (corn Stover, rice Rusk), and jatropha cruces cake. However, until the moment no systematic
study investigated the influence of pyrolysis temperature on reaction product yield, physicochemical
properties (density, kinematic viscosity, acid value, and refractive index) and chemical composition
of Acai (Euterpe oleracea, Mart.) seeds bio-oil and distillation fractions [77].

d0i:10.20944/preprints202504.2415.v1
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In this study, the effect of temperature on the pyrolysis of Acai seeds (Euterpe oleracea Mart.)
was systematically investigated at 350, 400, and 450 °C under atmospheric pressure (1.0 atm) in a
pilot-scale system. The aim was to evaluate the yield of pyrolysis products and to characterize the
physicochemical properties and chemical composition of the resulting bio-oil and its distillation
fractions, assessing the potential for obtaining fuel-like fractions such as gasoline, light kerosene, and
kerosene.

2. Materials and Methods

2.1. Materials

The acai seeds (Euterpe oleracea Mart.) were naturally sourced from a small commercial
establishment selling acai, located in the District of Guama4, Belém, Para, Brazil. Figure 1 illustrates
the anatomy of the agai fruit in cross-section, highlighting the following structures: (1) embryo, (2)
endocarp, (3) scar, (4) pulp, (5) pericarp with tegument, and (6) mesocarp [12].

Figure 1. Anatomy of Acai (Euterpe oleracea Mart.) fruit in nature (cross section): (1) embryo, (2) endocarp, (3)
scar, (4) pulp, (5) pericarp + tegument, and (6) mesocarp.

2.2. Pre-Treatment of Acai Seeds (Euterpe Oleracea Mart.)

The seeds of Acai (Euterpe oleracea Mart.) were dried at 105°C using a pilot oven with air
recirculation (SOC. FABBE. Ltda, Brazil, Model: 170) for a period of 24 hours. Afterward, the dried
seeds were grinded using a laboratory knife cutting mill (TRAPP, Brazil, Model: TRF 600). Then, the
dried and grinded Acai seeds were sieved using an 18 Mesh sieve in order to remove the excess fiber
material. A total of 14 charges of Acai (Euterpe oleracea, Mart.) seeds in nature weighting
approximately 10.0 kg were dried.

2.3. Characterization of Acai (Euterpe Oleracea, Mart.) Seeds in Nature

2.3.1. Centesimal and Elemental Characterization of Agai (Euterpe Oleracea, Mart.) Seeds in Nature

The centesimal and elemental characterization of Acai (Euterpe oleracea Mart.) seeds in nature
was performed for moisture (AOAC 935.29), volatile matter (ASTM D 3175-07), ash (ASTM D 3174-
04), and fixed carbon (ASTM D6316-09). In a previous study [12], lipids (AOAC 963.15), proteins
(AOAC 991.20), fibers according to the standard norm reported in the literature [94], and insoluble
lignin according to the method of Klason described elsewhere [95], were determined for dried Acai
(Euterpe oleracea, Mart.) powder.
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2.3.2. Centesimal and Elemental Characterization of Acai (Euterpe Oleracea, Mart.) Seeds in Nature

The thermal decomposition behavior of in natura agai seeds (Euterpe oleracea Mart.) was
evaluated by thermogravimetric analysis (TG/DTG) using a Shimadzu thermal analyzer (Model
DTG-60H, Japan). Approximately 5.0 mg of the sample was placed in a platinum crucible and
subjected to a controlled heating program from 25°C to 600°C, at a constant heating rate of
10 °C'min?, under a nitrogen atmosphere with a flow rate of 50 mL-min-*.

Figure 2. Vigreux borosilicate-glass distillation column of 500 ml, electrical heating mantle, cryostat bath, Liebig

condenser, and separator funnel.
2.4. Experimental Procedure for in Natura Agai Seeds

2.4.1. Thermal Pyrolysis Process

The pyrolysis of agai (Euterpe oleracea Mart.) seeds was carried out using an experimental
apparatus similar to those described in the literature [77,96]. Liquid reaction products were collected
every 20 minutes, recorded, and weighed. Subsequently, the samples underwent a decantation
pretreatment to separate the aqueous and organic phases. The organic phase was then filtered to
remove small solid particles.

2.4.2. Distillation: Experimental Apparatus and Procedures

The fractional distillation of bio-oil was performed by using an experimental apparatus similar
to those described in the literature [77,96,97]. The distillation apparatus has an electrical heating
blanket of 480 W (Fisaton, Brazil, Model 202E, Class 300), thermostatically controlled, a 500 ml round
bottom, and two-neck flask with outer joints. The side joint used to insert a long thin thermocouple
of a digital thermometer, the center joint, is connected to a distillation column of 30 cm. The center
top outer joint, connected to the bottom inner joint of a Liebig glass-borosilicate condenser, is
connected to the 250 ml glass separator funnel top outer joint. A thermocouple connected to the top
outer joint 24/40 of distillation column measures the vapor temperature at the top of borosilicate-
glass distillation columns. A cryostat bath provides cold water at 15 °C to the Liebig glass-borosilicate
condenser. The 500 ml flask and the distillation column are insulated with glass wool and aluminum
foil sheet to avoid heat losses. The mass of distillation fractions recorded and weighed.
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2.5. Physicochemical and Chemical Composition of Bio-Oils and Distillation Fractions

2.5.1. Physicochemical Analysis of Bio-Oils and Distillation Fractions

Bio-oil physical-chemically characterized for acid value (AOCS Cd 3d-63), density (ASTM
D4052) at 25°C, kinematic viscosity (ASTM D445/D446) at 40°C, and refractive index (AOCS Cc 7-25),
as described in the literature [77,96,97]. The qualitative analysis of chemical functions (carboxylic
acids, aliphatic and aromatic hydrocarbons, ketones, phenols, aldehydes, furans, esters, ethers, etc.)
present in the bio-oil were performed by FT-IR spectroscopy according to the literature [77,96,98].

2.5.2. GC-MS of Bio-Oil

The separation and identification of all the compounds present in bio-oil were performed by
CG-MS using a gas chromatograph (Agilent Technologies, USA, Model: CG-7890B), coupled to MS-
5977 A Mass Spectrometer, a SLBTM-5 ms (30 m x 0.25 mm x 0.25 mm) fused silica capillary column.
The temperature conditions used in the CG-MS were injector temperature, 250°C; split, 1:50; detector
temperature, 230°C; and quadrupole, 150 °C; injection volume, 1.0 ml; and oven, 60 °C/1 min, 3
°C/min, 200 °C/2 min, 20 °C/min, and 230 °C/10 min. The intensity, retention time, and compound
identification were recorded for each peak analyzed according to the NIST (Standard Reference
Database 1A, V14) mass spectra library which is part of the software. The identification is made based
on the similarity of the peak mass spectrum obtained with the spectra within the library database,
included in the software [77]. The contents of all identified oxygenates and hydrocarbons present in
each sample were separated, and the chemical composition of each experiment was estimated.

2.6. Material Balance Resulting from the Pyrolysis of Raw Acgai (Euterpe Oleracea Mart.) Seeds

Application of mass conservation principle in the form an overall steady state mass balance
within the stirred tank reactor, operating in batch mode, closed thermodynamic system, yields the
following equations.

YiMim =X M oue (1)
Mgeactor = Mreea (2)
Mpeactor = Msp + Myp + Mgqs 3)

where M(in) is the mass of i-th stream entering the reactor, M(jou) is the mass of j-th stream leaving
the reactor, Mreca=Mseeds is the mass of Agai seeds, Msp is the mass of solid phase (coke), Mrr is the
mass of reaction liquid products, Mcas is the mass of gas. The process performance evaluated by
computing the yields of liquid and solid reaction products defined by Egs. (4) and (5), and the yield
of gas by difference, using Eq. (6).

M
Y,p[%] = —£—x100 4)
Seeds
M
Ysp[%] = —2—x100 (5)
Seeds
Y6as[%] = 100 — (Y;p + Y5p) (6)

3. Results and Discussions

3.1. Centesimal and Elemental Characterization of Acai (Euterpe Oleracea, Mart.) Seeds

Table 1 shows the centesimal and elemental characterization of Acai (Euterpe oleracea, Mart.)
seeds in nature, compared to similar studies reported in the literature [12-15]. The centesimal and
elemental characterization determined for moisture, fixed carbon, volatile matter and ash are

d0i:10.20944/preprints202504.2415.v1
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according to that reported by Cordeiro [12]. In a previous study [12], the centesimal and elemental
characterization of Acai (Euterpe oleracea, Mart.) seeds in nature determined for protein is according
to those reported by Tamiris et. al. [13], Kabacknik and Roger [14], and Altman [15], the cellulose
content is according to that re-ported by Altman [15], the lipids content is according to those reported
by Tamiris et. al. [13], and Kabacknik and Roger [14], the fiber content is according to that reported
by Kabacknik and Roger [14], while the lignin content is lower but according to that reported by
Altman [15]. The centesimal characterization of Acai (Euterpe oleracea Mart.) seeds to-talizes 97.57%
(wt.) in dry basis [12], showing that summation (moisture, lipids, proteins, fibers, hemicelluloses,
cellulose, lignin, volatile matter, fixed carbon, and ash) is almost close to 100% (wt.).

Table 1. Proximate and elemental composition of raw Acai (Euterpe oleracea, Mart.) seeds compared with
literature data [12-15].

i Tamiris et. al. Kabacknik & R Al
Physicochemical Analysis Cordeiro amiris ef. al. Kabacknik & Roger tman

[12]wet Basis [13]pry Basis [14]wet Basis [15]wet Basis
Moisture [%] 10.15 0.79 58.30 13.60
Lipids [%] 0.61 1.89 1.65 3.48
Proteins [%] 6.25 7.85 5.56 5.02
Fibers [%] 29.79 2.1 21.29 62.95
Hemicelluloses [%] 55 — - 14.19
Cellulose [%] 40.29 - - 39.83
Lignin [%] 4.00 - - 8.93
Volatile Matter [%] 0.5 — - -
Fixed Carbon [%] 0.83 — - -
Ash [%] 0.15 1.68 5.97 1.55
Nitrogen — 1.26 — —
Carbohydrate — 85.69 — —

3.2. Thermo-Gravimetric (TG/DTG) Analysis of Acai (Euterpe Oleracea, Mart) Seeds in Nature

To analyze the thermal decomposition behavior of Agai (Euterpe oleracea, Mart) seeds in nature,
the TG/DTG technique was applied, in order to better guide the experimental conditions. Figure 3
shows the thermo-gravimetry (TG) and derivative thermogravimetry (DTG) analysis of Acai
(Euterpe oleracea, Mart) seeds in nature. As one observes, the thermal degradation of Acai (Euterpe
oleracea, Mart) seeds in nature starts around 30°C, losing approximately 15.0% (wt.) mass (H20) at
100 °C, being stable within the Plato between 100 °C and 200 °C, showing a thermal degradation
behavior similar to those of hemi-cellulose and cellulose reported by Yang et. al. [99], pentose and
hexose-based carbohydrates reported Akbar et al. [100], and glucose and fructose-based
carbohydrates reported by Yu et. al. [101], where similar Plato’s were observed between 100 and
200°C. Between 200 and 300 °C, the seeds of Acai (Euterpe oleracea, Mart) in nature degrade in a
similar fashion of that reported in the literature for hemi-cellulose by Yang et. al. [99], pentose and
hexose-based carbohydrates reported by Akbar et. al. [100], and for glucose-based carbohydrates
reported by Yu et. al. [101], with a mass loss of approximately 37.5% (wt.). Between 300 °C and 400
°C, the seeds of Acai (Euterpe oleracea, Mart) in nature decompose rapidly, almost in a linear fashion,
losing 60% (wt.) of its initial mass. Between 350°C and 550°C, the seeds of Acai (Euterpe oleracea,
Mart) in nature degrade in a linear fashion, and the thermal decomposition ceases around 550 °C,
with a mass loss of 94% (wt.), which is according to the volatile matter content between 94.43-95.41%
(wt.) at 600 °C, described in Table 1. This is according to Yang et. al. [99], who reported that hemi-
cellulose degrades earlier than cellulose, with most decomposition taking place between 200 °C and
350 °C, while cellulose decomposes between 350 °C and 400°C. In addition, the TG/DTG analysis of
Acai (Euterpe oleracea, Mart) seeds in nature behaves similar to the TG/DTG analysis of hickory
wood, bagasse, and bamboo reported by Sun et. al. [53].

d0i:10.20944/preprints202504.2415.v1
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Figure 3. TG/DTG of Acai (Euterpe oleracea, Mart) seeds in nature.

3.3. Process Parameters and Overall Steady-State Material Balances of Dried Acai (Euterpe Oleracea, Mart.)
Seed Pyrolysis

The process conditions and steady-state material balances of dried Acai (Euterpe oleracea Mart.)
seeds pyrolysis are shown in Table 2 and the yields of reaction products illustrated in Figure 4. The
experimental results show that bio-oil, gas, and H2O yields varied between 2.00 and 4.39% (wt.),
18.76 and 30.56% (wt.), 26.58 and 29.39% (wt.), respectively, increasing with process temperature,
while that of solid phase (coke) yielded between 35.67 and 52.67% (wt.), decreasing with temperature,
as shown in Figure 3. The results are according to similar studies for the reaction products yields
behavior by biomass pyrolysis reported elsewhere [23,26,34-37,40,41,43-45,48,50,53,55,58,63]. In
most studies the yield of bio-oil increases between 200 and 450-500 °C [23,35-
37,40,41,43,44,50,55,58,63], except for the pyrolysis of switch grass and rice straw where the bio-oil
yields increase between 400 and 600 °C [26,48], and the pyrolysis of rice husk where the bio-oil yield
increases between 400 and 800 °C [34]. As the pyrolysis temperature increases, between 450-500 °C
and 700 °C, the bio-oil yield decreases [23,35-37,40,41,43,44,50,55,58,63]. The bio-oil yield of 4.39%
(wt.) is lower than similar data for bio-oil moisture-free yield obtained by fast pyrolysis of forestry
residues [27,28,87], as well as agricultural residues reported in the literature [51,52,70,74,76,88],
ranging from 10 to 25% (wt.), depending on the feedstock centesimal/elemental composition. The low
bio-oil yield is probably due to the high fiber content as illustrated in Table 1. The high yield of water
phase is probably due to dehydration reactions along the pyrolysis process, as the initial moisture
content is 10.15% (wt.), being the water phase yield of 29.39% (wt.), close to that of 28.0% (wt.),
reported by Oasma et. al., [79], and higher than the bio-oil moisture content of 25.2% (wt.), reported
by Zheng and Wei [88], and the bio-oil moisture content of 20.3% (wt.), reported by Capunitan and
Capareda [52].

Table 2. Operational parameters and overall steady-state mass balances for pilot-scale pyrolysis of dried Acai

(Euterpe oleracea, Mart.) seeds at 350, 400, and 450 °C under atmospheric pressure.

Temperature
Process Parameters [°C]
450 400 350
Mass of Acai (kg) 30 30 30
Mass of GLP (kg) 14.3 10.2 5.8
Cracking Time (min) 150 150 150

d0i:10.20944/preprints202504.2415.v1
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Time to reach Cracking Temperature (min) 120 110.5 100
Burning Time of the Gas Produted (min) 60 60 60
Initial Cracking Temperature (°C) 179 160 167
Mas of Aqueous Phase (OLP + H20) (kg) 10.133 | 9.825 8.573
Mass of Coke (kg) 10.700 | 12.500 | 15.800
Mass of OLP (kg) 1.316 1.146 0.599
Mass of H20 (kg) 8.816 8.678 7.973
Mass of Gas (kg) 9.167 7.675 5.627
Yield of OLP (kg) 4.39 3.82 2.00
Yield of Coke (%) 35.67 41.67 52.67
Yield of H2O (%) 29.39 28.93 26.58
Yield of Gas (%) 30.56 25.58 18.76
55 —
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Figure 4. Yield of reaction products (bio-oil, H20O, Coke, and Gas) by pyrolysis of Acai (Euterpe oleracea, Mart)
seeds at 350, 400, 450 °C, 1.0 atmosphere, in pilot scale.

3.4. Physicochemical Characterization of Bio-Oils

3.4.1. Density of Bio-Oil

Table 3 presents the physicochemical characterization of bio-oil obtained by pyrolysis of dried
Acai (Euterpe oleracea, Mart.) seeds at 350, 400, and 450 °C and 1.0 atmosphere. The bio-o0il densities
varied between 1.0236 and 1.0468 g/cm3, increasing with pyrolysis temperature, as shown in Figure
5. The results are close to the density of 1.066 g/mL (20 °C), for softwood bark residues bio-oil reported
by Boucher et. al. [25], and the density of 1.030 g/mL (20 °C), for palm empty fruit bunches bio-oil
reported by Abnisa et. al. [103], lower than the density of 1.250 g/mL (20°C), for corn Stover bio-oil
reported by Yu et. al. [29], the density of 1.140 g/mL (30 °C), for rice husk bio-oil reported by Qiang
et. al. [32], the density of 1.190 g/mL (20 °C), for rice husk bio-oil reported by Zheng and Wei [88], the
density of 1.1581 g/mL (20 °C) for rice husk reported by Cai et. al. [73], and the density of 1.200 g/mL
(20 °C) for loblolly pine wood chips bio-oil reported by Tanneru et. al. [102]. The densities of dried
Acai (Euterpe oleracea, Mart.) seeds pyrolysis bio-oil are lower than those reported in the literature
[29,32,73,88,102], probably due to the high hydrocarbon content in bio-oil, as observed in
Supplementary Tables S1-S3, but also due to the absence of dissolved H20 in bio-oil after the
separation and purification steps of decantation and filtration.
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Table 3. Physicochemical characterization of Bio-Oil obtained by pyrolysis of dried Acai (Euterpe oleracea, Mart)
seeds at 450°C and 1.0 atmosphere, compared to similar data reported in the literature [25,29,32,51,73,86,87].

Physicochemical ~{50°C 400°C [350°C 251  [291 [321 [1451 [I731 |86l 1871 |\ NP N 65
Properties Bio-Oil[Bio-Oil [Bio-Oil [Bio-Oil [Bio-Oil [Bio-Oil [Bio-Oil [Bio-Oil [Bio-Oil [Bio-Oil
0 [g/em?], 30°C 1.043 [1.0330 [1.0236 1.066 [1.250 [1.140 [1.190 [1.1581 [1.200 1.030 |0.82-0.85
L. A [mg KOH/g] 7026 [75.76  [92.87 - - s - - - -
LR[-] ND |ND ND - - s - - - -
v [mm?/s], 40°C, *60°C [68.34 [61.85 57.22 38.0 148.0 [13.2 40.0*  [5.0-13.0 [12.0 - 2.0-4.5

LA = Acid Value; LR = Refractive Index; ANP: Brazilian National Petroleum Agency, Resolution N° 65
(Specification of Diesel 510); ND = Not Determined.
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Figure 5. Densities of bio-oil obtained by pyrolysis of Agai (Euterpe oleracea, Mart) seeds at 350, 400, 450 °C, 1.0

atmosphere, in pilot scale.

3.4.2. Viscosity of Bio-Oil

Figure 6 illustrates the kinematic viscosities of bio-oils obtained by pyrolysis of dried Acai
(Euterpe oleracea, Mart.) seeds at 350, 400, and 450 °C and 1.0 atmosphere. The kinematic viscosity
of bio-oil increases with pyrolysis temperature, varying between 57.22 and 68.34 mm?/s, lower than
the bio-oil kinematic viscosity of 148 mm?/s at 60 °C for corn Stover reported by Yu et. al. [29], higher
than the bio-oil kinematic viscosity of 38.0 mm?/s for softwood bark residues reported by Boucher et.
al. [25], the bio-oil kinematic viscosity of 13.2 mm?/s for rice husk reported by Qiang et. al. [32], the
bio-oil kinematic viscosity of 40.0 mm?/s (60°C) for rice husk reported by Zheng and Wei [88], the bio-
oil kinematic viscosities between 5.0-13.0 mm?/s (40°C) for rice husk reported by Cai et. al. [73], and
the bio-oil kinematic of 12.0 mm?/s (40°C) viscosity for loblolly pine wood chips reported by Tanneru
et. al. [102]. The results for the kinematic viscosities illustrated in Table 3 are according to similar data
reported in the literature [25,29,32,73,88,102], where the kinematic viscosity of wood bio-oils at 40
and 60°C varies between 40 and 150 mm?2/s.
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Figure 6. Kinematic viscosities of bio-oil obtained by pyrolysis of Acai (Euterpe oleracea, Mart) seeds at 350, 400,
450 °C, 1.0 atmosphere, in pilot scale.

3.4.3. Acid Value of Bio-Oil

The bio-oil acidity varied between 70.26 and 92.87 mg KOH/g, decreasing with process
temperature, as shown in Figure 7. This behavior is probably due to a decrease of oxygenates
compounds in bio-oil with increasing pyrolysis temperature, according to Supplementary Tables 51—
S3. The acid value of bio-oil at 450 °C was 70.26 mg KOH/g, close to the acid value of 70.50 mg KOH/g
for corn Stover bio-oil reported by Shah et. al. [47], lower than the acid value of 95.0 mg KOH/g for
corn cobs bio-oil reported by Shah et. al. [47], the acid value of 82.0 mg NaOH/g for sugarcane bagasse
bio-oil reported by Garcia-Perez et. al. [104], and the acid values of Douglas fir (124.0 mg KOH/g),
Hardwood (91.7 mg KOH/g), oak (133.0 mg KOH/g), poplar (129.0 mg KOH/g), pine (91.6 mg
KOH/g), softwood (115.0 mg KOH/g), switch-grass (125.0 mg KOH/g), and wheat straw (94.9 mg
KOH/g) bio-oils reported by Nolte and Liberatore [39], and higher than the acid value of 47.7 mg
NaOH/g for softwood bark bio-oil reported by Ba et. al. [105], and the acid value of 24.g mg KOH/g
for corn Stover bio-oil reported by Capunitan and Capareda [52], being the acidity due to the presence
of oxygenates compounds, such as carboxylic acids, phenols, cresols, ketones, and aldehydes, as
described in Supplementary Tables S1-S3, confirming the results reported by Oasma et. al. [38,79],
who stated that acidity of fast pyrolysis bio-oil is not mainly due to volatile carboxylic acids but also
other functional groups such as phenols, cresols, resin acids, and hydroxy acids
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Figure 7. Acid values of bio-oil obtained by pyrolysis of Agai (Euterpe oleracea, Mart) seeds at 350, 400, 450 °C,

1.0 atmosphere, in pilot scale.

3.5. Mass Balances and Yields (Distillates and Raffinate) by Fractional Distillation of Bio-Oil Obtained by
Pyrolysis of Dried Agai (Euterpe Oleracea, Mart.) Seeds

Mass balances and yields (distillates and raffinate) by fractional distillation of bio-oil obtained
by pyrolysis of dried Acai (Euterpe oleracea Mart.) seeds at 450°C and 1.0 atm are summarized in
Table 4. The distillation of bio-oil yielded fossil fuel-like fractions (gasoline, light kerosene, and
kerosene) of 16.16, 19.56, and 41.89% (wt.), respectively, giving a total distillation yield of 77.61%
(wt.), being according to similar results for distillation of biomass derived bio-oil reported in the
literature [21,22,24,25,51,52,57,64,70,74-78,87-89,92]. The yield of distillation fractions, totaling
77.61% (wt), is higher than those reported in the literature under atmospheric
[21,22,51,52,57,70,74,76,77,89], and vacuum conditions [22,52,57,78,88].

Zheng and Wei [88] investigated the distillation of fast pyrolysis bio-oil at 80 °C and 15 mmHg,
obtaining a distilled bio-oil yield of 61% (wt.), being the oxygenate content of distilled bio-o0il 9.2%
(wt.). Zhang et. al. [51] investigated the atmospheric distillation of fast pyrolysis biooil, reporting an
accumulated distillate of 51.86% (wt.). The majority of organic compounds identified in distillate
fractions including phenols, guaiacols, furans, and volatile carboxylic acids (acetic acid and
propanoic acid) were also observed in raw bio-oil [18]. In addition, Zhang et. al. [51] reported that as
the distillation temperature reached 240 °C, condensation reactions take place, generating water, a
behavior not observed during the course of distillation as illustrated in Table 4. Capunitan and
Capareda [52] reported for the distillation at atmospheric condition, an organic phase (Distillates)
yield of 15.0% (wt.) at 100 °C, 4.7% (wt.) between 100 °C < TBoiling < 180 °C, and 45.3% (wt.) between
180 °C < TBoiling < 250 °C, while vacuum distillation yielded 10.3% (wt.) of an organic phase at 80
°C, 5.9% (wt.) between 80 °C < TBoiling < 160 °C, and 40.9% (wt.) between 160 °C < TBoiling < 230 °C.
Elkasabi et. al. [57] reported organic yields from distillation of tail-gas reactive pyrolysis (TGRP) bio-
oil ranging from 55 to 65% (wt.).

Table 4. Mass balances and yields (distillates and raffinate) by fractional distillation of bio-oil obtained by
pyrolysis of dried Acai (Euterpe oleracea Mart) seeds at 450 °C and 1.0 atmosphere.

Distillation: Gas [g] Distillates [g] Yield [wt.%]

Vigreux OLP Raffinate

Column of 03 [g] [g] H-O G [K LD [HD [H:O0 |G K LD HD
Stages

450 °C 136.84 |0 40.98 20.26 6.43 38.60 (30.59 |0 14.80 4.70 [28.21 [22.35 |0
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3.5.1. Physicochemical Characterization of Distillation Fractions

The physicochemical characterization of distillation fractions (gasoline, 80-175 °C; light
kerosene, 175-200 °C; and kerosene-like fraction, 200-215 °C) of bio-oil obtained by pyrolysis of dried
Acai (Euterpe oleracea, Mart.) seeds at 450°C and 1.0 atmosphere, is shown in Table 5. It can be
observed that acidity of distillation fractions (gasoline, light kerosene, and kerosene-like like
fractions) increases with increasing boiling temperature, showing a drastic decrease, particularly for
gasoline-like fraction, compared to the acidity of raw bio-oil. The same behavior was observed for
the densities, kinematic viscosities, and refractive indexes of gasoline, light kerosene, and kerosene-
like like fractions with increasing boiling temperature. This is probably due to the high concentration
of higher-boiling-point compounds in the distillate fractions, such as phenols, cresols (p-cresol, o-
cresol), and furans, which concentration within the distillation fractions, increases with the increasing
boiling temperature as reported in the literature [70,74,76].

The gasoline, light-kerosene, and kerosene-like fuel densities were 0.9146, 09191, and 0.9816
g/mL. The gasoline-like fuel density (fractions (40°C < TBoiling < 175°C), higher, but close to the
density of distillation fraction of 0.8733 g/mL (TBoiling < 140°C) for jatropha curcas cake pyrolysis
bio-oil reported by Majhi et. al. [89]. This is probably due to the high lipids content between 14-18%
(wt.) and 10-10.9% (wt.) fiber, thus producing a bio-oil similar to lipid-based pyrolysis organic liquid
products [96,97]. The gasoline, light-kerosene, and kerosene-like fuel kinematic viscosities were 1.457,
3.106, and 4.040 mm?/s, lower than the distillation fraction kinematic viscosity of 2.350 mm?/s
(TBoiling < 140°C) for jatropha curcas cake pyrolysis bio-oil reported by Majhi et. al. [89].

The acid value of gasoline, light-kerosene, and kerosene-like fuel fractions were 14.94, 61.08, and
64.78 mg KOH/g, lower than the distillation fraction acid value of 0.05 mg KOH/g (TBoiling < 140 °C)
for jatropha curcas cake pyrolysis bio-oil distillation reported by Majhi et. al. [89], the organic phases
(distillates) acid values of 4.1 (100 °C < TBoiling), 15.1 (100 °C < TBoiling < 180 °C), and 7.41 (180 °C <
TBoiling < 250 °C) mg KOH/g, for corn Stover bio-oil atmospheric distillation reported by Capunitan
and Capareda [52], the organic phases (distillates) acid values of 3.0 (80 °C < TBoiling), 13.9 (80 °C <
TBoiling < 160 °C), and 5.0 (160 °C < TBoiling < 230 °C) mg KOH/g, for corn Stover bio-oil vacuum
distillation reported by Capunitan and Capareda [52], the acid values of 13.5 mg KOH/g (TBoiling =
192 °C) and 5.3 mg KOH/g (TBoiling = 220 °C) of distillation fractions F3 and F4 of TGRP1, and the
acid value of 11.1 mg KOH/g (TBoiling = 235 °C) of distillation fraction F5 of TGRP2, for tail-gas
reactive pyrolysis of horse manure (TGRP1), switch grass (TGRP2), and eucalyptus (TGRP3),
reported by Elkasabi et. al. [57]. Contrary to the results reported by Capunitan and Capareda [52], as
well as those presented in Table 5, showing that the acid values of distillation fractions are lower than
that of raw bio-oil, proving that distillation was effective, the results reported by Elkasabi et. al. [57],
show that fractional distillation was not effective to diminish the acid values of TGRP bio-oil with
initial high acid values.

Table 5. Physicochemical characterization of distillation fractions (gasoline: 40-175 °C, light kerosene: 175-200
°C, and kerosene-like fraction: 200-215 °C) of bio-oil obtained by pyrolysis of dried Acai (Euterpe oleracea, Mart)
seeds at 450 °C and 1.0 atmosphere.Legend:* I.A=Acid Value, I.R=Refractive Index, SNA = Amount of sample

not enough for analysis.

Physical-chemist ANP N°® 65
ysP:'oertG;es Sry 450°C
Gasoline Kerosene Light Diesel
p [g/cmd] SNA 0.9816 0.9191 0.82-0.85
I. A [mg KOH/g] 19.94 61.08 64.78
L R[-] 1.455 1.497 1.479
p [cSt] SNA 4.29 9.05 2.0-4.5
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3.6. Mass Balances and Yields (Distillates and Raffinate) by Fractional Distillation of Bio-Oil Obtained by
Pyrolysis of Dried Acai (Euterpe Oleracea, Mart.) Seeds

3.6.1. Qualitative Analyses of Chemical Functions of Bio-Oils by FT-IR Spectroscopy

Figures 8-10 illustrate the FT-IR analysis of bio-oil obtained by pyrolysis of dried acai (Euterpe
oleracea, Mart) seeds at 350, 400, and 450 °C and 1.0 atmosphere, in pilot scale. The identification of
absorption bands/peaks was done according to previous studies [32,52,92,96-98,102]. The spectrum
of bio-oils present a wide band of axial deformation at 3360 and 3435 cm™, characteristic of O-H
intermolecular hydrogen bond, indicating probably the presence of carboxylic acids. The spectra of
bio-oil exhibit intense peaks between 2925 and 2955 cm™, indicating the presence of aliphatic
compounds, associated to methylene (CH:) and methyl (CHs) groups, confirming the presence of
hydrocarbons [96,97]. It has been observed for bio-oil an intense axial deformation band,
characteristic of carbonyl (C=0O) groups, with the peaks at 1710, 1700, and 1705 cm probably
associated to a ketone and/or carboxylic acid [96,97]. The spectra of bio-oil exhibit between 1465, 1465,
and 1460 cm, a characteristic asymmetrical deformation vibration of methylene (CHz2) and methyl
(CH3s) groups, indicating the presence of alkanes [33,79]. The spectra of bio-oil identified at 1370 cm™,
a band of symmetrical angular deformation of C-H bonds in methyl group (CHs) [96,97]. The peaks
between 885 and 1025 cm™! for bio-oil are characteristic of an angular deformation outside the plane
of C-H bonds, indicating the presence of alkenes [96,97]. The spectra of bio-oil and exhibit bands
between 690 and 755 cm™, with peak characteristics of an angular deformation outside the plane of
C-H bonds in methylene (CH2) group, indicating the presence of olefins [96,97]. The characteristic
peaks of phenols at 1510 and 1515 cm™ corresponded to the C=C aromatic ring vibrations [98]. The
peaks at 1225 and 1170 cm™ corresponded to the C-C-O asymmetric stretch and C-H in-plane
deformations, respectively, while the 1025 and 750 cm™ peaks belonged to the C-H out-of-plane
vibrations. The frequency due to OH in-plane bending vibration in phenols, in general, lies in the
region 1150-1250 cm™ [98]. The peaks at 1225 and 1025 cm™ corresponded to the C-O asymmetric
stretching and C-H bonding, respectively, characteristics of alcohols and ether groups [32]. The 1500
cm! vibration is a triplet appearing at 1510, 1515 and at 1460, 1465 cm™!, corresponding probably to
the presence of p-cresol and m-cresol, respectively. The OH deformation and C-O stretching
vibrations in phenols are close to each other, and therefore they are strongly coupled [98]. They fall
above 1170 cm™ and extend up to 1370 cm™'. A broad absorption is observed in this region due to the
presence of numerous phenols. The out-of-plane hydrogen vibrations appearing in the region 910-
690 cm™ suggest the presence of m-cresol and p-cresol. The peaks appearing in the range of 1025-
1225 cm™, indicating the presence of C-O-C bond, associated with those in a lower range of 690-750-
755 cm™, from -CH=CH- bonds, showing the presence of furans. Coupled with peaks in the 2965-
3052 cm™ and 1370-1595 cm™, suggesting the presence of aromatic rings in the form of C-H and C-C
stretching, respectively, corresponding to the presence of furans (benzofurans) [98]. The FT-IR
analysis of bio-oils identify the presence of hydrocarbons (alkanes, alkenes, and aromatic
hydrocarbons) and oxygenates (phenols, cresols, carboxylic acids, alcohols, ethers, ketones, and
furans).

d0i:10.20944/preprints202504.2415.v1
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Figure 8. FT-IR of Acai (Euterpe oleracea, Mart) seeds bio-oil after pyrolysis at 350 °C and 1.0 atmosphere, in

pilot scale.
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Figure 9. FT-IR of Acai (Euterpe oleracea, Mart) seeds bio-oil after pyrolysis at 400 °C and 1.0 atmosphere, in

pilot scale.
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Figure 10. FT-IR of Acai (Euterpe oleracea, Mart) seeds bio-oil after pyrolysis at 450 °C and 1.0 atmosphere, in

pilot scale.

3.6.2. Compositional Analyses of Bio-Oil by GC-MS

Figures 11-13 illustrate the chromatogram of bio-oils obtained by pyrolysis of dried Acai
(Euterpe oleracea, Mart.) seeds at 350, 400, and 450°C, 1.0 atmosphere, in pilot scale. The classes of
compounds, summation of peak areas, CAS numbers, and retention times of chemical compounds
identified by CG-MS are described in Supplementary Tables S1-53.

By the GC-MS of bio-oil obtained by pyrolysis of Acai (Euterpe oleracea, Mart.) seeds at 350, 400,
and 450°C, 1.0 atmosphere, the chemical compounds identified by GC-MS were hydrocarbons
(alkanes, alkenes, aromatic hydrocarbons, and cycloalkenes) and oxygenates (esters, phenols, cresols,
carboxylic acids, ketones, furans, and aldehydes). At 350 °C, the bio-oil is composed of 13.505% (area.)
hydrocarbons (3.656% alkanes, 1.941% alkenes, 7.908% aromatic hydrocarbons) and 86.495% (area.)
oxygenates (5.407% esters, 2.834% carboxylic acids, 5.270% ketones, 45.460% phenols, 24.407%
cresols, and 3.117% furans). At 400 °C, the bio-oil is composed of 21.457% (area.) hydrocarbons
(5.673% alkanes, 3.784% alkanes, 9.642% aromatic hydrocarbons, and 2.358% cycloalkenes) and
78.543% (area.) oxygenates (2.100% ketones, 50.354% phenols, 24.521% cresols, and 1.568% furans).
At 450 °C, the bio-oil is composed of 21.52% (area.) hydrocarbons (7.52% alkanes, 2.12% alkenes,
10.04% aromatic hydrocarbons, and 1.85% cycloalkenes) and 78.48% (area.) oxygenates (4.06% esters,
8.52% carboxylic acids, 3.53% ketones, 35.16% phenols, 20.52% cresols, 5.75% furans, and 0.91%
aldehydes). The presence of carboxylic acids, ketones, aldehyds, as well as phenols and cresols confer
the high acidity of bio-oil, as described in Table 3.

The chemical composition of bio-oil is similar to the bio-oil compositions reported in the
literature [18,21,22,24,32,42,48,51,52,57,64,65,69,70,74-77], showing the presence of hydrocarbons,
phenols, cresols, furans, aldehydes, ketones, carboxylic acids, and esters. The hydrocarbons identified
in bio-oil by GC-MS present carbon chain length between Ci1 and Cis with following carbon chain
lengths, alkenes Cis, alkanes Cu1-Cis, and cycloalkenes Cis. The chemical composition of bio-oil
indicates the presence of heavy gasoline compounds with Ci1 (Cs-Cu1), light kerosene-like fractions
(C11-Cr2), and kerosene-like fractions (C13-Cis), as observed by fractional distillation illustrated in
Table 5.

d0i:10.20944/preprints202504.2415.v1
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Figure 11. GC-MS of bio-oil obtained by pyrolysis of Agai (Euterpe oleracea, Mart) seeds at 350 °C and 1.0

atmosphere, in pilot scale.
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Figure 12. GC-MS of bio-oil obtained by pyrolysis of Agai (Euterpe oleracea, Mart) seeds at 400 °C and 1.0
atmosphere, in pilot scale.
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Figure 13. GC-MS of bio-oil obtained by pyrolysis of Agai (Euterpe oleracea, Mart) seeds at 450 °C and 1.0
atmosphere, in pilot scale.

3.7. luence of Temperature on the Chemical Composition of Bio-Oils

The influence on the pyrolysis temperature on the chemical composition of bio-oils obtained by
pyrolysis of dried Acai (Euterpe oleracea Mart.) seeds at 350, 400, and 450°C, 1.0 atmosphere, in pilot
scale, are shown in Figures 14-16.

Figure 14 describes the concentration of hydrocarbons and oxygenates in bio-oil as a function of
pyrolysis temperature. It may be observed that the concentration of hydrocarbons increases, showing
an sigmoid behavior, while that of oxygenates decreases. The results are according to the bio-oil acid
values described in Table 3.

The distribution of hydrocarbon chemical function (alkanes, alkenes, and aromatics) present in
bio-oil as a function of pyrolysis temperature, is shown in Figure 15. It may be observed that the
concentration of hydrocarbons chemical function (alkanes, alkenes, and aromatics) increases with
process temperature, showing that higher pyrolysis temperatures favors the formation of
hydrocarbons.

Figure 16 describes the distribution of oxygenates chemical functions (p-cresol, m-cresol, cresol,
phenol) present in bio-oil, as a function of pyrolysis temperature. It may be observed that the
concentrations of p-cresol, cresol, the furan benzofuran, 4,7-dimethyl, and the ketone 2-cyclopenten-
1-one, 2,3-dimethyl increase slightly with temperature, while those of m-cresol and phenols show a
maximum at 400 °C.
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Figure 14. Concentration of hydrocarbons and oxygenates present in bio-oil obtained by pyrolysis of Acai
(Euterpe oleracea, Mart) seeds at 350, 400, 450 °C and 1.0 atmosphere,in pilots cale.
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Figure 15. Distribution of hydrocarbon chemical function (alkanes, alkenes, and aromatics) present in bio-oil

obtained by pyrolysis of Agai (Euterpe oleracea, Mart) seeds at 350, 400, 450 °C and 1.0 atmosphere, in pilot scale.
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Figure 16. Distribution of oxygenates chemical function (p-cresol, m-cresol, cresol, phenol) present in bio-oil

obtained by pyrolysis of Agai (Euterpe oleracea, Mart) seeds at 350, 400, 450 °C and 1.0 atmosphere, in pilot scale.

4. Conclusions

The experimental results show the TG/DTG analysis of Agai (Euterpe oleracea, Mart) seeds in
nature behaves similar to those of hickory wood, bagasse, and bamboo reported by Sun et. al. [53].
The yields of bio-oil, gas, and H20 varied between 2.00 and 4.39% (wt.), 18.76 and 30.56% (wt.), 26.58
and 29.39% (wt.), respectively, increasing with process temperature, while that of solid phase (coke)
between 35.67 and 52.67% (wt.), decreasing with temperature. The high yield of water phase is
probably due to dehydration reactions along the pyrolysis process, as the initial moisture content is
10.15% (wt.).

The bio-oil densities varied between 1.0236 and 1.0468 g/cm3, increasing with pyrolysis
temperature, while the kinematic viscosity of bio-oil increases with pyrolysis temperature, varying
between 57.22 and 68.34 mm?/s. The bio-oil acidity varied between 70.26 and 92.87 mg KOH/g,
decreasing with process temperature. This is probably due to a decrease of oxygenates compounds
in bio-oil with increasing pyrolysis temperature.

The distillation of bio-oil yielded fossil fuel-like fractions (gasoline, light kerosene, and kerosene)
of 16.16, 19.56, and 41.89% (wt.), respectively, giving a total distillation yield of 77.61% (wt.), being
according to similar results for distillation of biomass derived bio-oil. The yield of distillation
fractions, totaling 77.61% (wt.), is higher than those reported in the literature under atmospheric
[21,22,51,52,57,70,74,76,77,89], and vacuum conditions [22,52,57,78,88].

The acidity of distillation fractions (gasoline, light kerosene, and kerosene-like like fractions)
increases with increasing boiling temperature, showing a drastic decrease, particularly for gasoline-
like fraction, compared to the acidity of raw bio-oil. The same behavior was observed for the
densities, kinematic viscosities, and refractive indexes of gasoline, light kerosene, and kerosene-like
like fractions with increasing boiling temperature.

The FT-IR analysis of bio-oils identify the presence of hydrocarbons (alkanes, alkenes, and
aromatic hydrocarbons) and oxygenates (phenols, cresols, carboxylic acids, alcohols, ethers, ketones,
and furans).

The GC-MS analysis identified hydrocarbons and oxygenates as major chemical compounds in
bio-oil, with chemical composition strongly dependent on pyrolysis temperature. The concentration
of hydrocarbons in bio-oil varied between 13.505 and 21.542% (area.), increasing with temperature,
while that of oxygenates varied between 78.458 and 86.495% (area.), decreasing with pyrolysis
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temperature. The composition of alkanes, alkenes, and aromatics increase with temperature, showing
that higher temperatures favor the formation of hydrocarbons.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Classes of compounds, summation of peak areas, CAS number, and
retention times of chemical compounds identified by CG-MS in bio-oil by by pyrolysis of dried Agai (Euterpe
oleracea, Mart.) seeds at 450°C and 1.0 atm, in pilot scale. Table S2: Classes of compounds, summation of peak
areas, CAS number, and retention times of chemical compounds identified by CG-MS in bio-oil by by pyrolysis
of dried Acai (Euterpe oleracea, Mart.) seeds at 400°C and 1.0 atm, in pilot scale. Table S3: Classes of compounds,
summation of peak areas, CAS number, and retention times of chemical compounds identified by CG-MS in bio-
oil by by pyrolysis of dried Agai (Euterpe oleracea, Mart.) seeds at 350°C and 1.0 atm, in pilot scale.
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