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Hydrogenation 'is one chemical modification methods to enhance the
resistance of oxidative and thermal degradation of diene elastomers by reducing
the amount of unsaturation in their structures. The purpose of this present work
was to investigate the possibility to use palladium supported on carbon fiber
(Pd/CF} as a catalyst for hydrogenation of diene elastomers such as butadiene
rubber (BR), nitrile butadiene rubber (NBR) and natural rubber (NR). The effect
of reaction parameters: such as temperature, hydrogen pressure, rubber
concentration and catalyst concentration on the level of hydrogenation of diene
elastomers were studied. The palladium catalysts were characterized using X-ray
diffractometer (XRD), scanning electron microscopy (SEM) and
thermogravimetric analysis (TGA). Degree of hydrogenation was calculated using
proton nuclear magnetic resonance spectroscopy (‘'H-NMR). The kinetic results
indicated that the hydrogenation of BR catalyzed by Pd/CF exhibited a first-order
behavior. The apparent activation energy for BR hydrogenation catalyzed by
Pd/CF was 4.83 k)/mol. The experimental results indicated that the palladium
(5.3% wt) supported onto the carbon fiber could promote the hydrogenation of
BR; NBR and NR to achieve 70.4, 46.4 and 35.3% hydrogenation, respectively.
For NR hydrogenation, it was found that two structures of rubber product were

formed as the result of competitive reactions: hydrogenation and cis-trans

isomerization.
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CHAPTER |

INTRODUCTION

1.1 The Statement of Problem

Diene elastomers are produced by polymerization of a diene masiomer
a diene monomer with a functional olefins such as butadiene rubber riBifite,
butadiene rubber (NBR), styrene butadiene rubber (SBR) includingahatuober
(NR). Diene elastomers contain a large amount of carbon-carbon doule (&=C)
in the polymer backbone resulting to degradation or oxidation when thexposed

to sunlight, oxygen and ozone, especially in severe operating conditions.

Hydrogenation, the addition of hydrogenyJHo an unsaturated moiety of
unsaturated structure, is one of chemical modification methods to reduce the alegr
unsaturation in the diene polymers. This technique can improve physipalies of
the unsaturated polymers such as thermal resistance, lightitgtant solvent
resistance (Rungnapa Tangthongkul, 2003). Diene elastomers cadrbgemated by
both non-catalytic and catalytic methods. For non-catalytic hydragenat is
normally carried out via diimide reduction process. At high reactwwnperature
(110-160°C),p-toluenesulfonyl hydrazide (TSH) Is decomposed to form adiveac
diimide (N:H), which subsequently reduces carbon-carbon double bonds (Nang et
al., 1976). The advantage of this method over others is not to requiralizeeci
hydrogenation. reactor and. high hydrogen pressure (McManus and Rempel, 1995)
However, diimide hydrogenation is stoichiometric, and so fa regarded as being
unsuitable for large-scale processes. Since the reaction igdcamat at high
temperature, it also causes degradation and cyclization of polgadind to inferior
physical ‘and. ‘'mechanical properties (Harwood et al., 1973). To avoid shese
reaction ‘problems, catalytic hydrogenation has been more watigliyed for diene

elastomers.



Catalytic hydrogenations are classified as two types: hgemsous and
heterogeneous catalytic systems depending on the state afathlyst and the
substrate. For homogeneous catalytic hydrogenation, the azbyyhctive species
are molecularly dispersed within the resulting product. Homogeneous c@sple
normally contain only ‘one type of active. site resulting to the tiglectivity
(Rungnapa Tangthongkul, 2003). Since all these active sites alitabbya
homogeneous catalysts are potentially -‘more efficient than khetezous ones.
However, homogeneous catalysts are difficultly separated fromhytdeogenated
product and the residual catalyst may lead the degradation of tepfioducts.
Therefore, many new_developments for the catalytic reduction invothimgise of
heterogeneous catalyst, which the catalytically active epexid the substrate are in
different phases have been investigated. The main advantage oatddissicis the
ease of separation from the hydrogenated polymer. However, thierefficof the
heterogeneous catalyst depends on its surface area and theohatypport. At this
point, the main problem for this catalyst system is normallgtedl to the mass-
transfer limitation effect that can inhibit the diffusion of polynmeolecule through

the pore of the catalyst during hydrogenation (Masayuki et al., 1999).

To minimize the effect of the mass transfer. limitation of ypur
molecules through the catalyst pore, carbon fiber (CF) seemédx tpromising
candidates for using as a catalyst support for heterogenedaigticareaction
(Chambers et al., 1998; Park and Baker, 1999; Salman et al., 1999 jeites to
be efficient in liquid phase media due to its high externabsadg which can allow a
significant decreasein critical mass transfer limita{iBlaneix et al., 1994; Geus et
al., 1995). This'leads to increase the rate and the selectititg ofaction (Sato et al.,
2000).



1.2 Objective of Research Work

The objectives of this research were as follows:

To prepare palladium catalyst supported on carbon fiber for hyaatiga of
diene elastomers.
To study the effect of reaction parameters such as temperétupressure,

concentration of reactant and catalyst including kinetics of the hydrogenation.

1.3Scope of the Research'Work

The preparation of palladium (Pd) catalyst for hydrogenation afedie

elastomers and the effect of reaction parameters on theimedatunsaturation level

of diene elastomers were reported.

A A

The experimental procedures were carried out as follows:

Studied previous research works.

Modified reactor for heterogeneous catalytic hydrogenation.

Prepared 5 wt% of Pd/CF catalyst via impregnation method.

Analyzed morphology, content of Pd and charge of Pd of Pd/CF caialgst
Scanning Electron Microscope (SEM), Thermogravimetric AnalgB(SA)
and X-ray Diffraction (XRD), respectively.

Studied the"activity and selectivity of Pd/CFE catalyst fodrbgenation of
small double bond molecules: 1-hexene, benzene and acrylonitrile.
Studied the activity of Pd/CF catalyst for hydrogenation of dedastomers:
BR, NBR and NR.

. Studied the effect of temperature; pressure, concentration of reactant and

catalyst on degree of hydrogenation of diene elastomers.
Studied the kinetics of hydrogenation system catalyzed by PdAGHyst

using BR as a reactant.



9. Analyzed the structure of reactants before and after hydrigenasing

Fourier Transform Infrared spectroscopy (FTIR) and Proton NulMegnetic
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CHAPTER Il

THEORY AND LITERATURE REVIEWS

2.1 Diene Elastomers

Diene elastomers are polymers-produced by polymerization oéree di
monomer or a diene monomer with a functional olefin such as butadiene (BB)¢e
nitrile butadiene rubber (NBR) including natural rubber (NR). Diglastomers have
become an impartant industrial material for a variety of appdicat especially in the
tire manufacturing industry.” They are also used in the manudadtirvarious

products including household, engineering, medical, and commercial goods.

2.1.1 Butadiene Rubber

Butadiene rubber (BR) or polybutadiene (PBD) is one of the most
important commercial polymers after styrene butadiene rubbeR)(%Bd natural
rubber (NR) in terms of tonnage consumed. It is produced from the 1,3-imetadie
monomer. BR is made primarily by solution polymerization or emulsion
polymerization. Considering polymerization of butadiene, there are thasically
stereoregular forms of BRis-1,4-,trans-1,4- and 1,2-polybutadiene (Barlow, 1993)

as shown in-Figure 2.1.
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Figure 2.1 Various chemical structures of BR.



By using different catalysts and/or solvents for polymerizatssh,can be
produced and contain various proportions of the above f@&@m&ndtrans forms are
predominantly used in a number of applications. ffaes form emerges as a fibrous
material, while thecis form is. a rubber. The 1,2-content of BR also significantly
influences its properties. It has been found that thevihy?2-content of BR directly
affects abrasion properties. The properties of BR show some sitgeinoboth NR
and SBR vulcanizates such-as abrasion resistance and groove gcraskstance of
tyres, low-temperature-flexibility, heat aging resistanbggh resilience at low
deformations,..0zone_resistance in static and dynamic. deformationatalitgt to
accept higher levels of filler and oil with less deterioratioprioperties (Sasisom Im-
erbsin, 2003).

It has been indicated theis form of BR is a useful for blending process in
the tyre industry due to its abrasion properties, low heat build-up acdst. More
than a half of BR produced is used for blending with SBR in passeagéyres and
with NR in truck tyres. It is also used as the toughening rubbdrigh-impact
polystyrene. Furthermore; it is used for producing playballs, dmldrtoys, etc
(Morton, 1973).

2.1.2 Nitrile Butadiene Rubber(Nagdi, 1993)
Nitrile butadiene rubber (NBR) or nitrile rubber is-unsaturated gopais
of acrylonitrile and various butadiene monomers (1,2-butadiene and 1,3-butadiene)
Its chemical structure of NBR is presented in Figure 2.2. Theywwailable in five
grades based on the acrylonitrile (ACN) content as shown in Table 2.1.
Table 2.1Grade of NBR.

Grade of NBR ACN content
(%)
very low nitriles 18-20
low nitriles 28-29
medium nitriles 33-34
high nitriles 38-39

very high nitriles 45-48
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Figure 2.2 Chemical structure of NBR.

Many of the vulcanizate properties of NBR are directly teelato the
proportion of ACN content in-the rubber. As thet’ACN content is increased, the change

in the vulcanizate properties.is shown in Table 2.2.

In general, NBR" with high and very high ACN content is used
applications requiring good. resistanee to hydrocarbons of high aowcmtients
(e.g., aromatic oils:and gasolines). The medium grades of NBRused for the
products which contact to containing oil lower aromatic content or nsesse where
higher swelling of the elastomer is tolerable. The NBR with éma very low ACN
content is applied for rubber parts contacting to liquid with laxsleng effect (e.q.,
paraffinic oils and polyalphaolefins) or in cases that the impagtaoic low-

temperature flexibility is greater than oil resistance properties.

Table 2.2Properties change of NBR vulcanizates when ACN content increase.

Properties of
Increase., — Resistance to petroleum-based fluids.and hydrocarbon fuels

— Heat resistance

= QOzone resistance

- Abrasion resistance
- Tensile strength

— Hardness

- Density

Decrease - Low-temperature flexibility
— Rebound resilience
— Compressing set

— Gas permeability




2.1.3 Natural Rubber

Natural rubber (NR) is also important industrial material foe tire
industry. The most common source of NR is obtained by tappingHtwvea
brasiliensis or Para rubber tree, which is indigenous to forests in the Amaiiey.va
Although NR can be obtained from more than 200 different species o8 piarte
could compete with. Hevea rubber in yield, frequency of tapping, or ldygevi
(Morton, ed., 1987). NR is-a unigue elastomeric polymer produced from natural
rubber latex (NRL) defining.as a milky fluid that consistexifremely small particles
of rubber obtained from plants dispersed in agueous medium. The structdre of
mainly composed with' lineatis-1,4-polyisoprene almost 100% (Hofmann, 1989),
(Figure 2.3).

Nowadays, the demand for NR in the commercial market receives
competition from synthetic rubbers such as SBR and synthetic polisopince it is
not possible to control the quality of NR during its polymerizatioocgss unlike
those of synthetic rubbers which have the specific pendent groups tovergwme
physical and chemical properties of rubbers. However, NR isusdd in many
applications due to the following reasons: superior building tack, green staoudgtisire
superior processing, high strength in nonblack formulations, hot temtarece,
retention of strength at elevated temperature, high resiliemed)ysteresis, excellent

dynamic properties and general fatique resistance (Morton, ed., 1987).

CH; H
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7 -
CHy CH,

n

Figure 2.3Chemical structure of NR ars-1,4-polyisoprene.



Although, the carbon-carbon double bonds in the diene elastomers give
advantage in terms of vulcanization and some chemical modificati@presence of
unsaturated carbon-carbon double bonds might cause degradation or oxidation whe
they are exposed to sunlight, oxygen and ozone, especially in seperating
conditions. Moreover, the non-polar hydrocarbon structure of NR alstedino be
used in various applications. Thus, it is necessary to improve diestenaéas to have
better chemical and weathering resistance properties. Double bendsuaial for

postpolymerization processes such as vulcanization (Rungnapa Tangthongkul, 2003).

2.2 Chemical Modification of Diene Elastomers

The chemical modification .of diene polymers is a useful process fo
synthesizing polymers, which are inaccessible or difficufirepare by conventional
polymerization ‘techniques. Chemical modifications such as crosginfgimfting,
degradation, oxidation, isomerization and cyclization have been studiedteong
and optimizing the physical.and mechanical properties of polymérmwiBick and
Stephens, eds., 1988; McManus and Rempel, 1995; Singha et al., 1997). In other
words, the chemical modification of polymer.is a postpolymedmratrhich is used to
improve and optimize the chemical and mechanical properties ohexmlymers or
synthetic novel polymers having desirable functional groups. It has dfemvn that
the hydrogenation of 1,4-polybutadiene produces a thermoplastic ahatéh a
structure identical to a linear polyethylene. The perfearraditing copolymer of
ethylene with propylene can be achieved by hydrogenating dlyispprene
(Rungnapa Tangthongkul, 2003).

In the broadest sense, crosslinking, grafting, degradation, mdadati
isomerization, vulcanization, cyclization, hydrogenation, hydrocarlatirg, and
hydroesterification are one of chemical modification reactiddt.these, most
catalytic polymer chemical modifications studies have been devoted to hydrogenat
The catalytic hydrogenation of NBR is a significant comnaérexample due to its

excellent properties in terms of superior ozone, peroxide, oil and soésstance at
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elevated temperatures when it is compared to the unmodified NBR [{@&pps.,
1976; Rempel and Azizian, 1984).

The important aspects to be considered with respect to the pssibi
catalytic chemical reaction on polymers are: (i) the reiagtof the parent polymer
(i) the type and nature of catalyst i.e., its” activity and ceigy (iii) the reaction
conditions applied and (iv) the functionalities such as nitrile, catbbajogen, etc.

contained in the parent.polymer (Rungnapa Tangthongkul, 2003).

2.3 Hydrogenation

Hydrogenation, one . type «of chemical modification of unsaturated
polymers, is the addition of hydrogen,jHo reduce the amount of unsaturation in
diene polymers. This modification process may lead to superior pegpeit the
polymers such as thermal stability, light stability and resist to oxygen, ozone, and
solvent. Diene elastomers can be hydrogenated by both non-cataigticatalytic
methods. For the catalytic hydrogenation, it can be classiseddlomogeneous and

heterogeneous catalyst systems (Napida Hinchiranan, 2004).

2.3.1 Non-Catalytic Hydrogenation

The main method of non-catalytic hydrogenation is carried out using

diimide reduction, which is generated frgortoluenesulfonylhydrazide (TSH). At

high temperature (1120-160°C), TSH decompaoses to form the reactivealijifiH,),

which subsequently reduces carbon-carbon unsaturation (Nang et al., 1976). The
advantage of this method over others is not to require specialigdgienation
reactor and high pressure of ‘hydrogen gas (MeManus and Rempel, T9@5).
diimide “hydrogenation is stoichiometric and it may be unsuitéelarge-scale
processes. Since'the reaction is carried out at high-temperaeaasés degradation

and cyclization of polymer leading to inferior physical and medahmproperties

(Harwood et al.,, 1973). To avoid these side reaction problems, the icatalyt
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hydrogenation via homogeneous and heterogeneous catalysts has beendelgre w

studied for improving the thermal and oxidative stability of diene polymers.

2.3.2 Catalytic Hydrogenation

Catalytic-hydrogenation is divided into two types: homogeneous an
heterogeneous catalytic hydrogenation depending on the stdte chtalyst and the

substrate.

2.3.2.1 Homogeneous Catalytic Hydrogenation

For homogeneous catalytic hydrogenation, the catalytically astigeies
is molecularly. dispersed within the polymer chain. Homogeneous cresple
normally contain only ane type of active site resulting to tha bajectivity. Since all
these active sites are available, homogeneous catalysts araafigtendre efficient
than heterogeneous catalysts. Mohammadi and Rempel (1989) used
RuCI(CH;COO)(CO)(P(GHs)3)2 as a catalyst for hydrogenation of polybutadiene
(PBD) in toluene solution to obtain 97% hydrogenation at 150°C under 4.1 MPa of
hydrogen pressure. The detailed kinetics..of the PBD hydrogenatam also
examined. The rate of hydrogenation increased with. increasirt@l ilt=C
concentration and hydrogen pressure. A first order dependence on dtienreate
with respect to the total ruthenium concentration in. the presencexadss
triphenylphophine was obtained. The reaction rate showed an inveessddape on

the increase in the triphenylphophine concentration.

Guo ‘and Rempel (1992) explored the hydrogenation of polybutadiene
(PBD) and nitrile butadiene rubber (NBR) in the presence of
RuCI(CO)(OCOPh)(PRh. About 97% hydrogenation of 1,2-PBD was achieved by
using RuCl(CO)(OCOPh)(PBh as the catalyst in toluene under 4 MPa of hydrogen
pressure at 150°C. The'increase inthe hydrogen pressure atcteahydrogenation
rate and decreased the possibility of isomerization.cisiEBD was hydrogenated in
o-chlorobenzene at 85°C under less than 101 kPa of hydrogen pressure ta.give c
70% hydrogenation. The isomerization competed with hydrogenatiobstiouct the
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complete hydrogenation reaction. The investigated kinetic studies shewn to be

first order dependence of the hydrogenation rate on carbon-carbon dmrie
concentration and hydrogen pressure. The reaction rate also foltbevéilst order

with respect to Ru concentration at low concentration. At high cortemtrof Ru,

the rate of hydrogenation became insensitive to further iserea catalyst
concentration. Thisresult may be explained by.the formation of a dimeric Ru complex
at high concentration of catalyst. The presence of triphenylphospimnghe
hydrogenation rate retarded the formation of the active specidgdmna a decrease

in the hydrogenation rate. Only 40% completion of NBR hydrogenatioraaldsved

at 105°C under 87 kPa of hydrogen pressure. A first order dependence of
hydrogenation rate on_ the olefin° substrate and the total catalystmtration was
observed. The hydrogenation rate shows a first order towardeEnodependence
with respect to hydrogen pressure. The rate of hydrogenation sedresith

increasing the nitrile content in the polymer.

Singha et al. (1994) reported hydrogenation of nitrile butadiene rubber
(NBR) latex in the presence of water soluble analog of Witkingatalyst,
RhCI(DPM) (DPM = diphenyl phosphinobenzemesulfonate). The reaction was
carried out at 75°C and atmospheric hydrogen pressure yielding maoré@% mole
hydrogenation. The degree of hydrogenation increased with inqyetsiperature,
pressure, and catalyst concentration. However, the hydrogenatioaca@spanied
by a partial loss in rubber solubility. Hydrogenation occurredh wib significant

change in the average patrticle size of latex as well as partieldistabution.

Kitikorn Charmondusit et al. (2003) reported that QsHCI(CQ)EL ).
has been found to be an excellent homogeneous catalyst for hydrogeriais-1,4-
polyisoprene (CPIP), which more than 97% hydrogenation was obsan&@°C in
15'min. The kinetic studies were carried out in the range of 115-140RAG69 bar
of hydrogen pressure. The results of investigation showed thatittereexhibited-a
first order dependence on catalyst concentration and carbon-carbon toulole
concentration and a second order with respect to hydrogen preSkar@pparent
activation energy was found to be 109.3 kJ/mol. The relative viscosity of
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hydrogenated polymer indicated that no side reaction such as degradati
crosslinking occurred over the range of conditions studied. Natural rgbbebe
guantitatively hydrogenated using OsHCI(CO)N®Cys). in combination with added
acid (Kitikorn Charmondusit, 2002).” The presence of a strong acid ankdighe

coordinating power of the reaction solvent'enhanced the rate of hydrogenation.

Rungnapa Tangthongkul-(2003) studied the kinetics of the hydrogenation
of synthetic cis-1,4-polyisoprene,. natural rubber and natural rubber latex in the
presence of RU(CH=CH(Ph))CI(CO)(P{y It was observed that the hydrogenation
rate of these rubbers followed pseudo first order kinetics in carédoon double
bond concentration under all sets of reaction conditions studied. Thec kiestits
suggested that the hydrogenation reaction of isoprene rubbers shdwstcoeder
behavior with respect to total catalyst concentration and hydrogessyse. An
inverse first-order dependence on added ;P@gs also observed. The apparent
activation energy ofis-1,4-polyisoprene hydrogenation was estimated as 51.1 kJ/mol
over the temperature range of 130 to 180°C, whereas it was 25.3 kdfmalkural
rubber hydrogenation and 29.2 kJ/mol for natural rubber latex hydroger(atier
the temperature range of 140 to 160°C)..The addition of a small amoymt of
toluenesulfonic acid to the system could substantially increaseatbeof reaction.
The impurities in the natural rubber showed the severely reducedatadytic
activity. The main polymer chain length and molecular weigtt decreased during

the hydrogenation due to the reaction conditions employed.

However, “homogeneous catalysts are difficultly separated from the
hydrogenated product and the residual catalyst may lead tn@ddéign of the final
products. Therefore, many new developments for the catalytic reductiolved the
use of heterogeneous catalyst which the catalytically asfieeies and the substrate

are in different phases have been investigated.

2.3.2.2 Heterogeneous Catalytic Hydrogenation
For heterogeneous catalytic hydrogenation, the catalyticeliiyeaspecies
and the substrate are in different phases. The main advantage atéhyst is to be
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easily separated from the hydrogenated polymer. However, fivgersfy of the
heterogeneous catalyst depends on its surface area and theohawpport. At this
point, the main problem for this. catalyst system is normallgtedl to the mass-
transfer limitation effect due to pore size of the catalyists Tan inhibit the diffusion

of polymer molecule during hydrogenation process (Masayuki et al., 1999).

Chang and Huang (1998) studied the hydrogenation of polystitede-
polybutadiendslock-polystyrene  thermoplastic  elastomers (SBS rubbers) using
palladium catalyst supported on alumina o). The palladium particles were
prepared by impregnating palladium (I) acetate (P&@@BO)) in Al,O3; supports.
The reactions were carried out at 3.4 MPa and temperature gefngyim 80 to 180°C.
The results of catalytic performance on hydrogenation showed tttvityaof SBS
microstructures in the order vinyl-1,2trans-1,4 > aromatic. Although the increase in
the reaction temperature promotes the reaction rate, it dedrémesselectivity to the
hydrogenation of olefinic microstructures. Since the reaction wasatled by both
chemical reaction and internal diffusion, the reactivity of SBS msbheas greatly
influenced by the metal dispersion-and pore diameter of the datafysout 15% of
aromatic microstructures of the SBS rubbers.were hydrogeaa®8%o conversion of

olefinic microstructures.

Masayuki et al. (1999) studied the hydrogenation of nitrile butadiene
rubber (NBR) catalyzed by pore-size controlled smectites) (8&t1 with palladium
(Pd) catalyst. At atmospheric pressure and at 5.1 MPa of hydithgemydrogenation
of C=C bonds of NBR polymers_proceeded by the Pd/SM catalydisnvesopores
larger than 60" A. When the mesopares of catalysts were sntiaéla 40 A; in
contrast, the reaction very slightly proceeded at atmosphersupeesnd very slowly
proceeds at 5.1 MPa of hydrogen, respectively. The reaction waslleohtrg the
pore sizes of catalysts, which determine the diffusion of the polymoé&ecules onto

the dispersed palladium particles within the pores.

Napida Hinchiranan et al. (2008) studied the hydrogenation of natural
rubber (NR) in the presence of palladium deposited on barium sulf#®a®Q). It
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was found that the structure of rubber product was formed as theakesompetitive
reactions: hydrogenation andis-trans isomerization. The level ofcis-trans
isomerization increased with increasing hydrogen pressut@ Sfp bar. Thérans-1,4
configuration of NR was more difficult to hydrogenate on the gstalurface than the
cis structure because of the higher sterichindrance and strustabdity. A
maximum hydrogenation level of ca. 9% was achieved at a temperature’Gf T8@
degree of hydrogenation tended to decrease when the reactionatmgeras higher
than 130C due to the predominance of the isomerization reaction which led to a
higher degree.of theans structure which was difficult to-hydrogenate. The increase
in the rubber coneentration reduced the catalytic activity for leatbtions due to the
entanglement of rubber molecules. The conversion of both reactions péswldd on
the solvent type used iIn the .reaction. It was found that hexane wasdste

appropriate solvent for the selective hydrogenation of NR catalyzed Ba$a.

2.4 Palladium Catalyst for Hydrogenation

Generally, group VI transition metals are widely used decades as
hydrogenation catalysts. The hydrogenation. efficiency of eachl nsevaried with
each substrate and supports. From the previous literatures, palladhereidremely
active catalyst for carbon-carbon double bond saturation, particutatiheipresence
of multiple-unsaturation because it is much more labile than oteisn(Ramesh et
al., 2000). Palladium metal has unique catalytic properties in both hoemgeand
heterogeneous reactions. For heterogeneous catalysis, palladisedias a catalyst
for oxidation and hydrogenation reactions. One of the most remarkablet@®ewd
palladium is the ability to dissociate and dissolve hydrogen. Atonydrogen
occupies the octahedral interstices between the palladium aftiothe cubic-closed
packed metal. Palladium can absorb up to 935 times of its own vatimarogen.
Depending on hydrogen partial pressure and temperature, a sbecaltep-hydride
is formed (Nitikon' Wongwaranon, 2006).
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Like other group VIII metals, palladium can be used for hydrogenation of
unsaturated hydrocarbons. Palladium shows the highest selectivitgsaf metals in
heterogeneously catalyzed semi-hydrogenation of alkynes aedesdito the
corresponding alkenes (Arnold et al., 1997). Activity of palladium fardwarbon
hydrogenation is based on the ability for the dissociative adsomgftiopdrogen and
chemisorption of unsaturated hydrocarbons... The chemisorption of alkenes and
alkynes is based on the interaction of the d-band of the palladietal with then-
bonding system of the unsaturated hydrocarbons (Pallassan&@0@|. Mittendorfer
et al., 2003). Industrially used catalysts for acetylene hydrtigenzontain relatively
low palladium content (<0.1% wt) and are supported on metal oxidesallik@na.
Palladium shows high activity but only limited selectivity and lbergn stability for
hydrogenation of acetylene. The limited selectivity is mainly duenhanced ethane
formation and the formation  of by-products like C4 and higher hydrocarbons.
Palladium shows a strong deactivation behavior because of hydrocaxtb@ar@on
deposits resulting to the requirement of a frequent exchange emeragion of the
catalyst in the hydrogenation reactor. Moreover, fresh or reggececatalysts show
high activity and consequently increase ethylene consumption anck reelectivity.
Furthermore, high activity of fresh or regenerated catabamises the overheating of
the reactor because of the exothermic hydrogenation reaciido(\Wongwaranon,
2006).

Sarkany et al. (1984) studied the hydrogenation of a mixture of 0.29%
mole acetylene (§1,), 0.44% mole hydrogen gas AHand ethylene (§H4) up to
100%, a so-call tail-end mixture, on palladium black and several #¥/Ahtalysts.
Hydrogenation of ¢H,4 increased with time on stream for all the,@¢-supported

catalysts. However, the opposite behavior was noted with palladium black.

Susmita et ‘al. (1992) studied the effect of reaction parametetieon
conversion of ‘nitrile rubber hydrogenation catalyzed by palladacgtate. They
reported that the level of hydrogenation increased with incigasaction time,
reaction temperature, hydrogen pressure and catalyst concentratvas. dtso found
that this catalyst was not selective to=NCgroup, but it was very effective to
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hydrogenate the —C=C- group located on the backbone of polymer. Th&umax
conversion at 96% could be achieved when the hydrogenation wasl carriat 333
K under 2.7 MPa of KHpressure and 0.54 mmol of catalyst concentration for 1 h in

acetone.

Jackson-and Shaw (1996) studied the competitive hydrogenation of phenyl
acetylene and styrene over Pd/C catalyst. They found thardlee in hydrogenation
of phenyl acetylene changed from zero-order to first-order atomjppately 60%
conversion. This behavior-was ascribed to catalyst surface bamige to saturate

with the hydrocarbon due to low concentration in solution.

Aramendia et al. (1997) studied the hydrogenation of citral witlaghialtn
catalyst supported on mixed 80:20 ZKIPO, and sepiolite from Vallecas (Madrid,
Spain). They investigated the-influence of reaction variables sud¢bngserature,
hydrogen pressure and the type of solvent in order to optimize theioedpidcess.
The solvent has a marked effect on the reduction rate. They fourtteéhaesence of
additives of Lewis acid type such as Fefokcreases the selectivity towards geraniol

and nerol.

Joongjai Panpranot et al. (2004) investigated and compared the
characteristics and catalytic properties of PA/MCM-41 and Pg(&italysts in terms
of palladium dispersion, catalytic activities for liquid-phase bgdnation of 1-
hexene and deactivation of the catalysts. High Pd dispersion was abserve
Pd/MCM-41 with large pore catalyst, while the other catalystsved relatively low
Pd dispersion due to significant amount of Pd being located out of the @otlee
supports. Based on CO chemisorption results, the catalyst actsétggsed to be
primarily related to the Pd dispersion and not to. diffusion limitasimce turnover
frequencies (TOFs) were nearly identical for all the gatalused in this study. In all
cases, leaching and sintering -of 'Pd caused ‘catalyst deastivalter 5 h bateh
reaction. However, compared to Pd/gi@ith a similar pore size, PA/IMCM-41

exhibited higher hydrogenation activity and lower amount of metal loss.
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2.5Fiber-Supported Catalyst

High-strength fibers used in advanced composites are prodwradite
same material or hybrid combination. The available fibers aremptcarbon, glass,
and aramid, but high-modulus polyethylene (PE), boron, quartz, ceramic ard new
fiber such as polytphenylene-2,6-benzobisoxazole) (PBO) are also counted as
industrial used fiber. These fibers can be grouped into three brogdrase carbon,
organic resin and inorganic compound. Within_each group, several classeg of hi
performance fiber materials have been developed to satisfy tlredessed criteria

of low density, high strength and high stiffness (Passarin Jongvisuttisun, 2004).

2.5.1 Boron Fiber

Boron fibers (Figure 2.4a) are proved to be good reinforcementgfar li
metal alloys, particularly when the fiber is protected byatiog of silicon carbide
(SiC) or boron carbide ¢&). The American space shuttle is composed of a skeleton
made up of more than 200 tubes in boron fiber-reinforced aluminum, but the very
high cost of the fiber has restricted much wider use. Mosthef applications
originally foreseen for boron fibers have been taken over by caitbens;falthough,
they are used in some sports goods. These fibers are limited iinptssible
temperature range, as reactions occur at the interface around 1 @0t€2!l and
Berger, 2001).

2.5.2 Silicon Carbide Fiber

Silicon carbide fibers (Figure 2.4b) are produced by a techniquiaston
process of boron fibers. They contain a passible reinforcement fon-mmaztiEx
composites such as titanium- and intermetallic-matrix comoslieese fibers are
based on materials which are readily available-and the substate®ither be
tungsten.wire or a carbon filament, which is less expensive.sHabéarge diameters,
140um, are made using-various chlorosilanes such aSiCH, which gives SiC ‘and
3HCI. The fiber produced has a mantle of silicon carbide, which, ircdke of a
tungsten core, is a pure SiC, whereas carbon can be includedmauiie if a carbon
core is used. Carbon can migrate to the fiber surface whichyicase, is further
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modified to prevent loss of fiber properties during composite manufadteefibers
produced by Textron are known as S&€8Aawner, 1988), wheme is the number of
microns of surface coating added. onto the diameter. The variabbnthe
silicon/carbon content of this layer are closely controlled to pesptimum fiber
protection for different matrices so that'the SCS-6 fiberes s being particularly
attractive for titanium-matrix composites. These SiC fibeesseh very good
mechanical properties with.a Young’'s modulus greater than 400 GPa,rabd uaed
at high temperatures around 1,000°C. Similar SiC fibers, a tungstenscarade by
DERA in the United Kingdom. These fibers have a diameter ofub®@Bunsell and
Berger, 2001).

2.5.3 Carbon Fiber

Carbon Is an important support material in heterogeneous dstalys
particular for liguid-phase catalysis. Activated carbon made fratural materials is
used widely in this aspect. ‘The reproducibility as well as rthieroporosity of
activated carbon has often hampered the catalyst development. Cadysr(Filgure
2.4c) can be produced on a large scale in a reproducible manner wjitie wptions
to steer the metal-support interactions, lyophilicity and textGeus and de Jong,
2000).

Carbon fibers (CF) made by carbonization of bamboo fibers weréshe f
filaments used in Edison’s incandescent electric lamps, but they &dremely
brittle and rapidly replaced by tungsten wire (Sitting, 1980). rblage adopted in the
United States in the 1950s and early 1960s for producing fibers fronexhdightest
element after boron was to use fibers regenerated from cellulose. &hpoved that
a slow process gave the carbon yield is only 24%. However, such fioers
interesting for their thermal conduction properties.and are séitl us carbon-carbon
heat shields. and brake pads (Kaverov et al., 1995). The approach takesain G
Britain and Japan used polyacrylonitrile (PAN) fibers as'precursors fangiearbon
fibers. An alternative route for making carbon fibers is frpitch obtained either

from the residue of oil refining or the coking of coal process.
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Figure 2.4  Various types of fibers; (a) boron fiber (b) silicon carb{8eC) fiber
and (c) carbon fiber (CF).

CF, alternatively graphitéber or carbon graphite, is a material consisting
of extremely thin fibers about 0.005-0.010 mm in diameter and mostly composed of
carbonatoms. The carbon atoms.are bonded together in microscopic itystablre
more or less parallely aligned to the long axis of the fiber. drigstal alignment
makes the fiber very strang for its size. Several thousand carens fare twisted
together to form a yarmwhich may be used by itself or woverio a fabric (Serp et
al., 2003). The density of carbon fiber is also considerably lower tarof steel.
Thus, it is ideal to use it for applications requiring low weidle properties of CF
such as high tensile strength, low weight, and low thermal expansi@ttiactive for
aerospace, civil engineering, military, and motorsports, along whtr aompetition
sports. Moreover, it is very strong under stretching or bending. Howévées
relatively expensive when it is compared to similar matesalsh as fiberglass or
plastic. It is also weak when it is compressed or exposed to high shock.

Rodriguez et al. (1994) published an article in which they used fibers
grown from synthesis gas and iron as the catalyst at terapsgadf 873 K.
Introduction of an active phase (Fe or FeCu) onto the CF was done wiaigient-
wetness technique, followed by calcination and reduction. In comparisibhn w
alternative supportg{alumina and activated carbon), the FeCu/CF catalyst displayed
an order of magnitude higher activity for ethylene hydrogenafidre authors
ascribed that this activity increased a unique metal-support ¢hiterabetween the

Fe—Cu particles and the basal-plane regions of the CF.
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Park and Baker (1999) focuses on the use of platelet type fibersrexpos
exclusive graphite edge sites. Using a phosphorus-based treajpneierential
blocking of so-called armchair faces occurred. Deposition of nickeltbatmodified
CF was enabled to promote the active of the nickel particles for hydrageobtight

alkenes reside on the zigzag faces.

2.6 Literature Reviews

Some previous works used CF as the support for hydrogenation to reduce
the effect of mass-transfer limitation of the porous heterogereadaky/st. CF is the
innovative material that has potential to be used as the casalygort (Serp et al.,
2003). To compare with activated carbon, carbon fiber presents a high specifie surfac

area without micraporasity, preventing mass transfer limitations.

Pham-Huu et al. (2001) studied the hydrogenation of the carbon-carbon
double bond in cinnamaldehyde using palladium catalyst (5% wt) sepport
carbon nanofiber. Palladium particles were homaogeneously depositdte aruter
surface of the carbon nanofibers by the classical incipiethess impregnation
method. About 91% conversion of cinnamaldehyde to hydrocinnamaldehygle wa
achieved ‘at a reaction temperature of around 80°C, under continuous kydroge
flowing at-atmospheric pressure. For comparison, the  catalytic was also
performed over the commercially available activated charagapsted palladium
catalyst (5% wt) under the same reaction conditions. About 60% camveos$i
cinnamaldehyde to" 3-phenyl propanol was _achieved (corresponding to the
hydrogenation “of both C=C and C=0O bonds). It showed that the absence of
microporosity in the carbon nanofibers favours both the high activity eledtisity
which is confirmed by comparison with the commereially avdaactivated charcoal

supported palladium catalyst.

Joannet et al. (2002) studied the use of palladium supported on filamentous
active carbon as effective catalyst for liquid-phase hydrogemat 2-butyne-1,4-diol
to 2-butene-1,4-diol. They have reported that activated carbon fib@E)(h the
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form of woven fabrics were suitable supports for the preparation rottsted
palladium-based catalysts. Dispersion of metallic Pd up to 43%Mbtasmed after Pd
deposition via ion exchange from aqueous solutions. The activity of FdzAtalysts
were tested in the 2-butyne-1,4-diol hydrogenation towards 2-butene-1,diol
agueous solutions at 0.6 MPa of pressure at 30°C for 1 h. It was found that the

hydrogenation conversion was achieved to-80% with 97% selectivity.

Semagina et-al.-(2007) studied the hydrogenation of 1-hexyne using
palladium catalyst (0.45% wt) supported on active carbon fiber. Monodspers
palladium nanoparticles were prepared via modified microemulsiotnocheand
deposited on active carbon fibers by impregnation method. The e&jecticatalyst
for changing 1l-hexyne to be 1l-hexene was higher than 96% with 90%rsionve
when the reaction was carried out under 1.3 MPa of hydrogen pres80f€ain the

presence of n-heptane.



CHAPTER Il

EXPERIMENTAL AND CHARACTERIZATION

3.1 Materials

Butadiene rubber (BR, 97.5%s-configuration) was received from BST
Elastomers Co., Ltd.~(Bangkok, Thailand). Nitrile butadiene rubberR)NBf
Krynac® 3345F grade (33+1% ACN) obtained from Bayer Elastomers S.A. (Brance
Natural rubber (NR, STR~5L) was provided from Thai Hua Chumpon ruBber
Ltd. (Samutsakorn, Thailand). The compositions of BR, NBR and NR were
summarized in Appendix A. Carbon fiber (CF) was purchased from F&ibes
Limited Partnership (Bangkok, Thailand). The characteristic ofM@s summarized
in Appendix B. Palladium acetate was obtained from Sigma-Ald{&teinheim,
Germany). The 99.99% hydrogen gas;)(Hor hydrogenation experiments was
supplied from Praxair Inc. (Samutprakarn, Thailand). Hexane from B&miCals
(Ulsan, Korea), monochlorobenzene from RCI Labscan Limited (Thailadthxene
from Fluka (Steinheim, Germany), benzene from Panreac (Barce®pain),
acrylonitrile- . from Aldrich (Steinheim, Germany), nitric- acidorh J.T.Baker
(Thailand) and acetone from J.T.Baker (U.S.A.) were all reagede grad used as

received.

3.2 Catalyst Preparation(Bussard, 2008)

For. impregnation of palladium (Pd), the surface of carbon fibe) (&5
firstly treated by boiling in deionized water ca. 30 min. Thewa$ immersed in 5%
ag. nitric acid (HNG@) for 6 h at 80°C under reflux. The resulting fiber was rinsed
again hy. deionized water and dried overnight at 80°C." Palladiuma¢é}ate
(Pd(OAc))" dissolved in acetone was' loaded onto "the “surface-treated CF by

impregnation method and then also dried at 80°C for 2 h.
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3.3 Hydrogenation Process

The desired amount of rubber was dissolved in 150 ml of organic solvents.
The rubber solution was transferred into the saturation unit (Figurendilg¢, Pd/CF
catalyst (the length of each pieces of CF . supporter was ¢a) Wva&s loaded into the
high pressure reactor for hydrogenation unit. To.ensure that oxygda thsi reactor
and the reactant was removed, the-rubber solution was bubbling bygpagdingen
gas at 21 bar followed- by eontinuously purging for 30 min. The reacioiaining
catalyst was also purged with hydrogen gas at 7 bar for 30 mihydrogenate the
rubber, the hydrogenation reactor containing catalyst was héatéite required
reaction temperature. Subsequently, theséturated rubber solution was transferred
from the saturation unit to the hydrogenation reactor and thesupia=d to the target
reaction pressure when the reaction temperature was constanty Bynlnogenation,
the solution was stirred at a constant agitation rate at 600 api diven reaction
time. When hydrogenation was ceased, the reactor was cooled dowrtadyst geas
isolated from the resulting product by centrifugation. The hyelated product was
precipitated in ethanol and then dried at 50°C.

Saturation unit

Hydrogenation unit

themocouple

Fater

Figure 3.1 Experimental apparatus for hydrogenation.
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3.4 Characterization Methods
3.4.1 Characterization of Catalyst

3.4.1.1 Scanning Electron Microescope (SEM)

The surface morphology of carbon. fiber (supporter) and palladium
particle-distribution morphology of catalysts (Pd/CF) were studigdscanning
electron microscope (SEM). SEM images were obtained using a JS®L6400
SEM.

3.4.1.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was used to determine dhéent of
palladium of catalysts (Pd/CF). TGA was performed on a Pdtkimer TGA. The
temperature increased under air atmosphere from 40 to 1,000°C atantbestting

rate of 10°C/min.

3.4.1.3 X-ray diffraction method (XRD)

The oxidation state and structure form of palladium deposited on carbon
fiber was evaluated by X-ray diffraction method (XRD). XRDt@ais were obtained
using a D8-Discover, Bruker.

3.4.2 Characterization of Hydrogenated Products

3.4.2.1 Fourier Transform Infrared Spectroscopic Analysis (FTIR)
Infrared spectra were collected on a Thermo 470 FTIR spectrnoriéee
hydrogenated products were prepared by casting as films on potabsomide

plates.

3.4.2.2'H-NMR Spectroscopic Analysis

The degree of hydrogenation was determined'MisNMR spectroscopic
analysis*H-NMR spectra were recorded on the solutions of the rubber in aCl
using a Varian Mercury 400 MHz NMR spectrometer.
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3.5 The Degree of Hydrogenation Determination

The degree of hydrogenation of each experiment was evaluated using
'H-NMR spectroscopy. The peak area of saturated protonslf—@t 1.5 (NBR
only) and 1.2 ppm and +& at 0.8 ppm) was measured in order to calculate the
%hydrogenation of butadiene rubber (BR) and. nitrile butadiene ryblizR) using
Eg. 3.1:

Peak area of saturated ~CH,— and -CH
%Hydrogenation == 2L R RN W~ 100 (3.1)
Total peak area

The peak area of unsaturated protonsH=4 5.1 ppm, —€,— at 2.0 ppm
and -(H; at 1.67 and 1.60 ppm) was measured in order to calculate the
%hydrogenation of natural rubber (NR) using Eq. 3.2 and 3.3:

%Unsaturation = —Feaﬁ'iﬁfgai%;;ramd x 100 (3.2)
%Hydrogenation = 100 — %Unsaturation (3.3)

The example for %hydrogenation calculation is iflustrated in Appendix D.

3.6 Determination ofcis-trans Isomerization Level

The cis-trans isomerization was simultaneously occurred during natural
rubber (NR) hydrogenation catalyzed by Pd/CF. The levelsatrans isomerization
of NR was evaluated usiriti-NMR spectroscopy. The peak areas of methyl proton
of cis (1.67 ppm) andrans (1.60 ppm) structure were measured in order to calculate

the %cis structure and %rans structure of NR using Eq. 3.4 and 3.5:
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T — Peak area of cis structure x %Unsaturation  (3.4)

Total peak area of cis and trans structure

s illustrated in
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of Catalysts

The morphology-of carbon fiber (CE) and palladium (Pd) deposited on CF
was studied using a scanning electron microscope (SEM). Fglirehows SEM
images of CF-before (Figure 4.1a) and after surface treatment (Bidie It showed
that the surface of CF before and after surface treatmensmwaoth and there was no
pore appeared on.the surface of CF. After impregnation of Pd, Pdgmdfalarious

sizes were observed as shown in Figure 4.1c.

The oxidation state of Pd metal on CF catalyst was studied Xsmayg
diffraction method (XRD). Figure 4.2 shows XRD pattern of Pd/Chpamed via
impregnation method. Pd/CF ‘exhibited six peakstabf11.0°, 12.5° and 13.6°,
which ascribed as palladium (ll) acetate and 15.0°, 22.7° and 25.8°, whiettheer
peak characteristics of carbon fiber (Appendix C). Thus, the oaitatiate of Pd

catalyst was +2.

The content of Pd metal on CF was analyzed using thermograwmetri
analysis (TGA). Figure 4.3 shows TGA curve of Pd/CF catalysthowed that the
initial weight loss at the temperature range of ca. 130 to 24GYftrbe due to
acetate .content,. whereas degradation of CE was.occurred. enipe. of 400 to

720°C. Therefore, it was concluded that the residual weight of Pd metal was 5.3%.
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Figure 4.1
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Figure 4.2  XRD pattern of Pd/CF prepared with impregnation method.
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4.2 Hydrogenation of Small Molecules Catalyzed by Pd/CF Catalysts
4.2.1 Hydrogenation of 1-Hexene

The FTIR spectra of 1-hexene.and its hydrogenated produch@ne sn
Figure 4.4. The disappearance of the bands at 3,076 and 1,642iuento the
hydrogenation of =C-H stretching and C=C stretching. To confirm the FTIRgesul
typical ‘H-NMR spectraof 1-hexene before and after hydrogenationharensin
Figure 4.5. The hydrogenation led to the reduction of the peaks at 5.8, 5.0 and 2.1
ppm, which were assigned to =CH—CG+ and =C-CH~ groups, and the new peaks

was appeared at 1.8 and 0.9 ppm which were the characteristic signals for hexane

a | (a) ) e M :
et L o " A
=C=H stretching | [ Tiad )
T —
3,076 cm? ¥ |
Lo €=C stretching
T 1,642 cm
o lbl_. |-'e-'"-”. by 1'[ P
g 5 TP A MK, (ﬂv-"’—‘-'-.-ﬁlll"—_ﬂ—u"* ) ¥,
- \ )
5 z } ,' & L
[ bl s
5 | 4
!

] ‘
L

0

woo L I sk 3000 2500 2000 1500 woo 500
Wavenumbers (cm?)

Figure 4.4 _FTIR spectra of (a) 1-hexene and (b) hydrogenated product.
Hydrogenation condition: Pd catalyst = 0.05 g of 5.3% wt Pd/CF.(24.9
umol of Pd); 1-hexene = 100 mlHpressure = 14 bar; Temperature =
50°C; Time = 4 h (89.2% hydrogenation).
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Figure 4.5 'H-NMR spectra of (a) 1-hexene and (b) hydrogenated product
catalyzed by Pd/CF (89.2% hydrogenation).




33

4.2.2 Hydrogenation of Benzene

For benzene hydrogenation, the FTIR spectra of benzene before end aft
hydrogenation are shown in Figure 4.6. The peaks intensity at 3,034ssigned to
=C-H stretching and 1,478 éhassigned to'C=C ring stretching did not change after
hydrogenation’H-NMR spectra of benzene before hydrogenation compared to the
one after hydrogenation was shown in Figure 4.7. The peak of benzénk @mim
assigned to —-CH=CH-.group.did not change after hydrogenation. These ghaived
C=C bonds of:benzene ring could not be hydrogenated by using thisstaiader

studied reaction conditions.

50

=C-H stretching ' | _
« 3,034 cm! ==l €=C ring stretching

1478 cm? \\.I !
b
{_._’_.-w_ -'.1;{-‘,"‘“#-‘\"'6..'

T '.':""'
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- — = S —
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Wavenumbers (cm)

Figure 4.6 FTIR spectra of benzene (a) before and (b) after hydrogenation.
Hydrogenation condition: Pd catalyst = 0.05 g of 5.3% wt Pd/CF (24.9
umol of Pd); benzene = 100 mlkressure = 14 bar; Temperature =
50°C; Time =4 h.
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Figure 4.7 'H-NMR spectra of (a) benzene and (b) hydrogenated product
catalyzed by Pd/CF.
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4.2.3 Hydrogenation of Acrylonitrile

The FTIR spectra of acrylonitrile and its hydrogenated prodecslaown
in Figure 4.8. The bands at 3,068 and 1,609 @ssigned to =C—-H stretching and
C=C stretching of acrylonitrile were not appeared after hyaragon. The peak
intensity at 2,226.cth assigned to €N~ stretching did not change during
hydrogenation. NO new_peak assigned to N-H stretching also appetieed a
hydrogenation. This absence showed this catalyst had high seleitygrogenate
C=C bonds. A-typicalH-NMR spectrum of acrylonitrile was compared to that of
hydrogenated product as shown in Figure 4.9. The hydrogenation lediticgor in
the peaks of acrylonitrile at 6.2-6.0 and 5.6 ppm, which were assigre&€t and
=CH- groups, respectively. The new peaks at 2.3 and 1.2 ppm atrikat

propionitrile were also appeared in the hydrogenated product.

6o

o gl bl‘;.‘un_-’.—- e _\__.‘1; o st i r \N - — : —
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Figure 4.8 «FTIR spectra of (a) acrylonitrile "and "(b) hydrogenated product.
Hydrogenation condition: Pd catalyst = 0.05 g of 5.3% wt Pd/CF(24.9
umol of Pd); acrylonitrile = 100 ml; Hpressure = 14 bar; Temperature
=50°C; Time = 4 h (46.9% hydrogenation).
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(a) H,C=CH-CN

H,C-CH,~CN
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q shift:(ppm)
Figure 4.9 'H-NMR spectra of (a) acrylonitrile and (b) hydrogenated product
catalyzed by Pd/CF (46.9% hydrogenation).
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4.3 Hydrogenation of Macromolecules Catalyzed by Pd/CF Catalysts
4.3.1 Hydrogenation of Butadiene Rubber

Butadiene rubber (BR) is a diene elastomer. It is syntheesimem
polymerization of butadiene monomer, which. contains two carbon-carbon double
bonds. Like most diene elastomers, BR has carbon-carbon double bonds in its
backbone chain. Palladium catalyst has been reported to be ancatéilyst for the
selective hydrogenation of carbon-carbon double bonds (Ramesh et al., 2000). |
order to investigate the ‘hydrogenation of butadiene rubber in thgemqre of
palladium catalyst in detail, comprehensive kinetic studies Hm& $ystem were

undertaken.
4.3.1.1 Structure Characterization Using FTIR and NMR Spectroscopy

The structure of hydrogenated butadiene rubber (HBR) is sinoilénet
structure of a polyethylene (Guo and Rempel, 1990). FTIR specthatatliene
rubber before and after hydrogenation are illustrated in Figae The characteristic
FTIR spectrum of HBR product indicated that the C=C stretcHir&p6 cnit), C—H
wagging of vinyl group (991 and 913 &jnand C-H wagging itis-alkene (739 cm
') disappeared while the intensity of the peak at 773 eutributed to —Cht

increased.

Figure 4.11 shows a comparison of the-NMR spectra of BR and HBR.
The characteristicH—NMR 'signal attributed to olefinic protons (5.4 ppm) and
unsaturated -Cjt+ (2.1 ppm), tended to be decreased; while the new signals,
saturated -Ch- (1.2 ppm) and -Cg (0.8 ppm), were observed after the
hydrogenation process. The actual degree of hydrogenation forxgzerineent could
be calculated from the peak areas at 1.2 and 0.8 ppm and the summatiak areps
between 5.4 and 0.8 ppm as described in Appendix D.



38

=

‘l\!
I

\\///2

Y ’ I'""_.:

Y%Trans

f & vinyl

[=]

g j u"|' ?

ﬁﬂﬂ?ﬂﬂﬂﬁwm&

N e

QW’TMT]WWWW]H’]&”EJ

Figure 4.10 FTIR spectra of (a) BR and (b) HBR catalyzed by Pd/CF (70.4%
hydrogenation).
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4.3.1.2Kinetic Experimental for Butadiene Rubber Hydrogenation

All kinetic data for the, BR hydrogenation using palladium catalys
supported on carbon fiber (Pd/CF) was. obtained using the high pressci@.rea
Figure 4.12a shows the olefin conversion profiles and corresponding Infquidkse
BR hydrogenation carried out in the high pressure reactor. Thitoreaate equation
corresponds to a pseudo first order reaction rate model with raspéctible bond

concentration, [C=C], as'shewn in Eq. 4.1:

/ A[C=C] _ k're=cj (4.1)
dt

where k’, the pseudo-first-order rate constant. The hydrogen coneanot
indicates that the reaction was apparently first-order in thiéna substrate, which
according to Eq. 4.2 can be expressed in terms of the conversion of ateshtur
double bonds (extent of hydrogenation), X, as:

In(1-x) = - k't (4.2)

where t is the reaction time. Figure 4.12b shows a linear pla{ b)) versus time (t)

for the BR hydrogenation. The pseudo-first-order rate constant is ribedily
determined from the slope of the corresponding line. The kinetcalaxperiments

are provided in - Table 4.1. From Figure 4.12a, above 60 min, the slope of %
conversion to time tended to be non straight linear because thesiEs/ef catalyst
were covered with rubber molecules resulting in_the deactivatiorcatdlyst.
Moreover, the active sites of catalyst were covered with rubtmecules cause a
decrease.in the dispersion of catalyst in system; therdftgedegree of conversion
was incomplete (lower 100% conversion) because the reaction wasultlitd

happen.
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Figure 4.12 Hydrogenation profile of BR obtained from high pressure reactpr: (a
olefin conversion profiles and (b) first-order In plBd catalyst = 29.9
umol; [C=C] = 93 mM; H pressure = 55 bar; T = 130°C in hexane.
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Table 4.1 Kinetic data of BR hydrogenation catalyzed by Pd/CF
Exp [Pd] [BR] P42 Temperature Time Hydrogenation k™ x 10°
" (umol) (mM)_ (bar) C) (h) (%) (sh)
1 29.9 93 1) 120 Q05 28.0 -
2 29.9 93 55 120 0.50 33.9 -
3 29.9 93 59 120 0.75 42.3 -
4 29.9 93 p5 120 1 43.9 -
5 29.9 93 55 120 2 46.7 -
6 29.9 93 B 120 4 47.9 -
7 29.9 93 55 120 8 49.7 -
8 29.9 93 96 120 42 51.0 -
9 29.9 93 63 120 24 54.7 1.90
10 29.9 93 5 ) 130 0.25 20.5 -
11 29.9 93 55 130 0.50 33.7 -
12 29.9 93 55 130 0.75 34.5 -
13 29.9 93 55 130 1 42.7 -
14  29.9 93 55 130 2 46.1 -
15 29.9 93 5% 130 4 50.4 -
16 29.9 93 53 130 8 54.8 -
17 29.9 93 a5 130 12 56.3 -
18 29.9 93 55 130 24 70.4 1.68
19 29.9 93 59 140 0.25 13.5 -
20 29.9 93 55 140 0.50 37.8 -
21 29.9 93 55 140 0.75 39.5 -
22 29.9 93 55 140 1 40.2 -
23 29.9 93 55 140 2 44.2 -
24 299 93 55 140 4 51.1 -
25 29.9 93 55 140 8 53.3 -
26 29.9 93 55 140 12 56.0 -
27 29.9 93 55 140 24 57.1 1.72
28 29.9 93 55 150 0.25 33.6 -
29 29.9 93 55 150 0.50 43.7 -
5D Y B 93 85 150 0.75 44.6 -
3l 29.9 93 55 150 i 45.3 -
32 29.9 93 55 150 2 46.7 -
33 29.9 93 55 150 4 48.2 -
34 _ 29.9 93 55 150 8 5.2 -
3b 29.9 03 55 150 12 50.9 -
36 29.9 93 Bh 150 24 53.7 413

Solvent = hexane.
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4.3.1.3 Various Effect for Butadiene Rubber Hydrogenation

4.3.1.3.1 Effect of Reaction Temperature

A series of experiments were carried out over the temperatuge of 120
to 150°C. The reaction conditions were maintained constant at 0.06 g of 5.3% wt
Pd/CF (29.9umol of Pd), 93 mM of rubber concentration in hexane, and 55 bar of
hydrogen pressure for 24 h.-As illustrated in Figure 4.13, the deghgel@igenation
increased with increase in-the temperature from 120 to 130°C. Above 130°C, the
degree of hydrogenation tended to decrease because the hydwmyesathe
exothermic reaction. However, the low reaction temperature mahie sufficient to
overcome the activation energy and caused the very low converdiydraigenation
(Napida Hinchiranan et al., 2008). The Arrhenius plot is. shown in Figjdre The
apparent activation energy calculated from a least squaressiegrasalysis of In k
versus 1/T was 4.83 kJ/mol. Nevertheless, the low apparent eneaginaition may

be due to an influence of mass transfer (Joannet et al., 2002).
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Figure 4.13 Effect of reaction temperature on the degree of hydrogenatioiRof B
Pd catalyst = 29.9umol; [BR] = 93 mM; H pressure = 55 bar in

hexane; time = 24 h.
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Figure 4.14 Arrhenius plot for the BR hydrogenatioRd catalyst = 29.Qumol;
[C=C] = 93 mM; K pressure = 55 bar in hexane.

4.3.1.3.2 Effect of Hydrogen Pressure

In order to- investigate the effect of hydrogen pressure on the
hydrogenation degree of BR, a series of experiments in whichytireden pressure
was varied over the range of 28 to 69 bar was investigated. This effqualladium
catalyst loading (0.06 g of 5.3% wt Pd/CF = 2f@rBol of Pd), reaction temperature
(130°C), rubber concentration (93 mM) and reaction time (24 h) wereckeptant.
The results of these experiments (Figure 4.15) indicated tmatdegree of
hydrogenation increased with increasing the hydrogen pressure fram 2B bar.
Above 55 bar,-the hydrogenation level tended to decrease becausefdice sdir
palladium was saturated with hydrogen atom and there was nocyafanthe
chemisorption-of .earbon double bonds in the rubber. structure for hydrogenation
(Napida Hinchiranan et al., 2008).
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Figure 4.15 Effect of hydrogen pressure on the degree of hydrogenation of BR.
Pd catalyst =29.9mol; [BR] =93 mM; T = 130°C in hexane; time =
24 h.

4.3.1.3.3 Effect oRubber Concentration

The effect of rubber concentration on the degree of hydrogenation of BR
was investigated by varying the rubber concentration as showiguneF4.16. The
range of rubber concentration was 46 to 185 mM in hexane. The othépmeac
parameters were kept constant at 0.06 g of 5.3% wt Pd/CFp@@Bof Pd) and 55
bar of hydrogen pressure at 130°C for 24 h. The result indicatetiyiieogenation
increased with-increase in the concentration from 46 to 93 mM. Above 93tmeM
degree of hydrogenation tended to decrease because this resighdribe controlled
by active site of catalystdoreover, an increase in the concentration of rubber causes
a decrease in'the mobility ‘of catalyst due to‘the increafigei viscosity of solution,

resulting.in a decrease in the degree of hydrogenation.
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Figure 4.16 Effect of rubber concentration on the degree of hydrogenation of BR.
Pd catalyst =29.amol; H; pressure = 55 bar; T = 130°C in hexane;
time = 24 h.

4.3.1.3.4 Effect ofCatalyst Concentration

In this series of experiments, the Pd catalyst concentrationaviesl over
the range of 0.03 to 0.12 g of 5.3% wt Pd/CF (14.9 to p®8l of Pd) at 93 mM of
BR and 55 bar of hydrogen pressure at 130°C in hexane for 24 hugtsailed in
Figure 4.17, the degree of hydrogenation increased with an iaciredke catalyst
concentration from 14.9 to 298nol. Above 29.Qumol, the degree of hydrogenation
tended to decrease. It might be explained that the increale ICF content caused
the obstruction of stirring resulting in poor ‘dispersion of catailysthe rubber

solution.
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4.3.2 Hydrogenation of Nitrile Butadiene Rubber
4.3.2.1 Structure Characterization Using FTIR and NMR Spectroscopy

The structure  of nitrile butadiene rubber (NBR) before andr afte
hydrogenation process was preliminarily characterized by redraspectroscopy
(FTIR) as shown in Figure 4.18. The FTIR spectra show chaisitigreaks at 969,
922 and 752 cih which-are" attributed to olefinic C-H bending of 1,4-trans, 1,2-
vinylic and 1,4-cis units, respectively decrease with hydrogenation. Bkargensity
at 2,230 crit assigned to €N stretching did not change with hydrogenation. No new
peak at around 3,500 ¢hassigned to' N=H stretching appeared after hydrogenation.
This absence shows that C=C.bonds were hydrogenated=butoGnds were not
hydrogenated in NBR molecules.

Figure 4.19 shows théH-NMR spectra of NBR and the polymeric
product obtained from hydrogenation in the presence of Pd/CF. For the podduct
hydrogenation, the characteristld~NMR signal referred to olefinic proton (5.5, 5.3,
5.1 and 4.9 ppm) and —-GH unsaturated (2.3 and 2.1 ppm) tended to be slightly
decreased; while the saturated peaks of ~QH.5 and 1.2 ppm) and —GKD.8 ppm)
increased._The signal referred to -HCCN- (2.6 ppm) did not change wi
hydrogenation.
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4.3.2.2 Various Effect for Nitrile Butadiene Rubber Hydrogenation

4.3.2.2.1 Effect of Hydrogen Pressure

In order to investigate the effect of hydrogen pressure on theaejr
hydrogenation of NBR, a series of experiments in which the hydrpgessure were
varied over the range of 28 to 55 bar were _carried out in monochlorobenkene. T
palladium catalyst loading (0.06 g of 5.3% wt Pd/CF = 261l of Pd), reaction
temperature (140°C), rubber concentration (47 mM) and reaction timk) (@ére
kept constant..The results of these experiments displayed in Bigréndicated that
the degree of hydrogenation increased with increasing the hydpogssure. Dong et
al. (2002) studied the hydrogenation of NBR in xylene using Rh—Ruysatdlhey
also found that the degree of hydrogenation increased with increttse fryydrogen

pressure.

50

40

30

20

%Hydrogenation

10

0 ! ‘ ‘
20 30 40 50 60

Hopressure (bar)

Figure 4.20 Effect of hydrogen pressure on the degree of hydrogenation of NBR.
Pd catalyst = 29.9umol; [NBR] = 47 mM; T = 140°C in

monochlorobenzene; time = 24 h.
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4.3.2.2.2 Effect of Reaction Temperature

A series of experiments were carried out over the temperaiuge of 130
to 150°C. The reaction conditions were maintained constant at 0.06 g of 5.3% wt
Pd/CF (29.umol of Pd), 47 mM of rubber concentration in monochlorobenzene, and
55 bar of hydrogen pressure for 24 h. As illustrated in Figure 4.21, tireedef
hydrogenation increased with increasing the temperature from 13M€.1About
46% hydrogenation was_achieved- under the temperature of 140°C. Howwyer,
degree of hydrogenation decreased when reaction temperature owes &D°C.
These results.were similar to the observation reported by Bbrd, (2002) who
studied the effect of bimetallic complex catalyst, Rh—Ru, folRNB/drogenation.
They found that the higher temperature (>140°C) could decreasectikigy aof
catalyst for hydrogenation.

4.3.2.2.3 Effect ofCatalyst Concentration

In this series of experiments in which the palladium catalystentration
were varied over the range of 0.03 to 0.09 g of 5.3% wt Pd/CF (14.9 tamél&f
Pd) was carried out in monochlorobenzene at 47 mM of rubber concentratiéb and
bar of hydrogen pressure; the temperature was 140°C for 24 h. Asildsin Figure
4.22, the degree of hydrogenation increased with increase in the catalysitaiie
from 14.9 to 29.9umol. Above 29.9umol, the degree of hydrogenation tended to
decrease. It might explain that the increase in the CF corteséd the obstruction of

stirring resulting to poor dispersion of catalyst in the rubber solution.
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Figure 4.21 Effect of reaction temperature on the degree of hydrogenatioBRf N
Pd catalyst = 29.9amol; [NBR] = 47 mM; H pressure = 55 bar in

monochlorobenzene; time = 24 h.
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Figure 4.22 Effect of catalyst concentration on the degree of hydrogenation
NBR. [NBR] = 47 mM; H pressure = 55 bar; T = 140°C in

monochlorobenzene; time = 24 h.
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4.3.3 Hydrogenation of Natural Rubber
4.3.3.1 Structure Characterization Using FTIR and NMR Spectroscopy

The structure of hydrogenated natural rubber (HNR) is simdathe

structure of an alternating ethylene-propylene copolymepittdaHinchiranan, 2004).
FTIR spectra of natural rubber (NR) before and after hydroigenate illustrated in
Figure 4.23. The characteristic FTIR spectrum of HNR prochdicated that the
C=C stretching(1,665-¢m and olefinic C-H bending (839 dntended to be
decreased; while the intensity of the peak at 769 attributed to ~Cht+ increased.
For NR and HNR with impurities (proteins), the weak transmittdvareds at 3,282
and 1,530 cmwhich are characteristic vibrations of >N=H and >N-C=0 (Aikedw
et al., 1992) remained after the hydrogenation process.

Figure 4.24 shows théi-NMR spectra of NR and the polymeric product
obtained from hydrogenation in the presence of Pd/CF. For the product of
hydrogenation, the characteristtel-NMR signal referred to olefinic proton (5.1
ppm) tended to be slightly decreased; while the saturated peakdef (1.2 ppm)
and -CH (0.8 ppm) were observed. THel-NMR spectrum also exhibited the
simultaneous side reactiortis-trans isomerization during hydrogenatiorhe
'"H-NMR signal at 1.60 ppm attributed to the methyl prototraris-1,4-polyisoprene
was adjacent to the signal at 1.67 ppm, referred to the methyl pobtois-1,4

configuration (Samran et al., 2005).
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Figure 4.23 FTIR spectra of (a) NR and (b) HNR catalyzed by Pd/CF (35.3%
hydrogenation).
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4.3.3.2 Various Effect for Natural Rubber Hydrogenation

4.3.3.2.1 Effect of Hydrogen Pressure

The influence of hydrogen pressure on the degree of hydrogenation and
cistrans isomerization of NR was studied.over the range of 28 to 55 Hardobgen
pressure. The palladium catalyst loading (0.06 g of 5.3% wt Pd/CF9ug®l of
Pd), reaction temperature (140°C),- rubber concentration (74 mM) andretoie
(24 h) were kept constant. The results of these experiments @idplayigure 4.25
indicated that.the degree of hydrogenation ésdrans isomerization increased with
increasing the hydrogen pressure. The mechanismci®frans isomerization
simultaneously oceurred during hydrogenation has been reported (diewtral.,
2005). It was explained that either abstraction or.insertion of ggdratom could
accompany the chemisorption of an unsaturated carbon double bond on thsitective
of the catalyst to form the allylie-complex ors-complex. The allyliet-complexation
requires abstracting the hydrogen atom; consequently, this is yossibirred at low
hydrogen pressure. In contrast, the use of high hydrogen pressures ¢hease
abundance of hydrogen atoms on the catalytic surface to poteritaity the o-
complex. Thes-complex may lead to the free rotation of the double bond, and then

the hydrogen atom is removed to result indisgrans isomerization.
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Figure 4.25 Effect of hydrogen pressure on the degree of hydrogenatiomisnd
trans isomerization of NRPd catalyst = 29.9mol; [NR] = 74 mM; T
= 140°C in hexane; time = 24 h.

4.3.3.2.2 Effect of Reaction Temperature

A series of experiments were carried out over the temperatuge 10f 130
to 150°C. The reaction conditions were maintained constant at 0.06 g of 5.3% wt
Pd/CF (29.9umol of Pd), 74 mM of rubber concentration in hexane, and 55 bar of
hydrogen pressure for 24 h. As illustrated in Figure 4.26, the deghgel@igenation
increased with increase in the temperature.from 130 to 140°C. Above 140°C, the
degree ‘of hydrogenation tended to' decrease because the imparitd3 might
deactivate catalyst at higher temperature (Rungnapa Tangtioag al., 2004).
However, the low reaction temperature might not be sufficient toconer the
activation energy and caused the very low conversion of hydrogenatiotisf@ns
isomerization, it was found that the degredrahs structure increased with increase
in the temperature from 130 to 140°C. Above 140°C, the degréard structure

also tended to decrease due to the deactivation of catalyst at higher tareperat
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Figure 4.26 Effect of reaction temperature on the degree of hydrogenatioosnd
trans isomerization of NRPd catalyst = 29.amol; [NR] = 74 mM,;
H, pressure = 55 bar in hexane; time = 24 h.

4.3.3.2.3 Effect ofCatalyst Concentration

In ‘this series of experiments, the palladium catalyst concemratas
varied overthe range of 0.03 to 0.09 g of 5.3% wt Pd/CF (14.9 tqu#¥bBof Pd) at
74 mM of rubber concentration and 55 bar of hydrogen pressure at 140°C in hexane
for 24 h. As illustrated in Figure 4.27, the degree of hydrogenatiorased with
increase. in the: catalyst .concentration.~ The -observation _indicatdd thb NR
hydrogenation system required the higher loading of catalyst beicapggties such
as proteins in NR might reduce the catalytic activity (Napidechiranan, 2004). For
cis-trans isomerization, it was found that the increase in the catabystentration
resulted to the lower degree tfans structure. It implied that this catalyst favor
hydrogenation.
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4.4 Stability of Catalysts

The stability of Pd/CF was also studied using thermogravimatrétysis

(TGA). TGA curves of 'ut.,__-\ : gnation reactiongffé 4.28) was
compared with that o e hy ion which contained 5.3% wd of P
(Figure 4.3). From Figur :_;,__ i i f Pd metal wés & thdicated
that the 26. 4@ @enaﬂon
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

5.1.1 Characterization of Catalysts (Pd/CF)

The-catalyst was prepared via impregnation method using pallgdiium
acetate as precursor.. The oxidation state of Pd catalyst2vdsie to XRD pattern
exhibited peaks até2of 11.0°, 12.5°, 13.6°, ascribed, to palladium (Il) acetate. The
content of Pd metal was 5.3% wton the CF as verified using TGA.

5.1.2 Hydrogenation of Small Molecules Catalyzed by Pd/CF Catalysts

The hydrogenation of small. molecules (1-hexene, benzene and
acrylonitrile) catalyzed by Pd/CF. It indicated that the PdA@E an effective catalyst
for 1-hexene hydrogenation towards hexane at high conversions. Whédreas
—C=C- group of benzene was not hydrogenated possibly due to thktystaioi
aromatic structure. Moreover, this catalyst could not hydragdnaC=N group of
acrylonitrile;-while, it showed the high selectivity for hgdenation of -C=C- group

of acrylonitrile.

5.1.3 Hydrogenation.of Macromolecules Catalyzed by Pd/CF Catalysts

5.1.3.1 Butadiene Rubber (BR)

Pd/CF has been used as the catalyst for the hydrogenation of BR. The
NMR results of the hydrogenated BR products indicated that 70.4Fodenation
was achieved in 24 'h using 29itol of palladium catalyst at temperature of 130°C
under 55 bar of hydrogen pressure. The Kkinetic results indicated thleat
hydrogenation followed the pseudo first-order. The apparent activatengyeof BR

hydrogenation was calculated as 4.83 kJ/mol.
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5.1.3.2 Nitrile Butadiene Rubber(NBR)

A palladium catalyst (Pd/CF) prepared in this experiment®itatalytic
activity and selectivity in the hydrogenation of NBR to prodadeg/drogenated NBR.
The FTIR results of the hydrogenated NBR confirmed that Pd/CRalideduce the
—CN group. The degree of hydrogenation' of NBR can be 46.4% atioreac
temperature 140°C, 47 mM of rubber concentration and g8l of Pd catalyst

under 55 bar of hydrogen pressure.

5.1.3:3 Natural Rubber(NR)

The cistrans isomerization was simultaneously occurred during NR
hydrogenation catalyzed by Pd/CF. The degreei®frans isomerization increased
with increasing hydrogen pressure up to 55 bar. The maximumdwgmation level at
ca. 35.3% was achieved at 140°C. The degree of hydrogenation tended to be
decreased when reaction temperature was higher than 140°C ypahsibito the
exothermic heat of reaction. The increase in catalyst condenteatded the catalytic

activity of hydrogenation but.reduced the catalytic activitgistrans isomerization.
5.1.4 Stability of Catalysts (Pd/CF)
The stability of Pd/CF was studied using TGA. It showed thatahe&ots

of palladium before and after hydrogenation were 5.3 and 3.9% wt,ctegbe
Thus, it indicated that the loss of Pd metal on CF after hydrogenation was verified.
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5.2 Recommendations

A further study for the hydrogenation of diene elastomers shbeld

concerned with the following aspects:

1. Effective Separation and -Recovery for Palladium Catalystr afte
Hydrogenation Process of Diene Elastomers.
Studied the effective separation and recovery techniques to dethease

loss of palladium catalyst because palladium was very expensive.

2. Effect of Impurities in Diene Elastomers on Hydrogenation Process.

The presence of impurities such as proteins and lipids in dieneretas
results in a dramatic decrease in hydrogenation level. Thetigagon of impurity
components in the diene elastomers should be carried out to undersiaedeliot of

impurities on the hydrogenation reaction.
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Appendix A

Overall Compositions of Rubbers

Table A-1Butadiene RubbdBSTE BR 1220)

73

Properties

Test Results

Volatile matter (%)

Cis content (%)

Ash content (%)

Raw Mooney viscosity @ 100°C (ML1+4)
Compound Moaoney viscosity- (ML1+4)
Tensile strength, 35 min. (MPa)
Elongation, 35 min. (%)

300% modulus @ 145°C, 35 min. (MPa)

0.06
97.5
0.01
44.0
65.0
16.4
410
10.7

Table A-2 Nitrile Butadiene Rubber (Kryn&s3345F)

Properties

Test Results

Mooney viscosity ML (1+4) @ 100°C
ACN (%)

Ash content (max, %wt)

Volatile matter (max, %wt)

Density (g/cr)

45+5
33+1

0.70

0.50
0.97

Table A-3 Dry Natural Rubber (STR~5L)

Properties

Test Results

Dirt content (%wt)

Ash content (Yowt)

Volatile matter (%owt)

Nitrogen (%owt)

Plasticity retention index (min)

Mooney viscosity

0.04
0.40
0.80
0.60
60.0
59.2
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Appendix B

Characterl

tics of Carbon Fiber
Uy
Table B- 1Carbon§ /ﬂersmp, Thailand)

Tensile strength ..H" 3.4
Tensile modulus (GP3 \ ' w235
Elongation (% 1.3
Density (g/cn) -. 1.8
Filament co | — \ 000 or 6,000
Filament diam 6.8
Specific he 0.17
Thermal conductivi - o 17

o 1.5 x 16°

Resistivity Q2cm) "

All properties are

ﬂ‘LlEJ’JﬂEIVI?WEﬂﬂ'i
QW’]Mﬂ’iﬁUﬁJW]’mmﬂﬂ



Appendix C

The Database of XRD Pattern

Table C-1XRD pattern o palladiu ' ) acetate

A1
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Paitern : D0-018-1502

CyH:OsPd —
IPA{CHICO0) — 1’




Table C-2XRD pattern of carbon (Carbolite)
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Curality ; Indexead

VRN

S8FOM : FE=13{0.017327)




Table C-3XRD pattern of carbon (Graphite)
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£.6.; Cmmm  (ES)

o= 4 5500

b= 533400
o= 583500
ab= 084833 Z=
ch= 111080

ICED eollection code;: 0BE312 f
Hypothetical strugture: Struciure calculaled theonsl)
Remarks from ICSD/CSD0; REM K Piase gn 3
Test from ICS0: Mo R value given, (
Test from ICED: Al least one TF missing.
Cancel:

Data collection flag: Ambient,

Lambda - 1.54D60

o)

SEFOM : FI0=435{0 0020 35)

=FMMO -0 X

de Lk b el = S = L PR N = =

PR L e = = LA N P
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Appendix D

Calculation by '"H-NMR

D-1 Butadiene Rubber

The degree of hydrogenation was evaluated u$dNMR spectra. The
peak area of saturated protons £ at 1.2 ppm and -€; at 0.8 ppm) was
measured in-order to calculate the %hydrogenation of butadiene ruld®eugig
the formula:

Peak area of saturated ~CH.~ and -CH, "

SoHydrogenation = - o e AL 100
Total peak area

For example:

6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (ppm)
Figure D-1'H-NMR spectra of HBR

a = peak area of olefinic proton
b, c = peak area of unsaturated -€H
d = peak area of saturated —-cH
e = peak area of saturated -CH
%Hydrogenation = [(33.15+6.32)/(1+6.44+9.16+33.15+6.32)] x 100

=704
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D-2 Nitrile Butadiene Rubber

The degree of hydrogenation was evaluated u$gNMR spectra. The
peak area of saturated protons k=€ at 1.5, and 1.2 ppm and Hgat 0.8 ppm) was
measured in order to calculate the %hydrogenation of nitrile budigber (NBR)
using the formula:

Peak area of saturated ~CH_=and -CH,

%Hydrogenatiof =&+ 1 —— x 100
Total peak area

For example:

| =

|

I
a ~ l‘l |||I |
|rl Fl L !J | "uil || || "
I\ WAV
e T A VRN .
= - S

T T - L) T T L3 T T T T T T T T T T - T T T T T | T T
6.0 5.0 4.0 3.0 2.0 1.0 0.0

Chemical shift (ppm)
Figure D-2'H-NMR spectra of HNBR

= peak area of olefinic proton

= peak area of saturated ~-HCCN-

a
b

c = peak area of unsaturated -£H
d = peak area of saturated —SH

e

= peak area of saturated -CH

%Hydrogenation =[(2.38+0.26)/(1+2.05+2.38+0.26)] x 100
=46.4
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D-3 Natural Rubber

The degree of hydrogenation was evaluated u$gNMR spectra. The
peak area of unsaturated protons K@t 5.1 ppm, —€,— at 2.0 ppm and —-&; at
1.67, and 1.60 ppm) was measured in order to calculate the %hydrogenation of
natural rubber (NR) using the formula:

% Unsaluration = 122 kTif[Z—?-%T:?;med x 100

%Hydrogenation = 100 — %Unsaturation

The peak areas of methyl protonas$ (1.67 ppm) andrans (1.60 ppm)
structure were measured in order.to calculate tloes®tructure and % ans structure

of NR using the formula:

. eak area of cis tu )
% cis structure = - E PX L, Df_‘s :a_:tmc:_ 8 W ¥ %Unsaturation
Total peak area of cis and trans structure

% trans structure = %Unsaturation — % cis structure

For example:

a = peak area of olefinic proton

b = peak area of unsaturated —-SH

c = peak area of methyl proton

C1 = peak area of methyl proton @ structure

C = peak area of methyl proton twéns structure

d = peak area of saturated -€H

e = peak area of saturated -CH

%Unsaturation = [(A+5.27+6.39)/(1+5.27+6.39+5.17+1.73)] x 100
=64.7

%Hydrogenation =100 - 64.7
=i35.3

% cis structure =[1.04/(2.04+0.45)] x 64.7
=45.2

% trans structure =64.7 - 45.2

=19.5
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Figure D-3 *H-NMR spectra of HNR



Appendix E

The Data of Rubbers Hydrogenation Catalyzed by Pd/E

Table E-1Butadiene Rubber

[Pd] [BR] P2 TemperatureTime  Hydrogenation

=XP- - (umol) _(mM)~(bar) (°C) (h) (%)
1 29.9 93 A5 120 24 54.7
2 29.9 93 5 o) 130 24 70.4
3 29.9 93 55 140 24 57.1
4 29.9 93 55 150 24 53.7
5 29.9 93 28 130 24 28.7
6 29.9 93 41 130 24 53.7
7 29.9 03 69 130 24 28.4
8 29.9 46 55 130 24 63.2
9 29.9 139 55 130 24 57.8
10 29.9 185 (545) 130 24 48.6
11 14.9 93 55 130 24 54.8
12 44.8 93 55 130 24 46.1
13 59.8 93 55 130 24 45.7

Solvent = hexane.

Table E-2Nitrile Butadiene Rubber

[Pd] [NBR] P2 Temperature Time  Hydrogenation

(umol)” “(mM)  (bar) (°C) (h) (%)
1 29.9 47 28 140 24 24.4
2 29.9 47 41 140 24 32.3
3 29.9 47 55 140 24 46.4
4 29.9 47 5 130 24 23.0
5 29.9 47 55 150 24 25.1
6 14.9 47 5 140 24 27.8
7 44.8 47 55 140 24 24.4

Solvent = monochlorobenzene
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Table E-3 Natural Rubber

Unsaturation
[Pd] [NR] P4, Temperature Time Hydrogenation (%)
Exp. ) Cis Trans
(umol) (mM) (bar) . (°C (%) structure structure
- (%) (%)
1 29.9 74 8.0 79.3 12.7
2 29.9 7 4.8 66.0 9.2
3 299 - 2 54.6 20.2
4 29.9 7 91.1 7.3
5 299 74 91.7 7.3
6 14.9 4 54.4 21.8
7 44.8 45.2 19.5
Solvent = h

ﬂumﬂﬂmwmm
ammnmumwmaﬂ
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