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CHAPTER |

Introduction

1.1 Statement of problem

Liquefied petroleum gas (LPG) is a mixture of hydrocarbon gases (C5-Cy). It has
environmentally benign characteristics and widely used as clean fuels. Normally, the
LPG is produced from the refining process of crude oil or separated from natural gas.
The alternative method for producing the LPG is directly conversion of synthesis gas.
It could carry out on a hybrid catalyst containing of Cu/ZnO-ZrO,-Al,05 as a methanol
synthesis catalyst and zeolites as acid catalysts. The reaction consists of methanol
synthesis, methanol dehydration to dimethyl ether (DME), and DME dehydration of
hydrocarbons. ZSM-5 catalyst is well known as an effective acid catalyst for the process
of conversion of methanol to hydrocarbons (MTH). This is an alternative method for
production of hydrocarbons that independent of crude oil. MTH converts methanol to
a mixture of olefins, paraffins, and alkylaromatics, to produce the hydrocarbon
mixtures in gasoline (MTG) or short chain olefins (MTO) [1-5]. The ZSM-5 zeolite (MFI
structure) has the tri-dimensional pore structure of straight channels (5.6 x 5.3 A) and
intersection with zig-zag channels (5.5 x 5.1 A), that it is capability for diffusion of lower
than C9. ZSM-5 is used in several forms such as powder, particle, granule or extrudate,
but these forms generate high pressure drop and poor mass transfer resulting in low
product selectivity [6]. On the other hand, the fibrous catalyst had more advantages
than powder and extrudate catalyst due to its low gas flow resistance with high mass
transfer. ZSM-5 in a fibrous form is more preference due to its flexibility, and endless
forms which is possible to adjust its shape to fit into the channel. Moreover, it also

provides low resistance to flow of fluid with short diffusion distance [7].



1.2 Objective

1.2.1  To synthesize the Cu/ZnO catalyst and silica fiber coated with ZSM-5 as a
catalyst for LPG production.

1.2.2  To study the LPG synthesis reaction of hybrid catalyst of Cu/ZnO and silica
fiber coated with ZSM-5

1.3 Scope of research

1.3.1  Synthesis of ZSM-5 zeolite on silica fiber by using hydrothermal process.

1.3.2  Study the catalytic activity for conversion of synthesis gas to LPG by using
hybrid catalyst of Cu/ZnO and silica fiber coated with ZSM-5.

1.4 Expected outcome

1.4.1  ZSM-5 crystals completely deposited on silica fibers as fibrous form.
1.4.2  Obtain the optimum conditions for preparing ZSM-5 coated on silica fibers.
1.4.3  Obtain the optimum conditions for operation of LPG synthesis process.

1.4.4  Obtain the hybrid catalyst of Cu/ZnO and silica fiber coated by ZSM-5 which

is suitable for converting synthesis gas to LPG



CHAPTER Il

Theory and literature reviews
2.1 ZSM-5

2.1.1 ZSM-5 structure

ZSM-5, Zeolite Socony Mobil-5, is the microcrystalline aluminosilicates that

consist of TO,4 which T is Si*" and A" ion and each O% is linked between T atoms

and O atom lead to three-dimensional framework of TO, as shown in Fig. 2.1.

Aluminium species in framework contains a negative charge which requires balancing

cation to neutralize framework charge [8].

—— Oxygen

 ——* Silicon or Aluminium \ / O\N/
o ¢

H

f’
K

Figure 2.1 Primary structure of ZSM-5 [8]
When these primary structures are linked together by oxygen, the pentasil
secondary building units (T1,0,,) will occur that compose of eight five-membered
rings then they will form to pentasil chains. Pentasil chains are formed together via

oxygen bridges resulting in complete the ZSM-5 structure which containing of 96 T-
atoms and 192 O-atoms [9].

Pentasil unit Pentasil chain ZSM-5 structure

Figure 2.2 Secondary building unit and structure of ZSM-5 [9]



ZSM-5 has two perpendicular channel as shown in Fig. 2.3; the intersection
straight channels are parallel to [010] plane with dimensions of 0.55 x 0.51 nm while
the sinusoidal channels are parallel to plan [100] and their dimensions is equal to

0.56x0.54 nm [10]. The ZSM-5 chemical formula is Mx/n [(AlLO2)x(SiO2)y] .wH20 which

13 »

n” is the charge valence to balance cation and “w” is the number of water molecule

per unit cell, and y/x is the ratio of Si/Al that are large than 5.

— p—0.56 X 0.54 nm

4+

0.55 X 0.51 nm

T

Channal structure

Figure 2.3 ZSM-5 porous systems [10]

2.1.2 ZSM-5 synthesis

ZSM-5 is synthesized by hydrothermal process [11, 12] the silica source,
alumina source, organic template and water are mixed under high pH condition to
form supersaturated sol-gel solution and are transformed to microporous crystalline
aluminosilicate at high temperature. The mechanisms of zeolite synthesis were
proposed by David and Lobo (1982) which are solution-mediate transport mechanism
and solid phase transport mechanism. The prepared solution from the first mechanism
absents of hydrogel (solid phase), the hydrated species are bounded by silicate and
aluminate species then these molecules condensed and form to zeolite crystals as
shown in Fig. 2.4. The second mechanism in Fig. 2.5 describes the rearrangement of

solid hydrogel to form zeolite structure.
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Figure 2.4 Solution-mediate transport mechanism [11]
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Figure 2.5 Solid phase transport mechanism [12]



2.1.2.1 The factors effect to zeolite synthesis

2.1.2.1.1 Chemical composition

Molar composition is generally offered in forms of oxide formula, SiO,, Al,Os,
MO, NyO, R, and H,O where M and N are alkaline metal ions and R represents organic
template. These compositions have significantly effect to zeolite synthesis as shown
in Table 2.1.

Table 2.1 The influences of compositions of the reaction mixture

Mole Ratio Influence
SiOy/ ALO; Framework composition
H,0 / SiO, Rate, crystallization mechanism

Silicate molecular weight

OHY/ SiO,

Concentration of OH
Na*/ SiO, Structure, cation distribution
RsN*/ SiO, Framework aluminum content
2.1.2.1.2 Aging

Aging of hydrogel could decrease the induction times by improving the nuclei
formation and crystallization rate. Cundy’s research [13, 14] reported that the effect
of aging time to the crystallization of TS-1. The particle size tend to decrease with
longer of aging period time due to increasing of nuclei. Rosilda [15] informed that the
influence of the aging temperature between 25 and 180 °C on the synthesis of
nanocrystal ZSM-5. They inferred that at high temperature during aging period could

improve the crystal size of ZSM-5.



2.1.2.1.3 Water content for zeolite synthesis

Water content for zeolite synthesis [16] was performed as a solvent to
encourage the solution mixing, materials transportation, the nucleation formation and
crystal growth rate. Moreover, it showed characteristic as a stabilizer of zeolite structure
by filling the pores and formed to solid solution. Generally, the dilution of the

precursor mixture indicated lower supersaturated and it obtained the larger crystals.

2.1.2.1.4 Crystallization Temperature and time

Zeolite synthesis under higher temperature increases of nucleation rate, crystal
growth rate and larger crystals [17]. Bhardwaj et al. synthesized zeolite by various
crystallization temperature between 75 and 150°C. The amorphous phase was
obtained when the crystallization temperatures are lower than 150°C. Crystallization
time is a significantly parameter for zeolite synthesis. Reza et al. reported that the
prepared nano ZSM-5 at different crystallization times (72, 96 and 120 h) and they
concluded that longer crystallization time, crystallinity and crystal size tend to

increase, due to increase in crystals nucleation and growth rate [18].

2.1.2.1.5 pH of solution

pH of solution have the effect to supersaturated silicate and aluminate species,
kinetics, morphology, shape, size, and crystallinity of zeolite structure. The pH of
solution is influenced by the reactants, concentrations/ratios, temperature and time.
Increasing of pH will accelerate the crystal growth and a shortened of induction period

before nuclei are formed.



2.1.2.1.6 Template

Template is the organic or inorganic base that use as spaces filler of zeolite
structure. It encourages the formation of zeolite lattice by gelation, nucleation and
decrease chemical potential (hydrogen-bonds, electrostatic and Van der waals force)

of the lattice formed by the addition of the templates during zeolite synthesis.

2.1.3 Applications

Due to thermal stability, high surface area and shape selective properties of
ZSM-5 thus it appropriate to use as the support or catalyst in refineries and
petrochemical process that summarizes in table 2.2.

Table 2.2 Industrial applications of ZSM-5 as the catalyst

Process Catalyst Products

Catalytic cracking Re-Y, US-Y, ZSM-5 Gasoline, fuels

p-xylene, ethyl-benzene,
Alkylation of aromatics ZSM-5, Mordenite

styrene
Xylene isomerization ZSM-5 p-xylene
Mordenite, ZSM-5+Ni Improvement of cold flow
Catalytic dewaxing
nobel metals properties

Synthesizing of
Fischer-Tropsch
ZSM-5+Co,Fe, Ni hydrocarbon from
synthesis
synthesis gas

2.2 Silica fiber
For several years ago, many research attend to study the fibrous form of silica

because its properties that can apply in many applications such as reinforcement



materials and bio sensing. Also, it can use as the support materials for packed bed
reactor systems which offer a lower pressure drop and improve mass transfer of
reactant in the reactor [19, 20]. The fibrous form of silica is prepared via sol-gel method

followed by electrospinning technique which are described below.

2.2.1 Sol-gel process

Sol-gel [21] is the process using to prepare solid materials from solution. Sol is
a colloid suspension of solid particle in a liquid and gel is a three-dimensional solid
linked which pores are filled with other substances. In general, there are two main
reactions which are hydrolysis reaction and condensation. The starting materials are
organometallic substance in form of M(OR),, where M is metal with electron valence
n, R is alkyl group with formula CHawi1. An example is sol-gel polymerization of

tetraethoxysilane.

Hydrolysis:
Si(OCaHs)e +  H0 —  Si(OHXOC;Hs)s + CoHsOH
SI(OHXOCHs)s + H,O = Si(OH),(OC,Hs), + CoHsOH
SI(OH)(OCoHs)+ H,O = SI(OH)s(OCzHs) + C,HsOH
SI(OH)5(OCzHs) + H,O = Si(OH)q+ C,HsOH

Condensation:
(OH)sSIOH + OHSI(OH)3 —  (OH)sSI-O-Si(OH); + H,0O

or

(OH)(OR),Si-O-SI(OH)(OR),, — (OH)(OR),Si-O-Si(OH)(OR),,+ROH

where x+y = v+w = 3
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2.2.2 Electrospinning technique

Electrospinning or electrostatic spinning is a fabrication process that was first
studied in 1934 [22]. This process consists of a syringe pump that assist to eject polymer
solution past through the needle, metal collector and high voltage power supply as
shown in Fig. 2.6. The high voltage is supplied by power supplier to generates electrical
field between both electrodes, connecting the needle via wire electricity as anode and
metal collector for cathode, will allow the opposite electrical charge resulting in driving
of polymer jet as Taylor cone and spread onto the collector plate [23]. During the
polymer ejection, the electrical charge on polymer jet was neutralized by expose with
ion in the air or contact with the collector plate and the solvent was evaporated and
form to solid fibers simultaneously. The fibers have a diameters ranging from several
microns to lower than 100 nm. Normally, the morphology of prepared fibers and their
diameters depend on the properties of polymer solution (viscosity, surface tension and
conductivity), surrounding ambient parameters (temperature and humidity) and
process parameters (flow rate, applied voltage, distance between tip and collector [24,

25].



Polymer solution

Syringe pump

_|_
High voltage power
- supply
Collector
L
Polymer jet

+
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G Tavlor cone
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+

Figure 2.6 The diagram of electrospinning technique [23]

2.2.2.1 The influence of parameters for electrospinning technique

2.2.2.1.1 Viscosity/concentration

The effect of viscosity of sol-gel solution was studied by Sakai et al. At lower
solution viscosity/polymer concentration, the polymer jet is abundantly with solvent
causing to occur droplet and beaded formation on the collector plate. In addition, the
presence of junctions and bundles has been found. The increasing of viscosity or
polymer concentration provide the homogeneous fibers with lower beads and
junctions, the diameter of fibers also increases. Too higher viscosity/polymer
concentration, the easily drying of droplet was found and clogging at the needle tip

before establishing a polymer jet. As a result, the electrospinning technique is

interrupted as shown in Fig. 2.7 [26].

11
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Figure 2.7 SEM image of silica fibers with various viscosities (a) 0.03, (b) 0.05, (c) 0.14,
(d) 0.86 Pa.s and (e) average fiber diameters of silica fibers [26]

2.2.2.1.2 Conductivity

The conductivity properties is depends on types of solution. Using of nonionic
surfactant as tetrachloromethane leads to decrease the conductivity and beads
formation. Increasing of conductivity by using alcohol and volatile salt additive provide

a smoother fibers surface with less beads. Small ionic surfactant can improve a mobility
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and charge density so that the polymer jet has a more elongation force resulting to

obtain a smaller fibers.

2.2.2.1.3 Surface tension

During the initiate step of electrospinning process, the electrical charges on
polymer solution increased will be enough to outstrip the surface tension lead to
stretching of polymer jet. Thus the surface tension is also significant parameter to
control the spinning ability. The increasing of surface tension causing to beads
formation onto the fibers. Pirzada et al. prepared a hybrid electrospun silica-PVA
nanofibers with various ratios [27]. They used PVA increasing of number of
entanglement in the silica solution resulting to improve the surface tension. The
suitable ratio of silica to PVA indicates that the fibers with no beads and slightly size

distribution.

2.2.2.1.4 Flow rate
Decreasing flow rates provides a smaller fibers because too high of flow rate
lead to increase speed polymer ejection. Beads and junctions are produced because

fibers still wetness during its reach to the collector plate.

Figure 2.8 SEM images of electrospun PLGA nanofibers with different flow rates (a) 0.5
and (b) 2mL/h [27]
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2.2.2.1.5 Applied voltages

Appling of high voltages causing to increase the electrical charges density on
the polymer jet thus the stretching force also increase, the smaller fibers were
produced. Too high voltages can decrease the Taylor cone at the tip thus the polymer

jet is unstable stretched resulting to many beads on fibers are formed.

2.2.2.1.6 Tip to collector distance (TCD)
Increasing of distance between tip and collector plate can provide a smaller
diameter of fibrous materials and the fibers have a more time to dry before reaching

to the collector plate.

2.2.2.1.7 Ambient parameters

The temperature and humidity are the ambient parameters for electrospinning
process. The increasing of ambient temperature reduce a viscosity of polymer sol
causing to provide a smaller fibers diameter. The increasing of humidity effects to pores

forming on fibers surface and carries about pore agglomeration [28].

2.2.3 Silica support for zeolite

Silica can be used as the support materials for various catalytic applications
including with zeolite due to the presence of thermal stability, hydrophobic properties
and high amount of hydroxyl group that are compatible with zeolite framework.
However, silica may be loose a stability under zeolite synthesis condition so it is
necessary to select the suitable condition to avoid dissolution of the support materials

[29].
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2.3 LPG synthesis process

Liquefied petroleum gas or liquid petroleum gas (LPG or LP gas), also referred
to as mixing of propane or butane, are flammable mixtures of hydrocarbon gases used
as fuel in heating appliances, cooking equipment, and vehicles. It is increasingly used
as an aerosol propellant and a refrigerant, replacing chlorofluorocarbons in an effort
to reduce damage to the ozone layer. When specifically used as a vehicle fuel it is
often referred to as autogas. Varieties of LPG bought and sold include mixes that are
primarily propane (CsHg), primarily butane (C4H;0) and, most commonly, mixes including
both propane and butane. In winter, the mixes contain more propane, while in
summer, they contain more butane. Propylene, butylenes and various other
hydrocarbons are usually also present in small concentrations. A powerful odorant,
ethanethiol, is added so that leaks can be detected easily. The internationally
recognized European Standard is EN 589. In the United States, tetrahydrothiophene
(thiophane) or amyl mercaptan are also approved odorants although neither is
currently being utilized.

Normally, LPG is prepared by refining petroleum or "wet" natural gas, and is
almost entirely derived from fossil fuel, presence manufactured during the refining of
petroleum (crude oil), or extracted from petroleum or natural gas as begin from the
ground. It currently offers about 3% of all energy consumed, and burns relatively
cleanly with no smoke and very few sulfur compound emissions. As it is a gas, it does
not pose ground or water pollution hazards, but it can cause air pollution. LPG has a
typical specific calorific value of 46.1 MJ/kg compared with 42.5 MJ/kg for fuel oil and

43.5 MJ/kg for premium grade petrol (gasoline) [30]. However, its energy density per
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volume unit of 26 MJ/L is lower than either that of petrol or fuel oil, as its relative
density is lower (about 0.5-0.58 kg/L, compared to 0.71-0.77 kg/L for gasoline).

Direct synthesis of LPG from syngas is an alternatively choice for converting
natural gas to high-value-added products. Differently from F-T synthesis reaction
mechanism [31] that the product hydrocarbons follow Anderson-Schulz-Florry
distribution, the direct synthesis of LPG from syngas could be carried out over a hybrid
catalyst composed of methanol synthesis catalyst and acid catalyst as zeolite [32, 33].

Cu-Zn0O is lower temperature methanol synthesis catalyst, which is easily
deactivated at high temperature (>300 °C) which is the common operation
temperature for syngas to LPG. Pd/SiO, methanol catalyst is expensive due to the high
Pd content in the catalyst, Zn-Cr is reported to be a high-temperature methanol
synthesis catalyst. The reaction of LPG synthesis consists of methanol synthesis,
methanol dehydration to dimethyl ether (DME), and DME dehydration to
hydrocarbons. Methanol synthesis in reaction is a rate determining step with an
unfavorable of thermodynamic equilibrium. But the formations of dimethyl ether
(DME) and hydrocarbons are favored by thermodynamic equilibrium. While
hydrocarbons in reaction (3) could be paraffins, olefins and aromatic hydrocarbons
containing of LPG in the product. The side reactions are CO, hydrogenation to MeOH

and WTG reaction.
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Table 2.3 The total reactions of LPG synthesis reaction from synthesis gas.

Main reactions

MeOH synthesis CO+2H, <> CH5OH
MeOH dehydration CH30OH¢> CH;OCH3 + H,O
DME dehydrogenation CH3OCHs — Hydrocarbons + H,O

Side reactions

CO, hydrogenation CO, + 3H; ¢ CHs0OH + H,O

Water-gas Shift reaction H,O + CO <> CO, + H»

Catalyst modifications

Catalyst reduction MOy + yH; = yH,0 + xM

2.3.1 Cu-ZnO catalyst for methanol synthesis process

The conventional Cu/ZnO-based catalysts are prepared by a co-precipitation
method developed in industry in the 1960s [34] which leads to formation of porous
aggregates of Cu and ZnO nanoparticles. To form this unique microstructure, Cu=rich
molar compositions of Cu:Zn near 7:3 had to be applied. Thus, the industrial system
is a bulk catalyst, which is considered by a high Cu:Zn ratio with > 50 mol% Cu (metal
base),approximately. The Cu nanoparticles of a size around 10 nm and ZnO particles,
which are prepared in an alternating method to form a porous aggregates. These
aggregates represents a large Cu surface area up to 40 m?/g. Furthermore, industrial
catalysts contain low quantities of a refractory oxide as structural promoter, in most
cases up to 10% Al,0s. Any of the constituting elements significantly decreases the
performance of the system. Significant key to obtain high performance is a large

accessible of Cu surface area which has been observed to scale linearly with the
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activity for samples with a similar preparation history [35]. However, between these
samples considerably different intrinsic activities, activities are controlled by the Cu
surface area. Thus, different “qualities” of Cu surfaces can be prepared, which vary in
the activity of their active sites and/or in the concentration of these sites. Therefore,
methanol synthesis over Cu catalyst appears to be a structure sensitive reaction [36].
One Significant role of ZnO is improves an effective dispersion of the Cu metallic phase
[37] and increase Cu Surface areas.

However, it has been since long recognized that the role of ZnO in the final
composite catalyst goes beyond that of an ordinary physical spacer between Cu
nanoparticles preventing them from sintering. The presence of ZnO beneficially affects
the intrinsic activity of Cu-based methanol synthesis catalysts, which is known as the
Cu-ZnO synergy [38-40]. Over the past decades of Cu/ZnO research, many different
models have been proposed to explainthis synergistic effect. This undissolved
controversy is partially because in some cases the experimental evidence could not
be obtained on the highly optimized and mature technical system, but rather on
simplified model samples ranging from Cu single crystals to Cu nanoparticles
supported on highly crystalline ZnO with a low loading, thus, with a composition and

microstructure strongly deviating from that of the industrial catalyst described above.

2.3.2 Reaction Pathway

The reaction pathway and selectivity for hydrocarbon and oxygenate formation
from the CO hydrogenation are governed by reaction conditions and catalyst
compositions. A summary of these catalysts and a description of their typical
selectivities. The reason for the formation of a wide range of C; to C, products (i.e., Ci:

methane, methanol; C, ethylene, ethane, ethanol, and acetaldehyde; Cs: propylene,
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propane, propanol, propionaldehyde, and acetone, C,: species containing n number
of carbon atoms) can be traced to the polymerization and network characteristics of
the reaction which consists of a large set of parallel and series reaction pathways,

shown in Fig.2.9
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Figure 2.9 CO hydrogenation reaction mechanism [41]

The first steps in the overall CO hydrogenation reaction mechanism is
adsorption of reactants, H, and CO. All of the CO hydrogenation catalysts have the
capability to chemisorb hydrogen dissociatively, H, +2* € 2H* (2*: two empty sites)
and chemisorb of CO in either a non-dissociative or dissociative form. This relationship
is a difference result of Fermi energy, Ey, reflecting in the ability of the metal in electron
back donation to the 2TT* vacant orbital of CO as shown in Fig.2.10. This back donation
would weaken the CO bond and stabilize the M-C bond. Metals such as Fe indicates

Er above the level of the 2TT* orbital, tend to dissociate adsorbed CO. In contrast,
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metal such as Pd, Pt and Cu exhibit activity for chemisorbing similar to CO non-
dissociation. The most direct impact of the CO dissociation activity is on the selectivity
of the reaction. High CO dissociation activity favors the formation of adsorbed carbon
which can further hydrogenate to form CH,, leading to the formation of hydrocarbons
such as CHs. In contrast, poor CO dissociation activity allows adsorbed CO to be
hydrogenated to methanol. Metals such as Rh in the forms of either single crystal or
supported catalysts with moderate CO dissociation activity exhibited good selectivity
toward C, oxygenates. This observation is consistent with the proposed C, oxygenate
formation mechanism that C, oxygenates are produced from both dissociation and

non-dissociatively adsorbed CO [41].
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Figure 2.10 Interaction of CO with metal surfaces [41]

Water—gas shift mechanism over cobalt catalyst occurs via a reactive formate
intermediate that show in Fig. 2.11. The adsorption of hydroxy species or water and

carbon monoxide lead to formation of formate species and the hydroxy intermediate
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can be formed by the decomposition of water. The formate species a can be reduced

to carbon dioxide.
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Figure 2.11 Water-gas shift reaction mechanism via formate species [35]

2.3.3 The influence of parameters

2.3.3.1 Reaction temperature

Yingjie et al. [5] studied the effect of increasing temperature on methanol
conversion and fractional distribution of hydrocarbon products. At constant gaseous
space time (1/GHSV) and feed partial pressure, methanol-to-hydrocarbon conversion
over the H-ZSM- 5 catalyst was enhanced by increasing reaction temperature, and
complete conversion of methanol occurred at temperatures higher than 435°C. The
Cs-Cq4 fractional formation was also favored at high temperatures with respect to the
formation of C;-C; hydrocarbons or total aromatics and Cs, non-aromatics. At low
temperatures, methane content is very low. A moderate increase in reaction
temperature caused thermodynamic shift of the product distribution towards the
fractions of lower olefins, so butanes and especially propene became more important.
In fact, the methanol to hydrocarbon reaction gradually departed from the well-known
MTO reaction region. At higher temperatures, methanol conversion easily approached

100%. The C;-C; fraction increased gradually and the fraction of total heavy byproducts
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decreased, although large Cs-Cyp and Cg aromatics appeared. The difference in both
lisht and heavy fractions is attributed to the secondary cracking of olefinic oligomers
and heavy Cs, non-aromatics at high temperatures in the company of the acid catalyst.
Methane content began to increase to a certain amount. Therefore, the optimum LPG
synthesis from methanol catalyzed by the H-ZSM-5 catalyst proceeds in the range

from 400 to 435°C.

2.3.3.2 Reaction Pressure

Xiangang et al. [2] studied the effect of reaction pressure on LPG synthesis. Two
back pressure valves were used in two-stage reaction system to manage each stage's
pressure respectively. The CO conversion and CO, selectivity were almost unchanged
when the reaction pressure of the second stage increased from 0.5 to 2.5 MPa. It
confirmed that CO conversion and CO, selectivity were dominated by the first stage
and hardly affected by the second stage. The LPG selectivity of hydrocarbons increased
first, with the increase of reaction pressure, and then fell down. Also, high pressure
promoted the yield of methane. This is undesirable because methane is the most
unfavorable product in this process. So the appropriate pressure of the second stage
was about 1.0-2.0 MPa. In the other hand, influence of reaction pressure on LPG
synthesis over Cu-Zn-Al/Pd-Y hybrid catalyst was studied in 2011. The high reaction
pressure promoted CO conversion and hydrocarbons yield with a slightly change of
LPG selectivity. The content of C, in hydrocarbons fell down with the increase of
reaction pressure. However, the yield of methane increased at high reaction pressure.
Furthermore, higher reaction pressure also increased the content of heavy

hydrocarbons (containing more than five carbon atoms), which were destructive for
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the zeolite activity. So a relatively low reaction pressure (3.0-4.0 MPa) was suitable for
LPG synthesis.

2.3.3.3 SiO,/Al,05 ratio

The catalytic performance of H-ZSM-5 catalysts clearly depends on the silica
to alumina ratio. The results of conversion as a function of time on-stream revealed
that the deactivation of catalysts gradually increased with reduced silica to alumina
ratio. Methanol conversion was relatively high compared to DME. On the other hand,
the DME conversion increased gradually and then exceeded methanol conversion with
increasing of silica to alumina ratio. The DME reaction behavior is different to that of
methanol with greater silica to alumina ratio, and can be attributed to variations in
hydrophobic property of H-ZSM-5 catalysts and the diversity in molecular polarity. The
reactivity of each feed generally falls with increasing silica to alumina ratio, possibly
due to reduction in the number of available active sites. Figure 4 shows the various
fraction distributions related to the silica to alumina ratio. The selectivity for LPG
hydrocarbons is improved with increasing silica to alumina ratio. The improvements in
Cs-Cq intermediate selectivity was associated with decreases in conversion under given
reaction conditions. In addition, selectivity for both ligsht and heavy fractions were also
lower with increasing silica to alumina ratio. The monotone increase in selectivity for
LPG hydrocarbons may be attributed to the decrease in acid density on the catalysts,
which is a function of the silica to alumina ratio and affects the conversion depth of
these oxygenates. To increase both the yield of LPG hydrocarbons and the resistance
to deactivation of catalysts, H-ZSM-5 with a silica to alumina ratio of 90 was selected,
in contrast with the previous work, for the following investigations. A more detailed

discussion on other catalysts will be reported later.
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2.3.3.4 W/F ratio

Yildiz et al. [42] studied the effect of the W/F (catalyst weight/feed flow rate)
ratio on catalyst deactivation conditions, experiments were conducted at 3 different
W/F ratios (5.5, 11.5, 17.0), and at a constant H,/CO value of 2, temperature of 523 K,
and a minimum 20% CO in feed. CO conversion was increased with increasing of the
space time. Increasing of the W/F ratio caused a decrease in catalyst activity, as a
function of time, due to coke formation. An increasing of methane selectivity and a
decrease in C,-C; hydrocarbons selectivity were observed at high W/F ratios.
Furthermore, the amount of carbonaceous compounds deposited on the used catalyst

increased from 17% to 35% by increasing the W/F ratio from 5.5 to 17 mg.min/mL

2.4 Literature reviews

Xiangang et al. [1] synthesized the LPG from synthesis gas in two-stage synthesis.
Firstly, the synthesis gas is converted to DME over Cu-Zn-Al/ZSM-5 catalyst. The second
stage is hydrocarbon conversion over Pd-Y catalyst. They found that the conversion of
LPG would increase at the temperature below 250 °C. Hydrocarbon conversion from
DME is improved at high operating temperature around 335-405 °C.

Zhang et al. [4] studied on the selective synthesis LPG from synthesis gas over
hybrid catalysts consisting of zeolite and methanol synthesis catalyst in the fixed bed
reactor. They found the Cu-Zn with USY had the high catalytic performance to
synthesize LPG with LPG selective around 75%.

Q. Ge et al. [3] focused on the high performance hybrid catalyst for syngas to LPG,
composed of Cu-ZnO methanol synthesis catalyst with low Pd content Pd-beta zeolite.
The optimum condition for LPG synthesis was found at, temperature of 325-350 °C

and reaction pressure of 2.1-3.6 MPa. The Cu-ZnO/Pd-b exhibited an excellent catalytic
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performance for syngas to LPG with 72.2% CO conversion, 78.0% LPG selectivity in
hydrocarbons, and 45.3% hydrocarbon yield.

Yang et al [43] synthesized ZSM-5 with the molar ratio 1.0SiO,: .25TPAOH:
0.0125A,05: 60H,0 then growth on various sizes of Co/SiO; pellets by hydrothermal
process. The Fischer-Tropsch (FTS) reaction was employed for catalytic testing. The
XRD patterns were able to confirm ZSM-5 and CosO, coating on SiO, surface. The
smaller Co/SIiO; pellets presented the higher ZSM-5 intensity due to large amount of
ZSM-5 could be coated. BET surface area also increased with decreasing of Co/SiO;
size. The catalyst morphology and elemental components were studied by SEM-EDS,
the hexagonal crystalline of ZSM-5 was found and Co molar ratio was 9.34% that close
to the original content. The catalyst acid sites were investigated by NH3-TPD. They
concluded that there are similar ZSM-5 acid sites and peak intensities increased when
decreased SiO, pellets size. Moreover it displayed higher catalytic activity of FTS
reaction and provide higher selectivity of isoparaffin. Several years later,

Yang et al. [44] synthesized core-shell like zeolite capsule catalyst by deposition
of silicalite-1 onto Co/SiO, then growth ZSM-5 via hydrothermal process at 180 °C 24
hours to become a final layer. The obtained catalyst was named Co/SiO,-Z-HT. The
catalytic testing was investigate by FTS reaction and compared among Co/SiO,-Z-HT,
physically adhesive method (Co/SiO,-Z-PA) and physically mixed ZSM-5/Co/SiO;
(Co/SiO,-Z-M) catalyst. All the tested catalyst displayed CO conversion over 90%, the
major products composed of light hydrocarbon which were n-paraffins and isoparaffin.
The CH, selectivity was ranging from 17.5-23.7%. Co/SiO,-Z-PA provided the highest
catalytic performance whereas Co/SiO,-Z-HT cave lowest due to the zeolite

overspreading on Co/SiO,, the reactants and products are more difficult to react with
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Co. Moreover, there might be partial interaction between Co clusters with Bronsted
acid site of zeolite which suppressed cracking activity during FTS reaction.

Louis et al. [45] synthesized ZSM-5 on glass fibrous support with 3 difference
methods which are synthesizing in alkaline media without silica source, synthesizing in
alkaline media without silica source and synthesizing with fluoride method. All
synthesized catalysts were characterized by BET SEM and XRD and the catalyst was
tested with gas-phase partial oxidation of benzene by N20 to phenol. The fluoride-
containing zeolite catalysts exhibited the highest performance with benzene
conversion over 20% and 98% selectivity of phenol.

Vu et al. [46] synthesized silicalite-1/ZSM-5 composites. ZSM-5 was synthesized
under hydrothermal conditions at 180 C for 24 h with solution molar ratios 2.5 SiO;
(TEOS): 1.0 SiO; (CS): 0.025A1,03: 0.5 TPABr: 0.25 Na,O: 120 H,O. The obtained product
was rinsed with DI water and calcined at 600 C then exchanging proton with 1IN of
NH,Cl for 12 h and calcined again at 600 C. After completely prepared ZSM-5, the
silicalite-1 was prepared by mixing 0.5TPAOH: 120H,0: 8EtOH: 2SiO, and immersed
ZSM-5 into the precursor solution then using hydrothermal process at 180 C for 24 h
to obtained the crystals. The product was rinsed with DI water for several times and
dried at 90 C overnight then calcined in the air at 500 C for 5 h. The difference rotating
speed is the parameter that effect to crystal sizes. Decreasing of crystal sizes resulted
in increasing external surface area of ZSM-5 thus silicalite-1 are more spread on the
ZSM-5 surface.

Choi et al. [47] prepared silica nanofibers from 1TEOS: 0.01HCL: 2H20: 2EtOH. The
polymer solution was stirred and heated at 80 C for 30 min. The distance between the

tip and collector was 10 cm and the applied voltage was ranging from 10 to 16 kV. At



27

high applied voltage leaded to the shifting of smaller diameter distribution. The
diameter was mostly ranging between 200-600 nm. From FTIR results revealed the
spectrum at 795, 950, and 1058cm™" belonging to Si-O vibration and showed the OH-

vibration peak at 3390 cm™

. This can conclude that TEOS was mostly hydrolyzed and
the ethoxy group changed into the silanol group. The XRD pattern indicated the
characteristic peak of amorphous silica. From TGA results showed weight loss
approximate to 6.7% at 200 [e owing to evaporation of solvent and at 800 C found the
weight loss about 12% due to self-condensation reaction of silanol group.
Yodwanlop [48] prepared nano-electrospun silica fibers for FTS reaction by using
TEOS, HCl, H20 and ethanol as the precursors then studied parameters influencing to
the fibers characteristic which are diameter of needle size (0.1 and 0.25 mm.), TCD (10
- 20 cm.) and applied voltage (10-20 kV). The obtained fiber was dried in oven at 110C
for 24 h then loaded with 10-20 %wt. of Co and calcined at 400 C for 2 h. The catalytic
performance was investigated under the temperature varying from 240 to 280 C.In the
electrospinning step, adjusting needle size from 0.25 to 0.1 mm. lead to smaller
diameter of fibers but the silica solution also clogged up at the needle easily.
Moreover, the lower yield of electrospun fiber was found comparing with 0.25 mm.
The appropriate TCD and applied voltage are 15 cm. and 15 kV which offered the
smallest fiber with average diameter 329 nm. For FTS synthesis can conclude that the

10% wt. of Co yielded the highest FTS product selectivity and increasing in temperature

to 280 C gave the highest catalytic stability and selectivity.
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3.11

CHAPTER lI
Methodology

Equipment and instruments

Equipment for catalyst preparation
1. Beaker (Teflon) 100 mL

2. Beaker (glass) 250 and 500 mL
3. Dropper

4. Pipette 5 and 10 mL

5. Spatula
6. Forceps
7. Glass rod

8. Cylinder 50 mL

9. Separating funnel

10.  Wash bottle

11.  Crucible

12.  Watch glass

13.  Brush

14.  Rubber pipette bulb

15, Clamp

16.  Magnetic bar and Magnetic stirrer
17.  Water bath

18.  Syringe 3 mL

19.  Needle with diameter 0.55 mm
20.  Aluminum foil

21. Teflon lined stainless steel reactor

22.  Wrench



3.1.2

3.1.3

3.1.4

Instruments for catalyst preparation

1.
2.

6.
7.

Metal collector size 20 x 20 cm
High voltage supplier

Syringe pump

Hydrothermal machine

Muffle furnace

Oven

Desiccator

Instruments for catalyst characterization

1.
2.

6.
7.

Scanning electron microscope (SEM), JEOL: JSM-6360LV

Energy Dispersive X-ray Fluorescence (EDX), Shimadzu: EDX-720
X-ray Diffractometer (XRD), Bruker: D8 Advance

Surface area and porosity analyzer (BET), Micromeritics: ASAP2020
Temperature programmed reduction (TPR)

Temperature programmed desorption (TPD), Autochem: 2910

Nuclear magnetic resonance (*’A-NMR), Bruker Advance DSX500

Equipment and instruments for catalytic testing by LPG synthesis

reaction

1.

Fixed bed reactor

Tube furnace

Temperature controller

Thermocouple

Mass flow controller

Gas Chromatograph, Shimadzu GC-2014

Quartz wool

29
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3.2  Chemicals and Reagents

1. Tetraethyl orthosilicate (TEOS) > 99.0%, Sigma-Aldrich

2. Aluminium nitrate (A(NO3);.9H,0), Univar

3. Copper nitrate nonahydrate (Cu (NO3),.9H,0), Sigma-Aldrich
4. Zinc nitrate hexahydrate (ZnNO3.6H,0), Sigma-Aldrich

5. Zirconyl nitrate dihydrate (ZrO(NOs),.2H,0), Wako

6. Palladium nitrate hydrate (Pd(NOs),.xH,0), Sigma-Aldrich

7. Tetrapropyl ammonium hydroxide (TPAOH) 1 M, Sigma-Aldrich
8. Ethanol (C,HsOH) > 99.9%, CARLO ERBA

9. Hydrochloric acid (HCl) 37.0%, QREC

10.  Acetic acid (CH;COOH), Sigma-Aldrich

11.  Deionized water

12. Air zero gas 99.99%, Praxair

13.  Nitrogen gas 99.99%, Praxair

14. Hydrogen gas 99.99%, Praxair

15, Gas mixture of Nitrogen 95% and Hydrogen 5%, Praxair

16. Gas mixture of Hydrogen 60%, Carbonmonoxide 32%, Carbondioxide

5% balance in Argon, BOC scientific

3.3 Experimental Procedure

3.3.1 Preparation of silica fibers

1) 18 ml of TEOS was mixed with 3 mL of DI water for 5 min, and then
0.01 ml of HCl was dropped into the solution and continuously stirred for 5
min.

2) Ethanol (9.72 ml) was added and stirred for 5 min following by stirred
at temperature of 70 C for 30 min. The silica solution was stirred under the
room temperature until viciousness, and then filled into the syringe and

combined with the needle.



31

3) Installed the syringe on the pump and then connected the electrical
wire to the collector plate and needle with high voltage supplier. The
conditions of electrospinning were TCD 15 cm, applied voltage 20 kV, needle
size 0.25 mm and spinning rate 10 mL/h. The silica solution was formed to

fibers by this step.

4) The obtained silica fibers was dried in oven at 120 C overnight and

calcined at 800 C for 2 h.

3.3.2 Preparation of ZSM-5 on silica fibers

1) ZSM-5 was synthesized with the Si/Al ratio of 20, 40 and 60 and
solution pH of 8, 9 and 10 with molar ratio composition of 1TEOS:0.25TPACH:
XAUNO3)3.9H,0:80H,0.

2) Silica source was prepared by adding a drop of 1M HNOj; into Dl
water, and then added into TEOS and stirred at room temperature for 30 min

followed by TPAOH and stirred at 60 C for 30 min.

3) Alumina source was prepared by mixing of Al(NO;);.9H,0, deionized
water and TPAOH together, then stirred solution to obtain a clear solution. The
alumina source was mixed with silica source and then stirred at 60 °C for 1 h.
After that decreased the temperature to room temperature and stirred for 2 h

and adjusted pH by acetic acid.

4) Solution with a molar ratio of 1TEOS:0.25TPAOH:80H,0 was prepared
as the procedure in 3.3.2.1 and dropped onto silica fibers and dried the fibers at

60 °C for a few minutes.

5) Silica fibers were loaded into autoclave reactor with prepared
solution. Hydrothermal process was performed under the conditions of 180°C for
24,48, 72 and 120 h with static condition. As-synthesized catalyst was rinsed by
deionized water and dried overnight and then calcined at 550 °C for 2 h.

6) The 0.1wt% of Pd was loaded onto ZSM-5/silica fibers to promote

the H, spillover on catalyst surface by impregnation method and then calcination

at 450 °C for 2 h to remove impurity.
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3.3.3 Preparation of Cu/Zn0O-ZrO,-Al,0; (CZZA) catalyst mixed with Pd-
ZSM-5/silica fibers
1) The CZZA catalyst was prepared by co-precipitation method with
the mass composition of 6:3:0.5:0.5 by dissolving the nitrate compound of
coppet, zinc, zirconium and aluminum in deionized water.
2) The metal precursors were simultaneously dropped with a
controlled feeding rate of around 10 mL/min at 65 °C. The pH of the solution

was controlled at around 6.7-7.1.

3) The synthesized methanol synthesis catalyst was further aged for
10 hour and then washed by deionized water. The synthesized catalyst was
calcined at 450 °C for 2 h.

4) The synthesized CZZA catalyst was sieved to particle size in the
range of 1.2 to 1.7 mm before mixed with synthesized Pd-ZSM-5/silica fiber in
the ratio of 1:1.

3.3.4 Characterization

1. Scanning electron microscope (SEM)

Morphology, crystal size and coating of ZSM-5 on silica fibers were studied

using JOEL model JSM-6480LV Scanning electron microscope.

2. Np-sorption measurements (BET)

Surface area and pore volume of synthesized ZSM-5/silica fibers were

measured by N,-adsorption (Micromeritics, model: ASAP 2020)

3. X-ray Diffractometer (XRD)

XRD pattern of synthesized ZSM-5/silica fibers and Cu/ZnO-ZrO,-Al,05
catalyst were observed by Bruker AXS model D8 Advance, equipped with a
CuKQL. The scanned angle (20) was starting from 5 to 50 degree for ZSM-5/silica
fibers and 5 to 80 degree for Cu/Zn0O-ZrO,-Al,O5 catalyst. The Co crystal size

was calculated from Scherrer equation that showed below.
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KA
Average crystal size =
BcosB,
Where
K = Scherrer constant
A = Wavelength of x-ray (Cu, KOL = 0.15406 OA)
B = Line broadening at half the maximum intensity (FWHM)
eB = Bragg angle
4. Energy Dispersive X-ray Fluorescence (EDX)

Elemental components of synthesized ZSM-5/silica fibers and CZZA catalyst
were detected by Energy Dispersive X-ray Fluorescence (Shimadzu, model: EDX-720)

5. Nuclear magnetic resonance (NMR)

“TAL-LMAS-NMR measurements were performed on Bruker Advance DSX500
spectrometer with a #’Al frequency of 130.4 MHz. Single pulse excitation was
performed with a recycle delay of 1 s and a pulse length of 1 ms. The spectra window
was 250 kHz and the spinning speed 13 kHz. The #’Al chemical shifts were referenced
externally to a 1 M aqueous solution of AU(NOs);.9H,0.

6. Temperature programmed desorption of ammonia (TPD)

The acidity was measured by ammonia adsorption—-desorption technique using
a chemical adsorption instrument of Autochem 2910 instrument (Micromeritics). The
samples were outgassed at 500 °C in a helium flow for 1 h, then cooled to 150 °C and
adsorbed NH; until saturation, the desorption began from 150 to 600 °C with constant

rate of 10 °C min™%.

7. Temperature programmed reduction of hydrogen (TPR)

Reduction temperature and reducibility of CZZA catalyst was carried out by
using 0.1 g of catalyst was heated up to 100 °C with heating rate 10°C/min and flowed
N, with flow rate 30 mL/min for 30 minutes to remove moisture and impurity. After
this period, the N, flux was replaced by 5% of H, balanced with N,. The temperature
was heated from 100 to 400 °C with heating rate 3°C/min to reduce the catalyst. The

percent of reduction of CZZA catalyst can be calculated as follow equation.
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H, consumption | cscreq(mob)
% reduction = x100
H, consumption . c,iateq(MoL)

culate

LPG synthesis process

1 ¢ of mixed CZZA and Pd-ZSM-5/silica fibers catalyst was packed into fix bed
reactor.

Mixed CZZA and Pd-ZSM-5/silica fibers catalyst was reduced under H, gas (100
mL/min) at atmospheric pressure, 250 °C for 2 hours.

Set the temperature of furnace to desired reaction temperature (260, 270 and
280 °Q). After that, synthesis gas (H,/CO with ratio 2:1) was fed with desired W/F
ratio (10, 20 and 40 g.h/mol) at the reaction pressure of 1, 2 and 3 MPa.

. The gaseous products were analyzed continually for 5 hours by GC equipped

with thermal conductivity detector (TCD) equipped with a Unibead C column
to analyze gaseous with CO, CHgy, and CO, and flame ionization detector (FID)
equipped with a capillary column for analyzing hydrocarbon gaseous produce

which had GC conditions as showed in table 3.1

Table 3.1The conditions for GC analysis

Carrier gas 99.999 % of N,

TCD: Unibead C

Column type
FID: Capillary column

Injection temperature 60 °C

Temperature program
130 °C, 7.0 minutes

Column temperature
200 °C, 17.0 minutes

(rate 15 °C /min)

Detector type TCD, FID

Detector temperature 200 °C
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Mass flow
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Mass flow]
s Gas chromatography (GC)
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Mass flow 2 € .
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Temperature regulator
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Figure 3.1 Equipment and instrument diagram for LPG synthesis process

Catalytic testing parameters for LPG synthesis process

Operating conditions: temperature, pressure and W/F ratio

Si/Al ratio: 20, 40 and 60

35



CHAPTER IV

Results and discussion

4.1 The study of silica fibers core materials
4.1.1 The prepared of silica fibers

The surface morphology and the diameter of prepared silica fibers prepared by
using electrospinning technique with needle size of 0.25 mm, TCD of 15 cm, applied
voltage 20 kV and ejection rate of 10 mL/h were observed and measured by SEM. The
obtained silica fibers are rather smooth with an average diameter of 0.68 um measuring
by SemAfore program. The size distribution of diameters is ranging from 0.49 to 0.95

um that illustrated in Figure 4.1.

Figure 4.1 SEM image of silica fibers prepared under electrospinning condition by using

0.25 mm of needle with TCD 15 cm, applied voltage 20 kV and spinning rate 10 mL/h.
The XRD pattern was used to characterize crystal structure of prepared silica
fiber as shown in Figure 4.2. As the result, the prepared silica fibers demonstrated the

amorphous structure of silica pattern [51]. From BET surface area, it indicated that
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prepared silica fibers considerably a low surface area approximately of 3.80 m?/g and
pore volume of 0.002 cm?3/g¢ due to the nature of their non-porous structure which

provides only external surface area.

Intensity (a.u.)

5 15 25 35 45
2 Theta

Figure 4.2 XRD pattern of amorphous silica fibers

4.1.2  The properties of commercial ZSM-5

The characteristic and properties of commercial ZSM-5 in the form of
ammonium was studied the by using HSZ-800 (840NHA). It is aluminosilicate zeolite
with the Si to Al ratio of 20 changing to proton form (H-ZSM-5) by calcination at 550'C
for 5 h. The crystal morphology was observed by SEM as shown in Figure 4.3. From the
results, it showed the hexagonal crystal shape. It had averaged crystal size of about
3.58 um. The crystal structure of commercial ZSM-5 was confirmed by XRD pattern as

shown in Figure 4.4. XRD pattern of ZSM-5 compose of two characteristic peaks at 28
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between 7-10 and 22-25 corresponding to be the MFI structure. The physical
properties including surface area, total pore volume, pore diameters and average

particle size are summarized in table 4.1.

Table 4.1 The properties of commercial ZSM-5 as HSZ-800 (840NHA)

Properties HSZ-800 (840NHA)
Si/Al 20

Surface area (BET, m?/g) 433.8

Total pore volume (cm3/g) 0.225

Pore diameter (A) 20.690

Crystal size (um) 3.58

Figure 4.3 SEM image of commercial ZSM-5 with Si/Al 20
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Figure 4.4 XRD pattern of ZSM-5 commercial

4.2 The preparation of ZSM-5/silica fibers

4.2.1 The effect of pH

The influence of pH solutions for ZSM-5 synthesis on silica fibers was studied
by various pH of solution at 8, 9 and 10 with the Si/Al ratio of 40 under hydrothermal
conditions at 180 C for 24 h. Increasing of pH leads to supersaturated of silicate and
aluminate species that improve a more nucleation rate and crystallization causing to
reduce a crystal size of ZSM-5 on the silica fibers as shown in Figure 4.5. The XRD
patterns of synthesized ZSM-5 on silica fibers with different pH at 8, 9 and 10 were
shown in Figure 4.6. It indicated that all synthesized sample exhibited the MFI pattern
and relative intensity tend to increase with increase the pH according to increasing of

crystal size from 1.63 to 2.32 um. BET surface area of synthesized ZSM-5 on silica fibers
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increased with increase pH of solution from 70.58 to 194.30 m%/g due to a smaller of
crystal size whereas pore size tends to decrease that show in table 4.2. Although
synthesizing under high pH obtained a more yield of ZSM-5 coating on silica fibers but
the dissolution of silica fibers during hydrothermal process also dramatically increase
especially at pH 10 [49] thus ZSM-5/silica fibers preparation at pH 9 is the suitable

condition for synthesis of ZSM-5 on silica fibers.

SEI  20kV WD12mm 58535 x2,500 10pm
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Figure 4.5 SEM images of ZSM-5/silica fibers with different pH of (a) 8, (b) 9, and (c) 10

with the Si/Al ratio of 40 under hydrothermal conditions at 180 C for 24 h.

Table 4.2 Crystal size, BET surface area, pore size and pore volume of synthesized

ZSM-5/silica fibers with different pH of 8, 9 and 10.

pH Crystal size Surface area Averaged Averaged
(SEM, um ) (BET, m?/g)
pore size pore volume
A) (cm3/g)
8 2.32 70.58 43.46 0.077
9 1.74 189.04 24.81 0.117
10 1.63 194.30 26.09 0.127
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Figure 4.6 XRD patterns of ZSM-5/silica fibers with different pH of (a) 8, (b) 9, and (c)
10 with the Si/Al ratio of 40 under hydrothermal conditions at 180 C for 24 h.

4.2.2 The effect of Si/Al ratio

The influence of Si/Al ratio for ZSM-5/silica fibers was investigated with different
Si/Al ratios of 20, 40 and 60 under hydrothermal condition of pH 9, 180 Cfor 24 h. In
Figure 4.7 (a) to (d), it shows the SEM images of ZSM-5/silica fibers morphology with
different Si/Al ratios. The crystal sizes of ZSM-5/silica fibers had a slightly difference
ranging from 1.74 to 1.78 um according to the intensity signals of XRD pattern as shown
in Figure 4.9. At the Si/Al ratio of 20, it provided the lowest surface area is 70.74 mz/g
observing the lowest crystal amount on silica fibers. Because at the low ratio, a more
Al species reduce the nucleation rate causing to yields of ZSM-5 crystal on silica fiber

decreased.
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Figure 4.7 SEM images of ZSM-5 on silica fibers with different Si/Al ratios of (a) 20, (b)
40, and (c) 60 under hydrothermal condition of pH 9, 180 C for 24 h
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Also the ratio of 40 and 60, it provided the higher surface area. The pore volume
had the similar trend with surface area ranging from 0.051 to 0.157 cm’/g, the
decreasing of Si/Al ratio resulting to lower pore volume as shown in table 4.3.

Table 4.3 Crystal size, BET surface area, pore size and pore volume of ZSM-5/silica

fibers with different Si/Al ratios under hydrothermal condition of pH 9, 180 C for 24 h.

Si/AU | Crystal size Surface | Averaged | Averaged Acid amount (mmol/g)
(SEM, um ) area pore size pore

Weak | Strong | Total

(BET, m%/g) A) volume
acid acid acid

(cm3/g)
20 1.76 70.74 29.09 0.051 0.043 | 0.121 0.164
40 1.74 189.04 24.80 0.117 0.023 | 0.123 0.146
60 1.78 188.50 33.49 0.157 0.016 | 0.130 0.146

From the NH3-TPD result in Figure 4.8, it shows the acidity of ZSM-5/silica fibers with
different Si/Al ratios. There are only two peaks found in measurement. The first peak
occurred in low temperature region between 180 and 320 C indicating to weak acidity
of the Brgnsted acid sites. The acid site was formed by Al-Si atoms by bridging of
hydroxyl group where the produced negative charge is compensated by proton. The

second peak was found in the high temperature region over 500 C and indicated to
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hydroxyl group on surface of silica fibers. At the Si/Al ratio of 20, it provided the highest
total acid amount of 0.164 mmol/g. So the acidity of ZSM-5/silica fibers related to
aluminum content and increased with increasing of aluminum content in the zeolite

as shown in table 4.3.
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Figure 4. 8 NH3-TPD profile of ZSM-5/silica fibers with different Si/Al ratios of (a) silica

fibers, (b) 20, (c) 40, and (d) 60 under hydrothermal condition of pH 9, 180 Cfor 24 h
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Figure 4.9 XRD patterns of ZSM-5/silica fibers with different Si/Al ratios of (a) 20, (b) 40,
and (c) 60 under hydrothermal condition of pH 9, 180 C for 24 h

4.2.3 The effect of crystallization time

The influence of crystallization times for synthesis of ZSM-5/silica fibers was
investigated at 24, 48, 72 and 120 h under hydrothermal condition of pH 9, 180C. The
SEM image in Figure 4.10(a) to (d) presented the ZSM-5 coating on silica fibers with
increase the crystallization time. The crystal sizes were increased with increased the
crystallization times from 1.74 to 3.22 um according to relative intensity of XRD pattern
in Figure 4.11. From this result, it also provided the increasing of surface area and pore
volume while the pore size had a slightly difference. Because the increasing of
crystallization time causing to improve the nucleation and crystal growth. The
nucleation rate was significantly increased during the first 48 h, resulting to generate a

more nuclei causing to increase a nuclei formation on silica fibers observing from SEM
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image in Figure 4.10(a-b). While the crystal growth rate significantly increased after 48
h to 120 h causing to increase a larger crystal size.

During the first 24 h of crystallization time, it was observed that ZSM-5 crystal
growth incompletely enclosed on silica fibers due to less nucleation rate as shown in
Figures 4.10(a). At 48 h of crystallization time, it was indicated the deposition of ZSM-
5 covered all silica fibers surface, which the structure was similar to Tinospora crispa
as shown in Figures 4.10(b). BET surface area of 48 h of crystallization time provided
surface area of 273 m?/g. Although, crystallization time at 120 h, ZSM-5 crystal over
grew on silica fibers which loosed their fibrous characteristic as shown in Figures 4.9(d).
Thus, crystallization time of 48 h was the most suitable for ZSM-5 deposited on silica
fibers. Figures 4.10(b) shows the surface morphology of Tinospora crispa-like ZSM-
5/silica fibers. ZSM-5 crystal presented single hexagonal crystalline nanoparticle with
the size of 1.8 um distributed along silica fibers. Since the surface of silica fibers
composed of SiO, as a silica source, it could form Si-O-Al cross-link between silica
fibers and ZSM-5 led to the ZSM-5 crystallite, completely deposited around fiber

surface.
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Figure 4.10 SEM images of ZSM-5/silica fibers with different crystallization times of (a)
24 h, (b) 48 h, (c) 72 h, and (d) 120 h under hydrothermal condition of pH 9, 180 T

Table 4.4 Crystal size, BET surface area, pore size and pore volume of ZSM-5 on silica

fibers with different the crystallization times under hydrothermal condition of pH 9,

180 C
Time Crystal size Surface area Averaged Averaged
(h) (SEM, um ) (BET, m*/g) pore size pore volume
A) (cm?/9)
24 1.74 189.04 24.806 0.117
a8 2.58 273.00 25.273 0.172
72 2.67 326.45 25.048 0.204
120 3.22 436.80 20.69 0.225
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Figure 4.11 XRD patterns of ZSM-5 on silica fibers with different crystallization times of
(@) 24 h, (b) 48 h, (c) 72 h, and (d) 120 h under hydrothermal condition of pH 9, 180 C

In Figure 4.12, it showed the nitrogen adsorption isotherm of synthesized
ZSM-5/silica fibers with different crystallization times. The isotherm of silica fibers
(Figure 4.12a) indicated the type Il isotherm with low gas adsorption volume and
absence of hysteresis indicates adsorption on and desorption from a non-porous
surface confirming that silica fibers was a non-porous structure with low surface area.
Al of commercial ZSM-5 and synthesized ZSM-5/silica fibers with different
crystallization times exhibited the steep initial region due to very strong adsorption

with microspores indicating to be the isotherm type I or pseudo-Langmuir.
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Figure 4.12 Nitrogen adsorption isotherm of (a) silica fibers, ZSM-5/silica fibers
synthesized for (b) 24 h, (c) 48 h, (d) 72 h, and (e) 120 h, and (f) commercial ZSM-5.
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Figure 4.13 *’Al MAS NMR single pulse spectra of (a) ZSM-5/silica fibers synthesized at
pH 9, 180 C for 48 h comparing with (b) commercial ZSM-5 with Si/Al=20.
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The gas adsorption volume of ZSM-5/silica fibers was improved with increasing
of crystallization times from 24 to 120 h which demonstrates the microporous structure
of ZSM-5/silica fibers obtained from the typical pore structure of ZSM-5 deposited on
silica fibers. The gas adsorption volume of ZSM-5/silica fibers was nearly one hundred
times that of the pure silica fibers.

In Figure 4.13, it showed the “’Al NMR spectra of ZSM-5/silica fibers synthesized
under the hydrothermal conditions of pH 9, 180 C and Si/Al=20, for 48h comparing
with ZSM-5 commercial. It was observed that the signal with a chemical shift at around
53-55 ppm corresponds to the tetrahedral coordinated of Al atoms in the framework.
While octahedral coordinated of Al atoms with extra-framework at about 0 ppm were
not observed. It confirmed that the Al source occurred in the framework of synthesized
ZSM-5/silica fibers.

From the results, it can conclude that ZSM-5/silica fibers synthesized under the
hydrothermal conditions of pH 9 at 180 C for 48 h showed the good dispersion of ZSM-
5 on silica fibers and still maintained the properties of fibrous material. The increasing
of Si/Al ratio also increase the acidity of ZSM-5/silica fibers that the Al content played
important role to the catalytic properties thus it should be considered in the LPG

synthesis process.



4.2.4 The characterization of Pd-ZSM-5/silica fibers

The 0.1wt.% of Pd was loaded onto the ZSM-5/silica fibers by impregnation
method to improve the hydrogen spilled-over and prohibited the coke formation on
the surface of ZSM-5/silica fibers during LPG synthesis process. The components of Pd
and ZSM-5/silica fibers was measured by EDX technique as shown in Table 4.5. The

results showed that the low proportion of Pd metal loading on ZSM-5/silica fibers was

0.13% that closed to the desired loading.
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Figure 4.14 XRD patterns of Pd-ZSM-5/silica fibers

Table 4.5 Components of Pd on ZSM-5/silica fibers catalysts measured by EDX

75

Catalysts

%Component (wt.)

Si

Al

@)

Pd

Pd-ZSM-5/silica fibers

87.1

4.7

8.07

0.13
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In Figure 4.14, it showed the XRD pattern of Pd loaded on ZSM-5/silica fibers.
The characteristic peak of palladium oxide was not observed because a very low

palladium content was loaded onto ZSM-5/silica fibers.

4.3 Catalyst characterization

The effect of promoter addition with ZrO, and AlLO; was studied by comparing
with Cu/ZnO (CZ) based catalyst as non-addition promoter. In this section, The CZ and
CZZA catalyst were characterized by EDX to measure element components and using
XRD to study the crystal structure and crystallite size of metallic, then the reduction
behavior was studied by temperature reduction program (TPR). The influence of
addition promoters (Al,O3 and ZrO,) comparing with conventional Cu/ZnO catalyst (CZ)

were also studied.

4.3.1 Catalyst characterization by EDX

The components of CZ and CZZA catalysts were measured by EDX technique
as shown in table 4.6. The results showed that showed the metallic ratio of Cu/ZnO
catalyst indicating the proportion of CuO:ZnO nearly approximated with desired ratio
at 2:1 more than Cu/Zn0O-ZrO,-Al,05 catalyst. A more using of precursors were hardly
controlled the concentration during the precipitated process so the component

proportional of prepared catalysts was diverged from desired ratio.
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Table 4.6 Components of CuO, ZnO, ZrO, and Al,O; of CZ and CZZA catalysts

measured by EDX

%Component (wt.)

Catalysts
CuO Zn0O Zl’02 Al203
Cu/Zn0 (C2) 68.72 | 32.18 | - .
Cu/ZnO-Zr0,AlL,O; (CZZA) 39.99 | 30.79 | 19.84 | 9.38

4.3.2 Catalyst characterization by XRD

The XRD patterns in Figure 4.15 showed the signal of CZ and CZZA catalyst

with the ratio of CuO:ZnO of 2:1. The promoter addition of ZrO, and Al,O; led to

dramatically decrease the peak intensity of CuO locating at 26 of 35.5, 38.8 and 48.7

degree comparing with non-promoter addition. The crystallite size of CuO was reduced

from 366.7 to 105.2 A measuring at 35.5 “and the characteristic peaks of ZnO at 26 of

31.7, 34.3, 36.2, 47.5 and 56.5 degree were not observed. Because the addition of

zirconium oxide metallic encouraged to decrease the metallic size and alumina also

improved the metallic dispersion.
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Figure 4.15 XRD patterns of (a) Cu/ZnO catalyst and (b) Cu/ZnO-ZrO,-Al,O5 catalyst
4.3.3 Catalyst characterization by TPR

H,-TPR profiles of CZ and CZZA catalyst were shown in Figure 4.16. From the
results, it was observed the individual peaks assigsned to the stepwise reduction of
surface dispersed CuO species; Cu** — Cu'—> CuW’. The first peak at lower
temperature assigned to the reduction of Cu*" to Cu* illustrating in small shoulder
peak. The second peak at higher temperature indicated the reduction of Cu* to Cu’.
The promoter addition of ZrO, and AlLO; in Cu/ZnO catalyst tend to decrease the
reduction temperature of CuO species from 285 C to 249 C as shown in Table 4.7
because the effect of Cu-O-Zr bounding is promoter oxide to redox chemistry of Cu
and also enhanced the hydrogen consumption on catalyst surface that higher than

Cu/Zn0O catalyst with non-promoter resulting to increase a more active site to react
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with feed gas over the surface at lower reaction temperature corresponding to the

smaller crystallite size from XRD results.
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Figure 4.16 H,-TPR profile of (a) Cu/ZnO catalyst and (b) Cu/ZnO-ZrO,-Al,O; catalyst
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Table 4.7 Reduction temperature and %reduction of Cu/ZnO and Cu/ZnO-ZrO,-Al,05

catalyst measured by TPR

Type of catalyst

Reduction temperature (©

% Reduction

1st 2nd
Cu/Zn0O (C2) 270 285 63.24
Cu/ZnO-ZrO,-Al,O5 (CZZA) 234 249 68.63

4.4 Catalytic activity test for LPG synthesis process

4.4.1 The catalytic activity of CZ and CZZA catalyst

The catalytic activity test of Cu/ZnO (CZ) catalyst comparing with Cu/ZnO-ZrO,-

ALO; (CZZA) was investigated by LPG synthesis reaction which both catalysts were
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mixed with Pd-ZSM-5/silica fibers in weight ratio of 1:1 under the reaction condition of
260 oC, 2 MPa and mole ratio of H,/CO = 2, with W/F = 20 g cat h/mol. In Figure 4.17,
it showed the comparison of CO conversion between CZ and CZZA catalyst. From the
result, the CZZA catalyst provided the CO conversion at around 19% that higher than
the CO conversion of CZ catalyst (approximately 10%). After 3h of operation, the CZZA
catalyst exhibited a more stable of CO conversion than the CZ catalyst tended to
decrease with the time.
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Figure 4.17 CO conversion (%) of () mixed Cu/ZnO (CZ) and Pd-ZSM-5/silica fibers
catalyst comparing with (4) mixed Cu/ZnO-ZrO,-AlL,O5 (CZZA) and Pd-ZSM-5/silica
fibers under the reaction condition of 260 oC, 2 MPa and mole ratio of H,/CO = 2, with
W/F = 20 g cat h/mol.

The promoter addition of ZrO, and Al,O; in CZZA catalyst help to retard the
sintering of Cu active component. This results confirmed that the addition of ZrO, and

ALO; promoters improved the CO conversion and the durability of catalyst activity.
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So, the CZZA catalyst was selected for using as methanol synthesis catalyst mixing
with Pd-ZSM-5/silica fibers for LPG synthesis.
4.4.2 The comparison of catalyst form
The catalytic performance of catalyst form was studied by comparing of mixed
CZZA and Pd-ZSM-5/silica fibers with the mixed CZZA and Pd-ZSM-5 power under the
reaction condition of 260 C and mole ratio of H,/CO = 2, with W/F = 20 ¢ cat h/mol.
The mixed CZZA and Pd-ZSM-5/silica fibers catalyst provided a higher CO conversion,
hydrocarbon yields and LPG selectivity. While the mixed CZZA and Pd-ZSM-5 powder
catalyst provided the CO conversion and LPG selectivity only 18% and 38%,

respectively.
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Figure 4.18 CO conversion (%) of (®) mixed CZZA and Pd-ZSM-5 powder catalyst and
(A) mixed CZZA and Pd-ZSM-5/silica fibers under the reaction condition of 260 C and
mole ratio of H,/CO = 2, with W/F = 20 g cat h/mol
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Because the properties of fibrous form catalyst had a low mass flow resistance
and generated low pressure drop. In addition, it could improve the contract time of
reactant over catalyst surface and reduced mass transfer limitation. So that, these

phenomena would improve the CO conversion and LPG selectivity.

Table 4.8 Result of LPG synthesis from syngas over mixed CZZA and Pd-ZSM-5 powder
catalyst comparing with mixed CZZA and Pd-ZSM-5/silica fibers under the reaction
condition of 260 C and mole ratio of H,/CO = 2, with W/F = 20 g cat h/mol.

Catalysts CZZA+ CZZA+
Pd-ZSM-5 powder Pd-ZSM-5/silica fibers

CO conversion (%) 17.6 27.7

LPG selectivity (%) 38.4 56.3

Product yield (%CO feed)

Hydrocarbon 15.12 20.24
Co, 2.48 7.49
DME > -
Space-time yield of C,+C, 0.032 0.036
(mmol/h)

Hydrocarbon distribution (C%)

C, 1.8 8.1
G, 35 10.7
G, 8.6 35.8
C, 60.3 41.3
C 24.8 4.1
C 1.0 -

C,+C, 68.9 77.1
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4.4.3 The effect of reaction pressures

The influence of reaction pressures were investigated by various operating
pressures of 1, 2 and 3 MPa by using the mixed catalyst of CZZA and Pd-ZSM-5/silica
fibers (Si/Al=20) as a hybrid catalyst in weight ratio of 1:1, under the reaction condition
of 260 C and mole ratio of H,/CO = 2, with W/F = 20 ¢ cat h/mol. Figure 4.19 showed
the CO conversion of mixed CZZA and Pd-ZSM-5/silica fibers catalyst. The CO
conversion and hydrocarbon yield tend to increase with increasing reaction pressure
from 1 to 3 MPa while LPG selectivity dropped to 45% at 3MPa.
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Figure 4.19 CO conversion (%) of mixed CZZA and Pd-ZSM-5/silica fibers with different

reaction pressures at (®) 1 MPa, (M) 2 MPa and (A ) 3MPa by using the mixed catalyst
of CZZA and Pd-ZSM-5/silica fibers (Si/Al=20) as a hybrid catalyst in weight ratio of 1:1,
under the reaction condition of 260 C and mole ratio of H,/CO = 2, with W/F = 20 ¢
cat h/mol

The reaction pressure of 1 MPa provided the lowest CO conversion of 16%
while the reaction pressures at 2 and 3 MPa exhibited a slightly increase of CO

conversions at around 27.7% and 30.6 %, respectively. However, at the reaction
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pressure of 3 MPa, selectivity of C; and C, decreased and selectivity of heavier
hydrocarbon (Cs and Cg) increased as shown in table 4.9. Because at high reaction
pressure causing to promote the possibly of hydrocarbon chain growth from lighten
hydrocarbon to be heavy hydrocarbon product. Therefore, the suitable reaction

pressure to obtain a high LPG selectivity and high CO conversion was 2 MPa.

Table 4.9 Result of LPG synthesis from syngas over mixed of CZZA and Pd-ZSM-5/silica
fibers with different reaction pressures by using the mixed catalyst of CZZA and Pd-
ZSM-5/silica fibers (Si/Al=20) as a hybrid catalyst in weight ratio of 1:1, under the
reaction condition of 260 C and mole ratio of H,/CO = 2, with W/F = 20 ¢ cat h/mol

Pressure (MPa) 1 2 3
CO conversion (%) 16.0 27.7 30.6
LPG selectivity (%) 54.1 56.3 45.0
Product yield (%CO feed)
Hydrocarbon 13.33 20.24 23.48
C02 2.67 7.49 7.12
DME - - -
Space-time yield of C +C, 0.011 0.036 0.055
(mmol/h)
Hydrocarbon distribution (C%)
Cl 7.6 8.1 4.8
Cz 11.5 10.7 11.7
C3 36.9 35.8 26.5
C4 38.0 41.3 32.2
C5 5.9 4.1 219
C6 - - 2.9
C3+C4 74.9 77.1 58.7
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4.4.4 The effect of reaction temperatures

The effect of reaction temperature was investigated at various temperature of
260, 270 and 280 C by using the mixed catalyst of CZZA and Pd-ZSM-5/silica fibers
(Si/Al=20) as a hybrid catalyst in weight ratio of 1:1, under the reaction condition of 2
MPa and mole ratio of H,/CO = 2, with W/F = 20 g cat h/mol. From the %CO conversion
in Figure 4.20, it showed the CO conversion had a slightly increased with increased the
reaction temperature from 260 to 280 C. At the temperature of 260 oC, it provided the
highest LPG selectivity at around 56.3%. At the temperature of 270 and 280 C, it

provides the slightly increased of CO conversion at around 32.2 to 34.2%, respectively.
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Figure 4.20 CO conversion (%) of mixed CZZA and Pd-ZSM-5/silica fibers with different

reaction temperatures at (#) 260 C, (M) 270 C and (A) 280 C by using the mixed
catalyst of CZZA and Pd-ZSM-5/silica fibers (Si/Al=20) in weight ratio of 1:1, under the
reaction condition of 2 MPa and mole ratio of H,/CO = 2, with W/F = 20 ¢ cat h/mol.
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Table 4.10 Result of LPG synthesis from syngas over mixed of CZZA and Pd-ZSM-5/silica
fibers with different reaction pressure by using the mixed catalyst of CZZA and Pd-
ZSM-5/silica fibers (Si/Al=20) in weight ratio of 1:1, under the reaction condition of 2
MPa and mole ratio of H,/CO = 2, with W/F = 20 g cat h/mol.

Temperature © 260 270 280
CO conversion (%) 271.7 322 34.2
LPG selectivity (%) 56.3 48.6 46.2

Product yield (%CO feed)

Hydrocarbon 20.24 24.54 26.68
Co, 7.49 7.62 7.48
DME - - -
Space-time yield of C +C,

0.036 0.055 0.042
(mmol/h)
Hydrocarbon distribution (C%)
C, 8.1 8.6 12.7
C, 10.7 21.0 20.3
G, 35.8 30.0 30.9
G, a1.3 33.1 28.3
C 4.1 7.3 7.8
C, - , }
C,+C, 77.1 63.1 59.2

Increasing of reaction temperature from 260 to 280 C affected to increase the
%CO conversion and hydrocarbon yield. The increasing trends become slow after
270 C while the %LPG selectivity slightly decreased because at the high reaction

temperature range (270-280 0), it started to reduce rate of methanol formation for



66

hydrocarbon synthesis from synthesis gas. From the product hydrocarbon distribution
as shown in Table 4.10, the selectivity of C;—C; was increased and selectivity of C4;—Cg
decreased with increase in reaction temperature, this is due to high dehydration and
olefin hydrogenation ability of Pd-ZSM-5/silica fibers at higher temperature causing to
promote the cracking of heavy hydrocarbon product to be lighten hydrocarbon. From
the results consisting of the factors of conversion, LPG selectivity, and hydrocarbon
distribution, it is supposed that at 260 T is the suitable reaction temperature for LPG

synthesis from syngas over mixed CZZA and Pd-ZSM-5/silica fibers catalyst.

4.4.5 The effect weight catalyst to feed flow rate ratio (W/F)

The influence of weight catalyst to feed flow rate (W/F ratio) was studied with
various the W/F ratio of 10, 20 and 40 g cat h/mol by using the mixed catalyst of CZZA
and Pd-ZSM-5/silica fibers (Si/Al=20) as a hybrid catalyst in weight ratio of 1:1, under
the reaction condition at 260 C of 2 MPa and mole ratio of H,/CO=2. At W/F ratio of
40, it provided the highest CO conversion and LPG selectivity at 34% and 66 %,
respectively. While the space-time yield of C3+C4 at W/F ratio of 40 slightly less than
W/F ratio of 20. From this results, it showed the CO conversion, LPG selectivity and
hydrocarbon yield (table 4.11) increased with W/F increased. Because the contact time
of feed gas with catalyst was enhanced with increasing of W/F ratio and formed a more
C5-C4 hydrocarbon product further the cracking to lishten hydrocarbon. The low W/F

ratio resulting in a low CO conversion, hydrocarbon yield and LPG selectivity was
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affected to reduce the formation rate of methanol synthesis from synthesis gas, which
is the rate-determining step in the process of LPG synthesis to hydrocarbons. While at
the high W/F ratio, the gas space velocity will decrease causing to occur the carbon
chain growth, which will increase the larger hydrocarbon product. Therefore, the
suitable W/F ratio to obtain a high CO conversion and LPG selectivity was 40 ¢ h/mol.

Table 4.11 Result of LPG synthesis from syngas over mixed of CZZA and Pd-ZSM-5/silica

fibers with different weight catalyst to feed flow rate under the reaction condition at

260 C of 2 MPa and mole ratio of H,/CO=2

W/F ratio (g h/mol) 10 20 40
CO conversion (%) 8.8 27.7 335
LPG selectivity (%) 25.3 56.3 66.1

Product yield (%CO feed)

Hydrocarbon 8.0 20.24 26.93
CO, 0.8 7.49 6.55
DME - - -
Space-time yield of C +C,

0.001 0.036 0.033
(mmol/h)
Hydrocarbon distribution (C%)
C, 57.7 8.1 5.8
C, 12.8 10.7 10.3
C, 7.2 35.8 40.6
G, 22.3 a1.3 37.0
C, - 4.1 5.1
Cé - - 1.2
C,+C, 29.5 77.1 77.6
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Figure 4.21 CO conversion (%) of mixed CZZA and Pd-ZSM-5/silica fibers with different

weight catalyst to feed flow rate of ()10 g.n/mol, (M) 20 g.n/mol and ( A ) 40 g.n/mol

under the reaction condition at 260 C of 2 MPa and mole ratio of H,/CO=2
4.4.6 The effect of Si/Al ratios

The influence of Si/Al ratio was investigated at various the ratio of 20, 40 and
60 by using the mixed catalyst of CZZA and Pd-ZSM-5/silica fibers as a hybrid catalyst
in weight ratio of 1:1, under the reaction condition at 260 C of 2 MPa and mole ratio
of H,/CO=2, with W/F = 40 ¢ cat h/mol. From the results, it indicated that CO
conversion, hydrocarbon yields and LPG selectivity increase with increasing of Si/Al
ratio from 20 to 40. At the Si/Al ratio of 20, it provided lowest CO conversion due to
quickly deactivation exhibiting a low catalytic performance, and the major products at
this ratio were light hydrocarbon as C; and C, because the higher acidity (total acid

amount of 0.164 mmol/g) promoted the severe cracking reaction of long chain
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hydrocarbon to be ligshten hydrocarbon resulting to low LPG selectivity. The heavier
hydrocarbon product (Cs,) was obtained by Si/Al ratio of 60 and presented the lowest
CO conversion at around 37% because it had a low acidity led to decrease the cracking
reaction of long chain hydrocarbon to light hydrocarbon. While the ratio at 40 provided
the highest CO conversion and LPG selectivity at around 60% and 79%, respectively
because the suitable acidity of Pd-ZSM-5/silica fibers, which are mainly related to Al
component enhancing the dehydration ability from MeOH/DME to hydrocarbons, and
further the catalytic activity of catalysts increase. So that, the Si/Al ratio of 40 was
suitable ratio to provide the highest CO conversion, hydrocarbon yield and LPG

selectivity.
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Figure 4.22 CO conversion (%) of mixed CZZA and Pd-ZSM-5/silica fibers with different

Si/Al ratios of (€) 20, (M) 40 and (A) 60 under the reaction condition at 260 Cof2
MPa and mole ratio of H,/CO=2, with W/F = 40 g cat h/mol.
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Table 4.12 Result of LPG synthesis from syngas over mixed of CZZA and Pd-ZSM-5/silica
fibers with different Si/Al ratios under the reaction condition at 260 C of 2 MPa and
mole ratio of H,/CO=2, with W/F = 40 g cat h/mol.

W/F ratio (g h/mol) 20 40 60
CO conversion (%) 335 59.3 37.2
LPG selectivity (%) 66.1 78.9 46.2

Product yield (%CO feed)

Hydrocarbon 26.93 56.02 34.97
CO, 6.55 3.23 2.27
DME - - -
Space-time yield of C+C,

0.033 0.045 0.012
(mmol/h)
Hydrocarbon distribution (C%)
C, 5.8 5.1 3.5
C, 10.3 8.4 7.7
C, 40.6 34.1 16.1
G, 37.0 a7.6 33.1
C, 5.1 4.8 25.1
C, 1.2 2.3 14.6
(:34—(:4 77.6 81.7 49.1




CHAPTER V

Conclusion and recommendation

5.1 Conclusion

The ZSM-5 on silica fiber was achieved by electrospinning technique followed by
hydrothermal process. The core structure as silica fiber was prepared by sol-gel
method assisted electrospinning technique with needle size 0.25 mm, TCD 15 cm,
applied a high voltage of 20 kV and spinning rate of 10 mL/h. The prepared silica fibers
had average diameter of 0.68 um with low surface area of 3.8 m?/¢. ZSM-5 deposition
on silica fibers was performed at pH of solution at pH 9 under the hydrothermal
condition of 180 C for 48 h with high surface area of 273 m?/g. The crystal structure of
all samples were confirmed by XRD technique, the XRD patterns indicated two
characteristic peaks at 2 theta between 7-10 and 22-25 corresponding to be the MFI
structure. The crystallization times is significantly parameter to increase surface area
of ZSM-5/silica fibers. The crystal size of ZSM-5 on silica fibers were decreased by
increase pH of solution from 8 to 10. The increasing of Si/Al ratio from 20 to 60
decrease the total acid amount of samples. The catalytic properties of ZSM-5/silica
fibers were investigated by LPG synthesis reaction by using the hybrid catalyst
consisting of Cu/ZnO-ZrO,-AlL,O; and Pd-ZSM-5/silica fibers in the weight ratio of 1:1.
These catalysts were characterized by SEM, EDX, XRD, TPD and TPR prior catalytic

testing. The EDX can confirm that the Pd-ZSM-5/silica fibers catalyst contained Si, Al,
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O and Pd element. The XRD results revealed that addition promoter of ZrO, and AlL,O5
can reduce the crystallite size of CuO from 366.7 to 105.2 A calculating from scherrer
equation. The TPR profiles at 220 - 300 C indicated the reduction of Cu?* — Cu'—>
CWl. The promoter addition of ZrO, and AL,O; in Cu/ZnO catalyst decreased the
reduction temperature of CuO species from 285 C to 250 C due to Cu-O-Zr bounding
as promoter oxide to improve redox chemistry of Cu. The highest CO conversion and
LPG selectivity were obtained under the operating conditions of 260°C, 2 MPa with W/F
ratio of 40 g cat h/mol by using the mixed catalyst of CZZA and Pd-ZSM-5/silica fibers
with Si/Al ratio of 40. It provided the CO conversion and LPG selectivity of 60% and

79%, respectively.

5.2 Recommendation

Although ZSM-5 can be deposited on silica fibers by sol-gel method assisted
electrospinning technique followed by hydrothermal process but this technique
required to control drying of the gel on fibers. Excessive gel dryness affected to hardly
coat of ZSM-5 on silica fibers. Moreover, adding of the gel also caused to changing the
chemical composition. Therefore ZSM-5 deposition on silica fibers without gel coating
should be developed by adjusting silica fiber loading, Si /Al ratio, aging time, H,O

content and sequence of adding.
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Appendix A

Calculation for preparation of silica fibers
Molar ratio composition
1 TEOS: 2 EtOH: 2H,0: 0.0144 HCl

Starting from H,O 3 ml
lg 1 mol

S mol H,O =3mlx—x—— = 0.1667 mol
1 ml 18 ¢

TEOS content (calculated from 100% of concentration)

3 mlH,0 1¢H,0 1mol TEOS 208.33 ¢ TEOS 1 ml TEOS
= X X X X
18 ¢/mol H,0 1 mlH,0 2 mol H,0O 1 mol TEOS 0.94 ¢ TEOS

= 18.02 ml

Ethanol content (calculated from 95% of concentration)

3 mlH,0 1gH,O 2mol EtOH 46.07 g EtOH 1 ml TEOS 1
—_ X X X X X
18 ¢/mol H,0 1 mlH,0 2molH,0 1mol EtOH  0.79 ¢ TEOS 0.995

=977 ml

HCl content (calculated from 37 % of concentration)

3 ml H,0 1gH,0 00144 mol HCl 3646 gHCL 1mlHCl 1
= X X X X X
18 ¢/mol H,0 1 mlH,0  2mol H,0 1molHCl  1.18gHCl 037
=0.10 ml

Calculation for ZSM-5 synthesis

Molar ratio composition

1 TEOS: 0.25TPAOH: 0.025A(NO3);.9H,0: 80H,0. at Si/Al=40
Starting from H,O 30 ml

<« mol H,0O
lg 1 mol

=30 ml x—x = 1.67 mol
1 ml 18 ¢

g of AlNO,);.9H,0




375.134 ¢ 30 mt H,0 1¢H,0
= 0.0250 mol Al(NO;);.9H,0x X X X
1 mol 18 ¢/mol H,O0 1 ml H,0O
1
80 mol H,0
= 0.1953 ¢

TEOS content (calculated from 100% of concentration )

30 ml H,0 1¢H,0 1mol TEOS 208.33 ¢ TEOS 1 mlTEOS
—_ X X X X
18 ¢/mol H,0 1 mlH,0 80molH,0 1molTEOS  0.94 ¢ TEOS

= 4.63 ml

TPAOH content (calculated from 20.34 % of concentration)

30 ml H,0 1¢H,0  0.25 mol TPAOH  203.37 ¢ TPAOH 1
= X X X X
18 ¢/mol H,0 1 mlH,0O 80 mol H,0 1 mol TPAOH  0.2034
=522 ml

Calculation of Pd loading

Deposition of 10%wt Pd on ZSM-5/silica fibers by incipient wetness impregnation
Loading 0.1 wt.% of Pd into 0.5 ¢ of ZSM-5 porous

ZSM-5/silica fibers 90 ¢ compose of Pd 1.0 g

ZSM-5/silica fibers 5.0 ¢ compose of Pd (1.0x5.0) + 90 g = 0.0556 ¢

If require Pd 106.4 g, weight PA(NOs),.2H,0 266.46 ¢

If require Pd 0.0556 g, weight PA(NO3),.2H,0 = (266.46x0.0556) + 106.4 = 0.139 ¢
Pore volume from water drop test of ZSM-5/silica fibers = 0.264 ml/g

< If prepare 5 g of catalyst, the solution should be 0.264 x 5 = 1.32 ml

Calculation of %reduction

Catalyst: CZZA catalyst

Flow rate of H, = 30.00 ml/min from 5% H, balanced in in N,
Flow rate of H, = 0.05 x 30.00 ml/min

= 1.50 ml H, /min
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Calculated mol of H, (real)

Pv

From n = -
RT
Where P = pressure (atm)
Vv = volume (ml/min)
R = 82.057 atm*ml/mol*K
T = temperature (K)
1 atm x1.50 ml/min
Thus mol H, /min =
82.057 atm~ x 298 K
mol*K
= 6.1342 x 10°mol H, /min
Area of H, before reduced = 89233.6 area/min
= 6.6964 x 10°mol H, /min
Area of H, after reduced = 864341.85 area/min

mol H, /min =
864341.85 area /min x (6.6964x107) mol H,/min

89233.6 area/min
= 6.486 x 10 mol H, /min (real)

Weight 60% of copper on 0.1 g of catalyst
Molecular weight of Cu = 63.5 ¢/mol

60 % by weight of copper in the 0.1 ¢ of catalyst
= (0.1 x 60) =100 = 0.06 ¢

= 0.06+63.5 = 0.000945 mol

From equation Cu0 + H, - Cu + H,O
Ratio 1 01 01 01
0.000945 0.000945 0.000945
1 1 1

0.000945

1
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mol H, (Theory) = 0.000945 mol

% reduction = [mol H, (real)/ mol H, (theory)] x100
= [(6.486 x 10™) = (9.45 x 10™)] x100

= 68.63 %

Calculation of CO conversion, LPG selectivity and CO, selectivity for LPG

synthesis
Pv
From n — -
RT
Where P = pressure (atm)
Vv = volume (L)
n = mole (mol)
R = 82.057 atm*mU/mol*K
T = temperature (K)
Catalyst mixed CZZA and Pd-ZSM-5/silica fibers

Weight of catalyst 10¢

Temperature 298 K
Pressure 1 atm
R constant 0.082 atm " L/mol * K

Flow rate input (V;,) 0.010 L/min

mol input synthesis gas (N sy gas)

1 atm x 0.010 L/min

0.082 atm* x298 K

mol*K
= 0.000409 mol/min = 0.02454 mol/ h

W/F (g cat*h/mol) = (1.0+-0.02454) = 40.7



Table A- 1 Area of synthesis gas before reaction

Area
No.
Ar CcO CHy CO,

1 2643.7 | 29934.0 - 4294.6

2 2613.4 | 29278.3 - 4504.2

3 2656.4 | 295179 - 4577.4

AVG 2637.8 | 29576.7 - 4458.7
Reactant %concentation mol%/unit area
CcO 32 = 32 —=29576.7= 0.001082
CO, 5 =5 =4458.7 = 0.001121
Ar 3 =3 =+ 2637.8 = 0.00114

Table A- 2 Area of synthesis gas at 300 min of reaction

Area
Ar coO CHq CO,
4125.70 18848.86 | - 8416.30
2637.8
% CO conversion =100X [1-(18848.86X0.001082) X(————)+32]
4125.70
= 59.3%
Table A- 3 Area of standard gas
STD CHq CoHq CsHs CaHyo CsHiz CeHia
conc. 1 1 1 1 1 1
area 934423.6 | 173851557 | 26084551.8 | 33810741.6 | 30313992.9 4037903.8
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Table A- 4 Measurement of area number of TCD performed with reaction temperature

of 260°C, H,/CO 2:1, W/F=40 ¢ cat.n/mol with Si/Al ratio of 40, at 300 min

Area Number (TCD)

Time(min)
Ar CH4 Cco2
30 3456.00 26247.50 9210.30
60 3658.20 25652.40 9044.30
90 3893.30 22561.20 8878.30
120 4035.80 21029.30 8712.30
150 4050.60 20148.20 8546.30
180 4060.50 19671.70 8380.30
210 4081.40 19573.70 8214.30
240 4094.90 19223.36 8048.30
270 4110.30 18936.11 8182.30
300 4125.70 18848.86 8416.30

Table A- 5 Measurement of area number of FID performed with reaction temperature

of 260°C, H,/CO 2:1, W/F=40 g cat.h/mol with Si/Al ratio of 40, at 300 min

Area Number (FID)

CHa C2H4 C2H6 C3H6 C3H8 C4-1 C4-2 Cc5 [@9]
254704.20 122132.50 686709.50 1881080.70 75788.60 114091.50 424518.30
289617.20 246252.70 517165.20 1740629.90 79593.20 114745.20 381734.70
497789.30 355831.10 1208401.20 1256733.10 165096.10 132829.70 226370.30
570889.20 449390.90 1563307.80 | 1829630.60 243897.70 199220.70 159851.20
509870.00 476058.80 1689402.60 2165916.00 290845.50 263308.90 227159.50
517736.30 484490.70 1814272.00 2254077.10 296817.30 310039.90 180788.70
521430.90 486321.40 1998722.10 2315760.00 300034.10 314849.10 191413.10
627906.63 492552.90 2013451.73 2395095.03 305087.57 319658.30 202037.50
233687.08 497684.20 2198111.48 2570017.30 309681.87 314467.50 212661.90
339467.50 552815.50 2252771.23 2744939.00 404276.17 319276.70 153286.30




From

Where

mol C1

mol C,

mol C3

mol Cq4

mol C5

mol Cg

mol total product

Pv
n = -
RT

P = pressure (atm)

Y = volume (L)

n = mole (mol)

T = temperature (K)

R = 82.057 atm*mUl/mol"K

[(339467.5-+934423.6)X 30X 10X 1.0+100] =-22400
4.866X10” mol/min
[(552815.5--17385155.7)X 30X 10X 1.0=-100] =-22400
4.26X10°® mol/min
[(2252771.23--26084551.8) X 30X 10X 1.0=-100] =-22400
1.157X10” mol/min
[(2744939.0--33810741.6)X 30X 10X 1.0=-100]=-22400
1.087X10” mol/min
[(319276.7-30313992.9) X 30X 10X 1.0=-100] 22400
1.41X10° mol/min
[(153286.3-+4037904)X 30X 10X 1.0=-100] =22400
5.08X10°® mol/min

= mol C;+ mol C, +mol C;3 + mol C4 +mol Cs+ mol g

8.185 X 10°

Hydrocarbon distribution/C%

Gy

G

100X(339467.5+ ). total area C1 to C6)
5.0

100X (552815.5+ Y total area C1 to C6)
8.4

100X(2252771.23+ Y. total area C1 to C6)
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< CO, Selectivity

—=+(59.3X32)

34.1

100X(3149215+ ) total area C1 to C6)

47.6

100X(319276.70+ Y. total area C1 to C6)

4.8

100X(153286.30+ . total area C1 to C6)

2.3

"+ Hydrocarbon Selectivity

<. LPG Selectivity

10000X[(8416.3X0.00108X0.986) X (
391 %
= 100-3.91 = 96.09%

96.09 X[(34.1+47.6] =100

78.5 %

2637.8

4125.70

)-5]
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Appendix B
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SEF 20kV

Figure B-1 Diameter of silica fibers measuring by SemAfore program
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Figure B-2 The component of CZZA catalyst measured by EDX
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Figure B-3 The component of Pd-ZSM-5/silica fibers measured by EDX
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Figure B-4 N, physisorption of silica fibers



spin 10000Hz.

27A1 exp. EZSM-5/ Silica fiber, use Al (NO3)3.9HZ0 as external std. (0 ppm). BE%R

Current Data Parameters

NAME A1Z7 KMR 20150223
EXPNO 3
PROCNOD 1

F2 - Acguisition Parameters
Date_ 20150223
Time 13.40
INSTRUM spect
PROBED 4 mm MAS B3/1H
FULFROG

2.00000000
-Dtppm

CHANNEL £1
130.3788810
278l

4.00
120.00000000

3 Hz
Hz
se

usec
usec

CHANNEL £2
SFOZ 500.3650015
Nucz 1H
CPDPRE[2 tppml’
BCPD2 9.80 usec
o

48.00000000 W
F2 - Processing parameters
sI 2192
SE 130.3794984 MHz
WoW EM
ss8 0
LB 50.00 Hz
GB 0
BC 0.20

T T T T

T
100 90 80 70 60 50 40 30 20 10  ppm

Figure B-5?’ALNMR of ZSM-5/silica fibers
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