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Selective hydrogenation of the olefin nsidbg wîthin nitrile butadiene mbbu (NBR) yields 

an elastomer that poseses nrnarkable tbermai and oxidative stability. A new generation 

of homogeneous catalysa have been identified for the d o n ,  having the general form 

OsHCl(CO)(L)(PCy& (la, L=vacanc 2.. L=0& In the present work, the merits of this 

new technology have been assesseci in cornparison to tbe Rh@ phosphine catalysts that are 

currently in use. Comprehensive Linetic and selectivity data have been acquued under 

reaction conditions that are industrhlly relevant. These measurements , cwpled with 

fundamental studies of the structure and reactivity of la and 2a, have improved our 

understanding of the novel catalytic chemistry of this clas of complexes. 

The rates of hydrogenation supportecl by 20 are superior to those produced by RhCl(PPh,), 

over the entire range of conditions studied. Unique D the 2a system is an apparent second 

order dependence of the reaction rate on the concentration of H,. At pressures exceeding 

60 bar, this reaction order diminishes until the rate is virtually independent of the hydrogen 

pressure. In contrast, the hydrogenation of substrates laclnng nitrile functionality is 

indifferent to WJ at al1 system pressures. An unconventional catalytic mechanism in 

which two molecules of H, are required to bring abwt the rate detemining sep is 

supported by the kinetic data. 

A spectrosmpic analysis of HNBR produced using Za revealed no evidence for the 

reduction of the copolymer's nitrile unsaturation to amine. However, the olefin 

hydrogenation was accompanied by an undesirable crosslinking rcaction that was not 

observeâ for the rhodium cataiysts. Detailed studies of the effkct have indicated that 

elevated pressures and minima cataiyst concentrations suppress, but do not elimimte, the 

crosslinking process. By monitoring the evolution of the side-reaction product with time, it 

has been connected a the presenœ of residual olefin. Various mechanisms by which the 

cross-linking process could accur have been explorecl. 



An aitemative to batch HNBR production has been explored in the fonn of a wntinuous, 

plug-flow reactor configuration. The design considerations uadulying the new production 

strategy have been detailed dong with criteria used for its evaluation. To demonstrate the 

operating principles of the new approach. a bench-sde prototype has been constructed and 

assessed according to these standards. The breadth and form of the resîdence time 

distribution atforded by the unit have been measured and relatai to its hydrogenation 

performance. The data suggests that HNBR rnay be synthesized efficientiy by this method. 
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In many respects the dernand for robust elastomers has extended beyond the limits of 

traditional diene-based polymers (Watanabe et al.. 1989). For example, the development 

of more efficient automotive powemiru has significantly increased engine cornpartment 

temperatUres, putting an additional stress on key nibber components such as hoses and 

timing bels (Klingender and Bradford, 1991). The chernical modification of these 

materials has satirfieci this dernand to some extent, creating a new class of specialty 

polymers with improved mechanical, thermal and chernical properties. Since these second 

generation materiais can not be made by conventional polymerization techniques, the 

modification of diene-based rubber remains the only synthetic route for theu production 

(McGcath et al., 1995). However, the cost of these processes is reflected by the limited 

number of applications to which modified materids have found use. 

Most modification reactions of commercial interest focus on improving thermal and 

oxidative stability (Schultz, 1988). Residual carbon-carbon double bonds in the backbone 

of diene-based materials are sites of degradation when exposed to oxygen, ozone and heat. 

Prolonged exposure to such conditions may result in a decay in the mechanical integrity of 

the material and its eventual f'ailue. A selective hydrogenation of the C-C unsaturation 

can reduce the reactivity of the material, thereby extending its range of application. A 

leading example is the catalytic hydrogenation of nitrile butadiene rubber (NBR) to yield its 

more stable counterpart, HNBR (Figure 1.1). 

Due to its remarkable oil and solvent cesistance, high nitrile NBR is commonly employed 

in oil and gas production equipment and engine fluid delivery systerns (Hertz et al., 1995). 

However, its performance is compromiseci by contact with sour gas, oxidized fuel and 

aggressive solvents, particularly at high amperames. The hydrogenation of NBR to 

produce an apparent ethyleneacrylonitrile random copolyrner has alleviatecl this deficiency 

and developed an expanding specialty market. As this sanuated capolymer cannot be 



NBR 

Figure 1.1: General Structure of NBR and HNBR 

synthesized by traditiod approaches such as free radical or coordinative polymerization, 

the modification route has been adoptecl. 

1.1 CornmerciPl ENBR Production Tecùnology 

In the production of HNBR its is required to selectively hydrogenate oletin in the piesence 

of the wpolymer's nitrile unisatufation Figure 1.1). S ignificant levels of nitriie reduction 

to primary amine not only diminishes the apolar solvent mistance for which HNBR is 

designed, but is thought to facilitate an undesitable aosslinking reaction (McManus and 

Rempel, 1995). This selectivity criterion prohibits the use of chernical reagents such as 

hydmine or LAI-. Hydrogen aarisfer reactions that make use of compounds such as 

isopropanol are also inapplicable, as NBR is insoluble in systems containhg substantial 

amounts of alcohol. The remaining option is a metal catalyzed process employing 

molecular hydrogen. 
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For the modification of polymers, homogen#nu complexes or highly dispersed slurrïes of 

platinum rnetals are prefemd over heterogeneous systems such as Rarïey nickel. While the 

selectivity of solid cacalystp is often lacking. these systems also suffer greatly fiom polymer 

diffusion limitations. The meagre diffusivity of maaomolecules in solution reduces the 

rate which they interact with a iiquid-solid Uiterhœ. As a resuit, hydrogenation rates are 

0th dominated by an inefficient rnass taasfer pmcess. By dieu nature, homogeneous 

catalysts associate intimately with the polymeric substrate a> produœ superior rates of 

hydrogenation. This advantage offsets the cost of metal iecovery. 

There exist M e r  complications in adapting a tecbnology that was designed for moromers 

to macromolecule transformations. Emulsifiers, chain transfer agents and stabilizers used 

in the synthesis of NBR often remain in undefined amounts. These residual carboxylates, 

mercaptans and alcohols can advemly affect a catalyst that efficientiy hydrogenates 

purified olefin. Dificulties may also arise from the pnsence of coordinating functional 

groups or the variety of olefin isomers within a butadiene-based material. Consequently, a 

meaningful evaluation of a modification technology must involve studies of the material in 

question at operating conditions that are relevant to its final application. 

As HNBR occupies a small fraction of the elastomers market, semi-batch hydrogenation 

processes are used throughout the industry. Typically, the polymer is dissolveci in a polar 

solvent (chlorinated ammatics or ketones) and the solution purged of atmospheric gases. 

The desired teaction temperature and pressure is estaMished and the catalyst chargeci to the 

vessel. h s u r e s  in exass of 20 bar and temperatures in the range of 100°C are used to 

enhance the hydroge~tion rate while minimizing the rquired amount of precious metal. 

Upon reaching the desired conversion, steps may be taken to recover catalyst residue and 

the polymer is isolated by precipitation. 

Of the innumerable transition metai complexes tbat are capable of catalyzing olefin 

hydrogenation, those identified up until this time as having the greatest merit for HNBR 

have been based upon rhodium, palladium and mthenium. Of these, most polymer 



hydrogenation literature has been devoted to the rhodium(I) phosphine amplexes, 

especially RhCl(PPh3,. A patent filed in 1976 by Bayer Rubber Inc. protecd its use for 

HNBR production (Oppelt et al., 1976) and stimulated interest in developing new 

technology. Polysar (now a division of Bayer Rubber) was graated patent protection for a 

RhH(PPh,), process 8 yuvs later (Rempel and Azizian, 19û4). The examples provided in 

these rhodium patents suggest aperating at pressures mar 28 bar, temperatures in the range 

of 110°C and cataiyst loadings of 1 wt% based on polyrner. 

Reports of the activity and selectivity of the R h 0  phosphine complexes under 

commereiPlly relevant conditions are scarce. despite the enormous body of literature 

dealing with their geneal catalytic chemistry. Based on available information, it appears 

that the rhodium systerns are entirely selective for olefin hydrogenation (Bhattacharjee et 

al., 1991). This allows the p r m s  to be operated at extreme conditions without conœm 

for the product quality. This is d i s c d  in greater detail in Chapter 6. 

A competitive achnology based on a palladium metal system is used wmmerciaily by 

Nippon Zcon Co. Ltd. The original catalyst consisted of Pd dispersed on a soiid support 

such as silicaalumina (Kubo and Ohm, 1982). Much better activity has been reported for 

Pd carboxylate complexes that are soluble in an NBWketone solution (Kubo and Kohtaki, 

1985). When exposed to H, at elevated temperatutes, these catalyst precwsors are reduced 

to create a highly dispersed Pd metal colloid. By enhancing the effective surface area of 

exposed palladium, the liquid/sdid mass transfer rates that are required for the polymer to 

migrate m a  catalytic site are improved. As a result, better ovedl activity is observed. 

The patent granted to Nippon Zeon Co. Ltd. for its Pd carboxylate technology recommends 

operation at 50 bar and 50°C. More severe reaction conditions promote solvent and/or 

nitrile reduction reactions. As a result, Pd loadings in the range of 500 ppm are required 

to support reasonable hydrogenation rates. This relatively high catalyst loading offsets the 

cost advantage of using a Pd rather than a Rh-based system. Both technologies are 

therefore competitive in the HNBR market. 
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A surge in the cost of Rh metal to a high of 7000 USDloz in 1990 motivated a search for a 

viable ruthenium-based process. Although the price of rhodium has since declwd. 

expenditures on a ruthenium catalyst could be as little as lI2P of those for a RhCl(PPh,), 

system. Of al1 those screened, complexes of the form RuHCl(CO)(PR,), (R=Cy, i-Pr) 

have proven to be best suiteâ for NBR hydrogenation (Rempel et al., 1991). These exhibit 

exceptional hydrogenation activity in dl types of solvents whiie creating a marginal amount 

of polymer crosslinking. In theù kinetic study of the PCy, analogue, Martin et al. (1992) 

report a first order dependence of the reaction rate on [Ru] and WJ and an inverse 

relations hip between activity and nitrile Ioading . 

Only very recently has attention tumed €tom ruthenium to its thud row congener, osmium. 

This oversight is lürely due to observations that the 5d metals coordinate too swngly with 

ligands encountered in catalytic cycles. A stronger association with hydrides, alkenes and 

phosphine has the p~tential to limit the overail reactivity of the metal centre (Sanchez- 

Delgado et al., 1995). It was, therefore, somewhat unexpected that the osmium analogue 

of RuHCI(CO)(PR& proved to be extremely active for NBR hydrogenation when screened 

by Dr. N.T. McManus of our laboratory. Further work revealed the activity of the 

osmium system to be superior to ruthenium, in contrat to these commonly held 

assumptions. 

The commercial potential of the osmium technology has been recognized by Bayer Rubber 

Inc. who have sponsored the patent claim of McManus et al. (1996). Given the scarcity of 

osmium catalytic literature and the commercial demand for a more efficient HNBR process, 

continued research promises to address the interests of both the academic and industrial 

community . 

- 1.2 Structure and Reactivity of OsHC1(CO)(PR& (la, R=Cy; lb, R=i-Pr) 

The synthesis of ~SHCI(CO)(PC~~)~ by refluxing a solution of PCy, and K,OsCI, in 

methoxyethanol was first reported by Moers (1971). Although l a  and lb  are 

coordinatively unsaturateci, they are monomeric in both the solid phase and in solution 
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(Moers, 1971; Estcruelas a d  Werner, 1986). Theu stru& is square pyramidal, with the 

bdky phqhiiws nonr disposed within a pluie shared by Cl and CO (Figure 1.2). Moers 

(1984) attests that osmium lies essentially in the basai plant of la, leaving a vacant 

coordination site pmrr 6 the hydride which is of considerable dimension. However, the 

coordination of a third bulky phosphine has not been detected for either la or lb  (Mœrs, 

1971; Estemelas and Werner, 1986). 

The addition of a host of s d  molecules to form stable, six coordinate complexes of la 

and l b  has been obsewed. Moers (1971) and Mœrs et al. (lm, 1974) have demonstrated 

the coordinative capacity of pyridine, S02, CS, and CO to la. EsterueIas and Werner 

(1986) have characteri& the aaalogous CO cornpiex of Ib as well as an octahedral 

product of PM% or P(OMe), addition. The use of a 2: 1 PMe, to Os ratio did not result in 

the displacement of a bulky phosphine to form a bis PM% cornplex. The addition of larger 

ail@ phosphines was not obsemed, due to what is believed to be a steric limitation. 

A displacement of the chloride of lb  by an acetate anion to yield an abstable, 

microcrystalline solid has been reported (Estenielas and Werner, 1986). An IR spectrum 

indicates that the acetate group is bonded through both oxygen atoms as shown below. 

This type of readon has the potential to intetfere with the hydrogenation of copolymers 

that contain significant amounu of the carboxylate salts derived fkom surfactant. 

Exposai to traces of oxygen (Figure 1.2). the solid fom of l a  and lb yield the 

diamagnetic dioxygen adducts 2a (Moen et al., 1974b) and 2b (Esteruelas et al., 1988). 

The dioxygen ligand is very swngly bound, as indiaued by the shift of v, in the IR fiom 

1580 cm-' for fne 0, to 820 cmd1 and 867 c d  for 2a and 2b respectively. The substantial 



-R! 
4a;L=H, CN 
4b; L=H, CN, Co,-, Ph 

Figure 1.2: Characterized mictions of la, b 
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single bond character of bond Oz is characteristic of ri v 2 - ~ r 0 x ~  coordination mode 

(EstemeIas et al., 1988). In spite of this s m g  association, a displacement of dioxygen 

from Pb was proposed by Andri0110 a al. (1989) wben employed as a catalyst precmor. 

Note that over extended periods of the, pure solutions of @-O2 complexes are not 

necessarily stable. Mezzetti et pl. (1994) have observeci a solution of 

[OsCl(O&dcpe)JBP& (dcpe = 1.2-bis(dicyclohexylphosphino)ethane) produce diphosphine 

oxides during decomposition. 

A variety of small olefins have been shown to produce s u  coordinate complexes of la and 

l b  (Figure 1.2). Unactntated olefin such as ethylene must be present in exces to maintain 

stable adducts (Moers et al., 1974b). However, elearon withdrawing substitueno such as 

CN, C0,Me or CO stabilize the ûs-olefin bond eaough to produce isolable octahedral 

compIexes (Moers and Langhout, 19n: Esteruelas and Wener, 1986). Esteruelas and 

Werner (1986) observed no direct evidenœ for the production of stable metal-alkyls of l b  

that couid fom by the insertion of olefin into the osmium-hydride bond. However, in a 

later report they provide convincing evidence to support the insertion of styrene at room 

temperature accurding to the sdieme prrsented in Figure 1.3 (Andrio110 et al., 1989). 

Figure 1.3: Styrene insertion into the Os-H bond of 1b 

In a benzene solution with styreoe, the hydride region of a 'H NMR specaum of lb  is 

reported to undergo significant changes. The hydride triplet of l b  at -3 1.9 ppm 

disappears, to be replaced by a broad monance at -27.9 ppm. In a separate experiment, 

the addition of styrene to OsDCl(CO)(Pi-P& initiated an H-D exchange as rhe hydride 

signal at -27.9 ppm was restored at the expense of the olefin signal. Andtiollo et al. 
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(1989) rationalized these observations as a rapid eqwlibrium (Figure 1.3) which produced 

an exchange averaged signal for the hydtide of lb. 

The ody other olefin to be scrutinized for OS-aUtyl formation is ttmrs-PhHC=CHCOMe, 

or benylideneacetone @stemelas et al., 1992). At m m  tempeLam in knzene, four 

equivalentï d substrate faiIed to producc any changes to the 'H NMR spec& of lb. 

Under identical conditions, the H-D exchange that had k e n  reponed for styrene was not 

observed. It s h d d  be noted that the wsubstituted d o g u e  of benzylideneacteone, 

H,C=CHCOMe, fonns a very stable ralefin complex that is unchanged after heating to 

70°C in benzene for 24 hours (Esteruelas and Werner, 1986). It would thereforr appear 

that the coordinating ability of an olefin is strougly influencecl by the bulk of its 

substituents. 

Complex l b  has been shown to activate molecular hydrogen by a rather uncornmon q2- 

coordination mode (Esteruelas et al., 1988). Consistent with other srnaIl molecule 

additions, dihydrogen coordinates tram to the hydride to create what is fonnally an Os(I1) 

cornpiex (Figure 1.4). Removal of an H, atmosphere rapidly transfomu the dihydrogen 

adduct back into lb. This instablity has pncluded the isolation of 3b. It has therefore 

been chafacterized by spectroscopie means orily. 

Figure 1.4: Coordination of molecular hydrogen by l b  

A 'H NMR speceum of lb  at 2 4 K  under HI exhibits a b r d  tesonance at -1.8 pprn (q2- 

bonded HJ and a triplet at -6.5 ppm corresponding to the apical hydride ligand 

(Bakhmutov et al., 19%). nie minimum spin lanice relaxation times of these 

signals are 6.2 ms and 2% ms respectively. Relatively f s t  relaxation is expected for q2- 
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(Esteruelas et al., 1989). Under an H, atxnosphere, ûoth isomers of the diene as well as 

cyclohexene were rapidly hydrogenated. 

In a detailed study of the hydmgenation of phenylacetylene, Werner and his coworkers 

provided twelve measurements of the rate of styrene reduction by OsHCI(CO)(PMetBu& 

(Andriollo et al., 1989). The experimenral conditions were Pm= 1 bat, T=23 OC, 

[Os] -0.7-2.5 mM and [styrene] =0.060.3 M. The data suggested a f h t  order 

dependence of the hydrogenation rate on [Os] and [styrene]. Without baving deterrnined 

the influence of H, or additional PR, on the reaction tate, the coauthors cefraineci fiom 

proposing a reaction mechanism. 

The hydrogenation of benzylideneaœtone (am-PWC-CHCOMe) by l b  has been studied 

by Esteruelas et al. (1992). Initial rate data, acquired over a narrow range of process 

conditions ([lb]=0.73-2.5 mM, [C=C]o=0.2S-0.6û M, P,=0.71-1.28 bar, T=60°C) 

established a fmt order dependence of the reaction rate on [lb] and [C =Cl. Five rate 

experiments could resolve no dependence of the reaction rate on Pm. That is, the reaction 

appeared to be zero order with respect to BJ. Linn and Halpern (1987) have reponed 

RuH,(PPh& to be similarly indifferent to the concentration of H, in the bulk. 

To rationalize these observations, Esteruelas et al. (1992) pro- the catalytic mechanism 

illustratesi in Figure 1.5. They suggest that l b  is "activateda by a p r m s  involving the 

initial coordination of H,, its migration to a position cis disposeâ to the hydride, followed 

by its subsequent dissociation. This vacated site could then be occupied by olefin whose 

insertion into the Os-H bond would serve as the rate determining step. A fart elimination 

OP the Os-alkyl ligand by H, cornpletes the catalytic cycle. 

-In accordance with this mechanism, an expression for k' as defined by 
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Figure 1.5: Proposed mechanism for benzylideneactone hydrogenation by l b  

would be (in full and approximte form). 

The proposed mechanism yields a rate expression that is consistent with the experimenmi 

data if K,WJ 4 1. Using K, = 650 Vmole as provided by Bakhmutov et al. (1996) at 

60°C and an H, concentration of 0.0035 moledl at 1 ami ('Young, 1981). K,[HJ is equal 

to 2.2. The proposed mechanism therefore pndicts an inverse dependence of the reaction 

rate on WJ that ïs not reaiizcd in the experimentd data. 



1.4 Reactivity and Catdytic Chcmistry of O s H C 1 ( C O ) @ ~  

The fust examples of hydridocarûonyl complexes of Os@) were prepared by Vaska in 

1964. In wntrast to the alkyl phosphine systems, the PPh, analogues are six coordinate, 

octahedral complexes. Vaska (1%4) noteci that the coordinatively sanirateci system did not 

add molecular hydrogen and there are no reports of smail molecules displacing PPk to 

form a bis-phosphine complex. However, H-D exchange to form OsDCI(CO)(PP~), has 

been observed, suggesting that while not producing a stable complex, molecular hydrogen 

may be activated by the system. 

Excluding a brief reference by Mitchell (19'70). the cataiytic utility of the PPh3 system was 

fust recognized by Sanchez-Delgado et al. (1983). They found the system to be an 

efficient catalyst for C=C bond migration and the hydrogenation of olefin, aldehydes, 

ketones and unsaturated aldehydes. Under N, at lSO°C, the complex readily promotes the 

isomerïzation of 1-hexene to an equilibtium mixnue of cis and tram 2-hexene. In an H, 

environment, 1-hexene was preferentially hydrogenated relative to the i n t e d  olefin. 

C yclohexadienes have been efficiently hydrogenated to cyclohexane with little selectivity 

for the monoolefin (Sanchez-Delgado et al., 1985). 

This ear 1 y research has meened the catal ytic potential of mononuclear osmium@) 

complexes without propoaing reaction mechanisms. A direct cornparison of 

OsHCI(CO)(PPh~, activity to the alkylphosphine complexes is not warranted due to widely 

differing reaction conditions employed in the literature. However, much milder conditions 

are required for l b  to achieve the naciion times needed for the PPh, analogues to saturate 

cyclohexene (Esteruelas et al., 1989; Sanchez-Delgado et al., 1983). 

1.5 Scope of the Research 

The principal objective of this research is to assess the meriu of the osmium technology for 

NBR hydrogenation while furthering Our understanding of its underlying chemistry. While 

not evaluating the commercial viability of an osmium-based process, the study illustrates 

the advantages and weaknesses of the osmium system relative to the established rhodium0) 
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catalysts. By examining the performance of 20 at conditions that approach those employed 

industrially , the acquired data is relevant to potential commercial application. 

The following two chapters summarïze research projects that serve as a foundation to the 

thesis. A study of the solubility of hydrogen in pure and dilute NBR solutions of 

chlorobenzene is detailed in Chapter 2. These results simplify the analysis of 

hydrogenation rate data by rendering the concentration of hydrogen in the condensed phase 

as a function of procas conditions. Chapter 3 relates a kinetic study of the hydrogenation 

of NBR catalyzed by RhCl(PPh& and RhH(PPh3)4 at industrially relevant conditions. This 

research advances our understanding of the commercial NBR process while establishing a 

standard to which the new osmium technology may be compareci. 

The content and objectives of Chapiers 4 and 5 are intimately related, the former centering 

on the structure and reactivity of la,b while the latter focuses on its catalytic chemistry. 

The high-pressure, nuclear magnetic resonance (NMR) experiments descn i  in Chapter 4 

have both reveafed and quantifiai chernical equilibria that are düectly related to the 

hydrogenation mechanism. This fundamental knowleâge is applied in Chapter 5. where a 

comprehensive kinetic analysis of the hydrogenation of NBR by 2a is detailed dong with a 

mechanistic interpretation of die acquind data. 

Having characterized the rhodium and osmium systems €rom the standpoint of activity. 

Chapter 6 outlines a series of experiments which sought to evaluate the selectivity of each 

cataiyst. The main body of the thesis is closed with a discussion of a new continuous 

reactor configuration for HNBR production (Chapter 7). The design features are illustrated 

dong with a preliminary evaluation of a bench-sale prototype. 



Although a varivariety of polar organic solvents are capable of solvating NBR, chlorobenzene 

demonstrates superior chernical stability under extceme cataiytic conditions. It has 

therefore been favoured in both industrial anci academic investigations. Unfortunately, 

reliable estimates of the solubility of hydrogen in chloroknzene at high pressures and 

temperatures have been unavailabk to support these research efforts. The oniy report on 

this system is lhited to 1.013 bar over a temperature range of 272.3 K to 354.0 K 

(Horiuti, 193 1). 

The analysis of hydrogemtion rate data is simplifieci by a knowledge of the concentration 

of H, in the liquid phase under the reaction conditions studied. It is for this reason that the 

solubility of hydrogen in pure chlorobenzene and dilute NBR solutions has been measured 

at temperatures ranging fiom 273.2 K to 443.2 K and total pressures up to 67 bar. These 

conditions encompass those commonly encountered by cataiyst tesearchers and process 

designers working in the polymer modification field (McManus and Rempel, 1995). 

2.1 Experimental 

2.1.1 Materials 

Al1 reagents were used as received. Hydrogen gas of 99.99% purity was obtained fiom 

Linde-Union Carbide Canada Ltd. Chlgrobenzene purchased fkom Fisher Scientific Ltd 

had a reported purity of 99%. Decime and L,Jdimethylbenzene were spectrometric grade 

products of Aldrich Chemicai Company. Samples of NBR (Ksmac 38.50) were obtained 

from Bayer Rubber Inc. 

2.1.2 Apparatus and Procedure 

An 0.5 litre Autoclave Engineers "Zipperclave', initially charged with 350 cm3 of 

chlorobenzene was recharged when no more than 250 cm3 had been withdrawn for analysis. 

Each time, the system was degassed using ihne cycles of charging the autoclave with H, O 



10 bar, allowing the system to equilibrate, and venting. The total system pressure was 

measured by a differential pressure transducer that was calibrateci to an estuaated accuracy 

of +/- 1 % of the range studied, or +/- 65 kE% at 65 bar. An iron-Constantan 

thermocouple, checked at the i œ  and s tem points. was used to measure the temperature of 

the condensed phase. Conaol of the vesse1 temperature was accomplished to within +/- 
0.5K by a PID controller acting on a cetamic insulated hating mantle. Measmmentï 

made at 273.2 K were achieved by immersing the autoclave in an ice-water bath. 

The analysis technique, based on the work of Lee and Mather (1977). detennined the 

composition of the condensed phase in equilibrium with its vapour at a given pressure and 

temperature. This equilibrium was established rapidly using an agitation rate of 1200 rpm 

to intimately mix the two phases. In generai, a 30 min equilibration time was sufficient 

following a change in pressure while at least a 90 min period was required afier changing 

temperatures. The results were unaffited by approaching the experimental pressure from 

above or below. 

Aliquots of chlorobenzene saturated with H, were withdrawn fiom the autoclave through a 

dip tube attachecl to a 10 cm length of 1/16" stainless steel tubing. A 125 cm3 Erlenmeyer 

flask sealed by an Aldrich Suba-Seaj rubber stopper was used as a sampling flask. A glas 

side ann installed on the flask was equipped with a s w k  and a B-14 ground glas  joint 

to interface with a gas burette. In taking a sample a slow, continuous tlow of solvent was 

permitted to purge the dip tube of vapou. Undet this flow, the 11 16" tubing was inserted 

through the stopper in order to inject tluid into the preweighed sample flask. 

Approximately 15 cm3 of fluid were required to evolve an amount of H, sufficient to be 

measured accurately. Once collected. the sample was quickly brought to room temperature 

by immersion in a water bath. 

Initially at atmospheric pressure, the sample flask was pressurized by the injection of liquid 

and the evolution of H, dissolvexi within it. The volumetric expansion required to return 

the pressure in the sarnple flask to atmospheric was measured using a gas burette. The 



mass of chlorobenzene sampled was then determined gravimetrically. The volume 

displaced by injecting this amount of chlorobenzene into the sample flask was subtracted 

from the burette measwement to yield the amount of gas evolved nom the sample. A 

correction for the residuai H, nrnaining in the sample liquid was applied usiag the 

atmospheric pressure data of H O M  (1931). Having accounted for the amounts of H, and 

chlorobenzene sampled, the mole fkaction of each component was calculateci. 

In those cases where wpdymer solutions were studied, the composition of the liquid was 

measured by evaporating the solvent and weighing the polymer residue. It was determined 

that at room temperature, the densisr of dilute solutions of NBR did not differ from that of 

pure chlorobenzene. 

2.2 Results and Discussion 

To veriQ that the experimental method was capable of yielding results of an accuracy 

sufficient for research applications, a comparison with published solub il ity data was made. 

Two reports, produceci by sepatate laboratories, were selected for cornparison over the 

range of conditions relevant to HNBR production. The fmt, reportecl by Sokolov and 

Polyakov (1977), examined the hydrogen + ndecane system. The second comparison was 

made with work of Simnick et al. (1979) on the hydrogen + 1,3dirnethylbenzene system. 

Figure 2.1 illustrates both the literature studies dong with the data collected in our 

laboratory using the procedure descn'bed above. In no case did the deviation of. the 

literature data nom the values calculaad from a linear regressioa of our results exceed 2%. 

In a review of the work of Sokolov and Polyakov, Young (1981) assigned an error of +/- 

3 % to the reported H, liquid mole faction. In light of out wmparison to the work, this 

error estimate is considemi to be representative of that associateci with the present study. 

- Having established confidence in the experimental approach, the H, + chlorobenzene 

system was analyzed at (273.2, 2%.2, 328.2, 363.2, 403.2 and 443.2)K at pressures up to 

67 bar. Figure 2.2 illustrates the liquid phase H, mole fraction as a function of the system 

conditions while numerical values are provided in Table AI, Appendix 1. Owing to the 



Figure 2.1: Cornparison of the developed technique to published work. 

lack of vapour phase data, any analysis must be classified as preliminary. Nevertheless, 

the data appear to be well represented by equation 2.1 over the range of conditions studied. 
b 

where. f2 = fiigacity of Hz. bar 
*2 = H2 liquid mole fraction 
K, = Henry's constant, bar 
v, = liquid molar volume of H2. m3/mol 
T = system temperature, K 
Pm = partial pressure of H,. bar 

Defined by the above relation, K2 (at the saturation pressure of chlorobenzene) is the 

limiting value of f,lx, as the systern approaches infinite dilution. 



Figure 2.2: Solubility of H, in chlorobenzene 

Without a knowledge of the vapour phare composition, certain simplifications are required 

to estimate the fiigacity of hydrogen, f2. The fim assumption is that Raoult's law may be 

applied to estimate the vapour phase hydrogen mole ftaction. The second assumes that a 

binary interaction between H2 and chlorobenzene may be neglected. This last simplification 

facilitates an estimate of the vapour phase fiigacity coefficient for H, from the equation of 

state of Peng and Robinson (1976). It should be noted that under the conditions studied, 

the system could well have k e n  represented by an ideal gas approximation. Wough these 

assumptions, the Henry's constant at each temperature has been regressed and ploned in 

Figure 2.3. The overall temperature dependenœ of K, has been fitted to the expression 

provided in equation 2.2 using the uni& specified above. 



A cornparison of equation 2.2 with the comlation that Fogg and G e m d  (1991) have 

derived from the data of Horïuti (1931) is favourable. ûver the wincident temperature 

range (273 K to 354 K), the largest deviation between predicted values is 9.1 %. 

Figure 2.3: H, + chiorobenzenc: K, versus temperature 

As the utility of the H2 + chlorobenzene system lies principally with the hydrogenation of 

cupoIymers, a knowledge of the influence of dissolveci polymer on the hydrogen solubility 

is required for many applications. Throughout this research, solutions containing l e s  than 

4 wt% of NBR have been studied. Thenfore, wlutioas of 4.09 wt% and 8.08 wt% NBR 

in chlorobenzene have been analysad to ensure that pure solvent data may be used with 

confidence. Figure 2.4 .suggests t h  at these relatively low wpolyrner loadings, the 

influence of NBR on H, solubility is not signifiant at 130°C. 
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The cataiytic chemistry of Rh(Q phosphint complexes has been cesearchecl and reviewed 

extensively over the last thne decades (James. 1973; Jatdine, 1981). In so Far as they are 

the oniy homogeneous systerns used commercially for HNBR synthesis (Oppelt et al., 1976; 

Rempel and Azizan, 1984) they reprisent the standard to which new generations of catalystr 

are compared. However, an absence of comprebeasive kinetic data on the performance of 

RhCI(PPh3)3 and RhH(PPh3), under extreme conditions has pncluded direct assessments of 

these new technologies. 

In addition to a brief report by Weinstein (1984). Mohammadi and Rempel (1987) have 

carried out a mechanistic study of the RhCl(PPh3), / NBR system at the mild reaction 

conditions of 65°C and pressures near arnbient. Bhatiacharjee et al. (1991) extended these 

process conditions to 100°C and 56 bar in an effort to optimize the process and characwize 

the final product. However, little is known of the kinetic behaviour of RhCl(PPh3, at these 

elevated conditions and to Our knowledge, no reports on the RhH(PPh3),/NBR systern are 

present in the open literature. 

The research presented in this chapter is an attempt to appreciate the underlying chemistry of 

both the RhCl(PPQ3 and RhH(PPh3)), catalyzed hydrogenation of NBR at conditions that are 

relevant to industrial applications of the technology. Carefiilly obcained kinetic data is 

presenied within the context of fundamentai reaction mechanisrns. A I k l y  catalytic pathway 

is proposed for the RhCl(PPh3), system. 

3.1 Experimentai 

3.1.1 Materials 

RhCI(PP 4), and RhH(PPh3)4 were s ynthesized according m literature preparations (Osboni et 

ai., 1966; Ahmad et al., 1974) from RhCl3*3H2O obtained from Engelhard and recrystallized 

PPh, fkom Aldrich. Oxygen free hydrogen with a purity of 99.99 % was obtained fiom 
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Linde-Union Carbide Canada Ltd. A11 reporteci lcinetic and selectivity experiments employed 

monochlorobenzene as a solvent. Limited trials with 2-butaaane and cyclohexaaone were 

undertaken for cornparison to literature reports. In al1 cases these nagent grade solvents 

were used as receiveâ. nie acrylonitrile-butadiene copolymer (NBR) contahed 62 1 

butadiene by weight (78 % ~MM. 16% cis, 6% vinyl hmerization) and had a molecular 

weight of approximately 200.000. This material (Krynac 38.50) was used as received from 

Bayer Rubber Inc. A styrene-butadiene copolymer (Finaprene 410 ftom Petrofina) having an 

18 % styrene content and a molecular weight of 160.000 was used in control experiments that 

monitored the response of the process to an absence of nitrile functionality. 

3.1.2 Apparatus 

Raw kinetic data consisteci of time-resolved measurements of both the amount of hydrogen 

consumeci by the reaction and the temperature of the rubber solution. The hydrogenation 

apparatus, a high-pressure variation of that developed by Mohammadi and Rempel (1987). 

has proven to be capable of monitoring the reaction prucess in real time. An operational 

schematic of the equipment is provided in Figure 3.1. Detailed drawings and descriptions of 

specific components have been reported by Martin (1991). 

The apparatus is designed to maintain ûotheimal and isobaric conditions while monitoring H, 

consumption. A drop in the autoclave pressure relative to the referenœ bomb R B 1  is 

detected by the differential pressure transducer PT-1. This error signal serves as the input 

for the control algorithm residing within a pmnal cornputer. Via an i/p converter, the PC 

actuates the pneumatic control valve to permit H, fkom the supply ce11 to recharge the 

autoclave. This control system maintains the autoclave pressure no las than 0.3 psi below 

its set point. 

The amount of H, lost fkom the supply ce11 during the r d o n  is an integrated measure of 

the hydrogenation rate. This is monitored by PT-2, which detects the drop in the supply ce11 

pressure relative to RB-2 created by the tramfer of H, to the autoclave. Conversion of the 

signal generated by PT-2 to rnillimoIes of H, is accomplished by calibrating its output voltage 



Figure 3.1 : Schematic of the hydrogenation appaiaais 
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against the conversion of a known amount of substmte. This technique assumes that a 

change in pressure is linearly proportional to the H, lost €tom the supply cell. Such ideal gas 

behaviour holds for H, at 1250 psi and 2% K, especially over s d l  changes in pressure. 

Although the pressure wntrol algorithm operates with excellent precision. the degree a> 

which the measured gas uptake profile comsponds to the progress of the hydrogenation is 

dictated by the accutacy of the temperature contml. Autoclave temperature fluctuations of 

* 1 OC create pressure swings to which the pressure controller responds. The resulting 

reaction profile may therefore becorne the sum of the intrinsic reaction rate and artifêcts of 

the temperature controL This is especially probletnatic at operating pressures above 40 bar 

where pressure is increasingly sensitive to autoclave temperature variations. 

The original apparatus did not include a cooling system and was susceptible to severe 

reaction exothenns (Martin, 1991). To improve the quality of the kinetic data and facilitate 

the study of more rapid reactions, a dual output PID controller (Parr mode1 4842) was 

installecl. Acting upon the ceramic insulated heating mantle and an oil circulating pump 

(Masterflex mode1 2020C), the new system controlled the solution temperature to within +Io 

1 O C of the set point. As a M e r  precaution, the vesse1 temperature was logged with the H, 

consumption data to provide a means of assessing the controller performance. 

3.1.3 Standard Reaction Procedure 

Polymer solutions wen prepared by dissolving the desùed m a s  of tubber in chlorobenzene 

within a LOO cm3 volumetric flask. This took approximately 24 hours, during which the flask 

was placed under an Argon atmosphere in the dark. This solution was transfernd to a glass 

autoclave liner and the votumetric rinsed with 50 cm3 of chlorobe~lzene to make a total 

solution volume in the liner of 150 cm3. Any required PPh3 was added directly to the 

solution just prior to assembling the autoclave. 

The requùed rnass of catalyst precursoc was 4eighed by difference into a dry. glas bucket 

to an accuracy of +/- 0.0001g. This bucket was then loaded into a catalyst chamber that 



was designed to suspend it above the plymer solution during the degassing and heating 

processes. The autoclave, having ben  charged with both the glass liner and the catayst 

bucket, was assembled accordhg to the manuh~turer's instructions. 

Beyond the time of weighing the catalyst, al1 kinetic experiments were perfonned with the 

rigorous exclusion of air. To purge the autoclave headspace, three cycles of charging the 

reactor with H, to -10 bar and venting were d e d  out with no agitation. The autoclave was 

then immersed in an iœ-water bath. A head pressure of 14 bar was charged and the agitator 

started at 200 rpm. Chilling the vesse1 to reduœ the Mpour pressure of chlorobenzene was a 

precautionary measure. Once coded to 5°C. the reactor pressure was once again vend  and 

rechargeci to 14 bar. To degas the polymer solution, H, was purged wntinuously through 

the reactor headspace while agitating at 1200 rpm for 20 minutes. The reactor pressure was 

then vented and the ceramic band heater installecl. 

Ach ieving the desired reaction conditions required pressurizing the sy stem to approximatel y 

80% of the target value and initiating the temperature controller. The increase in the 

temperature of the sealed autoclave provided the remaining 20% of the pressure set point. 

Once the chosen conditions had ken attained, the system was allowed a minimum of 45 

minutes to equilibrate. During this period dl of the reactor components would warrn up, 

causing a slight rise in the overall system pressure. A fàilure to observe this equilibration 

time resulted in an uptake plot that was adversely influenced by this pressure increase. 

Experiments performed above 30 bar or those suspected of a duration greater than 40 

minutes were allowed an additional 30 minutes to stabilize. 

The H, uptake monitoring program employed two user-specified, data logging intervals. The 

fust was of short duration and was designed to monitor the reaction during its initial stages 

where the ceaction rates are greatest. The second interval could be initiated by the operator 

to avoid the u~ecessacy collection of data during periods of slow hydrogenation. Once 

activated, the program waited one logging interval before starting to record the time, reaction 

temperature and amount of H, consumed. At this point, the reference isolation valves V1 



and V2 were closed and the catalyst bucket dropped, dispersing the powder in the polymer 

solution using an agitation rate of 1 2 0  rprn. For extremely fast reactions the cooling unit 

was manually staned as the catalyst was dispetsed. This technique could lirnit the influence 

of the initial exotherm to less than a 1°C tempeature Ne. 

Each experiment was allowed to pmceed until gas consumption ceased. The reactor was 

then brought to 50°C using the cooling unit More venting off the pressure. The autoclave 

was disassembled and a sample of the HNBR solution atst onto a NaCl plate for infra-red 

analysis. The remainder of the product was isolateci by precipitation with ethanol and drying 

under vacuum. The autoclave was then reassembled containing about 150 cm3 of acetone 

and agitated to remove residual polymer solution. After thk rime, the reactor was blom 

dry with air before cornmencing the next trial. 

The final degree of oleftn conversion measured by gas uptake was confirrned by infra-red 

analysis (Marshall et ai., 1990). Spectra of solvent cast films were wllected on a Niwlet 

520 FT-IR specaophotometer. Select samples were analyzed by both 'H and 13C {'HI NMR 

on a Bruker 200 MHz specaometer. Dilute solution viscosities (lg of HNBR / LOO ml 2- 

butanone) of fully saaitated HNBR were measwd at 35OC using a Ubbelohde capillary 

viscorneter. This data is reported in the discussion of catalyst selstivity found in Chapter 6. 

3.1.4 Experimental Design 

Of principal interest in a kinetic study is the functional relationship between the rate of the 

reaction and the conditions under which it is m i e d  out. The rate of NBR hydrogenation is 

known to be influenced by &tors such as the concentration of catalyst, olefin, nitrile, and 

H, as well as the reaction temperature. As is clearly demonstrated in Section 3.2.2, the 

dependence of the hydrogenation rate on [C=q is strictly fmt order for both RhC1(PPh3), 

and RhH(PPh,),. T'he response of the process to changes in the remaining factors has been 

explored according to a statistical framework. 



Factor combinations fot experiments employing RhCI(PPha3 have ben assigned on the basis 

of a central composite design structure (Box et al., 1978). This consise of a two level 

factorial design coupkd with univariate experiments . Whiie a rigorous central composite 

strategy provides guidelines for assigning the u n i d t e  factor levels, these have been 

augmenteci by experiments which lie within these wmbinations. Together, the factorial and 

univariate series provide an eficient means of studying the influence of factors acting alone 

or in combination. Selection of concentrations and temperatures considemi weighing 

precision, polymer solution viscosities and limitations on the reaction rates that the apparatus 

wuld control and monitor effectively. The univariate îkctor combinations have been 

duplicated for RhH(PPh& to gain a rudirnentary understanding of the kinetic behaviour of 

this system. Tables M - A  and MI-B of Appendix II list the fàctor combinations explored. 

3.2 Results and Diiussion 

3.2.1 Interfacial Mass Transfer 

As an hydrogenation is initiated the concentration of H, in the condensai phase is depleted. 

The deviation of from ia equilibrium level is then countered by the physical dissolution 

of H, from the vapour phase. Therefore, while al1 reactions requiring interfhcial mass 

aansfer must operate with a reactant concentration below its equilibrium level, it is desirable 

to minimize the deficiency. A fvlure in this respect will produce kinetic measurements that 

are wnfounded by mass transfer limitations. To pcevent such a condition, an assessrnent of 

the rate of physical dissolution of H, into an NBR solution has been carried out. 

The rate at which H, is absorbed by an agitated liquid is represented by equation 3.1. 

cisr> 3.1 

where c, = Bulk H, concentration; molen 
k* = Equilibrium H, bulk concentration; molen 
k~ = Gas-liquid masi transfer coefficient: mls 
A = Gas-liquid interfâcial area; m2 
V = Liquid phase volume; m3 
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Given an initial bulk concemtration of hydrogen, equation 3.1 may be integrated to yield 

equation 3.2. 

This result ha9 been applied to the gas uptake system to assess its rnass transfer capability. 

The interfacial rnass tramfer trials were andogous to hydrogenation experiments. An 150 

cm3 chlorobenzene solution containing 3.60g of I<ryMc 38.50 was charged to the reactor and 

purged of atmospheric gases. At rmm temperature the s y s m  was allowed to reach 

equiiibrium under 1 bar of H2 before stopping the agitator. Under stagnant conditions, the 

system was slowly pressurized to 23.7 bar. The gas uptake program was then activateci with 

a data Iogging interval of 2 seconds. At t=O, the agitator was started at the desued rate in 

order to initiate the physical dissolution proass. 

The resula observeci for various agitation rates are illustrateci in Figure 3 -2 dong with their 

regressed k,AN values. At the 1200 rpm agitation tate used throughout the kinetic studies, 

k,AN was approximately 0.31 s-'. It is instructive to examine the bulk H2 concentration that 

such a physical dissolution process can support when driven by the reaction rates measured 

in this work. For a hydrogenation m i o n  obeying a 1. order tate law, 

Suppose a reaction carrieci out with [C=C],=275 mM, T= 170°C, Pw=23.7 bar were to 

yield a pseudo-fint order rate constant, k' . of 0.01 s*' (see expriment #30, Table AII-A). 

The maximum reaction rate produced in a batch process would be 
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Figure 3.2: Physicai H, adsorption into an NBR solution 

Using equation 3.1, 

The equilibrium concentration of H, under these conditions is 105 mM. The bulk H, 

concentration supported by dissolution would be, 
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For such a rapid hydrogenation, the bulk is depleted of H, by no more than 8.5 % of its 

equilibrium level. It is therefore clear that mass -fer processes have a marginal influence 

on the hydrogenation rates acquired in this study. 

3.2.2 Selectivity of NBR Hydrogenation 

Over the range of proass conditions studied, both RhCl(PPh& and RhH(PPh3), functioned 

as efficient catalyst systems for the quantitative hydrogenation of NBR in chlorobenzene. 

Representative hydrogen uptake profiles comsponding to the saturation of olefin are 

presented in Figure 3.3. That the reaction profiles are well represented by a simple fmt- 

order regression mode1 would indic* that neither system is appreciably selective to the 

cis/tram olefin isomerization of the copolymer under these reaction conditions. M e  is an 

insufficient amount of vinyI functionality in Kryiiac 38.50 to assess whether terminal 

unsaturation is strongly favoured as has been reporteci for mild reaction conditions 

(Moharnmadi and Rempel, 1987; Hjonkjaer, 1974). 

The influence of high reaction temperatures and pressures on the behaviour of RhCl(PPh,), is 

also demonstrated by its response to ketone solventp. At 100°C and 60 bar, Oppelt et al. 

(1976) report that 2-butanone and cyclohexanone promote the selective reduction of vinyl 

versus internai butadiene isomers. Under the conditions employed in this study (145°C. 23 

bar), no greater than 5 46 conversion was achieved with either solvent. In each case, an 

uncharacterized black precipitate was noted to be dispersed in the reaction solution. 

Moharnmadi and Rempel(1987) report no such effccf at 65OC, suggesting that catalyst 

deactivation in these solvents is promoted by excessive reaction temperatutes andior 

pressures. 

Infra-red and NMR analysis of the hydrogenated product revealed that no detectable 

reduction of nitrile unsaturation resulu from the use of either catalyst. The 'H and 13C('H} 

NMR spectra of select HNBR samples were cunsistent with those of Mohammadi and 

Rempel (1987) and Bhattacharjee et al. (1991). This would suggest that the oil resistance of 

the material is not wmpromised by the hydrogenation process. However, trace levels of 
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Figure 3.3: Represenfative NBR conversion profiles; w = 8 0  FM, ~ C N l - I î 2  mM, 
pPh3]=4.0 mM, PH2=23.7 bar, Tr433.2 K 

nitrile hydrogenation, well below the detection thnshold of spectroscopie d y s i s ,  can lead 

to levels of polymer ~~ossIinking that adversely effect the processability of the product 

(McManus and Rempel. 1995). Therefore, an alternative means of assesing crosslinking is 

required to measure the overall impact of the hydrogedon pr-. Thh subject is dealt 

with in detail in Chapter 6. 

3.2.3 Kinetia of NBR Hydrogenation 

The conversion profiles presented in Figure 3.3, dong with ail those observed in this study, 

adhere to the firstorder rate modd represented by Equation 3.3. 



33 

Regression estirnates of k' , the apparent first-order rate constant, rnay be used in place of the 

raw data to represent the hydrogenation rate. The functional relatiomhip between the rate of 

hydrogenation and concentrations of H,, Rh, Cm N and PPh, as well as temperature has been 

explored by measuring the response of k' to specific combinations of fàcbr levels (Section 

3.1.4). The rate constants derived fiom these expaiments are rabulated in Appendix 11, 

Tables AII-A and AïLB for RhCI(PPh3), and RhH(PP1i,),, respectively. 

An experiment of Bhaascharjee et al. (1991) has been reprduced in this work for 

comparative purposes. Under identical reaction conditions (ml =2ûûpM, p h 3 ]  =?A mM, 

[RCN] = 150 mM, P,=54.5 bar and T=lûû°C) the rate constant derived using the 

techniques detailed in Section 3.1.3 was nearly 10 times that reported by Bhattacharjee et al. 

(1991). While only 1.3 hours were requud to produce a fully saturated product, the cited 

work reports an 11 hour reaction time. Operating at 100°C and 60 atm, Oppelt et al. (1976) 

achieved 100 % conversion within 4.5 h o u .  Barring any misquotation of the arnount of 

catdyst used by Bhattacharjee et al. (1 991). it is possible that the addition of RhCl(PPh3, to 

the polymer solution prior to the purging of oxygen wuld have had a deleterious effect on 

the catalytic activity (Baird et al., 1966; Strohmeier, 1977). 

The results obtained from the univariate series of expeciments are illustrated in Figures 3.4 to 

3.8. In each case the response of RIiH(PPh3), peralleled that of Ri~cl(PPh,)~, though at a 

lesser rate. Figure 3.4 demonstrates the linear respollse of k' with changes in the 

concentration of cataiyst precunot, ml, Note that eadi experiment of this series was 

canied out under a constant Rh:PPh3 ratio to safeguard the stability of the catalyst. Despite 

varying [PPh3], a first order dependence holds throughout the data set. With respect to [HJ, 

both systems exhibit a fmt to zero order dependence as the system pressure is increased 

(Figure 3.5). The conversion of Pm to IHJ was accomplished by direct measurement of the 

solubility of hydrogen in chlorobenzene/NBR solutions (Chapter 2). 



Figure 3.4: Influence of catalyst loading on the hydtogenation rate; 
RCNl =l72 mM, pPh3] e4.O mM, P,=23.7 bar, T=418.2 K 



Figure 3.5: Influence of hydrogen pressure on the hydrogenation rate; 
@thIT=80 PM, FCN] = l72 mM, [PPhJ =4.O mM; T=418.2 K 



The influence of PPh, dissociation equilibria on the hydrogeuation rate has been determined 

by varyïng the amoum of added phosphine h m  a PPh3:[Rhk ratio of 10:1 to a ratio of 70: 1. 

The data presented in Figure 3.6 suggcst that at the d o n  conditions employed. fra PPh3 

has a marginal effect on iiydrogeuation activity- It is thetefore l h l y  that P& dissociation 

equilibria favour the d i s s o c ' i  products to a gnatcr extent than seea at temperatures near 

ambient, Our experienœ has shown that aithough both catalysts are capable of quantitative 

hydrogenation, their behaviow becornes hreasingly erratic below a PPhJ:[RhlT ratio less 

than 20: 1. 

Figure 3.6: Influence of added PPh, on the hydrogenation rate; 
w],=(K) PM, Pn=23.7 bat, T=418.2 K 

The inhibithg e f f i  of nitrile on the olefin hydrogenation rate has been identifid by 

Mohammadi and Rempel (1987). Figure 3.7 illustrates the e f f '  of varying the polymer 

loading. That the coordination of nitrile to a catalytic intermediate is responsible for the 



reduction in activity is supporteci by an absence of the effect for styrene-butadiene rubber 

(Table AL[-A). A shilar effect is reporteci by Schrodc and Osbom (1976) who identified a 
saong coordination of acetonitrile as nsponsible for lessenhg the hydrogeaation activity of a 

cationic rhodium cornplex. At the temperatuns and pressures used in this work, identifying 

the influential modes of nitrile coordination is difficult. 

O 50 100 150 200 250 300 
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Figure 3.7: Infiuence of nitrile unsaturation on the hydroge~tion rate; 
W],=80 CM. [PPhJ =4.O mM, P,=23.7 bar. Ts418.2 R 

The Arrhenius-plot provideci in Figure 3.8 ülusmtes the influence of temperake on the rate 

of hydrogenation. Ont the range of 13û-170°C for RhCl(PPh& and 1 15-160°C for 

RhH(PPh& a linear respoase is obaemd, fkom which an apparent activation energy of 73.5 

klfmole for the former and 57.4 kJ/rnole for RhH(PPh3, is derived. These estimates provide 

funher evidence that the experimen~ were free of mass transfer limitation. For 

RhCI(PPh3,. Bhattacharjee et al. (1991) report a value of 22 Wlmole without providing 



suficient data to ratiodize the disctepcy. Nevenheless, the values derived from thû 

study are more consistent with homogellcous caîaiytic piocesses. 

Figure 3.8: Arrhenius plot for the hydmgenation of NBR; 
[RhIT=8O PM, [RCN] =ln mM, [PPhJ =&O mM, P,=23.7 bar 

A thorough kinetic study improves our knowledge aot oniy of how each k t o c  effects k' 

alone (as probed by the wivatiate experiments) but whether or aot ktotstSact in 

combination. The z3 fkctoriai component of the experimencaf design (experiments 31-40, 

Table AGA) provides a means of assessiag the significance of such joint factor interactions. 

The results of an anaiysh of variance Iisted in Table 3.1 prove that in addition to strong main 

group influences ([HJ, [RCN] and VPhJ), a highly significant DJ8[RCN] interaction 

operates within the kinetic mechanism. @IJ*phJ and mCN]*PPhJ interactions are 

somewhat weaker, as may k expected based on the marginal influence of PPh, at these 

reaction conditions. The existence of a three factor interaction is not supported. 



Table 3.1 : z3 Factorial Design; Analysis of Variance 

Source Sum-of DF Mean F-Ratio P 
SV== Squase 

3.2.4 Catalytic Pathways of the Ri~cl(PPh~)~ and RhH(PPh3)4 Systems 

The cataiytic chemistry of R h 0  phosphine cumplexes has been extensively researched, 

resulting in a greater understanding of trace intermediates that bring about the observed 

kinetic behaviour (Jardine, 198 1; James, 1973). While an extrapolation of this knowledge to 

severe reaction conditions may not be straightforwaid, it is pro@ that strong parailels 

exist between the chemistry uncierlying this work and that documented at mild reaction 

conditions. Figure 3.9 illustrates a catalytic mechanism that is consistent both with the 

kinetic data and our undentanding of the coordination chemistry of RhCl(PPh& in solution. 

That RhCI(PPh3, oxidatively adds molecular hydrogen to fonn the six coordinate dihydride 

according to Equation 3.4 is well established (Wpern, 1973). 

Mohammadi and Rempel (1987) provide evidence that at 65°C and under 1 bar of H, the 

reaction is quantitative towards formation of the dihydride. The comparative ease of 

hydrogen activation relative to the addition of the bulky olefin is believed to favour the 

"hydride pathway" shown in the catalytic mechanism. 



Figure 3.9: Proposad mechankm for the RhCI(PPh&/NBR system 

The dissociation of phosphine fiom RhCIHZ(PPhd, accordhg to Equation 3.5, while not 

appreciable at room temperature, is Iikeiy to be encouraged by the temperatures used in this 

smdy. 

As the coordination of oleflli to RhClH2(PPh& is not facile, a direct assigrnent of the rate 

determining step as the insertion of olefin into the W H  bond is not warranted. It is possible 

that the initialbordination of the substraîe K rate limiting in this case. Therefore, we have 

chosen to represent the rate determining step with Equation 3.6. 



Given that coordinatively unsaturateci complexes are often presumed to associate with 

solvent, that a potential ligand such as nitrile may inhibit the hydrogenation cycle is not 

surprisinp. ~(CO)(MeCN)(PPh3J+CIO,- has been prepaced -th et al., 1976) and 

[Rh(PPh3)3(MeCN)]wF,] has beea analyzed crystallographically by Pimblea et al. (1985). 

As stated earlier, Schrock and ûsbom (1976) report that the use of acetonitrile as a solvent 

has a deleterious effect on the hydrogenation activity of W(diene)(PPhdJ+A-. To &te, a 

detailed study of the propensity of nitrile to associate with complexes derived'fiom 

R ~ C I ( P P ~ &  is lacking, dthough Ohtani et al. (1979) have presented some 

spectrop hotometrk data on the system. 

As nitrile Iikely coordinates by udonation of i lone pair, it experiences little of the steric 

hinderance experienced by the olefin resident in NBR. It may therefore compte  effectively 

with olefin for coordination to unsaturami complexes. Equations 3.7 and 3.8 illustrate two 

possible modes of nitrile coordination that could be capable of bringing about the obsecved 

inhib itory behaviour. 

Having few means to probe the nitrile aiordination chemistry at swere reaction conditions, 

the importance of these reactions may only be assessed using the kinetic data. Statistical 

measures of the agreement between the obsemed data and derived catalytic mecbanisms, 

while not proving the validity of a model, may aid in the discrimination between alternatives. 

When applied to a rate expression based de ly  on Equation 3.7, an analysis of variance and 

residuals proved this simple model to be ill-equipped to account for the degree of nitrile 

inhibition. While an expression fwnded on Equation 3.8 alone proved to be satisfactory, the 

propensity of RhCl(RCN)(PPh3), to oxidatively add H2 (Ohtani et al., 1979) would suggest 

an overall mechanism as illustrated in Figure 3.9. 



Provided that Equation 3.6 adequately represents the rate determinhg sep, Equation 3.3 may 

be written in the f o m  of Equation 3.9. 

The conversion of [RhClH2(PPh3)J to the total amount of rhodium [Rh]= used in each 

experiment is accomplished using a materiai balance (Equation 3.10). 

Applying the equilibrium relations defined in Figure 3.9, the concentration of RhClH,(PPh,), 

may be substituted inm Equation 3.9 to provide the functional relationship k' and 

the process factors studied (Equation 3.1 1). 

The results of an andysis of variance listed in Table 3.2 suggest that the derived rate 

expression complies with the observeci hydrogenation kinetics over the range of process 

conditions studied. Although this result is insuficient to definitively certïfy the model, it 

indicates that its fit is superior to al1 other options explored. 

Table 3.2: Mode1 analysis of variance results 
- - - -  - . 

S O U ~ C ~  S u m - ~ f - S q w e ~  DF M e a n S q ~  

Regression 7.092E-W 5 1.418E-W 
Residual 1.512E-06 30 5.û42E-08 

Total 7.107E-04 35 
Corrected 9.588E-05 34 

Regression estimates for the parameters deriveci from equation 3.1 1 are provided in Table 

3.3 dong with their associated error estimates. Note that K, is not independent and may be 

derived from the other model parameters. An interpretation of these estimates m u t  be done 



with extreme caution, given the high degree of parameter correlation which accompanies 

models of this form. The cesidual plot shown in Figure 3.10 demonstrates none of the 

systemaiic patterns produced by other possible kinetic pathways. The model predictions are 

plotted in Figures 3.4 to 3.7 dong with the raw experimental data. 

Table 3.3: Mode1 pararnew estimates 

Parameter Estimate A-S.E- Lower ~ 9 5 %  > Upper 

Compared to RhCl(PPh&, the RhH(PPh3), system has received relatively linle attention. 

The results of this investigation would suggest that the underlying chemistry of the two 

systems is sirnilar. Indeed, a catalytic mechanism derived using W3(PPh& as the active 

species is equipped to account foc the kinetic data. However. ascertaining whether 

coordination of hydrogen preœdes or follows the addition of olefin is less straightforward 

than for RhCI(PPh3),, while the use of model discrimination techniques is limited by the 

s imilarity of rate expressions derived €tom either wumption. Therefore, given the 

complenity of the system, an assignment of a ceaction rnechanism is not warrantecl based on 

this kinetic data alone. Research directeci at identifying important reaction intermediates is 

required before such a process may k unequivocally assigned. 



Figure 3.10: Residual plot of (k', - k ' d  versu k' 



spcdraffopic CbPrrdcriation of OsHC1(CO)(L).)(PR3, 
la: R=Cy. L=vacant; lb: R=iR.  L=vacant 
2a: R=Cy, L = 4 ;  2b: R=iR,  L=02 

Kinetic investigations define the overall tesponse of a teactive system to variations in 

operating conditions. For elementvy reactions. the interpretation of rate data in terms of a 

reaction mechanism may be straightforward. This is not the case for catalytic 

hydrogenatioris. For these reactiom. the detivation of a &on pathway requires a 

greater understanding of the chemistry which underlies the observed kinetics. A knowledge 

of the structure and reactivity of the complexes present during hydrogenation increases the 

likelihood that a mechanisrn will not only fit the experimental data. but benet reflect the 

m e  nature of the process. To support the b t i c  study of the osmium technology (Chapter 

5) , the reactivity of 1 and 2 have been chacacterized to the extent possible by nuclear 

magnetic cesonance (NMR) spectroscopy. 

Fortunately, previous research has resolved many of the structure and reactivity issues of 

relevance to NBR hydrogenation (See Chapter 1.1). The dynamics of Hz coordination to 

l b  have been thoroughly chatacterized by Bakhrnutov et al. (1996) while the propensity of 

la,b to coordinate with Oz and s d l  olefins has been identifieci by Moers et ai. (1974) and 

Esteruelas and Werner (1986). Unexplored efements which conœm NBR hydrogenation 

include the fate of 2a,b when exposeâ to hydrogenation conditions and the capacity of the 

nitrile and olefin cesident in NBR to coordinate with la,b. More fiindamental 

considerations centre on the lability of bound phosphine and CO at the extreme conditions 

employai for the kinetic experiments, 

In this chapter, the NMR studies that have enhanced Our knowleûge of the forementioned 

reactions an detailed. In m a t  cases, &ta on both la and lb have been acquued, although 

quantitative studies have cenaed on the PCy, system due to its greater commercial 

potential. To ensure that the structure and distribution of the reaction produas observed in 



the NMR work reflecled those encountered d u ~ g  the &netic studies, temperatures 

exceeding 130°C and pressutes up to 52 bar were employed. These in situ measurements 

were made possible by the loan of a high-pressure, sapphk NMR tube by Professor T.B. 

Marder of the Department of Chemistry, University of Waterloo. 

4.1 Experimentai 

4.1.1 Materiais. 

PCy,, PiPr,, PCp, and PtBu, were used as received from Strem Chemicals Inc. while 

PMeWu, was synthesized by h. N.T. McManus of our laboratory. A "P NMR specmun 

of this product was consistent with PMetBh. Both la and lb  wen synthesized by 

reflwing 0sC1,4H20 (Süem Chemicals Inc.) with the required phosphine in 

methoxyethanol anb ethanol respectively, in accordance with the method of E ~ t e ~ e i a ~  and 

Werner (1986). 2a,b were prepared by exposing a suspension of la,b in hexane to an 

atmosphere of 4 as deÉaiIed by Esteruelas et al. (1989). 

Hydrogen gas of 99.99% purity was obtained from Linde-Union Carbide Inc. Samples of 

NBR were those useâ throughout the kinetic studies (Kxynac 38.50 fiom Bayer Rubber 

Inc). Low molecular weight polybutadiene (Mn=lûûû. cik/~rculs/vinyI = 30/30/40) was 

purchased from Scientific Polymer Products. Monochlorobenzene from Fisher Chemicals 

Ltd. was used without purification as was the da-toluene purchased from Cambridge 

Isotopes Ltd. 

4.1.2 High-Pressure Sample Pnparation and Anaiysis 

A detailed description of the qphire  NMR apparatus used in this work has been published 

by Roe (1985). It consisted of a 5 mm O.D. sapphire tube attacheci by a thermoset resin to 

a titanium valve assembly. As this was the first application for the apparatus at the 

University of Waterloo, the assembly undement rigorous hydrostatic testing . While full of 

water, it successfully withstood several heating/cooling cycles between 25 OC and 140 OC 

under an N, pressure of 700 psi. Roe (1985) recommended a maximum operating pressure 
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of 2000 psi for an apparatus of this type. This testing procedure was repeated periodically 

to wnfum the mechanical integrity of the apparatus. 

Other procedures were routinely followed to enswe the safety of both the operator and the 

NMR instrument. When under pressure, the apparatus was transported within a 

pol y meth ylmethacr y late protective shield. Rather than using the air-lift mechanism, the 

sample was lowered into the spectrometer magnet using a string attached to the valve 

assembly. Io correct location in the probe was ensured by using a custom-made Kel-F 

spimer. Under no conditions was an attempt made to spin the sapphire apparatus. 

Solutions for NMR analysis were prepared and handled either in a dry-box or using 

standard schlenk techniques. High pressure samples were prepared within a dry-box 

environment by charging the sapphire tube with the test solution and fixing the titanium 

valve. The seaIed assembly was removed Rom the dry-box and inserted into i protective 

shield for pressurization. To replace the N, atmosphere, 24 bar of H, were charged to the 

tube and vented for a total of ten cycles. The two phases were mùed by repeatedly 

inverting the shield that housed the pressuriÿed tube. The desired system pressure was 

established, the titanium valve d e d .  and the system checked for leaks. 

31P and lH NMR spectca were remrded on a Bniker AC-200 MHz spectrometer while 13C 

NMR measurements were acquired on an AC-300 MHz instrument. 'H NMR chemical 

shiftr were referenced to TMS using the residual methyl protons of toluenedg at b 2.09 or. 

in the case of beazened6, to the resoMace at 7.15 ppm. I3C NMR specua were referenced 

to TMS using the aromatic carbon resomnce at d 137.5. "P signals were referenced using 

86% &PO4 as a standard. Temperatures above ambient were calibrated against an 80% 

solution of ethylene glycol in DMSOd6 while those below 25°C were measured using a 

- 4  1 solution of methanol in CD,OD. 



4.2 R d t s  and Disciission 

lH, "P NMR spectfoscopic data and prevalent IR stretching fkquencies of Pl1 the 

complexes studied are listed in Table AïII of Appeadix III. Owing to the grrater solubility - 
of PzPr, complexes, the signai--noise ratios of theu NMR spectra are generaily superior 

to those acquired for theù PCy, analogues. Therefore, while both systems have been 

characterized, the spectra used to illustrate the discussions are those of the PtR3 system. 

Fate of the dioxygen actdtlcts 2a, b d e r  hydmgemon conditions 

Traces of O, will displace olefin or molecular hydrogen fiom la,b to forrn the 

corresponding dioxygen adducts 2a,b (Esteruelas et al., 1988; Mœrs et ai., 1974). The 

remarkable stability of 2a,b and theu virnially inevitable presence suggests they be used 

directly in kinetic studies. Andriollo et al. (1989) have proven the efficacy of 2b for the 

hydrogenation of phenylacetylene. However, they observed an induction period at 23°C 

after which the hydrogenation raie was essentially identicai to that of lb. They attributed 

the effect to a slow displacement of O* by the substrate. To clarify the role of 2a,b as 

catalyst precursors, their fate when exposed to extreme hydrogenation conditions has been 

monitored by ''P NMR. The results are illustrafed in Figure 4.1. 

Under N, at 23"C, a 3'P ('H) specmm of Zb yields a singlet at 23.1 ppm in toluene. At 

65" C and under 24 bar of H,, evidence for 2b is lost while the characteristic singlet of 

OsH(H&I(CO)(PtR& (Sb) at 36 ppm evolves. The process has also been observeci for 

the 2a-3~ system by 'H NMR. Note alsotbat refluxùig 2a in methoxyethanol with an 

excess of PCy, regenerates la in good yields. This suggests the transformation of 2a,b to 

3a, b proceeds by a dissociation of 4 followed by dihydrogen coordination, M e r  than by 

a direct displacement reaction. 

Over time, a solution of 2a,b maintained at 65OC generated phosphine oxide at the expense 

of the la,b product. Therefore, the presence of dissolved oxygen is enpccted to have a 

deleterious effect on cataiytic activity. However, the release of oxygen from 29,b is 



Figure 4.1: 3LP NMR spectra illustntïng the transformation of2b to 3b; P,=24 bar, T=6S°C 

uniikely to be infiuential if p M  concentrations of catalyst are used. Under these conditions, 

the partial pressure of released 4 h m  2a is sufficieatiy small that its liquid phase 

concentration is insignificant. It may thenfore be concluded that the catalytic behaviour 

observed €rom 2a,b should be identical t.o that of thek precursors la,b. 

Ninile coordillctn'on modr and equilibrium 

The ability of nitrile to diminish cataiytic activity has been reportecl for a number of 

efficient hydrogenation systems. Mohammadi and Rempel (1987) have obsewed the 

inhibition of RhCl(PPh& by the nitrile within NBR as has Martin et al. (1991) for the 

RuHCI(CO)(EC~~~ system. In- a study of OsH,(d~pe)~, Farnetti et al. (1992) amibuteci the 

relatively low rate of PhHC-CH-CN hydrogenation to a cornpetitive coordination of niaile 



to the metal centre. As then are no published reports of such a reaction for la,b, there is 

a need u, establish the made and significance of nitrile coordination for the NBR system. 

A room temperature "P ('H) spectrum of la contaim a singlet at 36.7 pprn while l b  

exhibits a b r d  resonance at 47.9 ppm. The addition of 1 equivalent of benzonitrile 

produces a colour change Born bmwn to paie yellow as sharp new singlets appear at 14.5 

ppm and 24.3 pprn for la,b respectively. These correspond with spectra of the isolateâ 

products OsHCI(CO)(R'CN)(PR~, (6a R=Cy; 6b R = R ;  R' =Ph). 'H NMR spectra of 

6a,b show the hydride resonance shifted significantiy downfield from the staning 

complexes, suggesting t is rens disposeci to PhCN (Figure 4.2); Precedents for nimle 

complexes of thb type are abundant. Gilbert and Wilkinson (1969) have prepared 

RuCI,(RCN),(PPh3, by heating under reflux RuC12(PW& with benzonitrile. A recent 

report by Schlaf et al. (1996) d e s c n i  the reactivity of nanr-[Os(q2- 

HJ(CH3CN)(dppe)JQFJ2. In both cases odonation from the nitrogen lone pair is the 
accepted mode of nitrile coordination. 

Figure 4.2: Nitrile coordination equilibrium to form 6a, b 

Having characterized the nitrüe complexes h,b,  it nmains to be evaluated whether this 

association ian be iofluentiai at the conditions used for hydtogenation. ~ i g k  4.3 

illustrates a variable temperature, "P NMR study of the interaction of l b  with 1.25 

equivalents of bemnitrile at high pressures of HI. At -4OC and 52 bar, two singlets 

comsponding to 3b and 6b are resolvcd. Based on the intensity of the signals, the 

coordination of nitrile is favound at this temperature. Reducing the systcm pnssun by 

half produas the eeted shift of the equilibrium towarâs 6b. 



51.8 bar. -4C 

24.2 b u ,  -4C 

24.2 bar, 29C 

24.2 bar, 50C 
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Figure 4.3: Variable temperature "P {'Hl study of the 3bbb equilibrium; 1.25 eq. PhCN 

Warming the systern to 29°C produces mo exchange broadened signais, one at 

approximately 32.5 ppm and a more abundant monance at 24.5 ppm. These coalesce at 

50°C as the system reaches the fast exchange limit of the NMR t i m d e .  At 70°C and 

beyond, the chernical shift of the exchange averaged O S ( ~ ~ - H ~ / ~ ~ ( R C N )  signal is evidence 

of an quitable dism%ution between the two complexes despite the higher concenûation of 

H2 relative to RCN. This clearly demonstrates the potential of nitrile to wmpete with H2 

for the metal centre at conditions appmaching those uJed for NBR hydrogenation. The 

shift in the dismiution of 3b and 6b suggests operating at elevated temperatures to 

rninimize nitrile inhibition. . 
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With the mode and significanœ of knzonitrile coordination to la, b established, it is a 

relatively simple matter to quanti@ the la& exchange process for hydrogenated NBR 

(Figure 4.2). in the fast exchange dotnain (above 70°C), the position of the exchanged 

average signal relative to the chemical shifa of la and 6a reflect their relative abundance 

in solution. It follows that 

Mass balances on the total amount of osmium and nitrile yield: 

fapl, = [14+CQ] 

c=w, = b I + W n r l *  

Therefore, given the initial concentrations of la and nitrile charged to the system. the 

equilibrium constant K, may be derived as follows: 

The 31P chemical shifts of la and 6a measuted as a function of temperature are listed in 

Table 4.1. Although 60 undergoes rapid ligand exchange, estimates of 6, were made 

possible by using a large ex- of nitrile to saturate the system. By pushing the 

equilibrium far to the right (Figure 4.2). the observed signal effdvely  represented that of 

6a. Linear regnssions of 1,. and b, venus temperature were used to derive estimates for 

the temperatures employed in the exchange analysis. 

Also presented in Table 4.1 are the measured chemical shifts (64 for the exchange 

averaged la system containing 0.99 equivalents of the nitrile residing within hydrogenated 

Krynac 38.50. The equilibrium constants calculated at each temperature are ploaed in 

Figure 4.4. 



Table 4.1: la  - 60 Equilibrium study by ''P {'H) NMR 
Hydrogenated Krynsc 38.50 in chlorobenzeae 

Temp. 61. 6,' 
23OC 37.17 13.86 

Temp a,+ X &,WL 
77.5T 18.50 4.5% 3050 

' [la] = 0.0161 M; WN] = 0,645 M. 
+ [la] = 0.0120 M; [RCN] = 0.0119 M. 

Figure 4.4: K, venus temperature for the la-KryMc system 



Coordinatibn ofpo&menriC olcfn to Ia, 0 

The potential of small olefiap to coordinate with la,b has been previouly demonstrated 

(Moers et al., 1974; Esteruelas and Werner, 1986). From the information available, it 

appears that the O S ( ~ ~ ~ = C )  association is weak for olefins which lack an electron 

withdtawing substituent. G k n  that the oletin rmident within NBR is at least 3 bonds 

removed ftom the potentially activating nitrile, a similar osrniumolefin bond strength may 

be expected. The smic bulk of the polymer hi another concem, especially for the 

predomimt tnms butadiene isorner of KryMc 38.50 (78 8 hrm, 18 % cis, 4% Mnyl). 

While an olefin complex of la, b may not be the predominant species in solution, that it 

must be activated by the memi antre to be hydrogenated justifies a M e r  shidy. 

I 

Figure 4.5: Variable temperature "P {'H) spectra of l b  under N, 

Preliminary attempts to examine the coordination of olefin residing w ithin NBR were 

cumplicated by the more favourable association of la,b with nitrile. As a result, this study 

focused on a low molecular weight polybutadiene homopolymer having a cis/ttans/vinyl 



dismbution of 30/30/40. Before descrihg its inieraction with lb, it is necessary to 

comment on the {'H) NMR specaum of l b  in isolation. Figure 4.5 illustrates the 

changes in the solution behaviour of lb with temperature. While a sharp singlet is 

observed above 23'C. coding the syJtem prduces broadening and chernicd shift migration 

that is Iikely causecl by changes in the c o n f o d o n  of the cornplex in solution. 

The influence of a 10: 1 and a 30: 1 ratio of 01efin:osmium on the phosphorus Jpeceum of 

l b  is shown in Figure 4.6. At 61°C. neither specmim was perturbed by the polymer fiom 

that of pure lb. However, a noticeaôle differenœ in the degree of broadening is detected 

at room temperature between the 10: 1 and 30: 1 spectm, indicating that while the degree of 

olefin coordination is marginal, it is nonetheless present At -27°C both system exhibit a 

new resonance at 10.8 ppm in addition to the broadened l b  signal. Cooling the system a 

M e r  15 OC virtually eliminates cesidual Ib while producing either an ill-resolved doublet 

or a second phosphorus resonance. As it is difficult to rationalize a mechanism by which 

the phosphines becorne inequivalent, it is most Iüçely that the coordination of a different 

olefin isomer to l b  is responsible for the second signal. Based on steric considerations, 

coordination of the vinyl and cis isomen of polybutadiene should be favaund over the 

relative1 y bulky tram structure. 

H, coordiiatron to l a  to fonn t h  dihydrogen c o q l a  30 

The dynamics of H, coordination to'lb have b a n  examineci by Bakhmutov et al. (1996). 

In a thorough research effort they have shown coordinated H, to be in rapid exchange with 

fkee molecular hydrogen while participating in an Os-HIOs(q2-H3 exchange process (see 

scheme below). The distriiution of osmium between l b  and 3b at equilibrium has also 

becn quantifieci as a function of temperature by direct measurements of Km 



Figure 4.6: Polybutadiene olefin mrdination a lb; 
Upper, 10: 1 [c=c]:[os] ratio; Lower, 30: 1 [C=C]:[ûs] ratio 



Figure 4.7: 'H NMR spectra of the la - 3a system d e r  rapid exchange 
Upper: Os-H resonance, Lower: PCy,, Os-(q2-Ha region 



As the PCy, system is of primary interest in this work, the method devwd by Bakhmutov 

et al. (1996) to estirnate Km has been aâopted to quant@ the la* equilibrium. The 

relative abundance of la and 30 was determined fiom the exchanged averaged 'H chemical 

shifi of the hydride resonance while the distribution of €tee and coordinated H, was 

measured from the exchanged averaged dihydrogen resonance (Figure 4.7). A known 

concentration of total osmium charged to the sample is al1 that is required to estimate Km 

= [3a] I [laJBJ. The results of the variable temperature 'H analysis are provided below. 

Table 4.2: Km versus temperature 

Temp,K 
41 1.2 4.12 

393.9 4.02 

374.2 3.86 

360.1 3.63 

339.7 3.33 

306.6 3.04 

[a lT = 6.68*103M 
S,(ftee) = 4.50 ppm 
6&ound)= -1.52 ppm 

bj.= -6.31 pprn 
6,.= -32.65 ppm 

Mechanisnu of phosphine rrchange 

Martin (1991) observed that 1 equivalent of added PCy, severely inhibited the catalytic 

activity of RuHCI(CO)(PCy&. A similar influence of fke phosphine was reported Farnetti 

et al. (1992) for the 0sH2(dcpe), system. In the case of unsaturated complexes like la,b, 

phosphine inhibition rnay result h m  the coordination of PR, to the metal centre. Although 

there is no evidence to support the addition of a bulky phosphine, Esteruelas and Werner 

(1986) have added PM% and POMe, to l b  and the PPh, analogue of 1 is a tris- 

phosphine complex. On the other hand. tree phosphine may inhibit hydrogenation by 

discouraging a necessary dissociation reaction. Were the active complex to possess but one 

phosphine, additional PR, could reduœ its solution concentration. 



A specwrn of la,b in tduene at lûû°C shows w evidence for phosphine dissociation. 

Conversely, no signs of PR3 addition to la,b were observeci in a toom temperature 

spectrum of la,b with excess ligand present, Therefore, the Iïkelihood of dinctiy 

confuming either mode of phosphine inhibition is small. Howevet, the rates of exchange 

between bound and ftee phosphine may provide a due of the type of transition state 

capable of the osmium system (Figure 4.8). Evidenœ in favour of an associative exchange 

mechanism would suggest that a trisphosphine intermediate complex can be created. Data 

suppocting a dissociative pathway would indicate a monophosphine transition state 

facilitates the exchange reaction. It should be noted however, that the transition state for 

phosphine exchange may or may not be representative the nature of the complex 

responsible for olefin hydrogenation. 

Figure 4.8: Phosphine exchange equilibria 

Attempts to employ spin-saturation Iabelling to measure k, and t, fàiled, as the rate of 

phosphine exchange was insufficieat to support the technique. Therefore, a traditionai 

kineiic study was undenaken where the concentration of the exchange products was 

monitored with time. In a typicai experiment, a known mas of lb (approximately 0.03g) 

was combined with the required amount of phasphine in lg of toluened8. This solution 

was charged to the sapphîre tube and pressurized to 24 bar with H,. At 23°C no phosphine 

exchange was detected during the time requind to prepare the sarnple. Therefore, tirne 

zero was marked by its insertion into the preheated probe. The evolution of exchange 
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produca observed in one of four 3b-PCy, exchange experiments is presented in Figure 4.9 

while a plot of the decay of [3b] obsennd for dl of the trials follows in Figure 4.10. A 

complete listing of the aquired data is provided in Appendix A[U. 

Figure 4.9: Exchange product concenaatiom v e m  tirne, Os =OSH(H~C~(CO); 
P,=23.7 bar, T=71°C, IpCy3J,=0.32M 

Based upon the exchange experiments perfonned at [PCy3] -0. 1 M (Figure 4. IO), the 

results were reproducible. Note that while the de- of substitution is related to the 

therrnodynamic stability of the exchange products, it is the rate with which the system 
approaches its equilibrium that is of interest to this work. In this respect, the different 

systems are remarkably similar. To quanti@ the transformation of 3b inm 
0sH(H~Cl(CO)(PzfPr3)(PR,)i k, and ki defined in Figure 4.8 have been fitted to the second 



Figure 4.10: [Sb] versus time for different phosphine systems; 
P,=24 bar, T=71°C 

order rate expression 

Estimates of k, represent the inherent rate of the fonvard substitution reaction for a given 

phosphine type and concentration. Regression values of k, and ka are lûted in Tabte 4.3. 

From this limited set of data, the reaction rate appears to be independent of the nature and 

abundance of the entering phosphine as no significant differences in k, for the PCy, and 

PMetBq experiments are observed. That PtBu, does not participate in an exchange process 

is not surprising, given its extraordinary cone angle of 180a. 



Table 4.3: Phosphine exchange rate constants 

PR3 [P%l kl Lower < 95 96 > Upper kl Lower <%% > Upper 
M @Ph)-l (MW1-l 

PCy, 0.10 0.814 0.729 0.899 0.461 0.148 0.773 

PCy, 0.11 0.873 0.802 0.945 1.246 0.358 1 A69 

PCy, 0.32 0.842 0.762 0.922 0.531 -0.055 1.117 

The PCp, experiment is somewhat disconcening. Unlike the other trials, the PCp, 

exchange spectra did not satisfy a material balance on phosphorus or osmium in the early 

stages of the reaction. Whether this was due to a shift in the instrument during the 

experiment or to a difference in the relaxation times between the various complexes cannot 

be determined at present. While the derived rate constants are clearly unlike those of the 

other series, the qualitative agreement of the Cp, experiment suggests that the 3b phosphine 

exchange process may indeed be tentatively declared independent of the incoming 

phosphine character. 

Indifference to the nature and amount of the entering group is evidence for a dissociative- 

type mechanism for an exchange process. While littie else is known of the reaction 

intermediate (particularly whether H, is involved), this result lends qdified support to the 

potential of the osmium system to fom a mono-phosphine transition state. 

Stability of bowd CO wder hydrogenoon conditions 

While the displacement of CO fiom either la,b or 3a,b is not expected, 13C NMR provides 

a simple means of verifying its presence under hydrogenation conditions. A mluene 

solution of l b  was pressurued to 24 bar with H, and heated to 100°C while recording the 

proton decoupled 13C NMR spectrum shown in Figure 4.11. In addition to the isopropyl 
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carbon resonances at 19.4 and 24.5 ppm, a broad singlet at àl77.2 is obsrmed which may 

be assigneci to an osmium-bound CO ligand. The lack of expeaed "P-*C coupling most 

likely reflects the relatively poor resolution of the spectmm rather than any exchange 

mechanism. Note that the 31P spin-saturation labelling Pials demonstrated that phosphine 

exchange rates are iasuficient to p d u œ  an exchange averaged CO signal. It may 

therefore be assumed that CO remains coordinated during NBR hydrogenation: 



A major objective of this thesis is to assess the merits of the osmium technology while 

furthering our understanding of its wderlying chemistry. This chapter summarizes the 

core of the project, a comprehensive kinetic study of the selective hydrogeoation of NBR 

by 2a. The range of operating conditions chosen for th& work paralleleci those employed 

in the rhodium study (Chapter 3) to facilitate a direct cornparison of the two systems. 

However, a detailed assessrnent of the economic powitial of the osmium technology is 

beyond the scope of the project. Only distinct advanmges and shortcomings associated with 

the new catalyst system are highlighted. 

In addition to providing a means of appraising the activity of ta, the kinetic studies M e r  

our basic knowledge of this class of complexes. Kinetic data LF important in its own right, 

given the smcity of literature devotexi to osmium catalysis and the absence of research 

performed under extreme conditions. Interpretations of rate data can be equally 

constructive, should they provide a solid foundation upon w hich greater understanding may 

be built. The staas of an evolving reaction mechanism has therefore been inserted into the 

discussion of the kinetic measurements. 

5.1 Experimentai 

5.1.1 Materials, Apparatus and Procedures 

The preparations of 2a,b as well as the source of the reagents have been provided in 

Chapter 4.1. The acrylonitrile-butadiene copolymer studied (Krynac 38.50 fkom Bayer 

Rubber Inc.) contained 62% butadiene by weight which was distributed as 78% tram, 16% 

cis, 6% Mnyl. The styrene-butadiene rubber employed was Finaprene 410 fkom Petrofina. 
- 
Dec-1-ene, purchad fiom Aldrich Chernical Co., was purifid by vacuum distillation. 

stored under N, and used promptly. The solvents employed (monochlorobenzene, acetone 



and 2-butanone) were used as received from Fischer Chemical Co. The purity of H, 
purchased fiom Linde-Union Carbide was repned to be 99.99%. 

- 
The apparatus, operating procedures and product characterizatiom were identical to those 

detailed in Chapter 3.1, with one exception. Where the addition of PCy, was requued, the 

phosphine was not combined with the polymer solution as PPh, had ken. Rather, a 

separate glass bucket was fashioned to hold the PCy, within the catalyst addition device. 

Both the cataIyst and the phosphine were charged to the solution onœ the system was 

purged of atmospheric gases. Note that the handling tirne of the phosphine in air was 

minimized to limit potenta oxidation. 

5.1.2 Design of the Kinetic Experiments. 

S pecific comb inations of factor levels have been selecteû aca~ding to a strucwed design. 

Of principal interest were the influences of the concentrations of 2a. nitrile and H, on the 

rate of hydrogenation. Of secondary interest was the effect of varying the reaction 

temperature or adding PCy, to the system. Principal factor wmbinations conformrd to a 

central composite structure (Box et al., 1978). consisting of a univariate or "one-at-a-time' 

series to study the influence of each factor while holding al1 others constant, and a two- 

level factorial series of experiments to identify joint interactions (Figure 5.1). The 
influence of various substrates, added phosphine and temperature have been investigated by 

univariate experiments alone. 

The basic central composite structure shown in Figure 5.1 has b a n  expanded to include a 

survey of [2a]*mJ interactions. Selection of the factor levels ([2a], [RCN], [HJ) 

considered catalyst weighing precision, the viscosity of the polymer solution and the 

hydrogenation rate which the apparatus could effectively control and monitor. As 

chlorobenzene boils at 132°C. a base reaction temperature of 130°C was chosen for safety 

concem. Table AIV of Appendix IV lis*; ail of the combinations of factor levels 

explored. 



Figure 5.1: Principal factor combinations studied; T = 130°C 

The experiments were generally perforxned in tandomized blocks. M i l e  not rigidly 

defined, each block fd upon a panicular componuit of the overall design ie. î3 

factoriai series, WN] series, etc. The centrai wmbimtion ([2a] =8O CM, PCN] = 172 

mM, P,=23.7 bar, T=130°C) was periodically repeated to detect sh ih  in hydrogenation 

activity evolving with time. 

5.2 Resuits and Discussion 

Exposed to traces of 4, l g b  readily form theu cotrespo~ding dioxygen adducts Za,b. 

Complex 2a in particular is examely robust, showing no signs of degradation over the 

course of rnonths when left in air. This unique stability, coupleâ with its vïrtuaily 

inevitable presence, has Id to its adoption as the cataiyst precmor for this work. The 



transformation of 2a,b into the dihydrogen adducts 3a,b has been demonstrated by NMR 

(Chapter 4). Under the teaction conditions employed, the catalytic behaviour of 2a,b is 

expected to be identical to that of la,b. 

In the early stages of this cesesuch it was dDawered that the PCy, complex 2s 

demonstrates superior activity for NBR hydrogenation over that of 2b. Due to its greater 

commercial potential, the 20 system has therefore been the focus of the kinetic study. A 

final preliminary issue centres on the choice of chlorobenzene as solvent for the process. 

Uniike ia ruthenium analogue which is unaffecteci by -ne or 2-butanone (Martin, 

1991). 2a cannot function in ketone solventp. This is Iikely due to the coordination and 

insertion of the ketone as descr~ked by Estenielas and Werner (1986). In any event, the 

problems arising from the use of ketones constrained the choice of solvent to 

chlorobenzene. 

5.2.1 Hydrogenation Profile for the 2aMynac 38.50 System 

Under al1 reaction conditions, 2a proved to be an efficient catalyst for the quantitative 

hydrogenation of the olefin moiety within NBR. Both 'H and 13C NMR spectra of the 

product were consistent with those published by Mohammadi and Rempel (1986) and 

Bhatachjaree et al. (1991) for HNBR obtained fiom the RhCl(PPh3), catalyst system, 

indicating that Za does not promote a signifiant reduction of nitrile. Fucther discussion of 

undesirable side reactiom are the subject of Chapter 6. 

In contrast to the R b 0  d y s t s ,  the activity of 2a is not independent of the cis/tmns/vinyi 

isomerization of olefin within of the copolyrner. Figure 5.2 illusûates a representative 

olefin conversion profile of the hydrogenation of NBR by 20. In early stages of the 

reaction, a transient period of heightened activity is consistently observed. As the system 

temperature was logged dong with the conversion profile, it is known that reaction 

exotherm was effectively controlled by the apparatus and was not responsible for the effect. 

Indeed, a careful examination reveals the overall olefin conversion profile to be the 
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Figure 5.2: Conversion vs. time profile; [2a] = 1 lOpM, WCN] = l72mM. 
Pm=14b=, T= 130°C. 

superposition of two distinct processes. This îs more clearly illusttated in the log plot 

comprishg Figure 5.3. 

For a single fÜst order reaction, a plot of In(1-X) versus time is a linear function defined 

by h slope, L', the firJt order rate constant and an intercept of (0,O). Figure 5.3 resolves 

two distinct domains of hydrogenation actkity. A relatively shon-lived period of rapid 

hydrogenation is followed by a mon moderate, and saictly first-order reaction rate. A 

regression of the latter data €tom 35 % to 95 % wnvenion acoording to 
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Figure 5.3: Ln plot of the X versus tirne data shown in Figure 5.2 

[C=q = [C=q', * e4  

yielded k' = 1.15*1C3 s-' and [C=C], = 209 mM. The total l d i n g  of 3.59 g of NBR 

corresponds to [C=q = 275 mM. Given that Krynac 38.50 is reported tqcontain 

approximately 78% nmrr olefin, 0.78 * 275 mM = 214 mM of tmns olefin was charged to 

the reactor. S u  kinetic experiments, each run at different conditions, yielded [C=C], = 

206.8+/-2.0 m M  despite ptoducing a wide range of hydrogenation rates. 

Using an 75% f r l ~ ~ ~  olefin content, the (cis + vinyr) conversion versus tirne profile was 

derived by comcting the raw uptake data with the regnssed ~~~ conversion profile. 



Note that at 4% abundance, there is an insuflicient amount of vinyf functionality to account 

for the initial surge of activity. For the (ch + Mnyf) profile, an estimate of k', = 3. 1*1U2 

s-' was derived. The predicted overait (ch + vr'nyi + trm) conversion profile derived 

using k' and k', €its the observecl data satkfcactorily as illustrateci in Fi- 5.2. Any 

difference in the activity of 2a towards the vi'l and & isomers cannot be resofved from 

the conversion profile. 

As commercial interests requin a complete saturation of the wpolyrner backbone, the rate 

at which 2a hydrogenates the 78 % abundant tram isomer of Krynac 38.50 is most 

important. At 130°C and pressures up to 41 bar. tram C-C conversion abides by a fmt 

order rate expression as depicted in Figure 5.3. Therefore, the dependenœ of the 

hydrogenation rate on [2a], WNJ, WJ and temperature has been quantifieci by measuring 

the response of k' (derived from approximately 35% to 95% olefin conversion) to the 

factor combinations detailed in Section 5.1.2. 

5.2.2 z3 Factorid Design Results 

A two-level factorial design was applied in the Rl~cl(PPh~)~ study to determine the 

significance of interactions between factors which influence the hydrogenation rate (Chapter 

3). This strategy has been revisited to identify similar interactions between [Zn], [RCN] 

and P, acting within the osmium teaction mechanism. The facur wmbinatiow and 

derived rate constants are listed in Appendix IV, Table AIV. The results of an analysis of 

variance (ANOVA) treatment of the acquued data are summarized by Table 5.1. 

Not surprisingly, the variance test statistics demonstrate! the significance of main factors 

([2a], [RCN] and [HJ). More impomtly, al1 m f a * o r  joint interactions appear to be 

signifiant at the 95% confidence level. This indicates the influence of a factor on the rate 

-of hydrogenation is dependent upon the levels of the othen. For instance, the impact on k' 

created by increasing the amount of 29 is dependent on the reaction pressure employed. 

Note that a [2a]*[RCNl*mJ interaction is noi smtistically significant. 
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Table 5.1: ANOVA mults of the z3 ktorial experiments 

Analysis of Variance 
Source Sum of DF Mean - F-Ratio P 

- Squares Square 

Error 

Having identified the importance of factors acting done and in combination, the factorial 

cornponent of the central composite design has provided a sound basis for firrther study. 

The univariate series of experiments expanded the number of factor levels, the results of 

which are provided in the following discussion. 

5.2.3 Univariate Kin& Experiments 

rnfuence of the concentration Op20 on the hydmgenanion rate 
The hydrogenation of styrene cataiyzed by lb  at W C ,  1 bar H,, is reported to be fust 

order with respect to the concentration of the catalyst precursor (Andriollo et al., 1989). 

Martin et al. (1991) observed a similar response for the ruthenium analogue of la, 

RuHCI(CO)(PCy&, acting upon Krynac 38.50 at 16û°C, 41 bar. It is therefore not 

unexpected that plots of k' versus [Za] at various pressures yield a linear relationship 

(Figure 5.4). This fmt order response of the hydrogenation rate to changes in [Zn] 

indicates that the concentration of the active cornplex is linearly proportional to the 

precursor loading employeâ ie. k' a [ta]. This is strong evidenœ for a mononuclear 

active species. 



Figure 5.4: Influence of Pa] on the hydrogeriation rate; [RCN] = l72mM, T = 130" C 

Inhibition of the hydmgecMtion m e  by nitnole 

The potential of nimle to coordinaîe with la,b bas been characterized by NMR (Chapter 

4). Its influence on the rate of hydrogedon is demonstrated in the k' versus WN] plot 

comprising Figure 5.5. Conversion profi1es for fmt order systems are, by definition, 

independent of the amount of olefin charged to the reactor. Therefore, increasing the 

initial concentration of an olefin such as ldecene would have no effect on a conversion 

versus time profile. Figure 5.5 indi- that elevated NBR loadings, with thek 

conesponding inccwes in the concentration of nitrile, inhibit the catalytic activity of 2a. 

This influence may be rationalized by a cornpetitive coordination of the nitrile residing 

within NBR to la  as illustrated by Figure 4.2 and demonstrated in the NMR spectra of 
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Figure 4.3. However. an increase in the concentration of potentially poisonous components 

of the polymer (mercaptan, CatbOxyIate, etc.) may conmbute to the obseMd decrease in t' 

that is associated with a higher rubber loading. 

[CN] : mM 

Figure 5.5: Influence of [RCN] on the activity of2a; [2a]=80pM, Pm=23.7bar, T=130°C 

The H, univariate experiments of Chapter 3 demonsttated the fmt to zero order 

dependence of k' on P, that is characteristic of the rhodiumO catalysts. Martin et al. 

(1992) have, using the sarne apparatus employed in thû work, observed a linear 

celationship between k' and Pm for the RuHCl(CO)(PCy3), system. In contrast, the 

behaviour illustrateci by Figure 5.6 is not only une-, but wprecedented. At 130°C 
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and pressures up to 4 1  bar, a distinct second ordu dependence of L' on the hydrogen 

pressure is observed. 27 experimental triais at thret different catalyst loadings demonstrate 

the consistent second order response of Y to WJ well as the k t  order relationship 

between k' and [2a]. Note that 5 repliCates of the central reaction conditions ([2a]=80 

PM, @kCN]=172 mM, Pm=23.7bar, T=130°C) yielded 3.57 +/- 0.19 s-l. This 

remarkable precision suggests that the second order resuit is a rral effect. It may therefore 

be wncluded that up to 41 bar, k' o [2a]*p#. 
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Figure 5.6: Influence of P, on the reaction rate; [RCN]= 172rnM. T=130°C 

The apparent second order response of 2a to the system H, pressure implies that a truly 

unique mechankm underlies the observed process. In some form. two molecules of H2 

must generate the active species or interact with it in the reaction's rate detennining step. 



Recall that the [2a] univariate experirnents support a rnononuclear active cornplex. 

Therefore, it would appear that two molecules of H, are involved with a single metal centre 

to facilitate die hydrogenation. 

While the second order efféct of H, is intriguing fiom a findamental standpoint, it is also 

of considerable industrial interest. An extrapolation of the rate data in Figure 5.6 to the 

pressures commonly associated with commercial HNBR processes (up to 100 bar) suggests 

that an osmium-based process could operate efficiently using trace amounts of 20. To 

investigate this potential fiirther, the 30 p M  univariate pressure series has been extendeci to 

80 bar. Representative olefin conversion profiles acquired at these elevated pressures are 

presented in Figure 5.7. 

Each of the conversion versus time plots demonstrate the transient activity attributed to the 

preferential hydrogenation of the cis isorner within NBR. Beyond 25 % conversion, the 

20.6 bar profile displays an exemplary fmt order response to olefin concentration to yield 

k' = 0.55*103 s-'. At 29.6 bar, the system retains the first order behaviour with k' = 

3.84*1U3 s-'. To this point, 2a demonstrates the expected behaviour. fmt order in olefin, 

second order with respect to BJ. However. increasing the pressure to 5 1.7 bar raises the 

reaction rate by a margin which is somewhat less than that projected by a second order 

mechanism. This trend continues until little differenœ in activity is observeci between the 

62 and 80 bar experirnents. Clearly, the reaction order with respect to hydrogen evolves 

from second towards zero order as the system pressure is increased. 

Of signifcance is the shifi in the appearance of the olefin conversion profiles. With each 

increase in pressure, the conversion versus time plots tend towards a zero order dependence 

with respect to olefin. No longer is the rate of olefin reduction proportional to its 

concentration. Rather, an intermediate reaction order is observed according to; 
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Figure 5.7: Conversion profiles obsennd at high pressures; 
[Za] =3OpM, wCJl= l72mM, T=130°C 

where a,b and c are constants. At low teaction pressures, c[C=C] is apparently much 

smdler than b to provide an overall order with respect to olefin of one. As the pressure is 

raised, c[C=C] approaches b to reduce the overall order towards zero. Note also bat as 

the high pressure teactions proceed, the reaction cetuns to a fint order behaviour at high 

convenions. Clearly the constant, c. must be dependent upon the concentration of H, in 

the condensecl phase. Its functional relationship to WJ is discussed in greater detail in the 

latter stages of Section 5.2.3. 
- 

An alternate explanation for the reduced orders of oiefui and hydrogen appeals to mass 

m f e r  arguments. As the kct ion rate approaches the rate which the apparatus can 



replenish consumed hydrogen, the kinetic data no longer represents the inainsic behaviour 

of 2a. Under a severe mass transfer limitation, the influence of H, and olefin would yield 

to those factors controlling the rate of hydrogen dissolution such as agitation and impeller 

design. To assess the p&sibility that the forementioned observations wuld be aaributed to 

mass transfer effects, it is necessary to revisit the data presented in Chapter 3.2.1. 

For a 150 cm3 solution wntaining 3.6g of Krynac 38.50, the aggregate mass transfer 

coefficient, k,AN, at 1200 rpm was 0.307 s-'. From the conversion versus time profile at 

80 bar (Figure 5 3 ,  the maximum rate of hydrogen consumption was 4 mmoles H,L-Is-'. 

There fore, 

4.0 mmok 8, L-ls-l = 0.307s (CA - c d  . 
At 80 bar and 130°C, the equilibrium concentration of hydrogen, h* equals 325mM. 

Substituting this value into the above expression yields: 

4.0 mmok H&-'sol = 0.307 s -' (325 mhf-cm) 

c ,=309mM. 

To support the maximum reaction rate reported in Figure 5.7, the bulk concentration of 

hydrogen would be depleted from its equilibrium value by just 15.5 mM. a difference of 

just 4.7 % . It may therefore be concludecl that mass transfer limitations have liale effect, if 

any, on the diminished reaction orders observeci in the high pressure series of experiments. 

Influence of substrate: Pan A - Styrene-butadiene Nbbcr 

Like NBR, Styrene-butadiene rubber (SBR) is a random copolyrner produceci by free- 

radical, emulsion polymerisation. Ewnining its hydrogenation provides a means of 

studying the osmium technology in the absence of nitrile. Figure 5.8 illustrates a 
conversion versus time profile for the hydrogenation of Finaprene 410. Analagous to NBR 

hydrogenation, the rate of tram butadiene saturation is les than that of the cis isomer. 

Beyond the transient period (Finaprene contains approximately 60% t r .  double bonds) the 

reaction follows a fust order profile as revealed by the In plot provided in the same figure. 
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Figure S. 8 : S tyrene-butadiene rubber hydrogenation; 
[2a] =80pM, F=Q,=400mM, Pm=24.7bar, T= 130°C 

The apparent fint order rate constant, k', representing the reaction illustratecl by Figure 5.8 

is 5.42*1V3 rl. Unlike the NBR system, this reaction rate is udected by the amount of 

polymer charged to the reactor cable 5.2). This is the expected response of a fint order 

process in which cofunctionality within the wpolymer does not inhibit the reaction. It is 

interesting that the SBR hydrogenation rate is not simply an extrapolation of the NBR data 

to zero [RCN] (See Figure 5.5). This is a good example of the deceptive complexity of 

transforming polymeric substrate. Reactivitia must be assesseci djrectly and comparhns 

between polymeric systems made with caution. 



Table 5.2: Influence of the SBR loading on k' 

138 4.94 

275 5.39 

4oO 5.42 

[2a]=80r<M, Pm=24.2 bar, T=130°C 

A significant development has corne from measuring the response of the 2olSBR system to 

a variation of the reaction pressure. mer a wide range of Pm. the r d o n  rate is zero 

order with respect to WJ, as was previously observed for NBR at high pressures. The 

olefin conversion profiles were consistently fmt order. Without a coordinathg functional 

group such as nitrile in the system. the reaction orders with respect to [C =C] and WJ are 

f ~ s t  and zero respectively. 

Table 5.3: Styrene-butadiene rubber hydrogenation 

In the case of NBR, the development of a zero order hydrogen dependence was 

accompanied by a reduction of the order with respect to olefin. This SBR result suggests a 



rate expression of the fom; 

According to this expression, the term D [HJZ must be less than (B + C[C =qwJ) to 
produce the experiments summarized by Table 5.3. 

Injluence of substrate: Putt B - 2-Decene 

While a second order dependence on [HJ has no p d e n t ,  Estenielas et al. (1992) report 

a zero order response for the hydrogenation of benylideneacetone by the PMetBu, 

analogue of la. The reaction conditions used in the work were considerably milder than 

those employed throughout this study ([Os), = 2.5mM. T = 60°C and Pm = 0.70 - 1.26 

bar). Therefore, the behaviour of a simple olefin at intermediate reaction conditions has 

been examined to bridge the two research efforts. 

The reaction profiles acquued for the hydrogenation of l-deœne by 2a are presented in 

Figure 5.9. Over the considerable pressure range investigated, the data revealed a very 

marginal improvement in the rate of hydrogenation by increasing WJ. Consistent with the 

reduction of the tmu isomer of SBR, the system nmains fmt order with respect to olefin 

at al1 reaction pressures. 

Effect of odded PCy, on the activI.ty 4 2 4  

Fametti et al. (1992). in their investigation of benzylideneaœtone hydrogenation by 

OsH,(dcpe),, observeci that the addition of PPh, to the system producecl a marked derrease 

in the catalytic activity. They assigned the effect to a hinderance of a phosphine 

dissociation process that is believed to produœ the active cornplex. In a study of 

RuHCl(CO)(PCy,),, Martin (1991) discovend a similac inhibition by the addition of PCy3. 

One equivaient of phosphine relative to the catalyst reduceû the hydrogenation activity to 

less than one haif. nie influence of PCy, on 2a appean a be equally severe (Figure 

5.10). While exerting a stcong effect on the hydrogenation rate, added phosphine appears 
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Figure 5.9: Hydrogenation of l-decene by 20; [2a] -20pM. [C =C],,=Z lOmM, T = 1 10°C 

to reduce the order with respect to olefin in a mamer similar to that observeci at elevated 

pressures. This joint [C=q[PCyJ interaction is illdefined at present. 

Whether PCy, inhibits hydrogenation by coordinating to la or by hindering a necessary 

dissociation of phosphine is of consequenœ to the reaction mechanism. It is insmctive to 

recall the levei of inhibition produceci by nitrile, which is a good ligand for 'la. At a 
solution concentration of 172 mM, a batch reaction time of 200 seconds is requueû to 

produce an 99.5% olefin conversion (Figure 5.10). In contrast, just 0.08 mM of PCy, 

lengthens the reaction time to 2000 seconds. Given that there is no evidenœ of the 

coordination of a third phosphine to la, it is unlikely that an inhibition by PCy, is due to 

an associative-type mechanism. 
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Figure 5.10: Influence of added PCy, on the 2a system; 
[2a] =80pM, [RCN] = l72mM. Pm=23.7bar, T= 145°C. 

On the other hand, under no conditions has the dissociation of PCy3 from either la or 3a 

been observed. Thetefore, a monophosphine complex would neceSSariIy be extremely 

reactive andlor present in trace quantities. While not compreheasive, there is limited 

evidence to support a d W i t i v e  intemediate in the p r o a s  of phosphine exchange 

(Chapter 4). At 24 bar H, and 70°C, the exchange data supported a mechanbm in which 

the loss of a PR, ligand initiates the praus ,  aithough no monophosphine complex was 

observed directly. Were a-simila. diJsaciative pro ces^ required to initiate olefin 

hydrogenation, trace amounts of added PCy, muld infiuence an already unfavourable - 
equilibrium, thereby lowering the observed reaction rate. 



[fluente of temperanrte on the hydrugenation advity of20 

The response of k' to a variation of temperatme benveen 120°C and 140°C has k e n  

measured. The sensitivity of Ir' NI IHJ. combineci with the suong infiuence of temperature 

on the Henry's constant of the systcm (Chapter 2). suggested that the temperature range be 

limited to +/- 10°C of the base value. An Arrhenius treaanent of the acquired data is 

illustrateci in Figure 5-11. The In(k') venus lîT expression yields a comiation coefficient 

(R3 of 0.985 and a random dism%ution of cesiduais. An apparent activation energy of % 

kl/moIe is derived from the function's slope. 

Figure 5.11: Arrhenius plot over the 120°C to 140°C range; 
[Za] = 8OpM. WCN] = 156 mM. P, =24 bar 

The iinearity of the Arrhenius plot suggests that a single -ion mechanism suppom 

hydrogenation. Independent hydrogenation processes operating concurrentiy would produce 



a non-linear response as each component would possess a unique activation energy. 

Mechanisms that use a parallel reaction scheme to rationalhe the unusual behaviour of 2a 

are therefore inconsistent with the obsaved ternpenuure response. 

5.2.4 Supp lementary Kinetic Data 
Perturbing a reactive system in a controlled manner may provide usehl information 

regarding the roles of ceaction components in the mechanism. In the present work, the 

response of the osmium system to a variation in the isotope of hydrogen and the nature of 

its phosphine ligand has been probed. Mile not a wmprehensive review of the influence 

of additives, the additional data acquued for simple acids and bases have duect relevance 

to the project objectives. The results of this work are provided in Table 5.4. 

Table 5.4: Supplementary Kinetic Data 

Catalyst Variation k'*l@, s-1 

24.2 bar H, 
24.2 bar D2 

2b 24.2 bar H, 
2b 29.0 bar H, 
2b 33.9 bgi. H2 

2a 2 eq* [ml 2.91 
2a Z eq. Octylamine 1 .54 
2a 5.5 eq. Proton SpongeR 3.55 

1,8ais(dimethyiamino)napthalene 
2a 15 eq. Acetic Acid 1.38 
2a 0.4 ml H20 3.19 

[Osh=80 FM, [RCN] = 172 mM, T= 130°C, P,=24.2 bar unless specified 

D e u t e k  isotope t@ct 

The absolute activation energy of any reaction a complex undergoes is unchanged by an 

isotope substitution. What is effected is the vibrational energy of the substituted bond, as 
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its ground state energy is reduced with an imrease in the isotope atomic m a s .  Should the 

bond be directly involved in the transition state, the replacement of an atom by a heavier 

isotope (such as deuterium substitution for hydrogen) raises the relative activation energy, 

thereby reducing the reaction rate!. In the case of hydrogenation, k',/k', ù a simple 

indicator for the cleavage of a bond to hydrogen in the rate determining step. 

Two trials employing 4 (99.99% purity; Linde-Union Carbide) were carrieci out to 

identify a potential influenœ on 21. The data presented in Table 5.4 demonstrate a kinetic 

isotope effect, k',k',, of 1.64. This clearly establishes the significance of an ( 3 5 8  bond 

in the rate detennining step of the mechanism. 

Hydrogenahon acn'vity @the PiPr, Cuiacogue, 2b 

In each of the 2b experiments a prefercntial hydrogenation of the cis isomer of NBR was 

observed. The fmt order rate constants obtained for the olefin reductions indicate 

that, consistent with the PCy, analogue, 2b is second order with respect to BJ over the 

range of conditions exarnined. It is interesting to note that the PiPr3 system is incapable of 

the activity demonstratecl by the bulkier tricylcohexylphosphine cataiyst system. 

Injluence of &itives on the activity of20 

Organic acids and bases have been prescr~kd for use with the group 8 cataiysts to improve 

theu selectivity (McManus and Rempel, 1995). Common examples are acetic acid and 

octylarnine, both of which have been scceened for an effect on the activity of 2a. The data 

indicates that additives capable of associating with the metal œntn have a detrimental 

influence on the hydrogenation rate. Their influence on the product quality is the subject 

of Chapter 6. 

It should be noteci that a vecy strong , non-coordinating base (1.8-bis(dimethy1amino) 

naphthalene) proved to be of no wnsequence to the reaction rate. The chloride could be 

eliminated by a mechanism involving the heterolytic cleavage of hydrogen; 



M-Cl + 4 + ~ U W  + M-H + H + - h e  CI-. 

That no change is obsemd fiom the addition of the base suggests that such a process is not 

relevant to this catalytic system. 

5.3 Mechani'stic Intefpmtation of the ainetic Data 

By thek nature, reactions comprising the catalytic cycle are difficult, if not impossible, to 

identify for the 2a system. While the NMR snidies of Chapter 4 have chatacterized 

important equilibria that act on the periphery of the catalytic cycle, complexes within it are 

extremely reactive, prezluding theu isolation or study by standard spectroscopie means. 

Therefore, a cataîytic pathway must be developed, aot fiom direct observations of reaction 

intermediates, but fiom inferences on kinetic data and arguments regarding coordination 

numbers, and electmn counting schemes. The ultimate test of a proposed catalytic cycle û 

its consistency with the kinetic observations. It is therefore subject to review as a greater 

understanding of the system is developed. 

5.3.1 Independendy Characterized Elements of the Reaction Mediankm 

Besides identifying the prevalent complexes that may exist during hydrogenation, certain 

elements of the reaction mechanism have ban amenable to study by NMR. The activation 

of 2 1  by displaœment of 4 has been demonsttated as well as the propensity of la to 

coordinate with H, and the nitrile residing within NBR. The contribution of this research 

to the catalytic mechanism is summarized by Figure 5.12. 

The cornpetitive coordination of nitrile to la produces the diminished hydrogenation 

activity that is associated with increased NBR ldings. 31P NMR spectra have provided 

evidence to support this assertion, while quantifjdng the lado equilibriurn for Krynac 

38.50. The addition of H, to la ha9 also been characterized by NMR, yielding the 

equilibrium constant K,. Variable temperature studies of a solution of l b  with 1 -25 

equivalents of benzonitrile under 24 bar H, suggest tbat nitrile coordination is favoured 
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Figure 5.12: Characterized reactions relateci to NBR hydrugenation; T= UO°C. 

over H, at the temperames relevant to NBR hydrogenation. However, a more equitable 

distribution between 3b and 6b was observed as the temperature was increased. 

The NMR studies have shown that under the conditions employed in the hydrogenation 

experiments, 60 and 3a are the predominate complexes in solution. No other complexes 

have been detected. Furthemion, the broad single& observed in the NMR spectra of la 

when combineci with benzonitrile under H, indicate that the system is in rapid exchange 

relative to the NMR tirneScale. Thb would suggest that the complexes shown in Figure 

5.12 are able to achieve their equilibrium conœnûations during hydrogedoa. 

n e  rok offee Pt& 

As littie as one equivaiem of PCy, added to 20 had a dtamatic effèzt on its ability to 

hydrogenate KryMc 38.50. This may be rationalized by two mechanisms; the competitive 

coordination of PCy, to la (Scheme 1, Figure 5.13) or the inhibition of a required PCy, 

dissociation from 3a (Scheme II, Figure 5.13). 
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Scheme 1 

Figure 5.13: PIausible rnechanirms for phosphine inhibition 

The addition of phosphine to a solution of la or 30 produced no "P NMR evidence to 

support the coordination of a thitd phosphine. Given the severity of the catalytic inhibition 

by PCy, relative to that produced by niaile (anexaemely good ligand for la), it is uniikely 

that the association of an additional phosphine would produce the effect. There is, 

however, limited evidenœ to support Scheme II. 

Variable temperature "P NMR spectra of la under N, or H, demonstrated no evidence of a 

monophosphine complex nor any signs of exchange broadening which wuld be attri'buted to 

Scheme LI. It is certain, however, that ooordinated PCy, is labile as it undergoes exchange 

with free phosphine in solution. Tentative NMR evidence indicates this exchange process 

could be dissociative in nature, suggesting that a monophosphine transition state may be 

generated in trace quantities. Were PCy, dissociation to facilitate hydrogenation, small 

amounts of fne phosphine would inhibit die forxnacion of the active species, thereby 

reducing the observeci activity. This is considered to be the most plausible explat ion for 

the PCy, inhibition effen 

Note that the less sterically encumbered Pm, systern, 2b, proved to be l e s  active than the 

cyclohexyl analogue, 28. Were the formation of an active antre to k initiatecl by PR, 

dissociation, a smaller phosphine of similar electmn donating capacity may be expected to 

yield an uiferior hydrogenation rate. Accordingly, a bulky system such as an PMefBq 

complex wuld provide superior activities than those measured for 2a. 
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Founded on the above considerations, a phosphine dissociation s a p  has been incofporated 

into the hydrogenation mechanism. The excbange studies suggest that this process is slow 

relative to the hydrogenation rates reported in Section 5.2. Therefore, Scheme II may 

facilitate the formation of the active cornplex but cannot be directly involved in the 

hydrogenation cycle. That is, the catalytic cycle is uniikely to involve PCy, loss, olefin 

transformation, followed by phosphine cecoordination. 

5.3 -2 Inferences on the Mechanism fiom Kinetic Observations 

To this point the discussion has focused upon equilibria acting on the periphery of the 

hydrogenation cycle. Having few meam ta characteria the system M e r ,  the remainder 

of the catalytic mechanism must be inferred fkom the response of the hydrogenation rate to 

variations in operating conditions. 

The conceptually dificult element of the teaction mechanism is the requirement for two 

molecules of H, to either produœ an active complex or participate in the rate determining 

step. Clearly, one molecule is added ta la to form the dihydrogen cornplex 3a. However, 

under no conditions was a transformation of 3a to a dasical trihydride complex observed 

in the IH NMR studies of this system. Bakhumutov et al. (1996) have revealed an 

exchange process between the hydride and dihydrogen ligands of 3b. However, their 

relaxation data suggests that a trihydride cornplex is not fonned and could at most be a 

transition state for the exchange process. 

The mechanism illustrated in Figure 5.14 assumes that the dihydrogen ligand of 3a does 

not add oxidatively to the metal in such a mannet to permit either the insertion of olefn or 

the reductive elimination of an alkyl ligand. While the q2-H, ligand may indeed participate 

in the saturation of olefin, it is proposed that it cannot do so in the absence of a second 

molecule of hydrogen. This non-traciitiond theory is requued to rationalize the 

unconventional behaviour observed for the 2a system. 



Figure 5.14: Proposed mechanism for NBR hydrogenation by 2a 

A deutenum isotope effect of 1.64 indiates that the rate determining step of the cycle 

involves the cleavage of a bond to hydrogen. This couid be an insertion of olefin into an 

Os-H bond or a reductive elimination of an osmiurn-alkyi to yield the satutated product. 

The proposeci rnechanism suggests that the addition of olefin is a concerted addition- 

insertion into the hydride. In assigning a rate determining sep, no discrimination between 

the insertion- and elimination process has been made. 

According to the proposed 

following rate expression, 

mechanism, the hydrogenation of olefin by 2a abides by the 



Applying a svady state assumption to each of the equilibria leading to the formation of 

[OsH,&)(Alk)P] provides a means of relating the concentrations of every species to the 

rate determining step. A mass balance on the total amount of osmium charged to the 

system, [Os], yields the concentration of the anive antre as a fiinction of the total amount 

of 21 charged to tk system. A full derivation of the resulting rate expression is provided 

in Appendix IV; 

The functional form of this rate expression is consistent with the behaviour of the 2a 

s ystem observed throughout the kinetic and NMR investigations. 

The derived rate equation (5.2) suggests that unique responses observed in the kinetic 

studies represent limiting cases of the overail catalytic chemistry of 2.. For example, the 

coordination of nitrile to la is anticipatexi to produce more tban a simple inhibitory effect. 

Being the dominant equilibrium in the mechanism, nitrile coordination may produœ the 

observed second order dependence of the reaction rate with respect to hydrogen. Under 

conditions when I&,,m[RCN] is the predominant term of equation 5.2, the rate expression 

may be reduced to the form, 

which is fmt order with respect to olefin and second with respect to WJ. 

As the system pressure was increased, the behaviour of the 2a system with respect to NBR 

hydrogenation beuune more complicated. The mechanism suggests that the system was no 

longer dominated by nitrile as the equilibria governing H, coordination becarne more 
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prevalent. A shift to a lower order is anticipated, culminating in a zero order dependence 

as extreme pressures are employed. Consistent with the high pressure NBR experîments, 

this shift in H, order W accompanKd by a reduction in that of olefin. 

The hydrogenation of olefins lacking nitrile functionaiity was uIliiffected by the 

concentration of H, as demonsmted for SBR and ldecene reduction. Without nitrile in 

the system, equation 5.2 reduces to a form that reprrsents a dramatic deparnire in the 

observecl kinetics. As the concentrations of 6a and la are no longer significant to the 

mechanism at these conditions. equation 5 -2 assumes the form; 

It is clear that a zero order response with respect ü, BJ is rationalized by this rexiuced 

form of the general oise. Therefore, it may be contendeci that the cataiytic cycle which 

underlies this rather simple behaviour is more wmplex than anticipated by Esteruelas et al. 

(1 992). 

In the process of developing the reaction mechanism a great rnany variations have been 

considered, none of which were consistent with the kinetic data. A reaction pathway in 

which olefin could be added to the monophosphine complex prior to the coordination of 

the second H2 molecule (Figure 5.15) yields a rate expression of the form, 

This states that a zero order dependence on [HJ m u t  be accompanied by a zero reaction 

order with respect to [C=C], a fact that is not bom out in experimental data for SBR and 

decene hydrogenation. 



Figure 5.15: Alternative mechanism involving olefin coordination prior to H, addition 

The strength of the proposeci mechanism 'ies in its ability to rationaiize the kinetic data 

without violating generally acceptai arguments on feasible coordination numben and 

electron counting schemes. Whüe it is both unprecedentd and unconventional, the 

proposal is no more so than the reliable kinetic data €tom which it ïs deriveci. 

Nevertheless, the mechanism is a provisional one. Further rrsearch into the role of 

phosphine in the systern as well as the meam by which la aaivam moIecuIar hydrogen is 

required to substantiate key assumptions. Until such time as these studies are carried out, 

the catalytic cycle presented in Figure 5.14 must be classified as tentative. 



- 
Cbemicai Aspecfs of NBR Hydmgenation SeIectioity 

The Group 8 catalyst systems of the fom, MHCl(CO)(Pcy3z (la M - 0 s ;  7 M =RU) have 

a number of advantages over the exkting rhodium technology. In first place, the cost and 

price volatility of Os and Ru are substantidly l e s  than that of rhodium metai. Secondly, 

whereas the rhodium systems demand the addition of PPh,, neither la nor 7 require excess 

phosphine to maintain their stabüity at high temperatures and pressures. The osmium 

andogue'has the fiirthet advantage of superior catalytic activity. Nevertheles, this new 

generation of HNBR catalysts has Gled to displace the commercial Rh system due to the 

prevalence of an undesirable side ceaction. 

Unacceptable selectivity bas plagued ruthenium catalyst development efforts from their 

onset. Although spectroscopie analysis revealed no evidence of substantial nitrile 

reduction, McManus and Rernpel (1991) obsemd inordinately high intrinsic and Mooney 

viscosities of HNBR prepared using 7. This signifies an increase in the molecular weight 

of the material from the chernical crosslinking of polymer molecules. The problem is 

particuiarly severe for PPh, complexes such as RuC12(PPh3), (Buding et al., 1991) and 

RuHCI(CO)(PP~~)~ (Rernpel et al., 1989) which may crosslink HNBR to the point of 

gelation. Once compromiseci to this dcgree, the product has a v W l y  infinite molecular 

weight. This may wmplicate or pnclude processing operations such as injection moulding, 

compounding and exmision. 

That a side reaction whose products are created in trace amounts may be responsible for 

gross changes in product quality is due to the high molecular weight of NBR. Given the 

material's molecular weight of approximately 150,000, a single crosslinking event could 

produce a molecule having an Mm of 3ûûK. A second event occurring dong the polymer 

chah (which now contains approximately 5500 monomer units) would produce a moleaile 

with an Mn of 450K. Obviously very few crosslinking events are capable creating an 

unmanageable material, a hct which complicates efforts to characterize the pracess. 
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To date there have been no direct attempts to ascertain the s k c t u r e  of an HNBR crosslink 

or the mechankm by which one is aeatcd, McManus and Rempel (1995) swpectcd a 

metai catalyzed teduction of nitde tu be resp011slble for the pro ces^ (Figure 6.1). This 

mechanism, fim derived by von Braun et al. (1923) in a mdy of alltyl nitriie 

hydrogenation. has recented tentative support from Martin (1991). In the c o ' k  

hydrogenatiag heptylcyanide uing nickel dts at 20 bar H, and 120°C. von'braun and his 

coworken reportcd a significant production of secondary amine. By this mechanism. 

polymer crosslinking could nsult from the addition of fully reduced nitrile to an imine 

intermediate located on a second polymer chain. 

R - C S  4 ,  R-CH=NH 
Cat 

R-CH=NH % 
Cat 

R-CH,--5 

- - - -  - - - -  

Figure 6.1: von Braun mechanism for NBR crosslinking 

Strategies designed to minimize the crosslinking pmficiency of 7 have had considerable 

success. McManus and Rempel (1991) have demonstrated the eficacy of primary amine 

additives to reduce the Mooney viscosity of HNBR produced by aryl and du1 phosphine 

complexes of ruthenium. By cornpethg with reduced nitrile for reactive imine sites, 

wmpounds such as octylamine are believed to yield benign amine additions. A second 



approach employs organic or inorganic acid additives such as acetic acid (Rempel et al., 

19933 or ammonium sulfate (Rempel et aï.. 1993b). Both were found to control 

crosslinking by a mechanism presumed to involve the hydrolysis of imine or the 

protonation of amine to an inert ammonium salt (McManus and Rempel, 1995). 

Although additives have improved the product quality derived from the nithenium catalysts, 

they have not satisfied indusaial concems about selectivity. Given the cost of producing 

several tonnes of unmarketable product, a commercial pronss must eliminate crosslinking 

altogether. This would ensure a uniform product quality irrespective of process upsets or 

operator var iability . 

At present, neither the mthenium nor osmium system has been developed to the point 

where the existing technology may be supplanted. The research detailed in this chapter 

quantifies the propensity of 2a to crosslink NBR and provides mechanistic information on 

the selectivity of Group 8 catalysts in general. A direct assessrnent of the product quality 

derived fiom ta relative to that produced by rhodium0 phosphine catalysts is presented. 

In addition, kinetic data on the evolution of polymer crosslinking and the efficacy of 

additives is interpreted within the context of plausible reaction mechanisms. 

6.1 Experimentai Methoàology 

Estimating the croaslink density of a sample is complicated by their infrequent appuirance 

in a manageable sarnple. As discussed previously, the sensitivity of specw~copic 

techniques is iwufficient to detect the small number of crosslinks required to produce an 

undes irable viscosity. Therefore, the degree of pol ymer crosslinking mut be in ferced 

indirect1 y from molecular weight measurements . Whi k not identifying the suucture of 

crosslinlcr or theu numerical frequency, the technique does characterize the process in a 

sem i-quantitative marner. 

In the present work, dilute solution viscosity has been used to monitor the shifts in 

molecular weight that are created by crosslinking. The method has the drawback of an 
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arnb iguous relationship of viscosity (9) to molecular weight. especiall y for copolymea w ith 

composition or structural dispeaity. Nevertheless, the space occupied by a macromolecule 

in sohtion is related a, its molecular weight and evident in the solution's viscosity. 

Thetefore, the viscosity of a dilute NBR solution relative to pure solvent (qd provides a 
simple and effective means of mwuring the consequenas of crosslinking. 

Having quantifieci the degree of crosslinking using qi, it is necessary U> define an 

appropriate measure of the process selectivity. Throughout this work, a catalyst which 

produces no crosslinking is definad as completely seleaive for the transformation of NBR 

to a desirable HNBR product. The indicator used to quanti@ selectivity is the dilute 

solution viscosity of fully sanirateci (> 98 % hyârogenated) product. This designatecl 

viscosity, vie;, represents the amount of crosslinking produced over the time taken to 

complete the hydrogenation process. 

Unfortunateiy , a,' is not a direct measure of the number of crosslinks in a sample and 

therefore has Iittle meaning when viewed in isolation. However. q,' measured as a 

hinction of the concentration of catalyst, H, and nitrile used in the hydrogenation can 

define the influence of these factors on the process selectivity. They also provide a means 

of comparing the performance of diflerent catalyst systems. This was the ratioriale for 

measuring the qd' of HNBR produced by 2a as well as RhCl(PPh3, and RhH(PPh,), over 

a range of operating conditions. These data are presented in Section 6.3.1. 

While selectivity measurements are essential to proass design. they yield limited 

information on the evolution of crosslinking with time. Information of this sort requires 

measuring 9, during the coune of a hydrogenation and beyond 99.5% olefin conversion. 

Detailed in Section 6.3.2 is a series experiments which monitor the solution viscosity 

produced by the Rh, Ru and Os catalyso as a function of time. By examining rd as a 

timeevolving variable, a rudimentary understanding has been gained of the means by 

which crosslinks are formed and how this process rnay be curtailed. 



6.2 Experimcntai 

6.2.1 Materials 

RhCl(PPh,),, RIIH(PP~~)~ and OsHCI(CO)(O~(PCy& were prepand by the methoâs 

detailed in Chapters 3 and 5. The procedure employed by Martin (1991) was used to 

prepare RUHCI(CO)(S~~)(PC~~)~. Chlombenzene and 2-butanone were lrped as received 

ftom Fisher Chernical Company. A single batch of acrylonitrile-butadiene copolymer 

(Krynac 38.50 from Bayer Rubber Inc.) was used without purification. 

6.2.2 Sample Preparation Proceduns 

The procedures used to hydrogenate NBR were identical to those descr1kd in Chapter 3. 

However, two variations of sarnple collection were employed. The tint series of samples 

comprise HNBR producd in the kinetics studies of Chapten 3 and 5. The progress of 

these hydrogenations was monitored by the gas upoike apparatus. Once H, cowumption 

ceased (indicating >98% olefin hydrogenation), the reactor was brought to 50°C in about 

10 minutes by activating the cooling system. The autoclave pressure was then vented and 

the sample isolated by precipitation with ethanol. This product was dried at 60°C under an 

aspirator vacuum (about 17 inHg) for 3 days. Analysis of this series of samples provided 

the selectivity data (q,? discussed in Section 6.3.1. 

The second series of sarnpks were collected at regulac intervals during an hydrogenation 

reaction rather than at its completion. Access to the liquid phase was obtained by 

removing the H, uptake measurement equipment from the autoclave and installing a dip 

tube with a sampling valve. Approximately 16 cm3 of polymer solution constituted each 

sample. Al1 sarnples were prwipitated with 100 cm3 of ethanol immediately after 

collection to limit the exposure of dissolved olefin to the atmosphere at the reaction 

temperature. This HNBR was then pressed to rernove solvent, washed with a further 10 

cm3 of ethanoi and dried at room temperature under high vacuum for 3 days. 
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6.2 -3 Product Characterization 

Sarnples having < 105 residual olefin were ass igd  a defuite conversion by the infia-red 

method of Manhall et ai. (1990). This included samples collected for the selectivity 

studies and those isolated in the latter stages of the crosslùilling kinetic work. Low 

conversion sarnples were analyzed by 'H NMR in CDCI, on a Biuker AC-300 

spectrometer. 

To assess the solution vismsity of a given pdymer, 0.25000 +/- 0.00015g of the material 

was weighed and transfemd to a 25 cm3 volumetric flask. Approximately 15 cm3 of 2- 

butanone was added and the flask shaken for 3 days. Experience showed that highly 

crosslinked samples required such an extended dissolution time. Therefore, the 3 day 

period was consistentiy observeci for aü samples. Once dissolvd. the volume was brought 

to precisely 25 cm3 and the solution was mixed thoroughly. This sample was then 

transfened to a Ubbelohde capillary viscometer through a coarse, sintered glas filier. 

This coarse filtration removed particulate and provided a means of detecting insoluble gel. 

Samples containing any insoluble HNBR could not be analyzed by viswmetry. Raw data 

consisted of two measurernents of the time required for the constant volume of solution to 

drain through the viscometer capillary. Al1 vismsities were carrieci out at 35°C and 

reportai as the elution time of the sample relative to that of pure 2-butanone at this 

temperature. 

6.3 R d t s  and Disudon 

6.3.1 Selectivity of Osmium and Rhodium Cataîyzed Hydrogenations 

Measurements of gd* have defineci the selectivity of the osmium and rhodium catalysts over 

the range of conditions listed in Table 6.1. Duect cornparisons of different q,' estimates 

are valid, in that al1 of the HNBR analyzeû had been fully saturated and therefore shared a 

common polyrner backbone composition. As a result, an inmase in r),' reflects a tise in 

the degree o f  crosslinking aloae. Figures 6.2 to 6.4 illustrate the selectivity as a function 

of the type and arnount of catalyst as well as the hydrogen pressure and nitrile loading 

employed. 



Table 6.1: ûperating conditions foc the selectivity studies 

H, Pressure: 4.5 bar - 42 bar 

Tempera-: 
- Osmium Study: 130°C 
-Rhodium Study: 145°C 

Unfortunately, the precision of the measurements were compromised by an incomplete 

drying of the isolated polymer. The use of approximately 17 inHg of vacuum at 60°C may 

have been insufficient to remove residual chlorobenzene from al1 samples. This would 

result in a slight weighing error in the preparation of a solution for viscosity anaiysis. 

Nevertheless, the data does reveai definitive trends which may be interpreted as real 

effects. 

In so far as the rhodium complexes produa the lowest viscosities of the known HNBR 

catalysts, they represent the standard for process selectivity. The q,' measurements 

presented in Figures 6.2 to 6.4 indicate that irrespective of the reaction conditions 

employed, these catalysts produce a product of unifonn quality. From an engineering 

standpoint this is favourable, as a rhodium process does not requue accurate control 

strategies to yield a standard. marketable material. It should be noted that no statistically 

s ig nificant difference is observed between RhC1(PPh3), and RhH(PPh3),. 

The viscomeaic and spectroscopie analysis suggest that the Rh techwlogy is completely 

selective for the hydrogenation of olefin in the presenœ of nitrile. This is in agreement 

with Yoshida et al. (1970) who have observed RhCl(PPh3), to be incapable of catalyzing 

-alkyl nitrile hydrogenation. However, RhH(PiPr3), proved b be an efficient catalyst for 

this reaction. It is interesting to note that RuHCI(CO)(PC~~)~ crosslinks HNBR to a much 

lesser extent dian its PPh, analogue (Rempel et al., 1991). 



Figure 6.2: Selectivity as a funaion of total metal l d i n g ;  mCW= 172 mM, P,=24 bar 

The r),' data estimates in Figures 6.2 to 6.4 illustrate that under the conditions studied. 21 

was incapable of providing the selectivity demonstrateci by the rhodium technology. Figure 

6.2 indiates that the problem d a t e d  as the d y s t  loading was increased. This 

suggests that crosslinking m u t  have a metal-catalyzed wmponent. Therefore, the product 

quality cannot be improved by arbitrary measures designed simply to enhance the 

hydrogenation rate. If crosslinking were eatirely non-catalytic, the selectivity could be 

improved by any means of improving the rate of hydrogenation, including employing more 

catalyst. Furthermore. barring any influence of the additionai PPh,, one might expect to 

observe crosslinking duhg the rhodium exprimeno. 



Given the strong dependence of the hydrogenation rate on the system pressure (Chapter 5), 

that the relative rates of crosslinking and hydmgenation could be influenad 

disproportionately by a variation of WJ is not unexpected. The lirnited data presented in 

Figure 6.3 demonstrates a substantial improvement in the selectivity of 2a from the use of 

higher reaction pressures. Samples produccd below 13 bar contained gel14 polymer which 

was insoluble in 2-butanone at room temperature. WhiIe the trend toward lower q,' is 

encouraging, it is unlikely that the selectivity of the osmium system can be improved to the 

level of the rhodium technology simply by bcreasing the naction pressure. 

5.0 .- 
II) 

3 . 0 ~ " ' " ' " ' " " ' " ' " 1 " 1  
O 10 20 30 40 

P, Bar 

Figure 6.3 Influence of pressure on sclectivity; [metal] =80pM, BCN] = 172 mM 

Less favourable is the influence of polymer loading on 7; (Figure 6.4). Over the limited 

range of concentration studied, the 20 product viscosity increased as more nitrile was 



charged to the process. This is consistent with the von Braun m~han'im which assigns 

responsibility for crosslinking a the cataiytic rrduction of nitrile. An elevated WN] 

would therefon be expected to promote gelation. It is al= possible that the coordination 

of nitrile has a more potent influence on the hycirogenation activity than on ctosslinkhg. 

According to this argument. crossliaking need not involve nitrile in any form to produce a 

shift in selectivity. The nlevance of ptential aimle hydrogenation mechanisms û 

discussed further in Section 6.4. 
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Figure 6.4: Selectivity as a function of NBR loading; [metai]=&M, P,=24 bar 

The relationship between 7,' and [RCN) appean to be a linear over the narrow range of 

conditions studied. Howewr, given the limited amount of data and its variabüity, it is 

uncertain that the linearity holds ovet a wider domain. In fact, McManus et al. (1996) 

have revealed the potential of 2a ta produce an acceptable product at nitrile loadings that 

are four times the maximuni show in Figure 6.4. albeit at 83 bar and [OS]~=~@M. 



Although the selectivity of 2a is not ideal. the data indicates that the process may be 

optimized through a judicious choice of operating conditions. From an economic 

standpoint it is desirable to minimize the amount of 21 while utilizing a high reaction 

pressure and temperature to maintain an acceptable rate of hydrogenation. The selectivity 

data suggests this strategy would improve the product quality as well. Baseci on the limited 

nitrile data, operating at high NBR loadings could be problematic. However, more 

research is required to define the viscosity-nitrile relationship over a wider range of RCN 

w ncentration. 

6.3.2 Preliminary Evaluation of Crosslinking Kinetics 

A knowledge of how crosslinking evolves with time requires the periodic sampling of an - 
HNBR solution both during and after the wmpletion of the hydrogenation process. 

However, interpreting the visoo~ity of unsaturated HNBR is not straighdorward. 

Hydrogenating the residual olefin in the polymer backbone alters both the solubility and the 

conformation of the molenile in solution. As a result, the viscosity of HNBR increases 

with olefin conversion in a manner that is independent of polymer crosslinking. This 

would preclude a direct assignment of p, to crosslinking were an appropriate correction 

not available. 

Given the proven selectivity of RhCl(PPh,),, a correlation between r ) ,  and the conversion 

of K r p c  38.50 can be definexi in the absence of crosslinking. The 9, versus conversion 

profile of RhC1(PPh3), has therefore been rneasureâ by periodically sampling an 

hydrogenation expriment. This relationship (illustrated in Figure 6.9 can be used to 

decouple the conversion dependence ftom TJ, measurements acquued in the osmium and 

ruthenium trials. The data were derived from two experiments employing 

[RhC1(PPh3)J =95 PM, [PPh3] =6.1 mM, [RCW =9 17 mM, Pm=83 bar at a temperature 

of 140°C. 

According to the proposed nitrile reduction mechanism for crosslinking by the Group 8 

catalysts (Figure 6. L), 8, is expected to rise sharply during the hydrogenation as a result of 
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Figure 6.5 q, verses conversion produced by RhCl(PPh3, 

the conversion effect and continue to increase beyond 100% olefin hydrogenation. The rd 
versus time data for Za, cornpCiSCd of four independent Ws, is therefore unexpected 

(Figure 6.6). The broken line reflects the viscosity that a sample of HNBR with an 

equivdent c6wenion would have if produced by RhCI(PPh3,. A third ordet polynornial 

regression of the rhodium r), versus conversion data (Figure 6 .9  war used to derive the 

predicted profile from the 2a conversion data. 

In cornparhg the osmium q, data to the rhodium projections, it is clear that crosslinking 

occm during al1 stages of the hydrogenation. However, beyond 99.5% conversion the 

viswsity approaches an asyriiptotic limit rather than continuing to increase. Therefore, q ,  
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Figure 6.6: Conversion, qd venus tirne profiles; 
[Za] -80 FM, P,=23.7 bar, [RCE(l=249 mM, T=l3O0C. 

may be related to the degree of olefin conversion, which smngly suggests that crosslinking 

involves residuai C=C reactiviîy. 

To support this observation, fully saturated HNBR that had ken isolateci from an eariier 

osmium experiment was exposed to [ûs] =8O FM, Pm=23 bar, T= 130°C for one hour. 
Based on the selectivity da& presented in Section 6.3.1, this treatment should raise the 

yiscosity to the point of gelation. In fkt, no large-de gel was formed. 

Additional support for an olefin dependence was sought fnnn the ruthenium catalyst, 7. 

Having been the subject of an intense search for vûcosity reducing additives, there exits a 
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broader knowledge of the aossliaking behaviour of this cataIyst. Two independent 

experiments using this system arc prestnted in Figure 6.7. Consistent with the osmium 

response, q,  approaches a limit once hybgenation is complete. In this case the vismsity 

p d l e l s  the conversion profile more closely than witnessed for 20. Note that a reaction 

t e m p e m e  of 160°C was applied to compensate for the dkparity between the 

hydrogenation activities of the ruthenium and osmium analogues. 

O 10 20 30 40 50 60 

Reaction Time (min) 

Figure 6.7: Conversion, r ) ,  venus time profiles; ['I] 180 CM, 
P,=41 bar, [RCN]=249 mM, T=160°C 

6.3.3 Eficacy of Vismsity Modifying Additives 

Despite the remarkable activity of the osmium technology, its poot selectivity is likely to 

prevent its commercial acceptance without the advent of selectivity enhancing additives. 

McManus and Rempel (1991) have proven the efficacy of C,-C, primary amines to 



enhance the performance of the nithenium analogue. They suggested amine loadings below 

lwt% relative to polymer were capable of significant viscosity reductions. Therefore, the 

impact of 1% octylamine on the selectivity of 2a has k e n  eJsesred. The C ~ S U ~ D  are 

presented in Figure 6.8. 
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Figure 6.8: Influence of octylamine on HNBR viscosity 

It is apparent ihat the ptimary amine reduced q, over the entire range of olefin conversion 

but could not produce HNBR of the quality created by RhCl(PPh3)3. Furthemore, the 

amine auurnent was observed to inhibit the hydrogenation activity of the osmium system 

by nearly 50%. Subsequent work has confumed the necessity of having the amine present 

during the hydrogenation. as its addition after 99.5% conversion was ineffectve. 



6.4 Interpretation of the Crosslinking Resuits 

It is quite clear that the von Braun mecbanism for secondary amine f o d o n  m o t  

account for the viscosity data presented in Figures 6.6 and 6.7. Nevertheless, it has 

provided a useful framework for the development of effective additives such as octylamine. 

Having acquired new information, it Ïs necessazy to propose a revised interpretation of the 

crosslinking process which will hopefully be equally serviceable. The ultimate objective is 

to understand the problem while designing a cost effective solution. 

An alternate mechanism involves the nucleophilic addition of a prirnary amine to an 

activated olefin (Figure 6.9). As both of these reagents are lacking in the starting material, 

they m u t  be produced by atalytic means. With respect to primary am&, there is no 

evidence to support a large-scaie reduction of nitrile. However, there is a precedent for 

positional isomerization of olefins by OSHCI(CO)(P~P~~~. Esteruelas et al. (1989) have 

reported the migration of olefin within 1 ,kyclohexadiene to the 1.3 position under either 

an N, or an H, atmosphere. Manin (1991) has direct evidence for the 

RuHCI(CO)(Sty)(PCy& catalyzed migration of the residuai oiefin of NBR to a nitrile 

conjugated position. 

Cat - - 
Figure 6.9: Michael-type addition mechanhm for NBR crosslinking 
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The conjugated NBR system ba9 a d0itiI1Ctive IR saetch at 2214 c d  that is 21 cm-1 lower 

in frequency than that of the standard nitde. This has provideci a means of monitoring ia 
development by the ~thenium analogue. Figureo. IO demonstrates the catalytic migration 

process observed at low hydrogen pressures. The conjugated system is not developed to an 

amoiuit detectable by infbred when more severe pressures are used. 

Figure 6.10: IR evidcnœ for olefin migration within NBR 
m=2ûQ&, P,==7 bar, [RCN]=172 mM, T=16û°C. 

The Michael-type addition mechanism can account for the obseNations noted in this 

crosslinking study. The seleaivity data of Section 6.3.1 demonstrated that elevated catalyst 

loadings compromised selectivity despite improvhg the hydrogenation rate. This suggesu 

that the crosslinkllig proces contains a catalytic component which. by the Michael-type 

addition mechanism. would involve both the reductiou of nitde to amine and the 

isornerization of olefin to a wnjugatcd position. The efficacy of amine and acid additives 

may be rationaliad in much the same manner as was assumai for the von Braun process. 
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Final verïfication of the mode1 requires a demonstration of the ability of a primary amine to 

add to the activated olefin that may be created within HNBR. 

Two approaches were taken to explore the addition process. In the fmt aial, the 

experimental conditions used to produce Figure 6.10 were repeated with 1 % octylamine 

present. While the rate of hydrogenation was diminished, IR spectra of samples were 

comparable to those s h o m  in Figure 6.10. That is, no significant loss of wnjugated olefin 

could be detected. The second attempt involved charging a large excess of amine once al1 

unactivated olefin had been hydrogenated. Once again, no evidenœ to support the addition 

of amine to the activated olefin was observed in the IR. Tfiese resuits contradict a 

Michael-type addition process for crosslinking. 

It is conceivable that crosslinking could proceed by a fkee-radical process. If so, the 

addition of a temperature-stable €tee radical trap would be expected to improve the product 

viscosity. Depending upon the particular aap employed, this selectivity improvement could 

potentially be gained without a loss in the hydrogenation activity that is associated with the 

amine additives. Therefon, an expriment was mn in the presenœ of 1 wt% of Tempo 

relative to the amount of olefin charged to the system (Figure 6.11). The resulting 

viscosity and conversion profiles are analogous to those derived in the absence of the 

additives, indicating that while Tempo did not inhibit the activity of 20, it did not improve 

the process selectivity. 



Figure 6.11: Conversion. r), versus time profile with added Tempo: 
[2a] -80 CM, P,=23.7 bar, DCN) =249 mM, T= 130°C. 



cllamcz 
Dcvelopmnt of a Conünuous HNBR Prooss 

As the dernand for HNBR rises. the batch production strategy currently employed by 

cornmerciai producers mry become untenable. Whüe batch proce~sing ïs capable of 

achieving high olefin conversions, it is disadvantaged in terms of throughput, as the 

hydrogenation reaction is but one component of the overail production cycle. Furthemore, 

batch methods can be labour intensive and may be demanding fkom a teaictor control 

standpoint. Nevertheless, it has yet to be demonstated that a continuous HNBR process 

can offer an economic advantage. In this chapter, an efficient continuous process is 

defined within the context of reactor design. These concepts are then demonstrateci on a 

bench-scale prototype. 

The considerations taken in developing a continuous HNBR process are detailed in Section 

7.1 dong with the criteria used to assess its performance. Section 7.2 descn'bes the bench- 

scaie unit and the procedures developed for its operatioa. An example of the residenœ 

time distribution and NBR hydrogenation efficiency produced by the unit is presented in 

Section 7.3. 

7.1 Proœss Dcsigi Considerations 

There are two definitive rquùements of a prospective HNBR proces. In the f i t  place, 

catalyst consumption must be minimized due to the cost of preparing and handling sensitive 

organometallic complexes. Secondly, it mut be capable of aaaining olefin convenions in 

excess of 98 56. Given that the osmium technology requins a fiaction of the metal loading 

demanded by the rhodium catalysts, a high-pressure proccss employing 2a hæs been 

adopted. The conversion requinment precludes a CSTR approach as the capital and 

operating costs of a series of high-pressure autoclaves are prohibitively high. However, a 

plug flow reactor (PFR) configuration is capable of yielding high conversions in a single, 

low maintenance vessel. It is for this reason that a PFR system has been selocted. 
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While the standard gas-liquid contactors used for industriai hydrogemtions are trickle beds, 

a concurrent upflow proces is believed to be most capable of meeting the design criteria 

(Figure 7.1). At a given set of opefathg conditions, concurent upflow has proven m yield 

superior gas-liquid mass transfer rates and greater flexibiïity in tenns of throughput 

(Hofmann, 1978). U n l k  trickle bed proasses which mwt avoid a flooded condition, 

upflow PFR's can accommodate a large liquid holdup and, coasequently, can support 

longer residence times. 
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Figure 7.1: Concurrent upfiow operation of a PFR 



The decision to develop an upflow PFR was based as much on limitations to its physical 

sale as on mass tramfer and holdup concem. The dimensions of the packhg relative to 

the reactor diameter influences the gas-liquid matacting efficiency of al1 continuous units 

(Satterfield, 1975). In order to restrict the output of the bench-scale process, a small 

diameter PFR was required. Operation of such a unit wder trickle bed conditions is 

inconceivable, as channeiling ard wall effects would dominate the liquid phase flow. 

Concurrent upflow is hown to promote a more effective phase disrniution in small 

reactors, thereby minimizing the impact of its dimensions (Illuita et al., 1996). 

The ideal operating conditions for an upflow PFR produce sufficient gas-liquid mixing to 

limit the influence of m a s  -fer on the hydrogenation rate. A failure in this respect 

creates a condition where the arnount of catalyst employed is excessive given the rate of 

interfacial H, transport (DanckwMs, 1970). On the other hand, fàctors promoting H, 

transport in an upfiow PFR are hown to increase the amount of backmixing (See sections 

7.1.1 and 7.1.2). By reducing the concentration of olefin at each point in the reactor, 

excessive backmixing, or dispersion, lowers the local hydrogenation rate and the overall 

conversion (Shaw et al., 1978). The relationships of concurrent upflow reactor conditions 

to axial dispersion and interfkcial mass -fer fom the content of Sections 7.1.1 and 

7.1.2 respectively. Section 7.1.3 discusses the thud variable of interest, the liquid holdup. 

7.1.1 Residence Time Dismbution (RTD) and Axial Dispersion 

In an ideal HNBR process al1 fluid elements charged to the reactor would have the same 

"age" and identical cesidence times (Danckwerts, 1953). In reality, axial dispersion and 

stagnant liquid holdup effects broaden the residenœ time distribution (RTD) fiom a perfect 

plug flow condition. Inferences on the impact of these effects are usually based on 

measurements of the response of the reactor to a step change in the concentration of an 

inert tracer (Bischoff and McCracken, 1966). The time resolved evolution of the tracer 

signal is directly nlated to the cumulative age distribution, I(t). The RTD, E(t), may be 

derived by differentiation of this function with respect to time. It follows that, 



dt. 

where represents the mean and tr the standard deviation of the disaiiution. 

Within the RTD is information regarding the degree of dispersion and liquid stagnation as 

well as the conwnion that may be obtained for a given reaction. In the case of a fmt- 

order reaction, the overail conversion iP relateci to the RTD by 

A great deal of research has focused on rationalizing RTD data in te- of a conceptual 

model. While differing in wmplexity (and number of parameters) al1 such models attempt 

to quanti@ the influence of process conditions on the mean, variance and overall form of 

the RTD. The most popular concept used a correlate RTD measurements is the axial 

dispersion or plug-dispersion (PD) model. This model accounts for backmuing using a 

Fick's Law diffusion tenn superimposecl on ideal plug flow. A simple, onedimensional 

equation results from a material balance over a differential element of the reactor, dz. 

which in dimensionless form yields 

where C = concentration of tracer, mole/m3 
- v, = the superficial liquid velocity, mls 
Da = dispersion coefficient, m2/s 
8 = dimensionless time. hrJL 
1 = dL = dreactot length 
Pe = Palet number = v,*L/D, . 



Note that as the Peclet number a p p m h e s  zero, the mode1 reduœs to plug flow. The 

underlying assumption of the approach is that backmkïng may be reptesented by d i h i v e  

and wnvective mùing of fluid elements. No stagnant zones or gross bypassing may 

contribute to RTD broadening. 

The boundary conditions appropriate to a nurnber of experimental chumstanœs have been 

discussed by Bischoff and Lwenspeil (1962). Solving the partial differential equation 

yields the concentration of the tracer as function of time and Pe at the reactor exit. The 

RTD may be expressed in terms of this solution using the distribution's moments or by a 

technique involving the Laplace transfocm of the axial dispersion equation (Michelsen and 

Ostergaard, 1970). The Peclet number has ken expressed in tums of the moments of the 

RTD by Levenspeil and Smith (1957); 

Studies of the RTD produced by packed-bed, upflow reactors are scarce in cornparison to 

the abundance of literature devoted to aickle beds. Hofmann (1961) and Heilmann and 

H o h m  (1971) have measured the dispersion produced in an upflow PFR as huiction of 

superficial gas and liquid velocity (v, and v,, respectively). Over a different range of 

packing size and fluid velocities, Steigel and Shaw (1977) have also assessed liquid phase 

dispersion. While the results differ in tenns of magnitude, these reports have demonstrated 

that an increase in v, and a reduction of v, encourages liquid backmuing. Under the 

conditions studied by Carleton et PI. (1%7), inferior performance was observed when the 

PFR was operated without packing to distribute the two phases. 

Al1 of these studies have examined the au-water system at ambient temperature and 

pressure. Moreover, they have empfoyed relatively large diameter reactors at gas flow 

rates that are more relevant to absorption processes than to hydrogenation reactions. Given 

that the current application involves a small diameter PFR operating upon a viscous liquid, 

only qualitative information may be derived fiom these literature reports. 
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Montagna and Shaw (1975) d e s c n i  a more closely related application of an upflow PFR 

in a study of the hydrodesulfiirization of heavy oil. Due to the larger liquid holdups 

accommodated by an uptlow proass, they observeci a superior conversion relative to that 

found under trickle bed conditions. Inferences on the degree of axial dispersion were made 

from the progres of a hydrodesulfiirization miction d e d  out at 138 bar and 4ûû°C. 

The conversion measurements linked high superficial gas velocities to an increase in liquid 

dispersion and a smaller liquid holdup. 

The axial dispersion approach is appropriate for cases where backmixing is smail. 

Residence time distributions affectai by zones of relatively stagnant flow are therefore 

inadequately described by the one parametet model. An alternate treatment of the RTD 

assumes that liquid moves through the dynamic holdup as perfect plug fiow. Backmixing is 

attributed not to dispersion, but the exchange of fluid benveen the dynamic and stagnant 

holdups (Sicardi et al., 1980). More recently, a composite model utilizing dispersion and 

static holdup exchange concepts has been applied to upflow PFR systems. The piston- 

diffus ionexchange (PDE) apptoach assumes a dispersion-type transport of 1 iquid throug h 

the dynamic holdup dong with a static holdup exchange process (Illuita et al., 1996). Two 

additional parameters, the ratio of the dyaamic to the static liquid holdup and the mass 

tramfer rate between them. are combined with the diffusion coefficient to correlaie RTD 

data. 

The development of the PDE model has created a debate regarding the significance of 

dispersion relative to stagnant holdup. Mazzarino et al. (1987) and Skomorokov and 

Krillov (1986) suggest axial dispersion effeca are marginal in upflow operation, attributing 

broadening of the RTD to static holdup exchange. Illuita et al. (19%) report a more 

equitable balance between dispersion and holdup effects while the data of Yang et al. 

(1990) was inconclusive. Parameter estimation may account for some of the discrepancies, 

as three constants were fitted to the RTD data without regard for confidence intervals or 

possible parametet correlation. As few examples of the measured RTD's were provided in 

these reports, it is unknown whether the raw data differed greatly in each study. 



7.1.2 Interfacial H, Transport 

Gas-liquid müing is generated by the difference in the velocities of the two phases as well 

as the turbulence producecl by the reactor packing. In the present application, H, must be 

transfened across the gas-liquid inte* at a rate that h sufficiently higher than the 

intrinsic hydrogenation rate. However, excessive mixing has been shown to be detrimental 

CO the degree of backmixing. Past research has not cenaed on achieving an appropriate 

balance but has identifiecl the factors that influence mass transfer rates alone. 

The efficiency of interfhcial mass transfer in an upflow PFR depends on the flow regime 

under which it is operated. Turpin and Huntington (1%7) have visually identitied three 

such flow regimes depending on the superticial velocities of the two phases. At low gas 

flow rates, liquid constitutes the continuous phase with the gas distributeci in small bubbles. 

Increasing v, generates a non-homogeneous flow regime wherein two gas-liquid mixtures of 

differing density appear alternately. This marks the transition fkom bubble flow regime to 

a pulse or slug flow regime. At extreme velocities, gas may becorne the continuous phase 

with the liquid entrained as a heavy mist or residing as a diin film about the packing. 

Transitions between the dornains are not abrupt and depend upon the physicai propenies of 

the fluid as well as the reactor geometry and packing. As indicated by Alexander and 

Shaw (1976). the liquid and gas velocities applied in pilot Jcale hydroprocessing nearly 

always produce a bubble flow condition. 

The flux of H, into the bulk liquid phase, N,, is governed by the mass tramfer coefficient, 

k t A N  (See Chapter 3.2.1). 

Whereas for a stirred tank reactor kiAN is a function of the fluid properties, the impeller 

design and the agitation speed, mas aansfer in an upflow PFR is governed by the packing 

and the gas and liquid flow rates. The energy required for muing is abstracted from the 

fluid and may be quantified by the pressure drop across the packed bed (Turpin and 
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Huntington, 1967) in accordance with the discussion of Calderbank and Moo Young 

(1961). Correlations of k W  against the pnssure drop (APIAZ) have demonstrated the 

relationship benmen m a s  tramfer rates and the interisity of gas-liquid mfing within the 

bed (Specchia et al,, 1974). 

A more direct approach deals directly with the gas anci liquid superficial velocities, 

conelating k,AN against v, and v, or their corresponding Reynold's numben (Sahay and 

Sharma, 1973; Tukashima and Kasuka, 1979). Under bubble flow conditions, kiAN was 

found to be greatly enhanced by an increase in v, and more moderately by an increase in 

v,. These results were dependent on the packing employed and apply to the air-watec 

system. Empty columns bave been shown to peifocm much les  efficiently (Mashelar, 

1970). This is atîriiuted to a reduction in the degree of bubble coalescence by flow- 

induced shear about the packing. Voyer and Miller (1968) have demonstrated this principle 

using a screen packing of very high void fraction. At the high gas velocities studied by 

Sahay and Sharma (1973) the gas-liquid dism'butor at the PFR entrance was unimportant to 

mass transfer rates, presumably due to a rapid establishment of the two-phase flow bg the 

reactor packing. 

Alexander and Shaw (1976) provide k,AN data and pressure drop measuremens for an 

upflow PFR opecated in the range of gas and liquid flow rates that are relevant to pilot 

sale hydroprocesing. The PFR was a 6 cm diameter wlumn packed to a height of 1.22 

m with a variety of packings. Water velocif ies ranging fkom 0.9 mm/s to 6.0 mmls and 

gas velocities h m  1 J mmls to 3 1 mmls were studied. Over this range of conditions, 

mass transfer coefficients fkom 0.02 s'' to 0.1 r1 were derived and correlated according to 
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The exan values depended upon the size and geometry of the packing employed. Lirnited 

pressure drop data demoisttated a strong relatioarhip between âPIA2 and the kaA/V over 

this range of fluid velocities. Inefficient gas-liquid contacting was observeci at low fluid 

velocities, resulting in poor inte-iai transport rates and unusually low pressure drops. 

7.1.3 Total Liquid Holdup 

The liquid holdup represents the volume of liquid occupying the packed bed. For a given 

volumetric flow rate of liquid, the holdup therefore defines the time which an average fluid 

element must speML in the reactor. In a study of an air-water systern, Steigel and Shaw 

(1977) correlatecl the total liquid holdup against the phase Reynold's numbers according to 

rr, = a &y &*4-14 

The parameter estimates are likely to be dependent on the apparatus and fluid propertie. 

and therefore do not apply to the present application. However, it is clear that high gas 

velocities and low liquid flow rates produced a low totai liquid holdup. Theù influence on 

the amount of static holdup may be equally important, but has yet to be investigated. 

7.2 Experhentai 

A bench-sale prototype has been designed and constnicted to demomtrate the principles of 

a continuous, upflow PFR process. Capable of handling pressures up to 86 bar and 

temperatures between 110°C and 170°C. the system may be used to study NBR 

hydrogenation at the conditions explored in Chapters 3 and S. Deiailed in this section are 

the process components and the procedures developed for its operation. 

7.2.1 Apparatus 

A schematic of the prototype is provided in Figure 7.2 while a list of the component 

models and part numbea are supplied in Appendix V. Solutions of NBR in chlorobenzene 

are prepared and stored in a 12 litre, polyethylene carboy (A) under a continuous flow of 

oxygen-free N,. A high-pressure, positive displacement pump (B) meters a precise flow of 
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the polyrner solution o a 300 cm3 Parr autoclave (E) where it is contacteci with the H, 

Stream. Hydrogen is suppliecl via a Btooks  mas^ flow controller (C). A high agitation rate 

is used to disperse the two phaJes whik pre-heating them to about 15'C above the PFR 

temperature. Over the distance requVed to reach the reactoc the mixture approaches the 

130°C set point. 

Solutions of catalyst are prepared and transferred to a 1 litre stainiw steel bomb (F) under 

an N, a&osphere. The bomb is pressurind to 5 bar with H, to aaommodate the volume 

increase created as the solution is metered Uito the PFR by a second, high pressure pump 

(G). Both pumps are driven by the same motor and cannot operate independentiy. 

Thecefore, a three-way valve pennits NBR solution to be pumped in the place of cataiyst 

dunng times where zero catalyst flow is requued. 

The catalyst solution contacts the HJNBR mixture at the entrame of the reactor. From the 

PFR the reactants pas through a wateraoled heat exchanger (J) before reaching the 

distributing valve (H). Two 500 cm3, high-pressure sight glasses operate in paralle1 to 

separate the gas and liquid phases. While the hydrogenated polymer solution is retained in 

the sight glass, H, proceeds through a ch& valve @). This parailel system allows for 

collection in one unit while draining the other into a polyethyleae collection flask (L). 

The system pressure b maintained by the back pressure reguiator (N) and measured by a 

Bourdon gauge (M). On the low pressure side of the regulator is a second separation stage 

(P) which protects the gas rotameter (O) in the event of a process upset. The H, is vented 

to the walk-in fumehood output ducts. 

Stem is supplied at 40 psia to the top of the PFR jacket by a pressure regulating valve. 

- Condensate expulsion from the bottom of the stem jacket is actuated by a thennostatic 

stem trap. This system delivers uniform heat to the reactor at a consistent temperature. 

The catalyst and NBR solution pumps provide an output of 30-580 cm3/hour and 46 to 980 

cm3/hour respectively. Hydrogen may be delivered by the mass flow controller up to 2 



Figure 7.2: Schematic of the continuous proceJs prototype 
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SLPM after which the flow must be rnanually adjusted. In either case the flow is measured 

by the gas rotameter that is calibrated for H, at STP. 

The PFR is a 48' long, 112' schedule 80 stainless steel pipe having a 1.387 cm intenal 

diameter. It has been pressure tested to 2000 psi at 23°C. The mer volume is accessed at 

five points dong ia length by pairs of oppming 3132' holes, each tappeâ with a 1/8" pipe 

thread. These ports are used for sampling the reactot contents or monitoring its 

temperature. A 2' schedule 40 stainless s e l  pipe serves as a stem jacket and is rated for 

100 psi stearn. 

A continuous pumping of liquid into a closexi system may overpressurïze the unit. This 

rnay occur should the system becorne blocked or if a distn'buting valve (H) is inadvertently 

closed. Thercfore, a relief valve set at 1500 psi has been installeci following the heat 

exchanger and a rupture disk with a 2ûûû psi burst rating has been placed on the preheater. 

Both components vent behind the reactor panel, away from the equipment operator. The 

entire apparatus is situated within a wntinuously purged, walk-in enclosure to vent H, and 

solvent fumes. A hydrostafic test of the equipment at 1000 psi and 130°C was undertaken 

before the experirnentd program was commenced. 

7.2.2 General ûperating Procedures 

The solventî, polymer and reagents used were identical to those describbd in Chapter 5. 

Solutions of NBR in chlorobenzene were pcepand in a 12 l i a  carboy and purged of 

atmospheric gases by bubbling with 99.99% pure N, for 2 hours. A slow stream of 

nitrogen through the carboy was maintained during the hydrogenation experiments to retain 

an inen atmosphere. Catalyst and salt solutions were prepared under IV, using degassed 

chlorobenzene. Standard schlenk techniques were used to charge the solution to the 

catalyst bomb which was subsequently pressunzed to about 5 bar with hydrogen. 

With the NBR and catalyst solution vessels in place the positive displacement pumps were 

prirned and the entire reactor s ystem degassed b y successive pressurization and venting of 
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10 bar H, for a total of three cycles. nie stem lines were then bled and a stem pressure 

of 40 psia established in order to produœ a temperature of 130°C. The reactor pressure 

was raised by adjusting the back-pressure regulator while hydrogen flowed Uito the system. 

Liquid and gas flows were initiated and the preheater temperature set to 150°C. Once the 

rotameter and reactor thermocouples recordai a steady state condition, the experiment was 

commenced by switching the catalyst pump to feed off of the 1 litre catalyst bomb. 

7.2.3 Residenœ Time Distribution (RTD) Measurements 

The liquid phase RTD was derived fiom the response of the system to a step change in the 

concentration of an inert tracer. A stable and organic-soluble sait, (n-Bu,HNOAc), was 

introduced to the reactor using the catalyst addition system. le concentration at the reactor 

exit was determined fiom measurements of the solution conductivity. Both the 

thermocouple and the sampling valve at the top of the reactor were replaced with 

conductivity probes made fkom 1/16" stainless steel wire. The dielectric fittings used to 

isolate the probes from the reactor were designed for high-pressure operation, allowing the 

RTD measurements to be made at the severe reaction conditions employed in the 

h ydrogenation trials. 

7.2.4 Liquid Holdup Measurements 

A simple means of assessing the volume of the gas phase within the PFR required slight 

modifications to the system. Fbtly, a valve was installed at the PFR outlet to provide a 

means of isolating the reador volume. To the top sampling valve an 8.282 cm3 bomb was 

fured at ambient pressure and a known temperature. A caiibrated differential pressure ce11 

was attached to the second sarnple valve D masure the isolated reactor pressure. 

To estimate the gas phase volume within the reactor the system was isolateci using the irziet 

and outlet valves. The liquid phase pumps were quickly shut off after arresting the flow 

through the reactor. The closed system pressure was recordeci. The  sampling valve to the 

extemai bomb was then opened, expanding the system by 8.282 cm3. The resulting 

pressure drop was used to calculate the gas phase volume using the following function; 



where, V, = gas phase volume, cm3 
v b  = bomb volume = 8.282, cm3 
Tm = reactor temp. K 
T b  = bomb temp, K 
P,, P, = initiai and final gauge pressures 

The technique assumes the liquid to be inwmprrssible and the change in the solubility of 

H, in the liquid phase created by the small drop in pressure to be negligible. The use of an 

ideal gas approximation is valid for hydrogen at the conditions employed. 

7.3 Resuits and Discussion 

In this section the PFR systern is demonstrated dong with the techniques used to assess its 

performance. While the study is not comprehensive, it does establish a foundation for 

M e r  work while advancing the thesis objective of assessing concepts that have been 

developed around the osmium techwlogy. 

7.3.1 Visual observations on a transparent PFR 

Prior to operating the high-pressure PFR, a transparent reactor of quai  dimension was 

installed to observe the two-phase flow characteristics. Material limitations dictated that an 

air-water system be studied at ambient pressure and temperature. While the observations 

are therefore of qualitative value, gross flow distribution problems that are otherwise 

difficult to diagnose may be identified. 

Glass beads of 1.5 mm diameter were originally chosen due to their well defined packing 

structure and void fraction. When employed in the tramparent reactor. the packing proved 



to be incapable of providing adquate gas-liquid mixing. Unacceptable levels of bubble 

coalescenœ were detected as the heiicai packing structure of the kads produced a 

corresponding flow of the gas phase h g h  their interstitial voids. This observation led to 

the adoption of an 11 mm, non-porous, ceramic saddle packing. 

The void fraction produced by the sacidles when packed into the transparent reactor was 

0.67 1, meaning that the packing occupied nearly 33 96 of the PFR volume. The greater 

shear created at the surtace of this packing limiad the amount of bubble coalescence, 

resulting in a visibly greater gas-liquid interfacial ana. Furthemore, turbulent flow 

conditions were established as opposed to the helical ffow structure deveioped by the 

spherical packing. Both these factors are expected to enhance the rates of H, transfer 

across the gas-liquid interface. 

7.3 -2 Residence time dism%ution 

Preliminary holdup measurements provided estimates of the liquid phase residence time 

over a range of gas and liquid flow rates. Based on the activity of 2a at the central 

reaction conditions employed in Chapter 5 ([2a]=80 FM, wN]=172 mM, Pm=24.2 bar, 

T=130°C) a 20 minute raidence time within an ideal PFR would fully hydrogenate the 

material. Therefore, an average residence time of approximately 20 minutes was targeted. 

This correspondecl to liquid and gas volumetric flow rates of V, ~ 4 . 9 2  cm3/min and V, = 1.3 

SLPM respectively. At 24.2 bar and 130°C, these flow rates develop superficial velocities 

of v,=0.0543 crn/sec and vg=0.676 cm/sec. Under these conditions the response of the 

exit solution conductivity to a step change in the concentration of n-Bu3HNOAc was 

monitored. The acquired concentration versus tirne profile is illustrated in Figure 7.3. 

Zero time in the tracer concentration profile marks the arriva1 of the step change at the 

reactor entnuice. Note that the conductivity of organic salts may not be Iinearly 

proportional to their solution concentration. Furthennoce, the conductivity baseline is 

affected by fluid flow rates as the measurement is sensitive to the average amount of Iiquid 
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Figure 7.3: Conductivity versus time tespouse to a step change input; T=13OoC. 
v,=0.0543 C ~ S .  v,=o.m C ~ S ,  ~ c ~ = i n  mM. ~,=24.2 bar 

which passes between the probes. nimfore, a RTD triai compriseci three step changes, 

each plateau providing a point for a conductivity versus concentration calibrafion. 

The derivative of the concentration profile, normalized with respect to the full sale 

concentration of the sait, yielded the Rn> shown in Figure 7.4. The moments of this 

distribution provideci a mean residena time, k, of 17.5 minutes and a standard denation, 

U, equal to 6 4  minutes. Using the axial dispersion mode1 for an open-apen boundary 

condition (Levenspeil and Smith, 1957) a Peciet number of 18.2 is derive& which is 

indicative of a "moderate' degree of dispersion. nie RTD shows no evidence of liquid 

phase channelling but the tracer elution is characteristic of a static liquid holdup. These are 

zones within the PFR in which the flow rates are substantially less than those of the bulk 

liquid. To date. there are no reports of the influence of gas and liquid flow rates on the 



distribution between the s a c  and dyaamic holdups in spite of dieu impottanœ to upflow 

reactor p e r f o n ~ ~ ~ ~ .  

l ime (min) 
Figure 7.4: Calculated residena time dismibution, T= lM°C, 

-24.2 bar v1=0.0543 c d s ,  v,=0.676 cds,  PCNl-172 mM, P,- 

7.3 -3 Continuous hydrogenation of NBR 

To demonstrate the ability of the concurrent upflow PFR process to produœ HNBR, an 
hydrogenation trial has b e n  performed using the fiow conditions examineci in the RTD 

study. Due k concenu of the stability of 2a in solution over prolonged periods. its five 

cmrdinate analogue, la, was ernployed. A batch hydrogenation d e d  out using [la] =80 

pM. [RCW = 172 mM, P,=24.2 bar and T= 130°C yielded an apparent fmt-order rate 

constant of 1.38*LW3 s-'. Ovet a 17.5 minute raidence time, a petfect plug €Iow reactor 

would therefore produœ an overail conversion of 76.5 % . The actuai conversion venus 

length profile obsennd in thk continuous unit is illustrateci in Figure 7-5. 
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Figure 7.5: Conversion versus length profile, v, =O.OS43 cm/ s, v, =O.676 c d s ,  
[la] =80 CM, [RCN] = 172 mM, P,=24.2 bar, T= 130°C 

The impact of axial dispersion on the attainabIe conversion profile is evident from the 

differenœ becween the ideal plug flow case and the measured data. Using the residence 

time distribution acquired under these flow conditions, the overall conversion of the system 

has been calcdated acoording to: 

An overall conversion at the reactar outlet of 72.7% was derived, which is in fair 

agreement with the observeci result. 

The holdup, RTD and olefin conversion data an self-consïstent, indicating that the thegr 

and practice upon which the. project is basal are sound. The preliminary data suggest that 

the upflow approach, employing the osmium catalyst technology, is capable of efficientiy 
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hydrogenating Krynac 38.50. Presently, an estimate of the H, interhcial transport rates 

that are supported by the PFR are lacking. However, the olefin hydmgenation profile does 

not appear to have been infiuenced by a mass tramfer limitation. Therefore, optirnimion 

of the reactor flow conditions with respect to backrnixing and m a s  tramfer promises to 

improve the operating efficiency of the system while fiirther characterizing its performance. 



Conciusions and ~ â a t i o n s  for Furtber Resear& 

8.1 Conclusions 

8.1.1 Solubility of H, in Chlorobenzene 

Reliable estimates of the solubility of H, in pure monochlorobenzene have been acquid 

over the temperature range of 273.2 K to 443.2 K and pressures to 67 bar. The influence 

of acrylonitrile-butadiene copolymer on the solubility of H, is negligible for 4.04 wt 46 and 

8.08 wt% solutions. 

8.1.2 Catalytic Hydrogenation of NBR by RhCl(PPhJ, and RhH(PPh,), 

Operating under exame conditions, the rhodium(I) complexes are more active for the 

hydrogenation of NBR than previously reported. The catalytic chemistry observecl at high 

temperatures and pressures is consistent with that derived at conditions near arnbient. 

However, dissociative equilibria are favoured by an increase of temperature, resulting in 

the Iess severe inhibition of the hydrogenation rate by PPh, and nitrile. 

A preferential hydrogenation of the c b  isomer relative to the fmns moiety within NBR that 

has been reported at 65°C and 1 bar H, is not detected at 14S°C and an H, pressure of 24 

bar. Based on NMR spectra of HNBR produoed by RhCl(PPh,), and RhH(PPh3),, these 

mtalysts are wholly selective for the hydrogenation of olefin in the presenœ of nitrile. 

Dilute solution v h i t y  measurements confirm that neither catalyst promotes crosslinking 

of the material. 

8.1.3 Nuclear Magnetic Resonance Studies 

Under hydrogenation conditions, 2a is activated by the dissociation of O2 to fonn its 5- 

coordinate analogue, la. Over a prolonged period, solutions of 2a decompose, initially 

p roducing OPCy, and an unchacacterized complex. 
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The complexes which predomi~te during the hydrogenation of NBR are the nitrile and H, 

adducts, 6a and 3a respectively. Both tE, and RCN compte for coordination to la at 

exchange rates which are rapid relative to the NMR timescale. Olefin has a limitecl 

capacity to ooordinate with the metal centre. No evidence to support the association of a 

third PR, to 1a,b has been discovered, nor bas any direct proof been acquired foc the 

dissociation of PR3 fkom either la,b or 3a,b. 

8.1.4 NBR Hydrogenation Catalyzed by OSHCI(CO)(O&PC~~)~, 2a 

2a is the most active catalyst for the selective hydrogenation of NBR at commercial 

reaction conditions. The system appeam to preferentially saturate the & olefin Wmer 

within the copolymer. NMR spectra of HNBR producecl by 2a nveal no signs of nitrile 

reduction to amine. ' 

A comprehensive kinetic study of trans olefin hydrogenation h a  defined the relationship 

between the reaction rate and the concentrations of 21, H, and nitrile as well as the 

temperature. The hydrogenation rate supporteci by 2a b linearly proportional to its solution 

concentration, indicating that the active cornplex is mononuclear. The nitrile functionality 

within the copolymer ha9 an inhibitory influence that is rationalized by a cornpetitive 

coordination of RCN to la. At pressures up to 40 bar, the hydrogenation rate abides by an 

apparent f i t  order expression with respect to the concentration of olefin in solution. 

NBR hydrogenations m i e d  out at pressures below approximately 40 bar yield an apparent 

second order dependenœ with respect to BA. The order sh ib  towards zero as the 

pressure approaches 80 bar, while systems lacking nitrile (SBR, ldecene) demonstrate this 

zero order condition irrespective of the pressure employed. Both the second and zero order 

observations are Iikely to be limiting cases of the overall catalytic chemistry of the t a  

system. 



134 

An unconventional teaction mechaniim hi which two molecules of hydrogen are required to 

facilitate the tare determining step is capable of explaining dl of the kinetic obse~atiorn. 

This proposecl mechaniSm attriiutes the second order H, dependence es a result of the 

strong coordination of nitrile. In the absence of RCN, it W suggested that hydrogen 

coordination equilibria domhate the feaction mechanism, resulting in the indifference of 

SBR hydrogenations to the system pressure. Aecording to thh scheme, the active cornplex 

is a monophosphine system which coordinates up to €ive hydmgen either as traditional 

hydrides or as fluxional hydride\dîhydrogen ligands. 

8.1.5 Selectivity of the 2a System 

While 2a does not reduce nitrile in detectable amounts, it does promote the crosslinking of 

polymer molecules that is not enmuntered for the R h 0  catalysts. Increasing H, pressures 

and minimizing the concentration of 2a enhance the selectivity of the process, as does the 

use of additives such as octylamine. 

The solution viscosity of HNBR produceâ by 2a imeases with time as long as olefin is 

present within die system, indicating that crosslinking involves residuai olefin. It is not 

l ikel y to be a free radical process. A proposal based on a Michael-type addition of reduced 

nitrile to activated olefin has not been substantiated. 

8.1.6 Continuous HNBR Process 

The dernands for a high conversion, continuous proass which makes efficient use of 

catalyst are best met by a concunent, upflow PFR configuration. The ideal operating 

conditions of such a system generate sufficient gas-liquid muing ta eliminate mass tramfer 

1 imitation while minimizing the arnount of axial dispersion. 

- Prel iminary residenœ tirne dismiution (RTD) and h ydrogemtion data acquired fkom a 

bench-scale prototype have demonstrateci the feasibility of the PFR approach. RTD 

measurements may be integrated with batch kinetic data to predict the overall conversion 

producd by the unit. 



8.2 Recommendations for F e r  Researcb 

8.2.1 Phosphine Exchange Studies 

The obserwd inhibition of the hydrogenation activity by the addition of trace quantities of 

PCy, is a conerstone ofthe ceaction mechanisrn, in spite of an incomplete knowledge of 

phosphine lability. There is no direct evideaœ of an association of a third phosphine to la 

or the loss of PCy, h m  either la or 3a to gewtare a monophosphine intermediate. 

It is proposeci that fiiture research be duected towards characterizing the lability of 

phosphine. Exchange rates measunxi for a broader range of phosphines may advance this 

objective. However, the phosphine exchange procedure developed in the course of this 

study is cumbemome, and expensive and an alternative method should be developed. 

8.2.2 Hydrogenation Kinetic Studies of 2a 

Further knowledge of the influence of phosphine on the hydrogenation kinetics may be 

der ived fkom kineiic studies of the analogues of 2a. This work has demonstrateci the 

superior activity of the PCy3 system relative to the PiPr, analogue. By exarnining the 

activity of a series of bulky . alkyl phosphine complexes (PCp3, PMetBb, etc), a 

relationship between the cone angle and basicity of phosphine may Iead to insights into its 

role within the hydrogenation proces. Only phosphines which produce a bis complex are 

Iikely io be relevant to such a discussion. 

The proposecl mechankm suggests that the influence of PCy, on the hydrogenation rate 

may not be as severe for SBR than has been obsecved for NBR. As the derived rate 

expression suggests that &,,[P]pCN] is the domimt tem for NBR, a lack of nitrile in 

the system may act to diminish the magnitude of the phosphine inhibition. Additional 

wting of the mode1 may involve charging a nitrile such as octylcyanide to an SBR 

hydrogenation. Under such conditions, the dependence of k' on the hydmgen pressure 

s hould be second order. 
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8.2.3 Selectivity of the 20 Sysfem 

Although the viscosity measwernents have conaiiuted to our lmowledge of the crosslinking 

process, they carmot provide the structure of a crosslinked moiety. It is suggested that an 

attempt be made to ascertain, either by NMR or other spectroscopie means, the chernical 

structure of a highly gelled HNBR materiai. 

One further recomrnendation centres on the need for nitrile hydrogenation to facilitate the 

crosslinking process. As most rnechanisrns suppose that nitrile reduction is required, it is 

proposed that an efficient nitrile hydrogenation cataiyst such as RhH(PiR3), be screened for 

potentiai cross1 inking activity . 

8.2.4 Continuous NBR Processing 

Having demonstratexi the operation of the bench-scaie PFR, it rernains to characterize its 

performance over a range of process conditioiis. Measurements of the liquid holdup and 

RTD as a function of the superficial velocities of the gas and liquid phases can quanti@ 

axial dispersion. Estimates of k,A may be obtained by carrying out hydrogenation reactions 

under mass tramfer limitation. By chaaaerizing backrnixing and interfaciai H, transport, 

the optimal prucessing conditions for NBR hydrogenation by be predicted and tested 

experimentally . 
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Appendix I 

Solubility of Hydrogen in Chlombeazene 



Table AI: Solublity of H2 in chlombenzene 



Appendix II 

Raw Kinetic and Viscosity Data: 

RhCI(PPh& and RhH(PPh,), 



Table AII-A: Kinetic Results on the RhCl(PPh3)JNBR System 
Expt- CRhk FcN] W'hJ Pm [HJ Temp k'* 103 llll~r 

# PM m M  mM bar mM K se' 
1 200.4 150.6 7-60 54.5 190 373.2 0.95 

Continued. 



Table NI-A: Kinetic Results on the RhCI(PPh&lNBR System Continued 
Ex~t .  [UT WN] [PPw Pm ml Temp k'*l03 %el - - -  

# CM rnM mM bar mM K s-' 
31 80.2 131.0 2.81 15.1 64.4 418.2 3.58 - 



Table NI-B: Kïnetic Results on the RhH(PPh,)JNBR System 



Appendix Il i  

Spectroscopie Data - Phosphine Exchange Studies 



Table AI11 - Spectroscopie data 

Complex 'H NMR8 J(PH) 31P{LH)L v(C0) @U) 
8 PPm Hz bpem cm-' cm-' 

a Al1 NMR spectra rmrded in benzened6 
IR spectrum recorde. in benzene 
IR spectmm recorded in nujol 



Table AIII-A: OsH(HaCl(CO)(Pi-Pr& I PCy, Exchangea 

a: Pm = 24.2 bar, T = 71°C 
b: Time measured from insertion inm probe 

Table AIII-B: OsH(HaCl(CO)(Pi-R3), 1 PCy, Exchange 



Table AIII-C: OsH(H&l(CO)(Pi-Pr3, I PCy, Exchange 

Table AIII-D: OSH(H~C~(CO)(P~-P~~)~  I PCy, Exchange 



Table AIII-E: OSH(H&CI(CO)(P~-P~~)~ I PCp3 Exchange 

Table AIII-F: OSH(H~)C~(CO)(P~-P~~)~ I PMet-Bq Exchange 



Appendix IV 

OsHCl(CO)(O&PCy,), Hydrogenation: 

Data and Rate Expression Derivation 



Table AN: First order rate constants derived h m  2a 

Expt. [Os] ww Pn2 ml k'*W 
# m M  mM bar m M  s-' 

Continued. 
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Table AIV: Continued- 



Derivation of the expression from the proposed Khetic model. 

Proposed catalytic cycle, Os = OsCl(C0). 

Using the steady state assumption for reaction intermediates, the following equilibria define 
the concentrations of each may be related to the rate deterrnining step accordhg m: 



Which, using equations A(1)-A(5) is transformed to: 

Rearranging A(7) yields; 



Given that the rate determining step of the proces is, 

the relationship of the hydiogenattion rate to the opetating conditions may be derived by the 
substitution of equation A(8) into A(9). 



Appendix V 

Continous HNBR hocess Components 



Table AV: Prototype components 

Component Supplier Specificatiom 

12 litre carboy 

High-pressure metering pump 

Mass flow control valve 
Mass flow controlier 

Check Valves 

Preheating Autoclave 

Catalys t Bomb 

High-pressure metering pump 

Nalgene 

Milton Roy 

Brooks 
Brooks 

Whitey 

Pan 

Whitey 

Milton Roy 

Polyethylene 

Model# 239é57 
6000 psi, 580 cm3hour max. 

ModeW 5850, 1250 psi max. 
Modell 58% 

Kal-tez seaiing seat 

Mode1 # 561M 
300 cm3 capacity, 3000 psi max 

1 litre stainless steel bomb 

ModeIl 2396-89 
6000 psi, 920 cm3/hour max. 

I. Shell and tube heat exchange Custom Coaxial 12" long stainless steel tubing 
- 112" and 114" diameters 

Penberthy Modell IRM8-3 16SS 
500 cm3, 2300 psi max. 

M. Bourdon guage Weksler 0-3000 psi cange 

N. Back-pressure regulator Tescorn Mode!# 26-1725-24 
0-1500 psi range 

Steam pressure regulator Watts Model# 141M1 
30-140 psi range 

S team trap Spirax S a m  Modell T-250, 250 psi max. 




