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Abstract: The growing demand for isobutane as a vital petrochemical feedstock and chemical
intermediate has for many decades surpassed industrial outputs that can be supplied through
liquified petroleum gases. Alternative methods to resource the isobutane market have been
explored, primarily the isomerization of linear n-butane to the substituted isobutane. To date the
isobutane market is valued at over 20 billion US dollars, enticing researchers to seek unique and
novel catalytic materials to improve on current commercial practices. Two main classes of catalysts
have dominated the butane isomerization literature in the last few decades; namely microporous
zeolites and sulfated zirconia. Both have been widely researched for butane isomerization, to the
point where key catalytic descriptors such as acidity, framework topology and metal doping are
becoming well understood. While this provides new researchers with a roadmap for developing
new materials, it is has also begun developing into an invaluable tool for diagnosing and
understanding the effect of these individual descriptors on catalytic properties. In this review we
explore the different factors that influence the active site behavior of particularly zeolites and
sulfated zirconia catalysts towards understanding the use of butane isomerization as a diagnostic
tool for solid-acid catalysts.
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1. Commercial and Fundamental Aspects of Butane Isomerization

Liquified petroleum gas (LPG) is a vital and growing industry, used globally as household fuels,
motor fuel additives and as a replacement refrigerant for CFCs. Typically, 60% of LPG is recovered
from natural gas extraction from the earth, whereas the remaining 40% is produced from crude oil
refining [1]. To date roughly 320 million metric tons of LPG are produced around the world, which
consistently increases year on year by around an extra 10 million metric tons per year [2]. This is
primarily due to the growing supplies from North America, Asia and the Middle East [2]. The precise
content of LPG varies regionally, with differing proportions of butane isomers and propane, [3]
though in 2014 it was estimated that n-butane and isobutane accounted for 19% of all hydrocarbon
gas liquids in the US [4]. The butane market is also predicted to steadily grow over the next decade.
Its value was estimated as $60.0 billion in 2015 [5,6], with recent reports estimating this will grow to
$81.6 billion by 2025 [6]. One of the key reasons for this increase is the demand for isobutane, which
while valued at $20 billion in 2018, is estimated to reach $34 billion by 2026 [7]. Between 2008 and
2014, isobutane production in the US increased by 43%, that was linked to the shale gas boom during
that time [4]. The demand for isobutane, specifically, is attributed to its role as a valuable feedstock
for high octane fuels (alkylates) [8-10], chemical intermediates (Figure 1) [11], and its growing use as

Catalysts 2020, 10, x; doi: FOR PEER REVIEW www.mdpi.com/journal/catalysts


javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);

Catalysts 2020, 10, x FOR PEER REVIEW 2 of 36

a propellant and calibrant [7]. Typically, gasoline is blended with between 2-3% of butanes, however
reports have suggested that this can viably increase to 10%, in certain conditions [12]. Though the
demand for isobutane has been tied to the demand and pricing of alkylates [13]. In the 1930s it was
realized that demand for isobutane would surpass the supply from natural gas and refining alone,
leading to the development of processes to isomerize n-butane to isobutane [11]. This process has
since evolved, to the point that the largest US butane plant (as of 2015) in Mont Belvieu, Texas creates
116 MBPD of isobutane through butane isomerization [14].
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Figure 1. Main production pathways and uses for isobutane.

Some of the earliest works on butane isomerization used a combination of HCI and aluminum
chloride catalyst [10]. Industrial implementation of this technology was hampered due to the
aluminum chloride subliming, and then solidifying to block the flow [15]. Further the high
temperatures caused the aluminum source to become sparingly soluble in the hydrocarbon flow,
causing a significant loss of the catalyst. In 1941 UOP circumvented these issues with a Pt-modified,
chlorinated alumina catalyst (Pt/Al2Os—Cl) with the Butamer process [15]. The UOP Butamer process
remains the main butane isomerization process to date, though unsurprisingly the technology has
undergone several iterations since its creation [10]. Currently there are over 85 Butamer plants
operating worldwide, making it the primary butane isomerization process [16]. To date a range of
commercial processes exist, typically focussing on either chlorinated alumina or sulfated zirconia
catalysts (Table 1) [17-20].

Table 1. Comparing commercial butane isomerization processes. Adapted from [19] and [21-23].

Process Butamer Cs Isom BIC CFB- Lummus Isomalk-3
Isom
Company UOP BP Boreskov UPC Lummus JSC SIE
Institute of Neftheim
Catalysis
Catalyst Pt/Al,Os-Cl  Pt/AIO3-Cl  Pd/SO4.ZrO,  SO4/ZrO; Al,0s-Cl Pt/SO4.Zr0O;
Al;03
Pressure/Bar 25-32 14-28 23-25 1-15 4-10 >15
Temperature/’C 160-220 150-200 120-160 160-200 100-160 180-200
Feed additives Chlorides Chlorides None None Chlorides None
Butane/H,  mol 14-34 Unknown 7-20 No H; Unknown 10-17
ratio
Minimum 50 Unknown 60 52 60 50
conversion/mol%
Minimum 98 95 90 72 99 90

selectivity/mol%
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Caustic output Yes Yes No No Yes No

This list is by no means exhaustive, with the pool of companies developing their own
isomerization catalysts constantly increasing, including Axens (ATIS-1L), Shell (Hysomer) and
Clariant (Hysopar 6000) [8]. Note that most commercial processes operate below 220 °C, this is due
to butane isomerization being slightly exothermic [24]. Thus, conversions are capped by the chemical
equilibrium (Figure 2), creating a compromise between isobutane yield, and production rate.
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Figure 2. Chemical equilibrium for butane/isobutane gas mixtures, using data from [24].

The kinetics of the isomerization process is heavily dependent on which reaction mechanism
occurs [5,25]. Presently there are two identified mechanisms, denoted as monomolecular and
bimolecular pathways. The monomolecular pathway is initiated by protonation of n-butane, by
Brensted acid sites (BAS), leading to a secondary carbonium ion, which undergoes dehydrogenation
to yield a secondary carbenium ion [26-29]. In some cases, these positively charged intermediates can
be stabilized by oxygen atoms in the framework, yielding alkoxide species [30]. Initially it was
believed that this carbenium ion then formed a methyl-cyclopropane intermediate, as observed in
pentane and hexane isomerization. However, it has since been shown that such a species is actually
a transition state, that leads to carbon scrambling, and not isobutane [19,31]. Instead a methyl shift
may occur, resulting in a tertiary isobutyl carbenium ion (Figure 3). The carbenium intermediates are
then neutralized by hydrogen transfer from other species, to form neutral products. These
computational findings showed excellent agreement with experimental values, confirming this
mechanism [19,31].
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Figure 3. Theoretical findings based on the monomolecular isomerization pathway. Figure adapted
from data in [19,31].



Catalysts 2020, 10, x FOR PEER REVIEW 4 of 36

An alternative pathway, the bimolecular mechanism, hypothesizes the formation of CsHir*
intermediate species, formed by the combination of the n-butyl carbenium with either a Cs olefin, or
another butane molecule, after dehydrogenation (Figure 4) [26-29]. The Cs olefins are typically
present as feed impurities, as separating butanes and butenes is incredibly challenging, or the olefins
may be formed in the reaction by dehydrogenation of butane. The need to form butene in situ for this
pathway, is one of the reasons why many industrial catalysts (Table 1) are bifunctional, containing
both acidic and noble metal species [20]. Once formed these Cs intermediates can undergo either even
scission, leading to isomerization, or uneven scission leading to disproportionation.
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Figure 4. Summary of the bimolecular pathway mechanism with possible products.

Under these conditions olefins and alkanes can rapidly interchange, with metal sites and
hydrogen feedstocks promoting hydrogenation and dehydrogenation during the reaction, leading to
a wide array of possible alkane and olefin products. The precise mechanism followed depends on the
conversion achieved, temperatures and pressures used, as well as the catalyst itself. The
monomolecular pathway requires strongly acidic catalysts, with high temperatures and lower butane
partial pressures. While the monomolecular pathway is more selective to isobutane, the stronger
conditions required (typically > 300 °C), limit the maximum possible isobutane yield (Figure 2). In
contrast the bimolecular mechanism operates at significant lower temperatures (< 250 °C), lowering
the energy input required. However, this process requires high partial pressures of butane, to
maximize the chances of intermolecular collisions, leading to the formation of the Cs intermediate
[20]. The bimolecular pathway is also heavily based on hydrogen transfer, which is enhanced by a
bifunctional catalyst. Further the density, not just the total quantity, of acid sites is known to play a
key role in the kinetics of this reaction. It is also possible, in principle to control the pathway by
modifying the space around active sites. A range of microporous species could not accommodate a
Csintermediate, meaning that the monomolecular pathway would be preferred. Similarly, the precise
framework topology could also be used to favor different Cs species, leading to control over the
scission pathways, selectively forming specific products (isobutane).

There exists a wealth of knowledge describing the mechanistic aspects of butane isomerization,
best summarized in the reviews by Caeiro et al. and Y. Ono, who discuss this at great length [32,33].
Owing to this sensitivity to a wide range of catalytic descriptors, butane isomerization is recognized
as a model reaction for the benchmarking and optimization of novel solid-acid catalysts [34]. Unlike
these works, we discuss what effect individual catalytic descriptors have on reaction behavior, and
how researchers may interpret and use these results as a means to characterize solid-acid materials.
In particular, we will discuss the influence of framework topology, acid site location, strength and
the role of metal dopants for a range of nanoporous species, as well as the influence of mesoporosity.
Thanks to the in-depth understanding afforded from the mechanistic studies of butane isomerization
in these prior works, n-butane isomerization represents a diagnostic tool for understanding solid-
acid catalyst characteristics, leading to the development of generalized structure-property
relationships for a range of acidic materials [34].
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2. Tailoring Microporous Species for Butane Isomerization

2.1. Main Principles

Microporous zeolites and sulfated zirconias (SZs) [17,20] are two main groups of butane
isomerization catalysts which have received extensive attention in the literature. However,
generalized structure property correlations can be made and applied to a wide range of other solid
acid catalysts, based on the intrinsic properties of these materials. This range includes Pt-doped
chlorinated aluminas [35], aluminophosphates [36], heteropolyacids [37], silicas [38], molybdena [39],
metal-doped zirconias [40] and ionic liquids [41], which are considerably less studied. An important
distinction in this review has been made between nanoporous zeolite systems and large pore
catalysts, which includes both Zeolites and SZs.

Zeolites are primarily formed from SiOs tetrahedral units, joined through corner-sharing Si-O-
Si bonds. In doing so they form different secondary building units, which can link in a range of ways
to create different framework motifs. The precise framework which forms is determined by the
synthesis conditions and reagents. The interest in zeolites derives from the ability to isomorphously
substitute framework Si* sites with A%, creating a “net negative charge”. This negative charge is
then neutralized by a proton, associated with the framework, creating a BAS, hence their use as solid-
acid catalysts [42]. This leads to protonated zeolites having the formula: HxALSii-xO2-yH20. Similarly,
it is also possible to form Lewis acid sites (LAS) in zeolites, where most commonly these are due to
“extra-framework” aluminum species, which are not substituted directly into the framework. The
wide range of possible zeolite topologies makes them excellent candidates for any reaction involving
smaller hydrocarbon substrates, such as the isomerization of n-butane to isobutane. This is because
the acid sites typically lie within the internal channels and cages of the nanoporous framework. This
means, in principle, one can guide a reaction to a specific pathway by either hindering the formation
of a bulky intermediate or trap larger products near the active site, forcing them to react further.
These two approaches are known as “transition-state” and “product” selectivity (respectively) and
form a key part of zeolite catalysis [43].

Aside from the choice of framework, it is also possible to control the acidic properties of a zeolite.
Varying the quantity of aluminum incorporated into the same framework (the Si/Al ratio) influences
the quantity of acid sites, the acid site strength, and the hydrophilicity of the system. From the zeolite
formula above (HxAlSii«O2yH20), there is a 1:1 relationship between the protons and the
substituted aluminum. Thus, zeolites with more framework substituted aluminum will have a
greater number of acidic catalytic sites. However, this is limited as there cannot be more aluminum
molecules than silicon in a zeolite, as this would result in “net negative charges”, from the Al**, being
adjacent. This is prohibited by a phenomenon known as Lowenstein’s rule. It is also important to
consider that while it is possible to increase the total number of acid sites in a zeolite, it does not mean
that all the sites will be the same. A significant body of work shows that the Si/Al ratio is a key factor
for determining acid strength, with not all frameworks behaving in the same manner. It has been
shown that a lower Al content (higher Si/Al) ratio leads to stronger acid sites in faujasite (FAU) [44,45]
and zeolite beta (BEA) [45,46], though weaker acid sites in ferrierite (FER) [45] and ZSM-5 (MFI)
[45,47]. In part the exact influence will vary with the framework, but also with the way the Si/Al ratio
is being controlled. Steaming is a common way to modify the Si/Al ratio post-synthetically, and the
precise conditions can greatly influence the acid sites which survive. Finally, the hydrophobicity can
be readily tuned by varying the Si/Al ratio, where a higher Si/Al ratio implies a more covalent species,
with fewer charges due to Al substitution, making it more hydrophobic. However, increasing the Al
content, resulting in a lowering of the Si/Al ratio makes the species more charged, and therefore more
hydrophilic. As such the Si/Al ratio is a key parameter in designing zeolite catalysts for acid
applications.

Butane isomerization has been used to test both the acidic and structural properties of solid acid
catalysts, and to understand the ramifications of synthetic design and post synthetic modifications
on these properties. Through the modification of Si/Al ratio in zeolites, or sulfur content in SZ, the
acidity may be tuned [28,48-53]. These properties have been found to have a significant effect on the
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rates and derived rate constants in the mono- and bimolecular mechanisms demonstrated in butane
isomerization, in conjunction with the structural aspects of the space surrounding the acid site, such
as pore size and shape, which can further alter the observed selectivity through steric hinderance of
the bimolecular mechanism. Due to this sensitivity, butane isomerization represents a versatile
diagnostic tool for probing the effect of acid and structural changes on the synergy of the active site.
For microporous zeolites, there exists a wealth of information that allows a review of what effect
these individual descriptors have on butane isomerization. This in turn allows for the understanding
of the ramifications of synthetic or post-synthetic modifications on catalyst active site nature when
designing novel acid catalysts.

2.2. Influence of Framework Topology

Butane isomerization has been shown to be highly responsive to active site structural descriptors
within zeolite frameworks, which may alter the selectivity between the mono- and bi-molecular
mechanism. ZSM-5 (MFI) and mordenite (MOR) are among the most widely studied zeolite systems
for this reaction. The mordenite framework is based around small 8-membered and elliptical 12-
membered channels, thus molecules may only diffuse linearly down pores, via single-file diffusion.
This has been thought to hinder the bimolecular mechanism, as it hinders interactions between two
molecules. In contrast cage systems such as zeolite Y (Figure 5) favor bimolecular isomerization
through having larger cavities to permit the formation of the Cs intermediate [53]. Curiously Tran et
al. showed that n-butane isomerization is much more hindered in mordenite than n-hexane and -
heptane isomerization. This was attributed to butane proceeding by a bimolecular process, whereas
the longer n-hexane and n-heptane are monomolecular processes [51]. On dealumination, the
mordenite selectivity profile is altered in favor of isobutane as the mesopores improve the efficiency
of diffusion, lowering the likelihood of further unwanted reactions (see also Section 2.5). Monte Carlo
simulations by Kérger et al. suggest that deviating from single-file diffusion to more regular diffusion
greatly increases the likelihood of reactants interacting, and thus the chances of the bimolecular
pathway are improved [54]. Despite this, at lower temperatures (250 “C) mordenite, at specific Si/Al
ratios has been shown to operate mainly through the bimolecular mechanism [28] under precise
experimental conditions [26,55]. Though temperature was also found to play a key role, with higher
temperatures (>290 °C) resulting in significant quantities of propane. Liu et al. compared mordenite
with SZ and found that single file diffusion was demonstrated in pentane isomerization [56]. This
was used as evidence to support the observation that the geometric constraints in mordenite inhibit
isomerization under bimolecular conditions. As bimolecular isomerization requires an
intermolecular interaction of a butene and butyl carbenium to form the Cs intermediate, which is
understandably hindered in single file diffusion situations [57].

H-MOR (12M Channels, 8M Intersections, Channel) H-ZSM-5 {10M Channels, 10M Intersections, Channel
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Figure 5. Schematic showing the framework topologies of a range of common zeolites investigated
for butane isomerization.

Despite having a smaller 10-membered ring, systems of the ZSM-5s are also known to operate
via a bimolecular pathway (Figure 5) [58]. Cafiizares et al. shows that by using the bulky 1,1, 1, 3, 3,
3-hexamethyldisilazane to poison surface BAS, the activity of mordenite-based systems was
drastically affected, compared to ZSM-5 systems [26]. It was postulated that though ZSM-5 possesses
a narrower pore opening (5.1-5.6 A) than mordenite (6.5-7.0 A), the 3-dimensional pore network of
ZSM-5 aids the formation of the Cs intermediate. This was suggested to occur at the larger channel
intersections (9-10 A wide). This is also believed to be linked to the acid site density in ZSM-5,
favoring the bimolecular pathway. It was found that, unlike ZSM-5, zeolite beta can perform both the
monomolecular and bimolecular pathways simultaneously, showing improved initial selectivity to
isobutane. However, this lack of steric control can lead to more rapid catalyst deactivation [56].
Zeolite beta possesses a larger kinetic diameter than ZSM-5, and hence favors the formation of the
bulky Cs intermediate required by bimolecular isomerization. Yet, the narrower pores of ZSM-5
favors disproportionation products more than isomerization products, with a greater proportion of
propane being formed over ZSM-5 than zeolite beta [58]. In both zeolites a Cs intermediate can form
within the pores. However, there are several different Cs intermediates which can form, each with its
own preferred cracking pathway, and associated products [59]. To achieve maximum isobutane
selectivity, the Cs intermediate would ideally break into two isobutyl products, instead of linear
butyl, pentane or propane. In zeolite beta the pore is large enough to permit the pathway to yield
these two isobutyl species, whereas the more confined pore geometry of ZSM-5, hinders this
pathway, lowering isobutane selectivity [59].

However, it is difficult to trivialize the mechanism selectivity as the result of solely topology or
acid site density, when it is often a combination of both that decides on monomolecular or
bimolecular mechanism activation. Wang et al. found that ZSM-5 had a greater density of strong BAS
than their zeolite beta. A previous kinetic study found that bimolecular isomerization predominated
over the ZSM-5 frameworks featured in this study [60].

When comparing zeolite species, De Rossi et al. found that zeolite topology also determines
stability and resistance to coking [53]. Channel structures such as mordenite and zeolite beta were
found to rapidly deactivate as polyenyl unsaturated chains (coke precursors), were formed. Due to
the framework topology, it only requires one such coke molecule to block an entire channel, resulting
in the observed rapid deactivation in one hour. By comparison, zeolite Y (Figure 5) consisting of a
multidimensional supercage, and ZSM-5 with a 2D structure, were far more resistant to coking,
displaying a stable activity for over five hours [53,58]. Overall, these works show that framework
topology is the key deciding factor in determining the product selectivity profile of butane
isomerization. Thus, the relative contribution of the monomolecular and bimolecular mechanism can
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be used to gauge the spatial constraints of other acid frameworks, with similar acid site densities, for
different topologies.

2.3. Influence of Acid Site Density

Studies have shown that acid site density, naturally linked to acid site concentration, is one of
the key factors in determining which isomerization mechanism (monomolecular or bimolecular) is
followed. Typically, monomolecular butane isomerization mechanisms require single isolated acid
sites, whereas bimolecular isomerization requires adjacent sites [32,34,61,62]. This results in the rate
of the bimolecular reaction being much more sensitive to the acid site density than the
monomolecular rates. As a result, numerous studies have noted the reaction rates of monomolecular
and bimolecular mechanisms to be first and second order respectively, in relation to acid site quantity
or density. Wang et al. emphasized this by controlling the acid site density of ZSM-5 by varying the
Si/Al ratio of samples from 25 to 470 [63]. By employing conditions that exclusively lead to one
pathway, they were able to quantify the monomolecular and bimolecular rates of reaction,
individually. In doing so they confirmed that at 350 °C, the monomolecular mechanism had an order
of 0.88 with respect to the acid site density (Figure 6). In contrast the ZSM-5 under bimolecular
conditions at 350 °C showed a non-linear dependency proportional with an order of 1.72, with respect
to the catalytic BAS (Figure 6).

3 Ln(Reaction Rate) = Order.Ln(Acid Site Density) + Ln(Rate Constant)
2 !
Y
—_— 1 B
[
o - ,
c Bimolecular Rate .~ A
2.1 Order 1.72 .~ -k
Q __." -
3 5 P
%- e . _-=" Monomolecular Rate
-3 1 e T A Order 0.88
A
o-d.-’
4 - A -
pe
'5 T T T T 1
-4 -3 -2 -1 0 1

Ln(Acid Site Density)

Figure 6. Analysis of the rate of reaction data for butane isomerization carried out over ZSM-5, from
Wang et al. showing the varying dependence of reaction rate on acid site density, between the two
mechanisms. Figure created from data in [63].

By varying Al content of mordenite through dealumination, Tran et al. explored the reaction rate
of the bimolecular mechanism at 250 “C under both hydrogen and nitrogen atmospheres [52]. Under
nitrogen it was suggested that the maximum activity would occur for a Si/Al ratio of between 11 and
15, which agrees with the statistical limit whereby almost all proton sites can still be isolated. Using
a mordenite sample with a Si/Al of 80 showed the reaction order was close to 1 with respect to butane.
This suggests that the more isolated active sites in mordenite are not able to catalyze the bimolecular
pathway, and therefore promote the monomolecular mechanism instead. However, a mordenite
sample with a Si/Al ratio of 10, was found to have a reaction order close to 2 with respect to n-butane,
suggesting sufficient acid site proximity to promote the bimolecular mechanism. When the inert
nitrogen atmosphere was replaced with a hydrogen atmosphere, the butane order, for the mordenite
sample with a Si/Al ratio of 10, dropped from 2 to 1. This suggests that hydrogen can have a negative
effect on the bimolecular mechanism, likely by decreasing the concentration of carbenium ions [52].
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However, in this work Tran ef al. also show that a linear relationship exists between the reaction
rate and the square of the acid site density, again showing evidence for the bimolecular mechanism.
Though this relationship no longer holds when the total acidity exceeds 500 pmol/g. This is because
at higher aluminum content, acid sites lose strength due to poor isolation. Asuquo et al. also note that
by varying the aluminum content, the maximum rate of n-butane conversion was obtained at a
5i02/AlL20:s ratio of 15, with Si/Al ratios of 10 and 20 both yielding lower rates [28]. Other studies
demonstrate that the maximum activity of acidic mordenite has been found at a Si/Al ratio of 15 for
a variety of other target reactions [64—67]. De Rossi et al. found that ZSM-5 catalysts ranging from
purely siliceous to a Si/Al ratio of 120 were catalytically inert [53]. They also found evidence where
high BAS concentrations negatively affects reaction rate for ZSM-5, as previous authors had found
the same relationship for mordenite (Figure 7).
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Figure 7. Correlations of butane isomerization reaction rates as a function of Si/Al ratio for different
species. Rate is normalized as a percentage of maximum rate. Reaction conditions vary between data
sets. Figure created using data from [28] and [51-53].

This trend between acid site quantity and rates of reaction can also be seen in
conversion/selectivity relationships, as shown in a study by Kurniawan et al., investigating butane
isomerization with recrystallized natural zeolites [68]. Here the quantity of BAS was found to increase
with recrystallisation time. Samples with low recrystallisation times were poorly crystalline, and
possessed fewer BAS. This resulted in lower n-butane conversion, but with a higher selectivity to
isobutane, suggesting that the monomolecular mechanism was dominant. In contrast, highly
crystalline samples, achieved with longer recrystallisation times, with more BAS demonstrated
higher conversions with a higher selectivity to propane. This is thought to demonstrate an increasing
preference for the bimolecular mechanism over the monomolecular, as acid site concentration and
thus density, increased. This was also found to be the case in a ZSM-5 crystallization study by Kumar
et al., where highly crystalline ZSM-5 possessed a higher quantity of BAS than poorly crystalline
samples, and butane conversion scaled with acid site quantity [69].

Coking can influence the mechanism preference, especially when acid site proximity is a key
factor. If, as in the monomolecular case, isolated sites are required, acid site deactivation would result
in a linear decrease in conversion. However, where pairs of active sites are required, we would expect
a more rapid decay in activation. For example, work by Wang et al. highlights how coking reduces
the density of acidic sites causing a shift from a bimolecular to a monomolecular behavior [70]. This
showed that the rate of isobutane formation did not change with coking over time, though, the
selectivity to isobutane increased over time [70]. This work proposes that in the initial stages of the
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reaction, the super acid sites of sulfated zirconia rapidly generate butyl carbenium ions, which
facilitates the bimolecular mechanism. This causes a rapid generation of coke precursors based on
the high butyl carbenium ion concentration, resulting in the deactivation of acid sites, and the
subsequent improvement in selectivity to isobutane as the monomolecular mechanism is increasingly
favored. By using a regenerated sulfated zirconia catalyst calcined at 400 °C, a higher initial selectivity
to isobutane is demonstrated than in the fresh catalyst, further supporting this argument [70]. This
mechanism has been found to be applicable to other solid acid catalysts, where the acidic strength is
a key factor for the rate of reaction, compared to the mechanism selectivity role that acid site
concentration has been found to play.

As a result, the selectivity profile is suitable for gauging acid site density in topologically
identical catalysts. Selectivity differences, when varying acid site concentrations in the same
framework, may be exploited when investigating novel frameworks. For example, in
aluminophosphates (the AIPO. analogues of zeolites), acid site density is dependent on the number
of dopant sites, in a similar fashion to the Si/Al ratio of a zeolite [71]. Unlike zeolites the acid strength
does not depend so much on the acid site density. This allows the influence of acid site density to be
explored, independent of acid site strength, for a given system. Butane isomerization can be used to
detect when the acidic property of the material reaches a maximum before acid site density begins to
adversely affect reaction rates due to poor site separation. By comparing reaction profiles for
frameworks with similar acid site quantities, the reaction order with respect to n-butane could inform
investigators of how sparse or clustered the acid sites are, providing the acid strength of the materials
is similar. By extending this to the myriad of dopants that are available for isomorphous substitution
into aluminophosphate systems, this may serve to verify computational predictions of whether
dopants substitute via an atomically clustered or distributed model [42,72,73].

2.4. Influence of Acidic Site Strength and Olefin Levels

Many studies have suggested that acidic strength is also a pivotal factor in the activity and
selectivity for butane isomerization [60,61,74,75]. In order to form the butyl carbenium ion which is
involved in both the monomolecular and bimolecular mechanisms, strong BAS are required. Zhang
et al. demonstrate that rate of n-butane conversion for zeolite beta strongly depended, not on the total
acidity, but specifically the quantity of strong acid sites [61].

When examining acid sites of similar strengths work by Wang et al. demonstrates that it is
capable of monomolecular isomerization, even in a lower temperature range of 433-533 K [60]. By
comparison, ZSM-5 structures required a higher temperature of 573-673 K in order to carry out
bimolecular isomerization. By comparing the density of acid sites between samples, it was observed
that the ZSM-5 (Si/Al = 38) had a higher quantity of strong BAS (0.74 mmol-g), than the SZ (0.13
mmol-g™). On dealuminating the ZSM-5 (Si/Al =200) a lower acidic density (0.11 sites nm2) than the
parent ZSM-5 (Si/Al = 38) sample (1.39 sites nm=) was obtained. However, the monomolecular
mechanism was not observed. This suggests that although acid site density is a crucial part in
determining mechanism selectivity, the energetic barrier of the monomolecular mechanism requires
a certain degree of acidic strength, where SZ demonstrates a higher acidic strength than ZSM-5.

De Rossi et al. found that acidic strength also has a role in determining the stability of materials.
Here zeolite Y was found to have a lower acidic strength than WOx/ZrO:[53]. Though the WO«/ZrO:
system had a much higher initial isobutane yield (10 mol %) than the zeolite Y (5 mol %), the zeolite
Y remained stable over 5 h. In contrast the isobutane yield for the WOx/ZrO: system rapidly
decreased, achieving just 2 mol % isobutane yields after 3 h. This stability emphasizes how important
acid strength is in forming olefinic precursors to the butyl carbenium intermediates in both
monomolecular and bimolecular pathways. While olefinic species are vital species in this reaction,
they are also known to have a deactivating role in isomerization [76-80]. Thus, the effect is twofold;
high acidic strength promotes high concentrations of olefinic species via a high carbocation
concentration, which in turn promotes a high reaction rate. As Engelhardt notes, the side reactions of
cracking and disproportionation are influenced far more by the carbocation concentration than the
rates of isobutane formation [79]. However high olefinic concentrations promote a high rate of coking
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side reactions resulting in a high deactivation rate [77,79-81]. Specifically, this is due to the selective
deactivation of active sites through polyolefin coking products, preventing further carbocation
formation through blockage of the active site. Larger coking products are known to also hinder
diffusion through pores. Hong et al. observed with sulfated zirconia where the removal of olefins
from the feed reduced the rate of deactivation, through reducing the formation rate of coke species
[80]. They postulate that butene species adsorb onto active sites and oligomerize, forming typical
polyolefin coke species. Chiefly, they found that strong sites were preferentially deactivated. By
poisoning these strong sites with ammonia, prior to the catalytic testing, the rapid decline in activity
was eliminated. Though the activity was reduced by an order of magnitude when compared with the
fresh catalyst [80]. Where instead measures were taken to reduce the concentration of surface butenes
present on the catalyst, a similar effect to poisoning the strong BAS was observed. In work by Asuquo
et al., the rate of catalyst deactivation was lowered by the presence of hydrogen, or water, as this
reduced the olefin levels in the reaction [81]. This subsequently reduced the observed conversion rate
as the bimolecular mechanism was suppressed as a result. Wulfers et al. demonstrate that by
including Hz in the reaction feed, olefinic concentrations are reduced, though reaction rate is lowered
[77]. By replacing H> with He, reaction rates increased with olefin concentrations, although the
deactivation rate likewise increased. Catalyst deactivation in mordenite was associated with butene
being the precursor to coke species, where UV/Vis measurements indicated the presence of long chain
polyunsaturated products thought to originate from the oligomerization of butenes.

In light of this, n-butane isomerization could be used as a characterization tool to measure of
strong BAS in a purified n-butane feed. However, n-butane feeds commonly contain trace olefinic
impurities, which can shift the rate determining step for both strong and moderate acid sites [32,34]
Olefins aid the isomerization mechanism, as they are easier to protonate than their alkane
counterparts and facilitate hydride shift reactions with the more abundant butane [34,79]. Wulfers
and Jentoft demonstrate that when studying mordenite activity with a purified butane feed,
isomerization activity is enhanced by the addition of a miniscule 18 ppm feed of butene [76]. Further
work by Wulfers et al. found that introducing butene in a time on stream experiment cause the rapid
increase in the rate of isobutane rate formation, although this mainly triggered a rapid deactivation
[77]. Findings from Fogash et al. supported this finding, by showing that complete removal of olefinic
impurities from the feed eliminated isomerization activity in mordenite [78]. For example, Oliveira
et al. note that the conversion of butane is increased when comparing sulfated and non-sulfated
mordenite [74]. However, the balance of BAS and LAS is crucial for ideal isomerization. Babtirek and
Novakova found that dehydroxylating zeolite samples at 650 ‘C under steam led to a marked
decrease the number of BAS, while increasing the number of LAS [82]. The dehydroxylation process
drastically decreased both the isobutane yield and selectivity compared to the parent samples [82].
This finding highlights that isomerization is more dependent on the interaction of butyl carbenium
ions over BAS than LAS. As a result, the acidic strength and the dehydrogenating capabilities of
catalyst are key for facilitating the formation of butyl carbenium ions, which in turn determine the
rate of monomolecular or bimolecular isomerization (Figure 8).
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Figure 8. Influence of acid strength and dehydrogenation capability on butyl carbenium ion
formation.

The observation that coking targets active sites was found to be especially pronounced on the
highly acidic active sites of SZ. Wang et al. highlight how coking reduces the density of acidic sites
causing a shift from a bimolecular to a monomolecular behavior [70]. Time on stream studies showed
that the rate of isobutane formation did not change with coke formation over time, though the
selectivity to isobutane increased. This work proposes that in the initial stages of the reaction, the
super acid sites of SZ rapidly generate butyl carbenium ions, which facilitates the bimolecular
mechanism [70]. This causes a rapid generation of coke precursors based on the high butyl carbenium
ion concentration, resulting in the deactivation of acid sites, and the subsequent improvement in
selectivity to isobutane as the monomolecular mechanism is increasingly favored. By using a
regenerated SZ catalyst calcined at 400 °C, which retained coking on active sites, a higher initial
selectivity to isobutane is demonstrated than in the fresh catalyst, further supporting this argument
[70]. It is thought that this behavior is applicable to the deactivation of acid site in zeolites, in addition
to the physical pore blockage of large coke species.

As acidic strength is closely tied to isobutane formation and the rate of deactivation, these two
parameters may provide useful indicators for assessing the behavior of other porous solid acid
catalysts. As mentioned previously, aluminophosphates (AIPOs) are structurally similar to zeolites,
in many cases sharing frameworks. Also, similar to zeolites, one can create acid sites within these
materials by doping a range of heteroatoms into the AIPOs, AIPO framework. There are a wide range
of divalent M?* dopants one can incorporate into an AIPO to form BAS, where the specific acidic
properties are a function of both the framework, and the dopant itself [43,83]. Thus, the n-butane
consumption rate can inform investigators how effectively these active sites form butyl carbenium
ions, leading to information on the reaction rate. This in turn can be used to inform investigators of
relative acid strength for dopants in topologically similar materials, with similar acid site
concentrations. However, this is complicated by the presence of olefins, which may occur from the
feed or be generated in situ by additional functionality, such as the redox activity or Lewis acidity.
Ultimately this would lead to artificially enhanced reaction rates which are not representative of
acidic strength. Such functionalities are known to exist for MAIPO materials, such as the redox
behavior of CoAIPOs, or the Lewis acidity of SnAIPOs [84-86].

2.5. Influence of Mesoporosity in Zeolites

When using butane isomerization as an indicator of catalyst performance it is vital to consider
both the initial and longer times on stream. As sites are deactivated, this leads to the product
selectivity shift from the bimolecular mechanism to the monomolecular. This could lead to
misassignments of relative acid site concentration or density when comparing materials, if the
product flow is not quickly analyzed. Where other framework topologies are considered as well as
the role of mesoporosity on diffusion and mechanism selection, then this problem becomes more
complex. Mesoporosity has been found to be crucial in determining diffusion characteristics and has
been observed to improve isomerization in systems where single file diffusion is prioritized by
channel topologies.

In systems which force a long residence time of products due to poor diffusion characteristics,
reverse isomerization results in a high selectivity to propane. It has widely been found that by
introducing mesopores in zeolites, the conversion, selectivity and lifetime has been improved, all of
which has been noted in previous reviews on designing hierarchical zeolites, and their role as
catalysts [87]. These effects have also been found for butane isomerization. When examining
mordenite, Cafiizares et al. found that the absence of mesopores in the mordenite sample studied
resulted in a poor isobutane selectivity due to this [26]. In a later study, Cafizares et al. noted that the
efficiency of bimolecular butane isomerization, is improved when compared to zeolites exclusively
consisting of narrow channels and no mesopores [88] Tran et al. also noted that while dealuminating
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mordenite results in fewer acidic sites affecting selectivity, this process also introduced mesoporosity
into the system. It was believed that this aided a selectivity shift to isobutane by improving diffusion
characteristics, by reducing the residence time of the isobutane product in the pore system [51]. This
has also been found to be the case for zeolite beta. In study by Zhang et al., it was noted that the
abundant mesoporosity of the beta zeolite sample resulted in a high selectivity to isobutane when
compared to non-mesoporous ZSM-5 samples, via accelerating the diffusion of feed and product
molecules [58]. Oliveira et al. also note that the introduction of mesopores on the dealumination of
mordenite improves accessibility to the BAS, and when combined with sulfation of the catalyst,
serves to increase the initial conversion [74]. This was also noted by that steaming Y zeolites induces
a mesoporosity which facilitates the diffusion of larger molecules into the zeolitic channel [89].
Christensen et al. found a similar effect when comparing mesoporous ZSM-5 with a conventional
microporous sample. Diffusion characteristics were found to be much improved for the mesoporous
sample when both systems were tested via isobutane elution. Both catalysts were also tested using
benzene alkylation with ethylene. The mesoporous sample demonstrated improved conversion and
selectivity (18 mol % and 81 mol % respectively) compared to the microporous sample (15 mol % and
73 mol % respectively). It was thought that the introduction of mesopores improved the mass
transport of molecules to and from the active site, resulting in improved conversion and selectivities
[90]. Liu et al. demonstrated that the conversion and selectivity of isobutane cracking may be tuned
through controlling the mesoporosity of ZSM-5 catalysts. More mesoporous samples demonstrated
higher conversion and selectivities due to an improved diffusion, as well as improved catalyst
stabilities and lifetimes [91]. The introduction of mesoporosity has also been found to improve
resistance to coking, much like when comparing channel versus cage topologies. For n-hexane
isomerization Modhera et al. note that desilicated ZSM-5 and zeolite beta samples feature
mesoporosity which improves catalyst lifetime over the parent samples [92].

As a result, much of the diffusion problems presented by narrow pore zeolite systems can be
improved by the introduction of mesopores to facilitate mass transport. Butane isomerization has
been shown to be responsive to the effects of mass transport and would represent a suitable test
reaction for assessing the relative effects of mesoporosity compared to microporous frameworks.
When examining SZ, the combination of mesoporosity and ideal acid characteristics result in a highly
active catalyst.

3. Solid-Acid Catalysts for Butane Isomerization

Besides microporous zeotypes, mesoporous catalysts of varying composition have been used or
studied for butane isomerization. The majority of the literature is dedicated to SZ and zeotypes and
therefore will form the focus of this discussion; however, a brief introduction to the other types of
catalysts is outlined below to provide background to the field.

3.1. Friedel-Crafts Catalysts

This class of catalysts were known as the “first generation’ Friedel-Crafts catalysts for
hydroisomerization. This generation of catalysts includes aluminium chloride, aluminium bromide,
ferric chloride, aluminium mixed with zirconium chloride, copper chloride, zinc chloride, calcium
chloride, boron fluoride, and hydrogen fluoride with or without metallic nickel present, tin chloride,
and zirconium chloride [93]. However, issues with the large scale commercialization of these Friedel-
Crafts catalysts included high rates of corrosion, plugging of equipment and catalyst beds, as well as
high catalyst consumption. In addition, butane isomerization units that utilized this class of catalyst
demanded high levels of maintenance, high operating costs and showed poor efficiency on stream,
thus structure-property relationships are no longer studied for these catalysts. [93,94].

3.2. Bifunctional Catalysts

Efforts to find a catalyst that could operate under low temperatures and retain conversion
without the setbacks of the Friedel-Crafts catalysts led to the development of bifunctional catalysts.
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These were characterized by significantly enhanced acidity allowing the reduction in operating
temperature without compromising conversion. These materials exhibited both hydrogenation as
well as controlled-acidity components so were quickly adopted in the industry. The solid acid
participates in the steps involving carbenium ions, while the metallic component offers
hydrogenation-dehydrogenation activity [33].

This class of catalysts is prepared by treating alumina supported platinum with a halide
compound such as, carbon tetrachloride, chloroform, methylene chloride, hexachloroethane,
aluminum chloride, thionyl chloride, and sulfuryl chloride to name a few. These low temperature
bifunctional hydroisomerization catalysts have the ability to operate in the same temperature regime
as the Friedel-Crafts catalysts without the same limitations. [95].

3.3. Heteropoly Acids

Heteropoly acids are also an important class of isomerization catalysts, owing to their high
acidity, which, akin to chlorinated alumina supports, enables isomerization at comparatively low
temperatures to zeolites and SZ, an example of which is HsPW1204 and its associated caesium salts
[96,97]. In a study carried out by Na et al. [97], they found that at 300 °C the activity and selectivity of
Cs25HosPW12040 were significantly higher than that of SZ which was attributed to its strong acidity
and low levels of deactivation. Another study by Ono et al. [33] investigated HsPW1204 on and
Pd/carbon support for alkane isomerization which showed higher activities at lower temperatures.
This is thought to be through a similar mechanism to the Pt/SZ catalysts, where hydrogen dissociates
on the metal surface to form hydrogen atoms which react with the heteropoly anion to form protons
[98]. Structure property correlations from analogous noble metal doped zeolites or SZ may be used
to investigate the synergistic effect of metal surfaces and acid sites in close proximity and may be
applied.

3.4. Tungsten Oxide Supported on Zirocnia

Another catalyst of great interest in alkane isomerization is tungsten oxide supported on zirconia,
abbreviated to WOx-ZrO2 or WZ. Hino et al. reported that this type of catalyst was active for n-butane
isomerization at operating temperatures of 50 °C [99]. They also found that the stability and
selectivity to branched products was higher for Pt promoted WZ than Pt/SZ [100,101]. Other benefits
of using WZ catalysts over SZ is the absence of sulfate ions which have been known to poison metal
active sites [33].

3.5. Sulfated Zirconia

3.5.1. Main Principles

The limitations of both chlorinated Pt/Al12Os as well as Pt/zeolites has driven the search for a new
catalyst that can meet the demands of both the market and legislation. One group of catalysts which
have dominated recent research are anion modified metal oxides which exhibit adequate acidity for
n-butane isomerization. In particular, research has focused on sulfated zirconia (5Z) which was first
synthesized and used for alkane isomerization by Holm and Bailey’s as describe in their 1962 patent
for Phillip’s Petroleum [102]. SZ possesses both Brensted and Lewis sites, where the close
arrangement of both sites serves to enhance acidity, similarly to defect sites in zeolites. This serves to
set SZ apart from purely Bronsted catalysts, where the dehydrogenating ability of the Lewis sites
permits a high olefin concentration, facilitating high levels of isomerization [33].

The solid-acid catalyst; SZ is created by treating amorphous zirconium oxide hydrate with
sulfate solutions followed by a calcination under air at ~600 ‘C. Calcination of the SZ triggers a
number of important processes; dehydration, crystallization and the formation of bonds between the
sulfate species and the ZrO: surface. The resulting material is a sulfate-modified zirconia
predominantly in the tetragonal phase with a small monoclinic component (Figure 9) that shows high
activity in the isomerization of n-butane, however the synthesis of purely monoclinic SZ has been
documented [103]. The nature of the crystal phase will result in the exposure of different zirconium
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bonding environments [104]. This inevitably effects how the zirconia interacts with sulfur species
(504*) during sulfation and the resulting active sites [105].

Typical synthetic routes for SZ catalysts produce microporous materials (pore diameter <2 nm),
with surface areas ranging from 100-120 m?/g [106], which are well suited to acid catalyzed
transformations of small molecules [61]. It has been shown that the tetragonal phase of SZ is far more
catalytically active than the monoclinic phase in the same reaction [107-112]. Shao et al. investigated
both tetragonal and monoclinic zirconia in the preparation of solid acids SZ catalysts. They found
that the phase transformation of the tetragonal ZrO: to monoclinic ZrO: occurred at calcination
temperatures around 600 °C and full phase transition has occurred by 700 °C. After sulfation, the
transformation from the tetragonal to monoclinic phase, even at the calcination temperature of 700
°C appeared to be inhibited by the presence of sulfur species. The tetragonal phase zirconia exhibited
a more fully developed micropore structure when compared to the purely monoclinic ZrO..
Calcination at 500 °C following sulfation produced catalysts with the highest abundance of acid active
sites regardless of crystalline phase. Increasing calcination temperature enhanced the coordination of
the sulfur species to the zirconia framework, although they discovered that this bonding could be
damaged by the calcination temperatures in excess of 500 °C, with temperatures above 700 °C leading
to pore collapse. Additionally, Shao et al. observed that sulfur and zirconium species exhibited
distinctly different coordination depending on the nature of the crystalline phase. Both the BAS and
LAS were observed in the tetragonal SZ catalyst, whereas mainly BAS were present in monoclinic SZ
[105]. This explains the higher activity of the tetragonal phase in n-butane isomerization, as Song and
Kydd found that the most active SZ catalyst for n-butane isomerization possesses around a one to
one ratio of both types of acid active sites [113]. This is reinforced by Yaluris et al. [114] who have
suggested that the overall activity for n-butane isomerization in SZ catalysts can be attributed to a
dual BAS/LAS model. Several attempts have been undertaken to recreate the highly active sites in SZ
using other doped zirconia species, mostly tungstated-zirconia (TZ). Though these have been shown
to be far less active than SZ species at lower temperatures for alkane isomerization, as such have had
considerably less attention [115]. However, studies on SZ have conclusively shown that the sulfate
loading is a key metric to determine butane conversion [116].
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Figure 9. XRD pattern showing the different possible phases in SZ.

3.5.2. Active Sites in Sulfated Zirconia

Due to the versatility of solid acid catalysts, extensive research efforts have been made to
develop porous superacid materials with a high density of accessible active sites to replace molecular
acid catalysts in industrial chemical transformations [117]. SZ catalysts are prevalent throughout the
literature featuring n-butane isomerization, since first being reported by Holm and Bailey [102]. SZ
was originally considered a solid “superacid”, (possessing an acidity greater than 100% H250s4).
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However, this definition only applies to BAS, and as Olah et al. highlighted [118], the combination of
BAS and LAS in SZ makes it difficult to prove beyond all doubt it is a superacid [119]. As a result,
there is now a growing body of evidence that SZ does not actually exhibit “superacid” strength
[107,119]. In support of this, several authors have recently claimed that their measurements show that
the acidic strength of SZ is comparable to H250s, and acidic zeolites [120-123]. Furthermore,
mechanistic studies have shown that n-butane isomerization typically proceeds via the less energy
intensive bimolecular pathway on the catalyst surface [124-126]. Due to the range of BAS and LAS
present on SZ, its ability to isomerize alkanes under relatively mild conditions has garnered a lot of
interest in recent years [127,128]. SZ catalysts can perform n-butane isomerization at temperatures as
low as room temperature, though usually operate around 523 K (see Section 2.3.), striking a balance
between reaction rate and the thermodynamic equilibrium (Figure 2) [61,107].

One of the factors that affects the activity of both the mesoporous and conventional catalysts is
the degree of hydration. It has been proposed that the active sites on SZ catalysts are a combination
of LAS and BAS located around the surface sulfate groups bonded to the zirconia (Figure 10). The
relative amounts of these two types of acid sites is shown to be a function of the extent of water on
the catalyst surface. Song and Kydd showed that the concentration of BAS decreases with increasing
drying temperature while the population of LAS increases, with optimal activity achieved for a 1:1
ratio of BAS to LAS [113]. The LAS formed on SZ through dehydration are described as
coordinatively unsaturated Zr# centers (Figure 10) [129,130]. Pinna et al. demonstrated that LAS play
a dominant role in the catalytic activity for n-butane isomerization [131], and the participation of BAS
was illustrated by Xu and Sachtler [129]. Yaluris et al. have suggested that the overall activity can be
attributed to a dual BAS/LAS model [114]. Herein, LAS may be involved in generating the initial high
activity observed in n-butane isomerization, but BAS are a requirement for longer-term activity.
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Figure 10. Possible representations of different kinds of BAS (denoted I, II, and III) on SZ and their
transformation into LAS upon heating in the absence of moisture. Adapted from [132].

3.5.3. Incorporating Mesoporosity into Sulfated Zirconia

The porosity and pore geometry of solid acid catalysts are key features in determining catalytic
activity. As with zeotypes, the microporous species have many advantages however their limited
pore size hinders the catalysis of bulkier substrates, the formation of larger products, and can hinder



Catalysts 2020, 10, x FOR PEER REVIEW 17 of 36

diffusion to and from the active site [133]. In general the benefits of catalysts with higher levels of
porosity have been intensely explored in recent years, primarily due to the improvement to catalyst
lifetime [134]. Not only do the mesopores allow easier diffusion to the active site, but they also allow
products to leave the active site to prevent unwanted by-products or reactions. It has also been shown
that coking will primarily occur in the mesopores, not the micropores, preserving the microporous
active sites, preventing pore blockage, thus extending their lifetime.

The dominant pathway for the isomerization of n-butane is thought to proceed via a bimolecular
mechanism involving dimerization to form a Cs intermediate followed by isomerization and
subsequent cracking. Since this pathway involves the formation of a bulky intermediate (Cs
carbenium ion) it can be assumed that this step would be facilitated by larger pore dimensions. The
size of channel openings, pore geometry and overall degree of porosity will all influence how the
reaction proceeds. If the Cs intermediate does not have adequate space to form, then the internal
active metal and/or acid sites are essentially redundant [26]. Therefore, the availability of acid
catalysts mesopores (2-50 nm) should be an appropriate solution to this problem. Due to the
difficulties in synthesizing mesopores with a consistent pore size distribution or long range order
through the top-down methods for used for mesoporous zeolites, there has been incentive for
researchers to develop zirconia-based catalysts with a higher level of porosity, through the bottom-
up introduction of mesopores (Figure 11) [135].
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Figure 11. Schematic outlining the different ways mesopores can be introduced into SZ catalysts. (a) —
Synthesis of mesoporous SZ using supramolecular assemblies of amphiphilic soft-templates as
mesopore structure-directing agents; (b) —Mesoporous SZ prepared via a reflux synthetic route; (¢)—
Direct impregnation method for preparing SZ supported on mesoporous silica.

Inspired by Mobil researchers’ M41S family of mesoporous materials [136], a range of non-
siliceous oxides including TiO2 [137], WOs [138], Fe20s [139] and AIPOs [140] have been prepared
using an amphiphilic soft template (surfactants) to create mesopores during crystallization [141,142].
Similarly, there has been great interest in forming mesoporous SZ by analogous methods, due to its
ability to retain a higher amount of sulfur-based active sites than other metal oxides [143-146]. Many
successful attempts have created mesostructured ZrO:/surfactant composites, using a range of
templating routes including assemblies of cationic [147-155], anionic [156-162] and neutral [135,160]
amphiphiles of varying chain lengths and a number of zirconium precursors (Table 2). The addition
of surfactant not only forms mesopores, but also, in most cases, increases the surface area of
traditional SZ systems (typically 100-120 m?/g). This leads to a large reactive surface, which in
principle will aid the reactivity of the system.

Table 2. Comparison of different surfactants, and their effect on porosity for mesoporous zirconia-
based species.

BET Surface Area Pore Volume Pore Size
Sample Surfactant Ref
(m?¥/g) (cm?/g) (nm)
MP-SZ  CisHssN(CHs)sBr 230 0.12 2-25 [148]
MP-SZ  CisHs7N(CHs)sBr 320 0.15 2-25 [148]
MP-SZ  CaoHa1N(CHs)sBr 390 0.22 2-2.5 [148]
MP-SZ  CisHssN(CHs)sBr 531 0.28 3.3 [149]
MP-SZ  CisHssN(CHs)sBr 373 0.17 1.8 [150]
MP-SZ  CisHssN(CHs)sBr 202 0.11 2.2 [163]
mp.sz ~ CreHsNCl 347 0.32 1.8 [135]
acac
MP-YZ  CisHssN(CHs)sBr 116 0.05 1.9 [153]
MP-TiZ CisH3ssN(CHs)sBr 423 0.19 1.8 [154]
MP-Z  CisHssN(CHs)sBr 269 n/A 2.8 [155]
MP-Z C12H25PO42- 320 N/A 25 [156]
MP-Z CsHoPO42- 233 0.21 15 [157]
MP-Z CsHi7PO42- 313 0.23 1.9 [157]
MP-Z C12H25PO42- 356 0.27 2.5 [157]
MP-Z Ci1sH33PO42- 361 0.33 2.6 [157]

MP-Z CsH1uuCOOH 403 N/A 1.7 [158]
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MP-Z  CiHaCOOH 621 N/A 3.0 [158]
MP-Z  CuH»SO2Na* N/A N/A N/A [160]
MP-Z Tergitol® 7 249 0.15 14 [160]
MP-Z CisHsNH: 347 0.31 1.9 [135]

One of the first challenges in synthesizing mesostructured ZrO:/surfactant composites is
achieving a uniform array of mesopores [159,160,162]. Yet, even after the successful synthesis of a
mesoporous ZrQO/surfactant composite, the next challenge involves removing the amphiphilic
surfactant template. Typically, this is done by calcination at around 600 °C to remove the
hydrocarbon-based surfactant. However mesostructured (amorphous) ZrOz/surfactant composites
are thermally unstable, compared to a silica species, due to the differences in coordination chemistry
[163,164]. Zirconium can form stable polyhedra with higher coordination numbers (6 to 8) meaning
the interactions with the surfactant are stabilizing the zirconia. In contrast silicon prefers to be four
coordinate, as it is in mesoporous silica, so does not bind as strongly to the surfactant. Furthermore,
the inorganic ZrO: framework in such composites is not as well condensed as in the mesoporous
silica [163,165]. As a result, removal of the surfactant template inevitably leads to pore collapse
following either calcination or solvent extraction [135,148,150-152,156,166,167]. Furthermore,
following the structural collapse during calcination, the zirconia species tends to crystallize and
transform back into either the tetragonal or monoclinic, above temperatures of 500 °C [168]. Shao et
al. showed that for amorphous ZrO: when calcination temperatures reach 500 ‘C, a phase transition
to tetragonal ZrO:2 is detected [105]. With the further increase in the calcination temperature to 600
°C, monoclinic ZrO: was formed from the phase transformation of tetragonal ZrO:, but the
transformation did not proceed to completion leading to a mixture of phases. With further increase
in calcination temperature, the monoclinic ZrO: dominates as the most stable phase [105].

Fortunately, it has been found that introducing sulfate [147,148,150-152] and phosphate species
[148,150-152,156,157] into ZrO: reinforces bonding between zirconia fragments and delays the
transitions to tetragonal or monoclinic phases [105] leading to a more stable mesostructured material
during template removal [159]. By tuning the sulfate concentration in the initial synthesis mixture of
the zirconia/surfactant composite or employing a post-synthetic treatment, the resulting
mesostructure exhibits enough thermal stability to withstand calcination to remove surfactant
molecules, leaving behind modified amorphous ZrO: with an ordered mesoporous structure [147—
152]. Thus the benefit of using sulfate species, in the synthesis of mesoporous ZrO, is the resulting
formation of a catalytically active and thermally stable SZ with an ordered mesopore structure.

3.5.4. The Consequences of Mesoporosity on Butane Isomerization for Sulfated Zirconia Systems

Yang et al. synthesized a mesoporous (MP) SZ material [163], with hexadecyl-trimethyl-
ammonium bromide (CTAB) as a surfactant template, and zirconium n-propoxide as the Zr
precursor, in a procedure adapted from Cisela et al. [150]. Yang et al. concluded that a thermally stable
MP-SZ framework could only be synthesized within a narrow range of synthetic variables:
(Zr:5:CTAB) 2:2:1, calcined 540 °C in air. The activity of the successfully synthesized MP-5Z catalyst
was then compared to two active microporous tetragonal SZ catalysts (MEL Cat. XZ0682/01; Sulfate
doped zirconium hydroxide) and Zr(S5Os4)24H20 which had both been calcined [163]. During n-
butane isomerization the single reaction product of MP-SZ was found to be isobutane. Activity of the
mesoporous catalysts was also shown to be higher than the calcined Zr(SO4)2-4H20 but still lower
than the commercial SZ. The commercial catalyst with highest initial rate of isomerization reached a
short-lived maximum in activity, before quickly deactivating. In contrast, the mesoporous sample
has a much longer induction period before it reaches higher isomerization rates, but maintains
conversion levels for much longer than the commercial SZ catalyst. Rather, the activity of the
mesoporous sample slowly increases and reaches the same level as the commercial SZ after ~1000
min of time on stream, after the commercial catalyst has begun deactivation. In contrast the
mesoporous sample showed consistent activity throughout (Figure 12) [163].
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Figure 12. Catalytic data comparing MP SZ with calcined zirconia and the commercial SZ catalyst, as
a function of time on stream. Replotted from data in reference 163. Reaction conditions: 200 mg of
catalyst, 378 K, 1 vol % of n-butane in N2, 30 mL/min-flow, atmospheric pressure.

Characterization results show that the calcined MP-SZ catalyst possesses the expected
mesoporous structure with a narrow pore width distribution around 2.2 nm (Table 2) [163]. The
morphology of the sample varies from the conventional SZ materials, as it is without any bulk
tetragonal or monoclinic crystalline phases. Based on the reaction profiles of the commercial catalyst
and the MP-SZ sample, they suggest that the high short-term activity of the commercial SZ can be
attributed to highly active crystallites of bulk tetragonal zirconia, which is not present in the
mesoporous sample [163].

Following on from this work, Huang et al. [135] documented their methods used to synthesize
MP-SZ with crystalline pore walls of tetragonal crystal structure. They successfully synthesized MP-
SZ prepared using hexadecane amine as an organic mesoporous structure-directing agent. Instead of
removing the surfactant conventionally through calcination they successfully removed it via
dissolution. This was followed by the material being subjected to a number of calcination programs,
either as-synthesized or after deposition of sulfate groups to form SZ [135]. To do this they used
acetylacetone (acac) as a stabilizing agent to slow the hydrolysis of the metal alkoxide precursors, as
transition metal alkoxides are more electropositive than silicon it is important to control their
hydrolysis in the presence of a surfactant template [169-171]. They found that uncontrolled
hydrolysis of the zirconium propoxide precursor, even in the presence of the amine surfactant,
resulted in the formation of microporous ZrO:[135]. Thus, they concluded both acac and an organic
templating agent were needed to form a stable mesoporous tetragonal zirconia, which showed
similar activity to the commercial system after 1000 min on stream (Figure 12) [135].

Risch et al. [127,172] created SZ catalysts which showed a significantly higher mesopore volume
over conventional SZ synthetic methods without a surfactant via a prolonged reflux treatment
modified from Knowles ef al. [173,174]. The sulfur content of the commercial SZ catalyst was
measured 3.24 wt %, compared to the refluxed MP-SZ which contained 4.45 wt % of sulfur [127]. The
mesoporous sample had more than double the surface area of the commercial catalyst, both before
sulfation and calcination. However, this increase in sulfur did not match the increase in surface area,
indicating the sulfur species are likely more dispersed across the ZrO: surface in the MP-5Z as has
been previously reported. When tested for n-butane isomerization they observed higher conversions
with the MP-5Z catalyst, compared to the conventionally prepared SZ catalyst with a lower mesopore
volume [127]. The commercial microporous SZ showed an initial activity of 30% after 5 min time on
stream, which decays to 10% after 1 h. In comparison, the mesoporous catalyst displays around 20%
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conversion after 1 h, double that of the commercial catalyst. The isobutane selectivity of the
mesoporous catalyst is comparable to that of the commercial SZ catalyst. However, higher isobutane
yield values are observed from the mesoporous sample due to the improved conversion. These
preliminary catalysis results show that under these reaction conditions the MP-SZ prepared via the
reflux method is catalytically active for n-butane isomerization despite not having visible long-range
order tetragonal phase crystallinity [127,172]. As discussed earlier the tetragonal crystalline phase
has commonly been attributed to the activity of conventional SZ in n-butane isomerization [48,112].
However, the catalytic results presented in this study indicates that the MP-SZ either contains
tetragonal crystallites which are too small to be seen in the X-ray diffraction, or that long-range
ordered tetragonal crystallites are not required for SZ catalytic activity in n-butane isomerization. If
the latter is true, the presence of the tetragonal phase in commercial microporous SZ catalysts could
simply be a consequence of the calcination step, instead of a necessity for catalytic activity in n-butane
isomerization.

Surface area of SZ is considered an important factor which may affect the catalytic activity, since
the number of active sulfate sites is limited to the available specific surface area [175]. However as
shown (Table 2) in the previous preparation methods for mesoporous zirconias, it is difficult to
achieve surface areas similar to other mesoporous species by conventional preparation methods. For
this reason, supporting SZ on high surface area porous materials such as SiO2, and AlOs was
developed as an alternative to overcome these problems [109,176-178]. Lei et al. synthesized two
supported SZ catalysts, SZ/Al20s and SZ/SiO, via a standard impregnation method, comparing their
activity against analogous bulk SZ [178]. As expected, the surface areas of the supported SZ samples
(142-85 m?/g for SZ/A2Os and 280-110 m?/g for SZ/SiOz, depending on the loading) were much
higher than the unsupported SZ sample (28 m?/g), with increased SZ loading reducing the surface
areas, pore volumes and pore size. Interestingly the sulfur content in the SZ/Al:Os series was higher
than the bulk SZ, suggesting that y-Al:O:s stabilizes surface sulfur species, which was not seen for the
SZ/SiOz samples. In low temperature (35 °C) n-butane isomerization SZ/AL:Os increased ZrO: content
improved catalytic activity, reaching a maximum at 60 wt % [178]. However, SZ/SiO2 species all
showed inferior activity to the bulk SZ, though activity still increased with increasing ZrO: content.
Lei et al. suggested these trends were due to the acidity increasing on the SZ/Al:Os catalysts, in
comparison to a bulk SZ catalyst, which was not seen for SZ supported on SiO:z [178]. The increased
acidity of the SZ/AL2Os catalysts was attributed to the tetragonal phase being stabilized by the Al2Os
support, thus increasing the number of strong acid sites. Though the tetragonal phase was also
stabilized in the SZ/SiO: series, where the lower number of strong acid sites limited the catalytic
activity [178]. During high temperature (250 °C) n-butane isomerization, as with the low temperature
catalysis, both the initial and the steady activities of the SZ/AL:Os catalysts increased with higher
loadings of ZrO, up to 60% zirconia content. When compared to the bulk SZ catalyst, both initial and
long-term activities of SZ/Al:Os samples were greatly improved for those with zirconia loadings in
the range of 30-90 wt % [178]. Although, the overall activity of each SZ/Al:Ossample decreases with
time on stream, as observed in the bulk SZ catalyst, the long-term activity of the SZ/A:Os samples
still exceeded that of the bulk SZ catalyst after 6 h on stream. The steady activity of the 60% SZ/AL:Os,
was shown to be 2.5 times the activity of the bulk SZ [178]. Considering the surface areas of the
SZ/SiO: samples were improved greatly, it did not result in enhanced catalytic activity. They
concluded by saying solely improving surface area does not necessarily result in the increasing
catalytic activity [178].

Silica-based mesoporous materials such as MCM-41, are also potential catalyst supports because
of their high thermal stability, large surface area (> 1000 m?/g), uniform-sized pores and relatively
small diffusion hindrance which facilitates the diffusion of molecules in and out of the mesopores.
Chen et al. reported the preparation of SZ/MCM-41 via incipient wetness impregnation starting with
calcined MCM-41 and zirconium sulfate [169]. Although strong acidity was observed through -
butane isomerization, the porous structure of MCM-41 was significantly blocked by ZrO: at high
loadings, lowering the surface area down to 493 m?/g. They recently succeeded in synthesizing
supported SZ/MCM-41 at high loadings (~60%) onto as-synthesized MCM-41 where the unremoved
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surfactant in the as-synthesized material served as a scaffold in stabilizing the mesostructured of
SZ/MCM-41 during direct impregnation [180].

Alumina-promoted SZ was supported onto silica mesoporous silicas; MCM-41 and SBA-15 by
Chen et al. via a “direct method of impregnation’ followed by the solid state dispersion, removal of
support template, and decomposition of the corresponding metal sulfate (Al and Zr sulfate) [179].
These mesoporous supports were able to accommodate large amounts of zirconium sulfate and
stabilizing its decomposition, forming predominantly tetragonal SZ. Analysis of the textural
properties showed these active phases were on the internal surface of the mesoporous materials [179].
The enhanced butane isomerization activity was attributed to the higher amount of sulfur species on
the surface of these supported catalysts. Catalytic studies showed that activity was highly dependent
on calcination temperature, optimal calcination temperature being 720 °C and a reaction temperature
of 230 °C. Both aluminated SZ/MCM-41 and SZ/SBA-15 showed much higher catalytic activity than
aluminated SZ/SiO2 [179], likely due to the increased dispersion of the tetragonal SZ species on the
mesoporous supports, stabilizing the active phase [179,180].

4. Modifying Acidity with Metal Dopants

Addition of dopant metals onto the surface of acidic porous supports has long been proven an
efficient way of aiding butane isomerization, particularly when combined with a hydrogen co-feed.
Although it is not a simple addition to the catalyst, there are many factors that affect the interactions
of the metal with the support. A few examples being calcination/reduction conditions, metal loading
and support type, Table 3. Balancing these criteria can afford significant improvement in the catalyst
activity, selectivity and stability. Primarily, studies have focussed on Pt and Pd species due to their
efficacy at forming olefins.

Table 3. Catalytic systems that possess metal as nanoparticles or substituted into an acid type
framework to catalyse n-butane isomerization.

. . Deposition Loading (wt
Synthetic Variables Method Metal %) Support Ref
Support and
loading Ion exchange Pt 1.5and 3 MOR, ZSM-5 and [181]
BEA
t W
Suppor | etness Pt 2 SAPO-5and MOR  [36]
Impregnation
Support Ion exchange Pt 2 Beta and ZSM-5 [182]
Support Incipient Pt 0.33 MOR 76]
wetness
Support, temperature Incipient Pt 05 SZ, ZSM-5, MOR [183]
and pressure wetness and Beta
Temperat'ure and . Wetness' Pt 0.02, 0.25 and MOR (81]
loading impregnation 1.3
Support,
FER, T
Loading and | Wetness Pt 0.31-0.09 (TONand gy
. . impregnation Z5M-5
metal dispersion
Supp'ort, Impregnation Pt 0.5,1 and 2 MOR [185]
loading
P
ressure and Impregnation Pt 0.5 MOR [186]
temperature
Metal type Incipient Pt 0.25 Sz [187]

wetness
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Loading, deposition Incipient
method and calcination Wetness/Ion Pt 0.24-0.97 ZSM-5 [188]
conditions exchange
WHSV and carrier gas Ion exchange Pt 0.54 MCM-41 [38]
Support Impregnation Pt 0.5 SZ [98]
Support anc.l 'calcmatlon . Wetness' Pt 1.0 Carbon [189]
conditions impregnation
Incivi
Support and loading neipient Pd 0.27-0.57 ZSM-5 and MOR [26]
wetness
Calcination conditions,
acidity and metal Ion exchange Pd 0.53 ZSM-5 [190]
precursor
. During Fe and
Loading synthesis Mn 2 (total) SZ [191]
Addl.tlon of Metal and . Wet ' La 10 ZSM.5 [192]
diluent amount impregnation

4.1. The Importance of Dopant-Support Combinations

The specific support chosen for metal dopants and nanoparticles is crucial in establishing
synergy within the catalyst system. SZ is well recognized for catalyzing the reaction of n-butane
isomerization due to the presence of strong BAS and LAS [49]. Early work saw addition of platinum
to SZ where Hz increased selectivity to isobutane, attributing the promoting effect to Pt addition [98].
However, it should be emphasized that it is important to combine sulfated zirconia with Pt. Pt loaded
on zirconia alone results in low butane conversion, and low isobutane selectivity [193]. It has been
theorized that Pt acts as de/hydrogenating agent in the formation of butenes in the n-butane
isomerization mechanism, maintaining a butane/butene equilibrium [76,81]. This is achieved by
activating hydrogen via a reverse Horiuti-Polanyi type proton transfer and carbenium ion formation
by the monomolecular pathway (Figure 13) [181]. Despite this the BIC (Boreskov Institute of
Catalysis) catalyst (Table 1) is a Pd/SZ species, which has higher contaminant and deactivation
resilience than Pt-doped species [22]. Similarly other species have been investigated, including Al
[194], Ga [194], Cr [195], Fe [195], Mn [195], Co [195], Ni [195] and Hf [196], which show some potential
as promoters for SZ species.

CH CHs
(|3H3 [, (|3H
CH =
_CH, CHs CHs RHC? RHC”
RH,C -— C‘:H -— [ S H
P ~CH

O OED OB I N

Figure 13. Suggested mechanism for the reversible butane dehydrogenation/butene hydrogenation

reaction on Pt, adapted from [197].

However, whether the butane isomerization proceeds via a monomolecular or bimolecular
pathway is greatly contested in the literature and is again dependent on the support type and metal
loading. Out of many metals, Pt shows the greatest promoting effect in n-butane isomerization for
dehydrogenating/hydrogenating activity [187]. In doing so Pt can balance the concentration of butane
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and butenes within the reaction and has a stabilizing effect on the total conversion of n-butane for
longer time on stream (Figure 14) [36].
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Figure 14. Showing the enhancement of Pt doping on different mordenite species for n-butane
conversion. Figure created from data in [36]. Reaction conditions: 20% n-Butane and 80% hydrogen,
WHSV of 3.5 hr ! at 723 K.

Conversely, not all metals are a beneficial addition to the catalyst support, for example iron and
manganese on SZ showed no additional benefit. For these metals a sharp increase is seen in the
number of LAS but not in the number of strong BAS which are associated with the high activity in n-
butane isomerization [191]. La on ZSM-5 also shows no significant increase in conversion, reinforcing
the above findings on the reaction mechanism, alluding to the need to create the correct metal-
support pairing for efficient catalysis [192].

Not all porous supports are suitable for the isomerization of n-butane due to their pore
geometries, or acidic properties. Many supports have been evaluated to assess the effect of the acid
site type and density on the catalysis of n-butane. One example of an inactive support for n-butane
isomerization is MCM-41 [38]. On addition of Pt, hydrogenolysis was the main reaction observed
over the catalyst, primarily showing Ci—Cs products. It is believed the bimolecular reaction did not
play a significant role due to the very small quantities of propane and pentanes formed. Instead it
was proposed that the reaction proceeded by dehydrogenating n-butane to linear-butene,
isomerization to isobutene, followed by hydrogenation to isobutane. Compared to Pt-S5iO2, Pt-MCM-
41 showed greater selectivity to isobutane (41 mol % v 11 mol %), this was attributed to the acid sites
in MCM-41 being strong enough to isomerize butenes [38]. Similar observations have also been made
on carbon supports [189].

Comparison of different zeolites, as discussed in Section 2, shows vast differences in butane
isomerization due to pore geometry [56,126,183]. Pt-doped mordenite showed that even when there
is a high dispersion of active Pt on the surface, the one-dimensional pore architecture inhibits access
to acid sites located within mordenite [181]. The Pt loaded onto the surface will also cause a
narrowing of the pore width, again disfavoring activity within the pores of mordenite. In contrast the
pores of ZSM-5 enable the bimolecular pathway of n-butane isomerization despite the smaller
opening to the main channel, even with the addition of Pt [181]. The three-dimensional pore system
is compatible with the formation of the octyl-carbenium ions, which may account for its superior
activity when compared to other undoped zeolite frameworks [26,184]. Furthermore, isobutane
selectivity with Pt/ZSM-5 and Pt/MOR varied with temperature, at lower temperatures (250 °C),
Pt/ZSM-5 achieved 95 mol % selectivity, whereas under identical conditions Pt/MOR achieved just
50 mol %. As the reaction temperature increased to 350 °C, the selectivity of Pt/ZSM-5 decreased to
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just 25 mol %, similarly Pt/MOR only achieved a 20 mol % conversion to isobutane. These species
showed similar TPR and FTIR spectra, suggesting this change in selectivity must be a result of the
zeolite framework [181]. The addition of platinum to mordenite shows a slight increase in isobutane
selectivity compared to parent mordenite inferring there is little to no influence from Pt on the
mechanistic pathways of the isomerization reaction. From FTIR analysis, it was seen that Pt binds to
strong BAS and LAS within the mordenite pores due to their removal of those sites from the spectra
[182,185,186]. Addition of Pt to zeolite beta and ZSM-5, while performing butane isomerization with
hydrogen, increases the rate of n-butane isomerization compared to the parent zeolite supports. In
addition, Pt and hydrogen prevent the formation of insoluble coke that leads to deactivation. This is
due to the Pt sites modifying the alkane/alkene equilibrium, limiting the alkene concentration,
preventing coke precursors forming [36,182].

Kumar et al. suggested that Pt addition to an acidic silicon-doped aluminophosphate (SAPO-5)
significantly increased the Brensted and Lewis acidity, possibly through some combination of the Pt
species and the weaker SAPO-5 sites [36]. However, it was noted there was little effect on the total
acid quantity of mordenite, but there was a drastic decrease in the number of strong acid sites, on
addition of Pt to mordenite, as shown through pyridine FTIR [36]. Despite these changes both
Pt/SAPO-5 and Pt/mordenite showed higher n-butane conversion, improved isobutane selectivity,
and less influence of catalytic deactivation, compared to their parent materials [36]. Thus, the support
type is important due the pore geometry, and the existing acid sites. Both factors will influence the
reaction mechanism and molecular diffusion through the framework, which is exaggerated further
when metals are deposited onto the framework. The ratio of hydrogenolysis/isomerization products
in this case can be indicative of catalyst design. For example, metal/support interactions and metal
loading can influence product distribution, hence revealing structure property correlations.

4.2. The Influence of Dopant Loading

Generally, a better dispersion of Pt is achieved at lower loadings, thus reducing the likelihood
of agglomeration of Pt particles. On zeolite beta it has been shown that a higher dispersion of Pt,
increases the n-butane conversion [181]. In mordenite it was demonstrated that the addition of
hydrogen and lower loadings of Pt would avoid the increased selectivity to hydrogenolysis which is
detrimental to the isomerization mechanism. Although, a decrease in activity is sacrificed for greater
stability upon the addition of Pt and hydrogen to the feed due to the lower concentration of
carbocations [28]. Increasing the loading of Pt on ZSM-5 showed an increase in conversion of n-
butane and isobutane yield due to changes in the dispersion of the Pt atoms on the surface of the
framework and forces between the Pt and the zeolite [188].

The loading of the metal onto the catalyst is deemed to be sufficient when the reactions on the
acid sites are rate limiting. Above this metal loading the isomerization activity has reached a
maximum, and the risks increase of metal agglomeration, or having hydrogenolysis prevail [188].
Vilegas et al. reported that on adding Pt to mordenite there is a reduction in strong BAS, when heated
to 723 K and pyridine absorbed in FTIR experiments, inferring Pt is bound to these strong BAS.
Although the number of medium BAS increased on increasing Pt wt % (0.5-2 wt %, Figure 15), hence
inferring that medium BAS were created when mordenite is impregnated with high amounts of
H2PtCls. Similar behavior is observed for medium and strong LAS [185].



Catalysts 2020, 10, x FOR PEER REVIEW 26 of 36

EWBAS mMBAS mBSBAS ©“WLAS mMLAS ®mSLAS
350 -

L

H-MOR 05wt% Pt 1wt%Pt- 2wt% Pt-
MOR MOR MOR

Acid sites (pmol/g)
- — N )
o w o a
o o o o

[4)
o
1

Figure 15. Showing the influence of Pt loading on acidity at different metal loadings, considering
weak, medium and strong (W/M/S) Brensted and Lewis acid sites (BAS/LAS). Adapted from data
from [185].

The method by which the metal is loaded onto the catalyst has been seen to affect the activity of
the catalyst. A comparison of ion exchange and impregnation methods of Pd/H-ZSM-5 shows greater
selectivity when the Pd is loaded by ion exchange and when treated with a strong acid to increase
acid site density [19]. The choice of dopant precursor can also influence the systems reactivity. For
Pd precursors, it can be demonstrated that compared to commonly used [Pd(NH3)4](NOs)z, other
precursors such as Pd(NOs): have comparable activity and better calcination procedures (Figure 16).
Increasing the metal loading of Pd on ZSM-5 saw a decrease in dispersion which can be explained
when all acid sites are saturated within the zeolite, excess metal will agglomerate within hidden cages
within the zeolite framework, potentially causing a blockage of the pore. The drastic decrease in the
surface area could affect the formation of intermediates and to an extent the access of butane to the
acid site. Finally, reduction conditions can influence the dispersion of the metal on the surface of the
catalyst and therefore the activity of the catalyst. The highest reduction temperature (450 “C) showed
the highest isobutane yield. This is attributed to a higher dispersion of nanoparticles in hidden cages
of the zeolite. Increasing the WHSV over Pt-MCM-41 shows a significant decline in the rate of
conversion and higher hydrogen pressures favoring hydrogenolysis [9]. Cafiizares et al. reported that
reduction temperatures are influential on the dispersion of Pt atoms loaded by ion exchange whereby
higher reduction temperatures reduce the activity of the catalyst also due to sintering [188,190].
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Figure 16. Effect of Pd precursor, Pd precursor; T = [Pd(NH3):]J(NOs)2, N = Pd(NOs)2, and metal
loading (0.45-1.31 wt %) on the selectivity to isobutane and conversion of n-butane over Pd/ZSM-5.
645 K, 1 bar, feed Hz/n-butane 10:1, figure adapted from [190].

Similar studies on sulfated zirconia alumina (SZA) catalysts by Abu et al. also investigated the
influence of Pt loading on butane isomerization performance [198]. By varying the Ptloading between
0,0.5, 1.0 and 2.0 wt %, little influence was seen on the BET surface areas (all 110-116 m?/g) or pore
diameters (3.4-3.8 nm). However, the highest isobutane yields were achieved with 1.0 wt % Pt on
SZA, again highlighting that varying the metal loading can have significant effects on selectivity.
[198].

5. Conclusions

Due to the growing global demand for isobutane, the isomerization of n-butane is certain to play
a pivotal role in the chemical industry for the foreseeable future. The topic continues to inspire
researchers to continue creating novel catalysts for this specific application, with the aim of
improving the conversion, selectivity, or stability of existing commercial catalysts. As this process
was first commercialized in 1941, researchers approaching this field for the first time can benefit from
a wealth of previous research and information on this reaction to aid their design of new catalytic
materials. To this end, the various possible mechanisms are well established, with the influence of
different acidic parameters well understood. This level of detail allows one to see butane
isomerization, not just as an opportunity for material design, but also as a diagnostic technique for
evaluating the influence of individual descriptors on catalytic activity. Many descriptors, including
acid site density, type, strength and framework topology have been shown to influence this reaction.
These descriptors and their effects can be summarized as follows: acid site density influences
monomolecular versus bimolecular selectivity, while the acid site strength affects reaction rate,
catalyst deactivation, coking rate with the microporosity and mesoporosity inducing
monomolecular/bimolecular shape-selectivity and catalyst deactivation. More importantly, the
support acidity/metal balance regulates olefin availability, reactivity and coking rate, impacting
monomolecular/bimolecular selectivity, and generation of secondary reactions (hydrogenolysis). As
such, butane isomerization represents a versatile diagnostic tool for evaluating, optimizing and
benchmarking a range of catalytic materials, in addition to the wide range of commercial applications.
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