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CHAPTER |

INTRODUCTION

1.1 Chemical Modification of Diene-Based Polymers

Diene polymers such as natural rubber (NR), polyisoprene (PIP),
polybutadiene (PBD), nitrile butadiene rubber (NBR), and styrene-butadiene rubber
(SBR) are some of the most important commercial polymers. Due to the carbon-
carbon double bond in the polymer backbone, these polymers can be reacted with
other chemicals to produce alternative materials. In fact, the diene polymers are easily
degraded due to the carbon-carbon double bond. Thus, this degradation can change
the physical properties of polymers; for example, tensile strength, solubility,
resistance to chemicals, etc.

Chemical modification of polymers includes such reactions as crosslinking,
grafting, degradation, oxidation, isomerization, cyclization, etc. Its principal utility is
to produce desirable physical and chemical properties within the polymer that are
often difficult or impossible to achieve using standard polymerization techniques.
Polymers generally used as substrates for chemical modifications are unsaturated
polymers or polymers containing olefinic unsaturation within the polymer structure.
One of the most interesting methods for the chemical modification of polymers is to
introduce a functional group onto the backbone of polymers. McManus and Rempel
(1995) have reviewed the catalytic chemical modification reactions such as
hydrogenation, hydrosilylation, ‘hydrocyanation, hydrocarboxylation, hydroformyla-
tion, and hydroxymethylation for diene based polymers and copolymers.

The important- factors. involved in the catalytic. chemical modification of
polymers are: (i) the reactivity of the substance; (ii) the nature of the catalyst; (iii) the
reaction conditions employed; and (iv) the presence of functional groups in the
polymer substance (Mohammadi, 1987). Naturally, the reactivity of C=C
unsatuaration in the parent polymers is lower than of the simple alkene. This can be
explained by the nature of the polymer which has a higher steric hindrance. Moreover,
each polymer may consist of different types of isomer present in the polymer with
each isomer having different reactivity.



In general, catalytic systems are classified into two types, heterogeneous and
homogeneous catalytic systems. The heterogeneous system involves a mixture of
solid catalyst and liquid/gas reactant. The performance of the catalyst usually depends
on the available active surface area of the catalyst since the chemical reaction
proceeds via chemisorption of the reacting species on the catalyst surface. In
comparison, a homogenous system involves a single-phase reaction in which the
catalyst is dissolved in the liquid phase. Important factors for the reactivity of the
catalyst are the stability of the active species presented in the catalytic cycle, the
activity and stability of catalyst under reaction condition, and the presence of side
reactions.

For both catalytic systems, the reaction rate commonly depends on some
conditions such as temperature, pressure, reactant concentration, and stirring speed. In
the case of heterogeneous catalytic systems, the ease of separation of products from
the reaction system is the superior advantage when compared with a homogeneous
catalyst. However, in the case of polymer modification reactions, the reaction system
has a high viscosity. Accordingly, it is very difficult to separate the supported catalyst
from such a reaction system. Although a high thermal stability of catalyst is found,
severe reaction conditions are generally needed to achieve the reaction. With high
temperature, interactions occurring between the catalyst ad polymer may lead to
degradation and crosslinking of the polymer during the desired modification reaction.

The homogeneous catalytic system shows some advantages over the
heterogeneous system for chemical modification reactions. The advantages include (i)
the activity is achieved at relatively milder conditions; (ii) increased selectivity; (iii)
ease of controlling modification; ‘and (iv) ease "of study. In the case of the
heterogeneous catalytic system, many of the metal atoms beneath the active catalytic
surface do not _contribute the catalytic activity. Thus, in terms of activity per metal
atom, homogenous catalysts are generally-much more active. Heterogeneous catalysts
are insoluble solid catalysts, which usually have different types of sites. Even in the
pure metallic state the individual metal atoms maybe oriented in a number of different
environments. The variation of these sites can cause difference in steric and electronic
properties which may yield a variety of products. On the other hand, a homogenous
catalyst generally has only one type of active site. Thus, the selectivity and control of

the reaction is generally better.



Transition metal complexes have been extensively used as homogenous
catalysts. Due to Lewis-base ligands, especially phosphines and carboxylates, the
modification of transition metal complexes can be easily achieved and can lead to a

major improvement in catalytic reactivity, selectivity and stability.
1.2 Polybutadiene

Polybutadiene (PBD) or butadiene rubber (BR) is one of the most important
commercial polymers after poly(styrene-butadiene) and natural rubber in terms of
tonnage consumed. It is produced from the 1,3-butadiene monomer containing four
carbon atoms, and six hydrogen atoms (C4Hs). The four carbon atoms are in a chain

containing two double bonds.

CH,——=CH——CH=—=CH,

1,3-butadiene

Polybutadiene is made primarily by solution polymerization or emulsion
polymerization. Considering polymerization of butadiene, there are four basically
stereoregular forms of polybutadiene: cis-1,4-, trans-1,4- and 1,2-polybutadiene
(Barlow, 1993).

H H H\ CHZ__
cC=—=C C=—=C
/
—-HC CH T —H,C H
- -n - -n

cis-1,4-polybutadiene trans-1,4-polybutadiene
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H
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H > —
1,2-polybutadiene

By using different catalysts and/or solvents for polymerization, polybutadiene
can be formed used with varying proportions of the above forms. Cis and trans forms
are predominantly used in a number of applications. The trans form emerges as a
fibrous material, while the cis form is a rubber. The 1,2-content of the polybutadiene
also significantly influences its properties. It has been found that the 1,2- (vinyl)
content of the polybutadiene rubber directly affects abrasion properties.

The properties of polybutadiene rubber show some superiority to both natural
rubber and poly(styrene-butadiene) vulcanizates: abrasion resistance and groove
cracking resistance of tyres, low-temperature flexibility, heat aging resistance, high
resilience at low deformations, ozone resistance in static and dynamic, and ability to
accept higher levels of filler and oil with less deterioration in properties.

It has been indicated that cis-polybutadiene or polybutadiene rubber is a useful
blending material in the tyre industry. Because of its abrasion properties and low heat
build-up and its cost. More than a half of polybutadiene produced is used for blending
with poly(styrene-butadiene) in passenger-car tyres and with natural rubber in truck
tyres. It is also used as the toughening rubber in high-impact polystyrene.

Furthermore, it is used for producing playballs, children’s toys, etc (Morton, 1973).

1.3  Catalytic Hydroformylation and Hydroxymethylation

Hydroformylation is one of the oldest homogeneous catalytic processes still in
use today and it is responsible for producing the large amounts of aldehyde materials
resulting from a homogeneous transition metal-catalyzed reaction. Earliest, Otta
Roelen (of Ruhrchemie in Germany) successfully discovered the reaction to produce
aldehydes from alkenes and CO/H, mixtures by using a homogenous catalyst;
HCo(CO), (Crabtree, 1988; Spessard et al., 1966; Bhaburi et al., 1979; Trzeciak and

Ziolkowski, 1999). The catalytic hydroformylation of alkene is a reaction called the



‘oxo process’; the C=C bond is reacted with H, and CO resulting in the formation of
straight and branched chain aldehydes as shown by Eq. 1.1.

CHO

RCH=CH, + CO + H, ——®» RCH,CH,CHO + RCHCH; (1.2

The aldehyde product resulting from hydroformylation of olefins can be

reacted in a further reaction by addition of H, to give alcohol as shown in Eq 1.2.

O OH
RCH,CH,C-H '+ H, ——®  RCH,CH,CH, (1.2)

1.3.1 Hydroformylation and Hydroxymethylation of C=C
The hydroformylation of C=C in alkene leads to straight and branched chain
aldehydes illustrated in Eg. 1.1 and 1.2. Aldehydes are considered as industrially

important raw materials. Typical chemicals obtainable from aldehydes are shown in
Scheme 1.1 (Trzeciak and Ziolkowski., 1999).

ALDEHYDES
carboxylic
acids

Scheme 1.1 Obtained chemicals from aldehydes (Trzeciak and Ziolkowski, 1999).

The most common feedstock for hydroformylation is propene. It can be

transformed into butanal and 2-methylpropanal, the former being the much more



valuable product (Eg. 1.3). Butanal may undergo aldol condensation followed by
hydrogenation to give 2-ethyl-1-hexanol (Eq. 1.4) or hydrogenated in a separate step
using a heterogenous catalyst to give 1-butanol (Eg. 1.5), a useful solvent. The
hexanol is used to make a diester of phthalic acid, which then serves as an agent
(called a plasticizer) for making the normally rigid plastic and flexible
polyvinylchloride (PVC). Hydroformylation converts C;-Cg alkenes to aldehyde with
one more carbon, which are then hydrogenated to give straight-chain alcohols, also
useful as plasticizers (Eq. 1.6, 1.7, and 1.8). Alcohols containing 12 to 16 carbons
result from hydroformylation-hydrogenation of corresponding alkenes with one less
carbon atom. These alcohols serve as the basis for surfactant (detergent) compounds
with several domestic and industrial uses (Eq. 1.9) (Crabtree, 1988; Spessard et al.,
1996).

The earliest commercial catalyst for the hydroformylation was Co,(CO)g
which is reacted with H, under hyroformylation condition to give the active species,
HCo(CO),. The reaction can be employed at temperature of 150 to 180°C and a total
pressure of 200 to 300 bar at 50/50 H,/CO. Referring to hydroformylation of propene
(Eqg. 1.3), either straight chain (anti-Markovnikov) or branch chain (Markovnikov)
aldehydes can be formed as butanal and 2-methylpropanal, respectively. In fact,
butanal which is a straight chain aldehyde is much more valuable commercially. With
HCo(CO)4, a yield of 80% aldehydes can be obtained at the above mentioned
conditions and the ratio of straight to branch chain aldehydes is about 3:1 to 4:1.

Later, a modified homogeneous cobalt based hydroformylation catalyst was
developed by addition of phosphines, such as P(n-Bu)s. This catalyst can give higher
activity and selectivity under a pressure range of 50 — 150 bar. The product ratio is 7:1
of straight to branch chain aldehyde. It is believed that the steric bulk of the phosphine
both encourages the formation of the less hindered straight chain aldehyde and also

activates the migratory insertation in catalytic cycle.



Hydroformylation of propene:
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Hydroformylation of Cq1-Cs5 alkenes:
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HCo(CO),(PBU);




As development of hydroformylation catalyst, the use of rhodium catalysts
offers many advantages over cobalt systems (Trzeciak and Ziolkoski, 1999). The

advantages of rhodium complexes are:

1. Rhodium based catalysts are more active and selective.

2. Modified rhodium catalysts are more selectivity than the non-modified one
and requires less energy consumption.

3. Water-soluble systems of rhodium can give higher selectivity amd

environmental friendly.

The Rh-carbonyl cluster compound, Rhsg(CO)1,, is a very active
hydroformylation catalyst, but has very poor selectivity toward the ratio of linear to
branch hydroformylation product and also serves as a good alkene hydrogenation
catalyst. To get more activity and selectivity, the rhodium system was modified by
addition of phosphine to obtain the more highly phosphine-substituted rhodium
carbonyl hydride species, RhH(CO)(PPhs)s. This catalyst is active at low pressure and
moderate temperature (10-50 bar, 60-120°C). With this catalyst, linear to branch
aldehyde product with a ratio as high as 12 to 1 can be obtained. In the presence of
excess PPhs, the ratio of straight chain aldehydes, the desired product, to the branch
chain aldehydes can be optimized to as high as 30:1. This can be described by the
steric hindrance effect of the bulky PPh; ligand.

When it comes to an industrial process, it depends on what the desired product
is. If linear aldehydes are the desired product, the rhodium-phosphine catalyst should
be used because it can give very high selectivity toward the linear aldehydes. In
contrast, if alcohols are the goal, then the use of a phasphine-madified Co catalyst is
preffered due to occurrence of hydroformylation and hydrogenation by the same
catalyst.

As mentioned above that the optimal phosphine for Rh-based catalysis appears
to be PPhs, not PBus which is used in the phosphine-modified Co process. This can be
explained in that PBus is too good at donating electron density to the metal in case of
Rh, and the intermediate catalytic species are too stable for effective catalysis. PPhs is
more suitable for modified rhodium-based catalyst for hydroformylation and have

higher activity.



In addition, some other metals may serve as hydroformylation catalysts, such
as Ru, Mn, Fe, Cr, etc. However, the best effective hydroformylation catalysts are Rh
and Co. The overall effectiveness of these metals with respect to their reactivity is as
follows (Spessard et al., 1996):

Rh >Co > Ru > Mn > Fe > Cr, Mo, W, Ni

Relative Reactivity: 10*-10° 1 102 10* 10° 0

Although hydroformylation catalyzed by Ru complexes is significant slower
than by Co and Rh complexes, there was a report that ruthenium complexes was used
for hydroformylation of hex-1-ene under total pressure (100 bar) of H, and CO (1:1)
and 120°C. The reaction achieved a yield 80% aldehydes with no side reactions, and
the ratio of straight to branch aldehyde is about 2.4 (Sanchez-Delgado, 1976). Today,
the effective hydroformylation catalysts used commercially are Co and Rh complexes
and these catalysts are summarized in Table 1.

Table 1.1 Industrial oxo process (Trzeciak and Ziolkowski, 1999).

Precursor and active Modifying ligand T (°C) ]
Company n/iso
form of catalyst L P (bar)
BASF, Rurchemie Co(CO)g, HCo(CO), None 150-180°C 2-4
200-300 bar
Shell Co0,(CO)g, Phosphines 160-200°C 7
HCo(CO);L 50-150 bar
Ruhrchemie Rh4(CO)1,, None 100-140°C ca. 1l
HRh(CO), 200-300bar
Union Carbide, (acac)Rh(CO),, PPh; 60-120°C ca. 11.5
Davy Powergass, (acac)Rh(CO)PPhg, 10-50 bar
Johnson- Matthey, HRh(CO)(PPhs)3
LPO
Ruhrchemie, Rhone [RhCI(1,3-cod)],, TPPTS 110-130°C >19
Poulenc HRh(CO)(TPPTS); 40-60 bar
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1.3.2 Hydroformylation and Hydroxymethylation of Polymers

Catalytic hydroformylation of unsaturated polymers is a process whereby
aldehyde groups are introduced into the polymer backbone by treating with H, and
CO in the presence of a catalyst. The common catalysts generally employed for this
process is a Co or Rh complex. The most effective catalysts for the hydroformylation
of C=C in polymer are Rh complexes. Hydridocarbonyltris(tripheylphosphine)-
rhodium, HRh(CO)(PPhs); is a catalyst which is effective for hydroformylation of
polymers under the moderate conditions of pressure and temperature (10-50 bar and
60-120 °C) (Trzeciak and Ziolkowski, 1999).

Most studies reported for the hydroformylation of diene polymers, i.e.
polybutadiene (PBD) and poly(styrene-butadiene) (SBR), involve rhodium catalysts.
However, the earliest study showed that the hydroformylation of 1,4-polybutadiene
and high-styrene SBR could be achieved at high pressure and temperature using a
cobalt catalyst, [Co(CQO)4],. The reaction was carried out under a total pressure
(H2:CO at 1:1) of 165 bar and temperature of 145°C for 3 h. The % double bond
conversion could reach up to 100%. However, there was considerable gel formation
during this process due to crosslinking of the polymer. Even under milder condition,
i.e. 125°C, 2 h, 165 bar, there was gel formation and lower double bond conversion
was obtained. The reason for this is the instability of hydroformylated product with
crosslinking occurring due to the reactions of the aldehyde group, and probable main
chain degradation during the reaction. All of this maybe caused from the use of severe
conditions (Ramp, 1966).

During the discovery of rhodium complexes as hydroformylation catalyst,
rhodium complexes » were developed as a ligand-maodified rhodium species,
HRh(CO)(PPh3)s, as shown in Table 1.1. This catalyst is widely used in industrial
processes because the catalyst can be easily prepared and is active under mild reaction
conditions. Also, it can give high activity and selectivity. The first report of the use of
HRh(CO)(PPhs)s for hydroformylation of a macromolecule was the hydroformylation
of polypentenamer (PP) by Sanui et al. (1974). The reaction occurred over the total
pressure range of 2-20 bar (H,:CO = 1:1) and temperature range of 25-40°C. The
maximum conversion in 12 hours was 50%. This hydroformylated polypentanamer
can be modified to the aldoxime (-CH=N-OH) and nitrile (-CN) derivatives as shown

in Eg. 1.10. Since the nitrile derivative results from reaction of formyl group, the
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degree of hydroformylation was estimated from N analysis. Moreover, direct
oxidation of the formyl group and hydrolysis of the nitrile group to the carboxylic
acid was carried out (Sanui et al., 1974).

CO/H, HPNH,HCI Ac,0 TPBSH
pp —» PP-CHO ——» PP-CH=N-OH — PP-CN — Hy-PP-CN (1.10)
HRh(CO)(PPhy), pyridine or P,Og TSH
where
PP = starting polypentenamer
PP-CHO = polypentenamer derivative with formyl side groups

PP-CH=NOH = polypentenamer derivative with aldoxime side groups

PP-CN = polypentenamer derivative with nitrile side groups

TPBSH = 2,4,6-triisopropylbenzenesulfonyl hydrazine

TSH = p-toluenesulfonyl hydrazide

Hy-PP-CN = hydrogenated polypentamer derivative with nitrile
sidegroups

Ogata et al. (1976) reported the syntheses of modified polyester having
pendant functional groups such as hydroxyl, formyl, aldoxime, aminomethyl, and
hydroxymethyl. The hydroformylation was achieved by using HRh(CO)(PPhs); under
a pressure of 30/15 bar of H/CO and a temperature of 40°C. For the
hydroformylation of the polyester, it was possible to achieve up to 90% conversion in
25 hours. The aldoxime groups (-CH=NOH) can be prepared from the formyl groups
by adding sufficient hydroxylamine hydrochloride and pyridine. In addition, there was
subsequent reaction to abtain the aminomethyl group (-CH,;NH,) with the presence of
acetic acid, iron powder, and zinc power. The formyl group also can be reacted with
sodium borohydride and water to give the hydroxymethyl group (-CH,QH).

Azuma et al. (1980) reported the preparation of functional polydiene by a two-
step process for hydroxymethylation of polypentenamer and cis-1,4-polybutadiene.
The initial reaction was hydroformylation using HRh(CO)(PPhs);. The reaction
occurred at reasonable rates at 40-50°C and 10-20 bar of a 50/50 mixture of H, and
CO. The subsequent hydrogenation reaction was carried out using a reducing agent,
e.g., sodium borohydride or trimethyoxyborohydride. It was shown that higher
conversion leads to a problem in solubility due to the crosslinking of the hydroxyl
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group with the formyl group. The use of a selective reducing agent for reduction of
the formyl groups without hydrogenation at double bonds is critical.

The synthesis and characterization of hydroformylated 1,2-polybutadiene was
reported by Mohammadi (1987). The reaction was carried out under a temperature of
60°C and pressure of 20 bar to reach 2-20% hydroformylation using HRh(CO)(PPhs)s
as catalyst. The subsequent hydrogenation was carried out using
RuCI(CsHsCOOQ)(CO)(PPhs), as the catalyst. The formyl groups and as well as the
remaining C=C bonds were completely hydrogenated. The product was characterized
using 'H and *C NM.R spectroscopic analysis. It was shown that the
hydroformylation product from 1,2-polybutadiene was just terminal polyaldehyde;
there was no evidence of iso-branched polyaldehyde.

Later, there was a study of the hydroformylation of low molecular weight 1,2-
and 14-polybutadiene in the presence of HRh(CO)(PPhs); with excess
triphenylphosphine. The reaction condition involved a temperature of 80°C and a total
pressure of 20 bar (H,:CO = 1:1). Under this condition, the conversion rate of 1,2-
polybutadiene was ca. 6 times that of 1,4-polybutadiene (Tremont et al., 1990; Mill et
al., 1990).

Scott and Rempel (1992) investigated the kinetics of hydroformylation of SBR
using HRh(CO)(PPhs)s. The characterization of the products by IR and *H N.M.R.
spectroscopy showed the formation of internal aldehyde groups from 1,4-units and
terminal branched aldehyde groups from 1,2-units of the copolymers. The reaction
was achieved at a total pressure of 0.9 bar (1:1 of H,:CO) and a temperature of 51°C.
The kinetic studies were carried out using a computer-automated batch reactor that
was designed to accurately monitor gas consumption while maintaining constant
pressure. Furthermore, they postulated a possible reaction mechanism and presented
an understanding of the catalyst species in solution.

Bhattacharjee et al. (1992) reported.on the hydroformylation of nitrile rubber
(NBR) catalyzed by HRh(CO)(PPh3); or RhCI(CO)(PPhs),. They found that the
conversion was up to 30% of the double bonds. The reaction was carried out under the
following conditions: 100°C and 56 bar of a 50/50 H,/CO. Gel formation was
observed when the %hydroformylation was higher at 30%. In kinetic studies, it was
found that HRh(CO)(PPh3); was more efficient than RhCI(CO)(PPhs),. Some
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properties such as intrinstic viscosity, [n] and the glass transition temperature, Ty
were examined. After hydroformylation, [n] was decreased and T, was increased.

Sibtain and Rempel (1991) also investigated this hydroformylation and
hydroxymethylation of SBR using HRh(CO)(PPhs); and HRuUCI(CO)(PPhs)s,
respectively. The hydroformylation occurred at 50°C and 1 bar to yield 1-17%
conversion of carbon-carbon unsaturation to aldehyde. Moreover, they reported the
development of infrared calibration curves to estimate the degree of hydroformylation
by comparison with the conversion calculated from the characterization by *H NMR
spectroscopy.

In the same manner, McGrath et al. (1995) reported the synthesis of novel
EPDM (ethylenepropylenediene  monomer) and polybutadiene polyols. The
hydroformylation reaction was accomplished at high pressure (70 bar and 1:1 of
H,:CO) and a temperature of 100°C. Subsequently, the aldehyde groups were reduced
to hydroxymethyl groups by using a reducing agent, i.e. NaBH,. The reduction
generated the polymeric alcohol without further reaction of the remaining double
bonds.

As mentioned above, all previous investigations reported the use of low
molecular weight polymers having M, less than 200,000 for hydroformylation with
results of moderate conversion. Recently, Chen et al. (1997) studied the
hydroformylation of higher molecular weight styrene-butadiene copolymers
(Mw~200,000) under more severe reaction conditions (40°C and 55 bar of 50/50
H,/CO) in the presence of various rhodium catalysts and conversions of higher than
50% were achieved.

A comparison of the results for hydroformylation of polymers is summarized
in Table 1.2. The aldehyde functionalities are reactive and can be modified to give a
variety of different functionalities. The most commonly reported secondary
modification is hydrogenation to give a polymer-bound hydroxyl group. There are
two methods to reduce the formyl groups: non-catalytic and catalytic hydrogenation.



Table 1.2 Comparison of hydroformylation of polydiene by HRh(CO)(PPhs)s.

Condition
. [Rh]° Conversion
Investigators Polymer My .
g y (MM) Temp PHz/Coe Time (%)
(C) (bar) (h)
This work cis-1,4-PBD (98%) 2,000,000 326 70 55.1 10 80
Azuma et al. cis-1,4-PBD (97%) 420,000 1850 40 7 4 27
3800 40 12 4 20
925 40 12 4 29
Mohammadii (198&) 1,2-PBD (92%) 30,0007 580 60 2 - 5-40
Tremont et al. (1990) cis-1,4-PBD 156,800 354° 87 20 23 55
1,2-PBD (90%) 45,790 354° 87 20 23 69
Sibtain and Rempel (1991) SBR - 408 50 1 - 1-17
Scott and Rempel (1992) SBR (82 % BD) 160,000 2080 51 0.9 ~15 30
Chen et al. (1997) SBR (23.5 % ST) 222,800 437 40 13.8 19 27
SBR (35% ST) 252,300 437 40 13.8 16 22
437 40 55.1 72 80
437 40 55.1 36 53
Bhattacharjee et al. (1992) NBR (40% CN) - 300¢ 90 56 3 25

®Mn

°[Rh] = [HRh(CO)(PPhs);]

‘PPhs/[Rh] = 165 (by mole)
4pp,4/[Rh] = 200 (by mole)

°H,/CO = 1:1

vl
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The reduction of the polyaldehyde by non-catalytic reaction involves using
reducing agent such as NaBH, in Ethanol according to Eq. 1.11 (Sanui et al., 1974;
Ogata et al., 1976; Azuma et al., 1980; McGrath et al., 1995). In addition, other
reducing agents have been used, i.e. Zn in CH;COOH or NaBH(OCHj3)3 (Ogata et al.,
1976; Azuma et al., 1980). In this method, there was no further reaction with C=C
bond in the backbone polymers.

In the case of catalytic hydrogenation, ruthenium complexes are commonly
used for reducing the formyl groups to give hydroxyl methyl groups. In fact, these
complexes can hydrogenate the remaining C=C bonds in the polymer (Eq. 1.12).

CHO
COM,
%CH 2CH==CHCH ‘}“ —— - CH,CH, CHCH CH,CH==CHCH,
2 | o Catalyst1 X .
(A)
CH,OH
NaBH,/ EtOH
(A) > +CH »,CH, CHCH ZHCH2CH=CHCH ) (1.11)
X n-x
CH,OH
H, |
(A) 2 CH,CH CHCH , CH,CH, CHZCHZ% (1.12)
Catalyst2 X N-x

Catalystl = HRh(CO)(PPhs)s
Catalyst2 = RuCl(CsHsCOO)(CO)(PPhs):

Some applications of hydroformylated polymers are as follows: ion exchange
resins, chelating polymers, photosensitive polymers, polymer reagents, reactive fiber,
degradable polymers (Mohammadi, 1987). In addition, there has been a development
of polyaldehydes obtained from unsaturated polymers for use as protective coatings
(Mertzweiller et al., 1967; Cull and Mertzweiller, 1967; Mertzweiller et al., 1968),
smooth and wrinkle-free films (Cull, 1967), and sizing for glass fibers (Mertzweiller,
1965). Hydroformylation results changing in hydrophobic groups to hydrophilic
groups within the polymer. Such products can also possibly be used as membranes
(Ogata, 1976). Due to the reactivity of the aldehyde group, the hydroformylated
products can be reacted via further reaction to produce nitrile, alcohol, acetate, and
amine functionalities (Sanui et al., 1974; Ogata, 1976; Azuma, 1980; Sibtain and
Rempel, 1991; McGrath et al., 1995). The most often utilized subsequent reaction is
hydrogenation to give a polymer having hydroxy methyl groups. The
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hydroxymethylated product can be used as substrate for producing polyurethane
(Tremont et al., 1990; Mills et al., 1990).

1.4  Objective and Scope

Up until this time, most studies have reported on the -catalytic
hydroformylation of polymers having MW less than 500,000. However, higher
molecular weight polymers exhibit some superior mechanical properties such as
tensile properties. Thus, work on the chemical modification of high molecular weight
polymers instead of polymers of lower molecular weight is important.

At present, high molecular weight of cis-1,4-polybutadiene can serve as a
primary material for hydroformylation, thus serving as a source of information to
extend the hydroformylation to other polydienes such as synthetic cis-1,4-
polyisoprene and natural rubber. Modification of natural rubber (which is a major
product in Thailand) can improve its properties and also provide alternative specialty
polymers as new valued added products.

The main purpose of this study is to investigate the catalytic process for the
hydroformylation of high molecular weight cis-1,4-polybutadiene using Rhodium
complexes. The determination of significant parameters was achieved by using 2*
experimental design. The parameters were identified to study the effect on degree of
hydroformylation. This work also was aimed at a study of the detailed kinetics of
hydroformylation of a plausible cis-1,4-polybutadiene to obtain an understanding of
the reaction which leads to the postulation of a plausible reaction mechanism. The
mechanism was proposed and fitted with the kinetic results.

The subsequent reaction called hydroxymethylation was hydrogenation of
hydroformylated PBD using Ruthenium complexes. The study was achieved at
various formyl loading, which was controlled in hydroformylation step. The physical
properties of all products from both reactions were investigated, such as the glass
transition temperature (Tg), and the initial decomposition temperature (Tig).

Due to the hydrophilic properties of the hydroformylated and
hydroxymethylated products, they can possibly be used in membrane applications. In
addition, it was also postulated that the mechanical properties of high molecular
weight hydroformylated PBD were superior. Therefore, the film properties such as

swelling and resistance to common solvents were investigated.
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EXPERIMENTAL AND DATA ANALYSIS
2.1 Materials

The polymer used in the present study was high molecular weight
polybutadiene containing 98 wt% cis content, and a weight-average molecular weight
of ca. 2,000,000-3,000,000 obtained from Aldrich Chemical Co. Analytical grade
monochlorobenzene obtained from Fisher Scientific Ltd. was used as received. High
purity (98%) synthesis gas of H,/CO at ratio of 1/1 was obtained from Praxair Inc.

2.2  Catalyst and Ligand Preparation

The hydroformylation catalysts used in this investigation were
HRh(CO)(PPh3)s, Rh4(CO)12, Rhs(CO)16, [RNCI(COD)],, and Rh(COD)acac. For
investigation of a new modified rhodium catalyst, the phosphate was prepared as tri(o-
t-butylphenyl)phosphate complexes. The structures of these catalysts are presented in
Table 2.1. The catalyst for subsequent hydrogenation was
RuCI(CO)(CH=CI(Ph))(PCys), prepared from RuHCI(CO)(PCys),. All catalysts were
prepared according to the literature procedure (reference in Table 2.1). FT-IR and *H
NMR spectroscopy was used to analyze the catalysts. To confirm their composition,
the catalysts were analyzed by elemental analysis at Glueph Laboratories, Ltd (see

Appendix I).

Table 2.1-Rhodium complexes under-hydroformylation condition.

Catalyst Structure Reference
HRh(CO)(PPhs)s H Ahmad et al.
PhgP-.._ ‘ (1974)
~Rh—"PPhg

Ph3P/

CO
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Catalyst Structure Reference
Rhy(CO)12 oC Martinengo et al.
oc | co
Rh (1980)
/2
oC
\Rh/_c\ o -
oc~/ / \\co
OC—Rh———CO
OoC co
Rhe(CO)16 oC CO Parkinson (1987)

OCL. >’CO
OC\F'\;'{]} P \\Rh/ o
OoC \ // "'.\CO
e !
A R
0c- 98N/ COeo
/N
oC CcO
[RhCI(COD)], | | /| Chatt and Venanzi
CL.
— \Rh{ “RH (1957)
== S
Rh(COD)acac C|ZH3 Jongma et al.
o> (1991)
HC /‘Rh:
0
CHj
Rh(COD)acac/ CO B T Jongma et al.
P(OCeH4C(CHa)s)s h/ (1991)

H 3C//C\
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2.2.1 HRh(CO)(PPhs);

Carbonylhydridotris(triphenylphosphine)rhodium (I) was first prepared by
reacting hydrazine (N2H,) with trans-carbonylchlorobis(triphenylphosphine)rhodium
(), RhCI(CO)(PPhs); in ethanolic solution (Bath and Vaska, 1963). Also, it can be
prepared directly from hydrated rhodium trichloride using aqueous formaldehyde as
the source of the carbonyl ligand. Rhodium trichloride can be reduced by either
triphenylphosphine or tetrahydroborate. This required more precaution because the
reduction can produce hydrogen chloride, and in the gas phase, hydrogen chloride
reacts with formaldehyde to form the potent carcinogen bis(chloromethyl)ether
(Jardine, 1982). However, in this study this method was used since it required less
time and provided a higher yield (Ahmad et al., 1974).

A solution of 0.26 g (1.0 mmol) rhodium trichloride 3-hydrate in 20 ml of
ethanol was added to a vigorously stirred, boiling solution of triphenylphosphine
(2.64 g, 10 mmoles) in 100 ml of ethanol. After a delay of 15 seconds, aqueous
formaldehyde (10 ml, 40% w/v solution) and a solution of 0.8 g of potassium
hydroxide in 20 ml of hot ethanol were added rapidly and successively to the
vigorously stirred, boiling reaction mixture. The mixture was heated under reflux for
10 mintues and then allowed to cool to room temperature. The bright yellow,
crystalline product was filtered, washed with ethanol, water, ethanol, and n-hexane,
and dried in vacuo. The *H-NMR spectra in CD,Cl, show aromatics, phenyl, and
metal hydride as seen in Figure 2.1. The **P-NMR spectra in CD,Cl, shows a singlet
of phosphine (Figure 2.2).
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Figure 2.1 *H-NMR spectra of HRh(CO)(PPhs)s.

|
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Figure 2.2 *'P-NMR spectra of HRh(CO)(PPhs)s.



21

2.2.2 Rhy(CO)1,

The preparation of Rhs(CO);, followed the Matinengo’s method (Martinengo
et al., 1980). Tri-u-carbonyl-nonacarbonyltetrarhodium, Rhs(CO)q(u-CO);, was
prepared from RhCIl33H,0. Copper powder was first activated by washing with a
mixture of concentrated hydrochloric acid and acetone and then rinsed with acetone
and dried in vacuo. The solvent CH,Cl, may be laboratory grade and was distilled
with anhydrous sodium carbonate before use. This purified method must be carefully
carried out in a well-ventilated hood because carbon monoxide occurs. A two-necked,
1-L flask, equipped with a stopcock on the side neck and a magnetic stirring bar, was
charged with activated copper powder (1.5 g, 24 mmole), sodium chloride (0.6 g, 10
mmole), and water (200 mL).

A 100-mL dropping funnel with a pressure-equalizing tube was then placed on
the central neck. The funnel was stoppered, and the entire apparatus was pumped in
vacuo until the water is well degassed. It then was filled through the side stop-cock
with carbon monoxide from a CO-line, including a mineral oil bubbler and a pressure-
release bubbler with an 80-mm mercury column. The dropping funnel was opened
while CO was passed through it, and it was charged with a degassed solution of
RhCI33H,0 (2.6 g, Rh 39.6%, 9.0 mmole) in water (50 mL). The funnel was closed,
and the solution was dropped into the flask at a rate of about 1 mL/min while the
mixture was stirred vigorously. During the addition, care must be taken that the
pressure in the flask was never lower, the lack of CO can cause the partial formation
of rhodium metal. The best conditions for the reaction are the continuous escape of
gas from the pressure-release bubbler. For the same. reason, the stirring must be
vigorous enough to ensure good contact between the gaseous and aqueous phases. The
rate of absorption of the CO was initially slow, but gradually increased, reaching a
maximum when about half the RhCls solution was added.

At the end of the addition, the last traces of the RhCl; solution in the funnel
were washed down into the flask with 10 mL of degassed water, and the mixture was
stirred for 2 hours. During this time, some Rh4(CO);, begins to separate as an orange
powder. The dropping funnel was then opened in a CO stream and charged with a
degassed solution of diisodium citrate (0.4 M, 50 mL). The funnel was stopped, and

the solution of citrate was dropped into the yellow mixture over 50 minutes. The
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mixture was then stirred for 20 hours, and the resulting orange suspension of the
carbonyl was filtered under a carbon monoxide atmosphere. The solid was washed
with water to remove all the mother liquor and then dried in vacuo at room
temperature.

The product was extracted on a filter under CO with the minimum amount of
CH,CI, (about 25 mL, in 5-mL portions). The solution was quickly evaporated to
dryness in vacuo on a water bath at room temperature, and the resulting crystalline
mass was dried in vacuo for 2 hours to give Rhs(CO)12.

223 Rhs(CO)ss

The hexadecacarbonylhexarhodium, Rhe(CQO),6 Was prepared by treating with
CO in methanolic solution according to Parkinson (1987). One gram of RhCl33H,0 in
200 ml of 90% aqueous methanol was reacted in a one litre autoclave under 50 bar of
carbon monoxide pressure for four days. The product was then collected by filtration,

washed with hot hexane and dried under vacuum.

2.2.4 [Rh(COD)CI];

The  preparation of  Bis(cycloocta-1:5-diene)-pp'-dichlorodirhodium,
[Rh(COD)CI], was reported by Chatt and Venanzi (1957).

Rhodium trichloride trihydrate (1 g) in ethanol (30 ml) was boiled under reflux
with the diene (2 ml) for 3 hr. The solution was cooled, and the orange solid filtered
off, washed with ethanol, dried, and recrystallised from acetic acid. It was soluble in
dichloromethane, moderately so in chloroform, acetic acid, and acetone, slightly

soluble in ether, methanol, ethanol, and benzene, and insoluble in water.

2.25 Rh(COD)acac

Rhodium  (1,5-cyclooctadiene)-2,4-pentanedionate, Rh(COD)acac  was
prepared from [Rh(COD)CI], according to Jongma et al. (1991). The dimer (2.48 g, 5
mmole), 2.5 g of Na,COs, 2.5 g of 2,4-pentanedione and 20 ml of water were
suspended in 60 ml of CH,Cl, and stirred at room temperature for 16 h. The water
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layer was extracted with CH,Cl,. The combined CHCI; layers were evaporated till

dryness.
2.2.6 P(OCsH4C(CHa)3)s

Tri(o-t-butylphenyl)phosphite was used with Rh(COD)acac to generate
Rh(CO)3P(OCsH4C(CHz3)3)s. This catalyst was also mentioned in Jongma’s studies
(Jongsma et al., 1991). For the preparation of the ligand, PCl; (33.6 ml, 0.38 mol) was
added dropwise to 200 ml of o-t-butylphenol (1.3 mol) at 50°C. The mixture was then
stirred overnight at 160°C. The product was purified by vacuum distillation and

recrystallized from n-haxne.
2.2.7 RuHCI(CO)(PCys3),

RuCl33H,0 (2.54 g) was dissolved in deoxygenated 2-methoxyethanol (55
ml). The red-brown solution was stirred for 5 minutes. Crystallized
tricyclohexylphosphine (8.32 g) was added. The deep red solutions was refluxed and
stirred for 20 minutes under a nitrogen atmosphere and subsequently deoxygenated
triethylamine (6 ml) was added therein. The solution was refluxed for 6 hours under
nitrogen. The stirring was stopped and the solution was allowed to cool slowly for
about 2 hours. Orange crystals precipitated out from the solution. The solution was
filtered using Schlenk apparatus under nitrogen and the crystals were washed with
deoxygenated toluene (15 ml) and subsequently dried at room temperature for 48
hours. Since the material is air sensitive, no calculation of yield was attempted.
However, previous yields of about 80% based on Ru have been attained using this
procedure by other investigators. The **P-NMR spectrum in CgDe/toluene showed a
singlet at 46.9 ppm, with a small additional singlet at 36.1 ppm attributable to the
dichloro species RuCl,(CO)(PCys)s.

Samples of RUHCI(CO)(PCys), were further recrystallized from toluene. In a
typical procedure, the entire sample was dissolved in dry, deoxygenated refluxing
toluene (75 ml) under nitrogen. The solution was then allowed to cool slowly to room
temperature, then stored in the refrigerator overnight. Orange crystals were slowly
formed. The crystals were washed twice with cold deoxygenated toluene (10 ml), then

dried under vacuum at 60°C for 5 hours to remove strongly-bound solvent. The *!p-
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NMR spectrum in CgDg/toluene showed only a singlet at 46.9 ppm with no other
peaks. The *H-NMR spectrum showed a triplet, attributable to the metal-hydride,
centered at —24.2 ppm, and the characteristic absorbencies of the various cyclohexyl
protons in the region from 2.5 to 1.2 ppm. Integrations of the hydride to cyclohexyl

protons were in the ratio of approximately 1 to 66.
2.2.8 Ru(CH=CHPh)CI(CO)(PCys3),

A sample of hydride catalyst, RUHCI(CO)(PCys), (approx. 7 g) was dissolved
in refluxing, dry, deoxygenated toluene (75 ml). Phenylacetylene (1.6 ml) was added
to the solution using a syringe. The orange color changed to red rapidly. The reaction
was cooled and stirred at room temperature overnight. The fine pinkish solid
precipitate was filtered in Shlenck apparatus, washed twice with dried, deoxygenated
hexane (20 ml) and dried under vacuum. The sample was dissolved in refluxing dry
distilled toluene and allowed to cool slowly. The solid was then refrigerated
overnight. The supernatant was separated from the crystals, which were then dried
under vacuum at 60°C for 48 hours. The solid gradually changed from deep red to
pink as it dried.

The solid sample was then dissolved in refluxing methylene chloride under
nitrogen atmosphere. Hexane (15 ml) was added and the solution was slowly cooled
to room temperature, then stored in the refrigerator. The precipitate was filtered in the
Schlenk apparatus, washed with dry degassed hexane (20 ml), and dried in vacuum at
room temperature for 48 hours. The filtrate solution volume was reduced to 30 ml by
evaporation under vacuum and a further sample of solid was recovered, washed and
dried in the same manner. **P-NMR showed only a singlet at 27.7 ppm, indicating
that the material was pure (Figure 2.3). 'H-NMR in €D,Cl, showed the aromatic,
cyclohexyl and styryl. protons in correct proportions. No metal hydride was detected
(Figure 2.4).
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Figure 2.3 'H-NMR spectra of Ru(CH=CHPh)CI(CO)(PCys)..
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Figure 2.4 *'P-NMR spectra of Ru(CH=CHPh)CI(CO)(PCys)s.
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2.3  Parr Batch Reactor System

Batch type pressure reactors are commonly used for reactions that involve gas
consumption such as hydrogenation, hydroformylation, oxidation, carbonylation, and
polymerizations involving gaseous monomers. In fact, such batch reactor can be

employed to investigate the kinetics due to consumption of gas as a function of time.

2.3.1 Description of Parr Batch Reactor System

The 300-mL mini reactor used in this study was purchased from Parr
Instrument Company. A moveable reactor vessel, which is made of Type 316 stainless
steel, can be sealed with a flat PTFE flat gasket held in a recess in the vessel and the
magnetic drive head. The split ring closure used with this gasket has six caps, which
must be tightened when pressuring. The PTFE flat gasket is inert to most chemicals
and it will provide good seals under repeated opening and closing if the operating
temperature does not exceed 350°C. The flat PTFE flat gasket can be used at
operating temperature as high as 350°C and pressure up to 3000 psig (20.79 MPa).

The reactor was attached with a 3.5 inches-size pressure gauge (0-2000psi/
140 bar) and ports such as gas inlet, dip tube for liquid sampling gas outlet,
thermocouple well. Since it was desired to achieve the desired reaction temperature
before the catalyst was added into the solution, a catalyst addition device was used.
The gas inlet valve is an angle valve with an attached fitting which provides a socket
for attaching a flexible pressure hose connected to the gas supply. The gas inlet port
was connected to a dip tube, which extends to a point near the bottom of the reactor
vessel. A liquid sampling port was also attached to the same fitting as the gas inlet
port and connected to the same dip tube. During sampling, the gas inlet must be
closed to withdraw the liquid through the liquid sampling valve. The third valve on
the bomb head was a gas outlet valve connected to a side opening on the gage adapter
fitting. Gas released from the reactor system will be drawn from the top of the reactor.
A safety pressure rated rupture disc is attached to the reactor head to release the bomb
pressure before it reaches a dangerous level. A type J thermocouple was set in a
stainless steel sheath installed in the bomb head. The catalyst addition device was

made of an alloy in a small cylinder shape with a lid sealed with a PTFE o-ring. The
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catalyst addition device was installed inside the bomb at the same position as gas
release fitting for degassing the catalyst.

The reactor was easily opened by removing it from the support stand for
charging, product recovery and cleaning due to the flexible moving stirrer drive
design. The Parr reactor was equipped with high temperature fabric heating mantles
housed in sturdy aluminum shells. With design of this mantle, it can provide uniform
heat distribution to the wall and bottom of the vessel. To prevent burn out, the heating
mantle should always be attached fully to the vessel. The operating temperature in
reactor was controlled by PID temperature controller which was set in the controller
box. An input parameter for the temperature controller can be obtained from the
thermocouple. The stirring speed drive system was connected to 1/8 hp-variable
speed motor which was also set via the controller box. The controller monitors the

stirring speed in units of revolutions per minute (rpm).

2.3.2 Bomb Assembly Procedure

Before closing the bomb, it should be verified that the gasket is in good
condition. The reactor head is replaced on the vessel and closed with two rings on the
right position. Next, each of the six cap screws was tighten carefully. The bomb was
let to stand for about five minutes after initial tightening; then tighten the cap screws
again to compensate for the adjustment of the TFE gasket in the reactor. This can
prevent the leaking of gas under loading pressure. The retaining ring (drop band) was
placed around the outer part of the reactor by tightening the thumbscrew. The bomb is
set in the support plate that is attached with the support stand. The head of
thumbscrew on the drop band is heldin the slot in the metal bracket attached to the
support stand. This will prevent the rotation of the bomb when stirring. Finally, the
heater was raised into a position

To open the bomb, gas is released when the gas valve is opened to discharge
any internal pressure; then the six cap screws in the splitting ring sections were
loosened. The cone pointed screw in the outer band was loosened and the band was
lowered to rest on the table. The rings and the head attached with fittings were

removed from cylinder.
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2.3.3 Hydroformylation Reaction in a Parr Reactor

A 300-ml Parr reactor was used for high-pressure reactions. The reactor was
connected to the gas supply cylinder by using the pressure hose connected to gas inlet
valve. Before pressuring the reactor, all valves have to be closed except the gas inlet
valve. In addition, the gas in the cylinder must be maintained at a higher pressure used
than the pressure in the reactor. Otherwise, liquid will be forced out of the reactor and
into the gas tank when the gas inlet valve is opened. A certain amount of purified
polymer was dissolved in 100-mL solvent. Catalyst was weighed in a glass bucket,
and the bucket was put in the catalyst addition device. The polymer solution was
degassed by pressurizing with synthesis gas to about 24 bar, and then vented out, at a
temperature below 14°C and stirrer speed of 200 rpm. This degassing of the solution
was repeated three times. Subsequently, the reaction system was pressurized to
slightly below the desired pressure with synthesis gas. The reactor was heated up to
desired temperature and the stirrer speed was increased to 600 rpm. When the system
was stable and had reached liquid/vapor thermal equilibrium, the catalyst addition
device was connected to the gas supply cylinder, and then pressurized to slightly
higher than the system pressure. This caused the catalyst to be dropped into the
solution and the reaction was initiated. To determine the incorporation of functional
groups within the polymer and to investigate conversion and the rate of the
hydroformylation reaction, the polymer solution was sampled at intervals during the

reaction and analyzed by *H NMR spectroscopy.

2.3.4 Experimental Design

To determine the significant factors for  the hydroformylation of
polybutadiene, 2* factorial design was used.to design the experiment. This method is
widely used for screening the factors for the system. The chosen factors for the
hydroformylation reaction were temperature, pressure, polymer concentration and
catalyst concentration (k=4). In this experimental design method, there are two levels
“low” (-1), and “high” (+1) level. Each reaction condition is summarized in Table 2.2.
Temperature, pressure, polymer concentration, and catalyst concentration are
represented as A, B, C, and D, respectively. The response would be considered as the

quantitative value of the degree of hydroformylation over a specified period of time.
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The hydroformylation reaction was performed with observation of the final
conversion after 24 h of reaction. The determination was obtained from the
consideration of treatment combination in standard order following the factorial

design procedure.

Table 2.2 The summarized condition for hydroformylation of polybutadiene in 2*
factorial design: temperature (A), pressure (B), polymer concentration (C)*, and

catalyst concentration (D).

Expt. Factor Factor level
A B C D Low (-)  High

) - - : - A (°C) 40 80
a + - - - B (bar) 13.8 68.9
b - + - - C mM) 222 370
ab + + - - D (uM) 109 326
c +
ac - - +
bc - + +

abc + + +
d +
ad + - - +
bd . i i n

abd + + - +
cd - J + +

acd + - + +

bcd - + + +

abcd + + + +

~Polymer concentration is defined as the weight of polybutadiene divided by molecular weight
of repeating unit.
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2.3.5 Kinetic Study

The determination of the important parameters from the 2* factorial
experimental design were obtained to decide on the nature of the univariate kinetic
study. For the kinetic study, the degree of hydroformylation was detected by sampling
the polymer solution every hour during the reaction. The polymer solutions were
characterized to determine %hydroformylation. The reaction was carried out with the

conversion being followed with time for a 10-h period of time.

2.4  Computer Controlled Batch Reactor System (Gas Uptake Apparatus)

The investigation of the gas-liquid kinetic study in the Parr reactor involved
sampling the reaction mixture at specific time intervals and analyzing the samples
using analytical techniques such as I.R. or N.M.R spectroscopy. Considerable errors
may occur due to disturbance by sampling some solution out and limitation of amount
solution to analysis. More reliable kinetic studies of the gas-consuming catalytic
reactions were carried out in a computer controlled batch reactor using a system that
can be maintained at constant pressure. It can be operated with minimum pressure
fluctuations in the batch reactor. This system is an alternative and convenient way to

observe the Kinetic data by monitoring the gas consumption.

2.4.1 Description of Gas Uptake Apparatus

The gas uptake apparatus is used for measuring the gas consumption of the
reaction as a function of time. The system used ‘was based on the design of
Mohammadi and Rempel (1987). It can be used to keep the pressure constant and
record continuously the consumption or production of gases in a batch-type reactor.
Further, the gas uptake apparatus was modified by Martin, McManus, and Rempel
(1997) for operation at high pressure.

The reactor vessel was a % L Autoclave Engineers ‘Zipperclave’, with a
magnetic drive agitator and a 1/3 hp brushless motor. The reactor vessel was fitted
with gas feed port, gas out port, thermowell, and catalyst addition device. The vessel
was heated by using a two-separated clamp on ceramic band heaters. Heating control
used for the autoclave was PID digital self-tuning temperature controller with an oil
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cooling system. A type K thermocouple in a thermowell was used to measure the
temperature in the system. The temperature was kept constant within +1°C. The
overall pressure system in the gas uptake apparatus consists of two separated systems:
(i) a constant-pressure reactor system and (ii) a gas monitoring system. To understand

this system, a schematic flow diagram for the overall system is provided in Figure 2.5.

(i)  Constant — pressure system

All piping components were constructed of 316 stainless steel (1/4 inch). PT-1
and PT-2 were Validyne variable reluctance differential pressure transducers. A drop
of pressure in the reactor due to the gas consumption during reaction is detected by
the differential pressure transducer (PT-1). PT-1 was used to detect the pressure in the
reactor and generated the signal in the form of analog voltage. The measured signal
was converted to the digital signal and sent to the direct controller consisting of an
IBM personal computer (PC) and a Lab-master interface. Then, it was processed by a
control algorithm in the PC and converted back to analog signals. The manipulated
signals from the hold are fed back to an orifice control valve (CV-1). CV-1 was a
Kammer pneumatically actuated valve with integral positioner. It allowed the
necessary amount of gas into the reactor and the pressure was readjusted accordingly.

With this system, the error of the pressure in the vessel can be employed in +0.02 bar.

(i) A gas monitoring system

Another system was used to detect the amount of gas consumption from the
reaction. Due to consumption of gas in the constant-pressure reactor system, the
results in the opening of CV-1 by the feedback loop mentioned above. Consequently,
the reference pressure in the gasholder, which was a 150-ml steel sample cylinder,
decreases. This drop of pressure was detected via the PT-2, which was also involved
the Validyne variable reluctance differential pressure transducer. This result was
converted into digital signal as same as for the constant-pressure system. The signal
was sent to the direct digital controller with subsequent translation into moles of gas
consumed. The provided data was detected online by following with monitoring and

stored on a floppy disk for further analysis.
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2.4.2 Assembly the Reactor for Gas Uptake Apparatus

Before starting assembly of the gas uptake apparatus, all tubing was blown dry
and was followed by checking for leaks. If any leaks were found, the problem would
be fixed before starting the experiment. Pressure in the gasholder was required in
order to keep the reaction in the pressure range of 1100-1400 psi to make sure that
there was enough gas for the reaction. If the pressure gauge attached to the gasholder
was less than 1100 psi, the gas fill valve on the autoclave would be closed. The
gasholder was simply refilled when the pressure reached 1400 psi by opening the
needle valve on the regulator. The catalyst addition device was gently opened to purge
the line. The catalyst addition device was replaced and the catalyst addition device
was closed. The polymer solution or chemicals for operation was added into the
vessel. An o-ring that is designed to be self-sealing was put in the groove on the
vessel head. The vessel were replaced and lifted to fit with the vessel head by using a
lab jack. The autoclave was assembled using a gentle twisting motion to ensure that
the engagement pin on the heads of autoclave lines up with the notch in the autoclave

body. The zipper spring was locked in the place and the reaction was started.

2.4.3 Hydroformylation in Gas Uptake Apparatus

The polymer solution was obtained by dissolving a cer