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Abstract: Catalytic hydrocracking represents an optimal process for both heavy petroleum fractions
and Fischer–Tropsch (FT) wax upgrading because it offers high flexibility regarding the feedstock,
reaction conditions and products’ quality. The hydrocracking of a heavy vacuum gas oil with FT wax
was carried out in a continuous-flow catalytic unit with a fixed-bed reactor and a co-current flow of
the feedstock and hydrogen at the reaction temperatures of 390, 400 and 410 ◦C and a pressure of
8 MPa. The increasing reaction temperature and content of the FT wax in the feedstock caused an
increasing yield in the gaseous products and a decreasing yield in the liquid products. The utilisation
of the higher reaction temperatures and feedstocks containing the FT wax showed a positive influence
on the conversion of the fraction boiling above 400 ◦C to lighter fractions. Although the naphtha and
middle distillate fractions obtained via atmospheric and vacuum distillations of the liquid products
of hydrocracking did not comply with the particular quality standards of automotive gasolines and
diesel fuels, the obtained products still present valuable materials which could be utilised within an
oil refinery and in the petrochemical industry.
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1. Introduction

It only took approximately 150 years for petroleum to change our lives so significantly that it has
become a global engine of the economy. Petroleum is one of the most important natural resources
nowadays. Its global consumption is estimated to be 100 million barrels per day. The daily consumption
is forecast to increase to ca. 105 million barrels in 2023, especially due to the increased demand and
economic growth [1]. Although the most significant increase in the crude oil demand can be observed
in the petrochemical industry, its largest consumption can still be found in the production of the
liquid transportation fuels (diesel fuel, gasoline and jet fuel). Due to the limited petroleum sources,
its increasing consumption and ever tightening legislative regulations and requirements related to
global climate change and other negative impacts of the fossil fuels utilisation, it is becoming ever
more crucial to find renewable energy sources. It could be considered as one part of the puzzle for a
sustainable economy and long-term development [2–4].

The options for the utilisation of the commonly used liquid biofuels, such as alcohols (especially
ethanol), biodiesel and vegetable oils, in the current engines are usually limited [5]. On the other hand,
hydrocarbon-based fuels produced via XTL (X-to-liquids) technologies have good potential to become
an important drop-in fuel. A rather wide portfolio of potential raw materials is one of the major
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advantages of these technologies. For example, natural gas (G), coal (C), biomass (B), but also other
carbon-based materials like used tyres or even carbon dioxide could be found hidden under the (X) in
the XTL abbreviation. The carbon-based raw material is firstly converted to a synthesis gas composed
of hydrogen and carbon monoxide and the Fischer–Tropsch synthesis (FTS) is the key stage of each
XTL process [6]. It involves heterogeneous catalytic reactions where the synthesis gas is transformed
to a wide range of hydrocarbons. The product is free of sulfur, nitrogen, metals and other impurities.
It can contain a low amount of oxygen-containing compounds. Atmospheric distillates from the FTS
product can be directly used for the production of transportation fuels. The atmospheric residue of FTS
consists of high molecular weight hydrocarbons and is called Fischer–Tropsch wax (FT wax). It can
be processed via common refinery technologies like fluid catalytic cracking (FCC), hydrocracking or
pyrolysis to increase the yield of the light fractions suitable for the production of transportation fuels.
Such fuels can be utilised either directly as blending components or, after upgrading, based on the
hydrogenation or hydroisomerisation, for example, to improve the cold-flow properties or octane
number, respectively. In comparison with conventional biofuels, the properties of XTL fuels are more
similar to the properties of the common petroleum-derived fuels so they can be used in the current
engines without limitation [7–10] (so called drop-in fuels).

Catalytic hydrocracking represents an optimal process for both heavy petroleum fractions and
upgrading XTL products, because it offers high flexibility regarding the feedstock, reaction conditions
and products’ distribution and quality. The key role of hydrocracking is the reduction in the products’
molecular weight, the saturation of the double bonds, the partial isomerisation and elimination of the
oxygen-containing compounds. Nevertheless, the process optimisation is usually crucial in adapting
the technology for the processed feedstock [11].

A heavy vacuum gas oil (HVGO), i.e., the product of crude oil vacuum distillation, is the most
common feedstock for catalytic hydrocracking in oil refineries. Its hydrocracking is usually carried
out at reaction temperatures of 400–450 ◦C, relatively high pressures (8–20 MPa) and in a high excess
of hydrogen to suppress the formation of coke [12]. The reaction conditions of hydrocracking neat
FTS products, which are usually produced from natural gas or coal on an industrial scale, differ due
to the specific composition and properties of the feedstock and target composition and properties of
the products. Some typical reaction conditions of the FT waxes hydrocracking are 320–370 ◦C and
3.5–7 MPa [12–14].

Another option for the FT waxes utilisation is its co-processing with petroleum fractions; however,
there are no industrial applications of this type at this moment. Even research activities focused on this
technology are very limited.

Fluid catalytic cracking (FCC) is one of the possible co-processing processes. The results of
the research conducted by Rao et al. [15] indicate the perspective of using this technology for the
production of transportation fuels and light alkenes for further processing. Lappas et al. [16] confirmed
the potential of the FCC process, for the purpose of increasing the yields of gaseous alkenes and
suppressing the catalyst deactivation due to the coke formation. Kubička and Černý [17] tested the
effect of adding an FT wax (15 and 30 wt.%) to a conventional petroleum feedstock on the product
yields and properties during the FCC process. The addition of the FT wax resulted in an increased
conversion, a decreased coke yield and an increased yield of the middle distillate fraction with a high
content of n-alkanes and i-alkanes.

Another research study was carried out by Šimáček et al. [18]. A blend of petroleum vacuum
distillates containing 10 wt.% of FT wax was hydrocracked at the temperatures of 390, 410 and 430 ◦C
and a pressure of 18 MPa. The obtained diesel fuel showed very good properties, especially a very high
cetane index. The promising results of this study [18] indicated that the co-processing of the FT waxes
and vacuum distillates could be a perspective way for the production of high-quality transportation
fuels. Xing et al. [19] tested the hydrocracking of blends consisting of a hydrotreated HVGO and an
FT wax over a commercial catalyst in an autoclave reactor at a temperature of 360 ◦C and an initial
hydrogen pressure of 4.2 MPa. The results showed that the incomplete conversion occurred in the case
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of the feedstock containing less than 50 wt.% of the FT wax, which was reflected by the presence of
solid particles of the unreacted wax in the final product. Nevertheless, the study indicated that the FT
wax is a suitable material for the hydrocracking with a petroleum feedstock.

Both the utilisation of the standard well-known technologies and partial replacement of fossil-based
feedstock by alternative sources derived from a biomass are the major advantages of the co-processing,
which could help to accelerate the production of sustainable biofuels. The objective of the study was
to evaluate the influence of the reaction temperature and FT wax/HVGO mass ratio in the feedstock
during its hydrocracking on the yields and characteristics of the products. While the previous research
studies focused on the co-processing used either different process (fluid catalytic cracking), different
reactor setup (autoclave) or rather low FT wax content in a feedstock (10 wt.%), this study is as the
first based on the hydrocracking of feedstocks with a higher FT wax content using a continuous-flow
catalytic unit with a fixed-bed reactor. Due to the poor availability of the FT wax produced by the
BTL (biomass-to-liquid) technology, GTL (gas-to-liquid) wax was used as a substitute raw material.
This approach can be implemented, because the chemical composition of all waxes produced by XTL
technologies is very similar.

2. Materials and Methods

2.1. Characteristics of the Feedstock

The paraffinic FT wax, Sarawax SX70 (Shell, Malaysia), and a HVGO from the Russian export
blend of crude oils (REBCO) were used as the feedstock components in this study. Their basic
physicochemical parameters are listed in Table 1. The FT wax was produced via the GTL technology
and was composed of 98.8 wt.% of the fraction boiling above 400 ◦C and of 1.2 wt.% of the fraction
boiling in the range of 200–400 ◦C.

Table 1. The physicochemical parameters of the Sarawax SX70 a and heavy vacuum gas oil (HVGO).

Parameter Unit
Value

Testing Methods
Sarawax SX 70 HVGO

Density at 15 ◦C kg·m−3 842 912 ASTM D1217
Kinematic viscosity at 100 ◦C mm2

·s−1 6.5 4.7 ASTM D445
Simulated distillation

T10 ◦C 438 356 ISO 3924
T50 ◦C 488 434 ISO 3924
T90 ◦C 535 517 ISO 3924

Sulfur content mg·kg−1 <1 22,400 ISO 20846
Carbonisation residue wt.% 0.005 0.011 ISO 10370
Appearance - white granules brown viscous liquid Visual

a commercial specification for Sarawax SX70 (Shell, Malaysia).

The heavy vacuum gas oil, was used as a reference feedstock for the hydrocracking. Besides
processing the neat HVGO, two HVGO and FT wax blends in mass ratios of 30:70 and 50:50 (HVGO:FT
wax) were used as a feedstock as well. The distillation curves of the HVGO, FT wax and blends
obtained by the simulated distillation are shown in Figure 1. It can be seen that while the vacuum
distillate contained a significant part of the fraction boiling below 450 ◦C (ca. 70 wt.%), the FT wax
was predominantly composed of the fraction boiling above 450 ◦C. The boiling points of the heaviest
components in both samples were similar.
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Figure 1. The distillation profiles (SIMDIST) of the HVGO, Fischer–Tropsch (FT) wax and blends.

2.2. Catalytic Hydrocracking

The hydrocracking experiments were carried out in a continuous-flow catalytic unit with a
fixed-bed reactor and a co-current flow of the feedstock and hydrogen. The reactor consisted of a
stainless-steel tube with an internal diameter of 30 mm and a total length of 800 mm. The bottom part of
the reactor (a height of 240 mm) was filled with glass beads with a particle size of 0.5 mm. The catalyst
zone (a height of 350 mm) consisted of 43.7 g of a catalyst with a particle size range of 0.25–0.42 mm
diluted by SiC (a particle size range of 0.177–0.200 mm) in the volume ratio of 1:1. The utilised catalyst
was a commercial hydrocracking catalyst based on (Ni, W and Mo)/(zeolite Y + Al2O3). A preheating
zone (a height of 210 mm) above the catalyst zone, was filled with glass beads with a particle size of
2 mm. The reactor was heated by six heating coils. A thermoprobe with nine thermocouples was
placed in the axis of the reactor to measure the temperature profile in the catalyst zone.

The catalyst was first activated (sulfided) using a hydrotreated gas oil containing 3 wt.% of
dimethyl disulfide. The catalyst was stabilised afterwards using a straight-run gas oil.

The reaction conditions of the hydrocracking of the vacuum distillate and the blends composed of
the HVGO and FT wax are summarised in Table 2.

Table 2. The reaction conditions of the hydrocracking.

Parameter Unit Value

Reaction temperature ◦C 390, 400, 410
Pressure MPa 8
H2/feed flowrate ratio m3

·m−3 1000
Feedstock flowrate g·h−1 45
WHSV a h−1 1.0

a Weight hour space velocity.

2.3. Products Analysis

All the liquid and gaseous products of the hydrocracking were collected and analysed.
The composition of the gaseous products was determined using an HP 5890 gas chromatograph
(Hewlett-Packard, Wien, Austria) with a flame ionisation detector equipped with a HP-PLOT quartz
capillary column (50 m length × 0.3 mm (ID) × 0.8 µm film thickness).

The primary liquid products were, at first, analysed via a simulated distillation (SIMDIST) using a
TRACE GC Ultra (Thermo Fisher Scientific, Waltham, MA USA) chromatograph and consequently
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fractionated into a naphtha fraction (boiling up to 200 ◦C), a middle distillate fraction (200–400 ◦C) and
the residue (above 400 ◦C) via a FISCHER distillation apparatus with a SPALTROHR HMS 500 spiral
column with 90 theoretical trays. The naphtha fractions were obtained via atmospheric distillation
using the following parameters: reflux of 1:1, the maximum temperature in the distillation flask of
320 ◦C and the maximum temperature on the head of the distillation column of 200 ◦C. The middle
distillates were obtained via vacuum distillation using the same reflux, a pressure of 70 Pa, while the
maximum temperature at the head of the column was 182 ◦C.

The obtained naphtha fractions were characterised by the density (DMA 4000-Anton Paar, Graz,
Austria), the dry vapour pressure equivalent DVPE (Minivap VPSH-Grabner Instruments Messtechnik
GmbH, Wien, Austria), a distillation test (NDI 440-Normalab Analis SAS, Valliquerville, France)
and a GC-FID PONA analysis (6890N-Agilent Technologies, Wood Dale, IL, USA) (see Table 3).
The kinematic viscosity (SVM 3000-Anton Paar, Graz, Austria), density (DMA 4000-Anton Paar, Graz,
Austria), HPLC (CTO-10A, RID-10A, RF-10A-Shimadzu Corporation, Kyoto, Japan), oxidation stability
(PetroOxy-Petrotest Instruments GmbH & Co. KG, Berlin, Germany) and cetane index were used
for the characterisation of the middle distillates (see Table 4). The simulated distillation (TRACE GC
Ultra-Thermo Fisher Scientific, Waltham, MA, USA) and ASTM D2887 method were used for the
calculation of the cetane index of the middle distillates. The obtained results were compared with the
European standards EN 228 and EN 590 specifications for gasoline and diesel fuel, respectively [20,21].

Table 3. The basic parameters used for the characterisation of the naphtha fraction and the EN 228
specification for gasoline.

Parameter Unit
Limits (EN 228)

Testing Methods
Min. Max.

Density at 15 ◦C kg·m−3 720.0 775.0 EN ISO 12185
Vapour pressure

EN 13016-1class A (summer) kPa 45.0 60.0
class D (winter) kPa 60.0 90.0
Distillation test

EN ISO 3405

E70 class A vol.% 20.0 48.0
class D vol.% 22.0 50.0
E100 vol.% 46.0 71.0
E150 vol.% 75.0 -
Final boiling point (FBP) ◦C - 210
Distillation residue vol.% - 2.0
Aromatics vol.% - 35.0 EN ISO 22854
Benzene vol.% - 1.0 EN ISO 22854
Olefins vol.% - 18.0 EN ISO 22854

Table 4. The basic parameters used for the characterisation of the middle distillate and the EN 590
specification for diesel fuel.

Parameter Unit
Limits (EN 590)

Testing Methods
Min. Max.

Kinematic viscosity at 40 ◦C mm2
·s−1 2.0 4.50 EN ISO 3104

Density at 15 ◦C kg·m−3 820.0 845.0 EN ISO 12185
Polycyclic aromatic hydrocarbons wt.% - 8.0 EN 12916
Cetane index - 46.0 - EN ISO 4264
Oxidation stability min 60 a - EN 16091

a The limit value is based on the correlation between the EN 16091 (PetroOxy) method and the standard EN 15751
(Rancimat) method.
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3. Results and Discussion

3.1. Mass Balance of Hydrocracking

The summary of the yields of the gaseous and liquid products of the hydrocracking and the
fractional composition of the obtained liquid products are shown in Table 5. The reported yields
are related to the feedstock used for the hydrocracking. In total, nine primary gaseous and liquid
hydrocracking products were obtained, whereas the reaction temperature and the feedstock composition
were variable. While the products obtained from the HVGO were labelled in the following way:
reaction temperature in ◦C/HVGO, the products obtained from the blends of the HVGO and FT wax
were labelled in the following way: reaction temperature in ◦C/ratio HVGO:FT wax. The conversion,
i.e., the transformation of the fraction boiling above 400 ◦C into products boiling below 400 ◦C,
was calculated for each of the reaction conditions and feedstock types from the results of the liquid
products fractionation (the column distillation) and is reported in Table 5 as well.

Table 5. The mass balance of the hydrocracking and the yields of the obtained products.

Product
(Temp◦C/HVGO:FT Wax)

Yields of Hydrocracking Products (wt.%) Liquid Products Fractional Composition (wt.%)
Conversion

(%)
Products

Losses <200 ◦C 200–400 ◦C >400 ◦C Losses
Gaseous Liquid

390/50:50 8.8 88.9 2.3 33.4 28.1 24.9 2.5 70.7
400/50:50 14.7 84.1 1.2 58.5 23.7 - 1.9 100
410/50:50 30.0 67.8 2.2 57.0 8.7 - 2.1 100

390/70:30 8.3 90.1 1.6 30.2 29.1 28.4 2.4 64.6
400/70:30 12.3 85.5 2.2 58.9 24.8 - 1.8 100
410/70:30 26.3 70.6 3.1 58.8 10.5 - 1.3 100

390/HVGO 3.1 94.5 2.4 4.7 29.4 59.4 1.0 16.0
400/HVGO 4.5 93.7 1.8 9.2 34.8 48.1 1.6 32.0
410/HVGO 5.8 91.9 2.3 22.2 37.6 30.8 1.3 56.4

The yields of the liquid products ranged between 67.8 and 94.5 wt.% and were affected by both
the reaction temperature of the hydrocracking and the composition of the feedstock. The increasing
reaction temperature and the FT wax content in the feedstock were reflected by the decrease in the
liquid products’ yields and the increase in the gaseous products’ yields. This phenomenon was
especially more obvious for the feedstocks containing FT wax. It can be attributed to the higher content
of easily crackable n-alkanes. The influence of the FT wax addition to the feedstock on the liquid
product yield was opposite to the trend observed by Xing et al. [19], where the addition of the FT wax
up to 50 wt.% was reflected by the increase in the liquid product yield.

The utilisation of the higher reaction temperatures enhanced the cracking rate which resulted in a
higher conversion and, thus, in a lower yield in the fraction boiling above 400 ◦C and a higher yield in
the lighter fractions, especially the fraction boiling up to 200 ◦C (naphtha fraction). The addition of
the FT wax to the feedstock increased the naphtha fraction’s yield as well. Moreover, the addition
of the FT wax resulted in a significant increase in the gas yield, this effect was magnified at higher
reaction temperatures. The products obtained using the feedstocks containing the FT wax and the
reaction temperatures of 400 and 410 ◦C contained only fractions boiling up to 400 ◦C, which means
that the full conversion was reached at these conditions. It can be again associated with the higher
n-alkanes content in these feedstocks and their high reactivity during the hydrocracking. While the
yield of the middle distillates fraction from the processing of the feedstocks containing the FT wax
decreased with the increasing reaction temperature, the opposite effect was observed when only the
HVGO was utilised, which is in compliance with the results achieved by Xing et al. [19].

The conversion of the feedstocks containing the FT wax hydrocracked at 390 ◦C was 67 % on
average. Although Xing et al. [19] reached higher conversions (80 % on average) while using similar
FT wax concentrations in the feedstocks and a lower reaction temperature, it can be mainly attributed
to the different reactor setup resulting in the different contact time of the feedstock and the catalyst.
The difference between the HVGO utilised in this study and the HVGO used by Xing et al. [19]
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could also affect the conversion. On the other hand, the products of the hydrocracking of the FT wax
containing the feedstocks obtained at 400 and 410 ◦C did not contain particles of the unreacted FT
wax which were observed in the products obtained by Xing et al. [19] when the feedstocks containing
50 wt.% or less of FT wax were hydrocracked. This can be attributed to the application of the higher
reaction temperatures in this work.

3.2. Composition of the Gaseous Products

The gaseous products of the hydrocracking were predominantly composed of n-alkanes and
isoalkanes. The content of the other hydrocarbon groups was negligible. The increasing reaction
temperature of the hydrocracking was reflected by an increase in the yields of both major hydrocarbon
groups. The yields also increased with an increasing FT wax content in the feedstock (see Figure 2).
This phenomenon was especially observed when the yields from the neat HVGO and feedstock
containing 30 wt.% of the FT wax were compared. The increase in the FT wax content from 30 to
50 wt.% was followed only by the less pronounced increase in the gaseous products yields.
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Figure 2. Yields and composition of the gaseous products of the hydrocracking.

While the ratio of n-alkanes and isoalkanes in the gaseous products obtained from the feedstocks
containing the FT wax was close to one, the gaseous products from the neat HVGO hydrocracking
were mostly composed of n-alkanes. Propane, n-butane and n-pentane were the dominant n-alkanes
detected in the gaseous products of the hydrocracking of the FT wax containing feedstocks. The gaseous
products obtained from the hydrocracking of the neat HVGO also contained a significant amount
of methane and ethane. The branched hydrocarbons were predominantly represented by the C4–C6

isoalkanes in all the gaseous products.
The gaseous products contained a significant portion of C5+ hydrocarbons (22–41 wt.%) which

can be attributed to the setup of the samples collection system during the hydrocracking. This loss
of highly volatile components via the gaseous products strongly affected the composition and the
properties of the naphtha fractions which will be discussed in the following paragraphs.

Gaseous products can be used in the same way as similar petroleum-derived products. They can
be used for LPG (liquefied petroleum gas) production or as a feedstock for steam cracking. Although
the FT wax used in this work was not produced from a biomass, similar results can be expected with
a bio-based feedstock. Such gaseous products can, thus, contribute not only to the production of a
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renewable LPG fuel with low GHG (greenhouse gas) emissions, but also to the production of renewable
(“green”) monomers for the petrochemical industry.

3.3. SIMDIST of Primary Liquid Products

The primary liquid products of the hydrocracking were characterised by the SIMDIST at first.
The distillation profiles are shown in Figure 3. The products were composed of hydrocarbons with
a wide range of boiling points. The application of the higher reaction temperatures, i.e., 400 and
410 ◦C, and the addition of the FT wax to the feedstock were reflected by a shift in the distillation
curves to lower boiling points. While the products obtained by Xing et al. [19] from the feedstocks
with a low FT wax content, especially the one with 25 wt.%, still contained a significant fraction with
boiling points higher than the product of the HVGO hydrocracking, all the products of the FT wax
containing feedstocks obtained in this study were lighter than the products obtained at the same
reaction temperature from the HVGO. It can be associated with the partial conversion of the FT wax
discussed above (see Section 3.1). The lightest products were obtained from both the feedstocks
containing the FT wax at the reaction temperature of 410 ◦C. These products were predominantly
composed of the gasoline fraction. On the other hand, the products obtained from the HVGO were
predominantly composed of middle distillates and a heavier fraction. The distillation profiles of the
products obtained from the FT wax containing feedstocks at the reaction temperature of 390 ◦C were
similar to the distillation profile of the product obtained from the HVGO at a temperature of 410 ◦C.
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3.4. Composition and Properties of the Naphtha Fractions

The group-type composition of the naphtha fractions is shown in Table 6. While the naphtha
fractions obtained from the hydrocracking of the neat HVGO were dominantly composed of
cycloalkanes and aromatics (especially C7–C9), isoalkanes (majorly C6–C10) were the dominant
group in the naphtha fractions obtained from the processing of the FT wax containing feedstocks.

It is evident that the increasing reaction temperature led to an increase in the n-alkanes and
isoalkanes content. The content of the aromatic hydrocarbons and cycloalkanes decreased with an
increasing reaction temperature and an increasing FT wax content in the feedstock. This phenomenon
was especially observed from the comparison of the naphtha fractions obtained from the neat HVGO
and from the feedstock containing 30 wt.% of the FT wax. The increase in the FT wax content in
the feedstock from 30 to 50 wt.% only caused a minor reduction in the aromatics content in the
naphtha fractions.
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Table 6. The composition of the naphtha fractions.

Sample
Content (wt.%)

n-Alkanes Isoalkanes Aromatics Cycloalkanes

390/50:50 10.5 38.7 15.1 28.7
400/50:50 14.4 50.2 10.3 19.2
410/50:50 16.3 53.3 9.2 17.7

390/70:30 8.4 37.7 17.7 29.7
400/70:30 12.2 46.4 12.6 22.2
410/70:30 14.0 47.9 10.9 21.0

390/HVGO 12.5 18.2 30.4 32.7
400/HVGO 12.0 19.0 28.7 33.4
410/HVGO 12.2 25.7 23.8 31.4

The total aromatics content in all the obtained naphtha fractions ranged from ca. 9 to 30 wt.%.
Considering the density of the obtained naphtha fractions (Table 8) and the average density of the
aromatics present in these samples (i.e., 870 kg·m−3), all the samples can be considered as complying
with the requirement of EN 228 limiting the aromatics content (35 vol.%). Since the highest determined
content of benzene was 0.9 wt.%, the same conclusion can also be made for the benzene content,
i.e., all the naphtha fractions fulfilled the limit for benzene (max. 1 vol.%) required by the standard
EN 228.

The olefins content in all the naphtha fractions was below 0.1 wt.%, so all the samples fulfilled the
limit for olefin content (max. 18 vol.%) by a large margin.

While the content of the n-alkanes in the naphtha fractions obtained from the neat HVGO was
not affected by the reaction temperature, an increase in their content with an increasing reaction
temperature was observed in the naphtha fractions obtained from the feedstocks containing the FT wax.

The content of the i-alkanes was affected by both the reaction temperature and the FT wax content
in the feedstock. The increasing reaction temperature and increasing FT wax content in the feedstock
were reflected by an increasing i-alkanes content in the naphtha fractions. A significant increase was
especially observed in the content of the isopentanes and isohexanes.

The distillation curves of the naphtha fractions are shown in Figure 4. Since the yields of the
naphtha fractions of several products were not sufficient to provide the required volume of the sample
(i.e., 100 mL) for the standard distillation test according to EN ISO 3405, the standard distillation test
was applied only to four samples (Figure 4A). The distillation profiles of the remaining five samples
were determined by the simulated distillation only (Figure 4B).Energies 2020, 13, x FOR PEER REVIEW 10 of 16 
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The distillation profiles obtained via the simulated distillation did not show significant differences
among the analysed naphtha fractions. On the other hand, the standard distillation test showed a shift
in the distillation curves of the naphtha fractions obtained from the feedstocks containing the FT wax
at the reaction temperature of 410 ◦C to lower boiling points. Nevertheless, the naphtha fractions were
mostly composed of components having a boiling point above 80 ◦C.

The summary of the selected parameters of the distillation test and the limits required by the EN
228 standard (class A) for naphtha fractions obtained from the feedstocks containing the FT wax at
reaction temperatures of 400 and 410 ◦C is shown in Table 7. None of the samples met the requirement
put on E70. The content of high-volatile compounds was generally quite low in all the naphtha
fractions. It can be attributed to the collection system of the liquid products during the hydrocracking
in the high and low-pressure separators. The most volatile components of the naphtha fractions left
the hydrocracking unit as a part of the gaseous product. It can be supported by the rather large yields
of C5–C6 hydrocarbons detected in the gaseous products. While only one sample (410/50:50) met the
requirement put on E100, three samples complied with the E150 limit. Only the sample 400/50:50
was slightly below the limit. All the samples met the requirements put on the final boiling point and
distillation residue. Generally, the best distillation profile was obtained for the naphtha fraction of the
product hydrocracking at 410 ◦C using the feedstock containing 50 wt.% of the FT wax.

Table 7. The selected results of the distillation test of the naphtha fractions and the limits of EN 228
(class A).

Sample E70
(vol.%.)

E100
(vol.%.)

E150
(vol.%.)

Final Boiling
Point (◦C)

Residue
(vol.%.)

EN 228 20–48 46–71 min. 75 max. 210 max. 2

400/50:50 10.7 32.2 73.5 195.3 1.0
410/50:50 18.5 47.5 85.5 197.1 0.9
400/70:30 12.4 33.2 75.5 195.2 1.0
410/70:30 15.4 40.5 81.7 191.8 1.0

The results of the determination of the other physicochemical properties, i.e., the density and
vapour pressure, are shown in Table 8. The increasing reaction temperature and FT wax content in the
feedstock were reflected by the decreasing density in the naphtha fractions. It can be mainly attributed
to the decreasing content of the cycloalkanes and aromatic hydrocarbons which generally have a higher
density when compared to acyclic hydrocarbons. While the naphtha fractions of the products obtained
via the hydrocracking of the feedstocks containing the FT wax at 390 and 400 ◦C met the requirements
put on the density, the utilisation of the highest temperature caused a decrease in the density below the
limit. The naphtha fractions obtained from the processing of the neat HVGO were on the other edge of
the required density range. The fractions of the products 390/HVGO and 400/HVGO were actually
above the density limit.

The vapour pressure of the naphtha fraction is dependent on the content of the low-boiling
compounds which were lost during the liquid product collection. In spite of the fact that the increasing
reaction temperature led to an increase in the vapour pressure of the naphtha fractions obtained from
the feedstock containing the FT wax. The vapour pressure of the samples obtained at the lowest
reaction temperature, i.e., 390 ◦C, was significantly below the limit. The increase in the reaction
temperature to 400 ◦C caused a large increase in the naphtha fractions’ vapour pressure. Nevertheless,
the vapour pressure of the samples obtained at this reaction temperature was still below the limit.
Only the naphtha fractions of the products from the FT wax containing feedstocks obtained at the
highest reaction temperature met the requirement of EN 228.

The naphtha fraction yields of the neat HVGO processing at temperatures of 390 and 400 ◦C were
not sufficient enough to measure the vapour pressure. Nevertheless, it can be expected that the result
of these samples will be very low.
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Table 8. The density and vapour pressure of the naphtha fractions.

Sample Density at 15 ◦C (kg·m−3) Vapor Pressure (kPa)

EN 228 720–775 45–60 a

390/50:50 755 8.1
400/50:50 722 39.3
410/50:50 709 49.8
390/70:30 759 9.2
400/70:30 729 41.8
410/70:30 719 47.0

390/HVGO 787 - b

400/HVGO 784 - b

410/HVGO 769 24.6
a for gasoline class A (summer type), b not measured due to lack of sample.

It can be concluded that both the reaction temperature and the content of the FT wax in the
feedstock significantly affected both the chemical composition and physicochemical properties of the
naphtha fraction. None of the analysed samples fully met the requirements of the EN 228 standard for
automotive gasoline which can be at least partly associated with the loss of the volatile components.
This issue could be resolved by using a different setup for the samples’ collection.

Although the naphtha fractions obtained from the feedstocks containing the FT wax contained a
rather high portion of isoalkanes, a low knocking resistance (octane number) can be expected. Partly
due to the fact that the isoalkanes were majorly represented by mono methyl alkanes and partly due to
the high content of n-alkanes and cycloalkanes and the rather low content of aromatic compounds.
The direct utilisation of the naphtha fractions as automotive gasoline components would be, therefore,
quite limited. Nevertheless, the naphtha fractions could be easily utilised in the petrochemical
industry (e.g., steam cracking) or as feedstock for common refinery processes like catalytic reforming
and isomerisation.

3.5. Composition and Properties of the Middle Distillates

The results of the group composition of the middle distillates measured by the GC-FID and HPLC
analysis are shown in Table 9.

Table 9. The group composition of the middle distillates.

Sample

Content (wt.%)

Mono
Aromatics

Di
Aromatics

Poly
Aromatics n-Alkanes Cycloalkanes +

Isoalkanes

390/50:50 9.8 1.1 0.3 8.3 80.5
400/50:50 6.6 0.8 0.8 8.7 83.1
410/50:50 8.2 1.2 1.2 11.9 77.6

390/70:30 17.3 2.6 0.3 6.8 72.9
400/70:30 12.5 1.6 1.2 7.6 77.1
410/70:30 12.1 1.4 1.4 9.1 76.0

390/HVGO 37.0 6.5 0.8 7.7 48.0
400/HVGO 33.5 6.6 0.9 6.8 52.3
410/HVGO 26.6 5.5 0.6 6.6 60.8

The middle distillates were predominantly composed of saturated hydrocarbons. Their content
increased with the increasing content of the FT wax in the feedstock. Cycloalkanes and isoalkanes
were the dominant groups of hydrocarbons found in all the middle distillates. While the content of
the n-alkanes in the middle distillates obtained from the feedstocks containing the FT wax slightly
increased with the increasing reaction temperature, the opposite trend was observed for the middle
distillates obtained from the neat HVGO.
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The content of aromatic hydrocarbons decreased with the increasing FT wax content in the
feedstock. The increasing reaction temperature was reflected by a decrease in the total content of
the aromatic hydrocarbons in the middle distillates obtained from the neat HVGO and the feedstock
containing 30 wt.% of the FT wax. The minimum content of the aromatic hydrocarbons in the middle
distillates obtained from the feedstock containing 50 wt.% was reached at 400 ◦C. Monocyclic aromatic
hydrocarbons were the major group of the aromatic hydrocarbons. The sum of the dicyclic and
polycyclic aromatic hydrocarbons in all of the middle distillates did not exceed the limit of EN 590 for
diesel fuel, i.e., 8 wt.%. The content of these groups in the middle distillates obtained from the neat
HVGO was, however, very close to the limit.

The SIMDIST distillation profiles of all the middle distillates are displayed in Figure 5. Both
the increasing reaction temperature and the increasing content in the FT wax in the feedstock were
reflected by a shift in the distillation curves to lower boiling points.
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The parameters of the distillation test, like R250; R350 and T95, were calculated using the SIMDIST
data and the correlation described in the ASTM D2887 standard. The results are displayed in Table 10.
As already mentioned above, the increasing reaction temperature led to a decrease in the middle
distillates‘ boiling points which was reflected by an increase in both R250 and R350. The same
phenomenon also led to a decrease in the temperature at which 95 vol.% (T95) of the sample was
recovered. All the middle distillates fractions obtained from the neat HVGO fulfilled the requirements
put on the R250 parameter. The addition of the FT wax to the processed feedstock was reflected by
the increase in R250. While the middle distillates obtained from the hydrocracking of the FT wax
containing the feedstocks at 390 and 400 ◦C complied with the specification, the R250 parameter of the
middle distillates obtained at 410 ◦C was above the limit. All the analysed middle distillates, except
the sample obtained from the neat HVGO at 390 ◦C, fulfilled the requirement of the EN590 standard
put on the R350 parameter. While all the middle distillates obtained from the feedstocks containing the
FT wax met the specification in the case of the T95 parameter, only the sample obtained from the neat
HVGO at 410 ◦C was slightly above the maximum value.

The other physicochemical parameters of the middle distillates are summarised in Table 11.
The increasing reaction temperature of the hydrocracking was reflected by the decreasing density and
kinematic viscosity of the middle distillate fractions. The same phenomenon was also observed for
the increasing FT wax content in the feedstocks. The density of the middle distillates obtained from
the FT wax containing the feedstocks was below the lower specification limit. On the other hand,
the density of the middle distillates obtained from the neat HVGO processing was above the upper
limit. The influence of the FT wax content was more significant than the influence of the reaction
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temperature. The density decrease can be predominantly attributed to the aromatics content decrease
discussed above. While the addition of 30 wt.% of the FT wax to the feedstock was reflected by a
significant decrease in the middle distillates’ viscosity, the higher content of the FT wax in the feedstock
only caused a mild change. The required range of the kinematic viscosity was fulfilled only by the
middle distillates obtained from the hydrocracking of the feedstocks containing the FT wax at 390 and
400 ◦C and of the neat HVGO at 410 ◦C. The kinematic viscosity of the fractions obtained at 410 ◦C
from the feedstock containing the FT wax was slightly below the limit. On the other hand, the viscosity
of the fractions obtained from the neat HVGO at 390 and 400 ◦C was above the limit.

Table 10. The results of the selected distillation parameters of the middle distillates.

Sample R250 (vol.%.) R350 (vol.%.) T95 (◦C)

EN 590 Max. 65 Min. 85 Max. 360

390/50:50 26.7 94.8 350
400/50:50 50.3 >95 332
410/50:50 68.6 >95 307
390/70:30 36.6 >95 337
400/70:30 54.4 >95 333
410/70:30 73.7 >95 297

390/HVGO 3.6 79.9 372
400/HVGO 10.9 89.6 361
410/HVGO 33.0 >95 335

Table 11. The other physicochemical parameters of the middle distillates.

Sample Density at 15 ◦C Kin. Viscosity at 40 ◦C Oxidation Stability Cetane Index

(kg·m−3) (mm2
·s−1) (Hours) -

EN 590 820–845 2–4,5 min. 1 a min 46

390/50:50 803 3.00 25.9 72.2
400/50:50 789 2.40 33.5 71.5
410/50:50 786 1.95 28.1 90.7
390/70:30 818 2.84 24.5 60.7
400/70:30 802 2.47 23.1 63.3
410/70:30 793 1.83 25.5 62.9
390/HVGO 876 6.72 18.1 48.6
400/HVGO 872 5.54 13.9 46.5
410/HVGO 857 3.21 16.5 45.7
a The limit value based on the correlation between the method EN 16091 (PetroOxy) and standard method EN
15751 (Rancimat).

Although the oxidation stability of the middle distillates was not measured via the standard
method (EN 15751), but only via the rapid method based on EN 16091, the middle distillates obtained
from the FT wax containing the feedstocks can be considered as very stable. The results, obtained on
the basis of correlation between the EN 16091 method (PetroOxy) and the standard EN 15751 method
(Rancimat), were significantly higher than the limit value of EN 590.

The cetane index of the middle distillates was calculated using density and the data obtained via
the simulated distillation correlated to the standard distillation test. All the samples, except the middle
distillate obtained from the hydrocracking of the neat HVGO at 410 ◦C, complied with the requirement
of the EN 590 standard put on the cetane index. Nevertheless, the cetane index of the non-complying
sample mentioned above was only slightly below the lower specification limit. The increasing FT wax
content in the feedstock was reflected by an increase in the cetane index. The cetane indexes of the
middle distillates obtained from the FT wax containing the feedstocks were, thus, significantly above
the minimum value required by EN 590.

Although the middle distillate fractions obtained from the hydrocracking of the neat HVGO
and the HVGO containing the FT wax could not be utilised as diesel fuel in a pure form, they can
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be used at least as a blending component. Due to the low aromatics content and high of iso- and
cycloalkanes content, the middle distillates from the FT wax containing the feedstocks could also be
used as low-aromatic industrial solvents. The distillation cut of 180–275 ◦C could be, additionally, used
for the production of high-quality jet fuel.

4. Conclusions

The hydrocracking of the vacuum distillate containing the Fischer–Tropsch (FT) wax was carried
out in a fixed-bed reactor at reaction temperatures of 390, 400 and 410 ◦C and a pressure of 8 MPa.
The neat vacuum distillate and mixtures of 30 and 50 wt.% of the FT wax with the vacuum distillate
were used as the feedstocks. The obtained primary liquid products were separated by distillation into
a naphtha fraction and middle distillates which were characterised using various analytical methods.

Both the content of the FT wax in the hydrocracked feedstock and higher reaction temperature
had a positive effect on the total conversion of the fraction boiling above 400 ◦C to lighter fractions.
The full conversion of the feedstocks containing the FT wax was achieved at the reaction temperatures
of 400 and 410 ◦C. The products obtained at these conditions were mainly composed of a naphtha
fraction (57.0–58.9 wt.%), while the rest was formed by gaseous products (12.3–30.0 wt.%) and middle
distillates (8.7–24.8 wt.%).

The yield of the gaseous products increased with both the increasing reaction temperature and the
FT content wax in the feedstock. While the ratio of n-alkanes and isoalkanes in the gaseous products
obtained from the feedstocks containing the FT wax was close to 1, the gaseous products of the neat
HVGO hydrocracking were mostly composed of n-alkanes.

The higher FT wax content in the feedstock and reaction temperature affected the chemical
composition and physicochemical properties of the naphtha fraction. While the content of i-alkanes
and n-alkanes increased with an increasing FT wax content in the feedstock, the content of cycloalkanes
and aromatics decreased. Although the direct utilisation of the naphtha fractions as an automotive
gasoline would be rather limited, it is still possible to use them either as a gasoline blending component
or as a feedstock for common refinery processes like isomerisation and reforming to improve their
composition and properties. The naphtha fractions from the FT wax containing feedstocks could be
utilised in the petrochemical industry as well.

Neither of the obtained middle distillates complied with the particular quality standard, i.e., EN
590. While the direct utilisation as an automotive diesel fuel would also be limited, the middle distillate
fractions can be used as a blending component in the diesel fuel production. Due to the low content of
aromatics and the high content of iso- and cycloalkanes, the middle distillates obtained from the FT
wax containing the feedstocks could also be used, for example, as low-aromatic industrial solvents.
Moreover, the distillation cut of 180–275 ◦C could be used for the production of high-quality jet fuel.
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Abbreviations

The following abbreviations are used in this manuscript:

DVPE Dry vapour pressure equivalent
E70, E100, E150 Evaporated at 70, 100 and 150 ◦C
EN European Standard
FCC Fluid catalytic cracking
FID Flame ionisation detector
FT Fischer–Tropsch
FTS Fischer–Tropsch synthesis
GC Gas chromatography
GHG Greenhouse gas
GTL Gas-to-liquid
HPLC High Performance Liquid Chromatography
HVGO Heavy vacuum gas oil
ISO International Organization for Standardization
LPG Liquified petroleum gases
R250, R350 Recovery at 250 and 350 ◦C
SIMDIST Simulated distillation
T10, T50, T90, T95 10, 50, 90 and 95 vol.% recovered at
WHSV Weight hour space velocity
XTL X-to-liquid
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