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was derived by & hMupponed on the nano-

sized TiOs, the Pd Li0, catalysr that redug {5 at 500°C exhibited strong metal-
support interaction (SMSI) & ueh i pr atalyst performance in liquid-phase
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high temperature reducti thesinner Ti' pe crystallite size TiO. was more
difficult to diffuse to the Pd surface than th e Ti'" in the smaller crystallite size
ones. Sintering of Pd':' ht;l,#ﬁzas Obsel ns ead I'unhermurr: a series of
nanocrystalling TiOz st ' ystallite sizes in the
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CHAPTER 1

INTRODUCTION
1.1 Rationale " ,//
Hydrogenation of arbon-car &i particularly to the olefinic
bonds, has been the subjeet-of nu crﬂ* investigations since the very early stage of

the study on catalytie hydrogenation, not only in te its synthetic utility but also

The s has fundamental

merization processes.

are C ‘- out both in gas phase

J actions are carried out in liquid phase
using batch type slurry proce ses. The nok (al or transition metals group VIII are
' s because they adsorb hydrogen with

xR + F

‘ 'l..-l:.:.-p.-f_ -
dissociation and the I:M:In-'.:ling!%"I ot -too strong,
catalysts are their mlalivﬂ;ﬁ%ﬂiw nild pr

. The major advantages of noble metal

cess conditions, easy separation,

= an ellective in

um is one of the mast

frequently used ._-mm s ir \ 1 'unﬂe ability to selectively
hydrogenation. czi, L. et al., 1998)

A B

been t‘c“ud to be dependent on several factors such as liquid composition (substrate
structure, solvent effect, etc), ca[ﬁ}rsl nature (elemental composition, rﬁ’plmlogy,

] S s o ) b b o e i 0
§ The deactivation of catalyst is an important problem in catalytic liquid phase
hydrogenation because activity and selectivity of the reaction is decrease alter several

runs. There are several factors aflecting the catalyst deactivation in liquid phase



[

hydrogenation such as sintering of metal particles and coalescence, leaching of active

phases and supports and poisoning of strongly adsorbed molecules,

The catalyst supports must present a good stability to high temperature and a

have been used in preparation of

ion in liquid phase such as silica,

atalysts in hydrogenation
jion (SMSI). It was found

when reduced at high
Y temperature or the
le supp rts (without SMSI). For

example, Li er af 4) studied SMSI for anatase and rutile titania supported
palladium catalysts ¢ | : wer temperature results in
SMSI for anatase titan Eﬁax in_catalyst, but not for rutile titania
O3 with SMSI were found to exhibit

higher selectivities for a@@ upp

supported palladium catalys

-

supported palladium catalyst.

dium catalyst than rutile titania

Huwe:‘m;o knowl | cnmiite size on the SMSI
has not been studied very ofien especially for the nanocrystalline ones, therefore, it is

the focuses of this fhesisuo investigate the ¢haracteristics and catalytic pmpcru'ea for

bl s §08 1 LA e o

ydrogmﬂlmn of phenylacetylene 1o styrene. In this investigation, the nano-TiO: was

q ﬁ thesized by the solvothermal rﬁ:e:thnd Commercially available micron=sized TiO-

i s, M, ] o e

* on the SMSI effect on supported palladium catalysts was investigated.



1.2 Research Objectives

I. To investigate the characteristics and catalytic properties of palladium

catalysts supported on micron-and nano-sized TiO> in liquid-phase selective

hydrogenation.
perature on the strong metal
support interaction on the micron an i05 supported Pd catalysts.

ic properties in liquid-

1.3 Research
Part |

l. al method in 1.4-
butanediol and the 1 as obtained commercially from Aldrich.

ium catalysts (Pd/TiO;) with 1% wi

lladium loading using incipient wetness i ition method.
pa g ,
3. Characterization of the 1] rifads palladium catalvsts using several
_ ettt ¥ &
techniques sucly z ) .'Scanning electron

microscopy frg,-r,'—— i ectre .\ﬁ M), CO pulse

chemisorption, cﬁt p ' 'tnﬁpin resonance (ESR),
X-ray photoele spectroscopy (XPS) and Atomic absorption spectroscopy (AAS).
4. Reactioh study of the micron afid/nano-sized TiOs-supported palladium

oS S Y o

batch rﬂ:lur (stainless steel autoclave 50 ml).

ARIAIN TN INAE



Part 11

|. Preparation the series of nanocrystallite size Ti0O» supports by solvothermal
method. The amount of TNB, reaction temperature, and holding time were adjusted to

0 \l i} range of 9-23 nm.

”r‘f lﬂﬂlplﬁﬂl wetness tmpa‘cgnatmn

lysis Mhmques such as, X-ray
' ron microscopy (SEM),

obtain various nanocrystallite siz

2. Preparation of 1% )
method.

3. Chara
diffraction (XRE
Transmission eleel isorption and Atomic
absorption spectrosgopy

4. Reaction study in liquid phase selec ive ydrogenatio of phenylacetylene
on various nanogrystall e 0 rte '-H':""-,. ium eatalysts using stirring

bath reactor.

ﬂ'lJEl’JﬂEWI‘ﬁWEI’]ﬂ‘i
ammmmummmaﬂ



1.4 Research Methodology

Literature reviews

".'. ;
‘x;:‘ VLS, l

of nano-sized-TiO; with various

zes by solvothemal method

The micron-size

commercially fre

f// \‘"“‘*
e 7//Z NN

F ,EJ"‘ \ \ x atalysts

e
v | \

: e

awmﬂmm;rm:manaa
|

Data analysis




CHAPTER 11

2.1 Hydrogenation

used in organic synthes : nal groups contained in organic substrates can
' vhich  has been used for wide

ers, fats and oil for

be hydrogenated

applications such

industry. Hydrogena a small scale in batch
reactor. Batch proeesses are ustially-me :_'" ective since the equipment need not
to be dedicated to a s reactio 1 : __ cally the l _ powdered and slurried

with reactant; a Solvent | 1l _"I ent 1o influence product selectivity and to
adsorb the reaction h i e.lﬁh ‘the reaction. Since most hydrogenations are

highly exothermic, ca temperat contrel is required to achieve the desired

ydrogen to a carbon-

carbon triple bond in order o produc . The overall effect of
siahan-additio ! L (R*vediicth riple uﬂunclim}al group. The
simplest source of two hydrogen atoms is molecular hydrogen (Hs), but mixing

alkynes with hydrn endoes not result in any.discernable reaction. However, careful

o o i e

consunied, at which point the product alkenes is very rapidly hydrogenated to an

Ik es A[lhn the uw:rall hvdrogenation action-1% exothermic, a hi ctivation
QA FE TN DG O Fietoglh] b} Qb

q clrcumvented by the use of a catalyst, as shown in the following diagram.



L
X1 'R
= = o ;
= RC=CR % % | ’f
z w s\ FF &
= B RS R g g it
Ho i s LA
| e il
' At SOl Jr;; RL=CR,
RN ]| WSS ¥ r
| 1].‘;.;_—_---...25
[ N - Pronduivis

Al u'll'l\‘qi-ph sifim 1s

I'“ﬁ“ ol Bt sy
r]

ces Lﬁ:ﬂ @har’g&;ﬂm rate (veloeity) of a chemical reaction

‘?ariltg-;as part of the product. Catalysts act by lowering
of r Ctil')n-s: bf".ii they ¢ o not change the relative potential energy
: ._Finel’iﬂ"divid%ﬂ ,;‘nf:.li.als, such as platinum, palladium and
mos wit':l’el;::hl;;cd h}!::&ekaiiun.catab'sts.

nickel, are among th I
Al .

I ==
e RS g : ,
Selective hyvdrogenation of alkyne _&nﬂgﬂe is the reaction which takes place
on the surface of the metal catalyst. The mm}ﬁm_ﬁnLnl the reaction can be described
in four steps: h_,‘l f

g ol i

The relatively suﬁhg 11-H sigma bond is broken and replaced with two weak metal-H
bonds. i -r




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 ol the

carbons of the triple bond.

Step 3: The Ei%—olﬂ of the alkyne hm:‘rhcts with the metal catalyst weakening

the bond. A second hydrogen atom i transférred from the catalyst surface forming the

o d

alkene.,




Step 4: The alkene is released from the catalyst's surface allowing the catalyst

to accept additional hydrogen and alkene molecules.

PhenylacetVlene hydrogenatien seheme (see in Figure2.1) consists of two
consecutive steps in parallel with a siﬂg‘lﬁ st?.;p directly to the final hydrogenation

product.

Pherwlas phybene e “H, e Ly Thearess

- .
=TH:

Figure2.l Scheme of Phenylacetylene hydrogenation ¢X. Huang er af | 2003)




2.2 Palladium-Based Catalysts

Palladium, the preferred metal of choice for alkyne selective hydrogenation, is
normally used as a supported heterogeneous catalyst and frequently in presence of

some form of additive to promole se

ty. For heterogeneous system in particular

catalyst performance is strongly influence , the ability to get reactants to
the active sites, then to establish ‘ ' rogen-to-hydrocarbon surface
coverage, and, finally, « i renlval Mmated products. These

constitute the ‘mass transfeg Hmit and can ha wverriding impact on the
ability to achiev nature of the support
(inertness, surface ar access to the active
sites and can a hrough so-called “spillover
effects.

2.3 Titanium (1

Titanium (1V) nxlclg@yi"#}?! hree ¢
1.R tmm nds to | 1 uges. The application of

and smneumesﬂ nign 7 ﬂn
2. AnataSe, which tends to be more stable at lower peratures. This type

generally shows 2‘[# activity in hydrogenation and photo catalytic than other

ek V11 V1°9 WEI1 13

ﬂ Brookite, which is usually found only in minerals and has a structure

A RIS RN -

" Table 2.1




Table 2.1 Crystallographic properties of anatase, brookite, and rutile.

Properties Anatase Brookite Rutile
Crystal structure Tetragonal Orthorhombic Tetragonal
Optical Uniaxial, ’ iaxial, positive Uniaxial,

: ‘ ,//) negative
Density, g/em’ 9 é 423
Harness, Mohs sml«ﬁ *_-_’ ﬂ 1-7'h
Unit cell Dja' " 4F oh'* 8T Dsh".3Ti0;

Dimension, nm

0.4584

b
c 2.953

Both of e belonging to tetragonal crystal
system but they are pot isomorphous : gure 2.2). The two tetragonal crystal types

are more common becal tase occurs usually in near-

d adds: | _
regular octahedral, and rutile forms slen matic crystal, which are frequently

twinned. Rutile is the thermalty st : ¢ form and H of the two most important ores

of titanium. :l
-
-

The -’ lo ‘ ve m:I prepared artificially
but only rutile, the thermally stable form, has been obtained i the form of transparent

evolu

large ﬁle crystal ¥Ti@uransformation formlahatase to rutile is accompanied by the

of ¢ E} %%@c%ﬁ:w gﬂ'ﬂfﬁ})ﬁ[inn is greatly
afTﬂclcq'.]:}r temperature and by the preﬁcncc of other substance which may either

lyze of inhibit the reacti q:h lowest ure_at_which co ion of

A R AAT AR TR
q transitinn‘ temperature. The change is not reversible; AG for the change from anatase

to rutile is always negative.



aet al., 1999)

Brookite has been/ produced by heiting amorphous titanium (IV) oxide,
prepared from an alky lmn%@t _‘ fum_ i ate with sodium or potassium
hydroxide in an autoclav veral days. The important commercial
forms of titanium (I1V) ux;‘g:?a'ﬁ "‘ rutile, and these can readily be

|l-",..l", ..-'.l'l
dlslmgumhcdfﬁ){-mym‘m_ ome

Sinc;ﬁ anatase a th anisotropic, and

their physical pgrrties, e.g. refractive index, vary accﬂrdin@) the direction relative
to the crystal axes. Jn most applications of lhﬂse substances, the distinction between

Tk iyme e
CE R sl v wiwwy ram - gam

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
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size of all three modifications occur naturally and have been studied. However, rutile
is the only form that can be obitained in large artificial crystals from melis. The
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, TiOs; an

average value for rutile in p

owle WI 114, The dielectric constant of anatase
Y
Wy

\_-_ ‘j
Titanium g b —

powder is 48.

) and very resistant to
chemical attack. Wh  heated strongly I, there is a slight loss of

OXygen correspo 7 The product is dark blue

towards acids is very iture to which it has been heated. For

example, titanium dioxidg%mij red
solution anqﬁlﬂyhﬂﬂd 0 remove water 1
acid. If the titaium dioxid

ed by precipitation from a titanium (1V)

centrated hydrochloric

solubility in acids is
considerably re e ntrate sulfuric acid, the rate
of salvation i}cﬁ increased by the addition of ammuniumﬁlfam. which raises the
boiling point of tluﬁﬁ.ﬁﬁhe only other acid’in'which it is soluble is hydrofluoric acid,
which'i % Hn%l% l&%mﬁf WIH %iﬂﬁﬁraﬁ' elements.
Aquenﬁ alkalies have virtually no e:ﬂ'eci, ut molten sodium and potassium
hydroxides, carbonates, and buraé;; dissolve titaniunirdioxide readily. A”ﬁmolar
i

q F N AR A A &

‘. molten potassium pyrosulfate.

L]
b

as is

TiO; +2Cly, —=STiCly+ 0,
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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 (IV) solution and gently heated to remove

waler 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 ing increased by the addition of
ammonium sulfate, whjé_ aises |  ‘ boili c ac:d The only other acid in

which it is soluble i

_ amd&whlchmnswely in the analysis of

titanium dioxide e virtually no effect, but

molten sodium and"f | borates dissolve titanium

‘carbonate and sodium borate

dioxide readily. A DO,

2.4 Strong Metal S

Strong meta wund by S.).Tauster et al in
1978, (Tauster, Fung oss of the metal's ability to
chemisorb molecules whml‘hﬂ,emnlly out difficulty at metal surfaces

temperature F'gl il tonﬂ\ hydrogen at high
temperature is n {10 cause particle growth by sintering, so the loss ol chemisorption

capacity cannot be Gtiduted to this. Howevdtransmission electron microscopy has

o b 4 e 1 o D o

nmab]eq'[ealure of SMSI is that it is reversed by oxidising conditions. Oxygen

q iﬁl}g]rptﬁ is not suppressfu d ir] ﬁaﬁlﬁ ﬁe‘ﬁl FT-".I také account



5
2.5 Solvothermal Method

Solvothermal method have been developed for synthesis of metal oxide and

binary metal oxide with large surface area. high crystallinity and high thermal

method except that organic
solvents are used instead of water, This method fectively prevent the products
from oxidizing. to control grain size,
particle morpholog stry by regulating sol

composition, reacti nt, additives, and aging

T

| -, , I ethod were reported to
obtained by other methads si

a, smaller cle-si \ nore stable than those
: the-sol- ‘ " 004)
e \\
Titanium pre Or | gh v ed as starting material

for titania synthesis. Titas ,n,..rh =
=) .'.-iwl.I ’..'# {2

time. In particular, tk

have larger surface ¢

~ d in organic solvent in a

test tube of autoclave. The ¢

200-340°C in autoclave. Altogen
increased as the lemperatur : E" i

properties nf

at temperamre in the rang of
dunng the reaction gradually
en reported that physiochemical

onditions as well as the
-

calcination «_i}# L N

B g
ﬂum‘wﬂmwmm

’Q‘Wﬂﬂ\‘iﬂﬁﬁu UAIINYIA



CHAPTER 111

LITERATURE REVIEW
3.1 Synthesis of nanocrystalling

1o hemal method
A W/

M. Kang et a& ‘ I:fsls by using the sol-gel

and solvothermal methods in-erde s a reliable synthesis procedure of

the TiO» photocatalyst havingfhe anatase structure of nano size. Afier that, physical
properties and cat | : photocatalysts were

compared. The al method at 300°C

butanediol with solvothermal m

uniform anatas strucntmwi&m e : 5 S0 nmeafier sypthesis at 300°C for |
h without any1 er livdrophilic property
compared wi % H:0 addition as a
reactant, but it with an im&se of added 11,0

209V 00N 113y 115k 143001 o

After sﬂhcs:s at250°C for3 h wngi solutions at the welght ratios 10/100, "-'{Zlflﬂﬂ and

4 WIRSTNE AN A

partlclc increases as increasing the amount of TIP precursor in this composition range.
For the products obtained from the solution of 5/100 and 40/100, crystalline particles

cannot be obtained. The 5/100 of TIP in the mixture may be too small amount to
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synthesize TiO, nanoparticles at 250°C and longer time is also needed to obtain
adequate size of the particle. In the mixture of 40/100 TIP the synthetic process ol
TiOs particles may be hindered by agglomeration of the reactants due to surplus of

precursor.

and their phase
SEM, BET tec

ay diffraction (XRD),
synthesized in 1,4
ynthesized in toluene
ermal stability of
products investigafed by cal ation-a '_ arious smperatures and photocatalytic

S sgest that amount of defect

structures in titani

synthesized nano-TiO; powder by
JYeledins o
solvothermal method under ™ rut- conditions in order to obtain average

= l,_ A

concentrations, the reaction

average crystallite

meagured by means of

temperature- pmﬁﬂ ed  desorp anc el‘ﬂﬂn spin  resonance
spectroscopy. I{"Was found that the ratios of surface defecUspecific surface arca

mr:n:asii s:gmﬁcmﬁ}ﬁth increasing TiO-¢m¥stallite size. Moreover, the TiO; with

AR

elhy]cn“cmmpusﬂmn

AR AT RUBIINI B

“ phase by the solvothermal route from the Ti(OR)y precursor precipitated in toluene

under different concentrations and studied the particle size effect on the phase
transformation of nanocrystalline Ti0s. The results illustrated that the particle size of

TiO; powder increases with the composition of TTIP. Average particle size is about
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10 nm and 20 nm for contents of precursor below 10 mol% and above 50 mol%,
respectively. When the composition of precursor is 20 mol%e, the extent of increase is
very high. After annealing at 700 °C for 3 h, diffraction peaks of rutile phase appears
in the powder of size Il nm. On the other hand. diffraction peaks of rutile phase

Imost disappear after annealing at 800
ce of coarsening mechanism

°C in the powder of size 21 nm. Consequenily n
between powder A (11 nm)and powder B (21*fim)@Xists and coarsening rate of the

S.D. J henylacetylene and

styrene over a _jp the reactions were
investigated and activation energies of 26 £ 2 kJ ¢ — ";‘1 kJ mol” were obtained
n, respectively, Both

e or alkene. However the

of styrene co-adsorption and not the

wdregenation between the alkene and

concentration of pheny Iaqwgf@—gm == '.

as the altered buﬁﬁg I m

F. Arena df ata(1996) investigated the catalytic behavior of palladium

oo it S SRR B

phen}flﬂlylene to styrene, by comparison with conventional Pd-supported systems,

5

such as Pd/oligo-p-phen Icmereﬁuha]amide OPTA), Pd/carbon, PdAKO; and
) )l i A o s s o]
q activity/selectivity of the title reaction are explained in terms of different reducibility
patterns of the catalysts, as well as in the light of a peculiar support effect of the

organic matrix on Pd particles.
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J. Panpranot er al, (2004) studied the differences between Pd/5i10: and
Pd/MCM-41 catalysts in liquid-phase hydrogenation. SiOs-small pore, SiOs-large
pore, MCM-41-small pore and MCM-41-large pore were used as supports. The
catalysts were prepared by incipient wetness impregnation. The reaction was carried

; 7 toclave. The results showed that the

j }‘ 1 supported Pd catalysts in liquid-
' silica size and pore structure. The
;=

Pd dispersion, which as

catalyst activities
itself a function o types of the supported

Pd catalysts used showed the highest Pd

g e

, Ens
solvents such as heptanol a@@_

Hydrugenaunn rates were W when fhe 1
probably El'lh ;

activity. Hnwevﬂmé al sintering and |
were comparabléto those in organic solvents.

B e 4 B s

I:weethenyl alkyl acetylenes nver Pd/MCM-41 and Pd/SiO; catalysts have been

'sevm of high-pressure CO,

studied. The catalysts were E impregnation MCM-41 and "§i0, with

) ) e okt e 1 g e

“ characterised by nitrogen adsorption-desorption isotherms at 77 K. XRD, TGA
measurements. The catalysts were characterized by H> and CO chemisorption, XPS
and TEM measurements. Three competitive reaction systems |-phenyl-1-pentyne/l-

phenyl-1-propyne,  I-phenyl-1-pentyne/l-phenyl-1-butyne,  I-phenyl-1-butyne/I-
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phenyl-1-propyne have been examined. The results show that the competitive reaction
results in an increase of the hydrogenation rate for phenyl alkyl acetylene with minor
alkyl chain size in all studied systems. However, the 1-phenyl-1-pentyne/1-phenyl-1-
propyne couple revealed a rate enhancement for 1-phenyl-1-propyne, but 1-pheny-I-

pentyne single activity is higher -phenyl-1-pentyne mixture, being the

hydrogenation of 1-phenyl-1-props inetic analysis of the reactions

revealed that often the hydroge atior 4 alkyl acetylenes is a zero order in

a competitive environm enyl- Iﬂmpymsuwe 1o the presence of
the second phen _ viene. ( mn also increases the

selectivity to th

from the competition for

aclive siles,

1 4-diol affording a : .‘_ en . 2-hydroxytetrahydrofuran.. Palladium
catalysts on differe ;": A. 8 Ii _ /103, MgO and ZnO) have been
tested. The metal particle size &de[ by TEM A. The acidic properties of the

?f—

catalysts were studied ing pvridine as probe molecule. The

influence of some pmpamﬂyﬂ-‘m

partial hydrngﬁ ressure, ol

investigated. TF

article size, the support, the

ilm catalysts has been

the range 2 S—Iﬂn.'- significan F and Sjﬂtivhy values with the
metal particle was observed in this range. Moreover, the activity and the

selﬂctth towards ‘reaction products were ffoiind to be strongly dependent on the

R W R S e

active Q’I selective to isomerisation and hydrogenolysis products than the basic ones.

No hydrogenolysis reaction was gsawed on bamo"ﬁp% Am{;ﬁ the éxamined

3 A o4 e Bl VY i i

“ maximum yield to this compound of about 74% was, in fact, obtained at 0.01 MPa of

acid-

H: pressure.



3.3 Role of TiO; in selective hydrogenation.

A. Dandekar and M.A_ Vannice (1999) studied crotonaldehyde hydrogenation
on PUTIO: and Ni/TiOs SMSI catalysts. A kinetic and DRIFTS (diffuse reflectance

FTIR) investigation of crotonaldeh ption and hydrogenation was conducted

e ining insight into the adsorption
gysts in the SMSI and non-
" spectra under reaction

‘through the C=C bond

'bonds on these catalysts

deposition, but these rcacunﬂ&yrdﬂé &Igl;}jf cantly suppressed after reduction at 773 K,
presumably dﬁt&on Tiiﬁ,mrim: which c¢

| f
M.G. Mgﬂlinu et al. (2003) studied liquid ph hydrogenation and

isomerization of sﬁnﬁ unsaturated primary and secondary alcohols have been

R A R

K and 101 MPa partial hydrogen pressure. The double bond isomerization reaction of

eric

these substrates leads also to lumﬁnml of the mrrﬁ» nding saturated aMEde'-‘; or

) s b b e

q and electronic effects ol the substituents on the double bond of the alcohol.

D. C. Lee er al. (2003) studied the selective hydrogenation of 1.3-butadiene on
TiO;-modified Pd/SiOs catalysts. The properties of Pd/SiO; catalysts modified with



titanium oxide were examined by determining their activity with respect to the partial
hydrogenation of 1.3-butadiene included in an excess amount of butenes and by
characterizing their surfaces using infrared (IR) spectroscopy, X-ray photoelectron
spectroscopy (XPS), H» chemisnrpliun. and temperature-programmed desorption
(TPD). The results indicated that )

for the conversion of |,3-butadiene I

catalysts had an improved selectivity
icularly when the catalysts were
reduced at high temperatures,c.g. ""l . Lsnrptmn results suggest that,
when the catalyst m{iﬁ"ﬂﬂu Mdecnrated with partially-
reduced TiO, simi ysts, which show strong

metal-support intei s indicate that Pd surface is

also modified electn d from the Ti species to Pd
and the adsorptio ¢ tothe Pd surface beco : er. It can be concluded
that the strong imteraction between s ar ‘pqhm‘ally reduced TiO; is

Y. Li et al. (2004) invebt H PR and IR by using CO as probe
molecules show that even prﬂ-ﬁuﬁ_d b}' r temperature results in SMSI for
anatase titania suppurted_,%ﬁ - Lot for rutile titania supported
palladium -;.a\llal\isl, which is attributed that reduction of Ti

are fixed in T ittice o S ru then
structurally stab ¢ than ar atase itania s jons figed in the surface lattice
of anatase TiO;18 easier to diffuse to surface of palladiunrticlc than one in the
surface lattice of n‘.‘lil.ﬂiﬂw The reason whiy the pre-reduction of both anatase and
rutlleﬂ H E}:rﬂaﬁ % H %cﬁ W I%Jeqsﬁ]s@ between Ti'"

and Pd is attributed that the thermal diffusion of produced Ti'" ion at higher
temperature is much easier than aq' lower temperatufésso that it could oveéréome the

o e BV - 3 Bl P el B+ B

* surrounding of palladium particle.

P. Reyes et al. (2004) investigated the hydrogenation of citral over a series ol

supported iridium catalysts. The nature of the support (TiO; and Si0,), the effect of



I
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additives (Fe and Ge), and the influence of the reduction temperature on catalyst
performance have been examined. It was found that the presence of ionic species,
such as, promoters or species generated upon reduction at high temperature of the
reducible TiO: support, ie. TiO, moieties, leads to catalysts active and highly

selective to the hydrogenation of the car bond. This is explained in terms of the

J. Xu et a

succinic anhydride

TiO, site which was i

34 Commeg;h the previous wa

=

From the ﬁ'ié’ﬂ tudies, Pd st ﬁful catalysts used in
liquid-phase hydrogenation reaction. Furthermore types of solvent and support show

the important roles‘inseatalytic activity. TiOgi§ one of the most interesting supports

heca\ﬂt %a{?r&ﬂﬁaj}ﬁjﬂ %}.ﬂﬂs@m interaction

(SMSI]U’, Li et al. (2004) investigat of reducing temperature with the strong
metal support interaction of anataqe and rutile titanidsupported palladivim/catalyst.

QBT RS S L PR L

* catalytic liquid-phase hydrogenation has not been well studied so far. Thus it is the

aim of this study to investigate the catalytic behavious of palladium supported on

micron-and nano-sized titania in the liquid phase selective hydrogenation.



CHAPTER IV

EXPERIMENTAL

This chapter describes procedure used in this research which

can be divided into fou h\‘k‘ iil
section 4.1. Details of catalyst preparatic explained in section 4.2. The reaction

TiO; supports are shown in

study in phenylacetyleng hy “n is given insection 4.3. Finally, Properties of

the catalyst characterizedd seussed in section 4.4

4.1 Preparation oifteY. -

rn'lﬂ'ﬁ_ Vpo nq..:-:

i

micron sized TiO, and the seeo ?ﬁ.,

TiO- was obtained commergia

\ ch the first type is
10O;. The micron-sized anatase
Aldr ano-sized anatase TiO» used

in this experimental were pr
4.1.1 Preparation of Tiy supports using the solvothermal method

The chemie? P _in table 4.1

Y. hY

Table 4.1 Chewﬁs 56

Titanium (Iv) ten—bulnxt de

AN SRS I RN &

(1,4-BG, HO(CH),0H)
Methyl alcohol Aldrich
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i

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
ml of |,4-butanediol in a test tube and put into the bigger test tube. In the gap between

two test tubes, 30 ml of 1.4-butanediol was added. Then setup both tubes into an

it the rate of 2.5°C-min”'. When the

temperature was reached the autoclave was held atil mperature for a specific time

autoclave. After the autoclave -' ¢ i purged with nitrogen, the autoclave
was heated to desired temperat ,,‘\ ble

duration as shown in Table 4.2. The reaction performed inside autoclave during heat
up and hold at constant temp he desit d holding time was achieved the
reactor was cooled downto reom temperature, The resulting powders were collected
after repeated waslk i ey ere then dried by air
at room temperature f equipments used for TiO, support

preparation are shown in Fig

Table 4.2 The conditior

Conditions  Amount Solvent mperature Hoi
F T

TNB (g) °'C) time (hr)

1 15 0.5
s il y
3 6

AUEINENINEYINS
ARIANTUNRINYINY
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AL

It
::::n"l ]

& 1|||.”I" Autoclave

Figure 4.1 The preparation of Ti0,.

4.2 Catalyst Pre
4.2.1 Palladium ad
F

impregnation method had been

In this experimental; the.
in this methods.
-

used for pa[l
The incipien "‘# ....... yreenatio ""—"-'; ‘

1. Pall Hﬁd in deionized water
which its volum juals to pore volume of catalyst.

2. TiO, supﬁtﬂas impregnated with aqueous solution of palladium by the

mﬁ%ﬁuﬂeﬁmﬂwﬂﬁ@ —

supp
3. The impregnated supportiwas left to stand at room temperature for6 hours

RIRLOIUNARTINBIRY

4. The catalyst was calcined in air at 450 °C for 3 h.



4.3 The Reaction Study in Liquid-Phase Hydrogenation

The liquid phase selective hydrogenation of phenylacetylene was performed in
order to investigate all research objectives. Ethanol was used as reaction medium. The

reactions were carrier out in bath type a ve reactor.

Table 4.3 The ¢

The i ! \\\\ e

High purity gre Thai | 1"-:,% trial Gases Limited

Absolute eth§! alcghol (99.99vol %) \ Aldrich

Phenylacetylen

_}-" ows in Figure 4.2.

The main instiuments X 1’ ned as follow:

The autoclave rgtur m

he 50 ml Staifiless steel autoclave Was used as reactor. Hot plate stirrer with
magrﬁ

I LI S

calalysq'e well mixed.
./

¢ o
QRGBT VAN A
q A gas chromatography equipped with flame ionization detector (FIDY with
(iS-alumina capillary column will be used to analyze the composition of feed and

products.



Table 4.4 Operating conditions for the gas chromatograph

Gas Chromatograph Shimadzu GC-14A

Detector FID

Capillary column *f imina (length =30 m, .D. = 0.53 mm)
Carrier gas ~ wli m (99.99vol. %)
Make-up Gas % ﬁ\ (99.99vol. %)

Flow rate of carrieF ‘—'-, q#m'm

¥, wiﬁ
5 "‘M 4 :

Flow rate of make-up g:
Column tempe
Detector tempera

Injector temperature

two parts. The first part
“in ethanol solvent under mild
i the sccond part, phenylacetylene

emperature for 60 min.

e first step was catalyst

preparation andﬁs ond step v m

I. Reductioni'step.,

L7
"o ATSY N A 41000
of Mi eritic. After that, th ysl was reduce eh en gas at the

volumetric flow rate of 50 ml/min at 40°C and 500 °Cfor 2 h. a/

QAN IAIIAT; Vi

0.5 ml of phenylacetylene and 4.5 ml of ethanol was mixed in the volumetric
flask. Then 0.05 g of catalyst and the mixture were introduced into the autoclave

reactor. Alfter that the reactor was [illed with hydrogen. The liquid phase
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hydrogenation was carried out at 30°C for desire reaction time. After the reaction the
venl valve was slowly opened to prevent the loss of product. Then the product
mixture was analyzed by gas chromatography with flame ionization detector (FID)

and the catalyst was characterized by several techniques.

Figure 4.2 The schematic d '.:_-I id-phase hydrogenation
4.4 Catalyst Characte : )

The freslmtalyst will be characterized by several tccﬂques such as

ﬂ“lﬂ‘ﬂl"wﬁ’ﬂ‘ﬁw g1

The bulk crystal structure @nd chemical phase composition were determ

LIRS TN P

dlﬁmmme{:r and CuK g radiation with Ni filter in the 20 range of 10-80 degrees

resolution 0.04°. The crystallite size was calculated from Scherrer’s equation,
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4.4.2 N; Physisorption

The BET surface area of sample, average pore size diameters and pore size
distribution were determined by physisorption of nitrogen (N2) using Micromeritics

ASAP 2020 (surface area and porosity analyzer). Each sampln was deg&ssed under

supported cataly orption technique using
Micromeritics Cher . The known amount of
CO was pulsed n monoxide that was
not adsorbed was , ising: 1t a i ity. detector. Pulsing was

number of metal active
_ O molecule adsorbed on
one melal active site (Anderson &l « “al, 1998 and Mahata er al.,
6005 ; ok f 4

50 ml/min with heqﬂd at an increasing rate ﬂ;m °C/min from room temperature to
“”"“EI M50 D 18N | I
temp as plus al room lemperature.

Carbon onoxide that was not ackorbed was measured using thermal ¢ llcll\ftt}'

o AN ﬁﬁﬁiﬂﬁﬂﬁﬂﬂﬁﬂ &
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4.4.4 Transmission Electron Microscopy (TEM)

The palladium oxide particle size and distribution of palladium on titanium
supporied catalysts were observed using AJEM-200CX transmission electron
microscope operated at 160 kV at 1
Equipment Center (STREC), Chulalong

cientific and Technological Research

4.4.5 Scanning B

Catalysts granule.morphology and elemental dis f'_"_uli;c-n were obtained using
a JEOL JSM-3¢

back scattering eleetron {BSE) mode at 20 KV at the _1 ictific and Technological

M 'was operated using the

Researh Equipment Cen

4.4.6 X-ray Pho

The XPS spegtra, the binding energ / an “compaosition on the surface
layer of the catalysts were detefinined b ¢ a Kratos Amicus X-ray photoelectron
7 =4
spectroscopy. The ana yscs carn '_ out with these following conditions: Mg Ka

0.1 eV/step of resolution, and pass

ESR will brpﬁmned 1o delerﬂunw defect of surface catalysts by JEOL

Bt IR ﬁ%ﬂﬁﬁﬂﬂlﬂﬁ
9 RYSIT IO ANYA Y

Temperature programmed desorption of CO has been carried out in order to
elucidate the influences of TiO; crystallite size, Pd dispersion, and reduction

temperature on the strength and mechanism of CO adsorption on TiO: supported Pd
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catalysts. Temperature programmed desorption (TPD) study was performed in a
Micromeritic ChemiSorb 2750 automated system attached with ChemiSoft TPx
software. The amount of CO adsorbed on the surface was determined by TPD with a
temperature range from 30 to 800 °C. The thermal conductivity detector was used to

measure the amount of CO.

Approximately 0.2 g | ined catalyst was placed in a quartz tube in a
temperature-controlled ‘ove
rate of 50 ml/min for 1 h at.40° 500°C using a ramp rate of 10°C and cooled
down to the room temperatuse by helitn "ﬂ-w surface was adsorped
with CO by apply ' ade (¢
saturated catalyst

v flowing over catalyst at the

min for | h ensuring the
at flow rate of 30

_ he temperature-programmed
desorption was performied with a constant heating rate ol )°C/min from 30°C 1o

800°C. The amoug ) w (\ asured by analyzing the
effluent gas wi

ml/min down to roem temp

LY

AU INENTNGINS
ARIANTUNRINYINY



CHAPTERYV

RESULTS AND DISCUSSIONS

The results and discussions in are divided into two parts. In the
of catalysts, 1%Pd/TiOs-micron

10 (prepared from nano-sized

first part the characteristic a
(prepared from micron-size:

TiO2), were ctive hydrogenation of
phenylacetylene. ] various Ha-pressures in
r characterization of the
misorption, SEM, TEM,

he effect of reducing

autoclave reac
catalysts such as
XPS, and CO-tempeg
temperature on the s on supported palladium
catalysts was investj ase selective hydrogenation of
phenylacetylene der/ id con ( has been investigated on a series of
nanocrystalline TiO; supported Pd ,. atysts us Ch crystallite sizes in the
range of 9-23 nm. The several techniques were used for characterization all catalysts

in the same as first part. NM _ k-" i0: erystallite sizes to the SMSI

effect was investigated. s

LT

5.1 Comparative s ceoi-and nano-sized TiO, catalysts
p .‘L’

pports and Pd/T igcaulysts

S.11 Characterizaton of i
A TTNIN NN

Bulk crystal structure and chemical phase composition of a crystalline

q P RE PRSI CATaN (L 1i0bS 10

%l were carried out at the diffraction angles (20) between 10° and 80°. Broadening of the

diffraction peaks were used to estimate crystallite diameter from Scherrer Equation.
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The TiO, supports which used in preparation of catalysts sample (1%Pd/TiOs-
micron and 1%Pd/TiO;-nano) were characterized by X-ray diffraction technique. The
XRD patterns of the micron-and nano-sized TiO; are shown in the Figure5.1. Both
samples exhibited the characteristic peaks of the anatase TiO: at 20 = 25 (major),
37°, 48°, 55° 56°, 62° 71° and 75°. The

average crystallite sizes of the TiO>-micron

found to be much larger than
many commercially available 1 videly ‘used in the industry such as P-25

(Degussa), PC-50( and AT-1 (Mille ) “hemical *_ and Hombikat UV-100
(Sachtleben Chemie) 1 : ¢ sizes are in the range of 10-30 nm
(Panagiotopoulo \\

L=]

TiO2-nano (14 nm)

Intensity (a.u.)

kY]

i
——
O -mieton (100 nm)

ﬂ“uﬂﬁﬂﬂh’iﬂﬁﬂﬁﬁ
Qmﬁﬁﬁ"ﬁ‘mﬁi"ﬁﬁ”}ﬂﬁ’]ﬂﬂ

The XRD patterns of 1%Pd-TiOs-micron and 1%Pd/TiO;z-nano, which
prepared by impregnation method, in the calcined state are shown in FigureS.2. The

XRD characteristic peaks for PdO at 20 of ca. 33.8" were observed in both samples

after calcinations step because PdO occurred during in the calcinations step in air.
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However, the XRD characteristic peaks corresponding to Pd” metal (26 = 40.2%nd
46.7°) were not observed after reduced at 40°C and 500°C due probably to the low
amount of Pd present or it was in a highly dispersed form (see in Figure5.3 and
Figure5.4.)

Furthermore, the averag

\ iu

Sizes of 1%Pd/TiO. catalysts were

calculated from the Scherrer ¢ For1%Pd/TiO:-micron when

reduced at 40°C and ."!J‘"";:' crys :Ili ~sizes of TiO, were 96 and 94 nm,
respectively. While 1%Pd/TiOs=nano after reduetion at 40°C and 500°C, the crystallite
sizes of TiO> were 16 and 17 respectively. It was found that reduction with H,

either 40°C or 500°C didnot } i : k\\; ges of the TiO: crystallite sizes
for both type of Ti@s supports. But a slight in stallite sizes of TiOs-

nano from 14 1o 17 mperature calcinations and

reduction of catalyst:

Table 5.1 The cryStalliié sizes of TiOs support and 1%Pd/TiOs catalysts

ite sizes of TiO,

(nm)

10;-nano-R40
1%PdIT 10z-nano-R500

ﬂmmm
awwmnmwnﬂmaa
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FlgureiSJ'IheXRDpan erns of 1%Pd/TiOs-micron and |%Pd/TiO>-nano when
reduced at 40°C
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5.1.1.2 N; Physisorption

BET surface area, pore volume and pore diameter of the TiO, and the Pd
supported on TiO; catalysts which determined by N> physisorption technique are
summarized in Table 5.2. The N adsarption-desorption isotherms of the TiOs-micron

gspectively. It was clearly seen that

that both of TiO; sup
for the TiO;-micron. Tl

vey little pore volume was found
nd TiOz-nano were 0.02 and
area of 110,-micron and TiO»-nano were

10 and 79 m’/g, respectively. Because Ti0; 1»:.'1"'! s nanocrystalline, its BET surface

The BET surface : e icron, which was reduced at 40 and
500°C were 9 ¢ m’/g. tespectively.’ There t\ significantly differences
between the BET surface areaof the }%Pd/I'iO;-micron a .enriginal TiO;-micron

support suggesting thatmost of the palla dium we e deposited on the external surface

A

of the support. In contrast. 9% 0Pd/TiOs-nano, which was

reduced at 40 and 500" were T ¢ respectively. It was found that, the
-

BET surface areas of the 1%Pd/] sed after Pd loading indicating that

f the TiO, support. These results

corresponded to the decrease 10 YoPd/TiO5-nano-R40 and
1%Pd/TiO:-nane=R500 from 040 10 0.3 1 and 0; potively.
a I bz .*,'I . l-\‘ ¥

g
AUEINENINEYINS
ARIANTUNRINYINY

Pd was deposited in some ..a
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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 - 5

(cm’/g) (nm)
TiOs-micron 0.02 7.6
TiO:-nano 14.9
1%Pmloz-mmd"—" | 13
1%Pd/TiO»-mic | _ 1.2
1%Pd/Ti0:-naf0-R4( A & 3| 0.6
1%Pd/TiO:-nangR50C e 0.8

-
-

- =
=21 -1 = Lo

=

Quantity Adserbed (cm’/g STP)

HENENTNYTEE
ammmm‘ﬁ:‘rﬁﬁ%maa

Flgurt 5.5 N; adsorption-desorption isotherms of TiOs-micron

Il.
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Atomic absorption spectroscopy is a pmmon technique for quantitative

measurement of atomic composition based absorption of a vaporized

aqueous solution pi
. ~J
‘E. l.:.'"
In this study, t -
I opy (AAS} to confirm the actual amou

absorption specie

letermined by atomic

palladium loading in

the fresh catalysts. ﬂﬂes.‘! shows the a amount of pailadlum loading in the

B Lyt kAl bt

chemisorption technique.

’Q‘lmﬂﬂﬂ‘iﬁu UAIINYIA
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Table 5.3 The actual amounts of palladium loading in fresh catalysts by AAS

Actual amount of Pd loading

Catalysts
(%)

o \5\17//

1%Pd/T I'Da

‘"“;*g:isurptiun technique.
‘of chemically reactive gases

on available metal £ : ide surfa atively higher temperatures (i.c.

Since H; chemlsarpumoﬁl"f} bridge bonding may occur so there is no precise
ratio of atom ﬁ]‘d metal slffaﬁ = m = '
l"r3+ Howet '.,um - - :

pormally equal to 1.
sre~¢alculated from the
o

‘based on 1h¢&isumplian that one CO

molecule adsorbs u one palladium site (Anderson er al., 1985, Ali and Goodwin,

ironip oA oy T3 1 it a

and a ge Pd’ particle size are given in Table 5.4. The amounts of CO

OF it hatvarteriiaton i ap R AN

'-'l amounts of CO chemisorption of 1%Pd/TiO;-nano were 8.56x10'* and 1.89x10'"
site/g.catalyst for 1%Pd/TiOs-nano-R40 and 1%Pd/Ti0;:-nano-R500, respectively.

Exposed active’ s

irreversible pulse CO chemisory

These results show the low CO chemisorption as catalysts reduced at 500°C due

probably to sintering of Pd metal at high reduction temperature or the SMSI effect on
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these catalysts. It was corresponded with decreasing of %Pd dispersion when the
catalysts were reduced at 500°C for both TiO;-micron and TiOs-nano-supported Pd
catalysts. Furthermore, %Pd dispersion for 1%Pd/TiO:-micron decreased by 86 %
while that of 1%Pd/TiOy-nano decreased by 83.3%. The corresponding Pd” particle

sizes calculated based on CO chemsio vere varied from 6.7 to 48.7 nm.

Table5.4 Results from on Ti0Os catalysts

Catalysts d, Pd® (nm)

1%Pd/TiO;-micrg ==
1%Pd/TiO;-micron-RS ' o
1%Pd/TiO;-nana=R40 A Y i
1%Pd/TiO;-nano-R30 406

P (SEM)

erful tool for observing directly

surface texture _' | lyst materials. In the backscattering scanning
of deflection coils.

from m sample are detected.

Backscattered eﬁmn 5 OF 52

The SEM micragraphs of TiO, and@%Pd/TiO, catalysts reduced at 40 and

5uu°<ﬂ= %ﬂ ? ﬁ%ﬂﬂ’ﬂ:ﬂ ?ie size of 0.1-
hile the TiOs-nano consiste irregular shape of very fine particles

agglumcratl:d Morphologies of¥ the reduced 1#6Pd/TiO:  catalysts gwere not

QIRFENT AT AN



(A) Tis-micron

(B) TiO:-nano

J k. %
_"'"I_-hr
1_;&#! YT
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By ﬁq

(D) %%6PAT iﬂg*micmn‘Rﬂﬂ



Figure 5.7 SEM micrographs of TiO; supports and Pd supported on Ti0O; catalysts
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5.1.1L.6 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
mission of a focused parallel electron beam to a
fluorescent screen with a resolution ‘ Sl . than 0.2 nm.

b '."‘".
A

TEM analysis has been carried ou&hﬁiﬂﬂy measure the Pd"

particle sizes on various TiOs supports and the results are shown in Figure 5.8,

electron transparent samples by tra

The particle sizes of vagious 1iO: supports were eonsistent to those obtained from
XRD results. it
increased when thes
were essentially the sam
of Pd’ metal ocg

reduction. This could alsg

n, Pd” metal particle sizes

as those on the TiOs-nano
results indicate that sintering
; during high temperature
“of ‘k{ chemsiorption observed.
For the 1%Pd/Ti@5-na sty .- .r _ e low - “hemisorption and an over
estimation of the Pd"me e catalyst exhibited strong

metal-support interaction under-high tempe ction since no change in the Pd"

-
-
)

g

AU INENTNGINS
ARIANTUNRINYINY
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Pd ~

200 nim

(A) 1%Pd/TiOs=micron-R40

200 mn

(B) 1%Pd/TiOs-micron-R500



(D) 1%Pd/Ti0;>-nano-R 500

Figure 5.8 TEM micrographs of Pd supported on TiO- catalysts various

reducing temperature
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5.1.1L.7 Strong Metal Support Interaction Test (SMSI Test)

The SMSI effect on these catalysts was confirmed by measuring the amounts
of CO chemisorption of the re-calcined (at 450°C) and re-reduced (at 40°C) catalysts
S500°C. If the catalyst has the SMSI effect,
the metal active site can be totally r = vered after SMSI test. Because of notable
feature of SMSI is that it is revs sy i

after they were subjected to reduction

The results d in Fig 15 found that the amount of CO

chemisorption of the re-caleined and re-reduced 1%Pd/T10;-micron was less than that

reduced at 40°C suggesiing th: 1 of scurred during high temperature
reduction while th 7 ‘. ' lcined and re-reduced
1%Pd/TiO2-nano can'be totally récovered. It is generally known that strong metal-

support interactig 10, supported P d €atalysts occurred afier a high temperature

1%Pd/TiO2-micton. Howeyer, it should be noticed that the TiO: crystallite sizes used
| terature were in nanometer
range (usually less than )< . C(Li et nl Musolino et al., 2007).
_ | . 2006) also reported that formation of
substoichiometric TiO, spegw ' _ emperature and was more facile over
PUTIO: for s,fflll Ti0, particle sizes (10-35 nm ther hand, a very recent
‘ 20 elective liquid-phase

hydrogenation” of cis-2-butene-1. strahydrofuran on  various
_ for the PA/TiO; catalyst
reduced at high Lenremmre The i lnterpretaunn of the observed behavior has not been

Do L310 1831 (loh 13 v o e

sumlarlu the micron-sized TiO» rceortcd in this study

ammnmwnwmaa



|.2e+19
- B Feduced 10°C
3 | Oe Reduced 300°C
oy 1 e+19 - : 1
= B Ro.calcined and reduced 40°C
o 8.0e+18 -
1
it
£ 6.0et+18 -
=
= 4.0e+18 4
5
9 2.0e+18 1
0.0

|%6Pd TiO9-mieron 1%Pd TiO5-nano

Figure 5.9 The results of SMSI test on 1%Pd/Ti0z-mieron and 1%Pd/TiO;-nano
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5.1.1.8 X-ray Photoelectron Spectroscopy (XPS)

Surface compositions of the catalysts were analyzed using a Kratos Amicus X-
ray photoelectron spectroscopy. The XPS analysis were carried out with following

conditions: Mg Ka X-ray source at current of 20 mA and 12 keV, resolution 0.1

eV/step, and pass energy 75 eV. ﬁ\k ure is approximately 1x10™ Pa.

A survey sca J" or@hnine the elements on the

T

e next step for C 1s, O 1s, Ti

£ Ti* in the TiO2 sampl I ,u_u;;=
of Ti"" in the TiO; samp es; ‘,_I;Erﬂjﬂ,l‘;g. al
identified at ‘iﬂdmgt ﬂnetgy 530 and éﬁ‘ alg 2001), respectively.

represent Ti'' spee . 2003 and Kumar, P. et al .
2000 )

¢ o v o
ﬂ'tu ﬁum \jﬂ i :Fijﬂrj)z-mucrnn and
TiOs-nano ﬂ nt m “Ej respéetively. It was

clearlyucn that, the Ti/O atomic &a‘llﬂ were found m be much higher ﬁ)r the TiO»-

ok SINraRaTR Yy ey (VI

'] i02-micron. However, there was also probably an oxygen-rich layer near the surface
of the TiO, particles, which is formed by oxygen adsorption and easy oxidation of

titanium surface. (Zhang et al. 1997)
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The atomic concentration ratios of Pd/Ti for 1%Pd/TiO:-micron and
1%Pd/TiO:-nano dramatically decreased when reducing temperature was 500°C. For
Pd/Ti ratios of 1%Pd/TiO;-micron catalysts were found to be 0.073 and 0.062 when
reducing temperature were 40 to 500°C, respectively. Whereas Pd/Ti surface
jere 0.009 to 0.004 after reduce at 40 and
500°C, respectively. The en reduced at S00°C, the Pd/Ti

surface concentration decr _-=-l_- : for 1%Pd/TiO>-micron and
1%Pd/TiO;-nano, respeetively. A sli : PdITi surface concentration for
1%Pd/TiO0s-micron 1 e | P d” particle size formed by sintering as

shown by TEM, 3 daree-decrease of | %Pd/TiOs-nano would be

due to decoratia

concentration ratio of 1%Pd/TiO;-nag

» supports. The binding
energies of Pd 3d than 2 revealed that

palladium was in the form.of Pd btz for both cases (Wagner, C. D. er al., 1978).

Table 5.5 The binding energies anc é‘? M oFTi 2p.0 I$yand Pd 3d in samples
from XP!

Ols

Pd 3d

Samples =
. B.E.(eV) FWHM B.E.(eV) FWHM
TiOs-micron 3 - -
i (N
TiOs-nano I;) 3 =
s
I%Fdfri{];-micg-lhm 530.2 52.324 335.0 1.704
1%Pd/T IDz-mmmnuRSﬂﬂ 458.7 | 346 530.2 1.846 335.2 1.849
AU NN ‘5 WETLD 550 on
l%PdJﬂ),-nanu-Riﬂﬂ 45%& 1.319 529.9 1.68] n/d n/d




Table5.6 Atomic concentration ratio of T1/0 and Pd/Ti in the samples from XPS

results

ry - .
Shisigles Yo A.t(-)mlt Concentration THO Pd/Ti

0.028 -
0.203 -

TiOz;-micron

TiOs-nano

1%Pd/TiO:-micron-
1%Pd/TiOs-micron-RS

0.123 0.073
0.178 0.062

0.210 0.009
0.190 0.004

1%Pd/TiO;-nar
1%Pd/Ti0:-nano-

The préesence of Ti th TiOz-micron and TiO:-hano supports was
revealed by Elcﬂnﬁ' Din mThe ESR results are
shown in Figure 5.10. The Ti'" species are produced by

pping of electrons at
defective sites of T@ﬂd the amount of ac@ulattd electrons may therefore reflect

the n eﬂﬁt%&ﬂ{ﬁaﬂi@ﬂfﬂ&]lﬁ ue less than 2
was assi o T’ (3d"). (Howe, R.F. ef“al. 1985y Nakaoka ‘et al.(Nakaoka and

Nosaka 1997) reported six signalsiof ESR measurement oceurring on thwri‘ace of

RV RE ISR IR

solvothermal-derived TiO. exhibited only one strong ESR signal at g value of 1.997

which can be attributed to Ti'" at the surface. Many Ti'" ESR signals were observed

for the TiO>-micron indicating that more than one type of Ti'" defects were presented
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in the sample i.e.. surface Ti'" and inner Ti'". Moreover. less amount of surface Ti'
was present on the micron-sized TiO:. Literature data reported that the presence of
Ti'" promotes strong metal-support interaction in Pd/TiO; catalysts since Ti' can
easily diffuse from the lattice of TiO; to surface of Pd particles (Li er al., 2004). The
hown I: probably only the surface Ti’* has high
mobility, the other Ti"* specnr' nay not be able to diffuse easily to Pd” surface so that
Pd catalyst suppqned n the TiOx-micron w fenif " did not

results in this study, however, have she

3
=
>
z
3
E

—————— i

AY

300 =510 320 340 350 360

ﬂuﬂqwﬁﬂ%Wﬂwni

Figure 5,10 ESR spectra of TLD1-mtcmn and Tlﬂa-nano

Q‘Wﬂﬂ\ﬂﬂ‘iﬁu UAIINYIA
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51110 CO Temperature Programmed Desorption (CO-TPD)

Temperature program desorption of CO has been carried out in order to
elucidate the influences of TiO, crystallite size, Pd dispersion, and reduction

temperature on the strength and mecha

ism of CO adsorption on TiO; supported Pd
catalysts. The amount of CO ._%; -

programmed desorption using a th
Chemisorb 2750 analyz

the catalysts are sho

Figur she ¢ profiled of CO temperature programmed desorption

of 1%Pd/TiO>-miggon reduced at 1 d 50 For ""‘Drmicmn reduced at
40°C, two main desg ; : d at ca.340 and 640°C which may be
attributed 1o CC pt ably Pd” with different
particle sizes and/or Adsofption ¢ 1] " sites. (Benvenutti, E. V. ef al.. 1999) But for

1%Pd/TiOs-micrar Uced ; oth. peaks . were slightly shifted to higher
|'+ ,- "

temperature. However n‘fﬁun];;tj FCO de snrpr on were not significant different
for 1%Pd/TiOs-micron fe 4"&' or ﬂ‘*c dicating that CO adsorption

uced at low or high temperature.

140 and 500°C are
& it " exhibited several

shown in Fl _
desorption peaks al Sites on the catalyst

surface. However, the peaks becon at when the ¢atalyst was reduced at

500°C indicating negllglble CO adsorption under such conditions. In other words, CO

- ?WW"?WEN 11
AR ANNIUNRIINYIAE
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—— 1%Pd TiOs-nano-R40
------ 1%0Pd TiO7-nano-R300
=
8
o
@
3
£
0 800 900
Figure 5.12 Profile of CO te ........ 3 ed desorption of 1%Pd/TiO;-nano

reduced at 40 4
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5.1.2 The Catalytic Performance of [1%Pd/TiO;-micron and
1%Pd/TiO-nano  Catalysts in  Liquid Phase Selective Hydrogenation of
Phenylacetylene.

The performance of the ca
phenylacetylene was determined \‘x { . phenylacetylene conversion and
selectivity towards styrene. Phenylace M/ ion is defined as moles of
phenylacetylene cnnsu%mspccl o p ﬁl‘e in the feed. Selectivity is
the ratio of the T@C {dc'.?, d p:——.

in liquid phase selective hydrogenation of

was obtained to total mole of
products (Styrene and be one phenylacetylene
molecule converte consumed, or 100%

selectivity, since 2 In actual

‘ ,' chibited high styrene
selectivities (= _2&%} The selectivity for s' rene sngmhmu dropped to 72-81%

when conversion %I' henylacetylene I‘E&ChLd 100% for all the catalysis except

Wﬂﬂ’? b3l 1 e W

catalysﬂflmduced great beneficial &lTe;.t on the LHIHI}’S[ performance. The presence of

o Wit v BILiMR b {b R i

tmnpcralure reduction had shown to slightly improve the catalyst performance of
1%Pd/TiO>-micron catalyst. It has been reported that specific activity (turnover
frequencies) of Pd’ also increases with increasing Pd” particle size. The results in this

study thus follow the well-established trend in the literature about the dependence of
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liquid-phase hydrogenation activity on Pd” particle size. (Carturan, G. et al., 1982,
Sarkany, A. er al., 1986, Angel and Benitez, 1994, Duca, D. er al., 1995, Albers, P. et
al., 1999, Molnar, A. er al., 2001, Marin-Astroga, N. er al., 2005) However, it should
be emphasized that our results support the importance of the strong metal-support
interaction effect in order to obtain high catalytic performance of the TiO: supported

Pd catalysts in liquid-phase selective I

=)

%selectivity

-
kY

i =

8C _m 100
%cunwrsinn

o 5 SANUNINYIATo e

Liquid Phase Selective' Hydrogenation ﬂhenylacetylene

ARIANN I UA1INIR
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5.2 Comparative study of Pd supported on the series of nanocrystalline Ti0);

catalysts

In the second part the effect of various nanocrystallite sizes of TiO; in liquid

agetylene was investigated. In this part, the

phase selective hydrogenation of phenyl

anning electron microscopy

alysts was characterized by

~ | —
Table5.7 The pgralic-n conditions of nanocrystallite sizes Jﬁ' i0; and average
crystallitesizes from XRD results.
S Ly

TiOs-17 nm 25 320 6 17
Ti0s-23 nm 25 340 12 23
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- ¢ Anatase Ti0>

Ti05-25 mm

TiD2-17 nm

Intensity (a.u.)

Ti05-12 nm

i03 -9 nm

ﬂ [}

Figure5.14 The XRD pz
52.1.2N; P

BET  sitfac i - diameter and specific
surface area 'f'ﬂ-.-_ ot :':i determined by N>

physisorption “-.E' 4 :LFI ound that, the BET

surface area decreased monotonically from 145 to 51 m/g '!1! :n the crystallite sizes

various from 9 1o ? nm, respectively. Hn ever, the specific surface area of TiO;

Emm 1|l Ef‘ﬂ"'a‘W?J na ="
’QW'\ﬂ\ﬂﬂﬁﬁu HUIINYIA

where d is the average crystallite size and p is the density of TiO, (3.84 g.em™)
(Payakgul, W. er al, 2005). This formula derived based on the assumption of
spherical TiO» crystal. Spherical surface area and volume of spherical TiO; support
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were used for calculated the specific surface area (Ss). Generally, specific surface area
(Sz) is a material property of solids which measures the total surface area per unit ol
mass. It has a particular importance in case of adsorption, heterogeneous catalysis and
reaction on surfaces. It is noticed that S; determined from N> physisorption was
smaller than S calculated based on the t:r;rs{allilc size for all the TiO> samples. This
was probably the results of an amorphous-like phase contaminated in the TiO;
particles (Kominami, H. et al, 1999). Furthermioge: the pore volume of TiO; supports
were 0.42, 0.37, 0.38 and 0.32 em'/g w‘i}en the trysiallite size of Ti0; increased from
9 to 23 nm, respectively. lt.was observed that, decreasing of’ BET surface area
correspond 1o decr&asjg& ﬁf pore vulurpe from 0.42 to ﬂ.32cn1"fg- But the average
pore diameter of THO, supposts ineréased from 8.1 to 20.2 nm when the BET surface
area of TiO, decrgased. The pore size stribution and Na physisorption adsorption-
desorption isotherms/of various crystallite sizes of TiOy supports are shown in
Figures.15 to F:lg?ﬁ.reﬁ,l'?. The results are indicated that the pores of all TiO; samples

WEre meso pores.
]
A .I"

TableS.8 BET surfacgs 'ﬂrcg;'{S 1), pote Wluﬂ'!#: average pore diameter and specific
surface area {‘35)} of “ﬂf‘-“-l-lppansi'. fa

F] ey -':l.I:.l
BET surface -',.."q'."“'i-‘-I" ‘Average Pore Specific
"y Pore Volume .
Samples —  area(S,") . Diameter.  surface area
e ome) = .
LA (mifg) (nm) (S2") (m/g)
Ti02-9 nm | 145 0.42 sal 174
TiO»12nm 88 0.37 125 130
TiO2-17 pm 65 0.38 17.9 92
TiO»-23 nm 3l @.32 20.2 68

* Syis specific surfaceareadetesmined from N physisorption results.
"85 is specific surface area calculated based on the correlation between surface area

and crystallite size of TiO;
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The SEM microgray | =,.- IOUS nanocrys -1 ite Sizes of TiO; supports are

Shovenin FigureS20. f. “'}":::‘FTF" the m gies of all TiOy-samples consisted
of irregular shape of very

primary Pﬂﬂlf of TiQy stipports and 1
not observed ”l cal 0

However, the 'h’ rallite sizes of

E
ﬂ‘lJEl’J"r’lEWI‘ﬁWEI’]ﬂ‘i

QW']Nﬂ‘iﬂJﬂJWI'mEI’lﬁEI

merated. There were not found the
of all

10> samples can be
ution. in- micron scale.
-

,"-‘"- ﬂ TEM technique.

J



S1H]

(B) TiO2-12 nm



(D) TiO>-23 nm

Figure5.20 SEM micrographs of various nanocrystallite sizes of TiO,
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5.2.2 Characterization of Pd supported on various crystallite size of TiO;

catalysts

The palladium supported on various crystallite sizes of TiO; catalysts were

preparation by incipient wetness i .gnatlurl method. [%wt palladium was

impregnated in all TiO, su 5 the/ catalysts were characterized by several

techniques.

The XRDvpatte _ 103 catalysts which nanocrystallite sizes
of TiO; support, - _the inations state are shown | Figureﬁ.ll. After

reg ‘ ‘ and reduced al 40
or 500°C, the crystallite s of a ‘-"!' ed by XRD (show in
Table5.9) werﬂsamia]ly unaltered 25t size 110 (Ti105-9
nm). The crystal[ntrfﬁ of TiO»-9 nm und to be 11 nm after reduction at
500° from 9 to 11
nm %ﬂ m‘m ﬂ\ﬂ:ﬁzﬁﬂﬂ ﬂ? mpared to the
larger size ones. It is generally to#md that the Ll'}"s s of large cr}rsmllﬂw show

A RTAIN IR Tﬂ"'\“ﬁ"’ﬂ‘ﬁl"]"ﬁ“ﬁf

except that of the s
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Table5.9 The crystallite sizes of TiO- support of 1%Pd/TiO: catalysts after
calcinations and reduction at 40°C and 500°C

XRD erystallite sizes of TiO; (nm)

Samples
ced” 40°C Reduced” 500°C
1%Pd/Ti02-9 nm I
1%Pd/Ti0:-12 nm 13
1%Pd/Ti01-17 nm 18

1%Pd/Ti03-23 nm 23

a : after Pd was in

Intensity (a.u.)

Figure5.21 The XRD patierns of 1%Pd/TiO various crystallite sizes afier

calcinations step



1%PdITi017nm-R40

Intensity (a.u.)

Figure5.22 The
reductior

; ' 4

Intensity (a.u.)

)|

10 20 0

40 50
Degrees (26)

Figure5.23 The XRD patterns ol 1%Pd/Ti0; various crystallite sizes after
reduction at 300°C
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5.2.2.2 N; Physisorption

The BET surface area, pore volume and average pore diameter of the various
TiOs-supported Pd catalysts which reduced at 40 and 500°C was determined by N>
physisorption techniques and are shown in Table5.10. From these results, the BET

surface area of the Pd/TiO. catalysts w¢ htly decreased less than that of the
original TiO: supports !l'ir_ of high and | ng temperatures suggesting that
palladium was depositet ' r@&!\dnmﬂwn the results were
consistent with pore volume of all catalysts which decreasing after palladium loading.
[t was found that, the a srage por di '- ers ¢ fall Pd/] 10 catalysts were meso pore
and smaller than-the avemage s of 2 ppOrts.

Table5.10 N, Physisofpti

- Volume  Average Pore
Catalysts \
%.! g) Diameter (nm)

Ti02-9 nm Al - 0.420 8.1
1%Pd/Ti0>-9 nm-R40 _;',_-;; h_,ns s 0.300 6.3
1%Pd/Ti0-9 nm-R500 — 0.202 6.2
. et e b gl S
TiO»-12 nm :“"_ g8 0.37 12.5
1%Pd/TiO,- 12 nm-R40 " 2 " L1
1%Pd/Ti0x-12 .ﬂksn' U.Eﬁ 10.7
wﬁ%ﬂ’l WEJ%‘]‘?WEMﬂ‘ﬁ
1%Pd/B0>-17 nm-R500 0.304
ARG T UM WEI’]E!%I

1%Pd/Ti05-23 nm-R500 42 0.289 19.7




5.2.2.3 Scanning Electron Microscopy (SEM)

The morphologies of Pd/TiO; catalysts afier reduced at 40 and 500°C were
determined by Scanning Electron Microscopy (SEM) technique and are shown in
Figure5.24. It was observed that, the morphologies of the 1%Pd/TiO; catalysts were
not significantly different when reduction temperature changed from 40 to S00°C.
Moreover, the morphologies of the 1%Pd/ 10y catalysts were not significantly
different from the original TiOs supports. The particle size and shape of the catalyst

particles also were not affecied by impregnation of palladium (no changes in the

particle size/shape).

(C) 1%Pd/Ti0»-12 nm-R40 (D) 1%Pd/Ti0:-12 nm-R500
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(G)1%Pd/Ti02-23 nm-R40 (H)1%Pd/Ti05-23 nm-R500

Figure5.24 SEM micrographs of 1%Pd/TiO; various crystallite sizes of TiO

5.2.2.4 Transmission Electron Microscopy (TEM)

TEM. analysis.has. been carried out in order 1o physically measure the 110,
crystallite sizes as well as-Pd particlefclustér sizes on the various Pd/TiOs catalysts.
The TEM micrographs of palladium supported on various nanocrystallite sizes of
TiO, catalysts with reduced at 40 and 500°C are shown in Figure5.25. It was
observed that the crystallite sizes of TiO; supports were consistent to those obtained

from XRD results. Reduction with H; either at 40 or 500°C did not result in
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significant changes of the Ti0» crystallite sizes. However, for the Pd/Ti0>-9 nm
Pd/TiO>-12 nm and Pd/TiOs-17 nm after reduced at 40 and 500°C, the presence of Pd
particles were not clearly seen whereas on the and Pd/Ti0»-23 nm, small Pd particles
with average particle size around 5-6 nm were apparent. There was no significant
difference on the Pd particle size observed for Pd/TiO:-23 nm-R40 and Pd/TiO,-23-
R500 suggesting that Pd was not sintered after the catalyst was reduced at 500°C.

(A) 1%Pd/TiO2-9 nm-R40 (B) 1%Pd/T10:-9 nm-R500



(C) 1%Pd/Ti0:£12 nm-R40 (D) 1%PdITi@s-12 nm-R500
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==="

40 nm

(E)1%Pd/TiO:-17 nm-R40 (F) 1%Pd/Ti0:%17 nm-R500
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(E)A%Pd/Ti03-23 nm-R40 (F) 1%Pd/Ti@:-23 nm-R500

Figure5,25 TEM migrographs of 1%Pd/TiQ variouserystallite sizesof Ti0-»
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5.2.2.5 CO-pulse chemisorption

5.2.2.5.1 Metal active sites

CO chemisorption lechnigu ravides the information on the number of

palladium active sites and palladium parti ites, The total CO uptakes, palladium
particle sites and the d ' f CO chemisorbed on the
catalysts reduced at 40°C and 500°C ' able 5.11.

Pd/Ti02-9 nm re ion around 18.10x10"
molecule CO/g.c: A5 the /am it of cmisorbed on the other catalysts
reduced at 40°C slighal : [ ; g 0 T'@jscrystalilte sizes from 9 to
23 nm. The amouit of €O éhemisorbed were 15,60x 10" m@xm" and 9.73x10'®
molecule o I P TO-12 m-R40. ‘ 10:-17nm-R40  and
1%Pd/Ti0:-23nm=R respecti .f'; Vhi ,.- amount of CO chemisorbed of
catalysts reduced at 02> .90x 10" and 1.11x10" for
1%Pd/TiO-9nm-R500, %Pd/Ti0-170m-R500  and
1%Pd/Ti0;-23nm-R 500 ly seen that the amount of CO

chemisorbed on the Pd/T jﬂv{;@ drar ly decreased when the catalysts were
e A "
reduced at 5%(3 in -a_ll_ catal T& di ces en/the amount of CO
§ S

4%

crystallite size ofth ’:‘i@;mm

S.I.Zé.antrung Metal Supquiemcti«nn Test (SMSI Test)

RLILEL L VLRI Qi

of the IN«:al{:lm‘:ﬁl (at 450°C) amkre -reduced (at 4U°C] catalysts afier lhey were

BRSO pibiWwh isimb bl

The recovery of palladium active sites on all Pd/TiO, catalysts after being
reduced at 500°C, re-calcined and re-reduced at 40°C are illustrated on Figure5.26.
This figure showed the amount of CO chemisorbed can be totally restored for all
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catalysts. The results exhibited the strong metal-support interaction or SMSI for all
catalysts and suggested that there was no Pd sintering during high temperature
reduction at 500°C. The Pd” metal particles calculated from CO chemisorption results
(for the catalysts reduced at 40°C) increased with increasing TiO; crystallite size and

were in the range of 3.2-5.9 nm. 1_' sults were consistent with TEM analysis.
h"ﬁ 1

Table5.11 CO chemisorptions results of

d, pd’
(nm)
1%Pd/TiO2-9 nm-R40_" 810 ¢ ' 32
1%Pd/Ti02-9 nm-RS00 '
1%Pd/Ti05-12_nr 3.7
1%Pd/TiO;-12 nm-F
19%Pd/Ti0;-17 nm-R40, 4.7
1%Pd/Ti05-17 nm-R 500
1%Pd/TiO-23wm-R40 973 86 5.9

1%Pd/TiO;- K ;

)
AU INENTNGINS
ARIANTUNRINYINY



molecule CO/g cat.)

CO chemisorption (x10
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& R40 ® R500 @ R500-recakmed-R40

Figure5.26 The sesults of SMSI test'on 1%F T ) cataly ls-"ﬁﬁich various TiO»
A - i i

crystalliee si

1%Pd/Ti0+-17 nm 1.2
1%Pd/Ti0--23 nm 1.2
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5.2.3 Reaction Study of Pd/TiO; which various nanocrystallite sizes of

TiO; supports in Liquid Phase Selective Hydrogenation of Phenylacetylene.

The performance of Pd/TiO» catalysts was evaluated in the liquid-phasc
selective hydrogenation of phcnylacc 0 sl}frﬂm‘: in a batch-type stainless steel

reactor. The reaction was Lameam lvem at 30°C and H, pressures 5

b

of substrate was 0.5 ml. The
products are analyzed ' mamgaphyﬁ& ionization (GC-FID) using
TTTTTETEE—

—

GS-alumina colun]n.f.—-" 'm
The pe 0! ) Iafi&é’w was exhibited in the concentration

profile of phenylae 3 .‘ ?- - hzme wnths reaction time from

bars. The substrate: etl

and&pmduﬂs. Comparing
PA/TiO; with similar Ti stallite siz x aeetylene hydrogenation rate for the
catalyst reduced at 500%C - A 0se reduc aﬂ'% Such effect was more

pronounced for the 0 l"'? *,,-1 ed Pd catalysts. Moreover, the
smaller crystallite size _i_ bt : reaction rate for phenylacetylene
hydrogenation and are shnwd’qﬁ:ﬁéd .. as probably due to the fact that on
small crystallite size TiOy th‘;-r l ze was relatively small. It has been
reported that sﬁcmn activity {mﬂ_ﬁ‘equenmlgm ?Esas as metal particle
size decrea5¢ *j;‘:--'-"ili""' en the av SiZe is wery small (< 3-5 nm)
{Marm-ﬁslmﬁa,ﬂ. et al., 2005, M .ela &_sl. P.etal, 1999).

|

However, the Ei:‘nrrnance of the P’dﬂi.jj‘t catalysts in this study show typical

ot SIS WELT IR

for alkynes semihydrogenation r@cuan Figures. ?‘.I-z:[:} shows the perf@anﬂe of

WA A T I T EL TR

strong metal-support interaction on Pd/TiO> produced great beneficial effect on the
catalyst performance. However, for the catalyst supported on larger TiO: crystallite
size, Pd/TiO2-12nm, Pd/TiOs-17nm and Pd/TiO:-23 nm (Figure 5.27(b-d)), the

styrene selectivity for Pd/TiO> reduced at S00°C were dramatically decrease until
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similar to that reduced at 40°C especially when the reaction time was prolonged.
Based on CO chemsisorption results, all the Pd/TiO; catalysts appeared to exhibit the
strong metal-support interaction when reduced at 500°C. However, the catalyst
performance reveals that the SMSI effect may decrease with increasing TiO,

crystallite size. A number of study shown the absence of SMSI effect on

Panagiotopoulou et al. (Pamagiotopoulou er Gl 2006) reported that formation of
substoichiometric TiO, species ws re facile over PUTIO, for small TiO; particle

enation pronounced in
two pathways. In ogenated to styrene and
ethybenzene i | ) ylacetylene will be
hydrogenated direcily to/ethylbenzene. In' this rese \ { was found that the first
pathway usually | cr the reaction conditions
used, the phenylacety

min. When the congc

1% conversion within 20

sufficiently low, the
hydrogenation of styrene to “etliviber occurred. This indicates a slower
parallel reaction pathway. enation of phenylacetylene 1o

ethylbenzene.

Pl

“ 3

‘I-

B g
ﬂum‘wﬂmwmm

’Q‘Wﬂﬂ\‘iﬂﬁﬁu UAIINYIA
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1.000
0.900
0800 |\

PAITiO,- 9 nm

Concentration (mol/l)

Concentration (malfl)




Concentration (mol/l)

Concentration (molfl)

T e

20 30 40

ﬂ‘lJEl’J‘VIHWﬁ’WEI’]ﬂ‘i

[d] 1%Pd/Ti05-23 nm

| WA MURIINLINY

selective hydrogenation of phenylacetylene :
(o : phenylacetylene concentration); (A : styrene concentration);
(@ :ethylbenzene concentration). Closed symbols: Pd/TiO; catalyst

reduced at 40°C and Open symbols: Pd/TiO; catalyst reduced at 500°C.
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1.000
—&—Pd/Ti02-9 nm R40

0.900 —£— PdITiO2-8nm R500
0.800 —&— PdMi02-12 nm R40
—A—PAITiO2-12 nm R500
—8—PdMi02-17 nm R40
== PdiTiO2-17nm RS00
——Pd/Ti02-23 nm R40
o= PurTi02:23 1 R500.

0.700
0.600
0.500
0.400
0.300
0.200

Concentration of phenylacetylene (mol/l)

0.100
0.000 *

Figure5.28 Hydrog i rate of phenylagetylene over PA/TiO: catalysts which
= f % ;."‘
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

In this chapter, section 6.1 prc jides! the conclusions obtained from the
experimental results of Pd atalysts prep with various crystallite sizes of
TiO; supports in both @£ micron (1 pm) : ] 349-23 nm) in the liquid phase
6.2 suggested the

n micron and nano-

sized TiO,
Based on tl dts Trom v rious chart ation techniques such as CO
pulse chemisorption, X oeleciron speetrosco S), transmission electron

microscopy (TEM), a tion. The nano-sized Ti0O,

supported Pd catalyst ENHIWT” 1 upport interaction (SMSI) exhibited
Ppo 4 i L oy . ( :
when the catalyst was reduce: qj" 0" 1 not found on the micron-
sized TiO: suy o _of Pd™ metal was observed-instead. The SMSI
; o ~
effect appearec fformanice of the Pd/TiO,

catalysts in liqu-H phase selective hydrogenation o p'hen_'o,rl :

lene to styrene. The

presence of SMSI e ect may result in an mlubmnn of the adsorption of the product

i) it (L1 18 e -
3 AR A

For the series of nanocrystalline Ti0; supported Pd catalysts (110, crystallite
size 9-23 nm) higher Pd dispersion and smaller Pd particles were obtained on the

catalysts with smaller TiO» erystallite size. Phenylacetylene hydrogenation rate for the
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catalysts reduced at 500°C was lower than those reduced at 40°C. This effect was
more pronounced for the smaller TiO; crystallite size supported Pd catalysts. All the
catalysts exhibited the strong metal-support interaction effect since styrene selectivity

at 100% phenylacetylene conversion was improved when the catalysts were reduced
at 500°C. However, the SMSI effeci

nay decrease with increasing TiOs crystallite

I. The SMSI effeet®n vatious nanocrystallite sizes of TiO, supports palladium
catalysts in the range ' he optimum of TiO,

crystallite size.

2. The presence/absence of SMSI€élTect uld be investigated in
other catalytic reactions, ., selectiy \\\
3. The presenee of Ti . surl O ,- Id be confirmed by other

techniques such as X-ray photodléction sp cafiator
! [ ks '

ported Pd catalyst should be

4. The nano-s:zrd f;i)l.i"’ ,-f o .
e liquid phase selective

investigated

hydmgcnat:u w'-—v henylacetylene + ;:'d vothermal derived
Y o

nano-sized TiO5 suppo -m

]
ﬂumwﬂmwmm
ammmm UAIINYIA
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APPENDIX A

CALCULATION FOR CATALYST PREPARATION

shown as follows:

Reagent: - Palladiur

Example Calculatio

Based on 100 g of ca
Palladium
Titania

yst will be as follows:

For 3 g of titania
Palladium required

Palladium 0. ;.: - -*‘i‘-‘“’-’f"'ﬁ"“f"“_;"—---m{'.i olecular weight of
Pdis 106.42 2

y g

Pd (NO; 1{.'} requlred =MW of Pdl,"ND;]z 6H,0 = palladium required

AU El o) H%ﬁﬂ&]ﬂ“ﬂﬁﬁ
9 sm Seraprinlym ey IATbN

requmzment of incipient wetness impregnation method, the de-ionized water is added

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



APPENDIX B

CALCULATION OF THE CRYSTALLITE SIZE

peak of XRD patte
From Sch
(B.1)
where
The X di o6 Broadenii 1 afa powder diflraction
free from all'k . : Alumina is used as a
standard sample to J‘f ts crystallite size is

1L - I
larger than H!I' The X-ray diffraction broadening {B] Ge -! be obtained by using
Warren's formula. ‘-

FLHH’JMH‘VI‘?WEHT]‘?
Q‘WWMH‘?WW’W&HH e

Where By = The measured peak width in radians at half peak height.
Bs = The corresponding width of the standard material.

[



Example: Calculation of the erystallite size of TiO:-micron

The half-height width of peak

0.23" (from Figure B.1)
(27 x 0.23)/360

000401 radian

The corresponding half-heigl = 0.00383 radian

The pure width.= o/

a

The crystallite gize =/ . 0915018 1185.07 A

AU INENTNGINS
AR ITUNN NGNS Y



20 = 25.28°
E
z
g
E:
235 27
Figure B.1 The m 1 the crystallite size.

=

:a

£

W
-]

4.00E-03

Al TN inenns

Qﬁﬂﬁﬁﬂ‘im 1A £ )

Flgure B.2 The plot indicating the value ol 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 meta ion of the catalyst measured by

CO adsorption is as follov

Let the weight ol
Integral area of CC

Calculation of ¢

Definition of 4 inetal )
Metal dispersimms) ‘ adso -'nfmolecules of Pd loaded|

In this study, the fuinu from Chemisorb 2mﬂperalor s Manual can used for

’?T’TTEW *FI‘ETVT'E WEN?

%D = Syx [ L2 1 M x 100% xe190 A1) @S

Qﬂﬂﬂﬂﬂ?ﬁ”i’l%’l?ﬂ&l’lﬁﬂ

= %emetal dispersion

]

Si
s = volume adsorbed (em'/g)

stoichiometry factor, (CO on Pd* =1)



Ve = molar volume of gas at STP = 22414 (cm'/mol)
mw. = molecular weight of the metal (a.m.u.)
%M = %emetal loading

Example: %6Dispersion ol |%Pd/TiO+-micron-R40

- Calculation Volume Chemis

Ving
m
Ai

Af

To replace values i equat

Vads

%D

So that % l i dispersion is 16.4%

AU INENTNGINS

AR TUNN NN Y

a8



Calculation of Average Crystallite Size

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

surface area per gram of metal

Example: Average

- Calculationsof activ

MSAm 1o 4)
Where:
NJ‘. c‘- LV G T F ‘E\I_'I nher LG Ly ‘l-;_ atay r_n.ulrr_un— :f‘:l :

|7

£ Paladium = 0.0787nm?)

0. m : Tii

To replace valu? in equation (3) and (4}

QU NG INEINI..
AWLANTS

= 6.85 nm

22414

Average crystallite size of Palladium metal equal to 6.85 nm



APPENDIX D

CALIBRATION CURVES

The flame
14B was used

ethylbenzene by usig

The GS-a

flame ionization detector (FID). | Shi 14B, for analyzing

onditions uses in

are illustrated in Table D. %,
7

]
g

.‘l' f b.
concentration of phenylacetylene, styrene and e
Mole of reagent . y-axis . an

chromatography, in x-axis are-ex

vhich was reported by

-

100

graphy Shimadzu modal
cetylene, styrene and

iography equipped with a

the
G

gas

e.curves. The calibration curves of

phenylacetylene, styrene and ethylbe n FigurgD.1, FigureD.2 and

FigureD.3, respectively. The example of p

in FigureD.4. v L"'

| ﬂ
ﬂuEI’J'VIEWI‘ﬁWEI’]ﬂ‘i
Q‘W’]Mﬂ‘iﬁu UAIINYIAY

| peéaks from GC shows
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Table D.1 Conditions uses in Shimadzu modal GC-14B.

“onditions of Shimadzu GC-14B

- i

AUEINENINYINS
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FigureD.4 The GC peaks of phenylacetylene, styrene and ethylbenzene
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APPENDIX E

CALCULATION OF PHENYLACTYLENE CONVERSION

. SELECTIVITY
The catalytic perfor lene (PA) hydrogenation was
evaluated in terms of ac n and styrene selectivity.

. Llac&tylene conversion.

- snylacetvlene converted with

Activity of ik
Phenylacetylene
respect to phenylaceiylen

PA conversion (% 3 - '-_, : : =100

Where mole af ph ed employing the calibration

.r!ll -'"'-‘=.
Aice

curve of phenylacetylene in FiM A
VT

-,

+"

—

Moleof PA = (Area of PA peak fron r ploton GC - 14B) < 1.1243 <10 "

Pl -

Select tﬂ a ,}' B

Fyformed with respect

to mole of styrene and ethylbenzen

¢ o
Fl U BTN
U
Where mole of styrene and‘ethylbenzene canBemeasured employingthe

R b 3 R

Mole of styrene = (Area of styrene peak from integrator plot on GC - 14B) = 9.47 ~ o
Mole of ethylbenzene = (Area of styrene peak from integrator plot on GC - 14B) = 1.06 « 10"
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APPENDIX F

LIST OF PUBLICATIONS

, Piyasan Praserthadam,
trong  Metal-Support
ts Supported on Micron-and
Hydrogenation  of
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