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This thesis is dedicated to the investigation, and development of catalysts for
catalytic hydrotreating of biomass-based oil with the aim of producing high quality
liquid fuel from non-edible biomass.

Ni metal supported on alumina (Ni/y-Al2O3) catalysts were prepared and
tested for hydrotreating activity of algae bio-crude oil produced from hydrothermal
liquefaction of Nannochloropsis sp. In addition, the effect of Cu and Re addition on y-
Al>O3 supported Ni catalyst were investigated for the same purpose. The reaction was
performed in high pressure batch reactor setup at 350 °C, 75 bar H», and reaction time
of 4 h, using the different Ni-based catalysts including Ni/y-Al>O3, Ni-Cu/y-Al>O3, Ni-
Re/y-Al20s and Ni-Cu-Re/y-Al203, (10%Ni, 5%Cu, 2.5%Re) were used in upgrading
of the bio-crude oil. Several characterization techniques including N2-physisorption,
temperature program reduction (H2-TPR), X-ray diffraction (XRD), scanning electron
microscope equipped with energy dispersion X-ray spectroscopy (SEM-EDS), and
transmission electron microscopy (TEM) were employed to unravel the composition,
morphology, and properties of the prepared catalysts. Upgraded bio-oil vyield,
elemental content (CHNS/O), and oil properties were here used to point out the
activity of the catalysts. In addition, the chemical compositions of upgraded bio-oil
were identified using GC-MS to address the effect of Cu and Re promotion on the
catalytic activity and also selectivity.

Most catalytic systems could effectively eliminate S and decrease the N and
O contents, and enhance more than 20% improvement in the higher heating value
(HHV) of the bio-oil (34 to 41-45 MJ/kg). Ni-Cu-Re/y-Al20Os ternary alloy offered the
best results on the overall performance, achieving the highest upgraded bio-oil yield
of 58 wt. %. Moreover, the carbon efficiency and overall energy recovery (ERoveran)
including ER from biomass algae to bio-crude oil (ERnTL) and ER from bio-crude oil
to upgraded bio-oil (ERupgrade) are calculated. Finally, the reaction pathways for the
formation of different hydrotreated products catalyzed by mono-, bi-, and tri metallic
Ni-Cu-Re have been proposed.

The behavior of the prepared catalysts during the hydrotreating reaction was
studied by performing in continuous down-flow packed-bed reactor. In this part,
Pongamia pinnata (P. pinnata) oil was used, representing the non-edible triglyceride-
based oil. All the catalysts revealed good deoxygenation and hydrogenation activity,
which enabled liquid fuel yield of 65-77 % which are mainly in diesel boiling range
product. The constantly 100% conversion of Pongamia pinnata oil along 15 h time on
stream under 330 °C, LHSV 1 h, 50 bar H, and continuously flow of hydrogen,



demonstrating the high potential of prepared supported Ni catalysts in
hydrodeoxygenation (HDO). The carbonaceous deposition occurred during the HDO,
which could be a majority cause for loss of catalyst surface and active site toward
catalyst deactivation. The addition of Cu and Re could inhibit the coke formation with
their synergistic effect.

However, the process for testing and screening of numerous catalysts can be
costly and time-consuming due to highly energy-intensive and required significant
amount of feedstock and catalyst. Coking has been reported as the most prevalence
cause of catalyst deactivation in other hydrodeoxygenation studies, and it was also
evident in this work. Typically, the accelerated coking deactivation was performed via
chemical or thermal aging. In this research, novel facile aging method was proposed
by intermittent feed of hydrogen for hydrodeoxygenation reaction. The fresh and
spent catalysts of continuous and intermittent hydrogen feed were analyzed by N2
sorption, XRD, and TGA-DTG-DSC, which exhibited that coke formation were a
reason of this rapid catalyst deactivation. Moreover, this accelerated deactivation
technique does not alter the reaction pathway as the contribution of DCOx and HDO
reactions are almost the same.
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CHAPTER 1

INTRODUCTION

1.1 Statement and Significance of the Problems

Recently, the world’s energy consumption continuously increases, especially
for non-OECD countries which increase nearly 70% between 2018 and 2050.
Petroleum has been the largest source of fossil-based energy for the world and the
primary transportation fuel for several decades. At this consumption rate and the limit
of petroleum source causes fluctuating oil prices and insecurity. Moreover, the high
level of fossil fuel using can lead to environmental issues such as air pollution, acid
rain, and global warming problem, as well as effect on human health 12, As a result of
these problem, human are driving to seek out the alternative fuel or renewable energy
sources in order to attempts to decrease dependence on fossil-based energy and to
reduce the environmental problem result in increasing the use of biofuels which is
expected to provide 27% of the global transportation energy use in 2050 34,

As mentioned above, liquid biofuels (such as ethanol >®, ethanol-derived fuel
8 biodiesel *1°, glycerol-derived fuel 2, and bio-hydrotreated fuel **) are currently
the promising choice to use with existing infrastructure and vehicles. Biomass, is
generally classified into agricultural-, forage-, energy crops, and their residues, forest
(wood) residues, animal -and municipal organic wastes, has been investigated and
undoubtedly considered as a high potential feedstock for production of biofuels,
chemicals and other value-added products.

Over the past decade, the production of first generation biofuel has been
studies and further developed into commercialize, producing bioethanol and biodiesel
mainly from edible biomass such as starch, sugar, vegetable oil (e.g. palm oil,
soybean oil, etc), and animal fat 4. However, these feedstock cause a negative impact
on a human-food supply chain in long term by increasing food price and competitive
demand for arable land between energy and food sector 2. Hence, Non-edible
resources including the biofuels produced from agriculture residues, forestry and

waste materials such as woody crops and lignocellulosic biomass, are gaining



attention to use as transportation fuel; however, most of them are still being developed
15,16

Algae is considered as a potential feedstock for the third generation biofuel
due to its great productivity, high growing rate, and high lipid content *"*8, The oil
content in algae has been reported of approximately 20-50 wt.% by dry weight of the
algae, while the highest oil observed in some microalgae can reach up to 60 wt.% *°.
Also, the cultivation of algae does not require arable land because it grows in saline,
fresh water, even waste water, severally reducing the competitive issue of food
production and environmental impact 2. To convert the algae biomass into bio-crude
oil, hydrothermal liquefaction (HTL) is considered as an attractive method because it
can convert high moisture-content (> 90%) algae into bio-crude oil with needless
drying process, which saves more input energy 2. Unfortunately, the bio-crude oil is
not proper for direct use in vehicle engines due to its negative properties such as high
acidity, high viscosity, low heating value, and instability, by the high level of
heteroatoms (N, O, and S) and water content in the bio-crude oil 2°. Consequently, the
treatment of bio-crude oil is essential for the quality improvement before applying the

bio-oil as transportation fuel 2223,

Catalytic hydroprocessing has been demonstrated to be an effective way for
bio-oil upgrading due to its excellent activity for heteroatoms removal leading to
improving properties of bio-oil comparable to that of petroleum fuel. Furthermore, the
commercialization was done by Neste oil (Finland) and UOP which produce
commercially trademark as NExBTL and Eni Ecofining, respectively. However, it
requires large amount of hydrogen which leads to high operation cost arisen from
hydrogen generation and purification?*. Hence, the challenges of catalytic
hydrodeoxygenation process is catalyst development for high oxygen removal activity
with minimum hydrogen consumption, including eliminating the side reaction, and
high desired products selectivity. So far various catalyst types for bio-oil upgrading
have been investigated such as NiMo and CoMo sulfide catalysts 2>2¢, Pt 172° pd
17.29 “and Ru 1%, Although these catalysts have shown high activity in deoxygenation
reaction, the addition of sulfur source is generally required for NiMo and CoMo-

based catalysts to activate and preserve their activity, causing increase of S content in



final product °, whereas the use of noble metal catalysts (i.e. Pd, Pt, Rh, Ru, etc.) was

limited by their high cost.

Ni-based catalyst is one of the most attractive catalysts for the bio-oil
upgrading because its high activity in hydrotreating, abundance, and inexpensive cost
81, Supported Ni-based catalyst on deoxygenation of fatty acid was firstly proposed by
Snare and co-worker (2006) % and showed good activity for oxygen removal of
triglycerides-based and biomass-based (e.g. guaiacol, phenol etc.). As reported by
Shakya et al, the upgrading of HTL algae bio-crude oil was conducted at 300 and
350°C for 10 h using various catalysts. The results showed that the highest upgraded
bio-oil yield of 61 wt. % was obtained from Ni/C at 350°C with high higher heating
value (HHV) of 42 MJ/kg *. Though supported Ni-based catalyst has been reported
as a potentially effective catalyst in hydrodeoxygenation of oxygen containing
compounds and a high quality bio-oil was-obtained, solid residue was also formed,
causing the reduction of bio-oil yield and catalyst deactivation by deposition on the

catalyst surface 3.

The addition of other metals into Ni catalyst to form Ni-metal bimetallic
catalysts has been reported to enhance conversion, yield, and stability of catalyst.
Bimetallic Ni-Cu-is widely investigated for hydrotreating of pyrolysis oil 3¢ and its
model compounds (such as anisole " , guaiacol *, and vanillin ), which showed a
superior catalytic performance compared to the corresponding Ni monometallic, viz.,
higher oil yield, and better inhibition of the  catalyst deactivation by reducing
agglomeration of the catalysts. Even though Ni-Cu presents the great ability for
hydrogenation of bio-oil which mostly produced from lignocellulosic biomass,
investigation of Ni-Cu performance has been limited in hydrotreating of algae bio-
crude oil from HTL. The Ni based catalyst modification with Re was motivated by its
performance from many studies “°#2, Addition of Re in sulfided Ni-Mo/y-Al,O3
greatly improve deoxygenation activity of palm oil toward green diesel production. It
was reported that the addition of Re as a second metal results in reduced metal

particle sizes, leading to enhancing the metal dispersion *.



1.2 Objectives and scope of research

The aim of this work was to produce high quality fuel from non-edible

biomass-based oil via hydrotreating reaction using supported Ni-based catalysts. The

algae biomass and Pongamia pinnata seeds were selected to study, representing the

potential alternative non-edible bio-feedstock for biofuel productions. The experiment

was performed following the scope of research:

Supported Ni catalyst development for hydrotreating of bio-crude oil to
optimize liquid yields and to eliminate heteroatoms (O, S, N) from bio-
crude oil: Modification single metal Ni catalyst via addition Cu and Re to
form bi- and tri-metallic, namely Ni-Cu, Ni-Re, and Ni-Cu-Re supported
alumina

Investigation the effect of Cu and Re on physicochemical properties of the
catalysts and the hydrotreating activity. Upgraded bio-oil yield, elemental
content, and oil properties were here used to point out the activity of the
catalysts.

Better understanding of the reaction mechanism occurring during the
hydrotreating of the bio-crude oil, including influence of modified Cu and
Re catalysts on other side reactions, which affect the selectivity towards
deoxygenation activity.

Investigation of catalyst stability and deactivation.
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CHAPTER 2

METHODOLOGY

The materials and experimental setup used in this work are describes in this chapter.
These includes the method of catalyst preparation, bio-crude oil preparation, and
hydrotreating process, as well as the characterization techniques. Typical operating

conditions and calculations employed for activity assessment are included.

2.1 Catalyst preparation

Ni-supported catalysts were prepared by incipient wetness impregnation
method. y-Al>Os was purchased from Alfa Aesar in a form of pellets. It was crushed
and sieved to obtain the catalyst particle with size of < 0.25 mm prior to impregnation
with metal salt solution. The metal salt solutions were prepared from Ni (NO3z)2-6H.0
(Alfa Aesar, 98%), Cu (NO3)2-3H20 (Acros, 99%) and NHsReO4 (BTC, 99%). These
aqueous solutions were then loaded into the y-Al.Os support to produce the supported
catalysts at 10%Ni,  10%Ni-5%Cu, 10%Ni-2.5%Re and 10%Ni-5%Cu-2.5%Re
(thereafter as called Ni/y-Al203, Ni-Culy-Al;03, Ni-Rely-Al;0s, and Ni-Cu-Rely-
Al>Os3, respectively). Subsequently, these catalysts were dried at 105°C overnight and
calcined in atmospheric air at 500°C (5 °C/min) for 4 h.

The size of catalyst employed in packed-bed reactor is 0.425-1 mm which
slightly larger than that using in batch reactor (Chapter 4) in order to lessen the
pressure drop. Prior to impregnation step, the y-Al>Os support (Sasol, Germany) was
crushed and sieved to 0.425-1 mm. Then, aqueous solution of precursors (Ni 10%, Cu
2% and Re 2%) was loaded into the support, following calcination and reduction

before hydrotreating step.
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2.2 Catalysts characterization

The physisorption of the catalysts were analyzed using Quantachrome
Autosorb-iQ. The physisorption analysis was conducted by nitrogen adsorption,
including Brunauer-Emmett-Teller (BET) surface area, pore size diameter, and pore

volume. The catalysts were outgassed at 300 °C for 3 h before analysis.

Temperature program experiments were carried out in Micromeritics
AutoChem 2910. The reducibility of the catalysts was determined by hydrogen
temperature program reduction (H2-TPR). Prior to analysis, the sample was pretreated
at 100 °C under nitrogen atmosphere for 1 h. Then it was heated from 40 to 800 °C
with a ramping rate of 5 °C/min under 5% Ha/N. gas.

The X-ray diffraction (XRD) patterns of the catalysts were analyzed using
Bruker D2 phaser equipped with Cu-Ka radiation, operated at 30 kV and 10 mA in 20
range of 10-80° with step size of 0.02° and step time of 1 s.

Transmission electron microscope (TEM) images were also taken via Jeol
(JEM 2010). The samples were dispersed in ethanol by a sonicator before dropping on
a carbon-coated gold grid. Also, the elemental composition were analyzed by Energy

Dispersive X-Ray Spectroscopy (EDS).

In addition, the morphology and elemental composition of the catalysts were
examined via Zeiss EVO 50VP scanning electron microscope equipped with energy
dispersion X-ray spectroscopy (SEM-EDS). Amount of coke deposit on spent catalyst
was detected by thermo gravimetric analysis (TGA).

2.3 Feed preparation

2.3.1 Hydrothermal liquefaction (HTL) of algae

The bio-crude oil was produced via hydrothermal liquefaction (HTL) of
Nannochloropsis sp. (Reed Mariculture Inc., CA) using a 1000 mL Parr reactor. The
operating condition and the experimental procedure of HTL were conducted

according to the previous work reported by Shakya et al *%. A 300 g of
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Nannochloropsis sp. microalgae paste and 300 mL of deionized water were loaded
into the reactor to make a 15 wt. % of solid content. Prior to the reaction, the reactor
was purged with nitrogen gas for 10 min to remove air inside. The reactor was then
pressurized with 5 bar nitrogen (initial pressure) and heated to 320 °C for the reaction.
After holding for 30 min, the reactor was quenched to stop the reaction, in an ice-
water bath. When the reactor was cooled to room temperature, the pressure was
released, and the products (oil, aqueous, and solid) were collected. Bio-crude oil’s
yield of 50 wt. % with dry basis was obtained with an elemental composition of C
64.1%, H 9.6%, N 5.1%, S 0.8%, and O 20.4%.

The reactor was rinsed with dichloromethane (DCM, > 200 mL) to recover the
remaining product. The DCM-mixed product was then vacuum filtered and decanted
into a separatory funnel to separate the solid residue and aqueous phase, respectively.
The DCM in the extracted was separated using a rotary evaporator (IKA RV 10
control). The remaining material was the algae bio-crude oil.

2.3.2 Liquid extraction of Pongamia Pinnata seeds

Pongamia Pinnata seeds were kept from Chanthaburi, Thailand. Prior to
extraction step, the seed kernel is dried at 110 °C until the weight is constant, then dry
seed kernel was ground-in a grinder. Crude P.pinnata oil was extracted using hexane
as solvent by soxhlet extractor as shown in Figure 1. 400 g of ground kernels was
packed in thimble, and the oil was extracted with 3 L of hexane for 12 hr.
Subsequently, the oil was separated from hexane by high vacuum rotary evaporator
(IKA, RV 10 digital). Pongamia Pinnata oil is pretreated by degumming with water
and phosphoric acid at 70 °C. After degumming, gums is separated by filtration.
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-—-Condenser

-- Extraction chamber

-~ Thimble

-~ Siphon arm

400 g of crushed kernel
was packed in a thimble

- Extraction solvent

3 L of n-hexane was
added to boiling flask

: ~--Boiling flask

Figure 1. Oil extraction by soxhlet extractor

2.4 Hydrotreating experiment

2.4.1 Upgrading of algae bio-crude oil

The upgrading of algae bio-crude oil (for chapter 4) was conducted in a 100
mL Parr reactor. In a typical run, 15 g of bio-crude oil with 5 wt. % of catalyst
relative to bio-crude oil were loaded into the reactor. Before the upgrading
experiment, the catalyst was pretreated by reduction with H> gas at 500 °C for 3 h.
After that, the reactor was flushed for 3 times and purged for 5 min with hydrogen gas
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to remove air inside the reactor. Then, it was charged to 75 bar with pure hydrogen
and heated to 350 °C for 4 h with stirring at a speed of 600 rpm.

After a desired reaction period, the reactor was immersed in an ice-water bath
to stop the reaction. The pressure profiles in the reactor during the reaction until final
pressure at room temperature was recorded, and the uncondensed gaseous products
were collected in a gas cylinder for the analysis. The amount of gaseous products was
calculated by the difference in overall mass before and after the reaction. The
upgraded bio-oil was collected with the same procedure of bio-crude oil production as
described in section 2.3. The solid residue was rinsed once more with DCM to recover
the remaining oil phase product, then dried and weighted. All experiments were
performed in duplicates. The product yields of each phase was calculated using Eg.
(1) according to *. In addition, the mass balance of the experiment was calculated by

the relative amount of different products in each phase.

mass of product (g)

Product yield (%) = x 100 1)

mass of initial algae bio—crude oil (g)
Energy recovery for the algae bio-crude (ERnt) and upgraded bio-oil
(ERupgrading) Was evaluated as following:

HHV of bio—crude xMass of bio—crude
ERprL(%) =
(HHV of algae biomass xMass of algae biomass)

x 100 )

ERupgrade (%) =

HHV of upgraded bio—oil xMass of upgraded bio—oil
(HHV of bio—crude xMass of bio—crude)+(HHV of H, xMass of H, consumption)

100 ©)
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2.4.2 Hydrotreating in packed-bed reactor

for Hydrotreating

Glass balls

Electrical furnace

Quartz wool
Catalyst

Quartz wool

Glass balls

«—— for purging the reactor

Thermocouple

\ = R
(| F Gas sampling

Sample
cylinder

; B

Liquid
Product

GC-TCD |22

Vent
1 Needle Valve

4 Mass flow Control
™ Check Valve

@ Pressure Gauge
3 Fluid Filter D a—
1 3-Way Ball Valve GC-FID

Back Pressure regulator

@ Temperature Control

Figure 2. Schematic diagram of the experimental apparatus

The hydrotreating catalytic activity and long-term stability test of supported
Ni-based catalyst were carried out in down-flow, packed-bed reactor with an inner
diameter of 10 mm, length of 50 cm. The setup reactor was equipped with a back-
pressure regulator, gas-liquid separator and GC-TCD. The experimental apparatus is
shown in Figure 2. The catalysts were loaded into the reactor with glass beads
(diameter 3 mm) at the bottom and the top of the reactor for distributing gas and
liquid phase substance, whereas the 3 g of catalyst was packed at the center with
quartz wool to prevent the catalyst flutter down. Prior to reaction testing, the catalyst
was reduced in-situ under 10 bar of Hz with flow rate of 60 ml/min at temperature of
500 °C for 3 h. Then the system was heated to temperature of 330 °C and pressurized
with Hz of 50 bar controlled by back pressure regulator (BPR). Subsequently, the oil
and H, were introduced into the reactor by H/oil ratio of 2000 Ncm®cm? and liquid

hourly space velocity (LHSV) of 1 h't, which controlled by HPLC pump and mass
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flow controller, respectively. The oil was preheated at 180 °C before feed into the

reactor.

The conversion, product selectivity and yield are calculated using the area of

chromatogram as follows: Eq. (4)-(8), respectively.

Conversion (%) =

Weight percent of TG and FFA in feed — Weight percent of TG and FFA in product
X
Weight percent of TG and FFA in feed

Gasoline selectivity (%) =

Weight percent of C6-C12 product

100

1
Weight percent of TG and FFA in feed — Weight percent of TG and FFA in product *100

Diesel selectivity (%) =
Weight percent of C13-C22 product

x1
Weight percent of TG and FFA in feed — Weight percent of TG and FFA in product 00

Weight of liquid product
Weight of feed

Product yield (%) = xconversion xproduct selectivity

Yield of liquid fuel = diesel yield + gasoline yield

(4)

(5)

(6)

(")

(8)

As hydrodeoxygenation (HDO and decarboxylation/decarbonylation (DCOxy)

are predominant reaction pathways for hydrotreating of biomass-based oil. The

percent contribution of these two reaction- HDO and DCOy are calculated based on

mass balance of hydrocarbon containing C, and Cy.1, representing by Ci¢ and Cig, and

Cisand Cy7, respectively; as following equations:

Weight percent of C16 and C18 in product y

HDO (%) = - -
(%) Total weight percent of C15-C18 in product

100

Weight percent of C15 and C17 in product

DCOx (%) =
x (%) Total weight percent of C15-C18 in product -

9)

(10)
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2.5 Feed and hydrotreated products analysis
2.5.1 Algae experiment

The algae bio-crude and upgrading oil were analyzed by gas chromatography
coupled with mass spectrometric detector (GC-MS) to determine the chemical
composition. The GC-MS was carried out on an Agilent 7890A GC-MS equipped
with DB-1701 column (30 m x 0.25 mm x 25 um). The samples were diluted with
dichloromethane to a concentration of 5wt. %. 4 uL of diluted sample was injected.
The inlet temperature was set at 250 °C with split ratio of 10:1. The column
temperature was programed as follow: held at 50 °C for 2 min, then heated to 250 °C
with ramping rate of 5 °C/min and held for 10 min. Helium was served as carrier gas.
The National Institute of Standards and Technology (NIST) mass spectral library was
used to identify the compound. The gas product composition was analyzed using an
Agilent 3000 micro GC equipped with-a thermal conductivity detector (TCD) and 4
different columns containing a Mol Sieve 5A PLOT (10 m % 0.32 mm % 12 um), a
PLOTU (8 m x 0.32 mm % 30 pm), an Alumina PLOT (10 m x 0.32 mm x 8 pm), and
an OV1 column (14 m x 0.15 mm X 2 pum).

2.5.2 For Pongamia pinnata oil

The liquid reaction products were analyzed by an off-line gas chromatograph
equipped with capillary column DB-1HT (30 mx 0.32 mm x 0.1 pum) and a flame
ionization detector (FID). Prior to injection, 50 mg of sample was diluted with 1 ml of
chloroform, and 1 pL of diluted sample was injected into GC with split ratio of 100.
The injector and detector temperature were maintained at 340 and 370°C, respectively.
The column temperature was controlled by a temperature program which increased
from 40 to 270°C with ramping rate of 8°C/min, and held for 11 min, followed by an
increase of 15°C/min to 370°C, and held for 15 min. The composition of gaseous
product was analyzed using online a gas chromatography (GC-14B, Shimadzu.)
equipped with a molecular sieve 5A, Porapak Q columns and a thermal conductivity
detector (TCD).
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2.5.3 Other properties of feedstock and liquid product analysis

The water content in samples was detected by Karl-Fischer titration using a
Mettler Toledo V20. Total acid number (TAN) value was determined using a Mettler
Toledo T50 titrator (ASTM D664). The higher heating value (HHV) was obtained
using an IKA C2000 bomb calorimeter. The elemental analysis (CHNS/O) was

determined using Vario MICRO Elementar.

To determine the functional groups in liquid samples, FT-IR analysis was
performed using Nicolet iS10 (Thermo Fisher Scientific). The samples were analyzed

for 34 scans in the range of 500-4000 cm™ at a resolution of 4 cm™.

Moreover, the boiling point range of the upgraded oil was evaluated using
Simulated distillation (Sim-dist)  following ASTM D2887. The Sim-dist was
performed using an Agilent 7890A GC equipped with flame ionization detector (FID)
and an Agilent DB-2887 column (10 m % 0.53 mm x 3 pum).
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CHAPTER 3

LITERATURE REVIEW

3.1 Hydrothermal liguefaction

Hydrothermal liquefaction (HTL) or direct liquefaction, involves a thermal
decomposition of biomass in the presence of water, and a catalyst is used
occasionally. The products produced from this process consist of bio-oil or bio-crude
oil which is a main product, gas, solid residue (char), and water-soluble product. HTL
has more advantages due to relatively lower operating temperature and heating rate,
and no need of biomass drying process, higher quality of bio-oil product with high

heating value and low oxygen content “44¢,

Typical HTL, biomass-water slurry is carried out-at moderate temperature
between 200-400 °C and pressure of approximately 5-25 MPa which sufficient to
maintain water in liquid stare, and residence time of up to 90 min *’. At near critical
point of water (374 °C, 22.1 MPa), the properties of water are changed opposite to
those at normal condition (25 °C, atmospheric pressure) #*. At elevate temperature,
density and dielectric constant of water are decreased, resulting increased diffusivity
and decreased in polarity of water, respectively. Also, at high pressure, an ionization
of hot water is increased and highly dissociated. For these substantial changes in
properties, water becomes a compressible non-polar solvent which can efficiently
penetrate into biomass structure and extract its organic compounds that are typically
water-insoluble to form bio-oil or other value product, and can acts as a reactant and
accelerator for ionic reaction of organic matter by its acid-base behavior at high
temperature *34°. Besides these, using water as medium in HTL exhibits several

advantages due to its simplicity, low cost, and environmental-friendly.
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Table 1 Some properties of water at normal, subcritical and supercritical condition
49,50

Properties 25 °C, 101. kPa  Subcritical Supercritical
Dielectric constant 78.5 14-27 6-10
Density (g.cm®) 1 0.6-0.8 0.17-0.58
lonic product (pKw) 14.0 11-12 12-19
Solubility of organic Very low high Very high
compounds

Solubility of inorganic  Highly soluble - ~0
compounds

HTL Mechanism

In HTL of lignocellulosic hiomass, many complex reaction both physical and
chemical take place simultaneously. Basically, the HTL mechanism involves three
main pathways, depolymerization, decomposition, and rearrangement/recombination
4551 Firstly, the macromolecules in biomass is depolymerized into monomers. At
elevate temperature, the dissociation of water facilitates disintegration of the
lignocellulosic -biomass into  cellulose, hemicellulose, “and lignin, which are

subsequently depolymerized into oligomer and monomer compound by hydrolysis.

Degradation step involves several reaction, including cleavage, dehydration,
decarboxylation, and deamination. During this step, the oligomers and monomers
from the first step are degraded, forming relatively smaller compounds, and removed
oxygen molecule through dehydration and decarboxylation, forming water (H20) and
carbon dioxide (COy), respectively. The main products from this step are carboxylic
acids, phenolic compounds, alcohols and aldehydes which are mostly unstable and

active compound, and water-soluble 455152,

The unstable and active small compounds can further undergo rearrangement
(e.g. isomerization, cyclization) and recombination or repolymerization (aldol

condensation), to form high-molecular-weight compound and solid residue (char) 2.
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Moreover, there are other reaction occurred such as hydrogenation, deoxygenation to
form organic hydrocarbon compound, as well as steam reforming and cracking to
generate gas product such as CO, CO2, Ho, and light hydrocarbon (C1-C4) 513,

Table 2. Physiochemical of pyrolysis bio-oil, HTL bio-crude, hydrotreating bio-oil

and petroleum-based oil.

Properties Heavy fuel Diesel 5456 Hydrotreated HTL bio-crude
petroleum oil 54%° bio-oil 5557 455,58

Moisture (wt. %) <0.1 <0.05 <0.001 0.8-9.3

pH - 3 - -

HHV (MJ/kg) 40 43 41-46 15.8-38.6

Density (15°C, kg-m?®)  0.95 0.82-0.86 0.83-0.93 0.96-0.99

Viscosity (40-50 °C, 180 25 1-46 495 — 15,000

cP) (at23°C)

Ash (wt. %) 0.1 s ] 0.2-1.43

C (wt. %) 85 84-87 76-87 44-81.4

H (wt. %) 11 13 9.7-13 5.2-9.76

N (wt. %) 0.3 <0.1 <0.6 0.095-4.47

S (Wt. %) 15-2.5 <0.001 0.005 0.01-0.18

O (wt. %) 1 <0.1 0.02-14.2 9.8-16, 47.13

Flash point (°C, min) 65-100 >52 7 29

Pour point (°C, max) 15-21 -20 - 24

3.2 Hydroprocessing of biomass-based oil

Hydroprocessing of vegetable oil involves many catalytic reactions at
moderate temperature (300-500°C) with high hydrogen pressure °7, including
hydrotreating which eliminate the oxygen atom (hydrodeoxygenation, HDO), and also
hydrocracking, hydrogenation, hydro-isomerization. Generally, the catalysts
employed in hydroprocessing of triglyceride-based material and bio-oil upgrading can
be categorized into two types: (1) sulfided metal catalysts e.g. conventional
hydroprocessing molybdenum (Mo) based catalyst >°° and (2) noble metals such as
Pd, Ni, and Pt 326,
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Sulfidation forms is the most common of Mo supported on alumina. CoMo
and NiMo sulfide catalysts are commercially used in hydroprocessing of triglycerides
because this catalyst is well established as hydrodesulfurization (HDS) catalysts for
sulfur removal from crude oil streams for many decade. High activity of sulfided
catalysts revealed the complete conversion over hydrodeoxygenation of
triglycerides®®®2, The liquid product over NiMo and CoMo sulfided catalyst was
produced through hydrodeoxygenation and decarboxylation/decarbonylation pathway
but hydrodeoxygenation more favor than decarboxylation/decarbonylation pathway .
However, the sulfided catalysts could be deactivated by water poisoning *° and
leaching of sulfur from surface of catalyst ®*. It-is necessary to blend triglyceride
feedstock with sulfiding agent in order to maintain catalyst in sulfided form, but the
end-product could be impurified with sulfur ®°. This is the reason that non-sulfided
catalysts both of precious metal such as Pt %, Pd 7%, Ru *2, Rh "* and non-precious
metal such as Ni "> and Co "™ have been developed for deoxygenation of

triglyceride.

The investigation of non-sulfided ~catalysts has been shown to convert
triglycerides,  fatty ~acids ~—and  their  ester into n-alkane by
decarboxylation/decarbonylation = reaction™’®. = Thus, as compared  with
hydrodeoxygenation pathway (favor pathway over sulfide metal catalyst), supported
metals catalyst promoting decarboxylation/decarbonylation pathway offers the
advantage of lower hydrogen consumption .- Among these catalyst, palladium
supported on activated carbon has been studied extensively and revealed that it is the
most selective and active catalysts for deoxygenation of fatty acids and their ester
8217.78 However, the applicability of noble metal catalyst was limited in large scale of
deoxygenated biofuel production due to their extremely high cost and low availability
980 In contrast, transition metal catalysts such as Ni and Co, especially supported Ni-
based catalyst, have been revealed an attractive catalyst for hydroprocessing because

their less expensive and highly abundance.



23

3.2.1 Deoxygenation mechanism

Deoxygenation is known as a catalytic reaction for removal of oxygen from
oxygenated molecules, which is one of the most promising mechanisms for biofuels
production from biomass-based oil and animal fat. Biomass-based materials contain
highly amount of oxygenated compound which has some adverse effects to their
conversion to liquid fuels (bio-oil) such as low heating value, thermal instability, and
corrosive. Hence, the efficient elimination of oxygen from both bio-oil and
triglycerides-based (e.g. vegetable oil) molecules are necessary to overcome the

disadvantages and improve the physiochemical properties of bio-oil.

The deoxygenation of triglycerides have been studies for several years. There
are many reports about the reaction pathways consist of liquid and gas phase reaction.
Veriansyah et al 8 proposed the possible reaction pathways of deoxygenation of
soybean oil over hydrotreating catalysts, as shown in Figure 3. Firstly, triglycerides is
hydrogenated and decomposed into various intermediates, including monoglycerides,
diglycerides and free fatty acid.
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Subsequently, the intermediates are converted into alkanes by different
pathways: decarboxylation (i), decarbonylation (ii), hydrodecarbonylation (iii), and
hydrodeoxygenation (or dehydration/hydrogenation) (iv). Direct decarboxylation and
decarbonylation produce n-alkane and alkenes, respectively. These two reactions do
not require hydrogen for removing oxygen atom, while hydrodecabonylation and
hydrodeoxygenation consume one and three moles per one fatty acid molecule,

respectively.

Liquid-phase Reaction

(i) Decarboxylation (DCOy) R-COOH — R-H + CO>
(i)  Decarbonylation (DCO) R-COOH — R’-H + CO + H.0
( R-COOH +H; - R-H + CO +
(ili)  Hydrodecarbonylation (HDCO)
H20
) ] R-COOH + 3H,— R-CH3 +
(iv)  Hydrodeoxygenation (HDO)
2H,0
R = saturated alkyl group
R’ = unsaturated alkyl group
Gas-phase Reaction
(v)  Methanation CO +3H2 «> CHz + H20
(vi) Methanation CO2+4Hy <> CHs+ 2H0

(vii) Water-gas shift CO + HO« CO2 + H>

For eq (i)-(iii), the carboxyl group is removed from fatty acid by cleavage C-C
bond as CO., CO and water, hence the hydrocarbon product from these reaction are
contain odd numbers of carbon atom. On the contrary, linear alkanes with the full
length of carbon from the fatty acid and water can be obtained from
hydrodeoxygenation pathways by C-O scission (Eq. iv). Besides these main reactions,
the hydrocarbon fuels production can undergo the consecutive reaction such as
cracking, isomerization and cyclization, lead to formation of light hydrocarbon, iso-

alkanes and aromatics.
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The gaseous products from deoxygenation reaction composed of carbon
monoxide (CO), carbon dioxide (CO2), and water, can react with hydrogen and
participate in a methanation, water-gas shift, and/or reverse water-gas shift, as shown
in the equation (v)-(vii). Generally, the selective reaction pathway, the composition

and quality of liquid product depend on catalyst type and operating conditions.

3.2.2 Supported Ni catalyst

The supported Ni catalyst for deoxygenation of fatty acid was proposed by
Snare et al. (2006) who studied supported metal catalyst screening for deoxygenation
of stearic acid. Several metal catalysts including Ni, Mo, Pd, Pt, Ru, Ir, Rh and Os
supported on Al203, Cr203, MgO and SiO2 as well as carbon were investigated under
the same reaction conditions at 300°C under 6 bar He in a semi-batch reactor. In this
study, 5%wt Pd/C was reported to be the most selective and active catalyst for
deoxygenation of stearic acid, which complete conversion (100%) of stearic acid and
95% of C17 selectivity. In contrast, supported Ni catalysts showed very low activity

(conversion <20%) even though it contained the highest active metal.

The result was in agree with % who investigated deoxygenation of waste fat by
using oleic acid and tripalmitin as a model feed over various catalysts i.e. Pd, Pt and
Ni on y-AlO3. Under the same condition, at 325 C, 20 bar hydrogen, 5 h reaction
time in batch reactor, they found that Ni/y-Al.Oz was less activity and less selective to
deoxygenation than Pd/y-Al,O3 and Pt/y-Al;,Os so the efficiency of catalysts were
reported to follow the order Pd>Pt>Ni. The poorest performance of Ni/y-Al;O3 is
result from the largest particle size of Ni (8.2 nm) with respect to Pd (4.6 nm) and Pt
(5.4 nm) on average. However, Ni/C was reported the higher active and selective to
deoxygenation more than Pd/C and Pt/C. This study, the reaction was performed over
20wt% Ni/C, 5wt% Pd/C and 1wt% Pt/C catalyst in deoxygenation of triglyceride and
fatty acid (tristearin, triolein and soybean oil) under nitrogen atmosphere 2. The
higher activity of Ni/C was owing to the highest active metal loading of 20wt% of Ni
compared to Pd and Pt. Moreover, 20wt% Ni/C is also higher active catalyst for C-C

cracking activity due to its high acid sites 8.
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The studied of supported Ni catalyst in the bio-oil upgrading process have also
been reported. Witsuthammakul and Sooknoi 3! studied in screening metal supported
catalysts for discovering the suitable catalyst for hydrodeoxygenation of ketones as a
model compound of bio-oil derived product to produced olefins. Among various
metal (Cr, Fe, Co, Ni, Cu, and Pd) supported on SiO2, Ni/SiO, showed the highest
activity at mild condition, but it also revealed the high selective for methane
production which is an undesired product. Moreover, the effect of metal loading and
support were also investigated. The activity of Ni/SiO2 was enhanced when the metal

loading was increased, due to the high number of active sites.

Though supported Ni-based catalyst have been reported to be potentially
effective catalyst in hydrodeoxygenation of oxygen containing compound; the
stability of catalyst is low due to carbon deposition on the catalyst surface and
sintering of Ni metal lead to catalyst deactivation. The characteristics of catalyst (such
as particle size, pore size, pore distribution, acid-base properties and etc.) are
important factor which strongly affect to the activity, the stability of catalyst as well
as product distribution. Therefore, the effect of supported, nickel loading and

promoters on selective deoxygenation performance in nickel catalyst are reviewed.

3.2.2.1 Effect of supported and metal loading

In 2012, Lercher’s group proposed the series of Ni-metal on various supports
for hydrodeoxygenation of microalgae oil and fatty acid. Their first work 8 (Table 3,
entryl) studied the deoxygenation of stearic acid and microalgae oil over 5 and 10 wt%
of Ni loading supported on HBeta and HZSM-5 catalysts with different Si/Al ratio.
The high Si/Al ratio or high Ni loading has affected to decrease the acid sites
concentration of catalyst. The complete conversion was observed over 10wt%
Ni/HZSM-5 (Si/Al=45) with n-C18 selectivity of 41.1% and 43% of cracking
selective due to it contained strongly acid site, but the cracking rate was decreased by
raising the Si/Al ratio. On the contrary, HBeta supported Ni catalyst showed full
conversion of stearic acid but the Si/Al ratio was not affected to the cracking
selectivity (lower than 0.7%). A comparative of Ni loading on HBeta support, the

higher Ni loading displayed higher conversion and selectivity of alkane due to it
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contained higher active metal, however, lower iso-alkanes was observed, indicating
that high Ni concentration could be affected to lower acid site concentration causes a
lower isomerization rate. 10wt% HBeta (Si/Al=180) was finally used in the
hydrotreating of microalgae oil. The catalyst showed high total liquid alkane yield of
78wt% and good stability during 120 h.

In their second work 8 (Table 3, entry 2), the effect of Ni metal loading on
ZrO, was studied. By varying Ni loading from 3 to 15wt%, the conversion and
selectivity of n-C17 increased with increasing Ni loading, however, Ni loading to
15wt% does not affect catalytic performance. In addition, the effect of metal oxides
support i.e., ZrO2, TiO2, CeOz, Al203z, and SiO, with 10% Ni loading was investigated.
The complete conversion and high selectivity of n-C17 (< 87%) was obtained over Ni
catalyst supported on ZrO2, TiO,, CeO,. Meanwhile, the catalyst supported on Al,O3,
and SiO; showed the lower activity and selectivity. Because ZrO;, TiO,, CeO; are
reducible supported, stearic acid could be adsorbed dissociatively on the oxygen
vacancies of the support to form carboxylate and dihydrogen (route 2, Figure 4) to
produce ketene intermediate which is-hydrogenated to aldehydes over Ni particles.
Moreover, Ni exhibited activity for hydrogenation of stearic to octadecanal (route 1,
Figure 4). Therefore, the main reaction of Ni/ZrO> is following hydrogenation of
fatty acid to form the aldehyde (inequilibrium with the corresponding alcohol), which
is decarbonylated to heptadecane by CO removal. The deoxygenation of microalge oil
was performed over the most active 10 wt% Ni/ZrO; catalyst at 270 °C and 40 bar H>
in trickle bed reactor. More than 70% of n-C17 and total liquid alkane were observed.
Besides, Ni/ZrO; catalyst showed high stability and no catalyst deactivation for a time
on stream after 72 h.

In the comparison of their work, zeolite-supported catalysts exhibited the
higher deoxygenated activity than metal oxide supported with the same Ni loading.
However, ZrO; is a promising support due to it is able to adsorb the acid molecules at
oxygen vacancy site, demonstrating its reducible property. Moreover, the
deoxygenation of ZrO, as well as other oxide supported favored
decarboxylation/decarbonylation, while hydrodeoxygenation reaction was enhanced

over zeolite-supported.
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Figure 4. The reaction mechanism for deoxygenation of stearic acid to n-heptadecane
via synergistic catalysis over Ni/ZrO2. Source®.

The effect of supported on nickel is continually investigated to seek the
suitable supported on Ni catalyst for deoxygenation reaction. Zuo et al. ¢
investigated the hydrodeoxygenation of methyl palmitate over Ni on various support
namely SiO., y-Al203, SAPO-11, HZSM-5, and HY, the same amount of Ni 7wt%
was loaded into support. In all case, the mainly component in liquid product was n-
pentadecane which represented by DCOXx in Table 3, entry 3. The Ni/SiO; catalyst
demonstrated the lowest activity (49.33% conversion) compared to other four support
which the conversion are nearly 100%. However, the selectivity of C15 and C16 over
Twt% Ni/HZSM-5 and 7wt% Ni/HY were relatively low but more cracking activity
was obviously observed, due to the strong acid site of HZSM-5 and HY. This results
is consistent with 8. In case of 7wt% Ni/SAPO-11 and 7wt% Ni/y-Al.Os, not only
high conversion was observed but also high selectivity of C15 and C16 (>90%). The
high performance of 7wt% Ni/SAPO-11 was obtained with maximum diesel-like
alkane yield of 93% due to the synergistic effect of Ni and the acidic sites of SAPO-
11, showing its promising catalytic application in this reaction. Furthermore, the
medium acidity of the catalysts could also inhibit carbon deposition which cause
catalyst deactivation as comparing to the strong ones. The acidic sites and strength of
the catalysts follows the order: 7 wt% Ni/SiO2 < 7 wt% Ni/SAPO-11 < 7 wt% Ni/y-
Al,O3 < 7 wt% NIi/HZSM-5 < 7 wt% Ni/HY. Moreover, the high activity of Ni/y-

Al>O3 was exhibited due to the large surface areas and pore sizes of y-Al2O3 which
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lead to highly Ni dispersion and obtaining the very small particle size by no

characteristic diffractions peak relative to Ni and NiO were observed.

In spite of the high performance of SAPO-11 in hydrodeoxygenation of
methyl palmitate, amount of Ni loading on support was limited, high Ni loading led to
low dispersion and large particle size, due to the small pore size and low surface area
(85.6 m?/g) of SAPO-11 8. Hence, the nano-sized SAPO-11 with high surface area
was studied by the same author’s group (Table 3, entry 4). The support was
synthesized by a static hydrothermal method with using di-n-propylamine (DPA) as
structure-directing agent and n-tetradecanoamine as surfactant. The nano-sized
SAPO-11 support demonstrated larger surfaces and mesoporous volume with respect
to the commercial SAPO-11. The Ni supported on the nano-sized SAPO-11 catalysts
showed the higher liquid alkane yields and higher isomerization selectivities of more
than 72% and 80%, respectively, with excellent catalytic stability, due to high active
metal Ni dispersion and fast diffusion of the bulky palm oil and products as a
consequence of the large surfaces and mesopores of the support. Moreover, the proper
acidity by the functional of metal (Ni) and acid (SAPO-11) balancing could be
suppressed the cracking reaction. Meanwhile it promoted the isomerization reaction
and significantly reduced carbon deposition. TGA results revealed that the carbon
deposition of the spent 7%Ni/SAPO-11 b was 6.5% which is much lower than the
21.3% of spent 7%Ni/SAPO-11 commercial ¥

According to their previous work, the different Ni loading on small particles
of SAPO-11 with large surface area and mesoporosity was investigated. The support
was synthesized by hydrothermally method, while 2 -9 wt% of Ni was loaded into
support by incipient wetness impregnation 8, (Table 3, entry 5). The results showed
that the liquid alkanes yield and isomerization selectivity were increased when
increasing the Ni loading until reach to 7 wt%. 9%wt of Ni loading, the liquid alkane
yield was similar, but the cracking reaction increased obviously as C1-C4 gas and C5-
C18 liquid alkane yield were increased. Moreover, the stability of catalyst was test
using 7wt% Ni/SAPO-11, the liquid alkane yield and isomerization selectivity were
decreased after 35 h, indicating the excellent catalytic stability. After 35 h, the

performance of catalyst was decreased due to the SAPO-11 particle size was
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increased from <50 nm to 100 nm by sintering while the Ni particles was less than 20
nm. For transformation of palm oil, more than 85% of C15-C18 was found.
Meanwhile, the fatty acid intermediates from HDO were detect as well as CO gas
product from decarbonylation pathway. Hence, they concluded that the production of
hydrocarbon over Ni/SAPO-11 catalyst was occurred via parallel hydrodeoxygenation
(HDO) and decarbonylation pathway due to the proper acid value of SAPO-11 and
the well balance between the Ni metal and acidic SAPO-11 functions (synergistic
activation of C-O bond over acidic sites and hydrogenation over metal sites). In
addition, the acid property and good match of metal and support can
significantly inhibit cracking reaction and enhance isomerization selectivity
likewise good stability. From this three work %28 it could be concluded that the
properties of support including surface area and pore size as well as the acid value
have affected the deoxygenation performance, besides, the acid value of support is
essentially optimized to achieve the high activity and low cracking.

The acid value of catalyst is an important factor for production of biofuels
including diesel, gasoline, and also jet range. Due to the acid value is related to
cracking and isomerization reaction, which can convert long straight chain alkanes
into many range of shorter alkanes depending on the acidity of catalyst. Moreover,
high normal paraffin products from non-acidic catalysts present poor low-temperature
properties, but it can improve by isomerization with moderate acidic catalyst.
Bifunctional catalysts is the cooperation between different functionalities on the same
system by the hydrogenation over transition metal and the hydrocracking and
isomerization over acid site, offer the biofuel product with better characteristic in one
step.

The influence of acidity of metal supported on acidic mesoporous material on
the production of hydrocarbon was studied by Ochoa-Hernandez et al. . They
studied in hydrotreating of methyl ester mixture over metal (Ni, Co) supported on
SBA-15 and AI-SBA-15. Incorporation of aluminum into pure SBA-15 lead to
existing of mild acid sites and higher metallic reduction temperatures. The higher
reduction temperature of both of Ni and Co on Al-SBA-15 support was suggested the

existence of smaller metal crystallite sizes and stronger metal-support interactions
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between Ni and Co site with Al site. Both bifunctional Ni/AI-SBA-15 and Co/Al-
SBA-15 catalysts demonstrated more hydrocarbon conversion and selectivity
(including n-paraffins and iso-paraffins) than no acidity SBA-15 catalyst as shown in
Table 3, entry 6. In addition, hydrodeoxygenation reaction is more favored over the
acidic catalyst resulting in the formation of C18 and C16 majority product, and
tendency to increase when Co as an active phase at low temperature (300 °C).
Whereas the Ni, Co/SBA-15 produce more n-C17 than the acid ones. Regarding
active phases, Co revealed good performance for production of hydrocarbon,
especially for hydrodeoxygenation reaction. This result is good agreement to the
reported by Srifa et al.”® (Table 3, entry 7). They studied the catalytic behaviors of
Ni/y-Al203 and Co/y-Al203 on the hydrodeoxygenation of palm oil. As their result,
both catalysts exhibited good catalytic activity (complete conversion with more than
90% liquid alkanes yield) and high stability for 100 h on stream. Moreover, the
reaction pathway for palm oil conversion was based on the active sites of catalyst,
seeing that the dominant product = contribution over Co was from
decarboxylation/decarbonylation and hydrodeoxygenation pathway, while the Ni site

was strongly promoted decarboxylation/decarbonylation pathway ™.

With regard to the high performance of AI-SBA-15 support in Ochoa-
Hernandez’s report, Al-SBA-15 was employed in hydrodeoxygenation on bio-oil
upgrading %%, The effect of Ni supported on Al-SBA-15 compared to other support
including zeolites, mesoporous material, transition metal oxide as well as microporous
carbon support were reported by the author in the same group of Ochoa-Hernandez.
Yang et al.*! focused on the Ni supported on various support i.e. SBA-15, Al-SBA-15,
v-Al203, TiO,, CeO, and microporous carbon for producing aromatics from
hydrodeoxygenation of anisole. They found that the complete conversion (100%) was
observed over Ni supported on SBA-15, AI-SBA-15 and y-Al>Oz and high selective to
alkane and cycloalkanes. In contrast, the Ni/TiO2, Ni/CeO. and Ni/C revealed high
aromatic selectivity with mainly benzene, especially on Ni/TiO, catalyst. However,
Ni/C is the most suitable catalyst for this study due to it showed high conversion
(reach to 96%) compared to Ni/TiO2 (<51%) and remarkable selectivity toward
aromatics. This results can be attributed to the appropriate combination of strong acid



33

site and good dispersion of metal active site over Ni/C because the formation of
aromatics can be promoted by hydrogenolysis of anisole which occurred on acid site

while the hydrogenation was promoted on metallic site.

In the context of bifunctional catalyst as I mentioned earlier, the production of
high quality hydrocarbon fuel via single-step over Ni supported on zeolites was
reported by Wang et al.®? (Table 3, entry 8). In this study, the Ni supported on
different zeolites catalyst were employed in hydrodeoxygenation of soybean oil. From
the results, 8 wt% Ni/SAPO-11 showed the best activity to produce diesel-ranged and
high selective iso-alkanes. Over this catalyst, 100% conversion of soybean oil was
obtained and 74.8% organic liquid yield was achieved with the 100% of alkanes- and
86.5 % isomerization selectivity. The good conversion, high liquid yield and superior
isomerization selectivity were obtained over Ni/SAPO-11, owing to it has the suitable
combination of structure including sufficiently meso-micropores with suitable pore
size, and moderate acidity of the catalyst. In case of Ni/ZSM-5, the lowest conversion
was observed, according to the characterization data, Ni/ZSM-5 contained smaller
pore size diameter compared to the other catalysts, so triglyceride molecules can
hardly react with the active sites located inside of the micropore. In addition, the lack
of mesopores may be the reason for the low activity of Ni/ZSM-5 catalyst. For the
low isoalkanes selectivity over Ni/Beta, they concluded that it ' was from the bigger
micropores with three-dimentional pore structure of Beta zeolite, which could be
promoted cracking reaction more than isomerization. Moreover, they proposed the
reaction pathway for producing isoalkanes over Ni/SAPO-11 catalyst as shown in

Figure 5.

Briefly, the structure of pore and pore size distribution as well as acid value of
catalyst strongly influence the distribution of hydrocarbon product. The sufficient
mesopores distribution lead to completely alkanes conversion, while the one-
dimensional micropore channel with suitable pore size together with the mild acidity
of the support can enhance the isomeriztaion and suppress the cracking reaction. This

is in strongly agreement with the reported already reviewed 8-,
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Figure 5. Reaction scheme of the hydrotreatment of soybean oil for producing
isoalkanes over Ni/SAPO-11 catalyst %2,

Bifuctional Ni-based catalyst is also used in bio-jet fuel production from
hydrodeoxygenation. The development of supported Ni catalyst on different zeolites
to produces high quality bio-jet fuels in one-step was reported by Cen’s group . In
the first report %, they found that zeolite Y exhibited higher jet range alkanes
selectivity and lower jet range aromatics than zeolite HZSM-5. The second work *,
zeolite Y was compared with other support (SAPO-34 and mesoporous zeolite Y) to
convert waste cooking oil into jet range alkanes (C8-C16). Ni/SAPO-34 demonstrated
a high jet range alkane yield of 40.8% and a low jet range aromatic hydrocarbon yield
of 4.3% at 390 °C. The highest jet range aromatic was obtained over Ni/HY, which
cause the low heating value of bio-jet fuel, while Ni/SAO-34 exhibited highest diesel
range selectivity compare to other two catalyst, should be attributed to the low acid
value of catalyst. The high activity of Ni/SAPO-34 was also observed in their third
work °*, which compare to Ni supported on other four support namely MCM-41,
SAPO-11, HY, and Hbeta. The Ni/SAPO-34 catalyst exhibited the highest alkane
selectivity (65%) and lowest arene selectivity (11%), and the yield increased when
increasing temperature. The activity of this five catalyst in term of high jet range
alkanes selectivity are in following order: Ni/SAPO-34 > Ni/MCM-41 >Ni/HY
>Ni/SAPO-11 >Ni/Hbeta.

Apart from zeolites supports, the good activity of deoxygenation over oxide
support (such as SiO2, Al;0Oz, CeO., ZrO; and TiOz) have been report. Zirconium

oxide is a promising support due to the activation of oxygen compound on surface
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18 put the textural properties is poor. Thus, the mixed oxide support has been

revealed for improvement catalytic performance.

Si02-ZrO> mixed oxide was employed as supported in the study of
hydrodeoxygenation of lignin-derived phenolic compound . In the study, they
compared the performance of catalyst between 10 wt% Ni supported on ZrO, and
Si02-ZrOy, in addition, the effect of Si/Zr ratio was observed (Table 4, entry 5). The
Ni/SZ-n was represented Ni/ SiO2-ZrO> (n is the molar ratio of Si/Zr). In the results,
the activities of catalysts supported on SZ-n were obviously higher than that of
catalysts supported on ZrO,, due to the higher surface area (Ni/ZrO; = 6.21 m?/g,
Ni/SZ-n = 220 m?/g) was observed, lead to high Ni metal dispersion. Moreover, the
acidity of SZ-n was higher than ZrO>, which related to hydrogenation, dehydration
isomerization and cracking reaction . The Ni/SZ-3 exhibited the highest
performance on HDO of phenolic compounds with complete conversion and more
than 98% hydrocarbon selectivity (mainly cyclohexane) at 300 °C, 50 bar H> pressure.
In addition, Ni/SZ-3 also showed the high recyclability which was repeatedly used for
four runs with slightly dropped conversion, and excellent anti-coking formation due to
the combination of SiO2-ZrO» support exhibited amphoteric character which cause
inhibition of coke formation. Significantly, the Ni/SZ-3 exhibited 54.99% alkane
yield and 7.82% aromatic yield from HDO of the real lignin-derived phenolic
compounds. According to the experimental results, they proposed the reaction
pathway for HDO of guaiacol as shown in Figure 6, which could be that
dehydroxylation, demethoxylation, demethylation and transmethylation might be
parallel competing reaction at the beginning, which was proved by the detected
product and intermediate component.
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Figure 6. Tentative catalytic reaction pathways for the HDO of guaiacol .
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The study of supported mixed oxide on HDO reaction was also reported by
Shu et al., ® (Table 4, entry 1). The synergistic effect of Ni and acid site on SiO,-
Al>O3 support for syringol hydrodeoxygenation was investigated. The results revealed
that Ni/SiO2 and Ni/SiO,-Al20s were higher active on syringol HDO reaction more
than Ni/Al20s. The 98.4% conversion. with 98.9% hydrocarbon selectivity was
obtained over Ni/SiO.-Al;03, due to the mixing of SiO,-Al,O3 oxide supported on Ni
can increase the Ni dispersion and acid value of catalyst. Moreover, they also
proposed the reaction pathway for syringol HDO which resemble the previously
proposed %. However, the pathway for hydrogenated-deoxygenated phenol into
cyclohexane was not detected, thus over this catalyst phenol can undergo only
dehydroxylation, due to the synergistic effect of highly active Ni dispersion and acid

site.

To summarize all above reviewed, support play an important role for the
hydrodeoxygenation performance and also effect on product distribution. The proper
textural properties including specific, surface area, pore size, and pore structure,

together with acid-based properties of support is a key factor for development of
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catalyst. The high surface area offer the high dispersion of active metal sites, while
the pore size and pore structure affect to mass transfer of substrate and product
molecules. Moreover, acidic supports offer high conversion, isomerization, and
especially cracking reaction. Basic supports can decrease catalytic deactivation rate
due to its offer high sintering and coking resistance *°, but the hydrodeoygenation
activity is low compare to acidic support. Therefore, the optimization of acid-based

support is necessary.

3.2.2.2 Effect of promoter

As mention in the last section, the supported monometallic Ni catalyst have
many report about the high performance on hydrodeoxygenation of biomass-based
material. However, the monometallic Ni catalysts was also reported to be strongly
active in methanation reaction 313 "which may cause the catalyst deactivation by
carbon deposits due to the decomposition of methane %, The addition of promoters
such as Cu, Fe and Co could be solved this problem. Recently, there are many report
which reveal the superior catalytic properties of bimetallic Ni-Cu compare to
monometallic Ni catalysts for HDO of vegetable oil 1%°, fatty acid and algal lipid 1! as
well as bio-oil upgrading such as guaiacol %229 pyrolysis algae oil 1%, anisole and
fast pyrolysis oil %1% Adding Cu in supported Ni catalysts can retard cracking

reaction 1

and the carbon deposition and decrease methane yield during the HDO of
oxygenated-compound. "%, In addition, Cu can reduce the reduction temperature of

NiO at lower 350 °C 71192 which can limit the sintering of active phase 7.

Aside from Cu, iron (Fe) was studies as promoter in Ni/SBA-15 catalyst in
steam reforming of biomass derived tar reaction 1%, Compare to Ni/SBA-15, adding
Fe can promote catalytic activity and stability, in addition, it is effective in
suppressing the coking formation rate, due to its redox properties. For HDO of
oxygenated-compound, the monometallic Fe was investigated in green diesel
production from HDO of microalgal oil 1°. In this study, Fe nanoparticles supported
on mesoporous silica nanoparticles (Fe-MSN) was employed, the hydrocarbon yield
nearly 100% was obtained at 290 °C, 30 bar H, at 6 h reaction with mainly n-
octadecane (n-C18). This suggest that the HDO of microalgal oil over Fe-MSN
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underwent hydrodeoxygenation reaction as the major pathway, due to the partially
oxidized by acid occurred on the surface of iron. The process involved the reduction
of carboxylic acid to aldehydes, then it was continuously reduced by Hz (under the
study conditions) to form alcohol which is an intermediated of n-C18 production.
From the results, the reaction mechanism on surface of Fe-MSN was proposed as

shown in

o Fe o (a) ( o Fe o |
H/:}/HC A H\/ > J

t \
(b) i | N~
*,.:20 Pl M HS’//O Fe o

Figure 7. Proposed mechanism of the hydrogenation of carboxylic groups on the
surface of the partially oxidized Fe nanoparticles of Fe-MSN: (a) reduction to
aldehyde, and (b) further reduction to alcohol. The oxygen atoms eliminated from the

FFA may either escap 1%,

Moreover, NiFe catalyst exhibited the performance for improvement of
heating value and pH of liquid fuel product by HDO of model compounds of bio-oil
110 The conversion of furfuryl alcohol, benzene alcohol and ethyl oenanthate was
100, 95.48 and 97.89% at 400 °C. The major reaction pathway is the cleavage of C-O
rather than C-C under the study condition. This result is consistent with 111112,

As mentioned earlier, the precious metal such as Pd, Pt, and Ru were reported
the higher catalytic performance compared to Ni-based catalyst, even small at small

loading amounts. However, usage of the precious metal catalysts was limited by their
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high cost. The adding a small quantities of precious metal on Ni-based bimetallic
catalyst may be greatly improve the catalytic performance. As we known, Platinum
(Pt) is very active for hydrogenation. When Pt is introduced in Ni-based catalyst to
form bimetallic Ni-Pt, the Ni-Pt exhibit significantly higher hydrogenation activity of
benzene '3, cyclohexene!*, and 1, 3-butadiene ° at low-temperature compared to
monometallic Ni and Pt monometallic Ni and Pt catalysts. Moreover, Pt has been
116,117

reported as a promoter of bimetallic Ni-based catalyst for methane dissociation

The results demonstrated that adding Pt on Ni catalyst suppresses the coke formation.

Usage of promoters such as Rhenium (Re) was reported to help in decrease Ni
particles size, lead to high dispersion of Ni and prevent coke formation, greatly
improve the catalytic activity 1*811° Yang et al., studied the geometric and electronic
effects of bimetallic Ni—-Re catalysts for selective deoxygenation of m-cresol to
toluene 1*°, The Ni-Re-support interaction was shown in Figure 8.
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Scheme 2. Schematic representation of the structure of bimetallic Ni-Re catalyst before (A) and after (B) reduction at 450 “C for 1 h
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Figure 8. The structure of bimetallic Ni-Re catalyst before (A) and after (B) reduction
at 450 °C for 1 h 19,

Adding Re to the Ni/SiO> catalyst increase NiO dispersion through the Ni-O-
Re interactions. The proximity between NiO and ReOx species could prevent the NiO
particle agglomeration during calcination and facilitate forming surface Ni—Re alloy
during reduction. The presence of Ni-Re sites enhance the transformation of phenol
via the C-O cleavage. It can be described by adsorption of phenol on surface. Over
Ni-Re surface, the phenyl ring would adsorb on Ni site and O on Re sites facilitates
C-O bond cleavage compared to that on single Ni catalyst which absorbed phenyl ring
with O pointing away from the surface. Moreover, the Ni ensemble with a small size
would inhibit the C-C hydrogenolysis that is favored by the transition state.
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CHAPTER 4

EFFECTIVE Cu/Re PROMOTED Ni-SUPPORTED vy-Al.03
CATALYST FOR UPGRADING ALGAE BIO-CRUDE OIL
PRODUCED BY HYDROTHERMAL LIQUEFACTION (HTL)

This chapter present the was to investigate the effect of Cu and Re addition on
alumina supported Ni catalyst for upgrading of bio-crude produced from HTL of
Nannochloropsis sp. Upgraded bio-oil yield, elemental content, and oil properties
were here used to point out the activity of the catalysts. Moreover, the carbon
efficiency and overall energy recovery (ERovera) including ER from biomass algae to
bio-crude (ERwte) and ER from bio-crude to upgraded bio-0il (ERupgrade) are

calculated. Finally, the reaction pathway of catalytic hydrotreating has been proposed.

4.1 Results and discussion

4.1.1 Catalyst characterization

To investigate textural properties of different y-Al>Oz-supported catalysts after
the atmospheric-air calcination process, the morphology observation was performed
for the synthesized catalysts by SEM as displayed in Figure 9. All catalysts are
seemingly constructed from small quasi-spherical particles. An increase in the number
of metal-type loading increased the size of particles, especially in the case of Ni-Cu-
Re/y-Al>Os, which is reasonably because of agglomeration of particles during heat
treatment process 2. From EDS elemental mapping analysis, a good dispersion of
different active elements on y-Al,Oz support was observed, indicating the perfect
solution preparation and the wetting method subsequent with heat treatment process
employed herein. The existing elemental compositions of catalysts are summarized in
Table 5.
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Ni/’Y-A'zOg Ni-CU/‘Y-A|203 Ni-RE/’Y-A'an Ni-CU-RE/‘Y-Aleg,
! e ) 9 s b i cott ¥ SEM

Ni

Cu

Figure 9. SEM micrographs and elemental mapping analysis of Ni/y-Al2Os, Ni-Culy-
Al,O3, Ni-Re/y-Al;O3, and Ni-Cu-Re/y-Al.O3 catalysts. The insets show their

corresponding high magnification SEM images of the catalyst particles.

Table 5. Physicochemical properties of the support and catalysts.

Support/Catalysts BET Pore Average Metal content

specific volume®  pore (SEM/TEM, wt%)

surface (cm3/g) diameter” Ni Cu Re

area” (nm)

(m?/g)
v-Al,03 262 0.85 12.9 - - -
Ni/y-Al,O3 221 0.56 9.97 9.48/9.34 - -
Ni-Cu/y-Al,O3 212 0.53 10.1 11.1/11.44 3.2/13.3 -
Ni-Re/y-Al,O3 211 0.54 10.2 9.29/8.1 - 0.7/2.12
Ni-Cu-Re/y-Al,03 207 0.46 9.70 7.64/9.55 2.1/3.33 0.8/1.97

*Obtained from BET adsorption-desorption isotherm
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The physical properties of the catalysts including porous structure along with
the surface area were elucidated by the N2 adsorption—desorption method. The N:
adsorption—desorption profiles are shown in Figure 10. There was no different
behavior observed among all the catalysts. All y-Al.O3z supported samples exhibit
isotherm type-IV with a pronounced type H2 hysteresis loop, indicating a
characteristics of mesoporous materials with ink-bottle shape pores 23124 This result
is consistent with the SEM results, implying an existence of irregular channel systems

formed via assembling of quasi-spherical particles 12>12°,

Data of pore volume, average pore diameter, and specific surface area are
listed in Table 5. After the modification with Ni, Cu, and Re, the supported catalysts
possessed the descended BET surface area, reasonably caused by partial blocking of
the mesoporous structure by metal species. This is consistent with the decrease of
pore volume and average pore diameters, which resulted from deposition of the metal

layer on the y-Al>O3 surfaces.

Ni-Cu-Re/y-AL,O,

Ni-Re/y-AlLO,

Desorption —m

Ni-Cu/y-Al,O,

}

Adsorption

Volume adsorbed/desorbed (cm® STP/g)

Ni/y-ALO,

00 01 02 03 04 05 06 07 08 09
Relative pressure (P/P,)

Figure 10. N2 adsorption/desorption isotherms of catalysts: Ni/y-Al203, Ni-Culy-
Al>O3, Ni-Re/y-Al203, and Ni-Cu-Re/y-Al,O3 catalysts.
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The crystallographic features of the particle catalysts were also investigated by
XRD as depicted in Figure 11. The commercial y-Al>Os used as catalyst support
shows the diffraction peaks at 26 of around 37.6°, 39.3°, 45.7°, and 67°, which
corresponds to (311), (222), (400), and (440) crystal planes (a face-centered cubic
phase) of y-Al,O3 with low crystallinity (JSPDS 00-010-0425) 1%-128 However, the
(222) peak was clearly not observed in the case of all the doping catalysts. This is
reasonably because of the phase transition of alumina taking place during the thermal
treatment in atmospheric air 12"12°, Interestingly, no diffraction peaks around 260 of
37.2°, 43.3°, 62.9° and 75.4° corresponding to (111), (200), (220) and (311) crystal
planes of NiO (JCPDS 44-1159) were detected, implying the highly dispersion of tiny

NiO domains on the y-Al,O3z surface.

® y-ALO, (1 l 1) (2000) (220) 311)
* NiALLO,
4 NiO
S
S
2
‘n
C
5]
=
(111)
[ ]
T - T
10 20

Figure 11. XRD patterns of support and fresh catalysts; (a) as-purchased y-Al.O3
support, and as-prepared (b) Ni/y-Al>O3z, (c) Ni-Cu/y-Al20s3, (d) Ni-Re/y-Al20z and (e)
Ni-Cu-Re/y-Al.0z catalysts.

Moreover, the peak shifting at around 26 = 66.5° for all doped catalysts from
the y-Al,O3 support also appeared, indicating nonstoichiometric NiAl,O4 spinel

(JCPDS 10-0339) phase on the catalysts. This implies that the dispersion of Ni phase
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trended to be preserved and a formation of NiAl.Os-like surface covering on the vy-
Al,O; support took place !%. For the Ni-Cu/y-Al,Oz catalysts, there were no
diffraction peaks of CuO at 26 = 35.5°, 38.7°, 48.6°, and 61.5° which correspond to
(002), (111), (202), and (113) crystal planes (JCPDS 41-0254), present through all the
XRD patterns. This might be reasonably because of good dispersion of Cu phase on
the domains as also confirmed by EDS mapping (Figure 9), on the other hand, due to
a lower metal content; as well for the circumstance of triple active metallic catalyst

(Ni-Cu-Re/y-Al203), the diffraction peak of Re phase was also absent.

0.16
0951 Nify-ALO, \ 0.141 Ni-Cu/y-Al,0,
—0.04 4 ~0.124 I
=} =
S ©,0.101
T 003 T 0,084
2 o
0,02+ 0 0064
o o
0.04 -
¥ 0.011 =
0.02 4
0.004 _______.g:l:L;_____‘::_____Z:. 0.00f=2 g
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)
0.08 0.30
0.07 1 Ni-Rely—AI203 0.25 Ni—Cu—Rely—AI203
~0.06 .
S >
0,05 Eh
S 0.04- T 0.15
=2 2
7] ) (7]
00'03 n 0.10
2 0.02- 3}
0.014 0.05
0.00 1 0.00 4==7 - -« ==~
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Temperature (°C) Temperature (°C)

Figure 12. Ho-TPR profiles of catalysts; Ni/y-Al2Os, Ni-Cu/y-Al203, Ni-Re/y-Al;0s3,
and Ni-Cu-Re/y-Al;0z.

The XRD results also correspond to the TEM images and elemental mapping
shown in Appendix A (Figure 38). It can be seen that Ni species are well dispersed
on the surface of the alumina support. However, some NiO aggregation (Red dash-
line circle) is observed over Ni/y-Al2Os (Figure 38(a)). On the other hand, the bi- and

tri-metallic Ni catalysts show better dispersion of different metal species. This can be
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explained that homogeneous distribution is obtained by the introduction of Re
(Figure 38(c-d)), indicating that the interaction between Re and either Ni or Cu
facilitates the dispersion of NiO. Also, the metal content was detected, which
correspond to that obtained from the SEM analysis (Table 5. Physicochemical properties

of the support and catalysts. Table 5).

In order to investigate the reducibility property of the various catalysts, Ho-
TPR was carried out and the results are shown in Figure 12. Ni/y-Al,O3 catalyst
shows multiple broad peaks for the temperature range of 200-800 °C. The low-
intensity shoulder peak at 350 °C representing a reduction of weak interacted-support
bulk NiO to be Ni. Besides, the broad peaks at 400-750 °C are associated with
reducing the strong interaction of NiO with Al,Oz-support, while the reduction peak
at higher 750 °C could be assigned to the reduction of difficultly-reduced species as
bulk NiAl,O4 spinel 2130 Meanwhile, the reduction profiles of the bi- and tri-
metallic catalysts are obviously different from that of the single Ni-metal catalyst. Ni-
Re/y-Al>0Oz exhibits a sharp peak at 350 °C, and a broad peak at 527 °C, indicating the
reduction of rhenium oxide or Ni-Re oxide, and NiO strongly bonded with y-Al>Os-
support, respectively. The same circumstance was also observed in the reduction
profiles of Ni-Cu/y-Al,0z and Ni-Cu-Re/y-Al;Ogz, the two reduction peaks at around
230-250 °C and 525-550 °C were found which could be attributed to the reduction of
the dispersed CuQ or Ni-Cu alloy species *37°, and bulk NiO strongly interacted with
the support, respectively. Interestingly, when introducing the Ni/y-Al.Oz and Ni-Cul/y-
Al>O3 catalysts with Re metal, the reduction peak appeared with a high intensity
compared with those of the mono- and bi-metallic with Re-free, suggesting that
adding Re causes a positive effect on catalysts to enhance the reducibility of catalysts

118,119,131

by hydrogen spillover

4.1.2 Product distribution

The algae bio-crude oil was converted via catalytic hydrotreating process into
four different phases; including oil phase (upgraded bio-oil), aqueous phase (water-

soluble products), gas, and solid residue. The yields of product fractions from various
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catalysts are presented in Figure 13. The mass balance closure is greater than 97
wt. %. The mass loss observed in all experiments could be occurred during product

collection, extraction, and recovery.

70
L[]l
s0d [ Solid residue T
Gas .
| Aqueous
EN
2
o 40 4
3
==
S 30+
=
°
2
o 204
10 1
0 M M M M
No catalyst Ni Ni-Cu Ni-Re Ni-Cu-Re

Figure 13. The product yields of non-catalytic (H2 only) and catalytic upgraded bio-
oil using different catalysts. All experiments were performed at 350 °C, initial

hydrogen pressure of 75 bar and reaction time of 4 h.

The catalysts yielding a superior upgraded bio-oil yields are in the order of Ni-
Cu-Re > Ni-Re > Ni-Cu > no catalyst > Ni.- It is worth noting that the lowest bio-oil
yield of 38 wt. % was observed over Ni/y-Al,Oz catalyst due to high formation of gas
and solid residue. This results from high secondary cracking to form gas phase,
consistent with the highest gas yield (17 wt. %), which rather high selective over Ni
metal catalyst 132, In addition, relatively high solid residue yield (37 wt. %) over Ni/y-
Al>Oz3 could be attributed to recombination and further repolymerization of light
organic compounds to form larger compounds toward coke formation 33134, This is
reasonably because a small amount of low-boiling or volatile liquid medium was

observed even though the high catalytic cracking was promoted over Ni metal
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catalyst, which is confirmed by GC-MS and simulated distillation analysis (results
will be shown later).

Compared with monometallic Ni catalysts, bi- and tri-metallic catalysts
revealed higher bio-oil yield and lower solid residue yield. The highest bio-oil yield of
58 wt. % and lowest solid residue yield of 24 wt. % were obtained by Ni-Cu-Re/y-
Al>O3z catalyst. This result can be described by the synergistic effect of the different
functioning metals loaded and the promising properties of catalysts after promoted
with Cu and Re, which provide more active site for hydrotreating reaction. The
addition of Cu also encouraged the activity of Ni catalyst which then increased the
bio-oil yield. Surprisingly, Ni-Cu catalyst obtained solid residue yield as much as that
of monometallic Ni catalyst, due to polymerization of aromatic compounds
(confirmed by GC-MS). By adding Re, the performance of Ni and Ni-Cu catalyst
could be enhanced, resulting in increasing the Ni and Cu metals dispersion. It also
enhanced the reducibility of Cu and Ni on surface of catalyst. This assessment is
confirmed by TPR results as mentioned in section 4.1. As a result of high metal
dispersion, the active site would be exposed which increased the hydrogen
dissociation and adsorption on surface, leading to the increased catalyst activity and

bio-oil yield.

The gas yield obtained for all samples is slightly different. In comparison to
the bi- and tri-catalytic experiments, the gas yield of non-catalytic runs are relatively
high (as Figure 13). This result can suggest that the gas product could be produced
not only through catalytic cracking but also thermal process. It is acknowledged that
Ni metal catalyst is highly active for scission of C-C bond, leading to increasing gas
formation *>!3%, The lower gas yield was produced by using bi- and tri-metallic Ni
catalysts, which can be attributed to the positive effect of the promotion of Cu and Re

by suppression of C-C bond scission, further lowering the cracking activity.

This study also revealed that the aqueous phase was the lowest fraction in
upgraded products ranging from 2-7 wt. %, which could be formed via dehydration,
hydrodeoxygenation and denitrogenation reaction. The highest aqueous yield of 7
wt. % was achieved by Ni/y-Al,Oz, which was attributed to the high removal activity

of oxygen and nitrogen as confirmed by elemental analysis described further in
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section 3.3. Hence, the dissimilarity of aqueous yield could be explained by removal
of O and N in the bio-oil.

4.1.3 Upgraded bio-oil characterization

4.1.3.1 Physical properties and elemental analysis

The algae bio-crude oil contains large quantity of heteroatoms (S, N, and O)
compared with those of petroleum fuel, which resulted in the low higher heating value
(HHV) and high total acid number (TAN) as shown in Table 6. The high amount of
O-containing compounds can affect the combustion performance and cause an engine
problem due to its low thermal stability, and high corrosion. Moreover, N- and S-
containing oil causes the increase of air pollution by forming NOx and SOy after the
combustion 2. As a result of these properties, the bio-crude oil is not suitable to be

used directly in motor engine as a transportation fuel.

The colors and viscosity of the upgraded bio-oil are rather different from the
original bio-crude oil. By visual observation, the upgraded bio-oil flowed effortlessly
than the bio-crude oil, indicating that the large/heavy compounds were degraded to be
the small compounds during the hydrotreating. This inference was supported by the
boiling point distribution data (as discussed in the detail in following section) which
show that the lower fraction of vacuum gas oil and vacuum residue (larger
compounds) can be achieved in upgraded bio-oil. For all the upgraded bio-oils, both
non-catalytic and catalytic upgrading show no significant change in color (reddish-

dark brown) but more translucent than the algae bio-crude oil. (See Figure 14).

Upgraded bio-oil
Algae Bio-crude No catalyst Ni Ni-Cu

Figure 14. Photos of algae bio-crude oil and upgraded bio-oil.

As expected, after hydrotreating process, the properties of upgraded bio-oil
were improved with increasing HHV, and simultaneously decreasing TAN value and
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water content as accompanying with increasing of C and H and reducing of
heteroatoms (Table 6). The catalytic upgraded bio-oil contained C and H between
81.7-86.1 wt. % and 11.8-12.9 wt. % which were higher than those of the algae bio-
crude oil and one without catalyst, while S, N, and O heteroatoms are relatively low.

Remarkably, the relative high O content was observed over the Cu-promoted
catalyst, indicating that the addition of Cu negatively affects the capability of
deoxygenation. This is attributed to the selective reaction depending on a type of
catalyst during the hydrotreating. The selective deoxygenation can be occurred via C-
C and C-O bond scission of oxygen compounds. The scission of C-C bond favors
over surfaces of Ni metal 3> while single Cu metal is more selective over
hydrogenation of C=0 and hydrogenolysis of C-O %1%, On the basis of the
selectivity, by promotion with Cu, deoxygenation activity should be enhanced;
however, it was observed to be less active than that of monometallic Ni. This effect
can be explained by the existence of Cu causing the loss of Ni metal active sites due
to a partial coverage by Cu and the formation of NiO-CuO alloy as observed by TPR.
As unsupported Cu catalyst had been reported poor performance in deoxygenation of
oxygen-containing hydrocarbon %2, Additionally, decreasing the proportion of Ni

surface results in hindrance of hydrogenation and C-C bond scission activities 3%,

The low C content of 71.7 wt. % and high O content of 16.4 wt. % were
presented in non-catalytic upgraded bio-oil, corresponding to higher TAN and lower
HHV values. The TAN value directly correlates with the carboxyl groups from fatty
acid containing in the oil. The TAN of non-catalytic upgraded bio-oil still remains
high at 11.4 mg KOH/g which can be attributed to the low activity for deoxygenation
occurred in absence of catalyst. Moreover, the decrease of acidic compounds (as
shown by a decreasing of TAN approx. 49%) are not only from deoxygenation
reaction (as O content decreased only approx. 15%) but might be dominated via
esterification and condensation of the acids as indicated by the presence of esters and

ketones.
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In addition, small amount of water was observed in the oil phase, which may
be on account of an incomplete removal of O and N containing compounds of bio-
crude oil 1. This is possible because the incomplete removal of heteroatoms causes
the remaining of some polar compound having the hydrophilic groups (e.g. -COOH, -
OH, -CO, and -NH) in the oil, leading to the soluble of water in oil phase as observed
by GC-MS and FT-IR.

Additionally, an increase in H/C accompanied with decrease in O/C which are
consistent with the hydrogenation and deoxygenation reaction. The H/C and O/C
ratios of catalytic upgraded bio-oil were in the range of 1.74-1.8 and 0-0.05,
respectively, which are in the same range of petroleum based oil. Ni-upgraded bio-oil
showed the high H/C ratio (1.8), and zero of O/C ratio which meet the ratio of diesel
fuel (H/C = 1.80 and O/C = 0) 2. The lowest H/C of 1.74 obtained over Ni-Cu/y-
Al;O3 mainly resulted from the highest aromatics content as confirmed by GC-MS.
Apart from hydrodeoxygenation (HDO) reaction, the elemental analysis demonstrates
the elimination of sulphur and nitrogen by the reactions of hydrodesulfurization
(HDS), hydrodenitrogenation (HDN). The HDN activity over all the catalytic
experiments was not achieved at the same levels of HDO and HDS. This is consistent
with the heteroatom remaoval efficiency during hydroprocessing reported by Furimsky
143 which generally occurs in the following order: HDS > HDO > HDN.

Though Ni/y-Al,O3 gave the lowest oxygen content with highest HHV, the
obtained oil yield is lowest. Energy recovery (ER) refers to the chemical energy of
algae biomass and bio-crude oil retaining in the bio-crude oil and upgraded bio-oil,
which represented by ERnr and ERupgrading, respectively. It is calculated by the
incorporation of energy (HHV value) and oil yield, and may be an indicator to explore
the performance of catalysts in catalytic upgrading process for consideration to further
study and potential to scale up **4. The algae biomass was initially converted into bio-
crude oil by HTL process, which remained the chemical energy (ERntL) of 71.9% in
the bio-crude oil. Subsequently hydrotreating step, the energy recovery of upgraded
bio-o0il (ERupgrade) relative to bio-crude oil was in the range of 42-65%. Higher values
of energy recovery imply a greater recovery of contained feedstocks energy in bio-oil

product. The highest energy ERupgrade Of 64.6% was achieved for Ni-Cu-Re/y-Al>0O3
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because the highest oil yield with high HHV was produced. Besides, the energy
recovery of the overall process (ERoveran) Which indicates the chemical energy of
algae biomass remaining in upgraded bio-oil of 46.4% can be achieved for Ni-Cu-

Re/y-Al,O3 catalyst.

Carbon recovered in the oil phase was calculated as carbon efficiency (CE). A
higher carbon efficiency implies that the most of carbon contained in feed is
converted into oil phase product whereas carbon end ups more in solid, gas and some
in aqueous phase resulting in lower CE value. The overall CE (CEoveran) from algae
biomass to upgraded bio-oil product shows the similar trend as the value of energy
recovery. The CE value of HTL (CEnTL) process was about 64% which is in the same
range reported in other studies (appox. 54%-69%, based on calculation of their
reported yield and C content) 7145147 A wide-range of carbon efficiency for
upgrading step (CEupgrade) @S 48% for non-catalytic and to 74% for Ni-Cu-Re/y-Al>O3
catalyst were achieved in this study. The values of CEypgrade Calculated from literature
are summarized in Table 7 for comparison with our study. As shown in the table, Ni-
Cu-Rely-Al;0O3 catalyst exhibits relatively high  CEypgrade but certainly less than
NiMO/y-Al,0; 8 which deoxygenating mainly proceeds via HDO. However, it is
worth to note that, mode of operation i.e. batch and continuous flow rather influences
on CEupgrade. As shown-in-Table 7, regardless of catalyst used, less carbon was
recovered from batch operation comparing to flow operation. This could be mainly
due to different interplay between hydrodynamics and mass transfer behavior. The
H/oil ratio can be kept constant for flow operation while gradually decreased in batch

operation as prolong reaction time.
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4.1.3.2 Molecular characterization

The chemical compositions of the algae bio-crude oil consisted of many
complex compounds such as aliphatic hydrocarbon, substituted aromatic,
heterocyclic, polycyclic aromatic hydrocarbons as well as oxygen-, nitrogen- and both
oxygen-nitrogen containing compounds, which in principle are derived from the
coexistence of carbohydrate, proteins and lipids in Nannochloropsis sp. algae biomass
148’150.

FT-IR spectroscopy was employed to determine the comprehensive functional
groups in the original bio-crude oil and upgraded bio-oils, which can be interpreted
into relative chemical compounds listed in Table 15 (Appendix A). Figure 15(a)
shows strong intensity of FT-IR spectra at 3200-3650 cm™ in the bio-crude oil,
corresponding to O-H group of (e.g.) water, phenol, and/or alcohol, and N-H
stretching of amino group *3°, These corresponding spectral intensities were found
weaker in the upgraded bio-oils (Figure 15(b) and (c)), indicating the reduction of
alcohol, phenol, water as well as nitrogen compounds, corresponding to the GC-MS
results. A noticeable reduction in spectral intensities at 1647-1780 cm™ and 1525-
1590 cm™ were detected, indicating that carbonyl (C=O) of amide, ketone, and
carboxylic acid and N-H of amide were removed *°%1>3, The majority of absorbance at
2840-2970 cm™ was observed in both the bio-crude oil and upgraded bio-oil, which

can be attributed to C-H stretching in aliphatic hydrocarbons.

The presence of absorbance attributed to symmetric =C-H stretching of alkene
was found in the upgraded bio-oil by shoulder peaks at 3000-3100 cm™ %4, Also, the
absorbance at 1350-1480 cm™ attributed to the methyl (-CHs) bending and methylene
(-CH>) scissoring of aliphatic or cyclic alkyl group. Compared with the bio-crude oil,
lower intensities of absorbance at 700-815 cm™ were detected, attributed to C-H
bending of an aromatic compound *41%% which may be due to hydrogenation or
hydrocracking of polyaromatic compounds during the hydrotreating. In all catalytic
upgrading systems, FTIR results indicate an obvious removal of C=0, O-H, N-H
bonds which conform to the decreased amides, acids, phenols and alcohols, whereas
the content of hydrocarbons increased. This results in significant decreases of oxygen

content, water content, and TAN with higher HHV which cannot be achieved from
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non-catalytic upgrading. Moreover, for the upgraded bio-oil, the small O-H
absorbance still exists, due to incomplete deoxygenation and denitrogenation, which
can be confirmed by the results from CHNS/O elemental analysis and the GC-MS
characterization.

(a)

» Biocrude

C-H stretching AN
l_lj Upgraded bic-oil +— D —

900 800 700 B‘QO 500

i-Cu- CH,+CH
Ni-Cu-Re 2 : 3 _CH from
i | Aromatics
Ni-Re .
; i CH
i ﬂ_ I 3

Ni
No catalyst

Absorbance (a.u)

C=0 (acid, ketone)

.

Bio-crude

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) l
Bio-crude Nocatalyst  (b) C=0 (amides associated) (c)
——NI/Al  —— NiCWAl , :
NiRe/Al N-H (Amides)

NiCuRe/Al

Absorbance (a.u.)

| AN
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Figure 15. (a) FT-IR spectra of the algae bio-crude oil and upgraded bio-oil, (b)
spectra zoom in at wave number values 2950 — 3600 cm™ and (c) spectra zoom in at
wave number values 1000 — 2000 cm™. All experiments were performed at 350 °C,

initial hydrogen pressure of 75 bar and reaction time of 4 h.

GC-MS was performed to identify the chemical compounds in the algae bio-
crude oil and the upgraded bio-oil. Several hundreds of chromatograms of bio-crude
oil and upgraded bio-oil were detected (Appendix A; Figure 39(a-f)). Each individual
peak was identified using the NIST mass spectral library (Appendix A; Table 16), the

percentage of each peak area was classified and categorized as shown in Table 8.
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The algae bio-crude oil is composed mainly of nitrogen and oxygen
compound, and a low amount of hydrocarbons. Amides compounds (mainly
hexadecanamide) and heterocyclic nitrogen compounds (pyrroles, pyridines, and
indoles) with various alkyl substituents are found as a dominant in the algae bio-crude
oil, while carbonyl-containing compounds (such as 4,4,5-trimethoxy-2-Cyclohexen-1-
one, Ethanol, 2,2'-[1,2-ethanediylbis(oxy)] bis-, diacetate, etc.) are predominant for

oxygen compounds, as well as phenol and alkyl phenols.

Subsequent to hydrotreating process, the aliphatic and aromatic hydrocarbons
in all the upgraded bio-oils significantly increase, while the amount of nitrogen and
oxygen compounds decrease, demonstrating that denitrogenation and deoxygenation
were occurred during the reaction. The deoxygenation reaction possesses more
effective in the presence of metal catalyst, which results in-a great decrease of oxygen
compounds. The majority of compound in the upgraded bio-oil is open-chain
compounds which in detailed mainly straight chain alkanes (ranging from C7-Cag).
The minorities are aromatic hydrocarbons such as benzene, naphthalene. Among the
catalytic upgrading, Cu-promoted catalysts show the higher oxygen compounds such
as alcohols-, aldehyde-, and phenol-based structure since deoxygenation took place
over Cu metal sites through C-O hydrogenolysis 3%’ which further evidenced by
high water content in products. While the denitrogenation could not be completed
because breaking of the C-N bond in aromatic ring is very difficult, resulting in
finding some heterocyclic nitrogen compounds (benzenamine, carbazole, etc.) after
hydrotreating process. In details, the elimination of nitrogen atoms that connected
with n-electrons on aromatic ring in structural conjugation such as pyridine, pyrrole,
and indole, is challenging because it has high strength of C-N bonds due to high
structural stability of aromatic six member N-ring. In addition, highly condensed-
aromatic nitrogen compounds such as quinoline and carbazole are less reactive than
that of lower aromatic condensation due to the higher resonance energy of molecular

structure 18156

It is worthy noted that Ni-Re/y-Al.O3 catalytic upgrading shows relative high
N content compared to other catalysts (Table 6), which are mainly nitrile compounds

such as tetradecane nitrile, hexadecane nitrile. This could be produced via dehydration
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of amide to form nitrile which prefer over Ni-Re catalyst because oxophilic character
of Re facilitates for oxygen atom adsorption over carbon atom adsorption, resulting in
the promotion of C-O bond scission (dehydration) !%1571%%  Besides, the high
nitrogen content may attribute to the occurrence of reductive amination reaction. As it
was reported by Ma et al. who investigated reductive amination of monoethanolamine
and liguid ammonia over alumina supported Ni-based catalyst. They found that
addition of Re as a promoter on Ni metal catalysts positively affect the activity for the
reductive amination which facilitated by forming Ni%-ReOx sites %1% In our
research, Ni-ReOx could be formed during the reduction step, which can be observed
by the TPR; hence, it is reasonable to consider that the presence of Re promotes the
reductive amination to produce amine, further undergo dehydrogenation to form

nitriles.
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4.1.4 Gas compositions

As shown in Figure 16, CH4 and CO> are found as primary components, while
CO and light hydrocarbons (C>-Cs) are also slightly observed. The light hydrocarbons
(C2-Cs) can be generated from hydrocracking of the large hydrocarbons in the bio-
crude oil, while the CO and CO2 were mainly produced through the decarbonylation
(DCO) and decarboxylation (DCO3). Moreover, CO, could be generated from water
gas shift (WGS) reaction. The large CH4 was observed for catalytic experiments,
reasonably suggesting that the formation of CHa is through not only the cracking of
the bio-crude oil but also the CO and CO2 methanation in gas phase reaction. The
lower content of CHs was found over Ni-Re and Ni-Cu-Re catalysts, which is
attributed to the effect of adding Re, consistent with the investigation by Yang et al.
19 They observed the positive effects of adding Re to Ni catalyst, increasing Ni
dispersion and reducing Ni particle size by Ni-Re alloy formation. As a result of the
Ni size decreased, the hydrogenolysis' C-C would be suppressed, contributing to

significantly less in methane production.

Water gas shift (WGS): CO + H;0 «<» CO2 + H»
Methanation: CO + 3H, — CH4 + H20
1 COs + 4Hy; —» CH4 + 2H0

In addition, the hydrogen consumption during the hydrotreating was also
determined. For all the upgrading experiments, unreacted hydrogen still remained in
the gas product. Combined with the pressure change after the reaction, the hydrogen
consumption could be determined according to the literature 14°. Obviously, higher
hydrogen consumption was observed for catalytic hydrotreating. This suggests that
the higher amount of hydrogen was consumed for hydrogenation of unsaturated
hydrocarbons as well as methanation in gas phase, which preferably occurred over
metal catalysts. Generally, DCO and DCO; consume less hydrogen than HDO;
however, once reduction of COx to CH4 via methanation was occurred, the total
hydrogen consumption is higher than HDO. Thus, hydrogen consumption is strongly

dependent on methanation reaction as depicted in Figure 16 and this leads to the
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highest consumption of hydrogen for monometallic Ni catalyst. On the other hand, the
lowest hydrogen consumption of Ni-Re is probably due to the internal generation of
hydrogen through the water gas shift reaction as Ni-Re/Al;O3 is known as an active
WGS catalyst ®, which had been reported to be achieved at around our study
temperature (350-400 °C) %2, Additionally, it has been reported dehydration reaction
is more facilitated when Re is introduced 63184 as observed the highest water content

(Table 6) and highest Cn/Cn+Cn-1 (Table 9) among catalytic hydrotreating catalysts.
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Figure 16. Hydrogen consumption and gas product composition of non-catalytic and
catalytic upgraded bio-oil using different catalysts. All experiments were performed at

350 °C, initial hydrogen pressure of 75 bar and reaction time of 4 h.

4.1.5 Simulated distillation analysis

Boiling point (b.p.) distribution of the bio-crude oil and upgraded bio-oil was
determined by Simulated distillation analysis following ASTM D2887. The boiling
point range was grouped into five fraction corresponding to *, including gasoline and
heavy naphtha (b.p. < 193 °C), kerosene (b.p. 193-271 °C), diesel (b.p. 271-343 °C),
vacuum gas oil (b.p. 343-538 °C), and vacuum residue (> 538 °C). Figure 17 shows
the boiling points of the algae bio-crude oil and upgraded bio-oil.
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The highest vacuum gas oil of 78 wt. % and vacuum residue of 5 wt. %, as
corresponding to the containing of heavy/large molecular compounds such as
hexadecanamide and octadecanamide, were obviously found in the algae bio-crude
oil. The non-catalytic upgraded bio-oil, the lower vacuum gas oil fraction and residue
were observed compared with those of the algae bio-crude oil, suggesting that the
heavy molecule of bio-crude oil was converted into these fractions via thermal
process. Catalytic hydrotreating process led to a significant increase in gasoline,
kerosene and diesel fractions, while the vacuum gas oil and vacuum residue fractions
obviously decreased.

100
I Gasoline and Heavy naphtha (<193 °C)
90 1 Kerosene (193-271 °C)
80 | | Diesel (271-343 °C)
| | Vacuum gas oil (343-538 °C)
< 70 Bl \/acuum residue (>538 °C)
S 604
o -
0
= 20
£ F
}3 40 -~
> I
D 30 =
20
10 I
Bio-crude No Ni Ni-Cu Ni-Re  Ni-Cu-Re
oil catalyst

Figure 17. Boiling point distribution of algae bio-crude oil and upgraded bio-oil using

different catalysts analyzed by Simulated Distillation analysis.

The relative high diesel fraction was presented in Ni and Ni-Cu, as a result of
predominant n-Cys and n-Ci17 compositions (Table 9), which are in the diesel boiling
range. The gasoline fraction was barely observed over Ni/y-Al>O3z, as in agreement
with the GC-MS chromatogram (Appendix A, Figure 39), in spite of the severe
cracking activity. This result can be explained by the recombination and

polymerization of light/small molecular hydrocarbons into heavy molecules i.e.
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alkanes containing carbon atom higher than Czo, which contributed to relative high

vacuum gas oil fraction.

Table 9. Carbon number distribution of straight chain hydrocarbon products in
upgraded bio-oils using different catalysts by GC-FID equipped with simulated
distillation analysis (% of Total peak area).

Upgraded Total peak area (%) Cn/CntCht
bio-oil <Cll1 Ci12-C14 C15 C16 C17 C18 C19 C20 C2i<

No catalyst 0.65  4.68 2471 530 1237 843 557 428 34.00 0.37

Ni 0.20 4.52 30.68 5.69 1585 1132 6.26 3.09 2239 0.33
Ni-Cu 090 6.45 28.79 6.39 1418 1040 537 3.88 23.64 0.36
Ni-Re 4.18 11.22 1789 11.38 11.70 18.21 6.26 5.86 1330 051
Ni-Cu-Re 9.18 13.31 30.94 - 8.95 13.48  8.69 3.87 362 795 0.36

Cn is summation of even carbon atoms in straight chain hydrocarbons

Chn-1 is summation of odd carbon atoms in straight chain' hydrocarbons

Meanwhile, the lighter product was vastly generated over the Re-promoted
catalyst, resulting in increasing the gasoline and kerosene fractions that of 10-20
wt. % and 25-30 wt. %, respectively. However, the gas product over Ni-Re and Ni-
Cu-Re was observed at relative low level. This exhibits that moderate hydrocracking

occurred during the hydrotreating of bio-crude oil over Ni-Re and Ni-Cu-Re.
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4.1.6 Reaction network

Based on the product distribution described above, the overall of possible
reaction pathways for hydrotreating of the algae bio-crude oil are proposed in Figure
18. Such amides represent an important component where hexadecanamide
(C16H33NO) and octadecanamide (C1sHz7NO) were observed as the main components
in the bio-crude oil, while n-C1s/n-C16 and n-Ci17/n-Cys, respectively, are observed as
main products in the upgraded bio-oil (See Table 9). Amide is known as a rather more
stable compound compared to other functional groups (ester, acid, amine, nitriles,
etc.). In our study condition, breaking C-N bonds of amide possibly occurs through 3
different pathways: the first is hydrolysis of hexadecanamide to form hexadecanoic
acid (palmitic acid); the second is hydrogenation of amide to form alcohol; the last
one is hydrogenolysis of C-O in amide to amine, then further denitrogenation to

alkane, as shown in Figure 19.

Denitrogenation +2H,

PAVAVAVAV AN AV AVA T
-NH, Hexadecanol
/\/\/\/\/\/\/\j O /\/\/\/\/\/\/\j."
NH2 OH
Hexadecanamide -NH, Hexadecanoic acid
(Palmitic acid)
+2H,
AANANNANANTNH,
- H.0 Amine

Figure 19. Possible reaction pathway for breaking C-N bonds of hexadecanamide

Even though hydrolysis of amide is known to be a thermodynamically
unfavorable reaction; it can be occurred under acid or base condition at elevated
temperature >100 °C %5187 In our system, operated at 350 °C, 75 bar of Hy, relatively
high acidity atmosphere, and presence of water, could promote hydrolysis of
hexadecanamide to form hexadecanoic acid at early stage, as sufficient water could be
internally generated via dehydration or hydrodeoxygenation reaction. Hexadecanoic
acid was further converted into hexadecanal via hydrogenolysis, which can be either

deoxygenated to pentadecane via decarbonylation, or hydrogenated into hexadecanol.
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Hexadecanol was subsequently dehydration to hexadecene (Cis6”) which further
underwent hydrogenation to form hexadecane (n-Cig), as shown in Figure 20(a).
Alternatively, hexadecanamide could be hydrogenated into corresponding amine and

alcohol which could be further decomposed into n-Cie (See Figure 20(b)).

()

C-C scission
C-0 scission Dacarboxylation -CO,
G-N scission Ni * NiCu = NiCuRe>> NiRe

Decarbonylation -CO Pentadecane

Ni > NiCu = NiCuRe>> NiRe 1-C Hyy

o o NiRe, NiCu,

PN Wi b PN NN NN +Hs NCuRe
NHz —— s AAAAAAN G2 H ———= AN

Hexadecanamide “NH. Hexadecanoic acid -H0 Hexadecanal -H; Hexadecanol
{Palmitic acid)

4

NiRe, NiCu, | .H.0
NiCuRe 2

NiRe=>NiCuRe.NiCu

+H, Hexadecane

ANANNNAAN ==
Hexadecene -Hy 7-CgHy,

Denitrogenation NiRe. NICu Decarbonyiation

: . Pentadecane
/\/\/\/\/\/\/\j-) 2, *He HicuRs 1 -co
NHp | —————— AN —— H e
Hexadecanamide -NH, Hexadecanol -H, Hexadecanal Ni = NiCU = NiCURe>> NiRe 15732
+2H, | -H,0 NiRe, NiCu, | _H O
NIGuRe ZNR NiCuRe,NiC
..
B Hexadecane
IR AASAAANG e | AAANAAANS
Amine Hexadecene -H, -GygHyy

Denitrogenation  +2H,

-NH,
Figure 20. Formation of alkanes from hexadecanoic acid (a), and hexadecanamide (b).

Throughout the chemical compositions that have been mentioned in section
4.5 as well as literature information %1% we hypothesize that reductive amination
can occur especially over Ni-Re catalyst, through dehydration of aldehydes
intermediate and then react with internal ammonia to form imine (unstable amine).
This imine further undergoes dehydrogenation to produce nitriles, or probably
hydrogenation to the amine (See Figure 21). Due to rather high amount of nitriles
discovering, we can presume that the dehydration of amide is more favorable than
further hydrogenation to amine as well as dehydrogenation of imine. As our
observation, hexadecanamide could be decomposed via at least three different routes.
The finding in this study could elucidate and explain why hexadecanamide exhibits

higher conversion compared to that of the intermediate, palmitic acid, as observed by
170
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Figure 21. Reductive amination of aldehyde over Ni-Re catalyst.

Generally, n-Cys are produced through direct decarboxylation of hexadecanoic
acid which could favor over Ni catalyst due to C-C bond scission (to form CO,), or
decarbonylation of hexadecanal (releasing CO), which favorably occurs over Ni-Cu
and Ni-Cu-Re catalysts. Simultaneously, hydrodeoxygenation of hexadecanol which
is in equilibrium with hexadecanal /%172, were occurred at C-O bond resulting in n-
C16 and water was generated, which apparently occur over Ni-Re catalyst confirmed
by the highest of Cn/Cn+Cn.1 value (Table 9). Furthermore, some unsaturated- and
cyclic-hydrocarbons as well as aromatics were also observed. This provided strong
evidence for the occurrence of dehydrogenation, leading to cyclization and formation
of aromatic compounds under the reaction atmosphere, which is more favorable active

over Ni-Cu as its yielded the highest aromatic hydrocarbon.

4.2 Conclusion

Algae bio-crude oil produced from hydrothermal liquefaction (HTL) is an
attractive third-generation biofuel. The bio-crude oil yield of 50 wt. % can be
achieved from HTL of Nannochloropsis sp. at 320 °C for 30 min with energy
recovery (ERntL) of 71.8%. The hydrotreating upgrading of the bio-crude oil was

investigated using Ni-based non-sulfided catalyst promoted by Cu and Re.

Among different catalysts, bare Ni/y-Al,Os catalyst exhibits the highest
heteroatom removal activities (oxygen and nitrogen content of 0.002% and 1.03%)
and thus the highest HHV of 44.8 MJ/kg. Nevertheless, the lowest yield of upgraded
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bio-oil leads to the lowest ERupgrade (44.6%) which turned out to be an unpromising
catalyst. The addition of Cu and Re in bimetallic, and both Cu and Re in trimetallic

catalysts could increase the yield of upgraded bio-oil and thus improved ER.

By promotion with only Cu, the ERupgrade cOuld be improved to 50.6%. This is
because of the significant enhancement in the yield of upgraded bio-oil that could
compromise in the decrease of deoxygenation activity. This effect can be explained
by the favorable adsorption of C=0 over Cu surface; and by the formation of NiO-
CuO alloy which could decrease the Ni metal active sites. Hence, the hydrogenation
takes place more at C=0O bonds than cleavage of C-O and C-C bonds, resulting in

more selective for aldehyde, alcohol as well as aromatic compounds.

Meanwhile with an addition of only Re, the ERupgrace could be further
improved to 59.1% as increase of oil yield and oxygen removal activity compared to
the Cu addition. Ni-Re/y-Al,O3 catalyst offered rather high yields of n-C1 and n-Css
hydrocarbons, hydrodeoxygenation products containing the even number of carbon
atoms in the molecule as the corresponding fatty acid amides i.e. hexadecanamide
(C16H33NO) and octadecanamide (CigHs7NO). This indicates the favorable
dehydration and C-O hydrogenolysis over ReOx surface. However, Ni-Re/y-Al>O3
presents a negative effect for nitrogen removal due to the reductive amination, then
further nitriles formation.

The most impressive results can be achieved with the addition of both Cu and
Re as trimetallic Ni-Cu-Re/y-Al;0s. The increasing in the dispersion of Ni species and
enhancing the reducibility of the catalyst are beneficial for the catalysis process. Ni-
Cu-Rely-Al;O3 offers the highest oil yield of 58 wt. % with the utmost desirable
ERupgrade Of 64.6%. The carbon efficiency in the upgrading process (CEupgrace) Of 74.3%
from Ni-Cu-Re/y-AlO3 exhibits relatively high CEupgace COmpared to the literature
performing in similar operating systems. The overall metrics from algae biomass to

upgraded bio-0il of ERoverail and CEoveran as 46.4% and 47.7% can be achieved.

The reaction schemes depending on different metal catalysts have been
proposed. Hexadecanamide, the O- and N-containing compound, which is the most

component in bio-oil is illustrated in order to depict the reaction pathway. In
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conclusion, O- and N- removal possibly occurs through 3 different pathways
including 1) hydrolysis of hexadecanamide to form hexadecanoic acid, 2)
hydrogenation of amide to form alcohol, and 3) hydrogenolysis of C-O in amide to

amine.
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CHAPTER 5

CATALYTIC BEHAVIORS OF MONO-, BI-, AND TRI-
METALLIC SUPPORTED Ni/y-Al.O3 IN HYDROTREATING OF
PONGAMIA PINNATA OIL

In this chapter, the activity and stability of Ni, Ni-Cu, Ni-Re and Ni-Cu-Re supported
on y-Al;O3 were tested in a down-flow packed-bed reactor using Pongamia pinnata
(P.pinnata) oil as a bio-oil feedstock. All studied were conducted under reaction
condition: 330 °C. H 50 bar, LHSV 1 h! and Hy: oil 1000 Ncm®/cm?. The fresh and
spent catalysts were characterized in order to understand the effect of Cu and Re on

the catalyst deactivation.

Pongamia pinnata (P.pinnata oil), in English called “Indian beech” is a
promising low-price feedstock for biodiesel production. P.pinnata oil is a fast
growing tree in humid or subtropical area, such as Thailand, India, Malaysia,
Australia, New Zealand, as well as parts of China and USA. The P.pinnata seed
kernel contains about 27-40-wt % oil -which has potential in biodiesel production 3.
The oil has been investigated in biodiesel production via tranesterification reaction '#;
however, using of P.pinnata oil on bio-hydrotreated diesel or green diesel production

was rarely disclosed.
5.1 Results and discussion

5.1.1 Oil extraction and yield

The extracted P. pinnata oil yield was 28% on dry weight of kernel seeds
basis. The acid number and water content of crude P. pinnata oil were 7.8 mg KOH/g
oil and 0.05 wt %, respectively. Fatty acid composition and the metallic and

phosphorus content in crude P. pinnata oil were shown in Table 10 and Table 11,
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respectively. The phospholipid content of degummed P.pinnata oil decreased from

570 to 187.9 ppm, which causes decreasing of viscosity from 48.01 to 37.06 cSt.

Table 10. Fatty acid distribution of Pongamia pinnata (P.pinnata) oil.

Fatty acid wt.%
C 16:0 (Palmitic acid) 15.09
C 18:0 (Steric acid) 4.66
C 18:1 (n-9 cis, Oleic acid) 54.41
C 18:2 (n-6 cis, Linoleic acid) 13.45
C 18:3 (n-3, Linolenic acid) 0.205
C 20:0 (Arachidic acid) 1.05
C 20:1 (n-9, Eicosenoic acid) 1.46
C 22:0 (Behenic acid) 8.27

Table 11. The concentration of metallic and phosphorus impurities in crude

Pongamia pinnata (P.pinnata) oil.

Concentration-(ppm) Oil recovery S
Sample Viscosity (cSt)
Na K Ca Mg P (wt. %0)
Crude oil 113 168 2315 1083  509.5 - 48
Degummed
232 213 88.3 475 188 90.2 37

oil
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5.1.2 Catalytic activity

The evolution of P.pinnata oil conversion, and product yields with time on
stream for Ni, Ni-Cu, Ni-Re, and Ni-Cu-Re catalysts are shown in Figure 22 The
complete conversion of 100% was achieved for all catalysts and it is stable along 15 h
time on stream, however, Ni-Cu/y-Al;O3 catalyst shows a slightly decline in the
activity and yield after 15 h. The liquid product yield was divided into 3 range,
including gasoline range (C7-C12), diesel range (C13-C22), and high molecular weight

hydrocarbon (>Cxs).
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Figure 22. Conversion and product yield, over time on stream during hydrotreating of
P.pinnata oil over Ni/y-Al203, Ni-Cu/y-Al20s, Ni-Re/y-Al2O3, and Ni-Cu-Re/y-Al203
catalysts, All experiment were conducted at 330°C, 50 bar Hz, LHSV 1 h, and Hy/oil

ratio 1000 Ncm?®/cm?3.

The diesel range yield (C13-C22) is the majority product obtained over all the
catalysts and small amount of gasoline yields were observed during the hydrotreating
reaction, due to that the cracking reaction occurred over the Ni metal active site.
Moreover, the Cas+ obtained from Ni-Cu catalyst was slightly high compared to the
others, which is consistent with Loe et al studying the effect of Cu on deoxygenation
of trioelin over supported Ni catalyst. They have been reported that adding Cu
promoted the formation of long chain hydrocarbon led to higher selectivity of high

molecular hydrocarbon range than monometallic Ni catalyst 17>,
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Figure 23. Relative hydrocarbon product distribution over Ni/y-Al,O3, Ni-Cufy-
Al;O3, Ni-Re/y-Al,03, and  Ni-Cu-Re/y-Al,O3 catalysts. . All experiment were
conducted at 330°C, 50 bar Ho, LHSV 1 h, and Ha/oil ratio 1000 Ncm®cm?®

Figure 23 presents hydrocarbon product distribution, n-C17 hydrocarbon (Chn.1)
are the major component which corresponding to oleic acid (C18:1), the main feed
composition, for all catalysts. Over Ni and Ni-Cu supported on y-Al>Os3, the similar
result of hydrocarbon distribution was observed: n-Ci7 are the main product and very
stable in the time interval test. This result could be indicated that the liquid product
was produced mainly through decarboxylation/decarbonylation reaction rather than
hydrodeoxygenation reaction 813 as shown by the relatively high contribution of
decarboxylation/decarbornylation (DCOyx) compare to hydrodeoxygenation (HDO)
(See Figure 24). The contribution of HDO and DCOx were calculated based on
weight balance of C, and Cn.1 which represented by C16/C1s and Cis/C17, respectively,
following equation (9)-(10).
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Figure 24. Contribution of HDO and DCOx over time on stream during hydrotreating
of P.pinnata oil with continuous hydrogen feed. All experiment were conducted at
330°C, 50 bar Hp, LHSV 1 h?, and H/oil ratio 1000 Ncm3/ecm?.

Although the DCOy was observed as a predominant reaction for all the
catalyst. However, the addition of Re could be further improved the activity as well as
enhanced the HDO reaction which offer relatively high yield of n-Cis and n-Cisg
hydrocarbons: this could explain via favorable dehydration and C-O hydrogenolysis
over ReOy surface. The HDO activity have been reported favorable occurring on
metal oxide site 341158 and its rate depend on the accessibility of oxygen molecule
on that site and feasibility of C-O bond scission. Meanwhile, the reaction that
occurred over Ni metal favors scission of C-C bond, leading to increasing in DCOx
activity.

The addition of Re catalysts shows the relative high fraction of light
hydrocarbon composition (C7-Ci4), suggesting that adding Re could promote the
cracking C-C bond over Ni active site *®1® py increasing Ni dispersion and
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enhancing the reducibility of Ni active site which is in good agreement with the TPR

result in Appendix B (see Figure 40).

5.1.3 Catalyst characterization

Table 12. Physical properties of fresh and spent catalysts.

Catalysts BET surface area Pore volume Average pore diameter
(m?/g) (cm®/g) (nm)
Fresh catalysts
v-Al;03 202.0 0.54 10.64
Ni 181.0 0.43 9.58
Ni-Cu 176.2 0.42 9.24
Ni-Re 183.0 0.41 8.63
Ni-Cu-Re 180.4 0.40 8.83
Spent catalysts
Ni 80.4 0.17 8.62
Ni-Cu 82.6 0.17 8.83
Ni-Re 95.4 0.19 7.95
Ni-Cu-Re 94.4 0.18 7.96

- The spent catalysts were conducted in degummed P.pinnata oil at 330°C, 50-bar Hz, LHSV 1 h', Hz/oil ratio
1000 Ncm®/cm®and collected at 15 h TOS.

As the Ni, Ni-Cu, Ni-Re and Ni-Cu-Re supported on alumina catalysts were
comparatively studied for the performance of P.pinnata oil deoxygenation, which
revealed the different activity and deactivation behaviors over these catalysts. In order
to understand an effect of additional other metal promoter on stability and the reason
for dropping in the activity -of the catalysts, the spent -catalysts were
physicochemically characterized by N2 sorption, SEM, XRD, TEM, H>-TPR, and
TGA. In addition, due to the different metal containing of catalyst compared to the

chapter 4, hence, the fresh catalyst are also characterized and discussed.

Table 12 presents the textural properties of fresh and spent catalysts Ni, Ni-Cu,
Ni-Re, and Ni-Cu-Re supported on y-Al>Og3 catalyst, including surface area, total pore

volume, and pore diameter. The surface area of commercial y-Al.O3 support was

measured as 202 m?/g. After loading of metal into the support, the surface area and

pore volume of fresh catalysts decreased, which could be due to coverage of surface
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and partial pores blockage by incorporation of metal species. However, Ni-Re/y-
Al;03 and Ni-Cu-Re/y-Al,03 show relatively high surface area and have no
significantly different from monometallic Ni/y-Al2Os. This could be due to adding Re

could facilitate well dispersion of Ni metal on support.

A significant decrease in BET surface area by 55.5%, 53.1%, 47.9%, and 47.7%
were observed from spent Ni/y-Al20s, Ni-Cu/y-Al2Os, Ni-Re/y-Al20s, and Ni-Cu-
Re/y-Al20s, respectively. This may be due to pore blockage and/or the coverage on
external surface of catalyst by deposition of produced hydrocarbon molecules. In
addition, the lower BET surface area was probably caused by agglomeration of metal
species to large particles. The occurrence of large particle formation and pore
blockage cause catalyst deactivation by decreasing in active sites and limiting mass

transfer of reactant, intermediated as well as product from active site .

The XRD patterns of support and reduced catalysts at 500 °C are shown in
Figure 25(a). The characteristic peak at 2 of 37.2°, 39.1°, 45.6°, and 66.3° are found
corresponding to (311), (222), (400), and (440) crystal planes of y-Al.O (JCPDS 29-
0063), respectively. Monometallic Ni catalyst shows small intensity at 29 of 44.5°,
51.7°, and 76.2° which corresponds to (111), (200), and (220) crystal planes of
metallic Ni (JSPDS 04-0850), respectively. In contrast, the diffraction peaks
corresponding to Ni metal are not observed on Ni-Cu/y-Al203 and Ni-Cu-Re/y-Al,Os3
catalysts, which could be ascribed by small fine Ni particle and high dispersion of Ni
species on alumina surface, as can confirmed by particle size distribution estimated
from TEM images, as shown in Figure 26. It should be noted that the average metal
particle size was estimated from 50-120 particle at various magnification to ensure a

significant population variance.
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Figure 25. XRD patterns of (a) fresh y-Al2Oz support and reduced Ni/y-Al2Os, Ni-
Cu/y-Al203, Ni-Rely-Al;03, and Ni-Cu-Rely-Al;O3 catalysts, and (b) spent catalyst
after deoxygenation of P. pinnata oil for 15 h (TOS).
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Figure 26. TEM image of (a) Ni/y-Al2Os, (b) Ni-Cu/y-Al203, and (c) Ni-Cu-Re/y-
Al>O3 and the particle size distribution of (d) Ni/y-Al203, (e) Ni-Cu/y-Al>O3, and (f)
Ni-Cu-Re/y-Al>O3.

For bi- and tri-metallic catalysts, no diffraction peaks at 43.3°, 50.4°, and
74.1° corresponding to Cu metal (JCPDS 04-0836) and Re are detected, probably
because of its small percentage and low crystallinity, or also suggesting the high
dispersion of Cu and Re species. This results could indicate that the introduction of
Cu and Re could effectively improves the dispersion of Ni metal on alumina surface
and the results are in agreement with other studies 3328177 For all catalysts, weak
diffraction peaks at 26 of 37.4° originating from bulk NiO (JCPDS 44-1159) were
detected, which could be described by the air exposure of catalyst surface during
transfer from reduction process to XRD analysis. In addition, the peak shifting at
around 26 = 36.8°, 45.8°, and 66.8° for all impregnated catalysts from the y-Al.Os
support also appeared, assigning to NiAl204 spinel phase (JCPDS 10-0339) on the
catalysts 1’8, as confirmed by H.-TPR.

For the spent catalyst, the intensity of diffraction peak of metallic Ni becomes
gradually higher (at 44.5°, 51.7°, and 76.2°, Figure 25(b), which seem to indicate that
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the crystalize size of Ni particle increases due to agglomeration. However, the
corresponding metallic Ni peaks are slightly shifted to lower angles at 44.0°, 51.2°,
and 75.7° over Ni-Cu/y-Al,Oj catalyst, which assigned to Ni-Cu alloy phase 3", and
the formation of Ni-Cu alloy may result in relatively large crystalize size, leading to
high diffraction peak intensity compare to other catalysts. The results are consistent
with BET and SEM analysis. The agglomeration of Ni-Cu alloy could cause the
declining of conversion and increasing the high molecular weight formation (see
Figure 22).

The reducible behavior and interaction between metal-support were
examined. The H2-TPR profile of the calcined catalyst shows similar peak positions
that were presented in chapter 4. However, the different in quantity of H:
consumption was observed due to the different number metal loading. The Cu and Re
can enhance the reducibility of Ni species. In addition, no observation the peak at high
temperature peak around 700 °C when Re was added, implying that Re can also
inhibit the NiAl,O4 formation by preventing Ni?* diffusion into Al.Os lattice. The
detail of Ho-TPR result was explained in Appendix B (see Figure 40).

The morphology of both fresh and spent catalyst was examined by SEM image,
as shown in Figure 27. For the fresh catalyst, it was calcined at 500 °C in
atmospheric air prior to SEM analysis. High dispersion of metal species are observed
on these four catalyst. Seemingly, a more porous structure was observed over Ni-Cu-
Re/y-Al.03, which may be ascribed to the ReOx incorporation into NiO structure, then
more porous were generated due to the different atomic size of corresponding metal
180,181 The agglomerated structure is clearly observed from SEM images of spent
Ni/y-Al203 and Ni-Cu/y-Al2Os catalyst, whereas morphological for spent Re-modified
catalyst Ni-Cu-Re/y-Al2QOs is slightly agglomerated, as consistent with BET and XRD

results.
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Figure 27. SEM images of fresh and spent Ni/y-Al2Os, Ni-Cu/ly-Al203, Ni-Rely-Al20s3,
and Ni-Cu-Re/y-Al203 catalysts, performing in hydrotreating of P.pinnata oil.
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Figure 28. TGA curves and relative weight loss of spent catalysts after hydrotreated
of P.pinnata oil

The spent catalysts were characterized using thermal gravimetric analysis to
determine the coke formation on surface of catalysts. TGA curves of spent catalysts
after hydrotreated of P.pinnata oil was shown in Figure 28, all samples exhibited
about 2% weight loss at lower 150 °C due to the evaporation of moisture and water,

and removal of physically adsorbed organic. Moreover, the combustion of deposited
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carbon on surface of catalyst was existed at 250-550 °C, the weight loss at this
temperature range was 21.6%, 18.1%, 17.4%, and 17.0% for Ni/y-Al2Os, Ni-Culy-
Al;O3, Ni-Re/y-Al20s3, and Ni-Cu-Re/y-Al2Os, respectively. This coke formation
causes the decreasing of catalyst surface area as shown in Table 12. The Re-modified
catalysts show lowest weight loss (17%), whereas the highest weight loss (20%) was
achieved over the monometallic Ni catalyst, indicating the highest carbon deposit
related to the lowest surface area compare to the other two catalysts. The ability of Re
to reduce the metal particle size led to high metal dispersion on support and
suppressed coke formation because large particle size will intensify carbon deposition
182,183 Although the amount of carbon deposition is not considerably different

implying the suppression of carbon formation is minority.

5.2 Conclusion

The catalytic behavior of Ni/y-Al.Oz, Ni-Cu/y-Al,O3, Ni-Re/y-Al203, and Ni-
Cu-Re/y-Al03 activity during hydrotreating of Pongania pinnata oil was studied in
packed-bed reactor. The catalytic characterization results were exhibited, adding Cu
and Re as promoters of Ni/AlOs catalyst can enhance the reduction of NiO.
Moreover, the liquid product are all mainly in diesel boiling range (C15-C22) which
contained hydrocarbons having n-Cy7 as the main components for all catalysts, mainly
produced from decarbonylation/decarboxylation. However, the hydrodeoxygenation
was promoted when Re was added due to the favorable of C-O bonds scission over
ReOx. The constant 100% conversion was obtained over all the catalyst, excepting
Ni-Cu catalyst, due to the reduction of Ni active site by Ni-Cu alloy formation. The
Ni-Re and Ni-Cu-Re show superior performance of complete conversion and high
diesel yield, along 15 h time on stream. The spent catalyst Ni-Re and Ni-Cu-Re show
rather low coke deposition and insignificant sintering, attributed to introduce Re can
reduce both of Ni and Cu particle size and improve the metal dispersion.
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CHAPTER 6

FACILE DEVELOPMENT OF ACCELERATED AGING
METHODS FOR DEOXYGENATION CATALYST

During the hydrotreating of lipids based feedstock, coke formation is one of the most
prevalent cause of catalyst deactivation as reported by many studies ">8+18 which
principally involves with decomposition, cyclization, aromatization, condensation,
and polymerization of ~hydrocarbon in  reactant/intermediate/product to form
polyaromatic and heavy hydrocarbon compounds. The heavy compounds can
accumulate either on external surface and inside pores of catalyst, leading to loss of
active sites and block the pores which results to the reduction of catalyst activity,

conversion, hydrocarbon yield, product selectivity, and catalyst’s lifetime 185188189,

On this basis, to screen catalytic activity and stability of several catalysts are
high time-consuming and costly due to the requirement of a massive number of bio-
oil, hydrogen, and catalyst with highly energy-intensive. The accelerated test of
catalyst deactivation were performed in order to test the performance and durability of
catalyst in reduced time, typically via chemical aging or thermal aging. In case of
chemical aging, the accelerating agents or coke precursor are usually added into the
feed 1°0191 By the thermal aging, The catalysts are tested under accelerated conditions

with relative high temperature > 450 °C 186192193

In this work, the performance of monometallic Ni supported on alumina was
tested for hydrodeoxygenation of Pongamia pinnata oil by comparison between two
little different processes including continuous feed of H> and intermittent feed of Ha.
It is interesting that the variation of hydrogen feed method affects and accelerates
catalyst deactivation, which may benefit to use as an alternative less-time consuming
method for further study of catalyst deactivation. During the analysis of the literature
no studies on accelerating catalyst deactivation by the operating method were found.
This new method is beneficial by avoiding the use of chemicals and their additional
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operating cost during chemical aging and higher capital cost of tolerance material

during thermal aging.

6.1 Setup Modifications

Some modifications to the original design (see Figure 2) have been made in
order to fit the purposes of this chapter. The experimental setup for this chapter is

shown in

& Needle Valve
& Mass flow Control
™ Check Valve

@ Pressure Gauge

£ Fluid Filter

H 3-Way Ball Valve

Back Pressure regulator

@ Temperature Control for Hydrotreating

Glass balls

Electrical furnace

Quartz wool
Catalyst

Quartz wool

Glass balls

Thermocouple

(=]
r " High b—' Gas sampling
Gas sampling «----- Bgﬂ pressure
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! [ pressure cylinder
H ==}
. Vent .
---- Intermittent H, feed Cylinder 2
- Liquid
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Product

Figure 29. A modified configuration of packed-bed reactor for bio-hydrotreating

diesel production.

For the intermittent feed of H», the experiment was conducted in the same
condition as above. However, due to the different configuration of liquid product
cylinder and back pressure regulator (BPR). As can be seen in Figure 29 (dashed blue

line), the liquid product was collected in high pressure cylinder due to the position of
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BPR which placed before the cylinder, resulting in the pressure dropped approx. 5-10
bar during a product sampling step. Indeed, placing cylinder before BPR is also
suitable for the specific BPR that allow only gas deliver through BPR. While the solid
red line (Figure 29) shows the configuration of continuous feed system, which the
product was collected in atmospheric pressure. Hence, the extremely high H» flowrate
was introduced into the reactor only for the intermittent case, in order to make-up for
the dropped system pressure. As this purpose, the discontinuous of hydrogen flow for
each sampling time (every 3 hours in this study) which need intermittently high H»

flowrate (taking time about 10 minutes) to restore the pressure of 50 bar.

6.2 Results and discussion

6.2.1 Catalytic activity

100 % * * * *

|

[0
o
1

Conversion and yield (wt.%)
D
o
L
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lo—O0—CO0——0—0

Intermittent H,
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—% — Conversion
- M- Gasoline
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o
1

—O—Diesel
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3 6 9 12 15 3 6 9
Time on stream (h) Time on stream (h)

Figure 30. Conversion and liquid fuel yield (gasoline and diesel) as a function of
TOS. All experiment were conducted at 330°C, 50 bar Hz, LHSV 1 h, and H/oil
ratio 1000 Ncm®/cm?.
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Figure 30 shows conversion, gasoline (C7-C12) yield, and diesel (C13-Cao)
yield, as a function of reaction time. During the continuous hydrogen feed, the
complete conversion can be achieved without any deterioration during 15 h. The
product yield which mainly diesel is almost constant. Meanwhile, the relatively low
conversion of about 87% was observed during intermittent hydrogen feed and
decreased to 82% at 9 h-on-stream. As it was observed on the liquid fuel yield that
started decrease at 6 h and the lowest liquid yield of 54 wt. % was obtained at 9 h-on-

stream.

In consideration of product distribution (Table 13), in both cases, the liquid
product mostly composed of n-Cis - n-Csg hydrocarbons which are in diesel boiling
range, corresponding to the liquid vyield in Figure 30. In addition, n-Ci7 is
predominant hydrocarbon composition corresponding to oleic acid (C18:1) the main
feed component. This result could be indicated that the liquid product was produced
mainly through decarboxylation/decarbonylation (DCOx/DCQ) reaction rather than
hydrodeoxygenation (HDO) reaction %%, as shown by the percent of contribution of
HDO and DCO,/DCO (Table 13) which were calculated using the ratio of weight
percent of n-alkanes with even number (n-Cig) or odd number (n-Ci7) to total weigh

percent of n-Cig and n-C17 in product.
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Obviously, there is no significant change of product distributions and selective
reaction pathway between these two different hydrogen feed methods, except the
yield and its appearance. The visual colour of liquid products obtained from the
continuous experiment are clear and colorless during the entire experiment, as shown
in Figure 31. Whereas the intermittent experiment produced liquid product with light
yellow at early stage, and turn into the dark yellow, then a half amount of product
eventually became solid phase (wax, at room temperature) at 9 h-on-stream. The
change of product’s colour may be related to the existence of oxygen-containing
compounds in the product, due to the color looked more similar to the feed. This
indicates that the reduction in degree of deoxygenation, resulting from the losing
catalytic activity during the reaction under intermittent hydrogen feed. It is evident by
the detection of a small amount of 1-octadecanal at early stage, then 1-octadecanol
and stearic acid gradually increased as a function of time-on-stream. The selectivity of
the oxygen-containing compounds at 9 h-on-stream is presented in Table 13. Hence,
the post-run catalyst was characterized via nitrogen-sorption, XRD, and TGA-DSC to
examine the reason for loss of catalytic activity and effect of hydrogen feed mode on
the catalysts. After the hydrotreating reaction, all experiments were fed by hexane at
room temperature to clean the reactor system and facilitate unloading of catalyst.

Pongamia pinnata oll Continuous H- feed Intermittent H> feed

Feed 9h 12h 15h 3h 6h %h

Figure 31. Pongamia pinnata oil and deoxygenated liquid product.
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6.2.2 Catalyst characterization

Table 14 presents the textural properties of fresh and used of Ni supported on
v-Al203 catalyst, including surface area, total pore volume, and pore diameter. The
surface area of commercial y-Al,O3 support was measured as 202 m?/g. After loading
of Ni metal into the support, the surface area and pore volume of fresh catalysts
decreased, which could be due to coverage of surface and partial pores blockage by Ni
incorporated. A significant decrease in BET surface area by 47.2% and 33.4% were
observed from spent Ni/y-Al,O3z used in the intermittent and continuous hydrogen,
respectively, which could be due to the deposition of hydrocarbon molecules on
surface and pores of catalyst (confirmed by TGA). In addition, the lower BET surface
area were probably caused by thermal degradation, leading to agglomeration of metal
species to large particles, which can be verified by XRD analysis. These occurrence
are cause of a catalyst deactivation by decreasing in active sites . The pore size
distributions of fresh and spent Ni/y-Al2Oz are shown in Figure 32. The rather large
pore diameter with an average of 9.2 nm and pore volume were observed in case of
fresh catalyst. After the reaction, the pore diameter and pore volume of spent catalysts
significantly decrease. The lowest of pore diameter in an average of 6.1 nm was
obtained from intermittent hydrogen, while for continuous mode, the higher pore
diameter of 7.1 nm on average were noticed. This indicated that pore of the catalysts
were highly blocked by the molecules of hydrocarbon reactant and products. In brief,
it can be seen that the intermittent hydrogen has more influence on the rate of
carbonaceous deposition compare to the continuous mode. The coke deposition is an
obstacle of diffusion through the pores either reactant or product, which affect the

catalytic activity.
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Figure 32. Pore size distribution of fresh and spent Ni/y-Al.Os after hydrotreating of
P.pinnata oil in intermittent and continuous hydrogen feed mode. All experiment
were conducted at 330°C, 50 bar Hz, LHSV 1 h%, and H/oil ratio 1000 Ncm3/cm?,

The XRD patterns of support and reduced catalysts at 500 °C were shown in
Figure 33(a). The characteristic peak at 26 of 37.2°,39.1°, 45.6°, 60.61°, and 66.3°
are exhibited as dominant peak of all catalyst, corresponding to (311), (222), (400),
(511), and (440) crystal planes of y-Al,O (JCPDS 29-0063), respectively. The
diffraction of metallic Ni at 26 of 44.4°, 51.8° and 76.3° (JSPDS 04-0850) are barely
observed, which could be suggested by small particle size of Ni and well dispersion of
Ni on surface catalyst. In addition, the peak shifting at around 26 = 36.8°, 45.8°, and
66.8° for all impregnated catalysts from the y-Al.Oz support also appeared, assigning
to NiAl.O; spinel phase (JCPDS 10-0339) on the catalysts 1’8, For the spent catalyst,
the intensity of diffraction peak of metallic Ni becomes gradually higher (at 44.5°,
51.7°, and 76.2°), angles zooming presented in Figure 33(b), which indicate that the
crystalize size of Ni particle increases due to agglomeration. However, crystallite size
measurement via the Scherrer equation could not determine because the intensity of
the peaks is rather low and no significant different is observed between intermittent
and continuous hydrogen feed indicating that Ni metal agglomeration may not be the

main cause for catalyst deactivation.
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Figure 33. (a) XRD pattern of y-Al>Os support, reduced (fresh) and spent Ni/y-Al203
catalyst for different hydrogen feed mode, and (b) angle zoom in at 26 of 40° to 80°.
All experiment were conducted at 330°C, 50 bar Hp, LHSV 1 h, and Ha/oil ratio

1000 Ncm?®/cm?®. (Noted: cont. is continuous hydrogen feed and inter. is intermittent

hydrogen feed)
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Figure 34. Thermogravimetric (TGA) - derivative weight loss (DTG) as function of
temperature of the spent Ni/y-Al.O3 catalysts spent in (a) continuous hydrogen feed
mode, (b) intermittent hydrogen feed mode, and (c) differential scanning calorimetry
(DSC) profiles.
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Thermogravimetric analysis (TGA) was performed in atmospheric air to
quantify the coke formation on the catalysts by monitoring the weight loss of catalyst
as a function of temperature during its combusted. Figure 34(a) and Figure 34(b)
show thermogravimetric (TG) and derivative thermogravimetric (DTG) curve of the
Ni catalyst used in continuous and intermittent hydrogen feed, respectively. The
initial weight loss approx. 1.3% at temperature ca. 100 °C, attributed to the
vaporization of physical adsorbed water 1°41% The maximum weight loss of both
samples exhibit in temperature range of 250 - 550 °C; approx.18 % of intermittent

hydrogen feed catalyst and 13% decreasing in continuous hydrogen feed.

As considering of DTG curves, two peaks around 320-340 °C and 370-385 °C
attributed to either desorption and/or combustion of adsorbed residual molecules of
heavy hydrocarbons over the external surface of catalyst. In addition, the higher
temperature at 400-600 °C may correspond to the decomposition of heavy
hydrocarbons deposited within the catalyst pores, and/or the oxidation of more stable

amorphous coke 194,196-199

The DTG profile of both- continuous and intermittent experiment is well
correlated with DSC curves presented in Figure 34(c), indicating that the reactions
corresponding to the exothermic (DSC peak) is influential effect on the change of
weight loss. The exothermic peak reveals in temperature of 300 — 400 °C, assigned to
the decomposition of the different reactive carbonaceous species which could be
generated from the heavy hydrocarbons and/or fatty acids with corresponding boiling
range temperature 2%, In case of continuous H, experiment, the other two small peaks
exhibit at 445 °C and 527 °C, corresponding to the oxidation of slow reactive carbon
species or the combustion of coke located within the pores of catalyst and amorphous
coke, respectively 1*°, leading to more energy requirement. In case of the catalyst used
in intermittent experiment, the DSC peak at 545 °C was observed, which assigned that
there was the decomposition of the stable coke. However, there was no peak existing
around 500 °C or higher were existed in the TGA-DTG profile in Figure 34(b). This
implies that the stable coke was formed but very small quantity, resulting in the
overlapping with the peak around 440 °C. In comparison to the intermittent

experiment, the DTG and DSC curves of continuous experiment are slightly shifted
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toward the lower temperature, suggesting that its accumulated-carbon species more

effortless to be removed.

Fresh Ni catalyst Spent Ni catalyst

Continuous hydrogen Intermittent hydrogen
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Figure 35. SEM image and elemental compositions of fresh and spent Ni/y-Al.O3

catalysts.

Additionally, the morphology of fresh and spent catalyst using in both
configuration system- were characterized via SEM technique and the elemental
deposition on the surface of catalysts were also examined by EDS analysis, as shown
in Figure 35. The morphology of fresh and spent catalyst are quite similar; however,
there has an observation of thick film covering on the surface of catalyst (red-dash
circle), especially in the intermittent experiment. The EDS analysis clearly shows that
higher amount of C selectively deposition on the catalyst using in the intermittent
experiment, corresponding to the TGA result. Not only C but also phosphorus (P) and
small amount of calcium (Ca) are observed in the intermittent catalyst. This could
suggest that the thick film covering the surface of catalyst was generated from C and
P, leading to loss of active site and plugging the catalyst’s pores. The P deposition on
the catalyst could be originated from the decomposition of phospholipid in the
reactant during the reaction, which is reasonable due to an observation of high amount
of P in Pongamia pinnata oil (See Table 11). As consider the relative effect between

the amount of coke formation, P deposition, and the pore size distribution and pore
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volume, the decreasing in pore size and volume may relate to deposition of C and P
within the catalyst pores. In addition, the pore blockage may occur by a significant
amount of elementals deposition on external surface at the beginning and thereby
plugging the pores mouths. The deposited materials may expand and narrow the voids
between catalyst particles in the bed, which result in feedstock uneven flow through
the reactor or channeling through the bed, leading to increase in the pressure drop
throughout the reactor. This induces a necessary of increasing liquid feed pressure to

the reaction system, as shown in Figure 36(a).

The rate of coke formation of Ni/y-Al2O3 in the intermittent experiment is 5.53
x 102 mg C/geat/s, respectively, which higher than that of continuous experiment of
2.48 x 10° mg C/geat/s, as shown in Table 14. They are can be arbitrarily explained
through a few existing experiment on inert gas which reported elsewhere by the fact
that hydrogen gas has a crucial role not only for to enhance the deoxygenation activity
but also to prevent catalyst deactivation by coke formation 2223, These results can be

described by the role of hydrogen gas during deoxygenation reaction.

In case of the intermittent Hp, the reaction was interrupted by creation of
pressure drop and extremely high inlet hydrogen velocity feed for restore the system
pressure of 50 bar, which may causes the shorter contact time of the reactants and the
catalyst, resulting in reducing of conversion and hydrotreating activity (Figure 30), as
also confirm by increasing oxygen-containing molecules (Table 13). Moreover, the
lack of pressure in reactor (for a while) during the pressure drop could accelerate
other side reaction i.e. cracking, dehydrogenation reaction to form unsaturated
hydrocarbons which is a coke precursor, after which the compound could be further
cyclized and oligomerized to form the larger molecules. Besides, the oligomerization
could be catalyzed by phosphoric acid containing in the 0il’®, which may be enhanced
due to the reduction of hydrotreaing activity. This is evident by the relatively high
selectivity of high molecular weight hydrocarbons (> Cz3) containing in the
intermittent liquid product compare to the continuous (Table 1), which finally
accumulate on the catalyst surface and further inside the pores 8%2%4 causing the
catalyst deactivation. By this point, it is quite obvious that the Ni/y-Al,O3 used in

continuous hydrogen feeding and steady operating condition is rather more stable than



97

it is in the intermittent mode, due to the effect of hydrogen concentration and the

operation method.

In addition, there is a pressure change observed during the reaction both in
reactor and in liquid feed stream, as presented in Figure 36(a). The operating pressure
begins oscillating after reaction time of 5 h-on-stream, whereas the pressure in liquid
stream gradually increased since 3 h-on-stream and reached the maximum pressure of
HPLC pump after product collected at 9 h-on-stream. As a result, the reactor was
instantly stopped operating and the experiment can no longer be conducted. This was
only occurred in case of intermittent hydrogen, suggesting that the great amount of
coke deposition could lead to reactor fouling by decreasing the bed porosity and
plugging the reactor'®. Also, we observed the gum formation on the glass beads used
in the intermittent hydrogen feed mode, and no significant gum detected in continuous
mode, as shown in Error! Reference source not found., which could be originated
form the phosphorus and alkali impurities in the reactant, leading to accumulation and
plugging of the reactor’®. However, somewhat small amount of phosphorus and alkali
were detected on spent catalyst (See Figure 35), as well as the amount of gum
formation on the glass beads. This is because some amount of P and alkali or gum
were removed during the washing step after the reaction by using hexane in order to

facilitate unloading of used catalyst and glass beads.
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Figure 36. Change of pressure and hydrogen flow rate as a function of TOS during

hydrotreating of P.pinnata oil of (a) intermittent hydrogen feed mode and (b)

continuous hydrogen feed mode. All experiment were conducted at 330°C, 50 bar Hy,

LHSV 1 h, and Hx/oil ratio 2000 Ncm3/cm?.
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Figure 37. Interior view of packed bed reactor with gum formation on the glass beads.

6.3 Conclusion

In summary, the slightly different of hydrogen feed mode could affect the
catalyst activity and its deactivation. In the intermittent hydrogen feed, conversion
and product yield were lower than that obtained from continuous hydrogen feed
system. In addition, a drop of liquid fuel yield was observed at long reaction time,
whereas the complete conversion can be achieved in the continuous hydrogen feed
without any deterioration during 15 h. The carbonaceous deposition seem to be a
majority cause for catalyst deactivation in both case, besides, the coke formation is
mostly reactive coke which can be removed effortless, especially when gasify agent
(H2) was introduced. Nevertheless, in the intermittent hydrogen feed mode, an
extremely high inlet hydrogen velocity could cause the shorter contact time toward
reduction of hydrotreating efficiency; and lacking of hydrogen can further accelerate
aging of catalyst, leading to increasing rate of catalyst deterioration by coke deposit

and gum formation results in plugging of reactor bed.
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CHAPTER 7

SUMMARY AND RECOMMENDATIONS

This thesis contributes to the catalytic hydrotreating of non-edible biomass-derived oil
with supported Ni on alumina catalysts showing high performance of catalyst activity
and importance of promotion and HzS level during HDO.

The effect of Cu and Re addition on supported Ni/y-Al203 catalyst were
studied the performance for upgrading of algae bio-crude oil. The algae bio-crude oil
is an attractive third-generation biofuel. The bio-oil yield of 50% can be obtained
from HTL of Nannochloropsis sp. at 320 °C for 30 min with energy recovery (ERnTL)
of 71.8%. Catalytic hydrotreating of algae bio-crude oil from hydrothermal
liquefaction (HTL) of Nannochloropsis sp.-was performed at 350°C under hydrogen
pressure of 75 bar for 4 h. Different Ni-based catalysts including Ni/y-Al>Oz, Ni-Culy-
Al203, Ni-Re/y-Al;03 and Ni-Cu-Re/y-Al203, (10%Ni, 5%Cu, 2.5%Re) were used to
examine the performance in upgrading of the bio-crude oil. Most catalytic systems
could effectively eliminate S and decrease the N and O contents, and enhance more
than 20% improvement in the higher heating value (HHV) of the bio-oil (34 to 41-45
MJ/kg) which is in the range of typical fossil fuels.

Addition of Re and Cu has significant influence on the product distribution
and fuel characteristics. Introducing only Cu could enhance the C=0O hydrogenation
which results in high selectivity in aromatic and alcohol compounds. While adding Re
is effective for hydrodeoxygenation but lowering denitrogenation due to amination
reaction, then further nitriles formation. Adding both Cu and Re to form a Ni-Cu-
Re/y-Al,Osternary alloy offered the best results on the overall performance, achieving
the highest upgraded bio-oil yield of 58 wt.% and the highest energy recovery in the
upgrading process (ERupgrade) Of 64.6%. As ER in HTL process (ERnTL) Was ca.
71.8%, the overall ER (ERoverann) from algae biomass to upgraded bio-oil of 46.4% can
be achieved for Ni-Cu-Re/y-Al,O3 catalyst. Carbon efficiency approx. 47.7% can be
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attained as the carbon in the algae biomass feedstock was retained in the upgraded

bio-oil.

The catalytic behavior during hydrotreating of Pongamia pinnata oil was
studied in packed-bed reactor at 330 °C, 50 bar Hz, Hz/oil ratio of 1000 Ncm?®/cm? and
liquid hourly space velocity (LHSV) of 1 h'. The catalyst show a good activity and
quite stable along 15 h, excepting Ni-Cu catalyst which the activity was declined at 15
h time on stream. According to the characterization, agglomeration of Ni-Cu alloy
was observed in Ni-Cu catalyst, leading to reducing the active site toward loss of
catalytic activity. Also, the carbonaceous deposition on the catalyst seem to be not the
main reason of catalyst deactivation. The addition of Cu and Re on Ni/y-Al;Os3
catalyst exhibit the ability to improve catalytic activity and prevent coke formation
compare to single metal Ni catalyst via promotion of the metal dispersion and

enhancement of the reducibility NiO.

The accelerated coking deactivation was proposed by intermittent feed of
hydrogen for hydrodeoxygenation reaction, in order to reducing feed and catalyst
consuming, as well as its less-and time-consuming. With intermittent feed of
hydrogen, oil conversion sharply decreased to 80% in 9 h. The fresh and spent
catalysts of continuous and intermittent hydrogen feed were analyzed by N2 sorption,
XRD, and TGA-DTG-DSC, which exhibited that coke formation were a reason of this
rapid catalyst deactivation. The rate of carbon formation could be accelerated from
2.48 x 10°t0 5.53 x 103 mg C gesrt s or over 120% rate increasing. Moreover, this
accelerated deactivation technique does not alter the reaction pathway as the

contribution of DCOx and HDO reactions are almost the same.

As our observation, we consider this method — the intermittent hydrogen feed
— could effectively perform to be an accelerant for aging the catalyst in order to study
the behavior of catalyst deactivation in hydrodeoxygenation of biomass with the

beneficial to less-time consuming.
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Future recommended work

The catalytic upgrading of algae biomass is the promising pathway to produce bio-
transportation fuel. Study and development of new catalyst in order to improve the
catalyst’s activity, selectivity, and stability under deoxygenation condition are
necessary. Considering the work presented in this thesis, the other metal-modified
show the positive effect on activity and selectivity of Ni/y-Al,Oz catalyst in different
ways. Also, the modified-Ni catalyst show the positive effect on the carbonaceous
deposition during the deoxygenation process. Deactivation behavior and spent catalyst
characterization of algae bio-crude upgrading should be further studied in detail
compared with fresh catalyst. Nevertheless, we faced the issue about catalyst
recovery, due to the solid residue formation. During the upgrading process, the solid
residue was produced after the reaction which is an obstacle to recover the used
catalyst, hence, the development of process should be conducted (e.g. study in
packed-bed reactor or using the catalyst in pellet form) for further investigation on

deactivation, reusability, and development of regeneration method.

In addition, the reaction mechanism of each catalysts was proposed via
prediction on the predominant chemical containing in algae bio-crude and obtaining
product, with the corresponding literature. However, the algae bio-crude oil contains
very complicated chemical composition, which may result in unclarified some
elementary reaction. The use of individual model compounds (e.g. hexadecanamide)
or model mixture should be further investigated to clarify the occurred reaction
mechanism and to more understand the role of other metal in deoxygenation process.
Moreover, for the upgrading of algae bio-oil, Ni-Re seems to have an effect for N-
containing compound, the effect of Re content and the mechanism for amination

during the deoxygenation process should be further conducted.

As the accelerated catalyst deactivation have been accidentally observed in
this work via operation in the different configuration of reactor. Coke formation seem
to be a main reason for loss of activity; however, it was not clarified yet, because we
also observed the formation of gum which caused the reactor plugging, leading to stop

the run, only in the intermittent hydrogen feed experiment. Hence, the effect of



103

hydrogen flow rate and pressure drop during the operation on the gum and coke

formation should be further investigated for more detail.
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APPENDIX A

Supporting data for chapter 4

Figure 38. TEM images and elemental mapping of (a) Ni/y-Al>Os3, (b) Ni-Cu/y-Al20s,
(c) Ni-Re/y-Al,0zand (d) Ni-Cu-Re/y-Al,Os catalysts.
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Figure 39. GC-MS total ion chromatograms of (a) the algae bio-crude oil, the
upgraded bio-oil over (b) non-catalytic, (¢) Ni/y-Al,O3, (d) Ni-Cu/y-Al>O3, (e) Ni-
Re/y-AlLO3 and (f) Ni-Cu-Re/y-AlOs.  All experiments were performed at 350 °C,

initial hydrogen pressure of 75 bar and reaction time of 4 h.
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Table 15. FT-IR absorbance and relative functional groups of the algae bio-crude oil

and upgraded bio-oils.

Wavenumber Wavenumber Assignments Functional group
range (cm™)  (cm™)
3200-3650 3290 O-H stretching/N-H  Water, alcohols, phenols,
stretching amino group
3000-3150 3016, 3053 =C-H stretching Alkenes
2840-2970 2854, 2922, C-Hy, C-H3 Alkanes
2957 stretching
1690-1780 1701 C=0 stretching Conjugated aldehyde,

1647-1655 1651
1525-1580 1551

1480-1525 1515
1350-1480 1377, 1402,
1454
1000-1260 1026, 1060,
1094, 1169,
1260
700-820 700, 738, 800

C=0 stretching
N-H bending, C-N
stretching

C=Car stretching
C-H deformation

C-O stretching

C-H deformation

ketones, carboxylic acids
Amide [
Amide II

Aromatics
Alkanes

Alcohols, esters, ethers

Aromatics
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Table 16. Chemical composition of the algae bio-crude oil and upgraded bio-oils as

determined by GC-MS.

Compounds Total area (%)

Algae No Ni Ni-Cu  Ni- Ni-

bio-crude catalyst Re Cu-Re
Open-chain hydrocarbons
Heptane, 2,4-dimethyl- 0.37 0.13  0.30
2-Pentene, 3-ethyl-2-methyl- 0.19
Octane, 4-methyl- 0.28 0.10 0.26
Heptane, 3-ethyl-2-methyl- 0.24
Nonane 0.31 0.66 0.26 0.54
Decane 0.33 0.28 0.78 0.23 0.61
Undecane 0.50 0.89 1.37 0.32 0.98
Undecane, 2-methyl- 0.26
Dodecane 0.87 1.41 1.60 0.47 1.10
Undecane, 2,6-dimethyl- 0.54
Tridecane 2.19 3.68 3.65 1.57  3.02
Dodecane, 2,6,10-trimethyl- 0.46 0.89  0.00 0.50 0.78
Tetradecane 1.89 3.13 245 1.73 2.70
Tetradecane, 4-methyl- 0.88  0.96 0.85
Pentadecane 1.09 11.93 21.31 17.15 826  18.36
1-Pentadecene 1.49
Tetradecane, 3-methyl- 0.63  0.37
Hexadecane 2.11 2.83 414  2.68 4.95 2.61
1-Hexadecene 0.95
Pentadecane, 2,6,10-trimethyl- 1.28 1.99 1.40 1.48 1.72
Heptadecane 6.33 9.94 791 5.22 8.67
Octadecane 2.61 372 1.13 2.82 246
Hexadecane, 2,6,10,14-tetramethyl- 3.29 3.21 573 522 7.12 514
2-Hexadecene, 3,7,11,15-tetramethyl-, 5.71
[R-[R*,R*-(E)]]-
Octadecane, 3-methyl- 2.01 1.04 1.62
Nonadecane 2.20 3.15  2.06 3.23 1.89
Eicosane 1.42 227 1.76 1.98 1.38
Heneicosane 1.42 230  1.33 1.41 2.75
Docosane 2.01 1.76 1.56 1.69 1.40
Tricosane 2.21 279  2.03 1.57 2.36
Tetracosane 1.80 1.55 1.68 1.70 1.49
Tricosane, 2-methyl- 2.40
Pentacosane 1.81 1.67 2.34 1.95 1.47
Hexacosane 1.73 0.91 1.29 3.11 0.52

Cyclic hydrocarbons



Ethylidenecyclobutane 0.35
Cyclohexane, 1,2,4-trimethyl-

Cyclohexane, (2-methylpropyl)-

Cycloheptane, methyl-

Cyclohexene, 3-methylene-4-(1,2-

propadienyl)-

Bicyclo[4.2.0]oct-1-ene, exo-7-(1-
cyclohexen-1-yl)-

Cyclopentane, decyl-

Azulene, 4,6,8-trimethyl-

Cyclohexadecane
Tricyclo[4.4.1.0(2,5)]undeca-1(10),3,6,8-
tetraene, 11-(1-methylethylidene)-
Cyclohexadecane, 1,2-diethyl- 1.95

[14]Annulene, 1,6:8,13-bis(methano)-,
syn

Aromatic hydrocarbons

Toluene 0.58
Ethylbenzene 1.98
o-Xylene 0.35
p-Xylene

Styrene 0.59

Benzene, propyl-

Benzene, 1-ethyl-3-methyl-

Benzene, 1,2,3-trimethyl-

Benzene, butyl-

Benzene, 1-butenyl-, (E)-

Benzene, 2-ethenyl-1,4-dimethyl-
Benzene, 2-butenyl-

Benzene, (3-methyl-2-butenyl)-
1H-Indene, 2,3-dihydro-4,7-dimethyl-
Benzene, (1-ethyl-1-propenyl)-
Benzene, (3-methyl-2-butenyl)-
Benzene, 2-ethenyl-1,3,5-trimethyl-
Naphthalene, 1,2,3,4-tetrahydro-6-
methyl-

Benzene, (3-methylcyclopentyl)-
Benzene, 4-(2-butenyl)-1,2-dimethyl-,
(E)-

Naphthalene, 2-methyl-

Naphthalene, 1,2,3,4-tetrahydro-1,6,8- 1.53
trimethyl-

Naphthalene, 1,2,3,4-tetrahydro-1,1,6-
trimethyl-

Naphthalene, 1-methyl-

Benzene, 1,2,3,4-tetramethyl-4-(1-
methylethenyl)-

Benzene, 1-(2-butenyl)-2,3-dimethyl

0.52
1.31

0.58
1.60

0.35
0.36
0.33

0.38

0.49
0.46
0.58
0.33
0.56

0.42
0.49
1.01

0.63

0.79

0.13

1.21
1.51

1.09

0.25
0.59
0.48
0.50

0.34
0.75
0.31
0.49

0.92

0.48
0.84

1.56

0.46

1.09

0.23

0.29

0.72
0.75
1.17
0.28

0.00

1.05
2.92
0.71
0.37

0.63
0.80
0.68
0.76
0.74
0.54
0.75
0.30
0.78
0.46
0.46
0.45
0.79

0.38
0.75

1.56

0.55

1.03
0.69

0.86

0.18

0.19

0.61

0.79

0.77
2.17

0.46
0.24

0.34

0.62
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0.16

0.24

1.57

0.96
3.51
0.55
0.27

0.75
0.57
0.45
0.74
0.53
0.31

0.26
0.45

0.51

0.52

0.72

0.47

0.69

0.69



Naphthalene, 2,6-dimethyl-
Naphthalene, 2,7-dimethyl-

Tetralin, 1,4-diethyl-

Benzene, 2,5-cyclohexadien-1-yl-
Naphthalene, 1,6,7-trimethyl-
3-(2-Methyl-propenyl)-1H-indene
Naphthalene, 2,3,6-trimethyl-
1,1'-Biphenyl, 2-methyl-
1,1'-Biphenyl, 3,4'-dimethyl-
3,3'-Dimethylbiphenyl
Tricyclo[5.2.1.0(2,6)]decane, 3-
methylene-4-phenyl-

1,7-Dimethyl-3-
phenyltricyclo[4.1.0.0(2,7)]hept-3-ene
Benzene, 1,1'-methylenebis[2-methyl-
Phenanthrene, 1,2,3,4,5,6,7,8-octahydro-
Anthracene, 1,2,3,4,5,6,7,8-octahydro-
1,1'-Biphenyl, 3,4-diethyl-
Phenanthrene, 1-methyl-
trans-1,1'-Bibenzoindanylidene

Oxygen compounds
2(3H,4H)-Cyclopenta[b]furanone, 3a,6a-
dihydro-

Benzenepropanal

2,4-Nonadienal, (E,E)-
2-Cyclopenten-1-one, 2,3-dimethyl-
1,3-Benzenedimethanol, 2-hydroxy-5-
methyl-

Benzyl alcohol

Cyclopentane Carboxaldehyde, 2-methyl-
3-methylene-

Benzene, 1-ethoxy-4-methyl-

Acetic acid, 2-methylphenyl ester
2-Propenal, 3-(4-methylphenyl)-
Heptanoic acid, anhydride

Ethanone, 1-[4-(1-methyl-2-propeny
phenyl]

2-Cyclohexen-1-one, 4,4,5-trimethoxy-
4-Pentenoic acid, 5-phenyl-
1(2H)-Naphthalenone, 3,4,5,6,7,8-
hexahydro

5-Methyl-2-phenyl-2-hexenal

12-
Oxatetracyclo[4.3.1.1(2,5).1(4,10)]dodec
ane, 11-isopropylidene-
6-Hydroxy-3-methyl-9-
oxabicyclo[3.3.1]nonan-2-one

Heptanal, 2-(phenylmethylene)-

0.22

0.34
0.74

0.50

0.43
0.39

0.44

0.70

0.82
1.08

0.65
0.71
0.64
0.40

1.01

1.25

0.45

0.41

0.75

0.38

0.76

0.49

0.46

1.79
1.03

0.62
1.07
1.03

1.40
0.98
0.79
0.76
0.67
0.80
0.36
0.68
0.42
0.25

0.34

0.85

0.64

1.06

0.38

0.31

1.41

1.42
0.65

0.94
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0.61
0.88
0.87
0.49
0.82
0.65

0.69

1.65
1.01

0.94

1.61

0.84

0.58

1.32



2,6-Octadien-1-one, 3,7-dimethyl--
phenyl-, (E)-
Spiro[3.6]deca-5,7-dien-1-one,5,9 9-
trimethyl

Phenol, 3,4,5-trimethoxy-
1,2,3,4,5,6,7,8-Octahydrophenanthrene-7-
ol

Cis-1-(4-methylphenyl)-2-(2-
furyl)cyclopropane
3-Cyclopentylpropionic acid, 3-
methylbutyl ester

Ethanol, 1-(2,2-dimethyl-1-phenyl

ethynyl cyclopropyl)-
Ethyl citrate

1,2,3,4-Tetrahydrophenanthren-9-ol
2-Phenyl-3-(3-methylphenyl)-oxiran
[1,1'-Biphenyl]-4-carboxaldehyde
Benzenemethanol, .alpha.,.alpha.-
diphenyl-

Benzaldehyde, 2,4,5-trimethoxy-
2-Phenyl-3-(4-methylphenyl)-oxiran
2-Hydroxy-3-methoxybenzyl alcohol

Methanone, phenyl(5,6,7,8-tetrahydro-1-
naphthalenyl)-

Ethanol, 2,2'-[1,2-ethanediylbis(oxy)]bis-
, diacetate

2(3H)-Furanone, dihydro-5-tetradecyl-

Benzeneacetic acid, 3,4-bis(acetyloxy)-,
methyl ester

Phenol and alkyl phenols
Phenol

Phenol, 2-methyl-

Phenol, 4-methyl-

Phenol, 3-methyl-

Phenol, 3-ethyl-

Phenol, 4-ethyl-

Phenol, 2,3-dimethyl-
Phenol, 2,3,6-trimethyl-

Nitrogen compounds

Pyridine

Pyridine, 3-methyl-

Pyrazine, 2,6-dimethyl-
Pyrazine, ethyl-

Pyridine, 3-ethyl-
1,3-Benzenediamine, 4-methyl-
Pyrazine, 2-ethyl-6-methyl-
4-Pyridinamine, 2,6-dimethyl-
Pyrazine, 3-ethyl-2,5-dimethyl-

1.70
2.31

0.11

4.82

0.97

1.51

2.50
0.46
0.47
0.94
0.26

0.40
0.33
0.38
0.39
0.33
0.58
0.52
0.39
0.46

1.47

0.66
0.90

0.85

1.24

0.92

0.98

1.10

0.35
2.58

0.76

0.91

0.38
0.27
0.28

0.72

1.72

0.51

0.43
0.47

0.47

0.10
0.29
0.11
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1.48

0.73

0.43

0.54
0.67

0.53



Benzenamine, 3,5-dimethyl-
Pyrazine, 3,5-diethyl-2-methyl-
1H-Pyrrole, 3-ethyl-2,4-dimethyl
Pyridine, 3-ethyl-5-methyl-
1H-Pyrrole, 2-ethyl-3,4,5-trimethyl-
Aniline, N-methyl-
2-Pyrrolidinemethanamine, 1-ethyl-
Quinoline, 4-methyl-

Indolizine

Indole

1H-Indole, 6-methyl-

1H-Indole, 2,3-dimethyl-
3-Methylbenzylamine, N,N-diheptyl-
Benzeneethanamine, 3,4,5-trimethoxy-

1H-Indole, 2,3-dihydro-1,3,3-trimethyl-2-
methylene-

Isoquinoline, 3,4-dihydro-1,3,3-trimethyl-
1-Phenyl-3,4-dihydroisoquinoline
Pyridine, 4-(2-phenylethenyl)-
3-Methylcarbazole

Benzenamine, 3-(2-phenylethenyl)-, (E)-
Uleine, N-demethyl-N-ethyl-
9H-Pyrido[3,4-b]indole, 1-methyl-
Carbazole, 1,5,7-trimethyl-

5H-Indeno[ 1,2-pyridin-4-amine; 5-
benzylidene-

Nitriles

Benzonitrile, 2,4,6-trimethyl-
3-Pyridinecarbonitrile, 1,4-dihydro-1-
methyl-

Tetradecanenitrile

Pentadecanenitrile

Hexadecanenitrile

Heptadecanenitrile
Tricyclo[3.2.2.0(2,4)]non-8-ene-endo-
3,ex0-6,ex0-7-tricarbonitrile, exo-3-
phenyl-

Acetonitrile, 2-(4,6,8-trimethyl-1-
azulenyl)-

Amides

Pyrazinamide

2-Pyrrolidinone, 1-methyl-
Acetamide, N-butyl-
N-(3-Methylbutyl)acetamide
Acetamide, N-(2-phenylethyl)-
Tetradecanamide

0.21
0.19
0.20

0.99

2.34
0.71
1.15
1.17
1.55

1.37

0.59

0.40

1.93

0.13
0.65
1.15
1.23
1.77
0.84

0.35

0.61

0.32

1.53

1.01

0.55

0.58

0.54

0.55
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0.24

0.36
1.41
2.07
1.89
0.36
0.65
0.35
2.09
1.62
11.37
1.54
4.15
1.88



Hexadecanamide 16.85
N-(4-Methoxyphenyl)-2-hydroxyimino-
acetamide

Octadecanamide 3.02

Other N-O compounds

2-Pyridinecarboxylic acid, 6-methyl 0.27
Quinuclidine-3-ol 0.50
2,5-Pyrrolidinedione, 1-ethyl- 0.56
Phenol, 3-(ethylamino)-4-methyl- 0.30
Phenol, 4-amino-2-isopropyl-5-methyl- 0.28
Pyrrolidine, 1-(1-oxopropyl)- 0.21
2,5-Pyrrolidinedione, 1-butyl- 1.46

2,4-Dimethyl-6-methoxy-8-nitroquinoline
2-(p-Nitrobenzyl)pyridine

Ethyl 6-formamidohexanoate

1-Propanone, 1-(2,6-dimethylphenyl)-2-
methyl-3-(1-piperidyl)-

Quinoxaline, 2-butyl-3-phenyl-, 1-oxide 1.37
3-Acetamidocarbazole 3.38
4,6(1H,5H)-Pyrimidinedione, 2-methoxy-
1-methyl-5,5-di-2-propenyl-

3-Diethylaminobutyranilide 2.32
Decanone, 3-O-methyloxime 0.80
Benzoic acid, 2-[(2,3-

dimethylphenyl)amino]-, methyl ester
1,2,3,4-Tetrahydroisoquinolin, 2-acetyl-
6,7-dimethoxy-1-phenmethylene

0.81
0.66

0.52
0.95

1.18

0.58

0.:29

0.75

131

7.25
1.00
0.74
0.36
0.39
0.80

*These compound listed are identified by GC-MS with more than 70% of NIST mass spectral library

match.
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APPENDIX B

The catalysts were prepared using impregnation method: the 10%Ni, 2%Cu, and
2%Re were loaded into y-AlO3 (sieve size 1-0.25 mm). The catalysts was used to

perform the experiment in chapter 5, and The Hx-TPR result is discussed below.

Monometallic Ni/y-Al2Os displayed a major broad peak at 560 °C attributed to
the reduction of strongly interaction of NiO and support, or small particles located
inside the pore, and small shoulder peak at 266 °C belongs to bulk NiO, which have
weaker interaction with the support. Furthermore, a shoulder peak at 745 °C
corresponding to the hardly reducible species as NiAl2Q42%?%, For the Cu containing
catalysts, TPR profile shows the Jlower reduction temperature compared to
monometallic Ni catalyst at 250-287 °C which can be attributed to the reduction of
bulk CuO to Cu "®7; the peak at around 295 °C could be assigned to the NiO-CuO
ensemble. In addition, the reduction peak of NiO and NiAl,O4 were shifted to lower
temperature, indicating that the introduction of Cu can enhance the reducibility of Ni
species. The result is consistent with the previous studies by Zhang et al ¥ and Loe et
al 1. The reduction peak profile of Ni-Cu-Re/y-Al2Os is rather similar to that of Ni-
Cul/y-Al,O3; however, for Re-containing catalyst the small peak at 378 °C was
observed, which could be ascribed to the reduction of Ni-Re oxide species 2.
Besides, the reduction intensity of NiCuRe/y-Al2Os significantly increased, and no
NiAl,O4 was observed, implying that the addition of Re can promote the degree of
reduction by hydrogen spillover 118119131 "and also inhibit the NiAl,O4 formation by

preventing Ni?* diffusion into Al.Os lattice 2.
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Figure 40. H>-TPR profile of Ni/y-Al,0O3, Ni-Cu/y-Al,O3, Ni-Re/y-Al203,and Ni-Cu-

Rely-Al;Os catalysts.
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