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Considering the current need of low emission fuels for the automotive market and the need of renewable
fuels that will emerge in the very next future, Fischer-Tropsch (FT) based technologies should be
considered a valid option to accomplish both low emission and renewable fuel production targets. A
hydrocracking step is necessary for obtaining high quality fuels from FT wax. Isomerisation is an
important reaction that takes place during the hydroconversion process. The amount and the type of the
isomers in the produced fuels heavily influence both cold flow properties and cetane number. In this
paper the results of a detailed method of analysis which allows the distinction between mono-branched
and multi-branched isomers in fuels obtained from an FT wax hydrocracking process, are presented and

Wax discussed. In particular the influence of the operating conditions and the wax conversion on the isomer

distribution is pointed out.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The increasing attention to environmental issues and the
current legislation represent a huge driving force in developing
processes to obtain “cleaner” fuels and fuels from renewable
sources. Both the European Union and the United States are calling
for a restriction of the emission standards for heavy-duty diesel
engines and an increased production of renewable fuels [1].

In the light of these considerations Fischer-Tropsch (FT) based
technologies assume a particular relevance since, as demonstrated
by recent studies [2,3], FT-derived diesel has excellent combustion
properties and leads to a reduction of emissions. Moreover
feedstocks for an FT-based process can vary from fossil sources
(natural gas or coal) to renewable biomass. There are already
commercial applications of CTL (coal to liquids) and GTL (gas to
liquids) processes by Sasol, PetroSA, and Shell [4] while commercial
biofuels production via gasification of biomass has not taken place
yet [5].In any case, since the production of FT synfuels from biomass
can play an important role in the future as a source of carbon neutral
fuels for CO, emission containment [4], different studies have been
conducted in recent years in order to investigate the feasibility of an
integrated biomass gasification and Fischer-Tropsch system [6-8].
Synthesis of second-generation biofuels (which have a much higher
environmental efficiency compared to the first-generation fuels like
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biodiesel [7]) via FT-based technology is starting to emerge as a valid
option to obtain renewable fuels [9-13].

In most cases, FT products (characterised by a wide range of
molecular weights, whose distribution can be described by the
Anderson-Schulz-Flory model [14]) need to be upgraded in order
to become suitable as transportation fuel. In particular, the
heaviest products (characterised by a boiling point higher than
370 °C) must be cracked into the middle distillate (MD) range (i.e.,
150-370 °C cut) and n-paraffins must be isomerised to improve
fuel cold flow properties. The best way to reach the desired fuel
yield and quality is to subject the FT effluent to a hydrocracking
step over a proper bifunctional catalyst [15-24].

Isomers have a great influence on both cold flow properties and
cetane number [2,25,26] and thus controlling the amount of
isomers and the degree of branching plays a key role in conducting
the hydrocracking process.

In this paper attention is focused on the distribution of isomers
in the naphtha and MD cuts obtained from the three-phase
hydrocracking of FT wax [27], in the light of experimental data
obtained by a detailed method of analysis able to distinguish
between mono-branched and multi-branched paraffins. The
influence of the operating conditions (temperature, pressure,
H,/wax inlet mass ratio and weight hourly space velocity—WHSV)
and thus of the wax conversion on the extent of the isomerisation
reaction will be investigated.

2. Experimental

The experimental data were collected on the hydrocracking
unit placed in Eni’s laboratories. The unit is equipped with a down-
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flow trickle bed reactor (ID = 16 mm), loaded with 9 g of powdered
fresh catalyst. The catalyst is a typical bifunctional system, made of
Pt particles dispersed on an amorphous silico-alumina matrix. The
extruded particles are crushed and sieved in the range of 20-40
mesh (average particle size (Dp)=0.625 mm, catalytic bed height
(Hp) =86 mm) in order to approximate the plug flow behaviour.
The empirical correlations presented in literature [28] for ideal
behaviour of tubular reactors are:

ID
D, % (1)

to minimize by-pass, and

Hp
D, >100 (2)
to minimize back-mixing.

Both relations are satisfied for the system used.

The catalyst was activated in situ by reduction with pure Hy
at high pressure and temperature, according to standard
procedure.

The effect of the operating conditions on activity and selectivity
was determined by planning the experiments according to a
Central Composite Design [27]. The range of the operating
conditions was: temperature =616.15-648.15 K; pressure = 35—
60 bar; H,/wax = 0.06-0.15 kg/kg; WHSV = 1-3 h™!. The feedstock
used in this study was a paraffinic FT wax (olefins and alcohols had
previously been removed) whose mass chain length distribution is
reported in Fig. 1 (the molar chain length distribution has already
been reported [29]).

A preliminary data set has already been used for the
development of different versions of a hydrocracking model
[29-34].

2.1. Product analysis

The gaseous fraction of products was analysed by a GC HP 5890
I equipped with an FID (Flame Ionization Detector) and an
automatic sampling loop. The column used was an HP PONA
crosslinked methyl siloxane, 50 m (L) x 0.2 mm (ID) x 0.5 pm
(film thickness). Temperature programming of the oven was
7.5 min at 35°C then up to 70°C with a linear ramp rate of
3°Cmin~!, subsequently up to 220°C at 7.5°Cmin~! and
maintaining the final temperature for 45 min.

A first liquid product analysis (able to obtain the liquid phase
composition as the weight percentage of the normal and the iso-
paraffin lump of each single aliphatic chain present) was carried

Fig. 1. Composition of the wax (n-paraffin) mixture used for the experimental tests.

out with a GC HP-5890 II equipped with an on column injection
system, an Electronic Pressure Control, and an FID. The column
used was an SPB-1 (Supelco) 15 m (L) x 0.53 mm (ID) x 0.1 wm
(film thickness). Temperature programming of the oven was:
1min at 0°C then up to 315°C with a linear ramp rate of
5°Cmin~' and a holding time of 37 min at the final temperature.
Temperature programming of the injector was 1 min at 50 °C then
up to 330 °C with a linear ramp rate of 5°C min~! and a holding
time of 37 min at the final temperature.

For both analyses the carrier used was helium.

The overall composition of hydrocracking products was
obtained by merging together the results of liquid and gas product
analyses according to their weight fraction.

The liquid fraction was also analysed by a second method
(reported below), characterised by a higher resolution of the
lighter components, which allowed to distinguish among the
different classes of isomers such as mono-, di-, and tri-branched
paraffins for chain lengths lower than 25 carbon atoms.

In this case the liquid products were analysed by a GC HP 6890
Plus T equipped with Electronic Pressure Control and FID, supplied
with a switching system (G2855B Deans Switching System) which
allowed the fraction C3o_ of the liquid sample to be sent to the
column used for the separation while the heavier fraction was
vented out. The column was an HP-5 high speed 5% phenyl methyl
siloxane, 50 m (L) x 0.2 mm (ID) x 0.5 um (film thickness). The
carrier gas was hydrogen.

Temperature programming of the oven was: 3 min at 35 °C then
up to 180 °C with a linear ramp rate of 2 °C min~!, maintaining
180 °C for 75 min then up to 220 °C at a speed of 1.5 °C min~!,
keeping 220 °C for 102 min then up to 250°C at a speed of
1.2 °C min~!. Finally maintaining 250 °C for 71 min.

Identification of GC peaks was accomplished by GC-MS analysis
and, when possible, by the addition of pure compounds to the
mixture of products. In this case the overall carbon distribution
was obtained merging together the results of the three analyses
(gas, liquid high resolution method - Cy3_ - and liquid low
resolution method) according to their weight fractions.

Fig. 2 reports two different GC analysis results (one obtained
from the low resolution method (Fig. 2a) and the other obtained
from the high resolution method (Fig. 2b)) for the same sample in
the C5-Cy7 product range. The enhancement in the resolution is
clear but the second method of analysis is more time consuming.
Observing Fig. 2b it is possible to note how some multi-branched
isomers with 17 and 18 carbon atoms have a retention time (i.e., a
boiling point) lower than nC;s and nC;; respectively. Such a
behaviour has already been observed (albeit on an average base) in
a study for the thermodynamic characterisation of paraffin lumps
in order to obtain critical parameters [35]. Thus, the high
resolution method allows the correct identification of GC peaks
of multi-branched isomers (it should be pointed out that, for high
degrees of conversion as well, tri-branched isomers, i.e., the
isomers with the lowest boiling point, occur solely in traces
[25,36]).

3. Results and discussion

Below, the effect of the operating conditions on the extent of
the isomerisation reaction for the Cy3_ fraction will be
discussed. It needs to be highlighted that the global system
behaviour is determined by both isomerisation and cracking
reactions since experimental data refer to high conversion
conditions as well. The conversion refers to the wax (C,5+) and it
is defined as:

@c,,, out

Wcy,, in —
== 2 %100 3
bc. - (3)
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Fig. 2. GC analysis results for a given sample: (a) low resolution method and (b) high resolution method.
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Fig. 3. Iso/total ratio for runs at three different levels of conversion (19%, 52% and
96%).

3.1. Total isomer percentage

The isomerisation degree of the hydrocracking product mixture
is defined as the ratio:

. ;i
iso/total,, = 0. (4)

Wiso nc + wnormal,nc

The isomer fraction is a function of chain length (nc): data
calculated for experimental runs at different levels of conversion
are reported in Fig. 3. Regardless of the level of conversion, the
mass ratio of branched alkanes (Eq. (4)) follows the same trend in
relation to the number of carbon atoms. In particular, the iso/total
ratio exhibits a minimum around C;o-C;;. This can be explained
observing the feed composition and taking into account the
individual reactivity of each paraffin. In the feed stream the nCg-
nCy4 fraction has a relatively high concentration and the maximum
value in the chain length distribution in the feed corresponds to a
minimum value in the iso/total ratio. In order to understand this
behaviour, it is worth pointing out that: (1) in the experimental
runs we are considering reaction occurs in both vapour (especially
for runs at higher conversion) and liquid phase [33]; (2) heavier
hydrocarbons show a higher intrinsic reactivity than lighter
hydrocarbons and the difference in global reactivity from the
vapour phase is enhanced by the differences in physisorption [37];
(3) in the liquid phase the heaviest hydrocarbons have a molar

Fig. 4. Temperature effect on the iso/total ratio: the values of temperature (K) are
indicated while the other operating conditions are: P=47.5bar, H,/
waxes = 0.105 kg/kg, WHSV =2 h™.

Fig. 5. WHSV effect on the iso/total ratio: the values of WHSV (h~') are indicated
while the other operating conditions are: T=632.15K, P=47.5bar, H,/
waxes = 0.105 kg/kg.

fraction higher than the lightest ones and this last behaviour can
explain the already observed effect of H,/wax ratio on the global
conversion [29]. Thus the lower reactivity and the higher feed
concentration of the nCg-nCy4 fraction, if compared with the nCs-
nC,, fraction, lead to a decreased iso/total ratio of the Cg—Cq4
fraction. Increasing the conversion the iso/total ratio increases as
expected for both a more pronounced isomerisation reaction and
an increased quantity of cracking products from the C,,. fraction.
The widely accepted mechanism for a hydrocracking process is
made up of successive isomerisations (i.e., from normal to mono-
branched paraffins, from mono-branched to di-branched paraffins
and so on) followed by the cracking of branching products [38,39].
Martens et al. [40] proposed four different types of cracking
modes: those starting from a tri-branched or a di-branched alkane
(A, B1 or B2) are faster than the mechanism starting from a mono-
branched alkane (C) and give as product at least one mono-
branched paraffin. Thus also the cracking of the heaviest
hydrocarbons contributes to increase the iso/total ratio of the
Cy3_ fraction.

In order to point out the influence of the operating conditions
on the isomerisation reaction the mass ratio of branched alkanes
(Eq. (4)) is reported in Figs. 4-7 for test runs characterised by the
same operating conditions but the analysed variable.

The effect of temperature, WHSV and pressure on the iso/total
ratio is the same effect already observed on the wax conversion

Fig. 6. Pressure effect on the iso/total ratio: the values of pressure (bar) are indicated
while the other operating conditions are: T=632.15K, Hp/waxes = 0.105 kg/kg,
WHSV=2h""
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Fig. 7. Hydrogen to wax ratio effect on the iso/total ratio: the values of H,/wax ratio
(kg/kg) are indicated while the other operating conditions are: T=632.15K,
P=47.5bar, WHSV=2h"".

[29]: the higher the conversion, the higher the iso/total ratio. It has
to be pointed out that the above-mentioned operating conditions
affect both the wax conversion and the reactivity of the Cy3_
fraction.

A different behaviour is encountered for the H/wax ratio: the
iso/total ratio for the Co3_ fraction is practically independent of the
H,/wax ratio. First of all, this variable is the one that has the lowest
impact on the wax conversion [29]. Moreover increasing the H,/wax
ratio the liquid phase becomes richer in the heaviest hydrocarbons
(Cy2+) but the stripping effect of the hydrogen leads to a depletion of

the lightest hydrocarbons in the liquid phase itself (that is more
reactive than the vapour phase [18]). Thus the increased conversion
of the wax fraction (Ca»+), due to a thermodynamic effect, is not
accompanied by an effect on the reactivity of the C,3_ fraction. This
could be the reason why the H,/wax ratio, that has a limited effect on
the conversion, has practically no effect on the iso/total ratio of the
lightest hydrocarbons.

3.2. Multi-branched and mono-branched isomer distribution

Fig. 8 shows the product weight fractions of normal, mono-
branched, and multi-branched isomers for four paraffins (Cs, C2,
Cy7, and Cyy) as a function of the wax (Cy,+) conversion (i.e.,
cracking severity). Details about the type of side chains usually
formed during a hydroconversion process have already been
reported [2,36].

Cg paraffin (Fig. 8a) is a typical example for a relatively light
paraffin in the naphtha cut (Cs-Cy) while C;» (Fig. 8b) is
representative of the kerosene cut (C;o-Ci4). They show a relatively
similar behaviour: the normal paraffin weight fraction is practically
insensible to the wax conversion value, while the concentrations of
mono-branched and multi-branched paraffins increase in relation to
the wax conversion. Moreover the mono-branched isomer weight
percentage is always greater than the multi-branched isomer one.
Thus the rate of formation of the n-paraffin by means of the cracking
of the heaviest hydrocarbons and the net rate of isomerisation are
substantially equal. However C, fraction undergoes appreciable
isomerisation for severe operating conditions. The formation of
branched Cg and C;, paraffins is due to the cracking of heavier
hydrocarbons. Mono-branched isomer are formed in a higher

Fig. 8. Isomer weight percentage as a function of wax conversion for four paraffins: (a) Cg paraffin; (b) C;, paraffin; (¢) Cy7 paraffin; (d) Cp, paraffin.
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amount: A cracking mechanism on oo, y-tri-branched isomers and
B1 and B2 cracking mechanisms on o, - or o, y-di-branched isomers
give rise to at least one mono-branched product [40] while di-
branched products can be formed only by a slow C cracking
mechanism or a B1 or B2 cracking mechanism on some tri-branched
isomers. It was found in literature [41] that B1, B2 and C cracking
mechanisms on tri-branched isomers different from the o,ct, y-type
are of little importance and the alkyl shift reaction (which can lead to
structures that can be cracked by an A-type [3-scission) is a faster
reaction. Subsequent isomerisation of mono-branched isomers
becomes important only for severe operating conditions (i.e., high
wax conversion). Cracking does not affect the Cg and Cq, paraffin
concentrations even for high wax conversion values: the rate of
formation is greater than the rate of consumption.

Cy7 paraffin (Fig. 8c) is representative of the gas oil cut (C;5-C55)
and shows a cracking behaviour very similar to that of Cg and Cy5.
Instead a different situation occurs in this case for the isomerisa-
tion. Cy7; n-paraffin is affected by a positive net rate of
isomerisation (greater than the rate of formation of nC;; by
means of cracking of heavier hydrocarbons) over the whole wax
conversion range. The isomerisation from mono-branched to
multi-branched isomers is not negligible and for the most severe
operating conditions the weight fraction of multi-branched
isomers becomes greater than that of mono-branched isomers
(which shows a maximum-like behaviour). This is coherent with a
mechanism of subsequent isomerisation steps. It should be
outlined that by a comparison with previously worked out values
of “lumped” equilibrium constants for paraffin isomerisation (even
though calculated for the gas phase only) [42] and by taking into
account the influence of the temperature on the isomer amount
showed in Section 3.1, the system has been found to be far from the
equilibrium conditions and the isomerisation reactions are
kinetically and not thermodynamically controlled.

Cy> (Fig. 8d) is the heaviest paraffin in the gas oil range and
shows a behaviour that can be representative of compounds in the
wax fraction (Cy,+) as well. It is evident how this paraffin is affected
by both isomerisation and cracking. Isomerisation of nC,, has
always a positive net rate and the nC,; weight percentage in the
product stream decreases almost linearly in relation to the wax
conversion. Both mono-branched and multi-branched isomers
show a maximume-like behaviour which indicates that, at high
conversions: (1) mono-branched isomers are affected by the
subsequent isomerisation to multi-branched paraffins and by
cracking (even if this last one should not be so important since
mono-branched isomers can undergo cracking only by means of a
slow C mechanism [40]); (2) multi-branched isomers are affected
by cracking reactions while the reverse isomerisation seems to be
negligible since for heavy hydrocarbons the lumped equilibrium
constants are very high [42]. The concentration of multi-branched
isomers is always greater than that of mono-branched ones,
confirming the very favoured second step of the isomerisation
reaction. Finally it needs to be highlighted that, form previous
studies [33], the gas oil cut behaviour has been found to be more
similar to that of the Cy; rather than to that of the Cy,.

In order to complete the analysis of the influence of the wax
conversion on the single n-paraffin isomerisation, Fig. 9 shows the
weight percentage of mono- and multi-branched isomers of each
hydrocarbon in the Cg-Cy; range in the product stream for two
tests, one characterised by low wax conversion and the other one
characterised by high wax conversion. It is clear how for the low
conversion test, the weight fraction of branched paraffins increases
with the number of carbon atoms due to the intrinsic higher
reactivity of heavier hydrocarbons and the thermodynamic effect
of the VLE [29]. However since the system is not under equilibrium
conditions and considering the feed concentration of each single
alkane, the concentration does not increase so sharply in relation to

Fig. 9. Mono-branched and multi-branched isomer weight percentage in the
product stream of each paraffin in the Cs—-C,, range: (a) 19% wax conversion test run
and (b) 96% wax conversion test run.

the number of carbon atoms [42]. Moreover the values of weight
fractions of light paraffin isomers (whose second isomerisation is
negligible) are consistent with a mechanism of subsequent
isomerisations. Observing the high conversion test, it is possible
to note how the isomer concentration does not increase continu-
ously with the number of carbon atoms but sharply decreases
starting from Cys. This can be readily explained by considering the
cracking reaction that starts to affect relatively light hydrocarbons
as well and a more favoured second step of isomerisation.

4. Conclusions

In this paper experimental data about the isomer distribution in
a three-phase hydrocracking process of FT wax have been
presented and discussed. The influence of the operating conditions
and the wax conversion on the isomer amount in the C,5_ fraction
has been pointed out with a particular attention to mono-branched
and multi-branched isomer distribution. These experimental data
allow a better understanding of the degree of isomerisation and the
extent of both isomerisation and cracking reactions in the fuel cut.
The distinction between mono-branched and multi-branched
isomers is very important since the number of side chains (along
with the total isomer amount) has a deep influence on both cold
flow properties and cetane number of the produced synthetic fuel.

Moreover the analysis of detailed experimental data able to
distinguish between mono-branched and multi-branched isomers
can help in developing and validate kinetic models for the FT wax
hydrocracking process more detailed with respect to those already
developed [29-34] for a complex mixture of industrial interest.
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