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Abstract Catalysts with tunable porosity, crystallinity
and acidity can selectively produce aviation fuels and road
transportation fuels via hydroprocessing of non-edible oils.
Here we discuss several catalyst supports—mesoporous
alumina, silica—alumina and hierarchical mesoporous zeo-
lites, developed and used as support for hydroprocessing
catalysts (Ni-Mo, Co—Mo, Ni—-W), for the selective pro-
duction of transportation fuels. These developed catalysts
were used for the hydroconversion of waste cooking-oil,
jatropha-oil, algal-oil and their mixtures with petroleum
refinery oils. The physicochemical properties of the cata-
lyst were tuned for optimal performance on the basis of
evaluation results on high pressure fixed bed microreactors
and pilot scale reactors. These studies targeted the pro-
duction of transportation fuels (gasoline, kerosene and
diesel) by hydroprocessing (hydrotreating or hydrocrack-
ing) renewable feed stocks or co-processing with fossil
based oils. Modelling and process optimization studies for
prediction of kinetic rate parameters and to know the
reaction pathways for the conversion of these feed stocks to
various range of hydrocarbon fuels, were also carried out.
These studies provided the vital information that the
reaction pathways were temperature dependent.
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1 Introduction

Increased demand of oil supply, environmental concerns,
depleting petroleum reserves coupled with deteriorating
quality of the crude oil [1-4] makes it necessary to target
renewable and clean fuel sources. One of the alternatives is
the production of biofuels from plant-derived oils [5]
specifically, non-edible and used oils such as waste res-
taurant oil [6] jatropha oil [7] algae oil [8] etc. Due to
higher viscosity and oxygen content and poor atomization
and lubricity [9] these oils originating from plants and
animals cannot be used as such in engines and need to be
converted into suitable fuels by processes.

Bio-diesel, which is fatty acid methyl esters (FAME), is
produced by transesterification of fatty acids in triglycerides
making it suitable as fuel and currently this is the primary
route for production of biofuels. But this process has its own
limitations as new biodiesel plants require a large capital
investment [4, 10, 11] and large quantities of by product
glycerol needs to have suitable market. Lower oxidation
stability, lower cetane number, engine incompatibility, poor
performance in cold weather and poor emission are other
problems with bio-diesel. Direct hydrotreatment of non-food
triglyceride resources to form normal and/or isoalkanes [12,
13] with much higher cetane value than conventional diesel
fuel seems to be an attractive route for biofuels production
and engine compatibility and feedstock flexibility using the
existing petroleum refineries make this process economically
attractive. Hydrodeoxygenation, oligomerization, decarb-
onylation, decarboxylation, isomerisation and hydrocracking
or a combination of two or more thereof [6, 7, 14-25] are the
main reactions of this process. The general scheme of the
processing of triglycerides is shown in Scheme 1. Only a few
articles have discussed reaction pathways (decarboxylation,
decarbonylation and hydrodeoxygenation) for vegetable oil
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Scheme 1 General representation of processing of triglycerides

conversion to fuels and how the extent of these reaction
pathways affects the productivity of hydrocarbon fuels [12,
13, 21, 37-39]. A few articles have also discussed the reac-
tion mechanisms and reactions of model compounds like
tristerian (glycerol tristearate C18), triolean (glucerol triol-
eate C18), tricaprylin (Octanoic acid triglyceride C8) and
caprylic acid (octanobgic acid CS8) [18, 25, 32-34].
Researchers have used various supported metal based cata-
lysts either a mono-functional [32, 35, 36] or a bi-functional
[12, 37, 38] catalyst depending on their target product. If one
targets removal of ‘O’ only, i.e. only hydrotreatment of tri-
glycerides then a hydrogenation catalyst such as Pd, Pt, Pt—
Re, or sulfide NiW, NiMo, CoMo catalysts over a non acidic
support like y-Al,O5 or activated carbon [7, 15, 35, 36, 39,
40, 41] are used. If production of distillates and lighters is to
be targeted then along with a strong hydrogenation function
and acidic function is also required for the hydrocracking and
hydroisomerization kind of reactions [12, 37, 38].
Hydroprocessing is used in the petroleum refinery to crack
larger molecules and/or to remove S, N and metals from
petroleum derived feed stocks such as, gas oil and heavy oil
[26]. Hydroprocessing has been developed to produce
straight chain alkanes from fatty acid triglycerides of animal
fat, tall oil, and other vegetable oils [6, 7, 27-31]. Compat-
ibility with current refinery infrastructure, engine compati-
bility and feed stock flexibility [20] are some benefits of
hydroprocessing route over transesterification route. Jatro-
pha curcas seems to be an ideal and favorable source for
triglycerides because it does not compete with arable land for
food and may yield more biofuel per hectare than from
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canola, sunflower, and soyabean [31]. For hydroprocessing
to be widely acceptable as a convenient route to transporta-
tion fuel, there are a few issues that need to be addressed: (1)
because the free fatty acid (FFA) content of the feed could
vary from 1 to 25 % depending on the source of feedstock
therefore the process should be insensitive to the FFA con-
tent of the feedstock, (2) selectivity of the hydroprocessing
catalysts for desired range hydrocarbons should be good, (3)
catalysts should be stable as well as regenerable. We have
shown that hydroprocessing catalysts (Ni-Mo, Co-Mo and
Ni—W) with compositions similar to that for commercial
catalysts can, not only produce different transportation fuels
from feedstocks with different FFA content but also, the
catalysts can be regenerated easily and the regenerated cat-
alysts have activities similar to that for fresh catalyst [12].
We have also shown that jatropha oil and gas oil mixtures can
be hydro treated in a pilot plant with better hydrodesulfuri-
zation (HDS) performance than that for pure gas oil [12, 37].

Due to large size of reactants and rapid deactivation of
the catalyst, it is difficult to remove oxygen from biomass
derived oils. In order to achieve the aforesaid objective it is
necessary to improve catalyst activity such as by, variation
of support composition, changes in active metal composi-
tion, use of different types of active metals, additives, etc.
[42—44]. For hydrotreating reactions, the support that is
generally used in commercial applications is v-Al,Os.
Many materials have been tried as supports for hydro-
treating catalysts like clays [45], carbon [46], oxides
[47-50] like SiO,, MgO, ZrO,, TiO,, and mixed oxides
derived from above-mentioned oxides [51-57], zeolites
like Na-Y, USY [58, 59], mesoporous materials like
MCM-41 [60-65], HMS [66], SBA-15 [67]. Corma et al.
[68] have reported that mesoporous aluminosilicate MCM-
41 with combination of large surface area, uniform pore
size distribution large enough to allow diffusion of large
molecules, together with the presence of mild acidity and
high stability, result in superior HDS, hydrodenitrogenation
(HDN) and hydrocracking performance than zeolite and
alumina supported catalysts. In the case of TiO,—ZrO, and
TiO,—Al,Oj3 the activities obtained are considerably higher
than constituent single oxides, indicating that a synergistic
action of the two constituents of the support induced an
activity increase in the supported phase, probably due to
metal-support interaction. It is interesting to note that on
Si0,-TiO, [69] supported catalysts similar synergy is
observed in the case of HDS reaction [70]. Mesoporous
titanosilicates prepared by sol-gel route using small che-
lators like triethanolamine (instead of large surfactants
typically used to prepare mesoporous materials) have
unique characteristic mesoporous, three-dimensional,
sponge-like structure combined with higher thermal sta-
bility than other mesoporous materials prepared with the
aid of a surfactant or than sol—gels and xero-gels [71], and
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we show that they can be used as support for hydropro-
cessing catalysts used in conversion of plant-oils.
Recently several airlines successfully conducted test-
flights using a blend of biofuel with conventional com-
mercial aviation fuel [45]. For example, Air Canada used
the biofuel produced from waste cooking oil and Boeing
used the fuel from jatropha oil. Current research trends
suggest that the fuels produced from non-edible oils will
supplement future aviation fuel needs. It has significant
potential because the hydroprocessed plant-oil matches the
properties of the aviation fuel. The advantage of using it as a
fuel is the improved efficiency, less emission and less
dependency on fossil fuels [72, 73]. The challenges at
present facing this field are (1) the lack of required avail-
ability of the raw materials for the production and, (2)
suitable technology for the maximum selective production
of the aviation fuels. Several research groups, worldwide,
are seriously developing newer processes for the production
of liquid aviation fuel from various sources. They are also
trying to develop new technologies for maximum utilization
of the raw materials with minimum cost, not only for the
aviation fuels industry but also for the road transport [27,
28, 39, 40, 74-78]. Air transportation is increasing day by
day. The current production of aviation fuel is not enough to
overcome the future demands because of the decreasing
petroleum reservoirs. Not only this, the production of jet
fuel is only 9 % from a barrel, which is continuously
expected to go down as the crude oil will become more and
more heavier and of poorer quality. In view of this, syn-
thesis of aviation fuels from renewable resources has very
promising future because the production of jet fuel from
renewable sources like Jatropha, karanj, soy and algae are
above 40 % and can also be increased by using suitable cat-
alyst systems. We elaborate here our own research in this area.

2 Experimental
2.1 Preparation of Supports and Catalysts

Several catalyst supports—mesoporous alumina, silica—
alumina and hierarchical mesoporous zeolites were
synthesized.

2.1.1 Synthesis of Hierarchical Mesoporous ZSM-5

Mesoporous ZSM-5 and SAPO-11 were prepared the mod-
ified method of Choi et al. [74]. In a particular synthesis
of ZSM-5, Octadecyldimethyl (3-trimethoxysilylpropyl)
ammonium chloride, 60 % methanol solution (ODAC) was
added to a conventional alkaline mixture of zeolite ZSM-5
synthesis talking tetrapropylammonium bromide (TPABr)
as the microspore template. The molar composition of the

mixture was 1 Al,03/10 TPAB1/10 Na,0O/38 SiO,/1.4-4.2
ODAC/7200 H,0O. In a typical synthesis, 2.0 g of sodium
aluminate, 28.0 g TPABr (tetrapropylammonium bromide)
and 8.0 g NaOH were first dissolved in 1350 g of H,O. To
the resultant solution, a mixture of 85.7 tetraethylorthosili-
cate, 11.7 and 37.5 g of ODAC for LSAC (Low surface area
crystalline) and HSASC (high surface area semi crystalline)
sample respectively added under vigorous stirring. Si/Al
ratio was 19 for all samples. The final mixture was further
stirred for 2 h at room temperature for obtain a homogeneous
solution. This mixture was hydrothermally heated at 140 °C
for 2 days. The product was filtered, washed with water and
dried at 100 °C and calcined at 550 °C.

2.1.2 Synthesis of Mesoporous Titanosilicate MTS

A modified sol-gel method was used to prepare 3D mes-
oporous titanosilicate (MTS) [71]. It is obtained by aging
drying a homogeneous synthesis mixture, composed of
titanium butoxide, tetraethyl orthosilicate (TEOS), and
organic template, triethanolamine (TEA). In a specific
synthesis, titanium butoxide (1.4 g for Ti = 4 mol %) was
dropwise added to stirring TEOS (20.8 g). then TEA
(29.8 g) was added drop wise to the stirring mixture and
followed by the drop wise addition of the deionised water
(19.8 g). after the solution was stirred for 1-2 h, tetraethyl
ammonium hydroxide (14.7 g) was added drop wise. The
final homogeneous mixture was aged at room temperature
for 24 h and then dried overnight at 100 °C. The material
then calcined at 700 °C for 10 h.

2.1.3 Synthesis of Hierarchical Mesoporous SAPO-11

In a typical procedure for the synthesis of SAPO-11 from a
aqueous medium, Aluminium isopropoxide was first mixed
with orthopohosphoric acid (85wt %) in water, and stirred for
1 h. Then, fumed silica was added to this mixture, and stirred
continuously for 30 min. Di-isopropyl amine DIPA was added
dropwise and finally Octadecyl dimethyl (3-trimethoxysilyl-
propyl) ammonium chloride (ODAC) added into the reaction
mixture with vigorous stirring for 2 h. The final mixture was
transferred into a stainless-steel autoclave and was heated at
200 °C for 2 days. The chemical molar composition of the
synthesis gel was 0.2 Si0,:0.75A1,05:1.0P,05:1.0DIPA:
0.090DAC:140H,0O. The as-synthesized products were
washed, dried at 393 K for 12 h and then calcinated at 823 K
for 6 h in order to remove the organic templates completely.
All the catalysts with 0.5 wt % Pt were prepared by a wetness
impregnation method using a Pt (NH3)4Cl, solution.
Mesoporous alumina and silica—alumina used for the
synthesis of the catalyst were purchased and used as such.
Incipient wetness method was used to impregnate the active
metals and promoters on the support using appropriate

@ Springer



A. K. Sinha et al.

precursors. The physico-chemical characteristics of the
catalysts were analysed by various methods like powder
XRD, NH;-TPD, N,-adsorption, SEM, TEM etc.

2.2 Method of Catalyst Evaluation

Various plant oil feeds (jatropha oil, waste soy oil, algae oil;
Table 1) were either processed separately or co-processed
with gas oil mixtures at the high pressure fixed bed reactors
setups. Their properties are included in Table 2. Algal oil
was obtained from an hetrotrophic microalgae and provided
by Soley Biotechnology Institute (Turkey). The reactor
setup consisted of a liquid feed section with a high pressure
liquid feed pump and the gas feed section with mass flow
controllers for hydrogen and nitrogen. The two feeds were
then mixed and passed over a fixed bed catalyst loaded in a
SS316 reactor, with appropriate pressure gauges at the inlet
and outlet. The product from the reactor was flashed into a
high pressure gas liquid separator (HPS) from which the
liquid product was passed through a liquid control valve
into the low pressure separator (LPS). The gas from the top
of the HPS was then passed through a forward pressure
regulator (FPR), which was used to maintain the pressure of
the entire reactor setup. This gas was then passed through a
wet gas meter for material balance. The analysis of this gas
was done by online GC. The liquid product form the low

pressure separator (LPS) was collected in a product vessel
and analyzed using a GC (Varian 3800-GC) equipped with a
flame ionization detector (FID) and a thermal conductivity
detector (TCD). The column used for analysis was vf-Sht
column (30 m x 0.32 mm, 0.10 um) which was a suitable
column for high-boiling mixtures such as hydrocarbons,
FFAs and triglycerides.

Since the catalyst is in the inactive oxidic form it was
activated through sulfidation. The activation of the catalyst
is same as industrial sulfidation process. The catalysts were
presulfided using a mixture of dimethyl disulfide and gas
oil at 30 bar pressure and 250, 300, 320 and 350 °C tem-
perature with a stay of 6 h at each temperature. The hy-
drotreating reactions were carried at low severity with
lower pressure of 50 bar and temperatures ranging from
300 to 380 °C and space velocities between 1 and 2 h™".
Higher temperatures were maintained for hydrocracking
reactions (360400 °C, 1-2 h_l, 50-80 bar, 1500 H,/Feed
ratios). Pt-SAPO-11 catalysts in reduced state were used at
330430 °C, 10-50 bar, 1 h™".

2.3 Reaction Pathways and Kinetic Models
Vegetable oils mainly contain triglycerides along with some

diglycerides, monoglycerides and FFAs. The conversion of
triglyceride molecule to transportation fuels may either be a

Table 1 Composition of

riglycerides fatty acid (wt %) 16/0 18/0 18/1 18/2 18/3 Others
131; szlg]cted vegetable oils [12, Fattyacid Palmitic Stearic Oleic Linoleic Linolenic
’ Soybeanoil 11.0 4.0 234 53.2 7.8 0.6
* High free fatty acid (FFA) Jatrophaoil® 14.4 8.6 474 29.6
son“’m . Jatrophaoil® 19.5 7.9 454 27.2
Low free fatty acid (FFA) Algaloil 51 2 39 7 1
content
fT;lLl:riusﬁinihﬁicizzlstzgsthe Feed composition Feed properties
reactions [12, 39, 40] Gas oil (%)  Plant oil (%) Density S (ppm) TAN IBP- 250-380 °C 380 °C-
15 °C mgkonyg 250 °C FBP
(gem™)
100 0 0.8583 1940 0.45 12.6 86.1 1.3
95 S5(Jatropha) 0.8696 864.1 3.16 5.4 71.8 22.8
90 10(Jatropha) 0.8599 902.3 6.59 3.7 68.5 27.8
0 100(Jatropha)*  0.9192 42 439 - 0.7 99.3
0 100(Jatropha) 0.9163 4.5 3.8 - 0.2 99.8
90 10(Soy) 0.8599 1600 0.66 3.7 68.5 27.8
75 25(Soy) 0.8696 742.2 0.97 5.4 71.8 22.8
60 40(Soy) 0.8767 689.5 1.3 7.5 71.9 20.6
0 100(Soy) 0.9148 0 2.52 - 0.2 99.8
0 100(Algal) 0912 2 0.2 - 0.1 99.9

“ High FFA
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Scheme 2 Process for conversion of triglycerides to transportation
fuels via hydroprocessing route

two step process as shown in Scheme 2, in which first
hydrotreatment takes place for the removal of oxygen, and
then in the second step selective hydrocracking and
hydroisomerization to yield desired products, or in a
single-step to convert the triglyceride molecule directly to
fuels. In the 2nd process the catalyst has to be very selective
which first promotes hydrodeoxygenation kind of reactions
and then the hydrocracking and hydroisomerization
reactions. Jatropha oil which mainly contains triglyceride
molecules of C16 and C18 atoms contains large quantities
of unsaturated compounds of C18 molecule. The first step
in their hydroprocessing would be saturation of these
unsaturated triclycerides (TG™) and then depropanation of
the saturated TG molecule takes place which yields
long-chain saturated aliphatic (R, = C,H,,, ) fatty acid
molecule (R,COOH) (either C15 or C17 compound
depending on the chain length of the triglyceride mole-
cule) and a propane molecule as shown in Eqgs. 1 and 2
respectively.

TG~ +H, — TG (1)

TG + 3H, — R,COOH + CH3CH,CHj; (2)

Hydrodeoxygenation reaction—the Rx acid may be
hydrogenated to give a water molecule and a corresponding
hydrocarbon.

R,COOH + 3H, — R,CH; + 2H,0 (3)

e Decarboxylation reaction—the R, acid may directly
yield a carbon dioxide molecule and a C16 or C18
hydrocarbon.

R,COOH — R.H + CO, (4)

e Decarbonylation reaction—the R, molecule may be
hydrogenated partially to yield a carbon monoxide
molecule a water molecule and a long chain
hydrocarbon molecule of 15 or 17 chain length.

R,COOH + H, — R,H + H,0 + CO (5)

These diesel range compounds produced by the above
three ‘O’ removal reactions are cracked and isomerized to
yield lighter distillate products like gasoline or aviation
turbine fuel.

Considering all the possible reactions and the reaction
products formed during the hydroconversion of plant oils
containing triglycerides, lumped kinetic models were
developed to predict the reaction pathways. These pre-
dicted reaction pathway schemes were modified and
remodelled considering the reaction results and are detailed
in Scheme 3. These models consider triglycerides in feed
jatropha as a single lump and the liquid hydrocarbon
products produced after hydroprocessing as 4 or 3 lumps,
i.e. gasoline (C5-C8), C,; kerosene (C9-Cl14), C,; Gaso-
line + kerosene (<C15), Cgk; diesel (C15-C18), Cq4; and
oligomerized product (>C18), C, differential rate equa-
tions were framed for each scheme and solved to form
several non linear equation of the form Y = A;e™ +
Bie? + Cie®* + D where x and Y respectively, are the space
time and the concentration of individual lump compounds
in specific kinetic models. “A;, B;, C;, D, a, b and ¢” are the
functions of rate constants for the respective kinetic path-
way [77, 78]. These nonlinear equations were solved
simultaneously using Levenberg—Marquardt algorithm
(LMA) and rate parameters were predicted.

3 Results and Discussions

The plant-oil feeds are mainly heavier feedstocks with
boiling range of 380 °C and above. The specific gravity of
these feed stocks varies from 0.85 to 0.92 depending on the
nature of the feedstock and its blending in gas oil. To know
the effect of high FFA content in the feedstock, high TAN
(total acidity number) feed stocks (43.9 mgxon)/g) were
also used. The sulfur content in the feed stocks was varied
form 0 to 2000 ppm, (Table 1) to obtain a good insight into
the desulfurization ability of the catalytic system being
evaluated. Catalytic systems with large mesopores were
specifically needed to: (1) overcome diffusion limitations of
reactants (bulky triglyceride molecules) and products, and
(2) to lower the deactivation due to pore blockage by coke
and waxy product intermediates formed during prolonged
use of the catalysts. Acidic supports such as silica—alumina
and zeolites were used for cracking the bulkier complex
feed molecules into lower range hydrocarbon fuels.

3.1 Physico-Chemical Properties of the Catalysts

Several catalyst supports—mesoporous alumina, silica—
alumina and hierarchical mesoporous zeolites were devel-
oped for hydroconversion of waste cooking-oil, their
mixtures with refinery-oils, as well as of triglycerides and
FFAs obtained from algae and jatropha seeds. These novel
mesoporous catalysts were developed and the preparation
parameters were tuned for optimal performance. Ni—-W/
Si0,-Al,03, Ni-Mo/Al,03 and Co-Mo/Al,O5 catalysts
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Scheme 3 Four lump and five lump kinetic models for the hydro-conversion of plant oils

had composition similar to that of commercial hydropro-
cessing catalyst [24] with mesoporous alumina and silica—
alumina as supports. Novel hierarchical mezoporous
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zeolites and titanosilicate with 3D-wormhole-like meso-
porosity and an appropriate loading of MoOj; and pro-
moters NiO and CoO were also synthesized. Appropriate
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composition, pore size and shapes of the pores were
designed for desired cracking and increased isomerization
reactions for better fuel properties. The physico-chemical
properties of catalysts are presented in Table 3.

Very low acidity alumina supported catalysts (Ni-Mo/
Al,0O3, Co-Mo/Al,05) are typically used for hydrotreating
reactions and have minimal hydrocracking ability. In the
processing of plant-oils such catalysts perform the oxygen-
removal activity from the triglyceride to produce corre-
sponding long-chain hydrocarbon with minimal cracking or
isomerization. Moderately acidic silica—alumina supported
catalysts (Ni-W/SiO,—Al,O3) are typically used for
hydrocracking reactions. In the hydroprocessing of plant-
oils such catalysts hydrocrack the triglyceride molecules to
produce smaller hydrocarbons, with considerable isomeri-
zation, besides performing the oxygen-removal activity.
Highly acidic hierarchical mesoporous H-ZSM-5 supported
catalysts can be tuned in terms of its acidity and zeolitic
crystallinity which helps to optimize the yields of cracked
and isomerized hydrocarbons in kerosene range (for avia-
tion fuels). Similarly, moderately acidic hierarchical micro-
mesoporous SAPO-11 molecular sieve supports can be
tailored for desired acidity and crystallinity to control the
cracking and isomerisation activity of the corresponding
catalysts.

hierarchical mesoporous H-ZSM-5

hierarchical mesoporous H-ZSM-5
Hierarchical micro-mesoporous SAPO-11 support

Commercial mesoporous support extrudates
Commercial mesoporous support extrudates
Commercial mesoporous support extrudates
Low surface area crystalline (LSAC)

High surface area semi-crystalline (HSASC)

Mesoporous titanosilicate support

Commercial support

Support type

Chemical composition

9.8 % NiO, 26.7 % WO3

3.3 % NiO, 14.7 % MoO;
3.0 % CoO, 12 % MoO;

3.3 % NiO, 14.7 % MoO;
3 % Co0, 8 % MoO;

5 % NiO, 18 % MoO;

5 % NiO, 18 % MoO;

(Wt%)
0.75 % Pt

3.2 Hydrotreatment of Plant Oils

Surface acidity

(NH,)*
0.77 mmol/g

0.18
0.5
0.37
0.42
0.315

The products produced from plant-oil hydrotreatment are
CO, CO,, methane, H,0, propane and the alkanes ranging
from Cg to Cyg. Propane, CO,, CO and methane are major
gaseous products observed in the effluent gas mixture
which primarily contains hydrogen (>90 %). The hydro-
treatment of plant oils (jatropha with different FFA con-
tents, soya, algal oil) was carried out at temperatures
varying between 300 and 400 °C, pressures from 50 to
80 bar, H,/Feed volume ratio 1500 NI/l and space veloci-
ties 2 h™! over a low acidity catalyst (Ni-Mo/Al,03, Co—
Mo/Al,0O3). The comparison of results was done at reaction
conditions for complete conversions of soya oil (380 °C,
2 h™!, 50 bar and 1500 NI/l H,/feed ratio) and jatropha oil
(360 °C, 1 h~!, 50 bar and 1500 NI/l H,/feed ratio) over
Ni-Mo catalyst and the results are shown in Table 4. The
C15-C18 yield, in case of all the three feedstocks used,
was found to be greater than 95 % for the Ni-Mo catalytic
system but, for the Co—Mo system the C15-C18 yield was
49.2 % in case of high FFA feed (jatropha oil) and 72.4 %
in case of low FFA feed with 15-40 % yield of cracked
products (<C15). The C17/C18 ratio in case of both the
catalytic systems for all the feeds was low (Table 4),
indicating that both the catalytic systems favor hydro-
deoxygenation reactions (H,O removal pathway) compared
to decarboxylation and decarbonylation reactions (CO,

0.1
0.1

Mean pore
radius (A)°
23

30

30

61

32

18

19

<10

Total pore volume

(ml/g)®

0.40 (0.15)*
0.68 (0.13)"
0.61 (0.11)

0.29
1.03
1.03
0.61
6

Surface area
(m*/g)°

250

262

262

209.3

387.2

486

753

312

0.95

 Micropore volume in parentheses (micropore size = 0.5 nm); ® BET surface area; © Calculated from adsorption branch of isotherm using BJH method; ¢ From ammonia TPD studies; ¢ Pore-

Table 3 Physicochemical properties of catalysts [12, 39, 40, 77, 78]

Ni—W/Si0,-Al,0;
Ni-Mo/AL,O;
Co-Mo/ALO;
Ni—Mo/ALO;

CoMo/MTS
Ni—-Mo/H-ZSM-5

Catalyst
Ni-Mo/H-ZSM-5
Pt-SAPO-11
volume at p/p,
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Table 4 Comparison of hydrotreating activity of alumina supported
Co-Mo and Ni—Mo catalysts [12, 39]

Catalyst used Ni-Mo/Al,0O3 Co-Mo/Al,03

Feed Jatropha Jatropha Soya Jatropha Jatropha

FFA (in feed) 43.9 3.8 25 439 3.8

Product 2.6 1.1 23 40 17.8
distribution

<C15

C15-C18 97.9 94.9 96.4 49.2 72.4

>C18 0 4 1.3  10.6 9.8

C17-C18 0.4 0.2 0.2 0.7 0.3

iln 0.05 0.03 002 03 0.42

TAN 0.99 0.01 001 49 0.01

Reaction conditions: 380 °C, 50 bar, 2 h™' for soya and 360 °C,
50 bar, —1 h™' for jatropha

CO, removal pathways). It was interesting to observe
higher isomers to normal (i/n) ratio and a greater extent of
cracking reactions, for the Co-Mo catalytic system as
compared to Ni-Mo catalytic systems, indicating isomeri-
zation and cracking reactions being favored over Co-Mo
catalyst. Also the yield of >C18 products (oxygenates,
termed as oligomeric products) was more over Co-Mo
system as compared to Ni-Mo system indicating that Co—
Mo active phase was promoting some oligomerization
reactions which were leading to conversion of triglycerides
to these acidic intermediates, although the conversion of
triglycerides was complete but the deoxygenation was not
(confirmed by NMR and IR studies which showed presence
of oxygenated products), and hence only these acidic
intermediates were promoting cracking reactions. Soya oil
instead was processed at a higher temperature (380 °C) and
higher space velocity (2 h™') as compared to jatropha oil
(360 °C and 1 h™' space velocity) which also showed
similar results as compared to jatropha oil with 3 % ker-
osene (140-250 °C) range compounds, 94.4 % diesel
(250-380 °C) cut compounds and 2.6 % high boiling (380-
FBP °C) range compounds. The results indicate that the
conversion patterns for triglycerides of different feedstocks
(jatropha and soya oil) over same catalytic system were
very similar and same catalytic system could be used for
processing a variety of feedstocks for a desired product
yield.

3.3 Hydrocracking of Plant Oils

Hydrocracking of plant derived oils was carried at reaction
temperatures ranging between 380 and 420 °C and at space
velocities between 1 and 2 h™'. A sulfided base-metal
(non-noble) catalyst with maximum dispersion and loading
on the silica—alumina support was used. The catalyst had a

@ Springer

porous base with optimized Bronsted—acidity (measured
by ammonia microcalorimetric studies [40]) obtained by
controlling the Si/Al ratio to provide the desirable cracking
and isomerisation ability to maximize a particular fraction
of products. The non-noble base catalyst (Ni-W) provided
the required hydrogenation-dehydrogenation functionality
for deoxygenation and isomerization activities. Table 5
gives the details of the conversion of both jatropha oil and
algae oil over various catalytic systems. For Ni-W/SiO,—
Al,O5 has around 10 times more cracking (20 %, <C15
products) was observed as compared with Ni-Mo/Al,O3
system (Table 3) at the same processing conditions. When
compared to the Co—-Mo/Al,Oj3 catalytic system (Table 3)
where the cracking activity was catalyzed because of the
acidic intermediates, Ni-W catalytic system had lower
yield of cracked products (Table 5).The i/n ratio was nearly
4 times greater for the Ni—W/silica—alumina catalyst as
compared to the Co—Mo/alumina catalyst because of the
appropriate acidity of the catalyst.

We synthesized a titanosilicate with 3-D wormhole like
mesoporosity and used it as a support for sulfided Co-Mo
catalyst. We studied the deoxygenation and cracking abil-
ity of the catalysts during hydrotreating of jatropha oil.
Nearly complete conversion is observed on the catalyst. It
is interesting to note that the titania-silica supported cata-
lyst gives higher yield of kerosene-range (C9-Cl14)
hydrocarbons (7.6 % higher) (Table 5), also the yield of
oligomerized products (>C18) is much higher (2.4 times
higher) than the alumina supported catalyst (Table 5). It is
due to its higher acidity and favourable metal-support
interactions than the alumina support. Not only this, the
isomerization activity of the titanosilicate is 5 times higher
than the alumina supported catalyst.

3.3.1 Synthesis of Green Aviation Fuel by Sulfided Ni-Mo
on Various Supports

Traditional hydrotreating catalysts can give complete
conversion of vegetable oils but it cannot be give the jet
fuels due to the absence of acidic nature in the catalyst as
already explained in the previous section. Here we discuss
several catalyst systems that selectively produce jet fuels.

3.3.1.1 Sulfided  Ni-Mo/SiO,-Al,0; Metal centers
strongly influence the activity of the catalysts. Sulfided
nickel promoted molybdenum catalysts on any support are
suitable for hydrogenation and deoxygenation reactions.
But these are not selective for the production of jet fuels.
Jet fuels must meet some stringent properties like low
freezing point, high density, low viscosity etc. It can be
attained by isomerization of the n-paraffins. Currently it is
achieved by a two step process that entails hydrodeoxy-
genation of the triglycerides on traditional hydrotreating
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Table 5 Hydroconversion of jatropha and algal oil on various mesoporous catalysts [40, 77]

Catalyst Temp (°C) Pressure bar Conversion (%) Co—C4 (%) >Cig (%) iln
Ni-W/Si0,Al1,03 420 80 99 33.2 0 1.1
Ni-Mo/Si0,Al,05 400 80 99.9 36 0 2
Ni-W/HZSM-5° 400 60 99 39.6 0 5.2
Ni—-Mo/HZSM-5¢ 400 80 99 38.3 0 13.5
Ni-Mo/HZSM-5°¢ 380 80 96 42.7 0 4.9
Ni-Mo/HZSM-5" 410 50 96 54.3 0 2.6
Ni-Mo/HZSM-5*° 410 50 98 78.3 0 2.5
Co-Mo MTS 420 80 99.9 30.1 22.3 1.5

* Algae oil, ® high surface area catalyst (HSASC), © low surface area catalyst (LSAC), lhsv = 1 h™!

catalysts and then isomerization on a noble metal con-
taining acidic catalysts [27, 28]. We have obtained more
than 36 % selectivity for jet fuels from jatropha oil with
sulfided nickel-molybdenum on highly acidic silica—
alumina support in a one step process (Table 3). When
compared to the traditional system, the conversion of oil is
same but a decreased yield of diesel fraction and an
increased yield of jet fuels is obtained. The increased
selectivity of iso-paraffins is due to the acidic nature of the
catalyst. But using sulfided nickel-tungsten on highly
acidic silica—alumina support in a one step process, lower
iso-paraffins selectivity was observed, which could be due
to its higher cracking ability. Another, noticeable infor-
mation obtained was the life of the catalyst. There is loss of
activity due to coke formation and deposition on the active
sites. The catalytic system shows stable activity for several
weeks and it can be repeatedly used after regeneration by
existing process for such catalysts.

3.3.1.2 Sulfided Ni-Mo/H-ZSM-5 Zeolites are applied in
many industrial catalytic processes due to their strong
acidity, high hydrothermal stability and crystalline porous
structure but their small pore size restricts the reactions of
bulky triglycerides. So zeolites with relatively large mes-
opores are necessary for triglyceride conversion. Zeolites
with hierarchical porosity and strong acidity are promising
candidate for hydrocracking of tryglycerides. We synthe-
sized zeolitic materials with tunable properties such as
zeolitic crystallinity, acidity and porosity and applied them
for the hydroconversion of glycerides. It shows highly
selective production of aviation fuel.

The results obtained on the reaction with this catalyst are
shown in Table 5. The sulfided Ni-Mo catalyst supported on
acidic hierarchical mesoporous zeolite ZSM-5 catalyst not
only furnished very high (43 %) yield of jet range hydro-
carbons but also surprisingly high isomerization selectivity,
i.e., i/mn = 5-13. When we used a hierarchical mesoporous
ZSM-5 with higher acidity, higher surface area but lower
zeolitic crystallinity (HSASC), the jet range hydrocarbons

yield could increases to 54 % with moderately high isom-
erization selectivity (i/n = 2.6). It may be because of the
right balance between the hydrogenation and cracking
activities. The comparative study of these two catalysts
gives the information that the tuning of the properties of the
catalysts can selectively make the desired product. The
overall conversion of both these two catalysts is same at
360 °C but the isomerization activity was different. Maxi-
mum jet range hydrocarbon yield is about 45 % at 370 °C
for the low surface area, more crystalline and lower acidity
mesoporous ZSM-5 support (LSAC), while the maximum
yield reaches 50 % at 410 °C for the more acidic, less
crystalline and higher surface area support (HSASC). When
we analyze the isomerization activity, we found that, it is
nearly constant (i/n ~2) at different temperature for the
HSASC support while it increases rapidly with reaction
temperature and reaches a very high value of i/n = 13.5 at
400°C indicating an unexceptedly high isomerization
selectivity for the LSAC support. When the feed is shifted
from jatropha to algae oil the activity of the catalyst was
changed. Ni-Mo catalyst on HSASC support gives a con-
version of 78.3 % of jet-fuel range hydrocarbons with
moderately high isomerization selectivity (i/n = 2.5). The
product obtained using these catalysts met all the basic
requirements for jet fuel in terms of desired freezing point
(=55 °C), density (0.78 gcc_l@IS °C), Flash point
(>38 °C), heat of combustion (>44 MJ kg_l), viscosity
(<8.0 mm>S™") and sulfur content (<20 ppm).

3.3.1.3 Transportation Fuels From Non-Sulfided Pt/
SAPO-11 Catalysts Most of the transition metals used in
the conventional hytrotreating are required to be in sulfided
form to give activity. Leaching of sulfur from the catalyst
makes a lot of problem with the final product composition
and quality. Because of the strict environmental legisla-
tions, at present the sulfur level in any product should be in
ppm levels. The plant derived oils do not have sulfur so
they may not damage the active centers of the noble metal
supported catalyst. Here we discuss one of the most active
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catalysts Pt/SAPO-11 for the production of jet fuels from
jatropha and algae oils

These catalysts are mainly used in a two-step process of the
production of aviation fuels. In the first step the feed is treated
with conventional hydrotreating catalyst and in the second
step the isomerization on noble metal supported acidic cata-
lysts. Some of the results obtained from the literature are
shown in Table 6. From these results we can see that the
conversion of the feed is greater than 90 % at comparatively
low temperature and pressure. Pt-SAPO-11 catalyst with
hierarchical structure and intra-crystalline mesoporosity was
used to obtain nearly 45 % of jet-fuel range hydrocarbons with
high degree of isomerization (i/n = 4.5). The selectivity of
the catalyst for iso-paraffins is almost equal to the single step
process. 0.75 % Pt deposited SAPO-1lcan give similar
selectivity as for Ni-Mo/ZSM-5 catalyst.

3.3.2 Co-Processing of Plant Oils

During hydrotreating of soya oil—gas oil mixtures, the
yield of product corresponding to the diesel range—C;s—
C,s hydrocarbons vary between 80 and 90 % at different
reaction temperature and different space velocities for the
Ni-Mo based hydrotreating catalysts as shown in Table 7.
The yield of <C,5 alkanes is less than 10 % over the Ni—
Mo catalysts. The yields of diesel range hydrocarbon
(C15-C18) from hydrotreating of pure gas-oil feed was
45 % which increased and reached 60 % after increasing
jatropha oil ratio in the feed to 10 %. This is due to
increased contribution of C15-C18 hydrocarbons coming
from the conversion of the triglycerides to the corre-
sponding hydrocarbons.

Using sulfided Ni-W catalyst on acidic silica—alumina
support the diesel range (C,;s5—C;g hydrocarbons) product
yield is lower than that over sulfide Ni-Mo/Al,O; catalyst,
(about 50-60 %). The lower diesel yield for the Ni-W
catalyst than for the Ni-Mo catalysts is due to more
cracking of hydrocarbons over the former due to its higher
acidity.

Thus, for the Ni-W catalyst the diesel (C;5—C;g) frac-
tion is much lower than that for the Ni-Mo catalyst which
is attributed to more cracking of this fraction into lower
components due to higher acidity of the former catalyst.
Very high yield (85-95 %) for diesel (C;5—C;g) fraction is
obtained using Ni-Mo/Al,O; catalysts due to very little
cracking ability of this catalyst. The desulfurization activ-
ities of the catalyst were also studied in detail and are
shown in Fig. 1. The results show that the catalysts have
excellent HDS activity for gas-oil even in the presence of
plant-oils. The increase in HDS activity in the presence of
vegetable oil could be due to a dilution effect for the gas-
oil feed in the presence of vegetable oil and also due to
increased local acidities produced during vegetable oil
hydroprocessing that might favor HDS reaction.

3.4 Detailed Kinetic Models of the Reactions

The model equations framed for different schemes for the
conversion of the non-edible oils to hydrocarbons were
evaluated simultaneously using Levenberg—Marquardt
algorithm (LMA). The rate constants were estimated based
on the numerical simulations carried out using experimental
results. It was observed that in case of CoMo/MTS catalytic
system [77] the reaction Pathway 1 (Scheme 2) satisfied the

Table 6 Hydroconversion of

riglycerides on PUSAPO-11 Catalyst Feed Temp. (°C) Pressure bar Cy—C;5 Conv. (%) iln
catalysts [40] 0.5 % PUSAPO-11 Jatropha 330 20 453 92 45
0.75 % PUSAPO-11  Algal 375 10 32.8 83 42
0.5 % PUSAPO-11 Octadecane 350 10 422 99 3.3
. 0.75 % PUSAPO-11  Jatropha 430 50 54 99 3.8
lhsv =1h
E:gbel;gle}:)}i/ld;iﬂr;zzszli?g of Catalyst Feed (%) Temp. (°C) Space velocity ) <Cys Cis_cis
g;lltztl;fs‘:: E’lnzN;;l]Vlo and Ni-W' ni_Mo/ALLO; 100 GO 380 2 72 455
’ Ni-Mo/ALO; 10SO +90 GO 380 4 6.7 92.4
Ni—Mo/ALO; 2580 +75GO 360 2 74 829
Ni—Mo/ALO; 2550 +75GO 380 2 50 926
Ni-Mo/ALO; 5JO + 95 GO 360 1 62 525
Ni-Mo/ALO; 10J0 +90GO 360 1 84 6l
Ni-W/Si0,ALO; 2580 +75GO 360 2 32.5 589
GO Gas oil; SO soya oil; JO Ni-W/Si0,AL,O;  25S0 +75GO 370 2 392 557
jatropha oil Ni-Mo/ALO, 100 GO 380 2 72 455

# Balance is >C18 products
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Fig. 1 Hydrodesulurization (HDS %) over sulfided catalysts at
50 bar, 2 h™" for various plant oil feeds coprocessed with gas-oil.
(JAT jatropha oil; SOY soya oil) [12, 39]

95 % confidence level for acceptance of the model at lower
temperatures (300 and 320 °C). The triglycerides were
converted to not only direct deoxygenation products, i.e.
diesel range compounds (C15-C18) and oligomeric (>C18)
products but also, directly into gasoline (C5-C8) and kero-
sene (C9-C14) range compounds with no internal conver-
sions observed between the products. Instead in case of
CoMo/Al,O3 system [78] there was a shift observed with
pathway 3 valid at lower temperatures (<320 °C) and path-
way 7 valid at higher temperatures (>360 °C). At lower
temperatures (<320 °C) the triglycerides were only getting
converted into deoxygenation products, i.e. diesel range
(C15-C18) and oligomeric (>C18) products and then further
conversion of the diesel range compounds to gasoline (C5—
C8) and kerosene (C9-C14) range compounds. This differ-
ence in the conversion pathways for triglycerides was
attributed to the different supports used and the different
physicochemical properties of these systems. In case of MTS
supports an alternative route for the formation of lower range
hydrocarbons directly from the triglyceride was being
favoured at lower temperatures. The gasoline and the kero-
sene range compounds were the primary products from the
triglycerides in case of MTS whereas in case of Al,O3 system
these were the secondary products (at lower temperatures
<320 °C). There was increased rate of formation of the
oligomeric products (k,) as compared to the diesel range
compounds (kg,) in case of MTS catalyst (Table 5) whereas
in case of Al,O3 system it was otherwise, i.e. kg, > K. This
fact indicated that at lower temperatures the MTS catalytic
system was favouring the formation of oligomeric products
(>C18) whereas the Al,O; favoured diesel range compounds
(C15-C18). At higher temperatures (>360 °C), over Al,O3
catalytic system the triglycerides were directly converted to
gasoline, kerosene, diesel and oligomeric compounds along

with internal conversions observed between the products
(pathway 7 Scheme 2). Although the Al,Oj; catalytic system
was not acidic in nature but the substantial cracking observed
into gasoline (C5-C8) and kerosene (C9-C14) range com-
pounds was attributed due to the acidic intermediates
observed in the products (at higher space velocities). These
acidic groups were confirmed by the IR and NMR studies.

This shift in reaction pathways observed by varying
temperatures was attributed to the acidic intermediates
produced in the reaction at different temperatures. These
acidic intermediates altered the conversion pathways for
the triglycerides and also promoted cracking reactions. At
lower temperatures in case of MTS catalytic system the
acidic intermediates products along with mild cracking
reactions were mainly favouring oligomerization reactions.
Hence it is very important to understand the nature of the
acidic intermediates formed and how they affected the
conversion pathways.

The apparent activation energy (Table 8) for the con-
version of triglycerides in case of Co-Mo/Al,O3 was found
to be 26 kJ/mol whereas in case of Co-Mo/MTS it was

Table 8 Rate constants for accepted lumped models over Co—-Mo/
Al,O3 and Co-Mo/MTS catalytic systems [77, 78]

Catalyst Temperature, Rate constant ~ Value (h™")
kinetic model
Co-Mo/AlL,O3 320 °C, Pathway 3 Kysigiycerides 16.97
kq¢ 10.24
Kot 6.7
Ked 0.3
Kia 0.29
360 °C, Pathway 7 Kyigiycerides 23.64
Kot 0.77
ki 1.79
kq¢ 18.75
Kot 2.32
Kia 0.07
Kok 0.11
Co-Mo/MTS 300 °C, Pathway 1  Kyigiycerides 7.39
Ko 0.03
K¢ 0.02
ka¢ 0.07
Kot 7.27
320 °C, Pathway 1  Kyigiycerides 14.35
K 0.04
Ky 0.11
ka¢ 1.24
Kot 13.25

kirigiycerides Tate of conversion of triglycerides; k,, rate constant for the
formation of x from y; x or y gasoline ‘g’, kerosene ‘k’, diesel ‘d’,
oligomeric ‘o’, triglycerides ‘t’
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higher around 40 kJ/mol. This difference in activation
energies also strengthens the above mentioned facts
regarding different conversion pathways followed over
these catalytic systems at lower temperatures (<320 °C).

4 Conclusions

Plant oils (Jatropha, soya) could be converted to liquid
hydrocarbons using sulfided Ni-W/SiO,-Al,03;, Co—-Mo
Al,O5; and Ni-Mo/Al,O5, under hydroprocessing condi-
tions. C15—C18 hydrocarbon yield is highest (97.9 %) over
Ni—Mo/Al,Oj5 catalyst, while it is 80.8 % over Ni-W/SiO,-
Al,O5 catalyst and surprisingly low (49.2 %) over Co-Mo/
Al,O5 catalyst during hydroprocessing of pure plant-oil.
Ni—Mo/Al,O5 catalyst exhibits very low cracking ability.
Co-Mo/Al,0; catalyst shows unexpectedly high cracking
ability which is attributed to acidic intermediates (formed
during reaction) which catalyze cracking activity.

Hierarchical mesoporous molecular sieves with tunable
properties such as zeolitic crystallinity, acidity and porosity
could be successfully tailored to develop a single-step
process for hydroconversion of triglycerides and FFAs
from algae and from plants such as jatropha, directly into
iso-paraffins in the kerosene range with high selectivity to
produce aviation fuel with desired freezing point and other
specifications.

Mixtures of waste soya oil and gas-oil can be easily
converted into hydrocarbons with high cetane value and
acceptable density and acidity under hydroprocessing
conditions used in refineries using typical hydroprocessing
catalysts. No reactor plugging, adverse impact on HDS
activity or catalyst deactivation was observed during the
prolonged reaction run. Ni-W catalyst supported on mes-
oporous silica—alumina could be used for selective crack-
ing along with deoxygenation to produce more kerosene.
Ni—Mo catalyst supported on mesoporous alumina has very
low cracking ability and has high selectivity for diesel
range product due to deoxygenation of soya-oil into C15—
C18 hydrocarbons.

Mechanistic models for Co-Mo/Al,O; catalyst indicated
a strong dependence of the conversion of triglycerides to
hydrocarbons on temperatures and the triglycerides could
be hydrocracked to lower range hydrocarbons (C5-C14) by
increasing the reaction temperatures.

Model fitting for reaction pathways followed at
300-320 °C for the Co—Mo catalyst supported on meso-
porous titanosilicate showed that the triglycerides con-
verted directly not only to the deoxygenated (C15-C18)
and oligomerized products but also directly cracked to,
lighter and middle range hydrocarbons (C5-C14); the rate
of oligomerization being several times higher than other
reactions.

@ Springer
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