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Abstract

The formation of Ni,P over a support (TiO, and SiO,) using different P/Ni molar
ratio (0.5 and 2.0) for the preparation was studied. For Ni,P,/TiO,-0.5P prepared by P/Ni
molar ratio of 0.5, the mixture of Ni,P and Ni;,Ps species was observed by XRD and *'P
MAS-NMR. In sharp contrast, under excess phosphate precursor (P/Ni molar ratio of 2.0)
for Ni,P/TiO,-2.0P, pure Ni,P was obtained. According to the in-situ TR-XANES, Ni,P/TiO,-
0.5P showed the reduction at 500°C which is quite similar to reduction of NiO in Ni/TiO..
However, Ni,P/TiO,-2.0P showed a much higher reduction temperature at 650°C,
resulting from the reduction of Ni,P,O,, that could be mainly formed under excess
phosphorous precursor. For both samples, once Ni,P was evidenced only after the
metallic Ni formed. Ni,P was successfully prepared over TiO,(Anatase) and SiO, using
P/Ni molar ratio of 2.0, regardless to the different surface areas of these supports.
Ni,P/TiO,-2.0P provided >99% ethylene selectivity from ethane steam cracking at
650°C with ethane conversion rate of 65.2 mMmMolepane-gni -h'. While none of ethylene
was observed over Ni/TiO, catalyst. A lower in ethane conversion rate was observed
over Ni,P/TiO,-2.0P due to the lower Ni,P content. Due to the lower surface area of
Ni,P/TiO,(anatase)-2.0P, a lower activity was obtained. The catalysts without strong

metal support interaction (Ni,P/SiO-2.0P and Ni,P/TiO,(Phy) resulted in the lower



activity as compared to Ni,P/TiO,-2.0P. The changes in nickel species from Ni,P to Ni°
was observed after 11 h of use and confirmed by the in-situ TR-XANES.
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CHAPTER 1
INTRODUCTION

1.1 Motivation

Ethylene is an important chemical feedstock for many chemical productions,
such as polyethylene, polyvinyl chloride, polyethylene terephthalate, ethylene glycol,
and styrene [1]. In 2017, the production of ethylene was 180 million metric tons (MMT)
with a global demand of 160 MMT of ethylene [2]. The global ethylene demand growth
remains strong and the expectation of demand growth is in the range of 6.5 million
metric tons per year [3]. For century, petroleum is the major source to produce
ethylene, mainly steam cracking process. To meet the increasing demand of ethylene
while petroleum source is limited, the alternative production of ethylene remains
challenges.

Rather than relying on the petroleum, production of ethylene directly from
ethane has gained more attention due to two main reasons. Firstly, ethane is one of
the main compositions in natural gas. Secondly, in recent decades, the advancement
of hydraulic fracturing and horizontal drilling has resulted in the boom of the U.S. shale
gas production. This shale gas is mainly composed of methane and ethane [4]. The
proposing of shale gas would serve at least another century. Therefore, ethane could
replace the obsolescent fossil-fuel-based feedstocks to produce ethylene.

Generally, ethane could convert to ethylene via two major pathways which are
catalytic dehydrogenation and steam cracking process. The first reaction requires
catalysts mainly involves Pt-based catalysts. Odd. et al. (1996) [5] studied
dehydrogenation of the light hydrocarbon as propane over supported Pt and Pt-Sn
catalysts. The result showed high selectivity of propylene, but catalyst deactivation
can be observed with low conversion [6]. Cracking of ethane, another process to
produce ethylene, is generally required high temperature resulting in the higher
conversion compared with typically dehydrogenation. Juki¢. et al. (2016) studied
ethane cracking at 850 °C showed 100% conversion with 70% ethylene selectivity [7].

To increase the selectivity of ethylene from cracking, catalysts in the class of metal



had been introduced to this process [6, 8-14]. Chin. et al. (2006) [15] reported that the
catalytic cracking of ethane over Ni/SIiO, catalyst at 500 °C provided 98% ethane
conversion with 88% selectivity. However, they showed very fast deactivation due to
the coke formation. To reduce the formation of coke, the steam used as an inexpensive
diluent of feed during the catalytic cracking. The test in cracking/steam regeneration
at 650 °C of 15 wt.% Ni/SiO, catalyst showed that the catalyst can be fully regenerated
with steam in successive cycles without any significant loss of catalytic activity
otherwise, the catalysts showed deactivation with time [16]. Catalytic steam cracking
can inhibit the coke formation via competitive adsorption with a coke precursor on the
surface of catalyst and decrease operating temperature by feed diluent as mention in
Sarris. et al. (2017) [17]. However, to operate under steam condition, these noble
metals are not tolerated by water in feed.

Recently, transition metal phosphide catalysts have been reported to operate
and durable under steam even in the extreme condition [18]. Furthermore, they show
the good  catalytic performances for  hydrotreating = process, such as
hydrodenitrogenation [19] and hydrodeoxygenation [20, 21]. Among the transition
metal phosphide catalysts, Nickel phosphide is known to show the best activity in
hydrotreating process especially for hydrodesulfurization [22-25]. Furthermore, Kim. et
al. (2014) [26], showed that Ni,P/zeolite catalysts can be used for naphthalene
hydrocracking to BTX. The Ni,P/Beta exhibited best activity with a naphthalene
conversion of 99%, and a BTX yield of 94.4%.

Nickel phosphides have many species, e.g. Ni,P, NisPs, NisPy,, NijPs [27].
However, the most active species of nickel phosphides are Ni,P and Ni;,Ps which can
be synthesized by using different P/Ni ratios of Ni(NO3),.6H,0 and (NH4),HPO, precursors
[6]. Not only the nickel phosphide species have an effect towards the activity, their
supported metal oxide also has an influence [28]. Li. et al. (2010) [29] reported that
TiO, and CeOQ, are effective promoters to enhance the hydrogenation activity of Ni,P.
Wang. et al. (2009) [30] also showed that Ni,P/TiO, - ALOs; was more active than
Ni,P/AlL,O; for hydrodesulfurization of 3-methylthiophene.

With these reasons, we are interested in the used of nickel phosphide over

support as a catalyst for steam cracking of ethane to increase ethylene production.



Moreover, the study on effect of difference P/Ni ratio, reduction time for preparation
and several common metal oxides supports such as, silica (SiO,) and titania (TiO,) will
be investigated. The catalytic performance of ethane steam cracking over the prepared
catalysts will be studied including, reaction temperature, feed/steam ratio, thermal

and chemical stability.

1.2 Objective
1.2.1 To synthesize the nickel phosphide catalysts.
1.2.2 To understand the physical and chemical properties of each nickel
phosphide catalyst.
1.2.3 To study the catalytic performance of nickel phosphide catalysts for

ethane steam cracking.

1.3 Scopes of study
1.3.1 Catalyst preparation by incipient wetness impregnation method using
nickel phosphide 10 wt.% loading on support as SiO, and TiO, (P25).
1.3.2 Studied phase of nickel phosphide preparation by difference P/Ni (x) ratio
(where x is P/Ni = 0.5 and 2).
1.3.3 Studied phase of nickel phosphide preparation by difference reduction
time (0.5, 1, 2 h) at reduction temperature 650 °C.
1.3.4 Characterization of nickel phosphide
1.3.4.1 Physical Characterization
X-ray Diffraction (XRD), *'P Magic angle spinning nuclear
magnetic resonance (*'P MAS-NMR), X-ray fluorescence (XRF),
Brunauer-Emmett-Teller (BET) Surface area analysis
1.3.4.2 Chemical Characterization
in-situ Time-Resolved X-ray Near-Edge Absorption Spectroscopy
(in-situ TR-XANES)
1.3.5 Study the catalytic activity of the prepared catalysts by the ethane
conversion rate of ethane steam cracking at 650 °C. The active species of Ni,

interaction and contact time will be study.



1.4 Expected result

It is expected that this study could provide a better selectivity of ethylene and
high stability over supported nickel phosphide catalysts for ethane steam cracking.
Moreover, the mechanistic understanding of ethane steam cracking reaction over nickel
phosphide (Ni,P,) catalysts could design the suitable catalysts for steam cracking

process.



CHAPTER 2
THEORY AND LITERATURE REVIEWS

2.1 Ethylene

Ethylene or ethene (IUPAC name) is a chemical compound with the formula
C,H4. Each molecule contains one double bond between the two carbon atoms, and
for this reason it is classified as an alkene, olefin, or unsaturated hydrocarbon. An
ordinary temperature and pressure, it is a colorless gas. The H — C — H angle of ethylene
is 117°. The molecule is also relatively rigid. The rotation of C = C bond requires energy
because it needs to break m-bond; while, retaining the o-bond between the carbon
atoms [31].

Ethylene is widely used as a starting chemical in the polymer manufacture such
as polyethylene (PE), polyethylene terephthalate (PET), polyvinylchloride (PVC) and
polystyrene (PS), as well as fibers and other organic chemicals. These products are
used in a wide variety of applications, such as the packaging, transportation, electrical,
electronic, textile, construction industries, consumer chemicals, coatings and adhesives
[1]. The largest outlet, accounting for 60% of ethylene demand globally, is
polyethylene. Low density polyethylene (LDPE) and linear low density polyethylene
(LLDPE) mainly go into film applications, such as food and non-food packaging, shrink
and stretch film [32]. High density polyethylene (HDPE) is used primarily in blow
molding and injection molding applications, such as containers, drums, household
goods, caps and pallets [33]. HDPE can also be extruded into pipes for water, gas and
irrigation, and film for refuse sacks, carrier bags and industrial lining [33].

Another use of ethylene to convert is ethylene oxide (EO) which is a primarily
precursor for ethylene glycol. Most monoethylene glycol (MEG) is used to make
polyester fibers for textile applications, PET resins for bottles, and polyester film. MEG
is also used in antifreeze applications. Other EO derivatives include ethyoxylates (use
in shampoo, kitchen cleaners, etc), glycol ethers (use as solvents, fuels, etc) and
ethanolamines (surfactants, personal care products, etc) [34].

Ethylene dichloride (EDC) is another product deriving from the chlorination of

ethylene. It can then be cracked to make vinyl chloride monomer (VCM). Nearly all



VCM is used to make polyvinyl chloride which has its main applications in the
construction industry.

Ethylene can react with benzene to make ethylbenzene which is further
processed into styrene. The main outlets for styrene are polymers and synthetic
rubbers, such as polystyrene, acrylonitrile-butadiene-styrene (ABS) and styrene
butadiene rubber (SBR). Other ethylene derivatives include alpha olefins which are
used in LLDPE production, detergent alcohols and plasticizer alcohols; vinyl acetate
monomer (VAM) which is used in adhesives, paints, paper coatings and barrier resins;
and industrial ethanol which is used as a solvent or in the manufacture of chemical
intermediates for ethyl acetate and ethyl acrylate [35].

Therefore, ethylene is one of the largest-volume petrochemicals. With a diverse
range of end-uses, the demand is sensitive to both economic and energy cycles.
According to US-based SRI Consulting, global production and consumption of ethylene
in 2009 were both approximately 112m tones [2]. Global capacity utilization was 85.3%
in 2009, down from 87% in 2008. Ethylene consumption is estimated to have increased
by 1.3% in 2009; it is forecast to grow an average 4.1%/year up to 2014, slowing to
3.4%/year from 2014 to 2019.

Ethylene is mainly supplied from petrochemical industry which rely on cracking
of heavy feedstocks, such as Naphtha and gas oils. Though, the concern of the
depletion of petroleum drives the research to find an alternative source. Ethane
dehydrogenation forming ethylene is one of promising strategy due to the large supply

of ethane from natural ¢as and shale gas.

2.2 Ethane

Ethane is a chemical compound with the chemical formula C,Hg. It is an
aliphatic hydrocarbon classified as an alkane. At standard temperature and pressure,
ethane is a colorless, odorless, flammable gas. Ethane can be industrially isolated from
natural gas and petroleum refining [36]. The industrial importance of ethane is based
upon the ease of a transformation to ethylene (C,H,4) and hydrogen by a pyrolysis or
cracking once it passes through a hot tube at a temperature above 1,000 °C. Like
propane and to a lesser extent butane, ethane is a major raw material for the huge

ethylene petrochemical industry. Another ethane process is under investigation as a



feedstock for other commodity chemicals, such as oxidative chlorination of ethane to

produce vinyl chloride.

Ethane production
Ethane is the second-largest component of natural gas (NG) in fossil fuel after
methane and the exact composition of natural gas is different depending on the

location as shown in Table 2.1.

Table 2.1 The natural gas supplied to Union Gas comes from western Canada, the

United States and Ontario producers [37].
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Alternatively, shale gas has been recognized as one of the most source to gain
ethane for a century in the United States. Shale gas is natural gas trapped within tiny
pore spaces in shale formations as shown in Table 2.2 [38]. Shale gas, also known as
parent rock gas or schist gas, is the same gas as we usually use for heating. However,
it is trapped in rocks and schist. This means that different methods must be used to

extract it out. The most well-known of method is hydraulic fracturing [39].



Table 2.2 The shale gas composition at Canada [38].

Compound Symbol Percent in shale gas
Methane CH,4 74.22
Ethane CoHg 15.62
Propane C3Hg 5.46
Butane CqHig 1.40
Pentanes CsHys 1.00
Hexanes CeHia 1.00
Inerts/other | He, CO,, O, etc. 1.30

2.3 Dehydrogenation

Dehydrogenation is a chemical reaction that involves the removal of hydrogen
from an organic molecule as showed in scheme 2.1. It is the reverse of hydrogenation.
Dehydrogenation is an important reaction because it converts alkanes, which are
relatively inert and thus low-valued, to more reactive and value olefins (including
alkenes). These alkenes are precursors to produce aldehydes, alcohols, polymers, and
aromatics. Dehydrogenation are used extensively in the petrochemical industry to
produce aromatics and styrene. Such processes are highly endothermic and require a

temperature of 500 °C and above.

Ay AT b ; cracking of C — H

Scheme 2.1 Typical dehydrogenation reaction

In general, the dehydrogenation reaction can be classified into two strategies
that are the direct dehydrogenation and oxidative dehydrogenation. The oxidative
dehydrogenation is an exothermic reaction that requires lower reaction temperature
than that of the direct dehydrogenation, which is an endothermic reaction. However,
the oxidative dehydrogenation requires an oxidant, such as oxygen and halogen. Due
to the oxidant use, it may cause the processes over oxidation reaction forming an

unpleasant byproduct, such as carbon dioxide and halogenated organic molecule.



Considering the direct ethane dehydrogenation (EDH), ethylene and hydrogen
would be the product from this reaction. This reaction is normally catalyzed by several
types of catalysts. Ga supported on zeolite [40], Pd-In supported on silica [41], Pd
supported on alumina [43] can successfully facilitate the dehydrogenation of ethane.
The advantage of this process is the high ethylene selectivity; however, the catalyst

deactivation and low conversion are generally observed [40-42].

2.4 Cracking process

Cracking process is the pathway to break down heavy hydrocarbon molecules
into lighter molecules by means of heat, and sometimes catalysts. Cracking is the most
important process for the commercial production of gasoline and diesel fuel from
petroleum refining. Furthermore, cracking of petroleum yields heavy oils, a solid
carbonaceous product known as coke, and light gases, such as methane, ethane,
ethylene, propane, propylene, and butylene. These gases can be used in the refinery’s
fuel system. More importantly, they are raw materials for synthetic rubber, plastic and
agricultural chemicals [43].

In cracking process, there are two major categories. One is the thermal cracking
governing by heat as a main factor. The other is the use catalyst to enhance the
conversion and selectivity [43].

2.4.1 Thermal cracking

Thermal cracking is non-catalyzed process of thermal decomposition of
hydrocarbons. It is performed at very high temperatures, 750 - 900 °C, under
approximately normal pressure. Cracking reactions involve the breaking of one or more
covalent carbon-carbon bonds in the hydrocarbon molecules via a free radical
mechanism. Consequently, a smaller molecule is formed. At the same time, C — H
bond breaking can compete with C — C bond resulting the loss of hydrogen as shown

in Scheme 2.2.

CHonso L; CnHomez + CgHag ; cracking of C — C bond
CHonio L» C.Hon + H, : cracking of C — H bond

Scheme 2.2 Cracking of hydrocarbon
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Side reactions of thermal cracking involve isomerization, cyclization,
polymerization and series of reactions of cyclodehydrogenation which are led to
formation of coke (polyaromatic hydrocarbon). Such thermal cracking plant suffers
coke deposition problems that restrict performance. The cracking operation involves
heating heavy hydrocarbon in radiantly heated coils of high alloy steel tubing to
temperatures of typically 850 °C. During cracking, coke deposition occurs in the coils
and associated downstream exchangers. The coke, which forms to depths of several
mm, reduces heat transfer and normally limits run length of reaction that effects to
decrease activity. The cracking furnace must then be taken off-stream for decoking,
usually by steam-air oxidation, with consequential loss of production [7].

2.4.2 Steam cracking

The water is added to a feed for thermal cracking called “Steam cracking.”

Steam cracking is the principal industrial method for producing the lighter olefins via
homolytic; free radical, including ethylene and propylene. Steam cracker units are
facilities in which a feedstock, such as naphtha, liquefied petroleum gas (LPG), ethane,
propane or butane is thermally cracked through the use of steam in a bank of pyrolysis
furnaces to produce lighter hydrocarbons. The products obtained depend on the
composition of the feed, the hydrocarbon-to-steam ratio, and on the cracking
temperature and furnace residence time.
Cracking at higher temperature (also referred to as severity) favors the production of
ethylene and benzene, whereas lower severity produces higher amounts of propene,
Cd-hydrocarbons and liquid products. The process also results in the slow deposition
of coke, a form of carbon, on the reactor walls. Then co-feed with steam can help to
abate the coke deposit on the reactor surface [44].

2.4.3 Catalytic cracking

The catalytic cracking process involves the presence of either an acid catalyst
(usually a solid acid, such as silica-alumina and zeolites) or metal-supported catalyst.
This process requires lower temperature for operating than thermal and steam
cracking. The catalyst promotes a heterolytic (asymmetric) breakage of bonds yielding
pairs of ions in opposite charges, usually a carbocation and the very unstable hydride
anion [45]. Even though catalytic cracking is providing a high activity and selectivity, it

suffers from the deactivation of catalyst because of coke deposition on the surface of
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a catalyst [45]. Coke formation in the catalytic cracking process causes the loss of a
product and a source of heat through its combustion. This coke formation over
catalyst’s surface in catalytic cracking occurs mainly via the reactions of aromatic
hydrocarbons formed as intermediates or products in the process [46].

2.4.4 Catalytic steam cracking

The catalytic steam cracking is a process which is a co-worker between a
catalyst, to improve activity, selectivity and therefore reduced reaction temperature
to around 400-430 °C and steam to decrease coke deposit on the surface of catalyst
and reactor. Most of catalysts cannot be durable in extremely steam condition. This is
the new pathway to improve cracking process that many researchers are interesting in

the present [47].

2.5 Catalysts

2.5.1 Nickel phosphide

Transition metal phosphides have recently been reported as a new class of
high-activity catalysts. These materials contain phosphorus and transition metals. They
are considerate as a hardness and strength ceramic. Their electronic properties like
conductivity is of similar to metallic compounds [48].

Among the transition metal phosphide catalysts, nickel phosphide (Ni,P,) shows
the best catalytic activity in steady state system for a longer time on steam in
hydrocracking process [49]. The most active species of nickel phosphides are Ni,P and
Ni;,Ps which can be synthesized by using difference Ni/P ratio of precursors and the
reduction time. The easily method to prepare nickel phosphide is co-impregnation
between nickel nitrate (source of Ni) and ammonium phosphate (source of P) into
supported and reduced it to form Ni,P, phases [49].

The crystal structure of Ni,P and Nij,Ps is shown in Figure 2.1. The crystal
structure of Ni,P is hexagonal unit cell containing two types of Ni atoms. The Nil atoms
are located inside of the distorted NiP, tetrahedral formed by four nearest phosphorus
species; whereas, the Ni2 atoms are surrounded by five P neighbors 1P1 and 4P2
species forming a pyramidal environment around the central atom. For Nij,Ps there

are two types of Ni and P sites in the tetragonal structure. The Nil atoms are
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surrounded by the four nearest phosphorus atoms and 11 atoms forming coordination

polyhedra around the Ni2 site-two nearest P atoms [49].

@@

Figure 2.1 Crystal structure of (a) Ni,P and (b) Nij,Ps

2.5.2 Support

2.5.2.1 Silicon dioxide

Silicon dioxide, also known as silica is an oxide of silicon with the
chemical formula SiO,. The most commonly found in nature is in quartz and in various
living organisms. In many parts of the world, silica is the major constituent of sand.
Silica is one of the most complex and most abundant families of materials, existing as
a compound of several minerals and as a synthetic product. Notable examples include
fused quartz, fumed silica, silica gel, and aerogels [50]. SiO, has a three-dimensional
network of tetrahedra cells, with four oxygen atoms surrounding each silicon ion. The
tetrahedral form is the basic unit SiO2 crystalline structure. Furthermore, amorphous
SiO, structure is the absence of any crystalline form of SiOz2 [50]. The silica surface is
nearly inert. Though, there are the ~OH terminal groups (called silanol groups) weakly
acidic comparable to alcohols. The terminal silanol can be removed by
dehydroxylation. Two types of silanol groups are usually distinguished, isolated groups
and neighboring (vicinal) groups that may be hydrogen bonded to each other.
Furthermore, when calcined the fully hydrated sample at temperatures < 200 °C, They
could contain germinal groups, =Si(OH),. The complete removal of silanol groups
requires calcination at temperature higher than 700 °C and results in significant changes
in surface morphology. The aprotic sites present after dehydroxylation at 600-800 °C
have been suggested to be primarily highly strained Si-O-Si linkages.
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2.5.2.2 Titanium dioxide

TiO2 powder (Degussa, P-25), which is a standard material in the field of
photocatalytic reactions, contains anatase and rutile phases in a ratio of about 3:1.
Transmission electron microscopy showed that the anatase and rutile particles are
separately form their agglomerates. The average sizes of the anatase and rutile
elementary particles are 85 and 25 nm, respectively [51-53]. This material have an
oxygen vacancy site, that is generally described as the active sites. Such a vacancy on
the surface can be generated via UV-irradiation, annealing, calcination, particle
bombardment, or the reaction of the solid with reducing gas such as hydrogen [51].
The presence of an oxygen vacancy site might also induce the reduction of the metal
atoms into a lower oxidation number, i.e., a Ti** defect in TiO,. The catalytic activity of
TiO, is dependent on the nature and the composition of the surface defect sites [52].
Consider the formation of an oxygen vacancy and Ti** defects by the treatment of TiO,
with H, gas as an example [53]. Initially, hydrogen gas was adsorbed on the surface of
TiO, at high temperature. An electron from hydrogen atom was then transferred to the
lattice oxygen of TiO,. Secondly, the lattice oxygen reacts with hydrogen gas, forming
water molecules. Water molecules desorbs form the surface, resulting in an oxygen
vacancy site. Finally, the electron remaining there at the oxygen vacancy site could

transfer to an adjacent Ti*, thereby forming the Ti** defect [37].

2.6 Literature reviews

Ethylene directly produced from ethane has gained more attention because
the economically feasible of shale gas which has been developed in United State.
Shale gas production provides a tremendous amount of ethane which is an alternative
replacement of the non-renewable fossil-fuel-based feedstocks [7].

In general, ethylene production from ethane can be produced via catalytic
dehydrogenation and steam cracking process. For the dehydrogenation reaction,
current research mainly focusses on Pt-based and modified Pt-based catalysts because
it activates C — H bonds more favorable than C - C bond [56-62]. Baria. et al. (1996) [5]
reported dehydrogenation of the light hydrocarbon as propane over supported Pt and
Pt-Sn catalysts and the light hydrocarbon model as propane at 519 °C. They showed
that the initial selectivity of propylene is approximately 85% and 95% for Pt/y-Al,05
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and PtSn/y-ALOs, respectively. The catalyst deactivation can observe in this research
start with 1.2 mol% of propane and dropped to 0.9 mol% of propane (this mol% of
propane result by TOF of PtSn/y-Al,O5) and for Pt/y-AlLO5 start from 0.8 and decreased
to 0.1 mol% of propane. The advantage of this process is the high ethylene selectivity.
However, the catalyst deactivation (from coke deposition) and low conversion are
generally observed.

Another process is ethane steam cracking process, it has been practiced for
many years in order to produce the basic feedstocks of the petrochemical industry.
Steam cracking process is generally required high temperature resulting in the higher
conversion compared with typically dehydrogenation. Goethema. et al. (2013) [54]
studied ethane cracking for optimal ethylene yield with a linear-concave optimal
temperature profile along the reaction coordinate with a maximum temperature
between 827 and 1127 °C. It appears that conversion of ethane is increased from 75%
to 89% with temperature 827 °C to 1127 °C, respectively. At temperature 1027 °C is
optimal for getting a highest ethylene yield (about 67 wt%) in the steam cracking of
ethane.

To increase the selectivity of ethylene cracking, the catalyst has been
introduced [33-40]. Chin. et al. (2006) [15] reported that the catalytic cracking of ethane
over Ni/SiO, catalyst at temperature 500 °C provides 95% ethane conversion with 88%
selectivity. When the conversion increases to 100% at 600-650 °C, the ethylene
selectivity dropped by 27%. Furthermore, they showed very fast deactivation due to
the coke formation. To reduce the formation of coke, the steam used as an inexpensive
diluent of feed during the catalytic cracking. Steam can facilitate to inhibit coke
formation via competitive adsorption with coke precursor on the surface and decrease
operating temperature by feed diluent as mentioned in Sarris. et al. (2015) [17]. Dutta.
et al. (1999) [55], Studied effect of steam on coking chemistry of Athabasca bitumen
at 450 °C. The result showed that coke yield with and without water exceeds 20%
after 60 minutes. This is because a closed reactor is used for this study. The volatiles
produced in the cracking of bitumen can further crack to produce gas or recombine to
produce coke. In the presence of steam, coke yield is reduced from 24% to 21%.
However, to operate under steam condition, these noble metals are not tolerated by

water in feed.
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Nowadays, transition metal phosphide catalysts have been reported to operate
and durable under steam even in the extreme condition [18]. Furthermore, transition
metal phosphides have been tested in various hydrotreating process, such as
hydrogenation [56], hydrodesulfurization [57-60], hydrodenitrogenation [19] and
hydrodeoxygenation [20, 21]. Among the transition metal phosphide catalysts, Nickel
phosphide catalyst is known to show the best activity in hydrotreating process [22-25]
for especially for hydrodesulfurization. For the example, Shu. et al. (2005) [48] studied
the hydrodesulfurization (HDS) of 4,6-dimethyldibenzothiophene (4,6-DMDBT) on a
series of supported nickel phosphide catalysts of low (Ni,P/SiO,-L, 96 m? g™!), medium
(Ni,P/SiO,-M, 133 m? ¢™1), and high (Ni,P/SiO,-H, 208 m? g7!) specific surface areas. The
best catalyst, Ni,P/SIiO,-H, gave a steady-state conversion of 99% at temperature 340
°C, even after 100 h of reaction. The best selectivity for direct desulfurization is
Ni,P/SiOx-L which give 44% of 3,3’-Dimethylbiphenyl (DMBP). There is a literature
reporting performance of Ni,P on the catalytic hydrocracking. Kim. et al. (2014) [26],
studied Novel Ni,P/zeolite catalysts for naphthalene hydrocracking to BTX. The
catalytic activity was tested at 400 °C and 3.0 MPa in a three-phase fixed bed reactor
for hydrocracking of naphthalene. The Ni,P/Beta exhibited best activity with a
naphthalene conversion of 99%, and a BTX yield of 94.4%.

Most research using nickel phosphide with the support to improve surface area
of catalysts because bulk nickel phosphide has a small surface area which give low
activity [27, 29, 30]. Li. et al. (2010) [29] indicates that bulk Ni,P possesses low
hydrogenation activity but is tunable by simply controlling the content of the additives
(TiO, or CeO,). They showed that TiO, and CeO, are effective promoters to enhance
the hydrogenation activity of Ni,P. Nickel phosphide on different supports shows
different activity. Wang. et al. (2009) [30] studied the catalytic performance for
hydrodesulfurization of 3-methyl thiophene on Ni,P/TiO,-Al,O; compared with
Ni,P/AL,Os. The result showed the conversion of 3-MT on the Ni,P/TiO,-Al20; catalyst
is close to 100%, while the conversion of 3-MT on the Ni,P/AlL,O; catalyst is nearly 85%
under the temperature 330 °C, pressure 2.0 MPa and volume ratio of hydrogen/oil =
400.

Nickel phosphides have many species, e.g., Ni,P, NisPs, NisP1,, and Nij,Ps [27].

However, the most active species of nickel phosphides are Ni,P and Ni;,Ps which can
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be synthesized by using different Ni/P ratio [6]. Oyama. et al. (2002) [25] used
Ni(NO3),.6H,O and (NH4),HPO,4 as a precursor with Ni/P ratio = 2/1, 1/1, 1/2, 1/3 to
prepared supported nickel phosphide catalysts by co-impregnation. Then the sample
was dried at 120 °C for 3 h and calcined at 500 °C for 6 h after that temperature-
programmed reduction (TPR) was utilized to convert the phosphate into phosphide
with H, flow rate 110 mL/min at 650 °C for 2 h. At the end of the temperature program,
the sample was cooled in helium to room temperature and was passivated in a 0.5%
O,/He flow for 2 h. The characterization showed the sample with the lowest P content
(Ni/P ratio = 2/1) contains two phases (Ni,P and Ni;,Ps) in the product, while the
samples with the higher P contents (Ni/P ratio =1/1, 1/2, 1/3) had just one phase, Ni,P.
Guan. et al. (2013) [61] used Ni(NO3),.6H,O and (NH,4),HPO, as a precursor with Ni/P
ratio = 2/1 co-impregnation on support with dried sample at 120 °C for 3 h and
calcined at 500 °C for 2 h, follow by varies reduction time from 10-60 min at 600 °C
under H; flow 60 mL/min. Finally, the product was cooled to ambient temperature
under flowing H, and was passivated for 1 h under flowing 1% O,/N,. The results clearly
show that the product changes from Nij,Ps to Ni,P with time and that Ni,P can be
synthesized in 60 min. The key factors in the synthesis of Ni,P and Ni;,P5 species
depend on the reduction time and mole ratio of Ni/P in the synthesis.

Considering the possibility that nickel phosphide over support could convert
ethane by catalytic steam cracking to increase ethylene production under the extreme
condition. In this project will study the effect of difference P/Ni ratio, time to reduced
catalyst and several common metal oxides supports such as, silica (SiO,) and titania
(TiO,) will be used to synthesize supported Ni,P and the catalytic performance will be
investicated and compared. In addition, several factors affected to ethane steam
cracking such as, reaction temperature, feed/steam ratio, thermal and chemical

stability of catalysts will also be investigated.



CHAPTER 3
EXPERIMENTAL DETAILS

3.1 Reagents

Chemicals Grade of Purity Manufactures
1. TiO, (P-25) - -
2. Silica Gel High purity ltalmar
3. Ni(NO3),.6H,0 Analytical CARLO ERBA
4. (NH4),HPOq4 AR QReC™
5. Nitric acid 69.50% CARLO ERBA
6. Ethane gas 99.50% Linde
7. Air (zero gas) High purity (99.99%) PRAXAIR
8. Nitrogen gas High purity (99.99%) PRAXAIR
9. Hydrogen gas High purity (99.99%) PRAXAIR
10. Helium gas High purity (99.99%) PRAXAIR
11. Gas mixture (C1-C6), - AGILENT

5190-0519 TECHNOLOGIES
12. n-Hexane AR QReC™
13. Benzene AR BDH
14. Cyclohexane AR CARLO ERBA
15. Heptane AR CARLO ERBA
16. Toluene 99.5% IRPC
17. Octane AR CARLO ERBA
18. Ethyl-benzene AR Merck
19. Xylene AR CARLO ERBA
20. Dodecane 99% ARCOS
21. Distilled water - -
22. NaClOo - Kao

23. KOH AR CARLO ERBA
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3.2 Apparatus

1.
2
3
il
5.
6
7
8
9

10

11.
12.
13.
14.
[ &)
16.
L
18.
19.
20.

21.

22.

Laboratory glassware

. Laboratory plasticware
. Oven

. Universal pH paper

Muffle Furnace

. Alumina crucible
. Jade mortar and pestle
. Vacuum filter set

. Tube furnace with a programmable temperature controller

. Quartz tube

Quartz wool

Quartz beads

Quartz rod

Syringe (50 mL)

Syringe pump (KD Scientific)

Mass flow controller

Catalytic testing rig

Gas Chromatograph (Varian chrompack, CP-3800)

Diffusion Reflection Ultraviolet, DRS

X-ray Diffractometer, XRD (Shimadzu model XRD-6100, Scientific Instrument,
KMITL)

Thermogravimetric analyzer (Perkin-Elmer, Scientific Instrument Service Centre,
KMITL)

Energy Dispersive X-ray Spectroscopy (OXFORD Instrument, X-Max", College of

Advanced Manufacturing Innovation, KMITL)
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3.3 Experimental procedure

3.3.1 Preparation of nickel pyrophosphate (Ni,P,0;,) supported on TiO,
(P25) and SiO,

10.0 wt.% of Ni,P4O;, supported on TiO, (P25) and SiO, were prepared by
incipient wetness impregnation method. The solution of nickel phosphate was
prepared by dissolving 1.96 ¢ of nickel nitrate hexahydrate and 1.78 ¢ of ammonium
phosphate (P/Ni = 2.0) in 17 mL of distilled water. 1 M of nitric acid was added dropwise
to make the solution clear. After that, this solution was impregnated on 4.50 g of
TiO,-P25 or SiO, supports. The obtained samples were dried in the oven at 70 °C for
24 h and calcined in a muffle furnace at 500 °C for 6 h with the heating rate of 5
°C/min. The catalysts with P/Ni molar ratio of 0.5 were prepared similarly.

3.3.2 Preparation of nickel phosphide (Ni,P) supported on TiO, (P25) and
SiO, catalysts

To obtain Ni,P catalysts, the prepared 10 wt.% Ni,P4O,, supported on TiO,
(P25), and SiO, samples were reduced to Ni,P under H, at 650 °C. The schematic of
reduction system is shown in Figure 3.1. The Ni,P4O,, samples were ground and
pelletized with a press and sieved to particles of 600- 850 um diameter (20/40 mesh).
Then, samples were reduced under H, (120 mL/min) at 650 °C for 0.5, 1 and 2 h with
a heating rate 5 °C/min. After that, catalyst was cool down to room temperature under
N, flow (25.0 mL/min) and then passivated at room temperature with O, flow 30.0

mL/min for 15 min.

I | Sieved catalyst |
NI

e e
- \L

Quarzt rod\ E

Glass wool: H

E.mausn\ H

J\ f\ fumehood | NGB |
- - - |

controller

Empty NaClQ  KOH
solution solution

(Bleach)

Figure 3.1. The schematic reduction rig for nickel phosphide preparation.
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3.4 Characterization of catalyst on supports

3.4.1 X-ray Absorption Near Edge Structure (XANES)

The oxidation state and species of catalysts were evaluated using Synchrotron
beam. A 25 mg of calcined sample was weighted and pressed with a 5 mm diameter
mold followed by placing into the sample holder. The in-situ experimental for
reduction was operated by temperature-programming from 50-650 °C (5 °C/min) under
a flow of 10% H, (30 mL/min) and held at 650 °C for 5 h after that cooldown under N,
flow (30 mL/min) to room temperature. In addition, the tasted of water tolerant was
operated by temperature-programming from 50-650 °C (10 °C/min) under a flow of
10% H, (30 mL/min) and held at 650 °C for 30 min and cooldown again to room
temperature. Then, ~5%moisture gas with temperature-programming from 50-700 °C
(10 °C/min) and held at 700 °C for 3 h. The XANES spectrum was collected for every
10 °C interval during the ramping and every 5 min interval during the holding at 650
°C.

3.4.2 Brunauer-Emmett-Teller (BET) Surface area analysis

Surface area of catalysts will be determined using gas adsorption technique.
The sample will be weighed (40-50 mg) and loaded into a cleaned and dried sample
cell. After that, the sample will be degassed at 350 °C for 24 hours. The sample cell
will be then removed from the out-gassing station after filling up with nitrogen and will
be attached to the analysis station. The adsorption isotherm will be measured in a
pressure range of 0.05-0.30 P/Py at -196 °C.

3.4.3 X-ray Fluorescence (XRF)

The chemical composition of a catalyst was analyzed by a wavelength-
dispersive  X-ray fluorescence  spectrophotometer  (WD-XRF), Bruker, Tiger.
Approximately 0.5 g of a catalyst was mixed with 4.5 g of boric acid. The mixture was
then manually grinded and compressed into a pellet. The data was recorded by X-ray
source and quantitative calculated by theoretical formulas.

3.4.4 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) for Nickel Phosphide catalyst on supports were
performed using X-ray Diffractometer and X-ray Diffractometer, Shimadzu model XRD-
6100 and Cu radiation. The sample was prepared by packing the pellets into the

sample holder. The sample was scanned over the angle ranged from 26 = 10.0-80.0,
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40.0 kV and 30 mA. X-ray Diffraction pattern of the sample was compared with the X-
ray Diffraction pattern of standard Nickel Phosphide catalyst for structure
determination.
3.4.5 3P Magic angle spinning nuclear magnetic resonance (*!P MAS-NMR),
Solid *'P magic angle spinning nuclear magnetic resonance spectra (>'P MAS-
NMR) were recorded using a JEOL Resonance JNM-ECZ400R spectrometer (400MHz).
Roughly 100 mg of sample was loaded into the spinner. The spinning rate during the

measurement was 10 KHz.

3.5 Catalytic activity testing

The catalyst was sieved into particle size of 600-850 um. After that, it was
packed into the middle of a quartz tube reactor covered with quartz wool, filled quartz
beads until it equal with 5 cm and packed quartz rods. The schematic of ethane steam
cracking testing system is shown in Figure 3.2. The reactor was located at the center
of a vertical tube furnace. Nitrogen was used as a makeup gas for injection to online-
GC. The flow rate of the gases was controlled by a mass flow controller and checked
by a bubble flow meter. Before activity testing, the nickel phosphide catalyst will be
reduced under H, (110 mL/min) at 650 °C (rate 10 °C/min) for 30 min. Then steam and
ethane was co-feed into the reactor by a syringe pumps and mass flow controller at
the flow rate 5.9 mlL/h and 24.58 mlL/min, respectively. The catalytic testing was
conducted for a total time on stream (TOS) of 3.5 h. The products were detected in
two parts. First, light hydrocarbon which is non-condense products were detected by
online-GC with HP-Plot column (condition is shown in Table B1). Second liquid
products and water were trapped in 2 dodecane traps. After finishing the reaction,
heavy oil was kept into volumetric flask (25 mL) which was consisted of cyclohexane
1 pL (internal standard) and dodecane in the total volume of 25 mL. The
homogeneous sample was manual injected to GC (MTX-1 column) by using 10 pL

syringe.



(n-hexane)
Syringe pump -
(steam) T

l = e
- Temperature
controller
Valve 1. Dodecane |
(Cooling)
2. Dodecane ( }J’? “:J’l:_._’\
(Cooling)
\ p ,)\‘ AN 3. Ethylene glycolr:j Y
(Room temp) 1 2 3
' GC ON-UINE SYSTEM |
I | — 1
Air '
Hz {j N2 — I
zero ™ |
00000 1
00000 1
= 35888 .
00000
85000 1
) e s e e s i
v 5 e ) S, mmhe o S— rm— Tube packing

Figure 3.2. Schematic of catalytic testing reactor
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Catalyst Characterization

The XRD spectrum of Ni,P,/TiO,-0.5P prepared by P/Ni ratio of 0.5 showed the
mixture Ni,P and Ni;,Ps species, where the peaks at 40.8°, 44.5°, 47.5° and 54.5° were
ascribed to Ni,P and the peaks at 38.7°, 41.9°, 47.1° and 48.8° were corresponded to
Ni;,P5 species (Figure 4.1a) [25]. On the other hand, Ni,P/TiO,-2.0P prepared by the
excess phosphorus amount (P/Ni = 2.0) showed only Ni,P species (Figure 4.1b). This
indicates that the ratio of P/Ni plays an important role to form the nickel phosphide
species. It had been reported in the literature that the excess of phosphorus was
required in order to obtain pure Ni,P since some of phosphorus would be lost as a PH,
during the reduction step [62]. Accordingly, the preparation using the theoretical Ni,P
molar ratio (P/Ni = 0.5) would result in the deficient phosphorus to form Ni,P but it
would rather yield the Ni;,Ps species as a mixture. In similar manner, Oyama et al.,
reported that the pure Ni,P phase over silica would be obtained when prepared by
P/Ni = 0.5 [25]. Furthermore, Hua et al, reported that the P/Ni <1 would be required
for the supported Ni,P over MCM-41 (Ni,P/MCM-41) [63].

In line with the XRD results, only Ni,P species in Ni,P/TiO,-2.0P was detected
by the 3P MAS NMR spectroscopy (Figure 4.2b, singlet peaks at 4050 and peaks at
~1500 ppm with the side band [64]). Whereas the additional peaks at 1934 ppm and
2262 ppm corresponding to Nij,Ps species were observed in Ni,P,/TiO,-0.5P (Figure
4.2a) [64]. In addition, these two samples show the peak at 0 ppm which is ascribe to
the PO,> species, similarly to those of Ni,P4O1,/TiO,-2.0P — the parent sample. This
remaining PO,> after the reduction emphasizes that not all phosphorus would be
reduced to form nickel phosphide species. According the excess phosphorus during
the synthesis would be required. It is worth nothing that despite the different nickel
phosphide species obtained in these two samples, the Ni content (~7 wt.% loading)

determined by XRF (Table 4.1) for both samples are similar.
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Considering the TiO, support, both rutile and anatase XRD characteristic peaks
in Ni,P,/TiO,-0.5P and Ni,P/TiO,-2.0P remains the same, as compared to their parent
support (Figure 4.1h, rutile: 20 at 26°, 35°, 39°, 53°, 55°, 60° and 65°, anatase: 20 at
25°,39°,48°, 54°, 55° and 61°). This suggests that the reduction treatment at 650 °C
under H, for 2 h to prepare the supported Ni,P catalysts, does not affect the
crystallinity of the TiO,(P25). In sharp contrast, only rutile characteristic peaks were
observed in Ni/TiO,, indicating the transformation of anatase phase to rutile phase in
this sample under the similar preparation (calcination 500 °C and reduction at 650 °C).
It is well-known that TiO,(P25) can change the phase from anatase to rutile at
temperature >550 °C. Xu et al., suggested that upon the calcination at >550 °C, the
nickel dopped on TiO,(P25) could cause the oxygen vacancies leading to the
substitution Ti** by Ni?*, causing the expansion in a (= b) plane and decrease in c plane
[65]. This results in the change in crystallinity from anatase to rutile phase [65].
Accordingly, under the reduction atmosphere, metallic Ni in Ni/TiO, could promote
the generation of oxygen vacancy over the TiO,, resulting in the phase transformation
of the TiO,(P25) to TiO(rutile) [66]. However, the phase transformation was not
observed in Ni,P,/TiO,-0.5P and Ni,P/TiO,-2.0P samples. This could be attributed to the
presence of phosphorus inhibiting the phase transformation due to the existence of
TiP,O; species as reported by Gopal et al.,[67]. In a supportive manner, the TiO,(P25)
phases in Ni,P401,/Ti0,-2.0P (parent sample of Ni,P/TiO,-2.0P) remained the same.

Table 4.1 The specific surface area, elemental composition?, and Ni,P crystallite sizeP

of catalysts

Entry sam Elemental composition Sger Ni,P
(wt.%) (m?/g)  Crystallite Size
Ni P (nm)
1 NiP,/TiO,-0.5P 7.7 18 38 337
2 Ni,P/TiO,-2.0P 7.0 5.4 42 31.2
3 Ni,P/TiO,(anatase)-2.0P 6.8 1.3 17 42.8
4 Ni,P/SiO,2.0P 77 3.1 214 44.0
5 Ni/TiO, 9.6 ; 46 ;

¢ Determined by XRF
® Determined by XRD ; Ni,P crystallite size of Ni,P/TiO,(Phy) = 52.7 nm
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The difference in Ni species of Ni,P,/TiO,-0.5P and Ni,P/TiO,-2.0P samples was
also evidenced in in-situ X-ray near edge structure spectroscopy (in-situ XANES). The
XANES spectra and the Ni K-edge energy (8332.89 eV) of Ni/TiO, are similar to those of
metallic Ni standard (Figure 4.3b, Table 4.2). On the other hand, the in-situ XANES
line-shape spectra of NiP,/TiO,-0.5P and Ni,P/TiO,-2.0P are more resemble to
Ni,P(com). Furthermore, the Ni K-edge energy of these nickel phosphides samples
(8336-8337 eV, Table 4.2) are higher than the metallic Ni (8332.89 eV) due to their
lower electron density. In addition to those, Ni,P/TiO,-2.0P has the same Ni K-edge
energy to Ni,P(com) (8337.05 eV, Table 4.2). This emphasizes the presence of Ni,P
species in this sample. While, Ni,P,/TiO,-0.5P has a slightly lower Ni K-edge energy
(8336.53 eV), indicating a slightly higher electron density. This could be attributed to
the presence Ni;,Ps — a higher electron density Ni phosphide species — in Ni,P,/TiO,-
0.5P, as previously evidenced in the XRD and NMR results [68].
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Figure 4.3 Nickel K-edge XANES spectra of NiP,/TiO,-0.5P, Ni,P/TiO,-2.0P, Ni/TiO,, and
standards (Ni foil, NiO, and Ni,P).
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Table 4.2 The fraction of Ni species in Ni,P,/TiO,-0.5P and Ni,P/TiO,-2.0P catalysts

K-edge energy Fraction (%)
Entry Sample

(eV) Ni#* Nin* Ni°
1 Ni,P,/TiO,-0.5P 8,336.53 0 78.5 215
2 Ni,P/TiO,-2.0P 8,337.19 0 100 0
3 Ni/TiO, 8,333.70 0 0 100
a4 Ni foil 8,332.89 - - 100
5 NiO 8,345.28 100 - -
6 Ni,P(com) 8,337.05 - 100 -

Ni"* using Ni,P as a reference (0 < n < 2).

The linear combination of in-situ XANES using NiO as a standard for Ni?*, Ni foil
for Ni°, and Ni,P for nickel phosphide are summarized in Table 4.2. It can be seen that
the Ni species in Ni,P/TiO,-2.0P is only Ni,P indicating the pure Ni,P over this sample
as previously discussed. While, the Ni,P,/TiO,-0.5P has the mixture of Ni,P (78.5%) and
Ni® (21.5%). Though, none of the metallic phase was detected in the XRD suggesting
the highly dispersed Ni particle over this sample. It is worth noting that as no standard
Ni;,Ps is available, the amount of Ni,P species from linear combination could be
represent both Niy,P5 and Ni,P. For Ni/TiO,, only metallic Ni species are obtained.

Since the nickel phosphide species obtained from different P/Ni ratio used
during the preparation are different, the formation of the nickel phosphide upon the
reduction was thus further evaluated in the in-situ TR-XANES, as compared to the

supported Ni catalyst. The results are shown in Figure 4.4.
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Figure 4.4 Spectra of the in-situ time-resolved X-ray absorption near-edge structure

spectroscopy (in-situ TR-XANES) of Ni/TiO, (a), Ni,P,/TiO,-0.5P (b), and Ni,P/TiO,-2.0P (c)

samples and the fraction of Ni species from linear combination fitting of Ni/TiO, (a’),

Ni,P,/TiO,-0.5P (b’), and Ni,P/TiO,-2.0P (c’) samples under reduction condition from 50

to 650 °C with holding at 650 °C for 60-120 min using Ni foil (A), NiO (x), and Ni,P (O)

standards.

It can be seen in Figure 4.4a and a’ that the Ni** species in Ni/TiO, initially

started to reduce to metallic Ni (Ni%) at 150 °C and fully reduced at 550 °C. It is possible

that the reduction of Ni#* at low temperature (<300 °C) could be attributed to the

reduction at the surface of bulk NiO particles. While the reduction at the temperature
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above 300 °C could be contributed to the NiTiO; species that have a strong metal-
support interaction as typically observed in the literature [69]. It is noted that the
reduction rate is relatively fast at 450-550 °C.

In sharp contrast, the reduction of Ni** over Ni,P,/TiO,-0.5P and Ni,P/TiO,-2.0P
was observed at a higher temperature, as compared to Ni/TiO, (Figure 4.4). For
Ni,P,/TiO,-0.5P, the metallic Ni was initially obtained at 300 °C and continuously
increased to ~46% Ni° at 490 °C. This could be attributed to the highly dispersed NiO
species that has the strong interaction with the support. During the preparation with
half a molar of (NHg),(HPO,) compared with Ni(NOs),, the mixture of NiNH,PO,4 and NiO
could be formed, as shown in Equation 1. Furthermore, some of NiO species would
be additionally formed from the NiNH,PO, after the calcination at 500 °C, especially
in the presence of NH4NOs (Equation 2), as reported by Wang et al. [70]. This could
lead to the higher dispersion of the NiO species. Moreover, the agglomeration of NiO
could thus be suppressed by the presence of this phosphorus precursor, as also

mentioned by Liu et al. [71].

2Ni(NO3), + (NH4)HPO; ——— = NiNH4PO, + NiO + H,O + NHz+ 4NO, + O,

Equation 1 The NiNH,PO, and NiO formation via reaction of Ni(NO), with (NH4),(HPO,)

precursor.

_ 350-500 °C _
NiNH,PO, ———» NiO + NH; + 1/2P,05 + 1/2H,0

Equation 2 The NiO alternative formation from the direct decomposition of NiNH;POj.

At the reduction temperature at 500 “C of Ni,P,/TiO,-0.5P, Ni,P species was
initially observed (0.1%) as a mixture with metallic Ni (50%, Figure 4.4b). The formation
of Ni,P continuously increased to 79% after reduction at 650 °C for 2 h, while the
metallic Ni species decreased to 29%. This evidence clearly suggests that the Ni
metallic was initially formed, which could be then transformed to Ni,P by reacting with
phosphorus produced from the reduction of phosphate (PO,>), as mentioned in the

literature (Equation 3) [64, 68, 72, 73]. In a supportive manner, Stinner et al. had
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proposed that the metallic Ni could catalyze the reduction of the phosphate to form
reactive P species, such as PH; and P, [64], presumably via the hydrogen spillover [74,
75]. Subsequently the P species would react with Ni atoms to form the Ni,P species as

shown in Equation 4 [64].

P,O5 + 8H, ——————» 2PH; + 5H,0 ——— 2P + 3H, + 5H,0

Equation 3 The reduction of P,Os to produce PH; and P.

2Ni + P = > Niy,P

Equation 4 The formation of Ni,P from the reaction between Ni and P.

It is worth to note that not all of metallic Ni species in Ni,P,/TiO,-0.5P would
transform to Ni,P (Figure 4.4b). This could be attributed to the insufficient phosphorus
to react with the metallic Ni. It is possible that the phosphate species might not be all
reduced. In fact, some of PO,> would still remain, as evidence by *'P MAS NMR (Figure
4.2). Furthermore, some of the phosphine (PH5) formed during the reduction could be
lost since it is volatile. Alternatively, the formation of a Ni-rich metal phosphide (Ni;,Ps)
could be obtained presumably via the reaction between metallic Ni and Ni,P
(Equation 5), as evidenced by XRD, *'P MAS NMR results and discussed earlier. Thus,
the use of low phosphorus precursor as compared to the Ni would tend to yield the

mixture of nickel phosphides, as also reported in the literature [72, 76].

2Ni + 5Ni,P —————>  Ni;,Ps

Equation 5 The possible partway of Nij,Ps formation.

In sharp contrast, the reduction Ni** species in the Ni,P/TiO,-2.0P prepared by
the excess phosphorus (P/Ni = 2.0), was at a much higher temperature (>520 °C), as
compared to others. According to the linear combination fitting in Figure 4.4c’, the
metallic Ni species was started to observe at 520 °C for 0.1% and increased to 5.2%
at 590 °C. Such very high reduction temperature could be attributed to the reduction
of Ni,P4,0;, species to the metallic Ni species (Equation 6). Under the excess

phosphorous environment, Wang et at. mentioned that NiNH4PO, could be only form
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without the NiO (Equation 7) [70]. Furthermore, the excessive remaining NH;H,PO,
could be decomposed to P,O5 at >350 °C, as shown in Equation 8. Under calcination
at 500 °C, Ni,P,0;, could be yielded from the reaction between NiNH,PO, and P,Os
(Equation 9).

Ni2P4012 + 36H2 E— 2Ni + 4PH3 + 12H2O
Equation 6 The metallic Ni formation from the reduction of Ni,P,O5.

Ni(NO3), + (NH4),HPO, ——— 3 NiNH;PO4 + NH,NO3 +1/2H,0 + NO, + 1/40,
Equation 7 The NiNH4PO, formation via reaction of Ni(NOs), with (NH4),(HPO,)

precursor.

350-500 °C
2NH4H2PO4 i EFT TR el P205+ 2NH3+ 3H20

Equation 8 The decomposition of NiNH4PO, to produce P,Os.

. 350-500 °C .
2N|NH4PO4 + P205 — Ty N|2P4012 e 2NH3+ Hzo

Equation 9 The Ni,P,0;, formation from the reaction of NiNH,PO, with P,Os.

Interestingly, the formation of Ni,P species in Ni,P/TiO,-2.0P was at higher
temperature than NiP,/TiO,-0.5P. According to Figure 4.4c’, Ni,P species was initially
evidenced at 590 °C which was right after the metallic Ni formed. As the temperature
increases, the formation of the Ni,P was then rapidly with only trace amount of
metallic Ni. It is possible that Ni preliminary formed could promptly react with
phosphorous to form Ni,P for the excess phosphorous methodology. In fact, none of
metallic Ni species was observed after reduction at 650 °C for 2 h and only Ni,P species
was obtained in Ni,P/TiO,-2.0P. According to literature, the reduction of Ni,P,O;, to
Ni,P could be readily at 650 °C (Equation 10). In addition to this, the in-situ TR-XANES
could suggest that the metallic Ni could catalyze the reduction of Ni,P,O;, to Ni,P
since the metallic Ni was initially observed prior the formation of Ni,P. However, the
formation of Ni,P in the 2.0P method requires higher temperature due to the different

source of Ni precursor (Ni,P;0;, for 2.0P and NiO for 0.5P). It is noted that for
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preparation by 0.5P method, Ni,P,0,, could also be formed since there are some trace
amounts of P,Os, presumably from i) the calcination of NiNH4PO4 to NiO step and ii)

the decomposition of unreacted NH4H,PO,.

Ni2P4012 + 15H2 —_— Ni2P+ 3PH3 + 12H20

Equation 10 The formation of Ni,P from the reduction of Ni,P4O5.

Upon using excess phosphorous method, pure N,P species were also obtained
for N,P/SiO, and Ni,P/TiOy(anatase) similarly method as Ni,P/TiO,-2.0P. Only Ni,P
species were detected in the XRD of N,P/SiO, and Ni,P/TiO,(anatase) (Figure 4.1c and
d). This emphasizes that the excess phosphorous as compared to Ni is required to
synthesize the Ni,P despite the different in surface area and acidity/basicity of the
support. In line with this view, pure Ni,P supported on MCM41, fume silica, ZSM-5,
carbon nanotube, alumina and zirconia was successfully obtained by preparation of

excess phosphorous (P/Ni > 1). [73, 77-80].
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4.2 Catalytic steam cracking of ethane

The catalytic activity of Ni,P catalysts towards steam cracking of ethane was
evaluated in the continuous fixed-bed reactor at 650°C under atmospheric pressure.
The results are summarized in Table 4.3. Ni,P/TiO,-2.0P, possessing pure Ni,P species,
yielded 99.0% ethylene selectivity with the ethane conversion rate of 65.2
MMOlethyiene-Sni -h™. In fact, ethylene productivity is 64.6 MMOleinyiene-8ui N This
suggests that Ni,P species is selective towards the C-H cracking. This is in consistent
with the computation results reported by Jeonghyun et al. that the nickel phosphide
(Ni,P) would facilitate the C-H bond breaking of ethane where ethyl group would be
adsorbed at the P site (P1, Scheme 4.1) and hydrogen would be interact with the
neighboring fcc Ni hold site (M3, Scheme 4.1) on Ni,P(001) [81]. In addition, they
mentioned that the desorption of ethylene over the Ni,P (001) could be more facile
than over the Ni (111) due to a poorer affinity of the Ni,P. In addition, Schneider et al.
sugeested that the further dehydrogenation of ethylene was less facile over the Ni,P

than Ni since the alkyl intermediates tend to bind with the P sites.

Table 4.3 Catalysts activity at time on stream 210 min

- Rate Productivity Selectivity (%Yield)
Catalyst (MMOlpane-n -h ) (mmol.g*.h™)
Ethylene | Methane | Ethylene | Methane | Coke | Syn gas
1 Ni,P/TiO,-2.0P 65.2 64.6 1.2 99.0 1.0 0.0 0.0
2 Ni/TiO, 1431 0.0 254.5 0.0 8.9 11.1 80.0
3 Ni,P, /TiO-0.5P 43.5 31.4 1.1 72.2 1.1 0.6 26.1
4 Ni,P/TiO,(anatase)-2.0P 25.9 25.1 0.0 96.4 0.0 3.6 0.0
5 Ni,P/SiO,-2.0P 21.6 21.6 0.0 100 0.0 0.0 0.0
6 | Ni,P/TIOLPhy) 272 272 0.0 100 0.0 0.0 0.0

Reaction condition: Teaer = 650 °C, Frpare = 24.6 mL/min (99.95%), W/F = 7.3
gcam[yst-h-mo{ﬁhane'l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.
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a) Ni,P (001) b) Ni (111)

hcp
top
fcc

P1 M3P2 bridge
Scheme 4.1. Top views of a) A-termination of Ni,P(001) and b) the Ni(111).

Computational supercells are indicated with light lines, Ni atoms shown in gray, P in

purple, and adsorption sites labeled on each surface.

It is interesting that Ni,P/TiO,-2.0P yielded only trace amount of methane (~1%
selectivity), presumably from the hydrogenolysis. While none of coke and syn gas were
observed. This could suggest that Ni,P would be less active toward the C-C breaking
unlike the metallic Ni. In a supportive manner, Ni/TiO, provided mainly syn gas (~80)
and methane (~9%), presumably from ethane steam reforming and hydrogenolysis,
respectively. In fact, the very high ethane conversion rate (1431 mmolgnane-gni -h ™) was
obtained from this catalyst. This clearly indicates that the C-C breaking is more readily
over the metallic Ni surface as compared to Ni,P. Due to a greater affinity of Ni, the
interaction between the C* or CH* with metallic Ni species is much greater than the
Ni,P [82]. Accordingly, a C-C activation would be more facile over the metallic Ni than
the Ni,P. This result is also consistence with Zhang et al reporting that the steam
reforming of propane over Ni/Al,O3 at 500 °C was achieved with syn gas, CO, and CH,
products. The selectivity for syn gas, CO, and CH; would be 25%, 43% and 32%,
respectively [83].

The ethylene productivity decreases by half once using Ni,P,/TiO,-0.5P (31.4
MMOlethane'gni -h™, Table 4.3), as compared to Ni,P/TiO-2.0P (64.6 mmOluyyienegui ™).
In addition, the ethane conversion rate decreased from 65.2 to 43.5 mmolmaneSni h .
This could be attributed to the lower Ni,P species over this samples since there is a
mixture of Ni,P and Ni;,Ps. In line with view, it has been reported by Zhu et al., in the
literature that the Nij,Ps or mixture of Ni;,P5 and Ni,P provided a lower activity on

dehydrogenation. This could be attributed to the low adsorption activity of the Ny,Ps
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[84]. Furthermore, syn gas (CO and H,) and coke were observed for 26.1% and 0.6%,
respectively. This could be attributed to the more metallic Ni species of Ni;,Ps, leading
to a more facile of C-C breaking similarly to those of metallic Ni; however, they are
less active.

The high ethylene selectivity (>96%, Table 4.2) was obtained from
Ni,P/TiO,(anatase)-2.0P; however, the much lower ethane conversion rate was
observed, as compared to Ni,P/TiO,-2.0P. This emphasizes that the Ni,P species is
active towards the ethane dehydrogenation since the Ni,P species observed on both
catalysts as discussed earlier. The observed lower activity could be attributed to the
lower surface area of Ni,P/TiO,(anatase)-2.0P (17 m%/g) than Ni,P/TiO,-2.0P (42 m?/g).
In turn, Ni,P/Si0,-2.0P possessing the high surface area (214 m?/g) yielded even a lower
the ethane conversion rate, as compared to the Ni,P/TiO,(anatase)-2.0P. Though, the
high ethylene selectivity was retained. This suggests that the strong metal support
interaction between Ni,P and the TiO, plays an important role. To get more evidence,
the physical mixing of Ni,P and TiO, (Ni,P/TiO,(Phy)) was prepared and tested for the
reaction. It is noted that the surface area of Ni,P/TiO,(Phy) is 47 m?/g similarly to
Ni,P/TiO,-2.0P. It can be seen in Table 4.3 entry 6 that the ethane conversion rate is
still lower than Ni,P/TiO,-2.0P. The high ethylene selectivity was still observed. Hence,
this emphasizes that both surface area and SMSI play role on the catalytic activity
similarly to those other supported metal as reported in the literature [85].

In line with those view, Ni,P/TiO»-2.0P initially yielded high ethylene selectivity
(>99%) at relatively low W/F (3.6 Susatyst:n'MOlethane ), as shown in Figure 4.5. In
addition, the conversion rate gradually increases as the W/F enhance. Methane
productivity was also inclined, especially at W/F >5.5 gcatalyst-hmolahahe’l. The increase
in the activity could be mainly attributed to higher Ni,P active sites. Furthermore, this
results again emphasizes that Ni,P species are very selective towards the C-H bond

breaking.
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Figure 4.5 Conversion of ethane and vyield of products over Ni,P/TiO,-2.0P catalyst.
Reaction condition: Teaet = 650 °C, Fepare = 24.6 mL/min (99.95%), W/F = 7.3
gcamlyst-h-molﬂhane’l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.

It is worth noting that upon performing the ethane steam cracking for 11 h using
Ni,P/TiO,-2.0P as a catalyst, the product selectivity was changed, as shown in Figure
4.6. Ethylene selectivity was decreased from 100% to 95% over 11 h, while methane
increased to 5% selectivity. This could be attributed to the transformation of Ni,P to
metallic Ni species. In line with this view, it can be seen that the ethane conversion
rate increases from 28 mMOlgnana-Sy N at 0.5 h to 65 MMOlgnane:gni - ™ at 3.5 h which
could be presumably due to the metallic Ni species that is more active towards C-C
breaking. Though, it decreases to 42 mmolgpanegy -h' at 11 h. Though, this
deactivation could be attributed to the coke formation. In line with this view, none of
Ni,P was observed in the XRD of used Ni,P/TiO,-2.0P for 11 h (Figure 4.7); while the
NiO phase was detected. Furthermore, none of anatase phase was retained in this
sample, indicating the presence of metallic Ni, as discussed earlier. This could indicate

that the Ni,P was changed to metallic Ni that could be oxidized to NiO.
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Figure 4.6 The selectivity of ethylene and methane from catalytic steam cracking of

ethane over Ni,P/TiO,-2.0P at 30 min, 210 min and 660 min. Reaction condition: T,eqq
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Figure 4.7 The XRD pattern of Ni,P/TiO,-2.0P at TOS 11 h.

80

To gain more evidence about the transformation of Ni,P to metallic Ni, the

reduction of Ni,P/TiO,-2.0P in-situ TR-XANE was performed under steam of H, at 650°C

for 3 h. It can be clearly seen in Figure 4.8a, the white line intensity slightly decreases

during time. The linear combination in Figure 4.8b shows the decrease in Ni,P

composition to 68.5% at 3 h, while the metallic Ni increases to 31.5%. This evidence

clearly indicates the transformation of Ni,P to Ni% It is possible that the Ni,P was
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reduced to metallic Ni and PHs/Phosphorous. Even though the Ni,P over TiO, is very
selective to produce ethylene from ethane steam cracking, its stability due to the

change in the species needs to be improved.
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Figure 4.8 Spectra of the in-situ time-resolved X-ray absorption near-edge structure

spectroscopy (in-situ TR-XANES) of Ni,P/TiO,-2.0P under reduction condition at 650 °C
for 300 min using Ni foil (A), NiO (x), and Ni,P (O) standards.



CHAPTER 5
CONCLUSIONS AND SUGGESTIONS

5.1 Conclusions

The formation of Ni,P over a support (TiO, and SiO,) using different P/Ni molar
ratio (0.5 and 2.0) for the preparation was studied and the prepared Ni,P samples were
tested as a catalyst for ethane steam cracking. For Ni,P,/TiO,-0.5P prepared by P/Ni
molar ratio of 0.5, the mixture of Ni,P and Niy,Ps species was observed by XRD and *!P
MASNMR. The in-situ XANES suggested that the formation of Ni,P over this synthesis
method was preliminarily involved in the reduction of NiO species to metallic Ni that
was then react with the phosphorous to form nickel phosphide species. However, the
limitation of phosphorous leads to the mixture of Ni,P and Ny,Ps species. In sharp
contrast, under excess phosphate precursor (P/Ni molar ration of 2.0) for Ni,P/TiO,-
2.0P, pure Ni,P was obtained as evidenced by XRD, *'P MASNMR, and in-situ XANES.
Furthermore, the formation of Ni,P was observed under a much higher temperature,
as compared to Ni,P/TiO,-2.0. This could be due to the reduction of Ni,P4O;, to the
metallic Ni species. Once the metallic Ni formed, the formation of Ni,P was relatively
fast suggesting that the metallic Ni could catalyze the reduction of Ni,P4O;, to Ni,P.
Upon using excess phosphorous method, pure N,P species were also obtained for
N,P/SiO, and Ni,P/TiO,(anatase) similarly method as Ni,P/TiO,-2.0P. Only Ni,P species
were detected. This emphasizes that the excess phosphorous as compared to Ni is
required to synthesize the Ni,P despite the different in surface area and acidity/basicity
of the support.

Ni,P species in Ni,P/TiO,-2.0P can selectively catalyze the ethane steam
cracking at 650°C to ethylene (>99.0%) with the ethane conversion rate of 65.2
MMOlathane-eni - ™. While metallic Ni in Ni/TiO, would provide mainly syn gas products
(80% selectivity). The presence of Nij,Ps as a mixed nickel phosphide species in
Ni,P,/TiO,-0.5P leads to a lower in both ethane conversion rate (43.5 MMOlaihane-Sni -h
') and ethylene selectivity (72.2%). Both surface area and metal strong interaction
between Ni,P and TiO, play an important role in the ethane steam cracking reaction
as proved by Ni,P/TiOy(anatase)-2.0P, Ni,P/SiO,-2.0P, and Ni,P/TiO,(Phy). Even though
Ni,P/TiO,-2.0P provided a high ethylene selectivity. The changes in Ni,P species to
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metallic Ni was observed after time on steam of 11 h. The transformation of Ni,P to
metallic Ni was also evidenced in the in-situ XANES upon reduction under atmospheric

H, pressure at 650°C.

5.2 Suggestion

5.2.1 To improve ethylene productivity, the various of steam to ethane ratio
should be investigated.

5.2.2 The reaction temperature of ethane steam cracking over Ni,P catalysts
should be further studied.

5.2.3 The interaction between Ni,P and reducible supports play an importance
role to enhance both of ethane conversion rate and ethylene selectivity. For further
study, the reducible supports such as ZrO, and CeO, should be evaluated. On the
other hand, the Ni,P synthesis method (such as sol-gel method) should also be

considered.
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APPENDIX A

EXAMPELS OF CALCULATION

Contact time, W/F
Calculation of catalytic parameter W/F:

W/F = Weight of catalyst (g)

Molar feed rate (mol/h)
In the reaction using feed rate 1,476 mL/h of ethane as the feed and using 0.44
gram of catalyst, the W/F is calculated as follows:

W/F = [044 g catalyst][30-07 (gEthane/mOLEthane)]

[1,476.95 (MLeghane/MI0.001264 (Serpane/MLethane)]
> 7.3 ¢.h/mol
In similar manner, W/F of catalyst with different mass and different feed rate

can be calculated.

Calculation of %yield of products from gas chromatography

Table Al The summation of the peak area for products

Product Peak area
Methane 3,519
Ethane (feed) 9,782,957
Ethylene 332,938
Total 10,119,414

* Information of ethane over Ni,P/TiO,-2.0P; W/F = 7.3 gcatatyst-hmolahane’l, atmospheric

pressure. The values shown were taken at 210 minutes time on stream.

In normalization method, the areas of all eluted peaks were computed, taking

into account the differences in the detector response to different compound types.
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The concentration of the analyzed species was found from the ratio of its area to the
total area of all peaks.
The calculation of the percent yield of each component in the sample follows:

%yield of product A = Peak area of A x 100

Total area
For example,

%yield of Ethylene

332938 x 100
10119414
3.29%

The percent yield of each product obtained from above calculation is shown below.

Table A2 Yield of products derived by normalization method.

Products %Yield

Methane 0.03

Ethane (feed) 96.68

Ethylene 3.29

Total 100
Conversion

%Conversion can be calculated from the following equation:

%Conversion =, Area total - Area feed
x 100
Area total
For example,
%Conversion = 10119414 — 9782957
x 100
10119414

= 3.32%
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Selectivity
%Selectivity can be obtained from the following equation:

%Selectivity in each product = %Yield of each product x 100

%Conversion
For example,

%Selectivity of Butanol

3.29 x 100
3.32
99.10%

Ethane conversion rate
Ethane conversion rate can be obtained from the following equation:

Ethane . Molar feed rate (mol/h) x %Conversion

conversion rate Weight of catalyst (¢) x %weight of Ni

For example,

Ethane [1,474.95 (ML/N)][0.001264 (gane/MLII3.32%]

conversion rate [0.44 gcataiystl[30.07 (Setnane/ MOLI7 wit. %]

65.2 MMOlethane-Sni ™
The percent theoretical composition of each catalyst obtained from above calculation

is shown in Table 4.3.
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APPENDIX B

GAS CHROMATOGRAM

Prior to analysis, the identification of each product was performed by GC-MS
(gas chromatography with mass spectrometer detector). Then, the quantitative analysis
of each product was carried out by GC-FID (gas chromatography with flame ionization

detector) with the condition expressed in Table B1.

Table B1 The GC condition for quantitative analysis

Column HP-Plot (50m, 0.53mm ID, 6um Rt-Alumina™ PLOT)

Temperature program |80 °C (hold 4 min) to 150 °C, rate 10 °C/min (hold 9 min)

Split ratio 50:1
GC carrier gas N, gas
Injector temperature 250 °C

Detector temperature | FID (280 °C)

Linear velocity 22.1 cm/sec

The products formed eluted at the following retention time listed in Table B2.

Table B2 Retention time of products and feed

Feed or Products Retention time (min)
Methane 2.6
Ethane 2.9

Ethylene 3.5
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In all cases, the following reaction condition was applied: temperature: 650 °C;

activation in H, at 650 °C for 120 min; pressure: 1 atm; contact time: 7.3

-1
gcatalyst'h'mOLEthane .

Table C1 Ethane conversion and yield of products over Ni,P/TiO,-2.0P

Time on stream (min) 30 75 120 165 210
Conversion (%) 1.41 2.16 2.02 2.50 3.32
Yield of product (%)

Methane 0.00 0.01 0.01 0.02 0.03
Ethylene 1.41 2.15 2.01 2.48 3.29
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.00 0.00 0.00 0.00 0.00

Reaction condition: T,eo: =

650 °C, Frrare = 24.6 ml/min (99.95%), W/F = 7.3

gcam(yst-h-molﬁhane‘l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.

Table C2 Ethane conversion and yield of products over Ni/TiO,

Time on stream (min) 30 75 120 165 210
Conversion (%) 100 100 100 100 100
Yield of product (%)

Methane 8.89 8.89 8.89 8.89 8.89
Ethylene 0.00 0.00 0.00 0.00 0.00
Syn gas 80.04 80.04 80.04 80.04 80.04
Coke 11.07 11.07 11.07 11.07 11.07

Reaction condition: Tt = 650 °C, Fgpane = 24.6 mlL/min (99.95%), W/F = 7.3

gcomzyst-h-mol&hane'l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.
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Time on stream (min) 30 75 120 165 210
Conversion (%) 3.58 1.91 1.76 1.72 1.78
Yield of product (%)

Methane 0.04 0.03 0.17 0.03 0.03
Ethylene 3.54 1.88 1.58 1.68 1.76
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.02 0.01 0.01 0.01 0.01

Reaction condition: T,eeet =

650 °C, Frpone = 24.6 mL/min (99.95%), W/F = 7.3

gmm[yst-h-molﬁhane‘l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.

Table C4 Ethane conversion and yield of products over Ni,P/TiO,(anatase)-2.0P

Time on stream (min) 30 75 120 165 210
Conversion (%) 0.77 1.12 1.15 1.27 1.24
Yield of product (%)

Methane 0.00 0.00 0.00 0.00 0.00
Ethylene 0.77 1.12 1.15 1.27 1.24
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.00 0.00 0.00 0.00 0.00

Reaction condition: Tee: = 650 °C, Fepane = 24.6 ml/min (99.95%), W/F = 7.3

gcam(yst-h-molﬁhane’l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.
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Time on stream (min) 30 75 120 165 210
Conversion (%) 1.71 1.34 1.24 1.24 1.21
Yield of product (%)

Methane 0.00 0.00 0.00 0.00 0.00
Ethylene 1.71 1.34 1.24 1.24 1.21
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.00 0.00 0.00 0.00 0.00

Reaction condition: Tt = 650 °C, Frinone = 24.6 _mL/min (99.95%), W/F = 7.3

gcam(yst-h-molﬁhane’l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.

Table C6 Ethane conversion and yield of products over Ni,P/SiO,-2.0P

Time on stream (min) 30 75 120 165 210
Conversion (%) 0.90 0.78 0.81 0.90 1.01
Yield of product (%)

Methane 0.00 0.00 0.00 0.00 0.00
Ethylene 0.90 0.78 0.81 0.90 1.01
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.00 0.00 0.00 0.00 0.00

Reaction condition: Treeet = 650 °C, Fepone = 24.6 mlL/min (99.95%), W/F = 7.3

gcam(yst-h-molﬁhane’l, atmospheric pressure. The values shown were taken at 210

minutes time on stream.
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Table C7 Ethane conversion and yield of products over Ni,P/TiO,-2.0P at W/F = 3.6

-1
gcatalyst' h'mOLEthane

Time on stream (min) 30 75 120 165 210

Conversion (%) 1.41 1.41 1.75 2.02 2.31

Yield of product (%)

Methane 0.00 0.00 0.00 0.01 0.02
Ethylene 1.41 1.41 1.75 2.01 2.29
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.00 0.00 0.00 0.00 0.00

Reaction condition: Tea: = 650 °C, Frnare = 24.6 mL/min (99.95%), atmospheric

pressure. The values shown were taken at 210 minutes time on stream.

Table C8 Ethane conversion and yield of products over Ni,P/TiO,-2.0P at W/F = 5.5

-1
gcatalyst' h'mOLEthane

Time on stream (min) 30 75 120 165 210

Conversion (%) 1.13 1.82 2.29 2.83 3.48

Yield of product (%)

Methane 0.00 0.00 0.01 0.02 0.04
Ethylene 1.13 1.82 2.28 2.81 3.44
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.00 0.00 0.00 0.00 0.00

Reaction condition: Teaer = 650 °C, Feipone = 24.6 -mL/min (99.95%), atmospheric

pressure. The values shown were taken at 210 minutes time on stream.

Ethane conversion and vyield of products over Ni,P/TiO,-2.0P at W/F = 7.3

gcatalyst-h-motgthane'1 has seen in Table C1
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Table C9 Ethane conversion and yield of products over Ni,P/TiO,-2.0P at W/F = 9.1

-1
gcatalyst' h'mOLEthane

Time on stream (min) 30 75 120 165 210

Conversion (%) 1.90 2.14 243 3.07 3.40

Yield of product (%)

Methane 0.00 0.01 0.02 0.03 0.04
Ethylene 1.89 212 2.40 3.03 3.35
Syn gas 0.00 0.00 0.00 0.00 0.00
Coke 0.01 0.01 0.01 0.01 0.01

Reaction condition: Tea: = 650 °C, Frnare = 24.6 mL/min (99.95%), atmospheric

pressure. The values shown were taken at 210 minutes time on stream.
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Time on stream (min) 30 75 120 165 210 255 300 345 390 435 525 570 615 660
Conversion (%) 1.41 216 2.02 2.50 3.32 287 383 295 242 2.01 2.25 1.95 2.18 2.16
Yield of product (%)

Methane 0.00 0.01 0.01 0.02 0.03 0.02 0.03 0.03 0.03 0.03 0.09 0.12 0.10 0.11
Ethylene 1.41 215 201 2.48 3.29 280 374 287 235 1.95 2.16 1.83 2.08 2.05
Syn gas 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00
Coke 0.00 0.00 0.00 0.00 0.00 0.05 0.06 0.05 0.04 0.03 0.00 0.00 0.00 0.00

Reaction condition: T,eact = 650 °C, Frinane = 24.6 mL/min (99.95%), W/F = 7.3 gcmlysf-h-molﬁhme‘l, atmospheric pressure. The values shown were

taken at 660 minutes time on stream.
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The use of cthanc as an alternative feedstock for ethylenc production has drawn much
attention since the shale gas technology has developed. Catalytic steam cracking over
supported mectallic catalyst (Pd, Pt, Ni) can sufficiently provide high conversion at lower
temperature (600-800°C) compared with thermal steam cracking (>850°C). However, they
promote hydrogenolysis and coke formation causing low cthylenc selectivity and stability. In
this research, supported nickel phosphide (NizP), possessing less metallic and water tolerant
properties, was used as a catalyst for ethane steam cracking. 10%Ni>P/TiO; catalyst was
synthesized by co-impregnation method using Ni(NOs)2-6H20 and (NH4):HPO4 ([Ni]/|P] ratio
of 0.5), calcined and reduced at 500 and 650 “C, respectively. According to XRD, only
crystalline of Ni:P was observed in 10%Ni2P/Ti0,. This corresponds to Ni:P amount
determined by XRF. The conversion of ethane steam cracking in a fixed-bed reactor at 650°C
under atmospheric pressure is in the order of Thermal < TiOz (P25) < 10%NiP/TiO; <
10%Ni/TiO2 (1.9, 2.6, 6.4, 94.2%, respectively). Even though, 10%Ni/Ti0O2 shows the highest
activity, none of ethylene yield was observed. In sharp contrast, 57% ethylene selectivity was
obtained from 10%Ni2P/TiO2, which was signilicantly higher than others. This emphasizes that

NizP is the active site for the C-H activation giving 100% cthylene selectivity.

1. Introduction

Ethylene is an important chemical
feedstock for many chemical products.' The
growth of global ethylene demand remains
strong and the expectation of demand growth
is in the range of 6.5 million metric tons per
year.> For century, petroleum is the major
source to produce cthylene, mainly stcam
cracking process. To meet the increasing
demand of cthylene with the shortage of
petroleum source, conversion of ethane to
cthylene is an alternative promising strategy.
This is due to the large supply of ethane from
Shales and natural gases.* Hence, ethane
could replace the obsolescent fossil-fuel-
based feedstocks in the ethylene production.

The conventional process to convert
ethane to ethylene is thermal cracking which
requires high temperature with very low
ethylene selectivity.* On the other hand,
catalytic dehydrogenation of ethane using
supported metals, such as Pt, Pd, and Ni, can
improve the ethylene selectivity.® Chin et al.
reported that the catalytic cracking of cthanc
over Ni/SiO: catalyst at 500°C provides 95%
conversion with 88% cthylenc sclectivity.®
Once increase the temperature (600-650°C),
the cthylene sclectivity was  significantly
dropped to 27%.° In addition, these catalysts
show a fast deactivation due to coke
formation even at relatively low temperature.

To reduce the coke deposition and
prolong the catalyst lifc cycle, stcam catalytic
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cracking has been developed.” The
introduction of steam as an inexpensive
diluent of feed, can inhibit coke formation via
competitive adsorption with coke precursor
on the catalyst surfaces.® However, to operate
under steam condition, most of active sites in
noble metal catalysts cannot perform duc to
the oxidation reaction. As such, water
tolerant property is the key factor of catalysts
to operate in steam catalytic cracking.’
Nickel phosphide (Ni2P) had been
reported to operate and function in the
extreme steam condition.!' Matt er al.
showed that supported metal phosphides on
silica for the water-gas shift reaction.!
Alvarez-Galvan et al. also reported that
nickel phosphide catalysts were active
towards hydrodeoxygenation reactions.'?
Chen et al. studied the eflective and stability
of bifunctional Ni;P/TiO; catalyst for gas-
phase hydrogenation of dimethyl oxalate (o
corresponding  alcohols.’®  The catalyst
showed a good stability upto at least 3600 h.
The high stability of the nickel phosphide
catalysts can be ascribed to i) semiconductor
property of Ni2P and ii) the strong interaction
between Ni2P and the support. Moreover, the
small positive charge o'Ni and the ensemble-
cffect of P in NizP can also prevent the
sintering of Ni2P crystallites to enhance the
stability at higher temperatures.'?
With those regards, the catalytic steam
cracking of ethane using supported nickel
phosphide (10%Ni2P/Ti0.) as a catalyst was
investigated as compared to typical steam
cracking. In addition, the role nickel species
in  10%NiP/TiO;  and  10%Ni/TiO2
(supported nickel metallics) towards catalytic
ethane steam cracking was studied. Both
catalysts werc characterized by XRI™ and
BET. The nickel species was evaluated by
XRD, 11-TPR and in-situ XANLES. All of the
catalysts were tested using a continuous flow
fixed-bed reactor at 650°C, 1 atm.
2. Materials and Methods
2.1 Materials

Ammonium dihydrogen phosphate
((NHa)2 HPO4, AR, QReC), Nickel(IT) nitrate
hexahydrate (Ni(NOs)2-6H20, 99%, Carlo
Erba), Titanium dioxide (TiO,, P25,
Degussa), Nitric acid (HNO3, 69.50%, Carlo
Erba) were purchased and used without
further purification. Air (zcro gas, 99.99%),
H2 (99.99%) and N2 (99.99%) were ordered
from UIG. Ethane (99.99%) was purchased
from Linde.

2.2 Synthesis 10%Ni/TiO2 and 10%Ni2P/
TiO2

TiOz (P25) was dried at 70°C in an
oven for 24 h prior use. To synthesis 10wt%
of Ni/TiO2 and Ni>P/TiO2, the calculated
amount of 1i02 was impregnated with the
solution of nickel nitrate hexahydrate and the
mixture of nickel nitrate hexahydrate and
ammonium_dihydrogen phosphate (Ni/P =
0.5) for 10%Ni/TiO2 and 10%NiP/TiOz,
respectively. Noted that a small amount ol
nitric acid was added to Ni and P solution to
make it soluble. After that, the obtained
samples were calcined at 500°C with a
heating rate of 5°C/min for 6 h. Then,
samples were reduced under Ha (120
mL/min) at 650°C with a heating rate of
5°C/min for 2 h and passivated at room
temperature in air for 15 min. This would
result in the black solid of 10%Ni/TiO2 and
10%Ni2P/ TiO; catalysts.

2.3 Characterization

The composition of the catalyst is
studied by X-ray fluorescence (XRF)
technique that can be done according to the
following procedure 0.5 g of catalyst sample
mixed with 4.5 g boric acid was compressed
into alumina pan into the XRF sample holder
in XRF instrument.

Gas adsorption analysis (Autosorb-1,
Quantachrome) is used for determining
surface area and pore size distribution of a
catalyst. The sample of 100 mg was
transferred to sample cell. This cell was
attached (o the outgassing station (300°C for
12 h). After the residual gas was removed by
heating under vacuum, the cell was attached
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to the sample station. Initially, a dewar of
liquid nitrogen was placed to cool a sample
cell. Nitrogen adsorbate pressure can be
regulated by 1 torr transducer with 3 min
cquilibration time and 0 scaled tolerances.

The reducibility of the Ni and Ni2P
catalysts can be determined by a temperature-
programmed reduction under H» gas (Ha-
TPR). The experiments were carried out
under 10%H; in Ar at a heating rate of
10°C/min, from 50 to 900°C. The effluent
gases were analyzed using an online VICI
thermal conductivity detector (TCD).

The oxidation statc and specics of
nickel were evaluated using in situ X-ray near
cdge structure (in situ XANES) at BL2.2:
TRXAS, Synchrotron = Light Research
Institute  (SLRI), Thailand. An energy
dispersive mono-chromator and position
sensitive detector were employed to perform
XANES measurement.'* The Ni K-edge
XANES was collected using the integration
time of 2000 ms with an average of 10 scans.
A 25 mg of calcined sample was weighted
and pressed with a 5 mm diameter mold
followed by placing into the sample holder.
The in-situ experimental for reduction was
operated by temperature-programming from
50-650°C (5°C/min) under a flow of 10%H:
(30 mI./min) and held at 650°C for 5 h. Then,
XANES spectrum was collected. XANES
spectra were processed over Athena software
using Ni foil, NiO, and NizP commercial as a
standard.

2.4 Catalytic activity testing

The catalyst was packed into the
middle of a quartz tube reactor covered with
a quartz wool. The reactor was located at the
center of a vertical tube furnace. Before
activity testing, the nickel phosphide catalyst
was be activated under H> (110 mI./min) at
650°C (ratc 10°C/min) for 30 min. Then,
steam and ethane were co-led into the reactor
by a syringe pumps and mass flow controller
at the (Tow rate o' 5.9 mL/h and 24.6 mL/min,
respectively.  The catalytic testing  was
conducted for the total time on stream (TOS)

of 3.5 h. The products were detected by
online-chromatography (GC).

3. Results & Discussion
3.1 Characterization

The surface area and elemental
composition of 10%Ni/TiO and
10%Ni2P/Ti02 is summarized in Table 1. The
surface area of both catalysts (42 and 46 m*/g
for  10%Ni/TiO2 and  10%NiP/TiOa,
respectively) is lower than their parent (70
m?/g). This could presumably due to the pore
blocking of the incorporated Ni and/or P. The
Ni and Ni:P loadings of 10%Ni/liO2 and
10%Ni:P/TiQ> are 10wt% and 12.4wt%,
respectively. For, 10%NixP/Ti0., Ni/P
weight ratio (1.29) is relatively lower than the
idecal NizP species (3.76). This could attribute
to the excess amount (4 equiv.) of the
phosphorous precursor (phosphate, PO4™)
used during the synthesis to obtain the pure
NiP species, as reported by Oyama er al.'®
As such, some of phosphate and/or
phosphorous could be remained in  this
sample after the reduction, resulting in the
lower Ni/P weight ratio.

The XRD patterns of all both
10%Ni/TiO2 and 10%Ni2P/TiO2 show the
characteristic diffraction of P25 type of TiOx.
(Figure 1). The ratio of anatase to rutile of all
samples are similar to their parent indicating
that TiO»(P25) remains unchanged during
synthesis.

The 10%Ni/TiO2 sample showed
metallic Ni peaks at 20 = 45.5°, 52.5° and
72.57. While, only Ni.P diffraction peaks at
40.8°,44.5°,47.5" and 54.5° was observed in
10%Ni2P/Ti02."® This suggests that the only
Ni>P phase is obtained in this supported
nickel phosphide catalyst.
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Table 1. Physical properties and elemental content of each catalyst.

Entry Sample S[:E,T _ Content* (wt%) '
(m*/g) Ni P Ni/P

1 TiO: (P25) 70 - - -

2 10%Ni/TiO, 42 9.62 - -
3 10%Ni>P/TiO» 46 6.97 5.39 1.29

* Determined by XRF

¢) 10%Ni,P/1i0,

M Oy % e

.

l b) 10%Ni/TiO,
- .' - AL Ao - oA

. ) Ti0, (P25)

Intensity (a.w.)

- L £

10 20 30 40 50 60 70 80
2 Theta (degree)

Figure 1. XRD pattern of TiO» (P25),
10%Ni/TiO> and 10%Ni:P/TiO2 catalysts.
((®) Anatasc, (#) Rutilc, (a) Ni, (m) NizP).

In line with XRD, no nickel oxide
(NiO) reduction peak was observed in
temperature- programmed reduction (Hz-
TPR) of NizP/TiO2 parent sample as shown
in Figurc 2. The typical reduction of Ni** to
metallic Ni would show the reduction peak at
300-400°C, as dctected in  10%Ni/TiO2
parent sample (10%NiO/TiO2, Figure 2a). In
sharp contrast, NizP/110, parent samplc had
a higher reduction (>450°C) which could
attribute  to the reduction of nickel
pyrophosphate species (Ni2P4012/Ti02) to
form NisP, as reported by Shamanaev et al.!’
Since NizP is classified as a semiconductor,
the formation of this species requires high
reduction temperature, as observed in l'igure
2.

The oxidation state of Ni species in
both  10%Ni/TiO2  and  10%NizP/TiO2
samples was studied using in situ X-ray near
edge structure (in situ XANES), as shown in
Figure 3. The Ni K-edge XANES spectra for

the 10%Ni/1i0> is similar to that of Ni foil.
In addition, the Ni K-edge energy of
10%Ni/1102 is at 8,334 ¢V corresponding to
metallic Ni. This result together with XRD
and 11>-TPR strongly suggests the presence
ol metallic Ni species in 10%Ni/TiO2
catalyst.

b) 10%N 131’40 1 :‘-“"1'102

a) 10%NiO/TiOs

[N i M W |

100 200 300 400 500 600 700 800
Temperature ("C)

Intensity (a.u.)

Figure 2. H>-TPR of parent Ni and NizP over
TiO, samples.

The Ni K-edge energy of
10%Ni>P/T102 (8,340 eV) is higher than
those of T10%Ni/TiO2 (8,334 ¢eV). Such
higher in edge energy indicates that Ni
species in 10%Ni2P/TiO2 possess a higher
oxidation state. As the Ni species in Ni2P
having positive charge characteristics, this

suggests the presence of NiP species in
10%Ni2P/Ti02 catalysts.  In  supporting
manner, the Ni K-edge energy of

10%Ni2P/Ti0; is similar to the commercial
NioP sample. This thus emphasizes the
cxistence of NiP in this supported nickel
phosphide.
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€) 10%Ni,P/TiOs

d) 10%Ni/TiO;

¢) NiO (commercial)

b) NizP (commercial)

Normalized Absorbance (a.u.)

f a) NiFoil
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Figure 3. XANES spectra of Ni foil, NizP,
NiO, 10%Ni/TiOz and 10%Ni,P/TiO,.

3.2 Catalytic steam cracking of ethanc to
ethylene

The catalytic steam cracking of
cthane was first evaluated using TiO; as a
catalyst compared with thermal steam
cracking in a fixed-bed reactor at 650°C
under atmospheric pressure. According (o
Table 2, thermal steam cracking of ethane
provides the lowest conversion (1.9%) with
40.2 and 59.8% sclectivity of cthylene and
C6+, respectively. The presence of TiO:
(P25) enhances the conversion (2.5%), as

compared thermal steam cracking (1.9%).
While, the decrease in ethylene selectivity
was observed, which could attribute to the
formation of C6+ from ethylene conversion.
This could indicate that the presence of TiO2
promoted the ethylene coupling due to the
presence of Lewis acid.?!

The significant improvement in
ethane conversion (96.1%) was observed
once using 10%Ni/TiO2 as a catalyst.
However, >97% methane selectivity was
obtained (Table 2, entry 3). This indicates
that 10%Ni/TiO2 promotes the
hydrogenolysis yiclding methane as a main
product. It is worth noting that none of
cthylene yicld was dctected in this
experiment.  The  high activity of
hydrogenolysis, could attribute to the
metallic Ni representing in this catalyst.
Hence, the C-C breaking of ethane is much
more favorable than the C-11 activation over
metallic Ni catalysts.

In sharp contrast, the highest cthylene
selectivity (56.6%) was obtained from
10%Ni2P/TiO> catalyst. In addition, a much
lower hydrogenolysis product (methane) was
observed (~0.8% selectivity). Though, the
conversion is lower than supported metallic
Ni catalyst. This could suggest that NizP
species could sclectively activate the C-11
bond leading to dehydrogenation product
(cthylene). Such high selective C-11
activation could due to the lower nature ol
metallic Ni in NizP.

Table 2. Conversion and product yields obtained from catalytic steam cracking of ethane *

Entry Condition Conversion (%)

Selectivity (%)

Methane Tthylenc Co+ Coke
1 Thermal 1.9 0.0 40.2 59.8 0.0
2 TiOx(P25) 25 0.8 30.0 69.2 0.0
3 10%Ni/TiO2 96.1 97.5 0.0 2.1 0.4
4 10%NiP/TiO» 7.5 0.8 56.6 20.7 22.0

4 Condition; T = 650°C, P = 1 atm, W/F = 3.55 g.h/mol
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4. Conclusion

The catalytic steam cracking of
cthane to cthylene on nickel phosphide
catalysts supported on Titania (P25) was
studied using a fixed-bed reactor, as
compared to metallic Ni and TiO». The
presence of NiaP species in 10%Ni2P/TiO»
catalysts was confirmed by XRD, H2-TPR
and in situ XANES. The conversion of
cthanc stcam cracking is in the order of
Thermal < TiO2 (P25) < 10%Ni2P/TiO2 <
10%Ni/1i02 (1.9, 2.6, 64, 94.2%,
respectively). NizP species can selectively
promote the C-11 activation; while, metallic
Ni facilitates C-C breaking.
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