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Abstract: Nowadays, transportation fuels such as diesel or gasoline are standardly produced from
crude oil refining. These petroleum-based products are gradually replaced by more environmentally
friendly sources, such as Fischer-Tropsch diesel fractions and other biofuels. The present work
reports the distillation of Fischer-Tropsch (FTS) waxes and its use for fuel production by (i) blending
the FTS wax diesel fraction with fossil diesel (7:93; 15:85; 30:70; and 50:50 wt.%) and (ii) blending the
FTS wax heavy fraction (360-700 °C) with vacuum gas oil (10-50 wt.%) followed by hydrocracking
at industrial operating conditions (T = 420 °C, WHSV = 0.5-1.0 h~1,P=100 MPa). The obtained
products in both cases were analysed and compared with standard EN590 for petroleum-diesel
fuels. Overall, our results point to the suitability of the distillation of FTS waxes for renewable fuel
production, either by straight blending of the diesel petroleum-based products or co-hydrocracking
of the heavy fraction with vacuum gas oil.
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1. Introduction

The diversification of fuel sources has become a hot topic of widespread interest in
contemporary discourse [1-3]. Using fossil fuels in transportation stands out as a primary
contributor to environmental degradation, marked by the emission of CO,, CO, volatile or-
ganic compounds (VOCs), NOy, and SOy [4,5]. Consequently, global atmospheric pollution
levels continue to escalate unabated. This impetus for change is further underscored by
many factors, including exploring alternative energy sources [6], strategic fuel considera-
tions for nations [7], and the tightening grip of environmental regulations [8,9]. A notable
exemplar of this regulatory push is the European Union (EU), which has committed to
reducing greenhouse gas (GHG) emissions by 50-55% by 2030 (relative to 1990 levels) and
achieving carbon neutrality by 2050 [10,11].

Alternative technologies to directly use crude oil to produce fuels are in development.
An important example is XTL technology (Feed to Liquid) [12], which synthesises liquid
fuels from carbon sources such as coal (CTL), natural gas (GTL), biomass (BTL), or waste
residues (WTL). Thus, fuels can be produced by the Fischer-Tropsch Synthesis (FTS) from
the gasification of coal (CTL), biomass (BTL), or waste (WTL) sources, producing synthesis
gas (syngas, CO + Hj), a raw material to produce FTS hydrocarbons [13-15].

On a well-established commercial scale, the well-known FTS process can be car-
ried out under different conditions that determine the distribution of the final hydro-
carbons obtained. More than 50% of FTS waxes are produced worldwide through the
low-temperature process [16], obtaining FTS crude products, which can be separated by
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using flash distillation into gases (C1—Cy), FTS naphtha (C5—Cy1), FTS diesel (Co—Cpp), and
FTS heavy waxes (>Cyp) fractions [17,18]. Further upgrading FIS products is unnecessary
when using them as an automotive fuel blending compound. However, depending on the
local legislation and engine types, it could not be suitable for straight use as a fuel. The
heavy fraction of FTS waxes (>Cy) is typically upgraded by fluidised-bed catalytic cracking
(FCC) or hydrocracking with further refining to produce naphtha and diesel fuel [17,19].
Another process is straight FTS wax hydrocracking, which could produce 80% of diesel
with a relatively high cetane number [16].

The hydrocracking reaction is a refining exothermal catalytic process in which the
reaction conditions and catalyst used determine the quality of the final products. This
process has already been widely investigated. In this sense, Leckel et al. [20] showed the
appropriateness of using sulfided NiMo/SiO;-Al,O3, NiW /5i0,-Al, 03, and a non-sulfidic
noble metal catalyst modified with MoOj3 (Pt/MoQOj3/SiO,-Al;O3) for diesel production
through the low-pressure hydrocracking process of FTS waxes [17,20-22].

Another interesting point of view for upgrading FTS waxes is their co-processing
with fossil crude oil fractions [23]. Vacuum gas oil (VGO) can be a good candidate for
the hydrocracking reaction in co-processing with FTS waxes having similar boiling range
fractions. Simacek et al. [24] investigated the impact of FTS wax addition to VGO, obtaining
high-quality naphtha and diesel with high cetane numbers [24-29].

In this work, we investigate the production of transportation fuels from FTS wax distilled
products by (i) blending the diesel fraction with fossil diesel (7:93; 15:85; 30:70, and 50:50) and
(ii) blending the heavy fraction (366-700 °C) with vacuum gas oil (10-50 wt.%) followed
by hydrocracking at industrial operating conditions (T = 420 °C, WHSV = 0.5-1.0 h},
P =10.0 MPa). The obtained products in both cases were characterised and compared to
EU norm EN590 (CSN EN590 2023) [30] for diesel transport fuel. Our results allowed us to
evaluate the suitability of the distillation of FT'S waxes to produce renewable diesel fuels.

2. Materials and Methods
2.1. Feedstocks and Catalyst

The feedstocks used in this study were commercial FTS waxes, commercial fossil
diesel, and commercial vacuum gas 0il (VGO). The FI'S waxes were pre-treated to remove
water and light fractions (gases and gasoline, <2 wt.%) in a standard laboratory rotary
evaporator. Later, the FTS waxes were distilled, obtaining a diesel fraction (180-360 °C)
and a heavy fraction (360-700 °C). Distillation was performed in a PETRODIST 500 Q
(semi-automatic operation) PILODIST laboratory & process technology, Prague, CZ. Both
petroleum feedstocks were supplied by a commercial refinery.

FTS waxes and their distillation fractions were analysed in terms of density (ASTM D 4052) [31],
elemental analysis (ASTM D5291) [32], nitrogen and sulphur content (ASTM D5453 [33];
ASTM D4629 [34]), and Simdis (ASTM D 2887) [35]. Petroleum-based feedstocks were
analysed in terms of the EN590 norm, including but not limited to density, viscosity, and
elemental analysis, among other analyses.

A commercial metal sulphide-supported catalyst, NiWSx/SiO,-Al,O3, was used for
the hydrocracking of heavy FTS wax fractions with VGO. The catalyst was supplied in
extrudate form (0.5-2.0 mm). It is widely used in the industry for hydrocracking petroleum-
heavy fractions to produce suitable light products. The same catalyst has been used by
the authors and reported in previous references [36,37]. As the catalyst was commercially
sourced, detailed information about the fresh or used catalyst samples is not included in the
manuscript. Standard refinery gas was used as the H; supply for hydrocracking, consisting
of 97.5-99.5 vol.% Hj and 0.5-2.5 vol% of C;—C, hydrocarbons.

2.2. Experimental Setup and Experiments

To produce renewable fuels by blending, four mixtures of the diesel fraction of distilled
FTS waxes were combined with commercial fossil diesel. The mixtures were prepared
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using different ratios of both products: 7:93, 15:85, 30:70, and 50:50 wt.%, to meet the EN590
norm for diesel fuels.

In the case of the heavy fraction (360-700 °C) of distilled FTS waxes, seven blends
with VGO (90:10, 85:15, 80:20, 75:25, 70:30, 60:40, and 50:50) were tested, seeking a low
viscosity (5.5 mPa-s at 100 °C) and a sulphur content of 1 wt.%. This point was necessary
to ensure the product could be pumped appropriately and maintain the catalyst activity
during hydrocracking.

The hydrocracking experiments, also understandable as a co-processing of the heavy
fraction of distilled FTS waxes with VGO, were performed in a stainless-steel fixed-bed
reactor (inner diameter (ID): 25 mm, length 820 mm). The reactor was equipped with
electric heating and external/internal (thermoprobe ID: 6.25 mm) thermocouples to control
the operating temperature in the catalytic bed accurately. Figure 1 shows a schematic
diagram of the experimental unit.

H2/N2 Inlet
0
—M—._|j—l><l— <+ © <t
Reactor ®1 Iniaal
#1117 Outlet Gas
1 RS
KEH

Pump IE
Feed
EE Gas- liquid separator
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Figure 1. Schematic diagram of the experimental unit used for hydrocracking experiments. In this

diagram, arrows indicate the sense of the flow. The red lines around the reactor indicate the unit’s
electric heating.

The reactor was filled with carborundum (SiC), quartz wool, and catalyst (particle
sizes 0.5-2.0 mm) according to the following procedure: First, quartz wool was added
to the reactor, followed by SiC (1.0-2.0 mm) until it reached 270 mm (from the bottom
of the reactor). Then, the catalyst was added. The catalytic bed comprised three parts of
20.0 g of catalyst diluted with fine SiC (0.1 mm) in 1:1, 1:2, and 1:3 (vol:vol). The catalyst
concentration increased along the catalyst bed, maintaining the reactor temperature profile
and isothermal state. Finally, the reactor was filled with quartz wool (5 mm) and SiC
(1.0-2.0 mm). After catalyst loading, the reactor was flushed with Nj (600 NL/h, 100 kPa,
and 25 °C) for 2 h, and the pressure was increased to 12.0 MPa to perform the leak test.
After the leak test, the pressure was reduced to 10.0 MPa and the gas changed to H; for
the catalyst sulfidation. This procedure was performed according to the catalyst vendor’s
instructions. After completing the catalyst activation, the feedstock was changed to VGO
(WHSV =1h"!, T =420 °C, and P = 10 MPa).

The operating conditions were the same as those used by the authors in a previous
manuscript [37]. In the case of co-processing, the feed flow rate was changed from 60 g/h
(WHSV = 1.0 h™!) to 30 g/h (WHSV = 0.5 h™!) to improve catalyst activity. During the
hydrocracking experiment, density at 15 °C, refractive index, sulphur content, and nitrogen
content were routinely monitored to control the catalyst activity and steady-state status.

2.3. Blending and Hydrocracking Products Analyses

In the case of blending experiments, the resulting mixtures of diesel fraction of distilled
FTS waxes and fossil diesel were analysed in a similar way to the feedstocks; this means in
terms of the EN590 norm.
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Liquid and gaseous hydrocracking products were separated using a gas/liquid separator.
Liquid sampling was carried out every three hours at WHSV = 1.0 h! or every six hours at
WHSV =0.5h"!. Liquid products were also analysed according to EN590 standards. More-
over, some more specific analyses were included for the detailed determination of carbon
distribution (n-d m method, FT-IR Nicolet IS10 spectrometer, Thermo Fisher, Prague, CZ,
ASTM D3238 [38]), aromatic compound composition (High-Pressure Liquid Chromatography,
Agilent Infinity 1260, Agilent, Santa Clara, CA, USA, IP391 standard [39], Agilent 2023) and
detailed diesel fraction composition (GCxGC-MS, GCxGC-TOFMS instrument, LECO Corpo-
ration, St. Joseph, MI, USA). For this particular analysis, the procedure was as follows: 0.2 puL
of the undiluted sample was injected at 320 °C (PTV injector, 20-320 °C, 720 °C/min) under a
helium flow rate of 1 mL/min and a split ratio of 250:1. The temperature programme consisted
of 1.5 min at 40 °C, subsequently ramped to 300 °C with a heating rate of 4 °C/min, and held
at 300 °C for 10 min. The temperature of the detector was 250 °C. The primary column was Rxi-
55iIMS, 30 m x 0.25 mm, with a diameter of 0.25 pm. The secondary column was Rxi-175iIMS,
1.3 m x 0.15 mm, with a diameter of 0.15 um. The collected data was then evaluated using
ChromaTOF software (ChromaTOF 2023, https://www.leco.com/product/chromatof-tile
(accesed on 15 February 2024)).

The gaseous products were quantified using a mechanical gas flow meter and then
sampled using Tedlar bags for offline analysis. The analysis was performed using an
Agilent 7890 A gas chromatograph (GC) with Agilent’s refinery gas analysis method. The
GC instrument had three work channels:

(i) HayeSep Q column with a thermal conductivity detector (TCD) to measure Hp, with
N, used as the carrier gas.

(i) HayeSep Q column with TCD to measure Oy, N, CO, CO,, H;S, and C1-C; hydro-
carbons, with He used as the carrier gas.

(iii) 5 A molecular sieve column with a flame ionisation detector to measure C;—C7 hydro-
carbons, with He used as the carrier gas.

3. Results and Discussion

The FTS wax raw material contained a small amount of water, which was necessary to
remove to avoid the malfunction of the distillation unit. Figure 2 shows the FTS wax raw
material composition as determined by Simdis. According to these results, it is clear that
the FTS wax is a paraffinic feedstock apparently compatible with petroleum feedstocks.
Table 1 shows the basic properties of FTS raw material, together with boiling range fractions
after water elimination and distillation (PILODIST, PETRODIST 500 Q (semi-automatic
operation) PILODIST laboratory & process technology, Prague, Czech Republic)).
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Figure 2. Simdis analysis of Fischer—Tropsch waxes raw material; (a) amount distilled (wt.%) vs.
boiling temperature (°C); (b) Alkane content (%) vs. alkanes (e.g., n-C17 means a n-paraffin with
17 carbon atoms in its chain).
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Table 1. Basic feedstock properties of Fischer-Tropsch waxes raw material and boiling range fractions
Fischer—Tropsch waxes after water elimination and distillation.

Properties FTS Wax Raw Material * gg;gﬁij\;vsi?r?;;\z fel;t* FTS Wax Distillation Product **
S content, mg/kg 2.2 N/A N/A
N content, mg/kg 83.7 N/A N/A
Elemental analysis
C content, wt.% 80.8 N/A N/A
H content, wt.% 14.1 N/A N/A
Boiling range fraction

Gasoline (<180 °C) 1.0 0.0 0.0
Diesel (180-360 °C) 42.0 39.0 38.0
Heavy /residue (>360 °C) 57.0 61.0 58.0
Losses (wt.%) 0.0 0.0 4.0

* Simdis; ** PILODIST distillation.

The FTS wax-distilled product was mainly composed of a diesel fraction (boiling
point range (BPR): 180-360 °C) and a heavy fraction or residue (BPR: >360 °C). The diesel
fraction was used for blending experiments with fossil diesel, and the heavy fraction
was co-processed in hydrocracking conditions with vacuum gas oil (VGO) for renewable

fuel production.

3.1. Blending Experiments

For this proposal, four mixtures of the diesel fraction of distilled FTS waxes (D-FTS)
and fossil diesel (FD) were prepared: 7:93, 15:85, 30:70, and 50:50 wt.%. Table 2 shows the
product characterisation for each mixture and EN590 norm values.

Table 2. Basic properties of fossil diesel and its mixtures with the diesel fraction of distilled

Fischer—Tropsch waxes.

Analysis Fossil b II\:I,;X 1 Mix 2 Mix 3 Mixfl Diesel Fuel Standards EN590
Diesel -FTS:FD D-FTS:FD D-FTS:FD D-FTS:FD ;
7:93 15:85 30:70 50:50 Min. Max.
Density at 15 °C, kg/m3 834.9 831.2 827.2 819.5 809.1 820 845
Kinematic viscosity at 40 °C, mm?/s 2.6 2.6 2.7 2.7 29 2.0 4.5
Sulphur content, mg/kg 8.1 6.3 5.3 5.1 4.4 N/A 10.0
Nitrogen content, mg/kg 20.9 23.8 25.7 30.8 38.0 N/A N/A
Poliaromatics, wt.% 8.0 7.3 7.0 6.7 5.3 N/A 8.0
Elemental analysis (wt.%)
Carbon content 86.7 86.4 86.6 86.4 85.9 N/A N/A
Hydrogen content 13.2 13.6 133 13.5 14.2 N/A N/A
Distillation
Evaporates at 250 °C: 40 40 40 30 30 N/A 65
Evaporates at 350 °C: 100 100 100 97 100 85 N/A
95% evaporated at: 345.8 3455 3425 3423 339.6 N/A 360
Cetane index 50 53 55 60 67 46 N/A
Cetane number 53 54 57 64 73 51 N/A
Flash point, °C 68 68 71 73 77 55 N/A
Refractive index 1.4624 14611 1.4595 1.4537 1.4494 N/A N/A
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Table 2. Cont.

Analysis

Fossil Mix 1 Mix 2 Mix 3 Mix 4 Diesel Fuel Standards EN590
Diesel D-FTS:FD D-FTS:FD D-FTS:FD D-FTS:FD -
7:93 15:85 30:70 50:50 Min. Max.

Water content, wt.%

<0.01 <0.01 <0.01 <0.01 <0.01 N/A 0.02

Impurities, mg/kg

0.81 1.19 0.62 0.83 0.84 N/A 24

Oxidity stabilisation, h

28.6 29.3 233 23.7 29.4 20 N/A

Colour ASTM D 1500

0.9 0.9 0.9 0.8 0.7 N/A 2.0

CPFF

—12 -10 -8 -1 2 N/A *

D-FTS addition, wt.%

60

50

40

30

20

10

0

* Summer diesel (max. 0 °C), transition diesel (max. —10 °C), winter diesel (max. —20 °C).

Adding D-FTS to FD significantly increased the cetane index and relative parameters
(flash point and cetane number). Moreover, it also decreased the density, sulphur content,
nitrogen content, and polyaromatic compounds. These effects were clearly due to the
paraffin nature of FTS waxes (Figure 1). Similar behaviour has also been observed during
the co-processing of vegetable oil (HVO) into middle distillates due to the increase of
paraffin compounds [40,41].

Nevertheless, at the highest D-FTS:FD blending ratios (i.e., 30:70 and 50:50 wt.%),
density and CPFF were entirely out of diesel fuel standards (i.e., 820-845 kg / m3; >0 °C).
Thus, it is possible to claim that the maximal possible D-FTS addition to FD is a value
between 15 and 29% wt.%. Two linear models based on experimental data were determined
for CPFF and density. Figure 3 shows CFPP and density variation with the amount of
D-FTS blended in the FD.

a)

823.03 kg/m?

=-1.9388x + 1618.7 b)
Rz = 0.9999 ! 1 o 50

./ 40

30

................ '

20

D-FTS addition, wt.%

y =3.2403x +39.271 || 10
R = 0.9467
F T 0

800 805 810

T T

815 820 825 830 835 -10 -8 -6 -4 -2 0 2 4

Density at 15 °C, kg/m? CFPP,°C

Figure 3. Properties of fossil diesel and diesel fractions of Fischer-Tropsch waxes (D-FIS) and their
linear correlation: (a) D-FTS addition (wt.%) vs. density at 15 °C (kg/ m?); (b) D-FTS addition (wt.%) vs.
CEPP (°C).

To determine the optimal ratio for the D-FTS:FD mixture, the trend of density and
CFPP was evaluated with the D-FIS addition. A simple linear correlation (equations shown
in the Figure 3) indicates that the most optimal ratio for D-FTS: FD mixture was 23:77 wt.%,
which fulfils these two critical EN590 standards for diesel fuels (i.e., 820-845 kg / m3 and
<0.0 °C, respectively).

3.2. Hydrocracking Experiments

Before co-processing (i.e., hydrocracking with VGO), the heavy fraction of the distilled
FTS waxes (H-FTS) was mixed with VGO in different ratios to analyse sulphur content
and viscosity. This point is a key part of the experiment to ensure that the product can
be adequately pumped through the unit and has enough sulphur to maintain the catalyst
activity [42,43]. Table 3 shows a basic characterisation of VGO and its mixtures with H-FTS.
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Table 3. Basic characterisation of VGO and its mixtures with the heavy fraction of distilled
Fischer—Tropsch waxes.

Analysis VGO VGO:H-FTS VGO:H-FTS VGO:H-FTS VGO:H-FTS VGO:H-FTS
(10:90) (20:80) (30:70) (40:60) (50:50)
Density at 15 °C, kg/m3 905.0 908.6 908.2 907.8 907.4 907.0
Kinematic viscosity at 100 °C, mm?/s N/A 10.30 8.87 7.73 6.67 5.51
Sulphur content, mg/kg 1.92 <0.05 <0.05 0.18 0.26 0.63
Nitrogen content, mg/kg 847 N/A N/A N/A N/A N/A
Elemental analysis (wt.%)
Carbon content 84.9 86.0 85.8 86.3 86.1 86.2
Hydrogen content 12.1 14.0 14.0 13.9 14.0 13.7
H/C ratio 14 1.94 1.95 1.92 1.94 1.89
Distillation
IBP, °C 284.0 315.1 303.7 298.2 294.2 293.8
FBP, °C 510.3 719.3 719.7 708.4 689.0 643.7
BMCI/CI* N/A 39.2 40.0 40.8 42.4 427

* BMCI/CI = 473.7-SG — 456.8 + (48640/Ty); (SG, specific gravity-kg/m3; Ty, average boiling point-K).

Table 3 reveals the importance of the VGO:H-FTS ratio in co-processing. A 50:50 wt.%
ratio was found to meet the viscosity (~5.5 mm?/s) and sulphur content (>0.5 wt.%)
requirements while also maximising the H-FTS percentage in the feed. This ratio was
then co-processed at industrial hydrocracking conditions for over 36 days at two different
WHSV’s (i.e., 0.5-1.0 h~!). Figure 4 provides a comprehensive view of the density, Simdis,
sulphur content, and nitrogen content of the hydrocracking products obtained during the
VGO:H-FTS co-processing.

There is a direct correlation between WHSV and catalyst activity. During the initial 500 h
of the experiment (T = 420 °C, WHSV = 1.0 h~!, P = 10.0 MPa), the catalyst activity steadily
declined. This led to hydrocracking products with increased density, sulphur content, nitrogen
content, and a lower yield of diesel fraction compounds. To restore catalyst activity, WHSV was
reduced from 1.0 to 0.5 h~!. This operational change significantly enhanced the catalyst activity
from TOS 504 h, resulting in a hydrocracking product with lower product density (Figure 4a),
lower sulphur and nitrogen content (S: <10 mg/kg; N: <5 mg/kg—Figure 4b), and a higher
diesel fraction (BP: 180-360 °C = 67.1 wt.%—Figure 4c). A mass balance of products, along
with product distillation, was performed to evaluate the quality of the diesel fraction of the hy-
drocracked product. Figure 5 presents the product distribution for each operational condition.

The decrease in WHSV throughout the experiment led to a significant increase in
the percentage of diesel boiling point products, from 51.4 to 67.1 wt.%. This point was
accompanied by a notable decrease in the undesired heavy fraction (Figure 5). Thus, this
finding can be attributed to the longer contact time between the feedstock (VGO:H-FTS) and
the hydrocracking catalysts, which in turn seems to enhance the catalyst activity. Therefore,
it can be concluded that a lower WHSV is conducive to the production of transportation
fuels in the diesel range, aligning with the research’s objective.

The gases from the reactor outlet had a similar composition for both WHSVs. Hydro-
gen (72.5 wt%) was the main compound, followed by methane (8.1 wt%), propane (3.4 wt%),
n-butane (3.1 wt%), iso-pentane (2.3 wt%), and ethane (1.4 wt%). The changes in WHSV only
affected the total amount of gas formation, but not the selectivity of the different products.

For a detailed characterisation of the diesel fraction of the hydrocracked product, the
organic phase was physically distilled and re-analysed to compare the properties in terms
of EN590, together with aromatic composition [44] and GCxGC-MS analysis. Table 4 shows
the results of this detailed characterisation.
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Figure 4. Properties of hydrocracking products obtained during VGO:H-FTS co-processing at T = 420
°C, WHSV =0.5-1.0 h~1, P = 10.0 MPa; (a) Density at 15 °C (kg/ m?) vs. TOS (h); (b) Sulphur content
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Figure 5. (a) Product distribution (wt.%) for WHSV 0.5 and 1.0 h~1; (b) Boiling point distribution of

the organic phase (wt.%—operating conditions: T = 420 °C, P = 10.0 MPa).
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Table 4. Detailed characterisation of the diesel fraction from the product of the VGO:H-FTS co-
processing at different WHSV (operating conditions: T = 420 °C, WHSV = 0.5-1.0 h~!, P = 10.0 MPa).

Analysis DgsceijFraction Diesel Fraction Diesel Fuel Standards EN590
roduct HC Product B
WHSV 0.5h-1 WHSV 1.0h-1 Min. Max.
Density at 15 °C, kg/m? 799.3 811.5 820 820
Kinematic viscosity at 40 °C, mm?/s 2.77 3.38 2.0 2.0
Sulphur content, mg/kg 2.5 38.1 N/A N/A
Nitrogen content, mg/kg 1.02 2.69 N/A N/A
Elemental analysis, wt.%
Carbon content 85.6 86.5 N/A N/A
Hydrogen content 14.5 13.4 N/A N/A
Distillation
-Evaporates at 250 °C: 30 20 N/A 65
Evaporates at 350 °C: 100 90 85 N/A
95% evaporated at: 337.3 356.2 N/A 360
Cetane index 70 68 46 N/A
Cetane number 68 67 51 N/A
Flash point, °C 88 93 55 N/A
Refractive index 1.4431 1.4498 N/A N/A
Water content, wt.% <0.01 <0.01 N/A 0.02
Impurities, mg/kg 2.04 4.18 N/A 24
Oxidity stabilisation, h >48 >48 20 N/A
Colour ASTM D 1500 0.3 0.5 N/A 2.0
CPFF —20 -1 N/A *
n-d m method, wt.%
Aromatic Carbon 4.6 6.6 N/A N/A
Naphthenic Carbon 255 224 N/A N/A
Paraffinic Carbon 55.5 57.5 N/A N/A
Mono-aromatics 7.7 12.3 N/A N/A
Di-aromatics 1.0 1.7 N/A N/A
Poly-aromatics 0.2 0.4 N/A 8.0
Total aromatics 8.9 144 N/A N/A
GCxGC-MS analysis, %
n-alkanes 13.29 17.71 N/A N/A
i-alkanes 66.17 63.98 N/A N/A
Alkenes + cycloalkanes 16.03 12.22 N/A N/A
Aromatics 3.28 4.86 N/A N/A
Undefined compounds 1.24 1.24 N/A N/A

* Summer diesel (max. 0 °C), transition diesel (max. —10 °C), winter diesel (max. —20 °C).

As expected by the experiment monitoring, the fuel quality of the diesel fraction
produced at WHSV of 0.5 h~! was much better than at WHSV of 1.0 h™! in terms of
cetane index and relative parameters. Moreover, the resulting transportation fuel fulfils the
essential EN590 standards for diesel, including sulphur content, nitrogen content, and CFPP.
The lower aromatics and paraffin content of the diesel fraction obtained at WHSV 0.5-1 h
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indicates a higher hydrogenation ratio of the feedstock. This result was also confirmed by
the presence of naphthenes and a high content of isomers and cycloalkanes, which might be
due to aromatic compound hydrogenation. The only exception to these promising results
is the product density, which is lower than what is required by EN590. This fact was due to
the different density of linear paraffin regarding the VGO compounds. However, this point
might not be a significant issue and is easily solved by additive addition or fuel blending.

4. Conclusions

In this research, the aim was to study the production of transportation fuels from
Fischer-Tropsch waxes by blending its diesel fraction with fossil diesel (7:93; 15:85; 30:70,
and 50:50 wt.%) and by co-processing its heavy fraction with vacuum gas oil (T = 420 °C,
WHSV =0.5-1.0 h—!, P = 10.0 MPa). The resulting products were characterised and com-
pared to diesel fuels. In the case of blending experiments, a mixture of 23:77 wt.% of the
diesel fraction of the Fischer—Tropsch waxes led to a renewable transportation fuel that
fulfilled the EN590 standards for commercial petroleum diesel. Higher blending values
resulted in a significant deviation in critical parameters, such as density. In the case of hy-
drocracking experiments, the most striking results consisted of a significant drop in density,
sulphur, and nitrogen content due to a feed rate decrease from 60 g/h (WHSV = 1.0 h~1) to
30 g/h (WHSV = 0.5 h™1). The co-processing of a heavy fraction of the Fischer-Tropsch
waxes with vacuum gas oil in a ratio of 50:50 wt.% at WHSV 0.5 h~! produced a rich
paraffin-based renewable diesel that also meets the essential EN590 standards for diesel
fuels, critical in the case of sulphur content, nitrogen content, and CFPP. Thus, according
to this work, it is possible to claim the suitability of Fischer-Tropsch waxes for renewable
transportation fuel production, either by the straight mixture of its diesel fraction with
petroleum diesel fuels or hydrocracking of the heavy fraction with vacuum gas oil in a
commercial unit of hydrotreatment.
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