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Abstract: This work aims to investigate the effect of catalyst content and reaction time by
catalytic upgrading from pyrolysis vapors of residual fat at 450 °C and 1.0 atmosphere,
on the yields of reaction products, physicochemical properties (density, kinematic viscos-
ity, refractive index, and acid value) and chemical composition of organicliquid products
(OLP), over a catalyst fixed bed reactor, in semi pilot scale. Pellets of Red Mud chemically
activated with 1.0 M HCl were used as catalysts. The experiments were carried out at 450
°C and 1.0 atmosphere, using a process schema consisting of a thermal cracking reactor
of 2.0 L coupled to a catalyst fixed bed reactor of 53 mL, without catalyst and using 5.0,
7.5, and 10.0% (wt.) Red Mud pellets activated with 1.0 M HC], in batch mode. Samples
of liquid phase products were withdrawn during the course of reaction at 40, 50, 60, 70
and 80 min in order to analyze the process kinetics. The physicochemical properties (den-
sity, kinematic viscosity, acid value, and refractive index) of OLP were determined by
official methods. The chemical functions present in OLP determined by FT-IR and the
chemical composition by GC-MS. The thermal catalytic cracking of residual fat show OLP
yields from 54.4 to 84.88 (wt.%), aqueous phase yields between 2.21 and 2.80 (wt.%), solid
phase yields (coke) between 1.30 and 8.60 (wt.%), and gas yields from 11.61 to 34.22
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(wt.%). The yields of OLP increases with increasing catalyst content while those of aque-
ous, gaseous and solid phase decreases. For all the thermal and thermal catalytic cracking
experiments, the density, kinematic viscosity, and acid value of OLP decreases with in-
creasing reaction time. The GC-MS of liquid reaction products identified the presence of
hydrocarbons (alkanes, alkenes, cycloalkanes, and aromatics) and oxygenates (carboxylic
acids, ketones, esters, alcohols, and aldehydes). For all the thermal and thermal catalytic
cracking experiments, the hydrocarbon content within OLP increases with reaction time,
while those of oxygenates decrease, reaching concentrations of hydrocarbons up to
95.35% (area.). The best results for the physicochemical properties (density, kinematic
viscosity, and acid value) and the maximum hydrocarbon content of OLP were obtained
at 450 °C and 1.0 atmosphere, using a catalyst fixed bed reactor, with 5.0% (wt.) Red Mud
pellets activated with 1.0 M HCI as catalyst.

Keywords: Residual fat; Red Mud; Chemical activation; Thermal catalytic cracking; Fixed
bed reactor, Liquid hydrocarbons.

1. Introduction

Catalytic upgrading of coal and biomass pyrolysis volatiles and/or vapors
is one of the most potential processes to improve the quality of bio-oils not only
by converting volatiles substances into valuable chemicals, particularly light ar-
omatic hydrocarbons, but also making it possible to get better the transport (kin-
ematic viscosity) and physical-chemistry properties (acidity, corrosivity, oxida-
tive stability, etc.) of bio-oils, and the literature reports several studies on the
subject [1-34].

Most studies on catalytic upgrade focused on the pyrolysis volatiles/vapors
of lignocelullosic biomass including poplar wood [1], Walnut shell [7], rape straw
[8, 12, 16, 19], Yunnan pine [10], rice husk [13], beech wood [14, 18], Canadian
white pine wood-ships [17], Southern yellow pine [21-22], lignocellulosic mate-
rial [24], sugarcane bagasse [25], alkali lignin [28], corn Stover [29], cellulose [30,
34], lignin [30], Pine sawdust [31], pyrolysis volatiles of coal/lignite including
Pingshuo bituminous coal [2, 32], Baiyinhua lignite [3, 11], Shengli lignite [4, 6],
Fenxi bituminous coal [5], Bai Yinhua lignite [23], Shendong long-flame coal [23],
Xinwen gas coal [23], Luliang coking coal [23], Anyang anthracite coal [23],
Fucheng coal [32], Hexi coal [32], pyrolysis volatiles/vapors of lipid-base materials
including castor seed oil [9], Jatropha waste [15], und until pyrolysis vola-
tiles/vapors of monosaccharides (glucose) [30], and waste tires granules [26].

The state of art, progress, and new trends on catalytic upgrading of pyrol-
ysis volatiles from coal, biomass, lipid-material, and other materials (glucose,
waste tires granules, etc.) were described in details on the excellent reviews of
Ren et al. [20], Nishu et. al. [27], and Asadieraghi et. al. [33].

Among the various catalysts applied by the catalytic upgrade of pyrolysis
volatiles from coal, biomass, lipid-material, and other materials (glucose, waste
tires granules, etc.), the most used were HZSM-5 [2-4, 6-8, 10-12, 15-16, 19, 23,
25, 30-31], ZSM-5 [10, 13-14, 16, 22, 26, 28-29, 34], Y-zeolite [5, 26, 32], B-zeolite
[21], faujasite-zeolite [17], mesoporous aluminosilicates [18], clay mineral (Kao-
lin) [9], as well as oxide-base catalysts [1, 9, 14, 24], including titania and zirco-
nia/titania based catalysts (TiOz-Rutile, TiOz-Anatase, ZrO2/TiO2, Ce/TiO2-Ru-
tile, Ru-Ce/TiO2-Rutile, Pd-Ce/TiO2-Rutile, Ce/TiO2-Anatase, Ru-Ce/TiO2-Ana-
tase, Pd-Ce/TiO2-Anatase, Ce/ZrO2/TiO2, Ru-Ce/ZrO2/TiO2, Pd-Ce/ZrO:/TiOz)
[1], HZSM-5 and Mo-modified HZSM-5 (HZSM-5, Mo/HZSM-5) [2], mono/bi-
metal loaded mesoporous HZSM-5 (HZSM-5, Co/HZSM-5, Mo-Co/HZSM-5, Ni-
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Co/HZSM-5, NaOH-HZSM-5, Co/NaOH-HZSM-5, Mo-Co/NaOH-HZSM-5, Ni-
Co/NaOH-HZSM-5) [3], metal-loaded HZSM-5 (HZSM-5, Co/HZSM-5,
Mo/HZSM-5, Ni/HZSM-5) [4], Y-zeolite (USY, SBA-15, Al/SBA-15) [5], HZSM-5
based sulfated =zirconium (HZSM-5, ATo2/HZSM-5, ATo2/SZ21HZSM-5,
ATo2/SZ4s1HZSM-5, ATo2/SZ61HZSM-5, ATo2/SZs1HZSM-5) [6], Co-Ni modified
ZSM-5 zeolite (HZSM-5, 5%-Co-HZSM-5, 5%-Ni-HZSM-5, SBA-15, 5%-Al/SBA-
15, 10%-Al1/SBA-15, 30%-Fe/SBA-15, 50%-Fe/SBA-15) [ 7], nanocrystalline HZSM-
5 (Al/Si=25/HZSM-5, Al/Si=50/HZSM-5, Al/Si=75/HZSM-5, Al/Si=100/HZSM-5)
[8], clay mineral (Kaolin) and oxides (CaO, ZnO) [9], metal-loaded modified H-
ZSM-5 (Mg/ZSM-5, Zn/ZSM-5, Ni/ZSM-5, H/ZSM-5, Cu/ZSM-5, Ga/ZSM-5,
Co/ZSM-5) [10], Co-modified HZSM-5 (HZSM-5, 3Co-H-5) [11], modified
HZSM-5 (HZSM-5, P/HZSM-5, Zn/HZSM-5, Ti/HZSM-5) [12], Fe-modified
ZSM-5 zeolite (ZSM-5, 0.5%Fe/ZSM-5, 1%Fe/ZSM-5, 2%Fe/ZSM-5, 4%Fe/ZSM-
5, 8%Fe/ZSM-5) [13], transition metal-modified ZSM-5 zeolite (ZSM-5, CoO,
Co30s, Co(5%)/ZSM-5, Co(10%)/ZSM-5, NiO, Ni(1%)/ZSM-5, Ni(5%)/ZSM-5,
Ni(10%)/ZSM-5) [14], metal promoted ZSM-5 (HZSM-5, Co/HZSM-5, Ni/HZSM-
5) [15], HZSM-5 with hierarchical structure (HZSM-5, Hi-ZSM-5, La/Hi-ZSM-
5) [16], faujasite zeolite (Na-FAU, Nao2Hos-FAU, H-FAU) [17], mesoporous alu-
minosilicates (MSU-S/Hsea, MSU-S/Wsea, AI-MCM-41) [18], molecular sieves
(HZSM-5, ZMCM-10%, ZMCM-30%, ZMCM-50%, ZMCM-70%, ZMCM-90%,
MCM-41) [19], B-zeolites (SAR 21, SAR 25, SAR 38, SAR 75, SAR 250) [21], acid
ZSM-5 (SAR 23, SAR 30, SAR 80, SAR 280) [22], (TiOz2-Anatase, 5 wt%-Ni/TiO,
5 wt%-Pt/TiOz, CeOx-TiOz, CeOz, ZrOz, MgO) [24], Ce-loaded HZSM-5 (HZSM-
5, Ce/HZSM-5) [25], Ce-modified zeolite Y (ZSM-5, Ce-ZSM 5, Zeolite Y, Ce-ze-
olite Y) [26], silicon carbide foam supported ZSM-5 composite [29], hierarchical
Y-type zeolites (TYO0, TY1, and TY2) [32], Ce-modified hierarchical ZSM-5 [34].

All the studies on catalytic upgrade of pyrolysis volatiles have been focused
on deoxygenation of bio-oil [1-34], but emphasis has also been given on the con-
version of BTEXN [3, 5-6, 10-11, 13, 15, 28-30, 32], as well as reaction mecha-
nism/pathway [3-4, 6-8, 10-11, 19, 23-24, 30]. The catalytic upgrade of pyrolysis
volatiles has been carried out by flash pyrolysis/analytical pyrolysis (Py-
GC/MS) [1-2, 5, 15, 21-22, 24, 32], by flash pyrolysis [3-4, 6, 11, 34], as well as by
vacuum pyrolysis [8, 12, 16, 19], in drop-tube reactors [3-4, 6, 11, 23, 30], fixed
bed reactors [7-10, 13, 25-26, 31], and fluidized bed reactors [31]. The catalytic
upgrade of pyrolysis volatiles were performed in micro [1-2, 5, 15, 21-22, 24, 32],
bench [18], and laboratory [3-4, 6-7, 8-14, 16-17, 19-20, 23, 25-26, 28-31, 34]. The
catalytic upgrade processes operated in batch [7-10, 12-14, 16-17, 21, 25-26, 28-
29], and continuous mode [1, 3-4, 6, 11, 23, 30-31], and only a few studies oper-
ated as a two-stage reactor, that is, using a process schema consisting of a ther-
mal cracking reactor coupled to a catalyst fixed bed reactor [8, 12-13, 16-17, 19,
26, 31].

The reaction products by the catalytic upgrade of pyrolysis bio-oils from
lignocelullosic biomass [1, 7-8, 10, 12-14, 16-19, 21-22, 24-25, 29, 31], lignin [28, 30],
corn Stover [29], cellulose [30, 34], coal/lignite [2-6, 11, 23, 32], lipid-base materials
[9, 15], monosaccharides (glucose) [30], and waste tires granules [26] include gase-
ous and liquid fuels, water, aqueous acid phase, and coke [6-8, 10, 16-19, 23, 28-
30, 35-47].

The investigated physicochemical properties by the catalytic upgrade of
pyrolysis bio-oils includes the viscosity [8-9, 12, 16, 19], specific heat [9], high
heating value [8, 10, 12, 16-17, 19], cloud point [9], density [8, 12, 16, 19], water
content [8-10, 17], and pH [8-9, 12, 16-17, 19].

The pyrolysis bio-oil are composed by alkanes, alkenes, ring-containing al-
kanes, ring-containing alkenes, cyclo-alkanes, cyclo-alkenes, and aromatics [8-9,
15, 19, 25, 28-29, 31], and oxygenates including carboxylic acids, aldehydes,
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ketones, fatty alcohols, phenols, amines, amides, ethers, and esters [8-9, 15, 19,
25, 28-29, 31].

Beyond the operating mode (batch, continuous), type of pyrolysis process
(flash pyrolysis/analytical pyrolysis, flash pyrolysis, and vacuum pyrolysis),
type of reactors (drop-tube reactors, fixed bed reactors, and fluidized bed reac-
tors), as well as process schema (two-stage reactor), other process parame-
ters/variables that may affect the yields and quality of bio-oil pyrolysis by cata-
lytic upgrade of pyrolysis volatiles are temperature [2, 4, 6, 8-9, 11, 24, 28, 31],
catalyst-to-biomass [8-9, 15, 25, 28-29], characteristics of feed material including
coal [2-6, 11, 23, 32], lignocelullosic biomass [1,7-10, 12-19, 21-22, 24-26, 28-31,
34], gas flow rate [31], weight hour space velocity (WHSV) [31], and the process
scale [8-9, 15, 25, 28-29].

Despite some studies focusing the effect of catalyst-to-biomass ration on the
yield and chemical composition of bio-oil pyrolysis by catalytic upgrade of py-
rolysis vapors in micro [15], and laboratory [8-9, 25, 28-29], until the moment, no
systematic study has investigated the effect of catalyst-to-biomass ratio on the yield,
chemical composition and physicochemical properties (density, kinematic viscosity, and
acidity) of bio-oil pyrolysis in semi-pilot scale, using a two-stage reactor schema, as well
as the influence reaction time on hydrocarbons and oxygenates composition and physi-
cochemical properties of bio-oil pyrolysis. The effect of catalyst-to-biomass ratio on
the yield and chemical composition of bio-oil pyrolysis by catalytic upgrade of
pyrolysis vapors [8-9, 15, 19, 25, 28-29], summarized as follows.

Fan et. al. [8], investigated influence of process parameters (temperature,
catalyst-to-biomass ratio, catalyst Si/Al ratio) on the yield and composition of
liquid phase by the catalytic upgrading of vapors from the vacuum pyrolysis of
rape straw over nanocrystalline HZSM-5, using fixed bed reactor in a two-stage
reactor schema in laboratory scale. The fixed bed pyrolysis reactor (¢id = 60 mm,
H =150 cm, VReactor = 4241 mL), placed bellow the catalytic reactor, was coupled
to a catalytic reactor (¢id =40 mm, H = 100 mm, Vreactor = 125.6 mL). The experi-
ments were carried out at 400, 450, 500, 550 and 600°C, biomass-to-catalyst ratios
of 1.0, 0.5, 1/3, 0.25, and 0.2, HZSM-5 Si/Al ratios of 25, 50, 75, and 100, using
particles of rape straw within the range of 100-150 pm. For the experiments with
varying temperature, biomass-to-catalyst ratio of 1/3 and HZSM-5 Si/Al ratio of
50, the yield of liquid phase varied between 33.24 and 42.65% (wt.), showing a
decrease with increasing temperature. For the experiments with varying bio-
mass-to-catalyst ratio, 500 °C and HZSM-5 Si/Al ratio of 50, the yield of liquid
phase varied between 29.24 and 43.15% (wt.), showing a decrease with decreas-
ing biomass-to-catalyst ratio. For the experiments with varying HZSM-5 Si/Al
ratio, 500 °C and biomass-to-catalyst ratio, the yield of liquid phase varied be-
tween 29.24 and 43.15% (wt.), showing an increase with increasing HZSM-5
Si/Al ratio. The optimize operating conditions were 500 °C, HZSM-5 Si/Al ratio
of 50, and biomass-to-catalyst ratio of 1/3. The pH, density and viscosity of bio-
oil were 5.15, 0.96 (g/cm?) and 5.12 (mm?/s) respectively. The GC-MS analysis
shows that catalytic upgrading of pyrolytic vapors from the vacuum pyrolysis
of rape straw increases substantially the content of aromatics and hydrocarbons,
while those of phenols decrease.

Li et. al. [19], investigated the effects of mixing ratios catalysts (HZSM-5,
MCM-41) in different proportions using in situ catalytic in the upgrading of bi-
omass-derived pyrolysis vapors of rape straw, enjoying fixed bed reactor in a
two-stage reactor schema in laboratory scale. The fixed bed pyrolysis reactor (¢id
=60 mm, H =150 cm, Vreactor = 4241 mL), placed bellow the catalytic reactor, was
coupled to a catalytic reactor (¢id =42 mm, H =116 mm, VRreactor = 160.7 mL). The
experiments were carried out at 500 °C using different mixing ratios HZSM-5,
90%HZSM-5/10%MCM-41, 70%HZSM-5/30%MCM-41, 50%HZSM-5/50%MCM-
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41, 30%HZSM-5/70%MCM-41, 10%HZSM-5/90%MCM-41, and MCM-41. The
experimental results show that increasing the MCM-41 proportion causes a de-
crease on the yield of bio-oil from 23.0 to 17.61% (wt.) until the mixing ratio pro-
portion of 50%, whereas an increase on the yield of bio-oil from 17.61 to approx-
imately 26.0% (wt.) is observed for mixing ratio proportion higher than 50%
(wt.). The physicochemical properties using mixing ratios 50%HZSM-
5/50%MCM-41 gives the best results. That way, the pH, density and viscosity of
bio-oil were 5.41, 0.94 (g/cm®) and 5.06 (mm?/s) respectively. The GC/MS analysis
shows that hydrocarbon content in the bio-oil organic phase gradually increased
and the carbonyl groups content gradually decreased, as the MCM-41 content
increased from 0 to 50%. In contrast, the hydrocarbon content gradually de-
creased and the carbonyl groups content gradually increased, as the MCM-41
content increased from 50% to 100%. The GC/MS analysis identified aromatic
hydrocarbons, as well as oxygenates including phenols, ketones, aldehydes, car-
boxylic acids, and alkohols.

Koul et. al. [9], investigated the effect of catalyst-to-biomass ratio on the
yield of bio-oil organic phase by the catalytic upgrading of vapors from castor
seed oil pyrolysis over different catalysts (Kaolin, CaO, ZnO), using fixed bed
reactor in a two-stage reactor schema in laboratory scale. In addition, for the ex-
periments giving the highest yields, the physicochemical properties including
pH and kinematic viscosity were determined. The fixed bed pyrolysis reactor
(gia =6 cm, H =21 cm, Vreactor = 593.7 mL), containing the castor seed oil (40 g), is
separated 2.0 cm from the catalyst bed using glass wool in between. The experi-
ments were carried out at 550 °C, heating rate of 25 °C/min, using 5, 10, 15, and
20 % (wt.) catalyst. The results show that the highest bio-oil yields were obtained
using 15% (wt.) Kaolin, 15% (wt.) CaO, and 10% (wt.) ZnO. The highest bio-oil
yields were 64.9, 66.4, and 65.8% (wt.) using Kaolin, CaO and ZnO, respectively,
showing pH values of 8.36, 9.25 and 8.32, while the measured kinematic viscos-
ity were 39.0, 8.3 and 28.0 (mm?/s). The FT-IR analysis identified the presence of
hydrocarbons (alkanes, alkenes, and alkynes), as well as oxygenates (acids, al-
dehydes, ketones, esters, and amines). The GC-MS analysis of bio-oils obtained
by catalytic upgrading of castor seed pyrolytic vapors using 15% (wt.) Kaolin,
15% (wt.) CaO, and 10% (wt.) ZnO identified the presence of aromatics, esters,
amines, acids, alkanes, amides, alkenes, alcohols, ethers, as well as non-identi-
fied compounds, showing hydrocarbons contents (aromatics, alkanes, alkenes)
of 21.92 (area.%), 12.43 (area.%), and 37.49 (area.%), respectively.

Vichaphund et. al. [15], investigated the influence of catalyst-to-biomass ra-
tio on the yield and chemical composition of bio-oil organic phase by the cata-
lytic upgrading of Jatropha waste pyrolysis vapors over Co and Ni impregnated
HZSM-5, nanocrystalline HZSM-5, using flash pyrolysis/analytical pyrolysis
(Py-CG/MS). The experiments were carried out at 500 °C, 30 seconds, using
HZSM-5, Co/HZSM-5, and Ni/HZSM-5, and catalyst-to-biomass ratios of 1.0,
5.0, and 10.0. The experiments show for all the catalysts the yield of bio-oil or-
ganic phase decreases with increasing catalyst-to-biomass ratios. The GC-MS
analysis show that hydrocarbons content (aliphatic, aromatics) increases drasti-
cally with increasing catalyst-to-biomass ratios, varying between 30.43 and
96.3% (area.%) for HZSM-5, between 31.96 and 95.33% (area.%) for Co/HZSM-5,
and between 34.76 and 97.55% (area.%) for Ni/HZSM-5. The highest yield of bio-
oil organic phase was obtained with Ni/HZSM-5, catalyst-to-biomass ratio of 1:1,
being approximately to 53.0% (wt.). The Py-GC-MS analysis identified hydro-
carbons (aliphatic and aromatic) and oxygenates (esters, ethers, sugars, phenols,
ketones, alcohols, and carboxylic acids).

Balasundram et. al. [25], investigated the effect of catalyst-to-biomass ratio
on the yield and hydrocarbons composition of bio-o0il by the catalytic upgrading
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of sugarcane bagasse pyrolysis vapors over Cerium (Ce) loaded HZSM-5, using
a tubular furnace reactor in laboratory scale. The experiments were carried out
at 500°C, catalyst-to-biomass ratios of 0.5, 1.0, 1.5, and 2.0 of HZSM-5 and
Ce/HZSM-5, using dried, ground and sieved sugarcane bagasse particle of less
than 0.5 mm. The results show that the yield of pyrolysis oil is higher using (Ce)
loaded HZSM-5. In addition, the yields of pyrolysis oil varied between 58.0 and
68.0% (wt.). For the experiments using (Ce) loaded HZSM-5, the yield of pyrol-
ysis oil increase with increasing catalyst-to-biomass ratio between 58.0 and
68.0% (wt.). The hydrocarbons content in pyrolysis bio-oil is higher using
HZSM-5 compared to (Ce) loaded HZSM-5. In addition, for the experiments us-
ing HZSM-5, the hydrocarbons content in pyrolysis bio-oil increases with in-
creasing HZSM-5-to-biomass ratio. The GC-MS analysis identified hydrocar-
bons and oxygenates (esters, ethers, anhydrosugars, phenols, furans, ketones,
alcohols, and carboxylic acids).

Fan et. al. [28], investigated influence of process temperature and catalyst-
to-biomass ratio on the yield and chemical composition of pyrolysis oil by the
catalytic upgrading of vapors from microwave-assisted vacuum pyrolysis of lig-
nin over HZSM-5, in laboratory scale. The experiments were carried out at 450
°C, catalyst-to-lignin ratios of 0, 0.1, 0.2, 0.3, 0.4, and 250, 350, and 550 °C, cata-
lyst-to-lignin ratios of 0.3. For the experiments with varying catalyst-to-lignin
ratios, the yield of pyrolysis bio-oil varied between 34.11 and 21.75% (wt.), show-
ing a decrease with increasing catalyst-to-lignin ratios. In addition, the content
of polycyclic aromatic hydrocarbons and monocyclic aromatic hydrocarbons in-
creases with increasing catalyst-to-lignin ratios. For the experiments with vary-
ing temperature, the yield of pyrolysis bio-o0il varied between 28.11 and 23.30%
(wt.), showing no variation between 250 and 350 °C and a decrease between 350
and 550 °C. In addition, the content of polycyclic aromatic hydrocarbons in-
creases with increasing temperature, while the content monocyclic aromatic hy-
drocarbons increases between 250 and 450 °C, decreasing between 450 and 550
°C. The GC-MS analysis identified polycyclic aromatic hydrocarbons (PAHs),
monocyclic aromatic hydrocarbons (MAHs), as well as oxygenates (phenols, car-
boxylic acids, aldehydes, and ketones).

Zhou et. al. [29], investigated influence of 02 (two) different ex-situ config-
urations with randomly packed bed and composite catalysts bed, as well as the
effect of catalyst-to-biomass ration for ex-situ composite catalysts bed on the
yield and chemical composition of pyrolysis oil, expressed in peak area, by the
catalytic upgrading of vapors from microwave-assisted vacuum pyrolysis of
corn Stover over Silicon carbide foam supported ZSM-5, in laboratory scale. The
experiments were carried out by setting the pyrolysis reactor temperature and
catalyst bed temperature at 550 °C and 425 °C, respectively. For the ex-situ con-
figurations experiments with randomly packed bed and composite catalysts
bed, pyrolysis reactor temperature and catalyst bed temperature at 550 °C and
425 °C, and catalyst-to-biomass ratio of 0.25, the yield of pyrolysis bio-oil is
higher for the ex-situ configurations with composite catalysts bed. In addition,
the ex-situ composite catalyst bed configuration produced a pyrolysis bio-oil of
higher quality, showing 41.5% (area.) aromatics and only 1.6% (area.) oxygen-
containing aliphatic, while the ex-situ with randomly packed bed produced py-
rolysis bio-oil containing 27.8% (area.) aromatics and 11.7% (area.) oxygen-con-
taining aliphatic. For the ex-situ configurations experiments with composite cat-
alysts bed, pyrolysis reactor temperature and catalyst bed temperature at 550 °C
and 425 °C, and catalyst-to-biomass ratio of 0, 0.1, 0.25, and 0.5, the yield of py-
rolysis bio-oil varied between 41.0 to 33.0% (wt.), decreasing with increasing cat-
alyst-to-biomass ratio. In addition, the content of aromatic hydrocarbons and
BTEX in pyrolysis bio-oil increases with increasing catalyst-to-biomass ratio. The
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Py-GC-MS analysis identified aliphatic hydrocarbons, aromatic hydrocarbons,
polycyclic aromatic hydrocarbons (PAHs), BTEX, and oxygenates (furans, car-
boxylic acids, and phenols).

The objective of this work was to investigate the effect of catalyst-to-bio-
mass ratio (0.05, 0.075, 0.100) and reaction time ( 40, 50, 60, 70, and 80 minutes)
by the catalytic upgrading of pyrolysis vapors of residual fat at 450 °C and 1.0
atmosphere, on the yield, physicochemical properties (density, kinematic vis-
cosity, refractive index, and acid value) and chemical composition of hydrocar-
bons (alkanes, alkenes, and aromatics) and oxygenates (carboxylic acids, esters,
ketones, aldehydes, of pyrolysis bio-oils, over a catalyst fixed bed reactor con-
taining 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud pellets activated with 1.0 M HCI,
in semi-pilot scale, using a process schema consisting of a two-stage reactor,
whereas the first stage is a pyrolysis reactor of 2.0 L coupled to the second-stage,
a catalyst fixed bed reactor of 53 mL, in batch mode.

2. Materials and Methods

2.1. Methodology

The process flow sheet shown in Figure 1 summarizes the applied method-
ology, described in a logical sequence of ideas, chemical methods, and proce-
dures to produce liquid hydrocarbon mixtures by catalytic upgrading of resid-
ual fat pyrolysis vapors/volatiles at 450 °C and 1.0 atm, over a catalyst fixed bed
reactor, using a activated Red Mud pellets catalyst, in semi pilot scale. Initially,
the residual fat is collected. Afterwards, it is subjected to pre-treatment (sieving)
and separation processes (evaporation, dehydration). The Red Mud is dried,
milled, and sieved to reduce the particle size. Afterwards, activated with HCl
and the pellets formed by pressing and drying followed by thermal activation.
The experiments were carried out using a process schema consisting of a pyrol-
ysis reactor coupled to a catalyst fixed bed reactor, with and without catalyst.
The effect of catalyst content and reaction time was analyzed. The physical-
chemistry properties and chemical composition of hydrocarbon rich liquid mix-
tures determined.
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Figure 1. Process flowsheet by the production of hydrocarbon liquid mixtures by thermal
cracking and thermal catalytic cracking of residual fat at 450 °C, 1.0 atm, 5.0, 7.5, and
10.0% (wt.) of Red Mud pellets activated with 1.0 M HCI, using a catalyst fixed bed reac-
tor, in semi pilot scale.

2.2. Materials

The residual fat was collected from a system of fat-retaining boxes at Uni-
versity Restaurant of UFPA. The residual fat was submitted to pre-processing
(heating, homogenization) and separation processes (dehydration, sieving), as
described elsewhere [35]. By the pre-processing, the fat was subjected to heating
and mechanical agitation in order to evaporate the excess moisture and homog-
enize the lipid-base mixture. Afterwards, the liquified fat material was sieved to
remove suspended and undesired solid materials, as described synthetically in
flowsheet of Figure 1. The residual fat after pre-processing is illustrated in Figure
2.
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Figure 2. Pre-treated residual fat used as feed material by thermal catalytic cracking at
450 °C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud pellets activated with 1.0 M HCl,
using a catalyst fixed bed reactor, in semi pilot scale.

2.3. Production of red mud activated pellets

Pellets of Red Mud, chemically activated with 1.0 M HCI, were used as cat-
alysts, and the procedures described in details in flowsheet illustrated in Figure
1.
2.3.1. Physical pre-treatment of red mud

The physical pre-treatment of Red Mud takes place in several steps, as il-
lustrated in Figure 1. In this sense, a more detailed description of each pre-treat-
ment step (drying, milling, and sieving) should be highlighted for a better un-
derstanding as follows. First, the Red Mud was subjected to drying using an
oven (Model Bio SEA - 40L) for a period of 08 (eight) hours, at a temperature of
105 °C, to remove the excess water present. 1000 grams of Red Mud was used
each batch. The material was weighed every hour to compute the drying curve.
Afterwards, the dried Red Mud was grinded using a ball mill (Brand: CIMAQS,
Series NC. 005) in order to reduce the particle size. 5.5 kg of dried Red Mud was
processed by each grinding/milling for 01 (one) hour. Then, the dried and
grinded Red Mud were submitted to sieving process to select only particles with
particle size smaller than 65 MESH sieve (0.210 mm). A total of 25 sieving
batches were carried out. Red Mud before and after the pre-treating of drying,
milling and sieving is shown in Figure 3.

Figure 3. Material after drying, milling and sieving process of Red Mud [Red Mud (a);
Dried Red Mud (b); Comminuted Red Mud (c); Sieved Red Mud (d)].

2.3.2. Chemical activation of red mud
After the physical pre-treatment described in section 2.3.1, the Red Mud
was activated chemically with HCl and the procedures described as follows: 1-
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100 g of dried, grinded, and sieved Red Mud was mixed with 150 g of a 1.0 M
HCl solution using a Becker of 1000 mL. The addition of 1.0 M HCl solution into
the fine Red Mud powder produced a moisture cake, making it necessary to re-
move the excess moisture by using a heating plate at 100 °C with analogic tem-
perature control [] for 80 minutes. By removing the excess moisture, the cake
changes its physical consistency to a pasty cake suitable for shaping. Red Mud
fine powders mixed with 1.0 M HCl solution (a) and Red Mud pasty cake (b) is
shown in Figure 4.

Figure 4. Processing of pre-treated Red Mud fine powders with 1.0 M HCl solution [Red
Mud fine powders mixed with 1.0 M HCI solution (a); Red Mud pasty cake (b)].

2.3.3. Production of pellets

For the production of pellets, an acrylic mold with cylindrical holes of ap-
proximately 0.70 cm was constructed used, as shown in Figure 5. The activated
Red Mud pasty cake was placed manually in the mold openings, giving the ma-
terial the desired shape. After molding, the pellets were submitted to calcination
using a muffle (NETLAB, Model SSFM6L) at 500 °C for a period of 04 hours. The
calcination process aims to improve the textural properties, particularly the cat-
alyst specific area, as well as the pellets thermal stability. The acrylic mold and
the pellets before and after calcination is shown in Figure 5.

Figure 5. Production of activated Red Mud Material pellets before and after calcination
[Acrylic mold (a); Red Mud pellets before calcination (b); Red Mud pellets after calcina-
tion (c)].

2.4. Characterization of residual fat

The pre-treated residual fat was physicochemical characterized for density,
refractive index and acid value according to official methods AOCS Cc 10c-95,
AOCS Cc 7-25, and AOCS Cd3d-63 [35-37]. In a previous study, kinematic vis-
cosity of residual fat was determined according to ASTM D 2515 method [35-
39].
2.5. Experimental apparatus and procedures
2.5.1. Experimental apparatus


https://doi.org/10.20944/preprints202204.0017.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 April 2022 do0i:10.20944/preprints202204.0017.v1

11 of 33

The thermal catalytic cracking unit with a fixed bed reactor in semi pilot,
depicted in Figure 4, described in details elsewhere [36]. By the thermal catalytic
cracking experiments, at the output of pyrolysis/batch reactor (R-1), a second
AISI 304 stainless steel fixed bed reactor (R-2) is coupled. The fixed bed reactor
(R-2) of cylindrical geometry has 30 cm height and 15 mm internal diameter (V-
2 = 53 ml). An spiral-shaped electrical resistance, with 1.5 kW, was inserted
around the reactor (R-2). A glass wool thermal blanket was used as a thermal
insulator in order to avoid energy loss to the environment. A type K, sheath
thermocouple (550 °C) is placed inside the reactor (R-2) for measuring its tem-
perature. Figure 5 shows the schematic diagram of bench scale catalytic cracking
unit with a fixed bed (R-2).

Figure 4. Thermal catalytic cracking unit with a pyrolysis reactor (R-1) and a fixed bed
reactor (R-2) in bench scale.

\
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Figure 5. Schematic diagram of bench scale stainless steel catalytic cracking re-
actor with a pyrolysis/batch reactor and a fixed bed reactor.
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2.5.2. Experimental procedures
2.5.2.1 Pyrolysis

By the thermal cracking (pyrolysis) of residual fat, the residual fat was
weighed (1000 g) using an electronic balance (Mars, AL500). Afterwards, the re-
sidual fat is added within the stirred tank reactor (R-1), whereas pyrolysis takes
place. After sealing the reactor, the experimental apparatus has been set up.
Then, the cooling system is turned on and the water temperature was set at 10
°C. Afterwards, the programming step is carried out, thus making it possible to
set the desired operating parameters, including heating rate (10 °C/min), crack-
ing temperature (450 °C) and the mechanical impeller speed (100 rpm). After the
experiment starts, the operational parameters (heating rate, cracking tempera-
ture, and mechanical impeller speed) were recorded every 10 minutes. By each
thermal cracking experiment, 04 (four) samples were withdrawn along with the
reaction time in order to study and/or investigate the reaction kinetics of organic
liquid products. In addition, the non-condensable gases were burned at the exit
of the gas pipeline line (gas flare). The mass of solid phase products (coke) was
collected and weighed, and the mass of gas computed by difference. The yield
of reaction products computed by applying a mass balance, closed thermody-
namic system, batch mode, stationary process. The organic liquid products
(OLP) were submitted to pre-treatments of decantation to remove water and fil-
tration. Then, organic liquid products (OLP) physicochemical characterized by
density, kinematic viscosity, refractive index, and acid value.
2.5.2.2 Thermal catalytic cracking

By the thermal catalytic cracking experiments, the activated Red Mud pel-
lets were first introduced inside the fixed bed reactor (R-2). Afterwards, the re-
actor (R-2) was vertically coupled between the reactor (R-1) and the condenser,
as shown in Figure 4. Then, the desired operating parameters are set up, includ-
ing the heating rate (10 °C/min), cracking temperatures (450 °C) of both reactors
(R-1) and (R-2), as well as the mechanical impeller speed (100 rpm). Further-
more, the temperature of fixed bed reactor (R-2) was set up approximately 10
°C/20 °C higher than that of reactor (R-1) in order to avoid condensation of as-
cending vapors produced inside the reactor (R-1) through the porous of pellets
catalyst and between the void volume of fixed bed reactor (R-2). That is, thermal
cracking of residual fat takes place in reactor (R-1), producing an ascending va-
por phase (gas phase reaction products) that flows through the porous of pellets
catalyst and between the void volume of fixed bed reactor, whereas a heteroge-
neous gas-solid reaction takes place in catalyst fixed bed (R-2). The thermal cat-
alytic cracking experiments carried out with 5.0, 7.7, and 10.0% (wt.) chemically
activated Red Mud pellets inside the fixed bed reactor (R-2). By each thermal
catalytic cracking experiment, 04 (four) samples were withdrawn along with the
reaction time in order to study and/or investigate the reaction kinetics of organic
liquid products. In addition, the non-condensable gases were burned at the exit
of the gas pipeline line (gas flare). The mass of solid phase products (coke) was
collected and weighed, and the mass of gas computed by difference. The yield
of reaction products computed by applying a mass balance, closed thermody-
namic system, batch mode, stationary process. The organic liquid products
(OLP) were submitted to pre-treatments of decantation to remove water and fil-
tration. Then, organic liquid products (OLP) physicochemical characterized by
density, kinematic viscosity, refractive index, and acid value.
2.6. Physical-chemistry analysis and chemical composition of OLP

2.6.1. Physical-chemistry analysis of OLP
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The organic liquid phase products (OLP) were physicochemical analyzed
for acid value, density at 25 °C, kinematic viscosity at 40 °C, and refractive index
according to official methods, as described elsewhere [35-39].

2.6.2. Chemical composition of organic liquid products

The chemical composition of OLPs were determined by CG-MS and the
equipment and procedures described in details by Castro et. al. [38]. The peak
intensity, retention times, and compounds identification were analyzed
according to the NIST mass spectra library. The concentrations were expressed
in area, as no internal standard was injected to compare the peak areas.

2.7. Characterization of activated red mud pellets
2.7.1. SEM and EDX analysis

The morphological characterization of chemically activated red mud pellets
performed by scanning electron microscopy using a microscope (Tescan GmbH,
Czech Republic, Model: Vega 3). The samples were covered with a thin layer of
gold using a Sputter Coater (Leica Biosystems, Germany, Model: Balzers SCD
050). Elemental analysis and mapping were carried out by energy dispersive x-
ray spectroscopy (Oxford instruments, UK, Model: Aztec 4.3).

2.7.2. XRD analysis

The crystalline characterization of chemically activated red mud pellets
performed by x-ray diffraction using a diffractometer (Rigaku, Japan, Model:
MiniFlex600) at the Laboratory of Structural Characterization (FE-
MAT/UNIFESSPA) and the equipment specifications described as follows: gen-
erator (maximum power: 600 W; tube voltage: 40 kV; tube current: 15 mA; X-ray
tube: Cu), optics (fixed divergence, scattering and receiving slit; filter; K@ sheet;
monochromator: graphite; soller slit: 5.0°), goniometer (model: vertical, radius:
150 mm, scanning range: -3 A , 145° (20); scanning speed: 0.01 to 100°/min (20);
accuracy: + 0.02°) and detector (high-speed silicone tape).

2.8. Mass balances by catalytic cracking of vapor phase products

Application of mass conservation principle in the form an overall mass bal-

ance within the pyrolysis reactor, operating in batch mode, open thermody-

namic system, yields the following equations for the material system R-1 (pyrol-
ysis reactor).

mm,py'rolysts - mout,pi/rolysts = dm;:e‘i (1)
mln,py;“olystus =0 (2)
_mout,p&rolysm = dmd%ed (3)
_mout,pizrolysts = mvaporsjpyrolysts (4)
Where m), is the mass flow rate entering reactor R-1, My¢ pyrotysis is the

MFeed

mass flow rate leaving the reactor R-1, a " is the time rate variation of feed

mass inside reactor R-1, Myqporspyrotysis i the mass flow rate of pyrolysis va-
pors/volatiles leaving the reactor R-1 and entering the reactor R-2 (catalyst bed
reactor). By applying an overall steady state mass balance within the catalyst
reactor, operating in continuous mode, open thermodynamic system, yields the
following equations for the material system R-2 (catalyst reactor). Assuming that
all the vapors leaving reactor R-1, reacts at the solid pellets surface producing
gaseous species, the following equations for the material system R-2 (catalyst

reactor) applies.

. . _ dmygpors
mvapors,pyrolysm - mout,catalyst - dr (5)

dMyapors

—=0 6
= (6)

mvapors,pyrolysm - mout,catalyst =0 (7)
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Moytcatatyst = Mgas T Mpio—oul 8)

Where Myap0 pyroiysis, 18 the mass flow rate entering reactor R-2,
Moyt catatyst 1S the mass flow rate leaving the reactor R-2, mg,, is the mass flow
rate of non-condensable gases leaving the reactor R-2, computed by difference,
and M4,y is the mass flow rate of bio-oil leaving the condenser. The mass of
solid remaining in the reactor R-1is mgy;,4. By performing a steady state global
mass balance within the control volume consisting of reactors R-1 and R-2 yields
equation (9).

Mreed = Msond + Mgas + Mpio—oul 9)

The process performance evaluated by computing the yields of bio-oil,
solid (coke), and gas defined by equations (10) and (11), and the yield of gas by
difference, using equation (12).

Mpio—oi
Vato-oul%] = 2= x100 (10)
Vootias| %] = 2224 x100 (11)
Feed
Ygas [%] = 100 — (Ypi0—0 + Ysouias) (12)
4. Results

4.1. Characterization of catalyst
4.1.1 SEM analysis

The microscopies of Red Mud pellets activated with 1.0 M HCl after calci-
nation and after upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 70
minutes, with 5.0% (wt.) Red Mud pellets activated with 1.0 M HC], in batch
mode, using a semi-pilot scale reactor of 2.0 L, are illustrated in Figures 6 and 7,
respectively. The microscopies of Red Mud pellets activated with 1.0 M HCl are
characterized by the presence of fine round particles with sizes between 0.5 and
2.0 um as shown in Figure 6 (c), as well as agglomerates in form of flakes with
sizes between 50.0 and 300.0 pum, as described in Figure 6 (a). The SEM images
are according to the results described in the literature [35, 49-52]. As previously
described in the literature by Almeida et. al. [35], scanning electron microscopies
of thermal activated Red Mud (1000 °C) show the presence of particles of irreg-
ular shape with sizes between 3.0 and 4.0 um, as well as agglomerates of parti-
cles in form of flakes with sizes between 10 and 20 pum [35]. Mercury et al. [49]
reported the presence of fine particles of round shape and agglomerates of par-
ticles with sizes lower than 10 pm in dried Red Mud. Li ef al. [50] reported that
activation of Red Mud with a HCI solution of 0.25 M caused surface erosion, as
new cavities appeared after chemical activation with 0.25 M HCl. In addition,
CaO, CaCOs and Fe20s, acid-soluble oxides/salts were dissolved [50]. This is
easy to observe if one compare the composition of oxides identified by XDR in
Red Mud [35], with the punctual elemental analysis of activated Red Mud pellets
described in Table 1. Sahu etf. al. [51], reported the presence of rounded shape
aggregates due to the presence of Nas(AlsSisO24)Cl2 (sodalite) and CaCOs (cal-
cite). Both sodalite and calcite are soluble in acid solutions. In addition, mi-
croscopies of activated Red Mud pellets activated with 18 g HCI 31% (wt.), dis-
solved in 190 g H2O are characterized by the presence of fine round particles
with sizes between 0.5 and 2.5 um [51]. Huang et. al. [52], reported the SEM im-
ages of raw Red Mud are smooth and flat, while those treated with 2.0 M HCl
show the appearance of cavities and coarsened exterior due to removal of some
acid-soluble oxides/salts (CaO, CaCOs, Fe20s).
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Figure 6. SEM of Red Mud pellets after calcination [MAG: 833 x (a); MAG: 3.33 kx (b);
MAG: 8.33 kx (¢)].
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Figure 7. SEM of Red Mud pellets after upgrade of residual fat pyrolysis vapors at 450
°C, 1.0 atm, 70 minutes, with 5.0% (wt.) Red Mud pellets activated with 1.0 M HCl, in
batch mode, using a semi-pilot scale reactor of 2.0 L [MAG: 833 x (a); MAG: 3.33 kx (b);
MAG: 8.33 kx ()]

SEM images of Red Mud pellets after upgrade of residual fat pyrolysis va-
pors at 450 °C, 1.0 atm, 70 minutes, with 5.0% (wt.) Red Mud pellets activated
with 1.0 M HCI show no visual morphological difference compared to those of
Red Mud pellets activated with 1.0 M HCl after calcination. In fact, the Red Mud
pellets after upgrade of residual fat pyrolysis vapors became black due to the
carbonization that takes place inside the pores within the solid surface.

4.1.2. EDX analysis

Table 1 shows the results of elemental analysis performed by energy dis-
persive x-ray spectroscopy at a point for raw Red Mud [54], Red Mud activated
at 1000 °C [35], Red Mud pellets activated with 1.0 M HCl after calcination at 500
°C and 04 hours, and Red Mud pellets activated with 1.0 M HCI after upgrade
of residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, using a semi-pilot
scale reactor of 2.0 L. It might be observed that elemental analysis of raw Red
Mud and Red Mud thermal activated at 1000 °C are similar as the same chemical
elements were identified (C, O, Na, Al, Ca, Tj, Fe, and Si). By thermal activation
at 1000 °C the content of sodium and aluminum decreases, while that of Fe in-
creases, being according to results described in the literature [49]. The activation
of Red Mud with a 1.0 HCl solution causes a removal of some acid-soluble ox-
ides/salts (CaO, CaCOs, Fex0s), decreasing the content of carbon, calcium and
iron, and increasing the content of oxygen. In addition, the chemical element
chlorine has been detected, as chemical activation was caried out with HCI. After
upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, over a cat-
alyst fixed bed reactor packed with pellets of Red Mud chemically activated with
1.0 M HC], using a semi-pilot scale two-stage reactor of 2.0 L, one observes an
increase of carbon content probably due to the adsorption of carbon molecules
within the pores of catalyst surface, as gas-solid reactions takes place. In fact,
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carbonization process has been visually observed, as the color of Red Mud pel-
lets has changed from red-iron to black.

Table 1. Percentages in mass and atomic mass of raw Red Mud, Red Mud activated at
1000 °C, Red Mud pellets activated with 2.0 M HCI after calcination at 500 °C and 04
hours, and Red Mud pellets activated with 2.0 M HCl after upgrading of residual fat py-
rolysis vapors at 450 °C, 1.0 atmosphere, using a semi-pilot scale two-stage reactor of 2.0

L.
Catalyst
Red Mud [54] Red Mud 1000 °C [35] Red Mud Pellets 2.0 M HC1 | Red Mud Pellets after 450 °C
Chemical Mass Atomic SD Mass Atomic SD Mass Atomic | SD | Mass Atomic SD
Elements [wt.%] Mass [wt.%] Mass [wt.%] Mass [wt.%] Mass
[wt.%] [wt. %] [wt.%] [wt.%]
C 15.42 24.49 0.76 13.17 23.62 0.79 - - - 26.20 38.31 -
(@) 44.79 53.30 0.63 43.77 55.97 0.72 56.11 71.95 - 40.18 44.10 -
Na 7.24 5.99 0.20 4.03 3.59 0.22 7.55 6.74 - 342 2.62 -
Al 7.97 5.63 1.70 3.95 2.99 0.15 12.54 9.54 - 12.54 8.16 -
Ca 1.09 0.52 0.07 1.15 0.59 0.09 0.65 0.33 - 0.55 0.24 -
Ti 1.67 0.66 0.90 1.39 0.59 0.11 147 0.74 - 1.14 0.42 -
Fe 15.87 5.40 0.29 29.07 10.65 0.49 12.64 4.64 - 11.99 3.77 -
Si 5.97 4.05 0.14 2.75 2.00 0.12 7.01 5.12 - 3.23 2.02 -
Cl - - - - - - 147 0.85 - 0.74 0.37 -
K - - - - - - 0.05 0.03 - - - -
v - - - - - - 0.06 0.02 - - - -
Ba - - - - - - 0.17 0.02 - - - -
SD= Standard Deviation
4.1.3. XRD analysis
250
C Corundum (a-Al0,)
: N F Hematita (a-Fe,0,)
S Sodalite (Na4Al,CISi,O,,)
200 N Halite (NaCl)
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Figure 9. XRD of Red Mud pellets activated with 1.0 M HCI after calcination at 400 °C.
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Figure 9 illustrates the diffractogram of Red Mud pellets activated with 1.0
M HCl after calcination at 400 °C. The XRD shows the presence of two peaks of
high intensity, the first observed on the position 26: 66.7 (100%), and the on the
position 260: 45.7 (80%), both associated to the crystalline phase corundum
(Al20s). The peaks of high intensity associated to the crystalline phase Hematite
(Fe203) were observed on the position 26: 33.4 (100%) and on the position 20:
35.8 (72.1%), being according to the results reported in the literature by Sahu et.
al. [51], and Huang et. al. [52]. In addition, high intensity peaks were observed
on the position 20: 24.5 (100%) and medium intensity on the position 260: 43.4
(33%), associated to the crystalline phase Sodalite (NasAlsClSisOw2). The
crystalline phase called pseudo-rutile (Fe:TisO9) was observed in two peaks of
high intensity on the position 28: 25.4 (100%) and on the position 26: 33.6 (90%).
The peaks of high intensity associated to the crystalline phase (NaAliO4Cls) were
observed on the position 26: 10.1 (100%) and on the position 20: 30.8 (80%). In
addition, two peaks of high intensity peaks, associated to the crystalline phase
Halite (NaCl) were observed on the position 26: 31.8 (100%) and on the position
20:45.6 (55 %).

200 - -
] E S Sodalite (Na4Al,CISi,0,,)
180 4 N Sodium oxide (Na,O)
E O Nepheline (NaAlSiO,)
160 ] F (Fe2.1BO4Ti0,42)
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o
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Figure 10. XRD of Red Mud pellets activated with 1.0 M HCI after the upgrading of re-
sidual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 5.0% (wt.) Red Mud pellets acti-
vated with 1.0 M HC], using a catalyst fixed bed reactor, using a semi-pilot scale two-
stage reactor of 2.0 L.

The XRD of Red Mud pellets activated with 1.0 M HCI after the upgrading of
residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 5.0% (wt.) Red Mud pellets
activated with 1.0 M HCI, using a catalyst fixed bed reactor, using a semi-pilot scale
two-stage reactor of 2.0 L, is shown in Figure 10. It is observed the presence of two
peaks, one of high intensity, observed on the position 26: 24.5 (100%) and
another of medium intensity on the position 26: 14.0 (40%), associated to the
crystalline Sodalite (Na:Al:ClSisOn2). Two peaks associated to sodium oxide
(Na20) were observed, one of high intensity on the position 26: 32.7 (100%) and
one of low intensity on the position 26: 47 (37.9%). The crystalline phase
Nepheline (NaAlSiO4) was observed in two peaks, one of high intensity on the
position 26: 20.8 (100%) and one of medium intensity on the position 26: 34.3
(56.2%). Furthermore, it was observed a peak of high intensity peaks on the
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position 20: 35.6 (100%) and a peak of low intensity on the position 26: 62.9 (35.9
%), associated to Fe21804Tio.2. Finally, the peaks associated to the crystalline
corundum phase (a-Al:Os) of high and low intensity were observed on the
positions 20: 25.7 (100%) and 20: 43.3 (30.6%).

4.2. Upgrading of residual fat pyrolysis vapors over a catalyst fixed bed reactor
4.2.1 Process conditions, mass balances, and yields of reaction products

Table 2 illustrates the process parameters, mass balances, and yields of re-
action products (liquids, solids, H20, and gas) by catalytic upgrading of residual
fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud
pellets activated with 1.0 M HCl, using a catalyst fixed bed reactor, in semi pilot
scale.
Table 2. Process parameters, mass balances, and yields of reaction products (liquids, sol-
ids, H20, and gas) by catalytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0
atm, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud pellets activated with 1.0 M HC], using a cat-
alyst fixed bed reactor, in semi pilot scale.

Process Parameters 450 (°C)
0.0 5.0 7.5 10.0

(wt.) (wt.) (wt.) (wt.)
Mass of residual fat (g) 1000 700 700 700
Cracking time (min) 80 80 80 80
Initial cracking temperature (°C) 395 380 380 390
Mechanical system stirring speed 9 90 90 90
(rpm)
Mass of solid (Coke) (kg) 66 60.05 10.92 9.1
Mass of liquid (Bio-oil) (kg) 794.2 380.79 584.53 594.13
Mass of H20 (kg) 115 19.63 17.45 15.5
Mass of gas (kg) 24.81 239.53 104.55 81.27
Yield of Bio-oil (wt.%) 79.42 54.40 81.76 84.88
Yield of H20 (wt.%) 11.50 2.80 2.49 2.21
Yield of Coke (wt.%) 6.60 8.60 1.56 1.30
Yield of Gas (wt.%) 2.48 34.22 14.94 11.61

The catalytic upgrading experiments of residual fat pyrolysis vapors at 450
°C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud pellets activated with 1.0 M
HCI show bio-oil yields between 54.40 and 84.88% (wt.), aqueous phase yields
between 2.21 and 11.50% (wt.), solid phase yields between 1.30 and 8.60% (wt.),
and gas yields between 2.48 and 34.22% (wt.). The yields of bio-oil are according
to similar studies reported in the literature for the catalytic upgrading of lipid-
base materials including castor seed oil [9], using Kaolin, CaO, and ZnO as cat-
alyst, as well as Jatropha waste [15], using HZSM-5, Co/HZSM-5, and Ni/HZSM-
5 as catalyst. The yields of bio-o0il by the catalytic upgrading of lipid-base mate-
rials stays around 60.0% (wt.) [9, 15].
4.2.2 Effect of catalyst-to-biomass ration on the yields of bio-oils

Figures 11 and 12 illustrate the effect of catalyst-to-biomass ration on the
yields of bio-oil by the upgrading of residual fat pyrolysis vapors/volatiles at 450
°C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud pellets activated with 1.0 M
HC], using a catalyst fixed bed reactor, using a semi-pilot scale two-stage reactor
of 2.0 L, compared with similar studies in the literature [8-9, 15, 25, 28-29]. The
results depicted in Figures 11 and 12 show that increasing the catalyst-to-bio-
mass causes an increase in the production of bio-oil, since the Red Mud pellets
activated with 1M HCI favored the formation of organic liquid products. On the
other hand, the yields of coke, H2O, and gas decrease with increasing catalyst-
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to-biomass, that is, with increasing bio-oil production. In this context, it is ex-
pected that the characteristics of the catalyst, such as types of active centers,
strength and distribution of active sites, as well as the size and structure of pores,
selectively increased the yield of the bio-oil [1-19, 21-23, 25-26, 28-29, 30-32, 34]. Fur-
thermore, the high yield and final distribution of the products are strongly de-
pendent on process variables including reaction temperature, pressure, reactor
type, residence time and raw material composition [8-9, 15, 25, 28-29, 31]. Thus,
the process variables chosen in this work may have optimized the production of
bio-oil. In addition, it is observed that the highest yields occur in the beginning
of reaction, since, at that moment, the primary cracking occurs, in which occurs
the formation of oxygenated compounds (fatty acids, ketones and acrolein) re-
sulting from the rupture of the C-O bond of the glycerides present in vegetable
oils and/or animal fat [35-37, 39]. Then, in the middle to the end of the reaction,
secondary cracking occurs by de-carbonylation and de-carboxylation reactions,
making it possible the production of hydrocarbons [35-37, 39-47].

Yield, , [Wt.%]

Residual Fat, Red Mud, 450 °C
Castor Seed, Kaolin, 550 °C [9]
Castor Seed, CaO, 550 °C [9]
Castor Seed, ZnO, 550 °C [9]
Lignin, HZSM-5, 450 °C [28]
Corn Stover, ZSM-5, 425 °C [29]
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Catalyst/Biomass [-]

0.6

Figure 11. Effect of catalyst-to-biomass ratio within the range 0.0-0.5 on the yield of bio-
oil by the upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 5.0, 7.5,
and 10.0% (wt.) Red Mud pellets activated with 1.0 M HCI, using a catalyst fixed bed
reactor, using a semi-pilot scale two-stage reactor of 2.0 L, compared with similar studies
in the literature [9, 28-29].

By comparing the results illustrated in Figures 11 and 12, it has been ob-
served sometimes that catalyst content limits the increase in bio-oil yield, so that
after this limit, the yield of bio-oil decays, as shown in the literature by Koul et.
al. [9], and Balasundram et. al. [25]. Koul et. al. [9], obtained the highest bio-oil yield
with catalyst-to-biomass of 0.15 using Kaolin as catalyst and castor seed oil,
while Balasundram et. al. [25], obtained the highest bio-oil yield with catalyst-to-
biomass of 1.0 using HZSM-5 as catalyst and sugarcane bagasse. However, Bal-
asundram et. al. [25], reported an increase of bio-oil yield with increasing catalyst-
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to-biomass ratio in the range 0.5-2.0 using Ce/HZSM-5 as catalyst and sugarcane

bagasse.
70 @ Rape Straw, HZSM-5, 500 °C [8]
i v ‘ Jatropha Waste, HZSM-5, 500 °C [15]
65 - % Jatropha Waste, Co/HZSM-5, 500 °C [15]
] @ Jatropha Waste, Ni/HZSM-5, 500 °C [15]
60 vv A Sugarcane Bagasse, HZSM-5, 500 °C [25]
v W _Sugarcane Bagasse, Ce/HZSM-5, 500 °C [25]
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Figure 12. Effect of catalyst-to-biomass ratio within the range 0.5-10.0 on the yield of bio-
oil by the upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 5.0, 7.5,
and 10.0% (wt.) Red Mud pellets activated with 1.0 M HCI, using a catalyst fixed bed
reactor, in a semi-pilot scale two-stage reactor of 2.0 L, compared with similar studies in

the literature [8, 15, 25].

4.2.3 Effect of reaction time on the yields of bio-oil and H20
Table 3. Process parameters, mass balances, and partial yields of bio-oil and H:20 by re-
sidual fat pyrolysis at 450 °C, 1.0 atm, during the course of reaction at 50, 60, 70, and 80

min, using a semi-pilot reactor of 2.0 L.

Process Parameters 450 (°C)
0.00 (wt.)
50 60 70 80
(min) (min) (min) (min)
Temperature of pyrolysis reactor (°C) 410 445 435 460
Temperature of fixed bed reactor (°C) - - - -
Mass of H20 (g) 115 - - -
Yield of H20O (wt.%) 11.5 - - -
Mass of Bio-oil (g) 294 311.98 176.1 12.15
Yield of Bio-oil (wt.%) 294 31.2 17.6 1.22

Tables 3, 4, 5, and 6 illustrate the process parameters, mass balances, and
partial yields of bio-o0il and H20 by catalytic upgrading of residual fat pyrolysis
vapors at 450 °C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud pellets activate
with 1.0 M HCl, during the course of reaction at 40, 50, 60, 70, and 80 min, using
a catalyst fixed bed reactor, in semi pilot scale two-stage reactor of 2.0 L.
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Table 4. Process parameters, mass balances, and partial yields of bio-oil and H20 by cat-
alytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 5.0% (wt.) Red Mud
pellets activated with 1.0 M HC, using a catalyst fixed bed reactor, in a semi-pilot scale
two-stage reactor of 2.0 L.

Process Parameters 450 (°C)
5.00 (wt.)
40 50 60 70
(min) (min) (min) (min)
Temperature of pyrolysis reactor (°C) 400 417 440 450
Temperature of fixed bed reactor (°C) 380 365 405 462
Mass of H20 (g) 19.63 - - -
Yield of H20O (wt.%) 2.80 - - -
Mass of Bio-oil (g) 160.37 109.71 99.71 11
Yield of Bio-oil (wt.%) 2291 15.67 14.24 1.57

Table 5. Process parameters, mass balances, and partial yields of bio-oil and H20 by cat-
alytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 7.5% (wt.) Red Mud
pellets activated with 1.0 M HCl, using a catalyst fixed bed reactor, in a semi-pilot scale
two-stage reactor of 2.0 L.

Process Parameters 450 (°C)
7.50 (wt.)
40 50 60 70
(min) (min) (min) (min)
Temperature of pyrolysis reactor (°C) 374 393 410 450
Temperature of fixed bed reactor (°C) 371 397 465 470
Mass of H20 (g) 10.45 7 - -
Yield of H20O (wt.%) 1.49 1 - -
Mass of Bio-oil (g) 102.45 197.74 172.67 94.22
Yield of Bio-oil (wt.%) 14.64 28.25 24.67 13.46

Table 6. Process parameters, mass balances, and partial yields of bio-oil and H20 by cat-
alytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 10.0% (wt.) Red Mud
pellets activated with 1.0 M HCl, using a catalyst fixed bed reactor, in a semi-pilot scale
two-stage reactor of 2.0 L.

Process Parameters 450 (°C)
10.0 (wt.)
50 60 70 80
(min) (min) (min) (min)
Temperature of pyrolysis reactor (°C) 375 403 423 450
Temperature of fixed bed reactor (°C) 394 404 428 455
Mass of H20 (g) 14.1 1.4 - -
Yield of H20 (wt.%) 2.01 0.2 - -
Mass of Bio-oil (g) 133.86 262.95 113.12 84.2
Yield of Bio-oil (wt.%) 19.12 37.56 16.16 12.03

The results illustrated in Tables 3, 4, 5, and 6 show that at the beginning of
reaction, residual water is collected, proving that residual fat still contains water,
that is, pre-processing (heating, homogenization) and separation processes (de-
hydration, sieving) could not completely remove residual water. In addition, the
highest partial yield of bio-oil is obtained at the second withdraw between 50
and 60 minutes. The experiments described in Tables 3, 4, 5, and 6 makes it
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possible not only to investigate the behavior of process kinetics by the catalytic
upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0, 7.5, and
10.0% (wt.) Red Mud pellets activated with 1.0 M HCI, using a catalyst fixed bed
reactor, in semi pilot scale two-stage reactor of 2.0 L, but also to study the effect
of reaction time on the physicochemical properties (density, kinematic viscosity,
and acidity) and chemical composition of bio-oil.
4.2.4 Effect of reaction time on the physicochemical properties of bio-oil

Table 7 illustrates the effect of reaction time on the physicochemical prop-
erties (density, kinematic viscosity, and acidity) of bio-oil by catalytic upgrading
of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.)
Red Mud pellets activated with 1.0 M HCl, using a catalyst fixed bed reactor, in
semi pilot scale two-stage reactor of 2.0 L. It might be observed that except the
refractive index, all other physicochemical properties of bio-oils (density, kine-
matic viscosity, and acidity) decrease with increasing reaction time.
Table 7. Effect of reaction time on the physicochemical properties of bio-oil by catalytic
upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.)
Red Mud pellets activated with 1.0 M HCI, using a catalyst fixed bed reactor, in a semi-
pilot scale two-stage reactor of 2.0 L.

Physicalchemistry properties

tReaction Q

Temperature/Catalyst . LA LR %
[min] [g/cm?]
[mg KOH/g] [-] [mm?/s]
50 0.861 131.10 1.445 9.80
60 0.849 42.72 1.458 6.90
450 °C
70 0.847 33.90 1.460 6.30
80 0.841 31.64 1.445 5.52
40 0.843 113.90 1.444 420
50 0.840 11.25 1.458 3.96
450 °C, 5% Red Mud (wt.)
60 0.838 6.98 1.473 3.83
70 0.813 1.13 1.439 3.24
40 0.871 135.27 1.445 8.45
50 0.857 124.41 1.451 8.39
450 °C, 7.5% Red Mud (wt.)
60 0.844 72.18 1.458 5.30
70 0.841 8.83 1.442 4.46
50 0.874 124.41 1.408 8.10
450 °C, 10% Red Mud 60 0.853 92.09 1.409 7.78
(wt.) 70 0.848 42.50 1.405 4.10
80 0.829 26.49 1.407 2.80

4.2.4.1 Effect of reaction time on the density of bio-oil

Figure 13 illustrates the effect of reaction time on the density of bio-oil by
catalytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0,
7.5, and 10.0% (wt.) of Red Mud pellets activated with 1.0 M HCl, using a catalyst
fixed bed reactor, in semi pilot scale two-stage reactor of 2.0 L. For all the exper-
iments, the density of bio-oil decreases as the reaction time increases. The den-
sity data of bio-oils for the experiments with 0.0, 7.5, and 10.0% (wt.) Red Mud
pellets activated with 1.0 M HCI were correlated with a first order exponential
decay model, exhibiting root-mean-square error (r2) between 0.965 and 0.988, while
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the experiment with 5.0% (wt.) Red Mud pellets activated with 1.0 M HCl was
correlated with a 1¢t order linear equation, exhibiting root-mean-square error (r2)
of 0.966. In addition, except for the experiment without catalyst, holding the re-
action time constant (t = 60 min), the density decreases as the content of catalyst
decreases, showing that filling the fixed bed reactor with 5.0% (wt.) Red Mud
pellets activated with 1.0 M HCl leads probably to an optimum value.

0,88
Q@  0.0%RM, 1.0MHCI
@ so0%rm 10MHCI
0,87 O 75%RM, 1.0 MHCI
1 X 10.0% RM, 1.0 M HCI
0,86 - 450°°C, 1.0 atm
—
25035—
o |
—
2
c:_0,84—
0,83
4 p(r)=0.29%exp(~c/20.24)+0.83, r=0.988
0’ 82 - p(r)=1.16*exp(-t/14.65)+0.84, ’=0.980
| plr)=0.54%exp(-u/15.63)+0.84, r’=0.965
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Figure 13. Effect of reaction time on the density of bio-oil by the upgrading of residual fat
pyrolysis vapors at 450 °C, 1.0 atmosphere, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud pellets
activated with 1.0 M HCl, using a catalyst fixed bed reactor, using a semi-pilot scale two-
stage reactor of 2.0 L.
4.2.4.2 Effect of reaction time on the viscosity of bio-oil

The effect of reaction time on the kinematic viscosity of bio-oil by catalytic
upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0, 7.5, and
10.0% (wt.) of Red Mud pellets activated with 1.0 M HC, using a catalyst fixed
bed reactor, in semi pilot scale two-stage reactor of 2.0 L, shown in Figure 14.
For all the experiments, the kinematic viscosity of bio-oil decreases as the reac-
tion time increases. The kinematic viscosity of bio-oils for the experiments with
7.5 and 10.0% (wt.) Red Mud pellets activated with 1.0 M HCl were correlated
with a first order exponential model, exhibiting root-mean-square error (r2) be-
tween 0.994 and 0.996, while the experiment with 5.0% (wt.) Red Mud pellets
activated with 1.0 M HCI was correlated with a 15t order linear equation, exhib-
iting root-mean-square error (r2) of 0.906. For the experiment without catalyst, the
kinematic viscosity was correlated with a first order exponential model, exhibit-
ing root-mean-square error (r2) of 0.989. In addition, except for the experiment
without catalyst, holding the reaction time constant (t = 60 min), the kinematic
viscosity decreases as the content of catalyst decreases. In fact, it is to expect the
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kinematic viscosity to decrease as the reaction time succeeds, since at the begin-
ning, the primary cracking occurs, forming oxygenated compounds (fatty acids,
ketones and acrolein) [35-37, 39]. Then, in the middle to the end of the reaction,
secondary cracking occurs by de-carbonylation and de-carboxylation reactions,
producing hydrocarbons [35-37, 39-47], and hydrocarbons have much lower vis-
cosity than oxygenates.

12
114 — v(1)=687.5%exp(-/9.86)+5.47, *=0.989
10 1 —v(x)=4.54,0/[1+107((56.3-1)"-0,166], r*=0.994
| —(x)=2.8-5,3/[1+107((66.3-1)"-0,166], r*=0.996
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Figure 14. Effect of reaction time on the kinematic viscosity of bio-oil by the upgrading
of residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 0.0, 5.0, 7.5, and 10.0% (wt.) of
Red Mud pellets activated with 1.0 M HCI, using a catalyst fixed bed reactor, using a
semi-pilot scale two-stage reactor of 2.0 L.
4.2.4.3 Effect of reaction time on the acidity of bio-oil

Figure 15 shows the influence of reaction time on the density of bio-oil by
catalytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0,
7.5,and 10.0% (wt.) of Red Mud pellets activated with 1.0 M HC], using a catalyst
fixed bed reactor, in semi pilot scale two-stage reactor of 2.0 L. For all the exper-
iments, the acidity of bio-oil, expressed by the acid value, decreases drastically
as the reaction time succeeds. The experiments without catalyst and with 5.0%
(wt.) Red Mud pellets activated with 1.0 M HCl were correlated with a first order
exponential decay model, exhibiting root-mean-square error (r2) of 0.999 and 0.998,
respectively, while the experiments with 7.5 and 10.0% (wt.) Red Mud pellets
activated with 1.0 M HCI were correlated with a DoseResp function, exhibiting
root-mean-square errors (r2) of 0.992 and 0.966, respectively. By DoseResp func-
tion, Al and A2 are the bottom (initial value) and top (final value) asymptotes,
respectively, being A1l equal to 8.8 and A2 equal to 135.2 for the experiment with
7.5% (wt.) Red Mud pellets activated with 1.0 M HC], and Al equal to 26.5 and
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A2 equal to 124.4 for the experiment with 10.0% (wt.) Red Mud pellets activated
with 1.0 M HCL. In addition, except for the experiment without catalyst, holding
the reaction time constant (t = 60 min), the acid value decreases as the content of
catalyst diminishes, showing that the catalyst fixed bed filled with 5.0% (wt.)
Red Mud pellets activated with 1.0 M HCI proves to be can optimum value. This
is due to the catalytic deoxygenation of triglycerides and fatty acids molecules,
the main compounds of vegetable oils and animal fats, into hydrocarbons
through de-carboxylation/de-carbonylation as reported in the literature [55-56].
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Figure 15. Effect of reaction time on the acidity of bio-oil by the upgrading of residual fat
pyrolysis vapors at 450 °C, 1.0 atmosphere, 0.0, 5.0, 7.5, and 10.0% (wt.) of Red Mud pel-
lets activated with 1.0 M HCI, using a catalyst fixed bed reactor, using a semi-pilot scale
two-stage reactor of 2.0 L.

As observed in Figure 15, as soon as the first sample is withdrawn, the acid
value is high, ranging between 135.3 and 113.9 mg KOH/g, due to formation of
carboxylic acids, associated to the primary cracking. Afterwards, in the middle
to the end of the reaction, deoxygenation of triglycerides and fatty acids mole-
cules occurs by means of de-carboxylation/de-carbonylation, producing mix-
tures rich in hydrocarbons and poor of oxygenates, particularly carboxylic acids
[55-56].

4.2.5 Effect of reaction time on the content of hydrocarbons and oxygenates in bio-oil

Table 8 and Figures 16 and 17 illustrate the effect of reaction time on the
content of hydrocarbons and oxygenates, respectively, by the upgrading of re-
sidual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 0.0, 5.0, 7.5, and 10.0% (wt.)
Red Mud pellets activated with 1.0 M HCl, using a catalyst fixed bed reactor,
using a semi-pilot scale two-stage reactor of 2.0 L.

The chemical functions (alkanes, alkenes, aromatics, esters, carboxylic ac-
ids, furans, phenols, aldehydes, alcohols, and ketones), sum of peak areas, CAS
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numbers, and retention times of all the molecules identified in bio-oil by GC-MS
by the upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 0.0,
5.0, 7.5, and 10.0% (wt.) Red Mud pellets activated with 1.0 M HCI, during the
course of reaction at 40, 50, 60, 70, and 80 min, using a catalyst fixed bed reactor,
using a semi-pilot scale two-stage reactor of 2.0 L, are illustrated in Supplemen-
tary Tables 59-524.

Table 8. Effect of reaction time on the concentration of bio-oil by catalytic upgrading of
residual fat pyrolysis vapors at 450 °C, 1.0 atm, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud
pellets activated with 1.0 M HC, using a catalyst fixed bed reactor, in a semi-pilot scale
two-stage reactor of 2.0 L.

Concentration
tReaction [%area.]
Temperature/Catalyst )
[min] Hydrocarbons
Oxygenates
50 54.502 45.498
60 58.523 41.477
450 °C

70 72.834 27.166

80 77.944 22.056

40 65.827 34.173

50 90.203 9.797

450 °C, 5% Red Mud (wt.)

60 93.768 6.232

70 95.347 4.653

40 33.872 66.128

50 41.103 58.897
450 °C, 7.5% Red Mud (wt.)

60 42.845 57.155

70 94.324 5.676

50 31.543 68.457

60 49.631 50.369
450 °C, 10% Red Mud (wt.)

70 76.911 23.089

80 83.104 16.896
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Figure 16. Effect of reaction time on the content of hydrocarbons by the upgrading of
residual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 0.0, 5.0, 7.5, and 10.0% (wt.) Red
Mud pellets activated with 1.0 M HCI, using a catalyst fixed bed reactor, using a semi-
pilot scale two-stage reactor of 2.0 L.

For all the experiments, the concentration of hydrocarbons in bio-oil in-
creases sharply with reaction time. The experiments without catalyst and with
10.0% (wt.) Red Mud pellets activated with 1.0 M HCl were correlated were cor-
related with a DoseResp function, exhibiting root-mean-square errors (r?) of 0.99
and 0.98, respectively, while the experiments with 5.0 and 7.5% (wt.) Red Mud
pellets activated with 1.0 M HCI were correlated with a first order exponential
growth model, exhibiting root-mean-square error (r2) of 0.99 and 0.99, respectively.
The concentration of hydrocarbons in bio-oil increases due to the catalytic deox-
ygenation of fatty acids molecules, by means of de-carboxylation/de-carbonyla-
tion, producing aliphatic and aromatic hydrocarbons, as reported in the litera-
ture [55-56]. On the contrary, for all the experiments, the concentration of oxy-
genates in bio-oil decreases sharply as the reaction time increases The experi-
ments without catalyst and with 10.0% (wt.) Red Mud pellets activated with 1.0
M HCI were correlated with a DoseResp function, exhibiting root-mean-square
errors (r?) of 0.99 and 0.98, respectively, while the experiments with 5.0 and 7.5%
(wt.) Red Mud pellets activated with 1.0 M HCI were correlated with a first order
exponential growth model, exhibiting root-mean-square error (r2) of 0.99 and 0.99,
respectively.
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Figure 17. Effect of reaction time on the content of oxygenates by the upgrading of resid-
ual fat pyrolysis vapors at 450 °C, 1.0 atmosphere, 0.0, 5.0, 7.5, and 10.0% (wt.) Red Mud
pellets activated with 1.0 M HCI, using a catalyst fixed bed reactor, using a semi-pilot
scale two-stage reactor of 2.0 L.

5. Conclusions

The Red Mud pellets activated with 1.0 M HCl proved to be very efficient
for the deoxygenation of triglycerides and fatty acids molecules by means of de-
carboxylation/de-carbonylation, producing mixtures rich in hydrocarbons and
poor of oxygenates.

The catalytic upgrading experiments of residual fat pyrolysis vapors at 450
°C, 1.0 atm, 5.0% (wt.) Red Mud pellets activated with 1.0 M HCl, using a catalyst
fixed bed reactor, using a semi-pilot scale two-stage reactor of 2.0 L, could
achieve hydrocarbon concentrations up to 95.35% (area.).

Supplementary Materials: The following are available. Table ST9: Classes of compounds,
summation of peak areas, CAS number, and retention times of chemical compounds
identified by CG-MS in bio-oil by pyrolysis of residual fat at 450 °C, 1.0 atm, 50 min, using
a pyrolysis reactor of 2.0 L, in semi pilot scale. Table ST10: Classes of compounds, sum-
mation of peak areas, CAS number, and retention times of chemical compounds identi-
fied by CG-MS in bio-oil by pyrolysis of residual fat at 450 °C, 1.0 atm, 60 min, using a
pyrolysis reactor of 2.0 L, in semi pilot scale. Table ST 11: Classes of compounds, summa-
tion of peak areas, CAS number, and retention times of chemical compounds identified
by CG-MS in bio-oil by pyrolysis of residual fat at 450 °C, 1.0 atm, 70 min, using a pyrol-
ysis reactor of 2.0 L, in semi pilot scale. Table ST 12: Classes of compounds, summation
of peak areas, CAS number, and retention times of chemical compounds identified by
CG-MS in bio-oil by pyrolysis of residual fat at 450 °C, 1.0 atm, 80 min, using a pyrolysis
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reactor of 2.0 L, in semi pilot scale. Table ST 13: Classes of compounds, summation of
peak areas, CAS number, and retention times of chemical compounds identified by CG-
MS in bio-oil by catalytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm,
5.0% (wt.) Red Mud pellets activated with 1.0 M HCI, 40 min, using a catalyst fixed bed
reactor, in semi pilot scale two-stage reactor of 2.0 L. Table ST 14: Classes of compounds,
summation of peak areas, CAS number, and retention times of chemical compounds
identified by CG-MS in bio-oil by catalytic upgrading of residual fat pyrolysis vapors at
450 °C, 1.0 atm, 5.0% (wt.) Red Mud pellets activated with 1.0 M HCl, 50 min, using a
catalyst fixed bed reactor, in semi pilot scale two-stage reactor of 2.0 L. Table ST 15: Clas-
ses of compounds, summation of peak areas, CAS number, and retention times of chem-
ical compounds identified by CG-MS in bio-oil by catalytic upgrading of residual fat py-
rolysis vapors at 450 °C, 1.0 atm, 5.0% (wt.) Red Mud pellets activated with 1.0 M HCl, 60
min, using a catalyst fixed bed reactor, in semi pilot scale two-stage reactor of 2.0 L. Table
ST 16: Classes of compounds, summation of peak areas, CAS number, and retention times
of chemical compounds identified by CG-MS in bio-oil by catalytic upgrading of residual
fat pyrolysis vapors at 450 °C, 1.0 atm, 5.0% (wt.) Red Mud pellets activated with 1.0 M
HCI, 70 min, using a catalyst fixed bed reactor, in semi pilot scale two-stage reactor of 2.0
L. Table ST 17: Classes of compounds, summation of peak areas, CAS number, and reten-
tion times of chemical compounds identified by CG-MS in bio-oil by catalytic upgrading
of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 7.5% (wt.) Red Mud pellets activated
with 1.0 M HC], 40 min, using a catalyst fixed bed reactor, in semi pilot scale two-stage
reactor of 2.0 L. Table ST 18: Classes of compounds, summation of peak areas, CAS num-
ber, and retention times of chemical compounds identified by CG-MS in bio-oil by cata-
lytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 7.5% (wt.) Red Mud
pellets activated with 1.0 M HCl, 50 min, using a catalyst fixed bed reactor, in semi pilot
scale two-stage reactor of 2.0 L. Table ST 19: Classes of compounds, summation of peak
areas, CAS number, and retention times of chemical compounds identified by CG-MS in
bio-oil by catalytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 7.5%
(wt.) Red Mud pellets activated with 1.0 M HCl, 60 min, using a catalyst fixed bed reactor,
in semi pilot scale two-stage reactor of 2.0 L. Table ST 20: Classes of compounds, summa-
tion of peak areas, CAS number, and retention times of chemical compounds identified
by CG-MS in bio-oil by catalytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0
atm, 7.5% (wt.) Red Mud pellets activated with 1.0 M HCl, 70 min, using a catalyst fixed
bed reactor, in semi pilot scale two-stage reactor of 2.0 L. Table ST 21: Classes of com-
pounds, summation of peak areas, CAS number, and retention times of chemical com-
pounds identified by CG-MS in bio-o0il by catalytic upgrading of residual fat pyrolysis
vapors at 450 °C, 1.0 atm, 10.0% (wt.) Red Mud pellets activated with 1.0 M HCl, 50 min,
using a catalyst fixed bed reactor, in semi pilot scale two-stage reactor of 2.0 L. Table ST
22: Classes of compounds, summation of peak areas, CAS number, and retention times
of chemical compounds identified by CG-MS in bio-oil by catalytic upgrading of residual
fat pyrolysis vapors at 450 °C, 1.0 atm, 10.0% (wt.) Red Mud pellets activated with 1.0 M
HCI, 60 min, using a catalyst fixed bed reactor, in semi pilot scale two-stage reactor of 2.0
L. Table ST 23: Classes of compounds, summation of peak areas, CAS number, and reten-
tion times of chemical compounds identified by CG-MS in bio-oil by catalytic upgrading
of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 10.0% (wt.) Red Mud pellets activated
with 1.0 M HCI, 70 min, using a catalyst fixed bed reactor, in semi pilot scale two-stage
reactor of 2.0 L. Table ST 24: Classes of compounds, summation of peak areas, CAS num-
ber, and retention times of chemical compounds identified by CG-MS in in bio-oil by
catalytic upgrading of residual fat pyrolysis vapors at 450 °C, 1.0 atm, 10.0% (wt.) Red
Mud pellets activated with 1.0 M HCI, 80 min, using a catalyst fixed bed reactor, in semi
pilot scale two-stage reactor of 2.0 L.
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