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ABSTRACT

Energy is the foundation of economic and infrastructure development.
Environmental concerns, global energy requirement, and declining fossil fuel reserves
have boosted energy research on alternatives source from conventional fossil fuels to an
alternative renewable and sustainable sources. Based on the availability of biomass
feedstock, first generation, second generation, and third generation are the classification
of biofuels.

First generation biofuels are bio-ethanol and bio-diesel, which are produced by
using biological process (fermentation) and chemical-process (trans-esterification) from
edible sources like sugar, starch and plant seeds oils (vegetable oils) etc. The production
of first-generation biofuels is very less in comparison to the requirement in terms of
conventional refineries/fossil fuels, so there is an issue with demand vs. supplies, i.e.
competition with the food industry and fuels, which may raise ethical questions. It also
doesn’t give the drop-in-fuel quality. Research now strongly focuses on the so-called
second-generation biofuels.

Second generation biofuels give attention to the thermal conversion of non-edible
biomass sources. The thermal conversion has mainly four processes: combustion,
gasification, hydrothermal liquefication and pyrolysis. Combustion is already widely
practiced. Gasification has higher efficiency as compared to combustion. It has a high
level of interest, to produce bio-syngas to generate methanol or transportation fuels like
gasoline, kerosene and diesel. Hydrothermal liquefaction (HTL) of biomass has been
done in presence of solvents at various temperature and pressure. Pyrolysis process
decomposes the biomass in the absence of oxygen to generate vapors (pyrolysis vapor)
and aerosols with some char/coke (bio-char) at high temperature, on condensation of

pyrolysis vapor a liquid has been obtained, called pyrolysis oil/bio oil.

The Third-generation biofuels concern about fast-growing feedstokes, requires
less maintenance/nutrient and low cost for production. It has tendency to regenerate in the

less fertile soil, and resistance to extreme weather conditions. The third-generation



biomass includes microalgae and macroalgae. Marine biomass such as seaweed,
hyacinth, caltrop diatoms, duckweed, and algae have a strong domain for the production
of biofuels. In recent year Aquatic biomass (microalgae) is considered third-generation
biomass and advanced biofuel feedstock due to their perennial and inherent growth, high
growth rate and areal productivity as well as no competency with arable land and crops
for space, sunlight, and nutrients.

Algal biomass. can produce different types of biofuels, including bioethanol,
biodiesel, syngas, gasoline, kerosene/jet oil and diesel (green diesel). Some of them
biofuels, like gasoline, kerosene/jet oil and diesel (green diesel) can produce by
hydroproceesing, a refinery technique for upgradation of biomass derived oil (pyrolysis
oil/bio oil and algae oil/lipids) by using batch reactor as well as continuous fixed bed
(microchannel) reactor.

For convenience, the work embodied in the thesis has been divided into the
following chapters:

First chapter

This chapter is introductory one and presents general remarks on first, second, and
third generation biofuels. This chapter also deals with hydroprocessing of biomass-

derived oil to transportation fuels. Updated literature survey has also been included here.

Second chapter

This chapter deals with the production of transportation fuels (gasoline, kerosene,
and diesel) by hydroprocessing of mixture of gas oil (GO) with heavy, dark viscous
pyrolysis oil/ bio oil liquid (BO) obtained from waste de-oiled jatropha curcas seeds cake
(JCC). A sulfided cobalt-molybdenum phosphorus/aluminum oxide (CoMoP/Al,Os3)
catalyst was studied in the hydroprocessing of bio-oil (BO) obtained from the pyrolysis
of de-oiled Jatropha curcas seed cake. Hydroprocessing was carried out with different
ratios of GO and BO with sulfided cobalt-molybdenum phosphorus/aluminum oxide (S-
CoMoP/Al,O3) catalyst. The oxygen content in the products was reduced to trace

amounts after hydroprocessing. A clear liquid product having 2—-16 % gasoline, 30-35 %



kerosene/jet oil and 35-44 % diesel has been produced by co-processing of BO with
refinery GO in various ratios. This liquid have 50-60 % alkanes, 10-45 % cycloalkanes,
and 1-10 % aromatics with negligible amount of char. Hydroprocessing of 100 % BO
produce 10 % gasoline, 30 % kerosene/jet oil and 30 % diesel. This liquid has 15 % of
alkanes, 15% cycloalkanes, and 45 % aromatics. A maximum amount of kerosene (41%)
was obtained at 375°C and 75 bar from 100 % BO, with a small amount of char (1.5%)
deposited on the catalyst. In comparison, over sulfided CoMo/Al,O3 catalyst (without P
promoter) only 31% of kerosene was produced, with 17% char, using similar reaction
conditions. The advantage of this work is that transportation fuels can be produced by
using a single catalyst instead of other expensive multi-catalyst processes such as
hydrodeoxygenation with noble metals followed by cracking.

Third chapter

This chapter discusses the production of transportation fuels (gasoline, kerosene,
and diesel) by hydroprocessing of aqueous-phase of pyrolysis oil obtained from de-oiled
jatropha curcas seeds cake (JCC), by using sulfided NiMo/SiO,-Al,O; catalyst coated in a
microchannel reactor. The oxygen contents of the dissolved organic compound in the
aqueous-phase were reduced to trace amount after hydroprocessing. Clear organic
hydrocarbon phase product obtained after hydroprocessing contained 5-45% gasoline
(<C9), 5-60% kerosene (C9-C14), 15-40% diesel (C15-C18). This liquid has 15-65%
alkanes, 0-5% polyaromatic hydrocarbons (PAH) with negligible amount of cycloalkanes
and aromatics. The unreacted feedstock and residues was 30-75%. Maximum
hydrocarbon yield (~65%) was obtained at 375°C, 0.25 LHSV, and 70 bar. The water
obtained after hydroprocessing contained little organics (<5%).

Microchannel reactor has the advantages of portability, easy scale-up, better heat
and mass transfer characteristics, high reaction throughputs, precise control of
hydrodynamics. The good thing about this work is that transportation fuels can be
produced by using small modular microchannel reactors (with catalyst coating inside the
channels) compared to using largely fixed bed reactors. Additionally, this process

improves the economics of processing bio-oils by utilizing its aqueous-phase (containing



~30% inseparable soluble organics) to produce hydrocarbon fuels.
Fourth Chapter

This chapter deals with the production of transportation fuels from
triacylglycerides neutral lipids (TAGs) extracted from marine microalgae algae
Nannochloropsis sp by hydroprocessing over sulfided cobalt molybdenum
phosphorus/aluminum oxide (S-CoMoP/Al,O3) catalyst in a batch reactor at 300-375 °C
with H, at 50-120 bar. A clear light yellowish green product was obtained, containing 6—
26 % gasoline, 35-50 % kerosene, 8-40 % diesel. This liquid having 10-80 % alkanes, 1—
10 % cycloalkanes, and 5-35 % aromatics, with a maximum of 10% char formation.
Power law kinetic model was validated with experimental results. A kinetic study shows
a pseudo 1st order reaction with respect to the neutral algae lipids oil concentration, with
the activation energy for algal oil conversion was 14.96 kJ/mol. Activation energies for
the formation of diesel (125 kJ/mol) and kerosene (146 kJ/mol) were higher than for the
heavy hydrocarbons such as PAH (7 kJ/mol) and alkanes (64 kJ/mol) products. This
study investigates for the first time the hydroprocessing of crude lipids extracted from the
commercially relevant marine microalga Nannochloropsis sp. over a sulphided form of
CoMoP/Al,O; catalyst.

Finally, summary and conclusions based on the achievements are presented.
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Chapter 1: General Introduction and Literature Survey

1.1. Introduction and literature survey

Energy is the foundation of economic and infrastructure development.
Environmental concerns, global energy requirement, and declining fossil fuel reserves have
boosted energy research on alternatives source from conventional fossil fuels to alternative
renewable and sustainable sources [1-7]. Biomass is a carbon-neutral renewable feedstock
source which can be used for transportation fuels production/generation. It is a promising
alternative and renewable source of energy that could be the key component for the future
sustainable energy supply, with significant benefits in environmental protection, utility
energy demand and regional development [8-13]. Apart from energy independence, there
will be economic and social benefits as well, by the implementation of bio-refineries. U.S.
Department of Energy (DOE) has declared the replacement of 30% transportation fuel with
biofuels and 25% of organic chemicals with renewable biochemical by 2025 [14]. Biomass
IS an organic matter derived from plants through photosynthesis. Based on the availability
of biomass feedstocks, biofuels have been defined as first, second, and third generation

biofuels.

The first-generation biomass comprises of edible food crops such as wheat, food
grains, corn, and sugarcane. First generation bio-fuels concern the production of bio-
ethanol from carbohydrates (sugar, starch, etc.), and bio-diesel from trans-esterification of
plant seeds oils (vegetable oils) with methanol, and it creates food-versus-fuel
controversies [3]. Presence of C=0 (carbonyl) and C=C (unsaturation) bonds in fatty acid
methyl ester (FAME) gives low antioxidation stability and high flash point. Worldwide
biohydrogenated diesel (green diesel) has also been studied as an alternative to
transesterification product (bio-diesel) of vegetable oil. Generally, long-chain alkanes can
be synthesized via catalytic hydrogenation reactions of waste cooking oil containing a great
extent of free fatty acids [15]. Heteroatoms, sulfur, and nitrogen are most effectively
removed (>99%), while oxygen can be removed from waste cooking oil by applying
hydrotreating temperature [16,17]. Saturation of double bond gets enhanced by increasing
the hydrogenation temperature, which is confirmed by the decreasing bromine number and

increasing Hx> consumption during the reaction. iso-Paraffins amount increases with an
1
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increase in the temperature. Isomerization reactions are favored by increasing temperature
due to hydrocracking reaction; it is confirmed by the decrease in n-paraffins and the
increase in iso-paraffins [18]. Diesel production favored at lower hydrotreating

temperatures, and it is selectively formed with yield 90%.

The production of first-generation biofuels is very limited in comparison to the
requirement in terms of conventional refinery oils, so there is an issue with demand vs.
supply, which is mainly due to the competition of food. For this reason, second-generation

biofuels have become the main aspect of research [19].

Various agricultural crop residues such as mustard stalk, apricot pits, wheat straw,
barley straw, paddy straw, corn stover, corncob, cotton stalk, almond shell, canola meal,
canola hull, flax fiber, jute blast, plum pits, coconut coir, coconut shell, palm seeds, rice
husk, olive pits, walnut shell, cashew nut shell, sugarcane bagasse, peanut shell, peach pits,
hazelnut shell, flax straw, etc. are available in plenty. The forest residue from softwood and
hardwood type biomass (include barks, cones, stems, twigs, and needles) are obtained

throughout the world as a result of agricultural activities [20].

Second generation biofuels give attention to the thermal conversion of
lignocellulosic biomass [21]. The thermal conversion has mainly four processes:
combustion, gasification, hydrothermal liquefication, and pyrolysis. Combustion is already
widely practiced; gasification has a high level of interest, to produce bio-syngas to generate
methanol or gasoline and diesel. Gasification has higher efficiency as compared to
combustion [22]. Hydrothermal ligquefaction of biomass needs temperature (250-350 °C)
and pressure (10-50 bar) in the presence of various organic solvents [23]. Pyrolysis process
decomposes the biomass in the inert atmosphere (N2), and it generates pyrolysis vapor and
char/coke (biochar) at high temperature (350-550 °C). The vapor get condensed to the
liquid product, which is called pyrolysis oil the gas generated during the process is

recirculated or vented off [24,25].

The third-generation biofuels deal with fast-growing feedstocks with minimal

requirement of maintenance/nutrient; the tendency for the regeneration of these feedstocks

2
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is very high, along with the low cost of feed production in all weather conditions, with the
high growth rate. Algae (microalgae and macroalgae), marine biomasses such as caltrop
diatoms, seaweed, hyacinth, kelp, duckweed, and salvinia have candidacy for the
production of biofuels [26]. In recent years, these feedstocks are considered third-

generation biomass [27,28]. The productivity of algae is 61,000 I/ha for biofuels [29].

Third generation biofuels source, algae may produce biodiesel, bioethanol, syngas
by trans-esterification, fermentation, and gasification, respectively[30]. The energy costs
for a downstream process, extraction of lipids (TAGs) from the cells can be significant, and
the processing cost of microalgae biomass should be minimized to enable economical

viability to produce biofuels and lipids feeds [4,31-38].

Co-production of higher value-added chemicals/petrochemicals might help offset
the high capital and operational costs for microalgal biofuel production via refinery
processes; Microalgal biomass also contains animal livestock materials (essential amino
acids) [4,39-42]. Transportation fuels produced by using algal oil should be distilled
out/separated to the various end products. [43]. There are several steps involved before
extraction of the lipid from harvested algal biomass, like drying, cell rupture, etc., The
extracted lipids are transesterified or hydroprocessed to their respective products like
biodiesel or transportation fuels (gasoline, kerosene, and diesel). This processing is energy-
intensive steps [44]. It should be aimed to increase the energy efficiency of the produced
biofuels, and it is only possible by minimizing energy consumption during each step
[27,36,44-50]. Harvesting of algal biomass is done on a very small scale (0.5 g/L).
However, it can be improved by mechanical dewatering (25-30% solids) [30].
Conventionally, lipids get extracted using dry biomass (algae), and drying is an energy-
intensive process and does not contribute to minimizing the cost-saving steps [30]. Lipids
are stored inside the algae and to extract the lipids from inside the cell, walls of algae
biomass needs to be ruptured mechanically [50]. There are several techniques to rupture the
algae cell walls, such as microwave (MW), high-pressure homogenization (HPH),
ultrasonics (US), hydrodynamic cavitation (HC), bead beating (BB), and heat/sulfuric acid

treatment, etc. [37]. It was observed that only the high-pressure homogenization (HPH)
3



Chapter 1: General Introduction and Literature Survey

technique demonstrated to be energy efficient, scalable. By this process, maximum
microalgae, biomass gets ruptured, and concentrated slurries (~20% solids) could be
achieved from the biomass [38,43,46,51]. Ultrasonication is an alternative way for the
extraction of lipids. Commercially sonication systems are available currently in biorefinery

process [52].

This thesis mainly covers the production of transportation fuels by hydroprocessing
of biomass pyrolysis oil and algae extracted lipids (Triacylglycerides; TAGs). A dark
brown viscous liquid with the distinctive smoky smell is obtained by condensing the
pyrolysis vapor. Biomass has various components; among them, cellulose, hemicellulose,
and lignin are the major. Cellulose is mainly responsible for volatiles and oxygen-
containing compounds in pyrolysis liquid. Lignin (aromatics) is the main precursor for char
formation by aromatization/cyclization, while hemicellulose is responsible for char as well

as the formation of oxyhydrocarbons [53,54].
1.1.1. Cellulose Pyrolysis

The cellulose individually decomposes at low temperature 150°C, cellulose get de-
polymerized below 300°C temperature, it results, in reduction of the degree of
polymerization (DP), formation of reactive free radicals (needs rapid quenching/freezing to
avoid further reaction), carboxyl, hydroperoxide, and carbonyl groups, along with
evolution of CO, CO2 and H20 [55,56]. The unit cell of cellulose is shown in Figure 1.1.
Pyrolysis of cellulose initially forms activated cellulose (low degree of polymerization)
[57]. After that, two parallel pathways are involved, i.e., depolymerization, and the

fragmentation by ring breaking/scission.
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Figure 1.1. Partial complex structure of cellulose.

Anhydro-oligosaccharides, levoglucosenone, levoglucosan, levoglucosan, and other
monomeric cyclopentanones, anhydrosugars, pyrans, and furans form by depolymerization,
and acetol (HA), hydroxy acetaldehyde (HAA), other linear carbonyls, alcohols, furfural,

and esters form by fragmentation of ring scission [4,58-61].
1.1.2. Hemicellulose Pyrolysis

Hemicelluloses are amorphous polysaccharides of hexoses (D-glucose, D-galactose
and D-mannose) and/or pentoses (L-arabinose and D-xylose). Hemicelluloses (due to the
lack of crystallinity) are less thermally stable than cellulose. [62]. The unit cell of
hemicellulose is shown in Figure 1.2. Generally, xylan gives higher char yield than that

obtained from cellulose depolymerization [63].
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Figure 1.2. The monomer of hemicellulose.

Cellulose pyrolysis generates glucosyl cation by scission of glucans that - gives a
stable 1, 6-anhydride C-6 alcohol, which ultimately results in the volatile levoglucosan.
Xylosyl cation is more likely to follow non-specific dehydration pathways that may form

char rather than volatiles material by stabilization of intermolecular xylosyl cation.
1.1.3. Lignin Pyrolysis

Lignin is an amorphous material in the building blocks of biomass cell. It is the
heterogeneous polymer of three monomers, p-coumaryl alcohol (3-Hydroxyprop-1-
enylphenol), ~coniferyl alcohol, sinapyl alcohol (4-(3-hydroxyprop-1-enyl)-2, 6-
imethoxyphenol and (4-(3-hydroxy-1-propenyl)-2-methoxyphenol). The complex structure
of lignin is shown in Figure 1.3. [64]. Lignin in biomass is_more thermally stable
component than cellulose or hemicellulose. Pyrolysis of lignin starts from 200°C by
thermal softening. Most of the lignin pyrolysis occurs at higher temperatures than cellulose
decomposition, resulting in lower liquid yield and higher char yield than holocellulose

(cellulose and hemicellulose).
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Figure 1.3. The complex structure of lignin.

1.1.4. Jatropha

We have opted for Jatropha and marine microalgae Nannochloropsis sp., biomass
for our study over hydroprocessing reaction to get transportation fuels. Jatropha seeds are a
small, oleaginous, tropical plant of Euphorbiaceae family. A single Jatropha plant will

continue to bear fruit up to 50 years after adulthood. Most of the Jatropha fruit gets mature

in only 90 days after flowering [65].

Jatropha curcas can grow with a minimal supply of nutrients in a wide range of
atmospheric conditions from dry regions to humid region in a variety of soils with ample
supply of hot weather and medium to low rainfall. Jatropha curcas can be grown from

either the direct planting of cuttings or from seeds [66]. Jatropha seed has phorbol esters

and curcin protein, which gives toxicity.
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Worldwide pyrolysis liquid has been reformed by names like pyrolysis-oil, bio-oil (BO),
bio-crude-oil, bio-fuel-oil, liquid fuels, wood liquids, wood oil, liquid smoke, pyroligneous

tar, pyroligneous acid, etc.

The de-oiled Jatropha curcas seed cake (JCC), with average particle size 1.4 mm
and bulk density 0.56 g/ml, contains 45.0, 7.0 and 45.0% of C, H, and O, respectively with
a heating value (HHV) approx. 17 MJ/kg [3].

Pyrolysis product of biomass deoiled jatropha-curcas seeds cake (JCC) has 50-70
(wt. %) of liquid, 25-35 (wt. %) gases and 10-25 (wt. %) of char products [1,3,8,9,67].
Liquid products (Bio-oil) have a mixture of more than 300 different hydrocarbons and
oxyhydrocarbons having a wide range of functional groups [68]. The wide range of
chemicals obtained due to the presence of polymer of C5 and C6 carbohydrate (cellulose
and hemicellulose) and polymers of phenolic compounds (lignin). On heating, these
polymers first get depolymerized to the lower degree of polymer, and on further heating,

get cracked to the mixture of various hydrocarbons.

The bio-oil has two phases. One is water soluble aqueous-phase; 50-60 wt. %, and
the other one is non-aqueous bio-crude 40-50 wt. % [69]. The bio-oil appeared as dark
brown emulsion form of aqueous as a well organic phase which was thick at the bottom.
The quality of bio-oil (pyrolysis product) deteriorates rapidly due to the reaction in

atmospheric condition and presence of higher oxygen content.

The detail chemical composition, along with carbon content in aqueous-phase and
the non-aqueous phase of bio-oil, is provided in chapter 2 [4]. Aqueous phase oil contains
aldehydic and ketonic compounds in major (~ 28%) followed by acids (~ 17%) in lower
amounts. The minor compounds are guaiacols (10%), phenols (9%), hydrocarbons (8%),
furan (7%), esters (1%), alcohols (7%), sugars (1%) and others (12%) of the total organics.
Additionally, the nitrogen-containing compounds, mainly alkyl, hydroxyl or carbonyl

substituted pyridine, pyrazine, pyrrole, indole, piperidine, etc.

The presence of water in bio-oils (BO) results in the dehydration reactions during pyrolysis
and partly due to the presence of moisture in the biomass [63]. Therefore, variation in
8
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water content is over a wide range of 15-45 (wt. %), depending on the feedstock and
pyrolysis conditions. In the case of Jatropha curcas cake (JCC), the moisture content varies
30-45 (wt. %), maximum 10 Wt % due to moisture and remaining due to pyrolysis reaction
[70].

Pyrolysis liquid usually contains pyrolytic lignin, monomeric phenolic compounds
and light compounds like methanal, various acids (acetic, propanoic, formic) acid,
aldehydes (acetaldehyde, hydroxy acetaldehyde), sugars (glucose, xylose, fructose),
ketones (hydroxyacetone, hydroxybutanone, acetone, acetol hydroxyketones), guaiacols,
syringols, furans, furfurals etc. along with 35-50 (wt. %) water, which is one of the major
component of the pyrolysis-oil, and this amount is good enough to dissolve the oligomeric
lignin-derived components and carbohydrates pyrolysis products (low carbon chain
compounds of alcohols, acids, hydroxy aldehydes, and ketones), due to solubilizing effect
[64]. Liquid yield decreases by increasing the pyrolysis temperature, due to severe cracking
of the biomass and formed vapors, which gives less organic liquid with a small amount of
oxygen content. Approx. 13 - 28 (wt. %) water present in pyrolysis oil is just because of
moisture associated with biomass, and the rest of the water is mainly due to dehydration

reactions during pyrolysis [71-73].

Based on GPC-HPLC, the average molecular weight of water free pyrolysis-oil/bio-
oil (BO) obtained was 650 — 1300 g/mol; it consists of mainly biphenyl, phenyl coumarin,
diphenyl ethers, stilbene, and resinol, etc. [71,74-77].

Many researchers have studied the physical properties of bio-oils of various
feedstocks, including Jatropha Curcas Cake (JCC) [78,79]. It was observed that there is a
significant difference between pyrolysis oil/ bio-oils and petroleum fossil oils [80].
Pyrolysis oil has many drawbacks due to the presence of soluble water oxygen-containing
hydrocarbons [14]. The pyrolysis oil has lowered heating value 17-20MJ/Kg, which is
almost 50% of the existing fossil fuels, low flame temperature, and lower immiscibility in
hydrocarbon fuels [80]. Presence of water and oxygenated compound in bio-oil (BO)

increases ignition delay, and decrease in combustion rate (thermal stability) compared to
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fossil [81]. Bio-oils have high viscosity and high acidity (pH 2-3); acidity might be due to
the presence of organic acid components, due to which they have corrosion properties and
can affect some sealing materials. Some of the physical properties are listed in Table
1.1.[3,64,81-86].

Upon longer storage, due to the presence of active species, in such as free radicals
and active oxygenates compounds, the further reaction may occur, resulting in the
formation of heavier compounds. For example, phenol-formaldehyde polymerization
reactions may happen by condensation reactions of these functional groups by longer
storage; however, this solid is very useful for plastic material Bakelite even though vacuum
distillation of pyrolysis oil generates solid coke by polymerization reactions involving

polyhydroxyphenols or methoxyphenols [87,88].

Table 1.1. The physical property of bio-oil [89]

Physical Property Values Physical Values
Property

Lower heating value 1720 (MJ/kg) Oxygen 35-40 (wt %)

(LHV)

Higher heating value 13-18 (MJ/kg) Carbon 50—60 (wt %)

(HHV)

Kinematic 15—42 (mm?/s) Hydrogen 7-8 wt (%)

viscosity@40°C

Density at 15 °C 1.10-1.30 (kg/dm®)  Sulfur <0.05 (wt %)

Pour point —9.0-36 (°C) Nitrogen <0.5 (wt %)

Flash point 40-110 °C Ash <0.3 (wt %)

TAN 70—100 (mg Solids (char) 17-23 (wt %)
KOH/qg)

pH 23 Water 2035 (wt %)

10
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Bio-oil/pyrolysis oil is a microemulsion of the aqueous part (continuous phase),
formed by the decomposition of holocellulose (cellulose and hemicellulose) and organic
part (discontinuous phase) formed by pyrolytic lignin macromolecules. This emulsion may

form through hydrogen bonding.
1.1.5. Fuel applications of bio-oils

Diesel engines have high efficiency (45%), so pyrolysis oil is not suitable for a
diesel engine as such. This can be utilized for heat and power generation devices like
boilers, turbines, sterling engines, medium, slow speed engines, and all combined heat and
power process (CHP) unit [3]. This device contains a modified flameless oxidation burner
(air pressure atomizer). CHPs is known as a small-scale power generation device/unit
which is mostly used to generate heat by using economically as well as financially low-
grade fuels. CHPs mostly used diesel engines on behalf of pyrolysis oils/bio-oils, due to
some of the reason like difficult ignition, high corrosion value, less thermal stability,
resulting cocking. These problems arise due to the presence of high water content and

oxygen content [90].

The other way to use bio-oil is in transportation fuels and blends with existing
hydrocarbons. Pyrolysis oils are not miscible with hydrocarbons; surfactants can help to
emulsify with diesel fuels. Ikura (CANMET Canada) Diebold and Baglioni, developed
surfactant to emulsify pyrolysis oil / bio-oil with 5- 90 % with diesel [91].

The drawback of this approach is process economics. The cost of surfactants is very high,
and using this process gives high corrosion than using pure bio-oil or diesel in the engine.

Therefore, we have to look for other ways to use bio-oil for transportation fuels.
1.1.6. Upgrdation

The pyrolysis-oil/bio-oil (BO) needs to upgrade to convert them into existing
transportation fuels, either by a chemical or physical method. Physically as discussed
earlier, another way is using bio-oil in CHP unit by mixing surfactants. There are several
ways in the refinery process to improve the quality of pyrolysis/bio-oils, like fluid catalytic

cracking (FCC), hydroprocessing, reforming, and heavy oil processing. Hydroprocessing
11
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involves hydrotreating, hydrocracking, and hydrogenation reaction; it gives partial or total
elimination of the oxygen and unsaturation. Oxygen gets eliminated in the form of water,
carbon dioxide, and carbon monoxide, either by catalytic cracking or by deoxygenation of
pyrolysis/bio-oils (BO) or both by using hydrogen [92,93]. This process, commonly being
referred as hydrodeoxygenation, hydrotreating, hydroprocessing and/or hydrocracking, and
may include any of these reactions where hydrogen is used to transform into the
transportation fuel, either diesel or jet oil/jet fuel or gasoline. Hydrotreating of bio-oil is

carried out at high hydrogen pressure and temperature [[92,94-98].

Catalytic cracking refers to the fluid catalytic cracking (FCC) using zeolite-
containing catalysts that lead to the formation of gasoline at high temperatures (300-600°C)
and atmospheric pressure. The advantage of this process is, it does not need any Hz and is
cost-effective [99,100]. However, a major disadvantage of this process is the coke

formation, which deactivates the catalyst, and it needs to be regenerated [101].

Hydrodeoxygenation of lignin follows two steps. The first step includes the breaking
of phenolic C-O-C bonds without breaking of C-C bonds, and the second step is the
hydrogenation of benzene based ring followed by hydrogenolysis of the C—-O bonds to
produce compounds C9 and C14-18 [102,103].

The development of technology to convert biomass pyrolysis oil/bio-oil to fossil
fuels is a global challenge for researchers using hydroprocessing refinery process. A
technical research center of Finland (VTT) and Pacific Northwest national laboratory
(PNNL) Finland developed the process for hydroprocessing of bio-oil produced from pine
wood in two-stage continuous fixed bed reactor, over a sulphided catalyst, including both

ruthenium (Ru) and promoted molybdenum (Mo). [104].

Molybdenum sulfide (MoS.) catalyst was used for the removal of heteroatom from
bio-oil and fossil fuels [105]. However, RuS catalyst hydrogenates the sugars and polyols
without forming methane [106,107]. The Process parameter was optimized to get a liquid

hydrocarbons product having oxygen-free or trace amount of oxygen content with a low

12
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acid number (TAN) [92,108]. Conventional hydrotreating processes cannot be directly
applied to the upgradation of pyrolysis oil [109].

Conventional hydrotreating is economically not viable, although this process is
extremely effective for fuels, due to the need for high hydrogen requirement and high
energy [76]. It may be viable if hydrogen is readily available, as in the case of refinery

industries [3].

Typically, sulphided CoMo or NiMo supported on vy-Al2Os are used for
hydrotreating of fossil fuel [110,111]. One of the disadvantages of these catalysts is the
requirement of the sulfur on metal to remain active. Presence of sulfur in transportation
fuels has a drawback. There are several mechanisms for catalyst deactivation, like sintering
of the active metals, poisoning of the catalyst (presence of nitrogen compounds), blockage
of catalyst pores and active sites, structural degradation of the support, active sites, coking
and metal deposition [112]. The catalyst gets deactivate due to coke formation, which may
result in blockage of the catalyst pores and disturb the access of reactants over the active
pores [80,88,92,113,114].

Based on several studies, it was found that acidic support like alumina promotes the
coke formation, along with that, the phenol is the precursor for coke formation, along with
this it was also observed that carbohydrate fraction pyrolysis oil is also responsible for coke
formation [88,109,114,115]. Bridgwater reviewed the upgradation of bio-oil (BO) by
hydrotreating [109,115].

Catalytic hydroprocessing is the removal of heteroatom (sulfur, nitrogen, oxygen,
metals) and saturation of olefinic bond (C=C) present in straight and aromatics chain, along

with isomerization and cracking reaction.

The refinery streams are subjected to hydrogen in the downstream process to
improve product quality (straight-run naphtha, diesel, kerosene, and gas-oils, etc.) by using
conventional CoMo and NiMo supported y-Al.O3 [116]. Quality of petroleum products is
dependent on the improvement of catalyst to convert heavier and lower quality feedstocks.
Catalytic hydroprocessing of liquid biomass technology has possibility to fulfill the

13
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demand of biofuels market as it can convert a wide range of liquid biomass, such as waste
cooking oils, vegetable oils, pyrolysis oil, non-edible seeds oils, animal fats and algal oils
(microalgae or macroalgae), solvents extracted lipid into biofuels (gasoline, jet

oil/kerosene, and diesel) with high conversion yields.

Agueous-phase reforming (APR) of oxygenated hydrocarbons of pyrolysis oil/ bio-
oil forms hydrogen (H2) or light alkanes (primary methane) by fragmentation of C-C
bonds, as well as C—H and/or O—H bonds over supported metal catalysts of Group VIII
metals such as Pt and Ni catalytic [117-120]. Rh preferably gives C-O scission, as opposed
to a C—C bond breaking [88].

Aqgueous phase processing of sugars and polyols results in Hz and alkanes products
[119]. Hydrogen is a major feedstock for the majority of refinery processes to the
production of transportation fuel [120]. C can produce hydrogen—C bond cleavage (to
produce CO) followed by the water gas shift reaction, which is endothermic reaction over
supported metal catalysts in the APR process [121,122]. The overall reaction for APR of

sorbitol is shown in equation (1).
C6H1406 + 6H20—6CO2 + 13H: @

Paraffin (C1-C6) can be produced by dehydration/hydrogenation (APD/H) in APR,;
also a subset of APP by using a bifunctional catalyst containing metal and acidic sites such

as Pt supported on silica-alumina, as shown in equation (2).
CsH1406 + 6H2 —CsH14 + 6H20 2
1.1.7. Reaction mechanisms under hydroprocessing

Hydrotreating process of bio-oil involves three-step; in the first step, preheated
liquid feed trickles down over the solid catalyst bed in the presence of high-pressure H>
gas. Hydrogenation reaction of the unsaturated/olefinic bond (C=C), followed by oxygen
removal from C-O and C=0 bonds, via hydrocracking through three different pathways:
decarboxylation, decarbonylation, and hydrodeoxygenation to produce saturated alkanes.

Third and final step involves the isomerization and cracking (hydro/thermal) to produce
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different saturated straight chain hydrocarbons via hydrocracking; refinery gas product
(<C6), gasoline (C6-C9), middle distillates like kerosene/jet oils (C9-C14) and diesel (C15-
C18) with some degree of branching hydrocarbons and heavy hydrocarbons (>C18). The

details of major reactions involve in this process are given below [20,123].
1.1.7.1. Olefin Saturation

Saturation reactions need to catalytic hydrotreating in excess Hz environment to
allow the breakage of C=C bonds and their conversion to their respective single bonds
containing compounds, e.g., the double bond of unsaturated carboxylic acid converts into
saturated carboxylic acid in lipids (TAGSs), as mentioned in equation 3. Furthermore, in
addition to the hydrogenation of C=C bonds, other saturation reactions of unsaturated
cyclic compounds and aromatic compounds are likely to occur in pyrolysis oil to form
naphthenes, during the upgrading of pyrolysis oils, which are mentioned in equations 4 and

5, respectively.

RCH=CH-COOH + H2 — RCH>CH.COOH (3)

O v, —=()
=

1.1.7.2. Cracking/ Hydrocracking

(4)

()

Biomass-derived liquid has relatively large and complicated molecules; cracking
process converts them into small molecules, and low boiling rang conventional
transportation fuels hydrocarbons (gasoline, kerosene/jet oil, and diesel). Triglycerides
(TAGS) of algae lipids crack into fatty acids (carboxylic acids) and propane [27]. Based on
boiling point, TAGs have higher boiling range (IBP 600 °C) compounds, which convert to
mid-distillate range hydrocarbons (naphtha, kerosene, and diesel) by cracking. The long
chain hydrocarbons of pyrolysis oil which include polyaromatic and aromatic compounds

convert into the lower range of aromatics hydrocarbons along with deoxygenation of
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oxygenated hydrocarbons of pyrolysis oil leading to smaller chain paraffin, during the

upgradation, which is mentioned in equations 6, 7 and 8, respectively.

CH,—R CHs
(6)

R-R + H, =R-H + R-H )
H,
iso-RH — > iso-R;H +iso-R,H
Catalyst (8)

1.1.7.3. Heteroatom removal

Biomass-based oil has extremely low heteroatoms, sulfur (S), and nitrogen. (N).
However, it has an extremely large quantity of heteroatom, oxygen (O). Particularly O>
removal is most important for upgradation. The drawback in biofuels has been discussed
earlier. The oxygen is removed in the form of CO,, CO, and H>O by
decarboxylation/decarbonylation dehydration. Removals of oxygen are mentioned in

equations 9, 10, and 11, respectively [124].
R-CH,COOH + 3H, = R-CH:CH; + 2H20 9

R-CH2.COOH + H:

R-CH: + CO2 (10)
R-CH.COOH + H» = R-CHz+ CO + H20 (11)

Hydrotreated products are paraffinic. The other heteroatom, i.e., S and N are
removed in the form of gaseous H.S and NHs, respectively as shown in equation 12, 13 and
14,

Decarboxylation: CeHgOs — CsHg+2 CO2 (12)
Hydrodeoxygenation: CeHgO4 + 4H2 — CeHg + 4 H20 (13)
Cracking: CeHgOs4 — CasHg + H20 + 1.5 CO» (14)
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1.1.7.4. Isomerization/ Hydroisomerization

Isomerized hydrocarbons containing biofuels, improve the cetane number, oxidation
stability, cold flow properties, and heating value. The isomerization reactions are

mentioned in equations 15, 16, and 17, respectively.

R-CH2-CH2-CH3z = R-CH-(CHs)2 (15)
) Fplal L
P 0O R
R R (16)
Ho .
N-RH cATALysT 'SO-RH (17)

Hydroprocessing, mechanism, and kinetics are still under investigation, due to its
complexity. The all possible mechanism of cleavage the C-O/C-C bond of three different

carboxylic esters in TAGs is schematically represented in Figure 1.4. [27].
\ (@)

f @)

_O)J\/\/\/\/\/\/\/\/\

L,_O/\j\//\/\/\/\/\/\/\/\/\/\

Figure 1.4.. The schematic reaction for the removal of oxygen from triglyceride (TAGS) by

hydrotreating

The expected pathway for hydroprocessing of TAGs is shown above in Figure 1.2.
Oxygen gets removed as water (H20) during hydrogenation/hydrodeoxygenation (HDO)
reaction, which is represented in red color. Another mechanism, i.e., decarboxylation or
decarbonylation, converts the TAG into CO», propane, and/or CO and n-alkane with one C-
atom shorter than the total length of the fatty acid. Blue dotted lines represent this. Heavy

hydrocarbon compounds are cracked into paraffin and olefins followed by the thermal
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cracking and oxygen removal via HDO reaction of the triglyceride (TAGs) molecule,
results in the thermal and catalytic mechanisms. During isomerization, an n-alkane can be
hydroisomerized with some extent of branching, which is described in Figure 1.5. To

understand the mechanism, it involves methyl group branches [28,125].

Carbon dioxide is one of the greenhouse gases, which leads to environmental
pollution. To prevent environmental pollution, various methodologies are developed for the
chemical fixation of carbon dioxide to valuable chemicals, and the synthesis of five
member cyclic carbonates via coupling of carbon dioxide with an epoxide is one of the

promising reaction in this direction [126].

nCy Me-Cy_; diMe-Cy.» triMe-Cy 3 tetraMe-Cy 4
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Figure 1.5. n-Alkane hydroconversion (hydroisomerization and dehydrogenation)

mechanism over Pt catalyst on an acidic support
1.1.8. Hydroprocessing catalysts

Catalytic hydroprocessing of liquid biomass (agriculture and marine algae) is still
developing in the field of biofuels/ transportation fuels. There are many parameters to be

developed of optimization for hydroprocessing. Hydrodeoxygenation (HDO),
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hydrodecarbonylation, hydrocarboxylation, hydrocracking, and hydrogenation are the
major steps involved in biomass-derived oils conversion transportation fuels by removing
oxygen [19]. These reactions mentioned are together called hydroprocessing reactions. This
reaction is defined as catalytic high-pressure hydrotreatment or hydrodeoxygenation

accompanied by hydrocracking [20].

The most known commercial catalysts for hydroprocessing (refinery streams) are
Group VIB and VIl metals, e.g., cobalt and molybdenum (CoMo) or nickel and
molybdenum (NiMo) on alumina support (Al2Oz). These catalysts functioned well in the
typical hydroprocessing reaction environment for oxygen-containing organic precursor
feedstock, by which high concentrations of H.O are generated/removed [21]. The
concentration of base metals varies from 1- 6 wt % for Ni and from 8-20 wt % for W,
which is needed to be maintain in their sulphided form in order to be active at process
conditions, to maintain activity, therefore, a small amount of H>S is commonly added with
feed. However, novel metal gets deactivated in the presence of sulfur; besides it is also not

good for environmental reasons.

Hydrocracking catalysts are bimetallic, containing both hydrogenation and
cracking/isomerization reactions. Hydrogenation needs active metals like cobalt (Co),
nickel (Ni), palladium (Pd) platinum (Pt), etc. [33-38,127—-130]. However, there are several
disadvantages to using these catalysts. Noble metal catalysts are not economically viable
and more sensitivity towards catalyst poison due to the presence of impurities like sulfur,

heavy metals, and oxygenated compounds [39,40].

Many hydroprocessing catalysts use amorphous mixed oxides of SiO. - Al>O3 as the
support, due to its low cost and high acidity. The metallic sites are involved in
hydrogenation and dehydrogenation reactions and the acidic supports, such as crystalline
zeolites (y-zeolites), amorphous oxides (SiO>—Al203), and mixtures of zeolite having
amorphous oxides are involved in cracking as well as in isomerization reaction, to enhance
the cetane number. The catalyst activity decreases by the deposition of coke over active

metals. Coke formation is due to the presence of acidic support. [42—47,49-52,131-135].
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Zeolites have acidic properties and have major application properties for petroleum
refining and fine chemical industries. Zeolites (microporous) give diffusion constraints for
reactant and product molecules for fine chemical industries application [8,9]. Zeolites
having intracrystalline or intercrystalline mesoporosity have attracted significant attention
because of their catalytic activity, improved diffusion, selectivity, and retardation against
deactivation [136].

Temperature and hydrogen partial pressure (Pn2) affect the catalyst deactivation rate.
Higher temperature and higher acidity of support may lead to cracking, resulting in catalyst
deactivation. However, high hydrogen partial pressure tends to mitigate/suppress the
catalyst deactivation rate. Amorphous oxide supported catalysts give less cracking

activities than the zeolite-containing catalysts.

The commercial catalysts are designed for conventional crude fossil fuel feedstocks,
which have high sulfur concentration. The catalyst for hydroprocessing of renewable
feedstocks like algae extracted lipids, non edible biomass and other intermediates of
products of biomass conversion processes (e.g., pyrolysis bio-oil) are under development,
because, the character of biomass-based oil (pyrolysis oil/bio-oil or algae oil; TAGs/lipids)

feed is different from the existing fossil-based fuel [137].

Therefore, it is very important to design the acidic sites as well as metal components
and tailor the balance between the metal and acid for the product selectivity, catalyst

activity, and stability.

Worldwide research has been done for HDO over various catalysts, keeping in mind
that, the catalyst should have better selectivity, activity, and resistance to deactivation. The
catalytic species have various derivatives of metals, like sulfides, phosphides, nitrides, and
carbides. These have been used on various supports, and in general, the acidic supports
catalyze the transformation of a methyl group and lead to catalyst deactivation by coke
formation on the catalyst surface. Noble metals, such as platinum, offer high activities for
HDO reactions, that lead to the hydrogenation of aromatic rings by consuming H» [138—

141]. The use of noble metal and the consumption of Hz have an economic disadvantage.
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Many researchers have studied the supported non-noble transition metals (e.g., ZrO2, SiO,
and MgO), which are less expensive than noble metals and offer resistant to coke formation
[106,113,142-144].

It was found that the activity for guaiacol HDO decreased in the following order (equation
15) [140]:

Rh/ZrO, > Co-MoS2/Al>0z > PdiZrO; > Pt/ZrO; (15)

Conversion of guaiacol, over bimetallic active metal, combinations of Rh, Pt, and Pd
lead to much better results than were observed with monometallic platinum (Pt), palladium
(Pd) and Rhodium (Rh) based catalysts. Hydroprocessing of anisole over Ni—Cu/ Al>O3
catalysts showed higher conversions than monometallic Ni/Al,Oz catalyst. The higher
activity of the bimetallic catalysts may be due to the incorporation of less nickel in the bulk
Al203, while the copper, results in less formation of nickel spinel than in the monometallic
nickel catalyst. MoS; and supported catalyst that incorporates cobalt and molybdenum or
nickel and molybdenum (abbreviated as CoMoS and NiMoS) are widely used in
hydroprocessing reactions [113,138,145-155].

1.1.8.1. Metal phosphides

Hydroprocessing of various model compounds of bio-oil has been studied over
transition metal phosphide catalysts. Guaiacol is one of the model compounds. It was
observed that metal phosphide gave higher conversion than metal sulfide, but CoMo/Al>O3
catalysts underwent rapid deactivation. However, in the conversion of guaiacol, more coke
formed on the phosphide than on the sulfide catalyst, due to higher existence of Lewis acid

sites/ Brensted acid sites, which favor the demethylation pathway [156-158].

The observed trend for phosphide of transition metals for
hydroprocessing/nhydrodeoxygenation (HDO) of guaiacol was observed as in mentioned
order: NioP > CozP > FeoP > WP > MoP.
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1.1.8.2. Metal nitrides

In recent years, the researchers gave attention to metal carbides and nitrides of some
of the transition metals for the hydrotreating process. The metal carbides and nitrides have
comparatively better catalytic activity than conventional hydrotreating bimetallic sulphided
catalysts. These type of catalysts have similar activity to the noble metals based catalysts,
due to the presence of carbon or nitrogen in the lattice of the transition metals, and it
increases the lattice parameter and leads to an increase in the d-electron density [159,160].
Mono- and bimetallic carbides and nitrides catalysts have been successfully applied in
place of metal sulfide catalyst for upgradation of petroleum oil, and it produced branched
diesel-like hydrocarbons [161-164]. Mono and bimetallic carbides and nitrides catalysts
also show high activity and selectivity for one-step conversion of lipids (TAGS) extracted

from algae biomass.

Nitrides of metals like tungsten (W), molybdenum (Mo), and vanadium (V)
supported on y-Al>O3 have been used for hydrodeoxygenation of oleic acid and canola oil.
The oxygen content was removed > 90%, for a reaction time of 450 h. It gives 38-48 wt%
yields of the middle distillate of refinery hydrocarbons. It also improves the cetane number

of diesel.

Metal nitrides give both acidic as well as basic sites for reaction due to the
electronegativity differences between the metal and nitrogen atoms; they drew attention as
hydroprocessing catalysts. The potential advantages of metal nitride catalysts have their
low-cost resistance, ease of preparation, and oxidation reaction. Doing HDO reactions on
nitride catalysts, nitrogen may be released from the bulk lattice and create surface sites for

adsorption and activation of hydrogen.

For metal carbides and nitrides of transitions metal (Mo and W), the hydrogen
absorption amount increases with increasing particle size. The activity of this catalyst for
hydrodesulfurization, hydrogenation, and hydrodenitrogenation exhibits similar trend.
Carbides and nitrides of transitions metal (Mo and W) catalysts are stable under typical

hydroprocessing conditions [162].

22



Chapter 1: General Introduction and Literature Survey

Bimetallic nitride catalyst CoMoN gave a higher yield of deoxygenated products
than the monometallic nitride (MN) catalyst; although, the overall activities was higher for

bimetallic than for monometallic metal nitrides catalyst [163].
1.1.8.3. Supports

Support species disperse the active metal for better accessibility and reactivity of
feed material; alumina is one of the most commonly applied supports for hydroprocessing
reaction. A major disadvantage of the acidic support is the formation of coke in high yield.
Weak Lewis acid leads to coke formation [113]. Researchers now have focused on
developing new supports for less H. consumption, increasing selectivity for direct oxygen
removal, and minimizing coke formation. There are many supports like Ni-W, active
carbon, SiO2, SiO>—Al203, and nitric acid treated carbon black, mesoporous silica (SBA-15
and SBA-16), ZrOz, and TiO,, SiO>—ZrO> for upgradation of bio-oil and its model
compounds [151,152,158,165].

Researchers have studied several supports like alumina, silica, titania, and zirconia
on molybdenum (Mo) based catalysts for hydroprocessing applications [166]. High activity
and selectivity are usually provided by the compounding of two or more functionalities like

hydrogenolysis activity, and acidity on the same material [167-169].

Various mixed oxides such as TiO2—ZrO2, TiO2-Al203, SiO2-ZrO2, and TiO2-SiO;
also have been applied to many reactions like dehydrocyclization, isomerization,
dehydration, selective reduction of NOx, etc. [166,170-174].

A catalyst having a high content of ZrO> showed very less activity and less stability
under hydrotreating reaction condition. In contrast, the mixed oxides having high content
of TiO. show better activity than single TiO» oxide, or conventional A1,03 supported
catalysts. A wide pore TiO,-ZrO; catalyst showed better activity for hydrodesulfurization

of dibenzothiophene after impregnating it with MoS; [175].

The following conclusions have been observed throughout the studies. The TiO> —
ZrO> mixed oxide support calcined at 500 °C has amorphous nature and exhibits a high

specific surface area (SA). The amorphous TiO> —ZrO> converted into ZrTiOs on
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calcination beyond 600 °C, and this is thermally more stable even up to 800 °C in the
absence of molybdenum. It indicates that to convert more ordered crystalline compound
from the amorphous phase by inter-diffusion of ions requires high temperature. The most
interesting theory of promoter activity in the heterogeneous catalytic reaction is the role of

interface between two surfaces of different compositions [176].
1.1.8.4. Promoters

The promoter has a great role in improving the activity of metal deposited on the
support. In the petroleum industry, cobalt or nickel in the presence of MoS: supported on
Al>O3, promote as ions in the layer structure of MoSz. The promoter increased the activity
under hydroprocessing condition. Ni—-Mo sulfides were more active than nickel or
molybdenum sulfides alone, and the maximum activity was obtained at a Ni/ (NiMo)
atomic ratio of 0.3[177].

There is no direct application of noble metals for the production of jet fuel from
lipid extracted from marine algae or biomass-derived oil or vegetable oil via
hydroprocessing reaction. Hydroprocessing conditions generally include temperatures
range 250°C- 400°C and H> pressure of 50 bar — 150 bar. Transportation fuels have certain
limitations, such as lower allowable limits for toxic elements such as sulfur (S) and
nitrogen (N), the application of metallic nitride and carbide catalysts for hydroprocessing

has been attracting a lot of researchers’ attention [178].
1.1.9. Kinetic modeling methods

Kinetic studies are critical to connecting the microscopic picture of molecules
undergoing reactions, to the macroscopic picture of reaction engineering, which extends to
commercial scale. Kinetics is one of the key disciplines in the field of catalysis. Even a
simple model based on power-law kinetics could predict the dependence of the individual
components of algae oil (lipid) on the rate of a chemical process. These are the critical
information to predict how a reactor behaves in a given range of temperature and pressures
[179].

24



Chapter 1: General Introduction and Literature Survey

1.2. Motivation

In spite of several studies on co-processing at laboratory and pilot plant levels, the
understanding of the influence of various types presence of a type of pyrolysis oil
components on the hydroprocessing product distribution remains limited. Also, there is a
lack supply on Jatropha curcas cake-derived pyrolysis oil (indigenous feedstock) and
microalgae-based oil (lipids) for hydroprocessing with or without refinery gas oil (GO) to
get drop-in liquid hydrocarbons or transportation fuels like gasoline, kerosene/jet oils and
diesel. The same holds for the understanding on ways to optimize the process parameters,
to obtain the limitations on hydroprocessing of biomass-based oil with petroleum-derived
fraction, i.e., GO and specific effect of type of oil (pyrolysis and lipids oil) compound on

hydroprocessing product distribution.
1.3. Objective

The objective of the present work is to pursue and describe the studies on
hydroprocessing/ co-processing of non-edible biomass-based oil (pyrolysis oil and algae
oil/lipid) with or without refinery gas oil (GO). It is an effective way to find renewable
fuels. These studies will help in understanding the blending limitations of GO with organic
phase (BO) of pyrolysis oil of Jatropha curcas seeds cake (JCC) and influence of various
reactions parameters like temperature, pressure space velocity, activation energy and
catalyst, etc. on biomass-derived oils (pyrolysis oil; aqueous phase as well as organic phase

and algae oil/lipid).
The specific objectives of the present study are as follows:

a. Production of pyrolysis oil from de-oiled jatropha curcas seeds cake biomass
(JCC) in continuous fixed bed reactor set-up.

b. Separation of the aqueous and organic phase of pyrolysis oil.

c. Extraction of lipid (TAGs) from marine microalgae Nannochloropsis sp. algae
biomass.

d. Compositional analysis of pyrolysis oil (organic phase, aqueous phase), and lipid
(TAGS).
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e. Catalysts preparation

f. Optimization of process conditions like temperature, pressure, blending ratio,
reaction time, etc. for hydroprocessing reaction to produce transportation fuel like
gasoline, jet fuel, and diesel in a batch reactor.

g. Reactor set-up and catalyst loading in channels of continuous microchannel
reactor (MCR).

h. Optimization of process parameters (temperature, pressure, space velocity (LHSV)
and Ha: feed, etc.) for hydroprocessing to produce transportation fuel like gasoline,
jet fuel, and diesel in a MCR.

i.  Kinetic parameters study for reactions involved in hydroprocessing of lipids.

j.  Optimization of process conditions like temperature, pressure, blending ratio,
reaction time, etc. for hydroprocessing of algae oil to produce transportation fuels

(gasoline, jet fuel, and diesel) in a batch reactor.
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Chapter 2: Co-processing of bio-oil from de-oiled jatropha curcas seeds cake
with refinery gas-oil over sulphided CoMoP/AlI203 catalyst

2.1. Introduction

Liquid transportation fuels; gasoline, kerosene (jet oil) and diesel, from biomass, are
renewable alternatives to the current fossil derived fuels. The first generation has been
investigated for the conversion of biomass (edible component) into liquid fuels (biodiesel
and bioethanol). Biodiesel has been produced from edible plant oils and bio-ethanol from
carbohydrate-rich resources by biological process (fermentation) and chemical process
(trans-etherification). First generation biofuels have problem with food versus fuel
demands, so these biofuels are not encouraged socially and industrially, and new options
are being developed. Second generation biofuel platforms are thermochemical conversion
processes like pyrolysis, gasification, and hydrothermal liquefaction of non-edible biomass
sources like agricultural wastes, forestry wastes, and municipal wastes, etc. [180]. High
abundance, availability, and low procurement cost are the advantages of considering
biomass as a source. The potential for successful deployment of technologies to produce

liquid biofuel from biomass and their cost reductions [181].

Liquid product yields from pyrolysis of deoiled jatropha (non-edible) curcas seeds
cake are up to 60-70 wt% and the product (bio-oil) consists a wide range of functional
groups containing oxygenate and heavy compounds having a wide range of molecular
weights [68]. Classes of the compounds in bio-oil (BO) are organic acids, aldehydes,
ketones, phenalics, and alcohols. The bio-oil (BO) requires upgrading because as such it is
not suitable as a biofuel for high-speed internal combustion engines, due to large amounts
of water (up to 30 wt. %) and corrosive organic acids (up to 10 wt. %) present in it [69,84].

It shows limited storage stability and undesirable physical properties.

Catalytic bio-oil upgrading presently seems to be an economic techno process
toward the production of fuel-like components. A major aim of upgrading bio-oils is to
convert the oxygen-rich, high molecular weight components into hydrocarbons that are
similar to petroleum-derived fuels (drop-in fuels). Upgradation is done by chemical (such
as cracking etc.), and physical methods (such as distillation, etc.) [84]. Catalytic

hydrotreatment is considered a promising upgrading technology to produce kind drop-in
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fuels from bio-oils [182]. This process involves the treatment of bio-oil (BO) with
hydrogen in the presence of a heterogeneous catalyst. However, the selection of stable and
productive catalyst(s) towards refinery products with low coke formation is a great
challenge. The primary aim is the minimization of the oxygen content and reduction of the
chain length by a process called hydroprocessing (catalytic high-pressure hydrotreating or
hydrodeoxygenation accompanied by hydrocracking). Hydrodeoxygenation is a chemical
conversion that takes place at high H, partial pressures (as high as 75-300 bar) and high
temperatures (300-450 °C) to remove oxygen primarily in the form of water or CO,
[183,184].

Hydrodeoxygenation of bio-oils gives hydrocarbons and oxygen-containing organic
compounds in addition to water and CO,, and the classes of reactions include
decarboxylation, hydrogenation, hydrogenolysis, hydrocracking, and dehydration leading
to gasoline, kerosene, and diesel Ilike products. Research activities on the
hydrodeoxygenation of pyrolysis oil started in 1984 with the pioneering work of Elliott and
Baker on commercial hydrodesulfurization (HDS) catalysts, i.e., sulphided NiMo/Al,O3;
and CoMo/Al,O3[185]. The primary issue interfering with long-term operation of these
systems has been the fouling of the catalyst bed by carbonaceous deposits. Deactivation of
these catalysts as a function of time on stream is reported [186,187]. Deactivation might be
due to blockage of catalyst pores and active sites, sintering of the active metals, poisoning
of the catalyst, structural degradation of the support and active sites, coking and metal
deposition [112].

This chapter intends to report the production of transportation fuel (gasoline,
kerosene, and diesel) by hydroprocessing of heavy, dark viscous organic phase (bio-oil)
obtained from pyrolysis of non-edible jatropha curcas seeds cake (JCC), as such or with
refinery streams, by using economically viable catalyst sulfided CoMoP/Al,Os. The
advantage of this work is that transportation fuels can be produced by using a single
catalyst compared to other expensive multi-catalyst processes such as hydrodeoxygenation
with noble metals followed by cracking. It is demonstrated that optimization of process
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conditions resulted in the suppression of carbonaceous deposits by minimizing the

formation of the polynuclear aromatic, which are the precursors for carbonaceous deposits.
2.2. Experimental details
2.2.1. Materials

Co (NO3),-6H,0, (NH4)sM0,0,4-4H,0 and orthophosphoric acid (85% of aq.
H3:PO,4) were obtained from Sigma Aldrich. y-alumina was obtained from Sasol.
HPLC grade water was used as a solvent for synthesis. Bio-oil (BO) was produced
in a tubular reactor (SS 314) (shown in Figure 2.1.). Gas-oil (GO) was obtained

from Mathura Refinery, India.
2.2.2 Catalyst preparation

The catalyst was prepared by the incipient wet-impregnation method. Mo
metal precursor (NH4)sMo0,0,4:-4H,0 (1.89 g) in lig. NH3; was added dropwise with
continuous stirring to 7.9 g of dried y-alumina to obtain the required Mo (16 wt %)
loading on the support. Then calculated amount of Co metal precursor (Co
(NO3),-6H,0, 1.55 g) dissolved in water was added dropwise with continuous
stirring to obtain the required Co amount (4 wt %). The solution was dried at 393 K
for 4h. After drying, 85% aqg. H3PO, (0.16 g), was added dropwise with continuous
stirring to obtain the required P amount (1 wt %). The sample was dried at 100 °C
and calcined at 550 °C for 6 h (heating rate, 1 °C min™).

2.2.3. Characterization methods

The surface area of catalyst was measured using the Brunauer—Emmett—Teller
(BET) method by nitrogen adsorption isotherm at -196 °C using BELSORP-max,
Japan apparatus. Before analysis catalyst sample was degassed at 250 °C under
vacuum. The pore size was calculated from desorption isotherm using the BJH

(Barrett, Joyner, and Hallender) method.
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Samples for Transmission Electron Microscopy (TEM) were prepared by
deposition of the catalyst on a copper grid by suspension in isopropanol. TEM
images were recorded using FEI, series Tecnai G2 operating at 200 kV. Deposited
metals (Co 4%; Mo 16% and P 1%) were determined by Inductively Coupled
Plasma-atomic emission spectroscopy (ICP-AES) method on a Leeman Labs, Inc
(U.S.A.) (model no PS3000 UV (DRE) equipment.

2.3. Reaction procedure
2.3.1. Pyrolysis

A tubular reactor (inner diameter 7.5 cm and length 85 cm) electrically heated with
a furnace around it was used for the pyrolysis of deoiled Jatropha curcas cake (10-35
mesh), at 550 °C temperature (heating rate 10 °C/min) and ambient pressure in N,
atmosphere. N, gas was used to maintain an inert medium in the reaction system, to dilute
the formed pyrolysis vapors, to minimize char formation and to prevent further reactions.
Biomass (1kg deoiled Jatropha curcas cake) was used for the reaction, and N, gas (825
ml/min) was passed continuously through a gas-meter, and pyrolysis vapors were carried
into a series of two condensers to condense the pyrolysis vapor to obtain the pyrolysis
liquid (bio-oil), and the non-condensable gases were vented off. The schematic diagram of
the pyrolysis unit is shown in Figure 2.1. The detailed composition of bio-oil has been

reported recently [4]
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Figure 2.1. Schematic flow diagram for slow pyrolysis set-up.

2.3.2 Biochar analysis

2.3.2.1. FTIR Analysis
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The FTIR spectra of Jatropha curcas cake and char are shown in Figure 2.2. For

Jatropha curcas cake, the band at 3420 cm™ represent the stretching vibration of —OH

hydroxyl groups of phenol. The —CH stretching band of methylene group was detected at a

wave number of 2929 cm™. The of O—CHj; band and C=0 band of aldehyde group were
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found around 2845 cm™ and at 1647 cm™ respectively [188]. The bands at 1452, 1419,
1403, and 1378 cm™ were assigned mainly to CH, units in biopolymers [189]. The peak at
1154 cm™ is assigned to C-O stretching vibration of ester bonds. The band due to aliphatic
C-O-C and alcohol -OH (1154-1030 cm™) represents oxygenated functional groups of
cellulose [190]. The peak at 1544 cm™ represents the C=C ring stretching vibration of
lignin. The band at 1272 cm™ was assigned to the aromatic CO and phenolic -OH

stretching [191]. Methyl or amine groups were shown a peak at around 1381 cm™.

The band from 1200 to 1000 cm™ is the fingerprint of syringyl alcohol units. Aldehyde
groups and derivatives of benzene were detected by peaks at 897 and 775 cm™[188]. The
FTIR spectrum of char showed an increasing drift in the baseline at high wavenumbers,
which is an indication of an increase in the carbonaceous component content of chars
[192]. All these bands experience different changes after the fast pyrolysis reaction, which
can be clearly seen in pyrolysis char. The absorbance peaks in the range of 1740 and 1100
indicated the presence of hemicelluloses components, which became weak and broadened
due to the structural collapse of the holocellulose. The band intensities were dramatically
decreased at 3420 cm™ (-OH) and 1154-1030 cm™ (C-O). The intensity of the absorbance
of -OH hydroxyl decreased due to the decrease in hydrogen-bonded -OH stretching after
fast pyrolysis of Jatropha curcas cake. It may be due to the loss of phenolic or alcoholic

groups since the oxygen/carbon (O/C) ratio of the biochar also decreased.

The same was confirmed from the SEM-EDAX analysis. The broadband at 3340-
3570 cm™ and 3230-3310 cm™ are generally assigned to hydrogen bonded OH groups in
intramolecular and intermolecular cellulose, respectively. The symmetric CH; stretch of the
O-CHj5 group in Jatropha curcas cake and its intensity got decreased after fast pyrolysis. It
indicated that the CH; groups had been removed from the substituted aromatic rings after
fast pyrolysis. The loss of ether groups leads to a more ordered carbon structure. The
presence of peaks at 1510, 1425 and 1270 cm™ in the Jatropha curcas cake clearly showed
that the carbon framework of lignin components are present in the cake and the same is
absent in the Jatropha curcas cake, due to the amorphous nature of lignin
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Figure 2.2. FT-IR of Jatropha curcas cake and its fast pyrolysis biochar
2.3.2.2. SEM Analysis

The morphology of Jatropha curcas cake and JCC-derived fast pyrolysis char was
investigated using SEM analysis and presented in Figure 2.3. (a and b) and Figure 2.3. (c
and d). It can be seen that surface of Jatropha char is smooth as well as cracked and pitted
morphology and the presence of macropores (varies from 1.82 to 4.28 um) on the surface
leads to develop an elementary pore network. The shape of the particles varies, and many
long fibrous particles were observed. The average diameter of macropore size was greater

than 50 nm, according to IUPAC (International Union of Pure and Applied Chemistry).

The typical observations were: various sizes of round holes were found in the
smooth areas which suggest a melt formation and volatile gas release during fast pyrolysis;

precipitation of potassium, magnesium, phosphorous and sulfur was also observed along
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with the carbonaceous deposits; a large number of vesicles presence was observed along
the surface of fast pyrolysis char. Even though the well developed porous structure was
seen in the various resolutions of the cake images, the decomposition of biomass
components was not uniform as the bigger particles break apart into several particles
sequentially during the condensation and decomposition reaction of components. The
elemental analysis or chemical characterization of fast pyrolysis char is shown in Table 2.1.
It can be seen that the carbonaceous content of fast pyrolysis char is 88.03 wt % and the
same was also confirmed by EDAX analysis, while that of JCC is 68.11 wt%. The amount
of oxygen content in fast pyrolysis char is (11.07 wt %) less as compared to JCC (30.58 wt
%).

Figure 2.3. SEM of Jatropha curcas cake (a and b) and its fast pyrolysis biochar (c and d).
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2.3.2.3. XRD Analysis

The image of Jatropha curcas cake and fast pyrolysis char X-ray diffractograms
(XRD) are displayed in Figure 2.4. The X-ray diffraction pattern of jatropha seed cake has
a wide halo in the 20 range from 5 to 16°, which is characteristics of multi-component
carbon-containing materials [193]. The two bands were observed at 20 =22.5 © and 44 °,
which correspond to the diffuse graphite (002) and (100) bands, respectively in biochar.
Further, it can be seen a broad peak centered at 26~ 28 ° in the X-ray diffractogram of
biochar, which showed the presence of silica. The peaks at 15, 17, and 22.7 ° are derived

from cellulose[192,193].

Bt XRD- roc -Bio-char

Intensity, cps

2 theta, degree

Figure 2.4. XRD of Jatropha curcas cake and its fast pyrolysis biochar.
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Table 2.1. Ultimate and structural analysis of JCC.

Ultimate analysis, wt.% (Dry Basis) Structural analysis, wt.% (Dry & Extractive)
Carbon 45.50 Cellulose 26.00
Hydrogen 6.70 Hemicellulose 45.55
Nitrogen 2.47 Total lignin 16.16
Oxygen 45.33 Ash 9.42
Moisture 7.20

2.3.2.4. CHNO Analysis
The ultimate and structural analysis of Jatropha curcas cake feedstock is shown
Table 2.2. It can be seen that the carbon content of JCC-derived pyrolysis char is very high,

88 wt. %, as compared to the JCC biomass feedstock, which is 45 wt. % on a dry basis.

The ash content of JCC is about 9% on a weight basis from trace metal analysis, and
as a result, some of the trace metals were also seen in the pyrolysis char and pyrolysis oil

fractions.
2.3.3. Sulfidation of catalyst

Catalytic reactions were carried out in a stirred batch reactor (Parr, USA) with
vessel size of 25 ml (alloy C276), and with K type thermocouple (calibrated to the accuracy
of 1 °C) in the reactor. Sulfidation of catalysts was carried out in the same reactor before
reactions. Sulfidation was done using 2.5 wt % of dimethyl disulfide (DMDS) mixed in
refinery gas oil (GO) at 40 bar of hydrogen pressure by gradually raising the temp from
100 °C to 350 °C (10 °C min™) and heating for 13 h.

2.3.4. Catalytic reaction conditions

Bio-oil (BO) from deoiled Jatropha curcas cake was hydroprocessed, in the same
reactor used for sulfidation, in the presence of a sulfided form of prepared catalyst
CoMOoP/Al,05.The same reactor set-up have been used for hydroporcessing of marine

microalgae Nannochloropsis sp. over sulfided CoMoP/Al,O3 catalyst (will discuss in
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chapter 4 figure 4.1) Reaction feed mixtures (BO or mixtures of BO and GO) with 10 wt
% of sulfided CoMoP/Al,O3 catalyst was used for hydroprocessing. The reaction system
containing feed BO or a mixture of BO and GO with sulfided catalyst was purged with H,
4-times and then pressurized to the desired pressure (50 and 75 bar) with H,. The desired
temperature was achieved by heating gradually (10 °C/min). A constant stirring rate of 680
rpm was maintained till completion of the reaction. After cooling down the reaction
system, the liquid product was filtered with 0.2 um filter paper. The viscous residue which
was considered as a mixture of unprocessable bio-oil, catalyst and deposited coke (char)
was dissolved in tetrahydrofuran (THF) followed by toluene to separate the catalyst from
unreacted feed and deposited hydrocarbon. The amounts of liquid products, char, and
unprocessable bio-oil were determined by weighing, with the repeatability of weighing
balance as £0.00025 g. The catalyst weight was subtracted from the weight of the final
solid containing char and catalyst to determine the amount of char formed. The amount of
gas formed after the reaction was determined from the difference in the weights of reaction
vessel containing the solid and liquid reaction mixtures, before and after the reaction.
Errors up to £5 % for liquid products, +4 % for char and +2 % for gas products was

observed. The errors are included in the final results.
2.4. Analysis
2.4.1. Gas Chromatography

Liquid products filtered with a cellulose membrane filter (pore size 0.22 um) were
analyzed using gas chromatography. A Varian 3800-GC with vf-5 ms column (30 m x 0.25
mm, 0.25 um) and FID, was used for the analysis of hydrocarbons. The oven temperature
program was 35-150 °C (3 °C min—1; hold time: 5 min), 150- 300 °C (10 °C min*; hold
time: 5 min), and 300-320 °C (15 °C min™*; hold time: 15 min). The yields of various liquid
product components were calculated on a relative basis, considering the entire range of
liquid products formed as 100 %. Word, the relative yield has been used to mean the

relative amounts of gas, liquid, and char produced during co-processing.
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As in petroleum refinery practice, the product distributions were quantified based on
hydrocarbons size (carbon numbers): gasoline (<C9 hydrocarbons), kerosene (C9-C14
hydrocarbons), diesel (C15-C18 hydrocarbons) and heavy oil (>C18 hydrocarbons). Errors
up to +4 % were observed and included in the final results.

2.4.2. Two-dimensional gas chromatography (GC x GC-MYS)

Two dimensional (2D) GC from Agilent Technologies (Model No.7890B), with
flow modulation (G3440B), FID and mass detector (5977A, single quadrupole) and 2D GC
software from Zoex Corp. was used to analyze the components of the liquid products. The
2D GC was able to group alkanes, cycloalkanes, oxygenates, aromatics, and polyaromatics.
Two columns system was used to separate various components present in the product. The
columns were 1% and 2™ dimension columns. The 1st-dimensional column was a
proprietary non-polar column (PAC Corp.) with dimensions 30 m x 320 mm x 0.10 mm,
the 2nd dimension column (PAC corp.) was a proprietary polar column with dimensions 10

m x 250 mm x 0.25 mm. Errors up to £3 % were observed and included in the final results.
2.4.3. CHNS analysis

Carbon, hydrogen, nitrogen, and sulfur analysis of the feed, hydroprocessed
products and the used catalyst containing char was performed using a CHNS analyzer
equipped with TCD (for CHN) and IR detector (for ppm level of S analysis) (elementar,
model - vario MICRO cube) and XP6 Automated-S Microbalance (Mettler-Toledo) with
0.6-0.8 pg repeatability. The analyses were repeated thrice for each sample. For carbon,
nitrogen and hydrogen analysis the results with two significant digits after decimal were
repeatable and hence reported accordingly (the error was up to 0.5 %), while for sulfur
analysis the results with four significant digits were repeatable (with error up to 5 %) and

reported accordingly.
2.4.4. Total acid number (TAN)

Total acidity number (TAN) of filtered liquid products was determined by the
amount of potassium hydroxide (in mg) that is needed to neutralize the acids in one gram
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of oil, using Mettler Toledo G20 potentiometric titrator following ASTM D664-11a
method. Alcoholic KOH was used as titrant; standardization of the titrant has been done by
the standard solution of potassium hydrogen phthalate. A mixture of toluene, 2- propanol
and a small amount of water, in the volume ratio of 500: 495: 5 was used as a solvent for
the titration. For titration of each sample, a blank titration of the solvent was also done, to
obtain the relative TAN value of hydroprocessed bio-oil concerning the solvent. For each
analysis, 125 ml of solvent was taken. The weights of samples to be analyzed were 0.25-
1.85 g with the repeatability of weighing balance as +0.00025 g. The total acid number

(TAN) was determined thrice for each sample, and the variation in TAN was +1-2 mg

KOH/J-

2.5. Results and Discussion
2.5.1. Catalyst characterization

The surface area (BET) of catalyst support was 298 m*/g with a pore volume of 0.5
ml/g and mean pore size (BJH) of 7 nm. A transmission electron microscopy (TEM) image
of the sulfided CoMo/Al,O3 catalyst is shown in Figure 2.5. The well-dispersed densely
populating straight and curved CoMo-S nanoslabs of width 1-2 nm and length 20-60 nm
are seen by TEM.
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Figure 2.5. A TEM micrograph of sulfided CoMoP/Al,O; catalyst.

Considering an interlayer spacing of 0.65 nm, CoMo-S nanoslabs consist of about 2
to 3 layers [194]. For CoMoS/Al,O; catalyst the typical CoMoS particle size is 5-8 nm
long [194,195] This indicates that P used during impregnation has resulted in better active

metal dispersion with smaller nanoslab sizes.
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2.5.2. Catalytic studies

The detailed composition of bio-oil has been reported in Table 2.2. Elemental
analysis (carbon, hydrogen, and nitrogen) of the feeds & hydroprocessed products are listed
in Table 2.3. [4]

Table 2.2. GC -MS analysis of pyrolysis-oil.

Bio-oil composition Wt (%) Bio-oil composition Wt (%)
Hydrocarbons 48 Esters 8
Aldehydes/Ketones 12 Acids 2
Phenols 10 Furans 2
Guaiacols 9 Alcohols 1
Others 8
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Table 2.3. Elemental analysis of gas-oil (GO), bio-oil (BO) and hydroprocessed Products
(reaction time: 5h; feed/catalyst: 10(wt/wt)).

Feed composition Conditions Elemental composition

BO (Wt%) GO (wt%) Temp. (°C)  Pressure (bar) C (Wt%) H (wt%) N (wt%)

Reactants
100 0 - - 64.52 8.83 6.65
0 100 - - 76.60 13.27 0.04
Products
25 75 300 50 78.15 11.84 0.70
25 75 350 50 81.58 12.26 0.92
25 75 375 50 80.04 12.21 0.76
25 75 400 50 81.44 13.10 0.70
50 50 375 50 81.56 11.98 0.92
100 0 375 50 65.55 7.90 3.43

De-oiled jatropha seed-cake contains 3-7% remnant triglyceride after expeller
extraction. Carbon content in the product increased slightly from 78 % to 80 % and
hydrogen content increased from 12 % to 13 % on increasing reaction temperature from
300 °C to 400 °C for the feed with 25 % BO in GO. Nitrogen content reduced from 7 % to
3 % for 100 % BO hydroprocessing and it reduced further down to ~1 % for 25 % and 50
% BO in GO. Remaining 10 and 20% in GO and BO, respectively are predominantly O,
and some S. Higher O content in gas-oil could be due to oxidation, dissolved oxygen and
moisture due to prolonged storage under ambient conditions. Sulfur reduction from feed
(2300-2500 ppm S) was 50-80% (down to 400-1000 ppm S) during this co-processing

study. In comparison, S removal is 80-90% for catalytic upgraded pristine GO. During co-
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processing of oxygenated feeds with gas-oil, deoxygenation reactions do not adversely
affect the hydrodesulfurization reactions, as also reported earlier by us [194]. Oxygen
content in the bio-oil was 19%, which reduced to trace amounts after hydroprocessing of
all the feeds.

Product (liquid, solid and gases) distributions (yield %) of the hydroprocessing
reactions of feeds with 25 %, 50 % and 100 % of bio-oil (BO) mixed with refinery gas oil
(GO) at various temperatures (300-400 °C) and feed compositions (25 %, 50 % and 100 %
of BO in GO), over CoMoP/Al,O3, are given in figure 2.6 and figure 2.7 respectively. If we
see the liquid product yields for 25 % BO in GO (Figure 2.6.) at various temperatures and
50 bar of hydrogen pressure, we get maximum liquid yield (63.4 %) at 400 °C, which
reduces to 18.2 % at a lower temperature of 300 °C. On the other hand, a little change in the
yields of gases with temperature is observed (maximum 23.5% at 400 °C and 21.2 % at 300
°C). Char yield increases monotonously from 0 to 12 % with increasing temperature from
300 °C to 400 °C. The liquid yield for pure GO is 85-95%. The unprocessable bio-oil
content was very high at a lower reaction temperature of 300 °C (~60%), which reduced
drastically (2-5%) at higher reaction temperatures (375-400 °C). These results indicate that
at the intermediate reaction temperature, the undesirable char formation is suppressed while

obtaining nearly complete bio-oil conversion.
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Figure 2.6. Yield (%) of products for the reaction of 25% of bio-oil (BO) in gas-oil (GO)

at various temperatures.

Figure 2.7. shows the yield distributions of the product (char, liquid, and gases) for
the reaction of feeds of various compositions (25 %, 50 % and 100 % BO in GO) at a
temperature of 375 °C. Maximum liquid product yield (63.4 %) was obtained with 100 %
BO feed which also gave maximum char (12.2 % yield), while maximum gases (40 %
yield) were observed for feed with 50 % BO in GO. The hydroprocessed product, a
transparent liquid, obtained as a phase separate from water, is composed of light and heavy

fractions.
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Figure 2.7. Yield (%) of products from the reaction of feeds with 25%, 50 % and 100 % of
bio-oil (BO) in gas-oil (GO) at 375 °C.

The product yield distributions for 25 % bio-oil (BO) in gas-oil (GO) at various
temperatures and 50 bar of hydrogen pressure are shown in Figure 2.8 The diesel yield
increases with reaction temperature from 300 °C to 400 °C due to increasing reaction
severity which favors cracking of bio-oil components. At reaction temperature of 400 °C,
maximum gasoline (<C9) (16 %) and maximum diesel (C15-C18) (45 %) are produced,

while heavy oil (> C18) yield is minimum (9 %), due to severe cracking conditions.

As the reaction severity increased with increase in temperature, the diesel yield
increased monotonously (because deoxygenation reactions are favored). The longer chain
components (>C18) undergoes cracking with increasing temp, and hence their yield
decreased monotonously from 33% at 300 °C to 9 % at 400 °C.
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Figure 2.8. Distribution of hydrocarbons (m gasoline (<C9); e kerosene (C9-C14),
A diesel (C15-C18); and ¥ heavy residue (>C18)) in the products from feed containing 25

% bio-oil (BO) in gas-oil (GO) at various temperatures and 50 bar of H, pressures.

Gasoline (<C9) product yield showed little increase with increasing temp from 300
to 375 °C. Beyond 375 °C there was a rapid increase in gasoline yield from 2 % (at 375 °C)
to 16 % (at 400 °C) due to increased severity leading to more cracking. In contrast, the
heavier products (>C18 hydrocarbons) decreased little with increasing temperature (300-
375 °C), but there were sharp decreases in yield from 27 % at 375 °C to 9 % at 400 °C.
These results indicate that at 400 °C the heavier hydrocarbons (>C18) crack selectively into
gasoline range (<C9) hydrocarbons. Maximum aviation kerosene (C9-C14 hydrocarbons)
yield (36 %) is obtained at an intermediate temperature of 350 °C. At higher temperature
(375-400 °C), the kerosene yield decreased by about 5 %. for 100 % BO hydroprocessing,
high char content after the reaction was a major problem (Figure 2.7.). Higher reaction
pressures generally suppress char formation. We observed that at higher pressures, not only
more kerosene (41 %) was obtained (at 375 °C and 75 bar) from 100 % BO, but also char
formation was also suppressed (1.5%). These results indicate that it is necessary to operate

at higher pressures for hydroprocessing pure BO to obtain desired products and to
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minimize undesired coking to prolong the catalyst life. In comparison, CoMo/Al,O;
catalyst (without P promoter) showed only 31 % kerosene and 17 % char was obtained at
similar reaction conditions. This indicates that P as promoter suppresses char formation and
hence improves the catalyst life. Catalyst life is dependent on char/coke deposition rate.
Catalyst deactivation is mainly due to coke deposition over the catalyst. Char/coke
formation over P promoted catalyst was nearly 10-times lower than that over catalyst
without P as a promoter, which indicates that phosphorous promoted catalyst has better
catalyst life. Catalyst modified by phosphorus work in two ways: increase in active sites by
enhanced metal dispersion and increase in Bronsted acidity; molybdenum interacts
preferentially with the P—-OH groups on phosphorus-added y-alumina and also other surface
hydroxyls become more reactive with molybdenum in the presence of phosphorus. It was
also observed that catalysts prepared by impregnating P, on CoMo/Al,O; (co-
impregnation) are more active than the P-free catalyst [196]. Earlier work on bio-oil
hydrotreatment with NiMo(S)/Al,O; has reported that at 375-450 °C and 70 bar
polynuclear aromatics formation was rapid, which prevented long-term operation under
these conditions [194,197].

Isomerization is required to produce aviation kerosene with desirable freezing point.
Table 2.3 shows that the kerosene range product had high isomer selectivity with isomers-
and normal alkanes ratio (i/n ratio) varying between 1 - 2. Highest iso-alkanes yield (i/n=2)
was obtained at the lowest reaction temperature studied (300 °C), for 25% BO in GO feed.
Even though CoMoP/Al,O; may not have required Bronsted acidity but the high TAN of
the feed is expected tao catalyze the isomerization reactions during hydrocracking of BO, as
also reported earlier for co-processing of oxygenated biomass-derived oils with GO over
CoMo/Al,O5 catalyst [198].
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Table 2.4. Distribution of normal (n) and iso (i) -alkanes and i/n ratios in kerosene range
(C9-C14) hydrocarbons. [Catalyst: 10wt%; pressure 50 bar].

Conditions Distribution of alkanes in kerosene
Temp.(°C) % BO in GO n-alkane i-alkane in
300 25 10.95 19.47 1.77
350 25 18.53 16.97 0.91
350 50 11.62 115 0.98
375 25 13.16 18.44 1.40
375 50 12.53 16.94 1.35
375 100 13.98 16.31 1.16

The products yields for the reaction of 25 %, 50 %, and 100 % BO in GO at 375 °C
are shown in Figure 2.9. Maximum gasoline (<C9) (13 %) is obtained from the reaction of
100 % BO at 375 °C. Major Components of BO are short-chain oxygenated compounds,
and hence as expected, the lighter components (<C9) in the product increase with
increasing BO % in the feed. There was little change in the product yields with variation in
BO content in GO from 25 % to 50 %. With increasing BO in GO, from 50 to 100 % the
diesel content reduced to 32 % from 40 %, the kerosene yield showed little variation; the
gasoline (<C9) yield increased from 3 to 13 %, the heavy oil components (>C18) reduced
slightly from 28 % to 25 %. These results indicate that pure BO (undiluted with GO) shows
a completely different product pattern than the BO mixed with GO.
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Figure 2.9. Distribution of hydrocarbons = gasoline (<C9); A kerosene (C9-C14); v diesel
(C15-C18); and ¢ heavy residue (>C18)) in the products from feeds containing 25 %, 50 %

and 100 % of bio-oil (BO) in gas-oil (GO) (at 375 °C, 50 bar of H, pressures, 10 wt% of
catalyst, 5h).

This may also be correlated with the large differences in the total acid number
(TAN) of pure BO (52 mg kon/g) and a mixture of BO and GO (12 mg kon/g for 25 %
mixture and 23 mg kon/g for 50 % mixture). Higher TAN for pure BO results in more
acidity in the reaction mixture which would catalyze the cracking reactions. Hence higher
cracked products (gasoline) yield and lower diesel range hydrocarbons yields are observed.
Higher TAN for pure BO results in more acidity in the reaction mixture which would
catalyze the cracking reactions; hence higher cracked products (gasoline) yield and lower
diesel range hydrocarbons yields are observed. Higher TAN (acidity) feeds have been
reported to show more cracking activity [198,199]. Which have been correlated to the

acidity of the feed, the catalyst used has very low acidity.
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The distribution of alkanes, cycloalkanes, aromatics, and polynuclear aromatics in
hydroprocessed products obtained from GC x GC-MS analysis are shown in Figure 2.10.
and 2.11. GCXGC-MS analysis showed the absence of any observable oxygenated
compounds indicating complete oxygen removal from the bio-oil components during
hydroprocessing. Figure 2.10 shows hydrocarbon type distribution for the feed with 25 %
of bio-oil (BO) in gas oil (GO) at various temperatures and 50 bar of hydrogen pressure.
The trend for the formation of cycloalkanes showed that maximum cycloalkanes (45 %)
were formed at 400 °C temperature. Maximum alkanes (63 %) was formed at 375 °C.

Alkanes yield at 400 °C was minimum (55 %). Aromatics yield was zero at 400 °C.
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Figure 2.10. Distribution of hydrocarbon types (m alkanes; ® cycloalkanes; ¥ aromatics;
and Apolynuclear aromatics) in hydroprocessed products for the reaction of 25% bio-0il

(BO) in gas-oil (GO) at various temperatures (50 bar of H, pressures; 10 wt% of catalyst,
5h).

There is a little variation in the yield of various hydrocarbons at temperatures from

300 °C to 375 °C. Aromatics are thermodynamically controlled product, and hence their
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yield minimized at higher reaction temp of 400 °C. More cracking was favored at a higher
temperature (400 °C), and hence the cycloalkanes yield was enhanced while alkanes yield
was reduced. Lower aromatics and polynuclear aromatics at higher temperature give a very
useful insight that we can avoid rapid coking of catalyst at this temperature because the
precursors for coke (polynuclear aromatics) are completely suppressed. Earlier work has
shown that temperature drastically affected the coke formation during hydrotreating of bio-
oils [198]. Increasing temperature favors the polymerization for the formation of coke. The
authors reported that at very high temperature (450 °C), the coke formation could be so

severe that the reactor was blocked.
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Figure 2.11. Distribution of hydrocarbon types (o alkanes; A cycloalkanes; ¢ aromatics;
and vpolynuclear aromatics) in hydroprocessed products for the reaction of 25%, 50 % and
100% of bio-oil (BO) in gas-oil (GO) at 375 °C (50 bar of H, pressures; catalyst: 10wt%,
5h).

If we see Figure 2.11. for hydrocarbon types in hydroprocessed products for 25 %,
50 % and 100 % of bio-oil (BO) at 375 °C, we get maximum cycloalkanes (19 %) for 100
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% of bio-oil (BO), while alkanes are very less (17 %) compared to others feed percentage
of bio-oil at that temperature. The alkanes yield decreased rapidly from the feed with 50 %
BO in GO to feed with 100 % BO. Surprisingly, though the aromatics yield was lower
(5%) 100% BO feed the polynuclear aromatics yield was rapidly enhanced (nearly 4-times)
compared to the feeds with 25 % and 50 % BO. These results indicate that polynuclear
aromatics formation by condensation reactions are selectively favored for the 100 % BO
most likely due to it high TAN value via the Diels-Alder reaction and also via secondary

reactions of oxygenated compounds such as phenols [200].
2.6. Conclusions

The results indicate that co-hydroprocessing of bio-oils with sulphided
CoMOoP/Al,O5 catalyst is a promising route for producing transportation fuels. Products
obtained from co-processing 25 % and 50 % of bio-oil (BO) with gas-oil (GO) contained 2-
16 % gasoline, 30-35 % kerosene, 35-44 % diesel, with negligible oxygenates and char.
Hydroprocessing of 100% BO at 375 °C and 50 bar produced 10 % gasoline, 30 %
kerosene, and 30 % diesel with a large amount (40 %) of undesirable polynuclear
aromatics. But at 75 bar (375 °C) for 100 % BO, polynuclear aromatics formation was
suppressed (<2 %) and kerosene yield was maximum (41 %), with very small amount of

char (1.5 %) formation.
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Chapter 3: Hydroprocessing of aqueous-phase of pyrolysis oil over
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3.1. Introduction

Environmental concerns and possible future demand have turned the research on
derived fossil fuels. Biomass is supposed to be the best alternative due to abundance
worldwide, easy availability, renewability, low environmental footprint, and low
procurement costs are some of the major reasons for considering biomass as a fuel source
[201,202]. Thermochemical biomass conversion routes like pyrolysis, gasification, and
hydrothermal liquefaction of agricultural wastes, forestry wastes, and municipal wastes,

etc. are proposed for alternative technologies [184].

The yield of liquid products from pyrolysis of deoiled jatropha-curcas seeds cake is
~60-70 wt % and consists of a wide range of functional groups, mostly oxygenates [68].
The bio-oil has two phases. One is water soluble aqueous-phase (50-60%), and the other

one is non-aqueous bio-crude (40-50 %) [69].

The detail chemical composition, along with a carbon range of aqueous-phase bio-
oil, was provided in an earlier publication [4]. Aqueous phase oil contains aldehydic and
ketonic compounds in major (28 %) followed by acids (17 %). The minor compounds are
guaiacols (10 %), phenols (9 %), hydrocarbons (8 %), furan (7 %), alcohols (7 %), esters (1
%), sugars(l %) and others (12 %) of the total organics. Additionally, the nitrogen-
containing compounds, mainly alkyl, hydroxyl or carbonyl substituted pyridine, pyrrole,

pyrazine, piperidine, indole, etc. are also present in bio-oils.

The bio-oils require upgrading because as-such they are not suitable as a fuel for
internal-combustion engines, due to water and organic acids present in them [84]. They
have limited storage stability and also have undesirable physical properties. Several
technologies have been used for upgradation of bio-oil, such as thermal treatment, high-
pressure thermal treatment, thermal hydrotreating, catalytic hydrotreating, catalytic
emulsion, and catalytic cracking [183,203-206]. Catalytic hydroprocessing is also the most
widely used technique in petroleum refining [69]. Elliott et al. studied hydroprocessing of

phenolic oils in stage reactor using sulfided CoMo and platinum-group over carbon
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catalysts. Platinum-Group catalysts resulted in more saturated products [207].

Catalytic bio-oil upgrading produces hydrocarbons that are similar to petroleum-
derived fuels predominantly by deoxygenation process. Upgradation is done by chemical
(such as cracking and hydrocracking, etc.), and physical (such as liquid-liquid separation
and distillation, etc.) methods [69]. Catalytic hydrotreatment is a viable upgrading
technology to convert bio-oils into fuels [183,203-207]. Bio-oil is treated with H, with the
presence of a sulphided heterogeneous catalyst (NiMo, CoMo) on the support of y-Alumina
by catalytic hydrotreatment process. Selection of stable and economically viable and
productive catalyst(s) for refinery hydrocarbons with low coke formation is a great
challenge. Minimization of oxygen content and increasing of H/C ratio with reduction of
the chain length by hydroprocessing (catalytic high-pressure hydrotreating or
hydrodeoxygenation accompanied by hydrocracking) is the primary aim.
Hydrodeoxygenation is a chemical conversion that takes place at high H, partial pressures
(as high as 75-250 bar) and high temperatures (250 — 400 °C) to remove oxygen primarily
in the form of water or CO, [161,183].

Hydrodeoxygenation of bio-oils produces hydrocarbons along with water and CO,,
and the classes of reactions include decarboxylation, hydrogenation, hydrogenolysis,
hydrocracking, and dehydration leading to gasoline, kerosene, and diesel like products.
Deactivation of these catalysts as a function of time on stream is reported [112,187,208].
Blockage of catalyst pores and active sites, sintering of the active metals, poisoning of the
catalyst, structural degradation of the support and active sites, coking and metal deposition

are may be the likely reason for catalyst deactivation [112,199,209].

The present chapter discusses the production of transportation fuels (gasoline,
kerosene, and diesel) by hydroprocessing of aqueous-phase of pyrolysis oil obtained from
de-oiled jatropha curcas seeds cake (JCC), by using sulfided NiMo/SiO,-Al,O5 catalyst
coated in a microchannel reactor. Microchannel reactors have the advantages of portability,
easy scale-up, better heat and mass transfer characteristics, high reaction throughputs,

precise control of hydrodynamics [210]. The good thing about this work is that
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transportation fuels can be produced by using small modular microchannel reactors (with
catalyst coating inside the channels) compared to using largely fixed bed reactors.
Additionally, this process improves the economics of processing bio-oils by utilizing its
aqueous-phase (containing ~30 % inseparable soluble organics) to produce hydrocarbon

fuels.
3.2. Experimental details
3.2.1. Materials

Ammonium heptamolybdate tetrahydrate (NH;)sMo0,0,4.4H,0, Nickel nitrate
hexahydrate (Ni(NO3),-6H,0, Aluminum isopropoxide, Aluminum acetylacetone,
Polyvinyl alcohol, Dimethyldisulfide (DMDS), Nitric acid and ethyl alcohol were
purchased from Aldrich. HPLC grade water (Merck) was used as a solvent for
synthesis. Refinery gas oil was used for sulfidation from Mathura refinery, UP,
India. Bio-oil (BO) was produced in a tubular reactor (SS 314) as described earlier
[4,20].

3.2.2. Catalyst preparation

The sol-gel method was used to synthesize a silica-alumina support solution.
Water and isopropanol were mixed in 10:1 molar ratio at 45 °C by constant stirring
for 15 min. Then, colloidal silica and alumina suspended in isopropanol were added
slowly with constant stirring for 45 min at 80 °C, polyvinyl alcohol (3 %, as a
binding agent) were added consecutively added, and stirring was continued for
another 15 min. Mo.metal precursor dissolved in (NH4)¢M07;0,4-4H,0 (3.31 g) and
Ni precursor (Ni(NO3),-6H,0, 1.98 g) were added to the above-prepared alumina
support solution to obtain a final catalyst composition of 80 % SiO,-Al,O3, 18 %
MoOs3, and 2 % NiO (wt %). Finally, Nitric acid was added drop-wise to peptize the
silica-alumina sol, and the pH was adjusted to 4 [211]. The final solution was stirred
for 24 h at 80 °C. The solution was dried at 120 °C and calcinated at 550 °C for 6 h
(heating rate, 10 °C min™).
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3.2.3. Catalyst coating in the microchannel reactor

The 10-plate microchannel reactor was made of SS314. Each plate had 28 channels
(each channel of size 50 mm x 0.5 mm x 0.25 mm) (Figure 3.1a and Figure 3.1b).
Synthesized catalyst was ball-milled and dispersed in ethanol to obtain the wash-coat
solution and coated inside the channels of each plate only followed by calcination at 500
°C.

Outlet (b)Microchannel reactor

Figure 3.1 a. Microchannel plate (top), b microchannel reactor experimental set-up

(bottom).

Synthesized catalyst was ball-milled and dispersed in ethanol to obtain the wash-
coat solution and coated inside the channels of each plate (with-~0.25 mm thickness).
Adhesion test of the catalyst was done by the drop test method. The plates were assembled
using laser welding [210,212]. The microchannel plates were pretreated, and drop-test was
conducted after catalyst coating to minimize the possibility of catalyst/metal leaching from

the plates during the reaction.
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Figure 3.2. Microchannel plate dimensions and specification.

3.2.4. Experimental setup

The microchannel reactor was assembled with 10 microchannel plates (Figure 3.1 a
and Figure 3.1 b). The plates were welded together by laser welding. The inlet and outlet of
the reactor were welded to SS316 tubes ('4”). Heating blocks with temperature controller
were placed on both sides of the reactor assembly. Thermocouples were used to measure

the reaction temperature.

During catalytic experiments, precise control of the operating parameters such as
temperature, pressure, and the feed flow rate was maintained using the calibrated
equipment. The activities were studied at different temperatures and space velocities. A
back pressure regulator was used to control the pressure of the system. The pressure of the
reactor was measured using pressure gauges. Mass flow controller (MFC) was used to
measure H, flow in the reactor. The gas-liquid product mixture from the reactor was

separated using a liquid separator.

Sulfidation of the catalyst was carried out in the same microchannel reactor before
reactions by using 2.5 wt% of dimethyl disulfide (DMDS) mixed in refinery gas oil (GO) at
30 bar of hydrogen pressure by gradually raising the temp., from ambient to 320 °C (10 °C

57



Chapter 3: Hydroprocessing of aqueous-phase of pyrolysis oil over
NiMo/AI203-SiO2 in the microchannel reactor

min™). Aqueous-phase of bio-oil obtained from deoiled Jatropha seed-cakes was filtered
and hydroprocessed in the presence of the sulfided form of coated catalyst Ni-Mo(S)/SiO,—
A|203.

Liquid products were filtered with cellulose membranes (pore size 0.22 pm), before
analysis in gas chromatography (GC)..A Varian 3800 GC (Agilent) with a J&W VF-5ms
column (Agilent: 30 m X 0.25 mm, 0.25 mm) and flame ionization detection (FID) was
used for the analysis of hydrocarbons. Errors up to £8% were observed and included in the
final results. Detailed hydrocarbon in liquid products (paraffins, naphthenes, aromatics and
poly-aromatic hydrocarbon) were analysed by an Agilent 7890B 2D-GC (GC x GC; first
dimension—nonpolar, DB-5 ms column, 30 m x 0.25 mm, 0.25 pum; second dimension
polar, PAC column, 5 m % 0.25 mm, 0.15 pm), with FID, MS, capillary flow modulator
and ZOEX software. The relative yields of liquid hydrocarbon component were calculated
and identify the products (Table 3.1). Errors up to £5% were observed and included in the

final results.
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Table 3.1. GC-MS result of the representative product.

Hexane: solvent

Hydrocarbons Name R.T. Area Pct Max Pct Total
Undecane, 5-methyl- 20.559 246462 53.22 2.765
Dodecane 23.707 353987 76.44 3.971
Undecane, 2,8-dimethyl- 26.556 371653 80.25 4.17
Dodecane, 2,6,11-trimethyl- 33.607 288495 62.3 3.237
3,5-Dimethyldodecane 33.681 389924 84.2 4.375
Decane, 6-ethyl-2-methyl- 35.558 239231 51.66 2.684
: Undecane, 4-ethyl- 35.631 377989 81.62 4.241
Nonane, 3-methyl-5-propyl- 37.433 305498 65.97 3.421
Hexadecane 37.506 446578 96.43 5.01
Heptadecane,2,6,10,15-
tetramethyl- 40.81 334594 72.25 3.754
DCM: solvent
Nonane, 2-methyl-5-propyl- 26.705 251650 76.38 4.09
Pentadecane 29.256 327360 99.36 5.321
Decane, 2,4,6-trimethyl- 31.508 205103 62.25 3.334
Hydroxylamine, O-decyl- 31581 209444 63.57 3.404
Nonane, 2-methyl-5-propyl- 35.632 216480 65.71 3.519

59



Chapter 3: Hydroprocessing of aqueous-phase of pyrolysis oil over
NiMo/AI203-SiO2 in the microchannel reactor

Ether: solvents

Undecane, 4,7-dimethyl- 20.559 300744 54.22 1.378
Tridecane 23.706 378923 68.31 1.736
Tetradecane 26.63 449482 81.03 2.06
Decane, 5-propyl- 29.109 297939 53.71 1.365
3,5-Dimethyldodecane 29.256 523201 94.32 2.397
Pentadecane, 7-methyl- 31.581 467923 84.35 2.144
Tridecane 33.608 308767 55.66 1.415
Pentadecane, 2,6,10-trimethyl-  33.754 501852 90.47 2.3
Eicosane, 10-methyl- 33.828 293163 52.85 1.343
Dodecane, 2,7,10-trimethyl- 35.631 314725 56.74 1.442
Heptadecane, 2,6-dimethyl- 35.705 467212 84.22 2.141
Pentadecane, 2,6,10-trimethyl- 35.778 466688 84.13 2.138
Eicosane, 10-methyl- 37.579 482012 86.89 2.209
Eicosane 39.306 481704 86.84 2.207
Tridecane, 7-propyl- 39.38 290449 52.36 1.331
Naphthalene, 1-methyl- 39.604 311709 56.19 1.428
Tridecane, 5-propyl- 40.957 339977 61.29 1.558
Naphthalene, 2,3-dimethyl- 42.079 200157 36.08 0.917
Naphthalene, 1,7-dimethyl- 42.304 375586 67.71 1.721

Bio-oil (BO) containing water-soluble aqueous-phase and non-aqueous bio-crude

was produced in a tubular reactor made up of SS 314 (inner diameter 7.5cm and length
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85cm) by using slow pyrolysis technology (shown in Figure 2.1 of Chapter 2). Pyrolysis
reactor was electrically heated with a furnace around it, at 550 °C temperature (heating rate
10 °C/min) and ambient pressure in N, atmosphere. N, gas was used to maintain an inert
medium in the reaction system, to dilute the formed pyrolysis vapors, to minimize char
formation and to prevent further reactions. Biomass (1kg deoiled Jatropha curcas cake) was
used for the reaction, and N, gas (825 ml/min) was passed continuously through a gas-
meter, and pyrolysis vapors were carried into a series of two condensers to condense the
pyrolysis vapor to obtain the pyrolysis liquid (water-soluble aqueous-phase and non-
agueous bio-crude), and the non-condensable gases were vented off. The schematic

diagram of the pyrolysis unit is shown in Figure 2.1 of Chapter 2 [20].
3.3. Results and Discussion

3.3.1. Physicochemical Properties of Catalyst

3.3.1.1. BET NH;-TPD (acidity) and XRD analysis

Physicochemical properties (surface area, pore diameter, pore volume, and surface
acidity) of the prepared SiO,—Al,O3 support and Ni-Mo/SiO,—~Al20; catalysts used in the
microchannel for the study of Hydroprocessing of aqueous-phase of pyrolysis oil are given
in Table 3.2. Surface area, mean pore diameter, and pore volume of SiO,—Al,O5; support
was 377 m?/g, 8.6 nm, and 0.85 ml/g, respectively. After impregnation of Mo and Ni and

calcination at 500 °C, both surface area and pore size were reduced.
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Figure 3.3. Nitrogen sorption isotherm of NiMo SiO,-Al,03

Table 3.2. Physicochemical properties of mesoporous supports and catalysts

Physicochemical properties Al,O3 SiO,—AlLO;  Ni—-Mo/SiO,—Al,04
Surface Area (m°.g ) 243 236 202
Total Pore Volume (ml.g™") 0.9 0.39 0.5
Mean Pore Diameter (nm) 12.9 8.6 10.6
Surface Acidity NH; (mmol.g 'cat) 0.11 0.77 0.46

After impregnation, surface area, mean pore diameter, and pore volume was 202
m?/g, 10.6 nm, and 0.5 ml/g, respectively (Figure 3.3.). The mesoporous SiO,— Al,O4
support has a total acidity of 0.77 mmol of NH; g * catalyst, the acidity was measured by
NH3-tempearture programmed desorption (NH3-TPD), which is mentioned in figure 3.4..
Acidity of support is expected to result in different product yield and selectivity due to
cracking activity. Ni—-Mo/SiO,—Al,O; catalysts had a composition similar to the

commercial hydrotreating catalyst, which was used in the present study.

62



Chapter 3: Hydroprocessing of aqueous-phase of pyrolysis oil over
NiMo/AI203-SiO2 in the microchannel reactor

] i i
1 flt“'. 1 1 1 1 1 : 1 1 1
L oy e e it ol iatiabely Bl ity ettt bt ity aliatiebe ks dteb ity Bttt nladtteenk dflaleitiy
1 f 1 LY 1 1 1 1 1 1 1 1 1
\ 1
i o i i i i i i i i i
I f 1 Y I I I I I I I I I
1 | \ 1 1 1 1 1 1 1 1 1
1 ) 1 1 1 1 1 1 1 1 1 1 1
T T T et S T
1 | 1 Vo 1 1 1 1 1 1 1 1
I 1 | I
| H \ 1
1 1
1
] 1 | H N 1 1 1 1 1 1 1 1
0.008— -~ ~—f-= -~k o - e R BEEEE EEE e
- | 1 1
1 'k
1 s
3 ] 1 i Y 1 1 1 1 1 1 1 1
m | \
et N e S o N U S <R . N A SO S
[ 1 ! oy I I 1 i ! 1 1 1
=3 T 4
& 1| ! ! W ! 1 1 ! ! 1 1 1
O | L
<-__-] 1 |l i i ] 1 1 i t | 1 1
0004 - - [ - aho Lo e b -—- A--deed oo oom-od S bommmom bemmom s
i i i i i
: g % : :
. : : ) : :
o i . ! 1 2 I i & !
R Iy M m N N . H_ - y T | B L [ T [
f i i . 5 i i i i i i
|.| 1 1 1 1 1
il 1 1 1 1 1 1 1 1 [ 1
1./ ! o8] ! ! !
=l LE o | Tege § __ S—— e B L Lo B RN - S
) 1 1 : 1 1 n 'N_"".\.»I"':_L 1 : ] 1
: : i il I '+“r+ b
1 1 1 iy o
1 1 Rl
1 1
L e e T e o e e s L o e e e o TN L s e e e ey o s
100 150 200 250 30D 380 400 450 500 850 G00

Temperature (°C)

Figure 3.4. Ammonia TPD OF NiMo SiO,-Al,0:s.

X-ray diffraction (XRD) patterns were recorded using a PROTO XRD benchtop
powder diffraction X-ray Diffractometer with monochromatic radiation Cu Ko (A=1.5418
A) by applying operating voltage of 34.6 kV used during the analysis, and a current of 14.3
mA, in the step scanning mode in the range 10° < 26 < 80° with a continuous scan rate of

2.0 °C/min.

The powder XRD of NiMo/SiO,-Al,0; catalyst (Figure 3.5) shows that SiO,-Al,03
is amorphous while characteristics peaks of MoO3; and NiO are not observed. A broad
hump between 20=10-20° is ascribed to amorphous silica. Orthorhombic MoO; peaks are
not seen between 20=26-31°, indicating that the oxides are highly dispersed on the support,
and the sizes are smaller than the detection limit of XRD (<3 nm).[311],[400], [4 4 0]

peaks corresponding to y-alumina phase are observed [213,214].
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Figure 3.5. Diffractogram of fresh NiMo/SiO,-Al,O; catalyst.
3.3.2. Catalytic studies

The oxygen content of the organics in the aqueous-phase was reduced to trace
amount after hydroprocessing. The water obtained after hydroprocessing contained a small
amount of organic (<5 %). Stable activity during the study indicated that there was no
significant catalyst leaching from the plates. Product distributions (yield %) for the
hydroprocessing reactions of the aqueous phase of bio-oil at various temperatures (250-400
°C), 70 bar pressure, space-velocity (LHSV) of 1.0 and H,/ feed ratio of 1000 are given in
Figure 3.6. The yield of gasoline (<C9) range hydrocarbons increased rapidly from 3% to
4% by changing temp., from 250 °C to 300 °C, to a maximum of 60 % at 350 °C. Gasoline
(<C9) further decreased to 10-15 % at higher temperatures (375 °C, 400 °C). Kerosene
yield (C9 - C14) decreased from 28 % to 15 % by changing the temperature from 250 °C to
300 °C, and it increased from 35 to 40 % by increasing temperature from 350 °C to 400 °C.
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The yield of diesel hydrocarbons (C15-C18) increased rapidly from 5 % to 50 % by
changing the temperature from 250 °C to 325 °C.

80
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Figure 3.6. Distribution of hydrocarbons [mgasoline (<C9), ekerosene (C9-C14), and
A diesel (C15-C18) in the products at various temperature (pressure 70 bar, LHSV 1.0,
H,/feed 1000nL/L) at various temperature.

However, a further increase in temperature diesel yield decreased rapidly to 20 % at
400 °C. As the reaction severity increased due to increasing reaction temperature, the
longer chain diesel range hydrocarbons cracked more, resulting in their reduced yields,
while the yield of shorter chain gasoline and kerosene increased. Due to several
interconversion reactions of bio-oil molecules, increasing and decreasing trends are
observed with the change in reaction temperature. At a lower H,/feed ratio of 500, the
trends of conversion were haphazard (Figure 3.7.), which could be due to lower hydrogen
content in the reaction system due to which inter-conversion and oligomerization reactions

are predominant. At this condition, the product qualities are poor, and reactor operation
was difficult.
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Figure 3.7. Distribution of hydrocarbons [mgasoline (<C9), ekerosene (C9-C14), and
A diesel (C15-C18)] in the products (pressure 70 bar, LHSV 1.0, Hy/feed 500nL/L) at

various temperature.

Figure 3.8. shows the distribution of hydrocarbons (gasoline (<C9), kerosene (C9—
C14) and diesel (C15-C18) in the products at various liquid hourly space velocities
(LHSV) (Pressure 70 bar; temperature 375 °C and H/feed ratio of 1000 nL/L). With
increasing space velocities the yield of gasoline (<C9) range hydrocarbons increased from
5% (at 0.25 LHSV) to 35-60% (at 0.5 - 1.25 LHSV). Maximum yield of gasoline (<C9)
range hydrocarbons (60 %) was obtained at 0.75 LHSV, as aqueous bio-oil has oxygen-
containing smaller hydrocarbons predominantly. At lower LHSV, i.e., at higher contact
time may favor intermolecular oligomerization reactions and hence the gasoline yields are
lower. The yield of kerosene (C9-C14) range hydrocarbons reached maximum (45 %) at
the highest studied LHSV of 1.25, from 30 % at 0.25 LHSV. Additionally, with increasing
space velocity (0.25 to 1.25), the longer chain hydrocarbons (C15-C18) yield decreases
from 65% (at 0.25 LHSV) to ~20% at 0.75-1.25 LHSV. These differences in the

distribution patterns of various products are due to differences in the relative rates of
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formation of various products. The oligomerization of smaller bio-oil molecules may
obtain the diesel range product (C15-C18).
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Figure 3.8. Distribution of hydrocarbons [mgasoline (<C9), ekerosene (C9-C14), and
A diesel (C15-C18)] in the products (pressure 70 bar, temperature 375 °C, H./feed
1000nL/L) at various LHSV.

Figure 3.9. shows the distribution of hydrocarbons (gasoline (<C9), kerosene (C9 —
C14) and diesel (C15-C18) in the products at various hydrogen/feed ratios (Pressure 70
bar; temperature 325 °C; LHSV 1.0). The yield of diesel (C15-C18) range compounds
decreased from ~50% at H,/feed ratio of 500, 1000 to ~2-5% at H,/feed ratio of 2500,
4000. This drastic decrease could be due to the high linear velocity of feed and hydrogen
in the reactor. The kerosene (C9 - C14) range hydrocarbons increased from 40 % to 50 %
with an increase in Hy/feed ratio from 500 to 4000. The gasoline (<C9) range hydrocarbons
increased from 7 % to 95 % with an increase in Hy/feed ratio from 500 to 2500, this could
be due to the hydrocracking of higher oxygenated hydrocarbons to the lower one. Such a
large variation in the product yields with a change in Hy/feed ratio could be due to a large
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change in linear velocity of the reactants (H, and feed) in the very narrow microchannels.
As the catalyst is coated inside microchannels the flow conditions are not completely plug-
flow type (unlike packed bed reactors) and hence such prominent effect of hydrogen flow
is observed, unlike in case of fixed bed reactors [212].
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Figure 3.9. Distribution of hydrocarbons [(mgasoline (<C9), ekerosene (C9-C14), and
A diesel (C15-C18)] in the product (pressure 70 bar, LHSV 1.0, temperature 325 °C) at

various H,/feed.

Figure 3.10. shows the distribution of hydrocarbon types (alkanes, cycloalkanes,
aromatics, PAH, residue and unreacted feed) in hydroprocessed products at various space
velocities (LHSV) (Pressure, 70 bar; H,/feed ratio, 1000; temperature, 375 °C). The alkanes
yield decreases rapidly from 65 % (at 0.25 LHSV) to 20 % (at 1.25 LHSV) when LHSV is
reduced. Simultaneously the unreacted compounds increase from 0 to 70 % as the LHSV
increases from 0.25 to 1.25. The results indicate that very low space velocity is required for
complete conversion of the compounds present in the aqueous phase of bio-oil. The

residues in the product decrease from 30 % to 10 % with an increase in LHSV from 0.25 to
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1.25. The PAH formation remains below 5 % at all studied space velocities, while the
formation of aromatics and cycloalkanes is negligible.
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Figure 3.10. Distribution of hydrocarbons types (e alkanes, A cycloalkanes, ¥ aromatics,

<« PAH, P residue and m unreacted ) in the products (pressure 70 bar, H,: feed 1000nL/L,
temperature 375 °C) at various LHSV.

Figure 3.11. Shows the distribution of hydrocarbon type (alkanes, cycloalkanes,
aromatics, PAH, residue, and unreacted compound) in the liquid product. Maximum
conversion of feed (75 %) is observed at 300 °C, but the formation of undesired PAH
(10%) and residues (20%) are very high. Maximum alkane formation (50%) is observed at
324 °C. The results indicate that the feed conversion is maximum in a very narrow
temperature range around 300 °C.
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Figure 3.12. shows the distribution of hydrocarbon types (alkanes, cycloalkanes,
aromatics, PAH, residue and unreacted compounds) in the hydroprocessed product at
various H,/feed ratios (pressure 70 bar; LHSV 1.0; temperature 325 °C). The figure shows
that at 1500 and higher H,/feed ratios, the conversion is very low (>80 % unreacted
compounds). Only at 1000 Hy/feed ratio, the conversion is ~65 %. As the catalyst is coated
inside microchannels, the flow conditions are not completely plug-flow type, and hence

hydrogen flow increase (higher Hy/feed ratio) would reduce the effective utilization of

catalyst for conversions [212].
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3.4. Conclusions

Hydroprocessing of aqueous-phase of bio-oil (BO) obtained from pyrolysis of de-
oiled jatropha curcas seeds cake (JCC) with sulphided NiMo catalyst supported on
mesoporous silica-alumina and coated in a microchannel reactor is a promising route for
producing transportation fuels. Complete deoxygenation of the organics in the aqueous-
phase was achieved. The water obtained after hydroprocessing contained <5 % organics
indicating that >95 % of organics in the aqueous-phase of bio-oil was converted into
desirable products. Products obtained from hydroprocessing contained 5-45 % gasoline
(<C9), 5-60 % kerosene (C9-C14), 15-40 % diesel (C15-C18), with 15-65 % alkanes, 0-5
% polyaromatic hydrocarbons (PAH), negligible cycloalkanes and aromatics, with 30-75 %
unreacted and residues under reaction condition of temperature 250- 400 °C, LHSV 0.25-

1.25, H2:feed ratio 500-4000 and at fixed pressure of 70 bar. Maximum hydrocarbon yield
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(~65 %) was obtained at 375 °C, 0.25 LHSV, and 70 bar, with 35 % undesired residues and
PAH.
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4.1. Introduction

There is much-continued interest to produce sustainable renewable energy sources
to replace fossil fuels. These renewable sources are set to develop keeping in mind two key
factors; it should not use food utility sources, and it should produce drop-in-fuel or need
small changes in infrastructure either in production or utilization [215,216]. First-
Generation biofuels, i.e., ethanol and biodiesel from sugar or starch and vegetable oils,
respectively, require the cultivation of crops on land that could be otherwise used for food
production [216]. In contrast, second-generation biofuels can be produced either from crop
or food wastes. These include biodiesel from waste oil or tallow and lignocellulosic ethanol
from forestry or crop wastes. The details for second-generation biofuels/ transportation

fuels production have been discussed in an earlier chapter (2" and 3'%).

More recently, algae have been considered as a promising feedstock for third
generation biofuels, as they can be produced at high productivity on otherwise non-arable
land by using less amount of nutrients and low cost for production. Moreover, many algae
can be cultivated to have high oil (lipids; triacylglyceride) content and can produce oil at a
much higher productivity than other land-based oil-crops [217,218]. These are a
hydrophyte containing chlorophyll without stems and roots and are categorized into two
variants based on size, i.e., macroalgae (seaweed) and microalgae [219]. Algae can be
cultivated in nonagricultural land by using any water (brackish, salty, west water, open
ponds or in closed photobioreactors), with ample nutrients. They grow rapidly compared to
other crops and plant and its volume and size doubles in just 24 h by consuming CO, as
feed [218,219]. Unfortunately, the conventional biofuels produced from these crops,
ethanol, and biodiesel, require engine modifications for their use in present vehicular
engines. There is a need to develop second and third generation biofuels that are

compatible with the current infrastructure.

Currently, mainly, three approaches are being used to produce algae-based biofuels.
The first process involves extracting lipids from algal cells, followed by the

transesterification of triglycerides (TAGs) and alcohol into fatty acid alkyl esters
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(biodiesel). The second technique employs hydrothermal liquefaction (HTL) at high
pressure (50-200 bar) and temperature (250-450 °C) to produce water-insoluble bio-crude
oil. The third technique is pyrolysis, which thermally degrades biomass at 300—-700°C in
the absence of oxygen, resulting in the production of bio-oils (aqueous and organic phase),
solid residues (biochar), and gases (biogas). All of these processes require the final bio-
oil/crude to be upgraded using hydrogen, before being used in conventional transportation
engines. Hydroprocessing of the bio-oil/crude may produce drop-in biofuels which are

compatible with engines and can be used directly without any upgrading.

Many researchers have studied the hydroprocessing of bio-crude produced via
hydrothermal liquefaction of algae over various catalysts including sulfide CoMo/y-
alumina, HZSM-5 at temperatures between 400-500 °C. Refined oil yields of between 55-
85% have been obtained, with yields being reduced at increased temperatures. The highest
reported yields were achieved using a combination of Ru/C and Raney/Ni catalysts [220-
223].

Today, the direct conversion of algal lipids to drop-in fuels has yet to be
investigated. In comparison to hydrothermal liquefaction, the extraction of algal lipids
allows the other valuable biomass components, in particular, the proteins, pigments, and
long-chain polyunsaturated fatty acids, to be recovered [224]. The direct conversion of
these lipids to a drop-in fuel would be a major improvement over the conventional

approach of conversion to biodiesel via transesterification.

The lipids extracted from microalgae using a wet extraction process are
predominantly triacylglycerides, but also contain waxes, sterols, free fatty acids,
monoglycerides, diglycerides, phospholipids, glycolipids and chlorophyll as impurities. It
is therefore of interest to determine whether a catalytic process can be developed that can
successfully convert this complex feedstock to a suitable drop-in fuel. This study
investigates for the first time, the hydroprocessing of crude lipids extracted from the
commercially relevant marine microalga Nannochloropsis sp. over a sulphided form of

CoMOoP/Al,O; catalyst [20].
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4.2. Experimental details
4.2.1. Catalyst preparation

The catalysts CoMoP/Al,O; was prepared by conventional wet impregnation on
commercial mesoporous extrudates of y-Al,O3 (BET surface area = 298 m’g™, BJH pore
size = 6.1 nm, pore volume = 1.1 ml g*). 1.89g of (NH4)sM0;0,4.4H,0, as molybdenum
precursor, 1.55 g Co (NOj3),.6H,0 as cobalt metal precursor and 0.16 g of 85 % aqH3PO,
as Phosphorous precursor was used during catalyst synthesis. An.ammonical solution of
molybdenum precursor, an aqueous solution of cobalt and prosperous precursor, were
added over 7.9 g of moisture-free y-alumina to prepare 16 % Mo, 4 % Co, 1 % P. Each
metal precursor was added sequentially after overnight drying at 120 °C. After drying the
final prepared catalyst was calcined at 550 °C for 6 h in a muffle furnace with a heating rate
of 1 °C min™ [20]. All precursors, toluene, and DMDS were purchased from (Sigma
Aldrich). Refinery gas oil was collected from Mathura refinery. High-performance liquid

chromatography (HPLC) grade water was taken as a solvent for synthesis [20].

The surface area of the catalyst was measured using the Brunauer— Emmett—Teller
(BET) method with nitrogen (N.) adsorption isotherm at -196°C using BELSORP-max
Microtrac (Japan) apparatus. Before analysis, the catalyst sample was degassed at 250 °C
under vacuum. The pore size was calculated from the desorption isotherm using the
Barrett, Joyner, and Hallender (BJH) method. Samples for transmission electron
microscopy (TEM) were prepared by deposition of the catalyst, suspended in isopropanol,
on a copper grid. TEM images were recorded using a Tecnai G2 (FEI) operating at 200 kV.
Deposited metals (Co 4%, Mo 16%, and P 1%) were determined using an inductively
coupled plasma atomic emission spectroscopy method on a PS 3000 UV (DRE) (Teledyne
Leeman Labs, Inc., USA) [20].
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4.2.2. Lipid (TAGS) extraction from ruptured microalgae biomass

The feed for the reaction was a neutral lipid extract obtained from multiple batches
of Nannochloropsis sp. algal biomass [225]. The fatty acid composition of the saponifiable
lipids in the extract was mostly palmitic acid (C16:0) and palmitoleic acid (C16:1) and
included some longer chain polyunsaturated fatty acids including eicosapentaenoic acid
(C20:5n3) as previously presented [225]. The biomass was produced and concentrated to
ca. 25% wi/w solids as previously described [225]. The cultures were deprived of nitrogen
for approximately 10 days to allow accumulation of TAG in the algae. Before lipid
extraction, the microalgal cells were weakened by incubated at 37 °C for approximately 24
hr and then ruptured by a single pass through a GEA Panda 2K NS1001L high-pressure
homogenizer (GEA NiroSoavi, Parma, Italy) at 1000 bar previously described [225]. The
neutral lipids were preferentially extracted by twice contacting with hexane, and the lipid-
containing hexane was recovered from the de-lipidated biomass by centrifugation, the

hexane was removed from the lipids by evaporation, and the lipids stored at -20 °C [225].
4.2.3. Lipid Conversion

The lipid extract was hydroprocessed in stainless steel cylindrical reactors of 25 ml
capacity, with a magnetic drive stirrer (model 4590, Parr Instrument Co., Moline, IL, US),
heated by an electric heater and the temperature controlled using a PID controller (Model
4848, Parr Instruments, IL, US) (figure 4.1.). This batch reactor also have been used for
Co-processing of bio-oil from de-oiled jatropha curcas seeds cake with refinery gas-oil
over sulphided CoMoP/Al,O; catalyst, it was discussed in chapter 2 Typically, 7.0 g of the
lipid feedstock was added along with 10 wt% of the sulfide catalyst CoMoP/Al,O; into the
reactor. Sulfidation was done in same reactor prior to the reaction, using 2.5 wt% of
dimethyl disulphide (Sigma-Aldrich) mixed in refinery gas oil, at a H, pressure of 40 bar,
by gradually raising the temperature from 100 °C to the final reaction temperature (at 10 °C

min™*) which was then maintained for 12 h with constant stirring at 680 rpm [20].
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Figure 4.1. Batch reactor (M/S Parr instrument US) used for hydroprocessing of a mixture

of BO & GO and Nannochloropsis sp. micro marine algae extracted lipids (TAGS).

Before commencing the reaction, high purity hydrogen gas was used to purge the
reactor headspace five times, and to build up to a pre-set initial pressure of 10 bar at room
temperature. During the reaction, liquid samples were drawn every 2h and cooled before
analysis for the kinetic calculations. After the reaction, the reactor was cooled to ambient
temperature. The material balance was recorded, which confirmed minimal loss occurred

during the experimental measurements. Based on the material balances, an estimated
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experimental and measurement uncertainty of 10% has been included in the final results as

error bars.

The final reaction temperatures (300 °C, 325 °C, 350 °C, and 375 °C) were achieved
by heating gradually (10 °C min™) while the reaction pressure (50, 75 and 120 bar) was
achieved by the addition of external hydrogen gas pressure to.maintain desired reaction
conditions. The temperature and pressure were increased back to the desired reaction
conditions after sample collection. The liquid product was filtered with a 0.2 mm filter
paper. The quantity of liquid feed, products, catalyst, and char, were measured using a
weighing balance with a precision of 0 .01 g. Catalyst and coke (char) deposited on the
catalyst surface was measured after rinsing with toluene to remove unreacted feed and
deposited hydrocarbons. The amount of char formed was measured after subtraction of the
catalyst amount loaded in the reactor. The amount of gas formed/consumed was
determined from the difference in the weights of the reaction vessel, containing the reaction

mixtures, before and after the reaction.

Liquid products obtained during the reaction were filtered using cellulose
membranes (pore size 220 um) and then analyzed using gas chromatography (GC). A
Varian 3800 GC (Agilent) with a J&W VF-5ms column (Agilent; 30 m * 0.25 mm x0.25
mm) and flame ionization detection (FID) was used for the analysis of hydrocarbons. A
standard calibration sample was produced prior to the analysis of unknown samples for
equipment calibration and retention time accuracy. The yields of various liquid product
components were calculated on a relative basis considering the entire range of liquid
products formed as 100%. Relative yields have been reported based on the relative amounts
of gas, liquid, and char produced. Liquid product distributions were quantified on the basis
of hydrocarbon chain length: gasoline (<C9 hydrocarbons), kerosene (C9-C14
hydrocarbons), diesel (C15-C18 hydrocarbons) and heavy oil (>C18 hydrocarbons).

Detailed hydrocarbon analysis (paraffin, naphthenes, aromatics and poly-aromatic
hydrocarbons) was done using an Agilent 7890B 2D-GC (GC x GC; first

dimension—nonpolar, DB-5 ms column(30 m x 0.25 mm x0.25 um); second dimension
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polar, PAC column, 5 m x 0.25 mm, 0.15 um), with FID, MS, capillary flow modulator
and ZOEX software. Two column systems were used to separate various components

present in the product.
4.3. Results and discussion
4.3.1. Catalyst characterization

The BET surface area and pore volume of the sulphided catalyst were found to be
298 m?/g and 0.5 ml/g, respectively. BJH analysis (mean pore size) showed a narrow pore

size distribution with a mean pore size of 7.0 nm (Figure 4.2).
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Figure 4.2. Nitrogen sorption isotherm and pore size distribution of mesoporous

CoMoP/Al,O4
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Many researchers have identified the monolayer morphology of MoS, slabs with 5-8 nm
length visible in micrographs of sulphided CoMo/Al,O; catalyst [195,226]. This indicates
that monolayers of CoMoS clusters exist in the active phase, with a slab-like morphology
of MoS, on Al,O; support [226]. In our case, after doping P on CoMo/Al,O3, a multi-
layered (3-5 layers) morphology of CoMoS with a 10-50 nm length and ~0.6 nm interlayer
spacing can be observed in the TEM images in Figure 2.5 of Chapter 2 (seen a few single
black lines in the micrograph) [20]. Our earlier work has shown that CoMoP/Al,O;
catalysts are more active than CoMo/Al,O3 catalysts [20]. Hence, we have used a

CoMoP/Al,O5 catalyst in the current study due to its better performance.

The catalyst modified by P works in two ways: there is an increase in active sites by
enhanced metal dispersion, and there is an increase in the Bronsted acidity. Mo interacts
preferentially with the P-OH groups on P-added y-alumina, and additionally, the other
surface hydroxyls become more reactive with Mo in the presence of P [227-229]. It was
also observed that catalysts prepared by impregnating P on CoMo/Al,O; (co-
impregnation), were more active than the P-free catalyst [230]. MoP/Al,O3; was tested for
the catalytic activity in the HDN reaction for some model compounds; it was found that the
intrinsic HDN activity of the surface Mo atoms was about 6 times higher than that of Mo
edge atoms in MoS,/Al,O3 [228,230]. Deposition of P metal forms Lewis and Brgnsted
acid sites on the catalyst surface, making the compound accessible for easy reducibility and
sulfidation. It increases the Mo dispersion due to enhanced solubility of molybdate by the
formation of phosphomolybdate complexes, and it also increases the stacking of MoS,

crystallites and changes their morphology [227,231].
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4.3.2. Temperature programmed reduction (TPR)

The TPR measurements were carried out using Micromeritics Auto Chem I
apparatus. Seventy mg of sample was taken in the TPR cell and flushed with argon at
150°C for 30 min. Then the sample was cooled down to room temperature. Finally, the
furnace temperature was raised to 1000 °C at 10°Cmin™* ramp in 40 ml min™* flow rate with
the H,/Ar mixture (10:90 ratios). The signals of H, consumption were monitored by a
thermal conductivity detector (TCD) (Figure 4.3).
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Figure 4.3. TPR of CoMoP/Al,QOs.
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4.4. Catalytic studies

The hydroprocessed product was obtained as a clear transparent liquid after

hydroprocessing of the opaque algal oil Figure 4.4.

Algae oil Hydroprocesed product

Figure 4.4. Algal oil and its hydroprocessed product.
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Figure 4.5 shows the influence of reaction temperature on the lipid conversion and
relative yields of various hydrocarbons. The unconverted lipid was nearly 60% in the liquid
product for the reaction at 300 °C, but the concentration of unconverted lipid rapidly

decreased to zero at a reaction temperature of 375 °C.
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Figure 4.5. Distribution of hydrocarbons [* gasoline (<C9), ¢ kerosene (C9—C14), A diesel
(C15-C18), and ¥ heavy residue (>C18)] in the products at various temperatures (cat: feed
ratio 1:10; pressure 50 bar).

Figure 4.6 shows the product (liquid, solid and gases) distributions (yield %) as a
function of H, pressure (50-120 bar) over S-CoMoP/Al,QO;, at a reaction temperature of
375°C for which the lipid conversion was always >99%. The liquid product yield decreased

linearly with pressure, with a maximum liquid yield (78%) obtained at 50 bar H, pressure.
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This yield decreased to 9% at the higher pressure of 120 bar. The hydrocarbon gas yield
increased exponentially from 22% to 80% with an increase in pressure from 50 bar to 120
bar. These results indicate that lower pressures (around 50 bar) are favorable for
maximizing liquid hydrocarbons, while higher pressures favor cracking.
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Figure 4.6. Yield (%) of the products (liquid, gases and solid char) at various H, pressures
at 375 ° C (reaction time of 5 h; cat: feed ratio of 1:10).

The influence of pressure on cracking was also observed in the distribution of
hydrocarbons, as shown in Figure 4.7. The gasoline (<C9) yield increased exponentially
from 6 to 27 % on increasing the pressure from 50 bar to 120 bar. The kerosene (C9 - C14)
yield changed parabolically from 36 to 50% on increasing the pressure. A minima (at 27
%) can be observed in the kerosene (C9-C14) yield at around 75 bar. The diesel (C15-C18)
and heavier hydrocarbons (>C18) yields increased linearly from 39 to 42% and from 19 to

23%, respectively, on changing the pressure from 50 to 75 bar. The diesel (C15-C18) and
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heavier (>C18) hydrocarbons yields decreased sharply from 42 to 8% and 23 to 15%

respectively, indicating that severe hydrocracking occurs with an increase in pressure.
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Figure 4.7. Distribution of hydrocarbons [* gasoline (<C9), * kerosene (C9—C14), A diesel
(C15-C18), and ¥ heavy residue (>C18)] in the products at various H, pressures (temp.
375 °C; cat: feed ratio 1:10; reaction time 5 h).

Varying the pressure had a significant impact on-the hydrocarbon types in the liquid
product (Figure 4.7 and Figure 4.8). The alkane component was >80% at or below 75 bar
and then decreased rapidly above this pressure, decreasing to 8% at 120 bar (Figure 4.7).
Polyaromatics and aromatics yields were constant at 5% at or below 75 bar, but increased

rapidly to 60% and 36%, respectively at 120 bar.
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Figure 4.8. Distribution of hydrocarbon types (= alkanes, * cycloalkanes, A aromatics, and
V¥ polynuclear aromatics) in hydroprocessed products at various H; pressures (temp. 375
°C; cat: feed ratio 1:10; reaction time 5 h).

This trend for the polyaromatics and aromatics was similar to that of the <C9 and C9 - C15
yields above 75 bar (Figure 4.6). The increase in-aromatics may be correlated with the
increase in cracking activity, which favors aromatization at higher pressure. The
cycloalkanes yield was slightly higher than that of the aromatics and polyaromatics at or
below 75 bar pressure, but it decreased to 1 % at 125 bar from 10 % at 75 bar (Figure 4.7).
Based on results presented in Figures 4.6, 4.7 and 4.8, it may be concluded that the reaction
at 50 bar and 375 °C was the best for product formation, to minimize undesired coking and
to prolong the catalyst life. The mechanisms for removal of oxygen content in the lipid are
cracking (catalytic cracking), hydrodeoxygenation (HDO), and
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decarboxylation/decarbonylation (removal of oxygen to form CO,/ CO). First double bonds
in the alkyl chain are hydrogenated, and then fatty acids and propane are produced through
the hydrogenolysis of saturated triglycerides. [227]. A study of hydroprocessing of lipids
extracted from Botryococcus braunii algae over CoMo/Al,O; catalyst (without P promoter)
showed that only 15 % jet fuel (C9 - C14) was obtained even at higher temperatures and
pressures (400 °C and 200 bar respectively) that were used in the current study [232].
Catalyst life is dependent on char/coke deposition rate. Catalyst deactivation was mainly
due to the deposition of coke on the catalyst. Char/coke formation over the P promoted
catalyst was nearly 10 times lower than that over catalyst without P as a promoter, which

indicates that the P promoted catalyst has better catalyst life [229].

In the mechanism for direct deoxygenation, vacancy sites are created by the removal
of hydrogen sulfide in the presence of H,. Hydrogen is activated by heterolytic dissociation
forming one S-H and one Mo-H group; with oxygen in the feed material adsorbing onto the
vacant sites. An adsorbed carbocation is formed after the donation of a proton from an S-H
group. This intermediate undergoes direct C-O bond cleavage and generates a
deoxygenated product. The vacancy site is recovered by the formation of H,O from the
adsorbed OH and H groups [227].

The distribution of hydrocarbon types (gasoline, kerosene, diesel, and heavy
hydrocarbons) at 325°C (Figure 4.8), shows that kerosene (C9 - C14) yield increased as the
reaction time progressed, reaching a maximum (up to 56%) after 8 h. However, the
gasoline yield formed a maxima (24 %) at a reaction time of 4 h, while the diesel range
hydrocarbons formed minima (~ 20 %) at 5 h and the heavy hydrocarbon yield
continuously increased with time of reaction. This happened since the conditions were not
severe enough for cracking (i.e., low pressure), with only slight cracking leading to the

formation of the kerosene range of hydrocarbons.
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(C15-C18), and V¥ heavy residue (>C18)] in the products at various reaction times (temp
325 °C; cat: feed ratio 1:10; pressure 50 bar).

The hydrocarbon distribution at 350 °C at various reaction times is shown in Figure
4.9. It can be seen that at a reaction time of 6 h the gasoline (<C9) product formed a
minima (46 %). It can also be seen that the gasoline yield was doubled by increasing the
reaction temperature by 25 °C (325 to 350 °C); however, the kerosene (C9-C14) yield
increased linearly to 41% after a reaction time of 6 h. The higher hydrocarbons (>C18) and
diesel (C15-C18) yields, form maxima of 18% and 9% respectively. The higher
hydrocarbons yield decreased by almost 4% on increasing the temperature from 325 to

350°C. From Figures 4.9 and 4.10. It may be concluded that a reaction time of 4-6 h is
optimal.
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4.5. Kinetic studies

The apparent activation energy  for the conversion of algae oil and its
hydroprocessed products were calculated by Arrhenius plot [233], and was found that
activation energy for the conversion of algae oil was low (in the order of 14.96 KJmol™ at
close to 60 % conversion), as compared to that for the formation of some of the

hydroprocessed products.
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Table 4.1. Compositional details of lipids

Compositions % Fraction
Jatropha Oil Nannochloropsis sp.micro algae
C14:0 <1 2.8
C16:0 19.5 35.7
Cl16:1 <1 25.9
C18:0 7.9 3.8
C18:1 45.4 26.8
C18:2 27.3 <1

The apparent activation energy for the formation of diesel (125 KJmol™) is less than
kerosene (146 KJmol™), while apparent activation energy for the formation alkanes and
polyaromatics hydrocarbons is 64 KJmol™ and 7 KJmol™ respectively. In comparison, the
reported activation energy for jatropha oil hydroprocessing over CoMoP/Al,O3 catalyst
was 26 kJmol™ and those for kerosene; diesel heavier hydrocarbons are formation was 83,
127 and 47 kJmol™, respectively. In general activation, energies were lower when using

algae oil than those for jatropha oil conversion except for >C18 hydrocarbons.

marine microalgae Nannochloropsis sp. has maximum (~65%) smaller carbon range
containing lipids however in case of Jatropha oil lipids has maximum (72%) of higher
carbon range containing lipids (Table 1.). So Jatropha oil lipids needs higher activation

energy to break down to lower range of hydrocarbons.
4.6. Conclusions

Algal lipids were successfully hydroprocessed over sulfided CoMoP/Al,O3 catalyst. The
results show that almost complete conversion of lipids was achieved at 375 °C and 120 bar
of H,. At these conditions, 26% of gasoline and 50% of kerosene along with 80% of
alkanes formation was achieved. The reaction order followed pseudo 1* order kinetics with
respect to algae oil concentration. The Activation energy for the conversion of algae oil
(14.96 KJmol™) was lower than Jatropha oil (26 KJmol™).
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Detailed literature on the various biomasses and classification of biofuels such as
first generation, second generation, and third generation, has been discussed. Pyrolysis of
non-edible biomass, i.e., jatropha curcas seeds cake (JCC) has been studied by using
approx 800 ml min™ of N, flow rate at temperature 550°C in continuous fix bed reactor.
The pyrolysis-oil is a complex mixture of aldehydes, alcohols, and acids together with
more complex carbohydrates and lignin-derived oligomeric materials. Pyrolysis oil has
clearly distinguished two phases, one is a very dark viscous liquid having very trace
amount of water and an almost equal amount of carbon and oxygen content, called bio-oil
(BO) and another one is aqueous phase having 65-75 % of the water in a mixture of
organic compounds. Hydroprocessing (refinery technique) has been the best option to
upgrade the pyrolysis oil/bio-oil (BO) to bio-transportation fuels by decreasing the oxygen
content from 30-40 wt. % to the drop-in-fuels.The BO co-processed with refinery gas oil in

the various ratio of refinery gas oil over S- CoMoP/Al,O5 catalyst in a batch reactor.

The results indicate that co-hydroprocessing of bio-oils with sulphided
CoMOoP/Al,O; catalyst is a promising route for producing transportation fuels. Products
obtained from co-processing 25 % and 50 % of bio-oil (BO) with gas-oil (GO) contained 2-
16 % gasoline, 30-35 % kerosene, 35-44 % diesel, with negligible oxygenates and char.
Hydroprocessing of 100% BO at 375°C and 50 bar produced 10 % gasoline, 30 %
kerosene, and 30 % diesel with a large amount (40 %) of undesirable polynuclear
aromatics. But at 75 bar (375°C) for 100 % BO, polynuclear aromatics formation was
suppressed (<2 %) and kerosene yield was maximum (41 %), with very small amount of

char (1.5 %) formation.

The aqueous phase was hydroprocessed in a continuous microchannel reactor
(MCR) over highly dispersed S- NiMo/Al,03-SiO, catalyst in all channels of the reactor.
Reactivity of H, gets enhanced due to the presence of a narrow path to travel, so this
reactor gives better conversion even though at low reaction parameter than fixed bed

continuous reactor.
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Hydroprocessing of aqueous-phase of bio-oil (BO) obtained from pyrolysis of de-
oiled jatropha curcas seeds cake (JCC) with sulphided NiMo catalyst supported on
mesoporous silica-alumina and coated in a microchannel reactor is a promising route for
producing transportation fuels. Complete deoxygenation of the organics in the aqueous-
phase was achieved. The water obtained after hydroprocessing contained <5 % organics
indicating that >95 % of organics in the aqueous-phase of bio-oil was converted into
desirable products. Products obtained from hydroprocessing contained 5-45 % gasoline
(<C9), 5-60 % kerosene (C9-C14), 15-40 % diesel (C15-C18), with 15-65 % alkanes, 0-5
% polyaromatic hydrocarbons (PAH), negligible cycloalkanes and aromatics, with 30-75 %
unreacted and residues under reaction condition of temperature 250 — 400°C, LHSV 0.25-
1.25, H,:feed ratio 500-4000 and at fixed pressure of 70 bar. Maximum hydrocarbon yield
(~65 %) was obtained at 375°C, 0.25 LHSV, and 70 bar, with 35 % undesired residues and
PAH.

Second generation biofuels using thermal conversion followed by hydroprocessing
(refinery process to upgrade) is energy as well as the cost-intensive process. We have also

studied the third generation bio-fuels feed sources, i.e., algae oil.

The marine microalgae Nannochloropsis sp. extracted lipid triglycerides (TAGs) have been
hydroporceesed in the batch reactor to produce drop-in-transportation fuels over sulphided
CoMoP/Al,O3.

Algal lipids were successfully hydroprocessed over sulfided CoMoP/Al,O3 catalyst. The
results show that almost complete conversion of lipids was achieved at 375 °C and 120 bar
of H,. At these conditions, 26% of gasoline and 50% of kerosene along with 80% of
alkanes formation was achieved. The reaction order followed pseudo 1% order kinetics with
respect to algae oil concentration. The Activation energy for the conversion of algae oil
(14.96 KJmol™) was lower than Jatropha oil (26 KJmol™).

Finally, it has been concluded that transportation fuels can be generated by
hydroprocessing of biomass-derived oil and that can be used as a drop in fuel in the
existing transportation engines.
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Recommendation

On the basis of the present study, the following recommendations can be made for the

future study:

1.

It is better to separate the pyrolysis oil into various fractions and then
hydroprocess the individual fractions with or without petroleum-derived fractions
in refinery units like fluid catalytic cracking (FCC), steam reforming, and
hydrocracking unit.

Oils/liquid produced from sources other than algae and jatropha seeds cake can
also be investigated for hydroprocessing to obtain transportation fuels.

Other bimetallic catalyst including noble metal based can also be used for better
quality of hydroprocessed liquid.

The steam reforming of aqueous fraction of pyrolysis oil unit will be better option
for production of hydrogen and the produced hydrogen can be utilized for the
refinery process.

The lignin-derived monomers or aromatic fraction of pyrolysis oil can be cracked
in hydrocracking unit along with petroleum-derived fractions.

It is very much essential to develop the specific catalysts for the processing of
biomass derived oil in refinery units like FCC, steam reforming and hydrocracking

unit.

123



ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

Co-processing of bio-oil from de-oiled Jatropha
curcas seed cake with refinery gas—oil over sulfided
CoMoP/Al,Oz catalystt

Mukesh Kumar Poddar,?® Aditya Rai,® Mannar Ram Maurya® and Anil Kumar Sinha*?

CrossMark
& click for updates

Cite this: RSC Adv., 2016, 6, 113720

A sulfided cobalt—molybdenum-phosphorus/aluminium oxide (CoMoP/Al,Os) catalyst was studied in the
hydroprocessing of bio-oil (BO) obtained from the pyrolysis of de-oiled Jatropha curcas seed cake.
Hydroprocessing was carried out with different ratios of refinery gas oil (GO) and BO. The oxygen
content in the products was reduced to trace amounts after hydroprocessing. A clear product obtained
from the co-processing of BO with refinery GO contained 2-16% gasoline, 30-35% kerosene, 35-44%
diesel, with 50-60% alkanes, 10-45% cycloalkanes, and 1-10% aromatics, with a negligible amount of
char formed in the process. Hydroprocessing of 100% BO produced 30% kerosene and 30% diesel,
together with 10% gasoline, with 15% of alkanes and 15% cycloalkanes, and 45% aromatics. A maximum
amount of kerosene (41%) was obtained at 648 K and 75 bar from 100% BO, with a small amount of char
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1. Introduction

Liquid transportation fuels (hydrocarbons) from biomass are
renewable alternatives to the current fossil derived fuels.
Diverse technologies have been investigated for the conversion
of biomass into liquid fuels, such as biodiesel from plant oils
and bio-ethanol from carbohydrate rich resources.' Because of
the food versus fuel issues, these first generation biofuels were
not encouraged and new options are being developed.' Second
generation biofuel platforms are thermochemical biomass
conversion routes such as pyrolysis, gasification and hydro-
thermal liquefaction of agricultural wastes, forestry wastes and
municipal wastes and so on." High abundance, availability and
low procurement cost are the advantages for considering
biomass as a source. There is great potential for successful
deployment of technologies to produce a liquid biofuel from
biomass with cost reductions.”

Liquid product yields from the pyrolysis of de-oiled jatropha
curcas cake (non-edible) seeds is up to 60-70 wt% and the
product (bio-oil; BO) consists of a wide range of functional
groups containing oxygenate and heavy compounds with a wide
range of molecular weights.** Classes of compounds in BO are
organic acids, aldehydes, ketones, phenolics and alcohols. The
BO required upgrading because as such it was not suitable as
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only 31% of kerosene was produced, with 17% char, using similar reaction conditions.

a biofuel for high speed internal combustion engines, because
of large amounts of water (up to 30 wt%) and corrosive organic
acids (up to 10 wt%) present in it.>® It also has limited storage
stability and undesirable physical properties.

Catalytic BO upgrading presently seems to be a techno-
economic process towards production of fuel-like compo-
nents. A major aim of upgrading BO is to convert the oxygen-
rich, high molecular weight components into hydrocarbons
that are similar to petroleum-derived fuels (drop-in fuels).
Upgrading is done using chemical methods (such as cracking
and so on), and physical methods (such as distillation and so
on).*” Catalytic hydrotreatment is considered to be a promising
upgrading technology to produce drop-in kind fuels from BO.?
This process involves treatment of BO with hydrogen (H,) in the
presence of a heterogeneous catalyst. However, selection of
stable and productive catalyst(s) towards refinery products with
low coke formation is a great challenge. The primary aim is
minimization of the oxygen content and reduction of the chain
length by a process called hydroprocessing (catalytic high
pressure hydrotreatment or hydrodeoxygenation accompanied
by hydrocracking). Hydrodeoxygenation is a chemical conver-
sion that takes place at high H, partial pressures (as high as 75-
300 bar) and high temperatures (523-723 K) to remove oxygen
primarily in the form of water or carbon dioxide (CO,).>*

Hydrodeoxygenation of BO gives hydrocarbons and oxygen
containing organic compounds in addition to water and CO,,
and the classes of reactions include decarboxylation, hydroge-
nation, hydrogenolysis, hydrocracking, and dehydration
leading to gasoline, kerosene and diesel like products. Research
activities on the hydrodeoxygenation of pyrolysis oil started in

This journal is © The Royal Society of Chemistry 2016
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1984 with the pioneering work of Elliott and Baker on
commercial hydrodesulfurization (HDS) catalysts, i.e., sulfided
nickel-molybdenum/aluminium oxide (NiMo/Al,0;) and
cobalt-molybdenum (CoMo)/Al,03.* The primary issue inter-
fering with long-term operation of these systems was the fouling
of the catalyst bed by carbonaceous deposits. Deactivation of
these catalysts as a function of time on stream is reported.*™**
Deactivation might be because of the blockage of catalyst pores
and active sites, sintering of the active metals, poisoning of the
catalyst, structural degradation of the support and active sites,
coking, and metal deposition.""*

This paper reports the production of transportation fuels
(gasoline, kerosene and diesel) by processing a heavy, dark
viscous liquid (BO) obtained from waste de-oiled J. curcas seeds
made into a cake, or with refinery streams, by using the
economically viable catalyst sulfided cobalt-molybdenum-
phosphorus (CoMoP)/Al,05."* The advantage of this work is that
transportation fuels can be produced by using a single catalyst
instead of other expensive multi-catalyst processes such as
hydrodeoxygenation with noble metals followed by cracking. It
is demonstrated that the optimization of process conditions in
this work has resulted in suppression of carbonaceous deposits
by minimizing the polynuclear aromatics formation which are
the precursors for carbonaceous deposits.

2. Experimental details
2.1 Materials

Cobalt(n) nitrate hexahydrate (Co(NOs),-6H,0), ammonium
molybdate tetrahydrate [(NH,)sMo0,0,,-4H,0] and orthophos-
phoric acid (85% of aq. H3PO,) were obtained from Sigma-
Aldrich. The <y-alumina was obtained from Sasol. High-
performance liquid chromatography (HPLC) grade water was
used as a solvent for synthesis. BO was produced in a tubular
reactor (using Swagelok SS 314 tubing) [shown in Fig. S1; ESI{].
Gas-oil (GO) was obtained from Mathura Refinery, India.

2.2 Catalyst preparation

The catalyst was prepared using an incipient wet impregnation
method. The calculated amount of the Mo metal precursor
(NH4)6M0,0,4-4H,0 (1.89 ¢) in liquid ammonia was added
dropwise, with continuous stirring to 7.9 g of dried y-alumina to
obtain the required amount of Mo (16 wt%) loading on the
support. Then the calculated amount of Co metal precursor
(Co(NO3),-6H,0, 1.55 g) solution in water was added dropwise
with continuous stirring to obtain the required amount of Co (4
wt%). The solution was dried at 393 K for 4 h. After drying, the
calculated amount of 85% aq. H3PO, (0.16 g) was added drop-
wise with continuous stirring to obtain the required amount of
P (1 wt%). The sample was dried at 393 K and calcined at 823 K
for 6 h (heating rate, 1 K min™ ).

2.3 Characterization methods

The surface area of the catalyst was measured using the Bru-
nauer-Emmett-Teller (BET) method with a nitrogen (N,)
adsorption isotherm at 77 K using BELSORP-max Microtrac
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(Japan) apparatus. Before analysis the catalyst sample was
degassed at 523 K under vacuum. The pore size was calculated
from the desorption isotherm using the Barrett, Joyner and
Hallender (BJH) method.

Samples for transmission electron microscopy (TEM) were
prepared by deposition of the catalyst, suspended in iso-
propanol, on a copper grid by. TEM images were recorded using
a Tecnai G2 (FEI) operating at 200 kV. Deposited metals (Co 4%,
Mo 16% and P 1%) were determined using an inductively
coupled plasma atomic emission spectroscopy method on a PS
3000 UV (DRE) (Teledyne Leeman Labs, Inc., USA).

2.4 Reaction procedure

2.4.1 Pyrolysis. A tubular reactor (inner diameter 7.5 cm
and length 85 cm) electrically heated with a furnace around it
was used for the pyrolysis of de-oiled J. curcas seed cake (10-35
mesh, C: 45.8 wt%, O: 38.2 wt%, H: 6.2 wt%, N: 3.7 wt%), at
a temperature of 823 K (heating rate 10 K min~") and ambient
pressure in a N, atmosphere. N, gas was used to maintain an
inert medium in the reaction system, to dilute the pyrolysis
vapors formed, to minimize char formation and to prevent
further reactions. Biomass (1 kg de-oiled J. curcas seed cake) was
used for the reaction and N, gas (825 ml min ') was passed
continuously through a gas meter and the pyrolysis vapors were
carried into a series of two condensers to condense the pyrolysis
vapor to obtain the pyrolysis liquid (BO), and the non-
condensable gases were vented off. The schematic diagram of
the pyrolysis unit is shown in Fig. S1 (ESIT). The detailed
composition of BO has been reported recently.*

2.4.2 Sulfidation of catalyst. Catalytic reactions were
carried out in a stirred batch reactor (Parr Instrument
Company, USA) with a 25 ml vessel made of INCONEL alloy C-
276, with a K type thermocouple (calibrated to the accuracy of
+1 K) in the reactor. Sulfidation of catalysts was carried out in
the same reactor prior to the reactions. Sulfidation was done
using 2.5 wt% of dimethyl disulfide mixed in refinery GO at a H,
pressure of 40 bar, by gradually raising the temperature from
373 K to 623 K (10-.K min~") and heating for 13 h.

2.4.3 Catalytic reaction conditions. Bio-oil from de-oiled J.
curcas seed cake was hydroprocessed, in the same reactor used
for sulfidation, in the presence of the sulfided form of the
prepared catalyst COMoP/Al,O;. Reaction feed mixtures (BO or
mixtures of BO and GO) with 10 wt% of sulfided CoMoP/Al,O3
catalyst were used for hydroprocessing. The reaction system
containing feed BO or a mixture of BO and GO with sulfided
catalyst were purged four times with H, and then pressurized to
the desired pressure (50 and 75 bar) with H,. The desired
temperature was achieved by heating gradually (10 K min™"). A
constant stirring rate of 680 rpm was maintained until
completion of the reaction. After cooling down the reaction
system, the liquid product was filtered with 0.2 pm filter paper.
The viscous residue which was considered as mixture of
unprocessable BO, catalyst and deposited coke (char) was dis-
solved in tetrahydrofuran, followed by toluene to separate the
catalyst from the unreacted feed and deposited hydrocarbon.
The amounts of liquid products, char and unprocessable BO
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were determined by weighing, and the repeatability of the
weighing balance was £0.00025 g. The catalyst weight was
subtracted from the weight of final solid containing char and
catalyst to determine the amount of char formed. The amount
of gas formed after the reaction was determined from the
difference in the weights of the reaction vessel containing the
solid and liquid reaction mixtures, before and after reaction.
Errors up to +5% for liquid products, £4% for char and +2%
for gas products was observed. The errors are included in the
final results.

2.5 Analysis

2.5.1 Gas chromatography. Liquid products were filtered
through a cellulose membrane filter (pore size 0.22 pm) and
were then analyzed using gas chromatography (GC). A Varian
3800 GC (Agilent) with a J&W VF-5ms column (Agilent; 30 m x
0.25 mm, 0.25 pm) and flame ionization detection (FID), was
used for the analysis of hydrocarbons. The oven temperature
program was 308-423 K (3 min™", hold time: 5 min), 423-573 K
(12 K min ", hold time: 5 min), and 573-593 K (15 K min *,
hold time: 15 min). The relative yields of various liquid product
components were calculated on a relative basis considering the
entire range of liquid products formed as 100%. Relative yields
have been reported based on the relative amounts of gas, liquid
and char produced during co-processing.

As in normal petroleum refinery practice, the product
distributions were quantified on the basis of hydrocarbon size
(carbon numbers): gasoline ({Coy hydrocarbons), kerosene (Co—
Ci14 hydrocarbons), diesel (C;5-C;5 hydrocarbons) and heavy oil
(>Cyg hydrocarbons). Errors up to +4% were observed, and are
included in the final results.

2.5.2 Two-dimensional gas chromatography (GCxGC-MS).
A two-dimensional (2D) 7890B GC (Agilent) was used, with flow
modulation (Agilent G3440B), FID and single quadrupole mass
detector (Agilent 5977A) and 2D GC software from the Zoex
Corporation was used to determine the components of the
liquid products. The 2D GC was able to group alkanes, cyclo-
alkanes, oxygenates, aromatics and polyaromatics. Two column
systems were used to separate various components present in
the product. The columns were designated as 1% and 2"¢
dimension columns. The 1st dimensional column was
a proprietary non-polar column (PAC Corporation) with
dimensions of 30 m x 320 mm x 0.10 mm, the 2"¢ dimension
column (PAC Corporation) was a proprietary polar column with
dimensions 10 m x 250 mm x 0.25 mm. Errors up to £3% were
observed, and are included in the final results.

2.5.3 CHNS analysis. CHNS analysis of the feed, hydro-
processed products and the used catalyst containing char was
performed using a vario MICRO cube CHNS (elementar)
analyzer equipped with a thermal conductivity detector (for
CHN) and an infrared detector (for analysis of ppm levels of S)
and an XP6 Automated-S Microbalance (Mettler-Toledo) with
0.6-0.8 ng repeatability. The analyses were repeated three times
for each sample. For CHN analysis the results with two signifi-
cant digits after the decimal point were repeatable and thus,
were reported accordingly (error was up to 0.5%), whereas for
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the S analysis the results with four significant digits were
repeatable (with error up to 5%) and were reported accordingly.

2.5.4 Total acid number (TAN). The total acid number
(TAN) of the filtered liquid products was determined by the
amount of potassium hydroxide (KOH; in mg) that is needed to
neutralize the acids in 1 g of oil, using a G20 Potentiometric
Titrator (Mettler-Toledo) following the ASTM D664-11a method.
Alcoholic KOH was used as titrant and standardization of the
titrant was done using a standard solution of potassium
hydrogen phthalate. A mixture of toluene, 2-propanol and
a small amount of water, in the volume ratio of 500 : 495 : 5 was
used as solvent for the titration. For the titration of each
sample, a blank titration of the solvent was also done, to obtain
the relative TAN value of hydroprocessed BO with respect to the
solvent. For each analysis 125 ml of solvent was taken. The
weights of samples to be analyzed were 0.25-1.85 g and the
repeatability of the weighing balance was £0.00025 g. The TAN
was determined three times for each sample, and the variation
in TAN was +1 to 2 mgxon g -

3. Results and discussion
3.1 Catalyst characterization

The surface area (BET) of the catalyst support was 298 m> g~ '
with a pore volume of 0.5 ml g~ and a mean pore size (BJH) of
7 nm. A TEM image of the sulfided CoMo/Al,O; catalyst is
shown in Fig. 1. The well dispersed, straight and curved CoMo-
S nanoslabs of width 1-2 nm and length 20-60 nm can be seen
in the TEM micrograph shown in Fig. 1. If the interlayer spacing
is taken to be 0.65 nm, the CoMo-S nanoslabs consist of about
two to three layers."” For the CoMoS/Al,O; catalyst, the typical
CoMosS particle size is 5-8 nm long."”** This clearly indicates
that the P used during impregnation has resulted in better
active metal dispersion with smaller nanoslab sizes.

3.2 Catalytic studies

Elemental analysis (CHN) of the feeds and hydroprocessed
products are listed in Table 1. The detailed composition of BO
has been reported in the Table S1 (ESIt)." De-oiled jatropha
seed cake contains 3-7% of triglyceride remnants after expeller
extraction. The carbon content in the product was increased
slightly from 78% to 80% and the H, content increased from
12% to 13% when the reaction temperature was increased from

Fig. 1 TEM micrograph of sulfided CoMoP/Al,Oz catalyst.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Elemental analysis of GO, BO and hydroprocessed products [reaction time: 5 h, feed/catalyst ratio: 10 (wt/wt)]

Feed composition Conditions Elemental composition

BO (wt%) GO (Wt%) Temp. (K) Pressure (bar) C (Wt%) H (wt%) N (Wt%)
Reactants

100 0 — — 64.5 8.8 6.7

0 100 — — 76.6 13.3 0.04
Products

25 75 573 50 78.2 11.8 0.7

25 75 623 50 81.6 12.3 0.9

25 75 648 50 80.0 12.2 0.8

25 75 673 50 81.4 13.1 0.7

50 50 648 50 81.6 12.0 0.9

100 0 648 50 65.6 7.9 3.4

573 K to 673 K for the feed with 25% BO in GO. The nitrogen
content was reduced from 7% to 3% for 100% BO hydro-
processing and it was reduced further to ~1% for 25% and 50%
BO in GO. The remaining 10% and 20% composition in GO and
BO, were predominantly O and some S, respectively. The higher
O content in GO could be because of oxidation, dissolved
oxygen and moisture from prolonged storage under ambient
conditions. Sulfur reduction from the feed (2300-2500 ppm S)
was 50-80% (down to 400-1000 ppm S) during this co-
processing study. In comparison, S removal was 80-90% for
catalytic upgraded pristine GO. During the co-processing of
oxygenated feeds with GO, deoxygenation reactions do not
adversely affect the hydrodesulfurization reactions, as also re-
ported by Rana et al.'” and Tiwari et al.** The oxygen content in
the O was 19% which reduced to trace amounts after hydro-
processing of all the feeds.

The product (liquid, solid and gases) distributions (yield%)
of the hydroprocessing reactions of the feeds with 25%, 50%
and 100% of BO mixed with refinery GO at various temperatures
(573-673 K) and feed compositions (25%, 50% and 100% of BO
in GO), over CoMoP/Al, O3, are given in Fig. 2 and 3, respectively.
For the liquid productyields for 25% BO in GO (Fig. 2) at various
temperatures and H, pressure of 50 bar, a maximum liquid
yield (63.4%) was obtained at 673 K, which was reduced to
18.2% at a lower temperature of 573 K. However, little change in
the yields of gases with temperature was observed (maximum
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Fig. 2 Yield (%) of the products after reaction of 25% of BO in GO at
various temperatures.
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23.5% at 673 K and 21.2% at 573 K). Char yield increased
monotonously from 0% to 12% as temperature increased from
573 K to 673 K. The liquid yield for pure GO was 85-95%. The
unprocessable BO content was very high at a lower reaction
temperature of 573 K (~60%) which reduced drastically (2-5%)
at higher reaction temperatures (648-673 K). These results
indicate that at an intermediate reaction temperature, the
undesirable char formation is suppressed but a nearly complete
BO conversion is obtained.

Fig. 3 shows the product distributions (char, liquid and
gases) for the reaction of feeds of various compositions (25%,
50% and 100% BO in GO) at a temperature of 648 K. A
maximum liquid product yield (63.4%) was obtained with 100%
BO feed which also gave the maximum char yield (12.2%),
whereas the maximum gas yield (40%) were observed for feed
with 50% BO in GO. The hydroprocessed product, a transparent
liquid, obtained as a phase separate from water, was composed
of light and heavy fractions. The product distributions for 25%
BO in GO at various temperatures and a of H, pressure of 50 bar
are shown in Fig. 4. The diesel yield increased with increase of
reaction temperature from 573 K to 673 K because of the
increasing severity of the reaction which favors cracking of BO
components. At a reaction temperature of 673 K, the maximum
gasoline ({Cy) (16%) and maximum diesel (C,5-Cys) (45%) were

}—’)-4
=

[
o
1
)—b—i\

relative mass yield (%)
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1 1 1
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Fig. 3 Yield (%) of products after reaction of feeds with 25%, 50% and
100% of BO in GO at 648 K.
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Fig. 4 Distribution of hydrocarbons [O gasoline ((Cg), A kerosene
(Co—Cuq). V diesel (Ci5—Cig), and <& heavy residue (>Cig)] in the
products from feed containing 25% BO in GO at various temperatures
and H, pressure of 50 bar.

produced, whereas heavy oil (>Cyg) yield was at its minimum
(9%), because of severe cracking conditions.

As the severity of the reaction increased with increase in
temperature the diesel yield increased monotonously (because
deoxygenation reactions are favored). The longer chain
components (>C;g) underwent cracking with increasing
temperature and thus, their yield decreased monotonously
from 33% at 573 K to 9% at 673 K.

Gasoline ({Gy) product yield showed little increase with
increasing temperature from 573 K to 648 K. Beyond 648 K there
was a rapid increase in gasoline yield from 2% (at 648 K) to 16%
(at 673 K) because of increased reaction severity leading to more
cracking. In contrast, the heavier products (>C,4 hydrocarbons)
decreased little with increasing temperature (573-648 K), but
there was sharp decrease in yield from 27% at 648 K to 9% at
673 K. These results indicated that at 673 K the heavier hydro-
carbons (>C,g) crack selectively into the gasoline range ({Co)
hydrocarbons. Maximum aviation kerosene (Co-C;,4 hydrocar-
bons) yield (36%) was obtained at an intermediate temperature
of 623 K. At higher temperatures (648-673 K) the kerosene yield
decreased by about 5%. For 100% BO hydroprocessing, a high
char content after reaction was a major problem (Fig. 3). Higher
reaction pressures generally suppress char formation. It was
observed that at higher pressures, not only more kerosene
(41%) was obtained (at 648 K and 75 bar) from 100% BO but also
that char formation was also suppressed (1.5%). These results
indicate that it is necessary to operate at higher pressures for
hydroprocessing pure BO to obtain desired products and to
minimize undesired coking and in order to prolong the catalyst
life. In comparison the CoMo/Al,O; catalyst (without P
promoter) showed only 31% kerosene and 17% char was ob-
tained at similar reaction conditions. This indicates that P as
promoter suppresses char formation and thus, improves the
catalyst life. Catalyst life is dependent on char/coke deposition
rate. Catalyst deactivation was mainly because of coke deposi-
tion over the catalyst. Char/coke formation over the P promoted
catalyst was nearly 10 times lower than that over catalyst
without P as promoter, which clearly indicates that the P
promoted catalyst has better catalyst life. The catalyst modified
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by P works in two ways: there is an increase in active sites by
enhanced metal dispersion and increase in Bronsted acidity,
Mo interacts preferentially with the P-OH groups on P-added vy-
alumina and also the other surface hydroxyls become more
reactive with Mo in the presence of P.”**' It was also observed
that catalysts prepared by impregnating P, on CoMo/Al,Oj; (co-
impregnation) were more active than the P-free catalyst.>?
Earlier work on BO hydrotreatment with nickel-molybdenum-
sulfur (NiMoS)/Al,O; has reported that at 648-723 K and 70 bar
pressure, formation of polynuclear aromatics was rapid which
prevented long-term operation under these conditions.'*?*?

Isomerisation is required to produce aviation kerosene with
a desirable freezing point. Table 2 shows that the kerosene
range product had high isomer selectivity with isomer and
normal alkane ratios (i/n ratio) varying between 1 and 2. The
highest iso-alkane yield (i/n = 2) was obtained at the lowest
reaction temperature studied (573 K), for 25% BO in GO feed.
Even though CoMoP/Al,O; may not have required Bronsted
acidity, the high TAN of the feed was expected to catalyze the
isomerisation reactions during the hydrocracking of BO, as also
reported earlier for the co-processing of oxygenated biomass
derived oils with GO over a CoMo/AL,O; catalyst.*

The product yields for reaction of 25%, 50% and 100% BO in
GO at 648 K are shown in Fig. 5. The maximum gasoline ({Co)
yield (13%) was obtained from the reaction of 100% BO at 648 K.
The major components of BO are short-chain oxygenated
compounds, and thus, as expected, the lighter components
({Cy) in the product increase with increasing BO% in the feed.
There was little change in the product yields with variation in
BO content in GO from 25% to 50%. Increasing BO in GO, from
50 to 100%, caused the diesel content to be reduced to 32%
from 40%, whereas the kerosene yield showed little variation,
and the gasoline ({C,) yield increased from 3% to 13%, and the
heavy oil components (>Cj;) reduced slightly from 28% to 25%.
These results indicated that pure BO (undiluted with GO) shows
a completely different product pattern to the pattern obtained
for BO mixed with GO. This may also be correlated with the
large differences in the TAN of pure BO (52 mgxomn gq) and the
mixture of BO and GO (12 mgxon g for the 25% mixture and
23 mgxon g for the 50% mixture). The higher TAN for pure BO
results in more acidity in the reaction mixture which would
catalyze the cracking reactions, thus, higher cracked products
(gasoline) yield and a lower diesel range hydrocarbons yields are

Table 2 Distribution of normal- (n) and iso- (i) alkanes and i/n ratios in
the kerosene range (Co—C14) hydrocarbons (catalyst: 10 wt%; pressure:
50 bar)

Conditions  Distribution of alkanes in kerosene

Temp/K % of BO (in GO)  n-Alkanes  i-Alkanes  i/n ratio
573 25 10.95 19.47 2

623 25 18.53 16.97 1

623 50 11.62 11.5 1

648 25 13.16 18.44 1

648 50 12.53 16.94 1

648 100 13.98 16.31 1

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Distribution of hydrocarbons [O gasoline ((Cg), A kerosene
(Co—Cuq). V diesel (Ci5—Cig), and <& heavy residue (>Cig)] in the
products from feeds containing 25%, 50% and 100% of BO in GO (at
648 K, H pressure of 50 bar, 10 wt% of catalyst, 5 h).

observed. The higher TAN (acidity) feeds have been reported to
show more cracking activity'>** which was clearly correlated to
the acidity of the feed, because the catalyst used had a very low
acidity.

The distribution of alkanes, cycloalkanes, aromatics and
polynuclear aromatics in hydroprocessed products obtained from
GCxGC-MS analysis are shown in Fig. 6 and 7. GCxGC-MS analysis
showed the absence of any observable oxygenated compounds
indicating that there was complete oxygen removal from the BO
components during hydroprocessing. Fig. 6 shows the distribu-
tion of hydrocarbon type for the feed with 25% of BO in GO at
various temperatures and H, pressure of 50 bar. The trend for the
formation of cycloalkanes showed that the maximum cycloalkane
yield (45%) was formed at a temperature of 673 K. The maximum
alkane yield (63%) was formed at 648 K and alkane yield at 673 K
was minimum (55%). The aromatics yield was zero at 673 K.
There was little variation in the yield of various hydrocarbons at
temperatures from 573 K to 648 K. Aromatics are thermody-
namically controlled product and thus, their yield was minimum
at a higher reaction temperature of 673 K. More cracking was
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Fig. 6 Distribution of types of hydrocarbon (O alkanes, A cyclo-
alkanes, <& aromatics, and V polynuclear aromatics) in hydro-
processed products for the reaction of 25% BO in GO at various
temperatures (H, pressure of 50 bar, 10 wt% of catalyst, 5 h).

This journal is © The Royal Society of Chemistry 2016

View Article Online

RSC Advances

70
alkanes

60 - §ﬂ§

50 -
polynuclear aromatics

=

40
30 H
20 +

ycloalkanes

S .
10 4 S — aromatics

relative hydrocaroon mass yield (%)

o T T T T T T T T T
20 30 40 50 60 70 80 920 100
Bio-oil (%)

Fig. 7 Distribution of hydrocarbon types (O alkanes, A cycloalkanes,
<& aromatics, and V polynuclear aromatics) in hydroprocessed
products for the reaction of 25%, 50% and 100% of BO in GO at 648 K
(H, pressure of 50 bar, 10 wt% of catalyst, 5 h).

favoured at a higher temperature (673 K) and thus, the cyclo-
alkane yield was enhanced whereas the alkane yield was reduced.
Lower aromatics and polynuclear aromatics at a higher temper-
ature gives a very useful insight that rapid coking of catalyst at
this temperature should be avoided because the precursors for
coke (polynuclear aromatics) are completely suppressed. Earlier
work has shown that temperature drastically affected the coke
formation during hydrotreatment of BOs.** Increasing tempera-
ture favours the polymerisation for the formation of coke. It was
found that at a very high temperature (723 K), the coke formation
could be so severe that the reactor was blocked.

Fig. 7 shows that for the hydrocarbon types in hydro-
processed products for 25%, 50% and 100% of BO at 648 K,
maximum cycloalkane yield was obtained (19%) for 100% of
BO, whereas alkane yield was much less (17%) compared to the
other feed percentages of BO at that temperature. In fact, the
alkane yield decreased rapidly from feed with 50% BO in GO to
feed with 100% BO. Surprisingly, although the aromatics yield
was lower (5%) with 100% BO feed, with the polynuclear
aromatics yield was rapidly enhanced (by nearly four times)
compared to the feeds with 25% and 50% BO. These results
indicate that polynuclear aromatics formation by condensation
reactions are selectively favored for the 100% BO and this is
most likely to be because of its high TAN value obtained via the
Diels-Alder reaction and also via secondary reactions of
oxygenated compounds such as phenols.*

4. Conclusions

The results indicate that co-hydroprocessing of BO with sul-
fided CoMoP/Al,O; catalyst is a promising route for producing
transportation fuels. Products obtained from co-processing
25% and 50% of BO with GO contained 2-16% gasoline, 30-
35% kerosene, 35-44% diesel, with negligible oxygenates and
char. Hydroprocessing of 100% BO at 648 K and a pressure of H,
of 50 bar produced 10% gasoline, 30% kerosene and 30% diesel
with a large amount (40%) of undesirable polynuclear
aromatics. But at 75 bar (648 K) for 100% BO, polynuclear
aromatics formation was suppressed (<2%) and kerosene yield
was maximum (41%), with a very small amount of char (1.5%)
formation.
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Sulfided NiMo catalyst supported on mesoporous silica-alumina and coated in a microchannel reactor was studied
for the hydroprocessing of aqueous-phase of bio-oil (BO) obtained from pyrolysis of de-oiled jatropha curcas seeds cake
(JCC). The oxygen content of the dissolved organic compound in the aqueous phase was reduced to a trace amount
after hydroprocessing. A clear organic hydrocarbon phase product obtained after hydroprocessing contained 5%—45%
gasoline (< C9), 5%—60% kerosene (C9-C14), 15%—40% diesel (> C14), with 15%=65% alkanes, 0%—5% polyaro-
matic hydrocarbons (PAH), negligible cycloalkanes and aromatics, with 30%—~75% unreacted and residues. Maximum
hydrocarbon yield (~ 65%) was obtained at 648 K, 0.25 LHSV, and 70 bar, with 35% residues and PAH. The water
obtained after hydroprocessing contained few organics (< 5%).

KEY WORDS: jatropha, pyrolysis oil, hydroprocessing, microchannel reactor, catalyst

1. INTRODUCTION

Environmental concerns and increased future demand have shifted the research focus from fossil-derived fuels to
other alternatives. Biomass is a suitable alternative due to abundance worldwide, easy availability, renewability, low
environmental footprint, and low procurement costs (Demirbas et at., 2007; Bhutto et al., 2016). Thermochemi-
cal biomass conversion routes such as pyrolysis, gasification, and hydrothermal liquefaction of agricultural wastes,
forestry wastes,’and municipal wastes are proposed for alternative technologies (Forson et al., 2004).

The yield of liquid product from pyrolysis of de-oiled jatropha-curcas seeds cake (JCC) is ~ 60-70 wt% and
consists of a wide range of functional groups, mostly oxygenates (Wildschut et al., 2010). The bio-0il (BO) has
two phases. One is water-soluble aqueous phase (50%-60%), and the other is nonaqueous bio-crude (40%—-50%)
(Desavath et al., 2015). n

A detailed chemical composition, along with the carbon range of aqueous phase bio-oil, were provided in an ear-
lier publication (Pankaj et al., 2016). Aqueous phase oil contains aldehydic and ketonic compounds in major (28%),
followed by acids (17%). The minor compounds are guaiacols (10%), phenol (9%), hydrocarbons (8%), furan (7%),
alcohols (7%), esters (1%), sugar(1%), and others (12%) of the total organic. Additienally, it contains the nitrogen-
containing compounds, mainly alkyl, hydroxy! or carbonyl substituted pyridine, pyrrole, pyrazine, piperidine, and
indole.

The bio-oils require upgrading because they are not suitable as a fuel for the internal-combustion engine, due to
water and organic acids (Bridgwater et al., 1999; Diebold et al., 2000). They have limited storage stability and also
have undesirable physical properties. Several technologies have been used for the upgradation of bio-oil, such as high-
pressure thermal treatment, catalytic hydrotreating, catalytic emulsion, and catalytic cracking (Samolada et al., 1998;
Fogassy et al., 2010; Mercader et al., 2010a; 2010b; Mariefel, et at., 2016). Catalytic hydroprocessing is also the most
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widely used technique in petroleum refining (Desavath et al., 2015). Elliott et al. (2015) studied hydroprocessing of
phenolic oils in a two-stage reactor using sulfided CoMo and platinum over carbon catalysts. Platinum (Group VIII)
catalysts resulted in more saturated products (Elliott et al., 2015).

The catalytic bio-oil upgrading process produces a hydrocarbon that is similar to petroleum-derived fuels, pre-
dominantly by deoxygenation process. The chemical process of cracking results in upgradation and hydrocracking,
whereas physical processes lead to liquid—liquid separation and distillation (Bridgwater et al., 1999; Desavath et al.,
2015). Catalytic hydrotreatment is a viable upgrading technology to convert bio-oils into transportation fuel (Elliott
et al., 1984, 2015; Samolada et al., 1998; Fogassy et al., 2010; Mercader et al., 2010a, 2010b; Mariefel et at., 2016).
Bio-oil is treated with Hy with the presence of a sulfided heterogeneous catalyst (NiMo, CoMo) on the support of
gamma-alumina by catalytic hydrotreatment process. Selection of stable economically viable and productive cata-
lyst(s) for refinery hydrocarbons with low coke formation'is a great challenge. Minimization of oxygen content and
increased H/C ratio with reduction of the chain length by hydroprocessing (catalytic high-pressure hydrotreatment
or hydrodeoxygenation accompanied by hydrocracking) is the primary aim. Hydrodeoxygenation is a chemical con-
version that takes place at high H, partial pressures (as high as 75-250 bar) and high temperatures (523—673 K) to
remove oxygen primarily in the form of water (H,0)/CO, (Huber et al., 2007; Miguel et al., 2010).

The classes of hydrodeoxygenation reactions include decarboxylation, hydrogenation, hydrogenolysis, hydroc-
racking, and dehydration leading to gasoline, kerosene, and diesel-like products. Deactivation of these catalysts as a
function of time on stream is reported (Baldauf et al., 1994; Furimsky et al., 1999; Chheda et al., 2007). Blockage of
catalyst pores and active sites, sintering of the active metals, poisoning of the catalyst, structural degradation of the
support and active sites, coking and metal deposition cause catalyst deactivation (Otterstedt et al., 1986; Furimsky et
al., 1999; Anand et al., 2012). .

This report discusses the production of transportation fuels (gasoline, kerosene, and diesel) by hydroprocess-
ing of aqueous-phase of pyrolysis oil obtained from de-oiled jatropha curcas seeds cake (JCC), by using sulfided
NiMo/Si0,-Al, 05 catalyst coated in a microchannel reactor. The microchannel reactor has advantages of portability,
easy scale-up, better heat and mass transfer characteristics, high reaction throughputs, and precise control of hydrody-
namics (Sinha et al., 2013). Transportation fuels can be produced by using small modular microchannel reactors (with
catalyst coating inside the channels) rather than using largely fixed bed reactors. Additionally, this process improves

the economics of processing bio-oils by utilizing its aqueous phase (containing ~ 30% inseparable soluble organics)
to produce hydrocarbon fuels.

2. EXPERIMENTAL DETAILS
2.1 Materials

Ammonium heptamolybdate tetrahydrate (NH4)sMo070,4-4H,0, nickel nitrate hexahydrate (Ni(NO;),-6H,O0, alu-
minum isopropoxide, aluminum acetylacetone, polyvinyl alcohol, dimethyldisulfide (DMDS), nitric acid, and ethyl
alcohol were purchased from Aldrich. HPLC grade water (Merck) was used as a solvent for synthesis. Refinery gas
oil was used for sulfidation from Mathura Refinery, UP, India. Bio-oil (BO) was produced in a tubular reactor (SS
314) as described earlier (Pankaj et al., 2016, Poddar gtal;; 2016).

2.2 Catalyst Preparation

The sol-gel method was used to synthesize silica-alumina support. Water and isopropanol (TPA) were mixed in 10:1
molar ratio at 318 K by constant stirring for 15 min. Then, colloidal silica and alumina suspended in isopropanol
were added slowly with constant stirring for 45 min at 353 K. Polyvinyl alcohol (PVA) (3%, as a binding agent)
was added consecutively, stirring for another 15 min. Mo metal precursor (NH4)sMo070,4-4H,0 (3.31 g) and Ni
precursor [Ni(NOs),-6H,0, (1.98 g) were added to the above-prepared alumina support solution to obtain a final
catalyst composition of 80% SiO,-AL, O3, 18% MoO3, and 2% NiO (wt %)]. Finally, nitric acid was added drop-wise
to peptize/deflocculate the silica-alumina sol, at pH 4 (Sinha et al., 2014). The final solution was stirred continuously
for 24 hat 353 K. The catalyst was filtered and dried at 393 K and calcined at 823 K for 6 h (heating rate, 1 K min~!).
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2.2.1 Catalyst Coating in the Microchannel Reactor

The 10-plate microchannel reactor was made of stainless steel grade 316 (SS316). Each plate had 28 channels (each
channel of size 50 mm x 0.5 mm x 0.25 mm) (Fig. 1). A synthesized catalyst was ball-milled and dispersed in
ethanol to obtain the wash-coat solution and coated inside the channels of each plate (with ~ 0.25 mm thickness).
Adhesion of the catalyst was tested by the drop test method. The plates were assembled using laser welding (Sinha et
al., 2013; 2018). The microchannel plates were pretreated and drop-tested after the catalyst coating to minimize the
possibility of catalyst/metal leaching from the plates during the reaction.

2.3 Experimental Setup

The 10 microchannel plates of the microchannel reactor (Fig. 1) were welded together by laser welding. The inlet and
outlet of the reactorwere welded to SS316 tubes (1/4”). Heating blocks with temperature controller were placed on
both sides of the reactor assembly. Thermocouples were used to measure the reaction temperature.

During catalytic experiments, precise control of the operating parameters such as temperature; pressure, and the
feed flow rate was maintained using the calibrated equipment. The activities were studied at different temperatures
and space velocities. A back pressure regulator was used to control the pressure of the system. The pressure of the
reactor was measured using pressure gauges. Mass flow controller (MFC) was used to measure H, flow in the reactor.
The gas-liquid product mixture from the reactor was separated using a liquid separator.

Sulfidation of catalyst was carried out in the same microchannel reactor before reactions by using 2.5 wt% of
dimethy! disulfide (DMDS) mixed in refinery gas oil (GO) at 30 bar of hydrogen pressure by gradually raising the
temperature from ambient to 593 K (10 K min~!). The aqueous phase of bio-oil obtained from de-oiled Jatropha
seed-cakes was filtered and hydroprocessed in the presence of the sulfided form of coated catalyst Ni-Mo(S)/SiO,—
Al Os5.

Liquid products were filtered with cellulose membranes (pore size 0.22 um) before analysis by gas chromatogra-
phy (GC). A Varian 3800 GC (Agilent) with a J&W VF-5ms column (Agilent: 30 m x 0.25 mm, 0.25 mm) and flame
ionization detection (FID) was used for the analysis of hydrocarbons. Errors up to 4 8% were observed and included
in the final results. Detailed hydrocarbon in liquid products (paraffins, naphthenes, aromatics, and poly-aromatic hy-
drocarbon) were analyzed by an Agilent 7890B 2D-GC (GC x GC; first dimension—nonpolar, DB-5 ms column, 30
m x 0.25 mm, 0.25 pm; second dimension polar, PAC column, 5 m x 0.25 mm, 0.15 um), with FID, MS, capillary
flow modulator, and ZOEX software. The relative yields of liquid hydrocarbon component were calculated and the
products identified (Table 1). Errors up to + 5% were observed and included in the final results.

Bio-0il (BO) containing water-soluble aqucous phase and nonaqueous bio-crude was produced in a tubular reac-
tor made up of SS 314 (inner diameter 7.5 cm and length 85 cm) by using slow pyrolysis technology. The pyrolysis
reactor was electrically heated'by a surrounding furnace, at 823 K temperature (heating rate 10 K/min) and ambient

FIG. 1: (Top) Microchannel plate, (bottom) microchannel reactor experimental set-up
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TABLE 1: GC-MS result of representative product

Hydrocarbons R.T. Area Pct Max Pct Total
Hexane: solvent
Undecane, 5-methyl- 20.559 246462 53.22 2.765
Dodecane 23.707 353987 © 7644 3.971
Undecane, 2,8-dimethyl- 26.556 371653 80.25 4.17
Dodecane, 2,6,11-trimethyl- 33.607 288495 [ g3 3.237
3,5-Dimethyldodecane 33.681 389924 84.2 4.375
Decane, 6-ethyl-2-methyl- 35.558 239281 51.66 2.684
Undecane, 4-ethyl- 35.631 377989 81.62 4.241
Nonane, 3-methyl-5-propyl- 37.433 305498 65.97 3.427
Hexadecane 37.506 446578 96.43 5.01
Heptadecane, 2,6,10,15-tetramethyl- 40.81 334594 H2.25 3,754
DCM: solvent
Nonane, 2-methyl-5-propyl- 26.705 251650 76.38 4.09
Pentadecane 29.256 327360 99.36 W21
Decane, 2,4,6-trimethyl- 31.508 205103 62.25 3.334
Hydroxylamine, O-decyl- 31.581 209444 63.57 3.404
Nonane, 2-methyl-5-propyl- 35.632 216480 655l 3519
Ether: solvents

Undecane, 4,7-dimethyl- 20.559 300744 54.22 1.378
Tridecane 23.706 378923 68.31 1.736
Tetradecane 26.63 449482 81.03 2.06
Decane, 5-propyl- 29.109 297939 53571 1.365
3,5-Dimethyldodecane 29.256 523201 94.32 2.39%
Pentadecane, 7-methyl- 31.581 467923 84.35 2.144
Tridecane 33.608 308767 55.66 1.415
Pentadecane, 2,6,10-trimethyl- 33.754 501852 90.47 2.3
Eicosane, 10-methyl- 33.828 293163 52.85 1.343
Dodecane, 2,7,10-trimethyl- 35.631 314725 56.74 1.442
Heptadecane, 2,6-dimethyl- 35705 467212 84.22 2.141
Pentadecane, 2,6,10-trimethyl- " ISR 466688 84.13 2.138
Eicosane, 10-methyl- 37.579 482012 86.89 2.209
Eicosane 39.306 481704 86.84 2.207
Tridecane, 7-propyl- 39.38 290449 52.36 1.331
Naphthalene, 1-methyl- 39.604 311709 56.19 1.428
Tridecane, 5-propyl- 40.957 339977 - 6129 1.558
Naphthalene, 2,3-dimethyI- 42.079 200157 36.08 0.917
Naphthalene, 1,7-dimethyl- 42.304 375586 67.71 1.721
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pressure in N, atmosphere. N, gas was used to maintain inert medium in the reaction system, to dilute the formed
pyrolysis vapors, to minimize char formation, and to prevent further reactions. Biomass (1 kg de-oiled Jatropha curcas
cake) was used for the reaction and N, gas (825 ml/min) was passed continuously through a gas meter, and pyrolysis
vapors were carried into a series of two condensers to condense the pyrolysis vapor to obtain the pyrolysis liquid

(water-soluble aqueous phase and non aqueous bio-crude). The non-condensable gases were vented off (Poddar et al.,
2016).

3. RESULTS AND DISCUSSION
3.1 Physicochemical Properties of Catalyst
3.1.1 BET NH,-TPD (acidity) and XRD analysis

Physicochemical properties (surface area, pore diameter, pore volume, and surface acidity) of the prepared SiO,—
Al O3 support and Ni-Mo/8i0,-Al120; catalysts used in the microchannel for the study of hydroprocessing of aque-
ous phase of pyrolysis.oil are listed in Table 2. Surface area, mean pore diameter, and pore volume of Si0,—Al,0;5
support was 377 m?/g, 8.6 nm, and 0.85 ml/g, respectively. After impregnation of Mo and Ni and calcination at 500°
C, both surface area and pore size were reduced. After impregnation, surface area, mean pore diameter, and pore
volume were 202 m?/g, 10.6 nm, and 0.5 ml/g, respectively. The mesoporous SiO,— Al,O5 support has a total acidity
of 0.77 mmol of NH; g=! catalyst Acidity of support is expected to result in different product yield and selectivity
due to cracking activity. Ni-Mo/SiO,—-Al,O; catalysts had a composition similar to the commercial hydrotreating
catalyst, which was used in the present study. I

X-ray diffraction (XRD) patterns were recorded using a PROTO XRD benchtop powder diffraction X-ray diffrac-
tometer with monochromatic radiation Cu Ko (A = 1.5418 A) by applying operating voltage of 34.6 kV used during
the analysis, and a current of 14.3 mA in the step scanning mode in the range 10° < 20 < 80° with a continuous scan
rate of 2.0 © C/min.

The powder XRD of NiMo/SiO,-Al, O3 catalyst shows that SiO,-Al, 03 is amorphous while characteristic peaks
of MoO; and NiO were not observed. A broad hump between 20 = 10-20° is ascribed to amorphous silica. Or-
thorhombic MoO3 peaks are not seen between 20 = 26-31°, indicating that the oxides are highly dispersed on the
support, and the sizes are smaller than the detection limit of XRD (< 3 nm). [3 1 1], [4 0:0], [4 4 0] peaks correspond-
ing to 'y-alumina phase are observed (Gloria et al., 2018; Rai et al., 2018).

3.2 Catalytic Studies

The oxygen content of the organics in the aqueous phase was reduced to trace amounts after hydroprocessing. The
water obtained after hydroprocessing contained a small amount of organic (< 5%). Stable activity during the study in-
dicated that there was no'significant catalyst leaching from the plates. Product distributions (yield %) for the hydropro-
cessing reactions of the aqueous phase of bio-oil at various temperatures (523-673 K), 70 bar pressure, space-velocity
(LHSV) of 1.0, and H,/ feed ratio of 1000 are provided in Fig. 2. The yield of gasoline (< C9) range hydrocarbons
increased rapidly from 3% to 4% by changing temperature from 523 K to 573 K, to a maximum of 60% at 623 K.
Gasoline (< C9) further decreased to 10%—15% at higher temperatures (648 K, 673 K). Kerosene yield (C9-C14)
decreased from 28% to 15% by changing temperature from 523 K to 573 K, and it increased from 35% to 40% by

TABLE 2: Physicochemical properties of mesoporous supports and catalysts

Physicochemical properties Si0,-Al, 03 Ni—-Mo/Si0,—-Al, 03
Surface area (m?-g—1) 236 202
Total pore volume (ml-g—1) 0.39 ' 0.5
Mean pore diameter (nm) 8.6 10.6
Surface acidity NH3 (mmol-g—1 cat) 0.77 -
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FIG. 2: Distribution of hydrocarbons [M gasoline (< C9), e kerosene (C9-C14),and A diesel (> C14)] in the products at various
temperatures (pressure, 70 bar; LHSV 1.0; Hp/feed: 1000 nL/L)

increasing temperature from 623 to 673 K. The yield of diesel hydrocarbons (> C14) increased rapidly from 5%
to 50% by changing temperature from 523 K to 598 K. However, further increase in temperature caused the diesel
yield to decrease rapidly to 20% at 673 K. As the reaction severity increased due to increasing reaction temperature,
the longer chain diesel range hydrocarbons cracked more, resulting in their reduced yields, while the yield of shorter
chain gasoline and kerosene increased. Due to several interconversion reactions of bio-oil molecules increasing and
decreasing trends are observed with change in reaction temperature. At a lower Hy/feed ratio of 500 the trends of
conversion were haphazard (Fig. 3), which could be caused by lower hydrogen content in the reaction system due
to which inter-conversion and oligomerization reactions are predominant. At this condition the product qualities are
poor, and reactor operation was difficult.

Figure 4 shows the distribution of hydrocarbons (gasoline (< C9), kerosene (C9—~C14), and diesel (> Cl4) in
the products at various liquid hourly space velocitics (LHSV) (Pressure 70 bar; temperature 648 K, and Hy/feed
ratio of 1000 nL/L). With increasing space velocities, the yield of gasoline (< C9) range hydrocarbons increased
from 5% (at 0.25 LHSV) to 35%—60% (at 0.5-1.25 LHSV). Maximum yield of gasoline (< C9) range hydrocarbons
(60%) was obtained at 0.75 LHSV, as aqueous bio-oil has predominantly oxygen containing smaller hydrocarbons.
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Lower LHSV (i.e., at higher contact time) may favor intermolecular oligomerization reactions and hencethe gasoline
yields are lower. The yield of kerosene (C9-C14) range hydrocarbons reached maximum (45%) at the highest studied
LHSV of 1.25, from 30% at 0.25 LHSV. Additionally, with increasing space velocity (0.25 to 1.25), the longer chain
hydrocarbons (> C14) yield decreases from 65% (at 0.25 LHSV) to ~ 20% at 0.75-1.25 LHSV. These differences
in the distribution patterns of various products are due to differences in the relative rates of formation of various
products. The diesel range product (> C14) may be obtained by the oligomerization of smaller bio-oil molecules.

Figure 5 indicates the distribution of hydrocarbons (gasoline (< C9), kerosene (C9-C14), and diesel (> Cl4))
in the products at various hydrogen/feed ratios (pressure 70 bar; temperature 598 K; LHSV 1.0). The yield of diesel
(> C14) range compounds decreased from ~ 50% at H,/feed ratio of 500, 1000 to ~ 2-5% at H,/feed ratio of 2500,
4000. This drastic decrease could be due to the high linear velocity of feed and hydrogen in the reactor. The kerosene
(C9—C14) range hydrocarbons increased from 40% to 50% with an increase in Hy/feed ratio from 500 to 4000. The
gasoline (< C9) range hydrocarbons increased from 7% to 95% with an increase in Hy/feed ratio from 500 to 2500.
This could be due to the hydrocracking of higher oxygenated hydrocarbons to the lower one. Such a large variation
in the product yields with a change in H,/feed ratio could be due to a large change in linear velocity of the reactants
(H, and feed) in the very narrow microchannels. As the catalyst is coated inside the microchannels, the flow conditions
are not completely plug-flow type (unlike packed bed reactors) and hence such prominent effect of hydrogen flow is
observed, unlike that of fixed bed reactors (Sinha and Rai, 2018).
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The distribution of hydrocarbon types (alkanes, cycloalkanes, aromatics, PAH, residue, and unreacted feed) in
hydroprocessed products at various space velocities (LHSV) (pressure, 70 bar; H,/feed ratio, 1000; temperature,
648 K) are seen in Fig. 6. The alkanes yield decreases rapidly from 65% (at 0.25 LHSV) to 20% (at 1.25 LHSV) when
LHSV is reduced. Simultaneously, the unreacted compounds increase from 0% to 70% as the LHSV increases from
0.25 to 1.25. The results indicate that very low space velocity is required for complete conversion of the compounds
present in the aqueous phase of bio-oil. The residues in the product decrease from 30% to 10% with an increase in
LHSV from 0.25 to 1.25. The PAH formation remains below 5% at all studied space velocities, while the formation
of aromatics and cycloalkanes is negligible. :

Figure 7 shows the distribution of hydrocarbon types (alkanes, cycloalkanes, aromatics, PAH, residue, and un-
reacted compounds) in the hydroprocessed products at various temperatures (pressure, 70 bar; LHSV, 1.0; Hy/feed
ratio 1000). Maximum conversion of feed (75%) is observed at 573 K, but the formation of undesired PAH (10%)
and residues (20%) are very high. Maximum alkane formation (50%) is observed at 597 K. The results indicate that
the feed conversion is maximum in a Very narrow temperature range around 573 K.

Figure 8 shows the distribution of hydrocarbon types (alkanes, cycloalkanes, aromatics, PAH, residue, and un-
reacted compounds) in hydroprocessed product at various Hy/feed ratios (pressure 70 bar; LHSV 1.0; temperature
598 K). The figure shows that at 1500 and higher Hy/feed ratios, the conversion is very low (> 80% unreacted com-
pounds). Only at 1000 Hs/feed ratio, the conversion is ~ 65%. As the catalyst is coated inside microchannels, the

flow conditions are not completely plug-flow type, and hence hydrogen flow increase (higher Hy/feed ratio) would
reduce the effective utilization of catalyst for conversions (Sinha and Rai, 2018).
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4. CONCLUSIONS

Hydroprocessing of the aqueous phase of bio-oil (BO) obtained from pyrolysis of de-oiled jatropha curcas seeds cake
(JCC) with sulfided NiMo catalyst supported on mesoporous silica-alumina and coated in a microchannel reactor is
a promising route for producing transportation fuels. Complete deoxygenation of the organics in the aqueous phase
was achieved. The water obtained after hydroprocessing contained < 5% organics, indicating that > 95% of organics
in the aqueous phase of bio-oil was converted into useful products.

Products obtained from hydroprocessing contained 5%-45% gasoline (< C9), 5%-60% kerosene (C9—C14), 15—
40% diesel (> C14), with 15-65% alkanes, 0-5% polyaromatic hydrocarbons (PAH), negligible cycloalkanes and
aromatics, with 30%-75% unreacted, and residues under reaction condition of temperature 523—-673 K, LHSV 0.25—
1.25, H,:feed ratio 5004000, and at fixed pressure of 70 bar. Maximum hydrocarbon yield (~ 65%) was obtained at
648K, 0.25 LHSV, and 70 bar, with 35% undesired residues and PAH.
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ARTICLE INFO ABSTRACT

Keywords: Hydroprocessing of neutral lipids extracted from Nannochloropsis sp. algal biomass was studied over sulfided
Marine microalgae cobalt molybdenum phosphorus/aluminium oxide (CoMoP/Al,05) catalyst in a batch reactor at 300-375 °C with
Lipid H, at 50-120 bar. A clear light yellowish green product was obtained, containing 6-26% gasoline, 35 50%
Hydroprocessing

Hydrocarbons kinetics
Activation energy

kerosene, 8-40% diesel, with 10-80% alkanes, 1-10% cycloalkanes, and 5-35% aromatics, with a maximum of
10% char formation in the process. Power law kinetic model was validated with experimental results. A kinetic
study shows a pseudo 1st order reaction with respect to the neutral algae lipids oil concentration, with the

activation energy for algal oil conversion over CoMoP/Al,O5 catalyst was 14.96 kJ/mol. Activation energies for
the formation of diesel (125 kJ/mol) and kerosene (146 kJ/mol) were higher than for the heavy hydrocarbons
such as PAH (7 kJ/mol) and alkanes (64 kJ/mol) products.

1. Introduction

There is much continued interest in the sustainable production of
renewable biofuels to displace fossil fuels. These renewable biofuels are
being developed broadly considering two key factors: 1) minimizing
competition with food production and 2) compatibility with current
infrastructure [1,2]. First generation biofuels, i.e., ethanol and biodiesel
from sugar or starch and vegetable oils respectively, requires the cul-
tivation of crops on land that could be otherwise used for food pro-
duction [2]. In contrast, second generation biofuels can be produced
either from crops or food wastes. These include biodiesel from waste oil
or tallow and lignocellulosic ethanol from forestry or crop wastes. More
recently, algae have been considered as a promising feedstock for third
generation biofuels, as they can be produced at high productivity on
otherwise non-arable land. Moreover, many algal biomasses can be
cultivated to have high oil (triacylglyceride) content, and can produce
oil at much higher productivity than other land-based oil-crops [3,4].
These are a hydrophyte containing chlorophyll without stems and roots
and are categorized into two verities, based on size, i.e., macroalgae
(seaweed) and microalgae [5]. Algae can be cultivated in the non
agricultural land by using any kind of water (brackish, salty, west
water, open ponds or in closed photobioreactors) with ample nutrients.
They grow rapidly compared to other crops and plants, and its volume
and size get double in just 24h by consuming CO, as a feed [4-6].

* Corresponding author.
E-mail address: asinha@iip.res.in (A.K. Sinha).
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Unfortunately, the conventional biofuels produced from these crops,
ethanol, and biodiesel, require engine modification for their use in
present vehicular engines. There is a need to develop second and third
generation biofuels that are compatible with current infrastructure.

Currently, mainly three approaches are being used to produce algae
based biofuels. The first process involves extracting lipids from algal
biomass cell, followed by the transesterification of triglycerides (TAGs)
and alcohol into fatty acids alkyl esters (biodiesel). The second tech-
nique employs hydrothermal liquefaction (HTL) at high pressure
(50-200 bar) and temperature (250-450 °C) to produce water-insoluble
bio-crude oil [7]. The third technique is pyrolysis, which thermally
degrades algae biomass at 300-700 °C in the absence of oxygen, re-
sulting in the production of bio-oils (aqueous and organic phase), solid
residue (char/coke), and gases (bio-gas). These processes require the
final bio-oil/crude to be upgraded using hydrogen, before being used in
conventional transportation engines. Hydroprocessing of the bio-oil/
crude may produce drop-in biofuels which are compatible with engines
and can be used directly without any upgrading.

Many researchers have studied the hydroprocessing of bio-crude
produced via hydrothermal liquefaction of algae over various catalysts
including sulfided CoMo/y-alumina, HZSM-5 at temperatures between
400 and 500 °C. Transportation oil produced between 55 and 85%,
however, yield decreases on increasing temperature. The highest re-
ported yield was achieved using a combination of Ru/C and Raney/Ni

Received 3 February 2018; Received in revised form 20 July 2018; Accepted 29 August 2018

0961-9534/ © 2018 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/09619534
https://www.elsevier.com/locate/biombioe
https://doi.org/10.1016/j.biombioe.2018.08.011
https://doi.org/10.1016/j.biombioe.2018.08.011
mailto:asinha@iip.res.in
https://doi.org/10.1016/j.biombioe.2018.08.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2018.08.011&domain=pdf

M.K. Poddar et al.

catalysts [8-11].

Today, the direct conversion of algae lipids to drop-in fuels has yet
to be investigated. In comparison to hydrothermal liquefaction, the
extraction of algae lipids allow the other valuable biomass components,
in particular, the proteins, pigments, and long-chain polyunsaturated
fatty acids, to be recovered [12]. The direct conversion of these lipids to
a drop-in fuel would be a major improvement over the conventional
approach of conversion to biodiesel via transesterification.

The lipids extracted from microalgae using a wet extraction process
are predominantly triacylglycerides, but also contain waxes, sterols,
free fatty acids, monoglycerides, diglycerides, phospholipids, glycoli-
pids and chlorophyll as impurities. It is therefore of interest to de-
termine whether a catalytic process can be developed, that can suc-
cessfully convert this complex feedstock to suitable drop-in fuels. This
study investigates for the first time the hydroprocessing of crude lipids
extracted from the commercially relevant marine microalga
Nannochloropsis sp. over a sulphided form of CoMoP/Al,O3 catalyst
[13].

2. Experimental details
2.1. Catalyst preparation

The catalyst CoMoP/Al,O5; was prepared by conventional wet im-
pregnation method on commercial mesoporous extrudates of y-Al,O3
(BET surface area = 298m?g’, BJH pore size = 6.1 nm, pore vo-
lume = 1.1mlg™"). 1.89¢ of (NH4)¢M0,0,4.4H,0, as molybdenum
precursor, 1.55 g Co (NO3),.6H,0 as cobalt precursor and 0.16 g of 85%
aqueous H3PO, as Phosporous precursor were used during catalyst
synthesis. An ammonical solution of molybdenum precursor, an aqu-
eous solution of cobalt precursor, were added over 7.9 g of moisture
free y-alumina to prepare 16%Mo, 4%Co, 1%P. Each metal precursors
were added sequentially after overnight drying at 120 °C. After drying
the final prepared catalyst was calcined at 550 °C for 6 h in a muffle
furnace with a heating rate of 1 °C min "~ 1 113]. All precursors, toluene
and dimethyl disulphide (DMDS) were purchased from (Sigma Aldrich).
Refinery gas oil was taken from Indian Oil Corporation, Mathura re-
finery. High performance liquid chromatography (HPLC) grade water
was taken as a solvent for synthesis [13].

The surface area of the catalyst was measured using the
Brunauer-Emmett-Teller (BET) method with nitrogen (N,) adsorption
isotherm at —196 °C using BELSORP-max Microtrac (Japan) apparatus.
Before analysis, the catalyst sample was degassed at 250 °C under va-
cuum. The pore size was calculated from the desorption isotherm using
the Barrett, Joyner, and Hallender (BJH) method. The Sample for
transmission electron microscopy (TEM) was prepared by deposition of
the catalyst, suspended in isopropanol, on a copper grid. TEM images
were recorded using a Tecnai G2 (FEI) Instrument, operating at 200 kV.
Deposited metals (Co 4%, Mo 16%, and P 1%) were determined using
an inductively coupled plasma atomic emission spectroscopy (ICP-AS)
method on a PS 3000 UV (DRE) (Teledyne Leeman Labs, Inc., USA)
[13].

2.2. Lipid (TAGs) extraction from ruptured microalgae biomass

The feed for the reaction was a neutral lipid extract, obtained from
multiple batches of Nannochloropsis sp. algal biomass [14]. The fatty
acid composition of the saponifiable lipids in the extract was mostly
palmitic acid (C16:0) and palmitoleic acid (C16:1) and included some
longer chain polyunsaturated fatty acids including eicosapentaenoic
acid (C20:5n3) as previously presented. The biomass was produced and
concentrated to ca. 25% w/w solid as previously described [14]. The
cultures were deprived of nitrogen for approximately 10 days to allow
accumulation of TAG in the algae. Before lipids extraction, the micro-
algal cells were weakened by incubated at 37 °C for approximately 24 h
and then ruptured by a single pass through a GEA Panda 2K NS1001L
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high pressure homogenizer (GEA NiroSoavi, Parma, Italy) at 1000 bar
previously described [14]. The neutral lipids were preferentially ex-
tracted by twice contacting with hexane, and the lipids containing
hexane was recovered from the de-lipidated biomass by centrifugation,
the hexane was removed from the lipids by evaporation, and the lipids
stored at —20°C [14].

2.3. Lipid conversion

The lipids extract was hydroprocessed in stainless steel (SS) cy-
lindrical reactor of 25 ml capacity, with a magnetic drive stirrer (model
4590, Parr Instrument Co., Moline, IL, US), heated by an electric heater
and the temperature controlled using a PID controller (Model 4848,
Parr Instruments, IL, US). 7 g of the lipids feedstock was added along
with 10 wt% of the sulfided catalyst CoMoP/Al,O3 into the reactor.
Sulfidation was done in same reactor prior to the reaction, using 2.5 wt
% of dimethyl disulphide (Sigma-Aldrich) mixed in refinery gas oil, at a
H, pressure of 40 bar, by gradually raising the temperature from 100 °C
to 350 °C temperature (at 10 °C min~ ) which was then maintained for
12h with constant stirring at 680 rpm [13]. Prior to commencing the
reaction, high purity hydrogen gas was used to purge the reactor vessel
five times, and build up a pre-set initial pressure of 10 bar at room
temperature. During the reaction, the liquid sample was drawn in every
2h and cooled before analysis for the kinetic calculation. After the re-
action, the reactor was cooled to ambient temperature. The overall
material balance was recorded, which confirmed minimal loss occurred
during the experimental measurement and the formation of a different
type of solid (char/coke)/liquid/gases products. Based on the material
balance, an estimated experimental and measurement uncertainty of
10% has been included in the results as an error bar.

The final reaction temperatures (300 °C, 325 °C, 350 °C, and 375 °C)
were achieved by heating gradually (10 °C min~!) while the reaction
pressure (50, 75 and 120 bar) was achieved by the addition of external
hydrogen gas pressure to maintain desired reaction condition. The
temperature and pressure were increased to the desired reaction con-
dition after sample collection. The quantity of liquid feed (lipids), liquid
products, catalyst, and coke/char, were measured using a weight bal-
ance with a precision of = 0.01 g. Catalyst and coke/char deposited on
the catalyst surface were measured after rinsing with toluene to remove
the unreacted feed and deposited hydrocarbons. The amount of char
formed was measured after subtraction of the catalyst amount loaded in
the reactor. The amount of gases formed/consumed were determined
from the difference in the weight of the reaction vessel, containing the
reaction mixtures, before and after the reactions.

Liquid products obtained during the reaction were filtered using
cellulose membrane (pore size 220 um) and then analyzed and quan-
tified using gas chromatography and simulated distillation by GC
(Varian 3800 GC, with a J&W VF-5ms column (Agilent; 30 m - 0.25 mm,
0.25 mm) and flame ionization detection (qFID). Simulated distillation
was done in accordance to ASTM D 2887 to quantify wt% of different
boiling range compounds of product. GC was calibrated by using
standard hydrocarbon sample for equipment calibration and retention
time and concentration accuracy. The yield of various liquid product
components was calculated on a relative basis considering the entire
range of liquid products formed as 100%. The relative yield has been
reported based on the relative amount of gas, liquid, and char pro-
duced. Liquid products distribution were quantified on the basis of
hydrocarbon chain length: gasoline (< C9 hydrocarbons), kerosene
(C9-C14 hydrocarbons), diesel (C15-C18 hydrocarbons) and heavy oil
(> C18 hydrocarbons).

Detailed hydrocarbons analysis (alkanes, cycloalkanes, aromatics
and polyaromatic hydrocarbon) were done using an Agilent 7890B 2D-
GC (GC x GC; first dimension—nonpolar, DB-5 ms column,
30 m X 0.25 mm, 0.25 pm; second dimension polar, PAC column,
5m X 0.25 mm, 0.15 pm), with FID, MS, capillary flow modulator and
ZOEX software. Two column systems were used to separate various
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components present in the product. 2D-GC*GC-qFID was calibrated
using standard gravimetric blend standard from Analytical Controls by
PAC (PNA in AVTUR reference, Part No 00.02.717 Lot No. Lot-001),
which helped in qualitatively as well as quantitatively establishing
different classes of product formed, i.e., alkanes, cycloalkanes, aro-
matics and polyaromatics in different products. GC/MS has been done,
Model No. Agilent Technologies 5977 A MSD, shows the highest se-
lectivity towards pentadecane and hexadecane in the liquid products.
Hydrogen consumption was calculated based on gas phase analysis
using refinery gas analyzer (Agilent technologies 7890A gas chroma-
tography) results. The gas analysis was done after the completion of
reaction (after 6 h), twice for confirmation and repeatability. The RGA
was calibrated using a calibration standard provided by My/s
Hydrocarbon Solutions (India) Pvt. Ltd. (Sample Code €C4339, Cylinder
No M1607003022) prior to analysis.

Kinetic evaluations were carried out using the power law kinetic
model, and the Arrhenius equation was then used for calculation of
activation energy [15-18]. Considering the pseudo first order of the
reaction for lipids conversion [15,16], rate equations for the conversion
of lipids into different products were made. Rate constants were then
evaluated by plotting the logarithmic plot of concentration vs. time at a
particular reaction temperature. The slope of the graph gave the rate
constant value at different temperatures, which was then used to find
the activation energy according to the Arrhenius equation [15-18].

3. Results and discussion
3.1. Catalyst characterization

The BET surface area and pore volume of the sulphided catalyst
were found to be 298 m?/g and 0.5ml g~ ! respectively. BJH analysis
(mean pore size) showed a narrow pore size distribution with a mean
pore size of 7.0 nm (Supporting Fig. 1).

Many researchers have identified the monolayer morphology of
MoS, slabs with 5-8 nm length visible in micrographs of sulphided
CoMo/Al,05 catalyst [16,17]. This indicates that monolayer of CoMoS
clusters exists in the active phase, with a slab-like morphology of MoS,
on Al,O5 support [17]. In our case, after doping P on CoMo/Al,03, a
multi-layered (3-5 layers) morphology of CoMoS with a 10-50 nm
length and ~ 0.6 nm interlayer spacing can be observed in the TEM
image in Fig. 1 [13]. Our earlier work has also showed that CoMoP/
Al,O3 catalyst was more active than CoMo/Al,O5 catalyst [13]. Hence,
we have used a CoMoP/Al,O5 catalyst in the current study due to its
better performance.

The catalyst modified by P works in two ways: there is an increase in
active sites by enhanced metal dispersion, and there is an increase in
the Bronsted acidity. Mo interacts preferentially with the P-OH group
on P-added vy-alumina, and additionally, the other surface hydroxyl
become more reactive with Mo in the presence of P [18-20]. It was also
observed that the catalyst prepared by impregnating P on CoMo/Al,03,
was more active than the P-free catalyst [21]. MoP/Al,0O3 was tested for

Fig. 1. TEM image of the S-CoMoP/Al,Oj catalyst.
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Fig. 2. Distribution of hydrocarbons [m gasoline (< C9), * kerosene (C9-C14),
A diesel (C15-C18), and ¥ heavy residue (> C18)] in the products at various
temperatures (cat: feed ratio 1:10; pressure 50 bar).

the catalytic activity in the HDN reaction for some model compounds; it
was found that the intrinsic HDN activity of the surface Mo atom was
about 6 times higher than that of Mo edge atom in MoS,/Al,05 [21,22].
Deposition of P metal forms Lewis and Brgnsted acid sites on the cat-
alyst surface, making the compound accessible for easy reducibility and
sulfidation. It increases the Mo dispersion due to enhanced solubility of
molybdate by the formation of phosphomolybdate complexes, and it
increases the stacking of MoS, crystallites and changes their mor-
phology [18,19].

3.2. Catalytic studies

The hydroprocessed product was obtained as a clear transparent
light yellowish green liquid after hydroprocessing of the opaque algal
oil/Lipids (Supporting Fig. 2.). Fig. 2 shows the influence of reaction
temperatures on the lipids conversion and relative yield of various
hydrocarbons. The unconverted lipids were nearly 60% in the liquid
products for the reaction at 300 °C. However the concentration of un-
converted lipid rapidly decreased to zero at a reaction temperature of
375°C.

Fig. 3 shows the products (liquid, solid and gases) distribution (yield
%) as a function of H, pressure (50-120 bar) over S-CoMoP/Al,O3, at a
reaction temperature of 375°C for which the lipid conversion was al-
ways > 99%. The liquid products yield decreased linearly with pres-
sure, with a maximum liquid yield (78%) obtained at 50 bar H, pres-
sure. This yield decreased to 9% at the higher pressure of 120 bar. The
hydrocarbon gases yield increased exponentially from 22% to 80% with
an increase in pressure from 50 bar to 120 bar. These results, clearly
indicate that lower pressure (around 50 bar) are favorable for max-
imizing liquid hydrocarbon/hydrogenation, while higher pressure fa-
vors cracking at 375 °C of reaction Temperature.

The influence of pressure on cracking was also observed in the
distribution of hydrocarbon, as shown in Fig. 4. The gasoline (< C9)

80 —

liquid

70 H
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40 -

30 A

20

relative mass yield (%)

10 4

T T T 1
20 110 120 130

pressure/bar

100

Fig. 3. Yield (%) of the products (liquid, gases and solid char) at various H,
pressures at 375 °C (reaction time of 6 h; cat: feed ratio of 1:10).
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Fig. 4. Distribution of hydrocarbons [m gasoline (< C9), « kerosene (C9-C14),
A diesel (C15-C18), and V¥ heavy residue (> C18)] in the products at various
H, pressures (temp. 375 °C; cat: feed ratio 1:10; reaction time 6 h).

yield increased exponentially from 6 to 27% on increasing the pressure
from 50 bar to 120 bar. The kerosene (C9-C14) yield changed para-
bolically from 36 to 50% on increasing the pressure. Minima (at 27%)
can be observed in the kerosene (C9-C14) yield at around 75 bar. The
diesel (C15-C18) and heavier hydrocarbon (> C18) yield increased
linearly from 39 to 42% and from 19 to 23%, respectively, on changing
the pressure from 50 to 75bar. The diesel (C15-C18) and heavier
(> C18) hydrocarbon yield decreased sharply from 42 to 8% and 23 to
15% respectively, indicating that severe hydrocracking occurs with an
increase in pressure.

Varying the pressure had a significant impact on the hydrocarbon
types in the liquid product (Figs. 4 and 5). The alkane component
was > 80% at or below 75 bar and then decreased rapidly above this
pressure, decreasing to 8% at 120 bar (Fig. 4). Polyaromatics and
Aromatics yields were constant at 5% at or below 75 bar, but increased
rapidly to 60% and 36%, respectively at 120 bar. This trend for the
polyaromatics and aromatics was similar to that of the < C9 and C9-
C15 yield above 75bar (Fig. 3). The increase in aromatics may be
correlated with the increase in cracking activity, which favors ar-
omatization at higher pressure. The cycloalkanes yield was slightly
higher than that of the aromatics and polyaromatics at or below 75 bar
pressure, but it decreased to 1% at 125 bar from 10% at 75 bar (Fig. 4).
Based on results presented in Figs. 3-5, it may be concluded that the
reaction at 50 bar and 375 °C was the best for product formation; to
minimize undesired coking and to prolong the catalyst life. Simulated
distillation results indicated that 6% of the compounds were formed in
the gasoline range (IBP-135 °C), 65% of the compounds were formed in
kerosene range (135-260 °C) and 29% of compounds were in the diesel
range (260 °C - FBP) at 375°C and 50 bar H,. 2D-GCXGC results in-
dicated the formation of 87.47% alkanes, 9.67% cycloalkanes, 0.18%
aromatics and 2.48% polyaromatics under similar conditions.

Table 1 Indicates the gas phase analysis of products at 350 °C,
375 °C, and 50 bar H,. Hydrogen consumption, at 50 bar H, pressure,

100 —
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40
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relative distributions of types of hydrocarbons (%)

pressure (bar)

Fig. 5. Distribution of hydrocarbon types (m alkanes, * cycloalkanes, A aro-
matics, and W polynuclear aromatics) in hydroprocessed products at various
H, pressures (temp. 375 °C; cat: feed ratio 1:10; reaction time 6 h).
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Table 1
RGA data for Hydroprocessing of algae Lipids at 350 °C and 375 °C at 50 bar H,.
Reaction % gases
Condition
Consumed Evolved
Temp. (°C) H, H, CO, Cco C3Hg  C1-C5 (except
(bar) (=5) (x5 ((£5) (*=5) GCsHy)
(£5)
350 50 15 4.79 0.30 2.18 121
375 50 30 19.01 0.61 5.41 14.2

was found to be approximately 15 + 5% at 350 °C, while on increasing
temperature to 375 °C, the consumption increased to 30 * 5%. The
increase in hydrogen consumption at higher temperatures indicates
increasing in hydrocracking reactions, also evident from increasing C1-
C5 hydrocarbons under these conditions Table 1 Increase in CO/CO,
concentration at 375 °C temperature as compared to 350 °C temperature
indicates an increase in C-C cracking reactions as compared to C-O bond
cracking reaction on increasing reaction temperatures (Table 1).

Based on the above results, the mechanism for removal of oxygen
content in the lipids are cracking (catalytic cracking), hydro-
deoxygenation (HDO), and decarboxylation/decarbonylation (removal
of oxygen to form CO,/CO). First C=C bond in the alkyl chain gets
hydrogenated, and then C=0 of fatty acids, propane (Table 1) are
produced through the hydrogenolysis of saturated triglycerides fol-
lowed by the hydrodeoxygenation of fatty acids to alkanes [18,23]. The
degree of hydrocracking/hydrotreating of the feed into pure hydro-
carbons was always > 99% in this study which was confirmed by GC/
MS analysis, which showed the absence of oxygen and nitrogen con-
taining compounds. GC/MS shows the highest selectivity towards
pentadecane and hexadecane in the liquid hydrocarbons without any
oxygen or nitrogen containing product hydrocarbon.

A study of hydroprocesing of lipids extracted from Botryococcus
braunii algae over CoMo/Al,O3 catalyst (without P promoter) showed
that only 15% kerosene (jet fuel) (C9-C14) was obtained even at higher
temperature and pressure (400 °C and 200 bar respectively) [24]. Cat-
alyst life is dependent on char/coke deposition rate. Catalyst deacti-
vation was mainly due to the deposition of coke on the catalyst. Char/
coke formation over the P promoted catalyst was nearly 10 times lower
than that over catalyst without P as a promoter, which indicates that
the P promoted catalyst has better catalyst life [20].

In the mechanism for direct deoxygenation, vacant sites are created
by the removal of hydrogen sulphide in the presence of H,. Hydrogen,
activated by heterolytic dissociation forming one S-H and one Mo-H
group; with oxygen in the feed material adsorbing onto the vacant sites.
An adsorbed carbocation is formed after the donation of a proton from
the S-H group. This intermediate undergoes direct C-O bond cleavage
and generates a deoxygenated product. The vacant sites are recovered
by the formation of H>O from the adsorbed OH and H group [18].

The distribution of hydrocarbon types (gasoline, kerosene, diesel
and heavy hydrocarbons) at 325 °C and 50 bar H, (Fig. 6), shows that
kerosene (C9-C14) yield increased as the reaction time progressed,
reaching a maximum (up to 56%) after 8 h. However, the gasoline yield
formed maxima (24%) at a reaction time of 4 h, while the diesel range
hydrocarbon formed minima (~20%) at 5h and the heavy hydro-
carbon yield continuously increased with time of reaction. This hap-
pened because, the conditions were not severe enough for cracking,
slight cracking leading to the formation of the kerosene range of hy-
drocarbon.

The hydrocarbons distribution at 350 °C and 50 bar H, at various
reaction time are shown in Fig. 7. It can be seen that at a reaction time
of 6h the gasoline (< C9) product formed minima (46%). It can also
seen that the gasoline yield was doubled by increasing the reaction
temperature by 25 °C (325-350 °C). However, the kerosene (C9-C14)
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Fig. 6. Distribution of hydrocarbons [m gasoline (< C9), * kerosene (C9-C14),
A diesel (C15-C18), and V¥ heavy residue (> C18)] in the products at various
reaction times (temp. 325 °C; cat: feed ratio 1:10; pressure 50 bar).
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Fig. 7. Distribution of hydrocarbons [m gasoline (< C9), * kerosene (C9-C14),
A diesel (C15-C18), and V¥ heavy residue (> C18)] in the products at various
reaction times (temp. 350 °C; cat: feed ratio 1:10; pressure 50 bar).

yield increased linearly to 41% after a reaction time of 6 h. The higher
hydrocarbon (> C18) and diesel (C15-C18) yield, form maxima of 18%
and 9% respectively. The higher hydrocarbon yield decreased by almost
4% on increasing the temperature from 325 to 350 °C in Figs. 6 and 7. It
may be concluded that a reaction time 4-6 h is optimal.

3.3. Kinetic studies

The apparent activation energy for the conversion of algae oil
(Lipids) and its hydroprocessed product was calculated by Arrhenius
plot [25]. The activation energy signifies the amount of energy required
for conversion of lipids. Lower activation energy indicates reduced
conversion temperatures and in-turn less energy requirement. Algal oil
(neutral lipids) has a lower activation energy (14.96 KJmol') as com-
pared to that for Jatropha oil (26 kJmol™) [15-18] over CoMoP/Al,O4
catalyst, indicating improved conversion of algal oil lipids at low
temperature, and less energy requirements when compared to Jatropha
oil lipids [15,16].

The apparent activation energy for the formation of diesel (125
KJmol™?) is less than kerosene (146 KJmol ™), while apparent activation
energy for the formation alkanes and polyaromatics hydrocarbons are
64 KJmol™' and 7 KJmol™ respectively. In comparison, the reported
activation energy for Jatropha oil hydroprocessing over CoMoP/Al,O3
catalyst was 26 kJmol™?, and those for kerosene, diesel, and heavier
hydrocarbons formation were 83, 127 and 47 kJmol ™ respectively [15].

4. Conclusions

Algal lipid was successfully hydroprocessed over sulfided CoMoP/
Al,O3 catalyst. The results show that almost complete conversion of
neutral lipids was achieved (375 °C and 50 bar H,), by forming 6% of
gasoline, 35% of kerosene, and 87% of alkanes. Pressures of 50 bar and
temperatures of 375 °C were the best for minimizing undesired coking,
and to prolong the catalyst life. Increased formation of aromatics (35%)
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and cycloalkanes (10%) during the hydroconversion of marine micro-
algae Nannochloropsis sp. was observed indicating a new alternative
renewable source for the petrochemical industry. Algal oil neutral lipids
followed a pseudo 1st order kinetics and required less energy (14.96
KJmol?) when compared to Jatropha oil lipids for hydroconversion
over CoMoP/Al,O3 catalyst.
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