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Abstract: Due to its high biodegradability, high dielectric strength, and good thermal stability,
vegetable oil is under consideration as an alternative transformer fluid for power system
equipment, replacing traditional petroleum-based insulating oils. Its main drawbacks are its
poor low-temperature properties arising from the crystallization of its long-chain normal paraffins,
and its lower oxidative stability arising from its higher concentration of unsaturated fatty acids.
Hydroisomerization/isomerization over bifunctional catalysts is considered to be an efficient pathway
to upgrade vegetable oil-based insulating oil; this converts saturated /unsaturated long-chain fatty
acids to branched isomers. The efficiency of this process depends crucially on the behavior of the
catalyst system. This paper extensively reviews recent results on the influence that the metal phase
and acidity, the effects of pore channels, and the balance between metal and acid sites have upon the
activity and selectivity of catalytic hydroisomerization.
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1. Introduction

1.1. Importance of Biologically Sourced Insulating Oil

Insulating oils are liquid dielectrics that are extensively used in transformers, one of the most
important pieces of equipment in the power system. The important functions of transformer oil are
to ensure electrical insulation and to act as a cooling fluid, removing heat from the windings and the
core [1]; thus, the oil determines the life span of the equipment. Petroleum-based oils, also called
mineral oils, have been used as transformer oils since the 1880s due to their good compatibility with
cellulose paper insulation, suitable physicochemical and heat dissipation properties, and low cost [2].
However, these oils have many negative aspects including their non-renewability, low flash point, and
low fire point, as well as the various environmental, political, and socioeconomic issues associated
with petroleum products. Polychlorinated aromatic hydrocarbon fluids (such as Polychlorinated
Biphenyls—PCBs), silicones, and synthetic ester fluids have been used as alternative fluids thanks to
their outstanding properties such as higher fire points compared to mineral oil and good oxidative
and thermal stabilities. However, their availability and comparatively higher cost have confined their
application to special transformers [3,4]. Furthermore, these oils are poorly biodegradable, flammable,
and have negative environmental impacts, since equipment failure and leakage can contaminate soil
and water.

Vegetable oils, which are natural esters, are considered to be promising candidates for insulating
oils owing to their high biodegradability, good thermal properties, and wide availability [5,6]. The use
of vegetable oil-based insulating oil could resolve environmental problems thanks to their high
biodegradability and lack of toxicity in nature. Moreover, vegetable oils are less expensive than
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synthetic esters, and in the long run may be even cheaper than mineral oil. In addition, owing to
their hydrophilicity, vegetable-based insulating oil could increase the life of transformers compared to
conventional mineral oils (Table 1).

Table 1. Properties of typical transformer dielectric fluids (modified from Reference [7]).

Mineral Oils Silicone Oils Synthetic Esters Vegetable Oils

Dielectric breakdown, kV—ASTM D1816 45-85 35-60 43-70 49-97
Kinematic viscosity at 0 °C, centistokes—cSt <76 81-92 26-240 77-500

at40°C 3-16 35-40 14-29 16-50

at 100 °C 2-3 15-17 4-6 4-15
Pour point, "C—ASTM D97 —30 to —60 —50 to —60 —40 to —60 —10to —33
Flash point, °C—ASTM D92 110-175 300-310 250-310 310-343
Fire point, °C—ASTM D92 110-185 340-350 300-310 350-360
Density at 20 °C, kg-dm>—ASTM D1298 0.83-0.89 0.96-1.10 0.90-1.00 0.87-0.92
Biodegradability over 21 days—CEC-L-33 <30% 0% 80% 97%-99%
Specific heat, J-g~1-k! 1.6-2.0 15 1.8-2.3 1.5-2.1
Water solubility, ppm, at 20 °C 45 200 2700

at 100 °C 650 1100 7200
Expansion coefficient, 1074 k™! 7-9 10 6.5-10 5.5-5.9

The main fatty esters present in biologically sourced insulating oil (hereinafter ‘vegetable oil-based
insulating 0il") are palmitic acid (C16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), and
linolenic acid (18:3). This applies to oils from various biomass feedstocks, as listed in Table 2, including
soybean, sunflower, rapeseed (i.e., canola), palm, and peanut oils. Various other fatty acids are present
in minor amounts in virtually all oils and fats derived from bio-oil feedstocks.
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Table 2. Fatty acid compositions of various vegetable oils (modified from Reference [8]).

3of16

Fatty Acid Microalgae (Sp) Palm Olive  Peanut Rape-Seed Soybean Sunflower Grape Almond Corn  Coconut

Capric C10:0 - - - - - - - - - - 6.0

Lauric C12:0 - 0.1 - 0.1 - - - - - - 47.0

Myristic C14:0 0.3 0.7 - 0.1 - - - 0.1 - - 18.0

Saturated Palmitic C16:0 40.2 36.7 11.6 8.0 4.9 11.3 6.2 4.6 10.4 6.5 9.0

Stearic C18:0 1.2 6.6 3.1 1.8 1.6 3.6 3.7 34 29 1.4 3.0
Arachidic C20:0 0.1 0.4 0.03 0.9 - 0.3 0.3 0.3 0.3 0.1 -
Behenic C22:0 - 0.1 0.1 3 - - 0.7 0.7 0.1 - -
Palmitoleic Cle:1 9.2 - - - - - - - - - -

Oleic C18:1 54 46.1 75.0 53.3 33.0 249 252 62.8 77.1 65.6 6.0
Mono-unsaturated Gadoleic C20:1 _ 0.2 _ 24 93 0.3 0.2 - - 0.1 _
Erucic C22:1 - - - - 23.0 0.3 0.1 - - 0.1 -

Poly-unsaturated Linoleic C18:2 17.9 8.6 7.8 28.4 20.4 53.0 63.1 27.5 7.6 252 2.0
Linolenic C18:3 18.3 0.3 0.6 0.3 7.9 6.1 0.2 0.1 0.8 0.1 -

Sp: Spirulina maxima.
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1.2. Application Drawbacks of Vegetable Oil-Based Insulating Oils

Although vegetable oil-based insulating oils have various advantages as discussed above,
they also have the drawbacks of high pour points, higher viscosity, and poorer aging compared
to conventional mineral oils [9-11]. For instance, the pour points of common vegetable esters are in
the range from —10 to —33 °C due to their higher contents of long-chain normal paraffins compared
to mineral oils, which can be a critical problem for low-temperature applications [12]. However,
the structural properties of acid chain length, unsaturation, and branching can be altered to tailor the
pour points of vegetable oil-based insulating oils.

Secondly, under normal transformer operating temperatures, vegetable oil-based insulating
oils show higher viscosities than mineral oils, meaning that they will yield less efficient convection
heat transfer and thus higher operation temperatures. Moreover, viscosity strongly influences the
impregnation of cellulose-based solid insulation. It has been observed that with natural esters it takes
at least two times as long to complete the impregnation of laminated pressboard. This process can be
hastened by carrying it out at a slightly higher temperature [13].

Liquid insulators used in transformers must show higher stabilities toward oxidation. Oxidation
is the most influential factor in oil aging, and is especially important for oils used in free-breathing
transformers [11]. Actually, the oxidative stabilities of natural esters depend on their fatty acid
distributions, the refining processes used, and the presence of natural antioxidants. It is known
that increasing the unsaturated fatty acid content decreases the oxidative stability of natural esters.
For example, the oxidation stability of oleic acid (having one double bond) is 10 times that of
linoleic acid (having two double bonds), which is in turn twice that of linolenic acid (having three
double bonds).

Solving these problems simultaneously has been challenging because solving one problem often
worsens another. The properties of vegetable oil-based insulating oils depend mainly on the structures
of their constituent fatty acids. Hence, the properties of these esters can be tailored by choosing a
suitable ratio of saturated to unsaturated triglycerides during their formulation. Branched-chain
saturated fatty acids are ideal components because they have better low-temperature properties than
linear saturated fatty acid and show greater oxidative stability than linear unsaturated fatty acids [14].

The aim of this review is to summarize recent processes to produce high-quality insulating
oils from renewable sources. We focus on catalytic processes to transform the normal long-chain
hydrocarbons of fatty acids to branched isomers that are desirable components for vegetable oil-based
insulating oils and bio-fuel oils in general.

2. Catalytic Hydroisomerization/Isomerization of Long-Chain Saturated/Unsaturated Fatty Acids

2.1. Hydroisomerization/Isomerization for Upgrading Vegetable Oil-Based Insulating Oils

In the pathway of vegetable oil-based insulating oil upgrading, catalytic hydroisomerization is a
more sustainable process for reducing the concentration of linear paraffins by transforming them to
their branched isomers. According to Abhari et al. [15], the pour point of vegetable oil was decreased
to —10 °C by applying the hydroisomerization over Pt/Pd on an amorphous silica/alumina catalyst.
The hydroisomerized product had the iso-paraffin to n-paraffin ratio in the range of 1:1 to 10:1, of which
about 80% were mono-methyl branched paraffins. Reaume et al. [16,17] showed that the synergetic use
of hydroisomerization and isomerization can decrease the cloud points (defined as the temperature
at which the oil becomes cloudy) of oleic methyl ester, palmitic methyl ester, and various natural
esters by 7.5 to 12.9 °C. Isomerization is used to convert unsaturated fatty acids already having C=C
bonds, whereas hydroisomerization is used to introduce these 7t bonds into saturated chains (creating
a carbon-carbon double bond site), which requires a dehydrogenation/hydrogenation step. Firstly,
the dehydrogenation of normal paraffins takes place over a metal phase. The generated olefins diffuse
and protonate on the Brensted acid sites to form alkylcarbenium ions, which then undergo skeletal
isomerization and then deprotonation by means of beta scission. After desorbing from acid sites and
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diffusing to metal sites, these isomerized olefins are then hydrogenated to form the corresponding
paraffins [18]. The desired and undesired products of these reactions are shown in Figure 1. These two
different reactions are thus indispensable to improve the low-temperature properties of insulating and
lubricant oils.
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Figure 1. Desired and undesired products from the isomerization/hydroisomerization of oleic acid
and the hydroisomerization of palmitic acid (modified from Reference [16]).

Because they allow a combination of dehydrogenation/hydrogenation and acid catalysis that is
highly desirable for bio-oil upgrading, bifunctional metal/acid catalysts have attracted the attention
of many researchers worldwide, who have explored their special catalytic performance and worked
to elucidate their mechanisms [16,17,19-26]. Various catalysts have been reported for n-paraffin
transformation, with a wide range of performance depending upon reaction temperature, metal site
types, acidity, support structure effects, and the balance between metal and acid sites. Generally,
an effective bifunctional catalyst for hydroisomerization should diminish side reactions such as
hydrocracking and oligomerization. The decomposition of carbocations during hydrocracking occurs
by means of beta scission of C-C bonds, the selectivity of which depends on the natural and
structural effects of acid sites in the catalyst support. According to Coonradt and Garwood [27],
these differences in selectivity arise from catalysts” differences in acidity and relative strengths of
dehydrogenation/hydrogenation activity. The balance between metal and Brensted acid sites plays
a vital role in determining the selectivity of the catalyst; high metal site density limits the formation
of multiply branched isomers by promoting hydrogenation of the primary isomerization products,
an issue that has received relatively little attention, with only a few reports so far [28]. Metal dispersion,
metal loading, acidity and density of acid sites, and porous channel system effect are also key properties
for determining the catalyst selection and experimental design [29-32].



Catalysts 2018, 8, 131 6 of 16

2.2. Catalyst System for Hydroisomerization/Isomerization

2.2.1. Metallic Function

The metal phase type is important to the catalytic performance. Both noble metals (Pt, Pd, etc.)
and non-noble metal catalysts (Ni, Co, Cu, etc.) have been found to be efficient metallic catalysts
for normal long-chain paraffin hydroisomerization [22]. Compared to non-noble metal types, noble
metal catalysts show considerably higher activity and selectivity for hydroisomerization due to their
easy activation of hydrogen, which then spills over onto the surface of support [33]. Zhang et al. [21]
evaluated the role of the metal phase upon the catalytic performance of tungstenated zirconia for
n-hexadecane transformation; among the different metals they evaluated (Pd, Pt, and Ni), with
varying metal loadings in one case, platinum was found to be the best for the metallic phase.
Metal content is also a key factor for tailoring the catalytic performance of supported metal catalysts.
Song et al. [30] investigated the effect of Pd loading upon the catalytic performance of n-decane
hydroisomerization over a Pd-based catalyst supported on SAPO-11 zeolite in a fixed-bed continuous
microreactor. The metal dispersion on SAPO-11 decreased with increasing Pd loading, owing to the
increasing agglomeration of metal particles on the support surface. Additionally, increasing the metal
particle size can partially block some pore mouths of SAPO-11, impairing its function as a molecular
sieve and thereby dramatically increasing the ratio between the density of accessible Pd metal sites
and the number of available Breonsted acid sites. For n-decane hydroisomerization, the activity of
xPd/SAPO-11 catalyst decreases in order of decreasing metal dispersion according to the following
trend: 0.1Pd/SAPO-11 > 0.3Pd/SAPO-11 > 0.05Pd/SAPO-11 > 0.5Pd/SAPO-11. The lower activity of
the catalyst, having the lowest Pd content, is due to its deficiency of metal sites; in this case of low Pd
loading, the rate of the transformation is limited by the rate of hydrogenation/dehydrogenation over
the Pd sites.

Frank Bauer et al. [34] focused on the hydroisomerization of n-hexadecane over nanosized
bimetallic Pt-Pd/H-Beta catalysts, finding that the Pt/H-beta catalyst is significantly more selective for
hydroisomerization than its Pd-containing counterparts, owing to the higher hydrogenating activity of
Pt relative to Pd. On the other hand, the metal dispersion and bimetallic interaction play important
roles in the hydroisomerization activity. In fact, Bauer et al. found that the branched isomer selectivity
was superior to 90% at the conversion of 64.8% over the Pt/H-beta catalyst. With gradual increasing in
the loading of Pd as a promoter, the hydroisomerization activity remarkably increased due to increasing
noble metal dispersion, specifically as a result of increasing the concentration of the easily reducible
palladium oxides present after calcination, which promote hydroisomerization [34,35] (Table 3).

Table 3. Metal dispersion, n-hexadecane conversion, and isomerized selectivity /cracked selectivities
of Pd-Pt/H-Beta catalysts with various Pt and Pd loadings. Reaction conditions: T =200 °C, P = 1 bar,
liquid hourly space velocity (LHSV) = 3 h~! (modified from Reference [34]).

H-Beta Based Catalyst with Pd-Pt Pd-Pt Pd-Pt Pd-Pt Pd-Pt
Pt-Pd Loading (wt %/wt %) (0.6/0.0) (0.6/0.2) (0.4/0.4) (0.2/0.6) (0.0/0.8)
Metal dispersion (%) 53 92 91 77 54

Conversion (%) 54.9 77.0 77.6 74.2 64.8
Isomerized selectivity (%) 80.4 91.2 929 92.3 93.4
Cracked selectivity (%) 19.6 8.8 7.1 7.7 6.2

A. de Lucas et al. [22] also focused on the influence of Pt-Pd metal loading and how the
combination of these metals supported on catalysts based on agglomerated beta zeolite performed
in the hydroisomerization of n-octane. For equal loadings, the metallic dispersion was higher in
the case of platinum-based catalysts compared to palladium-based catalysts because their greater
polarizability—due to the d electron configuration and larger atomic size—make Pt atoms less mobile
than Pd atoms [36]. However, in the case of bimetallic Pt-Pd supported on agglomerated beta zeolite,
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the metal dispersion decreases with increasing palladium content owing to the interaction between
palladium and platinum in bimetallic particles, as K. Lee et al. [37] and Pawelec et al. [38] demonstrated.

2.2.2. Acid Zeolites

In recent decades, many studies have been performed on the hydroisomerization of long-chain
paraffins over zeolite catalysts thanks to their suitable acidity or hierarchical structures that combine
microporous and mesoporous channel systems. In fact, due to their peculiar pore channel, zeolite-based
catalysts are used to improve the degree of branching of product and decrease the tendency
toward cracking reaction through the transition state selectivity (TSS) and product shape selectivity
(PSS) effects. On the other hand, the acidity of the zeolite greatly influences the hydroisomerized yield.
The acid strength distribution and acid site density both influence this yield, and the relation between
metal sites and protonating sites is critical in determining the performance of the bifunctional catalysts.
Many authors have concluded that weak or medium-strength Brensted acid sites are responsible for
promoting isomerized selectivity, whereas strong Brensted acid and Lewis acid sites tend to promote
cracking [19,20,25,29,39,40]. Hence, modifying the Bronsted acidity of the zeolite is essential to improve
its hydroisomerization selectivity.

Acid Sites

The acidity of the zeolite is a crucial factor in determining the overall catalytic performance in
the upgrading of vegetable oils to produce low-pour-point insulating and lubricating oils. The degree
of acidity and the acid site types (Brensted or Lewis) determine the degree to which the cracking or
isomerization reaction is favored. Mériaudeau et al. [40] studied the performance of 1%Pt/SAPO-41,
1%Pt/SAPO-31, and 1%Pt/SAPO-11 catalysts in n-octane hydroisomerization through a fixed-bed
continuous flow reactor at 200—400 °C under atmospheric pressure. The catalytic activity decreased
in increasing order of the amount and strength of acid sites: SAPO-41 > SAPO-11 > SAPO-31.
However, the reaction rate was most strongly restricted by diffusion in the microporous channels of
the SAPO-type zeolite. The low activity of the catalyst based on SAPO-31 zeolite resulted from the
combined effect of its diffusion limitations and low acidity. Verma et al. [39] synthesized hierarchical
mesoporous crystalline HZSM-5 zeolite catalysts in high-surface-area and low-surface-area types for
the hydroconversion of algae and Jatropha seed oil to jet fuel. According to 2/ Al MAS NMR analysis,
the concentration of extra-framework Al present in the high-surface-area zeolite sample was higher
than that in its low-surface-area counterpart, representing an increased number of Lewis acid sites
in the former [41]. The former catalyst type also had more strong acid sites, favoring cracking and
thus decreasing its isomerization selectivity. SAPO-11 and ZSM-22 have been used widely in paraffin
long-chain hydroisomerization catalysts because of their moderate acidity and straight channels of
10-membered rings. The drawback of this zeolite type is its lower acid site density at the pore mouths
where the main isomerization occurs, according to the pore mouth and key-lock mechanism [42,43].

The acidity of zeolite can be also controlled by modifying its Si/ Al ratio by means of ion exchange
or post-synthesis dealumination or desilication treatments, or by creating a siliceous border over
the pore mouth of the channel system. The advantages of these tailoring methods are that they
change both the total number of acidic sites and the density of electrons on the linking hydroxyl
group, thereby changing the Brensted acidity. Parma et al. [28] studied the effect of the zeolite
Si/ Al ratio in the Pt/ZSM-22 catalyst system upon the branched isomer selectivity for n-hexadecane
hydroisomerization (Table 4). Decreases in the total number of acid sites and in the number of Brensted
acid sites correspond to increases in the Si/ Al framework ratio. At the constant conversion level of
90%, a catalyst having a lower Si/ Al ratio showed excellent selectivity and maximum isomer yield at
lower reaction temperatures, 300-320 °C, compared to the reaction temperature range of 330-350 °C,
providing maximum isomer yield for a catalyst with a higher Si/ Al ratio. This result can be attributed
to the mild Brensted acidic strength of ZSM-22 zeolite, which favors isomerization over cracking at
lower temperatures. Furthermore, relative to CAT-1 (having the Si/ Al ratio of 30), CAT-2 (having the
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Si/ Al ratio of 45) has a lower reaction temperature that maximizes isomer yield, indicating that it has
optimal acid function and metal site balance over the mouths of its zeolite pores.

Table 4. Acidity properties of H-ZSM-22 catalysts with various Si/Al ratios and their reaction
temperatures for obtaining 90% conversion (modified from Reference [28]).

Catalyst Bulk Si/Al Total Acid Sites Brensted Acid Sites Lewis Acid Sites Temperature Giving
Ratio (umol NHj3/g) (umol NHj3/g) (umol NHj3/g) 90% Conversion (°C)
CAT-1 30 217.5 177.1 40.4 320
CAT-2 45 146.6 127.5 19.1 305
CAT-3 60 115.0 104.3 10.7 330
CAT-4 90 78.8 71.3 7.5 350

However, many authors have also stated that the number of acid centers of this zeolite type and
their strength mainly determine their activity as hydroisomerization catalysts while having virtually
no effect upon their selectivity, which instead depends more upon the structure and behavior of their
pore systems.

Pore Structure Effect

Molecular sieve-based catalysts are used widely for hydroisomerization because of their narrow
pores and the restricted access to and escape from their inner surfaces; the resulting behavior is
termed pore mouth and key-lock catalysis [44-46]. The effects of the pore channels upon the
metal/zeolite catalyst performance and the product distribution have been studied in depth in
various efforts. The ZSM-22 zeolite, having TON (Theta-One)-framework topology, and SAPO-11,
having the AEL (Aluminophosphates with sequence number ELeven)-framework structure consisting
of one-dimensional channels each comprised of 10-membered rings, have been studied extensively
for hydroisomerization [19,25,29,30,32,45,47-50]. Martens et al. [43,45,46,51] demonstrated that the
specific confined space channels of these two zeolite structures allow their peculiar methyl branching
selectivity and hinder decomposition reactions inside the pores. These authors studied the formations
of monomethyl and dimethyl branching groups of long-chain paraffins from decane to tetracosane
during hydroisomerization over the Pt/ZSM-22-bifunctional catalyst, based on the pore mouth and
key-lock mechanism [46]. The maximal isomers yields were 77%-90%, with the increase of mono- and
multibranched isomer yields depending on the length of the paraffin chain. In detail, the mono- and
multibranched isomer yields are 55% and 22% for n-C10 transformation, respectively, compared to
over 80% and 70% in the case of higher carbon number paraffin chains as the initial material (1-C20,
n-C22, and n-C24). Nghiem et al. [52] investigated Pt-based catalysts supported on ZSM and SAPO
zeolite types with one-dimensional tubular and non-intersection medium pore structure for n-octane
hydroisomerization. The catalyst performance and selectivity based on these zeolite types are shown
in Table 5.

At 15% conversion, each of the listed catalysts has an isomerized selectivity of over 98%, excepting
those with large pore structures, ZSM-12 and SAPO-5, with 89% and 79% selectivities. Moreover, the
maximum isomerized yields versus n-octane conversion are only 50% for ZSM-12 and less than 30% for
SAPO-5, whereas the other molecular sieves in this studied series gave 77-81 wt % isomerized yields.

Chi Kebin et al. [53] investigated the performance of platinum supported on ZSM-22/ZSM-23
zeolite mixtures as hydroisomerization catalysts. The ZSM-22/ZSM-23 zeolites were prepared to
have a uniform needle-shaped particle size from spindle-shaped ZSM-22 and nest-shaped ZSM-23.
These catalysts displayed unique molecular shape selectivity with a pore cross-section of 0.45 x 0.55
nm and had similar physical properties. At low conversions, the principal hydroisomerized products
were monobranched isomers for all catalysts. This primary product transformed to multibranched
isomers as secondary products when the degree of conversion was above 80%, due to competitive
adsorption on the catalyst surface favoring n-alkanes over monobranched isomers. In order of
decreasing acidity, namely ZSM-23 > ZSM-22 > ZSM-22 / ZSM-23, the hydrocracked products were
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decreasingly predominant at high conversions (>85%), with >35%, 27%, and 19% yields over the
respective supported platinum catalysts. However, as is common to all 10-membered ring zeolites,
a drawback of these catalysts is that they hinder the hydrocracking reaction, thereby also inhibiting the
generation of multibranched isomers due to increasing product diffusion limitations with increasing
paraffin length. Actually, the hydroisomerization reaction would take place at the pore mouth while
the carbon bears the positive charge of the stable carbenium ion localized inside the pore. This means
that only the external surface of a ZSM-22 or SAPO-11 crystal contributes to the catalytic activity,
whereas the remaining part of the crystal is catalytically inactive. Moreover, the diffusion limitations
and confined access may also result in micropore blockage by large molecules or catalyst deactivation
by means of coke deposition. Therefore, tailoring the pore architecture of zeolite-based catalysts to
solve their diffusion limitations is highly desirable.

Table 5. Isomer selectivities of SAPO and ZSM zeolite types for n-octane hydroisomerization. Reaction
conditions: Tg =250 °C, H, /HC = 60, conversion « = 15%, thermodynamic value 2-MeC;/3-MeCy; =
0.90 (modified from Reference [52]).

Type of Zeolite Dimensionality Description Isomer Selectivity (wt %)  Maximum Isomer

at Conversion « =15% Yields (wt %)
12-membered ring (12-R) channels
SAPO-5 1-D each with pore opening 0.7 x 0.7 79 <30
nm
12-membered ring (12-R) channels
SAPO-31 1-D each of 0.54 x 0.54 nm diameter % 78
SAPO-11 1D 10-R channels'each with an elliptical 98 78
pore opening 0.39 x 0.64 nm
SAPO-41 1D Elliptical 10-R 'char.mels each 0.43 x 99.5 81
0.70 in diameter
12-R channels each with pore
Z5M-12 b diameter 0.55 x 0.62 nm 89 50
10-R channels each with pore
Z5M-48 1-D diameter 0.53 x 0.56 nm & 77
7SM-22 1D 10-R channels each with pore 99.4 81

diameter 0.45 x 0.55 nm

Vandegehuchte et al. [54] investigated the effect of mixing a ZSM-22 zeolite (Si/Al = 45)
with a non-shape-selective Y zeolite (Si/Al = 2.6) in a Pt-based catalyst for n-Cyp to Ci3 chain
hydroisomerization via single-event microkinetic model simulations. The aim of this research was to
optimize the synergy between primary monobranching on the more active ZSM-22 and secondary
dibranching on Y. The best performance was obtained by using a zeolite mixture containing 75%
Z5M-22. The maximal isomerized yields in this case reached 80% for 1n-Cyg as the initial feed and 63%
for a commercial mixture of n-Cy( to Cy3 paraffin at the conversion level of 90%.

A series of Pt/ZSM-22 catalysts with various siliceous degrees were synthesized for n-dodecane
isomerization by Niu et al. [29]. Their work showed that the highly siliceous ZSM-22-based catalyst
performed better than silica-alumina ZSM-22 analogues in terms of isomerized selectivity and
hindering of the cracking reaction. The effect of Brensted acidity upon isomerization was investigated
by introducing acidic silanol groups. It was demonstrated that the acidic silanol group in pure silica
zeolite is consider as a second kind of acid site, thereby improving the activity and isomer selectivity
of the ZSM-22-based hydroisomerization catalyst when the amount of typical Brensted acid sites is
inadequate. In fact, the catalysis selectivity slightly increased with the Si/ Al ratio; also, the selectivity of
a catalyst based on siliceous ZSM-22 was higher than that based on a silica-alumina mixture by 5%—7%
over conversion, reaching the highest isomerized selectivity of 95.7% and maximum yield of 80.2%.

In recent years, zeolites exhibiting hierarchical porosity, with their inherent microporous system
and additional mesoporosity, have been investigated as alternative solutions for the abovementioned
problems [32,55,56]. Mesoporosity can be induced by introducing intercrystalline mesopores
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into the nanoscale zeolite crystals or by creating a system of intracrystalline mesopores in the
microporous channels (Figure 2). The advantage of such hierarchical systems is that they can
integrate the shape selectivity of the intracrystalline micropores and the efficacious mass transfer
of the mesoporous system because of their increased diffusivity and decreased diffusion path
length [47]. Martens et al. [45] studied the impact of hierarchical ZSM-22-based catalyst upon the
hydroisomerization reaction pathways of the n-decane, n-nonadecane, and pristane model molecules.
Both conventional and hierarchized zeolites had the same platinum content and similar dispersion
behavior. The efficiency of hierarchization is demonstrated by the increase of maximum isomer yields
of n-decane hydroisomerization, reaching 82% versus the 67% of the conventional Pt/ZSM-22 catalyst.
Similarly, in the case of n-nonadecane, the conventional ZSM-22-based catalyst showed a relatively
high maximum yield of 88%, which was further improved to 92% by hierarchization. Particularly,
the formation of multibranched isomers was also enhanced. As mentioned above, the selectivity for
multibranched isomers over this zeolite type was hindered; this selectivity was improved considerably
by hierarchization. The maximum multibranch yields of 35% and 70% were observed at extremely
high conversion levels in the cases of n-decane and n-nonadecane, respectively.

Furthermore, the greatest benefit of this hierarchical zeolite is its tendency to produce branched
isomers having methyl groups near the center of the carbon chain; these are the most promising
components to impart the desired low-temperature properties to vegetable oil-based insulating
oils (Table 6).
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Figure 2. Schematic illustration of the effect of a hierarchical mesoporous ZSM-22 zeolite-based catalyst
on hydroisomerization selectivity.

Table 6. Freezing points of some normal and isomethyl paraffins of various carbon numbers (modified
from Reference [57,58]).

Freezing Point, °C

Carbon Number

n-Paraffin 2-Methylparaffin 5-Methylparaffin
C12 —-10 —46 —70
C13 -5 —26 —69
Cl6 18 -10 -31
C18 28 6 -20
C20 37 18 -7

For n-decane, initially, both conventional and hierarchical ZSM-22 favor the formation of
2-methylnonane and hinder the formation of 4- and 5-methylnonanes. As the isomer yields approach
their maximums, the positional distribution of methylnonanes reaches an equilibrium composition.
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The proportion of 2- over 5-methyl-nonane generation at 5% conversion is termed the refined constraint
index CI°, reflecting the pore width [59]. After hierarchization, the CI° drops from 14.5 to 8.0, which is
still in the range of the 10-R zeolite (CI° > 2.2) [59]. The efficient catalytic hydroisomerization observed
for the hierarchized catalysts can be explained by the rearrangement of the spatial Brensted acidity
distribution. Namely, hierarchization reduces the number of acid sites in the micropores, thereby
limiting the hydrocracking reaction. At the same time, it increases the number of acid sites at
pore mouths, thereby favoring the isomerization reaction. This argument is also investigated in
research by Tao et al. [32], which focused on the preparation of hierarchical SAPO-11 zeolite by
means of a dry-gel conversion method with 3-(trimethoxysilyl) propyl]Joctadecyldimethyl ammonium
chloride (TPOAC) templating and its application for n-dodecane hydroisomerization. Besides the
integration of mesopores into microporous zeolite, acidity tuning was also carried out to improve
the catalysis performance of hierarchical zeolite. It is mostly believed that the medium and strong
acidity of Brensted acid sites plays a crucial role in skeletal isomerization. Notably, although the
number of Breonsted acid sites of hierarchical SAPO-11 is less than that of conventional SAPO-11,
the hydroisomerization conversion over Pt/hierarchical SAPO-11 is moderately higher than that over
its nonhierarchical counterpart. This is likely because of the greater availability of pore mouths in
the case of the hierarchical SAPO-11 zeolite-based catalyst. Similarly, the uniform intercrystalline
mesopores of the hierarchical structure and the increased number of medium-acidity sites present
owing to water content control can enhance the diffusion of the multibranched isomer out of the
micropores before cracking occurs, thereby leading to higher yields of multibranched isomers.

2.2.3. Metal/ Acid Site Balance

The interactivity between metal and zeolite plays an important role in bifunctional
hydroisomerization catalysts. Mendes et al. [31] investigated the role of hydrogenating (metal)/acid
function balance upon isomerized selectivity, representing this balance by the ratio between the number
of accessible metal atoms (npt) and the number of aluminum atoms (n,;) that form the negative charge
(AlO47) in the zeolite’s framework. Platinum-based catalysts supported on HUSY and HBEA zeolites
showed increasing yields of iso-Cy4 at low np;/np; values, followed by a plateau in yield for npi/nu;
values higher than 0.01 and 0.02, respectively. The balance between dehydrogenating sites and acid
sites is indicated by the maximum yield of iso-Cy6. Increasing the metal loading (Table 7) causes
dehydrogenation to take place much faster than acid-catalyzed steps, and thus the isoalkenes formed
will be promptly hydrogenated, favoring isomerization rather than cracking.

Table 7. Metal dispersions, number of accessible metal atoms, metal/acid site ratios, corresponding
turnover frequency (TOF,)) at 480 K, and maximal isomer yields estimated acid site concentrations for
selected catalysts with various Pt loadings (modified from Reference [31]).

Catalyst ny; (umol/g) Dispersion (%)  np; (umol/g) npg/nyp TOFx at 480 K Maximal i-Cy

10%s—1) yield (%)
0.1%Pt/HUSY 820 53 3 0.003 1.6 46.5
0.4%Pt/HUSY 820 53 11 0.013 21 59.3
0.7%Pt/HUSY 820 52 19 0.023 1.6 62.1
0.1%Pt/HBEA 840 45 2 0.003 3.0 29.2
0.4%Pt/HBEA 840 43 9 0.010 4.0 63.5
1%Pt/HBEA 840 37 19 0.023 47 67.3

Similar dependences were also reported by Batalha et al. [60], who demonstrated that at low
Cpt/Chy values the rate-determining step of n-Ci¢ hydroisomerization over Pt/alumina-HBEA
is the hydrogenation/dehydrogenation step over the metallic phase, and at high Cp;/Cpy,
values it is the rearrangement of cycloprotonated intermediates over the acidic sites. On the
Pd/SAPO-11-based catalyst [30], the optimal Cpq /Cpy. ratio is in the range of 0.09-0.27, corresponding
to 0.1-0.3 wt % Pd loadings. This catalyst can be considered as an ideal hydroisomerization catalyst,
showing excellent synergy between the metal Pd sites and Brensted acid sites. The highest isomer
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selectivity of 89.9% at the conversion level of 90.8% was observed in n-decane transformation over the
0.3%Pd/SAPO-11 catalyst. For Cpq/Cp ratios higher than 0.47, the increasing agglomeration of Pd
particles blocks the pore channel and pore mouth of the SAPO-11 structure, resulting in suppressed
diffusion of the branched isomers and excessive cracking.

3. Blending Process

The blending of alternative fluids has been investigated as a means to improve the properties
of vegetable oil-based insulating oils [61-64]. Usman et al. [61] studied several characteristics of a
mixture of soybean and palm kernel oil for its suitability as an insulator fluid in power transformers.
Although such blends have very high flash points (>234 °C) and economic and environmental
advantages, these blended oils do not show any synergy in improving physical properties such as pour
point and viscosity, which are dependent upon the degree of saturation. A study by Bertrand et al. [62]
demonstrated the ability to decrease the pour point and viscosity of vegetable oil-based insulating
oil by mixing oleic rapeseed oil and fatty monoesters in a 1:1 ratio and adding 0.3% of the inhibitor
di-tert-butyl-para-cresol. The resulting blend showed the pour point of —30 °C and the kinetic viscosity
at 40 °C of 17 mm?/s.

Using an additive to reduce the pour points and to increase the oxidation stability of natural
esters is also an efficient method, and has been applied in electric industrial processing. To improve
the low-temperature properties, polymer additives called pour point depressants (PPDs) can be
used to reduce the pour point. There is adequate literature on the efficacy of various PPDs
based on polymers such as modified carboxyl polymers, acrylate polymers, nitrogen-based acrylate
polymers, and methylene-linked aromatic components. Unfortunately, the use of such PPDs can
be limited by their nonbiodegradability. Antioxidant additives that have been applied to vegetable
oil-based insulating oil include phenolic compounds such as butylated hydroxyanisole, butylated
hydroxytoluene, tert-butylhydroquinone, and propyl gallate. Their role is to slow natural oxidation
by reacting with free radicals to form stable compounds that do not rapidly react with oxygen.
Many works have demonstrated the effects of such additives upon the oxidation stability of
insulators [48,65-68]. Nonetheless, the economic costs and the human health and environmental
impacts of these additives hinder their application [69,70].

4. Conclusions

Vegetable oils can be used as the feedstock of insulating oils for electric transformers thanks
to their environmental benefits such as low ecotoxicity, high biodegradability, and replacement of
petroleum oils. The main challenges in applying vegetable oils as insulating transformer oils are
their poor low-temperature properties and low oxidation stabilities; owing to their saturated and
unsaturated fatty acid esters, vegetable oils’ pour points and viscosities are higher than those of
mineral oils.

The hydroisomerization of saturated and unsaturated long-chain normal paraffins to form
branched isomers is a promising pathway for upgrading vegetable oil-based insulating oils, even for
the bio-based lubricant with a similar composition. The processing efficiency is determined by the
catalyst used. Zeolites are of interest as catalyst supports for isomerization upgrading because of their
microporous channels and lack of large voids, making them more selective for the hydroisomerization
of long-chain paraffins. Furthermore, the diffusion limitations of zeolites can be suppressed by means
of methods that form hierarchical mesoporous/microporous structures.

Although many reports have advanced our knowledge on the role of the metal phase and Brensted
acid sites, as well as the effects of the pore structures of many kind of zeolites upon activity and
selectivity, a more detailed understanding of the metal/acid functional balance of noble metal/zeolite
catalysts is needed to widen their application and decrease their cost.
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