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CHAPTER I

INTRODUCTION

We have known that energy from natural sources such as petroleum gas & oil, for
this time being, their prices are increasing everyday because of the demand of energy for
serving in industries for many countries. Biodiesel is one of those renewable energy
sources which is attracted by many researchers because it can be made of natural material,
for example vegetable oil and fat from animal origin. Moreover, they can be easier convert
to biodiesel comparing with petroleum oil and natural gas. Biodiesel will provide many
advantages since it is effective fuel and it can reduce production cost. But the major
problem is that used yegetable oil and used animal oil contain free fatty acids ( FFA) at
high level, so it is needed to pre-treatment for disposal free fatty acids at the preliminary
process of biodiesel production. The main reactions which play important role on produce
biodiesel are “esterification’ that strong liquid acid catalysts such as sulfuric acid [1-6] and

“transesterification”.

However, using strong liquid acid catalysts usually has side effects which are high
corrosive, hard to separate and expensive cost because those catalysts can not be reused.
Hence, there are new investigation for solid acid and base ¢atalyst such as sulfated zirconia
(SZ) and tungstated zirconia (WZ) [7]. Because these catalysts provide esterification and
transesterification reaction at the same time and the strong acidity of zirconia-supported
sulfated catalysts has. attracted, much atiention, because-of -its-ability to catalyze a wide
range of reactions such as cracking, alkylation, and isemerization, all needing solid acids as
catalysts. [8,9,10,20].. Since sulfated zirconia catalysts_promoted with noble metals are
subject, among others, ‘to sulfate’ reduction and 'subsequent poisening of the metallic
function under reducing atmospheres[11-17,21,22], the W-based oxoanions originally
proposed by Hino and Arata and other researchers [18,19,23,24], seem to be good
candidates for the skeletal isomerization of alkanes higher than C4 requiring strong acid
sites. It is known that anionic dopants create additional electron-deficient regions that
increase the Bronsted acid strength of a metal oxide surface by improving the ability of
neighboring hydroxyl groups to act as proton donors [25.26]. As an alternative to sulfated

zirconia, WO3/ZrQ, was also reported to be active for the isomerization of C4-Cs alkanes



[18,27,28]. Although WO4/ZrO; was less active than sulfated zirconia, but it has several
advantages over sulfated zirconia. For example, the WO; are much more stable than the
sulfate ones at high temperatures[2]1] and tungstated zirconia catalysts go exhibit

significantly less deactivation during catalytic reaction|7].

Lopez et al. [7] reported that the usage of tungstated zirconia catalyst has activities
site equivalent to sulfuric acid for catalyzing biodiesel-forming transesterification reaction.
Other advantages of tungstated zirconia such as its deactivation appear to be not rapid for
transesterification reaction of triglycerides with methanol [7-9]. Ramu et al. [10] reported
that the various of percentage in loading tungstated on zirconia and various calcination
temperatures have affected the phase changed of ZrO; and also affect catalyst activity on
esterification reaction for biodiesel production process. In addition, some papers reveal that
surface structure and phaseof supperted Zr0; has effect on the catalyst activity also [1,11-
13].

Since surface strueture and defected structure of supported ZrO; affects the
properties of crystalline material (such as nano scale level, Zr'"). However to study the
detail of defected structure is very difficult because of its various structure types.

From defective theory of Frenkel and Schotty, they investigated defection, but it did not
cover all types of materials. There are many researchers who study about how to create the
defection on ZrO, surface using various methods. Lui et al. [12] created defection on Z10O;
surface by calcinations at differenct temperatures. Others method are to calcine the samples
in different atmospheres [11]. Different types of surface ZrO, which discovered by Zhao et
al.[11] were reported after they studied the ZrO; farming and found that defection of ZrO;
surface provided Zr'" center and F-center when treated by H; atmosphere. The reducibility
of H; is.the main factor to form F-Center. It is very difficult to reduce ZrO; with H; due to
the high interaction between Zr-O bonds. However F-center can be formed by the reaction

of hydroxyl on ZrO, surface.

There are many works reporting that the surface defect can control the properties of
Zr0,. The objective of this work is to study the surface defect on ZrO, nanocrystallite and

its application as catalysts (tungstated zirconia ) when they are calcined at different ambient



atmospheres(Hs, Oz, N2, Air). Their properties of the catalysts for the transesterification for

biodiesel synthesis were also investigated.

And using the electron spin resonance( ESR)[11,13] for investigates the defection on
surface ZrO,, and they are many methods for analyzing such as the aqueous exchange

titration method used for estimation of acid site density [8] and BET [12].

This dissertation was divided to six chapters. Chapter | involved an overview of the
importance of biodiesel, transesterification in _biodiesel and surface defect and also its
application. In chapter II, knowledge and open literature dealing with surface defect was
presented. The literature reyiew as accentuated the technique of surface defect creation and
the report concerning the effect of surface defect on erystal ZrO,. In Chapter II1, we know
theory about biodiesel synthesis, defective theory of Frenkel and Schotty, general feature of

zirconia.

And The experimental procedure as well as the instrument and technique used for
characterizing the resmﬁng 710z were also. described in the Chapter VI. The main
mechanisms explaining the formation of surface defect were also mentioned together with
the comparison between the surface defect controlling technique studied in this work and
the other techniques. In Chapter V. the role of calcination atmosphere on surface defect of
nano ZrO; and its application as W/ZrO; catalysts for biodiesel synthesis was investigated.
The mechanism as a self promotion of surface defect was proposed based on the literatures
and our results. Finally, conclusions of this work and some recommendations for future

research work were provided in Chapter V1.



CHAPTER 11

LITERATURE REVIEWS

2.1 Solid acid catalysts based on supported tungsten oxides

Solid acid catalysts play an importani role in hydrocarbon conversion reactions in
the chemical and petroleum industries [37,38). In such cases, zirconia is frequently used
as catalyst or support. Itis well known that zirconia has three stable crystalline phases:
tetragonal, monoclinic, and cubic zirconia, and their concentration and transformation
between each other depend on zirconia doping and/or thermal treatment. The zirconia
doped by a variety of compounds such as sulfate [39], phosphate, and heteropolyacids [4]
creates additional electron-deficient regions that may generate new acid sites and increase

the strength of Brensted acidity responsible for an enhanced catalytic activity in alkanes

isomerization reactions [23.37-40]. In addition, medifying by these anions mentioned
above, tetragonal zirconia phases can be stabilized at high temperature [41-47], which is
reported to be favorable in catalytic reactions such as alkanes isomerization. The acidic
nature and crystalline structure of zirconia can be also meodified by other oxides such as
tungsten oxide [44-48]. Hino and Arata ann other researcher reported that WO3/ZrO;
mixing oxide is an-alternative material in the acid-catalyzing reactions requiring strong
acidity [23,50]. Although the crystalline structure of zirconia has been extensively
studied, less -attention has been paid on the defective characteristics and distorted
crystalline structure of the WO, species doped zirconia nanophases, which are usually

acted as catalytic active sited invelving’in many catalysis reactions [51.52].

Zr0O; has been studied extensively in the field of surface science due to the wide
range of its applications and the expectation that insight into surface properties on the
fundamental level will help to improve its properties. The surface defect is one of the
important topics in this field because the properties of the nanocrystal ZrQ; are often

dependent on a nature and density of the surface defect sites. As known that, ZrQ; is a



useful material for many applications. Therefore, several studies have addressed its
applications such as transesterification reaction. The common techniques used for
creating surface defect were also reported by many researchers. Moreover, several

methods for probing surface defect of ZrO; were discussed as well.

Odendi et al.[58] believed that the nucleation of the tetragonal zirconia was
associated with lattice defects and anionic vacancies, which are produced upon
crystallization. The pH of the medium used in the hydrothermal reaction was found to be
the factor controlling the crystallization and a model 6Ff m-ZrO; and t-ZrO, crystallization
was proposed. Aceording to this model, there are three control regimes for the
crystallization of Zp@;: At low pH the solubility is high, so that the hydrothermal
crystallization occurred via disselution/precipitation mechanism producing m-ZrOs. In a
neutral or mild acidic_medium, the solubility is very low, so that the crystallization
occurred in situ by structural (topotactic) rearrangement of zirconium hydroxide, and the
product in this region will be predominantly 1-ZrQ.. At high pH the solubility of
zirconium hydroxide is very high; yet. the obtained product is predominantly metastable
t-ZrO,. The topotactic crystallization prevails at high pH. because of a higher energy state
of the obtained zirconium hydroxide gel (Denkewicz et al;; 1990). It was reported later
that the strong base OH™ favored the formation of Zr-O-Zr bridges between the non-
bridging structural hydroxyl groups present in the gel 50 favouring its arrangement, its

nucleation and its consequent crystallization.

Corte’s-Ja’come et al.[59] report that WO;-ZrO; catalysts were synthesized by
precipitating the aqueous solutions of zirconium oxynitrate and ammeonium metatungstate
with ammonium hydroxide. The white slurry precipitate was treated under three different
conditions. In the as-made materials, the amorphous phase was formed in the aged and '
refluxed samples, while well-crystallized tetragonal and monoclinic phases were obtained
in the hydrothermally treated sample. The real amount of tungsten loaded in the samples
was similar for the three samples, independently of the treatments; however, the tungsten
surface atomic density in the annealed WO;-ZrO; samples varied between 6 and 9 W

atoms/nm’. Two different contrast types of aggregates were determined by scanning



electron microscopy, the white particles which are rich in W, and the gray ones

which are rich in zirconium; both of them were formed in the calcined solids prepared
under aging or reflux condition. A very high dispersion of tungsten species on the
zirconia surface was achieved in the hydrothermally treated sample. The degree of the
interaction between WO, and ZrO; surface strongly modified the Zr-O bond lengths and
bond angles in the structure of te:ménn‘V ircenia as proved by X-ray diffraction analysis
and the rietveld refinement. The ca&ined under hydrothermal condition
exhibited the highest dispersion-of tufigsten- speciessin the zirconia, which in turn causes
strong structural deforaton”of the etragonal ZrO; phase responsible of the strongest
surface acidity m\ﬂ,/‘a: '

isomerization.

uly, | the optimum “catalytic activity for n-hexane

[<9, 4

™
%

|‘ el

. l ,écriés of model-supported WO; catalysts were
synthesized on pre ;G;‘, Nb;&; 1103. and Z\'ﬂz supports by impregnation of
agqueous ammonium meta ngsta.te& {NH@PWQGu -5H,0. The molecular and electronic
structures of the suppo ruugstcn nxiae—]ﬁuses were determined with in situ Raman
and UV-vis spectroscopy, reqpe;m Iy ’E,Ffeauppcrtcd tungsten oxide structures are the

//,/_

same on all oxtdg supports as a ﬁmctlon of rungﬂm f Xide surface density (W/nm?).
Ver W th mons '-::-:4-. and polytungstate surface

Kim et al.[60] re

Below monnla}f coverag ith monot
WOx  species jare present  under ﬁthydiajcd conditions and  the

polytungstate/monotungstate ratio increases with increasing surface coverage. Above

monolayer coverage (>3 anmzjt,crystallmc }?{}i_naggpagﬂi;_jeg are present on top of the
surface Wﬂ, \monolayer. Above =10 “W/ans, chilktlike VO crystallites become
dominant. The number of catalytic”active sites afdsurface chemistry of the supported
tungsten oxide phases Wwere ehémieﬂj_jr.,j;réﬁéd with GH;OH dehydration to CH;OCHS,
The specific oxide support was found to significantly affect the relative catalytic acidity
of the surface WOx species (A;0; _ TiO; = Nby;Os > ZrO;) to that of the supported WO;
nanoparticles. Consequently, no general relationship exists between the
molecular/electronic structures or domain size and the specific catalytic acidity of the

supported tungsten oxide phases present in the model-supported WO; catalysts,



Liu et al.[61] to study the effect of WO; (5-50 wi%) and ZnO (0.7-22 wt%)
on the catalytic properties of PUWO:/(ZnO)-ZrO; for n-heptane (n-C;)
hydroisomerization was investigated. The optimized WO; and ZnO contents are 20 wt%
and 3.4 w1%, respectively. The catalytic performance is achieved at 81% n-C; conversion
and 89% C; isomer selectivity at 250 =C, which is reproducible and can be kept constant
over 82 h under reaction conditions. Both WO; and ZnO can stabilize the tetragonal
phase of ZrO,. The Brensted acid-to-Lewis acid ratio should be optimized to achieve
high catalytic performance. The activity for PUWO3/ZrO; using Zr(OH); as the catalyst
support (n-C; conversion, 88% at 250 -C) is much higher than that for PUWO4/ZrO, with
ZrO; as the support (n-C; conversion, 9% at 250 =C) with the same Pt and WO, loadings.
BET, SEM-EDX, and pyridine-FTIR analyses show that acid treatment can successfully
enhance the surface area (from 73 to 91 m2/g). increase the number of Bronsted acid
sites, and lower the surface Zn:Zr ratio (from 0.43 to 0.15) for Zn0-ZrQ, with 22 wt%
ZnO. The yield of C7 isomers is increased from nil to 47% at 300 <C on PUYWO/ZnO-
ZrO; catalyst after acid treatment. It is suggested that n-heptane hydroisomerization

activity is related to acidity, surface area, and erystalline phase of ZrO,.

Colonna et al.[62] to study a combined atomie force microscopy (AFM) and X-
ray photoelectron - spectroscopy (XPS) study of tungsten oxide model catalysts is
presented. The model catalysts were prepared by applying the real preparation method to
a Zr0,(100) single crystal support. AFM imaged several granular structures of scattered
dimensions on the surface of ZrQ5(100) in the as prepared samples. After heating, at low
loading the tungsten species rearranged into small WO particles strongly interacting with
the substrate. At high tungsten content large WO, aggregates also formed. XPS analysis
confirmed these ¢hanges. The estimated surface density of the interacting W-containing

species closely matched that of real catalysts.

Parida et al.[63] to study the effect of W concentration and activation temperature
of the catalysts a series of WOx/ZrO, samples with varying concentration of W (10-25
wt.%) were prepared and activated at 650/750 «C. XRD of sample shows 15 wt.% W

stabilizes the tetragonal phase of zirconia up to 750 <C. Above and less than 15 wt.%



shows peaks corresponding to monoclinic WO; and monoclinic ZrO,, respectively.

Further, the tungsten modification stabilizes the specific surface area of ZrO,. There is an
increase in the surface area observed up to 15 wt.% W, which declines of further increase
in the concentration. The NH; TPD confirms the presence of acid sites with varying
strength from the broad desorption profile. The 15 wt.% W and activated at 750 =C shows
maximum acidity. The results of the nitration reaction of chlorobezene imply the 15 wt.%
W and activation at 750 <C shows maximum aetivity. Not only yield, a better para-
selectivity is also achieved withWO./ZrO, samples. Effect of activation temperature, W
concentration and reaction parameters such as reaction temperature, reaction time, the
presence of solvent-and selvent free medium on activity and selectivity are studied in

details.

Haiyan et al.[64] investigated the synthesis of nanostructure porous tungsten-
promoted zirconia (WO3/Zr0;) has been performed by hydrolyzing zirconium iso-
propoxide in the presence nf.cationi{: surfactant: etyltri methyl ammonium bromide
(CTAB). The structure of the sample was characterized by X-ray diffraction (XRD), N-
adsorption—desorption and transmission eleetron microscopy (TEM). Thermal chemical
behavior apd acidity were studied by thermal gravimetric and differential thermal
analysis (TG-DTA) and NH;-temperature-programmed  desorption (NH;-TPD),
respectively. The iso-butane/butene alkylation on WO,/ZrO; was carried out in a fixed
bed reactor. The results revealed that WO,/ZrO; sample prepared through a surfactant-
assisted route had good structuré characteristics (such_as high percent of t-ZrO,, high
surface area and large pore diameter) and moderate acidity for the alkylation of butene
with iso-butane. The catalytic performance of WO#ZrO; sample was also much better
than that prepared by inipicient wetness impregnation and sol-gel method. A parallel
relationship could be drawn between the catalytic activity and the acid amounts as well as

the acidic strength of the catalysts.

A. Manea et al.[65] to study WO;-ZrO; samples were obtained by precipitating
zirconium oxynitrate in presence of WO, Q species in solution from ammonium

metatungstate at pH ~ 10.0. Samples were characterized by atomic absorption



spectroscopy, thermal analysis, X-ray diffraction, Raman spectroscopy, X-ray

photoelectron spectroscopy, high-resolution transmission electron microscopy and energy
filtered-TEM. The ammonia retained in the dried sample produced a reductive
atmosphere to generate W jons coexisting with W*' ions to produce a solid solution of
tungsten in the zirconia lattice to stabilize the zirconia tetragonal phase when the sample
was annealed at 560 °C. When the sample was annealed at 800 °C, the W atoms near
crystallite surface were oxidized toW®", pmducing patches of WO; on the zirconia
crystallite. The HR-TEM analysis confirmed the existence of the solid solution when the
sample was annealed at 560-°C; and two types of ¢rystalline regions were identified: One
with nearly spherical morphology. an average diameter of 8 nm and the atomic
distribution of tetragonal Zir¢onia. The second one had a non-spherical morphology with
well-faceted faces amd dimensions larger than 30 min, and the atom distribution of
tetragonal zirconia. When samples were annealed at 800 °C two different zirconia
crystallites were formed: Those where only part of the dissolved tungsten atoms
segregated to crystallite surface producing patches of nanocrystalline WO; on the
crystallite surface of tetragenal zirconia stabilized with tungsten. The second type
corresponded to monoclinic zirconia crystallites with patches of nanocrystalline WO; on

their surface. The tungsten segregation gave rise to the WO;-—ZrO; catalysts.

Ankur et al.[66] report that the liquid-phase acylation of veratrole with acetic
anhydride and alkylation of toluene with I-dodecene were carried out over WO,/Zr0,
solid acid catalysts. . The catalysts, were prepared-by-wet, impregnation method using
zirconium oxyhydroxide ‘and ammonium metatungstate. Catalysts with different WO3
loading (5-30 wt.%) were prepared and calcined dt 800 <C and catalyst with 15% WO3
was calcined from 630 to 850 »Co ANl the catalysts| were ‘characterized by nitrogen
adsorption, XRD and NH;-TPD. The catalyst with 15% WO; calcined at 800 =C (15 WZ-
800) was found to be the most active in acylation and alkylation reactions. The effect of
temperature, molar ratio and catalyst weight on the conversions of acetic anhydride and
dodecene were studied in detail. The catalyst 15 WZ-800 gave 67% acetic anhydride

conversion in veratrole acylation under the reaction conditions of 70 =C, veratrole/acetic
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anhydride molar ratio 2, time 4 h and 99% dodecene conversion with >99%
monododecyl toluene selectivity at 100 =C, toluene/1-dodecene molar ratio 10 and time 1

h.

Colonna et al.[67] investigated 2 combined atomic force microscopy (AFM) and
X-ray photoelectron spectroscopy (XPS) study of tungsten oxide model catalysts is
presented. The model catalysts were prepared by applying the real preparation method to
a ZrO2(100) single crystal support. AFM imaged several granular structures of scattered
dimensions on the surface of ZrO4(100) in the as prepared samples. After heating, at low
loading the tungsten species rearranged into small WO, particles strongly interacting with
the substrate. At high tungsten content large WO; aggregates also formed. XPS analysis
confirmed these changes. The estimated surface density of the interacting W-containing

species closely matched that of real catalysts

Rossi et al.[76] report that the activity of WOW/ZrO; (ZW) catalysts for n-butane
isomerization was investigated in the lempﬁalure range 423-673 K. Reference samples
of crystallineWO; and ZrO, displayed low catalytic activity. When ZW catalysts were
calcined at 873 or 1073 K, samples prepared from amorphous hydrous zirconia showed
activity levels—both on area rate and turnover frequency per total tungsten bases—that
were | order of magnitude higher than those of the samples prepared from crystalline
zirconia. The higher the calcination temperature in the range 873-1073K the higher was
the activity. The deactivation due to coking was fast, but treatment with flowing oxygen
at 773 K completely restored jthe catalytic activity for several cycles. The activity
decrease with time on stream was satisfactorily deseribed up to 623K by the empirical
equation r = ai-n, Active isomerization sites in the catalysts produced coke (average
composition H/C = 1.5). The presence of hydrogen in the reactant stream substantially
decreased the deactivation rate, most probably by hindering the dehydrogenation
reactions which ultimately lead to coke formation. Treating catalysts in hydrogen at 673
or at 443 K before the reaction shortened the induction period, suggesting that hydrogen

adsorption had a role in generating hydroxyls active for the isomerization (Brensted acid



sites). The activity trend with surface density of tungsten indicated a polynuclear

isomerization site.

2.2 Tungsten support on zirconia catalysts and other catalysts for

transesterification reaction.

Lo’pez et al.[7] 1o study the fundamental insight into the transesterification of
triglycerides on solid catalysts. In an effort to identify catalyst characteristics that would
be ideal for biodiesel synthesis. this study compared the catalytic activity of a number of
solid and liquid catalysts in the transesterification of triacetin with methanol at 60 °C.
And report that (1) hemogeneous catalysts were more active than heterogeneous ones on
a weight basis, (2) the solid acids studied underwent less deactivation than ETS-10 (Na,
K) under these experimental ¢onditions, (3) internal mass transfer limitation may have
severely limited the performance of microporous heterogeneous acid catalysts, such as
ETS-10 (H) and zeolite Hb, (4) Ambeﬂjrst-lﬁ, SZ, Nafion NR50 and WZ showed
reasonably good activities at this moderate temperature(60°C), indicating that there are
suitable alternatives to the homogeneous catalysts without the drawbacks of corrosion,
difficulty in handling, and once through use providedmoremass of catalysts is used, and
finally (5) on a site basis SZ exhibited the same activity as sulfuric acid, suggesting that,

since their acid strengths are similar, probably follow siniilar reaction mechanisms.

Sankar et al.[56] 1o study dimethyl carbonate synthesis with 80 mol% yield is
achieved through transesterification of ethylene carbonate with methanol at ambient
conditions (RT and atmospheric pressure) using alkali and alkaline-earth tungstates as
solid eatalysts. The catalysts are efficient even at the subambient temperatures. Reactions
under CO; pressure indicate that CO, atmosphere retards the transesterification reaction
completely below 100 "C. Experimental conditions of 150 “C and 3.4 MPa CO, pressure
are required to obtain maximum DMC yield of 71 mol%. Synthesis of DMC by one-pot
synthesis using epoxide, CO; and methanol is not as effective as that by two-step method

with the present catalyst system. Raman and IR spectra of methanol-interacting tungstates
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indicate the formation of a methoxide ion species adsorbed at the catalyst surface as

one possible reaction intermediates.

Lo'pez et al.[1] report that the liquid-phase transesterification of triacetin with
methanol at 60 °C and esterification of acetic acid with methanol at 60°C (liquid phase)
and 120°C (gas phase) were investigated to characterize the effect of calcination
temperature on tungstated zirconia catalyuic_aetivity. The results showed a strong
influence of calcination temperature on the activity for both of these reactions. The most
active form of WZ occurred at a surface WO, density of 6.6 W-atoms nm ™, higher than
that required for sattiration’ coverage (5-6 W-atoms nm™°). The increase in esterification
and transesterification catalytic activity coincided with the formation of polymeric
tungsten species in the presence of the tetragonal phase of the ZrO, support. The activity
drop at high WO, surfage densities (>6.6 W atoms nm ) is attributed to the loss of active
sites, Selective poisoning experiments showed that Brensted acid sites apparently
contribute most of the activity. The optimum calcinations temperature for WZ was
identical for all transesterification and esterification conditions studied. The aqueous
exchangetitration method used for estimation of acid site density was better able to

predict the catalytic activity than the NH;-TPD method.

Ayhan Demirbas.[68] report that sunflower seed oil was subjected to the
transesterification reaction with calcium oxide (CaQ) in supercritical methanol for
obtaining biodiesel. Methanol “is used most” frequently as the alcohol in the
transesterification: process. Calcium ogide (Ca@) can considerably improve the
transesterification reaction of sunflower seed oil in“supercritical methanol. The variables
affecting the methyl ester yield during the transesterification reaction, such as the catalyst
content, reaction temperature and the molar ratio of soybean oil to alcohol, were
investigated and compared with those of non-catalyst runs. The catalytic
transesterification ability of CaQ is quite weak under ambient temperature. At a
temperature of 335 K, the yield of methyl ester is only about 5% in 3 h. When CaO was
added from 1.0% to 3.0%, the transesterification speed increased evidently, while when

the catalyst content was further enhanced to 5%, the yield of methyl ester slowly reached
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to a plateau. It was observed that increasing the reaction temperature had a favorable

influence on the methyl ester yield. In addition, for molar ratios ranging from | to 41, as
the higher molar ratios of methanol to oil were charged, the greater transesterification
speed was obtained. When the temperature was increased to 525 K, the transesterification

reaction was essentially completed within 6 min with 3 wi% Ca0O and 41:1 methanol/oil

molar ratio.

Davi A.C. Ferreira et al.[69] In this work, they present the results obtained from
the methanolysis of soybean oil using tin(1V)-based commercial compounds as catalysts.
In order to characterize the behavior of such catalytic systems in the reaction medium,
different reaction times, temperatures and catalyst amounts were used. The efficiency of
the catalytic system in terms of vield (% of fatty acid methyl esters formed) varies in the
following order: dibutyltin dilaurate > di-n-butyl-oxe-stannane > modified di-n-butyl-
oxo-stannane > butylstannoi¢ acid. Parameters as degree of solubility of the catalyst and

rate stirring were also investigated.

Dora E. Lopez et al.[70} report that although homogeneous alkali catalysts (e.g.,
NaOH) are commenly used to produce biodiesel by tranpsesterification of triglycerides
(vegetable oils and animal fats} and methanol, solid acid catalysts, such as acidic resins,
are attractive alternatives because they are easy to separate and recover from the product
mixture and also show significant activity in the presence of fatty acid impurities, which
are common in Jow-cost feedstocks. To better understand solid acid catalyst performance,
a fundamental transesterification kinetic study was carried out using triacetin and
methanol on Nafion® (perfluorinated-based ion-exchange resin) catalysts. In particular,
Nafion® SAC-13 (silica-supported Nafion) and Nafion® NRS0 (unsupported Nafion)
were investigated, because both show great promise for biodiesel-forming reactions. The
reaction kinetics for a common homogeneous acid catalyst (H2504) were also
determined for comparison. Liquid-phase reaction was performed at 60 «C using a stirred
batch reactor. The swelling properties of the resin in solvents of diverse polarity that
reflect solutions typically present in a biodiesel synthesis mixture were examined. The

initial reaction rate was greatly affected by the extent of swelling of the resin, where, as
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expected, a greater effect was observed for Nafion® NRS50 than for the highly

dispersed Nafion® SAC-13. The reaction orders for triacetin and methanol on Nafion®
SAC-13 were 0.90 and 0.88, respectively, similar to the reaction orders determined for
H2504 (1.02 and 1.00, respectively). The apparent activation energy for the conversion of
triacetin to diacetin was 48.5 kJ/mol for Nafion® SAC-13, comparable to that for H,SO4
(46.1 k)/mol). Selective poisoning of the Brensted acid sites on Nafion® SAC-13 using
pyridine before transesterification revealed that only one site was involved in the rate-
limiting step. These results suggest that reaction catalyzed by the ion-exchange resin can
be considered to follow a mechanism similar to that of the homogeneous catalyzed one,
where protonated triglyceride (on the catalyst surface) reaction with methanol is the rate-

limiting step.

Vicente et al.[71] to study consists of the development and optimisation of the
potassium hydroxide-catalysed synthesis of fatty acid methyl esters (biodiesel) from
sunflower oil. A factorial design of experiments and a central composite design have
been used. The variables chosen were lemperature, initial catalyst concentration by
weight of sunflower oil and the methanol:vegetable oil molar ratio, while the responses
were biodiesel purity and yield. The initial catalyst concentration is the most important
factor, having a positive influence on biodiesel purity, bul a negative one on biodiesel
yield. Temperature has a significant positive effect on biodiesel purity and a significant
negative influence on biodiesel yield. The methanol:vegetable oil molar ratio is only
significant for the biodiesel purity, having a positive influence. Second-order models
were obtained to predict biodiesel purity and yield as a function of these variables. The

best conditions are 25°C, a 1.3% wt for the-catalyst concentration and a 6:l

methanol;sunflower il molar ratio.

Stavarache et al.[72] to study the batch transesterification of vegetable oil with
methanol, in the presence of potassium hydroxide as catalyst, by means of low frequency
ultrasound (40 kHz) was studied with the aim of gaining more knowledge on intimate
reaction mechanism. The concentration of fatty acid methyl esters, of mono-, di- and

triglycerides of the actual reaction mixture were determined at short reaction time by



HPLC. The effect of ultrasounds on the lipids transesterification correlated with
triglyceride structures is discussed. It was found that under ultrasonic activation the rate-
determining reaction switches from DG — MG (classical mechanic agitation) to MG +

ROH—> Gly + ME(ultrasonically driven transesterification).

Ferreiraet al.[73] In this work, they present the results obtained from the
methanolysis of soybean oil using tin(1V)-based commercial compounds as catalysts. In
order to characterize the behavior of such catalytic systems in the reaction medium,
different reaction times, temperatures and catalyst amounts were used. The efficiency of
the catalytic system in terms of yield (% of faity acid methyl esters formed) varies in the
following order: dibutyltin dilaurate = di-n-butyl-oxo-stannane > modified di-n-butyl-

oxo-stannane > butylstanneic acid. )
2.3 General of defect in zirconia and technique to detect it.

Huiwen Liu et al.[12]. Report that nane-ZrO: has two kinds of ESR signals. They
can be assigned to bulk Zr** and surface F-center paramagnetic centers, respectively. 7t
ESR signal is a bulk-related signal, while the F-center signal is surface related. Therefore,
the F-center signal intensity increases with a S gy in erease while the Zr’* signal intensity
changes in reverse. The critical value of nano particle size above which the F-center
signal is negligible is about 50 nm. Study of tetragonal nano-ZrO, samples indicates that
their F-center ESR signal is closely related to their Sggr value or particle size rather than

their crystallite size.

Zhao et al.[11] report that the surface properties of ZrO; in He, Ha, O,, air and wet
air at temperatures ranging from 25 to 600°C have been investigated by means of ESR
method. The Zr'" centers characterized by ESR can be described as the oxygen
coordinatively unsaturated Zr sites, mainly located at the comer sites of ZrO;
microcrystallites, on the surface of ZrO;. More Zr'" centers were formed on the surface

of ZrO, by treating the sample in He at temperatures above 400 °C. And the formation of



the Zr'" centers may be associated with the removal of surface hydroxyl. Although

Zr*" in ZrO; cannot be reduced at temperatures of up to 600 °C in H,, some surface
hydroxyl can be reduced to form F-centers at temperatures higher than 250 °C. And 0%
can be produced from the Zr'" centers and F-centers at temperatures above 400 °C, and it

may be associated with both Hs and the trace amount of O; in Ha.

Morterra et al.[75]) report that CO adsorption at room temperature, followed by
means of in situ FTIR speetroscopy, and EPR spectroscopy have been used to
demonstrate the formation, by vacuum thermal activation, of coordinatively unsaturated
(cus) Zr'* centers atthe surface of monoclinic ZrO,. The same techniques have also been
adopted for a preliminary charagterization of the reactivity of (cus) Zr'* centers: they turn
out to be highly resistant to exidation by molecular oxygen, whereas they interact with
water and with carbon dioxide, yielding more easily coordinatively saturated

configurations, still reduced, rather than undergoing oxidation to the * state.

Gregorio and V. Keller[36] report that the structure of the ZrO, support
(monoclinic or tetragonal) and thus the preparation procedure has no influence, neither on
the nature and surface structure of deposited tungstate species nor on their reducibility.
This is essential in the explanation of the catalytic properties in the skeletal isomerization
observed with monoclinic ZrO; support, as will be presented and discussed in the
forthcoming Part II. Whatever the structure of the ZrO; support, catalysts with near-
saturation monolayer coverages are mainly constituted of amorphous tungstate species in
which the tungsten atoms are tetrahedrally coordinated, in direct interaction with the
support and thus very difficult to”reduce. The“increase in tungsten loading leads
progressively to the formation of tungstate species in which the tungsten is in octahedral
coordination, that is more easy to reduce. The reduction of these species yields W(IV)
surface species. A further increase of the tungsten content leads to the formation ofWO;
crystallites behaving as bulk-like tungsten oxide and resulting first in f-W (WO;)

metallic phase for reduction at 723K and finally in pure a-W metallic phase for more

intense reduction treatments.



llieva et al.[37] report that the reduction behavior of gold supported catalysts
on mesoporous titania and zirconia was studied. The TPR, ESR, HRTEM and XPS
methods were applied for the characterization of the state and structure of the catalysts. It
was established that the nature of support plays a decisive role in the reactivity of the
catalysts, in particular in their redox properties. The mesoporous nanostructured materials
used in this study as supports for gold nanoparticles show very different behavior under
hydrogen treatment. The ability of nanosiruetured zirconia to create F-centers leads to
different charging of the supports surface, i.g. the supported gold nanoparticles which is
the main reason for the observed differences between the both studied gold supported

catalysts on mesoporous titania and zirconia,

Martinez et al[39] report that two series of tungstated zirconia (WZ) solid acids
covering a wide range of tungsten surface densities (J, Wat'nm2) were prepared by
nonconventional impregnation and coprecipitation routes, leading to samples with
enhanced surface area {.70~120 m*/g) on annealing at 973-1073 K. The materials were
thoroughly characterized by N; physisorption, XRD, Raman, XPS, H.-TPR, and DR UV-
vis spectroscopy. The catalytic behavior of the Pt-promoted WZ catalysts (1 wi% Pt) was
evaluated for the hydroconversion of #-hexadecane used as model feed representative of
Fischer-Tropsch waxes. Both series of catalysts displayed a pronounced maximum in the
reaction rate and a minimum in the selectivity to branched feed isomers (iso-C16) at an
intermediate tungsten density (dmax). Interestingly, we found that dmax shifted toward
higher values for coprecipitated catalysts (dmax, COP. = 6.8 Watnm2) compared with the
impregnated ones (dmax, IMP =5 2 Wat/nm?). This has been ascribed to a better inherent
capacity of the coprecipitation route for dispersing tungsten species on the ZrO, surface,
as inferred from modeled XPSdata. This determines that both the formation of highly
interconnected amorphous WOx domains required for the generation of catalytically
active Brensted acid sites and the onset of growth of inactive three-dimensional WO,
crystallites (ascertained by XRD and Raman) occur at higher tungsten surface densities in
WZ solids generated by coprecipitation than in those obtained by impregnation. Despite

the observed shift in omax, the two most active samples within each series displayed
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nearly the same intrinsic activity per total W atoms, suggesting that a similar nature

and size for the supported active WO, domains should be attained by both impregnation
and coprecipitation routes at § = dmax. Moreover, the method of preparation was found
to affect the optical and electronic properties of the supported WO, species. Thus,
coprecipitation provides WZ solids displaying a lower valence—conduction energy gap, as
well as enhanced reducibility for the pelytungstate domains due to an improved
electronical linkage with the zirconia suppost, in-opposition to a more isolated character

of the WO clusters generated by impregnation.

Onfroy et al[51] report that relationship between the acidity, catalytic activity,
and surface structure for tupgsten oxide supported on zirconia was investigated for a
series of solids prepared by equilibrium adsorption on monoclinic zirconia. The catalysts
were active for propanol dehydration only above a threshold in W loading. The acidity
was studied by infrared spectroscopy of adsorbed probe molecules (2,6-dimethylpyridine
and CO), and the onset of activity was correlated with that of the formation of relatively
strong Bronsted acid sites. The variation in the abundance of these sites correlated with
the catalytic activity. Lewis sites were present but could not be directly associated with
the activity. Raman, IR, and UV spectroscopy results indicated that the active sites were

related to polymeric W surface species.

Elsevier B.V. et al.[41] Report that in the present work, they provide evidence of
an increase in the Zr'* paramagnetic center concentration under colloidal transformation
in ZrO, prepared by the totally inorganic _sol-gel method. The samples of thermally
treated (100-950 “C in air) ZrO; precipitates and dried sol-gel products—xerogels—were
examined by TEM, XRD, DTA, EPR and IR-spectroscopy. Under the same heat
treatment condition, the concentration of Zr'* (axially symmetric signal at g =1.977-
1.979 and g =1.958-1.963) became higher in the xerogel samples rather than in
precipitate samples and reached the maximum ( 0.1018 g in xerogel) after calcinations at

500°C in air.



Matsnhashi et al.[57] report that reversible formation of F'-centers was
observed over platinum promoted sulfated zirconia in the presence and absence of
hydrogen. The intensity of ESR signal of F* = centers was increased by treatment in He
stream and it was decreased rapidly by supply of hydrogen in gas phase. This behavior

seems to be related to proton spillover,

Foster et al.[58] they performed plane wave density functional theory ~DFT
calculations of formation energies, relaxed structures, and electrical levels of oxygen
vacancies and interstitial oxXygen atoms in menoclinie zirconia. The atomic structures of
positively and negatively charged vacancies and interstitial oxygen atoms are also
investigated. The ionization energies and electron affinities of interstitial oxvgen atoms
and oxygen vacancies in different charge states are calculated with respect to the bottom
of the zirconia condugtion band. Using the experimental band offset values at the
interface of ZrO; films grown on silicon, we have found the positions of defect levels
with respect to the bottom of silicon cenduction band. The results demonstrate that
interstitial oxygen atoms and positively charged oxygen vacancies can trap electrons
from the bottom of the zirconia conduction. band and from silicon. Neutral oxygen
vacancy serves as a shallow hole trap for electrons injected from the silicon valence band.
The calculations predict-negative—{/ for the Os center-and stability of VI centers with

respect to disproportionation into V21 and V0 in monoclinic zirconia.

Onfroy et al.[74] report thatthe relationship-between the acidity, catalytic activity,
and surface structure for tungsten oxide supported on zirconia was investigated for a
series of solids prepared by equilibrium adsorption.en monoclinic zifcénia. The catalysts
werecactive for prepanol dehydration only above a threshold in W loading. The acidity
was studied by infrared spectroscopy of adsorbed probe molecules (2,6-dimethylpyridine
and CO), and the onset of activity was correlated with that of the formation of relatively
strong Brensted acid sites. The variation in the abundance of these sites correlated with
the catalytic activity. Lewis sites were present but could not be directly associated with
the activity. Raman, IR, and UV spectroscopy results indicated that the active sites were

related to polymeric W surface species.
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Bobricheva et al.[78] report that ESR spectroscopy was used to investigate
paramagnetic sites in sulfated zirconia. Catalysts derived from zirconium oxide and
zirconium hydroxide were studied. It was demonstrated that paramagnetic sites assigned
to near-surface F-centers were formed during activation at temperatures above 573 K.
The catalyst derived from zirconium hydroxide shows after activation at 873 K two types
of paramagnetic sites: F-centers and Zr'" sites. Both F-centers and Zr'" sites in this
catalyst form complexes with reagents upon s-bulane or hydrogen adsorption at range of

423-523 K in contrastto paramagnetic sites of the oxide-derived catalyst.

Loridant et al[79]) report that W/ZrO. catalysis were prepared using anionic
exchange of peroxotungstate species with hydroxyl groups of zirconium hydroxide at low
pH. The solids were dried and calcined under air at 700 °C. Each step of this novel
method of preparation was investigated by Raman spectroscopy. A reference sample was
also prepared by incipient wetness impregnation of ZrOsin(H,O) with an ammonium
tungstate solution and characterized throughout its preparation process. Complementary
data were collected from X-ray diffraction, chemical analysis, surface area
measurements, and thermal analysis. The Raman spectra of the H;WO,-H,0; precursor
solutions evidenced the presence of (WiOi(0:)(H30)3):" dimers. These low nuclearity
species were exchariged with zirconium hydroxide at low pH. The Raman spectra of the
dried solids did not reveal peroxotungstate species but were typical of tetrahedral (WO,);
species. A slight agglomeration 6I"W species was observed with an increase in the W
content. However,, for an equivalent W loading, a higher W dispersion was obtained by
anionic exchange, compared to the-impregnation method. Furthermore, a remarkable
homogeneity of the exchanged samples was évidenced by the micro-Raman spectra. The
in situ'Raman spectra recorded during calcination characterized both crystalline phases
and supported tungsten species. Significant modifications were observed during the
calcination process. The exchanged and the impregnated samples, with the same W
loading, evidenced a similar type of tungsten species with one WdO bond. However, their
behavior during calcination up to 700°C was different. This was attributed to different

strengths of interaction with the support. Moreover, the spectra recorded after calcination
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on various points of the exchanged sample with a high W content revealed a better

spatial homogeneity than the impregnated one.

Khaodee et al.[80] this paper studied the effect of temperature ramping rate
during calcination on characteristics of nanoscale zirconia and its catalytic performance
for isosynthesis. The physical properties, i.e. BET surface area, cumulative pore volume,
cumulative pore diameter and the phase compositien in zirconia, acid-base properties and
surface properties such as Zr'~ quantity, were characterized. Increase in the temperature
ramping rate of calcinations resulted in a higher composition of the tetragonal phase, but
it showed insignificant influence on the other physical properties. Considering the
catalytic activity, theacid sites did not affect the activity, but the basic sites depended on
the fraction of the teiragonal phase in zirconia which was related to the selectivity to
isobutene. The intensity of Zr * on the surface varied with the change in the heating rate
of calcination. Both the tetragonal phase composition in zirconia and the quantity of 2
were the key factors affecting the selectivity to isobutene in hydrocarbons. Moreover, the
maximum value of the product selectivity to isobutene on the ZrO; (5.0) catalyst was

attained at the highest concentration of 2r",

lvanovskaya et al.[817] to study the nature of paramagnetic defects in nanosized
ZrO, samples prepared by the sol-gel method was studied by ESR. Conditions of
formation of different centers (Zr'*, F centers, 0, 02) in ZrO; were elucidated. The Zr”
and O “centers arise in the course of thermal dehydration of Zr{OH)4 under the conditions
when the formation of a Zr, O, Zr bridging bond is hindered. The F centers are formed in
ZrO; on heating in a reducing atmosphere or as @ result of structural rearrangements
accompanied by a decrease in the amount of lattice oxygen 'in the coordination

surrounding of Zr(I'V).

Sandra et al[l13] report that Electron paramagnetic resonance (EPR)
measurements have been made on a variety of commercially available samples of the
monoclinic form of the high-dielectric constant (high k) materials ZrO; and HfO; with

the aim of characterizing the defects they contain. All EPR measurements were at about
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9.5GHz and at room temperature. An axially symmetric spectrum with g = 1:961(2),

g = 1:976(2) is observed in most of the ZrO, samples and a similar one with g =
1:940(3), g =1:970(2) is seen for most of the HfO; samples; they are attributed to centres
involving Zr* and HF **, respectively.

Their average concentration lies in the approximate range 1015-1017 em?,
depending on the produet specification, and. with one exception is unaffected by g-
irradiation. Grinding granules to powder and/or g-irradiation yields further EPR-spectra
of defects, some of which are likely to involve oxygen, those are probably in the near

surface region.

Ashutosh et al.16] to study reactions of Zr(OiPr)4(PriOH) with di- and
trichloroacetic acid in 1:1 molar ratio in toluene gave the products
Zr2(1-0iPr)>(100CCHC1)(OiPr)(OOCCHC L) (HOIPr)(1) and
r2(10iPr):(100CCC)(QiPr)(0O0CCCly) (HOIPr) (2), respectively, in quantitative yields.
The molecular geometry of both {1} and (2) is constituted by a slightly distorted edge-
shared bioctahedron and both have almest. similar bond dimensions. Addition of
dichloroacetic acid in 1:2 molar ratio to Zr(OiPr)y(HOiPr) in toluene although yielded the
bissubstituted crude product Zr(QiPr(OOCCHCE)HOIPr) (3) but its solution in
toluene left for crystallization formed a tri-nuclear oxo product Zri(15-0)(1-0iPr)a(1-
0O0CCHCI,)s(g-00CCHCI,):(0iPr); (3a). The three zirconium atoms in the structure of

(3) are forming an isosceles triangle with a triply bridged oxo moiety at its center.



CHAPTER 111

THEORY

3.1 General feature of zirconia

Zirconia exhibits three polymorphs. the monoclinic, tetragonal, and cubic phases.
As shown in Figure 3.1, crystal structures of cubie, tetragonal and monoclinic zirconia
are shown in Figure 3.1.0s The monoclinic form is stable up to ~1170°C, at which
temperature it transforms into-the tetragonal phase, which is stable up to 2370°C [50].
The stabilization of the tetragonal phase below 1100°C is important in the use of zirconia
as a atalyst. Above 2370°C, the cubic phase is stable and it exists up to the melting point
of 2680°C. Due to the martensitic nature of the transformations, neither the high
temperature tetragonal nor cubic phase can be quenched in rapid cooling to room
temperature. However, at low temperature, a metastable tetragonal zirconia phase is
usually abserved when zirconia is prepared by certain methods, for example by
precipitation from aqueous salt solution or by thermal decomposition of zirconium salts.
This is not the exected behaviors according to the phase diagram of zirconia (i.e.,
monoclinic phase is the stable phase at low temperatures). The presence of the tetragonal
phase at low temperatures can be attributed to several factors such as chemical effects,
(the presence of anionic impuritis) [31,32] structural similarities between the tetragonal
phase and the preeursor amorphous phase [32.33-34Jas well as particle size effects based
on the lower surface energy in the tetragonal phase compared to the monoclinic
phase[32-33]. The. transformation.of the metastable tettagonal form into the monoclinic

form is generally complete by 650-700°C

Crystal system Unit cell shape
Monoclinic azb#c, o=y=-9° pzx’
Tetragonal a=bzc,a=p-y-w’

Cubic a=b=c, a=Pay=5"




Figure 3.2 : Crystal structure-of cubic, tetragoinal and monoclinic zirconia.

(Heuer, 1987)
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Figure 3.1 : The unit cells of the erystal systems.[35]

3.1.1 The formation of zirconia in glycol solvent

24

When 1,4-butanediol (1,4-BG) was used, pure tetragonal zirconia was obtained at

300°C for 2 h. For the reaction in 1,4-butanediol,the cleavage of the C-O bond was also

accelerated by the participation of the intramolecular group forming tetrahydrofuran,

which was actually detected by a gas chromatographic analysis of the supernatant after

the reaction in 1,4-BG(Inoue, M.; Kominami, H.; and Inui, T., 1993)
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Figure 3.3 : Mechanism of glyvcothermal-derived ZrO-

3.2 Defects structure of crystal matrial.

3.2.1 Vacancies: Schottky defects

Consider the simplest crystal deleet, namely that of an atomic site becoming
vacant, with the missing atom migrating o the crystal surface. This process will be

energetically unfavorable, costing the system a change in energy.

The simple case of a vacant &ite is called a Schottky defect. In order to maintain a
neutral charge distribution across a local length seale, it is common for both positive and
negative vacant sites to be produced in thermal equilibrium and to be evenly distributed

throughout the sample: This is represented in Figure 3.2.1
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Figure 3.4 : Cation and anion charge-balanced Shottky defects in NaCl.
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3.2.2 Interstitial defects: Frenkel defects

In crystals that not pack with high efficiency, it is possible for atoms to occupy
sites that are normally vacant, called interstitial sites. A Frenkel defect occurs when at
atom leaves its normal site to create a vacancy, and is then displaced into one of the

interstitial sites. This process is illustrated in Figure 3.2.2.

Figure 3.5 : Pair of charge-balanced Frenkel defects in Agl.

3.2.3 Coupled charge substitutions and vacancies

The vacaneies-that mentioned-above occur as-equilibrinm-processes. Other point
defects can be produced as non-equilibrium-structures through the process of crystal
growth, A common defect is the substitution of a different type of atom, usually one of
similar charge. For example, NaCl cancontain K defeéts substituting for the cation sites,
or F substituting on the anion sites. A substitution of a different charged cation will
require production of a compensating charge defect. For example, substituting a Ca®*
cation in NaCl will require the formation of a charge-compensating cation vacancy. This

structure is illustrated in Figure 3.2.3.
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Figure 3.6 : Substitution of a Ca” " cation for a Na cation in NaCl, accompanied by

the formation of a vacant calion site in order to maintain charge neutrality.
3.2.4 Color centers

The charge substitutions that have considered have been restricted to ions. It is
also possible for electrons to occupy vacant anion sites in order to maintain charge
neutrality. The electron forms its own energy bands. The celor center is able to absorb
electromagnetic radiation-in-the-visible spectrum; and this gives color to what would
otherwise be a transparent crystal. As a result, the presence of the color center can be

detected in an optical absorption experiment.

3.3 Surface defects

There is a sense in which the surface itself with it's coordinatively atoms it the
most numerous type of defect. The bulk of the experimental results, spectroscopic or
otherwise, necessarily relate to adsorption on the more numerous and expected sites on
oxide surface, such as coordinatively unsaturated cations or anions, hydroxyls, acid-base
pair, etc. However the most active sites will be connected with defects in the normal
surface, which have unusual geometrical and/or local chemical compositional features.

These may be present in concentrations that are one or two orders of magnitude less than
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those of the regular sites and experimental detection can be correspondingly different.

In general, the majority of the experimental phenomena discussed above were
connected with adsorption on the more numerous and expected sites on the oxide surface
(coordinatively unsaturated cations, anions, hydroxyls, and their pair). However, the
appearance of the most active surface centers suggests a connection with defects in the
solid. The other factors influencing the properties of the real oxide surfaces are: (i) the
presence of different lattice defects in the surface layer, and (ii) their chemical

composition, which in many cases, may differ from that in the bulk.

In spite of the fact that the concentration of the defect centers on the surface is one
or even two orders of magnitude less than the concentration of regular active sites, their
reactivities are very ofien higher. This is why such defect centers can participate in the

reaction.

The presence of the so-called dangling bonds (unsaturated valencies) at the
surface creates electron energy states, usually named intrinsic states, which are present
even in the case of pure and strictly stoichiometric surface. Additional structural defects
on the surface which may be or may be not associated with adsorbed impurities, said to

create extrinsic surface states,

The role of intrinsic-defects in the activation of adsorbed molecules has not yet
been elucidated.-The physies of such defects is also still in development. In contrast, the
influence of extrinsic defects on chemisorption and catalysis has been the object of many

investigations.

Crystal with periodical arrangements of all of their structural elements cannot
exist and real crystals show the presence of various imperfections described as defects.
Those atoms into other sites or interstitial positions may due to (i) the displacement of
atoms from the lattice sites normally occupy them, (ii) the presence of some vacant sites,
or (iii) the displacement of part of a crystal with respect to another part along a crystal

plane, etc. These defects are usually classified according to their dimensions into point
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defects (vacancies interstitial or foreign atoms), linear defects (dislocations) and spatial
defects such as pores of foreign inclusion. For example, besides being a strong base, the
highly dehydroxylated MgO surface is a good reducing agent. The reducing sites are
apparently defects, possibly surface cation vacancies: the dissociative chemisorption of

Bronsted acids blocks the reactivity of the reducing sites.

Investigation of small-surface-area bulk alkali earth-metal oxides, including MgO,
e.g. as single crystal, show that their photoluminescence is caused by defects in the
crystalline lattice, namely by the F* and F* centers, i.e. the oxygen vacancies have
captured one or two electrons, respectively. Such centers can be easily detected directly
by EPR and/or by UV-vis spectroscopic studies of the adsorption of molecules that easily
form cation or anion radieals. Detailed analysis of such spectra obtained by using
molecules which different but known values of ionization potential (IP) or electron
affinity, allows us to obtain information about such an adsorption center, for example, on
the basis of data on the tranpsition to the radical state, and so to make a conclusion about

its redox properties.

The main method used to investigate such centers is electron paramagnetic
resonance (EPR) spectroscopy. It should be remembered that the formation of radicals
could proceed on the surface of practically all oxide sysiems, when easily ionizable
adsorbates which are able to cause the formation of both main and side-reaction products,

are used.

A connection with thé problem of defect Sites, studies of mechanically activated
oxide systems Seemto be very-interesting and useful: It is well known that mechanical
activation (by grinding) affects an increase in the number of defects formed upon

mechanical activation.

Mechanical treatment is an effective method for creating defects in solids.
Various mechanical activation effects are related to the formation of such defects and
their subsequent chemical transformations. Some of these defects are free radicals, for

example in the case of Si0; (=Si-0-);Si" and (=8i-0-);8i0". A new type of natural defect,
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namely silanone (Si=0) groups was identified on the surface of mechanically activated
Si0;. A study was carried out by using their thermal stabilities, optical properties (a
characteristic absorption band was found with a maximum at 5.3 Ev) and Calcination,
relative to simple molecules, such as CO; and N;O, and radicls, such as H, D and CH;.
Studies of the IR and Raman spectra of the oxides MgO, Cr,0;, MoO;, Co;04 and CuO
in the regions of the cutoff vibrations allowed identification of sample amorphization
during mechanical activation ans also the decrease in the coordination number of both
cations and anions as compared with nonactivated oxides. The latter bring to increases in
the reactivities. According to IR spectra of adsorbed €O in the case of CuO and Co;0,,
the reduction of Cu®* to Cu' and Co’" to Co*" cations was observed during mechanical

activation.

In the diffuse reflectance electron spectroscopy (DRES) spectra of MoO;, the
valence-to-conduction band transition exhibited a considerable blue shift with decreasing
particle size. Excitonic absorptions observed in these spectra are also affected by the
smaller particle size and by the altered crystallite surface. An increasing intensity of the
bands was observed, and a linear dependence between the position of the band attributed
to polaron conductance and the logarithm of the carrier concentration per Mo atom was
obtained, both of these fact reveals that a sub-stoichimetric MoO;. species was formed
upon mechanical treatment. According to the ESR data, both milled and non-milled
MoO; samples contained Mo’ centers interacting with OH groups in close vicinity, but
their concentration was much smaller in the case of non-milled MoQj;. The main portion
of these Mo”" ions had Csyor Cuy symmetry. These latter ions appear to result from the
mechanical activation process and are suggested to be the precursors of a crystallographic
shear structure. Exposure to O, réveals that all of these Mo®" sites aré located in the bulk
and not necessarily on the surface, whereas free electrons are present at the surface. The
high surface sensitivity of the IR technique when using adsorbed probe molecules
revealed the formation of coordinatively unsaturated Mo'" surface states in MoOs which

was mechanically activated.



3.3.1 Definition of F-center defect

An F-center is a type of crystallographic defect*' in which an anionic*’ vacancy
in a crystal filled one or more electrons. Depending on the charge of the missing ion in
the crystal. Electrons in such a vacancy tend to light in the visible spectrum, such that a
material that usually 1ransparcnt*3 becomes colored. Thus the origin of the name, F-
center, which originates from the German Farbzentrum. The translation of this term also
provides the synonym color center, which can alse refer to such defects. F-centers are
often paramagnetic and ecan then be studied by electron paramagnetic resonance
techniques. The greater the number of F-centers, the more intense is the color of the
compound. F-centers can be ereated say by passing sodium vapours over NaCl, when Cl-
ions combine with the metal fons producing non-stoichiometric defects within the lattice.
The metal ions producing non-stoichiometric defects within the lattice. The electrons
released in this process diffuse to occupy the vacant places. Also ionizing radiation can

produce F-centers.

! s crystalline solids have a very regular atomic structure: that is, the local
positions of atoms with respect fo each other are repeated at the atomic scale. These
arrangements are called crystal structures, and their study is called crystallography.
However, most crystalline materials are not perfect: the regular pattern of atomic
arrangement is interrupted by crystal defects. The various types of defects are enumerated
here.

*2 This afficlé is about the électrically c¢harged particle. For other uses, see lon

(disambiguation).

An ion is an atom or molecule which has lost or gained one or more electrons,

making it positively or negatively charged.

A negatively charged ion, which has more electrons in its electron shells than it
has protons in its nuclei, is known as an anion (pronounced /"®na,an/; an-eye-on).
Conversely, a positively-charged ion, which has fewer electrons than protons, is known

as a cation (pronounced /"keta,an/; car-eye-on). An ion consisting of a single atom is
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called a monatomic ion, but if it consists of two or more atoms, it is a polyatomic ion.
Polyatomic ions containing oxygen, such as carbonate and sulfate, are called oxyanions.
lons are denoted in the same way as electrically neutral atoms and molecules except for
the presence of a superscript indicating the sign of the net electric charge and the number.

of electrons lost or gained, if more than one. For example: H and 5041_.

* In optics, transparency is the material property of allowing light to pass
through. In mineralogy, another term for this property is diaphaneity. The opposite
property is opacity. Transparent materials are clear: they can be seen through.
Translucent materials allow light 10 pass through them only diffusely: they cannot be

seen through.

3.4 Biodiesel

Biodiesel is an alternative fuel for diesel engines of the most renewable fuels

currently available and it'is also non-toxic and biodegradable that comprised of mono-

alkyl esters of long chain fatty acids derived. Biodiesel can be used as B100 (neat) or in a

blend with petroleum diesel. A blend of 5 sbiodiesel with 95+ petrodiesel, by volume, is

termed “B5”. (Used in Thailand). The well-known advantages of biodiesel compared with
petro-diesel are: (1) tower dependence on foreign crude oil, (2) renewable resource, (3)
limitation on greenhouse gas emissions because of the closed CO; cycle, (4) lower
combustion emission profile, (especially SO,) , (5) potential improvement of rural
economics, (6) biodegradability, (7) use without engine modifications, (8) good engine
performance, (9) improved combustion because of its oxygen content, (10) low toxicity,
and finally (11 ability ‘to be blended in any proportion with regular petroleum-based
diesel fuel.

Biodiesel is produced by chemically reacting a fat or oil with an alcohol, in the
presence of a catalyst. The product of the reaction is a mixture of methyl esters and this
process is called transesterification. Transesterification is extremely important for
biodiesel. Biodiesel as it is defined today is obtained by transesterifying the triglycerides

with methanol. Methanol is the preferred alcohol for obtaining biodiesel because it is the
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cheapest (and most available) alcohol. However, for thereaction to occur in a reasonable
time, a substance called a catalyst (catalysts are substances that, often present in small

amounts, accelerate the speed of a reaction; in many cases virtually no reaction would

occur without a catalyst), must be added to the mixture of the vegetable oil and methanol.

3.4.1 Transesterification reaction

8] Q

] il
CH:-0-C-R CH;-0-C-R,
|
| 0 o] CH, - OH
| i [ |
CH-0-C-R: + 3CH:0H - CH;-O0-C-R: = CH-OH
| (Catalyst) |
| O o CH,- OH
| I : Il
CH»-0-C-R; CH;-0-C-R;

triglyceride methanpl nuxture of fatty esters  glycerol

Figure 3.7 : Transesterification Reaction

where Ry, R,, and Ryare long chains of carbons and hydrogen atoms, sometimes
called fatty acid, chains. There are five types of chains that) are common in palm

oil.(others are present in small amounts):

Palmitic : R =-(CH;);5— CHj 16 carbons,

(including the one that R is attached to.) (16:0)

Stearic :  R=-(CH;);s — CHj; 18 carbons, 0 double bonds (18:0)

Oleic :  R=-(CH;); CH=CH(CH;);CH; 18 carbons, 1 double bond (18:1)
Linoleic : R =-(CH2); CH=CH-CH,-CH=CH(CH;)sCH;

18 carbons, 2 double bonds (18:2)
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For the reaction add 100% excess methanol to ensure that the reaction goes to
completion. In general, reactions can be encouraged to progress by adding an excess of
one of the reactants or by removing one of the products. The reaction of triolein with

100% excess.

For the transesterification to occur, usually 6 moles of alcohol are used for every
mole of triglyceride, which is more than the equation indicates. The reason is that the
reaction is desired to proceed in the direction of the arrow, i.e., to the right. In other
terms, the equilibrium of the reaction needs to be shified toward the right side of the
equation. As the term equilibrium indicates, not all reactions easily proceed to completion
and after some time the starting materials and reaction products are present in constant
amounts (the equilibrium has been attained). In many cases, the fact that a reaction can
proceed in the reverse fashion (from right to left in the equation) also plays a role in
formation of the equilibrium. To foree the equilibrium in
the direction of the products (as is almost always desired), one or more parameter(s) of
the reaction may need to be changed. Such parameters include the molar ratio as well as

others such as temperature, pressure and use of a catalyst.

Besides triglycerides, mono- and diglycerides can also exist. They are formed as
intermediates during the transesterification reaction. This is‘one of the problems when
conducting chemical reactions in general, not only the transesterification reaction. It is
almost always the goal of chemical reactions to obtain products that are as pure as
possible. However, hardly cany: chemical reaction procecds to-full completion (see the
discussion of equilibrium “above). Therefore, ofien intermediates (in the case of
transesterification-the-intermediates are; partiall y reacted triglyeerides: i:e.othe mono- and
diglycerides) can contaminate the final ‘product. Other materials that can contaminate

biodiesel are residual methanol (or other alcohol), glveerol, and catalyst.

For in this work used triacetin is a material, so transesterification of triacetin with
alcohols proceeds via three consecutive and reversible reactions where the FFA ligands
combine with the alcohol to produce a fatty acid alkyl ester, diand monoglyceride

intermediates, and finally a glycerol byproduct. The stoichiometric reaction requires 1



mole of TG and 3 mole of methanol to produce 3 mole of linear ester and 1 mole of

glycerol[7]. Show in Figure 3.8

Stepwise reactions :
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Figure. 3.8 : shows the reactions for the transesterification of triacetin with
methanol[7].

3.4.2 The Reaction of biodiesel when the catalyst is potassium hydroxide

It is common for oils and fats to contain small amounts of water and free fatty
acids. Free fatty acids consist of the long carbon chains described that are disconnected
from the glycerol backbone. They are sometimes called carboxylic acids. (R-COOH). If
an oil or fat containing a free faity acid such as oleic acid is used to produce biodiesel, the
alkali catalyst typically used to encourage the reaction will react with this acid to form

soap.
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O
+ KOH

Il
HO - C - (CHz)y CH=CH({CH;)>CH;
Oleic Acid Potassinm Hydroxide
L]
Il
— K 'O-C-(CH:y CH=CH(CH:2:CH: + H0

Potassinm oleate (soap) Water

Figure 3.9 : The reaction when the catalysiis potassium hydroxide (KOH).

This reaction is undesirable because it binds the catalyst into a form that does not
contribute to accelerating the reaction. Excessive soap in the products can inhibit later
processing of the biodiesel, including glycerol separation and water washing. Water in
the oil or fat can also be problem. When water is present, particularly at high
temperatures, it can hydrolyze the triglycerides to diglycerides and form a free fatty acid.
When an alkali catalyst is present, the free fatty acid will react to form soap following the
reaction given earlier. When water is present in the reaction it generally manifests itself
through excessive soap production. The soaps of saturated fatty acids tend to solidify at
ambient temperatures so a reaction mixture with excessive soap may gel and form a semi-

solid mass that is very difficult to recover.
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Triglyceride Water Diglyceride Fatty acid

Figure 3.10 : Hydrolysis of a triglyceride to form free fatty acids.



3.4.3 Properties of common fatty acids

Table 3.1 Chemical structure of common fatty acids and their methyl

esters.

 Piibrnitic: acid/

Methyl palmitate /
Hexadecanoic acid; Methy! hexadecanoate
Stearic acid / Octadecancic | R=(CHz)1s-CH; C18:0 Methyl stearate |
acid Mathyl octadecanoate
Oleic acid / 9(Z)- R-(CHy7 CH-CH-(CHa)- | C18:1 | Methyl oleate / Methyl
octadecenoic acid CH; O Z)-ocradecenoate
Linoleic acid / %(Z),12(Z)- R-(CH.)--CH=CH-CH>- C18:2 Methyvl linoleare /
octadecadienoic acid; CH=CH-(CH;);-CH; Meathyl 9(2),12(2)-

| ocladecadienoate

Linclenic acid / R-(CHz)7-(CH=CH-CH:)»- | C183 Methyl linolenate /
9(2),12(2),15(2)- CH; Methyl
octadecatrienoic acid; NZ),12(Z),15(Z)-

ecltadecadiencate

a) R=COOH (CO;H) or COOCH; (CO,CH1); (CH;); = CHy CH; CHyCH,.CH,-CH,-CH),, ete.

Table 3.2 Characteristics of Common Fatty Acids and Their Methyl Esters.

Fatty acid Formula Molecular weight Melting point
Methyl ester °C)
Palmitic acid Cietsi0n 256428 63-64
Methyl paimirate Cy7H3s0n 270457 30.5
Stearic acid CisHis0n 284 481 70
Metiyl stearate CisH3504 298511 39

Oleic acid CrgHa,07 2B2.465 16
Methyl oleate CisH1s0y 296.495 =20
Linoleic acid CysHa0q 2B0.450 -5
Methyl linoleate CisH04 204,470 -33
Linolenic acid CgH3p0: 278434 -11
Methyl linolenate Ci5H3204 202 463 -52/-57

37
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It is extremely important to realize that vegetable oils are mixtures of triglycerides
from various fatty acids. The composition of vegetable oils varies with the plant source.
Often the terms fatty acid profile or fatty acid composition are used to describe the
specific nature of fatty acids occurring in fats and oils.
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CHAPTER 1V

EXPERIMENTAL

The experimental system and procedures in the synthesis of zirconia and tungsten
zirconia are presented in this chapter. The chemicals, preparation of nanocrystalline ZrO;,
preparation of tungstated zirconia catalyst, reaclion studies and equipment are shown in
sections 4.1, 4.2, 4.3, 4.4, 4.5 and 4.6 respectively.

4.1 Sample preparations

4.1.1 Chemicals

The lists of chemicals used in this research are shown in the Table 4.1.

Table 4.1: Chemicals used for sample preparations

Chemical Grmiei 7 Supplier
Zirconium n-propoxide 20.5% Aldrich
Triacetin 99.999% Aldrich
Tungsten(VI) Chloride 99% Aldrich
1,4-butanediol analytical Aldrich
Methanol 99.8% Fisher
2- isopropanal 99% Fisher

Sulfuric acid 51% J.T.Baker
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4.2 Preparation of nanocrystalline ZrO;

Nanocrystalline ZrO, was prepared using the solvothermal method in the same
manner as reported by Kongwudthiti et al. [15]. Zirconium n-butoxide (97 %, Aldrich)
was used as the starting material. Approximately 25 g of zirconium n-butoxide was
suspended in 100 ml of 1,4-butanediol (Aldrich). in a test tube, which was then placed in
a 300 ml autoclave. The 25 ml of same solvent was filled in the gap between the test tube
and the autoclave wall. The autoclave was purged completely by nitrogen after that it was
heated up to the desired temperature at 300°C with the rate of 2.5°C /min. The
temperature was held constant at 300°C for 2 h and then cooled down to room
temperature. After the autoclave was cooled to room temperature, the resulting product
was repeatedly washed with methanol by vigorous mixing and centrifuging. The obtained
powders were then dried in oven at 100°C for | day

A part of the produet was ealcined in a tube furnace in different atmospheres (Hs,
N2, O, Air) by heating to 500°C at a rate of 10°C min and holding at that temperature for
2h.

4.3 Preparation of tungstated zirconia catalyst

The tungstated zirconia catalysts were prepared by incipient wetness
impregnation of €alcined solvothermal-made’ ZrO5 support with a desired amount of an
aqueous solution of tungsten (VI) chloride (99 wt%, Aldrich). The tungsten loading of
the -catalystswas, ranged of 15 wt%. Thefinal, concentrations of catalysts were
determined by atomic absorption spectroscopy (Varian Spectra’ A800). The catalysts
were dried at 110°C for 24 h and calcined in air at 500°C for 2 h.
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4.4 Reaction studies

The liquid phase transesterification reaction was carried out on well-mix batch
reactor used with 3-neck round bottom flask  50-ml. Hot plate and stirrer was used for
heat generation and using cooling tower to control the system to be stable (closed

system). First on, filled the solution of triacetin and methanol at ratio 1: 6 in reactor. The

reactor was heated to 60°C and the solid catalyst (2 wt% of triacetin) was added shortly
after the reactor temperature reached the desired temperature. Sample aliquots (I ml)
were withdrawn periodically from the reactor, quenched to room temperature, and
centrifuged in order o separaie out the solid catalyst and prevent further reaction.
Reaction sample conCentrations were determined using an SHIMADZU gas
chromatograph GC — 14B which N, was used as carrier gas. The steady-state rate was

reached after 7 h.
4.5 Equipment
4.5.1 Autoclave Reactor

- Made from stainless steel

- Volume of 1000 cm’® and 10 cm inside diameter

- Thethermocouple is attached to the reagent in the autoclave and
maximunitemperature of 350°C

- Pressure gauge in the range of 0-140bar

- Test tube was used to contain the reagent and glycol

2 Autoclave volunie of 1000 end’ and an iton jacket was used to reduce
the volume of autoclave to be 300 cm’

- Thermocouple is attached to the reagent in the autoclave

- Amount of starting material =7 g

- Amount of organic solvent in the test tube = 100 cm® and amount
of organic solvent in the gap between test tube and autoclave
wall =30 cm’



Figure 4.1 : Autoclave reactor

The diagram of the reaction equipment for synthesis of zirconia is
shown in Figure 4.2

Figure 4.2 : Diagram of the reaction equipment for the synthesis of zirconia
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4.5.2 Gas Chromatography (GC)

The sample 1 pl was injected to GC by using column RTX-5 Crossbond 5%
diphenyl — 95% dimethyl polysiloxane 30m, 0.25mmliD, 0.25umdf maximum program

temperature 350°C and used Ha, Air, He as gas carriers.

Table 4.2: Operating conditions for gas chrematography

Gas Chromagraph SHIMADZU GC-14B
Detector FID
Column RTX-5
Carrier gas He (99.999%)
Carrier gas flow (ml/min} 30 ce/min
Column temperature
- initial temp (°C) 50
- initial time{min) 3
- final temp (°C) 210
= final time (mm) 9
Injector temperature (°C) 255
Detector temperature (°C) 280
Current (Ma) -
Analysed Trigyceride

The effluent gas was sampled to measure the concentration of ethylene using GC-
14B gas chromatrograph (Shimadzu), equipped with a flame ionization detector. The
operating conditions for the instrument were listed in Table 4.2. The composition was

measured every 20 minutes until steady state was achieved (as indicated by constant peak

areas in the gas chromatograms).
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4.6 Characterization
4.6.1 Powder X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) will be performed by using a SIEMENS XRD
D5000 connect with a computer with Diffract ZT version 3.3 program for fully control of
the XRD analyzer. The measurements were carried out by using Ni-filtered Cuk,
radiation. Scans will be performed over the range from 10” to 80° with step 0.02°, To
determine the average crystallite size, peak broadening analysis will be applied to anatase

(101) peak using Scherrer*s equation.

4.6.2 Transmission electron microscopy and selected area electron diffraction

(TEM) and (SAED)

TEM and SAED characterizing the morphology, crystallite size, and diffraction
patterns of the primary particles of the resulting TiO, samples were obtained using the
JEOL JEM-2010 transmission electron mieroscope operated at 200 kV with an optical
point to point resolution of 0.23 nm. The sample was dispersed in ethanol prior to

measurement.
4.6.3 Brunauer-Emmett-Teller surface area (BET)

Total surface area(Sper) of zirconia are predicted by'a multipoint BET method.
Before analysis, must.conduct the degasation . at 200¢ and 10-3 Torr for 3 h. Adsorption
measurements were carried out using UHP N; at —196°C in a Micromeritics ASAP 2020

device,
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4.6.4 Titration technique involved an ion-exchange

The titration technique involved an ion-exchange step[7] using for predictation of
acid site concentration. By usin 0.2 g. dissolve in NaCl solusion, 3.43 M 10 ml. Stirring
took place for 30 h at 28 °C which caused the interchange ion between H" of catalyst and
Na’ of solution. Then the solid phase was filtered out. Solution was next tritrated with
NaOH 0.05 N. which the endpoint for this Litration was measured by pH meter( pH ~7)
and pH paper.

4.6.5 Electron spin resonance spectroscopy (ESR)

The defected surface zir¢onia( Zr* and F-center) are investigated by The electron
spin resonance spectrometer(ESR) at STREC. It was conducted on ESR spectrometer of
JEOL,model JES-RE2X on ES-IPRIT program with the X band Microwave unit and

frequency : 8.8-9.6 GHz. The cavity is cylindrical and it was operating in TE g1 mode.
4.6.6 IR Raman spectroscopy
The Raman spectra of the samples were collected by projecting a continuous

wave YAG laser of Nd (810 nm) through the samples at room temperature. A scanning

range of 100-1000 ¢m™ with a resolution of 2 em”’ was applied.



CHAPTER YV

RESULTS AND DISSION

In this chapter, the results and discussion are divided into three sections. Section 5.1
explains the characteristics of zirconia calcined at different atmospheres. Characteristics of
tungsten zirconia (WZ) catalysts are discussed in section 5.2. In section 5.3, the relative

catalyst activities are studied.
5.1 Characteristics of zirconia calcined at different atmospheres

The color of the zirconia changed from white to brown when zirconias were
calcined under H, and Ny atmosphere, which was a qualitative indication of the formation
of F-center surface defect as shown in Figure 5.2 This result was consistent with the author
[12] reported previously that the recognition of the color variation in solid particle from
white to brown clearly revealed the existence of F-center modification within zirconia

structure in terms of ESR analysis.

The XRD patterns of the as-synthesized and treated ZrO, powder are shown Figure
5.1 The specific reflection-of tetragonal phase difiraciion peaks are presented at 30.17°,
35.31°, and 49.79° and monoclinic phase peaks at 20 = 22.0°, 28.2° and 33.1°
Glycothermal reaction of ZNP and treated powder under different atmospheres gave the

nanocrystalline tetragonal ZrQ,, which contained the small amounts of monoclinic phases.

This suggests that the calcination atmosphere.(Ha, N2, Oz, Air) does not strongly
affect the phase change, The phase change is'dependent on the calCined temperature [1].

For calcination temperature above 800 "C under air, zirconia phase changes from tetragonal
to monoclinic phase (26 = 28.17" and 31.47°) [7 ). It is expected that tetragonal phase is

active for transesterification reaction [6-8].
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Figure, 5.1 X-ray diffeaction pattern of nano zirconia prépared by solvothermal method

and calcinations at difference atmosphere.
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The physical properties of as-synthesized and treated ZrO; powder are summarized
in Table 1. Crystallite size of tetragonal ZrO; and monoclinic phase contents were
calculated by Scherrer equation and the equation developed by Anthor et al. [37],
respectively. The crystallite sizes, monoclinic contents and BET surface area of as-
synthesized ZrO; powder were 3.5 nm, 25% and 120 m*/g respectively. While the
crystallite size, monoclinic contents and BET surface area of treated sample were ranged
between 4 to 6 nm, 21 to 29% and 76 to 95 m*/g respectively. Decreasing on BET surface

area of calcined samples was due to the sintering of ZrO; crystals.

Figure 5.2 shows ESR spectra of all ZrO; samples at different calcination
atmospheres. The results show low ESR signal for thus-obtained and treated ZrO, samples
under air and O, atmosphere as shown in Figure 5.2(0,, Air, As-syn). While, the ESR
signal for samples calcined under H,, N> atmosphere was clearly found at g = 2.003, which
could be assigned to F-center defects (single charged oxygen vacancy) as presented in
Figure 5.2(H,) and 5.2(Nz). This result was consistent with some researches [10-13], which
reported that the calcination under reducing atmosphere would lead to the formation F-

center signal as follow reaction;
Zr'* «OH +1/2H; = Zr" + F~ +H,0 (1)

The higher signal strength was caused by the more reducing atmosphere [30].

Table 5.1

Surface area, XRD phases for ZrO, samples caleinations at difference atmosphere

Ambient BETs - Crystal ' XRD phases Intensity of ESR signal
atmosphere in
calcinations (m%/g) size(nm.) % t-Zr0, % m-ZrO,  F-center Zr*
H; 90.5 38 71.0 29.0 22000 -
N 90.1 3.6 775 22.5 15510 -
0; 76.4 6.9 77.3 22.7 - -
Air 94.9 4.1 78.3 212 - -

As-syn. 120.2 3.5 74.8 252 - -
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5.2 Characteristics of tungsten zirconia (WZ) catalysts

XRD pattern of all tungsten zirconia (WZ) catalysts prepared by incipient wetness
impregnation of WClg on various treated ZrO; supports and following by calcination under
air flow at 500°C, are shown in Figure 5.3 The XRD patterns shown the specific reflection
of tetragonal phase diffraction peaks are presented at 30.17°, 35.31°, and 49.79° and
monoclinic phase peaks at 20 = 22.0°, 28.2° and 33.1°. The XRD patterns for all WZ
catalysts did not show any characteristic peaks of WO; or any other W compounds
suggesting that WO, must be in the non-crystalline form with high degree of dispersion.
Moreover, the observations exhibited the presence of monoclinic and tetragonal phase of
zirconia without any impregnation as shown in Figure 5.2. On the other hand, the
impregnation of tungsten over zirconia with the treatment under different atmosphere gave

no influence on the zirconia phase transformation.

A Monoclinic

O Tetragonal

Intensity(a.u.)

2-theta

Figure 5.3 XRD patterns of WZ prepared by impregnation tungsten on zirconia

(calcinations at difference atmosphere) and WZ calcinations at air atmosphere.
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To determine the presence of WO species, Raman spectroscopy is a very sensitive
technique for detecting the presence of very small WO; crystallites. The Raman spectra
taken at ambient temperature for oxidized WZ samples prepared by impregnation on the
calcined ZrO; supports under various atmospheres are shown in Figure 5.5 and that for pure
Zr0O; supports are shown in Figure 5.4, all samples exhibited the same characteristic
absorption bands for tetragonal ZrO, at around 313.48, 475 and 641.16 em” while the
characteristic bands of monoclinic phase had around 383 to 399 cm™ [54] . This should be
due to the small amounts of monoclinic contents comparing with tetragonal one. It is also
interesting that the absorption bands for tetragonal ZrO, became broad and disappear after
impregnated with tungsten. This would be due to the coverage of WO; layer on ZrO;

supports.

The Raman spectra taken at ambient atmosphere for oxidized WZ samples prepared
by impregnation with different calcinations atmosphere of ZrO, supports are given in
Figure 5.5 All samples display in the lower-frequency region the band at ca. 647 em ! as
the characteristic of tetragonal zirconia, In addition, a band at ca. 620 em' of monoclinic
zirconia [54] was not seen in all samples. These features related to the zirconia support
were in agreement with the XRD data as as discussed above. The bands corresponding to
surface tungsten species were observed at higher Raman shifts. The only tungsten bands
observed at Figure 5.5 (Hs) were those at 802.92 em ' assigned to W—O-W stretching
modes and the ranges of 960 to 955 em ' were attributed to W=0 vibrations in hydrated
interconnecting polyoxotungstate clusters [54]. These WO, species generally have
associated with the formation of stiong Brensted acid sites under a reducing environment

[55]. Thus, the Raman results confirmed those previously observed by XRD.
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Figure 5.4 Raman spectra of nano Zirconia prepared by solvothermal method and

calcinations-at difference atmosphere.
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Figure 5.5 Raman spectra of tungstated zirconia prepared by impregnation tungsten on

zirconia(calcinations at difference atmosphere) and tungstated zirconia calcinations at air
atmosphere.
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Figure 5.6 shows ESR spectra of all WZ catalyst samples. All samples exhibited the
characteristic signals for Zr'* as illustrated in ESR signal at g = 1.975 and g = 1.957
[11,12,29,30] while the signals for F-center for H; and N, treated ZrO, supports were
disappeared. Early researches suggested that the Zr'* detected by ESR can be described as
the oxygen coordinatively unsaturated zirconium sites on the ZrO; surface. The amounts of
rt (intensity of ESR signal) of all samples were determined and reported in Table 2. The
amounts of Zr'* of WO,/ZrO, catalysts were improved as the calcination atmosphere of
ZrQ; supports was changed. It improved by following order: H; = N; > Air > O,. It would
be noticed that the Zr'* contents in WZ catalvsts increased as the F-center defects of
starting support increased. According to the results, the defected surface of starting zirconia
support was the F-center for W05 group. In addition, the high F-center signal on zirconia
surface can reverse to a high Zr'" signal, this phenomenon is evident when it is
impregnated by tungsten chloride and followed by the calcination in air at 500°C for 2 h.
Frolova et al. [34] suggested that theelectronic density redistribution between Zr'" and the
closest oxygen vacancy is reversible under heating in a red/ox medium as the equation
below. Oxidation of the reduced samples results in disappearance of the F-center EPR

signal and the reappearance of Zr'" signal.

Z - Vo] — 2 Zr' - (Vo] (2)

when [Vo'] is F-center [29].

Table 2 summarized the physiochemical properties of all WZ catalyst samples.
Crystallite size, BET surface area and monoclini¢ contents were not much changed after
impregnation process. The tungsten surface density of the catalysts was calculated from the
WO; loading content and BET surface area‘of the catalysts and also reported in Table 2.
The tungsten surface density of all catalysts was ranged between 4.3 to 5.6 W nm™, which
was in good agreement with monolayer surface coverage value (4.8 W nm™) [47]. The
obtained-values also indicated that all the catalysts shown similar tungsten surface density
except for the WO, supported on O;-treated ZrO;. The acidity of ZrO, samples were
determined using chemical titration techniques. The results indicated that the acidity of

catalyst increaseds as the ZrO; support is treated with more reducible calcination
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atmosphere (H; > N, > Air > 0;). Moreover, it was interesting that the catalyst acidity

increased in the same order of Zr'* contents determined by ESR technique.

Intensity( a.u.)

3100 © 320 © 330 340 | (350 | (360 370

Field

Figure 5.6 ESR spectra of tungstated zirconia prepared by impregnation tungsten on
zirconia(calcinations at difference atmosphere) and tungstated zirconia calcinations at air

atmosphere.
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Table 5.2
Surface acidity for WZ sample calcination at difference atmosphere.
Surface acidity of Intensity ESR
Ambient Zr0, XRD phases of signal
Exchange/
atmosphere Crystals

at 500°C BETs titration size Yo t-Zr0;  %m-Zr0; F-center Zr""

(m*/g)  (umol/g) (nm.)

H; 90.2 200 3.8 71.6 284 - 2362
N, 90.5 150 3.6 73.2 26.8 - 2105
0, 69.8 100 6.7 15.2 248 - 1260
Air 85.5 125 3.9 78.4 21.6 - 1315

TEM images, HREM, SAED and EDX results of all ZrO; powders calcined at
500 °C with in W/ZrO, catalysts samples are shown in Figure 5.7 to 5.10 The W
impregnated on air and O--treated Zr(; consisted of particles with primarily spherical
shape with average size around 3 to 15 nm and irregular shape large over layers. Form
EDX analysis, the spherical shape particles and irregular shape over layer could be
assigned to ZrO; particles and tungsten oxide, respectively. The particle sizes calculated by
TEM image were in good agreement with crystallite size calculated from XRD indicating
that the tetragonal Zr(); was single crystal. On the other hand, tungsten impregnated on N;
and Hj-treated ZrO; only consisted of irregular bulk solids which was trapped the small
particles inside. From EDX analysis; all bulk solid eomprised of tungsten and zirconium
atoms, which indicated that W atoms were mixed with the Zr atoms within the crystallite.
This result agreed with several works, which were proposed that tungsten species were
entrapped inside the Zr0; bulk forming a solid solution [53]. The results suggested that
there was more dispersion of WO, species on ZrQO; supports treated by N; and H, gas. All
HR-TEM images of WZ catalysts clearly display crystalline ZrO, lattice fringes. The
additional presence of an amorphous WO, overlayers were also suggested by this sequence
of images. The amorphous overlayer of the surface WO, species appeared most

prominently at the edges of the support particles.
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Figure 5.7 TEM microgrsphs of W impregnation on ZrO5 calcination with O

Figure 5.7 (a) shown TEM micrographs of W impregnation on ZrQO; calcination
with O;. The color showed different metal location, i.e, gray color referred to zirconia and
black color represented the presence of tungsten. EDX -measurements showed fair
dispersion of tungsten on zirconia support. Tungsten agglomerated together as an
superimpose structure from many layer, namely polymeric tungsten while zirconia
distributed like small island without agglomeration. In addition, with higher magnification
(Figure 5.7 (b)) the picture showed obviously the agglomeration of tungsten over the
dispersion of zirconia. And the successive investigation by EDX confirmed the presence of

tungsten as black color and the existence of zirconia as gray color.
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Figure 5.8 TEM microgrsphs of W impregnation on ZrQ; calcination with H;

Figure 5.8 (a) shown TEM micrographs of W impregnation on ZrO, calcination
with H;. The color showed different metal location, i.e, gray-color referred to zirconia and
black color represented the presence of tungsten. EDX measurements-showed good
dispersion of tungsten on zirconia support. Tungsten agglomerated together as an
superimpose structure from slime layer, namely monolayer tungsten while zirconia
distributed like a film with tungsten cover on it. In addition, with higher magnification
(Figure 5.8 (b)) the picture showed obviously the agglomeration of tungsten over the
dispersion of zirconia. And the successive investigation by EDX confirmed the presence of

tungsten as black color and the existence of zirconia as gray color.
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Figure 5.9 TEM microgrsphs of W impregnation on ZrO; calcination with N

Figure 5.9 (a) shown TEM micrographs of W impregnation on ZrQO; calcination
with H;. The color showed different metal location, i‘e, gray color referred to zirconia and
black color represented the presence of tungsten. EDX measurements showed good
dispersion of tungsten on zirconia support. Tungsten agglomerated together as an
superimpose structure from slime layer, namely monolayer tungsten while zirconia
distributed like a film with tungsten cover on it. In addition, with higher magnification
(Figure 5.9 (b)) the picture showed obviously the agglomeration of tungsten over the
dispersion of zirconia. And the successive investigation by EDX confirmed the presence of

tungsten as black color and the existence of zirconia as gray color.
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Figure 5.10 TEM microgrsphs of W_impregnation onZrQ; calcination with Air

Figure 5.10 (a) shown TEM micrographs of W impregnation-on ZrQ; calcination
with Aitr. The color showed different metal logation, i.e, gray color referred to zirconia and
black coler represented the presence of tungsten. EDX measurements showed fair
dispersion of tungsten on =zirconia support. Tungsten agglomerated together as an
superimpose structure from many layer, namely polymeric tungsten while zirconia
distributed like small island without agglomeration. In addition, with higher magnification
(Figure 5.10 (b)) the picture showed obviously the agglomeration of tungsten over the
dispersion of zirconia. And the successive investigation by EDX confirmed the presence of

tungsten as black color and the existence of zirconia as gray color.
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5.3. Relative catalyst activity

The liquid phase transesterification of triacetin and methanol at 60 °C were used as
the model reaction for comparing the catalytic activity of all WZ catalysts. The catalytic
activity of all WZ catalysts is displayed in Figure 5.7 The order of catalytic activity can be
arranged as H,SO4> WZ cal. H, (53%) > WZ cal. N3 (40%) > WZ cal. 0, (17%) = WZ cal.
Air (16%) = WZ (commercial), respectively. The results were in a good agreement with the
acidity contents of catalyst. H,SOy4 exhibited the most active (nearly 99% triacetin
conversion) because of its strongest acidity and its liquid phase which was the same phase
as reactants (triacetin and methanol). On the other hand, WZ catalyst was a solid phase.
The acidic site on the catalyst surface and internal mass transfer for micropores limited the

triacetin conversion [1, 6, 7).
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Figure 5.11 Relative activities of acid catalysts for transesterification of triacetin with

methanol using a 6:1(methanol:triacetin)and 60°C (solid acids = 2 wt%)



CHAPTER VI

CONCLUSIONS AND RECOMMENDATION

6.1 Conclusions

1. Nanocrystalline supported-ZrQ; calcined under different atmosphere, i.e. O, Hs, N>
and air, at 500°C were investigated in terms of BET measurement and XRD
analysis. The calcinations appeared 1o decrease the specific surface area while there

were no influence on ZrQ, phase taking place.

2. Zr0O; calcined under different atmosphere, i.e. Ha, No, O, and air, at 500°C were
used as support for tungsten zirconia (WZ) catalysts. The observations showed
altering in defect structure from F-center to Zr'' which verified by the
disappearance of ESR spactra at g = 2,003 but instead g = 1.975 and g = 1.957
taking place. The number of Zr'', related to ESR intensity, were in the following
order Hy > N, > O, > Air.

3. Catalytic performances of the W catalysts supported on these treated-catalysts were
studied in the liquid phase transesterification reaction of triacetin and methanol. The
catalytic activities were improved in the order: WZ cal. H, (53%) > WZ cal. N,
(40%) > WZ cal. 02 (17%) = WZ cal. Air (16%).This result was in good agreement
with the increased order of acidity determined by titration and Zr'* determined by
ESR. Increasing of acidity was probably due fo the increase of dispersion of WO,

species on ZrO, supports.

4. The overall results lead us to the conclusion that the impregnation of tungsten on
the supported zirconia with different calcine atmosphere caused an F-center defect
formation of zirconia and then gave Zr'" formation as proposed in the following

model,
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6.2 Recommendations for Fuiure Work

The obtained features from this WZ catalysts on transesterification was that the
effect of F-center defect strongly affect the higher Zr'" and higher acidity which yielded in
higher activity of the reaction. It was recommended to improve the catalysts on
transesterification reaction that:

Another acidic metal such as alumina should be loaded instead of tungsten. The
effect of different acidic metal on Zr" and the“activity of the reaction should be

investigated.
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

Preparation of ZrO; nanocrystal via solvothermal method are shown as
follows:
Reagent: - Zirconium n-butoxide,
Molecular weight = 327.56
-1,4-butanediol

Molecular weight =90

Calculation for the preparation of Tungsten(VI) Chloride loading catalyst (15%
WIZr(,)

Reagent:

- Tungsten hexachloride (WClg)
Molecular weight = 396.56
Density =3.52 g/ml at 25 °C

- Tungsten (W)
Molecular weight = 183.56

- Zirconia (Zr0O;)
Molecular weight = 85

Based on 2 g, of catalyst used, the composition of the catalyst will be as follow:
Zr0; = 2 B

Have to used W
W

(2*15)/85
0.353 g.



7

W prepare from WClg
WClg required= MW of WClgx W required
MW of W

(396.56*0.353)/(183.56)
0.763 g

WClg
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APPENDIX B

CALCULATION FOR PERCENT OF TETRAGONAL AND
MONOCLINIC PHASE

The fraction of crystal phase of zirconia was estimated from X-ray diffraction
(XRD) profile. The amounts of tetragonal and monoclinic phase present in the
zirconia were estimated by comparing the areas of characteristic peaks of the
monoclinic phase (20 = 28 and 31 for (111) and (111) reflexes, respectively) and the
tetragonal phase(26 = 30 for the (111) reflex). The fraction composition of each phase

was calculated from the Gaussial areas h x w.

% monoclinic phase

h oclinic ph
Z( x w)monoclinic phase B.1)

B Z(h xw)monoclinic and tetragonal phase

% tetragonal phase

Z (hxw)tetragonal phase

S : B.2
Z (h x w)monoclinic and tefragonal phase (5:2)

where h = the height of X-ray diffraction pattern at the characteristic peaks
w = the half-height width of X-ray diffraction pattern at the characteristic

peaks.
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Example: Calculation of the fraction of crystal phase of zirconia

Table B.1 Calculation of the fraction of crystal phase of tungsten support on zirconia

catalysts.
WZ cat.calcine Area of zirconia
at different monoclinic | tetragonal | %monoclinic | %tetragonal

atm.
0, 401.25 1454.22 24.8 75.2
Ha 429.69 1173.43 284 71.6
N 837.56 2107.49 26.8 73.2
Air 410.95 1243.06 ~2hb 78.4

Table B.2 Calculation of the fraction of crystal phase of tungsten support on zirconia

catalysts.
Zirconia - Aﬁﬁéfzr‘rmnfa
calcine at monoclinic | tetragonal - | %monoclinic | %tetragonal
different atm.
0, 546.84 186469 | 227 77.3
H» 944.1 2312.68 29.0 71.0
N2 1527.93 5261.77 2255 71.0
Air 216.27 135741, | — 217 78.3
As-syn 585.36 1740.70 2§52 74.8




APPENDIX C

CALCULATION OF CRYSTALLITE SIZE

Calculation of crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction
peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

KA (C.1)
D=
Peosl

Where D = Crystallite size, A
K = Crystallite-shape factor (=0.9)
A = X-ray wavelength (=1.5418 A for CuKa)
8 = Observed peak angle, degree
p = X-ray diffraction broadening, radian.

The X-ray diffraction broadening (B) is the pure width of power diffraction
free from all broadening due to the experimental equipment. a- Alumina is used as a
standard sample to observe the instrumental broadening since its crystallite size is
larger than 2000 A. The X-ray diffraction broadening (f) can be obtained by using

Warren'formula.

From Warren’s formula:

B =By - B (C.2)

Where By = the measured peak width in radians at half peak heigh
Bs = the corresponding width of the standard material.
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Example: Calculation of the crystallite size of zirconia

The half-height width of 111, diffraction peak = 0.25° (from Figure A.1)
(27
=|—|«|0.25
[m] (02)

= (.0044 radian
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APPENDIX D

CALCULATION OF TRIACETIN CONVERSION

The catalytic performance for transesterification reaction was evaluated in terms

of triacetin conversion.

Triacetin conversion is defined as moles of triacetin converted with respect to

moles of triacetin in feed:

meles of Triacetin converted to product

Triacetin conversion(%e)= x100  (D.1)

moles of Triacetinin feed

Where mole of triacetin can be determined from triacetin peak area of the product
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APPENDIX E

CONDITION OF GAS CHROMATOGRAPHY

The condition of GC. were used in this reached.

Table E1: Operating conditions for gas chromatography

Gas Chromagraph  SHIMADZU GC-14B
Detector S FID -
Column RTX-5

Carrier gas He (99.999%)
Carrier gas flow (ml/min) 30 ce/min

Column temperature

< initial temp (°C) 50
- initial time (min) 3
- final temp (°C) 210
- final time {min) 9
Injector temperature (°C) 255
Detector temperature (°C) 280
Current (Ma) -
Analysed Trigyceride




INJ 255°C

DET 280 °C

COLUMN: INITIAL TEMP. 50°C
INITIAL TIME 3 min

FINAL TEMP. 210°C
FINAL TIME 9 i

T
GEW']NQ NIEUNVNINIENE
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APPENDIX F

TRANSMISSION ELECTRON MICROSCOPY AND SELECTED
AREA ELECTRON DIFFRACTION (TEM) AND (SAED)

Figure F.1 TEM microgrsphs of W impregnation on ZrO; calcination with Air
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Figure F.1 TEM microgrsphs of W impregnation on ZrO; calcination with Air



Figure F.2' TEM microgrsphs of W impregnation on ZrO; calcination with H,
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Figure F.2 TEM microgrsphs of W impregnation on ZrO; calcination with H,
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Figure F.3 TEM microgrsphs of W impregnation on ZrO; calcination with N,
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Figure F.4 TEM microgrsphs of W impregnation on ZrO; calcination with O,
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Figure F.4 TEM microgrsphs of W impregnation on Zr0O; calcination with O,



APPENDIX G

ESR SPECTRA OF ALL CATALYSTS SAMPLES AT DIFFERENT
CALCINATION ATMOSPHERES

Nanocrystalline Zirconia supports were prepared by using the solvothermal
method. The obtained ZrO; powders were treated at 400 °C in different atmospheres(
CD:, Dg, NH;;. HE, Ar, Ail’, Nz and Hz}

12000
10000 - e SO A R\ o,
i el ik - A E ™ - - UI
8000
= NH,
S600 S .
g 4000 1 AT f
= 2000 — N
D LR, S H,
320 1325 < 1330 %5 3
2000
Field(m.T.)

Figure G1 ESR spectra of sample nano ZrO; calcinations at different atmosphere : CO;,
03, NH3, He, Ar, Air, N2, Hz
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Figure G2 ESR spectra of tungstated zirconia prepared by impregnation tungsten on

zirconia(calcinations at difference atmosphere) and tungstated zirconia calcinations at air

atmosphere: Air; O», Nz
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Table G1. Show the power, amplitude of ESR spectra for WZ sample when calcinations
400 °C at difference atmosphere.

Name Power Amplitude F-center peake zZr

H w H W
ZrO2 cal. NH, 1.0 6.3*10 83421 18941 - -
ZrO2 cal. Ar 1.0 6.3*10 3806 660 . -
ZrO2 cal. N, 1.0 6:3*10 2959 488.9 - -
ZrO2 cal. He 1.0 ) 6.3*%10 2608 562.2 = =
ZrO2 cal. H, 1.0 | ﬁj*lﬂ éﬂg 721.1 - -
ZrO2 cal. CO, 1.0 - 6.3*10 746 611 220 294
ZrO2 cal. O, 1.0 6.3*10 276 354 150 287
Zr0O2 cal. Air 1.0 6.3*10 - % - =




APPENDIX H

RAMAN SPRCTRA OF ALL CATALYSTS SAMPLES AT
DIFFERENT CALCINATION ATMOSPHERES

38035 24167

Intensity

12[993— 4000 — 800 — 600 400 ——200
Raman Shifticm™

Figure H1 Raman spectra of WZ commercial prepared by sol-gel method and

calcinations at atmosphere(Air) and no calcinated (no cal.)
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APPENDIX I
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Nichapat Senso, Bunjerd Jongsomjit, Okorn Mekasuwandumrong and Piyasan
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Zr0; and its application as catalysts for biodiesel syntesis”, Proceeding of the
17" Thailand Chemical Engineering and Applied Chemistry Conference,
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