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CHAPTERI
INTRODUCTION
1.1 Rationale

Semihydrogenation of phenylacetylene is a reaction of industrial importance.
This compound is an unwanted. feedstock . component in polystyrene production
plants, and its removal to levels below 10 ppm is- mandatory to avoid poisoning of
the polymerization catalyst (S. D.' Dominguez et al, 2008). Furthermore,
semihydrogenation of phenylacetylene is a very convenient process for catalyst
optimization, because it enables both evaluation of process design (T. Vergunst et al,
2001) and quick testing ofhydrogenation eatalysts (X. Huang et al, 2003) under very
mild conditions.

Hydrogenation peactions are.mostly catalyzed by noble metals or group VIII
transition metals because they adsorh hydrdgén with dissociation and the bonding is
not too strong. The major advantages of no‘bﬁl'é‘ metal catalysts are their relatively high
activity, mild process conditions, easy sepaf,at_i(;n, and better handling properties. The
noble metals which have an effective in hydrdg;nation process are Pd, Pt, Rh, and Ru.
However, supported-Rd-based catalyst is known to be the best catalyst so far for such
reaction with good activity and selectivity. Generally, the catalyst support must
present a good stability tochigh temperature“and a sufficiently large specific surface
area. Silica (U, K. Singh'et al, 2001), alumina (M. Burgener et:al, 2004), MCM-14 (S.
D. Doninguez et al, 2008) and titania (P. Weerachawansak et al, 2008) have been used
in preparation of supported palladium.catalyst for selective hydrogenation in liquid
phase but titania was selected as a candidate support catalysts because it is well-
known that it interacts strongly with Pd, particularly after reduction at high
temperatures. The phenomenon is referred to as “the strong metal-support interaction”
(SMSI) and has been observed with catalysts supported on reducible metal oxides,
including titania (S. J. Tauster et al, 1978).

The rate of catalytic hydrogenation in a gas liquid system is not so high and

one reason for this is a small solubility of gaseous hydrogen in common solvents.



In contrast, hydrogen is completely miscible with supercritical carbon dioxide
(scCO2). When all other reacting species and catalysts are also soluble in scCO,, mass
transfer problems can be avoided (F. Zhao et al, 2002). Moreover, the use of scCO, as
a new clean reaction medium to replace conventional organic solvents, because it is
nontoxic, inexpensive, nonflammable and enable easy separation of the solvents from
the reactants and products (R. Liu et al, 2007).Bhanage and coworkers (B. M.
Bhanage et al, 1999) found that the hydrogenation of «,  -unsaturated aldehydes
could be performed successfully in scCO, with a significant improvement in activity
and product selectivity. The selectivity of .nsaturated alcohols depends mainly on
pressure of carbon dioxide.while the conversion.depends on both carbon dioxide and
hydrogen pressures.

In this thesis, liquidsphase hydrogenation of phenylacetylene over Pd/TiO; has
been studied under pressurized: carbon: dioxide and compared to that in organic
solvent or the mixture‘of @rganic solvent and carbon dioxide. The physicochemical
properties of the catalysts were also investigated by means of N, physisorption, X-ray
diffraction (XRD), CO-temperature prograﬁifned desorption (CO-TPD), CO pulse
chemisorption, electron spin resenance (ESR) ]gnd transmission electron microscopy

(TEM).
1.2 Research Objectives

The objective of thiswresearch is to investigate the effect of pressurized CO, on
the catalytic properties. of: TiO, (supported Pd catalysts |ing liquid-phase selective

hydrogenation of phenylacetylene ta’styrene.
1.3 Research Scopes

1. Preparation of 1%Pd/TiO, catalysts using incipient wetness impregnation
method on different TiO, supports as follows:
Anatase TiO, - from Aldrich
Anatase TiO, - prepared by solvolthemal method
Rutile TiO, - from Aldrich



Brookite TiO, - prepared by school of Material science and Engineering,
Clemson University
2. Reduction of Pd/TiO, catalyst at 40 and 500°C
3. Characterization of the catalysts and catalyst supports using several techniques
such as, X-ray diffraction (XRD), N, physisorption, Transmission electron
microscopy (TEM), CO pulse chemisorption, and electron spin resonance
(ESR).

Solvent
CO,+E

CO; pressure i
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1.4 Research Methodology

Literature reviews

Anatase TiO, Anatase TiO, Rutile TiO, Brookite TiO,
Aldrich Solvothemal Aldrich Clemson

j

Preparatiens of TiO; supported Pd (1 % wt Pd) catalysts

using thedincipient wetness impregnation method.

Vil

Catalysts charagterization using,.XRD, BET, TEM, ESR,

and pulse CO-chemisorption

Reduction of all catalysts by H» at different

various reducing temperature (40°C and 500°C)

}

Reaction studydn liquid phase. selective

semihydrogenation of phenylacetylene in CO, and organic'solvent

A 4

Data analysis

Figure 1.1 Flow diagram of research methodology



CHAPTER Il
THEORY
2.1 Selective Hydrogenation Reaction of Alkynes to Alkene

Hydrogenation is a class of chemical reactions which result in an addition of
hydrogen (H2) usually to unsaturated organic ¢ompounds. Typical substrates include
alkenes, alkynes, ketones, nitriles, and imines..Most'hydrogenations involve the direct
addition of diatomic hydrogen.(H2) but.some involve the alternative sources of
hydrogen, not H2: these processes are called transfer hydrogenations. The reverse
reaction, removal of hydrogen,4S called dehydrogenation.

The classical examplefof a hydrogenation is the addition of hydrogen on
unsaturated bonds between carbon aton1s, cqh\(erting alkenes to alkanes. Numerous
important applications aresfound ‘in the pétrdchemical, pharmaceutical and food
industries. Health concerns associated with the! hgg-/drogenation of unsaturated fats to
produce saturated fats and trans fais is an iFf}EJg!;tant aspect of current consumer
awareness. Hydrogenation differs from proton_@_oh_ or hydride addition (e.g. use of
sodium borohydride): in hydrogeri;eltion, the prddacts have the same charge as the
reactants :

Selective hydrogenation reactions of alkynes to alkene are the reaction which
take place on the surface of thesmetal catalyst.“The mechanism of the reaction can be
described in four steps':

Step 1: Hydrogen molecules reaet with the metal atoms at thegcatalyst surface.
The relatively strong H-H'sigma bond is broken and replaced with two weak metal-H

bonds.

N—C=C-%




Step 2: The pi bond of the alkyne interacts with the metal catalyst weakening
the bond. A hydrogen atom is transferred from the catalyst surface to one of the

carbons of the triple bond.

Step 3: The pi bond© alkyine. i cts wi metal catalyst weakening
the bond. A second hydrogen a6 t f ' alyst surface forming the

alkene.

Step 4: The alkenell release catalyst's su&ce allowing the catalyst
to accept addition%f)ﬁﬁ and alkene molecules.
U

INBNINEING

£ (p)

Phenyl acetylene hydrogenation scheme consists of two consecutive steps in

parallel with a single step directly to the final hydrogenation product.
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Figure 2.1 Scheme of Phenylacetylene hydrogenation (X. Huang et al., 2003)

2.2Physico-Chemical Properties of Supereritical Carbon Dioxide

The schematic representation of the phase diagram of pure carbon dioxide in
Fig. 2.2 shows the aggregationstate of (CO; as a function of pressure and temperature.
The solid, liquid, and gaseous'state are sep’{trqted by the melting, sublimation, and
evaporation curve, respectively. These threé._s£ates are in equilibrium at the triple
point. The critical point marks the hi'ghf'-tempeféiju?e end of the evaporation line and is
characterized by the critical tempe,ratu'_r’é Tc:31jf °§; and the critical pressure p.=73.8
bar. No distinct liquid or vapor p}hés_e can exis@egg_nd the critical point and the new

supercritical phase has properties which are often reminiscent of both states. Similar

to gases, scCO; has a ver.37 low surface tension_,wlbw 'viscosit)}r,;and high diffusion rates.
Furthermore, scCO, forms fully homogeneous single phase mixtures with many
reaction gases over a wide fange of composition. On the other hand, the density of
scCO; can easily he adjusted to-liquid:like values and the solubility of liquid or solid
material in these media can be orders ©f magnitude-higher than predicted from the

ideal gas law.



o,

supercritical
region

\

critical point

solid

T.=31.1°C
p.=73.8 bar
K l gas I d.=0.466 g mL"’
- - o
triple point
T

|
Figure 2.2 SchemaiiC phase diagram of carbon dioxide (Walter Leitner)

The bulk density of/COy at the criticél_ boint (d.=0.466 g mL™ ) is the mean
value of the densities of thefliquid and. the -Q'ésé-ous phase just before entering the
supercritical region. It must be noted”howev:ejrd-d'th,at the local density of an SCF is
subject to large fluctuations and may differ: ,consaderably from the bulk density,
especially around solute molecules Many attempts have’ been made to uti-lize
“chemical probes” like radrlcal reactions or Diels-Alder addltlons to investigate these
so-called clustering or augmentation phenomena. For maost practical applications,
however, it seems more important that the high' compressibility of the supercritical
phase allows the bulk density of scCO, t0 begvaried continuously from very low to
liquid-like values with relatively small variations in temperature and/or pressure. For
example, the density of seCO, at.87.9C is.only 0.33 g mL"at 80 bar, but it rises to
0.80 g mL™ at 150 bar.



2.3 Palladium

Palladium as a group VIII noble metal has unique catalytic properties in
homogeneous and in heterogeneous reactions. In heterogeneous catalysis palladium is
used for oxidation and hydrogenation reactions. One of the most remarkable
properties of palladium is the ability to dissociate and dissolve hydrogen. Atomic
hydrogen occupies the octahedral interstices hetween the Pd atoms of the cubic-closed
packed metal. Palladium can absorb up to 935 #imes of its own volume of hydrogen.
Depending on hydrogen partial pressure and temperature a so-called a- and pB-hydride

is formed.

Table 2.1 Physical properties of palladium.

atomic number ' 46

atomic weight i 106.42 atomic
diameter 275.2 pm

melting point 1827 K

crystal structure ‘ cubic closed packed
electron configuration fir] 40"

electron negativity 1.4

Like other group VIII metals, palladium can be used for hydrogenation of
unsaturated-hydrocarbens. Palladium-shows the, highestselectivity of, these metals in
heterogeneously = catalyzed semi-hydrogenation of ~alkynes and ‘dienes to the
corresponding alkenes (Amold et al.,1997). Activity of palladium for hydrocarbon
hydrogenation is based on the ability for the dissociative adsorption of hydrogen and
chemisorption of unsaturated hydrocarbons. The chemisorption of alkenes and
alkynes is based on the interaction of the d-band of the Pd metal with the n-bonding
system of the unsaturated hydrocarbons (Pallassana et al.,2000 and Mittendorfer et

al.,2003). Industrially used catalysts for acetylene hydrogenation contain relatively
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low Pd content (< 0.1 wit%) and are supported on metal oxides like alumina.
Palladium shows high activity but only limited selectivity and long-term stability for
hydrogenation of acetylene. The limited selectivity is mainly due to enhanced ethane
formation and the formation of by-products like C4 and higher hydrocarbons.
Palladium shows a strong deactivation behavior because of hydrocarbon and carbon
deposits. Catalyst deactivation by hydrocarbon and carbon deposits requires a
frequent exchange or regeneration of the catalyst in the hydrogenation reactor.
Moreover, fresh or regenerated catalysts show high activity and consequently lead to
increased ethylene consumption and reduced seleciivity. Furthermore, high activity of
fresh or regenerated catalysts.can lead to.overheating.(“thermal run away”) of the

reactor because of the exothermicyarogenation reaction.
2.4 Titanium (1V) oxide
Physical and chemical properties

Titanium (1V) oxide occurs naturally in{hfeg crystalline forms:

1. Rutile, which tends to more stable at ',h'i_g’h_ temperatures. The application of
almost rutile type is used in industrial products -surch as paints, cosmetics foodstuffs
and sometimes found in‘igneous rocks.

2. Anatase, which tends to be more stable at lower temperatures. This type
generally shows a higher phétoeactivity than othér'types of titanium dioxide.

3. Brookite, which_is usually._found enly iin_minerals and has a structure
belonging to orthorhombic crystal system.

A summary of the'crystallographic.praoperties of the three varieties is given in
Table 2.2



Table 2.2 Crystallographic properties of anatase, brookite, and rutile.

11

Properties Anatase Brookite Rutile

Crystal structure Tetragonal Orthorhombic Tetragonal

Optical Uniaxial, Biaxial, positive Uniaxial,
negative negative

Density, g/cm® 3.9 4.0 4.23

Harness, Mohs scale 5Y,-6 5',-6 77"

Unit cell D4a™.4TiO, Dsh™°.8TiO, D4h'.3TiO;,

Dimension, nm

a 0.3758 0.9166 0.4584

b 0.5436

C 0.9514 0.5135 2.953

Both of rutile and anaiase type have a structure belonging to tetragonal crystal
system but they are not isomorphous (Figure 2.2)..The two tetragonal crystal types are
more common because they are easy to make. Anatase occurs usually in near-regular
octahedral, and rutile forms slendét-prismatic erystal, which are frequently twinned.
Rutile is the thermally stable formi-and is one of the two most important ores of
titanium.

The three allotropie forms of titanium dioxide have-been prepared artificially
but only rutile, the thermally stable form, has been obtained in the form of transparent
large single crystal: Thejtransformation form.anatase o rutile“iscaccompanied by the
evolution of ca. 12:6 kJ/mol (3.01 kcal/mol), but the rate of transformation is greatly
affected by-temperature and-hy.the-presence .of-other substance which,may either
catalyze of jinhibit ‘the"reaction.” The “lowest temperature ‘at which conversion of
anatase to rutile takes place at a measurable rate is ca. 700°C, but this is not a
transition temperature. The change is not reversible; AG for the change from anatase

to rutile is always negative.
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Figure 2.3 Cr

Brookite has been pr

quf'isodL titan e"W|th sodium or potassium
. , : T

hydroxide in an autoclave at ZGb__‘LEL 600 or several days. The important

commercial forms of tltaglum (IV’)—U)’elde are aﬁlétaﬁ‘and ruti [e and these can readily

be distinguished by X-ray diffraction-spectrometry

prepared from an alkyl titanat

Since both anatase'"and rutile are tetragon eyﬁre both anisotropic, and

L
their physical properties, e. g refractlve index, vary according to the direction relative

o el s L M P g v

crystallographic direction is lost because of the random orientation of large numbers

IS .

are taken into account, may be made of both natural and synthetic rutile, natural
anatase crystals, and natural brookite crystals. Measurements of the refractive index of
titanium dioxide must be made by using a crystal that is suitably orientated with
respect to the crystallographic axis as a prism in a spectrometer. Crystals of suitable
size of all three modifications occur naturally and have been studied. However, rutile

is the only form that can be obtained in large artificial crystals from melts. The
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refractive index of rutile is 2.75. The dielectric constant of rutile varies with direction
in the crystal and with any variation from the stoichiometric formula, TiO; an
average value for rutile in powder from is 114. The dielectric constant of anatase
powder is 48.

Titanium dioxide is thermally stable (mp 1855°C) and very resistant to
chemical attack. When it is heated strongly under vacuum, there is a slight loss of
oxygen corresponding to a change in composition to TiO; 7. The product is dark blue
but reverts to the original white color when it'is heated in air.

Hydrogen and carbon monoxide reduce it enly. partially at high temperatures,
yielding lower oxides or mixtures of carbide and lower oxides. At ca. 2000°C and
under vacuum, carbon reduces it.to titanium carbide. Reduction by metal, e.g., Na, K,
Ca, and Mg, is not completesChiorination 1s only possible if a reducing agent is
present; the position of equilibrium in the system is the reactivity of titanium dioxide
towards acids is very dependent on the temperature to which it has been heated. For
example, titanium dioxide that has been prepared by precipitation from a titanium (1V)
solution and gently heated t@ remove water is_fsBIubIe in concentrated hydrochloric
acid. If the titanium dioxide is heated to ca.“—_iQ'OQ_f’C, then its solubility in acids is
considerably reduced. It is slowly dissolved byihot’ concentrate sulfuric acid, the rate
of salvation being increased by the addition of ér;lmonium Sulfate, which raises the
boiling point of the acid:.The only other acid in which it is soluble is hydrofluoric acid,
which is used extensively' in the analysis of titanium digxide for trace elements.
Aqueous alkalies have virtually no effect,“but molten sodium and potassium
hydroxides, carbonates;sand. borates dissolve titanium dioxide readily. An equimolar
molten mixture of sodium carbonate and sodium borate is particularly effective as is

molten potassium pyrosulfate.
TiO, + 2Cl, - » TiCl, + O,

The reactivity of titanium dioxide towards acids is very dependent on the
temperature to which it has been heated. For example, titanium dioxide that has been

prepared by precipitation from a titanium (1V) solution and gently heated to remove
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water is soluble in concentrated hydrochloric acid. If the titanium dioxide is heated to
ca. 900°C, then its solubility in acids is considerably reduced. It is slowly dissolved by
hot concentrate sulfuric acid, the rate of salvation being increased by the addition of
ammonium sulfate, which raises the boiling point of the acid. The only other acid in
which it is soluble is hydrofluoric acid, which is used extensively in the analysis of
titanium dioxide for trace elements. Aqueous alkalies have virtually no effect, but
molten sodium and potassium hydroxides, carbonates, and borates dissolve titanium
dioxide readily. An equimolar molten mixture of sodium carbonate and sodium borate

is particularly effective as is molten potassium/pyresulfate.



CHAPTER IlI

LITERATURE REVIEW
3.1 Synthesis of nanocrystalline TiO, by solvothemal method

M. Kang et al. (2001) synthesized TiO, photocatalysts by using the sol—gel
and solvothermal methods in order to study renders a reliable synthesis procedure of
the TiO, photocatalyst having the anatase strueture of nano size. After that, physical
properties and catalytic performanceé of twe. kinds TiO, photocatalysts were
compared. The TiO, powder (Cat.2) ohtained by the solvothermal method at 300°C
exhibited a pure anatase struciure Without any further treatment, while the TiO;
powder (Cat.l) prepared by the sol—ge;li:method was transformed to the anatase
structure after thermal tpeatment -at 500°C for 3 h. Cat.2 had higher surface area
(121m?/g) and surface charge (+24.1.mV) t'han,.Cat.l (51m?/g, +16.4 mV).

C. K. Kim et al. (2003) synthesize&;ﬁbz nanoparticles in toluene solutions
with titanium isopropoxide (T1P) by solvothermal methods. After synthesis at 250°C
for 3 h with solutions:ai-the-weight-ratios-10/100, 20/100 and 30/100 nanocrystalline
TiO, particles are formed and they have a uniform anatase structure with average
particle size below 20 nm. Average size of the nanocrystalline particle increases as
increasing thefamount of TP precursor| in-this composition“range. For the products
obtained from fithe solution of 5/100 and 40/100, crystalline particles cannot be
obtained, The 5/100 of TP 4n the mixture; may-bestoorsmall amount to synthesize
TiO, nanoparticles at 250°C and Tonger time is also needed to obtain adequate size of
the particle. In the mixture of 40/100 TIP the synthetic process of TiO, particles may

be hindered by agglomeration of the reactants due to surplus of precursor.

W. Kongsuebchart et al. (2006) synthesized nano-TiO, powder by
solvothermal method under various reaction conditions in order to obtain average

crystallite sizes of 9-15 nm. Increasing of titanium(IV)n-butoxide (TNB)
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concentrations, the reaction temperatures, and the holding times resulted in an
increase in the average crystallite size of TiO,. The amounts of surface defect of TiO;
were measured by means of temperature-programmed desorption of CO, and electron
spin resonance spectroscopy. It was found that the ratios of surface defect/specific
surface area increased significantly with increasing TiO, crystallite size. Moreover,
the TiO, with higher amounts of surface defects exhibited much higher photocatalytic

activity for ethylene decomposition.
3.2 Supported Pd catalyst in liquid-phase hydrogenation

J. Panpranot et al. (2006).studied liquid-phase hydrogenation of cyclohexene
under mild conditions on Pd/Si0, in different organic solvents (benzene, heptanol,
and NMP), under pressurized carbon dioxide, and under solvent less condition were
investigated and compared,In/the cases of using organic solvents, the hydrogenation
rates depended on polasity of the solvents in which the reaction rates in high polar
solvents such as heptanol andnormal methy_[ byrrolidone (NMP) were lower than that
in a non-polar solvent. Hydrogenation raté_is" were much higher when the reactions
were performed under high-pressure CO, Qf, U_nﬁ_er solvent less condition. The use of
high-pressure CO, can probably enhance H2-36|Ubi|ity in the substrate resulting in a
higher hydrogenation-activity. However, metal sintering aad leaching in the presence

of high-pressure CO, were comparable 10 those 1n organic¢ solvents.

S. Domi'nguéz-Domi nguez et al. {2007) studied the:differences supporting
palladium colloids on three types ©of carbon supports: multiwall ,carbon nanotubes
(NTs),‘earbon black (€EB), and an activated carbon (AC)."These catalysts were tested
in a reaction of great industrial interest such as the partial hydrogenation of
phenylacetylene. The liquid-phase hydrogenation reaction of phenylacetylene was
performed under very mild conditions (323 K, flow of H, of 30 mL/min, 1 bar of
pressure). The catalytic activities are very close to that of the homogeneous catalyst.
A total conversion was achieved in all the Pd/C catalysts and also with very high

selectivity toward styrene (higher than 95%). The carbon support produces
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differences between the catalysts. The AC provokes a Pd particle agglomeration, and
the catalyst has the lowest activity and selectivity. The highest selectivity is obtained

for the Pd/NT sample. The ease of manipulation of the Pd/NT catalysts is noteworthy,
facilitating its recovery by filtration and its subsequent reutilization. It was found that
neither the catalytic activity nor the selectivity decreased appreciably throughout five

consecutive cycles of the Pd/NT sample.

M. G. Musolino et al. (2007) studied the effect of metal particle size and
supports of palladium catalysts in selectivediguid.phase conversion of cis-2-butene-
1,4-diol affording also, when. hydrogenated, 2-hydroxytetrahydrofuran.. Palladium
catalysts on different supports(Si10,, Al,O3, TIO,, ZrO,, MgO and ZnO) have been
tested. The metal particle size was detekmined by TEM. The acidic properties of the
catalysts were studied by FT-IR Spectroscopy using pyridine as probe molecule. The
influence of some preparative variables, such as the particle size, the support, the
partial hydrogen pressure, on the catalytic behavior of palladium catalysts has been
investigated. TEM measurements indicated fhét Pd particles diameter observed was in
the range 2.5-10 nm. No significant variat-i‘éﬁ‘g_f TOF and selectivity values with the
metal particle size was observed . in this', faﬁge. Moreover, the activity and the
selectivity towards reaction products were foIJnd to be' strongly dependent on the
acid-base characteristics of the support. The acid systems have been found more
active and selective ta.isomerisation and hydrogenolysis products than the basic ones.
No hydrogenolysis reactionswas observed®h basic supports. Among the examined
catalysts, Pd/TiOz«resulted thel _mast selective. to 2-hydroxytetrahydrofuran.A
maximum vyield to this compound of about 74% was, in fact, obtained at 0.01 MPa of

H, pressure:
3.3 Role of TiO; in selective hydrogenation

Y. Li et al. (2004) investigated in situ EPR and IR by using CO as probe
molecules show that even pre-reduced by H, at lower temperature results in strong
metal-support interaction (SMSI) for anatase titania supported palladium catalyst, but

not for rutile titania supported palladium catalyst, which is attributed that the Ti** ions
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produced by reduction of Ti*" are fixed in the surface lattice of TiO,, as rutile titania
is more thermodynamically and structurally stable than anatase titania so that the Ti**
ions fixed in the surface lattice of anatase TiO; is easier to diffuse to surface of
palladium particle than one in the surface lattice of rutile TiO,. The reason why the
pre-reduction of both anatase and rutile supported palladium catalyst at higher
temperature results in SMSI between Ti** and Pd is attributed that the thermal
diffusion of produced Ti** ion at higher temperature is much easier than at lower
temperature so that it could overcome the binding of surface lattice of both anatase

and rutile titania to move to the surface or surfounding of palladium particle.

P. Weerachawanasak.et.al. (2007) invesiigate the SMSI phenomena and
catalytic behavior of Pd caialysts Supported on micron- and nano-size TiO, in liquid-
phase selective hydrogenation of phenylacetylene under mild reaction conditions. It
was found that whensSupportéd on the nano-sized TiO,, the Pd/TiO, catalyst that
reduced by H, at 500 °Ciexhibited strong metal-support interaction (SMSI) and much
improved catalytic performance . in quUi'd-phase selective hydrogenation of
phenylacetylene. However, as revealed- "by‘_ CO pulse chemisorption, X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and
CO-temperature program desorption, the SMSI effect/ was not detected for the
micron-sized TiO, supported ones. It is suggested during high-temperature reduction,
the inner Ti** in large crystallite size TiO; was more difficult to diffuse to the Pd°
surface than the surface TiZ%in the smaller érystallite size ones. Sintering of Pd® metal

was observed instead.
3.4 Liquid phase hydrogenation in supercritical.carbon dioxide

R. Tschan et al. (2001) studied continuous semihydrogenation of
phenylacetylene over amorphous Pdg;Siyg alloy in supercritical carbon dioxide. It was
found that high conversion and selectivity were achieved over this catalyst without
chemical modification, usually applied for Lindlar-type catalysts. Hydrogenation of

PA to ST yielded the highest conversions and good selectivities at the edge of the sc
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single-phase region. Moreover, excess hydrogen in the system leads to over

hydrogenation of PA and thus to a steady decrease in selectivity.

M. Chatterjee et al. (2004) studied the differences supporting palladium such
as MCM-48, SiO, and Al,O3 used in the selective hydrogenation of citral in scCO,.
The reported results show that it is possible to hydrogenate the conjugated and
isolated C=C double bond forming a fully saturated aldehyde, dihydrocitronellal (3,7-
dimethyloctanal) under mild conditions. The ascendancy of the scCO, medium is
established in comparison with the conventional organic solvent and solventless
conditions. Changes in different reaction parameters.such as H; pressure, temperature
and nature of the support do.not.affect the selectivity. Moreover, the catalyst can be
recycled several times withoui any ‘further treatment. Easy separation of the liquid
product from the catalyst and-the ‘use of environmentally benign solvent make this
procedure a viable and ap" aifractive ideal green echemical process for large-scale
application. Experimenial findings are supported by the theoretical calculations to
propose a plausible explanation for the redu_fct"i-on of the conjugated and isolated C=C

double bonds in scCO..

R. Liu et al. (2007) studied the activi-tyrand selectivity of the transition metal
complexes formed from Ru, Rh, Pd and Ni with triphenylphosphine (TPP) have been
investigated for hydragenation of citral in supercritical carbon dioxide (scCO,). High
activities are obtained with«Ru/TPP and Pd/TPP catalysts, and the overall activity is in
the order of Pd, Rd > Rh:> Ni..The Ru/TPP. complex Is highly selective to the
formation of unsaturated alcohols «of geraniol and nerol. In centrast, the Pd/TPP
catalystiis more selective to partially saturated aldehydes-af citronellal. Furthermore,
the influence of several parameters such as CO, and H, pressures, N, pressure and
reaction time has been discussed. CO, pressure has a significant impact on the product
distribution, and the selectivity for geraniol and nerol can be enhanced from 27% to
75% with increasing CO, pressure from 6 to 16 MPa, while the selectivity for

citronellol decreases from 70% to 20%.
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3.5 Comments on the previous works

From the previous studies, Pd is one of the most useful catalysts used in
liquid-phase selective hydrogenation of alkyne to alkene. Furthermore, type of
support shows the important roles in catalytic activity and selectivity. TiO, was
selected as a candidate supports because it is well-known that it interacts strongly
with Pd and it exhibits a strong metal-support interaction (SMSI). The SMSI
phenomenon improved catalytic performance. The effect of TiO, polymorphs (anatase
and rutile) on the strong metal-support interaetion of Pd/TiO, has been studied and
compared. It was shown.that pre-reduction by.Ha.at lower temperature results in
SMSI for anatase titania supported palladium catalyst, but not for rutile titania
supported one. Titania can.oe synthesized by various methods. Solvothemal method is
an alternative route for ope-step synthesis of pure anatase nano-sized TiO,. In the
recent years, supercritical carbon dioXiqe has been increasingly used as an
environmentally friendly reaction mediufh_ in place of toxic and hazardous organic
solvents. However, the effects of SMS! and éhpercritical carbon dioxide on Pd/TiO,
have not been well studied so far. Thus, it—l-__is: the alm of this study to investigate the
catalytic behavior of TiO, supported palladj—iJ_ni_qatalyst in the liquid phase selective
hydrogenation under pressurizéd carbon dib>;ide and. compare to that in organic

solvent or the mixtufe/of organic solvent and carbon dioxide.



CHAPTER IV

EXPERIMENTAL

This chapter describes the experimental procedure used in this research which
can be divided into three sections. The catalyst preparation is shown in section 4.1.
The reaction study in phenylacetylene hydrogenation is given in section 4.2. Finally,
Properties of the catalyst characterized by various techniques are discussed in section
4.3

4.1 Catalyst Preparation

There are four types of TiO,Suppertsused in this research. Anatase and Rutile
TiO, was obtained commercially fram Aldrich.Brookite TiO, prepared by school of
Material science and Engineeging; Clemson-University and the nano-sized anatase
TiO, used in this experimental were prepared by solvothermal method.

4.1.1 Preparation of TiO, supports using the solvothermal method

The chemicals used for T1O, supports preparation are sihown in table 4.1.

Table 4.1 Chemicals used inithe preparation ofTiO,

Chemical Supplier

Titanium (1V) tert-butoxide Aldrich
(97%TNB, Ti[O(CH2)sCHs]s

1,4-butanediol Aldrich
(1,4-BG, HO(CH,),OH)

Methyl alcohol Aldrich
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The solvothermal-derived nano-TiO, supports were prepared by using specific
amount of TNB as shown in Table 4.2. The starting material was suspended in 100
cm?® of 1, 4-butanediol in a test tube and put into the bigger test tube. The gap between
the test tube and the autoclave wall was filled with 30 cm?® of the same solvent used in
the test tube. Then setup both tubes into an autoclave. The autoclave was purged
completely by nitrogen before heating temperature (see Table 4.2) at the rate of
2.5°C-min™. When the temperature was reached the autoclave was held at that
temperature for specific time duration as shown in Table 4.2. The reaction performed
inside autoclave during heat up and hold at constant temperature. When the desired
holding time was achieved the reactor was cooled=down to room temperature. The
resulting powders were collected after” repeated washing with methanol by
centrifugation. They were then dried by air at room temperature. The schematic

drawing of equipments used for TiO; suppoﬁt preparation are shown in Figure 4.1

i

Table 4.2 The condition used for the p__reﬁaraf-,for]_of TiO;
%
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Figure 4.1 The schematic drawing of equipments used for the preparation of TiOs.
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4.1.2 Palladium Loading

In this experiment, incipient wetness impregnation is the method used for
loading palladium. Pd(NO3),.6H,0 is used as precursor in this methods. The incipient
wetness impregnation procedure was as following:

1. The certain amount of palladium (1% loading) was introduced into the
water which its volume equals to pore volume of catalyst.

2. TiO, support was impregnated with aqueous solution of palladium. The
palladium solution is dropped slowly to the TiOz Support.

3. The impregnated support was left to standat room temperature for 6 hours
to assure adequate distribution of metal complex. After that the catalyst was dried in
the oven at 110°C overnight.

4. The catalyst is calgined‘in air at 450°C for 3 h.

4.2 The Reaction Study«in Liquid-Phase Hydrogenation

The liquid-phase hydregenation is used to 's;tudy the characteristic and catalytic
properties of these prepared /Catalysis. Phéhiyﬂla]c;etylene was used as reactants.
Supercritical carbon dioxide and. Several organib solvents are used as reaction
medium. e

4.2.1 Chemicals and Reagents

The chemicals and reagents used in the reactions are shown in Table 4.3

Table 4.3 The chemiicals and reagents used in the reaction

The chemicals and reagents Supplier
High purity grade Hydrogen (99.99vol. %) Thai Industrial Gases Limited
Carbon dioxide Mallinckrodt
Absolute ethyl alcohol (99.99vol. %) Aldrich
Phenylacetylene Aldrich
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4.2.2 Instruments and Apparatus

The schematic diagram of liquid-phase hydrogenation is shown in Figure 4.2.

The main instruments and apparatus are explained as follow:

The autoclave reactor
The 50 ml stainless steel autoclave was used as reactor. Hot plate stirrer with
magnetic bar was used to heat up the reactant and to ensure that the reactant and the

catalyst are well mixed.

Supercritical carbon dioxide pump

The PU-1580-CO;, is adiquid CO, delivery system using SSQD (Slow Suction
Quick Delivery) method. The"maximum usable pressure is 30 MPa. The operating
temperature range is between 40 to 30°c.

GC-MS
Table 4.4 Operating conditions far GC-MS

>l

“He (99.99%)

Inlets Gas
Heater 250°C
Pressure 3.14 psi
Total Flow 141 ml/min
Columns Mode Constant Flow
Installed Column HP-5MS, 0.25mm*30m™*0.25um
Pressure 3.14 psi
Flow 0.5 ml/min
Average Velocity 26 cm/sec
Oven Set point 100°C
Aux Set point 250°C
MS Aaq Mode scan
Edit Scan Params | Start-end 50-750
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4.2.3 Liquid-Phase Hydrogenation Procedure

The liquid-phase hydrogenation of phenylacetylene was carried out in two
steps. The first step was catalyst preparation and the second step was hydrogenation

study.

1. Reduction step

Approximately 0.2 gram of supported Pd catalyst was placed into the U-tube
of Micromeritic. After that, the catalyst was reduced by the hydrogen gas at the
volumetric flow rate of 50 ml/minat 40°C and 500°Gfor 2 h.

2. Reactant preparation.and.aydrogenation step

The hydrogenation of*phenylacetylene was carried out in a stainless steel
batch reactor (50 ml). Certainiameunts of catalyst (0.005 gram) and the reactant (1 ml
of phenylacetylene and 9"ml of ethanol) Wé_‘re{loaded Into the reactor and then the
reactor was sealed and flushed with 1 MPa H’g_tWiCE. After the reactor was heated up
to a reaction temperature of 813 K, first H, -éﬁld;'-then CO, were introduced into the
reactor to a certain pressure using a high-pres:sil;jr-é_lquuid pump. The reaction mixture
was stirred continuously with a magnetic bar du_rfng the reaction. Then the reactor was
cooled to room temperature and Vdrétb'ressurized- 6éféfdlly by a'backpressure regulator.
The product mixture Was' analyzed by gas chromatographyrwith flame ionization

detector (FID) and the catalyst was characterized by several techniques.
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Figure 4.2 The sghematic diagram of liquid-phase hydrogenation

4.3 Catalyst Characterization

[
— J-:

The fresh and spent catalysts were characterized__*byfseveral techniques such as

4.3.1 X-ray Diffraction (XRD)

The bulk crystal structure and chemical phase composition were determined
by diffraction of an Xsray beam as'a function of ‘the angle of the“incident beam. The
XRD spectrum of ‘the catalyst was measured by using a SIEMENS D5000 X-ray
diffractometeriand Culy, madiation-with (Ni filter-in“the) 20 o range«of 20:80 degrees

resolution 0.04°. The crystallite size was calculated from Scherrer’s equation.
4.3.2 N, Physisorption
The BET surface area of sample, average pore size diameters and pore size

distribution were determined by physisorption of nitrogen (N,) using Micromeritics

ASAP 2020 (surface area and porosity analyzer). Each sample was degassed under



27

vacuum pressure <10 um Hg in the Micromeritics system at 150°C for 4 h prior to N,

physisorption.
4.3.3 Transmission Electron Microscopy (TEM)

The palladium oxide particle size and distribution of palladium on titanium
supported catalysts were observed using AJEM-200CX transmission electron
microscope operated at 160 kV at the, Scientific and Technological Research

Equipment Center (STREC), Chulalengkorn University.
4.3.4 Scanning Electron Microscopy (SEM)

Catalysts granule magphology and elemental distribution were obtained using
a JEOL JSM-35F scanning electron microscope. The SEM was operated using the
back scattering electron (BSE) mode at 20 kV.at the Scienctific and Technological
Researh Equipment Center Chulalongkorn University (STREC)

4.3.5 CO-Pulse Chemisorption

The active sites and the relative percentagéé dispersion of palladium catalyst
were determined by | CO-pulse chemisorption technique ' using Micromeritics
ChemiSorb 2750 (pulse chemisorption system). The known amount of CO was pulsed
into the catalyst bed at room temperature. Carbon monoxide that was not adsorbed
was measured using ‘thermal conductivity, detector.- Pulsing was continued until
catalyst surface was saturated with CO. The number of metal active sites was
calculated-in the basiciassumption:that only: ane COsmolecule adsorbed:on one metal
active site (Anderson et al., 1995, Ali et al., 1998 and Mahata™ et al:, 2000).

Approximately 0.2 g of catalyst was filled in a u-tube, incorporated in a
temperature-controlled oven and connected to a thermal conductivity detector (TCD).
He was introduced into the reactor at the flow rate of 30 ml/min in order to remove
remaining air. Prior to chemisorption, the samples were reduced in a H, flow rate at
50 ml/min with heated at an increasing rate of 10 °C/min from room temperature to
40°C or 500°C and held at this temperature for 2 h. After that cooled down to ambient
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temperature in a He flow, then CO was plus into the catalyst bed at room temperature.
Carbon monoxide that was not adsorbed was measured using thermal conductivity
detector. Pulsing was continued until no further carbon monoxide adsorption was

observed. Calculation details of %metal dispersion are given in Appendix C.
4.3.6 Electron Spin Resonance (ESR)

ESR will be performed to determine the defect of surface catalysts by JEOL
i
JAPAN. The ESR using model '

Researh Equipment Center, Ch

Scienctific and Technological
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CHAPTER V

RESULTS AND DISCUSSION

This thesis was conducted in order to investigate the characteristics and
catalytic properties of TiO,-An, TiO,-Ru, TiO,-Br and TiO,-SV supported Pd
catalysts in liquid phase semihydrogenation of phenylacetylene to styrene in scCO,.
In this chapter, the experimental results and discussions are described. The results and
discussions are divided into two main Seetions. The first part describes the
characteristics of TiO, supports and Pd/TiO,.eatalysts (section 5.1). The catalysts
were characterized by several techniques such as XRD, N, physisorption, SEM, TEM,
ESR and CO-pulse chemiserption. The second part, liquid-phase semihydrogenation
of phenylacetylene in sc€O, has been Investigated on a several TiO, supported Pd
catalysts (section 5.2). 4

5.1 Characterization of Ti©, supports aﬁ_d Pd/TIO, catalysts

5.1.1 X-Ray Diffragtion {(XRD)

i

Bulk crystal“structure and chemicaii '—bhase composition of a crystalline
material having crystal domains of greater than 3-5 nm can be detected by diffraction
of an X-ray beam as a function of the angle of the incident beam. The measurements
were carried out at the diffraction angles (26) between 20° and 80°. Broadening of the
diffraction peaks were used to estimate crystallite diameter from Scherrer Equation.
The phase composition of titania was calculated from the following equation used by
Zhangsand:Banfield:
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where W,, W, and W, represent the weight fractions of the anatase, brookite, and
rutile phases, respectively; k, is 0.886:and k; is 2.721; A,,A; and A; are the

integrated intensities of the anatase (26.=25"), brookite (26=31") and rutile

(26=28") peaks, respectively (Zhang and Banfield, 2000).

The XRD patterns of -F1O; samples are shown in Figure5.1. TiO,-An and
TiO,-SV exhibited the*Characteristic pelaks of the anatase TiO, at 25° (major), 37°,
48°, 55°, 56°, 62°, 71% and 75°/ TiO,-Ru exhibited the characteristic peaks of the
rutile TiO, at 28° (major), 36°; 42°, .and :‘5.70 XRD peaks at 26° and 31° (major) for
TiO,-Br were evident. The' average crystalllte sizes and percent of TiO, phase
composition contained In each sample are shown in Table 5.1. The average crystallite
size of  TiO,-An, TiO»-SV .and Tloz-Br calculated from the full width
at half maximum of the XRD peak usmg Scherrer equation were 90 nm,
12 nm and 6.4 nm, respectively. For TiOzRu_could not be determined by
this method due to the calculation limit of the Scherrer equation (the crystallite
size may be too lafge). The phase composition of TiO»An and TiO,-SV
showed almost pure anatase titania (~ 97-98%). TiO,-Ru showed 93% rutile titania

and TiO,-Br wassmixed .phases 0f 53%--broakite, -45%, anatase, and 2% rutile.
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Figure 5.1 The XRD patterns of the TiO; polymorphs. An, Anatases; Ru, Rutile;
Br,Brookite; $V, Solvolthiermal

The XRD patterns of the titania after impregnation with palladium,
calcinations, and reduction at 40°C (R40) and 500°C (R500) are shown in Figure5.2
and Figure5.3. The XRD characteristic peaks corresponding to PdO (26= 33.9°) and
Pd® (26= 40.2° and 46.7°) were not detected in all cases due probably to the low

amount of palladium present.or it was in a highly dispersed form.

The average crystallite sizes.of 1%Pd/TiO_ catalysts were, calculated from the
Scherrer equation (see in, Table 5.1). When 1%Pd/Ti0,-An was+educed at 40°C and
500°C, the crystallite sizes of TiO, were 100 and 134 nm, respectively. The crystallite
sizes of 1%Pd/TiO,-Br increased from 8.7 to 13.4 nm when reduced at 40°C and
500°C, respectively. While 1%Pd/TiO,-SV after reduction at 40°C and 500°C, the
crystallite sizes of TiO, were 12.5 and 13.4 nm, respectively. It was found that the
reduction with H; either 40°C or 500°C did not result in significant changes of the
TiO, crystallite sizes. However, a slight increased in TiO, crystallite sizes were
probably caused by high temperature calcinations and reduction of catalysts at 500°C.
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Similar results were also observed by Patcharaporn Weerachawansak et al.

(Patcharaporn Weerachawansak et al., 2008) for crystallite sizes of the TiO»-nano.

Besides, there is no phase change for all titania supports when reduced at 500°C

except for titania Brookite. After reduced at high temperature, predominant phase

53% brookite changed to 78% rutile (see in Table 5.1). This result was also observed
by Christopher et al. (Christopher et al. 2007)

Table 5.1 The crystallite sizes and phase composion of TiO, support and

1%Pd/TiO; catalysts

%Content of TiO»phase

Sample (wt. %) Crystallite sizes of TiO,

An Ru Br (nm)

TiO2-An 97.0 0.9 i, 90.0

1%Pd/TiO2-An R40 or g 0:9 L 100.0

1%Pd/TiO,-An R500 97.0 0.9 2.1 134.0
TiO,-Ru 4.7 930 |\ 28 n.d.
1%Pd/TiO2-Ru R40 4.7 930 2.3 n.d
1%Pd/TiO2-Ru R500 4.7 93.0 2.3 n.d
TiO,-Br 45.0 2.0 53.0 6.4
1%Pd/TiO,-Br R40Q 45.0 2.0 53.0 8.7
1%Pd/TiO,-Br R500 3.0 7810 17.0 13.4
TiO,-SV 98.0 0.0 2.0 12.0
1%Pd/TiO,-SY R40 98.0 0.0 2.0 12.5
1%Pd/TiO,-SV R500 98.0 0.0 2.0 13.4

n.d. = not determined.
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5.1.2 N, Physisorption

The results of BET surface area, pore volume and average pore diameter
analysis of TiO, and the Pd supported on TiO, catalysts which determined by N,
physisorption technique are given in Table 5.2. The BET surface area of TiO,-Ru,
TiO2-An, TiO,-SV and TiO,-Br were 2.2, 9.0, 85.0 and 147.6 m?/g, respectively. The
BET surface area of TiO,-SV and TiO,-Br were found to be higher than that of TiO,-
An and TiO,-Ru because both titania supports were nanocrystalline. Thus BET
surface area were much higher than TiO,-An‘and TiO,-Ru. Moreover, it was indicated
by Brunauer-Emmet-Teller (BET) method ihai«the pores of all TiO, supports were
mesopore. The pore volumes TiO,-Ru, TiOx-An, TiO,-Br and TiO»-SV were 0.003,
0.021, 0.09 and 0.3 cm®/g, respectively.

The BET surface area.of 419Pd/TiO,-An and 1%Pd/TiO»-Ru reduced at 40°C
were 10.5 and 2.3 m°/g, reSpectively. Then after reduction at 500°C the BET surface
area was 9.7 and 2.2 m*/g,respectively. It can be seen that BET surface areas of the
catalysts slightly decreased./There were nb_significantly differences between the BET
surface area of the 1%Pd/T10Q; and the origjnél T10; support suggesting that most of
the palladium were deposited op the extefﬁ_é] surface of the support. In contrast, the
BET surface areas of 1%Pd/TiO,-Br and l%Pé/TiOZ-SV catalysts rapidly decreased
after reduction at 500°C. Such results indicété_tﬁét pore biockage or destruction of the
TiO, pore structure occurred for these cases. These results corresponded to the
decrease of TiO,-Br pare volume for 1%Pd/T10,-Br-R40 and 1%Pd/TiO,-Br-R500
from 0.09 to 0.09 and 0.06 cm®/g, respectively. The pore volumes TiO,-SV,
1%Pd/TiO,-SV=R40 | and * 19%Pd/TiO3/SV-R500 “were 03,70.3, and 0.2 cm®/g,

respectively.
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Table 5.2 N, physisorption properties of TiO, supports and Pd supported on
TiO, catalysts

BET surface area  Pore volume  Pore diameter
Samples

(m?/g) (cm°/g) (nm)
TiO2-An 9.0 0.021 9.7
TiO2-Ru 2.2 0.003 44.5
TiO,-Br 147.6 0.090 2.4
TiO,-SV 85.0 0.300 12.0
1%Pd/TiO,-An-R40 10.5 0.03 13.3
1%Pd/TiO2-An-R500 e} | 0.03 121
1%Pd/TiO,-Ru-R40 2.3 0.005 335
1%Pd/Ti0O,-Ru-R500 I, 0.003 43.1
1%Pd/TiO,-Br-R40 68:5 0.09 3.3
1%Pd/Ti0,-Br-R500 23.4 0.06 6.6
1%Pd/TiO,-SV-R40 101 0.3 7.9

1%Pd/TiO,-SV-R500 /8 Q.2 7.7
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5.1.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a powerful tool for direct observing
surface texture and morphology of catalyst materials. In the backscattering scanning
mode, the electron beam focused on the sample is scanned by a set of deflection coils.
Backscattered electrons or secondary electrons emitted from the sample are detected.

The SEM micrograph of different TiO, supports and 1 wt% Pd/TiO, catalysts
after reduced at 40 and 500°C are shown in Figure5.4. As it can be seen, particles had
a fairly monodisperse size distribution for all.of the samples. The morphologies of
TiO,-Br and TiO,-SV consisted of irregular.shape of very fine particles agglomerated
while particles of TiO,-An and Ti0,-Ru were uniform and round shape. Besides,
morphologies of the reduced 19%Pd/TiO; catalysts were not significantly different
from TiO, supports. Thesprimary particle of TiO, supports were not found and the
crystallite sizes of all TiIOz'Samples can be not determined because the SEM technique
had resolution in micren scales However, the crystallite sizes of all TiO, samples were

confirmed by TEM technique.
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Figure 5.4 SEM micrographs of TiO, supports and Pd supported on TiO catalysts



43

5.1.4 Transmission Electron Microscopy (TEM)

TEM is a useful tool for determining crystallite size and size distribution of
supported metals. It allows determination of the micro-texture and microstructure of
electron transparent samples by transmission of a focused parallel electron beam to a
fluorescent screen with a resolution presently better than 0.2 nm.

TEM analysis has been carried out in order to physically measure the TiO;
crystallite size and the Pd°® particle sizes on the various 1%Pd/TiO, catalysts. Table
5.3 exhibited the crystallite size of different/TiO, supports that calculated from XRD
and TEM. It was observed that the crystallite'Size"of different TiO, supports increased
in the order TiO2-Br> Ti0,-SV_ = TiO,-An> Ti10,-Ru. Reduction with H; either at 40
and 500°C did not result_in“Significant changes of the TiO, crystallite sizes. TEM
results were shown in Figufe 55/ It was seen that on the TiO,-An, Pd° metal particle
sizes increased when the gatalysts were reduced at 500°C. Such results indicated that
sintering of Pd° metal‘occirred on the 1%Pd/TiO; catalyst during high temperature
reduction. Moreover, for the Pd/TiO»-Ru, Pd/TIO,-Br and Pd/TiO,-SV after reduced
at 40 and 500°C, the presgnce of Pd particleé were not clearly seen as on the Pd/TiO,-
An.

Table 5.3 The crystallite sizes of difference Tibz support

Sample Crystallite sizes of TiO,  Crystallite sizes of TiO;

from XRD from TEM
(nm) (nm)
TiO,-An 90.0 100
TiO>-Ru n.d. 460
Ti0,-Br 6.4 7
TiO,-SV 12.0 13

n.d. = not determined.
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Figure 5.5 TEM micrographs of TiO, supports and Pd supported on TiO catalysts
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5.1.5 Metal active sites

The metal active sites measurement is based on chemisorption technique.
Chemisorption is relatively strong, selective adsorption of chemically reactive gases
available on the metal sites or the metal oxide surfaces at relatively higher
temperatures (i.e. 25-400°C); the adsorbate-adsorbent interaction involves with
formation of chemical bonds and heats of chemisorption in the order of 50-300 kJ
mol™. The active surface areas of Pd of the catalysts were calculated from the
irreversible pulse CO chemisorption techniguesbased on the assumption that one CO
molecule adsorbs on one palladium site (Anderson et al., 1985, Ali and Goodwin,
1998 , Sales et al., 1999 and Mahata et al., 2000). The total CO chemisorption,
palladium particle sites and-paliadium dispersion of catalysts when reduced at 40°C
and 500°C are reported inJFable 5.3.

The amount of C@ chémisorption of catalysts reduced at 40°C were 15.3x10",
10.8x10, 10.6x10"® afd /85x10%  malecule CO/g.cat for 1%Pd/TiO,-SV,
1%Pd/TiO,-Br, 1%Pd/TiOzAn and 1%Pd/Ti0,-Ru, respectively. This was probably
due to the lower percentage of Pd dispersion. 'For all the catalysts, the amount of CO
chemisorption was much “lowerwhen reduced at 500°C. The amount of CO
chemisorption were 1.8x10'®, 1.6x10"7, 1-5X:10f§ and 1.2x10" molecule CO/g.cat for
1%Pd/TiO,-SV, 1%Pd/TiOz-Ru, 1%Pd/TiO,-An and  1%Pd/TiO,-Br, respectively.
From XRD results of-catalysts reduced at 500°C (see Figure 5.3), it is noticed that the
brookite TiO, transfarmed to rutile phase TiO, upon reduction at 500°C, re-
calcination, and re-reduced-at 40°C. The amount of CO chemisorption on 1%Pd/TiO,-
Br was lower than.1%Pd/TiOz-Ru. Thus, the presence of| rutile phase significantly
lower amount of CO chemisorptionsThe Pd® metal particle sizes calculated from CO
chemiserption of thecatalysts reduced at 40°C" were found to e '4.2-6.7 nm. The
results were consistent with TEM analysis. For the catalysts reduced at 500°C, the Pd°
metal particle sizes of 1%Pd/TiO,-An and Ru were increased to 38.2 and 32.7 nm.
For 1%Pd/TiO»-Br and 1%Pd/TiO»-SV, the Pd° metal particle sizes were not
determined due to poor contrast in THE images.
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Table 5.4 Results from CO chemisorption of Pd supported on TiO, catalysts

CO chemisorption %Pd
Catalysts & _ _ d, Pd® (nm)
(*10°° site/g.cat) dispersion
1%Pd/TiO,-An R40 10.6 19.0 5.9
1%Pd/TiO,-An R500 1.5 2.9 38.2
1%Pd/TiO,-Ru R40 89 16.7 6.7
1%Pd/TiO,-Ru R500 1.6 3.4 32.7
1%Pd/TiO,-Br R40 10.8 21.3 5.3
1%Pd/TiO,-Br R500 1P n.d. n.d.
1%Pd/TiO,-SV R40 153 26.5 4.2

1%Pd/TiO,-SV R500 1.8 n.d. n.d.

n.d. = not determind

5.1.6 StrongMetal Support Interaction Test(SMSI Test)

The SMSI effect was probably similar to the decoration of metal surface by
partially reducing metal .oxides after high temperature reduction on these catalysts
(Tauster et ak, 1978). 1t} was ‘confirmed" by measuring- the amounts of CO
chemisorption of the re-calcined (at 450°C) and re-reduced (at 40°C) catalysts after
they were subjected, to redugtionsat 500°Cs, Ifsthe, catalyst has the SMSI effect, the
metal active Site'can be totally recovered after SMSI test:“Because of notable feature
of SMSI, it is reversed by oxidizing conditions.

The results are illustrated in Figure 5.6. It was found that the amount of CO
chemisorption of the re-calcined and re-reduced 1%Pd/TiO,-An and 1%Pd/TiO,-Ru
were less than that reduced at 40°C suggesting that sintering of the palladium
particles occurred during high temperature reduction as indicated by larger Pd particle
size from TEM. On the other hand, the amount of CO chemisorption of the re-
calcined and re-reduced 1%Pd/TiO,-Br and 1%Pd/TiO,-SV could be totally recovered
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indicating that the palladium particles did not sinter and exhibited the SMSI effect.
Recent study showed that on large TiO, crystallite size, the SMSI effect may not be
detected (Weerachawansak et al., 2008). Moreover, the SMSI effect on Pd/TiO,
depends on TiO, crystal structure (anatase and rutile). It has been reported that
reduction by H; at lower temperature results in SMSI for anatase titania supported
palladium catalyst, but not for rutile titania supported palladium catalyst (Li et al.,
2004).

2E+19 >
B Reduce 40 y

Reduce 500
@ re-caleine & reduce 40

1.5E+19

1E+19

S5E+18

co-chemisortion (molecule co/g.cat)

A E
1%5dFFiez—-An—l%Pdfﬁez—-Ru—1%Pd,trioz-Br 1%Pd/TiO,-SV
g -

Figure 5.6 The results of SMSI test on 1%Pd/TiO, catalysts



53

5.1.7 Electron Spin Resonance Spectroscopy (ESR)

Electron spin resonance technique is a technique for studying chemical species
that have one or more unpaired electrons, such as organic and inorganic free radicals
or inorganic complexes possessing a transition metal ion.

The number of defective sites of TiO, was determined using electron spin
resonance spectroscopy technique and the results are shown in Figure 5.7. The signal
of g value less than 2 was assigned to Ti** (3d") (Salama et al., 1993). Nakaoka and
Nosaka (Nakaoka and Nosaka, 1997) reporied six signals of ESR measurement
occurring on the surface of titania: (i) Ti**OTi"OH, (ii) surface Ti%*, (iii) adsorbed
oxygen (0%), (iv) Ti**O*Ti*0%, (v) inner Ti*" and (vi) adsorbed water. In this
thesis, it was clearly seen that the TiO,-Br and TiO»-SV exhibited only one signal at g
value of 1.997 which candbe attributed fo Ti** at the surface. Many Ti** ESR signals
were observed for the Ti@,-Anj indicating that more than one type of Ti*" defects
were presented in theSample i.e), surface Ti*" and inner Ti**. It should be noted that
the Ti** ESR signal was observed only 'f_or the anatase TiO,. For brookite titania
(TiO2-Br), it had ESR sighal of Ti* on surf?éé because TiO,-Br was mixed phase of
brookite and anatase. Nong' of Ti** ESR-_sifiénjal was observed for TiO,-Ru. It was
suggested that Ti** in the rutile Ti0, is diffiéi_Jlt?to be reduced to Ti**. As rutile titania
was more thermodynamically and structurajlly_'s—téble than @natase titania, the Ti*" ions
fixed in the surface lattice of anatase TiO, was easier to diffuse to the surface than one
in the surface lattice of rutile TiO, Besides, ESR signal of Ti** promoted strong metal
—support interaction (SMSI) in anatase titania supported palladium (Li et al., 2003).
The intensity lof ‘the “Ti**" Isighal was | highest for ‘Ti0,*SV suggesting that this
preparation method produces the highest amount of defects on the TiO, (Panpranot et
al., 2006).
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5.2 Reaction study in phenylacetylene hydrogenation

Reaction study of the catalysts in liquid phase semihydrogenation of
phenylacetylene was determined in terms of phenylacetylene conversion and
selectivity towards styrene. Phenylacetylene conversion is defined as moles of
phenylacetylene consumed with respect to phentlacetylene in the feed. Selectivity is
the ratio of the mole of styrene (desired product) and the total mole of products
(styrene and ethylbenzene). Ideally, there should be one phenylacetylene molecule
converted to styrene for every hydrogen molecule consumed, or 100% selectivity,
since all of the phenylacetylene is converted.into styrene. In actual practice, some
hydrogen will always be consumed in side reaction of styrene converted to

ethylbenzene.

5.2.1 Comparisonof organic solvent and scCO; in semihydrogenation of

phenylacetylene on 19%Pd/TiO;-An catalyst.

The effects of supereritical, CO; and organic solvent on phenylacetylene
hydrogenation over 1%Pd/TiO,-An catalyéfs were studied at a constant temperature of
313 K and hydrogen pressure of 1 iPa. Table 5.5 shows phenylacetylene conversion
and styrene selectivity for 1%Pd/TiOz-An- ‘R4O and /R500 in scCO,, ethanal,
solventless condition, and the mixture of scCO, and ethanol. It was observed
that %conversion increased in the order scCO;>solventless>ethanol>scCO,+ethanol
with little effect on selectivity to styrene. In hydrogenation reaction, H, solubility in
common organic solvents is usually. low. Disselution of scCO3enhanced H, solubility
thus hydrogenation activity increased. On the other hand, the use of mixture between
scCO randiethanol leditostower catalyticactivity due probably 4o the formation of a
biphasic:reaction mixture. Similar results were also observed by Grunwaldt et al.
(Grunwaldt et al., 2005) for the use of toluene-modified scCO, in oxidation reaction.
In any reaction medium, the 1%Pd/TiO,-An catalyst reduced at 40°C showed higher
hydrogenation activity than that reduced at 500°C. The lower activity of the catalysts
reduce at 500°C was probably due to metal sintering and lower Pd dispersion.
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Table 5.5 Semihydrogenation of phenylacetylene on 1%Pd/TiO,-An catalysts

solventless Ethanol® scCO,° scCO,+Ethanol
Catalyst
%¢Con. | %Sel. %Con. | %Sel. %Con. | %Sel. %Con. | %Sel.
1%Pd/TiO,-R40 60 97 57 96 71 92 43 94
1%Pd/TiO,-R500 41 97 46 98 58 96 40 96

Reaction conditions: phenylactylene = 1 ml, catalyst = 0.005 g, reaction time = 1 hr,
2 ethanol = 9 ml, ® Pco, = 10 MPa, %Con. = %Phenylactylene Conversion and %Sel.
= %Styrene Seleccivity

5.2.2 Influence of €05 pressure and reaction time on the catalytic
behavior of different #1%Pd/TiO, catalysts “in semihydrogenation of

phenylacetylene.

The reaction study of 19%Pd/TiO;-An catalysts was evaluated in the liquid-
phase semihydrogenation of phenylacetylene to styrene in a batch-type stainless steel
reactor. The reaction was carried out in scCO, at 313 K and H, pressures 1 MPa. The
substrate (phenylacetylene) was1 mil and amount of catalysts was 0.005 g.

The effect of CO, pressufe on. the phenylacetylene conversion and styrene
selectivity for 1%Pd/T10,-An-R40 and R500is shown-n-Figure 5.8. It was evident
that phenylacetylene €onversion for both 1%Pd/T1O,-An catalysts increased with
increasing CO, pressure from 6 to 14 MPa. There was o effect of CO, pressure on
styrene selectivity for both.catalysts (styrepe selectivity>80%)--The metal particle size
of these two catalysts was quite different and larger-metal particles were seen to exist
on the catalyst reduced at 500°C (sée Table 5.4)#Fhe lower actiVity of 1%Pd/TiO, —
An R500 was probably due to lower@maount of active Pd metal on_the surface as a
result of metal sintering. Furthermore, CO, pressure affected most of its properties. It
was known that an organic liquid may expand under pressurized CO,, which results
from dissolution of CO, and/or other gaseous species into the liquid (Arai et al.,
2004). On the other hand, if the liquid substrate is easy to dissolve into the CO, gas
phase at increasing CO, pressure, such dissolution reduced the volume of liquid phase
and exceeded the volume expansion due to the dissolution of CO, and H, (Zhao et
al., 2006).
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Figure 5.8 Influence of CO, pressure dn semihydrogenation of phenylactylene on
1%Pd/TiO,-An catalyst.

A = %Phenylactylene Conversion and: 1= %Styrene Seleccivity

(Open symbol: R 40, Close symbol‘.“R—SOO)

The changes of total conversion- and selectivity with time for the
semihydrogenation of phenylacetylene-over-0:005-g-0f 1%Pd/TiO,-An in 10 MPa of
carbon dioxide at 313 K are shown in Figure 5.9. Itis shown that phenylactylene
conversion for both 1%Pd/TiO,-An catalysts increased with increasing reaction time. In
the presence ~of 41%Pd/TiOzAny catalyst wreduced—at40°C, the conversion of
phenylacetylene was also completed (~100%) at 120 min. In contrast, the conversion of
catalysts reduced at 500°C.at that time was appraximately 65 %. Fhere was no styrene
selectivity (~90%) change foricatalystsreduced at¢500°Clwhen reaction time increased.
For 1%Pd/TiO»-An catalyst reduced at 40°C, when the reaction time changed form 30
to 120 min the selectivity deceased from 90 to 50%. The hydrogenation of styrene to
ethylbenzene occurred when the concentration of phenylactylene was sufficiently low
indicating a slower parallel reaction pathway for the direct hydrogenation of

phenylactylene to ethylbenzene (Jackson and Shaw., 1996).
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Figure 5.9 Influence of reaction time on semihydrogenation of phenylactylene
A= %Phenylactylene Gonversion and 1= %Styrene Seleccivity
(Open symbol: R 40,Close symbol: R 500)

The effect of CO, presstire on the éatalytic behavior of 1%Pd catalysts
supported on TiO, phases (anatase and brookité) was alse studied and the results are
shown in Figure 5.10.; The same trend IS seen with these catalysts: phenylacetylene
conversion for both catalysts increased with increasing CO, pressure. The
phenylacetylene conversion of both catalysts, when reduce at 40°C were higher than
those reducedoat’ 500°C. Far the catalysts | reduced ‘at” 40°C, phenylacetylene
conversion was'similar due probably to the similar amounts of active Pd metal on the
surface, \However thetjcatalysts: reducediat 500°C 2 19%4Pd/TiOz*An showed higher
conversion of phenylactylene than 1%Pd/TiO,-Br. The lower activity of 1%Pd/TiO, —
Br R500 was probably due to phase transformation of TiO, support from brookite to
rutile phase (see Table 5.1). It has been shown that anatase TiO, support catalysts
exhibited higher activity than rutile supported one, For example, Rao and coworker
reported that anatase supported ceria catalyst exhibited higher ammoxidation
activities than rutile supported ceria catalyst and pure ceria (Rao et al., 1997).
Besides, the BET surface areas of 1%Pd/TiO,-Br catalysts rapidly decreased after
reduction at 500°C. Such results indicate that pore blockage or destruction of the TiO;
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pore structure occurred during high temperature treatment. For styrene selectivity,
there was no effect of CO, pressure on styrene selectivity for both catalysts (styrene

selectivity>80%)
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Figure 5.10 Influence of €0, pressure on semihydrogenation of phenylactylene on
1%Pd/TiO,-An and 1%Pd/T105-Br catalysts.
Reaction condition: phenylactylene =1 ml, catalyst = 0.005 g, Py2= 1 MPa, reaction
timg'= ¥hr, Temperature = 313 K.
A= 106PAITIO-Brand [ = 1%Pd/TiO,-An
(Open symbat: R 40, Cl‘:cj)éel_symbol: R 500)

In the follewing section, the cétzilfsts with similar TiO, phase (anatase)
1%Pd/TiO,-An and 1%Pd/TiO,-SV were selected for comparison. The two catalysts
possessed different TiO, crystallite sizes. The 1%Pd/TiO,-SV exhibited the SMSI
effect whereas the 1%Pd/TiO,-An did not (see SMSI test in 5.1.6). The performance of
the 1%Pd/TiQz-An “and | 1%Pd/Ti0,;-SV * 'catalysts ** in™ semihydrogenation  of
phenylacetylene;iunder scCO, are shown iIn Figure 5.11. As can be observed, both
catalysts, exhibited-high styrene selectivity (>85%) for, phenylactylene conversion less
than 80%. The selectivity of styrene significantly dropped-to 25-65%when conversion
of phenylacetylene reached 100% for all catalysts except 1%Pd/TiO,-SV reduced at
500°C that retained its high styrene selectivity > 70%. Such results suggest that the
strong metal-support interaction on 1%Pd/TiO,-SV catalyst produced great beneficial
effect on the catalyst performance. The presence of SMSI effect may result in an
inhibition of the adsorption of the product styrene on the 1%Pd/TiO,-SV hence high
styrene selectivity was obtained (Panpranot et al., 2009). The SMSI effect could
reasonably explain our results. The titania support was partly reduced and suboxide
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phase migrated onto the metal particle. Then, part of the metal surface partially covered
by TiOx was blocked (Haller and Resasco, 1989). This led to a decrease of interaction
between product and metal surface. Thus, the product was easy to take off from metal
surface. The 1%Pd/TiO»-An reduced at 500°C exhibited the lowest styrene selectivity
at complete conversion of phenylacetylene. It was suggest that styrene and/or
phenylacetylene were hydrogenated to ethylbenzene. Moreover, the catalyst was

probably deactivated by sintering during reduction at high temperature.

Performance curve
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Figure 5.11 Performance curve of 1%Pd/TiO, An and SV
Reaction condition: phenylaetylene = 1 ml, €atalyst = 0.005 g, Puo= 1-2 MPa,
Pco2 = 10 Mpa, Temperature =313 K, reaction time 30-60 min
A = 1%Pd/TiO»-Anand [ = 19%Pd/TiO,-SV
(Open symbol: R 40, Close symbol: R 500)
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5.2.3 Effect of Pd’° metal particle size on semihydrogenation of

phenylacetylene in organic solvent and scCO,

The semihydrogenation of phenylactylene with diffect Pd/TiO, catalysts
reduced at 40°C was examined in scCO; and ethanol under different conditions. The
variation of phenylactylene conversion and styrene selectivity with Pd° metal particle
size for the two reaction systems are shown in Figure 5.12. The Pd® metal particle
sizes were calculated from the CO chemisorption results of the catalysts reduced at
40°C (see Table 5.4). While the product selectivity in ethanol did not change so much
with the size of Pd° particles, the conversiori.of'phenylacelene increased from 9 to
24% with a change in Pd® particle size from 4.2 10 6.7 nm. In scCO,, both the total
conversion and selectivity.did_not change much with increasing in the Pd® particle
size. Thus, we can say that noseffect of Pd particle size on specific activity in scCO,.
On the other hand, the conversion increased with an increase in the Pd° particle size in
organic solvent (ethanol). We can probably say that the reaction is structure sensitive
in ethanol. lkushima et al. studied hydré_genation of nitrobenzene (NB) with Pt/C
catalysts in supercritical garbon dioxide (sépbz) and ethanol. They reported that the
overall hydrogenation of NB is fiot structﬁ_ﬁér-sp_nsitive in scCO2, while it is structure
sensitive in ethanol in which turnover frquéhc;/ tends to decrease with an increase in

the degree of Pt dispersion (Ikushima et al., 2664)
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Figures 5.12 Influence /of metal particle size on the overall iconversion of
phenylactylene and selectivity to styrene for 1%Pd/TiO,-R40 in organic solvent and
scCO,: g = scCOy, = Ethanol
Reaction conditions; B phenylactylene = 1 ml, CO, = 10 MPa, catalyst = 0.005 g,
Pw2=1 MPa, reaction time = 1 hr, Temperature = 313 K.
phenylactylene = 1 ml, Ethanol = 9 ml, catalyst = 0.05 g,

Py2= 1 bar, reaction time = 10 min, Temperature = 303 K.
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The turnover frequencies (TOFs) were determined based on the number of
palladium sites measured by irreversible CO or H, chemisorption. Figure 5.13 shows
TOF versus Pd® metal particle size. As can be observed, the TOF increased with
increasing metal particle size so the reaction was structure sensitive. A number of
previous studies (see Table 5.7) have reported that palladium with larger particle size
was more active in selective hydrogenation than smaller ones. However, there is
probably a limit value of metal particle size for enhancing catalytic activity of Pd°
metal particle in this reaction. Kiwi-Minsker et al. studied selective hydrogenation of
acetylene with CNF/SMF supported palladitm. They reported that antipathetic size
dependence of TOF disappeared at particle sizesbigger than 11 nm. Initial selectivity
to ethylene was found to be size-independent. The deactivation due to coke deposition

was faster for smaller particles (Kiwi-Minsker et al.; 2008).

Table 5.6 Catalytic activity of different 1%Pd/Ti1O; catalysts in semihydrogynation of
phenylactylene in ethanol at 303 K

Phenylacetylene Styrene TOFs
Catalyst : o L
Conversion (%) Selectivity (%) (s
1%Pd/TiO,-An-R40 15 100 2.7
1%Pd/TiO,-An-R500 20 100 25
1%Pd/TiO,-Ru R40 24 99 5.2
1%Pd/TiO2-Ru-R500 16 100 19.9
1%Pd/Ti0,-Br R40 13 100 2.2
1%Pd/TiO,-Br R500 10 100 14.8
1%Pd/TiO,-SV R40 9 100 1.1
1%Pd/TiO,-SV R500 14 100 14.4

Reaction condition: Phenylactylene = 1 ml, Ethanol = 9 ml, catalyst = 0.05 g,
Pu2= 1 bar, reaction time = 10 min, Temperature = 303 K.
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Table 5.7 Previous studies reporting the effect of Pd° metal particle size in selective
hydrogenation reaction in which larger Pd° particle size was found to be
more activity.

_ dp Pd’
Reaction Ref.

(nm)
cis,trans,trans-1,5,9-cyclododecatriene 1.5-10 Cabiac et al.,2006
1-hexyne hydrogenation 6-11  Semagina et al.,2007
Semi-hydrogenation of phenylacetylene 3-12  Panpranot et al.,2007

_ ] Doninguez-Doninguez et
Semi-hydrogenation of phenylaceiylene 2-8

al.,2008




CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, section 6.1 provides the conclusions obtained from the
experimental results of liquid phase semihydrogenation of phenylacetylene to styrene
on Pd/TiO; in supercritical carbon dioxide. Additionally, recommendations for further

study are given in section 6.2.
6.1 Conclusions

1. Liquid phaseseminydrogenation of phenylacetylene on Pd/TiO, was
enhanced when performed<inshigh, pressure CO; but those carried out in organic
solvent was not change: On' the other hand, the mixture of ethanol and scCO, may

lead to a biphasic reaction mixture so-that lower catalytic activity was obtained.

2. The Pd particle“size 'did not affect specific activity for
semihydrogenation of phenylacetylene in sciCC)"é but in ethanol, the reaction appeared

to be structure sensitive since the TOF increase with.an increase in Pd particles size.

3. Reaction at high temperature (500°C) forAn 500 resulted in Pd metal
sintering while for Br 500 resulted in TiO, phase change. Both cases led to lower
catalyst performangejcompared to those reduced at-40°C.

However, for TiO=SV the catalyst exhibited SMSI effect which
improved catalyst performance although the reaction was carried out in scCO,.
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6.2 Recommendations

1. The mechanism for deactivation of metal catalyst due to metal
leaching and metal sintering during liquid phase semihydrogenation of

phenylacetylene in scCO, should be studied.

2. Another experiment of activity and selectivity of Pd on rutile titania
when reduced at 500°C in this reaction. And furthermore study about effect of

3. The sup reduced temperature before

2

impregnated with Pd.

9
U
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APPENDIX A
CALCULATION FOR CATALYST PREPARATION

Preparation of 1%Pd/TiO, catalysts by the incipient wetness impregnation method are

shown as follows:
Reagent: - Palladium (1) nitrate hexahydrate (Pd (NOs), - 6H,0)
Molecular weight = 338.52
- Support:. Titania [TiO»)}

Example Calculation Tor the preparation of 1%Pd/TiO,

Based on 100 g of catalyst used, the composition of the catalyst will be as follows:

Palladium = 10
Titania = 100-1 2 99 g
For 3 g of titania
Palladium required = 3x(1/99) = 0.0303 g

Palladium 0.0303 g was prepared from Pd (NO3), - 6H,0 and molecular weight of
Pd is 106.42

Pd (NOg3), - 6H,0 required «= MW of Pd(NO3), - 6H,0 xgpalladium required
MW of Pd
= (338.52/106.42)x0.0303 = 0.0964 ¢

Since the pore volume of the titania support is 0.4 ml/g. Thus, the total
volume of impregnation solution which must be used is 1.2 ml for titania by the
requirement of incipient wetness impregnation method, the de-ionized water is added

until equal pore volume for dissolve Palladium (11) nitrate hexahydrate.
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APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

Calculation of the crystallite size by Debye-Scherrer equation

The crystallite size was calculated from the half-height width of the diffraction

peak of XRD pattern using the Debye-Scherrer equation.

From Scherrer equation:

KA
pcos @

b E

(B.1)

where =#Crystallite size, AF _
= Qrystallite-shape fér_:tor =0.9
Xdrayiwavelength; 1_525"418 A for CuKa

Observed peak angi__é? degree

- <@© =2 X U
I

X-ray diffraction broadening, radian

The X-ray difiraction broadening () Is the pure width of a powder diffraction
free from all broadening due to the experimental equipment. a.-Alumina is used as a
standard sample to observetthe instrumentalbroadening since its crystallite size is

larger than 2000 A, The X-ray diffraction broadening (B) tan ke obtained by using

Warren’s formula.

From Warren’s formula:

p = B2 -B? (B2)

Where By = The measured peak width in radians at half peak height.

Bs = The corresponding width of the standard material.
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Example: Calculation of the crystallite size of TiO,-micron

The half-height width of peak

0.23° (from Figure B.1)
(2 x 0.23)/360
0.00401 radian

The corresponding half-height width of peak of a-alumina = 0.00383 radian

= 1185.07 A

) ]
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20 = 25.28°

26 = 25.40°
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Figure B.1 The measured
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Figure B.2 The plot indicating the value of line broadening due to the equipment. The

data were obtained by using a-alumina as standard
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APPENDIX C

CALCULATION FOR METAL ACTIVE SITES AND
DISPERSION

Calculation of the metal active sites and metal dispersion of the catalyst measured by

CO adsorption is as follows:

Calculation of metal active site

Let the weight of catalyst used =W g
Integral area of CO peak afteradserption . =A unit
Integral area of 75 ul of standard CO peak =B unit
Amounts of CO adsorbed on catalyst 4 =B-A unit
Volume of CO adsorbed on catalyst - = 15%[(B-A)IB] ul
Volume of 1 mole of CQ'at 30°C = 24.86x10° ul

Mole of CO adsorbed on gatalyst .= [(B_—A)J/-B]><[75/24.86><106] mole
Molecule of CO adsorbed on catalyst = [3.62%3,9'6]x [6.02x10%*]x[(B-A)/B]molecules
Metal active sites :1.82><1018x[(B-A)/B]x[lI\N] ‘molecules of CO/g of catalyst

Calculation of %metal dispersion

Definition of % metal dispersion:
Metal dispersion (%)

=100x[molecules of Pd from CO"adsorption/malecules of Pd loaded]

In this study, the formula from. Chemisorb 2750  Operator’s Manual can used for

determined the % metal dispersion as follow:

%D = S¢x [ V\j‘gs 1x [;"\’A" 1 X 100% X 100%.................. L)
Where
D = %metal dispersion
St = stoichiometry factor, (CO on Pd* =1)

Vads = volume adsorbed (cm®/g)



Vg = molar volume of gas at STP = 22414 (cm*/mol)
mw. = molecular weight of the metal (am.u.)
%M = %metal loading

Calculation of Average Crystallite Size

Average Crystallite Size of Palladium metal can be calculated base on active metal

surface area per gram of metal

dp’ ) . =l )
Where: 7 —
dy? = 7 allitesi \ alladium metal
Fg = ite geormetry fz lere = 6)
P = (of the \ al (Palladium= 12.0 g/cm?)
MSAm = of metal (m /gmetal)

Y

ﬂ'lJEl’J'VIEWﬁWEJ’]ﬂi
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APPENDIX D

CALCULATION OF PHENYLACTYLENE CONVERSION
AND STYRENE SELECTIVITY

The catalytic performance for the phenylacetylene (PA) hydrogenation was

evaluated in terms of activity for phenylacetylene conversion and styrene selectivity.

Activity of the cat of phenylacetylene conversion.
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APPENDIX E
CALCULATION OF TURNOVER OF FREQUENCY
Calculation of Turnover frequencies (TOF)

Metal active site = y molecule/g cat.

A s, iy :
‘:‘L\' erted | [g cat.] | [min]
Tmin] |y [active site] | [s]

I |
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APPENDIX F
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