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Abstract Molybdenum carbide on sulfated zirconia was
prepared by impregnation of MoO; on sulfated zirconia to
give a loading of 5 wt% followed by carburisation at
923 K in a mixture of CH4/H, (4:1). The resulting catalyst
was characterised by N, adsorption—desorption, CO
chemisorption, FTIR of pyridine adsorption, XRD, TPR,
TGA, Raman and SEM-EDX. This combination of char-
acterisation studies suggests formation of a well-dispersed
Mo,C phase over tetragonal zirconia. When employed in
the hydroconversion of n-heptane, high temperature and
low space velocity lead to substantial cracking. However,
under some conditions, an increase in the research octane
number (RON) from O (n-heptane) to ca. 50 was attained.
Between 723 and 873 K, n-heptane is mainly cracked to
iso-pentane and ethane. The product distribution as a
function of conversion suggests that the reaction did not
simply follow a consecutive reaction pathway, but that
other parallel routes were involved.

Keywords Molybdenum carbide - Sulfated zirconia - n-
heptane - Cracking - Isomerisation

Introduction

Octane number is a measure of resistance of an engine to

auto-ignition or premature detonation when exposed to
heat and pressure in the combustion chamber of an
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internal-combustion engine [1]. Octane number can be
improved by conversion of straight-chain hydrocarbons to
iso-alkanes and this has classically been achieved through
reforming. However, reforming also enhances aromatic
yield via dehydrocyclisation/aromatisation which creates
issues for refineries given that legislation now limits the
quantity of aromatics, in particular, benzene which are
allowable in a fuel [2, 3]. Hydroisomerisation is a catalytic
process for conversion of linear alkanes to branched alka-
nes in the presence of hydrogen, at low temperature, and
offers an alternative to reforming since it does not produce
aromatics. Hydroisomerisation catalysts involve two dif-
ferent types of active sites: metal sites for hydrogenation
and dehydrogenation and an acidic support for rearrange-
ment of the hydrocarbon structure. The hydroisomerisation
of C4—C6 hydrocarbon is performed on industrial scale, but
there is no established catalyst for heptane isomerisation
[4, 5]. Solid acid catalysts (such as platinum on chlorided
alumina) that operate at low temperature (<423 K) are the
current preferred catalysts used in refineries, because they
give high activity at low temperature, which favours isomer
yield, given the exothermicity of the isomerisation reaction
[4, 6, 7]. The problem of corrosion and waste disposal are
the major challenges with this type of catalysts. Another
example of catalyst that has been widely reported to be
active at low temperature is a catalyst based on sulfated
zirconia [8—13]. However, this type of catalyst appears
susceptible to deactivation which appears to originate from
high levels of carbonaceous deposits derived from cracking
of higher alkanes, poor resistance to poisons such as water,
and sulfate loss at high temperature [6, 14, 15].
Molybdenum-based catalysts are employed in many
reactions [16] in part due to the numerous different
molecular structures and oxidation states, which supported
molybdenum species can take. Mo structures and oxidation
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states are determined by preparation parameters such as
loading, preparation method, calcination temperature,
reduction temperature and reaction temperature [17]. One
area of interest is in their ability to form carbides through
the insertion of carbon into the lattices of Mo. The carbon
donates its valence electron into the outer d band of Mo
resulting in the appearance of a narrower metallic type
band with a density of states at the Fermi level similar to
that of a noble metal [18, 19]. As a consequence, this
permits their use in a wide variety of reactions including:
dehydrogenation [20, 21], hydrogenation [16], methane
dehydroaromatisation [22], methane reforming [23, 24],
methane capturing [25], methanol oxidation [26], alcohol
synthesis [27, 28], alkyne metathesis [29], CO hydro-
genation [30], water—gas shift [31, 32], hydroisomerisation
[6, 33-35] and hydrotreating [36].

There are some reports that molybdenum oxide/carbide/
oxy-carbide may be active for isomerisation reactions
[37, 38]. Matsuda and co-workers [5], in a study involving
H,-reduced Pt/MoO3-SiO, for heptane isomerisation,
showed that activity of the catalyst increased with higher
MoOj; loadings, while at low MoOj3 loading, no activity for
heptane isomerisation was apparent [5]. However, the
activity of Mo at low surface concentration was reported to
be higher on zirconia compared to alumina or silica [17].
n-Alkane hydroconversion studies at 723 K over high
loaded molybdenum carbide supported on sulfated zirconia
lead to iso-heptane selectivity of >85 % at a conversion
above 50 % [6]. The catalyst was also found to be
stable for 6 h reaction on stream. Addition of noble metal
onto MoO; was reported to be effective in enhancing
heptane isomerisation activity [5, 39]. However, in the case
of Rh/Mo0O5/ZrO,, the addition of the noble metal facili-
tated reduction/carburisation, but reaction over the acti-
vated catalyst was dominated by Rh-based hydrogenolysis
activity [34]. Hence, avoiding expensive noble metal could
be advantageous. The aim of this work is to gain an
understanding of the reaction processes related to upgrad-
ing heptane using low loading of Mo,C on sulfated zir-
conia and to study the role of the individual components in
determining the formation of specific products.

Experimental
Preparation of materials

The sulfated zirconia was prepared by calcination of sul-
fated zirconium hydroxide (MEI chemicals) at 823 K for
3h and is denoted as ‘SZ’. A solution of ammonium
heptamolybdate tetrahydrate (0.92 g in 100 mL ultra-pure
water, 5 % Mo loading) was added to 9.5 g SZ and the
mixture was vigorously stirred for 2 h. Excess water was
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removed by rotary evaporation at 353 K, prior to drying at
393 K and calcination at 823 K (3 h). This material is
denoted as 5MoOs5/SZ. Carburisation was achieved by
heating SMoQO3/SZ (0.2-0.7 g) to 923 K at 10 K min~"' in
a flow of hydrogen and then, on attaining this temperature,
switching to a mixture of H,:CH, (4:1) and maintaining
these conditions for 4 h. Carburised sample is denoted as
5Mo,C/SZ. In some cases, ex situ characterisation was
performed on previously carburised sample, which was
passivated by flowing 5 % O,/He at room temperature
(298 K) for 1 h to prevent bulk oxidation.

Characterisation

The sulfur content of SZ was determined using a LECO
CS744 analyser. The Mo loading was determined using an
Agilent 4100 microwave plasma-Atomic emission spec-
trometer (MIP-AES) after acid digestion in a HCI/HNO;3
mixture. Surface area and porosity were determined using a
Micromeritics TriStar instrument after sample pretreatment
in a N, flow at 473 K for 4 h. TG-MS was used to probe
the thermal stability of the sample and the possible gases
evolved during thermal treatment. The heating rate was set
at 10 K min~' and the temperature increased from 298 to
1273 K in air (100 mL min~}).

X-ray diffraction patterns were recorded on PANalytical
X’Pert Pro diffractometer, employing Cu Ko monochro-
matic radiation. Patterns were collected at room tempera-
ture with steps of 0.02° in a range of 20°-80°. The phases
were identified with the aid of HighScore software. The
crystalline size (nm) was calculated from the reflection of
tetragonal phase at 20 of 30.34°, using the Scherrer equa-
tion [17]. The Raman spectra were recorded using a Ren-
ishaw  spectrometer equipped with invia Raman
microscope RE 02. 514-nm Laser was employed as the
exciting source and the measuring parameters were accu-
mulation 5, exposure time 10 s and laser power 50 %.

The morphology of the sample was investigated using
scanning electron microscope ISI-ABTS5S5, under high-
vacuum mode operated at 20 kV. The sample was carbon-
coated to prevent reflection. EDX mapping was done with
ED system link analytical AN10/55S attached with ED
detector link analytical LZ5. Temperature-programmed
reduction study was carried out using a TPDRO 1100 (CE
Instruments). Sample was exposed to a gaseous atmosphere
composed of 5 % H,/N, at 20 mL min~! and heating from
313 to 1273 K at 10 K min~" and then holding this tem-
perature for 40 min. The amount of hydrogen consumed
was determined relative to a copper oxide standard. The
strength and nature of acid sites were determined by FTIR
of pyridine adsorption using a PerkinElmer FT100 series
spectrometer. The Langmuir constant and CO chemisorp-
tion capacity was determined based on data derived from
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measurements using a Micromeritics ASAP 2020-C
instrument. An in situ pretreatment was performed (H, at
723 K) on sample previously passivated as described above
(5Mo0,C/SZ),

Catalytic activity measurement

Conversion of heptane was carried out with a quartz reactor
(1.0 cm 1i.d., 29 cm long) at atmospheric pressure in the
presence of hydrogen. The flow rates for the reactions were
fixed to 0.5 pl min~' and 9 mL min~' for n-C7 and
hydrogen, respectively. The effects of space velocity
(varied by changing catalyst mass in the range 0.2-0.7 g)
and temperature (723-873 K) were investigated using
separate reactions. The products were automatically sam-
pled with a ten-port multi-loop VICI Valco sampling valve
attached with the reaction rig and later analysed by GC
(PerkinElmer 8410 fitted with a 5.6-m long 15 % squalene
on chromosorb WHP column and a FID). The conversion,
research octane number (RON) and selectivity were cal-
culated as follows:
Xi—Xf

X = 100
i’ Xi ’

i=5
Xn
RON = RON
Z;m—Xf .

Xn

S =t

100,

where X is the conversion, Xi is the initial amount (umol)
of heptane before reaction, Xf is the amount of heptane
after reaction, Xn is the corrected amount of individual
product and RON# is the RON of the individual product
formed. To better understand the reaction pathway and role
of each detected component in the effluent stream, exper-
imental data of selectivity as a function of conversion at
fixed temperature were collected. The y-intercept in
selectivity vs conversion plots was obtained using cubic
spline extrapolation methods in which the input (experi-
mental) data were split into a given number of components,
and each segment fitted with a cubic polynomial. The
second derivative of each cubic function was then set to
zero. The data obtained (spline data) were plotted and
shown as the continuous line which intercepts the y-axis at
Zero conversion.

Results

The XRD pattern of SZ (Fig. 1a) suggests that calcination
of sulfated zirconium hydroxide at 823 K yields predomi-
nantly tetragonal zirconia (ICDD 01-079-1769 and 01-079-
1764 patterns) with a crystallite size of 3.8 nm (Table 1)
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Fig. 1 XRD pattern of a SZ inset, b SMoO3/SZ and ¢ 5Mo,C/SZ

based on application of the Scherrer equation. The addition
of MoO; and subsequent carburisation treatment had little
effect on the XRD patterns with no features attributable to
an Mo-based phase suggesting high dispersion (Fig. 1b—c).
There was also no apparent change to the zirconia crys-
tallite size despite further thermal treatments (Table 1).
SEM imaging with EDX analysis (Fig. 2) suggests the
formation of large agglomerates of zirconia (10 p) and
confirms the presence of Mo. The latter was also confirmed
by detection of bands due to Mo=O and Mo-O-Mo
stretching modes in Raman spectra (Fig. 3). The bands at
ca. 825 and 972 cm ™' are characteristic of bridging Mo—
O-Mo and terminal Mo = O stretching modes, respec-
tively [26, 40]. Other peaks at 147, 274, 313, 416, and
646 cm ™! are characteristic of tetragonal zirconia [13],
consistent with XRD results (Fig. 1). The replacement/shift
in the band from 972 to 1009 cm ™' could be an indication
of carbide formation. However, Chary et al. [41] have
reported a shift in bands from 920 to 950 cm™' as
indicative of hepta- and octamolybdates formation [41].
Bands between 900 and 1000 cm ™" have been attributed to
terminal Mo = O bonds of polymolybdate on ZrO, [41].
The surface textural properties and chemical analysis of
SZ, 5Mo05/SZ and 5Mo,C/SZ are listed in Table 1.
Chemical analysis shows that the Mo loading is close to the
nominal value (4.9 vs 5.0 wt%). The presence of MoO3
resulted in a marked decrease in both surface area (120 vs
59 m* g') and pore volume (0.11 vs 0.06 cm® g~ "). This
could, in principle, be attributed to particle growth or pore
filling/blocking by Mo species [17]; however, the absence
of crystallite growth (Table 1) infers that the latter is more
plausible. Interestingly, carburisation resulted in an
increase in pore size/volume, which would suggest a
change to the way in which Mo was dispersed over the
support (see later). The apparent surface density of Mo is
expressed as the number of MoO; units per square
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Table 1 Physical properties of SZ, 5MoO5/SZ and 5Mo,C/SZ

Parameters SZ 5MoO5/SZ 5Mo,C/SZ
BET surface area (m? g_l) 120 59 45

Pore volume (cm® g~ ") 0.11 0.06 0.13

Pore size (nm) 2.3 2.7 53

Sulfur (wt%)* 2.0 1.5 1.1
Molybdenum loading (wt%)>® - 4.9 -

Mo surface density (pMoOj; atoms nm™2)° - 35 4.6
Zirconia crystalline size (nm)® 3.7 3.8 3.6

% Determined from combustion analysis
" Determined from MIP-AES

atoms
% wt x Avogadrosconstant ( ] )
mo

¢ Calculated according to the following equation [1-3]: pMoO3 = g
Mo0O3 molecular weight (@) x BET Surface area (nm?/g)

4 Determined from XRD

Fig. 2 SEM-EDX profile of
5Mo05/SZ
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Fig. 3 Raman spectra of a 5Mo0O3/SZ, b 5Mo,C/SZ after use in .
n-heptane reaction and ¢ SMo,C/SZ Fig. 4 TGA profile of SMoO3/SZ
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nanometre of surface area and was calculated as 3.5, falling
below the theoretical monolayer capacity of 4.9 [13].

The stability of 5SMoO5/SZ was determined by TGA-
MS (Fig. 4) and shows weight losses at ca. 440 and
1020 K. Based on MS analysis, the low-temperature
weight loss was attributed to the loss of physisorbed water
and NH; from decomposition of residual ammonium from
the Mo precursor. The high-temperature weight loss was
associated with loss of sulfur (i.e., loss of SOx gases under
oxidative conditions), although under other gaseous
atmospheres (e.g., H,), the decomposition may occur at
lower temperatures [42]. Loss of sulfur determined by the
combustion analysis shows progressive losses induced by
additional calcination and carburisation steps (2, 1.5 and
1.1 wt% for SZ, 5 MoO5/SZ and 5 Mo,C/SZ, respec-
tively—see Table 1).

Temperature-programmed reduction profiles (Fig. 5)
show two major reduction stages at ca. 745 and 1136 K. It
is believed that Mo is reduced in a stepwise manner
[34, 41, 43]. As such, the first reduction peak is thought to
be associated with reduction of Mo®" to Mo*" with the
high-temperature peak associated with reduction of Mo*"
to elemental Mo. SZ alone shows a single feature >ca.
923 K, while pure zirconia did not show any evidence of
reduction (not shown). The total hydrogen consumption
and the ratio of H, consumed to the theoretical maximum
are given in Table 2. Loading below saturation coverage
had been reported to give dispersed purely tetrahedral Mo
species [41], which are difficult to reduce due to the strong
interaction with the support. This is consistent with the
observation that the Hy:MoO3 molar ratio for Mo loadings
below 5 wt% over zirconia (see [44]) was all less than 1. At
moderate loadings, both tetrahedral and octahedral species
are present, with the latter more easily reducible [41], while
at high loading, octahedral species dominate. Samples here
display a value of 1.5 indicative of partial reduction of
molybdenum oxide species.
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Fig. 5 TPR profile of 5Mo0O3/SZ

Volumetric CO chemisorption yielded a type-1 isotherm
(not shown) from which monolayer uptake was determined
by application of the Langmuir adsorption isotherm.
Uptake values most likely reflect differences in adsorption
stoichiometry [45] rather than an indication of changes in
dispersion. Molybdenum in an oxidised state may form
dimeric and trimeric carbonyl species depending upon the
oxidation state, which may explain why the CO uptake was
almost twice for the oxide compared with the carbide
(Table 2). CO may be adsorbed on transition metal either
dissociative or molecularly [46, 47]. Dissociative adsorp-
tion readily occurs on early transition metals (such as
molybdenum and tungsten), whereas molecular adsorption
is observed for metals to the right of periodic table (e.g., Pt
and Ru). Lee et al. [47] observed dissociative adsorption
for Mo, but molecular adsorption for carbon-modified Mo
surfaces at 196 K (and room temperature). They have
shown that for CO chemisorbed on Mo (100) with the
carbon-modified Mo surfaces, adsorbed is molecular. This
is because, the Mo interstices contain fourfold sites and
these sites are filled first during carburisation, carbon atoms
fill the interstitial sites up to one monolayer; therefore, the
dissociative adsorption is completely suppressed on
Mo(100)-C at low temperatures. Hence, the presence of
carbon over layers on Mo (100) reduced the propensity of
Mo towards CO dissociation, leading to molecular
adsorption pathways [46, 47]. Therefore, the observation
here, where the oxide adsorbed more CO compared with
that of carbide suggests molecular adsorption on the car-
bide. The Langmuir constant for the oxide was
0.16 mmHgfl, while that of carbide was 0.13 mranfl,
indicating that the strength of adsorption on the oxide was
greater than that of the carbide.

Acid sites for 5SMoO5/SZ and 5Mo,C/SZ were probed
by pyridine adsorption. The samples were activated in situ
for 1 h in air or in H, at 773 K for oxide and carbide,
respectively, and then outgassed under vacuum (2 x 107°
mbar) for 1 h. The resulting absorbance bands indicate that
only chemisorbed pyridine molecules were retained at this
stage (not shown) with bands characteristic of coordinative
adsorption on Lewis acid sites (1610 and 1448 cm™ ') and
of the pyridinium ion formed by interaction with Brgnsted
acid sites (1638 and 1537 cm™ 1Y) [48]. Quantification of the
amount adsorbed was derived from the integrated absorp-
tion of bands at 1537 and 1448 cm ™" and use of the molar
absorption coefficients, 1.8 and 1.5 cm pmol ' for pyr-
idine at Brgnsted and Lewis acid sites, respectively
[49, 50]. Surprisingly, despite the loss of sulfur (Table 1),
the carburised sample showed the higher Brgnsted site
density, while Lewis acid site density was lower for car-
burised sample than the oxidic form (Table 2).

The results of hydroconversion of n-heptane over the
in situ carburised form of the catalyst are presented in this
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Table 2 Chemical properties of 5SMoO3/SZ and 5Mo,C/SZ

Parameters 5Mo0Os/SZ 5Mo,C/SZ
CO uptake (pmol g_l)a 88.19 51.00
Langmuir constant (Torr™'y? 0.16 0.13
H, consumption (mmol gfl)b 1.58 -
H,/MoO% 1.51 -
Bronsted acid site density (nm>)° 0.50 0.56
Lewis acid site density (nm?)° 0.51 0.33
* Based on CO chemisorption at 308 K
® Based on hydrogen consumed during TPR
¢ Based on pyridine adsorption
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Fig. 6 n-heptane conversion rate over 3 h time on stream using
5Mo,C/SZ sample (0.3 g catalyst, 823 K, H, flowrate of
9 mL min"). In the insert, a SZ at 773 K, b SZ after treatment
with carburisation mixture for 4 h at 923 K and reaction temperature
of 823 K, ¢ 5Mo0,C/SZ under the same conditions as b

section. n-Heptane was selected due to the challenges in
obtaining a catalyst which avoids excessive cracking [51].
One of the major issues related to the use of sulfated zir-
conia catalyst is that deactivation often occurs after a few
minutes of reaction. Plots of conversion as a function of
time are shown in (Fig. 6) for the support (SZ) and sup-
ported (5Mo,C/SZ) catalyst. The insert shows data for
catalysts that were tested for short reaction times (75 min).
The SZ support with no pretreatment deactivated quickly
and became stable after 25 min on stream, but with a
conversion of only ca. 4 % (0.6 x 107> pmol g~' h™ ")
(Fig. 6). The deactivation could be due to coke deposition
on acidic sites following multiple cracking [52]. The results
for carburised support and supported catalyst are given in
Fig. 6b and c, respectively. Support and supported catalyst
were treated in the same way. Both were subjected to a
carburisation mixture for 4 h prior to reaction at 823 K. No
deactivation was observed for either support or supported
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Fig. 7 RON for products produced over SMo,C/SZ at 873 K as a
function of conversion (varied by changing WHSV). a 0.068, b 0.041
and ¢ 0.034 h™'

catalyst. However, the steady-state activity of SMo,C/SZ
was greater than that of SZ when the two are compared
simply on a per gram basis. The low specific rate (steady
state) for n-heptane conversion over SZ compared to
5Mo,C/SZ can be because of absence of hydrogenation/
dehydrogenation centres for the former [52]. The initial
rate of n-heptane conversion was higher over SZ than
5Mo,C/SZ. The difference observed in the initial rate and
the steady rate over SZ was due to rapid deactivation of
sulfate sites, which may be avoided by a balancing of the
extent of reaction taking place over supported material by
reaction over both types of active site and potentially by a
hydrogenation of coke formed by hydrogen supplied by the
active carbide phase. An explanation for the difference
between the initial activity of SZ compared to that of
5Mo,C/SZ could be related to the fact that during the
preparation procedure and/or the additional thermal treat-
ments experienced by the supported Mo catalyst, the
number and/or nature of the supported sulfate (Tables 1, 2)
was modified in such a way as to render the support less
active for heptane cracking. The stability of 5Mo,C/SZ
catalyst on stream over longer reaction times is shown in
Fig. 6. This catalyst was stable for more than 3 h on stream
and gave ca. 23 % conversion (1.0 x 1072 umol g~ h™")
at 823 K. In the presence of hydrogen and an active
hydrogenation/dehydrogenation function, it is suggested
that carbonaceous laydown is limited or avoided [53].
Figure 7 shows RON as a function of conversion.
Conversion, as expected, was inversely proportional to
WHSV. The RON increased as a function of conversion.
Therefore, low WHSV gave the best RON and conversion
when other reaction variables were held constant. Increases
in contact time led to enhanced fractions of C5+ (pentane
and higher n-alkanes) which contributed to the RON yield.
However, further increases in conversion may not result in
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any significant increase in RON, since ultimately products
<C5 will dominate due to consecutive cracking reactions.

The effect of WHSV on product distribution is given in
Fig. 8. At high space velocity (0.068 h™"), the major pro-
duct was ethane at ca. 40 % selectivity followed by pen-
tane and iso-pentane, propane, iso-butane and other
products including isomers of heptane and hexane. The
product distribution suggests that terminal hydrogenolysis
alone is not responsible, which under ideal situation should
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Fig. 8 Product selectivity produced over SMo,C/SZ at 873 K as a
function of WHSV; a light linear alkanes, b pentane and hexane and
¢ iso-alkanes

produce equimolar amount of methane and hexane. How-
ever, under more severe conditions of higher temperature
and longer contact times, both terminal hydrogenolysis and
isomerisation products can undergo secondary reactions
[35]. In the case of terminal hydrogenolysis, the hexane
produced can undergo hydroisomerisation, from which
pentane and iso-pentane may be generated. In such a sce-
nario, where hexane is being converted, either pentane or
iso-pentane will increase at the expense of hexanes, but in
this situation, ethane and iso-pentane were the major
products (Fig. 8). Isomerisation products such as iso-hep-
tane can also undergo secondary reaction by undergoing -
scission [54]. As the WHSV decreased from 0.068 to
0.034 h™!, the amount of ethane decreased from ca. 40 to
29 %, while in contrast, the selectivity to iso-pentanes
increased from ca. 20 to ca. 55 %. There are many criteria
to assess the reaction network [55, 56], but the most
common are those used by Wojciechowski and co-workers
[57-59] and the deplot method [60]. The deplot method is
valid for any reaction rate law and separates primary from
non-primary products [60]. The initial rate of formation of
primary product is finite; hence, deplot gives a finite
intercept. The deduction of deplot intercepts implies the
extrapolation of data, because kinetic information is always
attained at finite conversion. The spline point provided in
Figs. 8 and 10 gives the extrapolated data points. Fig-
ure 8a—c shows a finite intercept for all products with the
exception of pentane. This suggests that iso-heptanes may
be one of the primary products, which were not energeti-
cally favourable at the reaction temperature (873 K). They
may undergo cracking and subsequent isomerisation to
generate iso-pentane. It has been widely reported that
higher alkanes have a tendency to crack during acid-
catalysed reactions, because both hydrocracking and
hydroisomerisation share a common intermediate, such as
protonated cyclopropane [61, 62]. Therefore, formation of
hydrocracked products may originate from the common
intermediate and from the iso-heptane.

A plot of RON as a function of temperature is given in
Fig. 9. RON for unconverted heptane is 0, but the RON
increased with conversion until a maximum at ca. 45 at
823 K, and then decreased to ca. 35. Oloye et al. [35]
observed an increase in RON with conversion due to
increase in iso-pentane selectivity when n-heptane was
converted between 723 and 873 K. This iso-pentane was
proposed to be formed either through cracking of the iso-
heptane or through the intermediate (Scheme 1 in Ref.
[35]). It is worth nothing that selectivity to iso-heptane
decreases as conversion increased (Fig. 10). Hence, the
significant decrease in iso-heptane selectivity at higher
conversion might be responsible for the decrease in RON.
To understand the influence of temperature on product
distribution, temperatures were varied between 723 and

Disase cllod dyao .
KACST a,01étlg roglel @ Springer



348

Appl Petrochem Res (2016) 6:341-352

60 5
50 4

30 - ./.

204

RON

o+
720 740 760 780 800 820 840 860 880

Temp /K

Fig. 9 RON for products produced over 5Mo,C/SZ at WHSV of
0.068 h™! and H, flowrate of 9 mL min™"
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Scheme 1 Reaction pathways showing both consecutive and parallel
reactions

873 K, while maintaining all other parameters constant at
0.068 h™" with a hydrogen flow rate of 9 mL min~"'. In
this temperature range, no methane was detected, but a
considerable amount of ethane was produced (Fig. 10).
Ethane selectivity increased with temperature, from ca. 25
to 45 %, then dropped to ca. 40 % as the temperature
increased from 723 to 873 K. The extrapolated data (spline
points) (Fig. 10a—c) show that ethane, propane, iso-butane,
pentane, hexane, iso-hexane and iso-heptanes have finite
intercept. At low conversion, the selectivity to iso-heptane
and propane was ca. 20 %, but both decreased as the
conversion increased with the decrease in iso-heptane
being more pronounced. Iso-heptanes decreased as the
temperature increased supporting the idea that iso-heptanes
are thermodynamically unfavourable at high temperature.
Selectivity to iso-pentane was low at low conversion
(giving a negative intercept upon extrapolation), but
increased with conversion indicating that iso-pentane was
mainly formed from other products. Surprisingly, pentanes
decreased as the amount of iso-pentane increased sug-
gesting that pentanes isomerised to iso-pentanes. It is clear
from Fig. 10 that working at lower temperature favours
isomerisation and that under more severe conditions, it is
difficult to attain very high selectivity to iso-heptanes. Also
of significance is that iso-heptanes, hexane, iso-hexanes,
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pentanes and propane decreased as the temperature is
increased, while ethane and iso-pentanes increased. This
suggests a route involving cracking of iso-heptanes into
lower molecular weight molecules, which in turn cracked
(Scheme 1 route f, Ref. [35]) due to the influence of the
reaction temperature (873 K), because high temperature
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could open other reaction routes [35]. In the study of
selectivity of MoOs-catalysed C6-C7 hydroisomerisation,
Garcia-Gutierrez et al. [63] observed that in addition to
production of hydrocracked products from consecutive
reactions of n-heptane, parallel reaction pathways also
existed and the authors concluded that hydroisomerisation
of n-heptane mainly leads to C4, C3 and C2 in the ratio of
1:2.2:2, respectively [63]. Therefore, the conversion of
n-heptane over Mo,C/SZ may be occurring on both con-
secutive and parallel routes simultaneously.

Discussion

To avoid significant loss of surface area due to agglomer-
ation, and pore plugging during loading of MoO;, calci-
nation and carburisation, a high initial dispersion is desired.
The sample was calcined at 823 K for 3 h before and after
incorporation of MoOs;. The carburisation temperature was
limited to 923 K to avoid excessive sulfate loss and
transformation of zirconia from tetragonal to either mon-
oclinic or cubic phase. The tetragonal phase of zirconia and
well-dispersed metal oxide is essential for the catalytic
activity of zirconia [64]. Above ca. 923 K, weight losses
due to sulfate removal occurred (Fig. 4), in agreement with
previous studies [65, 66]. The initial activity of SZ was
higher than 5Mo,C/SZ, but decreases significantly, as
reactions proceed. This deactivation may be due to car-
bonaceous deposit on the SZ due to the absence of a
hydrogenating function that assisted in removing coke-
forming precursors.

The pore size distribution and adsorption isotherm for
SZ was similar to the uncarburised catalyst sample (not
shown), although the carburised catalyst sample (SMo,C/
SZ) has increased mesoporosity as seen in the wide hys-
teresis, characteristic of mesoporous material. This devel-
opment of mesoporosity may be beneficial for catalyst
stability and hydroconversion of n-heptane. Hydroconver-
sion of n-alkane over mesoporous has been reported to be
beneficial for obtaining high yields of mono- and branched
alkanes due to the ease of diffusion through the pore net-
work [6]. Lack of mesoporosity in the sulfated zirconia and
uncarburised catalyst may contribute to the rapid deacti-
vation experienced by these samples.

Converting n-heptane, which has no contribution to
RON of fuel, is necessary because the average RON
obtained after direct fractional distillation of crude oil into
light naphtha without any modification is 65 and the
average requirement is 95-98. In their review, Valavarasu
and Sairam [67] concluded that isomerisation of light
naphtha streams rich in pentanes and hexanes typically
results in an increase of 10-22 RON. Hence, converting
from 0 RON to ca. 20 to 50 is significant, since this will

increase the total RON. For this purpose, RON was cal-
culated from the conversion of n-heptane by changing
temperature and WHSV. Working at very low temperature
(<423 K) will increase the selectivity to iso-heptanes,
because they are thermodynamically favourable and
stable at such low temperature, but it has disadvantage of
producing low yield. Mihdlyi et al. [S1] have suggested that
hydrocracking is not negligible at high conversions level,
but high conversion can only be achieved either at high
temperature or at low WHSV. The observation is consistent
with the data obtained in this research.

The influence of conversion on RON was monitored by
varying WHSV and temperature. RON increased with
conversion since as n-heptane was consumed, the fraction
of C5+ increased. Iso-pentanes increased as the WHSV
decreased, suggesting that more of the primary reaction
products were converted to secondary products. Scheme 1
shows multiple ways in which n-heptane conversion could
end in high selectivity to cracked products. Jacobs and co-
workers reported that selectivity to cracked products
increased with conversion for n-alkane hydroisomerisation
over various Pd loading on H-beta zeolite [68]. C2 and iC5
were the major products at low conversion followed by C3
and iC4, with C2 in excess of iC5 and C3 in excess of iC4.
It could be said that the path that leads to formation of the
products was not limited by the classical hydrocracking
pathway in which an equimolar amount of the direct
cracking products such as C3 and iC4 would be obtained.
Blomsma et al. [69] obtained excesses of C4 compared to
C3 in conversion of heptane and concluded that this was
the result of other reaction routes different from classical
hydrocracking pathway. At high conversion, iC5 and C2
were still the major products, but iC5 was now in excess of
C2 (Fig. 8). Busto et al. [1] observed a decrease in the yield
of iso-alkane with increased temperature. Galadima et al.
[6] reported a slight loss in hydroisomerisation selectivity
due to secondary reactions when the temperature was
raised from 623 and 723 K. However, they obtained a
significant decrease in hydroisomerisation selectivity when
2-methylheptane was reacted over carbided molybdena on
sulfated zirconia with isomer selectivity low at 673 K and
dropping to zero at 723 K. Hence, the product distribution
in this research was related to reaction pathway described
in Scheme 1. The influence of temperature in the products
distribution was well defined in Fig. 10 as the selectivity to
iso-heptanes decreased as the conversion increased. As the
temperature increases, multiple cracking occurs which
favours ethane and iso-pentanes as products.

A classical hydroisomerisation reaction is believed to
occur over a bifunctional catalyst which contains an
appropriate balance between acid and metal sites [1, 6].
When n-C7 is converted over a catalyst with an incongruity
between acid/metals sites, the cracked products ranged
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between C3 and C6, whereas on a catalyst with a balance
of metal/acid sites, the cracked products is limited to only
C3 and C4 [69]. Hence, the range of hydrocracked product
obtained in this research may signify that the ratio of metal
site to acid sites was not fully optimised. Catalyst here
contained  both  metal-like  hydrogenation  sites
(51 pmol g~ from CO adsorption) and Brgnsted acid sites
(42 umol g~ pyridine retained) giving a ratio of 1.22,
which is greater than the range of 0.03 and 0.17 reported to
be indicative of low and high hydrogenating/acid site
density ratios, respectively, for hydroisomerisation of
n-alkanes over PtHFAU [70]. It had been reported that
catalysts with a high degree of hydrogenation activity and
low degree of acidity are best for maximising the extent of
hydroisomerisation vs hydrocracking [71] and for avoiding
deactivation due to coking [54]. The lack of deactivation
through coking (Fig. 6) suggests that the catalyst possessed
enough carbide sites in relation to the acid site to minimise
build-up of carbonaceous precursors. However, these ratios
also fail to distinguish between the relative rates on these
sites, and so, the relatively high density of metal-like sites
(51 pmol g=")  compared to Brgnsted acid sites
(42 pmol g~') may not fully explain the low yield of the
heptane isomers.

Busto and co-workers [1] reported that if the reaction
temperature or pressure were varied independently, then
the best RON gain to C1-C4 (methane to butane) ratio
would be obtained at high temperature or pressure. This
observation is consistent with the data displayed in Fig. 9,
where the RON produced increased as temperature
increases until 823 K after which the RON reduced. The
decrease in RON arises as significant iso-heptane cracking
takes place above 823 K. It was observed that RON
decreased as the WHSYV increased; the reaction is under
kinetic control and the selectivity to each product is
influenced by a change in WHSV. WHSV of 0.034 h™'
produced the distribution with highest iso-C5-7 (isomers of
pentane, hexane and heptane) fraction and, hence, the
highest RON. It is worth noting that calculation in RON is
a better method of presenting hydroconversion data com-
pared to just isomer selectivity, because it takes into
account other products that are part of fuel constituent and
with high RON value. For example, the RON of 2,3-
dimethylbutane is 103.5 which is better than an average
RON that can be obtained from most heptane isomers.

Conclusion

This catalyst was synthesized using low loading of MoOj3
(5 weight % of MoOj3) on sulfated zirconia. n-heptane
RON was converted from 0 to ca. 20-50 using B-Mo2C/SZ.
The incorporation of Mo,C carbide into SZ has synergetic
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effect as it improves its stability and activity. Integration of
low loading prevents aggregation of supported particles
that can lead to sintering and significant loss of surface
area. The carbide is well dispersed and this provides
mesoporosity, which enhanced the stability and conversion.

It was observed that RON increased with conversion
when WHSYV and temperature were varied independently,
while keeping other parameters constant. Also, RON
increased with conversion up to 823 K and then decreased
when temperature was varied due to significant decrease in
iso-heptane selectivity. It can be concluded that tempera-
ture and WHSV affect conversion, which in turn affects
RON. WHSV and temperature also affect the product
selectivity, and multiple cracking occurs at high tempera-
ture and low WHSV.
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