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CHAPTER 1

INTRODUCTION

1.1 Background

One of the major energy Since the worldwide energy need
has increased exponentially, r - of fossi reased. This resource also has
serious negative effects on anfuent be ullutmn Thus, considerable
attention was focused on the deyelopment o ‘:’}\:\"f 2y source. Various alternative
fuels such as hydrogen, ethafiol ghc / ! eselya \\\‘ ed currently to sustain the

energy requirement.

Hydrogen (H) is forec

Molecular hydrogen is a clean burg

jurce of energy in the future.
alternative fuel which provides
energy for fuel cell (FC) applications'as i ¢ -appicatinns or electricity production.
Hydrogen is also an important maerial-for chcm nthesis and refinery for clean fuel
production [1]. —

Az ¥

Currently, steam rem'mmg of natural gas is a | t and generally the most

economical way to m is a non-renewable
source. Thus, the m ﬂﬂﬁgmﬂﬂnﬁ il‘es&ﬂ! source being
environmental and pnlltl{:al CONCermns.
WIAININ NN A

Gl ycj! is a:]aste S—Dﬂduﬂ from tral':ﬂst:lf catz:l'l [;E!ﬂcjss to Eﬂum biodiesel,
one of the alternative fuels which less emitted carbon dioxide when compared to regular
diesel fuel, about 10wt% of vegetable oils converted into glycerol. It may represent a
potential feedstock for hydrogen production. Glycerol can be efficiently converted in
hydrogen by means of its catalytic reaction with steam. Nickel based catalysts has attracted to
be considerable attention owing to its good catalytic performance and low price [16]. The



kind of catalyst support is one of influent reaction factors. Generally, steam reforming
reaction occurs at surface of the porous catalyst where the reaction rate may be affected by
glycerol transfer into pore. Moreover, formation of carbon will cause loss of effective surface
area, lower heat transfer from catalyst to gas, and plug of the void space. Therefore, to keep

off these effects we expect to find new kind pport as fiber which has no pore and high

b

surface area per volume that becom or catalyst without the diffusion and

pore blockage problems.

Nowadays, fiber can be produeCd’s nique, is commonly used for
producing metal oxide and/C v- electrospun fiber normally
have diameters ranged fro ters, their surface area per
e interesting for a variety of

\ wposite reinforcement, optical

volume ratios are very large
applications including semi-pg

and electronic devices.

This work can be divided 1 , bxperimental parts. The first is the
electrospinning of silica fiber he: n this part, the effect of applied
voltage and tip to collectof distar ppearance of silica fibers was
L]

thoroughly investigated, e second is to study the

catalytic performance of th . talnad fibers which impregnated“with nickel acetate for steam
reforming of glycero

ﬁuﬂqwﬂw§Wﬂ1nﬁ
1.2 Objective

ARIAINTU NN INY1A L

The ub’actwc of this research is to develop the fiber catalysts which are suitable for
steam reforming process from glycerol. In this investigation, process conditions will be
optimized by studying the effect of temperature, water glycerol mole ratio, feed flow rate, the
nickel loading and the additional cerium loading.



1.3 Scope of the research

This research was to study the preparation of silica fiber by electrospinning technique
that showed high surface area per volume ratio. The fiber support was impregnated with
nickel acetate solution. The influence of this catalyst and the operating parameters, i.c.

1. Literature review of ihissese

2. Design and installa "'-L..',: in laboratory scale and also

preparation of the ‘experiment.
3. Study of the preph: y electrospinning technique
and characterizatios

a. Applied voligge £1

b. Tip to collectof digt:
4. Study of influence 6 and operating parameters on the

performance in the stedr at atmospheric pressure:

a. Temperature

b. ' O
\

c. Feed .v J

d. Weight pe =- ntage of nic 0 and 20) m

€.

G "“"‘”ﬁ“ﬁﬁﬁﬁ‘w ﬁ‘”im

1.4 Expected mults

The neW kind of nickel/silica fiber catalyst with small size in diameter would be
developed by sol-gel and electrospinning techniques and can be used as the good catalyst for
steam reforming of glycerol which the diffusion and pore blockage problems might not be
occurred.



CHAPTER 11

THEORY AND LITERATURE REVIEWS

2.1 Electrospinning

The electrostatic spinning 0% is a very simple and versatile

micrometers through an elec foed) je _' solution. This electrospinning
process has been known fo \ / issued by Formbhals in 1934 [3] who
was granted the first detail aghllis ar s for producing polymer fibers from
cellulose acetate by using e foree \% years, polymeric nanofibers
produced by electrospinning hawe nfe i P at interest because the electrospun has
large surface area per unil mas stigal ch can be applied into several
applications. Since electrospinfiing is ba{ﬂ?iﬁ'r ‘ of polymer fluid, there are many

different types of polymers and _;— f; R e electrospun to form fibers. The
materials to be electrospun will depéﬁt«ﬁ?’ lions. Materials such as polymers and
pﬂlymer nanofiber compasites can be directly produced by elSeirospinning. Furthermore, a
| orosity, and surface functionality
can be achieved dependln ’n the spec:ﬁr:, polymer being Md In 1996, Reneker [4] has
shown the possibili ﬂﬁm mer uuon. The electrospinning
process which has tléi %‘b uf polymer fibers onto
a targel substrate, nanof' bers with complex and s [ess three-dm@smnal shape, and
oo gl 54 At i e s
as nanotubes 4nd nanowires. In the year later significant progress has been made and the
resultant nanostructures have been exploited to the interesting research area of producing
ceramic and composite nanofibers with various composition and properties such as carbon
nanofibers made from electrospun precursor polymer nanofibers, encapsulation and alignment
of carbon nanotubes within nanofibers to construct unique functional composite nanostructure,

and organic-inorganic nanofibers (hybrids) [5]. Recently, there has been a growing interest in



the fabrication of nanofiber of binary metal oxide by combining the sol-gel method and the
electrospinning [6-8]. Moreover, one dimensional, inorganic, nanosized fibers and fibrous
mats are of interest for their high thermal stability and large surface to mass ratio. Recently,
silica nanofiber mats have been produced using sol-gel synthesis/electrospinning technique
without using any polymer binder by Choi.S [7]. Previuosly, the achievement of the
incorporate of metal oxides into eIe-:ft [0S : been used polymer as a binder due to

its better processabilities. Howe: er, the i tion has been made by the high
temperature calcination need (@ gic ﬂdﬁ crystals. If silica is used as a
support for catalyst, howe ’

impregnation technique afte

The sol-gel process, theffrafsitien of a system from a liquid (sol) into a solid (gel)

phase, is a process for making cerdmic af material general the metal alkoxide such

as silicon alkoxide Si(OR); has' belieased 2 arting materials to prepare the sol-gel.
.i__"l‘-_ i .

Typical sol-gel process consists,.-ﬁ;@?a “eondensation steps to form siloxane

polymers. The hydrolysis:& n of Sl feplacement of OR groups by

reaction to form =Si-0-Si= bonds (Eq. 2.2, 2.3)

Si(OR); + 4H,0 ﬁTﬂ ?‘f%+gysﬁr %Jw EJ ,_] ﬂ ‘j @.1)

Condensation reaction

son A HPRARHIN NI e

=8Si-OH + =S8i-OH —— =8i-0-Si=+H,;0 (2.3)

The validity of the above reaction scheme was experimentally examined for the
Si(OC;Hs)s(TEOS)/H,0/C;HsOH/HCI system. For that purpose, solutions with various



compositions were prepared. All the solution were gradually increased in viscosity with
reaction time and set to gels.

2.1.2 The electrospinning process

a high voltage power supply, a

programmable syringe pump (Kd h*""-.:' ' le, and a grounded collector screen,

A typical electrospinning set-up ¢

Fig. 2.1. The electrospinning p ation of a strong electrostatic field to

a capillary connected with a rescrvon Aining \ ing solution. When a sufficiently high

\“' omes charged. If the voltage
0 W\ .

voltage is applied to a liquid drg
surpasses a threshold valuef elgelroé e i s
droplet, and a charged liquic

by a whipping process causedf

\ Fig 2.1). The jet is then elongated
on initiated at small bends in the fiber,
until it is finally deposited on and a thin fiber is deposited on the

counter electrode.

{electrospinning)

‘ ™~ Collector slectrods

Figure 2.1 Schematic diagram of electrospinning process. [11]



Important feature of electrospinning are that firstly the polymer should be dissolved with
suitable solvent. Secondly the vapor pressure of the solvent should be suitable to maintain the
fiber integrity when it reached the target with the fast evaporation but not too quickly to allow
the fiber to harden before it reaches the nanometer range. Thirdly the viscosity and surface

tension of the solvent must neither be too large to prevent the jet from forming nor be too

small to allow the polymer solution to _ rom the syringe. Moreover the power

supply should be adequate to overcome the d surface tension of the polymer
n the syﬁﬂﬁly the tip to collector distances
: * electrodes but should be large

solution to form and sustain the jeb-
(TCD) should not be too s

enough for the solvent to ev

2.1.3 The electrospinni

2.1.3.1.1

oahe solution is the molecular

weight of the polym résents the Iengtﬂ.-bf' the mer chain. Gem:rally, when a
s e néi;u T WALIAS, e
a lower molecular we t of the same polymer solution, One of the electzospinning conditions

e e 55 5 15 5 A B v

and viscosity.‘During the stretching of the polymer solution, it is the entanglement of the

One of the turs that aftect

molecule chains that prevents the electrically driven jet from breaking up to maintain a
continuous solution jet. Another way to increase the viscosity of the solution is to increase the
polymer concentration. Although viscosity is necessary for electrospinning, a viscosity that is
too high will make it very difficult to pump the solution through the syringe needle and the
solution may dries at the tip of the needle.



2.1.3.1.2 Surface tension

Surface tension is the phenomenon of the cohesive forces between liquid
molecules. When the concentration of free solvent molecules is high, there is a greater

tendency for the solvent molecules to congrepate and adopt a spherical shape due to surface

tension. A higher viscosity will means that there | er interaction between the solvent and
polymer molecule thus when the salution is st r the influence of the charges, the
solvent molecules will tend to | '
tendency for the solvent molect together under the influence of surface tension.
Solvent such as ethanol ha

formation of smooth fibers.

Another important parar “affectsahe electrospinning process is a various
external factors exerting on the elechia it This includes the voltage supplied, the
feedrate, diameter of needle and stween the needle tip and collector. Theses
parameters have a certain'iiluence in the fiber morphology alth igh they are less significant

2
HIEINANINYINS

The hig voltage will induce the necessary.charges on thegolution and together

it e EIeR FTGH) IR B 3o cros

force in the solution overcomes the surface tension of the solution. Generally, both high

than the solution parameters

negative or positive voltage of more than 6 kV is able to cause the solution drop at the tip of
needle to distort into the shape of Taylor Cone, Fig 2.2, during jet initiation. Depending on the
feedrate of the solution, a higher voltage may be required so that the Taylor Cone is stable.
The columbic repulsive force in the jet will then stretch the viscoelastic solution. If the applied

voltage is higher, the greater amount of charges will cause the jet to accelerate faster and more



volume of solution will be drawn from the tip of the needle. This may result in a smaller and
less stable Taylor Cone. When the drawing of the solution to the collection plate is faster than
the supply from the source, the Taylor Cone may recede into the needle.

The influence on the morphology of the fiber will be affected by the voltage
supplied and the resultant electric field. The higher voltage will lead to greater stretching of
the solution due to greater columbic forces in ]t})c jet as well as the stronger electric field.
These have the effect of reducing the diameter 01?@& s. In other hands, it was found that

there is a greater tendency for béﬁﬂgihfmat[_gn [I-—Ij];ﬁmcreasad in beads density due to

increased voltage may be ;cye increased mstabitigy of the jet as the Taylor Cone
recedes into the syringe nee i/
'y

e R ——

= "

Initisting Jor. 3.5 LY \

T4 PO Flber M 3 84¥ TH PO Filer Mt 7.0 &V 75 PEO Fibor Mar- 4.0 k¥

Figure 2.2 Initiating jet (top) and the corresponding fibers(bottom) produced
by spinning of a 7wt%PEQO/water solution at a voltage of 5.5, 7.0 and 9.0 kV (left to right).

[17]
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The change in fiber morphology with voltage also correlated to change the
shape of the originating droplet at the capillary tip. In figure 2.2 the increasing of the applied
voltage will increase the fiber bead density (bottom) and influence the solution jet origination
(top) to be instable. The change in the shape of the liquid surface reflects a change in the mass
balance occurring at the end of the capillary tip. Increasing the voltage causes the rate at
which solution is removed from the capills ! : the rate of delivery of solution to
the tip needed to maintain the conical shape of : . At 7.0 kV (Fig 2.2. middle) the
cone has receded and the jet « e s fror o_‘-:-"fam: within the syringe tip and
moreover as the voltage of 9. 17 22, right) he jet moves around the tip edge, indicating

that the jet originates on the"insi
meets the tip wall and the

¢ the edge of the liquid surface
have a high density of bead
defects. These phenomena sk ic finstability of the originating jet that affects the fiber
morphology. Thus the bead fogflatibrfinéreasesiwith teasing instability of the jet at the

spinning tip.

Geometry of cone Is governed
by the ratio of surface tension
to electrostatlc repulsion

Figure 2.3 Diagram of fiber formation.



2.1.3.2.2 Feed rate

The feed rate will determine the amount of solution available for
electrospinning. To maintain the Taylor Cone to be stable the adequate feedrate is necessary.
When the feedrate is increased, there is a corresponding increase in the fiber diameter or beads

size. A lower feedrate is more desirableast t will have more time for evaporation due
to the greater volume of solution drawn fron tp, the jet need to take a longer time

e

A small integall diagicter Was found o reduce the clogging as well as the
amount of beads on the electro$p : : emal diameter of the orifice was
also found to cause a reduclion’inthe Jiame erof t rospun fibers. When the size of
droplet at the orifice is decredse st face ion ¢ " e droplet increases. For the same
voltage supplied, a greater columbi¢ _'-i oo -'i : required to cause jet initiation. As a result, the

acceleration of the jet dmr&ases anﬂ' s allows miore time for the solution to be stretched and

IR U T TPt p—

influence in both th%I flight time and electric field suEr.lgth As sho Fig 2.3 when the
distance is aLW,Qﬁtﬂ! ﬂﬁ m(ﬂw %ﬂéﬁrﬁ rﬁhcs the collector
plate. Moreo¥er, the electric field strength will also increase at the same time and this will
increase the acceleration of the jet to collector. As a result, there may not have enough time
for solvents to evaporate when it hits the collector that may cause the fibers to form junctions

resulting in inter and intra layer bonding.
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2.1.4 Applications

The eventually applications of the electrospinning are multifunctional membrane,
biomedical structure elements(scaffolding used in tissue engineering, wound dressing, drug
delivery, artificial organs, vascular grafts), protective shields in specialty fabrics, filter media

for submicron particles in separation industry; gomposite reinforcement, and structures for

nano-electronic machines among other 1Tus mphasis of this research is to exploit

mixture of (primary) H; an
of its catalytic reaction with sf
esull; several intermediate byproducts

final purity of the H, produced. The

reforming of glycerol is:

The process involved ce
are formed and end up in the produc
overall reaction for hydrogen producti
Overall reaction C;Hgfﬁ_ﬁ"- 5;-.

Glycerol decomposition &;l—h ) (2.5)
Water-Gas shift reaction @O+ H)O €4 CO; +H, (2.6)

st o ‘b&ﬁ@%ﬂ%‘ﬁﬁﬂ 17 e
mmwmmww 0 A

glycerin ratio to achieve higher conversion [14].

The reaction mechanism is described by Czernik [13]. Organic molecules adsorb on
metal crystallite site, while water molecules are supported on the support surface. Hydrogen is
produced via dehydrogenation of adsorbed organic molecules and reaction of adsorbed
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organic fragments with hydroxyl groups, which migrate from the support to the metal
crystallite/support interfaces. The second reaction also results in the formation of carbon
oxides. The above chemical processes are accompanied by side reactions leading to the
formation of carbon deposits on the catalyst surface. Pereira [28] proposed a bi-functional

mechanism for alkylated aromatics selective reforming reaction, where the water is activated

on the support as hydroxyl groups and the hy on to be reformed is activated by the
hydroxyl groups would favor fo

rts with high surface mobility of

2.2.1 The factors eCfivity { o steam reforming

hydrogen, feed flow rate,
endothermic, and ideally, it

glycernl molar ratio. It is strongly

mperature, low pressure, and high

2.2.1.1 Te;ﬁ;mm

Since the stcll refort} 0 chisflhdothermic reaction (Eq. 2.6),

high temperature favors glycerol.conversion; thergfore, the glycerol conversion increases with

ncrning he reaco} BHERGF A FIAR LB S FUGe s favorsle refomed

into H; and CO resuﬂ’ng in the selectmt*uf CHy4 decreases The i mcreas:ng temperature also

e N TSR ?‘T’El ﬁ‘ Py
Indeed CO selgctivity should be inc when increasing the temperature but it decreases in

case of excess steam because CO is reacted with H,O in water gas shift reaction to produce

CO; and H; that result the CO; selectivity increases as the reaction temperature increases.
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2.2.1.2 Feed flow rate

The H; selectivity and glycerol conversion increases with a decreasing in flow
rate which attribute to the increasing of the residence time. As increasing the feed flow rate,

the contact time with the catalyst reduce and lower the glycerol conversion. However, with the

hydrogen. | —

2.2.1.3 Wat ' 0 LANSS
The thermodyafimig _ - ‘

water also has the effect of incre@sing it entof & -- er gas shift (WGS) in Eq. 2.6 and
A7 AR cingh Mesirable products. In the WGS,
carbon monoxide is reacted wit H@ﬁi CO;
independent of pressure. WGS reaction iiercase t

the CO content of this -:r L ver, the ref rming protvess consumed a considerable

| reaction shows that at high

“An increase in the amount of

‘and H,. The reaction is exothermic and

€ Hy: CO ratio and, consequently, reduce

,.*."‘" water to glycerol ratio

y

amount of energy with

increasing the energy required for vaporization of water.

z.z.xg}u.ﬁ NANSNYINT
ARG 5 TR DY M R v

are active and'stable for steam reforming, but their cost is the major disadvantage for using in
the industrial application. For that reason Ni-based catalysts are the most used for hydrogen
production in industrial scale. Nickel [3-7] was widely used in the steam reforming of
methane, ethanol and glycerol because of high C-C bond-breaking activity and low cost.
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The nature of support strongly influences the catalytic performance of
supported Ni catalyst for steam reforming of glycerol since it effects dispersion and stability
of the metal as well as it may participate in the reaction. According to the literature, the
performance of the catalyst was greatly influenced by the type of supports through interactions
between active metal and supports. Therefore, modification of an appreciate support for a
he catalytic performance of a catalyst and it

nickel catalyst can be a feasible route to jmp - )

-\'.

is well known that catalyst actiVit ¢ enhauecarby increasing the surface area of the
catalyst per unit volume. Theﬁﬁ S élﬂlﬂl is porous support which
typically will exert serious diffusion L ' ¢tants or cause pore plugging by

pear to be interesting candidates

" [26) found that the La;CuOQy crystal

N
'_\stcam reforming process of
und that Pt-loaded TiO; nanofibers

ning precess. It was observed

coke. In this respect, the fibg
because of their high surfacgfires
nanofibers showed an excellél

methanol at low temperature. Simi
as catalyst for water gas shi _
that their activity was 5-7 ti bulk catalyst attributed to the larger

surface area of the nanofiber.

Additionally, in @&m} studies thﬂ addition cond metal is investigated.
Particularly the production/f hydrogen by ste: T
addition of small amount oﬂ}(ygen 5,2
reforming process over ceria-sipported metal catalysts. Results showed that Ir/Ce(; was no

remarkable deamwﬂ fundet b Srrknt Yrierationchnditibis| and pointed out that high

oxygen storage/release’ capacity of Caﬂz,‘, the high dlS ion and mteraclmn of metal with

poet LR el ks o e
mechanism over Ni/CeO,, Ni 1/Ce-ZrO; catalysts. They found that the addition of

ceria to zirconia enhanced the activity of the catalyst for CH,4 dissociation and improved the

was strongly influenced by the
ang el al. ESI performed a glycerol steam

carbon deposited. Due to its high oxygen storage/ release capacity which supply the oxygen to
react with CO or carbon deposited changed into carbon oxide thus it has been examined as a
promoter of both the activity and selectivity of the catalyst.
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2.2.1.5 Catalyst characterization
2.2.1.5.1 The morphology of catalysts

The surface analysis and the diameter of fiber were determined by

es ¢ % articles located on the silica surface

were determined by transmissioff eleetion migroscopy(PEM]

scanning electron microscopy (SEM)

is was performed in order to

identify the different phase nine their crystallinity.

e e - e ———

QW’WMﬂTﬂJ URNNLRY

Flgure 2.4 XRD patterns of Ni-SiO; nanocomposites (a) un-reduced sample
and (b) reduced sample at 600°C for 4 h. [19]

The diffraction peaks of NiO in figure 2.4(a) appearing at a 20 = 37.5,
43, 62, 78, and 80 assigned to the (111), (200), (220), (311), (222) planes for pure face
centered cubic (fcc).



17

The diffraction peaks of metallic Ni in figure 2.4(b) appearing at a 20 =
44.5, 51.8 and 78.5 assigned to the (111), (200), (220) planes.
No crystalline SiO; phase is found because the SiO; is amorphous.

2.2.1.5.3 Reducible properties

The reductigs L;.é_h;‘ ior cies on the support was determined
by temperature-programmed redu tloﬂ PR data showed the differences in
‘n'v_ on the support used to disperse the

\., umedby the reduction of NiO in the

the relative proportio
nickel entities in ter
catalyst (Eq. 2.8).

NiO + H; (2.8)

ed Ni catalysts decreased with time
on stream due to the va.,;- F arge amount of arbonsion the catalysts. The several
reactions which are undesirah) *formation products will cause

the formation of carbon, and 1] ead to loss of eflective surface a I a, lower the heat transfer rate

from catalyst to gaﬁ ofithe void Wﬂmm the ca ﬁSt Zhang et al. [15] found

that the dehydratio I’a w\ﬂ s-weg,:}n ﬁusually contributed to a

rapid deactivation of fhe catalysts through coke formation, leaded to block up the catalysts
e JRIANNIE ll"Wn WEI']@ t

The possible reactions that can be attributed to carbon formation are given as
follows:

CHs(g) €—> 2H;(g) + C(s) (2.9)
2C0 (g) «——> CO; (g) +C(s) (2.10)
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CO(g) + 2Ha(g) «———> H;0(g) + C(s) (2.11)
COx(g) + 2Hx(g) <—> 2H,0(g) + C(s) (2.12)
CqHzn ——> oC(s) + nH; (2.13)

At high temperature steam cracking may occur to form alkenes that might

easily form carbon (Eq. 2.13). //
Y

Figure 2.5 shdwhhx grhﬂ ibers deposited from methane
decomposition (Eq. 2.9) g 2 fil enlous steugture. Furthermore the Ni metal
naanuf’he\&"ud_ the diameters of the carbon

t pamclesfwjtj is generally accepted that the
surface of the Ni metal particle'pre : ) a.‘lca.rhnn nanof'her adsorbs methane and

particles were located at

nanofibers were almost the e

decomposes it into carbon and b form c nanofibers.

*HULINYINYINT
i p::jﬁ.zﬁﬁ mages nfﬁ lsxﬁ?ﬂ({ﬁwm ﬁuxﬁ% ﬁrﬁm,c@ Salilystaatihe

Figure 2.6 revealed the different types of carbon structure formed by the methane

decomposition at different temperatures. At lower temperature (773K), carbon nanofibers
were formed by formation of carbon atoms from methane on the surface of Ni particles and
followed by the diffusion of carbon atoms through the Ni particles. In addition, the graphene
layers in the nanofiber are canted with respect to the longitudinal axis of the fibers (fish-bone
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type carbon fiber), and the Ni metal particle present is pear- shape. While carbon nanotubes
were found at high temperature (973K) due to the diffusion process of carbon atoms occurring
on the surface of Ni metal particles was different. Moreover the carbon nanotubes with
graphene layers in the nanotubes aligned along the fiber axis (multiwalled carbon nanotubes)

are formed. The carbon formation reactions can be minimized by adding excess steam (Eq.

2.11 and Eq 2'”._ | \\'///

Figure 2.6 TEM images of the carbon formed by methane decomposition over
40wt%Ni/Si0; at (a) 773 K (b) 973 K. [18]



Literature reviews

In 2001, Deitzel et al. [17] evaluated the effects of two parameters which are spinning
voltage and solution concentration on the morphology of poly(ethylene oxide) fiber produced
by electrospinning process. The spinning voltage strongly affected the formation of bead
defects which were increased by the inereasii wning voltage. Solution concentration

: /vith fiber diameter increasing with
.-Jl ;

In 2006, Joo et al. [8)a€€0ry fie incorporation of V,0s into silica nanofibers

which were produced by €0axi frospinning a silica sol-gel precursor containing

vanadium oxytriisopropoxidedVOT JIGIT d by calc at high temperatures, and the
effect of the addition of V,0s g gro _‘ iber wa ied. SEM images showed the
: and the dditional 23mol% of vanadium is
the smallest fiber of 510+220/Mim — J; umeter after calcined at 800°C for 6 hr. The
physisorption experimental ets have a high specific surface area of 63

m’/g. EFTEM images show the growihiof

stals on the surface of fiber after

calcinations. The incres e rate of gelation and sol-

e COT [ L10)]

gel will be spinnable at eard

In 2007, Lee et al. [6] studied the direct formation of silica/titania composite nanofiber

without any geimﬂ:ﬂ@@i%]s&]gﬂ@mw &qumning technique using

tetracthyl or!husilicay (TEOS) and titmaium{l‘v"}isaprgnxide (TiP) a&f sol-gel precursor
e RN P P S0 AR BIEY o e b
SEM. The crystallization and surface morphology of electrospun fiber are influenced by the
calcinations temperature and titania loading content. XRD results shown that the anatase
phase in composite fibers can be preserved even after high temperature processing at lower

content of titania.
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In 2007, Zhang et al. [15] studied the steam mfnrrﬁing of ethanol and glycerol using Ir,
Co and Ni supported on ceria as catalyst prepared by co-precipitation technique. Ir/CeQ, was
significantly active and selective for hydrogen production. To investigate the reaction pathway
at temperature below 350°C the main gas products (acetaldehyde acetone and methane) were
found due to dehydrogenation and decarbonylation reaction, and the much lower

concentration of CO was converted "1 ed that the water gas shift reaction took

place. The reaction pathways of

dependent on the capacity of Wmmb Fm:mme C-C bond in ethanol molecule.

rmed rapidly with increasing

ing at low temperature is strongly by

However the concentrations®
temperature above 350°C -at came the main products. At
temperature above 500°C. ulted by steam reforming of

methane. Additionally the sfeagd #forming of glyeo I"Wg Ir/Ce0, cata[ysi at 400°C

by cerium dioxide with high ‘O s at thelsurface mobility. The reaction of the
intermediate activated by metal wﬂy@ﬂ.{gr sated on the surface of ceria primarily
. ' tuth/lower concentrations of CO

by the high OH group surface
mobility of CeO,.

o 2000, kL8] ARSI SIS o o st o

CeO;, MgO and T%z on the steam reforming procgss over nickel catalysts prepared by
incipient \ﬂ’n% qﬁﬁﬂﬁwm MK}W ﬁ E}tal dispersion of
Ni/CeO, weré 67.0 m’/g and 6.14%, respectively due to the better interaction of CeO, with
nickel precursor. For steam reforming reaction the effect of condition parameters such as
reaction temperature, feed flow rate (FFRs), and water/glycerol molar ratios (WGMRs) on
hydrogen selectivity and glycerol conversion were investigated. Ni/CeQ; was found the best
catalyst that gave maximum hydrogen selectivity of 74.7% at a WGMR of 12:1, temperature
of 600°C, and FFR of 0.5 mL/min compared to Ni/MgO (38.6%) and Ni/TiO; (28.3%) under
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the same conditions. When increased the reaction temperature glycerol conversion and
hydrogen selectivity were increased due to the CH; reforming process that is the endothermic
reaction. However the conversion of glycerol and selectivity of hydrogen were decreased by
mean of increasing the feed flow rate due to the contact time with the catalyst reduced. The
increasing of WGMRs increased hydrogen selectivity significantly.

In 2008, GaO et al. [26] stud he ne ﬁ f catalyst for steam reforming of

ers prepare éte—wailad carbon nanotubes as
anofibers completely converted
perature (150°C). There was no
when compared to La;CuQy

templates under mild hydrc
methanol into H; and CO; widl
significant drop in activity v
bulk powder. The nanofiber hg

AULINENINYINg
RINNIUUNININY



CHAPTER 111

EXPERIMENTAL
3.1 Materials
All chemicals used in this expeciment Wete listed in table 3.1.
N\
Table 3.1 List of chemicals and Soirees
Source

Tetraethyl orthosilicate (1 Fluka
Hydrochloric acid 37.0% CARLO ERBA
Ethanol 99.8% Analar Nor Mapur
Nickel acetate (CH,COO @ 99.1 ' Unilab
Cerium acetate (C;H30,);CekH40 99.9% ~ 4 Aldrich
Glycerol (C3Hs05) 99.5% Al Univar
Silica supports 5-10 mesh : ' ' Fuji Silysia
Nitrogen gas (99.99% p =:_ Praxair
Hydrogen gas (99.99% } V rrrrr % pravaic
Standard synthesis gas | !' ‘E‘l—lz.fc “02/CH4/CaH4/CaHe I:mN; BOC scientific

m..m.mﬂmmw EJ NINYINT
2R o e

9 1. High voltage power supply

2. Syringe pump

3. Ultrasonic bath

4. Water bath

5. Mechanical stirrer and impeller
6. Hot plate
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7. Pipette 1, 5 and 10 mL
8. Magnetic stirrer

9. Disposal syringe

10. Thermometer

11. Aluminium foil

12. Stainless steel screen
13. Dessicator
14, Oven

15. Balance 4
16. Crucible

l. X-ray diffracta (RL. (P X’ Pert)
2. Scanning elec jeroscope L model JSM-6480LV)

4. Temperatire pro;
5. Transmissio
6. Thermal ggigym s

223 hs«mmﬂ%'mwwmmm
im%mgn NYIaY

. Syringe pump (New Era Pump System)
Evaporator

Thermocouple

Tube furnace and temperature controller
Cooled trap

N o v oA W
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8. Gas bag
9. Gas Chromatography (GC) (Shimadzu GC-2014)

3.3 Preparation and characterization of catalyst

I,

The silica sol Srom {etacihyl orthosilicate (TEOS), distilled
water, ethanol, and HCI. T TEOS:EthanolH;0:HCI was 1:2:2:0.01. The sol
was prepared as follows. Fir EOS was mixed v ‘ stilled water in a beaker under

3.3.1 Sol-Gel preparation

vigorous stirring. Then, HGInd €thane i were ade \\\ \ tion. Finally, the solution was
heated at 55°C for 50 min 2 dowy
3.3.2 Electrospinning prog

The electrospinning ted in figure 3.1. The sol was placed in

the disposable syringe wuth l:l 6 mp Hind an electrode was directly connected
with the solution. The applied voltz ....._._.._..._......_...-.. l!mtor distance was |5 cm.

S L\
The fibers were placc vem:ght to evaporate the

remaining solvents. The sol nt-evaparat ibers were calci "1 at 500°C for 2 h.

ﬂuﬂ’mgmwmnﬁ“m

Syringe pump

=

Highvoltage generator

Figure 3.1 The electrospinning process apparatus.
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3.3.3 The influence of the parameters on the electrospinning process

The effect of the parameters on the fiber diameter and morphology were
investigated, and were listed as follows:

ickel acetate solution, and the

percentage of nickel loading j g ed by | l percent by weight. Then the

3.3.5.1 X-Ra dlﬂ‘ra - D)
y dfTacions) e

aeat was performed using a
g Cuka mdgion at an angle of 20 ranged

Str ’5'1
Philips model X Pert X-mygfﬁnc! omete
from 20 to 85 degrees.

Wﬂqﬂ%%ﬁﬂe luated from the full

half width at a half méximum of NiO XRD peak by usmg Scherrer equatmn as follow [29]:

Qﬁmﬂ’?mmﬁ;ﬁﬁﬂmﬁﬂ

Where Kisa umt cell geometry dependent constant
A is wavelength of the x-ray (0.1542 nm)
By, is the full-width-half-max of the peak
Bg is the Bragg angle
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3.3.5.2 Scanning Electron Microscopy (SEM)

To investigate morphology and diameter of the obtained as-spun fiber, a
scanning electron microscope (SEM) JOEL model JSM-6480LV was used. EDS determined
the composition of fiber. The size of the as-spun fiber was determined using a SemA fore

program.

talysts, a PerkinElmer model
ple was heated from room
mmwmmunﬁmcth='ﬂ@«"ﬁi#W -xlmummﬂmr

3.3.5.3 Temperafliré Program Reduction (TPR)

tion was performed to determine the
reducibility of the catalysts. The Micie em [I 2920 was used. The preparation

was performed by flo i alcined catalyst, heat from

ambient temperature to400°C, 7 adsorhed water and other
contaminants followed by m‘- ling to 50°C and kept for 30 mm. The reducing gas containing
10%H, in Ar was ﬁsed ovérsthe calcined catalyst at a flow rate of 50 mL/min with the

a0t 60 ¢ o njrigte”| 73

YUDetermination of percentage t}_f.mcke.l reducf*c}t of catalyst was

wwiec QIRA RN T UM INY A

mole of Ha consumption measured

heating rate of 10°

Reduction degree (%) = 100 x mole of H; consumption caicyjarea



Ar

3°C/min

T ambient

Figure 3.

3.4 Steam reforming of glycerol ising N1/

10%H; in Ar

600°C

Figure 3.3 Flow diagram of glycerol steam reforming process.

28
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3.4.1 Experimental procedure before the reaction

1. The 0.1 g of nickel/silica fiber catalyst was packed into the middle of the fixed
bed quartz reactor.

2. Set temperature of tubular furnace at 700°C for reduction of catalyst with
hydrogen (30 mL/min) under atmospheric pressure for | hour and then
switched into nitroge

3.4.2 Reaction procedur

1. Set up reactio

for the reaction.
2. Glycerol so inge pump into the evaporizer

setting t erol solution were vaporized

completel

After 2 h @ gas was analyzed by gas

. ion was showed in table 3.2.

Table 3.2 The optimum conditign of _
EEE

- AL 7
Carrier gas _ == 2

Column A A— ead

Injector temperature

Column temperature

quﬁ"jﬂwmﬂ’m

Detector % Thermal conduct detector(TCD)
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3.5 The influence of the operating parameters on the performance of reaction

In this part, the effect of the operating parameters on the glycerol conversion
and the selectivity were investigated. The parameters were listed as follows:

3. The effect of feed flow
4. The effect of water/g
5. The effect of nickel lgat
6. The effect of additions

3.6 Analysis of the reactir
The effluent gases were analyzed by.2 , 111 C=2014 gas chromatography.

Determination of Hy, GO CHs, CoHy and ility and glycerol conversion

were calculated as followss 2. ' i

y 2

H; selectivity (%) = __Hymole produced x 100

ﬂﬁﬂﬂ%ﬂﬂﬁﬂﬂﬂfﬁ

Where RR is Hy/CO; reforming ratm =7/3[16] in case of cnmplel:e reforming process

&.m.@m,amjsm MNYINY

C atoms produced in gas phase
Where species i = CO, CO,, CHy, C;Hg and C;H,

Glycerol conversion (%) = C atoms in gas phase x 100 [16]
Total C atoms in the feedstock




CHAPTER IV

RESULTS AND DISCUSSION

4.1. Catalyst preparation

4.1.1 The effect of applied phology of fiber in electrospinning
Process 7

The effect of appli - 1 10 ;‘ \ arance of the electrospun silica fiber
was investigated. The coll i was fixe \at, 15 M images of the electrospun
silica fibers at three different appli 1ges 15, 20 and, 25 kV was shown in figure 4.1. The
fibers are submicron in diam the lavekage diameter of all fiber after calcinations at

A\
pbte ",_-\-- by 15 and 20 kV was almost the

500°C for 2 h showed in ta
same size in diameter but diff; ti
4.1(a) and 4.1(b). From figure 4. (a) $howed that
diameter. When increased the voltage 1 20 k
found. When further inc : | di 'ter of 0.93 pm and the wide
X

range of fiber size distribufion ‘ ibiiéd to the instability of the jet

“the fiber size as can be seen in figure

er obtained by 15 kV was equivalent in

ftle change in the fiber distribution was

initiate when increasing the -. pplied voltage because of which'mill cause the jet to have greater
amount of charge resultin ﬁ inthesdrawing of theisolution to the collection plate is faster than

s ooty tom 0l ST F SIS I R B} oot resin it

initiated jet become a'l'laller and less stable. As a resul the collecting det will be small and

eanite WG ﬁﬂdﬂﬂ"’ﬁﬂﬂ“ﬂ et e
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Figure 4.1 SEM images of SiO; fibers with various applied voltages (a) 15kV (b) 20kV
(c) 25kV. The tip to collector distance was 15 cm. The fiber was calcined
at 500°C for 2 h.
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4.1.2 The effect of the tip to collector distance (TCD) on the morphology of fiber in

electrospinning process

The effect of tip to collector distance (TCD) on morphology appearance of the
electrospun silica fiber was investigated. The voltage was fixed at 15 kV. SEM images of the
electrospun silica fibers at three different 'i@@; I5 and 20 cm was shown in figure 4.2(a)
(b) and (c), respectively. SEM image showed Ap\‘s are submicron in diameter, and the
average diameter of all fibers am@naﬂqy -31.5,.,‘ W Cfor 2 h was shown in table 4.1, The
electrospun obtained by 10 ands25 Chr
attributed to the E|Eﬂll‘0$|1il\j :

s Iarg,r:r than those obtained at 15 cm. This can be

ywith| 15 kV and T€D.of 15 cm was the appropriate
condition to produce the sm his experiment, The average fiber diameter obtained
/ isfa c-e jras;_'*;édmned te 10.cm the jet would have a shorter
distance to expand before it reaghest! smllﬁx.tqk pﬁil& leading to the large fiber. Moreover, the
electric field strength woult n_g:r_rig:i::sf: aﬁ-}}g‘_ same time and this will increase the
acceleration, the rate of the jet
enough time for solvent evaporation lg@-g to l@er size of fiber obtained. In addition the

distance is increased to 20 cm Iggﬁij}ﬁm Ihﬁ@{;je field strength decreasing and this

ing; flie 5013}}2“ to the collector. Thus it may not have

decreases the accalcratinr@_fai the jet to cullectt:;r thus the fiber wgé:,i,arge.
= =

'_";-J

g

Y

Figure 4.2 SEM images of SiO; fibers with various TCD (a) 10 ¢m (b) 15 cm (¢) 20 cm.
The applied voltage was 15 kV. The fiber was calcined at 500°C for 2 h.
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Table 4.1 Average diameters of the SiO; fiber with various voltage operations (um)

Voltage Tip to collector distance (cm)

(kV) 10 15 20

5 2| 22:05

and silica fiber was shown in
stigated by BET method whereas
the mathematic calculation from 1l : d to investigate the surface area of
the fiber due to the silica in the fifer fort could it be dalyzed by BET method (figure 4.4)
because it has no pore thus the adst d desorption properties could not be verified.
From table 4.2 the BET result sho e 1 ihef silica has the surface area of 237.36

m?/g and the surface =l“;;- ﬁ;‘-:r:'i'i-“f":-'"-““"‘:“'; fiber support which was
prepared by 15kV and 15 ox

Figure 4.3 ﬁeﬁ:ﬂﬁﬂ%{wm us silica. The figure
showed that the oop was generated by
the capillary condensation of the adsorbéte in the mesopores of the silica solid represented

e monclas ] et koo ey confnadonlpetiest

The comparison of,

table 4.2. In case of porous




Table 4.2 The surface area of silica porous and fiber

BET Result Porous

Fiber
(Mathematic
calculation*®)

Pore WIHW

Pore si , V

1.49

N/A

N/A

* Surface area = 2nr.L -7/
e = e 2 S —
- I~
- I,
e il
] B
o —
A
E 1 s
i Qne =
R LR 3
o “ ‘

as 0% o
Foiaires Prassss (FPG)

Figure 4.3 The N; adsorption isotherm of silica porous support.

36
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Figure 4.4 The arption i ofsilica fiber support.
LT
4.1.3. The effect of ni
The electrospun ﬁbeg with of nickel/silica were prepared by

impregnation technique of silica fgers, obtained bUbe applied voltage of 15 kV and TCD of

15-cm, with the niﬂlﬂﬁ%%'%% @W % faz 2 h. The morphology

of nickel/silica fibers @halyzed by SEM at the 70,000 times magnification was investigated.

ot 0, 810 1A 118 3 (PR 1 M1

nickel/silica fiber was rougher than the surface of pure silica fiber because the Ni particles
were dispersed over the fibers support. The surface of the higher concentration of nickel was
clearly rougher than lower concentration. This can be attributed to the nickel particle of the
higher nickel content was larger than the lower nickel content. Moreover in figure 4.5(b), the

20 weight percentage impregnated with silica fiber, the agglomeration into particle was
observed.
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Figure 4.5 SEM Jmagcigf a) Si0; fibers (b) 5%Ni/Si 0, fibetsc) 10%Ni/SiO;
fibers {d}EU}_@I\IlIS[G; fibers. The fiber was ca caleined at 500°C for 2 h.

An energy ﬁBpFrs&cu qucf:t}*scgpfﬂiﬁﬂ%tﬁ# ?&'Eﬁaluatian the elemental
compositions of fibér of 5, 10 and 20 w;% Ni/Si0;, respectwely The results in table 4.3
showed the:m,cwv‘czltm fmm&ﬁ?ﬁ hﬁ?lyﬂimﬁmpﬂrﬂﬁ @ the igit}kﬁi ¢ontent expected
by the preparation. The result 'showed' that the preparation of 5"and 10’ "WI%Ni/SiO; has the
actual content of nickel deposited onto the fiber support of 4.53 and 9.35 wt%, respectively.
For the higher nickel loading the EDS showed the 20wt%Ni/SiO; only contains the nickel
content of 14.42 %wt. probably due to the fibers which are submicron in diameter did not

have the surface area enough to support the nickel content at high level.
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Table 4.3 Elemental compositions of electrospun fiber

EDS
Analysis

YeNi

AR TAIUNAINEINY o

TEM image of the 10wt%Ni/SiO; fiber was shown in figure 4.6 and serve to illustrate
the surface morphology/dispersion of the metal phase on the fiber support. The figure 4.6
provided clear evidence of nickel phase associated with SiO; appearing to be spherical
shapes. It can be clearly seen that large particles were presented. Furthermore, the

agglomeration of metal particles is clearly visible in this catalyst.
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Figure 4.7 EDS mappings of (a) 20%Ni/SiO; fibep(b) the distribution of Si element
(c)the distribution of Ni‘element.

Figure 4.7 revealed the EDS mapping analysis indicating the distribution of the
fibrous element of Si and Ni of 20wWt%%Ni/Si0; fiber as can be seen in figure 4.7(b) and (c),

respectively. The result showed that the Ni particles were well dispersed on the silica fiber

support.
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4.1.4 Crystallization of Ni/SiO; catalyst

The X-ray diffractograms of NiO derived from nickel acetate were measured. Figure
4.8 showed diffractogram of NiO calcined at 500°C for 2 h of the catalyst with different
nickel loading. The XRD patterns show several diffraction peaks assigning to the (111),

diffraction results indicate th talyst are composed of NiO
to NiO phase increased
silica. The NiO peaks of

er concentration meaning that the

and amorphous silica. Th
progressively by increasing
20wt%Ni/Si0O; were sharper

NiO containing catalysts, a
‘f: ausing the larger NiO crystalline
leading to the intensity of diffracCtio stk creased s indicated that the dispersion of
nickel oxide species available for l:llif&ﬂ_b’m}i" tinn.is higher on silica-supported catalyst

£
J

The XRD patterns-]' the different cerium Iuadmgay consecutive impregnation
showed in figure 4. | wt%Ce-10Wt%Ni/Si0; and 2wt%Ce- | 0wt%Ni/SiO,
st 0 B D T TS T i sk i
to Ceﬂ; and the mtenyty of peaks correspending to NiO,was not different from 10%Ni/Si0,.

QRN IUNAINYIN Y

The crystallite size was illustrated in table 4.4 calculated based on the line width of

than lower amount of NiC

the (200) diffraction plane, the crystallite size of NiO was determined by using Scherrer
formula. The peaks corresponding to NiO intensified with an increasing in nickel loading
suggesting that at low nickel loading NiO was presented in the form of small particles while
at higher Ni content bulk NiO was presented by agglomeration. The additional cerium in
10%Ni/SiO; did not affect to the crystallite size of NiO
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1 200

220

3l 222 (2)

Inmhy [ HTH]

M/A\\\

jorous (¢) SWI%Ni/SiO; (d)
Il'.}wt%Nl.-"SIDz y:' NSO _:f'.."",‘.!?f'-"'-'-"En* i/Si0; (g) 2wt%Ce-
10wt% Ni/SiO; D m

Table 4.4 The ave"’ﬁptztr‘j cﬂ Wmﬁﬁ ﬂ ‘j
ammmlm AR TIEA Y

Swit%Ni 11.31
10wt%Ni 11.37
20wt%Ni 13.95
1wit%Ce- 1 0wi%Ni 11.31
2wt%Ce- 1 0wi%Ni 11.31
10wt%Ni porous 10.39
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4.1.5. Reducible properties of Ni/SiO; catalyst

The TPR profiles of Ni/SiO; fiber catalyst with various Ni loading (5-20wt%)
compared with the 10wt%Ni/S5i0; porous catalyst are shown in figure 4.9. The NiO of
porous support showed two reduction peaks at 346 and 435°C while the fiber catalyst with
the same nickel loading showed two peaks Wu at 271°C and 434°C whereas the first

it of second reduction peak which

appeared at high temperature was ,-'-*-—‘ |s¢1dlme fiber catalyst can be reduced
easily than the porous cataiy!mﬂ-_-’ y, Gontaii '

literature, the reduction 2 is attrib ted™to reduction of the large NiO
while™hie reduction peak at higher
i has a stronger interaction with the

MiO phase. According to the

species with small interaci
temperatures is related to th :
support [3]. With an increasi f ela g from 5% to 10%, the intensity of the
peak at low temperature in cantly due inéreasing NiO content. At a metal
loading of 20wt%, only oné ; edk was observed. This is attributed to
agglomerated NiO. :

For 1wt%Ce-10wtANI/SiO; and 2%Ce-10wt%NI/SiO: /The TPR profiles showed a
' 3 ely | shifted to higher temperature
compared with 10wt%Ni/Si0) that means a strong interaction-between Ni and support. This
indicated the Ce(; Iﬁllmms theMNiO to stron ﬁy interact with the su%on,

WEINENINEIN

The degree nﬁ!&ductmn was calculated from the H, consumption, was shown in table
5. VAT Y0 RIVBR YAty e
Swt%Ni/Si0O; the percentage of nickel reduction was lower than 10wt%Ni/SiO;. The lower
value of nickel reduction suggests that the lower percentage of nickel loading leads to the
small particle size of nickel therefore the interaction between the metal and support was
stronger than the high metal loading [20]. On the same support with an increasing in nickel
loading from 10 to 20 wt%, the reduction degree was decreased from 95% to 67% due to the
nickel particle size of 20wt% was large by the agglomeration leading to difficult reduction.
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In case of 10w1%Ni/Si0; which was added with cerium we found that the degree of

reduction was decreased with increasing the percentage of cerium. This indicated that the
addition of CeQ, facilitated the reducible properties of Ni/SiO; fiber catalyst.

2wt % Ce-10wt % NI/SIO,

1wt % Ce-10wt%Ni/SI0,

TCD signal

20wt%NISIO,

10wt %NI/SIO,

| Y | S\wt%Ni/SiO;

¢ e @ N L0w9NiSIO; porous
ol HIL R NERT G 20 o0
- Tefnperature(® o/
ARIAINTUNAINYAY
Figure 4.9 - profiles of Ni/SiO; fibers samples with varying Ni loading (5-20 wt%) and
10wt%Ni/SiO; with additional Ce loading (1 and 2 wt%).

g
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Table 4.5 The H; TPR results
Degree of Reduction
YeMetal loading %)
(1]
Swi%Ni

10wt%Ni

20wt%Ni

Iwt%Ce- 10w19Gi

F i

Overall reaction C;Hgﬂ;m 31-120 HSCU: + TH, {Aﬂ = +346.4kJ/mol)  (4.1)

Giyeerol Wsﬂumm YWY AN 42

Water-Gas shift reaction €O + H:0 ¢6—> COpt Hy (4.3)

s G TR DI VA E

The mﬂuence of support in the process on the glycerol conversion over 10wt%
Ni/Si0; catalyst was shown in figure 4.10(a). The result showed that when using the fiber as
support for catalyst the glycerol conversion at 6h of reaction time was 92% that was 10%
higher than the porous support. About the selectivity as can be observed in figure 4.10(b) and
(c) the Hz and CO; selectivity of porous support was higher than the fiber support while the
fiber catalyst selective toward H; and CO that were 62 and 76%, respectively. This can be
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attributed to the the fiber catalyst was selective to primary reaction in glycerol steam
reforming as Eq.4.2 to produce H; and CO. In contrast to porous catalyst the H; and CO,
selectivity were higher than fiber catalyst because of the water gas shift reaction which
converts CO and water into CO; and H,. The literature [22] proposed that the nickel metal
activates organic molecules, by means of O-H, C-C and CH; bond breaking, and promotes
the reaction between the organic fragment .. groups from the water. The porous

0ros the water by the adsorption properties
that can be gradually filled with liguid wa irme partial pressure confirmed by

BET results. Meanwhile the n \ \-\:- ¢'may adsorb the water molecules
on the hydroxylated surfz ild -\E}\l ereasing the partial pressure without
the condensation of wa ) \‘- may not adsorb the water

molecules enough to react with QO afer gas shift step thus the selectivities of H; and

CO; were lower than the selecu¥iti .\ ous support.

(a)

R e —— P —————— i

lycerol Conversion

xF“1‘LJH13":’11‘3.1?15'%19’1451%‘}

33‘544.5

awwmﬂimwwmmaa

Figure 4.10 Effect of support on (a) glycerol conversion (b) H; selectivity (c) CO
selectivity (d) CHy selectivity (e) CO; selectivity at a feed flow rate 0.01
mL/min, temperature 550°C catalyst loading 0.1 g, and W/G 9:1 at 6 h.
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(b)

(4]

% CO Selectivity

—— ummnmm ekedviy 0 CO setetiviy

(d) CH, selenuwty (e) CO; selectivity at a feed flow rate 0.04_mL/min,

PRI R k) W) Qchimo
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(d)

Porous

% CHy Selectivity
© S

\\\b

N -

2% A\

6

(e)

% CO; Selectivity
g

Time on stream (h) 7

revetto e FL L A N LTI AEL Ty 0 v

(d) CHys selectivity (e) CO; selectivity at a feed flow rate 0.04_ mL/min,

FRAFTRIUURD i) i
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4.2.2 The effect of reaction temperature

The influence of the temperature in the process on the glycerol conversion over
10wt% Ni/SiO; fiber catalyst was shown in figure 4.11. The conversion of glycerol increased

with the increase in temperature and reached 88% as a maximum at 750°C since the steam

@“‘4 w/ the high temperature favors glycerol

mgaemm-ﬁm to 650°C and 650 to 750°C
e Lot B50°C showed the highest Hy
% at 750°C. The fiber catalyst
in all temperatures and CO;

reforming of glycerol is a highly end{:

conversion.
Figure 4.12 showed the.i
decreased H; selectivity si
selectivity of 62.75% follo
selected toward CO producis
selectivity was found to be erature was increased. This
etion in glycerol steam reforming
as Eq. 4.2 to produce H, and *_: 1 mechanisn was described by Czernik [13]

organic molecules adsorb on Sullite site : Water molecules support on the

support surface. Hydrogen is prod i de tion of adsorbed organic molecules
and reaction of adsorbed organic E'amﬂs )H' | groups, which migrate from the
support to the metal crystallite/support inter cdnd reaction which is WGS

reaction also results in the nmﬁon S & result, table 4.6 showed the

lower of H, selectivity of 25:04% and Cﬂz selectivity of 3. E% at 750°C. Other work [16]
reported that incre m is_can be attributed to the
fact that at high wﬁ Eﬁm mﬂaﬁﬁ surface of silica fiber
support was desnrhedq\!asiﬂr than low temperature thus the fiber catalyst has not enough water
ot S N Bt 4 ) e
The more water content, the higher H, and CO; selectivity therefore the selectivity at low
temperature was preferred by the fiber catalyst. In case of CH; selectivity, the increasing of
that with increased reaction temperatures, reaching to 12.76% at 750°C. Obviously, the
formation of methane in the glycerol reforming is not desirable because it reduces the

selectivity towards H,. On the other hand, the CHy selectivity decreased with increased
reaction temperature due to the methane steam reforming at high temperature [16].
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Additionally, the undesirable products as ethane and ethylene were also found to be increased
when the reaction temperature increased. This can be attributed to the reaction catalyzed by
fiber catalyst which has no pore occurred too fast thus the effluent with various products was

possible.

%% Glycerol Conversion
4

750

Figure 4.11 Effect of temperature on g +conversion at a feed flow rate 0.05 mL/min,

_—
TREUNINYINT
AT

. CH,

co

A
T,

1)}

Figure 4.12 Effect of temperature on the selectivity of produced gas at a feed flow rate 0.05
mL/min, catalyst loading 0.1 g, and W/G 6:1
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9 CaHg
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4
g 3 C;H,
2 -3
1
0 4
750
Figure 4.13 Effect of tem selectiyi iction at a feed flow rate 0.05
mL/min, catalysdlo: Bok G
Table 4.6 The effect of temperatt ce ion and gas product selectivity
IR
Temperature | Conve ity
°0) ( CHy | CH¢| GCHy
550 28.01 .8 2.75 0.9 0
650 63.08 ‘1 a34.9? ?D.ﬁ&d 9.38 6.97 11.37 1.60
750 ﬂ;m AKX m 76 | 841 | 2.09
U

AMIAATUAMINYAE




52

4.2.3 Feed flow rate Effect

Three different flow rates (0.01 0.03 and 0.05 mL/min) were used to investigate the
effect of the feed flow rate (FFR) in terms of glycerol conversion and the H; selectivity for
the Iﬂ'-vt%N:fS:Dz fiber catalyst The glyoe 0

onversion increased with a decrease in fow

Figure 4.15 showed
selectivity. With the increase 1

in Hz, CO, CO; and CH,
0.03 mL/min, the H, did not
er increase in 0.05 mL/min,
lecti § increased to 30.8%. The CO

flow rate. Other work [16] reported that

entioned earlier, this can be

change but CO; selectivi
the H; selectivity increased
selectivity was always greater
increasing feed flow rate decpeased:
attributed to occurrence of the primar slycerol steam reforming as dictated by
Eq. 2.5 and water gas shift reaction is y reaction. As a result, the glycerol
conversion decreased with im:_ -ased- d, scause the contact time which the
substrate needs to contactiwith the - the selectwe product is shorter than the
lower feed flow rate. Di "‘J‘" ift‘ y increased with increasing

feed flow rate probably due - hlgh water content feeding in the reactor. This indicated that

“’““‘“"“’”“”’“ﬁ*iﬂ’?i‘ﬁ*ffﬁ”ffﬁﬂ’]ﬂ‘ﬁ
ARIAN TN INYAE
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Figure 4.14 Effect of feed
loading 0.1 g, an
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Figure 4.15 Effect of feed flow rate on the selectivity of produced gas at a temperature
550°C, catalyst loading 0.1 g, and W/G 6:1 at 6 h.



Table4.7 The effect of feed flow rate (FFR) on the glycerol conversion and gas product

selectivity

FFR : YeSelectivity
(mL/min) WCanventon H, [ _CO[ co, CHy | GHs| CH,
0.01 70.65 ' 18.31 5.07 0
0.03 52.19 -.- 607 | 275 0
0.05 28.01 5 " 2.75 0.9
4.2.4 Water/glycero
2 A8\

Figure 4.16 shows { & t/g le ratio (W/G) in glycerol
conversion catalyzed by the I l&%ﬂ_ r. increase in W/G, the glycerol
conversion increased. With the se'd ﬂl '3:1 o 6:1, the conversion increased
from 47.99% to 70.65% and reached 9 _J_'__ 9:1. Figure 4.17 illustrated the effect of
the WGMR in Ha, CO, CO; and C :E'T;r 2 and CO; selectivity increased with
increasing the W/G, wher : ith_increasing W/G from 6:1 to
9:1. This can be attribu ' ncrease the Ha and CO,
selectivity due to the water gas ¢ the CHy selectivity due to
the CHy reforming process. However, the reforming p consumed a considerable

e YN0
RINNTUUNININY



% Glycerol Conversion
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Figure 4.16 Effect of water \ \-a ‘- ersion at a temperature
\\ ¢ 0.01 mL/min at 6 h.
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Water/glycerol mole ratio

Figure 4.17 Effect of water/glycerol mole ratio on the selectivity of produced gas at a
temperature 550°C, catalyst loading 0.1 g, and feed flow rate 0.01 mL/min at
6 h.
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Tabled.8 The effect of water/glycerol mole ratio (W/G) on the glycerol conversion and gas
product selectivity

YoSelectivity
WIG % Conversion
CO CO, CHy
3:1 47.99 49 83 0.71 13.48 4.77
6:1 70. "“* 3 h2 18.31 5.07
9:1 4 077 " 21.01 2.94

4.2.5 The effect of pe

Catalyst with three
impregnation technique on th
on glycerol conversion as can
products in figure 4.19. The incréase in-fe
conversion from 74.69 to 92.45%. 2

in 20wt%, the glycerol conversion

P I
dropped to 60% due to the nic 0 st larger than the 10wt%Ni
catalyst affecting the decredsing el sut sea-ubactive-tickel. This indicated that the
silica fiber support which has t of 1.28 um can be loaded the nickel
content up to 10 percentagegny weight because of the lower surface area of fiber to support

wipeel 17130 13V 101 111 P
TTRARIANNIN NN Y
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%Glycerol Conversion

Figure 4.18 Effect of nickel loadi ,v seroke 1Version at emperature 550°C, W/G
9:1, catalyst loadi and.foed

.2)
=]
) %L Relectivityl H selectivityy

Percentage of Ni loading

Figure 4.19 Effect of nickel loading on the selectivity of produced gas at temperature
550°C, W/G 9:1, catalyst loading 0.1 g, and feed flow rate 0.01 mL/min at 6 h.
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Table 4.9 The effect of nickel loading on the glycerol conversion and gas product selectivity

Y% Selectivity
%Ni loading %% Conversion
H; CO CO, CH,
5 74.69 61.95 80.15 15.18 4.67
10 92.45 60.77 76.05 21.01 2.94
20 60.72 17.82 69.26 27.96 2.78

4.2.6 The effect of cerivmadditien

Figure 4.20 illustrated ghe jeffect of cerium on the glycerol conversion. It was
observed that the conversion®f glycerol deereased with increasing the cerium. With 1wt%Ce
the glycerol conversion dropped from 9245 to 73.61% and further dropped to 68.87% at
2wt%Ce. This can be contributed tg the degree of reduction was decreased as described in
the TPR results. Nevertheless, the CeQ can promote the performance of nickel catalyst in
term of the increasing of CO; selectivity because of its natural redox properties which can be
reduced in oxygen deficient conditions while oxidized in oxygen sufficient conditions. Figure
4.21 revealed the gases selectivity-with-the-addition-ot- Ce-of Lwi% and 2wt% leading to the
no significant increasing of Hi selectivity. Differently, the CO, selectivity increased
continuously with increasing the Ce loading. The improved catalytic performance of the
10wt%N1/Si0; catalyst gould be-attributed to,a-streng interaction between Ni and Ce, as
described in the TPR restlts=Meéanwhile-the CO' selectivity decreased with increasing the
percentage of cerium. This could be atfributed to thesefficient watet.gas shift reaction
promoted by“the high OH group surface mebility of CeO, which is-related to the ceria-
mediated redox process. Specially, CO adsorbed on Ni particles reduced ceria surface to

generate CO,, and water reoxidized the ceria surface to CeO,, releasing Hs.
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Telatveernl Conversion

|

Figure 4.20 Fifeci of Ce loadifp conversion ai a iempersiurs

$30°C, W/G 9:1, cglhiyt A \\ flow rate 0.01 mlL./min a1 6 h.

Pereniage of Tz laading

Figure 4.21 Eifect of Ce Ioading of 100125 MV310; on the selectivity of produced gas at a
emperature S50°C, W/G 9:1, eatalysi Ioading 0.1 g, and feed flow rate 3.01

mi/min at & .
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Table 4.10 The effect of Ce on the glycerol conversion and gas product selectivity

% Selectivity ]
% Ce % Conversion
H, co CO; CH,
0 92.45 76.05| 21.01 2.94

68.7 27.48 3.83

2 38.27 412
In this research the | . e best performing catalyst under
the experimental at 550°C, . ; W rate 0.01 mL/min investigated.
4.2.7 The coke for
The SEM micrographs logical appearance of the used catalyst
after operation in a fixed-bed c 2 in gﬁre 422 (b). The presence of
filamentous carbon, a few nanﬂmeteﬁliﬁi;éi : nd several micrometers long, is clearly
evidenced. Deposited cﬂf&n ap S i goating_on Ni particles that could
reduce the lifetime of thL - Pk i ed dnithe literature [18] at lower

temperature, filamentous uﬁo a5 fol . rbun atoms from methane on
the surface of Ni particles dnd followed by the diffusion of carbon atoms through the Ni

,;’:n“‘:::z;:‘:ﬂrﬁgumwﬂm‘:ﬂmﬁm o e

The results of TEM observation f carbon filamentous formedign Ni/SiO, catalyst
was shown ﬂfﬁﬁﬁlﬁsﬂﬁr%ﬂ!% t?tg Malr-t}ca %&mmﬂ on the tip
and encapsul&ed inside the carbon filament. It has been suggest that the weak interaction
would result in the formation of carbon filament filled with the metal particles [30].

The morphology of the catalyst afier coke removal was shown in figure 4.22 (c). It
was the carbon deposited that can be completely removed by the oxidation with air at 700°C
for 1 h referred to the TGA result in figure 4.24 which was examined to analyze the oxidation

temperature of the carbon. In case of the porous catalyst there are two temperature ranges at
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280 and 575°C observed as the oxidation temperature of the carbon deposited. It means that
there are two types of coke deposited. The first was attributed to the carbon as the soft coke
that can be easily removed by oxidation at a relative lower temperature and the second, hard
coke or the coke that was much more refractory and adsorbed strongly on the catalyst surface
[31], can be removed at high temperature. In case of the fiber catalyst there are two
temperature ranges of the carbon dcmmpntlhzq( he porous but the both of oxidation
temperature shifted to lower temperature mdlcatm carhﬂn filament depositing on the

fiber catalyst surface could be miymnnved'ﬂt tempemture*iower than the carbon deposited
—

on the porous catalyst.

The XRD pattern of Use was\shown 10 figure 4.25. The characteristic peaks
corresponding to (111), (2 Eufls) nd
fresh catalyst but the peaks wére foufid/to h; s?urp_et indieating that NiO of used catalyst has
the larger particle size from 118’ , 3 l;m— ‘eﬁlu the gradual aggregation of Ni crystalline

n nf ;mbowﬂépusmd [25]
JJ-JJ" "-"}a

departing into particles by dissociati

Figure 4.22 SEM images of (a) 10wt%Ni/SiO; fresh catalyst (b) used catalyst after 6 h

(c) used catalyst with coke removal.



Figure 4.22 SEM images of (a)'| 0wt%Ni/SiO, fresh catalyst (b) used catalyst after 6 h
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Figure 4.24 TGA profile of used catalyst of 10wt%Ni/SiO; (a) porous and (b) fiber
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ISiQ3 fibercatal’ fore and after reforming reaction
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* % (a)
Figure 4.25 XRD patterns of /./ i ( sed catalyst after coke removal

The TPR profile of b
was illustrated in figure 4.26. The FPR profi
was found the two reduction pe ;-,‘1;_6 r "C eompared with the 10wi%Ni/SiO,
before reaction, the reduction peaks -ui;-«- o high temperature due to the phase NiO of used
n nd oxide. if. Additionally, the reduction
1‘ be attributed to the large

5 mui@ figure 4.25,

ﬂummmwmm
ammmm UAIINAY

st after reformig reaction for 6 h

catalyst has stronger inte p
crystallite size of NiO after gmm,n "
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Figure 4.26 TPR profiles of 10s#%R S0 fibess sample (a) resh catalyst after calcination

(b) used catalyst fo e A\ Y
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CHAPTER V

CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The nickel/silica fiber by combining sol-gel synthesis
and electrospinning techniqu ,, , e ol silica by the molar ratio of TEOS
ethanol: H,0: HCI of 1:2:290.0 ke#indtlitn/thelsilica fiber was | pregnated by nickel acetate

093 pm. XRD results showed

the amorphous structure of plire Silica the ystalline structure for the fiber
added nickel under calcination p ition was confirmed by EDS
results. The TPR profiles of nic, aled the reduction peak of NiO
at 271°C which shifted to the lo d to that of nickel/silica porous

catalysts (346°C) indicating that easily reduced than the porous

catalyst. The catalyst activity t 1 ‘production from steam reforming of
glycerol were studied. Th &m s are sigdificantly active and selective
for H; and CO production 1 steam 5 of g ycerol whereas the porous
catalyst was selective for H and CO; This can be attributedto the fiber catalyst was less
selective toward th Eﬁil .. water_molecules less than the
porous catalyst. F ﬁ:ﬂ ﬂ p uﬁilﬁctmt}w of CO; was
increased signifi nr:antl_',r due to the CeO; helps the performance of Ni as the source of oxygen
base on el reidH| bk e ehatabifpatonof) s caaih folind the carbon
nanofiber around the catalyst surface which can be completely removed by oxidation with air
at 700°C for 1 h and the Ni crystallite size of the used catalyst after coke removal was larger
than fresh catalyst due to the aggregation.
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5.2 Recommendation

For the future research work, the development of the electrospinning process to
produce the fiber in small diameter by decreasing the needle diameter should be greatly used

as the support due to the higher surface area per volume catalyst. The improvement of the

water gas shift activity of the catalyst by Fe and Zr addition and the modification of nickel
SN Ahe carbon deposition should be

investigated.
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Appendix A

Calculation for Preparation of 10wt%Ni/SiO; fiber catalyst
10wt%Ni/SiO; fiber catalyst was prepared by electrospinning-impregnation method

1* step: electrospinning (sol-gel)
TEOS | mol = silica 1 mol
Silica(MW = 60.09 g/mol) 1
TEOS(MW = 208.33 g/mol)
Basis 7.5 g of silica
= 26.00/208.33 = 0.1248 mol
u, 0.01

Therefore  weight of TEGS
For Sol-gel  The mol ratio
From above TEOS = 0.1248 rué|
Therefore TEOS:EtOH:H,0:
EtOH (MW = 46,07 and density

0.2494 mol = (0.2494 x 46.07: ~
HO (MW = 18 and density = 1 glom 123

0.2494mol = (0.2492 :_._.1;_,_:._,‘._5.;',5 :‘
HCI (MW= 36.46 and de

1.2x107 mol = (1.2 ]-I < % 36.46)/1.18 = 0.04 mL m

e Zii?zfﬂjﬂ‘i s veans

Therefore TEOS 0.1 8 mol = (10 x 0.93& 98 x Volume)/(1000 x 208.33)

A WheriAads UATINERNY
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2" step: impregnation

Using the nickel acetate (Ni(CH3C00);.4H,0) as a precursor

For 10wt%Ni/SiO;

Basis 0.2167 g of'silica fiber

Therefore weight of Ni = (10 x 0.2167)/100 = 0.02167 g

Ni I mol = Ni(CH;C00),.4H;0 | mol *

Ni(CH;C00),.4H,0 (MW = 248.86 g/mol) an 58.69 g/mol)

Therefore weight of Ni( Ty {@ZIETFSE.EQ =0.092¢g

. a n-\
AAANNN

Calculation for the surfa
Silica fiber produced by the
Average diameter (from SEN
Density of SiO; =2.1 g/em ’,
Surface area = m*/g = m’/density x Voluge = :'ﬁ,t density x mr* x length)

of 15em

= 2/density x r

Calculation of reduction degre 7 : o

f <
10wt%Ni/Si0; ‘ m
Basis 0.2067 g of silica fiber prepared by impregnating Ni(CH;COO).4H;0

onw =2a886 mflSofde’ ) V) 2 VI WEI 111D

NiO 1 mol = Ni(CH;€00),.4H,0 | mol
¢ o

oo TR D AUHB A L.

The weight of catalyst for TPR analyzing = 0.0914 g
Ifcatalyst 0.0914 g mol of NiO = ((0.0914 x 0.0276)/0.2067)/74.69 = 1.63 x 10™* mol

From TPR result
Using 10%H; in Ar as carrier gas and flow rate 50 mL/min
Calculated the mol of H, input = (10 x 50)/(100 x 22400) = 2.23 x 10™* mol

73
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The mol Hy=2.23 x 10, the area = 0.6233
If the Area below curve = 0.4496
Therefore H; consumption = (2.23 x 107 x 0.4496)/0.6233 = 1.61 x 10™ mol
The percentage of reduction of 10wt%Ni/SiO;
= 100 x mol of H; consumption/mol of H; loading
=100x (1.61 x 10%/1.63 x 10*)= )3,

Reaction conditions: Water/gl atio 9:1 and feed flow rate 0.01 mL/min

As  Arca Standard 1%H] = 99562 6 4 (| 4 | Age i 14152098
5@ Bl \ ) =39307.1
S H,=6113.6
CO,=19983.1
Therefore ; "
Mole of H, gas = Atz Wd Hy = 141 ).8/995 ,=l4.2] %
= (L[4 )0) x 18.12)/224 10! mol/min
Moleof COgas = Area st 07, '515@= 7.62 %

= ((7.624100) x 18.12)/22400,= 6.17 x 10”° mol/min

ot GEGAGH TG BT

9J= ((0.29/100) x 18.12)/22400 = 2.38 x 10°® mol/min

R TN T

Mole of C atom total = (CO + CHs + CO;)
=6.17x10°+238x 10°+ 1.7x 10°=8.11 x 10° mol/min



Therefore

H; selectivity (%) = ((1.15 x 10/8.11 x 10°)/(7/3)) x 100 = 60.72 %
CO selectivity (%) =(6.17x 10° x 8.11 x 10™x 100 = 76.05 %

CH, selectivity (%) =(2.38x 10%x 8.11x 10 x 100 =2.93 %

CO, selectivity (%) =(1.7x 10° x8.11 x 107 x 100=21.01 %

GHSV = 12,000 ngw hr =200 ,' J o T 4\

Catalyst=0.1 g
V=224 lit (STP) = 22400 :
Water/glycerol mol ratio =
mole fractio

Glycerol 0.03

H,0 0.27

N 0.7

Total

Glycerol input =2.92 x 10 x

Glycerol conversion (%) | ,

= (mole C atom totatin gas product/ mole glycerol inprt) x 100

I WA
AN TUAMINAE
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Appendix B

— o

L) 0

Figure B-1 Deite‘,[_mipation of fiber diameter by SemA fore program




Table B-1 Determination of glycerol conversion and gas product selectivity

Data from the use of catalyst: 10wt%Ni/SiO3, Treaction = 750°C

Standard gas composition

1%H; 1%CO 1%CO0; 1%CH; 1%C;H; 1%C;H, Bal

flow rate = 0.05 mL/min

Area std 2.5 3 5 55 6
H; 97253.5 2805210 287869 2687128 2682673 2679540
co 5000.5 174057 1779373 174070 180717.7  171819.8
CH, 19599.1 1025963 1097348 17 1138419 1225603  117881.2
CO, 9862 227798 230173 ; 214254 208259 180399
C;H, 17048.2 15647.7 192664 30109.1 340845 35456
" 18755.3 7204.3 7291.6 9255.3 97452 9701.2
Hour 2.5 5 5.5 [}
H; 7.84 7.86 7.74 7.69
co 5.10 3.84 3.57 3.46
e CH, 0.16 0.16 0.16 0.15
co, 0.95 1.61 1.63 1.61
C;H, 0.05 0.05 0.04 0.05
C,He 0.00 0.00 0.00 0.00
¢ atom total 6.25 5.65 5.40 5.26
% conversion 86.54 74 , 85.78 88.66 £8.54
H; 27.50 2725 ¢ 27 50 27.36 25.03 23.86 25.04
" co 77.43 | X 73.58 72.95 72.87
o | e ﬂ 1,52] 9 mj ‘V] N e) ‘m Y ex  ne  ow
selectivity €O, 514 4,59 4.26 3.88
CaH, 4.08 s ?9 ¢ 6 23 o 7 43 a7 8.07 841
CyHe Y : 1 | Ypes 1311 ~ 2.0 2.10 2.09

LL



Table B-2 Determination of glycerol conversion and gas product selecﬂvity

Area std 2.5 3 5 55 6
H, 94978.15 2518327 247070 Pz g, 2450547 2499939 2468453
Cco 4986.6 1187438 117419 7028 < 4 144 \ - 1146162 1155647  114074.8
CH, 19907.8 39870.4 3995 fof8 )85 ~ 4 x 41462. 4461645 497664  43614.6
CO, 7588.7 26330.2 24847, ) _ 239 \-* 236639 219175 20347
C;H, 16703,35 12855 18011.6 63457, /2464 282968 304364  30358.6
C;H, 18458.55 2971.4 2353. 4351.8 4757 4706.05
Hour 2.5 5 55 6
H, 9,06 9.25 9.38 9.47
co 8.19 8.34 8.33 8.42
i CH, 0.69 , 0.80 0.89 0.80
CO, 1.36 o : 35, 1.31 1.20 1.18
C:H, 0.53 0 1. 120 1.28 1.28
C:Hs 0.11 Q , ﬁﬁ 0.17 0.18 0.18
¢ atom total 10.87 1. 11.56 l 93 11.82 11.89 11.86
% conversion 57.82 61.52 ¢ 61.48 64.34 62.90 63.23 63.08
H, 36.74 ﬁm ’J m VI w EJ Glﬂ j 34.38 34.44 34.99
co 75.57 :r'u 21 69.62 70.68
ute::“ty CH, 6.50 Y 6.56 6.31 o 6.75 6.73 7.81 6.97
CO, 9.68 938
o | S80I NIV anéj
C,H, 105 1.41 1.60 1.60

8L



Table B-3 Determination of glycerol conversion and gas product selectivity

Data from the use of catalyst: 10wt%Ni/SiO3, Treaction = 550°C

Standard gas composition

1%H; 1%CO 1%CO0; 1%CH, 1%C;Hg 1%C;H, Bal

9

)/rp) flow rate = 0.05 mL/min

Area std 25 3 /’7/“\?\\\'&\ 5 55 6
H; 93625.3 2454701 2405090 | 3 2404285 2372683 2404000
co 4949 84354.6 80075, 6 61990.1 577369 57027.8
CH. 19453 10209.2 10169. 9877.9 9985.8 9417.25
co, 7761.5 2469435 29031745 4 4084035 415382  41873.05
C:H. 16612.7 1292.6 1418.8 1250.55  1108.55 1281.8
C:Hs 18342.1 0 0 0 0
Hour 2.5 5 55 6
H; 10.44 9.42 9.28 9.72
co 12.59 11.86 12.16 12.13
o CH, 1.89 1.98 2.10 2.12
Co, 0.84 0.74 0.71 0.65
C3He 0.66 1.20 1.34 1.40
C.H, 0.28 0.34 0.35 0.35
¢ atom total 16.27 16.12 16.66 16.64
% conversion 1327 30.04 28.73 28.01
H; 53.65 59.82 61.56 62.75
& co 81.55 67.70 65.94 65.55
CH. 2.52 2.57 ¢ 74 2.90 2.75
sulactinity CO, 30.40 30.80
| dndndivinigg 2 2
CHy 0. 0.00 0.00

6L



Table B-4 Determination of glycerol conversion and gas product selectivity
Data from the use of catalyst: 10wt%eNi/SiOz, Treaction = 550° W/) flow rate = 0.03 mL/min

Standard gas composition
-— """-a

1%H; 1%CO0 1%CO0; 1%CH,4 1%C;Hs 1%C,;H, Bal

Area std 2.5 3 / VI“‘\“ 5 5.5 6
Hs 96249.25 2281397 2191629° 4 - ﬁ'}' 2310294 2319159 2282919
co 5066.35 84109.75  73350'65 4 7868861 % ; 3 46 7144965 701154 680144
CH, 20026.65 13879.65  12794.8 4105 g 2513.2 11083 10684 1037105
co, 7056.2 2686355 2905016 3377 (- 306382 30813.95  32287.45 3425495 349327
C:H, 16661.05 10703 114125 .85 £ 1108 1330.9 11503 111015 11131
CaHe 19149.7 0 b, 0 0 0
Hour 25 5 55 3
Hs 6.97 722 731 732
co 487 425 420 414
= CH, 0.20 7 o 0.17 0.16 0.16
co, 1.12 432 - 139 1.48 1.54
CiH, 0.04 od 0.04 0.04 0.04
CH, 0.00 n@ 0.00 0.00 0.00
¢ atom total 6.23 5. 6.08 5.85 5.89 5.89
% conversion 55.26 5232 ¢ o 5389 53.45 51.91 5222 52.19
Ha 49.10 ﬂ uﬁ ’J % ‘HW 52,98 53.20 53.32
" co 78.09 7272 71.37 70.47
CH, 3.17 331 36 ¢ 317 3.16 278 2,75
walbctivity CO, 25.13 26.07
2 | Sngnsilvdiiing § 3
CaH 0.00 0.00

80
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Table B-5 Determination of glycerol conversion and gas product selectivity

Data from the use of catalyst: 10wt%Ni/SiOa, Treaction = 350°C flow rate = 0.01 mL/min
Standard gas composition

1%H3 1%C0O 1%C0;2 1%CH4 1%C;Hs 1%C;H; Bal

-— | '—“"‘

Area std 2.5 3 / f//““&\ 5 5.5 6
H; 97253.5 1419209 140449 66 1464618 1472535 1473529
Co 5000.5 43514.65 43500183 : ‘!f, :,;' 46373 46013.45 46763  46446.25
CH, 19599.1 12757.95  11656.5 138565 1125825 : 113937 116806  11769.85
COo, 9862 20217.7 85 (/2824045 2378035 233305  22458.85
C;H, 17048.2 0 0 0 0
C:He 18755.3 0 0 0 0
Hour 2.5 5 5.5 6
H, 3.12 1.08 1.66 1.65
co 1.86 0.66 1.02 1.01
o CH, 0.14 0.04 0.07 0.07
CO, 0.44 0.17 0.26 0.25
C:H, 0.00 0.00 0.00 0.00
CH, 0.00 : 0.00 0.00 0.00
¢ atom total 2.43 24 : ; 0.88 1.35 1.33
% conversion 64.72 esn l’n 6321 7002 69.54 69.99 71.66 70.65
H, 54.60 73,99 3.60. AEET 52.43 52.19 52.93
co 76.44 75.49 76.07 76.62
um’:‘;ﬁw CH, sas U 5o 494 4.90 4.95 5.07
CO, 18 18.98 1831
S| BN ENg E
C:H, )iig 0.00 0.00

I8



Table B-6 Determination of glycerol conversion and gas product selectivity

Data from the use of catalyst: 10Wt%Ni/SiO3, Treaction = 350°C W/G= 3:1 feed flow rate = 0.01 mL/min

Standard gas composition

1%H; 1%CO 1%CO; 1%CH, 1%C,Hg 1%C,H, Balance in N3

Area std 2.5 3 3.5 4 4.5 5 5.5 6
H, 99562.6 1712807 1711573 17841 1626942 1492805 1534748 1409024 1475803
co 5156.3 85671.1 853723 865797 76481.5 65904.6 62056.8  53018.9 53055.9
CH, 20745 132229 15086.3 15944 14378.5 13730.8 134243 118927 12607.7
CO, 9488.1 8737.8 117391 123073 11193.6 11754.8 13106.3  13580.8 16306.7
C;H. 17586.4 0 0 1870 1340.5 1751.6 2137 2157.6 2351.4
C,Hs 19109.1 0 0 0 0 0 0 0 0
Hour 2.5 3 3.5 4 4.5 5 55 6
H, 4.28 4.36 4.2 3.91 3.63 1.28 3.58 3.67
Co 4.14 420 3.98 3,55 3.10 1.00 2.60 2.55
mmol CH, 0.16 018 0.18 0.17 0.16 0.05 0.14 0.15
Co, 0.23 0:31 3e3 0:23 0:30 0.11 0.36 0.43
C,H, 0.00 0:00 0.04 0.02 0.05 0.01 0.03 0.03
C,Hs 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00
¢ atom total 453 4.69 4.50 4.02 361 1.18 3.14 3.16
% conversion 68.79 71.34 68.47 61.08 54.83 53.81 47.67 47.99
H, 40.57 39,78 40 1 41,73 43.18 46.57 48.87 49.82
" co 91.43 89.59 88.32 88.39 85.89 84.84 82.86 80.69
selectivity CH, 3.51 3.93 4.04 4.13 4.45 4,56 4.62 4.77
CO, 5.07 6.68 6.82 7.03 8.33 9.74 11.53 13.48
C,H, 0,00 0.00 0.82 0.45 1.34 0.86 0.99 1.07
C,Hg 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00

78
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Table B-7 Determination of glycerol conversion and gas product selectivity

Data from the use of catalyst: 10wt%Ni/SiOs, Treaction = 550°C flow rate = 0.01 mL/min
Standard gas composition

1%H; 1%CO 1%CO0; 1%CH; 1%C2Hg 1%C,H,4 Bala:

Area std 2.5 3 5 5.5 6

H, 99562.6 1439032 1482590 1422839  1415758.1  1415209.8
co 5156.3 39127 393398 400 ""n 40896. 405277  39802.] 39307.1
CH, 20745 6932.5 ?555. Pso = E7659 6645 6272.3 5978.9 6113.6
Cco, 9488.1 17146.8 159203 % (7 ., 17141.1 18082.1 19983.1

CH, 17586.4 0 0 . 0 0 0

C;Hs 19109.1 0 0 0 0

Hour 25 5 5.5 B

H, 3.55 1.16 3.49 3.45

co 1.86 0.64 1.89 1.85

mmol CH, 0.08 0.02 0.07 0.07

Cco, 0.44 0.15 0.47 0.51

C;H, 0.00 0.00 0.00 0.00

CiHg 0.00 0.00 0.00 0.00

¢ atom total 2.39 2 0.81 2.43 2.43

% conversion 90.75 91.96 ¢ 93.55 9432 9261 92.46 92.45

- W“ ¢ mmm THT e o =

5 co 77.99 78.84 77.87 76.05

. CH, 3.43 .77 3.26 3:}3 291 2.94

selectivity CO, 19.22 21.01

ﬁméﬁn‘i wmﬂgnqﬁj

C,H; 0.00 0.00
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Table B-8 Determination of glycerol conversion and gas product selectivity

Data from the use of catalyst: Swt%Ni/SiO2, Treaciion = 550°C

Standard gas composition

1%Hz 1%6CO0 19%C0; 1%CH,4 1%C;Hs 19%C;H, Bal

ow rate = 0.01 mL/min

. A

Area std 25 3 RN 5 55 6
H, 91611.8 1250851 130896 05729 124236 1262 1248802 1225307 1284641
co 5629.2 440532 43768 - ) \ : 38609.3 377042  40864.2
CH; 21299.9 9202.2 9857.5 4856 1004048 10990.1  10364.4 100477
CO, 11091.2 11266.9 13726 18594.1 203386 210442

CzH, 14705.8 0 0 0 0 0

C:Hg 19344.5 0 0 0 0 0

Hour 2.5 3 4.5 5 5.5 (4]

H, 3.10 3.11 2.87 0.95 2.78 2.84

co 1.52 1.54 0.52 1.54 1.58

— CH, 0.09 .08 0.03 0.09 0.09
CO; 0.16 | — 0.09 0.28 0.29

C;H, 0.00 0:04 0.00 0.00 0.00

CHe 0.00 n.eﬂ 0.00 0.00 0.00

¢ atom total 1.77 1.8 1.92 0.64 1.92 1.97

% conversion 67.13 70.03 ¢ e 73.03 7246 73.28 72.86 74.69

H, 76.02 2B ’ 56. 65,92\ U | 64)4 63.61 62.16 61.95

” co 85.99 u 0 8414 . ) 81.38 80.06 80.15
CH, 4.89 4.80 4.58 4.80 5.35 2 4.90 467

SEEy Co; 3 45 7 74, B 1 . 15.04 15.18
e | ol 1N 26 AR T TSIV BeE) e o

C,Hs 0.00 .00 0.00 0.00 0.00 0.0 0.00 0.00




Table B-9 Determination of glycerol conversion and gas product selectivity
Data from the use of catalyst: 20w1%Ni/Si02, Treaction = 550°C
Standard gas composition |
1%H; 1%CO0 1%CO0; 1%CH, 1%C;Hg 1%C,H, Balan

"p} flow rate = 0.01 mL/min

.—-—"N

Area std 2.5 3 W“‘\\\ 4 5.5 6
H; 91611.8 961096  979771.8 - a? 7 1092159 1 10924168 1072138
co 5629.2 23373.1 231301 283, < 26089. 28084.5 295073 28975
CH, 21299.9 3883.9 3471.9 4 85 =813, o 1 3820.2 4448 3833.2
CO; 11091.2 15777.2 14606 : 3 : ‘- 12309 7 121241  12054.4

C:H, 14705.8 0 0 0 0

C:H, 19344.5 0 0 0 0

Hour 2.5 5 55 ]
H, 2.69 1.00 2,99 294
co 1.07 0.42 131 1.29
—— CH, 0.05 0.02 0.05 0.05
Co, 0.36 0.09 0.27 027
C:H, 0.00 0.00 0.00 0.00
C;H, 0.00 0.00 0.00 0.00
¢ atom total 1.48 3 0.53 1.64 1.61
% conversion 32.06 4003 ¢ Ass 77 56.77 56.68 59.32 60.72
S| 0 ﬂ%&’EJ’J‘ﬂ’EJ MANYRNT o2 o= o
" co 70.49 69.70 70.57 69.26
CH, 378 Wazs 3.54 3.36 361 3.10 2,99 278
selectiyity CO, 2573 26.44 27.96
S | WARINIRIAE IR GD e
C;Hs 0.00 0.00

S8

85



Table B-10 Determination of glycerol conversion and gas product selectivity
Data from the use of catalyst: 1wt%Ce-10wt%Ni/SiO2, Tresction = 950°C W/G= 9:1 feed flow rate = 0.01 mL/min
Standard gas composition \\\ | /

1%H; 1%CO 1%CO0; 1%CHs 1%C,Hs 1%C,H; Balance fiNs—

Area std 25 3 5 5.5 6
99562.6 1475956 139525 624 1313358 1257675 1244790
co 5156.3 286266 29654 3.7 30331 309397 307463
CH, 20745 6259.4 6127.6 )9 6922.4 6698 6888.6
o, 9488.1 108754 124828 3 217404 220546 226286
C:H, 17586.4 0 0 0 0
CHe 19109.1 0 0 0 0
Hour 2.5 5.5 6
Ha 3.39 281 279
co 1.27 1.34 133
o CH, 0.07 0.07 0.07
co, 0.26 0.52 0.53
CaH, 0.00 0.00 0.00
CaHe 0.00 0.00 0.00
¢ atom totel 1.60 1.92 1.94
%o conversion 60.83 73.13 73.61
H, 90.77 62.60 61.73
a co 79.31 1 69.39 68.70
; CH, 431 373 383
selectivity O, 87 26.88 27.48
. “ngqﬂifg.; W IEN ng
C,He 0.00 0.00
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Table B-11 Determination of glycerol conversion and gas pruduct selectivity

Standard gas composition

1%H; 1%CO0 1%C0; 1%CH, 1%C;Hs 1%C;H; Bal

Area std 2.5 3 5 5.5 6
H; 99562.6 1392108 137154 154 .‘ = @ 2., 1396118 1403918 1266529 1197383
co 51563 28988.3 27795, : ' 278303 251813 252466
CH. 20745 10769.5 10503.9 9332.5 7873.5 7259.2
CO; 9488.1 13361.3 16889, 28868.6 312953 30858
CyH, 17586.4 0 0 0 0
C:Hs 19109.1 0 0 0 0

Hour 2.5 5 5.5 6
H, 2.94 0.98 2.68 2.56
co 1.18 0.38 1.03 1.04
ol CHs 0.11 10 0.03 0.08 0.07
Co; 0.30 AL ——t 0.21 0.70 0.69
C;H, 0.00 '. 0.00 0.00 0.00
CaHe 0.00 u.um . , 0.00 0.00 0.00
| catom total 1.59 1.5 1.70 1.76 0.62 1.81 1.81
% conversion 60.38 60.09 ¢ £ 64.63 69,02 70.77 68.64 68.87
Ha 79.38 ﬂ nil ’J mﬁ ‘w ﬁa‘uﬁw E] f]g‘ﬂ 67.98 63.68 60.65
5 co 74.47 60.71 57.04 57.61
C 6.88 6 60 6.18 17 5.50 4.43 4.12
Wiy co; 19 0 38.53 38.27
Gl W’l‘e‘wﬂ‘m NWTJMI’] @ oo o
C;H, 0.00 0.00

L8



Table B-12 Determination of glycerol conversion and selectivity Reaction Product

Data from the use of catalyst: 10wt%Ni/SiOz porous catalyst, T,

'- W/G=6:1 feed flow rate = 0.01 mL/min
W /

Standard gas composition

1%H; 1%C0 1%CO; 1%CHs 1%C;Hs 1%C,Hs Bal

Area std 2.5 5 5.5 [
H, 95844.6 1758931 1754975 1737200 1749463
co 4791 15495.8 12703.6  12339.5 11216.8
CH, 20080.9 23920.9 157756 143747 14343.2
CO, 9030 39860.3 50186.5  S0003.3  50846.3

C;H, 16560.4

C:He 19339.2

Hour 2.5 5 5.5 [
H: 4.12 414 4.12 4.18
co 0.73 0.60 0.59 0.54
CH, 0.27 0. 0.18 0.16 0.16
sl Co; 0.99 of™, 126 126 1.29
C.H, 0.00 00— 0010 0.00 0.00 0.00
C;Hs 0.00 ) 0 J 0.00 0.00 0.00
c atom total 1.99 94 0.68 2.01 1.99
% conversion 75.44 71 46 74.15 77.28 ?ﬁﬂz 77.26 76.22 75.66
H, 88.97 87.24 87.98 90.06
co 36.59 ﬂ ug ’J % ﬂ % EJ iiﬂ i 29.48 29.17 26.95
%o CHa 13.48 8.73 8.11 8.22
selectivity CcO, 49,94 U 6 88 61 ‘n 62.01 62.17 51 79 62.72 64.82
CHs 3 g 0.00 0.00
et wwamgmmm MR8 o0 ow
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