CHAPTER 4

HYDROGENATION OF NATURAL RUBBER
CATALYZED BY Ru(CH=CH(Ph))CI(CO)(PCys),

Natural rubber (NR) is harvested from the latex of the Brazilian rubber tree,
Hevea brasiliensis. Natural rubber is comprised of polyisoprene, of almost 100% cis-

configuration, and small amounts of

The non-aqueous components

bnormal groups such as aldehyde and epoxide.
P res of 94% rubber hydrocarbon. The

ids and carbohydrates (Eng et al.,

*Polymerization process tailored

like that of the synthelicaibBet i , iemical modification is a useful
postprocess for an altératioffofhés I o ~,~\ and improvements in certain
physical and chemic@l ofti€g-of 7 I \ ratec astomers. Hydrogenation is a
simple method for po \ 1 oithat feduces the degree of C=C unsaturation

against thermal, oxidative,
and radiation-induced de : Sme \\\ 297b: 1647-1652) reported the
. " : (

h3); as catalyst at high catalyst

loading and long reaction time =26 H). Fhe reaction kinetics of NR hydrogenation

followed first order-kine esidual d ydrogenated natural rubber
(HNR) is a plasti aé—— W h 77\;] use due to its insulation

properties, and potenti | for us , OV i@ A. K., and Stephens. H. L..
1988).

Ru(CHﬁ“IWHIWW?IW Ejm ﬁ:ﬂﬁeported to be efficient

catalysts for rogenation of synthetic polyisoprene. However hydrogenatlon of
natura ﬁg natural rubber.
In thlsqlﬁﬁl:a@ﬂim um mra 5%]rrled out in the
presence of Ru(CH=CH(Ph))CI(CO)(PCy;), as catalyst. The effect of catalyst level,
concentration of polymer, hydrogen pressure, and temperature are studied. Since the

catalytic activity of this catalyst for olefin hydrogenation has been found tc increase

by the addition of protic acid (Yi et al., 2000), this is also considered in the present
study.
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4.1 FTIR and NMR Spectroscopic Characterization

The typical IR spectra of natural rubber {NR) and its completely hydrogenated
product (HNR) are depicted in Figure 4.1. The absence of the characteristic bands for
the C=C unsaturation, i.e. at 1663 (C=C stretching) and 836 cm™ (trisubstituted
olefinic C-H bending) and the formation of strong band at 736 cm™ due to —(CH,)s3-
groups confirmed essential quantitative hydrogenation. |

The degree of hydrogenation ofit
by 'H-NMR. The 'H-NMR sp ‘

hydrogenated elastomer can be determined

t NR and the hydrogenated NR (>
99% completion) are displa¥ ydrogenation, peaks at 1.7, 2.2
and 5.2 ppm which ar , ( CTP™"2nd =CH groups, respectively

disappeared and new pea 10.8 an 8 ppm, attributed to saturated

4.2 Effect of Additi | 1 ¢ Natural Rubber Hydrogenation
Quantitative hydrgfiendtigh of NRY 1sing Ru(@H=CH(Ph))CI(CO)PCys), in
chlorobenzene could be a 4 at _ aly entration of 200 uM, 160°C, 40.3
bar hydrogen pressure, wi 445 ShOWa in Table 4.1, Entry 1. This result is
generally much slower than* o P hydrogenation in chlorobenzene
catalyzed by Ru complexes tinder t ion. T's may be due to the high
molecular weight o ;‘Tﬁ 696 Effort has been made to
increase the catalyst @gtiv genation reaction, the effect of acid

addition on the reaction rate has been explored It is evident that acid promotes the
hydrogenatio ffect of added various
acids on th ﬁy ﬂ\qnﬂ\!ﬁ ﬁ:ﬁmﬂl‘; h))CI(CO)(PCys), are
summ Table and acid were
kept c ﬁ“}.l &&ﬁfmﬁﬁﬁﬁﬁgjaﬁ te.0f NR using Ru
(CH=C (Ph))CI(CO)(PCys3); in presence of a small amount of added acid is greatly
enhanced compared to that for NR using Ru complexes without added acid. P-
toluenesulfonic acid (p-TsOH) was found to be the most efficient acid-promoter for
hydrogenation of NR since the sulfonic acid is more acidic than the selected

carboxylic acids. This suggests that the strong acid can accelerate the activity of Ru

complexes more than weak acid in the order: p-TsOH > 3-chloropropionic acid >

succinic acid.



60

a)

RV Al

% Transmittance

3200 3000 2800 2600924001 12200/ #5000 4 1800 1600 1400 1200 1000 800

Figure 4.1: FTIR spec
[Ru] =200 pM; [C
equiv.
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[Ru] =200 uM; [C=C] =260 mM; Py, = 40.3 bar; T = 160°C. [p-TsOH] =
equiv.
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4.3 Initial Study in the Gas Uptake Apparatus

In an attempt to understand the effect of acid on the hydrogenation of NR in the
presence of Ru complexes, a number of experiments were carried out using the gas
uptake apparatus, with added p-TsOH as shown in Table 4.2. To investigate the effect
of purifying the polymer before hydrogenation, rubber was dissolved in
chlorobenzene, and then the solution was precipitated in ethanol (Entry 2). The
sample was dried under vacuum for a week to remove trapped solvent. The purified

sample was re-dissolved in chlorobenzene and hydrogenated under the base

conditions ([Ru] =200 puM, [C=C ‘ , , » =40.3 bar, T = 160°C). It can be
seen that the hydrogenatiomerz ¢ ‘ e normal base condition run.
Moreover, the sample @ ) tio ¥ crosslinks during the drying

s the result of NR hydrogenation

||w 5. 'S
\\? 0nM. Pipp = 40.3 bar, T = 160°C)

after the rubber was @ v ' “small s ! 1 . a ded p-TsOH and separated
from solution, dried i 1 chlorobenzene. The slight
increase in hydrogenats At 4 @ \ the acid may neutralize the
impurities in the rubber. Uhe : ~ /idénce by the characteristic bands

of N-H stretching at 3280 ¢m .. “=" O a 6“ ) cm™ and N-H bending at 1540

cm™ in the FTIR spectrum (F igufe4 sted that acid cannot remove protein in

L st o
NR. However, the aeid s “intera gegtious substances to prevent
A e )

them from comple (g Wi PNIR using Ru catalyst with
added p-TsOH in thﬂcata 'S D ayed@'n Entry 4-5. Although the
mechanism of the effect I‘af acid during the E}}irogenatlon 1s not clear, the additive did

affect the actﬁyw H 413 %‘E;}rm Wquﬂ‘ﬁy the increase in rate

constant. Yi efllal. (2000) proposed that the effect of acid- promoter on alkene

BN W OOV P (1S e

increase of acid amount tended to increase the hydrogenation rate. In addition, the rate
of reaction was found to be considerably lower if acid was added in the rubber
solution (Entry 6), compared to the reaction in the presence of acid in the catalyst
bucket (Entry 5). Therefore, the acid could play in a number of important roles such
as a scavenger of the rubber contaminants, and a promoter for the selective

entrapment of the phosphine ligand.
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From these initial experimental results, adding 8.8 equivalents of p-TsOH in the
catalyst bucket was deemed to be a preferred condition for examination of a detailed

kinetic study of NR hydrogenation.

4.4 Kinetics of NR Hydrogenation using Ru(CH=CH(Ph))CI(CO)(PCys3),
A detailed kinetic study of the hydrogenation of NR in the presence of Ru
(CH=CH(Ph))CI(CO)(PCys3), and p-TsOH in chlorobenzene was investigated in an

attempt to a gain better understanding he reaction mechanism. In Table 4.3, a

summary of the results for a series ¢ yeuments showing the effect of the reaction
variables on k’ is provided all ¢z D gave rise to typical first order

plots up to high levels of ConVe ws, thefiydrogenation rate is proportional to

the double bond concentrz
(4.1)

where k' is the pseudo Tirsglorg der rate constants for a variety

of reaction conditions were talﬂ' 1 ighfsline first order plots (Figure 4.3)

l -l v d
and are summarized in Table 4! ! 2

4.4.1 Effect he Ruthen m Cone:

Two sets of exp -_--; -r-'ﬂ ficentration was varied over

the range of 30 to 2 " pM at 160°C with 8.8 equiva ¢ t of p-TsOH concentration

were perform cﬁﬂ.ﬁ ﬂlﬂfﬂm ntration on the rate of
hydrogenation! etkept niti ﬁ mer at 260 mM under
40.3 bar h)rdr;)ﬁell pressure and fhe second seém of experimefit§ used a polymer

concexaaw la ?&\ﬂﬁmdu ma,gnnﬂa’r:] aa&Jnctlon of [Ru],

at both lgvels of olefin concentration is linearly proportional to the total concentration
of ruthenium complexes as illustrated in Figure 4.4. This agrees well with the
investigation of synthetic cis-1,4-polyisoprene and NBR (Martin et al., 1997)
hydrogenation using the analogous ruthenium system. The first order dependence cn
the catalyst concentration loading indicated that the concentration of the active
complex is linearly proportional to the precursor loading. This suggests that the active

complex is a mononuclear species.
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It was noticed that the plots of NR hydrogenation show a positive intercept on
the x-axis, whereas this behavior is not observed for CPIP hydrogenation. This can be
explained that some portion of Ru catalyst was sacrificed with the impurities in the
natural rubber. It appears that about 45 uM of the active catalyst was destroyed when
the concentration of rubber was 260 mM, but at lower concentration of polymer (130
mM), a much smaller amount of catalyst was sacrificed. Therefore, increasing
impurities as the concentration of natural rubber increases results in decreasing the

amount of active catalyst for the hydrogenation reaction.
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Figure 4.3: Hydrogen consumption plot for NR hydrogenation,
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4.4.2 Effect of Hydrogen Pressure

The influence of hydrogen pressure on the rate of hydrogenation was varied
over the range of 19.7 - 67.9 bar at |[Ru] =200 uM, [C=C] = 260 mM, [p-TsOH] =
equivalent and 160°C in chlorobenzene solvent. A first order rate dependence on
hydrogen concentration tends to suggest that a single reaction mechanism is probably
involved for the reaction of the unsaturation in polymer with hydrogen (Figure 4.5). If
more than one process were involved, the relative contribution of these reactions

should change as the hydrogen pres e changed, and thus the dependence might

deviate from first order behavi \ servatlon was made from the H,

univariate experiments of NBR(l \,ﬁ_i ThlS investigation illustrated the
first order with respect t0 EXpol t on hydrogen pressure that is
characteristic of this ruthes cont! -\ extent of hydrogenation of

NR in the presence of Rh@HP / cre \‘\‘\ ncrease in hydrogen pressure at
U

4 y\%\\\,,.

2-ethylhexanoate in cgmbifiagion un tmiisob minum. The rate of reaction
(= )i
increased with a higher initia }ﬁ TLpEGSsure

low hydrogen concentratight 2 rogen concentration (Singha,

et al., 1997b: 1647-16

NR in hexane using nickel

4.4.3 Effect of Double .»{( i
The dependence of th e on he carbon - carbon double
bond concentratiornty 7 "'\ ] 420 mM at 160°C with
ure, and 8.8 equivalent acid

concentration of cata ;

concentration. A plot of 1mt1a1 rate vérsus initial ca‘;@s on — carbon unsaturation is
shown in Fig profiles that followed
pseudo first mg ﬂ 1%3@%?& ?be independent of the
amou ﬁ nstant of NR;
howeﬁ ﬁiia &lﬁ ﬁ ﬁlﬁbi ﬁiﬁoﬁﬁﬁé Eﬁhe studies of

synthetlc polyisoprene hydrogenation catalyzed by Ru(CH=CH(Ph))CI(CO)(PCys)
have shown that the activity of Ru catalyst is independent of the amount of olefin
charged to the system as shown in Figure 4.6. A recent study of the CPIP
hydrogenation in the presence of analogous osmium system, OsHCI(CO)(O,)(PCys),
revealed that the additional of hexylamine into the system decreased the catalyst

activity significantly (Hinchiranan et al.). Therefore, the inverse behavior of [C=C] on
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increasing [C=C] is attributed to the effect of impurities within NR on decreasing the

catalyst activity.

2.0
18 4 4 NR,{C=CJ]=130 mM
. ® NR, [C=C]=260 mM S A
164 © CPIP,[C=C]=260mM .
e tregéjlilne _ e
— moae
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Figure 4.5: Effect of Py on the rate constant,
[C=C] =260 mM; [Ru] =200 uM; T = 160°C; [p-TsOH] = 8.8 equiv.
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For NR: [Ru] = 200 =40.3b 0°C; [p-TsOH] = 8.8 equiv.
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4.4.4 Effect oA

The depend T ,\"a te on the addition of

tricyclohexylphosphi '§|' 0 urstand the function of the
) i

d

PCy; ligand on the role, of the active Ru species in the catalytic mechanism. The
y3 lig 1 % .}) yt

values of the ﬁﬁ%%ﬁﬂﬁﬂlﬂﬂ ﬂ tration of added PCy;

are presented 1fjFigure 4.7. Amounts ranging from 0.2 to 1.5 equivalents (1.5 times

¢
is evidept L:t ng" tricy : Mn reta p ial activity of the
ruthenium complexes for hydrogenation. It may be explained by two mechanisms; the

competitive coordination of PCy; with the active catalyst (Equation 4.2) or the

inhibition of phosphine dissociation from ruthenium hydride species (Equation 4.3).

RuHCI(CO)(PCy,), + PCy, === RuHCI(CO)(PCy,), 42)

RuHCI(CO)(PCy,), === RuHCI(CO)(PCy,) + PCy, (4.3)
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Figure 4.7: Ef id { e\g te constant,
[C=C] =260 5200 = 40.2 bar; T = 160°C,
[p-TsOH] = 8.8 gquiyi. =
4.4.5 Effectiofffémperature L
The depende ol of Apetature was examined for 2

| 1 .
sets of experiments, ‘,:I er the range of 100 to 160°C fof 130 mM of initial polymer

concentration apd 90 td' 80°C for 260 nfM of initial polymer concentration at the

base conditiof luu%]za m&l %ﬁrﬂﬂane‘in hydrogenation rate

constant. The ,ésults show that thg temperaturg.increase resultgd in increasing the
hydro@xaw‘ﬁ}laﬂ&nﬂeﬁtmfwr% (ﬁ]lé%p%lﬁj anaug to decline with
increasi‘ﬂg‘ temperature above 160°C. These results would seem to suggest that at
higher temperature, the impurities in NR destroy more of the active catalyst. In other
words, there may be 2 types of NR impurities, the primary one is easy to interact with
the active catalysts whereas the secondary impurities is activated at high temperature
i.e. higher than 160°C. Thus, the high amount of inactive catalysts at high temperature
results in slow hydrogenation rate. Our previous studies on cis-1,4-polyisoprene

hydrogenation showed that the rate constant increased as temperature was increased
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over the range of 130 to 180°C. It can be concluded therefore that the ruthenium
catalyst was not decomposed at temperature of 160 — 180°C.

The Arrhenius plot illustrated the temperature influence on the rate of
hydrogenation as provided in Figure 4.9a. The apparent activation energies of 25.3
kJ/mol for 130 mM of polymer concentration over the temperature range of 100 —
160°C and 23.3 kJ/mol for 260 mM of olefin concentration over the temperature range
of 90 — 160 °C was derived. These approximations show that increasing amount of
polymer decreased the apparent activt'o  energy. This is similar to a value of 29.1
sing RhCI(PPh;); (Singha et al., 1997b:
1647-1652) and 26.0 kJ/moksxe ' , pg€nation of NR in the presence of
using nickel 2-ethylhexanoaterand t; 'is dbutylalumint (Gan et al., 1996). Although it

is not totally understood the .of apparent activation energy, it
: / / \\\\\\.\\ on 1nto the polymer particle due

kJ/mol observed for hydrogenati

is believed that there is e

to the high viscosity O pal¥y he dpparent activation energy of

hydrogenation of synti#€ticgCPIP ch 9’\\\” ar weight (Mw = 800,000)
than that of NR (Mw > a' 0§ ) m ted ,\ \ kJ/mol.
The Eyring equationfws aSé ;.: 0+ } apparent activation enthalpy and

e

entropy for the reactions. #Fig ‘a}—:t -—

dependence data. The enthalpy of activatio

¢ Eyring plot from the temperature
as 20.0 kJ/mol and 21.9 kJ/mol and the

entropy of activationywsa 7.5 J/mol K 3 /l.K for 260 mM and 130
mM of polymer co 5;‘ Ta ,E‘

[
ﬂUEJ’J‘VIEJVﬁWEJ’lﬂ‘E
QW']Nﬂ'iﬂJﬂJW]'WIEJ']ﬂEJ
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Figure 4.8 e rate constant,
PHZ =40.3 b OF ] =8.8 equiv.
4.4.6 Effect oL/ A
The activity of " enium hydride‘eatalyst s e" ized to be dependent on the

amount of acid additiof @as mention abayg. Figure 4.10 shows the effect of the

concentrationﬁ %%}1 Qd%];ﬁt% %eﬂsﬁﬁq ﬂél mole equivalents (4.4

times the numbBer of moles of catalyst in the rea(g)'r) of acid added to the system had
signifﬁnﬂﬁ? a wﬂtﬁ Wﬂ?‘ éaxwm Ej observation of
CPIP hydrogenation (Section 3.3.9). The increase in concentration of acid led to an
increase in the rate of hydrogenation reaction. Although the mechanism of additive on
the impurities in NR during the hydrogenation process is not clearly understood, the
effectiveness of this additive in preventing the poisoning of Ru-based catalysts was

very significant.
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Figure 4.9: (a) Arrhenius plot, (b) Eyring plot for NR hydrogenation,
Py = 40.3 bar; [Ru| =200 pM; [p-TsOH] = 8.8 equiv.
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Figure 4.10. Effget of :hf_ 1 th ateé constant,
[C=C] =260 m, ; be=30.3 fRu] =200 uM; T =160°C

4.5 Polymer Chainiliéngth Pro| :

Typically, V nalysis of NR shows a
bimodal molecular L'I ght distributio 1gh n';a ow molecular weight peak.
Figure 4.11 shows the gelepermeation chrematograms for NR before hydrogenation

and 98% hydﬂ ueﬂﬁamsﬂﬂﬁ wmlﬂ §57 9 bar, [C=C] = 260

mM, and 8.8 eq%!w of p-TsOH, and¢Table 4.4 sumr marizes the 1 cular weight data.
e QAR TR TR T B i o
displayed a GPC chromatogram similar to its hydrogenated polymer and the
molecular weight distribution was not changed significantly during hydrogenaticn. It
can be noticed that hydrogenation of NR at high temperature (180°C) led to a

significant decrease in the molecular weight of the hydrogenated rubber.
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Table 4.4: Summary of GPC molecular weight data for NR and HNR

Condition
[C=C] Temp Py, [Ru] p-TsOH Mn Mw Mw/Mn
Polymer (mM) (°C) (bar) (uM) (equiv.)

NR - - - - - 512000 974400 1.90
HNR 260 160 403 200 8.8 474600 939600 1.98
HNR 260 160  67.9 200 8.8 562200 962900 1.71
HNR 260 140 403 8.8 538600 1094000 2.03
HNR 260 180 403 415700 752600 1.81
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Figure 4.11: G¢l permeation chromatograms of NR (- ) and HNR (--),
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4.6 Reaction Mechanism Consideration

A probable mechanism was proposed on the basis of results from the kinetic
study and spectroscopic investigations. The experimental results showed that the
reaction rate was first order with respect to the total ruthenium concentration and
hydrogen pressure and inverse order on the concentration of added
tricyclohexylphosphine over the range of conditions studied. The difficult element
with the NR hydrogenation data is the effect of impurities in natural rubber. A

plausible reaction mechanism as il

rated in Figure 4.12 is postulated for the

hydrogenation of NR using Ru(CH=CF L YCO)(PCys); as catalyst.

The reaction of Ru(CH= i(Ph))C 3), with hydrogen to give the first
hydride complex RuHC $3); 4 @ is rapidly formed. Then the
phosphine ligand dissociaies™fiefia hydride ce .. to form RuHCI(CO)(PCys). It
was noticed that the cataiffigfcyole of ANR \ to that of hydrogenations of
substrates lacking impuritiés (8¢ =D \ P ities exhibit the inhibitory

behavior. The presen \ pmpletion of the hydrogenation is

evident from the dragdfti te constant with adding the
Iehiranan et al.). Therefore, the
complex RuHCI(CO)(PCy J af-eithe \ impurities within NR and/or
it Qf carbon — carbon double bonds. The
lack of a kinetic isotop fect observat hat"the rate-determining step
involves the -;-— ______ 7 ‘Eﬁ' bon double bonds within

the polymer chain. Aﬁor 12 ation Qﬁld be governed by the rate

ﬂumﬂﬂmwmm

a ’k,ds[R (Hs)HCl(CO)(I}ng)][C =C] @ (4.4)
Ap1>lymg a steady-state assumption to each equlllbrlum reaction that leads to the
formation of [Ru(H,)HCI(CO)(C=C)(PCys)] provides a means of relating the

concentration of every species to the rate-determining step. The total amount of

ruthenium [Ru]r used in each experiment may be accomplished using the mass

balance of Equation 4.5.



CH=CH(Ph)

RuCI(CO)(PCysz),

ethyl benzene

W CH-CH

(hydrogenated po
| - RUHCI(CO)(PCys,)

Ru(Hp)HCI(CO)(C=C

ﬂuaawﬂwsWHwns
AN IUAMANYAE

Figare 4.12: anism for hydrogenation of NR catalyzed by
Ru(C=CH(Ph))CI(CO)(PCys3),
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[Ru]; = [RuHCI(CO)(PCy,),] + [RuHCI(CO)(PCy,)] + I - RuHCI(CO)(PCy,)]
+ [Ru(H, )HCI(CO)(PCy,)] (4.5)

A mass balance on ruthenium yields the concentration of the active center as a
function of the total amount of ruthenium [Ru]r charged to the system and results in

the rate expression

(4.6)

A comparison of E yith -&\3\"‘.-& to the relation given by
Equation 4.7. '

4.7)

Since a rigorous first ord hydrogen pressure, over the range of

study, was observed the ters he denominator of Equation 4.7 is

negligible. Thus, th ;"-'.';:’.’-T-"T;;T.:";TT:T"’;TT\"‘

i |
‘l kK KK,P, [Ru],

AU ANENSRENAS

Althoughqllne actual amount of impurities t t has an effectej catalyst activity is

o P G 131D 18 o o

concentfiation of NR. The experimental results showed that about 45 uM of the

uJ

(4.8)

ruthenium catalyst was destroyed when the concentration of NR was 260 mM in 150
ml chlorobenzene. Equation 4.9 provides a model for NR hydrogenation using 260

mM of polymer concentration, by assuming concentration of impurities is constant.

kP, ([Ru]; - C)
K+ [PCy;]

L

(4.9)
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The rate constant k4 is a lumped constant containing the limiting reaction rate
constant; k.4, equilibrium constant; K; and K, and the Henry’s law constant for the
solubility of hydrogen in chlorobenzene; Ky. Whereas the rate constant K represents
Ki+K K3[I] and C is correction factor which is assumed constant for each
concentration of natural rubber.

A statistical analysis was undertaken to check the validity of the derived rate
law. A summary of this analysis is shown in Table 4.5 and Table 4.6. The solid curves
provided in Figure 4.4, 4.5 and 4.7 show how well the model predictions fit the

observed experimental data. Aetual'imodgl predictions of olefin conversion profile

relative to the data from gasw ok igure 4.13. A plot of residual from

the best fit versus k' (Fig stribution confirming that the

Equation 4.9 is valid modelfe¥ hs itogepatic r the range of study.

Table 4.5: Model Pag

95 %

Confidence Interval

Parameter Lower Upper

ks, (mM) 's7bar’  3.24E-0 ;9;.. ) 2.12E-02 4.37E-02
Ks, (mM)'bar! L ‘.--..--_.-_“_--_.-_,_ 2.42E-01
C, (mM) ) 6.44E-02

Mm.umm NIWYNT
%Bm TRl vITILT - T

Residualq 9 0.058 6.472E-03

Uncorrected Total 12 10.329
(Corrected Total) 11 3.191
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Figure 4.13: Comparison of the conversion profiles of experiment with model
prediction.

(a) Conversion profile at various with Ru concentration,

[C=C] =260 mM; Py, = 40.3 bar; T = 160°C; [p-TsOH] = 8.8 equiv.

(b) Conversion profile at various hydrogen pressure,

[C=C] =260 mM; [Ru] =200 uM; T = 160°C; [p-TsOH] = 8.8 equiv.
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