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Abstract

This article presents the experiments on the hydroconversion of mixtures of saf-
flower oil (SO) mixed with straight run gas oil (SRGO) in a different ratio as an
alternative to obtain biojet. The research was conducted in two stages; the first stage
a mixture of SO/SRGO was subjected hydrotreating at 350 °C, 380 °C, 80 bar,
LHSV 1 h™!and 1.5 h™!, over the sulfided NiMo/Al,Oj catalyst, while in the second
stage a mixture of SO/SRGO which was already hydrotreated was subjected to a
hydroisomerization at 280 °C, LHSV 1 h~!, P=30 bar, over the sulfided Pt-ZrO,/
Al,Oj catalyst. It was studied the influence of SO/SRGO ratio and hydroconversion
conditions on the biojet quality produced, compared with characteristics required
by standard ASTM D1655. The best condition for obtaining the biojet were 380 °C,
80 bar, LHSV 1 h™! for hydrotreating followed by hydroisomerization of 20% SO in
the mixture at 280 °C, LHSV 1 h™!, P=30 bar.

Keywords Sustainable aviation fuel - Hydroconversion - Safflower -
Hydroisomerization - Freezing point

Introduction

The air transportation industry has officially started its history with the first flight
which took place in 1st January 1914, between St. Petersburg and Tampa, Florida.
Since then, the air transportation industry has known a rapid evolution, becoming an
essential component in the globalization process, facilitating economic and cultural
exchange, but it has the disadvantage of being second energy-consuming sector after
land transportation [1-3].
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Because of the rapid evolution of the air transportation, this industry has inte-
grated very quickly in the daily life, mainly because it offers a rapid mode of
transportation.

Air transportation industry is responsible for about 2.5% CO, global emissions,
out of which 1.3% represents emissions for domestic flights. Although these are
short distance flights, the demand is on the rise: in 2019 the emissions were at 915
million tons CO,, in 2019 they were 905 million tones CO, and in 2018 they were at
860 million tones CO, which show there’s a demand from passenger for a short and
fast travel mode of transportation [3, 4].

International air transport aviation (IATA) is implementing a program which
helps reducing the emissions year after year, with the aim to have the emissions
from 2050 at a level of half of those from 2005 [5]. At the same time, International
civil aviation organization (ICAO) implemented a resolution in 2020, which requires
to increase the fuel efficiency of aircraft by 2% for each year and supports the inte-
gration of carbon neutral growth for the aviation sector [6].

The 2050 objective for fuel efficiency can’t be achieved only by improving the
performance of the engines and streamlining the aircraft fuselage. For this reason,
IATA and ICAO are looking at sustainable aviation fuels (SAF) as means to achieve
the 2050 objective. Commercially introduced in 2008, there have been over 300,000
flights done with SAF so far without modifying the aircraft engines in any way. The
demand for SAF is increasing year by year, and it was observed even when taking
2020 into account—when although having a lower number of flights due to CoVid-
19 restrictions, the demand was with 65% higher than 2019 [7].

This alone explains the interest of researchers and international organizations
for using bio-jet fuel as a viable alternative for reducing greenhouse gasses (GHG)
emissions [8].

The main fuel utilized in aviation—jet fuel—is made out of a mixture of par-
affinic hydrocarbons, naphthenic, aromatics and olefines, with 8-16 carbons.
The paraffins have the highest gravimetric energy density due to the high ratio of
hydrogen/carbon, they burn without smoke and particle matter. The sub-class of
isoparaffins is preferable to be in the composition of jet fuel as besides the already
mentioned advantages, isoparaffins also have a lower freezing point than normal
paraffins. Naphthenes are also found in the composition of jet fuel because they
also possess low freezing points and a gravimetric energy density comparable to the
paraffins. With a lower ratio of hydrogen/carbon—which offers a lower volumetric
energy density, aromatics have comparable gravimetric energy density with paraffins
and naphtenes, but their content is limited to 20-25% volume because their combus-
tion will create higher emissions of particle matter and smoke which will damage in
time engine components [9, 10].

Alkylbenzenes have a lower molecular mass and because during the combustion
stage they produce less particle matter than aromatics, they are preferred in the com-
position of SAF [11].

Although it seems that the aromatics offer a negative impact on the combustion
and emission characteristics of jet type fuels, a low content of aromatics is needed in
jet fuel as aromatics help maintain the elasticity of gaskets, which will help reduce
fuel loss [12, 13].
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The chemical composition of the jet type fuel is set by international standards
that regulate the main quality requirements of jet fuel for minimum freezing tem-
perature, minimum gravimetric energy density, maximum viscosity, maximum
aromatic content, maximum corrosivity, maximum sulfur content, maximum
acidity, flash point etc. [10].

The main international standards that govern the quality aspects of jet fuel
are: ASTM D1655, IATA Guidance Material, British Standard Def Stan 91-91
and NATO Military Standard Mil-DTL 83133E. There’s a new standard—ASTM
D7655—which only applies for SAF and is responsible for imposing standards
which will ensure quality and flight safety [10, 14]. The jet fuel—SAF mix-
ture can be used only if it fulfils all the quality standards required by the ASTM
D1655 [15].

Table 1 shows a short comparison between Mil-DTL 83133E (also known as JP-8
fuel) with civilian equivalents of Jet A-1 which comprises from ASTM D1655, Def
Stan 91-91 and IATA guidance material. Additionally, in this table there is also a
comparison with SAF’s ASTM D7566 standard [10, 15].

From Table 1, we can observe that the mentioned standards define the quality and
performance of jet fuel and they are very similar to each other, with minimum differ-
ences between the characteristics of each standard.

From Table 1, the freezing point—the most important characteristic of jet fuel
which ensures a safe flight at high altitude—is identical in all the standards [10, 13].

SAF’s composition consists mainly in normal paraffins and isoparaffins while the
aromatic and alkylbenzenes is low or absent. Because of this, SAF content in jet fuel
is regulated to a maximum 50%. Even at this percentage, the impact of SAF on envi-
ronment is great and helps improve air quality [11].

In SAF’s composition it’s advisable to have a limited quantity of normal paraf-
fins because they can have a negative impact on the freezing point. Through hydroi-
somerization, normal paraffins are transformed into isoparaffins which greatly
improve the freezing point characteristics, viscosity and the lubrication of jet fuel
[16].

Utilizing an alternative energy source based on biomass is advantageous because
the biomass can offer a carbon rich resource which can be employed by the transpor-
tation industry. By using biomass-based fuels, some of the polluting effects caused
by conventional fuels can be diminished and the global fuel market can stabilize
because of preserving the fossil fuels through substitution with the new bio fuel
[17].

There are a multitude of technologies which can help convert the biomass in jet
fuel substitutes, but most of these technologies are at the research stage while only a
few have received actual industrial applicability.

A first technology for obtaining bio-jet is gas-to-jet (GTJ) which uses Fis-
cher—Tropsch synthesis of syngas to obtain liquid hydrocarbons comparable to jet
fuel [18, 19].

A second technology for obtaining bio-jet is sugar-to-jet (STJ) which uses
bioconversion of sugars into biomass. The result is a 15 carbons terpene with
three isoprene monomeric units that is called farnesene. By hydroprocessing the
farnesene, the resulted produce is sometimes called synthesized iso-paraffins
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(SIP). The performances of this bio-jet are comparable with the fossil jet fuel if
the farnesene are subjected to hydrocracking and hydroisomerization [20, 21].

A third technology for obtaining bio-jet is alcohol-to-jet (ATJ) which uses in
its synthesis process C,—Cs alcohols—mainly ethanol and isobutanol—which are
dehydrated to olefins, which are then subjected to an oligomerization process,
followed by a hydrogenation process to eliminate the double bonds followed by
a final process of separation. To ensure maximum sustainability, the alcohols are
obtained from biomass, mainly from sugar beads, sugar cane etc. [13, 21].

A fourth technology to obtain bio-jet is oil-to-jet which sometimes is also
called hydroprocessed renewable jet (HRJ) or hydroprocessed esters and fatty
acids (HEFA). The resulted biofuel is called “green jet” and uses as feedstock
vegetable oils and animal fats which are subjected to hydrotreatment, which
through the hydrogenation, hydrodeoxygenation, hydrodecarboxylation and
hydroisomerization of triglycerides are transformed in mostly paraffinic hydro-
carbons. By using a SAF based on OTJ technology, the polluting emissions are
greatly diminished and the sulfur and aromatic content are noticeably lower than
the fossil jet fuel. In 2011, ASTM has allowed through the D7655 standard the
usage of SAF based on OTJ technology with a 50-50 ratio with fossil fuel. A
great advantage of this technology is the fact that it can be easily integrated into
refineries, the above mention technologies and processes being already present
and technologically matured, making the cost of integration into a refinery much
lower than any other technology [14, 21, 22].

Protecting the environment, improving the quality of air and reducing the GHG
emissions are the main topics which the air transport industry wishes to improve
upon. Anthropogenic studies have showed that air transport industry is responsible
for 2% of the CO, emissions and also for emissions of water vapors, nitrogen oxides,
emissions of substances which create aerosol particles or clouds [23, 24].

Life cycle assessment (LCA) takes into account all the emissions created, starting
with the agriculture land where the crops are cultivated, the harvesting process, de
conversion (well-to-bank analysis) and final emissions created by the fuel combus-
tion by the jet engine (well-to-wake analysis), can identify the GHG emissions from
biofuel combustion. These types of analysis—well-to-tank and tank-to-wake are
necessary in order to offer a clearer picture on the GHG emissions caused by bio-
fuels and fossil fuels. The GHG emissions resulted from jet fuel combustion show
us that through well-to-wake analysis it results 14.3 CO, eq. g/MJ, while through
well-to-wake it results 73.2 CO, eq. g/MJ, resulting a total of 87.5 CO, eq. g/MJ.
By utilizing SAF, the CO, emissions can be reduced by 90%, GHG emissions being
directly influenced by the raw material and its conversion process [14].

A viable alternative for the future is using a SAF based on renewables which
are plants with limited use or not used for food as Jatropha curcas, Brassica cari-
nata, Camelina sativa, etc. The oils extracted from these plants and their seeds can
be used for SAF production by blending with jet fuel. Another plant is safflower
(Carthamus tinctorius), an herbaceous plant well adapted to arid areas, low rainfall
and it has a long history of usage in agriculture. Its seeds have a high content of
unsaturated fatty acids, a high oleic content that reaches up to 40% weight. Although
the SO doesn’t fulfil the oxidation stability requirements imposed by EN 14214, in
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Table 2 Characteristics of SRGO and SO

Character-  Density at ~ Sulfur Viscosity ~ Freez- Flash point  Unsatu- Saturated

istics 20°C[g/  [ppm] at 40 °C ing point  [°C] rated fatty  fatty acids
cm’) [mm?/s] [°C1] acids [%] [%]

SRGO 0.8596 2256 4.65 - 15 59 - -

SO 0.9210 - 14.66 -20 > 230 93 7

Table 3 TBP distillation curve of SRGO
% Vaporized t 10 20 30 40 50 60 70 80 90 99

i

Temperature (°C) 232 246 261 271 286 296 310 320 328 337 346

the future the SO could become a viable alternative for biofuel production, its prop-
erties being easily adjusted with the help of correction additives [25, 26].

The current paper evaluates the possibility of using SAF obtained through
hydroconversion of SO 100% or in blending with straight run gas oil (SRGO), fol-
lowed by distillation of a fraction with distillation temperature 180-300 °C which
is used by jet engines. In this paper, it’s investigated the effect of different ratio of
SO/SRGO and the reaction conditions on the SAF characteristics. Also, the aim
of the paper was to study the improvement of cold flow properties of SAF though
sequential coprocessing of SO/SRGO mixture through hydrotreating followed by
hydroisomerization.

In previous research we studied the obtaining of the biojet by hydrotreating mix-
tures of Camelina with SRGO over the sulfided NiMo/Al,O; catalyst [27]. As a nov-
elty in this paper, we obtained SAF with better properties than before, the freezing
point exceeding the requirements of the ASTM D1655 standard. The processing was
done in two stages, hydrotreating followed by the hydroisomerization of the hydro-
treated product over sulfided Pt-ZrO,/Al,O; catalyst using safflower oil and SRGO
mixtures as a feedstock.

Experimental
Feedstocks and catalysts

SO was used as during the experiment as feed which was mixed with SRGO in dif-
ferent quantities: 10, 15 and 20% volume of SO.

The main physicochemical properties of SRGO and SO are presented in Tables 2
and 3, while in Table 4 it’s presented the composition in fatty acids of SO.

For the hydroconversion reactions, an industrial catalyst sulfided NiMo/Al,O5
was used, with a specific surface of 232.4 m%/g, the pore volume of 1.294 cm?/g and
the average pore dimension of 3.52 mm. Table 5, shows the main properties of the
catalyst used during the experimental stage.
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Table 4 The composition in

. Fatty acids Formula Composition [%]
fatty acids of SO
Saturated
Miristc(C14:0) C,4H,50, 0.5
Palmitic(C16:0) C,¢H3,0, 4.0
Stearic(C18:0) C,sH360, 2.5
Unsaturated
Oleic(C18:1) C,sH3,0, 16.6
Linoleic(C18:2) C,sH3,0, 75.8
Linolenic(C18:3) C,sH300, 0.2
Arahidonic(C20:4) C,oH4,0, 0.4
Ta_blg 5 ACi_diC :strength and Characteristics Values
acidity distribution of catalyst
Specific surface, m%/g 232.4
Pore volume, cm3/g 1.294

Acidity strength (Milliequivalent/g catalyst)

Weak 0.850
Medium 0.780
Strong 0.16
Total 1.790
Distribution of acidity [%]
Weak 47.50
Medium 43.57
Strong 8.93
Total 100.00

The activation of the catalyst has been done through sulfurization with dimethyl
disulfide (DMDS) which was solubilized in SRGO with a 5 wt% concentration. This
process took place at a temperature of 280 °C and a pressure of 20 bar, in a rich
hydrogen environment—20 L\h. The catalyst has been activated when following the
formation of H,S in the reaction gases, we obtained a yellow pigment in the indica-
tor solution of cadmium acetate—aqueous solution 5%.

Micropilot plant

A micropilot plant (Fig. 1) was used for conducting the hydroconversion experi-
ments. The microplant used a fixed bed reactor which has a volume of catalyst of 60
3
cm”.
The hydroconversion conditions used during the laboratory are as follow: tem-
perature of 350 and 380 °C pressure 80 bar, LHSV 1 and 1.5 h™!; 650 cm*/cm? H,/

feedstock ratio.
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Fig.1 The hydroconversion micropilot plant. 1—Filling layer; 2—Catalyst; A—Hydrogen tank, B—
Pressure regulator with safety valve, C—Pressure dial, D—Temperature register and control Panel, E—
Metering pump, F—Feedstock burette, F—Reactor, G—Thermocouple, H—Water cooler, [—High pres-
sure separator, J—Safety valve, K—collecting vessel, L—Flowmeter, M—Flowmeter dial, N—Electrical
heater

All the water was eliminated using CaCl, after the hydroconversion process, water
which could have resulted during the deoxygenation process of fatty acids found in the
SO composition.

In order to determine the yields of the hydroprocessing liquid, a thorough weighing
has been done.

The final product is left for 1 h in order to dry, after which it’s separated through a
TBP distillation into 3 phases: gasoline (IBP—160 °C); jet fuel (180-300 °C) and a
heavier phase (> 300 °C).

For the characterization of the SAF resulted from hydroconversion process, the fol-
lowing standards have been utilized for determining the values of: Density (EN ISO
12185); the freezing point (SR 13552); flash point (SR 5489). To determine the chemi-
cal composition of the SO SAF, chromatography, mass spectrometry analysis was
used. For this, we employed a GC-MS/MS CP-3800 triple quad agilent technologies
machine.

The technical parameters of the GC-MS/MS equipment, parameters that were used
to analyze the reaction mixtures from the NIST library are presented in Table 6.
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Table 6 The parameters for the GS/MS analysis

GC method MS method
HP-5% phenyl methyl siloxan (L =30 m, QQQ collision cell EPC: flow quench gas (He)=2.2 ml/
D=320 pm, d=0.25 pm) min; N2 flow collision gas (N,)= 1.5 ml/min

Heater program: 80 °C for 0 min then 7 °C/ Source type: EI
min to 280 °C for 1 min

Carrier gas: He, debit 1 ml/min Electron energy: 70 eV

Injector temperature: 250 °C Source temperature: 230 °C; Temperature aux 2: 280 °C

Results and discussion

Following the SO 100% hydroconversion, we obtain mostly hydrocarbons with 17
and 18 carbons. These long chains are resulted due to triglycerides being hydroc-
racking and the reactions of hydrodeoxygenation, hydrodecarbonylation and hydro-
decarboxylation of fatty acids.

By hydroconversion of 100% SO, it is obtained mostly n-paraffinic hydrocarbons
with 17 and 18 carbons, which are the result of the hydrocracking reactions of tri-
glycerides followed by reactions of hydrodeoxygenation, hydrodecarbonylation,
hydrodecarboxylation of the fatty acids.

Resulting the hydrocracking reactions is a small quantity of hydrocarbons with
smaller chains of carbons, between 10 and 16 per molecule. The chemical compo-
sition of the hydrotreated products from SO 100% which is presented in Table 7
(LHSV =1 h~!, pressure =50 bar).

The paraffinic hydrocarbons over 17 carbons have a boiling point in excess of
300 °C are found in the diesel fraction while the hydrocarbons with under 16 car-
bons are found in the jet fraction.

Table 7 The chemical

™ Peak Components Formula 350 °C 380 °C

composition of the product from

the hydroconversion of SO for wi% wi%

350 and 380 °C, P=280 bar,

LHSV=1h"! 1 Decane C,oHy, 3.67 4.21
2 Undecane C, Hyy 9.87 10.1
3 Dodecane C,Hy 16.88 18.03
4 Tridecane C3Hog 11.77 12.27
5 Tetradecane C4Hsp 9.1 9.08
6 Pentadecane C,sHs, 10.65 11.02
7 Hexadecane Ci6H34 9.39 8.87
8 Heptadecane C,;H3q 13.45 12.71
9 Octadecane CgHsg 9.38 9.09
10 Nonadecane CioHy 3.63 2.98
11 Eicosane CyoHy, 1.46 0.93
12 Heneicosane C, Hy 0.75 0.71
Total 100 100
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Based on the data from Table 7 and correlating it with the boiling points of
obtained hydrocarbons, we observed that we obtain a higher fraction of diesel and a
smaller fraction of jet fuel as of result of the SO hydrotreating process. The hydro-
treatment at 350 °C results in a yield of 28.67% hydrocarbons with greater than 17
carbons, which are all found in the diesel fraction, while for 380 °C we obtained a
yield of 26.42%.

The heptadecane fraction finds itself just over the separation limit—with a boil-
ing point of 302 °C. If it’s included into the jet fuel fraction, the yield of jet fuel
increases to 84.78% for 350 °C and 86.29% for 380 °C.

Increasing the temperature during the hydrotreating process results in an increase
in jet yield due to hydrocracking reactions. In order to increase the yield of jet fuel
fraction, a more acidic catalyst specific to hydrocracking would be a better fit for this
process. This would allow more intense cracking and isomerization reactions, which
will allow the creation of shorter chain carbons, with a branched structure, which
will have an optimal distillation temperature specific to jet fuel.

The yields obtained have been calculated based on mass balance after each exper-
iment, knowing the quantity of feedstock and weighting each fraction of distilled
liquid that resulted from the hydrotreating process. All distilled fluids have been
dehydrated with CaCl,. The difference between the initial feedstock and the resulted
dehydrated liquid consists of gases, water and coke deposited on the catalyst.

The yields in products obtained at the hydroconversion of SO, SRGO and mix-
tures of SO/SRGO at different reaction conditions are presented in (Table 8, Fig. 2)
for 350 and 380 °C LHSV=1 h}, pressure = 80 bar.

Following our experiments, the data shows a higher yield in diesel fraction and a
smaller yield in jet fuel for each experiment temperature, regardless of the reaction
conditions, justified by the formation of hydrocarbons with 17-21 carbons in the
molecule from hydrotreating the SO.

The hydrotreated SRGO mixture offers a better yield of jet fuel because SRGO
has a better distribution of 10 to 16 carbons in its composition—TBP distillation
curve, Table 3—which shows around 50% of the diesel fraction is formed from com-
ponents with a boiling point that is in the range of jet fuel limit. After the hydrotreat-
ing process, most of these components will retain the same number of carbons or
they will hydrocrack and form lighter components.

Table 8 Yields obtained after hydroconversion of SO and SRGO, based on the SO/SRGO ratio and tem-
perature at LHSV =1 h!

Temperature (°C) 350 380

SO/SRGO ratio 0/100 10/90 15/85 20/80 100/0 0/100 10/90 15/85 20/80 100/0

Yields (wt%)
Gasoline (IBP-160°C) 2.12 1.76 1.79 181 198 321 1.87 234 3.7 5.77
Jet (160-300 °C) 41.26 37.50 34777 2945 2499 48.12 3294 31.7 29.62 25.36
Gas oil (300 °C) 5290 56.79 59.63 64.88 68.30 443 61.7 623 62.6 63.52
Gas+H,0+losses 372 377 381 386 473 436 349 376 4.08 526
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350°C 380°C 350°C 320°C 35°C 380°C 350°C 380°C

Yield (% wt)

]
/100 07100 -~ 1090 10/90 - 1585 1585 - 2080 2080 -
SO/SRGO ratio

1000 1000

Fig.2 Influence of SO/SRGO ratio on hydroconversion yields of SO, SRGO and SO-SRGO mixtures

(temperatures 350 and 380 °C, LHSV =1 h™!, pressure = 80 bar)

The yields in products obtained at the hydroconversion of SO, SRGO and mix-
tures of SO/SRGO at different reaction conditions are presented in Table 9 and

Fig. 3.

Increasing the LHSV has a negative effect on the yield of jet fuel even if the
SO-SRGO ratio and the temperature remains the same, because the reaction time

Table9 Yields obtained after hydroconversion of SO and SRGO, based on the SO/SRGO ratio and tem-

perature at LHSV=1.5h"!

Temperature [°C] 350 380
SO/SRGO ratio 0/100 10/90 15/85 20/80 100/0 0/100 10/90 15/85 20/80 100/0
Yields (wt%)
Gasoline (IBP-160°C) 1.88 1.58 1.64 174 148 291 165 212 25 4.37
Jet (160-300 °C) 38.56 32.63 30.34 29.08 23.56 43.35 3275 31.62 28.86 24.35
Gas oil (300 °C) 57 62.72 64.55 65.52 70.23 50.53 6229 62.89 6522 67.02
Gas+H,0+losses 256 3.07 347 3.66 473 321 331 337 342 426

Lossos

SRGO

Jot

I Gascine

Yield (% wt)

0
0/100 0/100 -- 10/90 10/90 - 15/85 15/85 -- 20/80 20/80 -- 100/0 1000
SO/SRGO ratio

Fig. 3 Influence of SO/SRGO ratio on hydro conversion yields of SO, SRGO and SO-SRGO mixtures

(temperature 350 and 380 °C, LHSV = 1.5 h™!, pressure = 80 bar)
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gets shorter which doesn’t allow all the hydrocracking reactions to fully take
place see Figs. 2 and 3.

The experimental data obtained shows the SO hydrotreatment will result in
higher yields of diesel and smaller ones in jet fuel, no matter the experimental con-
ditions subjected to the feedstock, which is justified by the formation of C17-C21 in
the molecule.

The highest yields of jet fuel are obtained from hydroconversion of SRGO and
this is mainly due to the distribution of C10-C16 in the composition of the SRGO,
which stands out from the TBP distillation curve which shows that approximately
50% of the diesel components are formed from components which are within the
jet fuel limit—Table 3. Following the hydrotreating reactions, most of these com-
ponents keep the same number of carbons or more, they hydrocrack and then form
lighter components.

At the same LHSV and temperature, increasing the SO ratio in the SO-SRGO
mixture will result in a drop in jet fuel yield, because the hydroconversion of SO
will result in a higher ratio of diesel than jet fuel. If the temperature increases but
the SO ratio and LHSV remains the same, the jet fuel yield will increase, because
of more intense hydrocracking reactions, which will lead to creating lighter compo-
nents see Figs. 2 and 3.

From the hydrotreating reactions of SO-SRGO, SO and SRGO, we also obtain
small quantities of light fractions (gasoline) with a maximum boiling point of
180 °C. These light fractions are resulted from the hydrocracking reactions of both
SO and SRGO. Increasing the SO ratio into the mixture results in a drop in gasoline
yield. Increasing the temperature while retaining the same SO content and increas-
ing the LHSV will result in a decrease of gasoline yield due to a shorter time of
hydrocracking reactions.

We also obtain water, gases and a small quantity of coke which was deposited
on the catalyst. These are all associated with losses. These gases resulted during
the hydrotreatment are mostly propane, which is resulted from the hydrocracking,
hydrodeoxygenation and hydrodecarbonilation of triglycerides found in SO. Hydro-
cracking of SRGO also results in small quantities of gases and coke.

Figs. 2 and 3 show that the yield of losses increases with the decreasing of LHSV
and with the increase of the SO ratio and the temperature.

This is explained by the fact that propane and water are formed during the hydro-
conversion of triglycerides from the SO and also due to the intensification of the
hydrocracking reactions from the increase of temperature and the decrease in LHSV.

For the SAF we have obtained through hydrotreatment of SO-SRGO mixture, the
main characteristics have been determined by following the ASTM D1655 standard
(Figs. 4,5, 6,7, 8).

The density of the obtained SAF through hydrotreatment falls between the val-
ues of 0.788 and 0.809 g/cm?, which is within the requirements of ASTM D1655
standard for Jet A1 fuel (density between 0.775 and 0.840 g/cm?). Due to hydrotreat-
ing, the density drops significantly, from the initial 0.921 g/cm? of SO and 0.8596 g/
cm® of SRGO due to hydrocracking, hydrotreating and hydrodeoxygenation reac-
tions of the triglycerides from the SO, reactions which eliminate the oxygen groups
and partially eliminate the paraffinic molecules over C;; which are resulted from
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the hydrotreating process. The hydrocracking process determines a drop in density
due to aromatic hydrocarbons being saturated and forming hydrocarbons with a
smaller molecular mass than the ones found in the SRGO. If the SO ratio and LHSV
remains the same, the increase in temperature will lead to a drop in density (Figs. 4,
5) due to deoxygenation reaction, hydrocracking and saturation of aromatics in the
diesel fraction. The density of the jet fuel fraction obtained from hydroconversion
of SO-SRGO mixture is slightly increasing with the increase of SO ratio (as seen in
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Fig.7 Sulfur content for jet fuel at 350 and 380 °C, LHSV=1h"!

Figs. 4, 5) due to the formation of paraffinic hydrocarbons (C;s—C,;) which have a
higher density.

At the same SO content and temperature, an increase in LHSV will lead to an
increase in density due to a reduction in the reaction time which won’t allow the
hydrocracking and hydrodeoxygenation reactions to fully take place (Figs. 4, 5).

The freezing temperatures of the SAF resulted from hydrotreating the SO-SRGO
mixtures are between — 14 and — 28 °C (Tables 10, 11). These temperatures do
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Fig.8 Sulfur content for jet fuel at 350 and 380 °C, LHSV=1.5h"!

not meet the minimum requirement imposed by ASTM D1655 (— 47 °C) and are
justified due to the higher content of n-paraffins resulted from the hydrogenation of
triglycerides found in SO. Because of this, when the SO content increases but LHSV
remains constant, the freezing temperature of the resulted SAF is increasing as well.
If the reaction temperature increases, the secondary reactions of hydrocracking and
hydroisomerization start to be more intense and lead to formation of isoparaffins
that will slightly decrease the freezing temperature (Fig. 6). If the SO content and
the temperature remains the same but the LHSV increases, the freezing temperature
will not improve at all, because it decreases the conversion by hydrocracking due to
the decrease in reaction time (Fig. 6).

In the case of hydroconversion of 100% SRGO, we observe that the ASTM
D1655 standard is mostly met when the reaction temperature is at 380 °C, while at
350 °C it is found with 1 degree under the minimum temperature requirement. The
low freezing temperatures are due to a more favorable chemical composition of the
hydrotreated SRGO, which is composed mostly from naphthenes resulted from the
saturation of aromatics, and from isoparaffins with C,,~C,,; which are resulted from
hydrocracking.

Throughout the hydroconversion experiments, we obtained an important decrease
in sulfur content, from 2256 ppm of SRGO to values between 14 and 26 ppm. These
values are under the limit imposed by ASTM D1655 of maximum 30 ppm sul-
fur. With the increase of SO content into the mixture, the sulfur value drops in the
composition of SAF because SO does not have sulfur in its composition. If LHSV
remains the same, the increase of temperature will lead to a drop in sulfur content
due to intensification of the hydrogenolysis reactions of the sulfur components
from the mixture (Figs. 7, 8). If the LHSV increases, the sulfur content in SAF will
increase due to a decrease in the conversion in the hydrogenolysis reaction of the
sulfur components from the mixture due to a decrease in reaction time (Figs. 7, 8).
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Hydroisomerization

In order to improve the physicochemical of SAF, we decided to use as feedstock the
380 °C hydrotreated fraction LHSV =1 h~! with 10, 15 and 20% SO because these
three fractions showed the best characteristics.

The experimental conditions used were: 280 °C, P=30 bar with LHSV=1 h!,
The isomerization catalyst used was an industrial use sulfided Pt-ZrO, /Al,O; with
750 cm®/cm? H,/feedstock ratio.

By hydroisomerizing the 10, 15 and 20% fractions that were previously hydro-
treated at 380 °C, we obtained data that shows a decrease in yield in the product
obtained, which is explained by the hydrocracking reactions of n-paraffins from each
fraction. Each increase of SO in the fraction will reduce the yield of final product.

By hydroisomerizing the hydrotreated mixtures, we obtained fractions with a
considerable improved property, as it can be seen in Table 12, where the viscos-
ity and freezing point have been significantly improved over previous experiments.
The obtained viscosity can be explained by the fact that hydroisomerization helps
convert the n-paraffins into isoparaffins which have superior properties. The freezing
point knows the biggest improvement by the hydroisomerization process, increasing
the values with almost 40 °C and exceeding the requirements of ASTM D1655 of
— 47 °C (Fig. 9). This can be explained by the hydrocracking reactions that generate
branched hydrocarbons but with a small number of carbons. Since the hydroisomeri-
zation process is performed at a relatively high temperature, the isomerization pro-
cess and hydrocracking are more intense than usual. By increasing the SO ratio into
the SO-SRGO mixture, the freezing point increases because the ratio of isoparaffins
increases into the final product.

Conclusions
The present study highlights the possibility of obtaining SAF, meeting the require-

ment imposed by the ASTM D1655 standard, by hydrotreating followed by hydroi-
somerization of a SO mixture with SRGO.

Table 12 Yields and

T t 280 °C
SAF physicochemical emperature
characteristics obtained SO/SRGO ratio 10% 15% 20%
after hydroisomerization of
hydrotreated SO and SRGO Yield %
gﬁc&(;n& Pasei on the SO/ Hydroisomerized 84.63 80.29 74.92
ratio and temperature at
LHSV Lt e Losses 15.37 19.71 25.08
Characteristics
Density (g/cm?) at 15 °C 0.778 0.789 0.795
Viscosity (mm?/s) at 40 °C 0.56632 0.56443 0.56168
Freezing point (°C) - 68 — 68 -70
Sulfur content (ppm) 11 10 9
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Fig.9 Freezing point for jet fuel at 380 °C, LHSV =1 h™!, comparison hydrotreated and hydroisomer-
ized fuel

It is found that the hydrotreating process, at temperature of 380 °C, P =80 bar and
LHSV=1 h~! on industrial sulfided NiMo/Al,O; catalyst, ensures the best freez-
ing temperature, in any SO-SRGO mixture ratio (10, 15 and 20%), but the value
imposed by the standard is not yet obtained.

The previously hydrotreated SO-SRGO mixture, subjected to the process of
hydroisomerization on the sulfided Pt-ZrO,/Al,O; catalyst, at 280 °C, LHSV 1 h!,
P=30 bar and 20% SO in the mixture, leads to a biojet whose characteristics meet
and even exceed the requirements of the standard, the freezing point value reach
— 70 °C. There is observed an improvement of the viscosity as well.

The hydroisomerization process generates higher yields in loses due to the cata-
lyst used, which promotes cracking reactions on its acidic sites.

Hydroconversion of a SO and SRGO mixture, can use the technologies already
available in the industry and it is cost effective.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/511144-022-02197-8.
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