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Abstract

This report summarizes the second year research output of the project “Direct
Synthesis of [sobutene from CO Hydrogenation with ZrQ; Catalysts”. In the first year
work, the catalytic performance on isosynthesis and characterization of different micron-
and nanoscale zirconia catalysts were carried out and compared with those of ceria. In
addition, the effect of temperature ramp dl_fr}h ) calcination of zirconia on characteristics
of nanoscale zirconia catalysts and their j )pfrlnnmnce for isosynthesis was
investigated. In this second year work, the catalytic_performances of zirconia catalysts
with various content ofstlfiir
catalysis were detﬁnninﬁ(lm‘

/ t=aﬁu lﬁchniqucs ihr:'luding BET surface area, XRD.
NH;- and COs-TPD,

osynthesis were studied. The characteristics of the

#irco ia catalysts, it was found that zirconia catalysts
N

- *
-

showed @g{hightﬁt activity and selectivity of isobutene
nes. 19: aéd‘ﬁw: properties and phase composition of
sulfated zirconia influénce ca;#wtmm;f'pmmu Murenver the catalysts were
improved by sulfur loading. It revealed tha_{ j}illated zirconia catalysts exhibited higher
vdrocarbons »@ﬂaﬁ%& due to difference in acid-base

ies, specific surfac aand phase compaesition. Effect of calcination tempera
properties, specific surface arciiﬁ/@@wﬁc, OMPOsiti ! on temperature

selectivity of isobutene in

was also hw-:sligalt;\fl\ For the commercial sulfated ﬂmﬁa it found that increased

nic pls}UJ! in sulfated zirconia, but

calcination l:mperuu rﬂsulu‘:d in increased monocling
decreased acid SJIHJI'IW result revealed ﬂ’ml 1owcrjelcctw|w of isobutene in
hvdrocarbons. The 0.75% sulfated nn:nn ia synthesized from zirconyl nitrate showed the
major factor defSrmyining thel aﬂlvft}' and Sﬂ'!cmlirmf of isobutene in terms of phase
composition. Therefote. it “was “concluded ™ that tlie "difference in the calcination
temperatyres, iiflucnced dhe-catalylie, performancessulfyrycontente-speeific surface area,
phase cﬁmpﬁé’ﬁion dnd acid-base proptﬁfﬁ*s of the uaia[ysis.' n addition; the suitable

reaction temperature for isosynthesis was 400°C.

v
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CHAPTER 1

INTRODUCTION

This chapter is organized into 2 sections. The first one provides the general
information on the importance of isosynthesis for isobutene production whereas the other

summarizes the objectives of this pm_jtct ! //

. — - a—
1.1 Introduction - - =

/ f
Isobutene is alﬂK

such as methyl reri-

o

mainly used as gasoling'blending ﬂnjpu;]yh The demands of oxygenated compounds
are greatly increased wi

MTBE and ETBE is limi

. l'l} i}f;s/vnﬁd cconomy. However, the production of
Sy i4d :
a }fpi‘!dygﬁ; shortage of i-Cy (MTBE and ETBE are

produced by the catalytie reagtion qfﬂﬁbuém with: ,m!.‘ﬁ'nanc:l and ethanol, respectively,

over an acidic ion-exchang rcsm},smcc theal:m#m o - -Cy extracted from Cy stream of
petroleum stream cracking prgw};s ma@@ 1o meet the expected demand. It is
expected that pmdudlun i-C4 from non-petroleum saum@l:h as biomass, coal and

natural gas is E‘i‘iﬂllt&ﬂl Fhls route is attractive due to the ‘fh]}ml-'lng reasons; (i) the chosen

resource of amhutcn_g)' production is renewable, then J’gemg more green than the
conventional petroleum sources. which are about to shortage in the near future, (ii) carbon
dioxide, a by-prodact of '~Eﬂﬂﬁ?ll§ﬂi"@li'iﬁﬁﬁﬂ§t§5}; us substantially, consumed to produce
syngas. thus reducing the €O, entission to [fic atmosphere. and {iii) the ratio of carbon
monoxide 1o fvdrogen of Io1 tor-the'syngas from-fermentation of biomassis suitable for
the rca-:':ﬁun Of isobliten® syrithésis? Figire 1.1 Shows‘the synithesis routes of isobutene

from various non-petroleum sources.



Coal Gasification
Synthesis gas Isosynthesi
: Fermentati Carbon monoxide (CO) Isobutene
Biomass + (i-CeHg)
Hydrogen (Ha)
Natural gas

Figure 1.1 Isobutene'syr m sources.

Firstly, synthesiggas

by various possible routes

and hydrogen, is synthesized
oal (Eq. 1.1), fermentation of
biomass to biogas (miXturg
gas (Eq. 1.2) and stream ref§

is subsequently reformed to synthesis

Coal gasification:

(1.1)

Ig{D

.

I = {
Dry reforming of hio&: ﬂ]

sontuFesiys

Natural gas:
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Then isosynthesis reaction is carried out via CO hydrogenation to convert the

synthesis gas to branched chain hydrocarbons, especially isobutane and isobutene.

4CO + 4H; ——> i-C4H; (1.5)



This reaction was first reported by Pichler and Ziesecke (1949) using several
transition metal oxides (ThO,, CeO;) or mixed-oxide systems (ThO:-Al;03, ThO:-Zn0
and so on) to catalyze CO hydrogenation under very several condition (150-1000 atm).
Thorium dioxide (ThQ;) and zirconium dioxide (ZrO;) have been reported as the most
active catalysts for this reaction. However, zirconia-based catalysts have attracted much

interest because of their absence of radioactivity and high selectivity to isobutene.

Sulfated zirconia (SO4-Zr0; abbreyiated as SZ) has been the subject of extensive
research work since its ability to catalyze the 'E_q:i_f;’t:;ization of linear to branched light
hydrocarbons was diseovered. Metal b:{ides! such as ZrO,, Al;0s;, and TiO,, are acid
catalysts. Their acidity could be enhanced by sulfation. Sulfated zirconia (SO4-Zr0;), a
solid super acid, was f{;ﬁbned o b-e:_‘wat::tive for n-butene isosynthesis even at low
temperature, giving high seleatiyity. Tt iéherefnre interesting and becomes the focus of
this work to apply this $ﬂ4-2r01'{:atalyst\,?‘0rith= CO hydrogenation reaction for synthesis
of isobutene. It is txpm:tcé that the us: qf‘ SO4-Zr0; would offer the following
advantages: 1) the reagtion: lempsrature #I}?uid be lower than zirconia or mixed oxide
zirconia, and 2) the amount nﬁ_cat;llyst fn;ig:g.atmﬂ of isobutene is less than other type

of catalyst. 2 Ry

3y .:\,_'_;‘_'

1.2 Objectives

I. To investigate the characteristics and the catalytic properties of various sulfated
zireanig-catalysts forjisosynthesis;
2. Toinvestigate the effect of sulfurcontenton catalytic performance.

3.  To-investigate the effect of calcipation-temperature on-catalytiec performance.



CHAPTER 2

THEORY

This chapter focuses on carbon monoxide hydrogenation reactions particularly on
Fischer-Tropsch synthesis (FTS) and isosynthesis. It consists of five main sections.
Details of Fischer-Tropsch synthesis (FTS) and isosynthesis are described in Sections 2.1
and 2.2, respectively. General features of ii;ﬁgnia are detailed in Sections 2.3. The last
two sections describe preparation method of catalysts (Section 2.4) and preparation of
S04-ZrO; (Section 2.5).

: 9

2.1 Fischer-Tropsch synthesis (FTS) l

Fischer- Trupsch svynthesis 1‘.14"]"'3}\~ or CO hydrogenation reaction was originally
intended for production of synthetic' I:quiﬂil’ uels from synthesis gases (CO and Hs). After
the Second World War, F [S has been d/cjcioped continuously by several researchers,
although the rise and fall in resﬁarch mtenmfp 14 this process has been highly related to
demands for cheap oil- hmd h}-drmarboﬁ; ~This synthesis is basically the reductive
polymerization {thmner:zatlnn} of carbon mu;b;xlde by/hydrogen to produce heavier
saturated hydmcatl;i__bns or fower olefins or ﬁxygc’natﬁ‘_ﬁ}rgrgcarhnns. The main reactions

of FTS are:

€O +3Hy ——=> CHy + H0 (2.1)
CO+2H, —55 (ﬁ}{c,ﬂz,,} + H,0 (22)
CO+H,0 ——> CO;+H; (2.3)

200 —> C+CO0;, (2.4)

Eq. (2.1) is the formation of methane, Eq. (2.2) is the synthesis of hydrocarbons
higher than methane, Eq. (2.3) is the water-gas shift reaction, and Eq. (2.4) is the

Boudouard reaction resulting in deposition of carbon.



For FTS, it is desired to obtain high molecular weight, straight chain
hydrocarbons. Nevertheless, methane and other light hydrocarbons are always present as

less desirable product distribution, typically 10 to 20 of products from the synthesis are

usually light hydrocarbons (C-Cy). The disadvantages of light alkanes are inconvenient
for transportation because byproducts have low boiling points and exist in the gas phase
at room temperature. Many attempts have been made to minimize these by-products and
increase the yield of long chain liquid hydrocarbons by improving chain growth
probability. It would be more efficient to be able ta convert these less desirable products
into more useful forms, rather than re-reforming them into the synthesis gas and recycling
them (Farrauto and Bartholomew, 1997). The distribution of the molecular weight of the
hydrocarbon productscan be remarkably varied, depending on types of catalyst used,
promoters, reaction conditions (pressure. iteapperature and H,/CO ratios), gas hour space

velocity and type of reaetors, o

2.2 Isosynthesis 24y 4

The Fischer-Tropsch pracess is cunsi@‘bf isosynthesis, that is part of the more
generalized reaction systems. During World War 11, the synthesis gas reaction was
improved by Pichler and Ziesecke (1949). Details of the project, actually started in 1941,
were kept secret beeause its primary goal was the catalytic production of isobutane and

isobutene, important raw materials for high octane gasoline synthesis (Pichler, 1952).

Synthesis |gas | was convertéd lovér reducible-oxide catalysts to form branched
chain hydrocarbons. Development of the process was rapid but its commercial use was
cut of ' by ‘the successful development of new catalysts for the production of high octane

gasoline from readily available petroleum.

Although both isosynthesis and FTS use synthesis gas as the feed, the isosynthesis

differs from the FTS inseveral ways

» The isosynthesis gives high yields of isoparaffins rather than normal paraffins.
e The catalysts are difficultly reducible oxides such as ThO; or ZrO; rather than

reduced transition metals.



* Isosynthesis temperatures and pressure are considerably higher than those used in
FTS.

e Isosynthesis catalysts are not poisoned by sulfur to any great extent.

Very few attempts have been reported about the isosynthesis process since the
carly work by Picher and Ziesecke (1949), but interest in this reaction has been revived,
chiefly because of the increasing demand for isobutene and other branched hydrocarbons.
Sofianos (1992) has reviewed the isosynthesis: 'Ihe existing literature indicated that the
main products of the isosynthesis reaction were isobutane and isobutene which can be
obtained in sufficiently” high-yields only at mild condition (high temperatures and
pressures). The operation of the ismynthesis reaction is not favorable at low pressures as
the formations of PDME, lower ‘alcnlsmljs and isobutano! predominate under these
conditions. 4 ‘

Pichler and Zieseeke (1949) ;rcpﬁ%{i that there was a relationship between the

isosynthesis and higher al@h{:-l__synthcsi.é;_/mniculnrly isobutanol which is used as a

,,,,,

solvent, an additive in lubricating oils aﬁé‘{ﬂf’thc production of amide resins. When
operating the catalytic systeny under mild:i’:éﬁuditiun, the production of isobutanol and
other higher alcohels is more favorable than that of Jiso-C4 compounds from the
isosynthesis. Large-amount of methanol is always present and it becomes a driving force
to realize a direct reaction between methanol and isobutanol or isobutene derived from

isobutancl to form MTBE.

A large number of reactions taking place during the FTS reaction or isosynthesis

can be summarized as. fallows:

Paraffins (2n + 1)H; + nCO —>C,Hyps3+ nH-0 (2.5)
Olefins 2nH; + nCO ——>C H3, + nH;0 (2.6)
Alcohols 2nH; +nCO ——>C H2,+OH + (n-1)H,0 (2.7)
Water gas shift CO +H,;0 —>C0;+H; (2.8)
Boudouard reaction 200 —>C+CO, (2.9)
Coke deposition H, + CO —2>C + H,0 (2.10)



Moted that the best yields are obtained with a CO: H; ratio of 1.0-1.2; 1.0.
2.3 General feature of zirconia

Early researchers reported that the crystal structures of zirconia have three
different phases: monoclinic, tetragonal, and cubic. Figure 2.1 depicts the typical unit
cells of different phases. Crystal structures of cubic, tetragonal and monoclinic zirconia
are shown in Figure 2.2. The temperaturé is.an_important factor, which makes phase
transform to another phase. The temperature transform of the monoclinic phase is 1170
"C, below this the crystal structures is stable, then the monoclinic transform into the
tetragonal phase, which isstable up to 2370°C (Cormack and Parker, 1990). The
stabilization of the tewagonal phase below | 100°C is impertant in the use of zirconia as a
catalyst in some reactions. The gubic pﬁgﬁe is stable up to 2370°C and exists up to the
melting point of Eﬁﬂﬂ"('.,-'h result-of the ﬁ}gr&nsi{ic nature of the transformations, neither
the high temperature té'iragélnasi nor cubic ﬁh@s; can be quenched in rapid cooling to room
temperature. However, at low tﬁmpcratﬂgﬁ.‘ .E; metastable tetragonal zirconia phase is
usually observed when lhﬁ'zirt;qﬁ-iﬁ-is prepa}?ﬂﬁy certain methods, such as precipitation
from aqueous salt solution or ﬂ'sérmal decd?@ginn of zirconium salts. This is not the
expected behavior according to the phase diagram of zircénia (i.e., monoclinic phase is
the stable phase at_low tﬁmperaturn;sj. At l'u';v. temperatures, the exist of the tetragonal
phase can be attributed to several factors for example chemical effects, (the presence of
anionic impurities) (Srinivasan et al., 1990, Tani et al., 1982) structural similarities
between the tetragonal phaseCand theprecursor amorplious)phase (Livage ef al., 1968,
Osendi et al., 1985, Tani ér al., 1982) as wéll as particle size effects based on the lower
surface energy-in.the tetragonal phase compared to the monoclinic phase (Garvie, 1978,
Osendier al., 1985, Tani ef al., 1982). The transformation of the metastable tetragonal

form into the moneclinic form is generally complete by 650-700°C.

Crystal system Unit cell shape
Cubic A=b=c,a=p=y=90"
Tetragonal A=b#c,a=p=y=90"
Monoclinic afb#c,a=y=90", p#90°




190°
o0° A " a
a L .
cubic ietragonal

Figure 2.2 Crystal structuré.of cubie, tetragonal and-monoclinic zirconia (Heuer, 1987)

2.4 Preparation method of catalysts

2.4.1 Precipitation and coprecipitation

The catalyst and support is prepared by precipitation or coprecipitation, which is
technically very important (Thomas, 1970 and Stiles, 1983). However, the precipitation
method is generally more demanding than several other preparation techniques, due to the
need of product separation after precipitation and the tremendous volumes of salt
containing solutions generated in precipitation processes. Techniques for catalyst

manufacture have to produce catalysts with better performance in order to compensate for



the higher cost of production in comparison, for instance, to solid-state reactions for

catalyst preparation.

Nonetheless, for various catalytically suitable materials, especially for support
materials, precipitation is the most frequently applied method of preparation. These
materials include mainly aluminum and silicon oxides. In other systems precipitation
techniques are also used, for instance in the pmductiun of iron oxides, titanium oxides or
zirconias. The main advantages of precipitaiion for the preparation of such materials are
the possibility of creating very pure materials and.the flexibility of the process with

respect to final productquality.

Other catalysts. based an mnré ‘Jtvhan one component, can be prepared by
coprecipitation. According to IUPAC nﬂj_'j]énclature, coprecipitation is the simultaneous
precipitation of a nDTmlﬂﬂh’ soluble compenent with a macrocomponent from the same
solution by formation of mixed cryﬂaﬁ,j by adsorption, occlusion or mechanical
entrapment. However, in catalyst p_r.’nparat{éggtechnnlogy. the term is usually used in a
more general sense in that the :requircment:;? @he species being soluble is dropped. In
many cases, both components to be preﬁtp;:amd are essentially insoluble under
precipitation condiyti‘x;ns! although their solubility products might differ substantially. We
will therefore use the'term coprecipitation for the simultaﬁ_qpuﬁ precipitation of more than
one component. Such Systems prepared by coprecipitation include Ni/ALO;, Cu/ALOs,
Cu/Zn0, and Sn-Sb oxides.

Coprecipitation is very relevant for the generation of a homogeneous distribution
of catalyst componentscor for-the creation 6f precursors With a definite stoichiometry,
which can be easily converted to the active catalyst. I the precursor for the final catalyst
is a stoichiometrically defined compound of the later constituents of the catalyst, a
calcination and/or reduction step to generate the final catalyst usually creates very small
and intimately mixed crystallites of the components. Such a good dispersion of catalyst
components is difficult to achieve by other means of preparation, and thus coprecipitation
still remains an important technique in the manufacture of heterogeneous catalysts in spite
of the disadvantages associated with such processes. These disadvantages are the higher
technological demands, the difficulties in following the quality of the precipitated product

during the precipitation, and the problems in maintaining a constant product quality



throughout the whole precipitation process, if the precipitation is carried out

discontinuously,

2.4.1.1 General principles governing precipitation from solutions

Precipitation processes are not only relevant for catalysis, but also for other
industries, as for instance the praduction of pigments. I-Imalfm'n:r. in spite of the
tremendous importance of precipitation fmﬁr’f‘?wfuﬂn’n? many basic questions in this field
are still unsolved and the preduction of a preéipiﬁi%wi_lh properties that can be adjusted

at will is still rather more an-art than a ﬁ—ci:nsc. This.is primarily due to the fact that the

key step. nucleation of the'Soli
nalvtical teols currently available.

. ‘
Y 4 JJ

r
¥, = -~ ~

fram alxmﬂgencaus solution, is a very elusive one. and

is difficult to study usir

/
Spcctmsuopy'l?f };bcﬂ‘] apmhcss is not sensitive cnough to study larger
g‘hc hami !nﬂuﬂd:nm diffraction methods are not suitable

B /}u 4‘

for analysis either, since ; nug’lcus 1; mm !afg} enuugh o produce a distinctive diffraction

arrangements of atoms

pattern. Thus, investigations of Cry—ﬁ‘.[aihzattmradﬁ precipitation processes from solution
often have to rely on indirect .mﬂ‘lﬁ:arcmﬁﬂlmdh Figure 2.3 depicts a general flow
scheme for the prt’:parjltlun of a precipitated cam!yst £

)
.J

e’

._/
2.4.1, Ighcm ical considerations

It is generally desirable to precipitate the desired material in such a form, that the
counter-ions of fhe precursor salis,and the precipitation agent, which can be occluded in
the precipitate during the precipitation; can easily be&-removed by a ealcination step. If
precipitation\is indiced by physital, means. i.¢/ cooling or évaporation of solyent to reach
super-saturation of the solution, only the counter-ion of the metal salt is relevant. If
precipitation is induced by addition of a precipitating agent, ions introduced into the
system via this route also have to be considered. Favorable ions are nitrates, carbonates,
or ammonium, which decompose to volatile products during the calcination. For catalytic
applications usually hydroxides. oxohydrates. oxides (in the following the term
“hydroxides™ is used in a rather general sense. comprising hydroxides and oxides with
different degrees of hydration) are precipitated; in some cases carbonates, which are

subsequently converted to the oxides or other species in the calcination step, are formed.



In addition, the precipitation of oxalates as precursors for spinel-type catalysts has
occasionally been reported to give good results (Peshev er al., 1989). If the ions do not

decompose to volatile products, careful washing of the precipitate is necessary.

metal solution

Precipitation by physical or
chemucal means

: precipitate
I J [aging, modification),
— ‘ filtering
[aug.
modificauon], ﬂh:rrcak:
I # - \
'; - s : [aging, modification],
| | drymng
{ v
—= & £ 5 dry pfec# wrsor
9§
£ B 4
| [ shapimmg, _ y) calcimanon
¥ iz ik v
pcrfonue)d . active phase
precursor N
Iﬁaﬁ‘fﬁnﬁaﬁ } shaping
v
catalyst catalvst

Figure 2.3 Preparation scheme for precipitated catalysts (optional preparation step are
indicated by square brackets),

In many cases it has been found advantageous to work at low and relatively
constant super-saturation which is achieved homogeneously in the whole solution
(precipitation from homogeneous solution, PFHS). This can also be employed for
deposition-precipitation processes. This can be reached by using a precipitating agent

which slowly decomposes to form the species active in the precipitation.
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2.4.1.3 Process considerations

There are several ways to carry out the precipitation process (Figure 2.4) (Courty
and Marcilly. 1983). The simplest implementation of the precipitation reaction is the
batch operation where the solution from which the salt is to be precipitated is usually
present in the precipitation vessel and the precipitating agent is added. The advantage of
this mode of operation is the simple way in whlch the product can be obtained; the most
severe disadvantage is the variation of batch eﬁrrfpasnmn during the precipitation process.
This can lead to differences between lhe pruduu Fﬂﬂﬁed during the initial stages of the
precipitation and the prcgpﬁate,furmcq at the end el process. If a coprecipitation is

carried out this way. it_iss fﬂm to d 1d: which compounds are present in the vessel

and which compounds be added. [f the precipitating agent is present in the

precipitator and the mi E.‘(/i, metal’ sﬂlmﬁns are added, the product tends to be

homogeneous, since “:Z{L ,;ﬁlgtmn agers is always present in large excess. If, on the

other hand. the precipi 9!11 is ﬂddf:dﬁg a mixed metal solution, the precipitate with

" . //A‘ 7
the lower solubility tend q‘ pre-:.Jpnale ﬁ?l thus resulting in the formation of an
ddod
inhomogeneous product. P il
Y itz T Ay
‘J’/" \J-\‘ s
A slightly ma‘{e Lompln process is the snmultancof: addition of both reagents

-
1€ precipitation is carried out

under stricl cunlm]lg
tollowing this prm:-:d—{a: the ratio of the metal sall and precipitating agent remains
constant; all other cnnmmmuum however, change durrng the process. Homogeneity of
the preduct is usually better, than in the, first process described. but might still vary
between the first pr&ﬁpimlt and the prﬁcipiiat’c formed last. Thi§ is due to the different
concentrations,of the other tons which are not precipitated and might be occluded in the
precipitdte o' a larger extent doring the final stages cof thelprocedure. Moreover, the
precipitates first formed are aged for a longer time in the solution. Thus, phase transitions

might have already occurred. while fresh precipitates are still formed.
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Figure 2.4 Possible implgrnﬂ:_matinnsinl'pfééipﬂatiun processes.
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Note that in the batchwise process (a) the;:jiéi?and all other parameters except for the
temperature change continuotisly during tﬁé??pr\;:'é'ip'itatinn due to consumption of the metal
species. Coprecipitation.should be carried outin thereversed arrangement by addition of
the metal species to-the precipitating agent to avoid sequential precipitation. In process
(b) the pH is kept constant, but the batch compositionand the residence time of the

precipitate change continueusly. l-process (c) all parameters are kept constants.

These problems are avoided. if a continuous process is) employed for the
precipitation; hawever. this makes higher demands on the process control. In a continuous
proces§ all parameters as temperature, concentrations, pH, and residence times of the

precipitate can be kept constant or altered as desired.

The continuous process usually allows precipitation at low supersaturation
conditions, since seeds are already present in the precipitation vessel. Thus, no
homogeneous precipitation, which needs high levels of super-saturation, is necessary, and

nucleation occurs heterogeneously with the associated lower supersaturation levels.
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2.4.1.4 Influences on properties of the final product

Basically all process parameters, some of which are fixed and some which are
variable, influence the quality of the final product of the precipitation. Usually
precipitates with specific properties are desired. These properties could be the nature of
the phase formed, chemical composition, purity, particle size, surface area, pore sizes,
pore volumes, separability from the mother liquor, and many more, including the
demands which are imposed by the requircmentis of downstream processes, like drying,
palletizing, or calcination. 1t is therefore necessary 1o optimize the parameters in order to
produce the desired material. Figure 2.5 summarizes the parameters which can be
adjusted in precipitation‘process and the properties which are mainly influenced by these
parameters. The fﬂ!l&ﬁ:’fﬂ_g- diseussion attempts to give some general guidelines
concerning the inﬂucncg:"ﬁf certain pmceﬁs‘pammctﬂm on the properties of the resulting
precipitate. It should, however, be stressed, that the stated tendencies are only trends
which might vary in special cases. The exact choice of precipitation parameters is usually
the result of a long, empirically driven cpﬁ@ﬁjzﬁiinn procedure and a well-guarded secret

of catalyst manufacturers or the producers of precursors for catalysts.

2.5 Preparation of SO4Zr0;

The catalytic properties of SO4-ZrO; significantly depend upon the preparation
method and the activating treatment. A variety of methods have been reported for the
preparation of SO4-Zr0;. These methods differ mainly in the type of precursor, type of
precipitating agent; type of sulfating agent,| method of impregnation, calcination

temperature. Various methods have beén used for the‘characterization of these catalysts.

The method of preparation significantly affects the activity of SO4-ZrO,. Major
factors that affect the catalyst performance are pH of the solution during sol-gel

precipitation, solution concentration, drying and calcination temperatures.

The type of precursor for preparing SO4-ZrO; plays a vital role in the final texture
and, hence, in the performance of the catalyst. Various zirconium compounds, such as
Zr{NO;3)4, ZrCly, zirconium isopropoxide, zirconyl chloride, zirconium oxychloride and

sometimes zirconia itself, are used to prepare these catalysts. Various precipitating agents,
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like aqueous ammonium hydroxide and urea, have been reported (Yamaguch., et al,
1986). The type of hydrolyzing agent also has a significant effect on the catalyst activity.
Amorphous zirconium hydroxide obtained by the alkaline hydrolysis of the zirconia
precursor is usually sulfated before it is crystallized by thermal treatment. Although this is
the general way of preparing the catalyst, sometimes hydrous zirconia is first crystallized
by thermal treatment and then sulfated. The sulfating isomerizaspecies most commonly

undergoes a phase transformation.

sulfate incorporatiu.//
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CHAPTER 3

LITERATURE REVIEWS

This chapter provides the literature reviews on various topics relevant to this
project; i.e., mechanism of isosynthesis over oxide catalysts, effect of preparation of
oxide catalysts, effect of reactor material, effeet of acidic and basic properties, effect of
redox properties, effect of preparation parameters, mechanism of n-butene isosynthesis
over sulfated zirconia, nature of active sites and effect of additives on surfated zirconia-

based catalysts.

3.1 Mechanism of isosynthesis over oxide catalysts

CO hydrogenation over oxide catalysts selectively forms branched-chain
compounds such as isobutane, isﬂb_uicncﬁggpmﬁm methylpropanal, and isobutanol. The
formation of isobutene is fhvu;&l;_n!e wﬁ?»{iﬁ.‘rﬂg catalyst (Machashi er al., 1992). The
formation of isobutene (chain-branching ni;;ﬁénism} over ZrO, was proposed by early
researcher (Ekerdt ef al., 1988 and 1990). "ﬁlwlgngchanism consisted of two paths (i) CO
insertion into the zirconium-carbon bond of adsorbed H_!‘dﬂh}“diﬂ intermediate and (ii)
condensation betwéen p-enolate and methoxide species. The results by Maruya er
al.(1996) presented the reaction path which consists of the sequence of (i) conversion of
methoxide species to n°-formaldehyde species, (i) formation of methyl or methylene
species froni. the ' -formaldehyde O specids by “hydrogenation or thermolysis, (iii)
carbonylation of the methyl or methylene species to form C, oxygenate, (iv) aldol
condensation- type" reaction <o form cbranched Cq oxygenates,and, (v) formation of

branched hydrocarbons from the hydrogenation followed by dehydration.

Furthermore, Maruya ef al. (1998) studied reaction path of methoxy species to
isobutene over oxide catalysts such as Zr0,, CeQ;, Zr0;-Ce0,, Zr0;-Ce0;-CoQ and
Zr0;-Ce0;-Fe;0; in CO hydrogenation. The reaction conditions are as follows: amount
of catalyst of 2.0 g, reaction temperature of 370°C, and ratio of CO:H; in feed flow rate of
1:1. The conclusion of formation of isobutene in CO hydrogenation over oxide catalysts

is explained by paths: (1) formation of methoxy species from CO and Hs, (2) conversion
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of methoxy species to methyl species, (3) insertion of CO into a methyl-metal bond, and
(4) aldol condensation of C; oxygenates with formaldehyde. Besides, the results from
experiments disclosed that effect of dimethy! ether (DME) addition to CO and H; over
oxide catalysts. ZrQ,, Zr0,-Ce0,, and Zr0;-Ce0;-CoQ are catalysts that increase in
formation rate of hydrocarbons with high isobutene selectivity (isobutene selectivity in Cy
hydrocarbons of about 92-97%) and large decrease of CO,. CeO; revealed no effect when
adding DME. The last one is ZrO3-CeO,-Fe,0; which proposed lower isobutene but

higher methane and the moderate increase of the other hydrocarbons.
3.2 Effect of preparation of oxide catalysts
3.2.1 Precipitation method

Early researchers prepared zirconia by precipitation method. Hydrous zirconia
was prepared by addﬁ.inry-drgpwise a zireonium salt precursors, for example ZrOCl,,
ZrCly, Zr(NO;3)s, and ZefSO4)s, into well-stirred precipitate solution such as ammonium
solution (NH,OH) at room temperature. Theplul value of solution during precipitation
was carefully controlled at 10, Then the l.'&;ﬁﬁ_l}_.gkprccipitalc was separated by filtering,
followed by washing with deionized water until no CI was detected with AgNO;
solution. The resultant was drled nvemtght anﬂ l:alcmnd {Ls et al, 2001, Li et al., 2002,
Lieral., 2003, Li er al., 2004, Su er al., 2000).

Maruya-er al, (2000) studied effect of phase structure and active sites over ZrO;
catalysts in isosynthesis. €O hydrogenation-was carried ‘out using a conventional flow
system. at 673 K _and atmospheric_ pressure with, ratio.of CO: Hz.is L1 The results
indicated " that ZrO; catalysts, that were ‘prepared’ by 'changing’ pH-value during
precipitation, having different fraction of monoclinic phase. The rate of isobutene
formation and the i-C; selectivity increased with an increase in the fraction of monoclinic
phase, while other hydrocarbons such as Cy, Cz, C; and Cs. were independent fraction. If
zirconia were prepared at pH range 2.1 to 10.5, the increase in the value of pH leads to
increase of volumetric fraction of monoclinic phase. The selectivity of isobutene in C4
hydrocarbons and total hydrocarbons for precipitation pH range of 7-10.5 were 94% and
77%, respectively. The amounts of adsorbed methoxy and formate species during the

reaction and also of the surface sites with strong basicity increase in the fraction of
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monoclinic phase. The strong basicity on monoclinic phase is available for the aldol
condensation reaction to form C; hydrocarbons from C; oxygenate and branched C,4

compounds from C; oxygenate.

Nanosize zirconium oxides were prepared by other methods e.g. supereritical fluid
drying (SCFD) and freeze-drying (FD) method (Su er al., 2000). The hydrogenation of
CO was carried out using a flow-type fixed-bed pressurized tubular reactor at 350-450°C,
mixed gas of CO and H; (CO/H; = 1), 5.0 MPa and amount of catalysts of 2.0 g. The
results showed that the crystal phasey acidic and basic properties of the catalyst of
nanosize zirconia depend remarkably on the drying condition. The highest basic/acidic
ratios and selectivity-of isebutene were obtained over nanosize zirconia, which were

prepared by precipitation method.

Moreover, Su et al. (2000) investigated influences of preparation parameters (for
example. precipitation pH. salt precursor. and the calcination temperatures) on the
structural and catalytic performance of ii{l_';onia in isosynthesis. The zirconium salt
precursor had tremendous effect on the ﬂystnl structure because the involvement of
precursor anions in the hydroxide. Highcsl-aélgmiyily to isobutene was obtained over the

catalysts prepared from Zr(NO;)s.
3.2.2 Mechanical mixing method

Early researchers (Li et al.<2000rand 2001 )avere-prepared mixed oxides catalysts
by mechanical mixing ‘method, the promoters (Als05, KOH and calcium salts) were
milled-together with ZrOs-based catalyst thoroughly-and then the mixture was calcined

again.

. Reaction, occurred under relatively mild operation conditions (400°C, 5.0 MPa
and 650 h'"), was carried out in a fixed-bed flow type pressurized stainless steel tubular
reactor that packed 2.1 g of catalysts. The performance of zirconia-based catalysts varied
with calcium salts added. The results showed that CaF; and CaSQOy could enhance the
isobutene selectivity in total hydrocarbons and meanwhile surely maintain the activity of
pure ZrO;. Selectivity of i-C4 in total hydrocarbons from CaF;-ZrO; and CaSO4-ZrO;
were 50.5% and 50.6%, respectively. After that Li er al. (2002) studied the type of
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promoters which affected acidic and basic properties. Promoted zirconia with various
additives markedly changed the activity and the distribution of hydrocarbons. The test
results show that the promoters affected both the amount of acid-base site and the strength
of acid and base catalysts as well as activity and selectivity of reaction. Al,0;-KOH
showed to be effective promoters, which could remarkably enhance i-Cy4 selectivity in

total hydrocarbons.
3.2.3 Coprecipitation method

Coprecipitationimethod.is ene method for synthesis mixed oxide catalyst. Li et al.
(2004) were prepared-mixed oxide catalysts by coprecipitation of mixed zirconium salt
precursor, ZrOCl,, and various additives, such as cerium or yttrium nitrate salts, with
ammonia solution. The‘experimental rts'i:lfs indicated that the activity and selectivity of
Ce0;-Zr0; and YzD;-Z_l_'O.z vagied with the quantity of additives. The highest values of
selectivity to isobutene in total hydmcarﬁ}qns{ were 66.8% and 63.7% over 50% CeO;-
doped ZrO; and 6.2% Y30:-doped Zi0s, m.ﬁggclively,

3.3 Effect of reactor material

Li et al. (2003) -—invest_i'-gateﬁ the effect of reactor on the catalytic performance of
isosynthesis. The research compared the isosynthesis performance from two reactors,
quartz lined stainless steel tubular reactor and stainless steel tubular reactor. Reaction was
carried out inhigh=pressure flow fixed-bed reactors-at 5:0 MPa;350-450°C, 650 h”', and
catalyst were Al,O5 and various calcium salts (CaCO3, Ca0, CaF,, and CaSOy) promoted
ZrOy-based cprepared by mill together and then.the-mixture caleined-again, mechanical
mixing ‘method.' The investigation revealed that stainless steel tubular reactor seriously
affected the selectivity of isosynthesis, while quartz line stainless steel tubular reactor was
favorable for the formation of i-C4 hydrocarbons and subdued the formation of COs. The
CO conversion in quartz line stainless steel tubular reactor (16%) was just lower than in
the other reactor (19%). The selectivity to i-Cs in total hydrocarbons was largely
enhanced (53%) with lower percentage of CO; in the products (38%) in the isosynthesis
over ZrO; in stainless steel tubular reactor, but the selectivity to i-Cy in total
hydrocarbons was 40% over ZrO; in quartz line stainless steel tubular reactor. Moreover,

the content Al;O; into ZrO; based catalysts could largely enhance the activity while
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maintain the i-Cy selectivity of pure ZrO,. CaF, and CaSOy4 proved to be effective
promoters, which could remarkably enhance the i-C, selectivity in total hydrocarbons and
meanwhile surely maintain the activity of pure ZrO;. Furthermore, the formation of by
product, especially CO,, was suppressed. Further, the effect of reaction temperature on
performance of the catalyst that proposed the suitable reaction temperatures for the

formation of i-Cy were about 400-425°C.
3.4 Effect of acidic and basic properties

The experimenis of temperature-programmed desorption (TPD) of ammonia and
carbon dioxide indicated thatboth the amount of acid-base sites. Su et al. (2000) studied
nanosize zirconia catalysts: The acidic sites of the catalysts are responsible for the
activation of the reactant molecules, w!ﬁté the basic sites are responsible for the chain
propagation to form /-CgHs. (Li et al., 2001) The surface acidic-basic properties play
important role in determining the performance of the catalysts in the isosynthesis. The
results indicated that the acidic sites are responsible for the activation of CO to start the
reaction and the formation of #-Cy hydmcﬁiﬁb’ns (by product). However, the basic sites
are significant for the formation of i-Cy Eilydmcarhnns. CaF;-Zr0, and CaS04-Zr0-
offered increase in the i-Cy selectivity in total hydrocarbons, so CaF; and CaSO, were

effective promoters.

Furthermore, Li er al. (2002) proposed that both amount of acid-base sites and
strength of acidand-base of catalysts varied with the-incorporation of promoters including
various calcium salts. The-amount of acidic sites on Zr0O; and activity are related and
especially formation of linear.Cq hydrocarbens, and the basic sites are responsible for the
formation of i-C4 hydrocarbons. However, the ratio of base to-acid sites on-catalyst would

determine the ratio of i-Cy to n-C4 hydrocarbons in total hydrocarbons
3.5 Effect of redox properties

Li et al. (2004) was conducted to investigate the effect of redox properties and
acid-base properties on isosynthesis over incorporation of CeO; or Y;0; with ZrO; by
coprecipitation method. Temperature-programmed reduction (TPR) of H, measurements

showed that the addition of CeO; or Y:0; into Zr0; enhanced the reduction properties of
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catalysts. The highest activities and Cy selectivity in total hydrocarbons were obtained
over the catalysts which maximum amount of H; consumption for both CeO;- and Y;0;-
doped ZrO;-based catalysts. The reduction behavior of the catalysts was mostly
developed compared to that of pure ZrO; catalyst. Higher reduction behavior is suggested
to be related to increasing mobility of lattice oxygen of the catalysts that would be likely
to play important role in the isosynthesis. Moreover, the acid-base properties would

determine the activation of reactant molecules and selectivity of the catalysts.
3.6 Effect of preparation parameters
3.6.1 Effect of precipitation pH

Su ef al. (2000) studied the infliences of precipitation pH and the calcinations
temperature on the catalytic performance of Zr0;. The results showed that the pH values
of the precipitating solutions are re;pnnifﬁlp for the amount of acid and base sites on the
catalyst surface and specific surface area. j"he highest selectivity isobutene (60%) was
obtained over zirconia, which was: prepareﬁ'ii;.;}hc pH range of 3 to 10. However, Zr0,
that was prepared at pH range of 610 7 shomd highest activity.

3.6.2 Effect of calcination temperatures

Apart from the catalysts properties, calcination temperature is other factor that
influenced activity-and-selectivity.of isosynthesis; The XRD-results demonstrated that the
dominant crystal “phase of zirconia, calcined from 673-1073 K, was all monoclinic.
Higher calcined temperature leads . to better, erystallization. Furthermore, the acidic and
basic properties of ZrO» may be changeéd with the change of ealcination temperatures, but
acidity and basicity of the catalyst is not only dependent on the calcination temperatures.
The formation of i-C4 was favored over the catalyst calcined at 500-700°C. The highest
selectivity for isobutene was obtained over catalyst that was obtained over the catalyst
that was calcined at 600°C (Su et al., 2000).

The catalytic activity of SO4-ZrO; is found to depend on the calcination
temperature as well as the pre-calcination temperature of ZrQ, Table 3.1 suggests that the

superacidic SO4-Zr0; is produced when the pre-calcination temperature is between 110
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and 400°C and the calcination temperature upon sulfation with sulfuric acid is 650°C.
Pre-calcination temperatures beyond 400°C, lead to a reduction in superacidity. In fact,
the test reaction of isomerization of n-butane to isobutane (Guo er al., 1994) has shown
that there is a combination of calcinations temperature and concentration of sulfuric acid
to give a better catalyst; for example, 600°C and 0.3 N H;S0, or 650°C and 0.5 N Hz50,,
produce almost identical activities (Table 3.2).

Table 3.1 Effect of calcin
(Guo et al., 1994)

and after sulfation on acid strength

Pre-calcinati
temp. ZrQ,
200
400

500 e~ Y =13.75
600 165 " <-12.70
800 HaEE 65072

UL

FONUUMUSNNS )
RN ITNINENAY
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Table 3.2 Physico-chemical characteristics of S-ZrO; catalysts and conversions in n-

butane isomerization at 150°C, WHSV=2 h™' (Nascimento et al., 1993)

Temp. (°C) H-50, Sulfur contents  Surface area k (mol h™'
concentration  (%w1) (m'g™") m “%106)
(N)
500 1.0 5.36 147 n.d.
0.1 .14 117 0.45
0.2 1.95 128 40
550 0.3 2.41 126 44
0.5 3.90 156 15.5
1.0 5,?& | 136 3.8
0.1 o9 95 0.8
600 0.2 .55 114 7
0.3 199 115 46.5
0.5 295, 133 33
0.2 22 W 83 10
650 0.3 I e, 93 203
0.5 133 ] 116/ 43.5
1.0 1.50 12 36.5
700 1.0 1.14 90 26.5

3.6.3 Effeet of precursor and sulfating agent

It:has been-found that the-use of ammonia or, urea for precipitation of hydrated
zirconium dioxide significantly-affects the surface area of the final catalyst(Yamaguchi er
al., 1986). Precipitation with ammonia yields catalysts with higher surface areas. The
specific surface area obtained by sulfating precrystallized zirconia is somewhat lower
than that obtained by sulfating amorphous hydrous zirconia (Sarzanini et al, 1995).
Moreover, catalysts obtained by sulfating the amorphous hydrated ZrO; possess a
significantly higher activity than that obtained by sulfating the microcrystalline samples
(Guo et al, 1995). Sohn and Kim have studied the effect of using various sulfating
agents, such as H,S04, (NH4):804, H;S, SO, and CS;. The effects of different sulfating
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agents, and their post-treatment with oxygen and hydrogen, have been studied for 1-
butene isomerization (Table 3.3). These authors have observed that the superacidity
obtained in these catalysts is independent of the sulfur source used for the sulfation of the
metal oxide precursor. It has been also found that, for sulfate concentrations above an
average half monolayer, sulfation with H;SO4 leads to contents of sulfate that are
appreciably lower than the nominal concentration. On the other hand, sulfation with
ammonium sulfate produces high nominal sulfate concentration. The previous study has
;.:nmparcd the surface sulfate concentration and the surface area of the catalysts when the
sulfation is accomplished using sulfuric acid and ammonium sulfate. It is seen that higher
sulfate concentrations.and Surfac¢ area are obtained with sulfuric acid than ammonium
sulfate. The somewhat lower rate constant obtained with the latter, for the isomerization
of 1-butene (Table 3.4)is thus explainable on the basis of surface area. This catalyst also
shows significantly higher activity ﬁ}r-“fﬁe n-butane isomerization reaction at room
temperature. Even typical sgIM'aeid Eatal?sts. such as zeolites, show no activity at such
low temperature. Zeng ef al. (1994) have fcsund that higher concentrations of the solutions
used for carrying out sulfation result in hjgﬁer tetragonal content of the catalyst. Higher
concentrations also increase the sulfur cnntcﬁiﬁ:ﬂ the catalyst samples (Chen er al., 1993).
Most of the excess sulfate is, however, Ibsl:‘jﬁy-;%{;g the thermal activation of the catalyst.
These sulfates thus, represent the thr:nnaildylﬁ;ns! labile forms of the grafted sulfates
(Yamaguchi er al, 1986). With the use of high-resolution transmission electron
microscopy (TEM) and X-ray diffraction (XRD) techniques, it has been found that the
nature of the surface sulfates grafted by any of the techniques on amorphous or
precrystallized-zireania is much the same, When-mongchinie-microcrystalline Zr0O; is
doped with sulfuric acid, the first doses of-the acid ‘selectively ‘graft sulfate groups on to
the crystal defects-(Morterra et.al., 1993), The latter doses react.with the regular crystal
faces of the crystallites. ‘It 'has been found that the (relative-amounts of.the Lewis and
Bronsted sites depend largely on the surface concentration of the sulfates and their nature
(Nascimento et al., 1993). At low sulfate loadings, when only sulfates located in the
crystallographically defective sites are present, there is a fair amount of Lewis acidity
formed, but no Bronsted acidity is formed. Isolated sulfate species observed for higher
sulfate loadings and the existence of pyrosulfates on a few low index planes lead to the
formation of Bronsted acid sites. Morterra ef al. (1991) have studied the effect of sulfate
concentration on the Bronsted acidity of the catalyst. Their results suggest an increase in

the Bronsted acidity with an increase in sulfate concentration up to a certain maximum,
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after which the amount of Bronsted acidity remains constant. This trend has also been
reported by Nascimento ef al. (1993). Thus, sulfates present above this concentration are

lost during the thermal activation and represent the thermally more labile fraction.

Table 3.3 Properties of S-ZrO; obtained with different sulfur compounds in the
percolating solution and after heating for 3 h in nitrogen at 620°C

Sulfur

compound

—
H,S0, / ’
(NHg)S
(NH4)2S
(NHa):S

Table 3.4 Catalytic a
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"'/,' “f A vy &
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zﬁﬁﬁa t.f 0 '
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Zr0./CS-
Zr0,/CS—0;" 2.32

" Sulfating agent: (S), sulfuric acid; (A). ammonium sulfate.
" Reduced with H; at 500°C for 2 h,
¢ Oxidized with O at 400°C for 2 h,
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3.6.4 Effect of activation temperature

Thermal treatment of the catalyst under vacuum below 450°C affects only the
surface hydration degree, which in turn affects the covalency of the surface sulfates, thus
altering the Bronsted:Lewis (B:L) site ratio (Morterra e/ al., 1993). This effect is depicted
in Table 3.5, Activation temperatures above 450°C under vacuum start affecting the
overall surface hydration degree as wel] a,s the concentration of the surface sulfates
(Bensitel et al., 1988 and Morterra ef al | )6/9;], At higher temperatures, some of the
sulfates decompose to form SO, A pﬂsmhlt: p«@@ay for this decomposition has been

-
suggested by Chen et al. (| ﬁ}]}a& T

i 275" +80,+0;

Comelli ef al. (1995 _ lhat cgt:;gation temperatures above 480°C lead to a

i stanp.c ¢
04" g sz’éz‘ﬂ“c Similar results have been reported by

‘u’ N dda
L —
o —— ,,f
S ESS8 v

A —_—
——

reduction in surface a ination at 390 °C produces a surface area of
117 m” g™, which decreases

Chen et al (1993).

Table 3.5 Per-::f:nmgg of amJ su ’-:'m the SﬁTrZrﬁz cala}ysts that are of the Bronsted

4

lype { JJ X J
Treatment lcmpcraluﬂr'é‘!{“a Bronsted HEidHS-ilES (% of total ) .
Pre- Pos- QW% _ _ L17va% _ 987w%  136wi%
SO0 SO* SO™ 50*
100 100 0° 47 98 98 (97)°
160 400 bbb ¢ 149 93 95 (89)°
400 100 42 ~(45)° 68 68 (70)°
400 400 46 ~(52)° 80 83 (64)°

" All samples were calcined at 625°C, exposed to air prior to the pretreatment in situ at
100 or 400°C prior to pyridine adsorption.
'S0’ 4 content of the precursor before 650°C calcination.

“ Numbers in parentheses are for Pt-containing material.
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3.7 Mechanism of n-butene isosynthesis over sulfated zirconia

The literature (Lohitharn er al., 2006) reported a comprehensive mechanistic for
n-butene isomerization on_ sulfated zirconia (S504-Zr0;). The reaction occurs via a
bimolecular mechanism, while others have suggested that a monomolecular pathway is
dominant. The other mechanism for n-butane isomerization on SO4- ZrO; proposed by
numerous researchers is bimolecular mechanism. The bimolecular pathway is considered
to occur via formation the farmation of butane, which subsequently oligomerizers with
adsorbed C4* carbenium fons to produce Cg" oligomeric species. The SO4-ZrO; catalyst
was prepared by calcining the sulfated-doped zirconium hydroxide [Zr(OH);] precursor at
600°C under static airfor 2 h. The n-butane isosynthesis, that reaction over SZ has been
proposed based on the results from the use of added nonspecific olefins as molecular
probe, was carried out with 0.2 g of “’““the.' S04-Zr0;, and wide range of reaction
temperatures from 20 fo 250°C. Tha\:addiﬁon of other olefins, such as ethylene,
propylene, isobutene;and | -pentene, bcsidr:s T.he intermediate butane promoted catalytic
activity. The results decatead that not nnly {,‘4 aleﬁns but also any olefins with the ability
to form carbenium ion species on the surﬁpc“ ;whmh can promote catalytic activity. The
reaction mechanism is proposed involving. ah:mcalm.ular pathway with the characteristics

of a monomolecular pathway (dual-nature mechanlsm} usmg ‘olefin-modified sites” as

the centers of reaction. The major observations ﬁﬁ&ﬁ‘fmj't‘ha isomerization of n-butane
(i.e., isotropic scrambling, nonspecific olefin activity promotion, high isobutene
selectivity, and catalyst deactivation) are discussed in light of the proposed molecular

pathway, and seeming duality of the mechanism is addressed.

3.8 Nature of active sites

The various techniques used for the characterization of these catalysts to throw
light on the origin and nature of active sites activity, which have been the subject of
intense debate. Technological advances to date still seem to be inadequate for the
complete characterization of the complex nature of these solid superacidic anion treated
transition metal oxides. As a result, the exact structure of the active sites, as well as their
nature (Lewis or Bronsted type), is a subject of debate. Attempts have, however, been
made to unearth these features of the catalysts. Kumbhar ef al. (1989) had speculated the

structure of SO4-ZrO; as given in Figure 3.1. Chen ef al. (1993) have proposed a possible
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mechanism for the generation of the acid sites on the surface of SO4-ZrO;. This
mechanism suggests the formation of acid sites to be a two-step chemical reaction
between the superficial hydroxy! groups and the sulfate anions being adsorbed. The first

chemical reaction occurs during the impregnation with sulfates and the subsequent

drying:

Zr{OH)y+xH.508 €—> Z-I‘_“[DH}.;,-,_EKI:SD.;'_IN +2xH,0.

1

; calemation at 650 °C G‘i. .:(0
ZMOH), =% S0, - »

moshre

- £\
0O 0 OH
N [ b
Zr_‘_‘..a

H,0 eviicuation at 300 oC

P/N 0 0
== ‘u}l ﬂ'
=0 0

Figure 3.1 Model proposed by Kumbhar ef al. (1989)

The second part of the-formation oecursduring the ealcination.of the catalyst:
Zitg(OH )an- 28 Oa) T2 L1y Qon-5(8Qu ) H201=x) 0.

Several observations, such as higher surface area, increased sintering resistance
and stability of tetragonal phase and smaller crystallite size as a result of presence of
sulfate anions, support this type of mechanism. The incorporation of the sulfate anions on
the surface of ZrO; has been found to probably increase the number and strength of the
Lewis acid sites [ Yamaguchi er al. (1990), Papera et al. (1992), Zhang et al. (1994), Jin et
al. (1986) and Corma et al. (1994)]. Yamaguchi has proposed a possible scheme for the
formation of acid sites (Figure 3.2). According to this hypothesis, whatever the starting

materials used for sulfation is the oxidation during the thermal treatment results in the
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formation of the structure 11. This structure is essential for the catalysis of reactions by
such catalvsts. It has further been suggested that such a structure may develop at the edge
or corner of the metal oxide surfaces. This latter view is supported by the fact that the first
doses during a stepwise loading of the acid on microcrystalline Zr(Q; selectively form
sulfate groups on crystal defects such as comers and edges (Morterra et al., 1993). For an
5-ZrQ); sample dehydrated to a medium to high degree, Morterra et al. (1994) have
observed the surface sulfates to exhibit a hig ly covalent character. It has further been

aéfg,pw idine, on the central metal cation
causes a large shift in the IR band for §=0 from f320.m 1330 em”™ [Jm el al., 1986) .
Similar results have hjyumﬁ‘b}f | ’nrlr:rr‘a et al. (1994). These observations suggest

ur

that the highly coval lace sluf,arcs nd. under the influence of basic molecules, to

observed that the adsorption of basic mu!ccu

exhibit a lesser covale r lether lhe partial rehvdration (water acting as a weak

Lewis base) of the catalys 3 Iu tcn@ to convert the surface sulfates to a lesser

covalent form and then ir i iarm 3h!s results in the transformation of the strong
L ewis sites to Bronsiec Ilr.:‘:u ﬁhe ﬁygasaqumt decrease in the catalytic activity

towards n-butane isomerizati suggdsts that ﬂlﬂ strong Lewis sites associated with these

highly covalent sulfates are atﬂiﬁtieﬂily aeﬁ%»’ﬂmae covalent sulfates in structure Il of
the Yamaguchi model (Figure. L;]T'j}m.scﬁﬁ-a a‘ﬁmlg ability to accept electrons from a

basic molecule and hence are responsible for the generatioh of superacidic sites. Even

though this mude&-ﬁr the structure of active sites ewp.]ima the above-mentioned
observations, it does_\—}l)l provide a possible explanation for the decomposition of the
sulfate species as SOz or SO; from structure 11 at high temperatures (above 923 K). In this
context, Davis7el al) (199)suggested thav the ::hm;ges imthe” structure and valence
occurring during the catalyst preparation and thermal activation do not seem to confirm
with the cheriical boudingsHenceothey haye proposedacdifferent schementhat is able to

explain the'loss of surface sulfates as SO on heating above 923K (Figure 3.3).
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(NH LSO, + Metaloxde 123K,

o

x%MUMWﬂmﬂ 3o ™
a‘m\ma?/ DU

Figure 3.3 Model proposed by Davis et al.(1994).

The model in Figure 3.3, however, is incapable of providing an explanation for the
loss of sulfates as SO, because this involves the reduction of S to S* with a

corresponding oxidation of some Zr or O species.

Another model has been proposed by Arata and Hino (1990) for the structure of

the active site, wherein the sulfate bridges across two zirconium atoms (Figure 3.4),
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Bronsted acid site

H H U\%SJ//}U
\\D'/ 0 PN 0 Lews acid site
N~ B 8
U/ ZI\O_ 7 Zr\

Figure 3.4 Model proposed by Arata and Hino { i’?‘?{})

The Arata and Hino medel takes into account the formation of Bronsted sites as a
result of the uptake of water molecules as a weak Lewis base on the Lewis acid site, as
has been evidenced by the IR studies. This model has also been accepted by Davies ef al.
(1995). |

The models mentioned in the fore:g’fﬁ?ipg@liscussion for the structure of the active
sites describe the formation of Lewis-type siﬁ%fque to the highly covalent character of the
adsorbed sulfates and the formation of Brﬁlﬁtﬁ sites as a result of the interaction of
water molecules with these sulfates. In l':ﬂ(-‘l,‘f;fi;ﬁm et al. have, for low sulfate loadings,
claimed the presence of Lewis sites to be predominant. ;ﬂnpending on the degree of
dehydration. Their Stady reveals the msencaﬁ t;f a very low number, though ever null, of
Bronsted sites at high dehydration of the catalyst. Nevertheless, it seems that the
formation of these Bronsted sites is due to the residual amounts of water. Contrary to the
above models, ~Cléarfield et al. [ (1994) have proposed a model that allows for the
formation of Bronsted sites (Figure 3.5). This model is based on the assumption that the
predominant, Speciés in sulfuric-acid media is the bisulfate jon, which-can displace a Zr-
OH-Zr bridge during chemisorption on the surface of hydrated zirconia (1). On heating,
either the bisulfate ion can react with an adjacent hydroxyl group or two adjacent
hydroxyl groups can react with each other, liberating water and keeping the bisulfate ion
intact. The former results in to the generation of Lewis-type acidity, whereas the latter
leads to the formation of a Bronsted-type site. The Clearfield ef al. model thus describes

the one step formation of both types of acidic site.
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Figure 3.6 Madel proposed by Kustov et al. (1994).
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With this model, Kustov er al. have explained the modification of Lewis acid sites
by HSO'4 anions. The Lewis acidity enhancement was attributed to the increase of the
electron-accepting properties of three-coordinate zirconium cations via the inductive
effect of SO*"; anions, which withdraw electron density from the zirconium cations
through the bridging oxygen atom. Furthermore, with the IR study of benzene adsorption,
they have reported that the stn;:ngth of the Bronsted sites of S-ZrO; is stronger than the
silanol groups of silica gel, but weaker than the bridging OH groups in HX zeolites.

Babou e al. (1995) have pestulaiéd a different structure for the active sites at the
surface of S-ZrO; (Figure.3:7). T‘hc_y have proposed that the interaction of the zirconia
support with sulfuric af;i;:,l«shlﬁtiﬂﬂ rqsulLs:},in the trapping of the protons by the zirconium
hydroxide surface. Suifam«-:‘ﬁms then get trapped on this ionized surface. Dehydration at
temperatures below 200°C results in the ﬁ'—ss of a first water molecule, leading to the
formation of the strucutire H Further deﬁydralmn at higher temperatures liberates a
second water molecule with the fnﬂﬂanmttf"*{SO;}m linked h}r dative bonds to the
acidity to be near that of sulfuric acid but ncd:ttﬂ:e supcracldm Similar arguments based
on P-NMR studies have been put forward by Aﬂﬁéva etal. (1995) (Figure 3.8), who have
proposed that the aﬁdm‘:ngthﬂﬁht—ﬂmsm m:in'iSierz is similar to that of the
lower OH-frequency protons in HY, but is weaker than t'ha:"ﬂf; the protons H-ZSM-5.

Table 3.6 'H MAS NMR shifts, H {ppm), of S-ZrO; and zeolites and their shifts, AdH,
upon adsorptionof bases

Sample o béfore oylafter Ady OH after [\ Aby

ads. CCICN ads. (CCl3CN) CD;CN ads. (CDyCN)

0, 4.5 8.5 4 . .

LrO./5804 6.2 8.5 2.3 10 3.8
HY 4.7 7.7 3 9 43

4.1 8.3 4.4 11 6.9
H-Z5M-5 4.1 9 4.9 1§ 6.9
H-Z5M-5 4.3 - - 11.5 7.2
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Figure 3.8 Model proposed by Adeeva et al. (1995).

It has also been speculated that the extraordinary activity of these catalysts is not
due to its superacidity, but it results from the stabilization of the transition state complex
as alky! sulfates or surface alkoxy groups at the catalytic site. The H MAS NMR shifts for

S-ZrO; and HY zeolite are given in Table 3.6. From spectroscopic studies, formation of
such species has indeed been found in the case of zeolite catalysts wherein the oxygen

34



from the zeolite framework is involved in the stabilization of the chemisorption complex
Malkin ef al., (1990). Pinna et al. (1994), and Morterra and co-workers (1993 and 1994)
have proposed that the sulfates responsible for the Bronsted acidity of these catalysts
represent the most labile fraction of the overall sulfates and no Bronsted acidity is
irreversibly lost for thermal activation temperatures above 650°C. Lewis acidity is shown
by the sulfates located in the crystallographically defective sites such as edges and
corners. Increasing surface sulfation results in the shielding of the surface Zr'" cations
located on the low index planes. Most of these sulfates have been proposed to induce
Bronsted acidity, this effect being more pronounced if the sulfates are in the form of
polynuclear pyrosulfates-resulting from high loadings of sulfates. Yamaguchi and co-
workers (1986 and 1987) have"r-:purrted the existence of only the Lewis type of acidity on
the surface of S-ZrO; w.‘al}sts Mtuunalunmemc studies of ammonia adsorption on the
catalyst by Fogash ef all have revealed ﬂv.: presence of a spectrum of acid sites with
different acid strengths. Their study also reveals that the initial doses of ammonia are
coordinately bound 1 the support. Fﬁr‘ higher amounts of ammonia dosed, IR
spectroscopy shows the presence of NH'™ mns adsorbed on the surface which points to
the existence of Bronsted attdlty in association thh the Lewis type acid sites. Lunsford
and co-workers (1994) used P-NMR SPEQW?’_ to probe the nature of the sites and
have provided evidence for the existence of'.bt-]ﬂ; types of acidities. Similarly with Arata
and co-workers, Sohn‘and Kim, Guo e al., and Clearfield &t /. have supported the view
that both the Lewis and Bronsted types of acidity are present on the surface of S-ZrO,.
Babou et al. (1995) have found from IR studies of adsorbed bases, such as butane, CO,
H,0 and pyriding that two,types of-Lewis site and one type-ef-Bronsted site exist at the
surface of sulfate--modified zirconia. Of ‘these-active sites, one Lewis- type site is
associated, with-the-zirconia, support and the rest-exist due to, the presence of surface

sulfates.
The foregoing discussion is indicative of the nature of acidic sites on the surface

of §-Zr0,, depending on the types of precursor and pretreatment. S-ZrO; can be prepared

with superacidity, which will be useful in certain types of reaction.
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3.9 Effect of additives on surfated zirconia-based catalysts

Kim et al. (2005) studied various promoters, for example Fe, Mn, and Pt, to
enhance the activity of SZ. Furthermore, the addition of refractory oxides, such as SiO,.
ALO;. and TiO;, has also shown to increase the thermal stability and increase the surface
arca of zirconia. SZ promoted with AL O; indicated an approximately 30% increase in n-
butane isomerization activity at 250°C. The n-butane isomerization was studied in quartz
micro-reactor using 0.2-0.5 g of catalyst, tof/:;llﬂgw rate of reactant stream was 30
em’/min are consisted of n-CyHaiHe = j.?i:ﬁ'ﬁ;jﬂ?fﬁ cm’/min. The total pressure was
kept constant at 1.5 atm,éi;he:fés?ifts shny—wcd that S7. contained Al,O5 2.2 wt%, gave the
highest formation ralr.m cnc '".[".hr.- ifference in the amount of Al,O; indicated that

dissimilarity catalyst ; iormauon rate of isobutene, and selectivity of isobutene.

Furthermore, addition o ), resm[ts‘ i Ihc farmation of smaller l:r_vslalhlcs of zirconia

F ._4‘ 77 a}- ¥
presence of smaller crysk it sizes of the )i‘:)ragnnai phase of ZrO; present after Al,Os-

promotion affects the total surface area. aulﬁir,,fawﬂnt ‘and the number of active sites.

not function as a trs@limmi bifunctional eatalyst similar to the commercial n-bulan:

™

isomerization catalvst. n-Butane isomerization was studied using a quartz microreactor.
I'he reaction wascarded out with.and without,H; addition, The experiment indicated that
H; in feed stream reduces rate ol catalyst deactivation. Prometion of SZ with Pt did not
improye. the activity. or the stability. of the catalyst in‘the absence of Hs. The combined
effects of Pt promotion and H, additionteause a significant increase in'the.concentration

of active intermediates.
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CHAPTER 4

EXPERIMENTAL

This chapter provides details on experimental systems and procedures used in this
study. Section 4.1 describes catalyst preparation methods for preparing ZrO; and sulfated
zirconia (SZ). Catalyst characterization techniques consisting of XPS, Ny physisorption,
XRD, ESR, SEM and TPD are explained in Section 4.2. The last section involves the

reaction study of isosynthesis via CO hydrogenation.

4.1 Catalyst preparation
4.1.1 Chemicals 4
I. Aluminium nitrate hydrate ﬁﬁm drich.
Ammonium hydroxide from &Idﬂcﬂ;

’_/-_4: ;.j#
Ammonium sulfate from-Aldrich.

ESIE N

Zirconyl nitrate hydrate from Aldrich.

Zircony!'ehloride, 30-% solution in-hydrochioric-acid from Aldrich.
Zirconium (1V) oxide, powder, < 5 micro from Aldrich.

Zirconium (¥V) hydroxide, sulfated from Aldrich:

. Sulfuric acid 95-93% from=Merck.

== =] (=2} Ln

4.1.2 Preparation of zirconia

Zirconia (ZrO;) was prepared by the precipitation method. A solution of
zirconium salt precursors such as zirconyl chloride (ZrOCl) or zirconyl nitrate
[ZrO(NOs)2] (0.15 M) was slowly added into a well-stirred precipitating solution of
ammonium hydroxide (NH4OH) (2.5 wt%) at room temperature. The pH of the solution
was controlled at 10. The resulting precipitate was removed, and then washed with
deionized water until CI' was not detected by a silver nitrate (AgNO;) solution, The
obtained sample was then dried overnight at 110°C and calcined at 450°C for 3 hours with

a temperature ramping rate of 5°C/min.
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4.1.3 Preparation of sulfated zirconia

Sulfated zirconia was prepared by the incipient wetness impregnation method.
Sulfuric acid was doped on zirconia at room temperature. The obtained sample was then
dried overnight at 110°C and calcined at 450, 650, and 700°C for 3 hours with a
temperature ramp of 5°C/min.

For commercial sulfated zirconia, the catalyst was also calcined at 450, 600, and
750°C for 3 hours with a temperature ramp of 3°C/min.

4.2 Catalyst characterization
4.2.1 X-ray photoeleetron spectroscopy (XPS)

XPS surface analysis was perfprme&; using a Kratos Amicus X-ray photoelectron
spectroscopy. The XPS spectra were measured using the following condition: Mg Ka X-
ray source at a current of 20 mA and 12 keV; a resolution of 0.1 EV/step; and a pass
energy of 75 eV. The operating pressure was approximately Ix10° Pa. The surface of
sulfated zirconia was cleaned in situ using an Ar ion gun s_ﬁuuering for 30 seconds with
0.5 kV beam voltage and 50 mA emission current. A wide<scan survey spectrum was
collected for each sample in order to determine the elements present on the surface. Then
. window spectra were recorded for the C 1s, O Is, Zr 3d and S 2p photopeaks of each
sample. All the binding Cenetgies™ were) ¢alibratedintemally—with the carbon C 1s
photoemission peak at 285.0 eV. Photoemission peak areas were determined after
smoothing and-background subtraction using aJinear routine. Deconvolution of complex
spectra were done by fitting with Gaussian (70%)-Lorentzian (30%) shape using a
VISION 2 software equipped with the XPS system.

4.2.2 N2 physisorption
Measurements of BET surface area, cumulative pore volume and average pore

diameter were performed by Nz physisorption technique using the Micromeritics ASAP

2020 surface area and porosity analyzer.

38



4.2.3 X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of powder were performed by X-ray
diffractometer. The crystallite size was estimated from line broadening according to the
Scherrer equation and a-AlO; was used as a standard. In addition, the characteristic
peaks of crystal phase from XRD spectra were used for calculating the fraction of crystal

phase in catalyst.
4.2.4 Electron spin resonance spectroscopy (ESR)

Electron spin -caﬁﬁgﬂrati,on was detected by using Electron spin resonance
spectroscopy (ESR) (JEOL model JES-RE2X) at the Scientific and Technological
Research Equipment Center, Qhulalﬂn'gtéom University (STREC). The sample was
degassed before measurement at room I:em_peralum

4.2.5 Scanning electron micrnscugj-‘{SEMfEDK}

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy
(EDX) were used to determine the catalyst granule  morphology and elemental
distribution of the catalyst particles using JEOL JSM-3800LV scanning electron
microscope. The SEM was operated using the back scattering electron (BSE) mode at
20kV. After the SEM micrographs were taken, EDX was performed to determine the
elemental conceniration, distribution, on the catalyst-granules using Link Isis Series 300
software at the Scientific and Technological Research Equipment Center, Chulalongkorn
University (STRECE),

4.2.6 Temperature-programmed desorption (TPD)

Temperature-programmed desorption techniques with ammonia and carbon
dioxide (NH;- and CO;-TPD) were used to determine the acid-base properties of
catalysts, respectively. TPD experiments were carried out using a flow apparatus. The
catalyst sample (0.1g) was treated at its calcination temperature (450°C) in helium flow

for | hour and then saturated with 15% NH3/He mixture or pure CO: flow after cooling to
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100°C. After purging with helium at 100°C for 1 hour to remove weakly physisorbed NH;
or CO,, the sample was heated to 650°C at a rate of 20°C/min in a helium flow of 50
em’/min. The amount of acid-base sites on the catalyst surface was calculated from the
desorption amount of NH; and CO,, respectively. It was determined by measuring the
areas of the desorption profiles obtained from the Micromeritics ChemiSorb 2750 Pulse

Chemisorption System analyzer.
4.3 Reaction Study in isosynthesis via CO hydrogenation

4.3.1 Materials

The reactant gase$ used for the reaction study were carbon monoxide (99.3%),
ultra high purity hydrogen (99.999%) and }ﬁ'gh purity nitrogen (99.99%) supplied by Thai
Industrial Gas Limited (TIG). The total flow rate was fixed at 25 ¢cm’/min with a CO: Hy:
N; ratio of 10: 10; 5 c¥/min, ugirrespnndinﬁ-;m a Hp/CO ratio of 1.

4.3.2 Apparatus

Flow diagram of a lab-scale gas phase isobutene synthesis system is depicted in
Figure 4.1. The system consistéd of & reactor, an aulomatic temperature controller, an
electrical furnace and a gas controlling system.

4.3.2.1 Reactor

The reaction was carried out in a quartz tube (0.D. 1/47). Two sampling points
were provided before and after theocatalyst bed. Catalyst was placed between two quartz
wool layers.

4.3.2.2 Gas flow controlling system

The controlling system for each gas consisted of a pressure regulator, an on-off

valve and a mass flow controller
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L. Pressure Regulator
5. Back Pressure
9. Catalyst Bed
13 Temperature Controller

2 On-Off Valy= 3Gas Eiiter 4. Mass Flow Controller

6. 3-way Valve 7. Sampling Point 8. Quartz Tubular Reactor
10. Fumace 11. Thermocouple 12_ Variable Voltage Transformer
14 Sampline Poimt T5. Bubble Flow Meter

Figare 4.1 Flow diagram of a lab-scale gas phase 1sobutene synthesis svstem.



4.3.2.3 Automatic temperature controller

This unit consisted of a magnetic switch connected to a variable voltage
transformer and a solid state relay temperature controller connected to a thermocouple.
Reactor temperature was measured at the centre of the catalyst bed in the reactor. The
temperature control set point was adjustable within the range of 0-800°C at the maximum
voltage output of 220 V.

4.3.2.4 Eleetrie furnace.

The electric furnace with 2000 W heating coil was used to supply heat to the
reactor for isosynthesis: The reactor could be operated from room temperature up to
600°C at the maximum voltage 0f 220 V.

4.3.2.5-‘Gaﬂ:hr‘umatﬂgraﬁbj‘

A gas chromatograph Shimadzu qufei 8A (GC-8A) equipped with a thermal
conductivity detector (TCD) was used to mi;.w: compositions of carbon monoxide and
hydrogen in the feed and product streams E}f-t.lsing Molecular sieve column and used to
analyze composition of carbon dioxide in the product stream by using Poropak-Q column.
Hydrocarbons in the product stream were analyzed by a gas chromatography Shimadzu
model 14B (GC-14B) equipped with a flame ionization detector (FID) by using VZ-10

column. The operating conditions for gach instrument are listed.in Table 4.1.



Table 4.1 Operating conditions for gas chromatograph

Gas Chromatograph Shimadzu GC-8A Shimadzu GC-14B
Detector TCD FID
Column Molecular sieve
SA Porapak-Q VZ-10
- Column material SUS sSUs SUS
- Length (m) 2 2 2
- Outer diameter (mm) fl 4 4
- Inner diameter (mm) 3 3 3
- Mesh range 60/80 60/80 60/80
- Maximum temperature(*C). 350 350 80
Carrier gas Ar(qg;égﬁﬁ} Ar(99.999%) N2(99.999%)
Carrier gas flow (ml/min) 30\ 4 0 30
Column temperature )4
- initial ("C) 70 ‘: . 70 70
- final (°C) 70 /i 70 70
Injector temperature ("C) 100 i/i 100 100
Detector temperature ('C) 100 100 150
Current (mA) i} =0 -
Analyzed gas Na, H,, CO CO; Hydrocarbon C;-C,

4.3.3 Procedure

Experiments were carried, out using a lab-seale isobutene synthesis system as
shown in Figure 4.1. A catalyst (0.2-0.5 g) was packed in the middle of the quartz tube
reactor located in the center of the electric furnace. The total flow rate was 25 ¢cm’/min
with a Hy/CO ratio of 1. Isosynthesis was operated at 250-450°C and atmospheric
pressure. The product gases were sampled to analyze the concentration of hydrocarbon
(C-Cy) using GC-14B equipped with a VZ-10 column, whereas carbon monoxide and
carbon dioxide concentration were analyzed by GC-8A equipped with Molecular sieve
column and Porapak-Q column, respectively. The calibration curves of reactant (CO) and

products (hydrocarbon C-C,) are illustrated in Appendix A.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter has two sections. The characteristics of zirconia and sulfated zirconia
catalysts and their catalytic properties towards isosynthesis via CO hydrogenation are
described in Section 5.1. Secondly, Section 5.2 describes the effect of calcination

temperature on characteristics of sulfated zirconia and their application as a catalyst for

isosynthesis.

5.1 Characteristics uf zirconia and sni’_lfated zirconia catalysts and their catalytic

properties towards isosynthesis via CO hydrogenation.

In this section, ZrO- and SO,-£r0; catalysts were used and tested for the catalytic
performance on isosynthesis. The synthesized ZrO, obtained from ZrOCl; and ZrO(NOs);
were denoted as ZrO,-Cl and ZrO3-N, respectively. The amounts of sulfur loading in
SO4-Zr0;, was used in the study. The SO4ZrO; catalysts prepared by using various
sulfur contents of 0.1, 0.25, 0.5 and 0.75% ﬁe‘re denoted as 0.1%SZ (Zr0;-N), 0.25%SZ
(Z00:-N), 0.5%S7 (Z105-N); 0:75%SZ (ZrOzN); 0:A%SZ (210,-Cl), 0.25%SZ (Zr0x-
Ch), 0.5%5Z (ZrO,-Cl), and 0.75%SZ (Zr0,-Cl), respectively

5.1.1 Catalyst characterization
5.1.1.1 X-ray diffraction (XRD)

The XRD patterns of the ZrO; and sulfated zirconia (SO4-ZrO;) catalysts
synthesized from ZrOCl; are shown in Figure 5.1 and the other ones are shown in Figure
5.2. They showed that both ZrO; and SO4-ZrO; catalysts exhibited the similar XRD peaks
at 20 = 28.2" and 31.5%, indicating the presence of the monoclinic phase. Besides the
monoclinic characteristic peaks, they also exhibited the XRD characteristic peaks at 20 =
30.18, 35.3, 50.2 and 60.2° which indicates the presence of tetragonal crystalline phase.
The crystallite size of the tetragonal phase of sulfated-zirconia was determined from the

peak at 20 = 30.18 for 111 plane. For all catalysts, the contents of different phases are
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listed in Table 5.1. Typically, the monoclinic phase is stable up to ca. 1170°C and then,
transforms into the tetragonal phase at higher temperature (Mercera ef al., 1991). The
tetragonal phase is stable up to ca. 2370°C and finally transforms into the cubic phase at
higher temperature. However, the metastable tetragonal phase in zirconia can usually be
observed when the precipitation method from an aqueous salt solution is employed as
seen in this work or when the thermal decomposition of zirconium salts is used. Sample
obtained via incipient wetness impregnation, sulfated zirconia, contained more tetragonal
phase compared with zirconia (Morterra ei al, 1993). Moreover, it was found that

intensity apparently changed with different sulfurloading.

0 54S2Z0,0)

Intensity fa.un.)

I i 30 40 50 &l 10 i 5
Degrees (21 Theta)

Figure 5.1 XRD patterns of ZrO; and SO4-Zr0; catalysts synthesized from ZrOCl;
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Table 5.1 Summary of catalyst cf ined from XRD measurement
| : 1 - % monoclinic % tetragonal
Catalysts | ~—Phas phase® phase”
ZrOyN 95 87 4.7 67.3 327
0.1%SZ (Z ﬁ ,ﬁj’ “400_ 5.5 76.1 239
0.25%SZ (Z @ uqmﬂuj‘lﬂ’]i 34-1 15.9
S%SZ @ 24.6
ALk ﬁﬂ'ﬁﬂi@dﬁ’]@lﬂ%ﬂ avﬂ 289
210,-C1 732 26.8
0.1%SZ (ZrOyCl) ~ M,T 10.0 9.1 8.1 72.5 27.5
025%SZ (Z10;-Cl) M, T 10.2 89 75 70.3 29.7
0.5%SZ (Zroy-Cl) M, T 10.0 89 7.0 63.4 36.6
0.75%SZ (Zr0»-Cl) M, T 9.1 87 7.0 67.5 32.5

* Based on XRD line broadening
® Monoclinic phase in ZrO;
“ Tetragonal phase in ZrO;
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5.1.1.2 N; physisorption

The other physical properties of catalysts such as BET surface area, cumulative
pore volume, average pore diameter and pore size distribution were determined by the N,
physisorption using the Micromeritics ASAP 2020 surface area and porosity analyzer.
The values are summarized in Table 5.2. Forthe catalysts prepared by different zirconium
salt precursors, the resulted crystal structure was probably changed (Srinivasan and
Davis, 1992;, Su er al., 2000 and Wu and Yu, 1990) because SO,4* from zirconium salt
precursor such as Zr(SOg)s affecied crystallization and phase transformation of ZrO;. The
Zr0; prepared from Zr{&ﬂa_);'shnwed both tetragonal phase and amorphous, but the ZrO;
prepared from other zifCouifim salt precursors such as Zr(NOs)q, ZrCly and ZrOCh,
showed monoclinic and tetragonal phﬂ’s&.':f:ﬁc specific surface area of sulfated zirconia
first increases with increase of guantity ﬂj sulfuric acid solution, then decreases when
amount of sulfuric aeid selution added @égrf'._atur than 3 ml per gram of zirconium
hydroxide (Farcasiu er al., lﬂ?}. The ahrgfég_dd‘ecrease in surface area for higher sulfur
contents correlates with the altération of c:}j@@:@lmmum and sulfate migration into the
bulk phase of the solid. Considering to the :}Er\mus_ %osulfur loadings, zirconia exhibited
the smaller crystallite sizes, which influenced nu; only on the increase in the cumulative
pore volume, but also on the reduction of the average pore diameter. In this case, ZrO;-
Cl and ZrO;-N were prepared from ZrOCly and ZfD{ND;:};_éas zirconium salt precursors,
respectively. It was found that different precursors slightly affected the crystal structure in
the phase composition-oftmenoclinic/tetragonal phase overZr0; and the BET surface
area as well. Considering pore size distribution of zirconia and sulfated zirconia catalysts
as shown din Figures-5.3-and 5.4 ne-significant.change wasobserved.far those regarding

pore size distribution.
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Figure 5.3 Pore size distribution of Zﬁﬂ; and S04-ZrO; catalysts synthesized from
ZrOCl,
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Figure 5.4 Pore size distribution of ZrQ; and SO4-Zr0; catalysts synthesized from
ZrO(NOs),
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Table 5.2 N; Physisorption results

BET Surface ~ Cumulative Pore Average Pore

Catalysts
Area® (m’/g)  Volume® (em’/g)  Diameter (nm)
Zr0:-N 76.2 0.198 55
0.1%SZ (Zr0,-N) 2227 0.345 4.9
0.25%SZ (Zr05-N) 2433 0.361 4.8
0.5%SZ (Zr0;-N) 2273 0.336 4.8
0.75%SZ (ZrOy-N) 2323 0351 4.8
Zr0,-Cl 89.8 0.194 5.0
0.1%SZ (ZrO,-Cly 89.2 0.205 5.4
0.25%SZ (ZrO,-C1) 236.6 0.380 4.5
0.5%SZ (Zr0O,-Cl) 2392 - 0.388 5.0
0.75%SZ (Zr05-Cl) 238.1 0.372 4.4

* Error of measurement= ij‘!:_ﬁ.,
® BJH desorption cumulative volume of pﬂ'r;ﬁj,bc‘tween 1.7 and 300 nm diameter.
¢ BJH desorption average pore diameter. =

~ <A

5.1.1.3 Temperature prugraliliu;;d desorption (TPD)

The NH;- and fiﬂg-TPD techniques were used to measure the acid-base properties
of the catalysts, respectively. The NH;- and CO,-TPD profiles are shown in Figures 5.5,
5.6, 5.7 and 5.8.-From.the, TPD profiles, the amounts of acid and base sites, which are
also listed in Table'5.3, were cdleulated from the area below curves, The characteristic
peaks_of these profiles are assigned to their desorption. temperatures_ indicating the
strengthiof Lewis acid surface sites. From.the NH;-TPD results of Ma et al. (2005), it
showed that NH; desorption peaks located at ca. 200°C and 300°C for ZrO, catalysts were
corresponding to weak acid sites and moderate acid sites, respectively. Moreover, both
peaks of monoclinic ZrO; exhibited slightly higher amount of acid sites compared to the
tetragonal ZrO,. A previous report indicated that the sulfated group on monoclinic SO4-
Zr0; should be more stable than sulfated group on tetragonal SO4-Zr(Q; because the
monoclinic phase may be more basic than the tetragonal phase (Li er al., 2006). In this

work, not only ZrQO; contained weak acid sites, but the moderate acid sites were also
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evident for the SO4-Zr0;.The adsorption of sulfur group has some effect on acid site. The

higher sulfur contents were responsible for more acid sites present.

Based on CO; desorption peaks, the weak base sites, moderate and strong base
sites can be identified (Ma er al., 2005). It indicated that all kinds of base sites were
presented in the tetragonal ZrO;, whereas only weak and moderate base sites were
observed on the monoclinic ZrO;. For CO:-TPD profiles of ZrO; (Figure 5.7), the ZrO;-
Cl exhibited higher desorption temperature than the other catalysts due to more tetragonal
phase and no sulfur loading. Furthermore, the zirconia and sulfated ziaconia prepared by
ZrOCl; had the higher amount of CO2 desarption peaks. This can be attributed to higher
contents of monoclinic phase and sulfur resulting in inereased basicity of monoclinic
504-Zr0; over tetragonalﬁﬂ;:ﬂ:ﬁ;.

For the other saly'pregursors, Qgtalyglﬁ contained only the weak base sites and
moderate base sites. me,"ﬁgura‘ 5.8 and Table 5.3, they show that ZrO,-N exhibited
higher base sites than sulf;ateg:[ ‘:cirtnnia it shﬁﬁld b!-‘- mentioned that acid and base sites of
Zr0,-Cl and ZrOy-N were less than those of tht;»su!fated zirconia due to sulfated group on
surface catalysts. It was suggeawd that dlffermm in both acid and base sites can be
attributed to the various fractiops of crystal pﬁases along with the crystallite sizes of
catalysts. In fact, erystallite size also relates to BET surface arca. Therefore, the amount
of acid and base sites may be ascribed to affect the surface area. In order to give a better
understanding, the relationship between acid-base sites and percent of sulfur content in
ZrQ; is illustrated in Figures 5.9 and 5.10. It was found that the amount of acid sites
increased with increased percents of sulfur content in’ Zr0Os, Considering the ZrO;-Cl and
SO/Zr0;-Cl acid sites increased  with increased percents of sulfur content up to a
maximum at 0,25%, and then decreased wWith more sulfurloading, but base sites depended
on sulfor, content, 100, In other catalysts, there/was an nptiml.;m point 'at 0.25% of the
sulfur loading in ZrO;, which can maximize the acid sites. Considering the base sites, the
amount of base sites was apparently proportional to the percent of tetragonal phase and

sulfur content in Zr0;.
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Figure 5.6 NH:-TPD profiles of ZrO> and SO4-ZrO; catalysts synthesized from
ZrO(NO; )
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Figure 5.8 CO;-TPD profiles of ZrO; and SO4-ZrO; catalysts synthesized from
ZrO(NO3);
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Table 5.3 Results from NH;- and CO,-TPD measurements

Total Sites (umole/g)
Catalysts -
Acid Sites®  Base Sites
ZrO;-N 197 257
0.1%SZ (ZrOs-N) 959 76

a A "y 7 Pl
From NH;-TPD. Pl
" From CD;-TPD N..\‘.\‘;‘L.-:;‘_ )

= J;“ v, 7, )4l :
SE2ION S

1400 = = - - |
\Z W) . Acidsies |

1200 M o Base siles

(umolg ™)

ﬁﬁ ']‘U‘LL’]‘VIEI‘Iﬁﬂ'ﬁ
qN RN TR IV

i S ) o o [T R YRES Y . ST AR
0 0.25 05 0.75 1
Percentage of Sulfur contents

§

Figure 5.9 Relationship between amount of acid and base sites and percent of sulfur
content in ZrO; and SO4-Zr0; catalysts synthesized from ZrOCl,
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Table 5.3 Results from NH;- and CO,-TPD measurements

Total Sites ole/
Catalysts i
Acid Sites®  Base Sites®
Zr0:-N 197 257
0.1%SZ (Zr0,-N) 76
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Figure 5.9 Relationship between amount of acid and base sites and percent of sulfur
content in ZrO; and SO4-Zr0; catalysts synthesized from ZrOCly
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Figure 5.10 Relationship between amount of acid and base sites and percent of sulfur
content in ZrO; and SO4-ZrO; catalysts syntﬁcsized from ZrO(NO;);

5.1.1.4 Electron spii resonance spectroscopy (ESR)

center of zirconia considerably assumed as the existence of Zr'' sites. Zr'" signals
represented at g,~1.97 and g~1.95 as shown the example in Figure 5.11 were very close
to the positions<0f-Zr*on ZrOy sucface; abserved by many, researchers as reported in
Table 5.4. Only g, was considered in this work due to'the apparent signal. The relative
ESR intensity at various zirconia and, sulfated zirconia ds shown-in Figure 5.12. It was
found that quantity of ZF*" ascended on’ amount of sulfuric acid during sulfation step. The
result of ESR showed that g-value from zirconia and sulfated zirconia were different. The
Zr** gradually increased with increased sulfur content in incipient wetness impregnation
step. For ZrO;-Cl, having the highest intensity was deserved at 0.25% sulfur content, and
then rapidly decreased beyond that value. The other zirconium salt precursor, exhibited
the similar trend. The optimum point of Zr* intensity is 0.5%SZ (Zr0,-N) after that the
value decreased. From the early researches (Zhao et al., 2004, Anpo and Nomura, 1990),
it reasonably suggested that the Zr'" center to ESR can be described as the oxygen

coordinatively unsaturated zirconium sites on ZrO; surface. In addition, they proposed
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that the removal of the surface hydroxyl accounted for the formation of the new Zr’" sites.
It was possibly due to the presence of hydroxyl groups combined in a position of
coordinatively unsaturated sites resulting in less Zr'" intensity. Therefore, changing of
Zr' intensity in this case may be attributed to loss of the surface O atoms, especially
hydroxyl groups, on ZrO; surface. The surface structure of SO; combined with Zr
elements in the bridging bidentate state. The S=0 double bond nature in the sulfate
complex is much stronger than that of a simple metal sulfate, thus the Lewis acid strength

of Zr"* becomes remarkably greater by the induttive effect of S=0 in the complex.

25,50

1975

magneticficld strength, ——»

Figure 5.11 ESR spectrum of ZrO; (Zhao er al., 2004)
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B Zrcomd nitmaie sall precurser

Relative Intensity 0FZ¢" (www)
(™)

=
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Figure 5.12 Relative ESR intensity of various ZrO; catalysts
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Table 5.4 ESR parameters of Zr'* observed from different references

Paramagnetic ion g-value Reference

Zr'" in ZrO; g = 1.956 Torralvo and Alario, 1984
g, = 198

e in Zr0; g = 1,953 Moterra et al., 1990
g1=1978

Zr'" in sulfated o= 1951 Chen et al., 1993

zirconia &= 1979

Zr* in 210 g=1.961 Liu et al., 1995
£ =1 ':f’,;"-’-i

7e* in V204210, 22191 Adamski et al., 1999

Zr" in sulfated gy = 196? . Carlos et al., 1999

zirconia e i?ﬂ?j 4

2r in PUWO,/Zr0; 2= L?ﬁ’-g:-““": - Punnoose and Seehra, 2002
g =198

Zr* in 210, g = 1.957 Zhao et al., 2004
o= 1.975

Zr'" in sulfated = 195 This work

zirconia 6 (97

5.1.1.5 Scanning electron microscopy (SEM)

SEM is used to study the morphologies of catalysts. Figures 5.13 and 5.14 showed
SEM images of ZrO; and 0.75% SZ synthesized from ZrOCl,, whereas Figures 5.15 and
5.16 showed that of ZrO; and 0.75% SZ synthesized from ZrO(NOs),. The catalysts
synthesized from ZrOCl, apparently exhibited smaller particle size than those synthesized
from ZrO(NO;)s.
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Figure 5,14.5EM micrograph of 0.75% SZ (£r0;-

Cl)



Figure 5.16 SEM micrograph of 0.75% SZ (ZrO;-N)

5.1.2° Catalytic performance of isosynthesis over zircomia and sulfated

zirconia catalysts

The ZrO; and SO4-Zr0; catalysts were tested for their isosynthesis activity and
selectivity at 400°C, atmospheric pressure and CO/H; of 1. A previous study showed that
the steady-state rate was reached after 20 h. Table 5.5 shows catalytic activity from CO
hydrogenation. In addition, the product selectivity was listed in Table 5.6. It was found

that catalytic activities of zirconia and sulfated zirconia synthesized by ZrO,Cl were
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higher than the other catalysts, whereas the selectivity of isobutene in hydrocarbons was
lower. The catalytic activity of zirconia and sulfated zirconia from zircony| nitrate was
influenced by the fraction of monoclinic phase. However, the catalysts synthesized by
zirconyl chloride were governed by the relative intensity of Zr**. The reaction rate and
percentage of tetragonal phase had the similar trend according to the base/acid sites.
Moreover, amount of sulfuric acid loaded on surface area of catalysts rendered higher
selectivity of isobutene. It can be described that sulfur content affects the physical
properties of catalysts, basefacid site, specific surface area and tetragonal phase. The
tetragonal phase rendered not only increased Catalytic activities of catalysts, but also the
product selectivity depending on base and acid site; which were proportional to sulfur
content as shown in Figures 5.17 and 5.18.

Table 5.5 Catalytic actiity résults from iwgynlhESis

CO conversion Reaction rate

Cataﬁfslﬁ: ;;% ) (umol kg cat” s
ZrO:N = 3:15 106.0
0.1%SZ (ZrOx-N) 349 117.0
0.25%S7 (Zr02-N) 265 8.8
0.5%SZ (Zr0>-N) 272 91.1
0.75%SZ (Z+r0>-N) 2.70 90.5
Zr0:-Cl 2.53 84.9
0-A%SZAZr0:<Cl) 3.97 133.1
0.25%S7 (210:-C1) 351 117.7

0.5%SZ (Z102-Ch) 3.63 1247
0.75%8Z (Zr0,-Cl) 385 129.2
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Table 5.6 Product selectivity results from isosynthesis

Product selectivity in hydrocarbons® (mol%)

C Cs Cs i-C4Hg
ZrOyN 110 55(95.6) 10.1 (96.8) 734
0.1%SZ (ZrO2-N) .1 05(773)  8.0(99.6) 904

Catalysts

0.25%SZ (Zt0N) ' / 7(85.7)  82(995) 904
0.5%SZ (ZrO:-N) 0. Z/(ﬁl 8.1(99.6) 91.1
0.75%SZ (ZrO T2 4’ 8.1(99.5) 906
7r0,-Cl 5| 39(753)..586(959) 820
0.1%SZ ( 0.5 8.1(99.7) 910

0.25%SZ 1) 82(995) 895

0.5%SZ (ZrOzC ,'_:-_2 (99.5) 903
16 .0 ﬁ\u\ 2(99.2) 893

0
- ~

TS -
K ()l
* Parentheses are the seleetivit tffﬁﬁi 1

AAANLZN ’

F T v = - SR
DRI

5

| amiuaneins | |
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Figure 5.17 Relationship between CO conversion and selectivity of isobutene and sulfur
content in SO4/Zr0,-Cl



* »* = R |
R
80 | 8
a2 *
g
£ 60} {6 a:-
£ | 2
s 2
: :
3 4 g
z o
=
z
# 2
_____ —
1
Figure 5.18 Relationshi vee £ i -‘ d selectivity of isobutene and sulfur
content in SO4/Zr0;-N 7
5.2 Effect of cal ure on chara s of sulfated zirconia and

their application as
To study the effect.of eall:inatiens temperature 0.75%S04/Zr0z-N from Section

5.1 and m@?‘ﬂﬂmw varymg the calcination
temperature at e eetalyete were deneted by 0.75%SZ (N-450),

v

PRI T TR e

61



5.2.1 Catalyst characterization
5.2.1.1 X-ray diffraction (XRD)

The varied calcination temperatures resulted in changes in both crystallite size and
crystal phase. The XRD spectra of those sulfated zirconia catalysts are illustrated in
Figures 5.19 and 5.20. Table 5.7 indicated that the crystallite size in monoclinic phase
was increased with increased calcination temperature. Considering the characteristic peak
areas of monoclinic and tetragonal phases (Figure 5:20), it was observed that the former
was more dominant than the latter upon increase in caleinations temperature, In addition,
the phase composition of-ﬁa-::"]; 0.75% SO4/ZrOs-N catalyst can be calculated as shown in
Table 5.7. The results. showed that the fraction of menoclinic phase increased with
increased temperature. Moregver, &hit:inaﬁnﬁ temperature affected the commercial SZ as
shown in Figure 5.20. The XRD : patlemls: of catalyst exhibited tetragonal-monoclinic
phase transformation. The  tetragonal pf:ﬁsa decreased with increased calcination
temperature. Most published studies agree ttmt sulfatmn retards crystallization of zirconia
support and then the transformation from the t;‘trqgcrna! to the monoclinic form (Farcasiu
et al., 1997) occurs. ﬁlcmndlng to mﬂnﬂc]mﬂ}-féh‘agunal phase transformation of zirconia,
the tetragonal phase\should be formed above Il?ﬂ“C but the zirconia prepared by
precipitation from agtieous salt solution can be occurred as & metastable tetragonal phase
at lower temperature. Moreover, the transformation of the matastable tetragonal form into
the monoclinic form was probably due to the lower surface energy of the tetragonal phase
compared to monoglinic.phase-(Tani, ef als 1982; Osendi e, ak; 1985). In fact, phase
transformation of catalyst can'be‘occuirred by-varying the calcination temperature. In this
case, lower caleination temperature would correlate with the alteration of crystal structure
and sulfated migration into'the bulk phase of the solid (Farcasiu er al.,’ 1997). Moreaver,

calcination serves to bind the sulfated groups to the surface (Vera et al., 1997).
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Table 5.7 Characteristics of Zr0O; with various calcination temperatures

Crystallite size % monoclinic % tetragonal
Catalysts Phase (nm)" phase" phase®

M® T
0.75%SZ(N-450) M, T 9.1 8.1 i £ S 28.9
0.75%SZ(N-600) M, T 9.7 8.1 72.5 275
0.75%S8Z(N-750) M, T 11.0 6.5 74.4 25.6
SZ(450) T n.d. 7 0 100.0
SZ(600) M. T 54 85 21.7 78.3
SZ(750) M. T 19.5 10.7 88.7 11.3

* Based on XRD line brun&ening.
¥ Monoclinic phase in ZrQs.

€ Tetragonal phase in ZrO..

DLT5%5Z(N-T30) |

0.75%SZ{N-600) |

Intensity {(a.u.)

|
|
|
0.75%S2(N450). |
|
I

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

Figure 5.19 XRD patterns of 0.75%SZ (N) various calcination temperatures
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Figure 5.20 XRD patterns of 80,/Zr0; commercial various calcination temperatures
5.2.1.2 N; physisorption

Figure 5.21 shows that the specific surface area of sulfated zirconia immediately
decreases with the increased calcination temperature. The decrease in surface area with
temperature is almost lineart The physical properties-of ZrO; catalysts characterized by
means of N; physisorption such as BET surface areéa, cumulative pore volume and
average pore diameter are summarized.-in Table 5.8, The surface area ealculated from
adsorption isotherm using BET equation was in the rangé of 29.4-232.2 m’/g. These
sulfated Zirconia catalysts calcined at the lowest temperature exhibited higher specific
surface areas than the other ones. Furthermore, average pore diameter was dramatically
increased with increased calcination temperature. Considering, pore size distribution of
catalysts as shown in Figure 5.22, these peaks of 0.75%S04/Zr0,-N were shifted to
higher pore diameter whereas the SZ commercial peaks were decreased. However, these
catalysts showed the similar distribution curve. Therefore, it can be concluded that the

calcination temperature significantly affected these physical properties.



Table 5.8 N; Physisorption results

BET Surface  Cumulative Pore  Average Pore

Catalysts 3 ook
Area’ (m“/g)  Volume’ (cm’/g)  Diameter® (nm)
0.75%SZ(N-450) 2322 0.351 43

0.75%SZ(N-600) 80.5 0.171 5.1

0.75%SZ(N-750) 0.157 6.3
SZ(450) 172 3.1
SZ(600) 37
S7(750) - 0.067 7.0

* Error of measuremen \\\

* BJH desorption cumulg , > of pores .?.H cen [.7 and 300 nm diameter.

© BJH desorption average pore diam e 4 \

=
£ oo
L anthaniusms -

3 TRINITLUUINLIREY

Calcination Tempe rature, °C

Figure 5.21 Surface areas of the catalysts as a function of calcination temperature
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Figure 5.22 Pore size distribution of sulfated zirconia catalysts
5.2.1.3 Temperature programmed desorption (TPD)

NH;-TPD prefiles of 0.75%S04/Zr0,-N and sulfated zirconia catalysts are
illustrated in Figure 523 white-thie CO3=TPD protiles of 0.75%S04/ZrO;-N catalysts are
shown in Figure 5.24. As seen in Figure 5.23, a calcination temperature rise apparently
affects the properties of catalysts. Acid and base sites were calculated by based on the
characteristic of sulfated zirconia, It indicated that'the presence of weak and moderate
acid sites related to) the characleristic peaks of desorption temperature. With increased
calcination temperature, the profiles“did not change, but the amount of acid sites
decreased. The amounts\of acid sites of sulfated zirconia catalysts are {isted in Table 5.9.
The other studies showed that the amount of sulfated retained decreased with the increase
calcination temperature as shown in Figure 5.25. Because the sulfated group on sulfated
zirconia was labile sulfates, which can be reduced by washing with water, calcinations
temperature and duration during calcination step. As a mentioned by Hino et al (2005),
the structural model of sulfate species contained mainly three or four S atoms with two
ionic bonds of S-O-Zr in addition to coordination bonds of S=0. The results showed that

the acidity of sulfated zirconia commercial catalyst was higher than another one. The acid
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sites at lower calcination temperature of catalysts were higher than other catalysts because

sulfated groups were still remained on surface of catalysts.

The CO»-TPD profiles for the 0.75%S04/ZrOs-N catalysts are shown in Figure
5.24. Considering, the profiles of the 0.75%S04/ZrO,-N catalysts, they changed the
patterns indicating higher amount of moderate base sites along with the disappearance of
weak base sites. Sulfated zirconia commercial was super strong acid catalyst. Figure 5.25
indicated that base sites increased with increased calcination temperature but acid sites
were decreased. Li er al. (2006) showed that the monoclinic phase is able to retain more
sulfur than tetragonal phase, suggesting that the moneelinic form may be basic than the

tetragonal as shown in Figure 5.26.

i & ' 4 S7(750)

! / 4 —S2(600)

\ !
25 — SZ(450) .
: ok |
E‘ :

0 RS L 0.75%SZ (N-750)
/\ o 0.75%SZ (N-600)
i 0.759%57. (N-450) |

S0 150 250 330 450 350

Temperature ("C)

Figure 5.23 NH;-TPD profiles of SO4-ZrO; catalysts
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Figure 5.24 CO,-TPD profile

Table 5.9 Results from NHs- and €O
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* From NH;-TPD.
® From CO,-TPD.
n.d., not determined.
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5.2.1.4 Electron spin resonance spectroscopy (ESR)

Figure 5.27 showed the relative ESR intensity at various calcination temperatures
of sulfated zirconia. It was found that increased calcination temperatures resulted in the
increased intensity of Zr*" was increased. Considering commercial sulfated zirconia and
0.75% SZ (ZrOz-N), it indicated that the 0.75% SZ (Zr0O;-N) samples with various

calcination temperatures have higher intensity of Zr'" than that of the commercial one.
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S0 |
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0 -.....:........“....“.-...........a“:“-:...u-.l.- I
40 450 500 350 oLl 630 T 750 0}

Calcination Temperature ("C)
Figure 5.27 Relative ESR intensity of various calcination temperatures in sulfated
zirconia catalysts

5.2.1.5 X-ray photoelectron spectroscopy (XPS)

The XPS results showed the possibility of bearing high acidity on the surface
of SO4-Zr0;. The spectra of Sy, and Zryy for SO4-ZrO; that binding energies were 154.5
and 186.7 eV, respectively. The atomic compositions of different elements are

summarized in Table 5.10.
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Table 5.10 Results from XPS

Atomic conc%
(0] Cis Zryg Sap
0.75%SZ(N-450) 5227 22.26 25.05 0.42
0.75%SZ(N-600) 49.95 26.31 23.35 0.21
0.75%SZ(N-750) 51.19 25.57 23.07 0.17

Catalysts

SZ(450) 49.65 3445 . 1577 0.43
SZ(600) 4472, 4109 13.89 0.29
S7(750) 38.85 48,62 12.65 0.15

5.2.2 Catalytic performange of iSﬁ%l‘}'vllthiﬂ over sulfated zirconia catalysts

Tables 5.11 and 512 show the rale’;@qﬁscl:ﬂﬁvity of the isosynthesis for SO4-
Zr0, operated at 400 °C, ammospheric pressure and CO/H; of 1. It was found that
commercial sulfated zirconia catalysts axhibit@djﬁ{gher reaction rates than the synthesized
ones. For commercial sulfated zirconia, reacﬁbﬁ__i;a;e decreased with increased calcination
temperatures. However, for the 0.75% SZ (ZrO:-N), firstly it increased when calcination
temperature rose after at a certain point, and then suddenly. decreased. Moreover, CO
conversion of both types of sulfated zirconia catalysts had the similar trend as seen for the
reaction rates. The relation between TOS and reaction rate is showed in Figure 5.28.
Considering the 0.75% SZ (Z410;-N) samples ccalcined at-different temperatures, the
patterns of reaction rate the Curves similar trend. Moreover, not only reaction rates of the
commerecial sulfated-zirconia, exhibited the increased-with inecreased /TOS while slowly
decreased with TOS after that, but also it increased when calcination temperature

increased,

Furthermore, the wvariation of selectivity of isobutene with calcination
temperatures was also considered as shown in Figures 5.29 and 5.30. The results from
0.75% SZ (ZrO:-N) selectivity of isobutene receded with increased calcination
temperature. This was due to the effect of active sites. However, the selectivity of

isobutene on commercial sulfated zirconia catalysts rose when calcination temperature

71



increased. The 0.75% SZ (Zr0.) samples after calcined at 450 °C was highest isobutene
selectivity (90.6 mol%). but the commercial sulfated zirconia calcined at 450 °C showed
the highest CO conversion and reaction rate (43.39 % and [454.3 pmol kg cat’'s”,
respectively). Figures 3.29 and 5.30 show the isobutene selectivity and CO conversion of
commercial sulfated zirconia being indirectly proportional. The results of 0.75% SZ
(Zr0:-N) for both isobutene selectivity and CO conversion firstly increased and then
decreased with the increase in calcination la:mpyatur: from 450 °C to 750 °C at constant
time (3 h) and ramp rate (5.0). f"“__,
-

The fact that catalytic Iaﬁﬁﬁ'ﬁﬁs depend strongly on the calcination temperature

suggested that the calcinat onen pt:ralurcl ad effect on the erystalline structure and acid
and base sites. The con maf thc squawd groups was a function of percentages of
monoclinic phase h-ccau?/ml;ﬁoﬂhmc ﬁ::rm J‘na}f be basic than the tetragonal (Li et al.,
2006). The trend is alm?ﬁ yi the: “acid wlr& of sulfaied zirconia at various calcination
EBZ( af:ld suf:a cﬁcreased with increasing concentration of
)

A prﬂfn}us af”iy suggests that stronger basic sites allow

temperatures. The upta
monoclinic phase (Figure
binding sulfated group more cﬂ'u".ctfvelv on {}mncﬂmc zirconia than on tetragonal
zirconia. Now turn our altcnu_p}.gg.;he ra!@zglflnarlun temperature that affects to

specific surface areas, \!rmrcasing in calcination wmperatumlﬂ to smaller surface area. In

line with this rr:dsnn,ﬂhe catalytic actlwty, isobutene ﬁ:‘lmﬂwly and the fraction of

tetragonal phase of sulfat _/éd zirconia were directly pmpumnna]

Table 3.11 The catalyticactvityresutts fromasosynthesis:

CO conVersion Reaction rate
Catalysts 1Y
(%) (tmol kg cat s7)
0.75%SZ(N-450) 7370 g5 ¢
0.75%SZ(N-600) 3.60 120.7
0.75%S87Z(N-750) 2.67 89.5
SZ(450) 43.39 14543
SZ(600) 924 3099

SZ(750) 4.76 15396
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commercial sulfated zirconia at various calcination temperatures
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATION

In this chapter, the conclusions arisen from the studies are summarized in Section

6.1 and the recommendation for future works are shown in Section 6.2.
6.1 Conclusions
The conclusions of ihe present research are as follows:

I. The sulfated zirconia exhibited better catalytic activity and selecitivity of
isobutene in hydrocarbons than zirconia. The sulfur loading, acid-base properties, fraction
of monoclinic phase and relative imensﬁ_}'inf Zr'" in zirconia affected the catalytic
properties. It was found that the 0.75% SZ (ZrO,-N) was the suitable catalyst for
isosynthesis at 400 °C. a

2. The difference in calcination temperature from 450 to 750 °C can result in
changes in phase composition for sulfated zirconia and acid-base properties. The product
selectivity of isobutene depended on fraction of monoclinic phase. The results revealed
that for the commercial sulfated zirconia, the isobutene selectivity and CO conversion
were indirectly, proportional. ‘Moreover, the 0.75% SZ (ZrOz=N) samples showed no
significant change in isobutene selectivity and CO conversion. Both isobutene selectivity

and CO'conversion were directly proportional.

3. The commercial sulfated zirconia exhibited higher catalytic activity than the
0.75% SZ (Zr0;-N). However, the 0.75% SZ (ZrO,-N) achieved higher selectivity of
isobutene in hydrocarbons than the commercial ones due to larger amount of Zr’* being

present.
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6.2 Recommendation for future studies

From the previous conclusions, the following recommendations for the future

study are proposed.

AOUUINBUINT )
ANRINITNIVENAY
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APPENDIX A

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;

n:ﬁ_ (A.1)

feosh

where D = Crystallite size, A
K = Crystallite-shape factor (= 0.9)
A= X-ray wayelength (= ISHEA for CuKa)
0 = Observed peak angle, degree
f = X-ray diffraction broadening, radian.

The X-ray diffraction broadening (p) is the pure width of powder 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 (/) can be obtained by using Warren's formula.

From Warren's formula:

i JB=Ba (A2)

where By = the measured peak width in radians at hall peak height

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)

2z
=|=—1-(0.25
() 029
=0.0044 radian
The corresponding f u-alumina (from the Bs value at
the 26 of 28.36" in Figure

T
o
won mon

lie =
eyl 0.0021xcos14.18° M
QL 784

SOUUIMIUINNG )
RN IUNKTIVERE



20 =28236" Monoclinic zirconium (IV) oxide

7 2735 29.5 30

Figure A.1 The |11, difffaction peak of zireonia for caleulation of the crystallite size.
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Figure A.2 The plot indicating the value of line broadening due to the equipment (data

were obtained by using a-alumina as a standard).
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APPENDIX B

CALCULATION OF FRACTION OF CRYSTAL PHASE
OF ZIRCONIA

The fraction of crystal phase of zirconia was estimated from X-ray diffraction
(XRD) profile. The amounts of tetragonal and menoclinic phase present in the zirconia
were estimated by comparing the areas of characteristic peaks of the monoclinic phase
(26 = 28 and 31 for (1 Li)and (111) reflexes, respectively) and the tetragonal phase (20 =

30 for the (111) reflex). The fraction composition of each phase was calculated from the

Gaussian areashx w,

hx w) monoclinic phase
Fraction of monoclinic phase = Z( ) e

Z { % w) monoclinic and tetragonal phase

> (hxw) tetragonal phase

Fraction of tetragonal phase = & == :
! s Z(k x w) monoclinic and tetragonal phase

(B.2)

where h = thé 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 zirconia

Fraction of
Crystal phase 20 h w hxw
crystal phase
28.24 2571 1 |y 029 747.33
Monoclinic 31.56 1837 032 587.84
Total “ 1335.17 0.30
Tetragonal 3028 | 8348 0.37 3088.76 0.70
o " Lotal J 4423.93 1.00
oo V. = \
G - 120=30.28°
o ' h=38348
TOO0
8000
m -
w=037°
00 1 "’ 1
- 20=131.56°
000
¢ ] |\ %
2000 < e e N e
1000
3 ,
. 275 ms -] 205 L 05 e | 318 a2 ns 3
20 (degree)

Figure B.1 The X-ray diffraction peaks of zirconia (nanopowder) for calculation of the

fraction of crystal phase of zirconia.
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APPENDIX C

CALIBRATION CURVES

This appendix showed the calibration curves for calculation of reactant and
product compositions in isosynthesis. The reactants are carbon monoxide and hydrogen
while the products are carbon dioxide and hydrocarbons consisting of C;-Cy such as
methane, ethane, ethylene, propane, propylenc, n-butane, isobutane, isobutene. For

isosynthesis, the main product in hydrocarbons is isobutene.

The gas chromatography with a thermal conductivity detector (TCD), Shimadzu
model 8A was used for analyzing the concentration of carbon monoxide and carbon

dioxide by using Molgeular Sieve SA eolumn and Porapak-Q column, respectively.

The VZ-10 column was used in a gas chromatography equipped with a flame
ionization detector (FID), Shimadzu model 14B, for analyzing the concentration of
products including of methane, ethane, ethylene, propane, propylene, n-butane, isobutane,

isobutene. Conditions used inboth GCs are illustrated in Table B.1.

The calibration.curves exhibit the relationship between mole of gas component (y-
axis) and peak area reported from gas chromatography (x-axis). The calibration curves of
carbon monoxide, carbon Wdioxide;-methane, ethape, ethylene, propane, propylene, n-

butane, isobutane and isobutene are shown in the following figures.

85



Table C.1 Conditions of Gas chromatograpy, Shimadzu model GC-8A and GC-14B.

Condition

Shimadzu GC-8A Shimadzu GC-14B

5
50
0
10
0
90

2
41
1
100

FONUUINLUINNS )
RN ITNINENAY
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Figure C.2 The calibration curve of carbon dioxide.
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Figure C.4 The calibration curve of ethane.
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Figure C.6 The calibration curve of propane.
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Figure C.8 The calibration curve of n-butane.
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Figure C.10 The calibration curve of isobutene.
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APPENDIX D

CALCULATIONS OF CARBON MONOXIDE CONVERSION,
REACTION RATE AND SELECTIVITY

The catalytic performance for the isosynthesis was evaluated in terms of CO

conversion, reaction rate and selectivity.

CO conversion is defined as moles of CO converted with respect to moles of CO

in feed:

CO conversiony¥s) /= moles af _'Cﬂ cﬂnvert.ed to product <100 (D.D)
moles of CO in feed

where mole of CO can be determined fram CO peak area of the product gas and the
calibration curve of CO (Figure C.1 in ﬂppendixt?]

Moleof CO = (Ageaof CO peak from integrator plot on GC -8A)x3.72x107™"
(D.2)

Reaction rate was calculated from CO conversion as follows:

Let the weight of catalyst used = WV g

Flow rate of CO =1 O |00 emymin
Volume of 1 mole of gas at STP = 22400 cm’
Temperature of gas at STP = 213K

Room temperature of gas = 303K

[%aconversion of CO/100]x 22400x 303x10°
Wx10x60x273

(D.3)

Reaction rate (umole/kg catalyst/s)
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Selectivity of product is defined as moles of carbon in the product of interest (B)
with respect to moles of CO converted:

moles of B formed 3
moles of CO converted

Selectivity of B (%) =

100 (D.4)

(D.3)
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