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Figure 6.2 TEM images of fresh and used zinc based metal materials (a-Fresh Zn,
b-used Zn (20°C), c-used Zn (250°C), d-used Zn (300°C), e-used Zn (350°C) and

f-used Zn (400°C)



136

A » Zn2p1/2
El
A
2
B
f=
Q
=
1040 1042 1044 1046 1048 1050
Binding energy (eV)
B y Zn 2p3/2
5
&
2
‘@
=4
)
£
T T T T T T
1016 1018 1020 1022 1024 1026
Binding energy (eV)
35
8
=
@
f=4
9
=

T T T T T T T T
527 528 529 530 531 532 533 534 535
Binding energy (eV)

Figure 6.3 XPS spectra of Zn 2p1/2 (A), Zn 2p3/2 (B) and O 1s (C) in fresh

zinc sample
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CHAPTER 7

Converting Alkali Lignin to Biofuels over NiO/HZSM-5 Catalysts Using a

Two-stage Reactor

7.1 Abstract

A series of NiO/HZSM-5 catalysts were used to convert alkali lignin to
hydrocarbon biofuels in a two-stage catalytic pyrolysis system. The results
indicated that all NIO/HZSM-5 catalysts reduced the content of undesirable phenols,
furans and alcohols of biofuel compared to non-catalytic treatments. The 1.27%
NiO/HZSM-5 catalyst generated the highest biofuel yield at 27.5% in all catalytic
treatments, and it also produced biofuel with the highest content of hydrocarbons at
69.4 %. The emission of carbon dioxides (CO and COz) increased in higher NiO
loading HZSM-5 treatments (7.64 % and 15.27 %) due to the redox reaction
between NiO and the oxygenated compounds in the bio-oil. Ni2SiO4 formed in the

used NiO/HZSM-5 catalysts during the high temperature pyrolysis process.

7.2 Introduction

The majority of the increasing energy demand in the world is satisfied by
increased consumption of depleting fossil fuels, which lead to global problems such
as climate change and environmental pollution. Recently, biomass-containing

wastes derived from agricultural and industrial resources showed great potential to
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partially replace fossil fuels. Black liquor (BL) from pulp and paper industry
contains large quantities of alkali lignin [117]. Lignin was a significant resource to
produce high-value products due to its high energy content, aromatic structure and
the existence of reactive groups. Pyrolysis is a promising thermochemical

technology to convert waste lignin to liquid fuel (bio-oil) product.

However, bio-oil produced from lignin pyrolysis cannot be directly utilized as
fuel due to its high acidity, viscosity and instability resulted from the high oxygen
content (10-50 wt.%) . Bio-oil has to be upgraded. Catalytic cracking is a promising
bio-oil upgrading method, since it does not consume hydrogen and can be operated
at atmospheric pressure. Zeolite catalysts such as HZSM-5, B-zeolite, MCM-41,
SBA-15, USY and H-p have been investigated in lignin bio-oil upgrading. The
results indicated that HZSM-5 was the most effective catalyst for bio-oil upgrading
due to its excellent ability of reducing the oxygen content in upgraded bio-oils.
However, rapid catalyst deactivation and high coking yield were observed for
HZSM-5 catalyst used in bio-oil deoxygenation. In the wood-derived bio-oil
upgrading process, nickel modified HZSM-5 showed higher yield of hydrocarbons
and hydrothermal stability than pure HZSM-5 due to the dehydrogenating activity
of nickel and the moderate acid strength of the doped catalyst. However, this study
investigated only one nickel-loading level HZSM-5 catalyst for upgrading of
pretreated bio-oil without lignin [57]. Few studies were conducted to investigate
effects of different nickel-loading HZSM-5 catalysts on lignin-derived bio-oil

upgrading.
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The traditional catalytic pyrolysis of lignin in a single stage reactor led to high
catalyst/lignin ratio (=0.5/1 or even 15/1), which increased the cost of this technique.
This issue can be addressed by the combination of lignin pyrolysis with catalytic
cracking in a two-stage reactor system [62]. This integration can greatly reduce
catalyst/lignin ratio (0.1/1) and improve energy efficiency. Catalyst/biomass ratio
does not affect the yields and selectivity of products in this ex-situ process, which

is different from in-situ process that required high catalyst/biomass ratios.

In this study, catalytic cracking of alkali lignin pyrolysis bio-oil over a series of
NiO-doped HZSM-5 catalysts (1.27 wt.%, 7.64 wt.% and 15.27 wt.%) was
conducted to produce hydrocarbon biofuels in a two-stage reactor system. The goal
of this study was to screen optimal NiO loading level HZSM-5 catalyst to obtain
higher biofuel yield and quality. The effects of catalysts on biofuel yield and
chemical compositions will be discussed. Non-condensable gas distribution and

bio-char properties will be analyzed.

7.3 Experimental

7.3.1 Feedstock and Characterizations

The alkali lignin used in this study was purchased from Sigma-Aldrich Inc.
ASABE standards (ASAE S358.2 DEC1988 (R2008)) was used to analyze the
moisture content of the alkali lignin. The bomb calorimeter (IKA 2000) was used

to test the higher heating value (HHV) of alkali lignin. CE-440 elemental analyzer
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was used to determine the elemental composition of the biofuels (carbon, hydrogen

and nitrogen) .

7.3.2 Catalysts Preparation and Characterizations

The zeolite powder (HZSM-5) was provided by Zeolite International, and the
silica/alumina ratio was 30/1. The wet impregnation method was implemented to
prepare NiO/HZSM-5 catalysts using aqueous solutions of nickel (II) nitrate
hexahydrate (Ni(NO3)26H>0) purchased from Sigma-Aldrich Inc. The NiO-
HZSM-5 catalysts (1.27 wt.%, 7.64 wt.% and 15.27 wt.% NiO) were impregnated
by aqueous solutions of nickel (II) nitrate hexahydrate at room temperature (20 °C)
for 1 h. The concentration and volume of the aqueous solution of Ni (NO3): used in
preparing 1.27 wt.% NiO/HZSM-5 catalysts (40 g) were 0.34 mol L™ and 20.25 mL
respectively. The concentration and volume of the aqueous solution of Ni (NO3)2
used in preparing 7.64 wt.% NiO/HZSM-5 catalysts (40 g) were 3.31 mol L! and
12.33 mL respectively. The concentration and volume of the aqueous solution of Ni
(NO3)2 used in preparing 15.27 wt.% NiO/HZSM-5 catalysts (40 g) were 3.31 mol
L' and 24.69 mL respectively. The prepared nickel-based catalysts were dried at

120 °C for 3 h and calcined in air at 550 °C for 3 h.

BET specific surface area and pore texture of catalysts was analyzed by the
automatic Micromeritics ASAP 2020 apparatus with nitrogen adsorption

measurements operated at 77.2 K. Specific surface area was determined by
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Brunauer—-Emmett—Teller method. Density functional theory (DFT) was used to

determine micropore, mesopore and pore size distribution of catalysts.

The phase identity for fresh catalysts was determined by the automated
multipurpose X-ray diffractometer (Rigaku Smartlab). The Rigaku Smartlab with
Cu Ko radiation was operated at 40 kV and 44 mA for XRD analysis. The step size
0f 0.02 ° (2 theta) from 5 ° to 50 ° (2 theta) and a scanning speed of 2 ° min™! were

used in the scanning of X-ray pattern.

The XRD patterns of the used catalysts were investigated by X-ray diffraction
in a Rigaku MiniFlex (Japan) with filtered Cu-Ka radiation (30 kV, 15 mA). The X-
ray patterns were obtained with a step size of 0.02 © (2 theta) from 5 ° to 55 ° (2

theta) and a scanning speed of

2 °min.

The acidity of fresh catalysts was determined by Micrometrics Autochem II
Chemisorption Analyzer with a thermal conductivity detector (TCD). The catalyst
was thermally stable at 700 °C. The fresh catalyst sample (300 mg) was firstly added
to ammonium hydroxide (37.1 wt.%, 4.5 g), and the mixture was kept at room
temperature (20 °C) for 3 h. Then, the mixture was dried at 60 °C for 12 h. The dried
sample was used for NH3-TPD analysis. The helium flow in the chemisorption
analyzer was 60 mL min™'. The catalyst sample was heated and maintained at 100

°C for 30 min to remove the physically absorbed ammonia. Then the sample
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temperature was increased from 100 °C to 700 °C at a rate of 10 °C min™'. The final

temperature of 700 °C was held for 30 min.

7.3.3 Experimental Procedure

The experiments were carried out in a two-stage reactor system including a
pyrolysis reactor, a catalytic reactor and a condenser. The two-stage catalytic reactor
system is depicted in Figure 7.1. Alkali lignin (100.0 g) and catalyst (10.0 g) was
loaded in the pyrolysis reactor and catalytic reactor separately. A series of
treatments (no catalyst, HZSM-5, 1.27 % NiO/HZSM-5, 7.64 % NiO/HZSM-5 and
15.27 % NiO/HZSM-5) were carried out. Firstly, nitrogen with a rate of 15 mL min
!'was introduced into the system for 0.5 h to remove air. Then the nitrogen flow rate
was reduced to 5 mL min™!. The catalytic reactor was heated to 500 [ at a rate of
45 [1 min"! by a furnace. Then, the pyrolysis reactor was heated to the targeted 500 [
at a rate of 25 [ min’! by another furnace. The non-condensable gas was collected
and analyzed after the pyrolysis reactor reached the target temperature. Both
furnaces were turned off when the experiment was running at designed temperature

for 1 h.

Another 2 h was used to cool the system to collect biofuel from the condenser
after each test. The biofuel obtained was a single phase of organic compounds
(oxygenates and hydrocarbons) mixture. Bio-char was collected and weighed

through disassembling the pyrolysis reactor. The mass of the coke was acquired by
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recording the weight difference of the catalyst in the catalytic reactor before and

after reaction. The coke yield was measured in Eq.1:

Y coke= M coke * M alkali lignin-l*loo (1)

Where Y core (Wt.%) was the coke yield, m coke (g) and m aikaii tignin (g) Were the
mass of coke and alkali lignin respectively. The weight of the non-condensable gas
was calculated by subtracting total weight of bio-char, coke and biofuel from
original alkali lignin weight. Each test was conducted in duplicate and the average

data was used.

7.3.4 Product Characterizations

Gas chromatography system was used to determine the composition of gas
product. The Agilent GC (7890A, Hp-5 column: 30 mx0.25 mmx0.25 pm) with a
thermal conductivity detector (TCD) and a flame ionization detector (FID) was used.
Hz, CO and CO; was analyzed by TCD, and CH4 and C>—C4 hydrocarbons was
determined by FID. Calibration was conducted by standard gas mixtures, and the

employed carrier gas was argon.

Gas Chromatography—Mass Spectrometry was used to determine the chemical
composition of biofuel. Gas Chromatography was performed using Agilent GC-
7890A (DB-5 column: 30 m X 0.25 mm X 0.25 pm). The Mass Spectrometer used
was Agilent MSD-5975C (electron ionization at 70 eV, mass range of 50-500 m-z’
1. The 0.4 mL biofuel was firstly dissolved in 4 ml methanol. The water in the

solution was removed by adding sodium sulphate. Then the biofuel sample was
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filtered by 0.2um PTFE filter for GC-MS analysis. The gas chromatograph was
programmed at 60 [] for 1 min, followed by ramp 1 at 3 [ min™! to 140 [, ramp 2
at 10 [ min™ to 180 [J, ramp 3 at 3 [J min™! to 260 [J and ramp 4 at 10 [min™' to
300 . The injector temperature and injection volume were 300 [Jand 1 pL,
respectively. The flow rate of the carrier gas (helium, 99.999%) was 1 mL-min’'.
The relative content of each compound in the biofuel was calculated by taking the
ratio of its peak area to the total peak areas in the GC-MS spectrogram. Eq.2 was

used to determine the relative content of each compound:

xi=ti=t1+100 2)
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where x; (%) represented the relative content of each compound, #; represented
its peak area and 7 represented the total peak areas of compounds appeared in the

GC-MS spectrogram.

The ash content of the lignin and bio-char was determined by heating samples
at 575 °C until their weight remained constant in a muffle furnace according to
NREL standard procedure. Elemental compositions (carbon, hydrogen and
nitrogen) and higher heating values of bio-chars were analyzed by the CE-440

elemental analyzer and bomb calorimeter (IKA 2000) respectively.

7.4 Results and Discussion

7.4.1 Feedstock Properties

Moisture content, elemental composition (on a dry basis) and HHV analysis
of the alkali lignin used in this study are shown in Table 7.1. The lignin is a brown
powder with particle size of approximately 50 um. The small particle size increased

the heating transfer rate in lignin pyrolysis process due to its high surface area.

7.4.2 Catalysts Characterizations

The BET surface areas and pore volumes of fresh catalyst samples are shown
in Table 7. 2. The surface area and total pore volume decreased when NiO was
loaded on the HZSM-5. This might be due to the deposition of metal oxides (NiO)
in the internal pores or the external zeolite surface. The pore size distribution is
automatically calculated from the experimental adsorption isotherm using NLDFT

(Non-local density functional theory) techniques by the software of Micromeritics.
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DFT results (Figure 7.2) showed that HZSM-5 and NiO/HZSM-5 mainly contained

pores with size ranging from 1 nm to 20 nm.

ZSM-5 is a well-known zeolite material with microporous structure. The
ZSM-5 used in this study was directly purchased from Zeolite International with a
mesoporous pore size. The average pore sizes of pure HZSM-5 and NiO/HZSM-5
catalysts ranged from 3.80 nm to 4.22 nm, which was located in the mesopore
region. The textural mesopores might result from the interparticle voids, which
might result from NiO aggregates deposited on HZSM-5. Another possible reason
was the blockage of some micropores of the metal loaded HZSM-5 zeolites by the

formed NiO phases.

The XRD spectra of fresh catalysts in the angle region (5-50°) are depicted
in Figure 7. 3. Typical peaks of HZSM-5 (23 - 24°) were maintained in all
catalysts, and this indicated that the framework of HZSM-5 remained constant
after nickel loading. The peaks of NiO (37.2°, 43.3°) were detected in the
diffraction patterns of 7.64% NiO/HZSM-5 and 15.27% NiO/HZSM-5. These
peaks were in accordance with the standard XRD pattern of NiO (JCPDS 71-
1179). This indicated that the formation of NiO on the surface of catalysts.
However, the peaks of NiO were not identified in the diffraction pattern of 1.27%
NiO/HZSM-5, which indicated that the NiO species might be small and highly

dispersed on the catalyst.

The XRD patterns (angle region 5-55°) for used catalysts are presented in
Figure 7.4. After the reaction, there is no significant change in the patterns of used
HZSM-5 and 1.27%NiO/ HZSM-5 in comparison with fresh HZSM-5 and

1.27%Ni0/ HZSM-5. The diffraction peaks of NiO were no longer detected in
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1.27%NiO/HZSM-5, 7.64%NiO/HZSM-5 and 15.27%NiO/HZSM-5
catalysts. This indicated that the NiO present in these catalysts was reduced to
metallic Ni in the reductive atmosphere at high reaction temperature after reaction.
The Ni species might be small and highly dispersed on the catalysts. Then, the Ni
may interact with ZSM-5 (Si02-AL203) to form NixSiyO; or NixAlyO, during high
temperature pyrolysis process. Specially, the peak at 50.2° might be attributed to
Ni2Si04 based on XRD standard of Ni2SiO4 (JCPDS 01-076-1502). There were no
Ni peaks identified in the XRD patterns of used catalysts, since Ni (111) and Ni
(200) peaks (44.5° and 51.8°) were not determined based on standard XRD pattern

of Ni (JCPDS 04-0850) .

The NH3-TPD profiles of fresh catalysts were shown in Figure 7.5. Two NH3-
TPD peaks at around 100-220 °C and 220-500 °C appeared in all catalysts. This
was attributed to weak acid sites (Brensted acid) and strong acid sites (Lewis acid)
respectively [118]. Compared to HZSM-5, the loading of the NiO increased the
strong acid sites over NiO/HZSM-5 catalysts. The observed increase of strong acid
sites of fresh Ni/HZSM-5 catalyst probably resulted from the Lewis acid sites
created by nickel oxides, and the formation of the corresponding nickel oxides
functioned as Lewis acidic centers that increased the number of Lewis acid sites.
The NiO loading at higher level (7.64% and 15.27%) might tend to replace the
Bronsted acid sites in HZSM-5 that were responsible for the hydrocarbon
formation reactions, and this led to the decease of Brensted acid sites in 7.64%

NiO/HZSM-5 and 15.27% NiO-HZSM-5 catalysts.
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7.4.3 Product Yields

Three main products (biofuel, bio-char and non-condensable gas) were
obtained from lignin catalytic pyrolysis. The mass balances of different treatments
are shown in Table 7.3. There is no significant difference in the bio-char yields of
different treatments, and this was due to the same pyrolysis condition used for all
treatments. All catalysts decreased the biofuel yield and increased the gas yield in
comparison with non-catalytic treatment. This was due to enhanced secondary
cracking reactions that decomposed biofuel to non-condensable gas over HZSM-5
and NiO/HZSM-5 catalysts. Compared to HZSM-5, 1.27%Ni0O/HZSM-5 increased
biofuel yields, which indicated the reduced biofuel cracking performance of
HZSM-5. However, when more nickel (7.64% or 15.27%) was loaded on the
HZSM-5 catalyst, the biofuel yield decreased significantly. The decrease of biofuel
yield was most likely due to the massive formation of metal oxide aggregates (NiO)
that reduced organic compounds in biofuel to light gaseous products such as CO,.
Although the coking yield was not high, it can still deactivate catalyst remarkably.
Coking formation was due to condensation and polymerization reactions. The
addition of NiO to HZSM-5 reduced the coke formation in comparison to pure
HZSM-5. This reduction might be due to the higher activity of NiO/HZSM-5
catalysts that converted phenols (coke precursors) into hydrocarbons or gaseous
product. Another reason might be the excellent catalyst stability of NiO/HZSM-5

catalyst.

7.4.4 Biofuel Analysis

GC-MS was employed to analyze the compositions of biofuels produced by

non-catalytic and catalytic treatments. The compounds in the biofuel can be
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classified into different groups: phenols, ethers, furans, esters, alcohols, acids and
hydrocarbons. The relative contents of each group for different treatments are

presented in Table 7.4.

The main components of the biofuel produced by non-catalytic treatment were
alcohols, esters, hydrocarbons, phenols and furans. The bi-functional NiO/HZSM-
5 catalysts, showed higher activity and selectivity for the deoxygenation of C-O
bonds in alcohols, phenols and furans [119]. The content of alcohols decreased to
some degree in the catalyzed biofuel. This decrease was due to the transformation
of alcohols to hydrocarbons such as olefins that occurred on HZSM-5 and
NiO/HZSM-5 catalysts. The phenol content of biofuel, which was considered as
coke precursors, decreased in catalytic treatment, especially in NiO/HSM-5
treatments. The furan contents of biofuel also decreased in all catalytic treatments.
The decreased phenols and furans may be converted to hydrocarbons over
NiO/HZSM-5 catalysts through a series of cascade reactions including
hydrogenation, hydrolysis, dehydration and dehydroaromatization. The esters
content of the biofuel reduced when treated with HZSM-5 and 1.27 % NiO/HZSM-
5 in comparison to the non-catalytic treatment, but increased significantly when
treated with 7.64 % NiO/HZSM-5 and 15.27 % NiO/HZSM-5. It appeared that the
more NiO loaded over HZSM-5, the less cracking and aromatization ability of NiO

doped HZSM-5 which can convert esters to hydrocarbons.

One of the major objectives of this study was to maximize the yields and
selectivity of desirable hydrocarbons in the biofuel product. The Bronsted acid sites
in HZSM-5 zeolites facilitated the formation of hydrocarbons through cyclization,
alkylation, aromatization, dehydration, isomerization, cracking, decarbonylation,

decarboxylation, oligomerization and dehydrogenation reactions [120]. The
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hydrocarbon contents of biofuel produced by HZSM-5, 1.27% NiO/HZSM-5 and
7.64% NiO/HZSM-5 treatments increased compared to the non-catalytic treatment,
with 1.27% NiO/HZSM-5 having the most effect at 69.4 %. This increase might be
due to the Ni promoted hydrogenation and dehydro-aromatization reactions. Most
of the hydrocarbons in the biofuel produced were in the gasoline range olefins (Cs-
Ci12), which was due to the shape selectivity (moderate internal pore space and
steric hindrance) of HZSM-5 catalyst. Compared to the HZSM-5 treatment, 1.27%
NiO/HZSM-5 treatments generated higher content of hydrocarbons in the biofuel.
However, 7.64% NiO/HZSM-5 and 15.27% NiO/HZSM-5 treatment obtained
biofuel with lower hydrocarbon contents in comparison to 1.27 % NiO/HZSM-5
treatment. When more NiO was loaded on the HZSM-5, the Ni reduced from NiO
may preferentially replace the Bronsted acid sites. Therefore, it greatly decreased
the Bronsted acid sites in 7.64% NiO/HZSM-5 and 15.27% NiO/HZSM-5, which
might lead to the lower formation of hydrocarbons. Another possible reason is that
the redox reaction between NiO and the oxygenated organic compounds in the
biofuel may transform the organic compounds such as hydrocarbons to gaseous

products such as CO,.

Both NiO and Ni were active phases for upgrading bio-oil to biofuel. Nickel
oxide (NiO) was active for bio-o0il deoxygenation through decarboxylation reaction
pathway on NiO/HZSM-5 catalysts [121], and the CO: yields increased in
NiO/HZSM-5 treatments. The oxygen present in the bio-oil compounds was also
removed through hydrodeoxygenation and hydrogenation reactions that could be

activated by Ni metals [122].
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7.4.5 Gas Analysis

The detailed gas compositions (based on the weight percent of the original
alkali lignin) of all treatments are shown in Table 7.5. The non-condensable gas
products contained hydrogen, carbon dioxide, carbon monoxide, methane and C»-
Cs4 hydrocarbons. Carbon dioxide and carbon monoxide are the two main
components that generated from decarboxylation and decarbonylation reactions
that occurred on HZSM-5 catalysts. The carbon oxides (CO and CO») content
increased significantly in 7.64% NiO/HZSM-5 and 15.27% NiO/HZSM-5 due to
the redox reaction between NiO and the oxygenated organic compounds in the bio-
oil. In the presence of NiO/HZSM-5, H, content increased rapidly, which might be
due to in situ H formation reactions (steam reforming and water-gas shift) occurred
on Ni loading zeolites [46]. The contents of C>-C4 compounds changed slightly in

different treatments.

7.4.6 Bio-char Analysis

Bio-char is a pyrolysis product of lignin, cellulose and hemicellulose, and it
can be used as a fuel, soil-improver or precursor for activated carbon. Since all bio-
chars were obtained in the same pyrolysis condition in the reactor, there is no
significant difference in their higher heating values (29.5-32.8 MJ/Kg), elemental
analysis (carbon 71.8-74.9 wt.%, hydrogen 2.4-3.0 wt.%, nitrogen 0.4-0.8 wt.%

and oxygen 10.7-13.1 wt.%, based on dry basis) and ash content (10.7-12.7 wt.%)).

7.5 Conclusions

NiO/HZSM-5 and HZSM-5 catalysts were used to produce hydrocarbon

biofuels from alkali lignin catalytic pyrolysis in a two-stage reactor system. The
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catalytic effects of different NiIO/HZSM-5 catalysts on yields and quality of biofuel,
gas and bio-char were investigated. The interaction between Ni and HZSM-5
formed Ni2S104 during the high temperature pyrolysis process. Compared to non-
catalytic treatment, all catalysts decreased the biofuel yields. Among all catalytic
treatments, 1.27 %NiO/HZSM-5 generated highest biofuel yield (27.5 %), and it
also produced biofuel with the highest amount of hydrocarbons (69.4%). All

catalysts showed no significant effect on properties of bio-chars.

The development of a stable and long-life NiO/ZSM-5 catalyst for catalytic
pyrolysis of lignin is important. The further stability study of fresh NiO/ZSM-5
catalyst for upgrading lignin pyrolysis bio-oil at longer operation time, the reduced
catalyst activity caused by coke deposition, used NiO/ZSM-5 catalyst regeneration
by air combustion and recycle will be investigated to develop a stable and long-life

NiO/ZSM-5 catalyst in our following research.



Table 7.1 Lignin properties

Analysis Result

Moisture content (wt.%) 4.1+0.4

Elemental analysis

Carbon (wt.%) 61.9+0.4
Hydrogen (wt.%) 5.6£0.2
Nitrogen(wt.%) 0.5+0.0
Sodium (wt.%) 0.543%
Ash (wt.%) 2.95+0.3

Oxygen” (wt.%) 28.48+0.6

Higher heating value (MJ kg

h 26.120.1

*Calculated by 100%-carbon-hydrogen-nitrogen.
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Table 7.2 BET parameters of the different fresh catalysts

BET surface Average pore Total pore
Catalyst area size volume”
(m* g™ (nm) (cm’ g!)
HZSM-5 473.3 422 0.46
1.27%
NI/ 7SS 451.4 3.92 0.4
0/ NJ; _
7.64 A’N‘?/ HZSM 442.7 3.85 0.42
o/ N
15.27%NIO/HZS 386.2 3.80 0.36

M-5

* Total pore volume, measured at P/Py= 0.995.
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Table 7.3 Product yields of different treatments

Liquid (wt.%) Solid (wt.%) Liquid rate
Treatments Gas (wt.%)
Bio-oil Bio-char Coke (g/gcat/h)
No catalyst 30.9+0.4 50.5£0.2  0.0£0.0 18.620.2 -
HZSM-5 25.7+0.6 50.0+0.1 1.1£0.1 23.2+0.6 2.4+0.06

1.27%NiO/HZS

M-5 27.5+0.1 50.240.1 0.3+0.1 22.0£0.2 2.7+£0.01

7.64%NiO/HZS

M5 18.8+0.4 50.240.1 0.6+0.1 30.4+0.3 1.8+0.05

15.27%NiO/HZ

+ + + + +
SM-5 14.2+0.7 49.4+0.1 0.7+0.1 35.7+0.6 1.3£0.15

* Not available, since no catalyst was used in no catalyst treatment.
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Table 7.4 Chemical composition of compounds in biofuels

Cof“pounds No  HzsMm. 127%NiO  7.64%NiO 1527 %NiO
relative content  catalyst 5 HZSM-5  /HZSM-5  /HZSM-5
(%)

Phenols 7.9 3.2 0 0 1.3
Ethers 0 0 0 0 2.5
Furans 4.8 0 0 0 1.1
Esters 20.4 8.5 93 43.9 55.1

Alcohols 29.8 12.6 4.0 14.1 4.6
Acids 0 0 5.8 1.7 2.1

Hydrocarbons * 31.1 65.3 69.4 36.8 23.5
Light
hydrocarbons 31.1 56.3 66.7 272 19.8
(Cs-Cr)
Heavy
hydrocarbons 0 9.0 2.7 95 3.7
(Ci3-Ci9)

* Sum of light hydrocarbons and heavy hydrocarbons.



Table 7.5 Non-condensable gas distribution of different treatments

com(;?*)ssitio No  HZSM- 127 % 7.64 % 15.27 %
B catalyst 3 NiO/HZSM-5  NiO/HZSM-5  NiO/HZSM-5
(wt.%)

H, 0.1£0.0  0.1£0.0 0.2+0.0 0.7+0.1 0.7+0.1
O, 11.:3::0. 14'ii0' 14.4+0.1 16.6+0.3 19.940.4
co 3.8£0.1 4.2+0.1 3.840.2 8.140.4 9.0£0.2
CH, 2.540.1  2.6+0.2 2.3+0.1 2.7+0.3 3.5+0.3
CHe 0.6+0.1  0.6+0.1 0.5+0.1 0.7+0.2 0.840.1
C,Hy 0.2+0.0  0.7+0.0 0.4+0.1 0.7+0.1 0.9+0.2
C;Hg 0.2+0.0  0.3£0.0 0.240.0 0.4+0.1 0.4+0.1
C;He 0.140.0  0.5+0.1 0.3+0.1 0.4+0.1 0.6+0.2

CsHio 0.0 0.0 0.0 0.1£0.0 0.0
C4Hs 0.0 0.0 0.0 0.1£0.0 0.0

* The gas composition is calculated as the weight percent of the feedstock.
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CHAPTER 8

Hydrocarbon bio-oil production from pyrolysis bio-oil using non-sulfide Ni-

Zn/Al1203 catalyst

8.1 Abstract

Upgraded bio-oil can partly replace fossil fuels to reduce the environmental
issues caused by the massive consumption of fossil fuels. Hydrodeoxygenation is
a promising route for upgraded bio-oil production from pyrolysis bio-oil. Non-
sulfide catalysts are effective in bio-oil hydrodeoxygenation due to low cost and
high activity. Ni-Zn/Al203 catalysts were first used to selectively produce
hydrocarbon upgraded bio-oil through bio-oil hydrodeoxygenation. Upgrading
pine sawdust bio-oil to upgraded hydrocarbon bio-oil was performed using a series
of Ni and/or Zn loaded Al203 catalysts. The crystalline structure of A1203 was
maintained after Ni and/or Zn loading, but BET surface area and total pore volume
of Ni-Zn/AI203 catalysts decreased significantly compared to Al203 support.
Bimetallic Ni-Zn/Al203 catalysts were more effective than monometallic
Ni/AI203 or Zn/Al203 catalyst. Bimetallic 15%Ni-5%Zn/Al203 catalyst
generated the highest upgraded bio-oil yield at 44.64 wt.% and produced the
upgraded bio-oil with the highest hydrocarbon content at 50.12%. Physicochemical
properties of upgraded bio-oils including heating value, water content and pH were
significantly improved in comparison with raw bio-oil. The improved catalytic
performance of bimetallic Ni-Zn/Al203 catalyst was associated with the

synergistic effect of Ni and Zn on AI203 support.
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8.2 Introduction

Increased energy demand and diminishing fossil fuels concerns, and the related
environmental issues including air pollution and global warming, have sparked
great interest in the use of biomass as a partial fossil fuel alternative resources.
Liquid upgraded bio-oils derived from renewable biomass sources are an attractive
substitute for fossil-derived fuels. Pyrolysis is an effective technology for the
conversion of biomass into liquid bio-oil. Pyrolysis involves the rapid heating of
biomass to the temperature range of 400—600 °C in an oxygen-free atmosphere.
Bio-oil cannot be used directly as a transportation fuel for high-speed combustion
engines due to the high oxygen content (3540 wt.% dry basis), high water content
(up to 30 wt.%) and the presence of corrosive organic acids compounds (up to
10 wt.%). Bio-oil upgrading is required before it can be used as fuel (upgraded bio-
oil). The upgraded bio-oil (biofuel) is defined as bio-oil with higher quality (lower
water content, improved pH and carbon content, higher heating value and improved

hydrocarbons content).

Hydrodeoxygenation (HDO) is a promising bio-oil upgrading technology. This
technique selectively removes oxygen from pyrolysis bio-oil through a catalytic
reaction using hydrogen in the presence of a heterogeneous catalyst. Catalysts play
a significant role in bio-oil HDO. Many catalysts with different active phases,
promoters and supports have been studied on bio-oil HDO. For instance, noble

metal catalysts including Ru/C, Ru/TiO2, Ru/Al2O3;, Pt/C and Pd/C have been
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widely tested for bio-oil HDO processes. However, scarcity and the high price of
noble metals are the main problems for industrial scale application. Conventional
hydrodesulfurization (HDS) catalysts such as sulfided NiMo/Al,O; and
CoMo/Al>O3 were also tested for bio-oil HDO. However, the sulfided catalysts have
problems of sulfur usage and product contamination. Therefore, non-sulfided Ni
based catalysts including MoNi/Al>O3, NiCu/Al,O3 and NiFe/Al>Os, have attracted
great interest because of their excellent catalytic activities for HDO of pyrolysis
bio-oil. Xu et al. found that MoNi/AlbO;3 catalysts considerably improved the
upgraded bio-oil properties. These improvements included hydrogen content
(increased from 6.25 wt.% to 6.95 wt.%) and acidity (pH increased from 2.33 to
2.77). The addition of Mo metal promoted the dispersion of nickel species and
inhibited NiAl2O4 spinel formation on the MoNi/Al,O3 catalysts [123]. Bimetallic
Ni-Cu/AlLOs catalysts were more active than monometallic Ni/Al,O3 catalyst for
anisole and pyrolysis bio-oil HDO [34]. Leng et al.demonstrated that NiFe/Al,O3
improved the bio-oil heating value from 37.8 MJ kg™! to 43.9 MJ kg!, and the main
involved reaction pathway was C-O cleavage rather than C-C cleavage during the

bio-oil HDO process [39].

Zinc, a transition metal present in ZnCl, is cost effective and can used to
improve the catalytic performance of zeolite during upgrading vegetable bio-oil to
hydrocarbon fuel. Recently, the study of Zhao et al. indicated that Zn modified Mo-
Zn/AlOs3 catalyst exhibited an excellent catalytic activity and stability for the

conversion of oxygenated compounds in vegetable oil to hydrocarbons. This was
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due to its acidity and coke resistance properties[124]. To the best of our knowledge,
few studies have been performed using non-sulfided Zn promoted Ni-

Zn/Al>Oj3 catalysts for HDO of pyrolysis bio-oil.

The purpose of this study was to investigate the effects of Ni-Zn synergy
during HDO of pine sawdust bio-oil during the production of hydrocarbon upgraded
bio-o0il using Ni-Zn/Al,O3 catalysts with different Ni and Zn loading ratios at a
temperature of 250 °C and pressure of 500 psig. The catalytic effect of different Ni-
Zn/Al>Os3 catalysts on upgraded bio-oil yield and physicochemical properties (water
content, pH, higher heating value and chemical compositions) were determined.
The catalysts were characterized by BET, XRD, NH3;-TPD and TEM. The

compositions of produced gases were analyzed by GC.

8.3 Material and methods

8.3.1 Feedstock

The raw pine sawdust (PSD) bio-oil was produced using a proprietary pyrolysis
pilot reactor in our lab. The sawdust was ground into powder with screen of 1 mm
using a hammer mill. The sawdust powder was then screened by 200-250 mesh
sieve. The average particle size of pine sawdust feedstock was 0.06 mm. The reactor
is consisted of a screw feeder, a reaction chamber and a condenser. The feeding rate
of PSD through the screw feeder into the reactor was 1.36 kg h™!, and the residence
time of PSD in the reactor was approximately 1 s. The temperature of the reaction

chamber and the condenser were 538 °C and -10 °C, respectively.
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8.3.2 Catalyst preparation

Nickel nitrate hexahydrate and aluminum oxide were provided by Sigma-Aldrich
and used as received. Zinc chloride was provided by Fisher Scientific and used as
received. A series of Ni-Zn/AlOs catalysts with differing Ni and/or Zn mass
loading ratios (20%Ni/ALLO3, 15%Ni-5%Zn/Al203, 10%Ni-10%Zn/Al,03, 5%Ni-
15%7Zn/Al>03 and 20%Zn/A1>03 ) were prepared using a wet impregnation method.
The aluminum oxide support was impregnated with a given amount of nickel nitrate
hexahydrate and zinc chloride aqueous solution at 20 °C. The prepared catalysts
were then dried at 120 °C for 5 h in static air and calcined at 600 °C for 4 h in static

air.

8.3.3 Catalysts characterization

A X-ray Diffractometer (XRD, MiniFlex, Rigaku Corporation) was used to
determine catalyst crystallinity. The filtered Cu-Ka radiation was employed during
the XRD analysis. The X-ray tube was set at 30 kV (tube voltage) and 15 mA (tube
current). The scan range of the X-ray pattern was 10-90 ° (2 theta) and the scan

speed was 2 ° min™'. The step size of X-ray pattern was 0.02 ° (2 theta).

A transmission electron microscope (JEOL JEM-2100 LaB6) was used at
200 kV to determine TEM images of catalysts. Isopropyl alcohol (0.5-1.0 mL) was
employed to disperse the catalyst samples (several micrograms). The dispersed
suspension was then mixed using an ultrasonic for 2 minutes. A few suspension

droplets were placed on a copper grid (200-mesh, carbon-coated) and dried before
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testing. EDS (Energy Dispersive X-Ray Spectroscopy) data of elemental
composition for catalysts samples were obtained in the TEM using an Oxford Inca

energy-dispersive silicon-drift X-ray (EDX) spectrometer.

BET specific surface area and pore texture of catalysts were analyzed by an
automatic Micromeritics ASAP 2020 apparatus with nitrogen adsorption
measurements operated at 77.2 K. Specific surface area was determined by

Brunauer—Emmett—Teller method.

Acidity of fresh catalysts was determined by a Micrometrics Autochem II
Chemisorption Analyzer with a thermal conductivity detector (TCD). The fresh
catalyst sample (300 mg) was firstly added to ammonium hydroxide (37.1 wt.%,
4.5 g), and the mixture was kept at room temperature (20 °C) for 3 h. Then, the
mixture was dried at 60 °C for 12 h. The dried sample was used for NH3-TPD
analysis. The helium flow in the chemisorption analyzer was 60 mL min!. The
catalyst sample was heated and maintained at 100 °C for 30 min to remove the
physically absorbed ammonia. Then the sample temperature was increased from
100 °C to 700 °C at a rate of 10 °C min’!. The final temperature of 700 °C was held
for 30 min. During the period of heating from 100 °C to 700 °C, abundant dilute
HCI solution (1.0mol/L) was used to collect the chemisorbed ammonia from the
catalyst sample. Then, NaOH solution (0.1mol/L) was employed to titrate the HCIl

solution to determine the total acid sites of the catalyst sample.
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8.3.4 Bio-oil HDO test

The batch bio-oil HDO tests were performed in an autoclave reactor (500 mL,
Parr 4575). The maximum allowable operating pressure and temperature of the
reactor were 5000 psig and 400 °C, respectively. The reactor temperature and
impeller mixing speed were continuously controlled by an electronic controller
panel. The controller panel also monitored the reactor pressure. The impeller mixing

speed used in the experiment was 1000 rpm.

Water was the solvent used during pyrolysis bio-oil upgrading to lower the
activation barrier and increase the proton diffusion coefficient. The autoclave
reactor was loaded with 6 g of fresh catalyst, 60 g of raw pine sawdust bio-oil and
100 g of deionized water. In control 1 test, 6 g Al2O3, 60 g raw pine sawdust bio-oil
and 100 g deionized water were loaded in the reactor. In control 2 test, 6 g 15%Ni-
5%Zn/Al,0s catalyst, 60 g raw pine sawdust bio-oil and 100 g deionized water were
loaded in the reactor. In catalyst recycle test, 6 g used 15%Ni-5%Zn/Al>03 catalyst
(washed by ethanol and dried at 120 °C for 12 h), 60 g raw pine sawdust bio-oil and
100 g deionized water were loaded in the reactor. The reactor with reactants was
installed and flushed three times with hydrogen at 50 psig (50 psig nitrogen for
control 2 test) to remove the inside air. The reactor was then pressurized with
hydrogen at 500 psig (or 20 psig nitrogen for control 2 test), and heated to the
reaction temperature of 250 °C at a rate of 5 °C min’'. This reaction temperature

was maintained for 5 h. These reaction conditions, the catalyst/bio-oil ratio of 1:10,
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and mixing rate of 1000 rpm were determined by our preliminary tests. At the end
of 5 hours, the furnace turned off and the reactor vessel was allowed to cool to room
temperature (20 °C). The liquid bio-oil product separated into the oil phase
(upgraded bio-oil) and aqueous phase using a separator funnel. The gas product was
collected in gas sample bags. The oil and aqueous phases were filtered (0.2um
PTFE filter) to remove the catalysts and coke. The separated catalysts were washed
with ethanol and dried at 110 °C for 3 h in a drying oven. The mass of coke was
determined by the mass difference between used and fresh catalyst. The coke yield
(Y coke) was calculated by the ratio of coke mass (M coke) to bio-oil mass (M bio-
oil) according to equation (1). Oil phase and aqueous phase yields (Y product) were
determined by determining the ratio of product mass (M product) to bio-oil mass
(M bio-oil) using equations (2). The gas yield was calculated via mass balance

following equation (3).

Y coke = M coke / M bio-oilx 100%

(M

Y product = M product / M bio-oilx 100%

2

Y gas = 100- (Y oil phase + Y aqueous phase + Y coke )

3)

where Y gas is the yield of gas product.
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8.3.5 Physicochemical properties determination

Physicochemical properties of bio-oils including water content, pH, higher
heating value (HHV) and chemical compositions were determined. Water content
was determined using a Karl Fischer Titrator V20 (Mettler Toledo Company) based
on ASTM E1064. Bio-oil pH was determined using a pH meter (Accumet
Company). HHV was determined in accordance with ASTM D4809 using a bomb

Calorimeter System (C2000, IKA-Works).

Chemical compositions of upgraded bio-oils and raw bio-oil were determined
by gas chromatography—mass spectrometry (GC-MS) using anAgilentGC-7890A
(DB-5 column: 30 m x 0.25 pm % 0.25 mm) and MSD-5977B (electron ionization
of 70 eV, mass range at 50-500 m z!). The injection temperature and injection
volume were 300 °C and 1 pL respectively. The column temperature was initially
set at 60 °C and held at this temperature for 1 min. The column temperature was
then ramped up at a rate of 3 °C min’! to 140 °C, then at 10 °C min™! to 180 °C, then
at 3 °C min™! to 260 °C and finally at 10 °C min™' to 300 °C. The set temperature
was maintained for an additional 2 min after each ramp was completed. Helium was
the carrier gas at a flow rate of 1 mL min’'. The chemical composition of samples
was determined using the NIST mass spectral library. The relative content of
compounds in the samples was calculated using the ratio of its peak area to the total

peak area of GC-MS spectrogram.



173

Gas compositions were determined using an Agilent 7890A GC system
(19095P-S25 column: 50 m % 15 umx 0.53 mm). Hz, CO; and CO were identified
using a thermal conductivity detector. Light hydrocarbons (Ci—Cs) were determined
using a flame ionization detector. Argon was the carrier gas. GC calibration was

conducted using standardized gas mixtures.

8.4 Results and discussion

8.4.1 XRD characterization

The x-ray diffraction (XRD) spectra of the A, O3 based catalysts are shown in
Figure 8.1. In the XRD patterns of all AlbOs based catalysts, diffraction peak
positions of AlOjs structure at 25.58°, 35.15°, 37.78°, 43.36°, 52.55°, 57.50°,
61.30°, 66.52°, 68.21° and 77.23° were determined using JCPDS No. 00-046-1212.
The results indicate that the crystalline structure of the Al,Os support was
maintained after Ni and/or Zn loading. Ni/Al,O3 catalysts showed peaks of NiO
phase at 37.32°, 63.00°, 75.56° and 79.57° according to PDF Card No.1010381.
Zn/AlOj3 catalysts showed ZnO with peaks of 32.07°, 36.53° and 81.65° that are
consistent with PDF Card No.1011258. Ni-Zn/Al>Os3 catalysts showed peaks of
both NiO and ZnO phases. These results indicate that NiO and ZnO particles formed

on Ni-Zn/Al>Os3 catalysts.
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8.4.2 TEM and EDS characterizations

The TEM images of Al,Os catalysts are shown in Figure 8.2. There were no
obvious dark spots in AlO3; image (Figure 2a), indicating no NiO and/or ZnO
loading take place. Dark spots were found in the TEM image of 20%Ni/Al203
catalyst (Figure 2b), and these were attributed to NiO particles. Dark spots were
found on 20%Zn/Al,0; catalyst (Figure 2f), which was attributed to the loading of
ZnO particles. Kasatkin et al. showed similar dark spots on TEM images of Cu-
Zn/Al>Os. These were attributed to copper oxide and/or zinc oxide [37]. Dark spots
were identified in the TEM images of 15%Ni-5%Zn/Al,0s catalyst (Figure 2c),
10%Ni-10%Zn/Al,0s3 catalyst (Figure 2d) and 5%Ni-15%Zn/Al,05 catalyst (Figure
2e), indicating these might be attributed to the metal oxides particles of NiO and/or
ZnO. TEM results of Al2O3 based catalysts are in accordance with the XRD results
which showed the existence of metal oxides such as NiO and/or ZnO. The metal
contents of Ni-Zn/Al,Os catalysts are shown in Table 8.1. The Ni and/or Zn
elements were detected in Ni and/or Zn loaded Al>O3 catalysts. The Ni and/or Zn
metal contents of Ni-Zn/Al;O3 catalysts were a bit lower than calculated metal
contents, which might be due to a nonquantitative immobilization and non-uniform

distribution of the metals on the AlO3 support.

8.4.3 BET and NH3-TPD characterizations

The textural properties and total acidity of the Ni-Zn/Al2Os catalysts are listed

in Table 8.2. The BET specific surface area and total pore volume of Ni and/or Zn
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loaded Al>O; catalysts decreased significantly compared to Al,Os support. The
average pore diameter of Ni-Zn/Al;Os catalysts was lower than that of Al2O3
support. Some micropores and mesopores of the Al,Osz support were filled with
metal oxides after the metal-loading, which might result in the decrease of these
textural properties. The total acidity of 20%Ni/Al2O3 was lower than Al2Os support.
The total acidity of higher Zn loading Al>O3 catalysts was higher than Al,O3 support,

and total acidity of Zn loaded Al>O3 catalysts increased with the Zn loading ratio.

8.4.4 Products yields

The bio-oil obtained from the HDO process can be separated into two phases:
oil phase (targeted upgraded bio-oil, mainly composed of organic compounds) and
aqueous phase (contained mainly water and a few organic compounds). The yields
of bio-oil HDO products (upgraded bio-oil (BP), aqueous phase (AP), coke and gas)
are shown in Figure 8.3. Bimetallic catalysts such as 15%Ni-5%Zn/Al,03 and
10%Ni-10%Zn/Al,03 increased upgraded bio-oil yields compared to monometallic
catalysts (Ni/AlbO3; and Zn/Al;0O3). This change might be due to the
hydrodeoxygenation and hydrogenation promoted reactions due to the bimetallic
Ni-Zn/AlbO; catalysts increasing the content of hydrophobic hydrocarbons
compounds in upgraded bio-oils. The bimetallic Ni-Zn/Al>O3 catalysts decreased
coke yield when compared to monometallic Ni/Al,O3 and Zn/Al>Os catalysts. These
results indicate that bimetallic catalysts might inhibit polymerization and poly-

condensation reactions that are responsible for coke formation during bio-oil HDO
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process. 15%Ni-5%Zn/Al,05 catalyst generated the highest upgraded bio-oil yield
at 44.64 wt.% and the lowest coke yield at 4.67 wt.%. The statistical analysis of
15%Ni-5%2Zn/A120;3 and 10%Ni-10%Zn/Al>03 catalysts on bio-oil yields was
conducted by SPSS statistics software. At 0.05 significant level, the P-value (0.005)
< 0.05. Therefore, the effect of 15%Ni-5%Zn/Al203and 10%Ni-
10%Zn/Al>0; catalysts on bio-oil yields are significantly different. Besides, the
mean value of these two catalysts were higher than other Ni-Zn/Al,0Os catalyst, and
thus  bimetallic catalysts such as  15%Ni-5%Zn/Al203; and  10%Ni-
10%Zn/Al20; increased upgraded bio-oil yields. The yields of upgraded bio-oil of
control 1 and control 2 tests were lower than Ni-Zn/Al>O3 catalysts due to the lack
of metal active centers and enough hydrogen supply, respectively. The upgraded
bio-oil yield of reused 15%Ni-5%Zn/A1>0; catalyst was lower than fresh 15%Ni-
5%Zn/Al,0s5 catalyst, and this might be due to the higher coke deposition that

deactivated catalyst quickly.

8.4.5 Physicochemical properties of upgraded bio-oil

Physicochemical properties including pH, water content and higher heating
value of upgraded bio-oils and raw bio-oil are shown in Table 8.3. Water content
has a negative effect on the combustion performance of upgraded bio-oils in engines.
The water content of upgraded bio-oil ranged from 11.48 wt.% to 20.43 wt.%, and
it was reduced significantly from the water content of 26.91 wt.% present in raw

bio-oil. The reduced water content was due to the increased hydrocarbon
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hydrophobic products in the oil phase. There is an obvious increase in the higher
heating values of upgraded bio-oil (17.13-30.47 MJ kg!) compared to raw bio-oil
(15.54 MJ kg™"). This is attributed to the lower contents of water and oxygenated
compounds present in the upgraded bio-oils. The HDO process effectively
improved the energy content of upgraded bio-oil products. HHV of upgraded bio-
oil produced by Ni-Zn/Al,O3 was higher than control 1 and control 2 tests. This
indicated that hydrogen was necessary for bio-oil HDO reactions. The loading of
Ni and/or Zn on Al,O3; improved bio-oil HDO activity. Low pH values of bio-oil
have a strong corrosive effect on combustion engines. The pH of upgraded bio-oil
(3.27-3.43) increased slightly in comparison with raw bio-oil (3.24). This might be
due to the conversion of some acids compounds into other compounds including
hydrocarbons in upgraded bio-oils. However, the upgraded bio-oil was was still
very acidic with pH comparable to that of bio-oil due to the high content of acidic

compounds.

The carbons contents of upgraded bio-oil was higher than raw bio-oil due to
the removal of oxygen in bio-oil HDO reactions. The carbon content of upgraded
bio-oil produced by Ni-Zn/Al>Os3 catalysts was higher than control 1 and control 2
tests. The carbon balance of bio-oil HDO processes (Table 3) over Ni-Zn/Al,03

catalysts was ranging from 74.34 wt.% to 94.58 wt.%.
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8.4.6 Chemical compositions of upgraded bio-oil

In order to determine catalytic effects of Ni-Zn/Al,03 catalysts on upgraded bio-
oil products, GC-MS was used to analyze the chemical compositions of both
upgraded bio-oil and raw bio-oil. The major chemical components of the upgraded
bio-oils and raw bio-oil are displayed in Table 8.4. Chemical groups identified
consisted of phenols, ethers, aldehydes, ketones, esters, alcohols, acids, furans and

hydrocarbons.

The raw bio-o0il main compositions were organic oxygenated compounds that
included phenols (21.10%), acids (17.62%), ketones (9.77%), esters (6.86%),
alcohols (5.64%) and aldehydes (5.40%). The total amount of detected oxygenated
compounds was 70.70%. These compounds are responsible for the low quality of

the raw bio-oil. The amount of valuable hydrocarbons in the raw bio-oil was 16.94%.

The chemical compositions of upgraded bio-oils changed significantly after the
raw bio-oil HDO over different Ni-Zn/Al>O3 catalysts. The contents of undesirable
acids in upgraded bio-oil were decreased. This decrease may be due to the
conversion of acids into hydrocarbons caused by decarbonylation, hydrogenation
and cracking reactions. Transfer of some carboxylic acids from the oil phase to
aqueous phase might also contribute to the decrease of acids content in upgraded
bio-oils. This decrease in acid compounds reduces the requirements of special
vessels and pipelines that would be used for upgraded bio-oil storage, transportation

and processing.
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The contents of ketones in upgraded bio-oils decreased during catalytic
upgrading treatments. Ketones might be transformed into hydrocarbons and CO-
through decarboxylation reactions. Alcohols were most probably converted to
hydrocarbons and phenols during bio-oil HDO process, resulting in decreased
alcohols levels in upgraded bio-oil products. Some esters were transformed into
hydrocarbons through hydrogenation, decarboxylation and decarbonylation
reactions [125]. This led to the decreased content of esters present in upgraded bio-
oil samples. During bio-oil HDO processes, the content of aldehydes and phenols
decreased in the upgraded bio-oil products. Aldehydes and phenols might be

transformed into coke-like polymers in the presence of acidic catalyst.

Hydrocarbons are the main valuable components in upgraded bio-oil product.
The content of hydrocarbons in upgraded bio-oil increased significantly in
comparison with raw bio-oil. This was probably due to the bio-oil HDO reactions
including  cracking, decarbonylation, decarboxylation, hydrocracking,
hydrodeoxygenation and hydrogenation that converted oxygenated organic
compounds to hydrocarbons on Ni-Zn/Al,O; catalysts. Compared to monometallic
catalysts, the bimetallic 15%Ni-5%Zn/A1>0;s produced the upgraded bio-oil with
the highest hydrocarbons content at 50.12%. This was probably due to the
synergistic effect of Ni and Zn on ALOs3 support. The hydrocarbons content of
upgraded bio-oil produced by control 1 and control 2 test was lower than Ni-
Zn/AlOj3 catalysts, which indicated the important role of metal active centers and

hydrogen consumption for bio-oil HDO reactions. The hydrocarbons content of
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upgraded bio-oil produced by reused 15%Ni-5%Zn/Al,03 was lower than fresh
15%Ni-5%2Zn/Al20;, and this indicated the reduced catalyst activity for bio-oil

HDO reactions in this reused catalyst.

8.4.7 Conversion and selectivity of compounds in bio-oil

The conversion rates of main oxygenated compounds present in bio-oil are
shown in Figure 8.4. The high conversion rates of ketones and aldehydes indicate
that a large proportion of them were converted into hydrocarbons and coke-like
polymers on Ni-Zn/Al>O; catalysts. The massive transformation of alcohols into
other compounds such as hydrocarbons resulted in the high conversion rate of
alcohols in bio-oil over Ni-Zn/Al>O3 catalysts. Similarly, the large amount of acids
and esters were transformed into hydrocarbons, and this led to high conversion rates
of acids and esters compounds. The selectivities of compounds present in bio-oil
are shown in Figure 8.5. The high conversion rate of oxygenated compounds
including ketones, alcohols, acids and esters into hydrocarbons compounds on Ni-
Zn/Al>Os3 catalysts led to the high selectivity of hydrocarbons in upgraded bio-oil

products.

8.4.8 Synergistic effect of Ni and Zn on Al1203 support

Metallic Ni and Zn reduced from NiO and ZnO are the catalytic active centers
for catalytic hydrogenation reactions on Ni-Zn/Al,Os catalysts. There are three

factors which resulted in the improved catalytic activity of binary Ni-Zn/Al2O3
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(synergistic effect of Ni and Zn) than singular Ni/Al>O3, Zn/Al,0s3 or Al,Os catalyst.
Firstly, the incorporation of Zn enhanced the interaction between NiO and alumina
and improved the nickel dispersion [126]. Secondly, binary catalysts had higher
stability and activity than singular catalyst. Finally, the loading of second metal
prevented excessive carbon deposition on metal active sites of singular catalysts,

and this led to lower coke formation of binary catalyst than singular catalyst.

8.4.9 Gas distributions

The compositions of gases produced in the HDO processes were determined
by GC. The compositions of gas are shown in Table 8.5. The main component of
the produced gas was unreacted hydrogen. This indicates abundant hydrogen
present for the bio-oil HDO reactions. However, the efficiency of Ni-
Zn/Al>Os catalysts still needs to be improved to further reduce the contents of
oxygenated compounds in upgraded bio-oil. More research will be conducted to
improve the catalyst activity in the future research. The other main gas product was
CO3, which indicates decarboxylation reactions of organic acids on Ni-
Zn/Al>Os3 catalysts during the bio-oil HDO processes [51]. Light hydrocarbons such
as CHs and C»-Cs were detected. These were probably due to the cracking of organic

compounds.

In the gas compositions, the hydrogen content of 15%Ni-5%Zn/Al>0s catalyst
(90.26 %) was a bit higher than other Ni-Zn/Al,Os catalysts (89.50-89.77%). CO»

content of this catalyst (9.27%) was lower than other Ni-Zn/Al>O; catalysts (9.73-
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10.02%). However, based on the actual H> consumption results (calculated from the
initial H> and final H> in the autoclave reactor in Table 6), the relatively higher
amount of H> (0.18 g) was consumed for 15%Ni-5% Zn/Al;O3 catalyst when
compared to other Ni-Zn/Al,Os catalysts (0.09-0.19 g). Decarboxylation level of
15%Ni-5%Zn/Al>03 was lower than other catalyst due to the lower CO> formation.
The rest of consumed hydrogen might be used in other HDO reactions such as
hydrocracking, hydrodeoxygenation and hydrogenation. This indicated that the
hydrogenation level of 15%Ni-5%Zn/Al,03 might not be lower than other Ni-

Zn/AlOj3 catalyst due to the higher hydrogen consumption.

8.4.10 Reactor pressures

The reactor pressures monitored during the HDO reactions are shown in Table
8.6. The initial, maximum and final pressures of the HDO reactor were recorded.
The initial pressure was the hydrogen pressure measured at 20 °C at the beginning
of the test. The maximum pressure was the reactor pressure during the bio-oil HDO
process at reaction temperature of 250 °C. The final pressure was the reactor
pressure when the HDO reactor was cooled to 20 °C after reaction. The amount of
hydrogen consumed in bio-oil HDO processes over Ni-Zn/Al>O3 catalysts was
calculated and shown in Table 6. Higher amount of hydrogen consumption was
found for 15%Ni-5%Zn/A1203, 10%Ni-10%Zn/Al20; and 20%Zn/Al>0; catalysts.
This indicates the higher hydrogen consumption for bio-oil HDO reactions on these

catalysts. This is beneficial for improving catalytic performance of the Ni-Zn/Al,O3



183

catalysts that converted oxygenated compounds into hydrocarbons. The result is
higher hydrocarbons contents in upgraded bio-oils produced using these Ni-

Zn/AlOj3 catalysts.

8.5 Conclusions

Pine sawdust raw bio-oil was upgraded using HDO processes over a series of
Ni-Zn/Al>Os3 catalysts. The HDO processes were carried out in a batch autoclave
reactor at 250 °C and 500 psig. The effects of Ni-Zn/Al;Os catalysts are evaluated
by determining the products (bio-oil and gas) yield and quality. Bimetallic Ni-
Zn/Al>O3 was more effective in improving bio-oil yield and quality compared to
monometallic Ni/Al,O3 or Zn/Al>Oj3 catalyst. The highest upgraded bio-oil yield at
44.64 wt.% and the highest hydrocarbon content at 50.12% were produced
using15%Ni-5%Zn/Alx0; catalyst. Physicochemical properties of upgraded bio-
oils including pH, water content and higher heating value were improved compared
to the raw bio-oil. The hydrocarbon contents of upgraded bio-oils produced over
Ni-Zn/Al>Os3 catalysts improved when compared to the raw bio-oil. Undesirable
acids, aldehydes and ketones contents of upgraded bio-oils produced by catalysts

reduced when compared to raw bio-oil.
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Table 8.1 Metal contents of Ni-Zn/Al203 catalysts

20%Ni/ALO 15%Ni- 10%Ni- 5%Ni- 20%Zn/Al,
Catalysts
3 S%ZH/A1203 10%ZH/A1203 15%21’1/A1203 03
Ni content
16.35 12.83 9.51 4.32 0
(wt.%)
Zn content
0 4.46 8.75 13.76 16.48

(Wt.%)
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Table 8.2 Textural properties and acidity of different catalysts

Total acidity

Total pore
Catalyst Seer (M?/g) daverage(nNmM) volume (mmol
(cm?/g) NH3/gear)
ALOs 341.08 3.33 0.28 2.80
20%Ni/Al,0; 187.47 3.12 0.16 2.49
15%Ni-5%Zn 186.31 3.11 0.14 2.39
/AL O3
10%Ni-10% 186.12 3.10 0.13 3.95
Zn/AlL 05
5%Ni-15% 184.20 3.08 0.12 3.96
Zn/ALO;

20%Zn/Al,053 189.69 3.13 0.17 3.98
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Table 8.3 Physicochemical properties of raw bio-oil and different upgraded bio-

oils

Used
15%Ni- 10%Ni- 5%Ni-
. 15%Ni-
Raw 20%Ni 20%Zn/ Control Control
Treatments 5%Zn 10%Zn 15%Zn
bio-oil /AL,O; ALO; 1 2 5%Zn
/ALOs /ALO; /ALO;
/ALLOs
Water
2691£0  17.53+0 14.00+0 12.98+0. 15.33+0. 11.48+0. 13.0240  20.43+£0  14.45+0
content
.29 22 .14 14 21 22 12 .14 .03
(wt.%)
3.24+0. 3.41+0. 3.31+0. 3.34+0.0 3.43+0.0 3.43+0. 3.33+0. 3.27+0. 3.29+0.
pH
28 01 01 8 3 01 04 05 04
HHV 155440 284741 304750 3039:0.  2037:0. 27.85%1 26670 17.13+0  29.59+0
(MJ ke .04 .34 42 22 79 25 .20 17 21
51.07

Carbon 40.37+0 54370 559240  55.27=+0. 52.06+0. 51.05£0  48.07£0  42.05+0

+0.

(wt.%) .04 12 .36 15 38 42 31 .08

04

Carbon
91.9240  92.75+0  94.58+0. 78.73+0.  87.46+0 74340  74.05£0  92.53+0

balance(wt N/A

%)
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Table 8.4 Chemical compositions of different upgraded bio-oils and raw bio-oil

20% Used
0/ Ni- o/ Ni- o
Relative 15%Ni- 10%Ni SYoNi 20%2
. 0N
Raw Ni 15%Ni
o o
content 5%Zn/Al, 10%2n 15%2n " Control 1 Control 2
Lo 5%Zn
bio-oil JALO
o
0 0 /41O, JALO:s  JALO:
3 /ALOs
Phenols 21.10 15.48 12.55 19.34 15.46 18.36 16.18 20.03 13.87
Ethers 3.59 1.62 6.21 0.36 0 0.70 0.89 3.23 5.74
Aldehyde
5.40 1.17 0 0.62 0.92 0.48 4.21 5.1 3.04
s
Ketones 9.77 392 0.23 0.28 3.11 4.79 7.61 8.76 6.52
Esters 6.86 3.90 0 3.53 3.72 3.19 5.73 6.02 2.34
Alcohols 5.64 2.18 0.21 1.30 2.23 0.91 4.38 4.98 2.32
Acids 17.62 9.80 6.65 6.39 9.73 6.99 12.34 16.73 10.12
Furans 0.72 0 0 0.35 0 0.23 0.56 0.34 0.63
Hydrocar
16.94 38.58 50.12 49.91 39.62 43.86 21.36 17.09 40.12
bons

Others 12.36 2335 24.03 17.92 2521 20.49 26.74 17.72 153




Table 8.5 Gas compositions of different treatments

2 15% 10%N 5%Ni 20 Used
o/n: o 0/ Ni-
VoNi/ Ni- i- - %zn Control Control 15%Ni
Treatments
5%Zn
o , o o
Al 5%Zn/Al 10%Zn/Al 15%Zn/Al AL 1 2
03 0 0 O O3 /ALOs
89.77+0. 90.26+0.0 89.50 89.71+0.0 89.56=0. 89.80+0. 0.74+0.2
H, 94.16+0.15
04 5 +0.01 3 02 11 6
C 9.73+0.0 927+ 10.02 9.84+ 9.80+0.0 9.26+0.0 89.84+0.
5.62+0.18
0, 4 0.03 +0.02 0.02 7 7 23
Gas
compos C 0.36+0.0 0.29+ 031+ 030+  031+0.0  0.30+0.0  3.05+0.0
0.12+0.00
ition O 0 0.00 0.00 0.00 0 1 1
(vol.%)
C 0.11£0.0 0.09+ 0.10+ 0.09+  0.10£0.0  0.06+0.0  0.38+0.0
0.02+0.00
Ha 0 0.00 0.00 0.00 0 0 0
C
0.03+0.0 0.09+ 0.07+ 0.06+  0.23+0.0  0.58+0.0  5.99+0.0
0.09+0.03
1 0.01 0.01 0.01 2 2 2

-Cs
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Table 8.6 Reactor pressures of different treatments

20 15%Ni- 5%Ni- 20 Used
10%Ni-
N o o 9
oNi 3%Zn 15%2n %Zn Control Control 15%Ni-
o
Treatments 10%2n
o
/AL /ALO /ALO an ! 2 S%zn
/ALOs
o } } o /ALOs
Ini 500+0.0 5000 500+0 5000 500+0.0 500+0.0
20+0.00 500+0.00
tial 0 .00 .00 .00 0 0
Pressur Maxim 1135+ 1145+ 1115+
1105+15 1100+10 1010£10 560+10 1050+10
e (psig) um 35 35 45
Fi 480 465 480 50+
4700 475+5 485+5 485+10
nal +10 +15 +10 0
Hydrogen 0.10+0.0 0.18+ 0.12+ 0.10+ 0.19+0.0 0.11£0.0 N/

0.09+0.01

consumption (g) 3 0.04 0.02 0.01 1 1 A
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Figure 8.1 (a) A1203,(b) 20%Ni/A1203, (c) 15%Ni-5%Zn/A1203, (d)10%Ni-

10%Zn/A1203, (e) 5%Ni-15%Zn/Al1203 and (f) 20%Zn/Al1203
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Figure 8.2 TEM images of catalysts: (a) Al203,(b) 20%Ni/Al203, (c¢) 15%Ni-
5%Zn/A1203, (d)10%Ni-10%Zn/A1203, (e) 5%Ni-15%Zn/A1203 and (f)

20%Zn/A1203
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Figure 8.3 Product yields of different treatments
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Figure 8.4 Conversion rates of different compounds present in upgraded bio-oil
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Figure 8.5 Selectivities of compounds present in upgraded bio-oil
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CHAPTER 9

Conclusions

Biomass can be converted to transportation fuels through fast pyrolysis and
bio-o0il upgrading processes. Catalytic cracking and HDO are two promising
chemical methods to upgrade bio-oils into liquid biofuels. However, efficient
heterogeneous catalysts and hydrogen generation method still need to be exploited
for bio-oil upgrading. Cheap and effective catalysts for bio-oil catalytic cracking
and HDO were developed in this study. Hydrogen generation from cheap water
using zinc metal hydrolysis was reported. Optimal metal loading ratio catalysts and
operation parameters for improving biofuel yield and quality were determined. The

specific conclusions of this study are the following:

1. Ni/HZSM-5 and Co-Mo/HZSM-5 catalysts for PCG bio-oil catalytic cracking
were conducted in a two stage reactor system. 12%Ni/HZSM-5 catalyst yielded the
highest amount of gasoline ( C4-C12 ) hydrocarbons at 32.45%. 4%Mo-

2%Co/HZSM-5 catalyst yielded the highest amount of hydrocarbons at 41.08 %.

2. HDO upgrading of PCG bio-oil over different Ni/AC catalysts under mild
conditions was carried out. Ni/AC catalysts produced the highest light
hydrocarbons content at 32.63% in biofuel product. Ni-Mo/AC generated the

biofuel product with the highest content of alkyl-phenols at 38.41%.
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3. In situ HDO upgrading of pine sawdust bio-oil over Pd/C catalyst using hydrogen
generated from cheap water using zin hydrolysis reaction was performed. 250 °C
yielded biofuel with the highest heating value at 30.17 MJ/kg and the highest

hydrocarbons content at 24.09%.

4. The HDO upgrading of pine sawdust bio-oil over zinc metal with zero valency
under different temperatures was conducted. 20 °C bio-oil upgrading process
generated the highest biofuel yield at 14.07%, 400 °C bio-oil upgrading process

produced biofuel product with the highest hydrocarbons content at 68.95%.

5. NiO/HZSM-5 catalysts were used to produce hydrocarbon biofuels from alkali
lignin pyrolysis bio-oil. 1.27 %NiO/HZSM-5 generated highest biofuel yield

(27.5 %) and produced biofuel with the highest amount of hydrocarbons (69.4%).

6. The HDO upgrading of pine sawdust bio-oil over non-sulfide Ni-
Zn/Al,O3 catalysts was conducted. The highest upgraded bio-oil yield at 44.64 wt.%
and the highest hydrocarbon content at 50.12% were produced by 15%Ni-

5%7Zn/Al,03 catalyst.
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CHAPTER 10

Recommendations for Future Research

Biomass has great potential for conversion to transportation fuels through fast
pyrolysis and subsequent upgrading processes. Catalytic cracking and HDO are two
of the most promising chemical methods to upgrade bio-oils into liquid biofuels.
Progress has been made in applications of efficient heterogeneous catalysts during
catalytic cracking and HDO in this study. However, catalyst deactivation due to
coking created from polymerization and polycondensation reactions still remains a
challenge for bio-oil catalytic cracking and HDO processes. Available catalysts
need further development to have higher selective activity, long-term stability, and
easier regeneration properties without significant loss of activity before testing can
be completed in an industrial scale biofuel production plant. In order to exploit
appropriate heterogeneous catalysts to produce gasoline or diesel grade biofuel at a

commercial scale, some suggestions for future research include:

1. Improve understanding of catalyst deactivation and regeneration mechanisms

during bio-oil upgrading processes.

2. Develop effective catalysts with higher stability and better regeneration

properties.

3. Integrate upgrading approaches of bio-oil catalytic cracking and/or
hydrodeoxygenation with petroleum refining technologies to improve bio-oil

upgrading efficiency.
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4. Explore new biomass resources or genetically engineered biomass to improve

the yield and quality of bio-oils produced.
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