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. · (ABSTRACT)· 

·The purpose of this ·research. was to characteriz:e the·. rho ... • 

·. di um exchanged NaX and N.aY .zeolites as pr:opylene •hydroformy-

·•· · l~~ion c:ataiysts( Catalytic activity was• .measute~ in •a dif- .. ·.· ·.··. 

ferential bed reactor. . E'low :in situ infrared spectr.oscopy ··· 

was used to probe the coordination chemistry of the zeolite · . ~ . . . .. . 

modified· rhodium .carbo.riyl.s· .. 

The catalytic·activityof.rhodiUm .zeolites at ~tmos:pheric 

P:t:'essure •and between l00""l5Q0 'C was. measured. The . rate of 

.. n-butyraldehyde .production was approximat~ly. 5x10~ 3 •· moles/~-
Rh hr at· 150°C .. · ... Regioselectivity was qependent·· .. upon. ~re ... ·.· .. 

treatment. Precarbonylation with.· carbon . monoxide., ·· drying •. ···· 
. ·. . :· . ., . 

with air,.· and heatin<J with N2 .. pri9r to hydroformy:l;·ation con-

~ii'tions produced:a··.'straight'•t~. branchecr isome.r: ratio (ri/i) 

of 1. 9-2. 3. Partiai'r.eductio~ with 10% H2 in :N2 .at 

. ',. 



127°C lowered n/i to 1.3; Hydrogenation to propane was 3"'"10 

times faster than the hydroformylation rate at 150°C. 

Catalytic activity was sensitive to cation.exchange con-

ditions. Rhodium form, pH; temperature, and salt concentra-

tion al terecj catalyst behavior. 

tions on NaY .zeolite produced consistent results. In 

general, temperatures above 80°C, a pH above 4, and a salt 

concentration of O.lN NaCl were required in order to produce 

an active hydroformylation catalyst. 

not activate under any circumstances. 

Ammine complexes. did 

It was found that the degree of hydration controlled the· 

formation of rhodium carbonyls. On. NaY, the hydrated rhodi-

um zeolite reacted with CO at 120°C to form Rh6{C0}16 . By 

drying the zeolite in air at 190°C, two rhodium dicarbonyls, 

·Rh(C0)2 (oz}2 -NaY and Rh(C0) 2 (0z)(H2o)-NaY, were formed .. The· 

rhodium carbonyls were reacted with n-hexyl diphenylpho.s-

phine to determine rhodium locations. Rh(C0)2{0z) 2 -NaY was 

located at the surface while the other two species were lo-

cated within the zeo1i te cages. One dicarbonyl . species, 

Rh(C0) 2 (oz) 2 -NaX, was observed on NaX. It was determined by 

reactions with phosphines that this species resides in the 

zeolite cages. 

·Reaction intermediates identified by FTIR under hydrofor.:.. 

mylation conditions ·suggested that the heterogeneous ca ta-



. . . .-:· 
. ·. . 

; . 
· ·1yst .proce~ds through a .m·echanism ·similar to· that occurring 

' . . . . . . . 

· in solution .. · Heterogeneo.us ·· :teattion o·rders also agreed with· 
. . . . . . . .. . . 

those ;reported for homogeneous <hydroformylations·~ .·. 
. ' '• . 

Addition of'. dimethylphenylphosphi.ne· · (DMP}; to·. the rhodium 

ze-ol;ites. significantiy increased regib~electiv:)::ty. Rates 

·were ·.slightly less than tho.se. f',rorn. the unmodified ·rhodium . .·.,· . . . . .. :·-· . ·:·. .. . .. " · .... · .. _: .: .. 

carbonyls. · However,; the ·phosphine· modifi'ed rhodium zeolite$ 

deactivated withiri 16 hours. CoiJ;tinuous expos·ure to. DMP d~~ 

· creased:~. the rate::. '.O·f dea:ctivatJ.on:. ,·.· 
.'./;: 

;;·,_',. 
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Chapter I 

INTRObUCTJON · 

Over the last several decades, catalyst development has 

inc+uded ·the application of ~r:ganometallic compounds as hom-

ogeneous catalysts because, of their ability to achieve high 

. selectivity. · Many J;a:tg~ .scc:ile' processes now use organome~ 
' ·- . ':·.. . '';: '· ' 

' ' ' 

tallic complexes as catalysts. Examples·. incl'4d~ ethylene 
. . ' . -

oxidation to acetaldehyde and hydroforrnyl;:ition of. olefins to 

aldehydes and. alcohols. . Orf a smaller scale, the synthesis 

of e~pehsive compounds such as asymmetric amino acids has 

··been achieved., However; the practical utilization of.<these 

complex catalytic systems has been difficult. because of 

eral inherent characteristics.. Thes.e traits include: 

1. the separation of . catalyst from prodµ.c::;t 

tants; 

2. the corrosive· nature of many C:::atalyst soluti,ons; 

. 3. the limited engin~eririg flexihiJ,ity du,e to mild con-

ditions; 

4.. the. instability ··of organometa.llic catalytic ... systems~ 

Heterogeneous catalysts. typically do •not yield reacti·on 
. ' -., . 

selectivities comparable to horno.geneo11s systems, but they 'do 

. offer (a.) the ease of ·separation of. the 

catalyst, (b} the.elimination of solvents> 

1 



. · ...... '· . . . ~:: .: . 

' . . . '. . . .~· . - .·. . . ·: .:· . . . 

sion , problems), and ( c r the . ability' to, •operat~ ; at higher 

·, . :iemperatures {allows better energy. utilization)•.< 

. .. An o~tgrowth. · ~f the ;·rea~.iz~tion · of . th~se. pr()blems · has· 

be'~n ·.the.· s'l.lbs.equent • de~1:elopmeh1:;;· ... •. of.•· ia:, >.composite> ·catalyst 

' <'. which po.ssesses. the 'characte~i'st'ics of.· both:,,hete-rogeneods 
·. .. . . ·. . .: ·,':"!' . ... ; .· 

•···. and homogeneo~~ syst;:ein~C ; •speci:£ica11y, studies, ~were ,±:n;i;ti~-
. ,. ~ .. ·. 

:a tea·· to ~ncor.porate the ~e1ecttv:e homo.geneo·us catatyE1ts. onto 
. - ·. ~ 

·' suppor:ts. · ... Th~se· ~~t.alysts .have been da11ed · ·"he:terogeni~~d:_·· .> 
'. ;; 

. hom0.9e.ne~us . -~'omp1E!xe6."'' T:he :·fui=Gri gaa1 >·of. creating thes~ 

p.eter.ogehized, ·homogen~ous ,. catalysts··. was to' over--b.ome t:h:e•-s~·- , 
: •', 

' .·· ~aration< pk()blem ' of.'. hq~c;jgeneous ·.·cataiys;f~; while ' retai?:ing· 

hi:gh sel:ectivJ.ty. .····. ';rh.ese ···c'.ataly13.ts·' !=tlso. enabled/ mo.re , de.:. .· 

tai1.ect study o.f the· catalytic·. ·active· ~1:1ite. ·. ···:By knowing· th~ ... · .. .· ... .· .. . . · ..... '"' . .' ' ' . . ·· .. 
. :· .· .. ,.:.-: : :' ,•. . . 

'~location -·of .t:J:ie··heterogen:±zed'hOmogeneous catalysts; .. experi~--

ments we~e<•' c.ondv.cted which attempt~d'· to,' alter the support ·. · .. · 

surrounding ·'the ···comp.le~· :1b: ···order. to. e$ance 's~l.ectivity. '·_ .•. 
"-.;·: .. ·:. .' ." 

Obviously, . thes~ are :i.d.e~l ·· ~i:rcumstances. wl1;i_ch drive • the . • 
,·. .'' .......... ·:· 

interest to research·. such syst~ms•;: ·· 

Method~ fqr immobilizing t:ransition. metal; ~ornp,iexes have · 
. ·· .... :··· 

. ::. -.-· 

'th.at•> Rh'(;I') .· ancho:red on phoisphiile: znodif:ied.· pqJysty;reri.e·: acts 

.·.-. 
·:, .··. 

·r· .... · ... 

.• · .. ·a·s: an···.· o+efin: hydrogeria~ion .. catalyst. {J.} .. :To_ date_:; su~po .• rts. 
:such· as,·· organi,c:polyme_rs~·, 'car:Pon;:· .·.inorgani.c::oxidesi' al;ld ·.all£~ ... · 

minosilica,tes have• al~o been. £n\Testi_g_ated:·(2}.' .·•.··, .. :• -· 

... -'. ,·: .. 

': ... ''·" 

. ·~· -. ':. .·'· 



.· - 3 . 

Heterogenization is. generally· achle~~c;l in. one .of three . . . . .. . ' . 

waya; · · 

1. - -a support.: may .· ser~e , as .. a· lig-i:md fo·r a. me.tal • ¢ompiex 
. '_ •, ·.'· 

thus -.imm()bilizin,9· the .. metal via a chemiC:ai bond; 

2 .. ·· - ·a'. .comple~- may- be·. physically. ~dsorbed .· o~ ·the'-· s~;fac~ 
. . . 

or. Wi.thip the pores of. a ,Suppprt''without :the foi-ma.:- .· . · 

tion of chemical honds· to the .surface; -or .. . . . . . . . . 

3 ... ·a complex may _be ·ci.issolV:ed in :an ?lOmtqlatiie- ~olvent. 

which ~s '-adso·rPed< in the por~~ .G;f. a· .. support,· i:. e • t 
. . . . .. . . . . ..· .... 

supported Iigu:i.d phase :. {SLP) . . .· · · .·· , ... · · 

, .... · .. ··Each of thes~. methods.h~s·itsi adva~tages>. and -l~mitati9ns·~ · .. 

• For bet~ftoge•neous:- op~r~tions :in .. t;he liquid pha·ser ;:method .. '(lJ .· ·· 

· :i.s preJe'rred,: •.since!· th.e _dry (2 )·- o·r: SLP/(3). ca~alysts may ea:;. .. · . . " , . ,•. . : ' .. •.:. . . . . ' ·. :·-.• 

·- ··. siiy: be de'stroyed· ;by imitlersioh :i,n:' so:lvents or. liquid' reac-. . 
. . . . .. 

tants ... ·on t}ie othe~ )1and; ai-L three: of._/-t:l'.iese- ·preparati~ns· · ·. 
'·I ' ·•, .. . •· .. 

can be used for :gas:'."so!id<. reactiqn systems_.~ · .Th¢re£or~., • if .a 
.-- .... ':. ·.· ·;_ .. 

. '·-·. cataly,st' preparation ·tec}tniq~e is>to berc].eveloped·· which _al.;. .·. ·,·, 
- . •. .. . ·. ·-··"'• ... · ... ' . -- .· '.-. . . 

--·.' 

. . . Het:er<?geniza,t:Lo.n of me;t~l -comp1~xe~s. vi~· m~thod. (J) can be. 
. . . · .. ', '- . - .. -.... ' ': :· ~-, " - . 

. achieved by diffe~~nt tedhrtiq~es: . T-yp:tc~J.iyl::'the-.-sp~cifics. 

Qf .·the lmmobi li~ation' pt~ce_dur~s· 'deperid upon: the . physicd~ . . . . . 

. . ~h~mical · propertiee o·f th.e ~~ppor~s; Fo'r. t~e·.~as~ of .a·· po~. 
. - : ·./ 

: : ·, .. - : -._· '· 

- -·.·. - . 

. lymeri funct:±onaliza;tion_ Of_ the p~lym~r •. with appr~prfate li.~ · 
~'. . ' 



4 

gands allows . formation of m~tal to functional group bonds. 

This techniqU.e has received the most attention, and several 

reviews have appeared (2 .. 4). One case of interest is the 

attachment of _.cH2PPh_2 to . Amber lite XAD-2, according to the · 

following scheme: 

s-@-CH2Cl 
.... KP Ph, 

( l ) 

. The last step involves .. additionq:f Rh via RhCl(C8H12l2 .. <S). 

Also, the surface hydroxyl groups of metal oxides and alumi-

no silicates Cari serve as the site of attachment for metal 

Ichikawa ( 6-8) .generated hydroformylation 
• •1 ' ' 

catalysts by depositing rhodium carbony'ls f!"om solutions on 

. ' . . . 
tivated carbon; Surface· hydroxyl groups also c~n be func:.. 

' . 

tionalized in a manner similar 'to Eq. 1 (g) prior to the at-

.tachment of the metal c,omplex. 

Zeoli tes can offe.r ion exchange as another method of. me-

tal incorporati.on. For ~xample, ·.· Mantovani. et.· al. ( 10) ex-

changed Rh(NH3 ) 6c13 · into NaY zeolite in order to form a hy-

droformylation catalyst. The .catalytic species· was formed 

in situ under the CO/H .reactionatmosphere. . 2 
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Advantages and disadvantages to these different 

. techniques exists. However, the·.properties are mostly at-

tributable to the support charac.teristics ~ Polymers possess 

flexibility that is both an asset and a wea~ness to catalyt-

ic systems. Organic matrices. can.be functionalized to carry 
' " ' .. 

up tp 10 .milliequivalents/g matri_x . (3); ·Such a density of 
: .· .~:_ - ·, . . , _ . ' " - ; . . . 

sites allows for enhanced site-,si te cooperation in multi-. 
' ' ' . . . 

functi<mal cq.talysts. Selecti·on of a proper solvent may al-

low matrix swelling also to enhance such interaction. How-
. . 

ever, the swelling is.• often difficult . to contro],. ·. since 

temperature and pressure effect the polymer. Swelling can 

·be detrimental inthat it>can cause active sites to lie deep 

within the polymer beads and increase the resistance·.·· to dif-

fusion. Als.o, polymer fl~xibility can allow che.lating 

through· polymer-active site interactions. · Inorganic::; . sup-
. . 

ports have approximately t.enfcHd fewer sites available for 

.. functional group attachment and . their·· framework • are more 

rigid~ Hence the diffusional problem may not be· as severe 

as with polymer materials, and. there> is less potential for 

deactivation via C::helating. lnorgan,icoxides feature. great-· 
. . ' . 

. er therm.al stability. than polymer. suppdrts; Therefore, •the 

upper limit is normally the 

supported metal. complex .. 
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The purpose of this thesis is to initiate a study of a 

novel immobilization technique. The method is centered 

around the ability to physically entrap a transition metal 

complex within a zeolite. Ideally, the transition metal ex-

changed into the·zeolite will be reacted in situ with phos-

phorus containing compounds and carbon monoxide to form an 

intrazeoli tic complex capable of catalyzing the hydrdformy-

lation of propylene. The catalyst will not be able to dif,-

fuse out of the zeoli te due to i.ts tertiary size~ · Becau.se 

numerous , rhodium phbsphine .coinp'lexes are · hydroformylatiort 

catalysts, a wide selection of phosphorus compounds will al-

low fine tuning of the size of the intrazeolitic catalysts·. 



Chapter II 

. BACKGROUND 

2.1 HYDROFORMYLATION 

HydrofoJ:'.mylation i.s chosen as the test reaction for this 

study due to its industrial importance. The production. of 

· butyraldehyde from .propylene., carbon monoxide and hydrogen 

has been. quoted as · being the most important industrial 

synthesis which> utilizes. a metal carbonyl catalyst (11 r. 
·The re.action stoichometry for the hydr'oformylation of propy- . 

. lene is given below: 

. ' ' ' , . 

CH2==CHCH3 + co + ·a:2..:-->cH3cH2CH2CH,==O + (CH3}2CH{CHO) (2) 

(n) ( i ) 
N-butyraldehyde is the desired product since it can be hy-

drogenated to· n-butanol (used industrially as a solvent), or 

further reacted throµgh aldol ··.·.condensation and subseql.lent 

hydrogenation to form ethylhexanol. Ethylhexanol can be 

reacted to form dioctyl phthalate which is used as a plasti-

cizer.for:polyvinyl chloride resins. 

Due to processing consideratidns, it is most frequently·· 

desired .to stop thi.s. series of reactions at butyraldehyde 
. . 

production,·. This allows maximum flexibility for product 

utilization. Therefore,· the unfavorable side reactions are 
. . 

the .hydrogenation of· propylene, aldo;J. c_ondensation of but.yr.-

aldehyde, and butyraldehyde hydro.genation. 

7 
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' ' . . . ' 

Propylene hydroformylation proceeds only in the presence. 

of a catalyst. ·while a number of transition metals catalyze 

this reaction,. the two which show the greatest activity and 

selectivity toward desired products are cobalt and rhodium. 

Catalyst systems which are used most frequently are: 

1. hydride cobalt.carbonyls; 

2. hydride cobalt carbonyl complexes containing, tertiary 

phosphine,ligapds; and 

3. tertiaryphosphine·hydrido rhodium carbonyl. species. 
' - ' ' . 

Hydridorhodiurn carbonyls~lso activate this reaction and are 
·,. 2 3 '. ' . ' ·,' . '•.·' ., .. ,· .... ,. . . 
10 '-10 more active thanthe analogous cobalt carbonyls, but 

do not show goqd select:i;vity , ( n/i=l for Rh, n/i=4 for Co) 

{12}. Hydridocohalttricarbonyl catalyzes the hydrogenation 

of aldehyd.es to alcohols, whereas the rhodiµm carbonyl exhi-

bits little aldehyde hydrogenation activity. Because. of 

the ,higher activity and increased selectivity, · modified 
. . . . ' 

' ' 

rhodium catalysts haye qeen studied most,extensively and are 

replacing cobalt in most. new 'contmercial processes. In fact, 

modi;fied rhodium cataJ,ysts are .used by. T butyraldehyde pro-

duction facilities worldwide. These produce 1.1 rnetric tons 

per year Of butyraldehyde, or roughly 25%of the total pro-

. duction. ·Three plkt:rits are. also under· construction ( 13). 

Figure l shows the hydroformylaticm catalytic cycle with· 

rhodium carbonyl catalysts. Rhodium can, he introduced into 
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the reaction environment in a number of forms~ e.g., as 
. . 

Rh4 (C0) 12 , as rhodium salts of carboxylic acids, as RhCl3 or 

as RhCl3 •3H2 o. However, all these rhodium compounds trans-

form in situ to the catalytically active. species, RhH(C0) 3 

(14). · This reaction mechanism is completely analogous to 

cobalt carbonyl catalysis. The proposed steps of _the cycle 

are: 

1. coordination of an olE;!fin(16 to 18 electrons) 

. 2. hydride migration to form. rhodium alkyl ( 18 to 16 

electrons) 

3. addition 6-f carbon monoxide (16 -18 electrons) 

4.· alkyl migration to carbonyl to form acyl (18-16 elec-

trons) •· 

.5. hydrogenolysis of acyl to yield aldehyde. 

The last step of the mechanism is currently. a topic· of de-

bate in the literature (15). Two proposed mechanisms are 1) 

oxidative addition of hyarogen to give an 18' electron com-

plex, o~ 2) binuclear eliminat.ion, · e. g;, elimination by 

(C0) 4 CoH to produce aldehyde and co2(C0) 7 , 

Osborn et al (J.,6) discovered _that RhCl(P]?h3 ) 3 in benzene 
. . 

was capable. of catalyz:i.ng the hydroformylation .. of 1-pentehe 

or 1-hexene at essentially ambient conditions. Tertiary 

phosphine complexes of. the form RhCl(CO)L2 , wh_ere L=PBu3 

(Bu=butyl), PPh3 (Ph::;phenyl), or RhH(CO)(PPh3 ) 3 , were· .used 
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RCH=CH/ MR(CO))L)b 

MH(CO)a(L)b CO 

(-RCHO~ 
M(COR)(CO)a(L)b 

Figure 1: Hydroformylation Mechanism for Rh Carbonyls 

(where M=metal, L=ligand) 
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as .. ca~alytic precursors. .These all reacted to·. form the ac- ._ . 

tive· species, RhH(C0) 2 J::2,; ·.· Not. only does ·this system ·operate 

under mild conditions., but in th.e pr~sence of excess phos-.. · . . '• . . ,, 

phine, it also erihan~es th.eselectivity to.n/i = 10-14, whi-
' . . 

. : . ' . . . 

. le significantly lowerinci. the·, rate ·of hydrogena:t±on of pro-
. ' ' 

pylene to propane~ However; a·compromise exist~between the 

selectivity ·and the rate of hydr~fo~myla~ion. ·At 100°c and· 

3.5 atm, ·the rate ·is decreased . 5. 'times· as the PPh3/Rh ratio ·_. 

is varie<;i from· S: 1 t~ 50:1 (i7y, 

. . '. . .· . . 

2;2 .INDUSTRIAL HYDROFORMYLATIONPROCESSES 
' . 

Tabie. 1 summarizes the' :behavior of coba.it and rhodium hy'.'" · 
' .. 

droformylation catalysts. On going from left. to · right:the'r•e 

·.is a marked decrea~e in the energy reqUi·rement in terms Of· 

both milder· operation condi ti:ori~. and' greater·. product seleic.-' 
' ' . . . : . . . : ' 

:tivi ty .. In view· of .rapidly increa:si.ng energy costs an.d· raw 
. ~ . . . . . ' . 

material prices, as well·· as more . stJ:;'ingent environmental· 

standards,. it ·is •likely.that future practices·. wilL favo~ · .. 
. . . ~ . . 

high ef'fici~p.cy -proc~sses,which.opera:te under mi•ld re.action . 

conditions with few: bY""Ptoduc~s. . From Table .· 1. one can see 

.. ·· ... that the. modified rhodium· complex is most likely to be .. ·used 

in·deveil9pmerit .Of futµre }:iydro~O-tmyiation process.· 

. Industrial · hydroformyl.ati_on processes . are d'ftem , coined 

"oxo" 
... processes; One aspect of oxc> p:rocesses: whl,ch :i,.s of 

·. '''.'····:. 

.. ·,-:-··. 



TABLE 1 

Operating Data for Cobalt and Rhodium Hydroformylation (18) 

Temperature (C) 
Pre.ssure (atm,) 

.%rnetal/olefin 
n/i:·.ratio 

140-180 
250-350 
O.l'-1.0 

3-4:1 

Modified Co 

160-200 
50-100 

0.5-1.0 
6-8:1 

Modified Rh 

80-120 
1s~20 

. 10(-'-2)-10(~3) 
10-14:1 
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. . 
particular importance in continuous commercial operation is 

the separation of the catalyst from the products, since the 

hydrofor'mylation reaction proceeds homogeneously. From Ta-

ble 1 on,e might expect that oxo processes would be catalyzed 
. . 

by rhodium complexes, Since. the relative prices of rhodium 

to cobalt metal are approximately 3500: 1, severe economic 

penal ties accompany catalyst lo.ss of rhodium through incom~ 

plete separation of products. An amount of rhodium equiva-

lent· to 1 part per billion of aldehyde product W<)Uld be an 

unacceptable separatipn (19), Therefore, most oxo processes 

empl.oy a cobalt catalyst due to .tts availability· and low 

cost. 
' . 

In spite. of .. the . aforementioned··· difficulties, homogeneous 

processes based on· rhodium are prospering with lower plant 

capital costs and energyrequirementsapparentlyoutweigh±ng 

the high catalyst investment. Monsanto has developed an oxo 

process for the hydr.o;formylation of propylene, with 

Rh(CO)(PPh3 }2 CI as the ·catalyst, which ave.ids the need of 

catalyst regeneration. A "gas"-sparged'~ . reactor .which cort-

tains the catalyst dissolved in a high boiling solvent 
-;--· . . ·, 

sparges · gaseous propylerie, hydrogen, ·and carbon monoxide 

throµgh the liquid phase· catalyst (20, . 21}. · 3The butyraldeh-

yde product is continuously .·removed . in the . vapor effluent 

(22), Union Carbide. Corp.'· Davy Powergas Ltd~, and Johnson-
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Matthey Co. Ltd. won the 1977 Kirkpatrick Chemical Engineer-

ing Achievement·Award for developing and commercially imple-

mentihg. a rhodium ba~ed hydroformylation process (23). They 

used a gas-sparged reactor operating at 80-120°c, 200-400 

psi, in the presence of triphenylphosphine. Rhodium losses 

to product are reported as "minimal", but the plant includes 

equipment for periodic makeup and removal of catalyst. 

· With present technology, one could employ a gas sparged 

reactor or SLP (only at lab or pilot scale) catalysts to 

perform propylene· hydro:Eormylatioh, These two catalysts 

systems are limited to reaction temperatures around 90°C-

1200C due to the evaporation· of triphenylphosphine and s.ol'-

vent at higher temperature:;:; (22) . Also, if using SLP, · the 
' ' ' . ' . 

conversion of propylene must be kept low in order to·prevent 

capillary condensation of butyraldehyd~ into the pores· (24). 

Various. other s.olvents and ligands have been tested (25), 

but . the triphenylphosphine is vastly superi.or in terms of 

activity and selectivity. 

The development of a heterogeneous catalyst for this 

reaction is very much needed. .A useful heterogeneous based 

system would: 

1. not elute rhodium from the·catalyst; 

2. ' ' 0. operate at temperatures above.90 C; 
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· 3. be . applicable ·to other hydroformylation reactions, 
' ' 

e.g.; ethylene (gas phase}, 1-hexene (liquid phase). 

2.3 HETEROGENEOUS HYDROFORMYLATION CATALYSTS 

As mentioned in the introduction, the three basic types 

of immobilization are SLP, functionalizationof t~e support, 

and physisorption of a complex onto the surface. All three 

methods have. been used to form rhodium hydroformylation. ca:-

talysts. 

The role of ·transition metal complexes on inorganic sup-

. ports is the closest in nature to the proposed immobiliza.-

. tlon technique. Hence only. these will be . revie.wed· exten..: 

si vely. ·. A brief discussion of fuhctionalized polymers and 

SLP follows.. For more information concerriing polymer sup-

ported catalysts and SLP, reviews .have recently appeared 

( 2 I 4, 26, 27) • , 

Functionalizihg polymers or silica hydroxyl groups with 

phosphines to create heterogeneous hydroformylation cata-

lysts has met with mixed success. Typically, reactions are 
0 ' ' ' ' carried out below 15.0 C and at pressures up to 400 psi in 

the liquid phase. The following comments can be. made about 

rhodium complexes attached to functionalized· supports: 

1. increased selectivity.similar ·to homogeneous analogs 

were frequently .. obtained; 
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2. mechanistically, the heterogeneous and homogeneous 

catalysts behaved similarly, i.e~, similar H2 and CO 

partial pressure dependencies; 

3. rhodium elution was a major problem; 

4. some polymers were not stable in high aldehyde con-

centrations (eliminates high conversions per reactor 

pass}; 

5. diffusionresistances slowed the rate except at high 

temperatures. 

In general, it is felt that this method shows promise. Work 

is continuing on these systems. 

Ih recent years.:, supported liquid phase catalysts have 

been studied more intensely. Most· of ·the above comments 

concerning functionalized ·polymers can be applied to SLP 

systems. High selectivities have been obtained with only 

one order of magnitude decrease in. rate in comparison to the 

analogous homogeneous system. However.1 the difficulty lies 

in creating a stable catalys1:. High n/i can·· be obtained 

with high phosphine loadings, but the maximum test life has 

been 500 hours, compared to the 18 month commercial catalyst 

stability (28). 

The remainder of the .heterogeneous hydrof ormylation cata ... 

lysts studied ;have dealt with.the .deposition of rhodil..1-m com-

plexes.· onto supports . or ·with the exchange of rhodium into 
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' . ' ' 

zeolites. The reaction selectivity for these supported rho-

dium catalysts in. the absence of phosphine .was between 

n/i=l..,.2•. 5. Also the rates are typically much s.lower than 

SLP, but comparable to that of the.functionalized polymers. 
. . . . ' ' ' .. 

Hjortkjaer···et·al.· (29) deposited·HRh(CO)(PJ;>h3J 3 from ben-

zene onto .silica, ·alumina, and NaX zeolite . The re.action 

selectivity was found to .be higher for the alumina catalysts 

(n/i:::2). Catalytic runs lasted only 5 hours and the· system 

deactivated up to So% of the initial rate·. Selectivity was 

not observed to be a funtion of time. 

Rony and Roth (30) used. alumina to support 

RhCl(CO){PPh3) 2 . The req.c;tiori.selectiyity was around 2. 

Rhodium clusters adsorbed 9n pasiC:: .oxides such as Znd, 

MgO, Ti02 and CaO were 9hown~ to be active for ethene and 

properie hydroformylatioh {7 r. These complexes adsorbed on. 

ZnO showed· the foiiowing. rel a.ti ve activities · at 158~C and 

atmospheric pressure: Rh4 {C0}12 >. Rh6 (C0) 12 > Rh7(coy16NEt4 

> Rh13 (C0) 23 H2 ... 32NBu4 . 

Rh{Co) 2cp 1 (Cp=cyclopentadienyl}, ·Rh2 (90) 3cp2 and RhC13 . 

iµipregnated oh ZnO showed only negligible activity. The 

same clusters ads.orbed onto acidic oxides such as alumina/ 

silica-alumina, andv2o5 .ha.d only small activity compared to 

the basic supports. Pretreatment consisted of evacuation at 

160°c for 1 hour at 10 ... 4 torr, or activation under hydrofor-
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. . . ~. . .· 

mylation co~ditions ~ ·.•· 
. . . . . 

Rates. for . ~ropylene . hvdrof~rmylati6n 
.. ·. . 3. 

:·were around 6-:18xl0-, · moles/g-Rli hr at 1S8°C.' ·· Evacu~ti~n 
: . . .·· :' . . .. 

producec;i .. the .more.·· activecatalyst~ A.tti vation .energies were 

reportedly between '14-16~s: ~cal/mole,· de~en~inq upori · .. the 

starting rhodiuni,car:bonyL. · 
. . ' . ·. '_.,-: .. 

T:emperature programmed. desorp.tion. (TPD,) •. studies ·. showed.· 
. . . . . 

that on .the basic oxides, · Rh6(do) 16 . c.l'\lster .Cie'composition 

.did not. occur at 160°C. ~On. acidi.c oxides,: clu13~ers ,dee om-

.·.posed at 155-16Q0·c~ <which is :lo~er· .than·'<the.decomposit~on, · 
.. 

· temperature of 'the pure .clusters.• This< .suggested that the· .. · ... ·· 

basic · supports stabilized the· cluster. and. strerig't,}.lened · the.· 
"( 

metal ·carbonyl' bondi11g.· -.·:. 
. . 

Rhodium zeotite. hydrofo~myJ~tio?l cat~lysts · have be~n re-:- ·· 

ported· (31; 32'). These ;investigations u~ed Rhc13:~3H2o ex-

thanged ohto NaY~· and r~p~l-ted.rates .for ethylene· and propy-

.lene .· hydrofopmylation at atmospheric ,;press~'te. · However, .·· 
.. ··::. 

these two .· studies were not in complete . a~reement wi.th e:ach 

other< •. · 
. . . 

The results of A~ai···· a:nd· Tomin~ga -(31) incli.lded ·rates arid. 

·. activation.ener~.ies. · .. The catalyst 'via~ loaded to<,3.7 .·wt;% .. :· .· 
• .. •I., .l 

Rh, .··and the reacto+ .. ¥las cha.rged ·with.-210/+20 'mesh: particles . 

. ·The .Contact- ·time was lQg~Rh/hr. · · Tl1e selectiv;ity -t;o hydro-: 

.·. form~latiori was p9or '· w;ith ,hydrog~ha~iori to hydroformylation 
,. ·,·. . . . . . 

'of 37.6 at··· 1s0°c. Re~i~sei~6tivity: (h/i) .. was· 1.2 .. Tile 
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. 0 •.. . . . -2 . · .... -3 . -4 rates at 150 C. were· 7. OxlO ·· , 1. OxlO , 9. OxlO · · moles/g..;.Rh 

hr for hydrogenation, n.,.butyraldehyde and iso-butyraldehyde 

production, respectively. It was found that the re la ti ve 

rates for different substrates were ethylene> propylene> bu-

tene. Activation energies calculated over 130-l 70°C were· 

8.7, 7.3 and 24.2 kcal/mole for n.,.butyraldehyde, iso-butyr-

aldehyde and propane production, respectively. The catalyst· 

was pretreated by air drying prior to reaction conditions. 

The infrared spectra of the catalyst revealed the Rh(C0) 2 .... 

NaY species. 

Takahashi and Kobayashi (32) attempted to elucidate the 

location of the active site by comparing the activities of 

ethylene and propylene on RhNaY catalysts which were pre-

treated differently and varied iI'lRh.content. Table 2pre-

sents their·results. They classified the catalysts into two· 

groups·. "Type A11 were catalysts which had lower propiona1-

dehyde activation energies (EPA) and selectivities (S). 

"TypeB" were grouped .together due to. their higher (EPA) and 

S values. Furthermore, a Type A catalyst produced a 

straight line when the ratio of. ethylene hydroformy1ation 

rate (rPA) ·. was plotted against propylene hydroformy1ation 

Also, EPA and. s. for ·hydroformylation on 

RhC1 3/Sio2 , a ·support with larger pores than NaY,. were ap-

proximately equal.to Type A values. The authors. concluded 



TABLE 2 

Propylene Hydroformylation Over Rh-NaY Zeolites (32) 

2' 
3 
4 
5 
6J 
7 
gJ 
9 

10 
II 

Rh 
1:01111:111 

(10 1' 

mol'g 
cal) 

i'rc1rca1mc111 · 
"ilh He-H~ 

CO. I. x JO~ Pa, 
400 K, 5 hl 

10 ·• mol. min g cal S, II.\,. 

--· -- ------·----~--------__:__ _____ _:__ __ . ..,.. ----------· _ ____:__·-·-·------.:...:----· 

50 No o: JO II.I I 0.21 0.48. 
Yes 0.15 0.24 . 0.39 0.38 

4 150 No 0.15 0.15 0.30 0.50 
Yes 0.24 0.21 0.45 0.53 

280 No 0.36 0:40 0.76 0.47 
No 11.35 0.41 0.76 0.46 
Yes 0.16 0.12 0.28 U.57 
Yes 0.14 0.10 0.24 0.58 

7 350 No 0.38 0.48 0.86 0.44 
Yes 0.08 0.06 0.14 0.57 

RhCli/SiO~ 170 Yes 0.53 0.96 1.49 0.36 

rr·· 
f HI 

111<)1.min 
g Call 

0.38 
1.06 
0.55 
1.38 
1.60 
1.60 
1.26 
1.43 
1.80 
1.18 
1.29 

---------· ·--------------------~-------·-----·--·----·--- - -- --··· 

Note, Reac1ion comJi1ions were H~-C1H. (301/iJ-CO (10%J~H~ (30<.:c) a1 400 K. 
" Steady-slate rates for the formation of 11-butyraldehyde, iso-butrraldehyde, both bu1yraldehrdc~. and pro-

pane, respectively. · . 
b The ii-isomer selectivity is defined by r,..uA/(r,..uA + r,,o.e,l. 
• The pretreatment was performed for 48h. . . 
,, The ethylcn..: hydroformylation was followed br the propykne hydroformyla1ion. 

N 
l) 
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... ,,···· 

that ··the. Type A. ~ctive. si\es· resiqed ·on the external· surface 
. . . . 

or in the entI'aztc;:e. of the pore. ·· 
. . 

. . .. · . . . . . 

On the other hand; Type B: active sites wer~ suggested;. to.: · ·· 

be· in the pores a~d inaccessible: by propylene... This· conclu-. 

sion was supported by: · •··. •'. i' 

L a higl1er reduction in· rBA to rPA after. pretre~tment 
suggested' ~ome inaccessible ·propy1ene active sites;· . 

2. · highe~ s for Typ~ B f!ti'gge·~t~d steric influen~e of the · 

SU;pport; .·.· .. 
. ·.· . 

·.:·· 

a. lack of chanqe. o;f EAN an~ EA~ as .a fuhction o.f pre.,. 

t.r.eatment ~ompared ·to ·the .. ·40.,.56. kJ/mole .. rang;e .9b-·. 

·• . s~rve(i for Ep A; ·· · . ·.: . . , ' . 

· ·. · 4. a faster rate of. '!;i6pioriatd~hyde des.()rption compare·(j . 

to butyraidehyde :cleso.rptidn s'\lggested: that th,e :pdres · ..... :. -;. :. . . "·· .. 

·>of the ze·6titewere nbt .~se~f in c.atalysi~, for propy-

l~ne hydrofo~~ylatiori-~ ·,_ ,. 

·.Takahashi.·-and :'Kobi;lyashi found:.that ·.the. rho'dium z~oli'te 
. .,, .. '. ·'· ·. "• . .'. 

: .. ···· .. _ 

' . 

. ·:i· .. - ·. .'t~on· ··.or~.-·:. s.e:1.ec~1v~:~Y.· ·:sh.i:ft·S .. :· :_-..sta·-r·tU_p·: ~ t.i.me· .. _ no.rm:.a:i-·1y··. ·: ··tOo:it· 
.. :. •.· 

· .. ,-60"'.'ao' hours~ - However',' .·by pre~dsorbiri~f c;i.lcie.hyd.e: orit(, the. 5µ...:· · 

. ·.·· .. p~rtl 'the: statt up time was ~edu6~d.. td ~es.s t~an 20 hours.·•.·''· .. 

. •. .. - . 

·the product. on·. the zeol it:e .. · 

·.· .. ,''.-.. . : 

···. -.. · 
'' 

' .. :.~. 

. ~ . ,•,' 
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Centola et al. (l3) performed propylene hydroformylation 

studies on cobalt exchanged NaX loaded from 1-12 wt.%. 

Reaction conditions were 160-220°C and 140-200. atm. Selec~ 

ti vi ties were dependent upon temperature and pressure, but 

were less than 1. 88. Conversions were less than 1% after 6 

hours contact. An intense maximum in aldehyde production 

rate occurred at 2 hours process time. The authors attri-

buted this to cobalt loss. However, after steady state was 

reached, no cobalt appear~d to elute. 

2.4 METHANOL CARBONYLATION 

Methanol carbonylation has been the primary reaction stu-

died with rhodium exchanged zeolites (34 - 42)~ Thes.e in-

vestigations reported different types of zeolites and diffe-

rent ion exchange procedures, and their results were not in 

complete agreement with orie another. However, these studies 

include information which may aid in th investigation of the 

reaction system used in this report, thus a brief.discussion 

follows. Nefedov et al. (41, 42), Yamanis et al. (38) and 

Scurrell et al. (34) used NaX while Yashima et al. (35), 

Takahashi et al. (40), and Gel in et. al. ( 3 6) used NaY. 

Compilation of the results in these investigations can be 

summarized as follows: (43) 

1. steady state was achieved in approximately 2 hours; 
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2. the rate was first order in methyl iodide partial 

pressure; 

3. activation energies ranged from 13. 4 to 16. 7 kcal/ 

mole, although these may be low due to mass transfer 

considerations (38}; 

4. RhNaX catalysts deactivated above 242°C; 

5. RhNaY deactivated at 200°; 

6. deactivation showed a non-zero order dependence for 

RhNaY; 

7. deactivation of RhNaX followed zero order behavior. 

Points 4-7 indicate that differences arise £ro~ the zeol-

ite type. However the direct comparison is difficult due to 

the work being performed in separate laboratories. Studies 

involving the investigation of differences between NaX and 

NaY include Rabo (44) and Davis et. al. (43). (A discussion 

appears later. describing the structural differences between 

NaX and NaY). 

Higher activity was also observed for RhNaX prepared from 

Rh(NH3 ) 5Cl over. that exchanged with RhC1 3 •3H2o (37). It was 

· later showh by EXAFS (Extended X-'ray Absorption .Fine Struc,... 

ture) that the RhNaX prepared from the ammine complex was 

better dispersed (45). Denley et al. (45) also showed that 

Rh2o3 was the predominant species on the catalyst prepared 

from RhC1 3 • 3H2 0 before and after reactivity measurements, 
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EXAFS revealed. ··that the predominant form of the 

(Rh(NH3 ) 5Cl)Cl2 exchange was either a highly dispersed oxide 

o aquo complex immediately following the exchange. After 

· calcination;. Rh metal microcrystalli tes with· an average par-

ticle size. of 9A were observed. 

Shannon et al. (46) recently performed a studyon: the ef-

fects of ion exchange. upon the location of the rhodium in 

zeolite NaY. Surface and bulk rhodium content- was distin ... 

gui shed by comparing ·surface rhodium analysis fJ::"om ·XPS ( x-

ray photoelectron spectroscopy) with chemi.cal analysis (CA} 

Values for the. bulk.· XPS/CA values greater .than unity indi- . · 

cated surface rhodium; whereas unity suggested a more un:i-

form metal distribution. 

Rh(H 0) +3 were used as rhodium sources; . The· zeoli tes con.,. . 2 6 

tained roughly 2 wt.% Rh. It was found that all rhodium. 
. . . 

sources produced a uniform distribution of rhodium. Howev-

er, rhodium con~entration and ex.change. temperature. were· cri~ 

tic al. The RhCl~ exchange conditions· were. 90°C · and Rh con-

centration between O. 002M and 0. 006M. At this .temperature, 
) 

the rhodium is exchanged as Rh(H2o) 6+3 .· Previous studies in 
' . .. 

whichlower temperatures and higher.concentratfons.were used 

deposited substantial amounts of rhodium onto the· zeoli te 

surface. The authors suggested that the heat is required to 
' - .. 

liberate free Cl· ions. No addi tlonal ·. chlorine· was inc.orpo"". · 

ratated into the zeolite~ 
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2.5 ZEOLITES 

Faujasites are zeolites with three dimensional pore 

structures which have found" great utility in catalysis 

(44,47). Zeolites are hydrated crystalline aluminosilicates 

of the general formula Mx (Al02 )x(Si02 )y-zH2o in which M is 

typically a monovalent or divalent cation; This cation can 

be exchanged reversibly without destroying the zeolite 

framework. 

The zeoli tes of interest in this investigation are the 

synthetic fauj asi tes NaX and NaY. NaX has the empirical 

formula, Na86 (Al02 ).86 (Si02 ) 106 • 264H2o, and that for NaY is 

Na56 (Al02 ) 56 (Si02) 136 • 2SOH2o. There exists no topological 

difference between the two. One significant distinction is 

that Si/Al=2. 5 for NaY, whereas Si/Al=l. 2 v-for NaX. This 
J 

difference creates d{ssi~ii~r electrostatic p~tentials with-

in the structure. Therefore, catalytic activity can be 

drastically altered. 

Figure 2 is a diagram of the fauj asi te. The alpha cage 

diameter for NaY and NaX is 12. SA, with pore openings of 

8.9A. The beta cage has a diameter of 6.6A, with pore open-

ings only 2.6A wide. In terms of adsorption capacity, the 

beta cage holds 4 H2o molecules whereas the alpha cage holds 

28 molecules. The pore openings to the alpha cage permit 

branched chain hydrocarbons and aromatics to pass. Further 
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details concerning the structural details for zeolites can 

be found in Breck (48) and Haynes (47). 

A feature of zeoli tes important for catalysis is the 

ability to exchange the charge balancing cations for transi-

tion metals. The Si/Al ratio controls the number of cations 

and· their location. Thedegree of hydration can .affect the 

cation position also. The cations are located within the 

a-cage and 8-cages,· and on the surface. In order to entrap 

·the rhodium complex within the pores, it is necessary to se-

lectively place rhodium within the a-cage. 

2.6 INFRARED SPECTROSCOPY 

Table 3 shows the infrared band positions for functional 

groups important to this study. Only general IR information 

is provided as a reference for the reader. Band positions 

for specific complexes are referenced in the discussion. 
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s•cage 

channel 

a .. cage 

Figure2: ·Schematic Diagram of Zeolite NaX 
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TABLE 3 

IR Frequencies for Various Functional Groups (49) 

Metal Complexes 

M-H 
M-'-CO 

0 

M-.C-M 
M3 (CO) 
M-C 0-M' 

0 

.M-C-R 
M-CH2-

. M-11 

Hydrocarbons 
CH 
CH 
-CHO 
CH3 
CH3 

CH 
CH2 
(;=C 

0 

C=C-C-

Types of Vibration 

tnetal hydride stret.ch 
carbonyl stretch 

bridging carbonyl stretch 
triply bridging carbonyl sttetch 
carbonyl stretch 

acyl stretch 
CH2 .def 
coordinated olefin 

stretch (aliphatic). 
stretch (unsaturated) 
C-H stretch 
asymmetric deformation 
symmetric deformation 
CH bend 
scissor vibration 
olefenic stretch 

carbonyl stretch. 

Absorption Band 

2100-1900 
2100;...1900 

1900-1800 
1800 
1650 

1710-1660. 
1430-1415 
1530-1500 

3000-2800 . 
3100-3000 
2745-:'2650 
1465-1440 
1390-1370 
1340 
1480-1440 
1680-1620 

1700-1660 



Chapter III 

OBJECTIVES 

It is apparent from the various attempts to heterogenize 

a homogeneous transi ti cm metal complex for the hydroformyla.-

tion of propyJene that the potential fOr succese is good.: 
. . . . . - _· : 

. The use of phosphinated polymers and pho'sphinated silicas is 

more advanced than the use of tran:si tion- me·tals $Upported on 

unmodified inorganic supports. Due to the poo.r regioselec-

tivi ty, simple metal supported catalysts are unattractive.·. · 

Collectively, the studies .on supported rhqdium. carbonyls. do · 

exhibit fav.orable behavior~· lVIost important is the\fact that 

.. stab.le catalysts can be . £0.rmed. Ichi]{awa' s (6-B). .studies 

ancl the bod.y of. met_hanol carbonylation work provide direc-

tion for: this .·investigation in . that support and catalyst 

preparation· signifipantly al t~r · reactivity~ However, the 

· .use of rhodium : zeoli1tes with phosphines has hot been. ex.-

plored. Hence,· the investigat;ion of· the entra.pme~t of rho-
.. :·. ,.. ·. ·.· 

· :ciium phosphine· complexes into zeoli t,e :supports is especially. 

· . appealing. 

Prior to forging.ahead :into the immobilization of rhod:lum . 
. . ·. ·: . ·. 

phosphine. cO'mplexes i'hto zeor'ites ,.· · some basic q\ie:stions c6n-
' . 

cerning the· nature of·. the binary rhodium carbonyl · zeoli te 

catalysts need to be answered. Among these are:. 

29 



30 

1. What is the pos.ition of the metal within the zeoli te 

under reaction conditions? 

2. Is the active species for the heterogeneous catalyst 

the same as for the homogeneous case? 

3 .. How can the performance of the catalyst be optimized 

if answers are known to (1) and (2)? 

These are the fundamental questions to be answered in this 

dissertation. With these questions in mind, the following 

research objectives were pursued: 

1. to study in a differential reaction system the cata-

lytic activity of the rhodium exchanged zeoli te NaX 

and NaY; 

2. to study the effects of catalyst preparation on ac-

. ti vity; 

3. to determine the effects of pretreatment on catalyst 

performance; 

4. to study by in situ Fourier transform infrared spec-

troscopy the formation of rhodium carbonyls in order 

to evaluate the role of the zeolite; 

5. to study by in situ FTIR the catalyst under reaction 

conditions in order to establish the relationships 

between homogeneous anc;l heterogeneous rhodium carbo-

nyl hydroformylation catalysis; 
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6. to determine the location (within or on the zeolite) 

of the active catalyst by rhodium carbonyl reaction 

with size discriminating phosphines; 

7. to perform preliminary studies on the effect of.phos-

phine addition to catalytic behavior. 



Chapter IV 

EXPERIMENTAL APPARATUSES AND OPERATING 
PROCEDURES 

4.1 DIFFERENTIAL REACTOR SYSTEM 

Figu:r;e 3 is a schematic diagram of the differential bed 

reactor system used to study the catalytic activity of the 

catalysts. Material and equipment specifications can be 

found in Appendix A. A general description of the apparatus 

and its operation follows. 

Hydrogen gas was purified by passing through a platinum 

catalyst chamber which reacted the trace oxygen with hydro-

gen to produce water. Water was then removed in a silica 

gel chamber. Carbon monoxide, propylene, arid nitrogen were 

used without further purification .. The flow rate of each 

gas wa.s measured by a rotameter and controlled by a high ac-

curacy valve. Each gas pressure was measured by the same 

pressure gauge in order to assure unifor:mi ty of gas flow. 

After the rotameters, the gases were mixed. The gas flow 

can be diverted to three locations: 

1. the gas chromatograph .for reactant analysis; 

2. to the reactor; 

3. to the FTIR flow cell. 

32 
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For case ( 2), the gases were sent to the reactor which was 

immersed in a fluidized bed. A PID controller on the fluid-

ized bed allowed the temperature to be held at set point 

±1.0°C. The coil preceeded the reactor in order to preheat 

the gas. The 1/4 11 OD, 3" long reactor was held vertically 

·in order to prevent chanelling of the reactant and the pro-

duct gas. The product stream was then sent to the gas chro-

matographs for sampling or to veht. The pressure . in the 

reactor was controlled by a back pressure regulator, and 

could be set up to 3 atmospheres. 

Due to the small quantities of products.and the difficul-

ty of separating the but~raldehyde, iso•butyrald~hyde, pro-

pylene and propane on one gas chromatography column, a two 

column, two sample, two integrator analysis was performed. 

A 20 µl gas sample was injected· onto. a Porasil C column 

which separated propylene from propane. A 500 µl sample was 

injected onto the Spherosil column which separated'the pro-

pylene and propane (unresolved) from the two aldehydes. 

Each detector signal was analyzed by a digital integrator. 

Details of the mathematical analysis of the two signals are 

in Appendix E. 

The flow system was s~ch that the gases can be used for 

either reactor analysis or the FTIR flow cell, but not sim-

ultaneously. 
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The catalyst was pressed (10,000 psi) into pellets, which 

were then screened to -40/ + 70 mesh size. Typically, the 

reactor was loaded with O. 5-0. 8 g catalyst. A thermocouple 

was. irnbedded into the catalyst packing in order to accurate-

ly measure catalyst temperature. 

4.2 IR FLOW CELL DESCRIPTION 

A Fourier transform infrared spectrometer (IBM model 

IR/32) was used to collect IR spectra. The optics bench 

sample chamber was modified to allow installation of the 

flow cell. Plexiglas covers replaced the original cover in 

order tb support the cell. 

Figure 4 is a schematic diagram of the FTIR flOw cell gas 

flow system. A number of flow patterns can be achieved by 

proper valve manipulation sequences. The following options 

are available: 

1. gas flow from the rotameter bank in Figure 3 can be 

fed to the cell at valve V3. Adjusting the back 

pressure regulator (BPR) allows pressures up to 30 

psigunder flow conditons; 

2. the cell can be closed off by on/off combinations of 

valves V6 and V3 with valves V4, VS and V2; 

3. the cell can be evacuated; 



V6 

vacuum 

BPR 

vent 

Figure 4: 

V5 

36 

nt<'edle 
1nject1on 

V4 
V3 

11 
I I V2 
11 
11 
11 Vl 
11 
11 
11 
11 
11 

-------"'".I\ --------\ 
heated 

IR CELL 

gas inlet 

vent 

bomb 

Flow Diagram for IR Flow Cell 



37 

4. gases· or liquids can be injected via a septum port at 

V4; 

5. bottled gases can be fed into the system unregulated 

via ports Vl and V2; 

6. the tubing section between V4 and the cell is heated 

so that liquid vaporization will occur. 

Appendix C contai~s a detailed valve position index for each 

derived flow pattern. 

Photographs .of the flow cell are shown in Figure 5 . Two 

Varian stainless steel flanges are used to sandwich a cata-

lyst wafer holder. A copper gasket is used to form a seal · 

ori the knife edges of the flanges. The sample holder con-

sist of two circular, aluminum disks 0. 030" thick with 1/4" 

holes in the center. One disk has a 0. 010 1i recess around 

the center hole where the catalyst is placed. 0 . 008 1·1 deep 

grooves join the center hole and outer edge in order to al-

low gas flow. On the back side of each di.sk are 25 mm x 2 

· mm IRTRAN-2 windows. Wavenumbers above 700cm-l can be ob-

served with these ZnS crystals. On the back side of win-

dows, a.1 11 x 3/4 11 x 1/8" Viton o-ring is placed, which fits 

into the flanges. Hence, the entire cell is sealed at the 

two . o-rings and the copper gaskets. Physical limitations 

are 200°C, set by the viton o-rings, and 50 psig, which is 

set by the optic window thickness. Five round 1/8" OD x 2" 
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A 

B 

c 
Figure 5: Pictures of the IR Flow Cell 

a) assembled; b) exploded · view of cell; c) A) 
copper gasket, B) aluminum holder, C) IRTRAN-2 
window, D) 0-ring, E) flange 
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long, 100 W fire rods are used for heating the cell.· Each 

flange contains 2 fire rods, whil.e the fifth is used to heat 

the inlet stream (underneath.glass wool insulation on right 

of Figure A). Temperature is controlled by a 10 amp Variac. 

Settings . at 28. 5 and 42 result in 120°C and 190°C, r.espec-. 

tively. The relation between temperature (°C) and the Vari-

ac settings is linear. Cell temperature is measured by Type 

J thermocouple at the aluminum sample holder. 

The catalyst is prepared by sieving the powder through a 

325 mesh screen. A 3/8 11 OD wafer is made. by pressing 

the powder to 30, 000 psi. The · wafer has a density of 5-6 

mg/cm2 . Waf.er thickness is approximately O. 004 inches. 

Normally, transmissions of 25% or higher are recorded. 

4.3 CATALYST PREPARATION 

Rhodium was exchanged into NaX and NaY zeolites, . pur-

chas.ed from Strem Chemical, and silica under a variety of 

. conditions. Table 4 shows the various conditions whfch were 

used for . rhodium incorporation into the supports. Table 4 

wil.l serve as the master table for subsequent· discussions .. 

Heretofore, reference to a particular catalyst will be by 

catalyst letter and suppprt. .For example, catalyst A in Ta-

ble 4 will be called AY or AX. 

I .· ' 



TABLE 4 

Methods of Catalyst Prepar~tion 

Catalyst Rh Source Support ±( 0 g) P!! NaCl Time % Rh 

A RhC1 3 •3H20 NaX,NaY 90 6 O. lN 5 1-4 
B RhC1 3 •3H2o NaY 90 4 0.1 5 4 
c RhC1 3 •3H2 o NaY 90 8 0.1 5 4 
D RhC1 3 •3H20 NaY 90 6 0.2 5 4 

it> 
E RhC1 3 •3H2o NaY 90 6 0.0 5 4 0 

F RhC1 3 •3H2o NaX,NaY 90 6 0.1 24 4 
G RhC1 3 •3H2o NaY 90 6 0.1 0 4 
H RhC1 3 •3H20 NaX,NaY 90 4 0.0 5 1,4 

I (Rh(NH3 ) 5Cl) 2 + NaX,NaY 50 8 24 1 

J (Rh(NH3 ) 5Cl) 2 + NaY 50 8 5 1 

K 3+ (Rh(NH3 ) 5H20) . NaX,NaY 50 8 24 1 

L (Rh(NH3 ) 5H20) 3+ NaY 95 8 24 1 

M (Rh(NH3 ) 5H2o) 3+ Si02 80 8 24 1 

N (Rh(NH3 ) 5H20) 3+ Sio2 50 8 24 1 
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For each exchange, the procedure was similar. Prior to 

exchange, zeoli tes were slurried in distilled water, fil-

tered and dried in air at 120°C. This served to remove any 

impurities in the commercial product. For catalysts A-H, 

several grams of zeolite were slurried in 100-150 ml of salt 

solutibn (some were without NaCl) and heated to 90°C. The 

RhC1 3 • 3H2o was dissolved in 100- 150 ml distilled water. 

Addition of the rhodium solution was made dropwise over 

1. 5-2 hours. The zeoli te-rhodium slurry was maintained at 
0 90 C for 0, 5, or 24 hours. For the 5 hour exchange, the so-

lution was cooled to room temperature and stirred for anoth-

er 20-24 hours. The zeolite slurry was filtered and washed 

with at least two liters of distilled water to remove NaCl. 

The filter cake was dried to a free flowing powder in an 

oven with circulating dry air at 120°C for 24 hours. 
3+ 2+ Cation exchange of (Rh(NH3 ) 5H20) and (Rh(NH3 )5Cl) for 

Na+ in NaX and NaY was performed by dissolving the salt in 

water and adding to a water slurry of the zeoli te. The 

temperature ( 50 or 95 °C) was maintained overnight after 

which the zeolite was filtered and washed with water. The 

powder was then dried at room temperature. 
~ . 3+ Cation exchange of (Rh(NH3) 5H20). with silica was per-

formed by dissolving the salt in aqueous NH40H which con-

tained slurried silica. The temperature was held constant 
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at 50 or 80°C overnight after which the solid was filtered, 

washed and dried at room temperature. 

The rhodium content of the solid catalysts was determined 

by atomic absorption spectroscopy after acid digestion of 

the solid with acid. 

4.4 CATALYST PRETREATMENT 

The catalysts were pretreated by many methods, however, 

four were used repeatedly. The following four pretreatments 

were duplicated in the IR cell. The main purpose for the 

use of an IR flow cell was to be able to subject the cata-

lyst in the IR to the same conditions as catalysts placed in 

the differential reactor system. With this technique, it 

was possible to study the catalyst surface under a variety 

of treatments, with the intention to correlate predominant 

surface species with activity. A description. of the most 

frequently used catalyst treatments follows. 

4.4.1 Pretarbonylation 

The flow system was pressurized to 30 psig. with carbon 

monoxide. Total flow rate was approximately 15-20 ml/min 

STP. ·Once the pressure was · stable, the temperature was 

raised to 120°C. In both the flow cell and the reactor, 
:. . 0 heating from ambient temperature to 120 C could be performed 

in 30 minutes. 
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4.4.2 Air Dried 

The air purge system for the IBM IR/32 was used as a dry 

air source (see Appendix C). The head pressure at the flow 

system inlet was 5-8 psig. The catalyst was heated to 190°C 

for 5 hours. 190°C was attainable in roughly 45-60 minutes. 

The catalyst was then cooled under air flow to 150°C. N2 

flow at 30 ml/min STP for 15 minutes was used to remove o2 . 

Following N2 flow, either CO or full reactant flow was then 

initiated. 

4.4.3 Nitrogen Pretreatment 

The catalyst was heated to 120°C under a N2 flow. At 

120°C, a full reactant stream was started while the system 

was heating further to 150°C. 

4.4.4 Hydrogen/Nitrogen Pretreatment 

The catalyst was purged with 10% H2 in N2 , then heated to 

127°C for 5 hours. Reactants were then passed over the ca-

talyst. 
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4.5 HYDROFORMYLATION CONDITIONS 
' ' 

For catalytic activity studies, sever~l sets of hydrofor-

mylation conditions were used. However, one was used most 

frequently. Unless specified otherwise, the reaction condi-

tions were a 3:3:2:1 partial pressure mix of propylene, hy-

drogen, nitrogen, and carbon monoxide at ambient pressure 

and 150°C. Total gas flow was 45 ml/min STP. 



Chapter V 

RESULTS 

5.1. RHODIUM CARBONYL FORMATION 

The results from in . situ flow IR studies are presented 

here. Assignment of these bands to ·complexes is withheld 

until the discussion (Chapter 6). Table 10 in Chapter 6 

contains the band positions for complexes formed in this 

study as well as those reported in the literatura. 

5 .1.1 RhNaY 

In Figure 6, a set of. IR spectra taken during carbonyla-

tion as a function of time and temperature. for catalyst AY 

is shown. Spectrum A, taken at 95°C, shows weak bands at 

2069, 2050, 2025 and 1834 cm -l and a sharp band at 2086 
-1 cm Upon heating the catalyst to 110°C, the 2070-2020 
-1 cm region includes more distinct bands while a newband at 

1768 -1 cm appears. The band at 1768 cm-l continued to grow 

in intensity with further heating of the sample. Simultane-
-1 ously, the band at 1834-7 cm disappeared, After 10 hours, 

no spectral changes were observed. The final spectrum fea-

tured bands at 2099, 2069, 2020 and 1765 -1 cm 

Spectra in Figure 7 were taken at steady state for cata-

lysts AY and IY. The same catalyst as in Figure 6 was sub-

45 
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Figure 6: Carbonylation of RhNaY under 30 psig CO 

a) T=95°C; b) T=ll0°C; c:) T=l20°C; d) T=l20°C for 
10 hours 
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jected to carbonylation by the air drying method (spectrum 

A) . For Figure 7b, the catalyst IY was also subjected to 

the same conditions as A. The catalyst IY precarbonylated 

spectrum is shown in C. The intermediate spectra for C are 

. approximately the same as shown in Figure 6 . 

Figure 8 shows the carbony1ation of catalyst HY (recall 

the catalyst nomenclature: HY is not the acid form of NaY 

but rather preparation H using NaX listed in Table 4). At 
0 . -1 93 C, a sharp band at 2082 cm has developed with ~ should-

er at 2050 cm-l Weak bands are also present at 1865 and 

1832 cm -l. After being at 150°C for 50 minutes, the spect-

rum contained several new bands. The 2082 band had moved to 
-1 . -1 a higher frequency to 2096 cm , and the 2042 cm band was 

-1 resolved. Shoulders appear at 2110 and 2025 cm on these 

two resolved bands. A strong band at 1762 cm-l was als.o 

present. The shoulder 1865 cm-l has disappeared while the 

1837 cm -l band had intensified. Steady state was reached 

after 8 hours. -1 The 1837 cm band disappeared. Resolved 

bands were present at 2112, 2099, 2047 and 2022, and 1763 
-1 cm 
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Figure 7: Precarbonylated Catalysts 

a) RhNaY from RhC1 3 3H2 o, dried; b) same as A, 
. 2+ but prepared from (Rh(NH3 ) 5 C1) ; c) RhNaY from 

ammine chloride, precarbonylated 
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5 .1.2 RhNaX 

Figure 9 shows the spectra taken during the carbonylation 

of catalyst AX. Spectrum A is simply the RhNaX zeoli te. 

Bands at 2096 and 2016 cm-l intensify with time. A slight, 
-1 broad band developed slowly at approximately 1830 cm 

5,., 2 CATALYTIC ACTIVITY 

5.2.1- Active Catalysts 

Of the different preparative techniques used to incorpo-

rate rhodium into the zeolJ.te; only those exchanges . using . . 

RhC13 •3H2o as the rhodium source formed stable hydroformyla--

t.ion catalysts.· Hence, this.· section. presents the· res_ults· 

for· these ac;ti ve ca't:alypts as. a function of preparati_oh· pH, -

NaCl content, zeolite type and catalyst pretreatment. 

Following precarbonylation of catalyst·. AY, a reactant. 

mixture of 3 =~.3: 2: 1 propylene, hydrogen, nitrogen, and carbon 

monoxide· at a total flow rate of 45 ml/min STP. was·. started. 

-After several hours at 120°c, no hydroformylation ·activity 

was observed and the temperature was increased to 135°C. No 

hydroformylation activity was observed after ·several hours. 

The catalyst was then heated to 1S0°C. After. approximately 

l ·hour, hydroformylation activity was seen. Figure :lo shows 

the rate behavior for hyd;-ogenation, and iso-butyraldeh:yde 

and n-butyraldehyde, .forma:t:lhn as a function· of time at 

,":' · . 
• •-.' "i· 



so 

A 

B 

c 

1763 

2096 2042 

2022 

2112 
2047 

2099 

Figure 8: Catalyst HY Precarbonylated 

a) T=93°C; b) 50 minutes at 120°C; c) 8 hours at 
120°C, (steady state) 
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Figure 9: Carbonylation of Catalyst AX 
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a) blank zeolite at room temperature;. b) after 12 
hours under co 
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150°C. Hydrogenation activity declined as the butyraldehyde 

rates increased. The iso-butyraldehyde rate passed through 

a maximum while the n-butyraldehyde rate slowly increased. 

Steady state for all three reactions occurs after 18-20 

hours. Table 5 summarizes the reacti v.i ty data . 

. Al though t.he catalyst requi!'es 150°c to activate, the ca-
. 0 talyst remains active as low as 80 C. Activation energies 

calculated from rates over this region show no curvature in 

the Arrhenius plot as seen in FigU.re 11 . Activation ener-

gies for hydrogenation, H (EA), i so-butyraldehyde I (EA) I 

and n-butyraldehyde .(EN) 21 o· A were . , 11. 4 and 9. 2 kcal/ 

mole, respectively. 

It is shown in Figure 12 that the conversion varied li-

nearly with contact time. The conversion was recorded at 45 

ml/min STP and at 90 ml/min STP. Conversion was halved when 

the flow rate was doubled. 

Catalyst AY was pretreated with H2 at l00°c for several 

hours. A mix of propylene arid hydrogen was converted com-

· pletely to propane. Since rhodium metal is an excellent hy-

drogenation catalyst, metallic rhodium was believed to be 

the dominant form of rhodium. Upon.exposure to hydroformy-

lation reaction conditions at 150°C, no aldehydes were pro-

duced, and the hydrogenation activity decreased appreciably 

to around 1-2% conversion. 
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TABLE 5 

Reactivity Data For Catalyst AY 

Pretreatment Product Rate a 

Precarbonylated C3H8 5.3 x 

n-C4H80 1. 0 x 

i-C4H80 5.4 x 

C3H8 2.3 x 
n-C4H80 
i-C4H80 

aAt 150°C, 1 atmosphere; (moles/g-Rh hr) 
bAt 120-150°C;' (Kcal/mole) 
cFor ·o.5 hours 

10-2 

10-2 

10-3 

10-2 

E b 
A 

21.0 

9.2 
lJ1 

11. 4 ~ 

18.0c 
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TABLE 6 

RhNaY (AY).Reactivity for Different Pretreatments 

co Dried N2 H2/N2 

2 . 
hr) 4:5 1.94 2.66 0.62 rH x 10 (moles/g-Rh 

rI x 103 (moles/g-Rh nr) 4.8 1.11 3.91 0.27 
3 .. ·. 

hr) 8.3 2.04 8.67 0.37 rN x 10 (moles/g-Rh 
l1l 

I (kcal/mole) 
-...J 

EA 12.1 14.9 

EN 
A (kcal/mole) 10..3 13.7 

n/i 1. 73 1.84 2.21 1.37 
.. 

Hydrogenation/ 3.44 6.16 2.11 10.2 
Hydrof ormylation 

.. ' 
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Table 6 presents the reactivity data for catalyst AY 

which had been pretreated by the four methods discussed pre-

viously. Rates for the unreduced catalysts do not vary 

widely. Activation energies are slightly higher than those 

in Table 5 . Regioselectivity and selectivity were poorest 

for the H2/N2 treated catalyst ( 1. 3 7 and 10. 2, re spec ti ve-

ly). Of the unreduced catalysts, the nitrogen treated re-

gioselectivi ty was slightly higher at 2.21. 

Table 7 illustrates the effect of pH, NaCl and weight 

loading on catalytic activity. Adjusting the rhodium zeol-

ite slurry to pH=4 (catalyst BY) prevented hydroformylation 

activity, while maintaining the pH at 8 (catalyst CY) had 

no effect on rates or selectivities. 

Precarbonylation of catalyst HY, 4 wt.% Rh, failed to 

produce butyraldehyde. However, approximately 10 unidenti.;. 

fied products were observed. Retention times for the major-

ity of these were between propylene and n-butyraldehyde. 1 

wt.% loadings of catalyst HY were also tried, but they were 

inactive. 

A NaY slurry at 90°c was pH adjusted to 4 with HGl addi-

tion and stirred for 5 hours. Exposing this catalyst to 

reaction conditions yielded roughly the same distribution of 

products seen for catalyst HY. 



TABLE 7 

Rhodium Trichloride Exchanges at 95°C 

AY BY CY DY 
·. 

(pH=6) (pH=4) (pH~8) Q.2N NaCl··· 

2 5.3 NA 3.8 rH x 10 . 

rl x 103 5.4 NA 4.7 

rN x 103 10.0 NA 9.69 

n/i 1. 9 2.05 2.0 

rH/(rI + rN) 3.4 3.7 

EH 
·A 21. 17.1 

I 
EA 11.4 12.8 

. EN 
A 9.2 11. 6 

. . 

*.Products were 2-methyl-3-hexanone and 4-heptanone 
** Requi:i;-ed 56 hours to reach steady state 
NA denotes "not active" 

EY 

No NaCl 

3.22 
2.28 
5.4 01 

l.D . 

2.37 

4.2 

25.9 

14.6 

13.6 
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NaCl concentration had a pronounced effect ·on . activity. 

Irtthe absence of NaCl (catalystEY), the steady state rates 

were not altered, although it required 56 hours in order to 

obtain steady state (see Figure 13) . Regioselectivity was 

2. 37. A 0. 2N NaCl concentration (catalyst DY) changed the 

final product distribution. Aldehydes were not· detected in 

the chromatogram, but 2-methyl-3-hexanone and 4-heptanone 

were observed in a 1:2 ratio. 

NaY was washed in O. lN ·NaCl .at 90°C for several hours,.·· .. 

then filtered and dried. A hydroformylation reactant stream 

bubbling through a 50:50 solution of the two butyraldehydes 
. ' 

waspassed·over the:catalyst. ·The two ketones were observed 

in the product stream. 
' ' ' 

In gener.al, the ammine exchanges· failed· to activate. One 

method did, however, produce a burst of activity. Catalyst 

IX was precarbonylated and exposed to reaction conditions 

for several hours. Rou·ghly 1. O ml of distilled. water was 

injected into the • reactant stream . Immediately, the ca ta-

. lyst exothermed 20°c: A sample taken 5 minutes after ·this 

exotherm showed iso- a.nd n-butyraldehyde . production. . Re-

gioselectivity was 3.0, a significant increase above the va-

lues observed. for·. catalyst AY. The catalyst deactivated to 

zero activity within an .hour. A second injection of water 

again· promoted a rise .in hydroformylation activity. A 

third, however, failed to initiate activity. 
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Catalyst HY was pretreated according to the H2/N2 

treatment. Whereas this catalyst failed to activate follow-

ing precarbonylation or the N2 treatment, this pretreatment 

activated hydroformylation production. During the first 

several hours, numerous unidentified products were formed. 

These were absent after 5 hours. The n/i ratio was only 

1.17 while 4-heptanone and 2-methyl-3-hexanone were produced 

in a 2:1 ratio. The rates for aldehyde and ketone formation 

were approximately the same as the aldehyde rates for cata-

lyst AY. The total ketone rate was roughly five times the 

aldehyde production rate. 

5.2.2 Side Reactions 

A. number of other compounds were formed on catalyst AY. 

During startup of the catalyst, gas chromatograph peaks ap-

peared before and after the aldehydes elut.ed. At steady 

state, only compounds with much longer retention times were 

observed. The product stream was analyzed by online gas 

chromatograph-mass spectrometry in order . to help assign 

these side products. The mass spectra are shown in Appendix 

D. Two startup products .are 2-propanol (see Figure 49) and 

2-pentene (see Figure 50). Mass spectra for several other 

compounds have not been positively assigned. These products 

have molecular ion peaks at 84 (2 products), 86, and several 
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at 100 (see Figures 51-54) . As the catalyst approaches 

steady state, five products other than propane a.nd the two 

butyraldehydes which are formed are iso-butanol, n-butanol, 

2,4 dimethyl pentanone, 2-methyl-3-hexanone, and 4-heptanone 

(see Figures 55-57}. 

·s.2.3 Partial Pressure Analysis 

It was desired to determine the rate dependencies of the 

partial pressure of propylene, hydrogen and carbon monoxide. 

for catalyst AY. Rates were obtained from propylene and CO 

partial pressures at 1/3, 2/9 and 1/9 atm, while H2 was var-

ied twice at 1/3 and 2/9 atm. The catalyst was brought to· 

steady state at 150°C in 20 hours. After steady state, 

rates were collected at 135 and 120°C. The . catalyst was 

heated back to 150°C and allowed to once again reach steady 

state. Partial pressures were then adjusted. N2 makeup gas 

was used to maintain a constant contact time. 

The results of the study are presented in Table 8 . A 

nonlinear least squares program in SAS was used to calculate 

the parameter estimates .. (see Appendix F for . the computer 

program). All three rates are first order dependent on ole-

fin concentration. Hydrogen concentration exponents were 

0.30, 0.40 and 0.48 for hydrogenation, iso-butyraldehyde and. 

n-butyraldehyde production rates respectively. CO inhibits 
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all three rates approximately equally,· ·with ·the exponent 

ranging from -0.70 to ...:o.72. 

5.2.4 RhNaX Catalysts 

The RhNa:X·. catalysts (AX) prepared from the • RhC13 •3H2o 
were not subjected to the extensive study ~s the. RhNaY. (AY) 

catalyst .. This.was due mainly to -the inability to· satisfac-

torily reproduce results 'from .one batch of catalyst to the 

next. At the onset of this study, rate data was collected 

·for'AX andAY. The startup curve for catalyst AX appears in 

Figure 14 .. Note that the startup behavior was similar to 
' ' ·- . :. . .. 

· AY ( i;;ee Figure 10). The ··-•·is.6-butyraldehyde rate -pro-teeded. 

tlirough a more intense.maximum than formed for catalyst AY. 

Rates for hydrogene!,tion, iso...;_butyra1dehyde and n-butyraldeh-
·. -2 ' -3 yde production .-·· we're •. ' ·2. 8x10 I 0 ~ SxlO ·... and 1. 6x 

l0-3moles/g-Rh hr respectively~ 

25.0, 9.7, and 11.7kcal/mole, respectively. The selectivi- · 
. . ' . 

ty and regioselectivi ty were 11. 7 and 2. O. These resul t_s 

were reproduced for thi_s batch of catalyst. 

The catalytic activity data o]:)tained ··.from different 

batches varied widely, Only loadings targeted at 4 wt.% Rh 

were active. In general, the high activity and selectivi-

·ties reported above were not attained. Regioselectivities 

ranged from 0;20-1 .. 68. ·. Parameters which were varied inc:lud-

... ·:-



TABLE 8 

Parameter Estimates for the Power Law Model 

rH rr rN 

A 4.12 x 106 1356. 4 1855.4 
(JI 

E (kcal/mole) 15.7 10.97 10.75 l11 

a 
IX 1. 01 1. 0 0.97 

f) 0.35 0.40 . 0.48 

l -0.713 -0.70 -0.72 
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ed washing the zeolite, weight loadings, aging of the cata-

lyst and' different pressure used during pelletizing the ca-

talyst. 

5.2.5 Rhodium On Silica 

Rh was·. impregnated onto Si02 under the. co.nditions shown 

for M/Sio2 and N/Si02 . Rhodium on silica material was also 

obtained from, Dr. Robert Burwe.11 of Northwestern University. 

(This was made under conditions similar.· to M). Pellet size 

was less than 200 mes~.~· · Only Dr. Burwell' s material and ca-

talyst M were active hydroformylation catalysts. Rhodium· 

supported silica showed behavior similar to ·the rhodium 

zeolite during startup. Regioselecti vi ty and selectivity 

were 1. 8 and 11. 2, re spec ti vely. Activation energies were 

E!=ll. 9 and E~=12. 9 over 130 to 160°C for Burwell' s ca-

talyst. Activation energies were not ·calculated for M/Si02 . 

5.2.6 Inactive Catalysts 

Catalysts BX, HX, HY, I-L and N were not active. This 

broadly covers all of the ammine exchanges onto zeoli tes. 

As seen from Table 4, these exchanges included variations of· 

rhodium source, weight loadings, pH, NaCl, zeolite type,· 

temperature, and time. 
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Different pretreatments were also attempted. Frequently, 

o2 , N2 or air was used at high temperature in order to drive 

ammonia ligands off the rhodium or to· simply dry the zeol-

i te. Attempts using these pretreatments included: 

1. drying catalyst KY, 4 wt.% in air at 400°C, then 

cooling prior to precarbonylation; 

2. drying KY in air at 400°C, cooling at 150°C, then 

starting reaction conditions; 

3. heating IY and IX in oxygen at 400°C, then precarbo-

nylating; 

4. precarbonylating catalysts KX, KY, LY, ( 1 wt.% Rh) 

and 4 wt.% KY; 

5. catalyst BX was precarbonylated and heated in air to 

2S0°c prior to precarbonylation. 

None of these procedures produced active hydroformylation 

catalysts. 

5.2.7 Phosphine Modified Rhodium Zeo1ites 

Six experiments were performed during which phosphines 

were added ·to catalyst AY. Both dimethylphenylphosphirie 

(DMP) and n-hexyldiphenyl phosphine (HDP) were used. Phos-

phines at approximately 2...;3 times the stochiometric amount 

of rhodium charged into the reactor were injected into the 

reactant stream. Table 9 summarizes the experimental condi-
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tions. A qUalitative description of these experiments is 

given below. 

In experiment A, catalyst AY was precarbony1ated and al-

lowed to reach ·steady .state as. shown in Figure 10 . Next, 

0. 15 ml of HDP was injected into the stream. No change in 

product distribution was observed until 3 · hours later. 

Iso-butyraldehyde production was immeasurablei while n-bu':"' 

tyraldehyde and n-butanol rates were around one half of 

their steady state values. At the same time, production of 

4'."'heptanone and 2-methyl-3-hexanone had tripled. After sev-

eral hours, only n-butyraldehyde and 4-heptanone were· pre-

sent in significant quantities. The 4-heptanone to 

2-methyl-3- hexanone ratio was 23:1. The catalyst then be-

gan to deactivate, and was completely unreactive after 10 

hours (following the HDP injection). 

After steady state was reached with AY, DMP was injected 

(experiment B) . . 0 The reactor exothermed by 2 C for only 3 

minutes. A sample taken 5 minutes later showed an order of 

magnitude increase in activity. Only a slight enhancement 

of selectivity was observed. The catalyst was still produc-:-

ing measurable quantities of only n-butyraldehyde and n-bu..,. 

tanol 40 minutes after the injection,. but completely deacti- · 

vated within one hour. A second injection of DMP failed to 

produce any significant changes. 
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TABLE 9 

Summary of Experimental Conditions for Phosphine Modified 
Catalytic Runs 

Experiment Phosphine T. Precarb. S.S. * Bubbler inj 

A DMP 150 Yes Yes No 

B HDP 150 Yes Yes No 

c DMP 25 No No No 

D DMP 25 No No Yes 

E DMP 150 Yes No No 

F DMP 150 Yes No Yes 

* steady state 

-._) 
0 
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The catalyst was exposed to DMP at 2s 0 c along with reac-

tants in two separate experiments. In experiment C, DMP was.· 

injected into a reactant stream. The catalyst was then 

· heated to 1S0°C under these conditions. N-butanol was the· 
' ' ' 0 only product observed after 1 hour at 150 C. N..,;butano1 pro-

duction decreased steadily from its initial rate while iso-

and n-butyral.dehyde increased. The maximum rates were ob-

served after 5 hours, with n/i<l.O. The catalyst continued 

to deactivate over 24 hours. No ketones were prodµced. For 

the e~periment D, DMP was injected in a similar manner, but 

the reactant stream passed through a DMP bubbler in order to 

allow continuous contact.. After several hours at 1S0°c, 

both butyraldehyde and butanols were observed in a 1: 1 ra"'.'· 

tio. The catalyst •slowly deactivated over the hext 3.6 

hours. No ketones were observed. 

Frecarbonylated catalyst AY was also treated with DMP 

(experiment E). Following precarbonylation, the reactor was 

heated to 1S0°C :under CO flow. At approximately the same 

time,.DMP was injected and reactant flow started. N-butanol 

was present ·from the first injection. However, . it decreased 

with time. Only trace quantities of aldehyde were. formed. 

Foliowing precarbonylation and heating the reactor to 

1S0°c, the reactant stream and DMP flow was started (experi-

ment F) .· · After 2 hours, trace amounts of aldehyde were pre-
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sent, but were absent after 3 hours. At 16 hours of reac-

tant contact time, 2-methyl-3-hexanone and 4-heptanone were 

produced in a l: 1 ratio. A breakthrough point for DM~ had 

not been qbserved after 24 hours. Therefore, an injection' 

of DMP was made. Immediately, the ketone production rate 

jumped by a factor of 30. 2,4~dimethylpentanone waa ob-

served in trace quantities. The rates slowly diminished. 

After·24 hours, the rates were approximately the sarne as be-

fore the DMP injection A second injection failed to change 

the rates. 

5 .3 BATCH IR 

Figure 15· shows· the i.nfrared spectrum talcen for catalyst 

AY before and after . exposure to reactants. Both. spectra 

were taken by fusing the catalyst with KBr. In each case, 

the catalyst was. handled in the absence ·of o2 . Spectrum A 

resulted from carbo?J,ylating with 30 psig CO,· 120°C for 10 . 

hours. Bands were. present at 2095, a shoulder at 2020, c:i.nd 

1765 -1 cm Spectrum B was taken after the catalyst hadb~en 

used in the differential flow reactor. Following reaction, 

the catalyst was cooled under CO and N2 (=1/9) flow. Bands 

were located at 2095, 2068, 2020, 1765, and 1710 cm-],. 

Figure 16 shows the IR for catalysts AX following the 

same conditions used 011 catalyst AY. Spectrum A, which was 
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collected following carbonylation, has bands at 2090 and 

2020 cm- 1 , with a broad, weak band at 1850 cm- 1 . Following 

the reaction, spectrum B shows that the same bands remained. 
-1 The 1900-1000 cm region shows only weak bands. 

5.4 IN SITU HYDROFORMYLATION IR STUDIES 

In situ FTIR experiments were conducted which mimicked 

the catalyst environments in the reactor. The majority of 

the experiments were performed on 1 wt.% catalyst AY. Heav-

ier rhodium loadings did not provide adequate resolution 
-1 above 1900 cm . However, study of the 4 wt.% Rh catalysts 

did show distinct"' behavior and will be covered. 

For convenience, the spectrum was divided into 3 regions, 

2150-1750, 1750-1600 and below 1600 -1 cm Subsequently, 

these will be referred to as regions I, II and III, respec-

tively. 

5.4.1 Hydroformylation Conditions Following Different 
Pretreatments 

Figure 17 shows spectra collected over time for the 1 

wt.% catalyst AY under reaction conditions. The catalyst 

had been precarbonylated (resembling Figure 6d) . In re-

gion I, after one hour exposure to reactants, a band at 2042 

cm-l developed .. The band at 2021 cm-l became more resolved 

after 5. 5 hours. At 20 hours con'tact time, numerous weak 
-1 bands appeared between 2035 and 1900 cm . 
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Figure 17: Precarbonylated 1 wt.% RhNaY under. 
Hydroforrnylation Conditions 

a) after 1 hour; b) after 5.5 hours; c) after 20 
hours 
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In region II, three bands developed with, time. Initially 
-1 --

a band at 1721 cm _ appea:i::-ed, but it shifted downfield to 

1691 cm-l within 20 h;~rst After 5.5 hours; shoulders were 

preserit on the 1640 cm-l band-at roughly 1660 and 1623 cm- 1 . 

- After 20 hours time,. the-se shcluldera were well resolved into . . ~ . 

bands at 1662 cm -l a:tld i6:23 cm "'" 1 . 

Region III bands underwent numerous changes also. lmmed"" 

iately after react:Lon bondi ti6ns were - initiated, the bands 

at 1455, 1442- and 1380 cm-l were present. Additional bands 

at 1292 and weaker bands _between 1440 and 1400 

formed after 5. 5 hours. In the final spectrum, 

-1 cm were 

1463 -1 cm_ 
-1 - -1 - . - . . - -had replaced 1455 cm and - 1290 - cm had 1ntens1f 1.ed. · No 

spectral changes were observedbeyond 18-20 hours. 

Figure 18 presents the series of spectra collected for a 

1 wt.% catalyst AY which had been air dried. Spectrum A was 

taken after 2 hours exposure to .CO at 150°c. Strong bands 
-1 at 2110 1 2096, .2042 and 2022 cm were present. Spectrum B 

shows the catalyst after 3 hours under reactant flow. The · 

1757 cm-l bands had weakened, as had the .band at 2096 cm- 1 . 

An addi tion:al strong band appears at 1719 cm_ -l After 10 

hours, spectrum C shows the shifts of bands to-2038-arid·2015 

cm .... 1 The band at 2109 cm..; 1 was present only as a shoulder. 

A weak, broad band developed at 1924 cm- 1 . At steady state, 

weak bands were present -at 2035, 2005, 1990, 1937 arid 1918 
_;1 

cm 
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Figure 18: N2 Treated 1 wt.% RhNaY under Hydroformylation 
Conditions 

a) at 120°C for 20 minutes; b) 150°C for 3 
hours; c) 10 hours 150°C; d) 22 hours 
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Region II of Figure 18 underwent similar changes as shown 

in Figure 17 After 10 hours, the 1719 cm -l band has 
-1 -1 shifted to 1714 cm , and settles at 1694 cm in spectrum 

D. At steady state, 1663 and 1626 -1 cm were resolved at 

steady state whereas they appeared as shoulders after 10 

hours. 

The N2 pretreated catalyst AY under the reaction envi-

ronment is shown in Figure 19 This catalyst exhibited the 

same behavior shown in Figure 17 . At 120°C, 2110 and 2043 

were roughly the same intensity, as were 2098 and 2021. 

Upon heating to 1S0°c under reaction conditions, 2019 and 

2098 intensified. Following 10 hours reactant contact, 

2110, 2043 and 2019 had weakened. At steady state, numerous 

weak bands appeared between 2150 and 1900 cm -l 

In region I I, 

hours at 1S0°c. 

-1 the 1719 cm band was present after 3 

It shifted with time downfield to 1701 cm-l 
-1 at steady state. 1660 cm appears as a shoulder after 10 

. -1 hours, and was well resolved along with 1624 cm at steady 

state. 

Figures 20, 21 and 22 show the results of identical ex-

periments to those discussed in Figures 17-19 performed on a 

4 wt.% RhNaY catalyst. Following region I in Figure 20 with 

time showed basically the 

the 1 wt.% catalyst AY. 

same features developing as with 
-1 Initially, a 2047 cm band ap-
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Figure 19: Air Dried 1 wt.% RhNaY under Hydroformylation 
Conditions 

a) CO after 2 hours; b) 3 hours with reactants; 
c) 10 hours at 1S0°C, d) after 22 hours 
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peared but weakened after 9 hours. Weak bands. were present 
-1 at 1925 and 1850 cm after 9 hours. At steady state, the 

-1 ' weak bands at 1850 cm were better resolved into two peaks 

at roughly 1866 and 1840 cm-l Region II also exhibited the 

same behavior .. A·1721 cm_ 1 ,band initially appeared, and 

with time it shifted to a lower frequency to 1696 

Bands at 1660 andl625 cm'."" 1 intensified with time. 

-1 cm 

4 wt.% AY catalysts-subjected to air drying·and N2 treat-

ment exhibited similar behavior, and are shown in Figure 21 

and Figure 22 . The two doublets between 2110 and 2020 cm-l 

were initially· present. After several hours, the higher 
. -1 

frequency doublet was reduced to a 2095 cm band. Concur:-' 

rently, the lower frequency doublets were enveloped· by a 

broad band located at approximately 2030 cm-l 

For the air dried catalyst, a non-Gaussian band at 1679 

cm -l has developed after 2 hours, arid was present after 9 

hours for the N2 treated catalyst. 

state, this band was absent. 

However, · at steady 

Catalyst HY is shown as a function of time under reaction 

conditions in Figure 23 . After 30 minutes, features were 

present which had required 10 hours to develop for the other 

exchanges. Specifically, these bands are located at 1692, 

1661, 1626 and 1290 cm- 1 . After 4 .. 5 hours, weak bands at 
-1 1945 and 1865 cm · were present. However, bands at 1662, 
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Figure 20: Precarbonylated 4 wt.% RhNaY Under 
Hydroformylation Conditions 

a) after 1 hour; b) after 9 hours; c) after 22 
hours 
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Figure 21: Air Dried 4 wt.% RhNaY Under Hydroformylation 
Conditions 

a) air dried; b) 15 minutes with reactants; c) 2 
hours with reactants; d) 19 hours with reactants 
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Figure 22: N2 treated 4 wt.% RhNaY UnderHydroformylatioh 
Conditions 

a) 10 minutes with reactants; b) 30 minutes with 
reactants; c) 9 hours with reactants; d) 26 
hours with :reac;tants 
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-1 -1 1626 and 1290 cm had disappeared. The 1692 cm had moved 
-1 to 1698 cm . No spectral changes were observed from 4. 5 

hours to 8.hours. 

5.4.2 Ethylene Hydroformylation 

Figure 24 is a collection of spectra taken of catalyst AY 

under ethylene hydroformylation conditions. Ethylene par-

tial pre~sure was 1/3 atm. Spectrufu A shows the precarbony-

lated catalyst. Spectrum B was taken after 11 hours under 

reaction conditions. I:n region I, bands were located at 
. -1 

2128, 2095, 2068, 2045, 2019 and 1762 cm . In region II, a 

doublet appeared at 1722 -1 and 1704 cm . Region III con-

tained bands at 1462~ 1400 and 1383 cm- 1 . After 24 hours, 

spectrum C was recorded. Significant changes include the 

resolved shoulder at 2108 cm-l and the intensified bands at 

2041 and 2021. Regions II and III underwent little change, 

but the bands did grow in intensity. 

5. 4. 3 Catalyst IY with Water Injections 

An in situ IR experiment was conducted on the catalyst IY 

to reproduce the water injection inducement of hydroformy1a-

tion. Figure 25 shows the IR spectra collected. Spectrum A 



86 

A 

2127 

1626 
B 

1661 

1768 

/ \ 
2094 \ 

\ 
~ I 

2010 
\) 

1645 1463 

Figure 23: Catalyst HY under Hydroformylation Conditions 

a) 30 minutes; b) 4.5 hours 
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Figure 24: Catalyst AY under Ethylene Hydroformylation 
Condit,ions 

a) precarbonylated; b) after 11 hours; c) after 
24 hours 
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is that of the catalyst evacuated at room temperature .. 

Bands in region III include 1481, 1423 and 133 7 

Spectrum B was taken following precarbonylation. 

-1 cm 

Typical bands for precarbonylated catalysts are present, but 

an additional broad band at 1437 cm-l developed. Following 

3 hours of reactants, 0.25 ml of distilled H2o was injected 

into the cell (spectrum C). Immediately transmission was 

reduced, and substantial changes occurred in region I. The 

2095 cm -l band was a weak shoulder while the 2066, 2042 and 

2025 cm-l peaks had intensified. Reactant flow waa estab-

lished after 8 minutes. Five minutes later spectrum D was 
.-1 taken. 2096 cm had grown back while only a small, broad 

-1 shoulder had replaced the 2040-2000 cm peaks region. A 

second water injection removed the bands in region I. 

Spectrum E was taken after 5 hours with reactants. Only 

weak bands remained at 2050 cm- 1 . A weak band also had de-

veloped at 1710 cm- 1 . 

5.4.4 Individual Gas Adsorptions 

Combinations of propylene, H2 , and CO were admitted int.a 

the IR cell in order to help ass~gn bands more specifically. 

Catalyst AY ( 1 wt.%) had been precarbonylated prior to ex-

periments for c3;H2 and H2 additions. Because the precar-

bonylated catalyst is·. unstable under vacuum and heat, CO 
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Figure 25:. Catalyst IY under Hydroformylation Conditions 
With a2o Injections 

a) ca.ta],. yst IY at room temperature; b) RXN 
conditions for 3 hours; · c) precarbonylated; 9.) 
after H20 injection; e) readmitted reactants· for 
5 min.ut.es; f) 5 hours after s.econd a2o injection. 
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pressure was retained. Gases were added through port V4 

from a premixed bomb. 

Figure 26 shows the spectra of the precarbonylated RhNaY 

(A) before propylene addition, (B) after 2 hours, (C) with 

propylene and after 20 hours contact. Notice that the bands 

at 3692 cm-l disappeared after 20 hours. After 2 hours 

time, a sharp band at 2042 appeared. Propylene bands were 

evident between 3100 and 2800, and below 1500 cm- 1 . Slight-

ly resolved bands appeared at 1722 and 1709 cm- 1 . At steady 

state, the 2042 band moved to 2037 cm -l The bands at 1722 

and 1712 cm-l c.om.bined to·· form one at 1709 cm- 1 . The band 

at 1379 cm-l was more intense than the 1460 cm ... 1 band also. 

Figilre 27 presents the reaction of the precarbonylated 

catalyst with H2 at 150°c. After 35 minutes with H2 and CO, 

spectrum A was taken. Bands developed at 2108, 2045, 2021, 
-1 1852 and 1716 cm After 23 hours, the intensity of these 

bands reduced to less than 5% transmission. The 2052 cm "'" 1 

broad band obscures the 2045 and 2021 bands, and its should-

er extends to 1960 -1 cm Also present is a band at 1371 
-1 -1 cm which had a shoulder at 1450 cm . Weak bands also ap-

pear at 2973 and 2937 cm- 1 . 
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Precarbonylated RhNaY with C~ and CO 3 

·1379 

a) precarbonylaticin; b) 2 hours; c) 20 hours 
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Figure 27: H2 and CO on Precarbonylated RhNaY 

a) after 35 minutes; b) after 23 hours 
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Propylene and hydrogen were added to an untre.ated cata-

lyst which was heated to 150°C under N2 . The results are 

shown in. Figure 28 . Notice again the removal of the 3690 

cm-l band. 

-1 The bands of gas phase propylene around. 2800-3000 cm have. 

weakened significantly. Also, bands developed at 1710j 1463 

and 1371 cm-l It was observed that the cell lost pressure 

quickly, eventually down to 10 11 Hg vacuum. 

Appendix B contains numerous spectra of adsorbed gases 

and liquids onto zeolites. These include propylene, iso-bu-

tyraldehyde, n-butyraldehyde, propionaldehyde, 2-trans hexe-

nal, 4-heptanone, carbon dioxide and propylene. ·These spec-

tra will be referred in the discussion as needed. 

5.4.5 Catalyst AX 

Figure 29 is a collection of spectra taken of catalyst AX 

under hydroformylation conditions. The catalyst had been 

precarbonylated, and spectrum A was taken five minutes after 

reaction conditions were . started. New bands developed in 

regions II and III only .at 1615, 1579, 1455, 1442, and 1374 

cm-l After 1 hour, spectrum B ~as taken. The band at 1647 

cm-l had weakened while 1704, 1578, and 1422 cm-l intensi-

fied. -1 Also, note a shoulder at 2035 cm . Spectrum C was 

taken after 26 hours under reaction conditions. Shoulders 



94 

A 

1645 

1463 

8 

1710 

Figure 28: H2 and c3 on Untreated RhNaY 

a) at 130°C for 5 minutes; b) at 1S0°c after 25 
minutes 
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appear at 2100 and .2035 cm-l as does a broad band at approx.:. 

imately 1940 cm- 1 .. The 1704 cm-l band shifted to 1698 cm- 1 , 
-1 and a weakbanddeveloped .at1666 cm 

FigUre 30 shows the behavior of batch of catalyst AX 

· · which did not have measurable activity. Basically, the same 

. bands developed with time af;l on the active catalyst (Figure 

29). 
. -.1 The band at 2090 cm , however, did diminish with time. A 

shoulder at app.rox'im~tely 1940 cm -l also dev~loped. A band 

at 1660 cm-l was present after 8.5 hours and remained at 

steady state. "The broad band at roughly 1830 cm -l did no.t 

· change with time. 
·"1' 

· 5:~ 4. 6 ·• Isotop.lC $1..ibsti ti9n 
.·... : 13~>, ... ·• . . . 

· · .. o2 and. CO gases .. were added. to the gas mixture in order 

to facilitate assignment of various IR bands. Catalysts AY 

or AX were used. 

5'.4.6.1 RhNaY 

Figure . 31 shows the .spectra taken .of precarbonylated ca-

talyst AY subjected to labelled CO .substitutions. Spectrum 
.· . . 

. A is the precarbon:ylated material •. Spectrum B results from. 
. . 

the evacuation and subsequent addition of 3"Hg of 13co. The 

··.entire spectrum was shifted downfield by a fac~or of approx-
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Figure 29: Catalyst AX .u:r::i.der Hydroforrnylation Conditions .· 

a) s minutes' :with reactants; b) after 1 hour; c) 
after 26 hours 
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Figure 30: "Inactive" Ca1:alyst AX Under.Hydroformylation 
Conditions 

a) after 5 minutes; b) 8.5 hours; c) 18 hours 
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imately 0.977. Bands are present at 2048, 1997, 1973 and 

1723 cm -l. 26"Hg of a premixed gas bomb of propylene/H2/N2 

in 3:3:2 ratios was added to the cell. Spectrum 

C is the spectrum taken after 14 hours under these reaction 

conditions. No additional bands are present in region I. 

In region I I, a shoulder at 1710 -1 cm appears. Also, a 
-1 broad region between 1710 and 1645 cm suggests the pres-

ence of a band. Regi9n III contains two bands at 1457 and 

1378 -1 cm 

Attempts to introduce o2 or 13co at steady state for ca-

talyst AY were unsuccessful. Bands in region I were very 

sensitive to partial pressure variation. D2 was used as a 

substitute for H2 in a flowing reactant stream. Catalyst AY 

· was taken to steady state so that bands were present at 

2094, 2066; 203 7, . 2008 and 1938 as shown in Figure 32 a. 

The spectrum did not change after 1 hour under o2;c3;N2/CO 

flow, as shown in spectrum B'. 

5.4.6.2 RhNaX 

Figure 33 contains the spectra taken after treatment of 

catalyst AX with o2 and 13co. The catalyst after 11 hours 

under reaction conditions is shown in spectrum A. Spectrum 

B shows the changes which resulted after 30 minutes from the 

addition of 2 11 Hg o2 . Only region II significantly changes. 
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Figure 31: 13co Substition on RhNaY 

a) precarbonylated with 12co; b) 3". Hg of 13co . . = 13 at 150°C; c) 14 hours with c3;a2;N2/ CO 
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Figure. 32: ·Catalyst AY at Steady State With o2;c3;co/N2 
Flow 

a) s"):eady state with H2/C~/CO/N2 ; b) after 1 

hour with D2/C3/CO/N2 
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-1 -1 The band at 1645 cm disappeared while the 1424 cm band 

intensified slightly. A shoulder appears at 

Spectrum C was taken after 10 minutes with 13co. 
at 2098 and 2014 have shifted to 2043 and 1966 

1.670 -1 cm 

The bands 
-1 cm The 

band at 1618 cm-l has moved to 1600 cm- 1 . In region I I I , 
-1 only one broad band at 1450 cm was present. Spectrum D. 

was taken after H2 and 12co had been readmitted to the cell. 

Additional bands developed below 1750 cm- 1 . Only bands at 

1500 and 1535 cm~ 1 were resolved. 

5.4.7 Rhodium Carbonyl Reactions with Phosphines 

Catalysts were reacted with dimethylphenylphosphine (DMP) 

and n-hexyldiphenylphosphine (HDP) after different treat-

ments. Catalysts AX and AY were subjected to phosphine ex-

po sure. The phosphines were injected by a syringe through 

port V4 in Figure 4 . 

Figure 34 presents the before and after phosphine expo-

sure spectra for the air treated catalyst. Spectrum A shows 

the catalyst following drying at 190°C and CO adsorption at 

150°C. In spectrum B, 2112 -1 and 2100 cm were completely 

removed. The 2047 cm-l band weakened and was present as a 
-1 -1 shoulder on 2023 cm . A weak band developed at 1964 cm 

Spectrum C results after exposure of the catalyst with HDP 

for 17 hours. The two doublets were replaced by two bands 
-1 at 2108 and 2039 cm . 
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Figure 34: Air Dried RhNaY with DMP 

a) after CO; b) DMP for 15 minutes; c) HDP for 
17 hours 
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The reactions of the precarbonylated AX catalyst are 

shown in Figure 35 Spectrum A is the precarbonylated ca-

talyst. Spectrum B was taken after 10 hours with DMP. 
-1 Bands were present at 2018, 1990, and 1850 cm · Additional 

bands due to phosphine are located below. 1600 -1 cm 

reaction of AX with HDP is shown in spectrum C. 
-1 shoulder at 2035 cm developed after 12 hours. 

The 

Only a 

Spectrum A of Figure 36 was taken after the precarbony-

lated NaY had been contacted with DMP for 16 hours. Bands 

. at 2091 and 1766 cm-l decreased in intensity from the origi-

nal material. New bands at 2029, 1959, 1862, 1833 and 1815 
-1 1 cm were present. The band at 1640 cm- · decreased signifi-' 

cantly also. Spectrum C 

was taken after 7 hours contact with HDP. Figures 36 b and 

c show the before and after spectra of the precarbonylated 

catalyst AY which had been contacted with HDP for 8 hours. 

Note that additional bands appear at 2042 and 1712 cm-l 

Catalyst AY was allowed to reach steady state under reac-

tion conditions. HDP was injected into the cell. The cell 

was closed off so that HDP could vaporize and contact the 

catalyst. Spectrum A in Figure 37 is the steady state spect-

rum, and spectrum B shows the changes following 7 hours con-
. ·. . . . . . . -1 .. tact w1 th HDP. . Bands at .2094 and 1763 cm remained un-

-1 changed, while the bands at 2037, 1660, 1624, and· 1290 .cm 

were removed. 
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a) carbonylated NaX; b) after 10 hours with OMP; 
c") after several hours with HDP 
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Figure 36: Precarbonylated Catalyst AY with Phosphines 

a) carbonylated material reacted with DMP; b) 
precarbonylated; c) steady state spectrum with 
HDP for 7 hours 
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Figure 37: Catalyst AY at Steady State Reacted with HDP 

a) steady state; b) after 7 hours with HDP 



6.1 CARBONYL FORMATION 

Chapter VI 

DISCUSSION 

As shown in Figures 15 and 16, the infrared spectra of 

the catalyst following precarbonylation and reaction indi-

cated the same species. Thus, no changes were present to 

provide any insight to the catalytic behavior. It was also 

clear that the NaX and NaY zeolites were supporting diffe-

rent rhodium carbonyls. Hence, in situ IR studies were ini-

tiated in an attempt to understand the carbonyl formation 

and the behavior of the catalysts under reaction conditions. 

6.1.1 RhNaY 

It is evident that several rhodium carbonyl species are 

being formed during carbonylation as shown in Figure 6 

Ultimately, the Rh6 (C0) 16 cluster is formed on NaY under 

precarbonylation conditions (see Figure 6d). The.infrared 

spectrum for the species is in excellent agreement with re-

sults reported by Mantovani et al. ( 10) and Gel in et al. 

(51). Table 10 provides rhodium carbonyl IR data for vari-

ous compounds. Assignment of the spectrum observed in Fig-

ure 6d to Rh6 (CO) 16 requires significant shifts of the 

bands for free Rh6 (C0) 16 . For example, the triply bridging 

108 
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·'carbonyl shifts 40 cm- 1 .. ·· ;This has been taken to be evidence 

that.the Rh6(C0) 16 re~ides in the supercage (52). Theolier 

et al. (53) dep9sited Rh4 (C0) 12 onto alumina and silica, and 
. -1 

obtained IR bands at 2068 and 1840 cm for alumina, 2080, 

""'1 2051, 1840, and 1800 cm for silica. ·Thus ~4 (CO) 12 is a 

strong candidate for the intermediate giving a bridging car-

bonyl at -1 1834 cm . This is consistent wi i:h the known 

synthesis of Rh6 (C0) 16 . ~rom Rh4 (Cb) 12 in solution (54). 

It .has been proposed by Primet et al. (55) that the fol-

lowing reactions take plaice to form Rh(I){C0)2 -NaY: 

Rh (I I I,) + CO -+- Rh (I I I ) - CO 

Rh:(III)-C0+2CO+H2:0 (or OH groups)-+- Rh(I)(C0)2 +co2 +2H+ 

In a s.eparate experiment, Theolier et al. (53) 'have proposed 

the following sche.me to P!'.bduce silica· supp:orted clusters: 

2Rh( I)(CO)z . H26;co 
. .> 

(C02 + 2H+) 
2Rh'(CO) CO/high HzO co~c. 

m . . 

· ··1· ·.CO/.low H 0 
c6nc, 

Rhz(CO)T 

Rh4 (CO) lZ l 2Rh 0 (CO) m 

Rh6(CO) l6 
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TABLE 10 

Literature Values for Various Rhodium Carbonyls 

Complex Support vco Reference 

Rh6(CO)16 NaY 2095, 2045, 2020 51 

Rh5(CO)l6 nujol 2075s, 2025w, 1800m 56 

Rh5(CO)l6 NaY 2095vs, 2080sh, 10 
2060w, 1765s 

Rh6 (C0) 16 NaY 2099, 2069, this 
2020, 1765 work 

Rh4 (COJ 12 alumina 2068, 1840 55 

Rh4(CO)l2 silica 2080, 2051, 55 
1840, 1800 

Rh( J:II )CO NaY 2172 55 

Rh(CO)w NaX 2046, 1987 50 

Rh(CO); NaX 2099, 2017 50 

Rh( CO); NaX 2085, 2014 39 

(Rh(C0) 2Cl) 2 KBr 2105, 2089, 
2035, 2003 

Rh( CO) 2ozH2o NaY 2110, 2040 57 

Rh(C0) 2 (0z) 2 NaY 2095, 2020 57 

Rh(C0) 20zH2o NaY 2110, 2047 this 
work 

Rh(C0) 2 (0z) 2 NaY 2096, 2022 this 
work 
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In this exarnple, Rh(I)(C0) 2 --.sio2 was generated by o2 ox-

idation of Rh6 (CO) 16--sio2 formed by impregnation of 

Rh4 (C0) 12 in a hydrocarbon solvent with subsequent decompos-

tion to the higher nuclearity cluster. Our results are con-

si stent with these proposed reactions. Al though the pres-

ence of Rh(III)CO and Rh(I)(C0) 2 is not obvious in the 

spectra shown in Figure 6, they. may be obscured by the broad 

peaks in the.2200-2000 cm-l region. 

The important role of the zeolite water is exemplified by. 

the results presented in Figure 7 . Catalyst AY dried in 

air produced the Rh( I) (C0)2 --NaY species (see Figure 7a). 

The four bands are attributable to two dicarbonyl species. 

0 co "' / RH 

/ ""'. o ·co 

Species I 

/co 

f- 0 -T"'-co 
H 0 2 

Species II 

Species (I} Rh(CO ) 2 (Oz) 2 (Oz is lattice oxygen), yields IR 

bands at 2096 a.~d 2022 cm -l . Species (I I) has the formula 

Rh{C0) 2 (0z)(H2o), where the rhodium is tethered to the zeol-

i t.e by only one bond. The IR bands for this species are at 
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The same spectra as that for dried AY 

is produced from dried catalyst IY as shown in Figure 7 b. 

One additional band at 2167 cm ... 1 is assigned to the Rh 

(III)-CO species (55). Catalyst IY precarbonylated without 

drying produced the Rh6 (C::0) 16-NaY as seen in Figure 7 c. 

Hence these experiments indic~te that a dehydrated zeolite 

inhibits the sequence proposed by Theo lier et al. ( 53). · 

The reaction stops once ·Rh(C0) 2 ~NaY is formed. Rh clusters 

form only on RhNaY at low pressure ih the presence of water. 

Several studies on the formation of zeolite supported mo-

nonuclear and polynuclear carbonyls are reported in the lit-

~rature. No explanation has been given for the inconsisten-

cies among these reports. Experimental differences included 

rhodium source (RhC13 , (Rh(NH3 ) 5Cl)Cl2 , Rh(NH3 ) 6C1 3 ), and 

pretreatments (air, oxygen, nitrogen, or CO/H2 ) . The . re-

sults shown here indicate that the degree of zeolite hydra-

tion is the controlling factor. Gelin et al. (51), Primet 

et al. (55), and possibly Arai and Tominaga (31) dried the 

catalyst prior to CO adsorption. They all reported dicarbo-

nyl formation. Mantovani et al. (10) dried their catalyst 

only at room temperature. Therefore, there was sufficient 

·water present to form the Rh6 (C0) 16 cluster. 

Evidence for the mobility of cations in zeolites is given 

in Figure 38 . It is shown that the self-diffusion coeffi-
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cient of· Na+ in NaX at 2S0 c is strongly related to the de-

gree of hydration. The self-diffusion coefficient increases 

by 3 orders of maghitude over the range of 40 to 240 water 

molecules per unit cell (48). Recall that 240 water molec-

ulesare close to the value in the stochiometric formula for 

NaX. Similar behavior has been observed for NaY. Since the 

.RhNaY is hydrated when the precarbonylation begins, rhodium 

ions should have considerable mobility. However, drying the 

zeolite at 190°C possibly restricts the rhodium mobility. 

Hence, only mononuclear species are formed. For RhNaX, me-

chanisms other than ion mobility as a result of hydration 

must account for the absence of cluster formation. 

The carbonylation of catalyst HY produced all three of 

the species discussed a.bove (see Figure 8). The.presence of 

Rh6 (C0) 16 is evidenced by iz.he triply bridgingband at 1762 
-1 . . -1 cm The intense carbonyl stretching mode at 2095 cm for 

the cluster is obscured by the bands assignable to the two 

dicarbonyls. The carbonylation intermediate species are 

also slightly different. However, it is believed that this 

ca.talyst f6llows the mechanism outlined above. 

The differences between catalyst AY and· HY are that for 

catalyst HY the pH was allowed to drop to 4 (no addition of 

base is required for this exchange) and no NaCl is present. 

Since the ion exchange process involve replacing 3Na + with . 
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Rh+3 . N. + . th · H+ . h h d' . one , or a wi one , it appears t at t e so ium ion 

may be controlling the degree of dispersion and/or location 

of ion exchange of the Rh. A competitive exchange reaction 

may exist as follows: 

3Na + 3Na + Rh+ 3 (3) <----> <----> s z 

where subscript s and z denotes solution and zeoli te spe-

cies, respectively. These equilibria could exist for each 

ion exchange site in the zeolite. In the absence of this 

competitive exchange during preparation of catalyst HY, it 

is apparent that the Rh is exchanged into different sites. 

6 .1.2 RhNaX 

The carbonyla.tion of RhNaX (see Figure 9) is not nearly 

as complex as that for RhNaY. The Rh(I)(C0) 2 -NaX species is 

·dominant while· some multinuclear species, Rh (CO) where . ·. x. y 

x;::;2, is also present. The band positions correspond with 

the literature values as shown in Table 10 By analogy to 

the IR band positions of the two types of dicarbonyl spe-

cies, the dicarbonyl is assumed to be the bidentate struc-

ture (species I}. Unlike the RhNaY, only one species is ob-

served on RhNaX. 

The fact that the NaX and NaY predominately support mo-

nonuclear carbonyLs and polynuclear carbonyls, respectively, 
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is an excellent example of the differences. in intrazeoli tic 

chemistry for these two zeoli tes. While the topology for 

these two zeolites is identical, structural differences in-

elude cation positions and number, cation distribution, 

framework charge, and Si/Al ordering. The differences in 

cation exchange behavior ha~ been studied extensively (48). 
" 

However, properties at near full exchange capacity have been 

studied with little emphasis on the low· loadings. Evidence 

indicating differences between NaX and NaY include diffusion 

and heats of adsorption. Table 11 presents a comparison in 

the heats of adsorption for various molecules. In general, 

higher activation energies for diffusion, exist on NaX, as 

well· as higher heats of adsorption. This data suggest that 

molecules have more restricted mobility in NaX than in NaY. 

Since a high degree of mobility is required to form polynu-

clear rhodium clusters, the NaY support would be the more 

likely candidate of the two zeolites for supporting such 

species. The difference between the electrostatic poten-

tials for NaX and· NaY may also ·result in stronger rhodium-

zeolite bonds inNaX than NaY. A stronger metal-support in-

teraction on NaX may prevent the agglomeration of rhodium 

atoms necessary to form polyn:uclear carbonyls. 



TABLE 11 

Heats of Adsorption Data For NaX and NaY (48) 

NaX NaY 

H2o 22.7 kcal/mole 19.5 kcal/mole 

NH3 16 13.9 
I-' 
I-' 

co2 11 7.3 -..J 

C2H4 9.2 7.6 

co 5.63 5.4 
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6.2 RHODIUM CARBONYL LOCATION 

The primary objective of the reaction with the two phos-

phines was to locate the carbonyls on the zeolite. Evidence 

of the addition of a phosphine ligand to a rhodium complex 

is a decrease of a carbonyl stretching frequency. Reactions 

with HDP were used to indicate that the species resides on 

the exterior of the zeolite, while it was expected that DMP 

would be able to react with carbonyls positioned throughout 

the crystal. 

It has been pointed out previously that the shift in the 

bridging band at 1760 cm-l for Rh6 (C0) 16-NaY is taken as ev-

idence for the cluster residing in the alpha cage. Addi-

tional evidence is shown in Figure 36 b and c. No changes 

in these spectra indicate that the· cluster does not react 

w'ith HDP. Therefore, the cluster is located in the a-cage. 

Reaction with DMP produced the strong band at 1959 cm- 1 . 

Reduction in the intensities of 2091 and 1766. cm-l also in-

dicate the decompostion of Rh6 (C0) 16 . 

RhNaY precarbonylated to produce the two dicar:Oonyl spe-

cies exhibits interesting behavior (see Figure 34). The two 

dicarbonyl species react quickly with DMP. The higher wav-:-

enurnber stretching frequencies completely disappear along 

with the development of a weak 1964 cm-l bandi indicating 

that only monoca·rboyl species are present~ Spectrum 34B 
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shows that rhodium carbonyl phosphine complexes of the form 

NaY-Rh(CO)(PPhMe2 )n have been formed. DMP also consumed H2o 
to produce phosphate. The P=O stretching bands, located at 

I3I3 and I305 cm-I, intensified as the I640 cm-I water band 

decreased. HDP reacts only with the bidentate structure. 

Only bands indicative of the species II are present. Also, 
-I a slight shoulder appears at I950 cm . 

The Rh(C0) 2 -NaX reacts similarly to Rh(C0) 2 -NaY with the 

DMP (see. Figure· 35). The antisymmetric stretch is removed 
-.I and replaced by a weak band at I990 cm • Note also that 

virtually all the H2 0 was reacted to form phosphate. Howev-

er, the HDP failed to change the dicarbc:myl bands. The weak 

additional band at 2035 cm-I may indicate reac.tion with some 

surface rhodium b'Ut the majority of the ·dicarbonyl appears 

to be located inside the zeolite. Also no bands were seen 
-.I below 2000 cm . 

The reactions of the dicarbonyl on RhNaX and RhNaY with 

the two site discriminating phosphines illustrate the power 

of chemical probes. Whereas Lefebvre and Ben-Taarit (57) 

·· .. proved the existence of the two dicarbonyls, their techni-

ques were not· adequate to determine location. Here it is 

shown. that for RhNaY, the. bidentate structure is located at 

the su]'."face while the Rh(C0) 2 (H20)02 is inside the alpha 

cage. Interestingly, the Rh(C0) 2 (02 ) 2 -NaX is located inside 

the zeolite crystal. 
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6.3 CATALYTIC ACTIVITY 
,' ' ·. :. 

Rhodium zeolites a're active for hydroformylation of pro-

pylene~·· although the.conditions for catalyst preparation are 

· very restricted. In. general, the activity of rhodium zeol,.. 

i tes in this study c·ompares favorably with the results of 
. ' 

Ichikawa (6) and Arai and Tominaga·. (31). The rates are 

faster than tho.se reported by Takahashi and Kobayashi (Table 

2). The activation energies agree with values . o.f Takahaski 

and Kobayashi, and Ichikawa, but are significantly different 

than the values from Arai and Tominaga. Since EI is high.:. . A ·. 
N er than· EA, the trend .in regioselectivi ty is that it in-

. creases with decreasing temperature. This is observed i.n 

homogeneous cases as well (58). 
. . 0 The catalyst .required an ·activation temperature of 150 C. 

Scurrell and :Howe ( 37) reported the same temperature re-
' ' 

quirement to activate RhNaX for methanol .carbonylation. 

They postulated that 150°c was 'required to reduce· Rh( III) to 

Rh( I). Since ·catalysts AY had been pretreated at 1.20°c with·· 

co, this reduction process has already ocC:urred. In fact, 
. ' .· 

·the in situ rhodium•carbonyl formation studies indicate that 

roughly 80-9o9c ~as the. reduct:j.ori temperature. . Therefore, 

.the activation temperature cannot be attributed to this pro-

cess, Orie possibility is that this temperature is required 

to form a rhodium hydride; 
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The long . time required to reach steady state· can be at-

tributed to two processes. Time may be needed to build up 

the concentration of active sites. Secondly, it has been 

illustrated that startup .time for ethylene hydroformylation 

could be . reduced by roughly one third by preadsorption of 

propionaldehyde (32). Hence in our case, some time is re-

quired to saturate the support with butyraldehyde. 

The maximum in iso-butyraldehyde rate could be ascribed 

to the loss of rhodium carbonyls from the exterior of the 

catalyst. Since 150°C may volatilize certain rhodium carbo-

nyls, untethered rhodium might be able tb vaporize into the 

product stream. This loss of rhodium may also account for 

the increased sharpness of the IR bands of the catalyst fol-:-

lowing reaction. Atomic absorption analysis of the catalyst 

before. and after reaction did not indicate a difference in 

zeolite rhodium content. 

Due to the low activation energies for hydroformylation, 

it was suspected that the rates may be mass transfer limit-

ed. This possibility is partly disallowed by the fact that 

the Arrhenius plots are linear over the. 80-150°C range. 

Also, Ichikawa's studies were performed enlarger pore sup-

ports and he obtained similar values. One report on rhodium 

zeoli te hydroformylation ( 31) contained values of 8. 7 and 
N ··I 7.3 for EA and EA' respectively! This deviates ffom the 
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rel~tive values·. seen. here. The discrepancies may be due to 

their off-line sampling technique, and the ma.ss transfer ef-

fects due to larqer pellet size (-10/+20 mesh). 

The.assumption of a differential reaction for rate calcu-

lation · was substantiated by results shown in Figure 12 

Since the conversion was linear with W/F, the di~ferential 

conversion analysis was. valid. 

Rates·· reported at 150°C can s_kew the impressions of se-

lectivity for th.e. catalysts. Thermodynamically; the hydro-
0 . genation path is . preferred at 150 C compared to the hydro-

.. . 

formylation. If the rates were reported at 
... 0 
100 c, 

selectivity. would be around i.o· or less (see Figure 11) ~ 
. . .. 

As mentioned in Chapter II, most supported rhodium cata-

lysts have a regioselectivity around 2.0. This is twice the 
' .. . 

· homogeneous catC!lyst value. These catalysts then ··may be 

cons.idered to be zeolite-.modified rhodium carbonyls, i.e., 

the framewo.rk serves as a ligand for rhodium rather than 

simply a support. Hence, the effect of the zeoli te may be 

similar to the role of phosphorous.compounds as ligands. It 

is ·e.viderit then that the role of the support is due to ster-

ic and/or electronic influences. Molecular sieving is di-

sallowed. since the pore size of NaX and .NaY zeoli te are 

large enough to allow diffusion of both reactants and pro-

ducts. · .. The fact that M/Si02 also produced n/i = 2. 0 sup-

ports these conclusions. 
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Rhodium metal is known to be an excellent hydrogenation 

catalyst. By pre-reducing the catalyst in H2 at 100°c, pro-

pylene was completely converted to propane. However, under 

hydrofortnylation conditions, the CO adsorption inhibits hy.-

drogen adsorption and the rate of hydrogenation was reduced 

by a factor of 100 and no hydroformylation activity was ob-

served. Thus, it is believed that hydroformylation is not 

taking place on rhodium metal. 

The decrease in hydrogenation activity while the aldehyde 

rate increases can be interpreted as a possible interconver-

sion of active species. Initially, hydrogenation species. 

dominate, but are replaced by the hydroformylation active 

species. 

Since .], t is possible to form different rhodium carbonyls 

on zeolites, the activity of these s~eciea as catalyt~c pre-

cursors was studied. It is apparent from the results in Ta-

ble 6 that different carbonylation methods did not have a 

strong effect. Only the pre-reduction with 10% H2 in N2 al-

tered the . selectivity. The regioselectivi ty decrease to 

1. 3 7 was also observed by Takahashi and Kobayashi ( 32) . 

This trend toward the homogeneous regioselectivity is not 

fully understood. One explanation could be the presence of 

active sites on the edges of large rhodium rafts. These 

rafts have been observed for Rh/Al 2o3 systems (59). It has 
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been shown that addition of CO to these rhodium rafts alters 

the Rh-Rh bond length (60). Hence, the raft is allowed to 

expand, (or "breath") (61). The rafts collapse following CO 

desorption. If the hydroformylation is conducted on this 

surface, the effects of the zeoli te may be blocked. Thus, 

the selectivity could approach homogeneous values. 

It is interesting to note that catalyst HY activated only 

by the H2/N2 pretreatment. Rates and Flelectivi ties agree 

well with Takahashi and Kobayashi (see Table 2 and Table 6). 

However, catalyst AY pretreated in this manner had slightly 

higher regioselectivity than HY. 

The production of 2-propanol during start-up can be ra-

tionalized by two synthetic routes. Formation of lower al-

cohols via hydration of olefins readily occurs in the pres-' 

ence of acid. The second route is a two step process. It 

has been shown that rhodium can catalyze aldehyde formation 

via water addition to olefins. The propiohaldehyde then 

would be hydrogenated to propanol. Takahashi et al. ( 62) 

have shown the propionaldehyde desorbs from NaY to produce 

pentene. It is not possible to define the actual path. 

However, the Wacker-type mechanism is supported by the fact 

that pentene is observed. 

tected in this study. 

No propionaldehyde has been de-
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The other start-up products. shown in Figures 51-54 have 

not been identified. The molecular weights are . relatively 

high compared to the corresponding molecular weights and re-

tention times of known compounds (note Table 20 in Appendix 

c) . 

The formation of ketones is not typically considered as a 

side reaction of the rhodium based hydroformylation process. 

The three c7 ketones are the result of the rhodium zeoli te 

acting as a bifunctional catalyst. The fact that aldehyde 

vapor pa,ssed ove.r NaY (which had been refluxed· in O. lN NaCl 

at 90°C) with normal hydroformylation reactants yielded the 

three ketones . indicates that the zeoli te is performing the 

following reactions: 

0 

~ 

~o 

~o 

zeolite 
---,----~ 

0 

0 

0 

Catalyst preparation and pretreatment affect the ketone 

production. Catalyst AY converts less than 5% of the aldeh-

yde to the ketone. It is significant that the 4-heptanone 
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to 2~methyl-3-hexanone ratio is 2:1. 2,4-dimethylpentanone 

occurs only during startup. This is the same selectivity 

shown for aldehyde production. The 0.2N NaCl prepared cata-

lyst showed 100% conversion of butyraldehyde to ketone in 

the same 2:1 ratio. It was initially thought that some NaCl 

may be occluded within the zeolite. However, XPS arid silver 

nitrate tests did not show an increase of chloride. Cata~ 

lyst HY pretreated by the 10% H2 in N2 method also showed 

enhanced selectivity for ketone formation in the same 2: 1 

ratio. This exchange method does not have any NaCl present. 

Therefore, the occluded NaCl must not promote ketone produc-

tion. 

6.4 IDENTIFICATION OF REACTION INTERMEDIATES 

6.4.1 RhNaY 

The general approach to assigning the infrared bands re-

sulting under hydroformylation conditions was to look for 

those species which are present in homogeneous systems. 

This required elimination of all bands due to the products 

adsorbed on the zeoli te. Individual gas adsorptions and 

combinations of reactant gases were used to identify in-

termediates. 

Metal hydride (M-H) and metal carbonyl stretching fre-

quencies appear in the same region (2100-1600 cm- 1 ). This 
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overlap makes positive assignment of the bands difficult. 

Isotopic subs ti ti on experiments, the most frequently used 

technique t6 separate bands, were only moderately successful 

due to the complex spectra. These limitations will be 

pointed out below. 

Preccirbonylated 1 wt.% catalyst AY (see Figure 17) under 

reaction . conditions · will be analyzed thoroughly since it 

provides the best resolution. 

Bands in region III for spectrum A are attributed to ad-

sorbedpropylene. Adsorption of propylene and CO onto NaY 
. 0 

at 120 C produced the same bands (see Figure 41 in Appendix 

.·B). Table· 12 lists the IR frequencie:s for propylene in· the· 

gas··. phase and on the. zeoli te NaY. The shifts of the CH3 

.group·asymrnetric and Symriletric deformat1oriband suggests the 

adsorption of C~ in a partially hydrogenated state (an al-

kyl group). Similar ol:>servations have been reported (63). 

The asymmetric bands are lowered to 1455 and 1442 cm-l also. 

In the ,gas phase, the double bond stretch for propylene· is 

located at 1645 cm -l. No intensity changes in this region 

support. the conclusion that the double bond character is di-

_ .•.· · minished when.·adsorbed on the zeolite. 

The stretching frequency of the carbonyl gro.up of liquid 
. . . ·-1 

aldehyde occurs in the. range 1740-1720 cm (49). Hence, 
-1 . the 1721 cm · band in spectrum A is attril:>uted to adsorbed · 

product alc:lehyde (see Figure 43 in Appendix B). 



TABLE 12 

IR Bands for Propylene. 

Gas NaY Assignment 

1647 --- C=C stretch 
I-' 
l:V 

1472 1456 CH3 asym deform 00 

1448 1442 CH3 asym deform 

1416 1420 CH2 deformation 

1399 1380 CH3 sym deform 

1287 CH bending 
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-1 The 2042 cm band is t,a,ken as evidence for the following 

species: 

This is suppo-rted ·by the results of pr~pylene and CO ad-

.sorbed onto Rh6 (C0) 16...;NaY at 1so0 c as shown in Figure 26 . 

. Initially, .. the band appears 

hours; 'it" shifts to 2037 cm- 1 . 

at . 2041 
-1 · cm but after .. 20 

Following this band in Fig-

ure 17 with time shows· the.same behavior under reaction con-:-

c;iitions. Lefebvre and T~arit (S7) reported that addition of 

ethylene to the dicarbonyl .(species I) produced the above. 

~tructure with ¢arbo~y~ frequencies at 2110 · anci ·· 2042 -1 cm 

With propy~ene I.: a . s.houJ.der on the high . frequency s~de of 

2095 cm-l peak hints that this band is present·, but it is 
-1 · obscured· by the 2093 cm of Rli6 (CO) 16 . King· et al~ . ( 64) 

identified· C H·Rh(CO) under·. homogeneous· hydroformylation 2 5.' .. 4 

conditions by in situ IR. 

stretches at 2:ns,·· 2037, 

The complex featured carbonyl 

and 2019 -1 cm Assignment was 

·based by similarities of the IR for CH3Co(C0)4 . (The. fact. 

that this assignment assumes the presence of mononuclea.r 

carbonyls will .be addressed in more detail below). 

Changes. in spectrum B are ·.largely attributable to buildup. 
-1 · of product on the catal.yst. The shift of 1721 cm to· 1714 
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-1 cm results from the higher coverage of the zeolite and the 

shift in selectivity to n-butyraldehyde. This trend . is 

shown in Figures 42 and 43 in Appendix B. The intensifica-

tion of 1380 cm-l is also due to the aldehyde. 

The deformation band of a =CH2 group appears at 1480-1440 

cm -l for aliphatic hydrocarbons. This mode of vibration 

shifts to 1430-1415 -1 for metal alkyl (M-CH2 ) cm a group 

(49). The rocking mode for :CH at 1340 -1 group occurs cm 

By analogy . to the CH2 deformation shifts, a metal alkyl of 

the form M-CH would be subjected to a shift to around 1300 
-1 cm -1 Based on these shifts, the 1292 cm in spectrum B is 

assigned to a rhodium isopropyl species. An additional ar-

gument is the displacement of rocking deformation to 1265 

cm-l for the species, M-CH=CH2 (49). Although the bonding 

is sp2 (compared to sp 3 above), the assigned speci.es repre• 

sents an intermediate effect due only to·the metal 

The 1623 cm-l band is tentatively assigned to the 

stretching frequency of propylene adsorbed onto the zeolite. 

Interactions of the double bond .with Na+ ions result in the 
. . 

shift to lower frequencies. The magnitude of the shift is 
-1 cation dependent, but has been shown to be at 1625 cm for 

NaY ( 65) . The adsorption of propylene was reported as re-

versible (65). However, the 1625 cm-l band on our catalyst 

at steady state was not removed under vacuum. 13co substi-
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-1 tution (see Figure 31) did not produce the 1625 cm nor a 

corresponding band at 1560 cm-l Hence, it does not appear 

to be due to the carbonyl species. 

It is perplexing that neither the 1292 or the 1623 -1 cm 

band.s are observed during the adsorption of propylene onto 

plain NaY zeolite. Possibly, the support is exposing diffe-

rent adsorption sites under reaction conditions. 

The steady state spectrum was collected after 20 hours. 

It is significant that no spectral changes had been observed 

for several· hours. This is approximately the same time re-

quired for the catalyst to reach steady state in the reactor 

(see Figure 10). This result provides evidence that the IR 

flow cell does in .fact mimic the behavior of the reactor 

system. 

It has been shown that the bands around 1720~1700 

are due to butyraldehyde adsorption. Further shifts to 1695 

cm -l also result from the adsorption of 4-heptanone (see 

Figure 44 in Appendix B). 

The assignment ·of the 1660 cm-l band is difficult since 

several species are likely candidates. It has been proposed 

that the rate determining step of the homogeneous rhodium 

carbonyl mechanism is the hydrogenolysis of the acyl com-

plex. If this is correct, then it is expected that the acyl 

concentration would be. higher than other intermediates. The 
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me.tal acyl has been identified through a downfield shift of 

1:he carbonyl s.tretching frequency. . Literature values range 

from 17i0-1650 cm-l as shown in Table 1.3 The assignment 

is not clear as seen by the scatter in Table 13 . General-

ly I it has :been ass:i:gned 'at either one Of two . positions in. 

the literature at 1725 -1720 cm-l and at 1675-1650 cm- 1 . 

One product which adsorbs at approximately. 1660 is an ct, 

'~-unsaturated aldehyde. Such a compound· would·. be formed 

from an aldol condensati~m rea.ction between two . c:tldehydes 

with subsequent dehydrogenation. 2-trans-hexenal was ad-

sorbed onto NaY to approximate the aldol condensation com-

pound, . and. produced a band· at 1680 cm-l (see Figure 44 in 

Appendix B). Therefore, the dehydrogenated aldol ·condensa-

tion product can be eliminated as the. source of the 1660 

cm-l band. 

Since no other proc;lucts of the hydroformylation reaction 

adsorb in this regioti, the band at 1660 cm-l is assigned to 

the rhodium acy:);., z.;,O-Rh(COPr)L2 , where L=CO or Oz·· Several 

additional, arguments· for this assignment follow. 

One. argument for this assignment is . from analogy . to al-

dehyde and ketone carbonyl band positions. In Table 14, va-
lues. for "'ca are shown as a function of alkyl group size. 

Note that there exists a .36 cm -l reduction between methyl-

propyl ketone and methyl-ethyl ketone. A.29 cm-l reduction 
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TABLE 13 

Literature .valu_es for Acyl Carbonyl Frequenc:i,es 

compounds 
' ;.;,1 

"cocm - Reference 

" 
· (NEt4 ) (Rh6 (C0) 15-(tbPr) 1655'"".1670 66 

Rh(COCHJ) I-Nax· 1720- 39 
..... 

CH3Co Mn(C0) 5 1661 67 w w 

NaX-ORh(~OCH3 )I 1724 68 

(C8H17co)Co(C0) 4 1720 6_9 

(CH3CO)Co(C0) 4 - 1720 14 

(nBuCO)Co(C0) 4 1720 77 

M--:CO~X, X=Halide 1640 70 

c-a co 2 5' Ir(C0)3P:--i-:Pr3 1671 71 

(C2H5CO)~o(C0) 3PBu3 1676 71 

,,._·._. 
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is ob.served between diethyl ketone and ethyl-propyl ketone. 

The carbonyl band position drops 35 cm-l between the aceta1-

dehyde and pentanal. By changing the olefin under hydrofor-

mylation conditions, the acyl would occur at different posi-

tions. The steady state spectrum for catalyst AY 

under ethylene hydroformylation conditions contains a 1700 
. -1 . •.. . -1 . . -1 . 

cm band, but not one at 1660 cm . This 1700 cm· band is 

assigned to the rhodium acyl·for propionaldehyde production. 

Finally, the behavior of catalyst HY provides yet another 

argument for. the acyl band assignment. This catalyst ini-

tially was active, b~t deactivated after several hours. As 

shown ·in Figure · 23, the. acyl intermediate appears earlier 

than for catalyst AY, but then is absent after 5 hours. If 

this were an adsorbed product, the band would remain~ Fi.;.. 
-1 .· .. nally, attempts to remove the 1660 cm by replacing reac-

tants with CO/H2 for other. stable catalysts did · not alter 

the band intensity or position. This is taken a.s indirect 

evidence for. the stability of the acyl. 

The remaining bands t~ be assigned are the groups between 

2050 and 1900 cm- 1 . Terminal metal carbonyl and metal hy-

dride stretches. appear in this ·region. Positive assignment 

of these bands to vRh-H or · vRh-CO bands was difficult. 

Theoretically, substitution of. H2 with D2 would be located 

at v'l/2 -1 
If vRh-H=2040 cm vRh-D would be 1440 



TABLE 14 

Carbonyl Band Positions for Aldehydes and Ketones (72) 

Aldehydes "co 

Formaldehyde 1754, 1724 

Acetaldehyde 1730 

Propionaldehyde 1724 

Valeraldehyde 1695 

Ke tones 

Methyl propyl ketone 1694 

Methyl ethyl ketone 1730 

Ethyl ketone 1724 

Ethyl propyl ketone 1695 

I-' 
w 
lJ1 
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...;1 
cm This region is complex at steady state. Unfortunate-

ly, the bending mode for partially deuterated water (HOD) is 

also located at 1425 cm- 1 . Therefore, any growth in band 

intensity in the mid-1400 cm -l region is due to DOH, not 

Rh-D. Figure 33 · shows this. band develops while the H2 o 

bending mode at 1640 cm-l decreases. Attempts to replace 

zeo1itic ·water with D2o were not successful. Temperatures 

up ·to 500°c would be required to dehydrate the zeolite. 

This was not done since it would be too far removed from ac-

tual. operating procedures. Similar difficulties were en-

countered with 13co substitutions. Terminal carbonyl bands 

of both Rh(C0) 2 ... NaY and Rh6 (C0) 16 shift to 2040 cm-l with 

13co (v'12/13 x vRh-CO). Similar overlapping difficulties in 
-1 the 1700- 1500 cm region made isotopic substitution diffi-

cult to interpret. 

An added experimental difficulty was the extreme sensi-

tivity of the 2050-1900 -1 cm bands to CO and H2 partial 

pressure. The flow D2 experiment (see Figure 32) was de-

signed to ci.rcumvent this problem. Since no changes were 

observed after 1 hour of D2 flow, it was concluded that 

these species were due to carbonyl bands. Flow 13co experi-

ments are cost prohibitive. 

The Rh6 (CO) 16 cluster was fully exchanged with labelled 

CO at 150°c as shown in Figure 31 . Since all of the bands 
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. ' ..... / 

shifted. and maintained the same; shape, all bands above·· 1700·· 

cm-l after precarbonylation are due to. iP.od,ium c~rbonyls. 

This provides more eviden~e that the 2040 c;m.:.. 1 band is not. 

due to a rhodium hydride stretch. 

Under .·· reaction . 

-'place. ·The region 

conditions.· with 13co' few chan~e~ io6k 

betwe~n 1723. and .··1640 cm- 1 is• lower in. 
intensity without a resolved,'band. This may be.due to pro-

duct aldehydes or ket;ones with 13bo ' su}:)stitution 
-i (0.977(1710)=1670 ~m }~ • · . . · . 

Spectra resulting from the addition of individual g~ses 

to catalyst AY . show different behavior than ~he. catalyst ex:- · ·. 
··. : .· . ·. '· 

posed·. to a complete hydroformy.~ation · envi.ronment; .·. ·In each. 
. . . 

· c~se, (E'igures 26-28)', .a band at approximately 1710 cm-l in-

dicates the formation of ·a.n qxygenate. . In E'igu'r~s · 26 and 
~ ·' . 

. 28, gas 'phase p:i;-opyl:ene. bands" between 3100~2aoo c.m'": 1 d.e-- . 
. ' . ...1 · creased concurrently with t}le 3690 cm ·· peak while the 1710 

cm-l band intensified. It is proposed that• prc;>pionaldehydt= 
... · . ·.. ·. · ... 

is . formed. from. propene · ahd water. ,Notice· als~ <:that gas ·•·· 
1 . 

phase co2 . bands at 2354-;.and 2320~ crn are . pre:.~J;lt. under 

C~(CO . envi rorime~t fE'igure 26 ). co2 . is .. probably. produced 

from the water·g~s shift. reaction: 

(4) 

'.' . ' : 

' . . ' . . : ;;• 
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As a result of hydrogen formation, . the fiow cell' cori.t~ins' 

all the hydrofor~ylation . reactants. Therefore, .. · the. l71b .. 
-1 . ·cm may also . be due to the :pre.sence of butyraldehyde. · ~It · 

.· .'·:· . ·. 
is. signi:ficarit that no C:P.2 bands are present fo.llowing · .. · H2 

and c3·addition (Figure 28J. In Figure .27, the appearance· 
. · ... · . . -1: ... , ... ' ..... · .. · .... 

· of bands in the 2900-3000 and 1300-1500 cm · regions indi~ · 
. : ·. 

cate the conversion CO/ij2 to hydrocarbo~s and oxygenates. 

Carbon dioxide i.s ' also .. formed. under the H2 . ~nd CO atmo-

sphere. 

6.4.2 RhNaX 

.,i·, 

.. ', : ·. . ':::· .. 

The RhNaX d~es not,· lend itself to the .~ame ·detailed·. ana.~, .. ··· · ·· 

ly~is as perform.ea. ori RhNaY. The positions. of the dicarbony1· · 

bands, 2098 and 2014 cm: ... 1 obscure the 203s .. 1950 crn .:.i region. 

However, other i'mportant features are p:te~ent: The: should'"" · 
' ~ . ' . . ·. . . '. . . . . 

ers on the hlgh frequency sid~s ·of the dlca;rbo~yl bands at 

2100 and 2~~5 cm"" 1 are: also present. The .broad shoulder at 

. 1940 cm- 1 in' ·spec:trum c overlaps the. reqion where many bands,, 

· · _are present on RhNaY. 

Aldehyde . adsorption onto· ~ax · is ~onsiderably differei:}t 

than ori NaY due to, the diffete:rice ·in silic~ C1Ild';alumina con-: 

tent. Over time~ a ~hift in ·al'd~hyde 

hough the ini tiai band is 1704. c'm"" 1 

tense . as 

b.anq is· observed,,~ ait-

The b.and i.s not a,s in~ 
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n-butyraldehyde in a carboxylate fashion. Bands at 1578 and 

1419 cm ... 1 are due to the asymmetric and symmetric stretch of 

the following carboxylate group: 

__ c ___ o 

'·' 11 -~1 -1Al-O 

Hair and Chapman ( 73) performed IR adsorption studies with 

benzaldehyde on ~ilica, alumina, and silca-alumina at vari-

ous compositions .. Only the alumina rich material allowed 

this type of adsorption. On silica, no carboxylate bands 

appeared. 

Labelled CO experiments for RhNaX were more informative 

than on RhNaY. As seen in Figure 33, the shoulder at 1940 
-1 cm moves witho.ut loss of intensity with the dicarbonyl 

bands. The shift of the broad, weak 1800 cm-l band also in-

dicates that it is a bridging carbonyl. The band at 1615 

cm -l, near the band assigned to adsorbed propylene on NaY, 

moves to 1600 -1 cm indicating that it is a carbonyl 

stretch. The shift, however, is only by a factor of 0.989. 

Carbonyl group bonding through both carbon and oxygen poss-

ess an IR stretch around 1650 -1 cm ( 74) . Also, hydrogen 

bonding with the carbonyl group can lower the frequency to. 
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1610 cm-l (49). As was observed for RhNaY, the region bet-

ween 1700 and 1645 cm-l is intense but unresolved due to 

isotopically labelled product oxygenates. Further evidence 
-1 for this carbonyl assignment is the band at 1535 cm . This 

band corresponds to the labelled aldehyde adsorbed in a car-

boxylate fashion. 

6.4.3 RhNaX vs, RhNaY 

Figure 39 shows the steady state spectra for catalysts AX 

and AY. This figure illustrates the similarities and dif-

ferences between the two catalysts. Each catalyst indicates 

the presence of rhodium alkyl and acyl complexes. A direct 

comparison of the -1 2050:...1900 cm region is not possibl.e, 
-1 although the broad shoulder at 1940 cm on catalyst AX sug:-

gests the presence of similar intermediates. Based on these· 

observations, it is believed that the support is not influ-

enc~ng or altering the reaction mechanism. 

Since the hydroformylation startup, regioselectivity, and 

activation energies are nearly the same for catalysts AX and 

AY, it is postulated that the active species for hydroformy-

lation is the same for each catalyst; ·Although no Rh-H band 

was .observed in the IR, it is believed that the active spe-

cies contains a hydride because of what is known from homo-

geneous systems. The following reactions are postulated to 

give the active species: 
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Figure 39: Comparison of Catalyst AX and AY at Steady State 

a). catalyst AX; b) catalyst AY 



Rh(C0) 2 -"NaX 

Rh6 (C0) 16-NaY 
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+ HRh(CO) -NaX + H -NaX x 

HRh(CO)x-NaY 

(5) 

(6) 

It was not possible to determine accurately whether the 

Rh6 (C0) 16-NaY or the Rh(C0) 2 -NaX were decomposing. Tran-

smission through the wafer decreased as the zeolite saturat-

ed w:ith products. Therefore, a simple comparison of the be-

fore and after spectra is not possible. (Further comments 

on ·rhodium utilization are given below. ) The equations for 

hydride formation are written as equilibria. Although the 

parti.al pressure of H2 is three times that of CO, the ·total 

pressure may not be high enough to drive the equilibria to-

ward the. large production of hydride. 

6.4.4 Active Site 

Figure 40 is a collection of the steady state IR for ca-

talyst AY as a function of pretreatment. Spectrum A is 

spectrum D of Figure 18 . Spectrum B is the spectrum D of· 

Figure 19, and spectrum C is spectrum C of Figure 17 . 

This composite illustrates the catalyst similarities as a 

functi6n of pretr~atment. Obviously, pretreatment has lit-

tle effect on the. final spectrum. This · is not· surprising 

since the different pretreatments had no effect on catalytic 

performance. 
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Steady State Spectrum of Catalyst AY Following 
Different datalytic Pretreatment 

a) air dried at steady state; b) N2 :treated at 
steady state; c) precarbonylated at steady state 
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Note that all three spectra contain Rh6 (CO) 16 bands at 

2095 and 1763 cm-l in varying intensities. The fact that 

spectrum C indicates that Rh6 (C0) 16 is the most abundant 

species and that the activity of this catalyst ts essential-

ly the same as with other pretreatments suggests that the 

cluster is not the active site for the hydroformylation of 

propylene. Rather, 1 t appears that it is merely a rhodium 

sink. This does not preclude the possibility that the clus-

ters may act as a rhodium source by decomposition under H2 . 

H2 reacts with the cluster to produce dicarbonyl species and 

co2 (see Figure 27). Recall that the partial pressure of H2 

is three times that of CO. Because of this large amount of 

rhodium occupied in the cluster, it is apparent that only a 

small fraction of the metal is· involved· in· catalysis. 

Hence, the combination of catalytic activity and in situ. IR 

studies leads to the conclusion that rhodium utilization is 

poor for hydroformylation at 1 atm total pressure. 

As shown in Figure 37 catalyst AY reacts with HDP to form 

rhodium phosphine complexes. However, .the bands assigned to 

various intermediates are removed. Specifically, the rhodi-
-1 . -1 

um alkyl bands at 2037 and 1292 cm , the acyl at 1660 cm ·, 
-1 . 

(3,nd the aqsorbed propylene at 1623 cm are not present aft-

er treatment with HDP. Also, the injection of HDP on the 

catalyst slowly poisoned the catalyst. These results imply 
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that the catalysis is taking place on the external surface 

of the zeolite. Note that Rh6 (C0) 16 bands were unaltered by 

HDP. 

As mentioned in Chapter II, there is debate in the liter-

ature concerning the hydrogenolysis of the acyl species. 

Aldehyde production is proposed to proceed (i) via H2 addi-

tion to the acyl with subsequent hydride insertion to yield 

aldehyde and the metal hydride, or (ii) via a binuclear eli-

mination step. The spectra collected on the 4 wt.% catalyst 

provide some insight into these final steps of the mechan- · 

ism. Under all pretreatment conditions, the acyl band at 

1665 cm-l appears within the first 5 hours, but is absent at 

steady state for the N2 and air drie.d catalysts and is weak 

on the precarbonylated material. Each steady state spectrum 

contains some bands in the 1800 cm-l region, with the pre-

carbonylated catalyst having resolved bands at 1860 and 1840 
-1 cm By combining this information with the 1 wt.% ca ta-

lyst spectra, it is plausible to propose that either one or 

both of the proposed aldehyde elimination steps is occur-

ring. The 1 wt.% catalyst is probably better dispersed than 

the 4 wt.% catalyst and if a binuclear elimination step is· 

occurring, then the probability of site-site interaction is 

lower for the 1 wt.% catalyst than for. the 4 wt.%. This 

would result in a higher concentration of rhodium acyl spe-
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cies on the 1 wt.% material. The likelihood of binuclear 

elimination is enhanced on the 4 wt.% catalyst. The binu-

clear elimination step would supposedly have Rh2 (CO) 8 as a 

by-product. The bands at 1860 and 1840 cm-l are close to 
-1 the 1852 and 1832 cm bands reported for this dimer. How-

ever, some caution must be exercised here due to the extreme 

volatility of Rh2 (CO) 8 and by the fact that this compound 

cannot be isolated. It is felt that the reason for the ap-

pearance of the acyl band in spectrum C is that a large por-

tion of the rhodium is tied up in Rh6 (C0) 16 which would re-

duce the availability of rhodium-rhodium intermediates. 

Alternatively, since the cluster completely fills the ex-

cage, diffusion of the reactants may be blocked or slowed. 

Collman et al. (75) performed an investigation on Rh-si-

lica which found that activity was linear with catalyst dis-

persion (or site-site interaction). The catalysts with 

higher dispersions were the least active. This was taken as 

evidence that binuclear elimination was the product elimina-

tion step. 
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6.5 HETEROGENEOUS VERSUS HOMOGENEOUS MECHANISM 

It is illustrative to compare the steady state positions 

of the IR bands with those reported in the literature. No 

heterogeneous data is available.· IR for homogeneous in-

termedia:te species for cobalt and rhodium are shown in Table 

15 It is noteworthy that IR frequencies seen in this stu-

dy are similar·. to those observed in homogeneous catalytic 

systems. Homog~neous reaction intermediates give bands with 

values ranging from 1993 to 2114 -1 cm This overlaps 

closely with those observed on the rhodium zeolite. Howev-

er, there are no equivalent bands in the homogeneous studies 
,..1 

as low as 1920 cm . 

Comparison of the observed species with the proposed in,.. 

termediates of the Heck-Breslow mechanism reveals that the 

heterogeneous rhodium carbonyl.• catalyst could be following 

the same path as. the homogeneous rhodium C:ar:bonyl analogue. 

Those .species which are not observed are the hydride-rhodium 

species, and the coordinated olefin. Absence of IR bands 

for these species is not surprising considering their inst-

ability and their position in the catalytic cycle. The 

coordinated olefin to metal alkyl transition would be fast 

at 150°C. This reaction consumes one hydride species. The 

oxidative addition of H2 prior to aldehyde elimination is 

believed to be the. rate determining step. Therefore this 



TABLE 15 

Literature IR Values for Hydroformylation Intermediates. 

-1 Reference vco cm 

HCO(C0) 4 2114, 2053, 2032, 1993 (76) 
...... 

' RCo(C0) 3 2105, 2035, 2018 (15) ii:- ' 
.CX> 

MeCo(C0) 4 2105, 2036, 2019 ( 14). 

RCOCO(C0) 3 2108, 2010 (15) 

.. RC0Cp(C0)4: 2103, 2044, 202.2, 2003, 1720. (77) 

RRh(C0) 4 2115, 2037 I 2020 (64) 
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dihydride would have a relatively short life span as well. 

There is evidence for the alkyl and acyl species, both of 

which implies the presence of hydride complexes. The data 

which presents the possibility of binuclear elimination is 

also consistent with homogeneous catalysis. 

The partial p~essure dependencies provide additional evi-

dence for the similarities between the homogeneous and het-

erogeneous mechanisms. In general, a positive rate depen-

dence for olefin and hydrogen and a negative rate dependence 

for carbon monoxide have been observed for homogeneous sys-

tems ( 78). No. data at our reaction conditions exist in the 

literature for the homogeneous unmodified rhodium carbonyls· 

thus, a direct comparison is not possible. However, the 

trends shown here correspond with the homogeneous data. 

Arai reports first order dependencies for H2 and c3, and a 

-0.6 dependence for CO for rhodium carbonyls supported on 

phosphinated silica which were shown to hydroformylate pro-

pylene similarily to homogeneous rhodium-carbonyl-phosphines 

(79) These parameters were determined under reaction condi-

tions virtually identical to this study, i~e., 150°C, 3:3:1 

mix of c3;H2/CO, and 1 atmosphere total pressure. Based 

on these similarities, it is concluded that the heterogene-

ous rhodium catalysts are following a mechanism similar to 

the homogeneous analogue. 
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6.6 INACTIVE CATALYSTS 

6.6.1 Effect of Ion Exchange Conditions 

Numerous experiments were performed in order to determine 

the ion exchange conditions which were critical to the pro-

duction of an active hydroformylation catalyst. The ap-

proach was to consider the exchange conditions for catalyst 

AY as the baseline, and to bracket those values of exchanges 

time, pH, and NaCl. This series of experiments leads to the 

set of parameter windows shown in Table 16 . The importance 

of these values .is not fully understood, but some signifi-

cant information was · obtained which allows speculation on 

the physical processes occurring. 

Catalysts AY, BY, and CY probed the role of solution pH. 

Below pH=6, the catalyst was inactive. It was suggested by 

Shannon et al. . ( 46) that at pH 3. 5-5. 0 sufficient OH- ions 

would be present to allow formation of 
- 3-m (Rh(H2o) 6_m(OH \n. Since there exists an equilibrium in 

solution between these rhodium aquo complexes, the zeoli te 

may be discriminating among complex.es. This introduces the 

possibility that three differently charged rhodium complexes 

can be exchanged into· the zeoli te. However, it has been 

shown 

(80). 

that Rh +3 exchanges for· 3 Na+ in NaX quantitatively 
+3 Therefore, it can be argued that only Rh species 

are exchanged into the zeolite. f h2+ . I a R species was ex-
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TABLE 16 

Ion Exchange Conditions for Active Rhodium Zeoli.te Catalysts 

T >80°C 

pH > 6 

5 < t < 24 hours 

NaCl :::;; O.lN 

RhC1 3 •3H2o - only source 
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. . . . 4+ changed, then a net charge balance necessitates a Rh· ex-

change, which is not possible. Shannon et al. showed that 
+3 only Rh(H2o) 6 was exchanged into NaY. (This argument 

holds only for the rhodium trichloride exchanges since some 

. 1 Rh.•. 2 +) .. ammine comp exes are Thus the lack of activity as a 

function of exchange pH suggests that initial placement of 

the Rh is central to activity. 

One other exchange (catalyst HY) was performed at low pH. 

The catalytic activity of catalyst HY was . probably due to 

the creation of acid sites within the zeolite. This postu-

late was verified by obtaining a similar product distribu-

tion from a plain NaY zeolite refluxed in a pH=4 solution. 

Comparing the activity of catalysts BY and HY suggests that 

the NaCl concentration is important. As mentioned above, 

there exists an equilibrium between . + . + solution ·Na and · H 

ions. A high concentration of acid sites was probably not 
+ formed on catalyst BY due to the high concentration of Na 

ions. 
+ of Na 

This suggests that the competitive exchange reactions 

and H+ for zeolite Na+ ion favor Na +~Na + exchange s z 

even at low pH. 

With the pH maintained at 6, the salt concentration was 

varied between o.o and 0.2 N. Catalyst EY, AY, and DY were 

prepared in 0.0, 0.1, and 0.2 N solutions, respectively. 

The different behavior of these catalysts implies an influ-
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ence of the solution Na+ ions. In the absence of NaCl, 

startup time was almost tripled, while the excess of NaCl 

promoted the formation of ketones from butyraldehyde and 

propylene. The rhodium ex~hanged zeolites did not occlude 

NaCl. Silver nitrate tests and XPS failed to verify the 

presence of Cl - . Hence, the possibility of occluded NaCl 

being a promoter is eliminated. 

The variation of time at 90°c is the last para.meter stu-

died. Only catalysts under heat for 5 hours activated. The 

degree of exchange was not affected by the duration of ex-

change. Even catalyst GY, which was quenched immediately 

following Rh addition, was fully exchanged. 

Collectively, the underlying implications of this se-

quence of experiments is that the zeoli te is highly selec-

tive for certain rhodium ions. The catalytic properties of 

these exchangeable rhodium species are altered by tempera-

ture, pH, and salt concentration. 

6.6.2 Ammine Preparations 

The fact that all of the ammine preparations fail to pro-

duce an active hydroformylation catalyst is not 1.lnderstood. 

As is discussed above, the ion exchange process is very com-

pl ex and directly influences activity. Al though the same 

extensive battery of experiments was not performed, diffe-

rent pretreatments were studied. 
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Various ammine catalysts were dried in oxygen,. air, and 

nitrogen as attempts ·to remove the NH3 ligands prior ·to 

reaction conditions or precarbonylation. Primet et al. (SS) 

reported that 3S0°C in o2 was sufficient to remove NH3 . 

Scurrell et al. (37) reported 400°C in N2 was also adequate 

to perform the same task. Temperatures up to 400°C were 

used, but none affected the catalytic activity. 

The precarbonylation of the ammine exchanged catalysts go 

through similar processes as does catalyst AY. In Figure 25 

the band at 1337 cm-l is indicative of NH3 ligands. During 

precarbonylation, this band weakens and disappears as a 

broad band at 1437 cm-l intensifies. This is due to the 
. . + 

formation of NH4 For the ammine exchanges, either 5 or 6 

NH4 + are produced per dicarbonyl species, or, 25 or 30 NH4+ 

ions are produced for each cluster formed. These ions then 

can potentially block the zeolite pores or occupy positions 

normally available for active sites. Heating of these cata-

lysts in air prior to carbonylation is i!ltended to prevent 

NH4 + formation by removal of NH3 . However, these catalysts 

are not active with or without ammonium ions. Therefore, it 

is felt that these ammonium ions are not the catalyst poi-

son. 

Following ion exchange, the important characteristics are 

1) the predominant form of the metal, and 2) the location Cf 
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the metal. The EXAFS study by Denley et al. ( 45) showed 

that rhodium oxides were present for RhC1 3 •3H2 0 exchanged 

onto NaX. The ammine. exchanges produced rhodium aquo com-

pl exes on NaX with better dispersion than RhC1 3 • 3H2o pre-

pared materials. It is not clear cut why the ammine cata-

lysts are inactive. It may be due to the binuclear 

elimination step discussed earlier. A catalyst with higher 

dispersion would be less active if this is the mechanism 

( 75) . 

The infrared experiments which duplicated the water in-

jection onto catalyst IY did not reveal the source of activ-

ity (see Figure 25) . The inactivity for catalyst IY was 

verified in the IR by the lack of bands at 1710 and belo.w 
-1 1500 cm (spectrum B) . Water injection altered rhodium 

carbonyl bands by deteriorating the Rh6 (C0).16 . The cluster 

was quickly reformed as shown. in Figure 25d. The subse-

quent H2o injection removed all carbonyl bands. No product 

bands were observed. It was + proposed that the. · NH4 ion 

could become involved through the following reaction se- . 

quence: 

(7) 

(_8} 
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However, this was not substantiated since + the NH4 band at 
-1 1457 cm did not change in intensity throughout the experi-

ment. Bubbling reactants through H2o so that a continuous 

excess of. H2o was present failed to maintain activity. 

6.6.3 RhNaX 

The difficulty in consistently forming an active RhNaX 

catalyst can be explained by two different arguments. The 

infrared spectra collected under reaction conditions for 

"inactive" catalysts show the existence of the same in-

termediates as the "active" catalysts, while the ammine pre-

paration under reaction conditions (shown in Figure 25) did 

not show any additional bands indicative of product or in-

termediates. One order of magnitude decreases in rate would 

be immeasurable by the differential reactor system.. There-

fore, it appears that the "inactive" A-X catalysts were in 

fact active but at a very low rate. A second explanation is 

based on the binuclear elimination argument. As shown ear-

lier, there is less cation mobility on NaX a.s a result of 

higher bond strengths. This restricted mobility may slow 

the rate of aldehyde production due to the inability to un-

dergo binuclear elimination. 
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6.7 PRELIMINARY RESULTS FOR PHOSPHINE MODIFIED RHODIUM 
ZEOLI TES 

The addition of phosphines to the rhodium zeoli te cata-

lysts significantly alters the reactivity. A clear cut ex~ 

planation for the behavior has not been reached. Primarily~ 

these experiments were to initiate the study of the effects 

of phosphine in rhodium zeolites. 

In general, the addition of DMP shifted the catalytic ac-

tivity toward the.production of linear compounds. N-butanol 

was the sole product formed initially in experiments C and E 

(see Table 9). However, the catalysts rapidly deactivated. 

Providing a constant partial pressure of DMP (Exp D and F) 

did not have a profound effect, although the rate of deacti-

vation did appear to decrease. 

Injection of DMP onto the catalyst produced an intense 

burst of activity in experiments B and F. In either case 

was the selectivity was not altered. This may be due to the 

reaction of DMP with H2o to produce phosphates.. Liberation 

of some hydrogen may be responsible for initial hydride for-

mation, which could create active species. The exact cause 

of deactivation is not known at this time. 

The addition of HDP to catalyst AY at steady state did 

reveal the location of the active site. Since this phos-

phine is too large to diffuse through the zeolite pores, any 

reaction with rhodium would be at the catalyst surface. The 
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catalyst deactivated after several hours. This result com-

bined with the removal of all intermediate bands in the 

steady state IR (see Figure 37) lead to the conclusion that 

the hydroformylation is occurring at the surface. 



Chapter VII 

CONCLUSIONS 

The following conclusions can be drawn from this study of 

the hydroformylation of propylene on rhodium zeolites: 

1. Rhodium zeolites formed stable hydroformylation cata-

lysts at 1 atm and 80-150°C. The selectivity to n-

butyraldehyde was twice that of homogeneous rhodium 

ca:rbonyls. 

2. It was found that the catalyst activity was sensitive 

to the ion exchange variables of solution pH, salt 

concentration, temperature, and rhodium source. Only 

the rhodium trichloride exchanged materials were ac-

tive. 

3. It was shown that the degree of zeolite hydration in-

f luenced the formation of rhodium carbonyls. A hyd".'"' 

rated RhNaY supported polynuclear carbonyl species, 

while a dried RhNaY allowed only mononuclear carbonyl 

production. 

4. Zeolite NaX supported the formation of the mononu-

clear rhodium carbonyls .under all conditions. 

5. The location of the rhodium carbonyls were determined 

by reaction with phosphines. ·It was shown that 

Rh6 (CO) 16 and Rh( CO) 2 (Oz) (H2o) were located within 

159 
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the zeolite cages, and the Rh(C0) 2 (02 ) 2 species was 

located on the surface. 

6. NaX supports the rhodium dicarbonyl in the form 

Rh(C0) 2 (02 ) 2 . It was formed inside the zeolite cages 

exclusively. 

7. The pretreatment of the catalyst had little effect ori 

catalyst performance except for the partial reduction 

with hydrogen. 

8. Reaction intermediates identified by in situ FTIR 

were similar to those observed during homogeneous 

rhodium hydroformylation. The partial pressure de-

pendence of the rates on propylene, hydrogen, and 

carbon monoxide agreed with those reported in the 

literature for homogeneous catalyst. Based on these 

observations, it was proposed that the heterogeneous 

rhodium carbonyl catalyst appeared to follow the horn-

ogeneous mechanism. Reaction intermediates identi-

fied on RhNaX and RhNaY indicated that the hydrofor-

mylation was following the same mechanism on each 

catalyst. 

9. Reactions of the rhodium carbonyls with n-hexyldiphe-

nylphosphine .indicated that the active site was lo-

cated at the zeolite surface. 
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10. The addition of dimethylphenylphosphine to the RhNaY 

altered catalysts selectivity toward the linear pro-

duct. Exposure to DMP at room temperature prior to 

reaction conditions initially produced n-butanol 

only. ·Continuous contact with phosphine reduced the 

rate of catalyst deactivation. 



Chapter VIII 

RECOMMENDATIONS 

The following recommendations are made for the continued 

study of rhodium zeolite.hydroformylation catalysts: 

1. Higher pressures should be used to try to activate 

the "inactive" materials, i.e., the ammine exchanges 

and catalyst AX. 

2. Questions concerning the importance of the various 

ion exchange parameters may be studied via in situ 

UV-spectroscopy during the rhodium exchange. 

3. The study of rhodium phosphine complexes as catalysts 

should be extended to other phosphines. 

4.. The role of water needs to be established in relation 

to the phosphine addition. 

5. Deactivation studies can be performed by in situ IR. 
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Appendix A 

MATERIALS OF EQUIPMENT SPECIFICATIONS 

A.l EQUIPMENT 

A .. 1.1 Reactor- System 

Gas Chromotgraph"."' Perkin-Elmer model 3920, dual flame 

ionization detectors. 

· MMD-1-: Mini-micro design, E and L Instruments. 

Integrator- AutoLab 6300 digital integrator. · 

Digital Thermometer- Omega Engineering Co., MoCl.el 412A-J. 

Fluidized bed"."' Tecam, Inc~, Model SBL-2D. 

C:ontroller- Tee am, Inc. i Model TC4D, PID type. 

Testing- 1/4~ OD, 316ss~ William and Co. 

Thermocouple..;. Omega Engineering, 1/8" . OD, Ico~/Constan­

tan. 

GC C6],umns- 15' x 1/8", _ 8% Carbowax · 20M; Spherosil 

XOB030, 80/190 mesh; Porasil C, 6 1 x 1/411 ss. 

Sampling Valve- 10 port, ss, low temperature and low 

pressure, Valeo Instruments, A60 air actuator. 

Rotameters- Mathes.on Co., 601 tubes, with #3 high accura-

cy valves. 

GC- Hewlett-Packard, Model 5790A. 

Mass Spectrometer.;. Hewlett-Packard, Model 5970 series, 

mass.selective detector. 
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Capillary Column- Supeloo Co., 2-4035, Fused Silica 

Capillary, SPB-5, 30M, l.Oµm, 0.25 mm ID. 

Hydraulic Press- Mam,1factured by Dake, Model 44225. 

A.1.2 IR System 

·Infrared Spectrometer.;. IBM Instruments; Model IR/32. 

Flow Cell- Home made design, 0-rings, Viton, l" :x 3/4 11 x 
~--.· ' . 

1/8 11 , DoR\inion Seal and.Packing. 

Gasket..: Coppe'r, 2" x 1 3/4" :x 0,0·80". 

Fire Rods- Watlow Corp., 2" x 1/8", ·100 w, Model #C2AS . 

. Floppy Disks- 8 11 , double. sided, double density; soft sec-. 

tored. 

·IR Windows- IRTRAN-2, 25 mm x 2 mm, circular disks. 

Back Pressure Regulator- Conoflow I Model H.,..588, .· 0-125 

psig. 

A.2 MATERIALS 

Hydrogen-·Airco, Industrial·Gas, grade 4.5. 

Nitrogen- Airco, Industrial· Gas, zero grade. 

Air- Airco, Industrial Gas, Breathing Air. 

Carbon Monoxide- Matheson Co., UHP, grade 99.8%. 

- Propylene- Matheson Co. , 99. 8% grade . 

. Deuterium- 99.99% pure, Airco Products . 

. Rhodium- Johnson-Matthey, RhC13-3H2o. 
Zeolites- Strem Chemical, powder form, NaX, NaY 
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Platinum Cata.l,ysts- United Catalyst, Inc., Cat. No.: 

G-43. 

Silica Gel- Grade 42, 6-16 mesh, Davison Chemical. 

Molecular Sieve- SA., Davison, grade 522, 8-12 mesh. 

N-hexyldiphenyl Phosphine- Strem Chemical. 

Dimethyl Phenylphosphine- Strem Chemical. 



Appendix·B 

ADSORPTIONS ONTO ZEOLITES 

There were several compounds which net:dedto be adsorbed 

onto the zeolite support individually so that the IR bands 

could be assi.gned. In this section, the IR spect:i:::a collect,... 

.ed for these compounds are shown. 
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A 

B 

" .. 2970 
3070 

Figure 41: Propylene Adsorbed Onto NaY 

~ 
I \ 1380 

1442 
1456 

a) gas phase; b) gas phase + NaY at 120°C 
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A 

B 

1407 

c 

Figure 42: Butyraldehydes On NaX 

a) n-butyraldehyde at room temperature; b) n-
bu~yraldehyde at 150°C; c) iso-butyraldehyde at 
1so 0 c 
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A 

·B. 

Figure.43: But:yraldehyd~·pn NaY 

a) n-b~tyrald~hyde .· . at 
butyraldehyde at 1S0°C 

1so 0 c; b) iso~· 
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A 

B 

1696 

Figure 44: 2-t-Hexenal And 4-Heptanone On NaY 

a) 2-trans-hexenal at 150°C; b) spectrum A + 
4-heptanone at 150°C 
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Figure 45: Propionaldehyde On NaY at 150°C 
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A 

1342 
1689 

B 

13 76 
1689 1346 

1645 

Figure 46: Carbon Dioxide On NaX and NaY 

a) NaX at 150°C; b) NaY at 150°C 



Appendix C 

OPERATING.FROCEDURES 

C.l REACTOR SYSTEM.OPERATION 

C.1.1 Reactor Loading 

Catalyst was compacted .without binder under 10; 000 p'sig. 

The material •. \iaS then screened t}lrough a· ~O mesh Tyler ser-
... ·. : 

ies sieve onto a: 70 mesh sieve. Typically, ·o.~-0.8 gof ca-

talyst was loaded into the reactor . Plllgs of glass wool 

. he lei the · powder : in plac~. ·The reactor was. a l/4n ·. x 4" · . . . . 
. ·. : ' 
. . 

stainless tube. Cpe~k valves were located. at ·;the entrance 

·:and exit of the t:eactor · ~ection. This al.lowed'..removal of 

· · the .reactor withbut:the catalyst ·b~ing expose~to. air .. This 

reactor section was · sma.11 enough to fit into the dry box s·o 

that the catalyst could :be· handled in an inert atmosphere .. 

C.1.2 Gas Sampling and Product Analysis · 

The gas composition was measured by gas chromotography. ·. 

The Porasi1 C column was used to separate.propane and proy-

lene. The Sphero$il column separated .the c3 fraction from 

the aldehydes a~d iso::-butyraldehyde .front. n'.""butyraldehyde. ·. 

The column . system required two flame ionization detectors 

··and two integrators. Two· samples were required also·,· one 

for each column. · Figure ·47 shows the configuration for the. 

178' 
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10-port sampling valve. The idle mode is shown in part A. 

The product gas flows continuously through the 500 µl loop 

(sample loop 2) while carrier gas flushes the 20 µl loop 

(sample loop 1) . When a sample is taken, the N2 carrier gas 

flushes the 500 µ1 loop into column A and the product gas is 

sent through the 20 µl loop. It was determined that 2 mi~ 

nutes was required to allow pressure equilibration before 

the valve is switched back to position A. 

The. sampling valve was operated either manually or auto-

matically. The MMD-1 was used as a programmable timer. By 

changing logic levels at certain addresses the 24V power 

supply was activated. The power supply controlled Solenoid 

valves which regulated house air pressure to the valve acti-

vator. figure 17 contains the assembly language program for 

the MMD-1. Table 18 shows the addresses and values which 

change sampling intervals. Sampling intervals of 0. 5, 1. 0, 

1,5, and 2.0 hours were used. 



.•••••••••••'!'•••••••••••••••••.••• .• ~•"'Pl• o'.t.1 
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Hmo•• •-• • om"••••'"••.-iJ . I· ~' .. 
. ~ .... ' . · . · · J '"••.-.~···~·••••••• + e•.,;~ '"'-' 2 . . . l''. .....,.~ ' . . ~;,;,'"'!- . . ' •• ; ...... ' 
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Figure 47: Connections For 10 Po~t Sampling Valve 

~ 
00 
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TABLE 17 

Assembly Language Program For MMD-1 

003.000 00001 ORG003000A 
003.000 076 001 00002 START MVI A, OOlQ 
003.002 323 000 .00003 OUT OOOQ. 
003 .. 004 315 061 003 ·00004 CALL DELlO 
003.007 076 000 00005 MVI .·A, OOOQ 
003.011 323 000. 00006 OUT OOOQ 
003.013 036 013 .0000·7 MVI E,013Q 
003.015 315 061 003 00008 Nl CALL DELlO· 
003.020· 035 00009 DCR E 
003.21 302 015 003 00010 JNZ N1 
003.024 076 002 00011 MVI A,002Q 

. 003. 026 .. 323 000 .. 00012 OUT. OOOQ 
003.030 315· ·061 003 00013 CALL DELlO 
003.033 076 000 00014 MVI A,OOOQ 
003.035 323 000 00015 OUT OOOQ 
003.037 076 002 00016 MVI A,002Q 
003~041 036 27.2 00017 s MVI E,300Q 
003 .043· 315 061 003.00018 ·. N2 CALL DELlO 
003.046 035 00019 DCR E 
bo3·. 047 ·302 043 003 00020 JNZ N2 
003.052 075 00021 DCR A 
003.053 302 041 003 00022 JNZ s 
003.056 303. 000 003 ·00023 JMP START 
003.061 ·006 207:: 00024 DELlO MVI B,207Q 
003.063 315 073 003 00025 TIME CALL TIMEOUT 
003 .. 066 005 ·00026 DCR B 

·003.067 302 063 003 00027 JNZ TIME 
003.072. 311 00028 RET 
003.073 016 035 00029 TIMEOUT MVI C,035Q 
003.075 026 177 00030 TIMEl MVI DI 177Q 
003.077 025. 00031 TIME2 DCR D 
-003.100 302 077 003 00032 JNZ TIME2 
003~103 . 015 00033 DCR c 
003.104 302 075 003 00034 JNZ TIMEl 

·003.107 311 00035 RET 
00.3 .110 000 00036 NOP 

.003.111 000. 00037 END START 



TABLE 18 

MMD-1 Entries For Sampling Interval 

Sample Address Address 
Interval 003.040 003.042 --- -- -- ..... 

00 
N 

30 min. 001 264 
45 Min. 001 377 
60 Min. 002 300 
90 Min. 004 204 
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· C .• 2 OPERATING CONDITIONS 

·Gas ChromatoqraEh 

Temperature 
' 0 Injector Temp.C 

Detector Temp. 0c 
Flow Rate N2 

FID 

Polarity 

.Attenuation 

. Amplification 

· 15 

H2 pressure (psig) 

Air pressure (psig) 

Integrator 

Noise Adjust 

Slope Sensitivity. 

·Filtering 

Baseline Correction 

Rate. 

95°C 

150 

175 

ml/min. (STP) 

(6.S turns) 

minus 

xl 

xlO 

30 

40 

1-2 

64 

6 

Fast 

_g_ 3 Co 1 urnri 

45 

=45 

on Variac 

150 

175 

ml/min. (STP) 

(3.5 on rotameter) 

minus 

xl 

xlC'O 

30 

40 

1-2. 

32 

4 

Fast 
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·c.3 GC RETENTION TIMES 

The retention times for various compounds are shown ·in 

Tables 19 and 20 

C. 4 AIR DRYING SYSTEM 

The IR/32 optics bench required a dry gas source for use 

as a sample chamber purge and for pressure on the air bear-

ing. The house air was cleaned and dried by the system 

shown in Figure 48 It consisted of 2 chambers operated in 

parallel so that one is always clean. Each chamber (3'x3" 

pipes) contains roughly 1 pound SA molecular sieve and · 4 

pounds of silica gel. The arrows indicate the direction of 

flow. The process· chamber air is dried and sent to the IR 

bench. The system of check valves and valve distributes a 

small portion of the dry air back through the chamber. 

A 1 psi difference across the check valve prevents flow .. 

For chamber A operation, valves V3 and Vl do not allow flow. 

Flow proceeds through V4 to the IR. Globe valve VS allows 

slow flow through valve V2 and chamber B. The key to the 

operation is valve VS allowing a slow flow at a low pressure 

(the regenerating chamber is essentially at atmosphere pres-

sure). 

The molecular sieve and silica gel are regenerated by 
0 heating the chambers to roughly lSO C. Typically, two days 
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TABLE 19 

Retention Times On Spherosil Column 

· Propylene and propane 
iso-butyraldehyd~ 
n-butyraldehyde 
4-heptanone 
2-methyl-3-hexanone 
butanol (broad) 

8:00 
18:00 
22:00 
120:00 
95:00 
60:00 
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TABLE 20 

Retention Times On Capillary Column 

0 40 C for 8 min. , 
150°C for 5 min. 

Compound 

Ethanol 
Acetone 

.Propionaldehyde 
Pentane 
2-propanol 
Iso-butyraldehyde 

·· 1-propano 1 
1-hexene 
Hexane 
N--butyraldehyde 
t .... 3 hexene 
c-3 hexene 

. 0 .. 0 
12 C/min. to 150 C, 

Methyl Ethyl Ketone 
t-2 hexene 
c-2 hexene 
Iso-butanol 
Cyclohexane 
N-butanol 
2-methyl butyraldehyde 
Cyclohexep.e 
Valernaldehyde 
Toluene 
2 .... hexanone 
Di-isopropyl ketone 
Hex anal 
Iso-propyl..,.n-propyl ketone 
~..,.ethyl pentanal 
2-methyl hexana1 
4-heptanone 

.1-heptanal 

Time 

2.98 
3.00 
3.07 
3.17 
4.20 
4.48 
4.86 
5.11 
5.10 
5.18 
5.25 
5.25 
5.35 

·5.69 
6.30 
7.95 
8~10 
8.42 
9.01 
9.92 
12.70 
13.30 
13.40 
13.84 
14.70 
15.10 
15.29 
15.52 
16.19 
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under heat will be sufficient to dry the dessicant. One 

chamber will produce dry air for roughly one w~ek. 



Figure 48: 

VI 

V4 
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I 
I 

TO IR 

.--------, 
v5 v 2 l....--v-- DRY A IR 

V3 I 

r-- -- - --.J 
I 

AIR 

DRAIN 

Flow Diagram For Air Drying System 



Appendix D 

MASS SPECTRA 

The !ollowing spectra were taken from the p,roduct stream 

for catalyst AY. The catalyst was precarbonylated prior to· 

reaction conditions. Included are some.unassigned spectra. 

Others have beel'.l. confirmed by obtaining retention times of 

the pure materials. 
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10 20 30 40 50 60 70 80 90 100 . 110 120 

m/e 

MASS AB UNO. MASS ABUNO. MASS ABU ND. 
13 19. 7 21 18.4 42 22.4 14 2.6 26 19. 7 43 44.7 
15 31.6 29 17. 1 44 7.9 17 25.0 37 10.5 45 100. 0 . 
18 2.6 38 17. 1 55 28.9 20 22.4 39 3.9 

Figure 49: Mass Spectrum for 2-Propanol 
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10 20 30 40 50 60 70 80 90 . 100 110 120 

m/e 

MASS AB UNO. MASS ABUND. MASS ABUND. 
14 36.9 28 82.9 42 53.2 15 13.5 29 39.6 43 18.0 
16 30.6 32 52.3 44 14.4 
17 41.4 37 14.4 45 13.5 
18 45.9 38 19 .8 53 16.2 
20 14.4 39 73.9 55 100.0 
26 13. 5 40 30.6 70 34.2 
27 51.4 41 72 .1 

Figure 50: Mass Spectrum for 2-Pentene 
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10 20 30 40 50 60 70 80 90 100 110 120 

m/e 

MASS ABUND. · MASS ABUND. MASS ABUf~D. --. 
13 4.4 28 40.9 43 l 00.0 
14 16.8 29 . 15.0 44 9.5 
15 . 1o.2 32 48.5 55 .1o.9 
16 11. 7 37 5. 1 56 6.2 
17 13. l 38 6.6 57 12.0 
18 34.7 39 25.9 69 9.9 
20 6.9 40 13. 9 70 6.6 
26 6.2 41 53.6 71 21. 9 
27 30.7 42 70.8. 86 4.7 

Figure 51: Mass Spectrum for Unknown - Retention time = 
4.42 
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10 20 30 40 so · so 10 so 90 . 100 no 120 

m/e 

.M8S.S. ABUNO . MASS ABUND. MASS ABUNO. 
17 3.8 32 28.8 55 23 .1. 20 30.8 39 42.3 56 25.0 28 21.2 40 26.9 69 57.7 29 28.8 41 100.0 84 32.7 

Figure 52: Mass Spectrum for Unknown - Retent.ion Time = 
6.08 
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10 20 30 4o so so 10 .. so 90 100 no 120 

m/e 

MASS ABUND. MASS ABUND. MASS ASUND~·· 

12 13.0 28 lOO.O 42 31.5 
14 33.J 29 20.4 43 54.Q 
15 12 .0 30 J3.0 44 13.0 
16 24.l 32 59,3 56 14.3 
17 25.0 39· 11. l 57 19.4 
18 69.4 41 33.3 85 19.4 

Figure 53: Mass Spectrum for Unknown - Retention Tim~= 
8.22 
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lo 20 30.· 40 so so 10 so 90 loo· 110 .120 

m/e 

MASS ABUND. MASS ABUND. MASS ABUND. 
14 ll .5 29 34. l 53 3.0 
15 7.8 32 49.6 55 14.5 
16 lo. 5 38 4.5 56 77. 7 
17 8.0 39 22;3 57 48. 1 
18 13 .8 41 76.7 70 9.5 
20 5.5 42 29.8 71 . 23.J 
27 30.6 43 1 oo. o 85 14.8 
28 55.6 44 7.0 100 3 .3 

Figure 54: Mass Spectrum for Unknown - RetentionTime = 
8.42 
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10 20 30 40 50 60 70 80 90 100 110 120 

m/e 

MASS ABUND. MASS ABUND. MASS ABUND. 
11 3.6 32 .. 3,3 55 3.3 
14 3.8 39 11 .2 57 3.8 
15 4. 5' 41 26"2 70 ll.2 
20 4.3 43 100.0 71 26.2• 
28 21 .o 44 3~6 114 5.5 
29 5.0 

Figure 55: Mass Spectrum for. 2,4-DirnE:thylpentanone 
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' < . ., 

... _. 

10 ' 20 30 40 50 60 70 ' 80 90 ', lqO 110 l 2Q ' 

· m/e 

MASS ABUND. MASS · ABUND. MASS· •.• .. ABUNb. -.-· ........ 

15 2.5 ' 40 2.s. · 56 ,' 1.0 
27 21 .3 ' 41 23.9 ' 57, 1.4 
28 3,5 43 100.0 · . .71 47-.9 
29 2.7' 44 '3. 7 1.2· 2.4 
38 ,' l .4 55 2.6 ·. 114 13.6 
39 12.3 

Figure·• 56: Mass Spectrum for .2-met.hyl-3-hexano:ne 
'' 

., 
).·.· 

:·,,· 
~· .. 

·: ..... ~ . -

·, 
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10 20 30· 40 so so 10 ao · 90 · loo no 120 

m/e. 

MASS ABUND. MASS ABUND; MASS ABUND. 

14 2. 1 32 1.7 58 6.0 
15 2.9 39 12. 2 . 71 64.4 
l7 1.2 41 26.0 72 3.4 
18 3.0 43 100. 0 86 l.6 
27 24.2 44 3.8 . 99 1 . 7 
28 T. 6 55 2.8 114 12.8 
29 5. 1 57 2.3 115 Ll 

Figure 57: Mass Spec:;trum for 4-hept~none 



Appendix E 

RATE CALCULATIONS 

E.1 RESPONSE FACTORS 

Flame ionization detectors yield a different relative 

response for compounds with different functional groups 

(i.e. alcohols, aldehydes, ketones, etc. ) . Therefore, the 

FID was calibrated to give a response factor for iso-butyr-

aldehyde. 

Known weight percent solutions of iso-butyraldehyde . in 

cyclohexane were injected into the GC. Simple alphatic hy-

drocarbons have response factors of unity. Therefore, the 

aldehyde response factor (RI) was given by 

WI = AIRI/CAcRc +AIRI) {9) 

or. 

(10) 

where WI is the mole fraction aldehyde. By plotting w1;1-wI 

versus AI/Ac, RI can be obtained by the sl.ope. Figure 58 

shows the results. . Mole fractions varied from 0. 012 to 

0.044. The slope was 1.62. This agrees well with the lit~ 

erature values (81). 
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E. 2 ROTAME'rER CALIBRATI.ONS 

Each rotameter was calibrated with.the reactant.gas used. 

Flow measurements were taken over the full scale. A bubble 

flow meter ·and stopwatch were . used to measure volumn dis-

placed per unit time. A constant head pressure of 20 · psig 
. . 

was maintained. The following ~qua ti on was used to stand-

ardize the flow rates to standard temperature and .pressure 

(25°c and 760 mm Hg). 

Qsc = QACT x 298K/(TACT+273) x PACT/760 (ll) 

where TACT and PACT are ambient temperature and pressure. 

The calibration curves for propylene, hydrogen, carbon mo-
. . 

noxide, and nitrogen are .shown in Figures. 59-62 . 
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E.3 RATE CALCULATION 

The differential reactor rate equation is: 

r = A ( 12) 

Where r is the rate of production of A, ~A is the conversion 

to A, W is the weight of catalyst, and F is the. flow rate of 

A. The conversion was calculated from GC peak areas mea-

sured by the integrator. For propylene hydroformylation, 

rates were based on propylene conversion. It was found that 

some propane.was present in the feed. Therefore, it had to 

be taken into account. A derivation for calculation of pro-

pane and iso-butyraldehyde rates follows .. · Since different 

size samples were. measured for each Column, the areas from 
. . 

the integrator counti:; were normalized tp the 500 µl sample. 

The loop volumes were experimentally mea::jured to be 514 µl 

Let the areas .for each component be represented by 

As=propane, A1=iso-butyraldehyde, 

A =n-butyraldehyde, A =other. products. Also R=response fac-n . o · · 

tor.s for aldehydes, C=fract.ion of propane in .the feed, and 

Propane: 

The conversion of propene to propane, ~H' is. 

( 13) 

where 
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I 

AT=As+Au+AI+AN+Ao 

and 

For the aldehydes, the conversions are: 
I 

~I=AI/(AT( 1-C}} 
I 

~N=AN/(AT(l-C}} 

(14) 

(15,16) 

(17) 

(18) 

The ( 1-C} factor bases the rates on only the propylene 

entering (excluding propane}~ 

The rates were simply calculated by substituting ~H' ~I, 

and ~N into equation (12). 

A FORTRAN computer program shown below was written to 

perform the rate calculations. 

E.4 RATE DATA MANIPULATION 

Figure 63 contains a flow chart for the programs used to 

obtain plots, activation energies, and mean rate values. 

The programs were run through interactive WATEIV.· EXEC 

files were used to call programs and data files and to write 

out the results to other files. Flag values denoted ·· the 

data to be manipulated. Each program contains documentation 

which describes the relevant features, i.e. , flag values, 

EXEC. programs to be used. 
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OXOPLT EXEC A 

TRACE ALL 
GLOBAL TXTLIB PREVIEW TCSLIB FORTXLIB VPIUTIL 
FILEDEF 8 TERM 
FILEDEF 9 DISK l DATA A (LRECL 80 RECFM F BLKSIZE 80 PERM 
FILEDEF 12 DISK 1 .TEST A ( I.RECL 80 RECFM F BLKSIZE 80 PERM 
FORTGI OXO 
LOAD OXO {START 

EXIT 



. ·.' 

c c c··. 
c· 
C' c c c c c c c ·c ... c c· 
c 
G : g ' 

''•' c 
·c 
c c c c c c c c 
G c c c 

c c ' 
c· 

'' c 
c c .s 

.'". ,.· . ,. 

··~ 
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. ·.,• 

oxo FoR'liAN 
, ------~-·-~~-·-

' , ' 

·NOMENCLATURE 
. ·• .. AH,AC= AREA or.:·PROPANE·;;'AND·· PROPYLENE '. 

AI6· AN = .. AREA OF,I.SO . .;.. ··AND. N- 'BU!YRALDEHYD. · ... E .. ·· AT TAL = TOTAL AREA ····.·. · . , .. ·. ' .. ·· < .. . ···. 

FLAG·= D~N~rA.t~~~r~MEm~b~ ~r. ~~fil;·~i~r.··R ~~~:?Es+E.ADY ST.ATE 
·TIME = TIME>AT. :WHICH SAMPLE WAS TAKEN ·.· ·· . . .·•. · ·. 
TEMP = TEMPERATURE A'l' TIME OF .SAMPLE . . . · · .· . . . 
RH~RI,RN .=RATES OF. HYDROGEN,ATIO'N AND .. HYDROF'0Rf-.1YLATION 
RO = ·• RATES FOR ALL OTHER AREAS OF UNKNOWNS .•·. . .· · .. · .. ·, · '. . 
LOOPF =·FACTOR .TO .CORRECT. FOR 'DIFFERENT LOOPS: . . 
. . . . . . FOR 500 LOOP, LOOPFAC = 25. 1 .· ... 

. . FOR 250.LOOP .· ·· .. '' .. ·· = 12. 5 
FLOWC3 =· F:{:.OW .RATE OF PROPYLENE ... · ...... ·· 
START =STARTING .TIME OF CATALYT'.IC RUN 
WTCAT = WT. OF CATALYST LOADED ·IN REACTOR ·. 
WTRH =WT. FRAC!lON OF RHODIUM IN ZEOLITE 
SPTIME ::: SPACE TIME·'·OF REACTANTS·' , ,·· 

. -.:=· '· .. 
" 

:,··.-.. :' 

, -~ .. 

:DIMENSION SH(200),SI(20:0),SN(200), T2(200) ·.· · ' .,· ' .··.· .... 
DIMENS. ION· AH(20(l};clCC1,0.0 }{ . .,AN.( 200.·· )i AI.(.200}.";,..A'I'g1'A1( 20()), FLA4( 200 ), . ' .•. ·. , J6r~b6~·~'R.o(%~6)200J., ~(20u).,,, .RI(?~0),,·~{~00); ·TC200),, ·.·.·. 
REAL:LOOPF . · .. · . . . ·. · .. ·· ·· .·. . 
INTEGER FLOWCJ, FLAG' . 
. EN1i:R GENERAL. DATA FOR: CATALYST RUN : 

READ( 9, 10) START~ wTC,AT,; WTRH, ·.FLOWC3,' LQOPF 
N:;:l .. · .. · ' . 

ENTER SAMPtE iiATA . •·. '~,' ' ' ' ··.·· . ,·· ' 

.··,_, 

• •• • .·:••c(·<": ' •: • • '. :;". ,· • • • • • ._." :· ' :• ~ ' •" 
READ(9, 20 ~END;:;::30) · FLAG(N.) ;TIME(N), TEMP(N) ;AH(N) ,AC(N) ,AI(N) ,AN( N) ,'. · 
N = N + 1 APC~) ' ' •' '' ' ' : ·.·. ' ·. ;:.,·· \,' ,· ' ' 

•. ..! • . 

.·.:-_,_ 

~·.. ,. ' . ~ 

, ;· ·. '~· , " 

. , ' « ~ 

. ~ ' 

,: ' . 

J',, 

'' :·; 

'\·.:· 

''' 

. ·:' 

. , ." 
.: ... :·. · ... : ·.·.· .. 

' ·: ~ .. 
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GO TO 5 , 
CONTINUE 

CALCULATE SPACE TIME 

SPTIME = WTCAr.:WTRH/( FLOAT( FLOWC3)ir6, El/2. 24E4) 
N = N - 1 . 

LOOP CALCULATES RATES FOR I-TH SAMPLE 

START= INT(START)+(START"'.INT(START))/6.E-1 

C3 = 3.5E-4 
J = 1 

FACTOR = 1. 
DO 40 I·= 1 N 

IF~ F. LAG(.J~ .. EQ, 2. ·~··· LOO PF=. 25. 7 IF FLAG( I . EQ. 3 . LOOPF= 12. 5 
IF FLAG( T . EQ. 1 FACTOR = 2. 

AC I .. = Ace I) -!: LOOPF . . 
AI I = 1. 62-l"AI( I) 
AH! I i=AH ... C.I.)i:LO. OP. F. ..·· . . . .·. · 

AN I = 1. 62'':AN( I) · 
ATOT.AL(I·)· = A.H(I)+AC(·I··~+AI( I}+AN(·I·).+ AO(I) 
RH! I). =(AH( I)/ATOTAL(I .;; C3)/SPTIME''"FACTOR 
IF RlI(I) .LT. 0.0) RH()= o.o· . 
RI I.~ =~ .. Al~· I ~/·A· TOTA.L~.I~/.·~ 1 .. -C3 ~ ~·/· SPTU1.E'':f. A .... C. T. OR RN I = . AN I / ATOTAL I / 1. -C3 · /SPTIME"':FACTOR 
RO I = AO I /ATOTAL 1/.1. -C3 ... /SPTIME'':FACTOR 

TIME IS CONVERTED TO DELTA TIME FROM TIME 
OF REACTANTS INITIATION .;; - IN TENTHS OF HOURS 

. . 
TIME(!) =INT( TIME( I)} +(TIME(I)-INT(TIME(I))}/6. E-1 · 
IF!TIME:( 1) . LE. STAR'l') TIME(l) = TU1E (1) + .12. 0 
IF I - L . EQ. 0 ) GO TO 2~ . ·. . 
IF TIME( I~ •.LE. TIME( I-1)) .TIHE( I.·) ::: TIME (I) + 12. Q-!:J 
IF TIME(I . LE; TIME(I-1)) J = J + 1 .. 
T(I) = T.· ME(I) -.STA. RT . · 
IF(I-1 .EQ~ 0 ) BO TO 40 
IF(T(I) . LE. T(I-1)) T(I) = T(I) + 12. 0 . 

CONTINUE 
DO 21. I=l N . 
WR.ITE(.12. )o) FL .. AG( I) ,T.· (I), TEMP( I) ,RH( I) ,RI( I) ,RN( I) 
FORMAT(I:G,21<: 5(E10.4 4X)) 
fORMAT(F5. 2,f7.4,F7.4.,i.I3,F5.1) 
FORMAT(Il,F6. 2,F6. 1,. 5.1:'11. 0) . 
FORMAT(1X,I2) . 
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9. 20 Q. 7909 b .. Cl3S . 15 2S. 7 
0 9. 30 150. 0' , . 87110 .. ·· .. 2634390. o. .. 0. 36462.0 

. o. 10. 00 150. . 70840~ 2499730. . 2692. '· . 7145. 89716. 
0 10. 3S 150. 81530. 2131100. 11957. .·.14984~. ·. 1059.0J ... 
0 11. 00 lSO. 67840. 2279080. 28281; . 23S04~ .. 88148. 
o U. 30 1so. · .. · S7130. 2265400. 83246; . A6325~ 61941. 
0 12~ lS 15·0.. .. : 5344·0.. 2284300. ·. 92318. 44974. 32902. 

. .··. 

0 12. 45 ·.1so. ·. 49300. . .2258600. 95301. .· 53110.. 37216., .. 
o 1.'30. 1so. 62.270. . 287'.H60• . 100646. · · ·· 76616. · 26.114 .. ·. 
0 .· 2. 45 150. 85560. . • ·29.$9880. . 98601. . . . :92439~ 19904~ .. 
0 4 S5. lSO. 70000' 2849840 87827 / .•.. 116669 14810 .. 
o · 6'..oo iso·: · 6sobo: · 28soboo: · 84741:. · t2s692: 14985'. 
0 7. OS 150. 56:860; •' 2.816250. ·. 83298: . 130376. . . .13280. 
o " 8.10 1so. o ·· 59180. • 2.803:930." 1tt102.: ··. ·. 133662. sz43; 
0 9.10 150. • .. >60870. : 279;7330. 84125.. ..· .. 115309.09.8744 .. '.···· 16452. 0 10 .. '15 15'0. ·· •. ·. .·59i)'OO. 2809100. 8.8432;. 15388 .. 
0 11. 20 150, .. · 60330. 280S240. 90190: 156432. 147'82 .. 
0 12: 25 150. 60690~ 280:3.930. 88800.. 156930: 6867 .. · 
0 1. 30 150. . 61250. 2783430. . 89470.. 157984. .. 3745. ; 
1 2. 35 150. 602SO. 2783'190; 89994; 160308• 7556. 
1 .· 3. 4o 1so: · -,:59930, · .zn12so. · 88821. "159682> 4097 .. 
i 4 .. 4s. 15.0. . 6osao. · .···· .2no9so.· .. 89540~< • .is906.s ... ·. . 4390~ 
1 s. so lSO; .... ·... .. S8380. ·. 2763960. . 89793.' ... 159.875... 41S8. ·· . 
. 1 8.-.oo 1s.o. · ..... ·58560. ·. 27S8610. : 91239.~ 161822. · 5541. · · 
o ro: H>: 135. · 26800. 21s1300. · 55663.. 102401 ..... 1598. 
0 11.15•135.0 28390. 27S656o; 5892S.';- 1()3645... 2447 .... · .··. 
o 12. 20 13:5,· · . 299.20.~ .· 21ss4so. . 58323:' - io-2812~ ·a. >< .. 
0 1. 25 13S. 30340. .'2758740 .. ·.·· SS823. ·' .·· iOl483'. 0. · · · 
o ·. 2. 30 120. 14440; 2770280 .. · 2n22 .. · ·. 49449; · o.• 
& . 2: 2~ i~8: · · · 12§.28: ~,;~;~~8:< · ~~~H:> -l~6~t 8: 
0 5. 45 120.· 14590. 2768110. 30S84. 5'63S2; ·. 0. 
0 6 . .so 120. > . 15630. 2770920. . 30S43. ' S6274. 0. 
0 7. SS 120. 14670~ 2749900. 30082; ·. 56110. . 0. 
o · 9. oo ·1so .. · .. ·. 60070 .. · 2115930 .... ·. 9'6671.' 165867 11899. · 
0 10. 05 149. ' .s6.740. 2723260. . 84624. 147436: . 17756. 
0 11. 10 149. . . ' :S5.Z9<t .2718370.. . 83287. . l4S512.; . 1S830; 
0 12. lS 149. , .56440.... 272'3110;. . 8-5979.. 147772. l834d. 
0 1. 20 149. •': •·· .. 60800. .. 2871540. . . 8693;1. 1S22T7~ . 16140. 
0 2. 2S 149. . : ·5.9570. 2.857830. 88387. 1565-60.. · .. '•' 14899 .•.. 

4 . 5 4 . . 6 S65 . 16.5.44. 00· .. 43. ·. 33.So '11499.. .5598.62100 .. :_' ... ': ·.2288S'3857.·9900 ... ·· .· 870.8 . 15 . 2~ ,, . a64:n.. 1s4012; ·· 32p6, .. 
0 5• 40 149; . S8450. .. '28429•20. 88329. . i55968~: . 4877 ..... 
0 6. 4S 149. '57300. . '2841110. . 86656; lS.5865, . .4007. 
0 7. 50 149. 49040. . 2912370. ·. 74521. 134496~· •.. • 12444. 
o 8'~ ss 149. ··· s213o. 2s11sso. · 74509. 131719; 142-39; 

' 0 10. 00 149.. 52430. 2771010. 73684.' . 1304'30;' .· 10174. 
0 11• 05 149. 67720. .. 2814830; 724$8, 1W389'; i 14612·. • 
0 12.10 149. 53.570. ·. 2763S80~ · ·· 72132. 12T292; 1169'.t 
0 . 2. 20 149• 40S50 ... , 1912610~ 61985.' : 113999; 'o. 
0 :3.25 149. 40000. : 21S7.94'0. 62223·; . 113722. 6247 .. · 
0 4 30' 149 . 41430 ... 1923060~ . ·. • .. 62126; ·.· 112960. 1570 
0 s: 3'.s 149; . 45630. 1929400 .. , 61652; ·. . 113230. . 2841: : 
0 6. 40 149. . 38090; 1924110. 6167.0 .. ·· 112612 •. ·. 890.• 
0 '·7.45 149. 38SOO. 1919.790. 61668;_· .· lll.507:. .1105 •. 
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i8 8J~~9~!8i 8: ngg~!8~ .. 8. ~f~~~:.8f · ... ·'8: ii5~~~81. -·. 8-: ~12~t · . 
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20 o. 2700E+02 '' s.o.;t3SOE+o3 .. ';; 0.1501E-Ol' 1\0; 190TE~02 ' 0. 3364E-
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8 - 8: ~~E~t8~ .· .· 8: it§8~t8l · 8: ~~~i~.:8L. 8: ~g~~~~81 8::~~1~~": 
g 8J~:2~~t8~ -2: 1z§2~tg~ ._ .. _ · 8: g~j~:gt -·_ -8: ~~.~,g~=&l· 2J1~,~r 
0 o: 5917E+02 ·. ·. 0 .. 1490E+03 0. 2806E-01 0.'286.8E-0_2· . • 0 .. ,522,SE• 

. "~ 
·· .. :,: 

·.'. '' 

"· 

!(, 
,' .. -

.·:·:· 

;: 

~--
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EA EXEC A 

TRACE ALL 
GLOBAL TXTLIB FORTXLIB VPIUTIL 
FILEDEF 8 TERM 
FILEDEF 9 DISK 1 TEST A (LRECL 80 RECFM F BLKSIZE 80 PERM 
FILEDEF 12 DISK 1 EA A (LRECL 80 RECFM F BLKSIZE 80 PERM 
FORTGI MEAN 
LOAD MEAN (START 

EXIT 



c c c c c c c c c c c c c c c c 

5 
60 

20 c c c 

c c c c c 
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MEAN FORTRAN 

THIS PROGRAM TAKES THE RATE DATA GENERATED FROM ·oxo· 
SORTS FLAGGED DATA SO THAT AN ACTIVATION ENERGY CAN BE 
BE CALCULATED AND. A MEAN RATE VALUE DETERMINED AT EACH 
TEMPERATURE. IT TS RUN OUT OF THE ' EA EXEC ' , 
(INTERACTIVE WATFIV), A FILE IS GENERATED. WITH FILETYPE 
' EA ' WHICH CONTAINS THE HEAN RATES.; A LIST OF THE STEADY 
STATE VALUES AT EACH TEHP .. · NATURAL LO(} OF THE. SS RATES, 
AND AN ACTIVATION ENERGY TABLE, WITH .AN· COEFFICIENT m: 
FIT CR-SQUARE). RATES ARE FLAGGED WITH VALUES GREATER THAN 
OR EQUAL TO 20. 

DIMENSION T( 200), TEMP( 200) RH( 200) RI(200) RN( 200) . 
DIMENSION IND( 200) ,ISS( 100) ,.RHM( 90) ,RIM(90) ,RNM( 90), TMEAN( 90) 
DIMENSION TEMPI( 100),RHH( 100) ,RII( 100) ,RNN(lOO) 
REAL MIJMHfMN ,MERRI 1MERRH,MERRN . 
EXTERNAL L NREG,RME8:N 
N = 1 ·. . 
READ( 9 J 60 ,END=20) IND( N) ~ T(N), TEMP(N) ,R}{(N) ,RI(N) ,RN(N). 
FORMAT~I2,2X,5(El0,4,4X)J .. · . N = N .+ 1 .. . 
GO TO 5 
N = N-1 

COLLECT ALL STEADY STATE VALUES. AND STORE THEIR 'INDEX IN ISS 

K = 0 
NTEMP = 0 
IFLAG =1 

LOOP SORTS DATA BY IND(I) VALUES AND KEEPS TRACK OF HOW 
MANY POINTS ARE AT EACH TEMP. . •· 

DO 30 I .= 1 N 
IF(IND( I) . GE~ 20)K = K + 1 
IF (IND( J). GE .. 20 ) ISS(K) = I 

30 CONTINUE c 
C · THE DATA IS SEPARATED INTO INDIVIDUAL RATES SO THAT 
C ACTIVATION ENERGIES CAN BE CALCULATED. c c 

DO 40 J = 1 K 
TEMP(J)=TEMP(ISS(J)) 
RH( J) = RH(ISS( J)) 



c c c c c c 

c c c 

50 
51. 
52 
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RI. ( J1·. = RI( ISS(.J)i ·· .... . RN( J = RN( ISS(J) . .. 
T. EMP (J)=l. O/(TEM (. I·.SS.(J ... · })+ 273•) 
IF( RH( J) . EQ. 0. O} GO TO 32 .. 
RH. H. ( J.·1 =. . .AL·O· G .. · (. RH. ~I S.S.··~ J~··.~• ·~· RII( J = ALOG(RI ISS J 
RNN(J =ALOG(RN ISS·J 
CONTfa UE .. · · 

IF( J. EQ. 1) GOTO 40 
A =TEMP~J~lI· -3. B =. TEflP J-1 +3. 
IF(( TEMP. J} .. T. A) . AND. ( TEMP( J). GT. B)) NTEMP = NTEMP+l 

SUBROUTINE.RMEAN IS CALLED TO CALCULATE AVERAGE RATES 

CALL RMEAN( TEMP ,1;RHf. RI,1;RNfK,NTEMP ,RHM,RIM,RNM, TMEN'T) 
WRITE! 12, 70)~TEMP( 1) r<H( ) r<I( ) RN( I), I=l ,K) .. . ··· .. 
WRITE.·.·· ... 1·2.:z.70) ....... T ... ME·A .... N( t),1;. R.H. M(.f) ,RIM.CI) 7.RN. M(.I) ,I=l,NTE.MP.) WRITE· 8, 10) · .. TEMP(I1 ,r<H(I) RICI) RN1; I) I=l K) · ··· 
\.ifRI .. TE· 8 . .t70). {TMEAN( I. f;·RHM( 1~ ~RIM(f) ~RNM( I}~ f=l ;NTE. MP) 
WRITE( l~, 70){ TEMPI( 6RHHcl1 ,RII( lJ ,RNN( IJ ,I=l ,K) 
IF( NTEMP . EQ. l} GO 100 . . . · 

SUBROUTINE LINREGISGALLED TO CALCULATE ACTIVATIONENERGIES 
FOR EACH RATE;• . 

CALL.LINREG(TEMPT,RHH,K;MH,BH\MERRH,BERRH;R2H~ 
CALL .LINREG TEMPI ,RII,K,Ml,BI ,MERRI ,BERR1,R2I .. · 
CALL LINREG~TEMPI,RNN ,K,MN ,BN ,MERRN,BERRN,R2N · 

SLOPES ARE.CONVERTED TO KCAL/MOLE. 
EAH'=1. 987E-3•~ MH 

· EAHERR =l. 987E-3•'<MERRH 
EAI =l.987E-3*'MI 

·. EAIERR =1. 987E..;3>'<MERRI 
EAN =l. 987E-3''rMN 
EANERR =1. 987E-3>':MERRN 
WRITE( 8, sol WRITE 8,51 EAH,EAHERR,R2H 
WRITE.· .8. ,52 E.A.l,E .. AIERR,R2. I WRITE 8153 EAN,EANERR,R2N 
WRITE l~,sol . . 
WRITE 12,51 EAH,EAHERR,R2H 
WRITE 12 ,52 EAI ,E.AIERR,R2. I 
WRITE 12, 53 EAN. EANERR • R2N . •.. . •··. · ··... . . . · . 
FORM.A. · ... TC/·/·/ ,·1·7·X·. ' .. ··.··A· .CTIVATfON ENERGY.!J..lOX .. ' .. · E. RR.OR.' , 7X,' RSQUARE.' ).· FORMAT(// , 8X, C3H8' ~X FlO. 2, lOX r.10. 2 ,4X FlO. 4) 
FORMAT(/ ,6X, r~c4H86 ,7x,r10. 2,lOX,FlO. 2,4X,F10. 4) . 
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c 53 FORMAT(/ ,6X,'N•C4H80' ,7X,Fl0.2,lOX,Fl0.2,4X,Fl0.4) 

70 FORMAT(////4(El0.4,3X)) 
100 STOP 

END 



c c c c c 
c 

c c c c 

c 

10 

20 
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ROUTINE PERFORMS A LINEAR REGRESSION ON THE RATE DATA. 

SUBROUTINE LINREG(X,Y,N,M,B,MERROR,BERROR,R) 
DIMENSION X(lOO),Y(lOO) 
REAL M,MERROR 
SUMX = 0. 
SUMY = 0. 
SUMXSQ = 0. 
SUMXY = 0. 
SUHYSQ = 0.0 

DO 10 I = l,N 
SUMX = X(I) + SUMX 
SUMXSQ = X(I) * X(I) + SUMXSQ 
SUMXY = SUMXY + X(I) * Y(I) 
SUMYSQ = SUMYSQ + Y( I} ·kY( I) 
SUMY = Y(I) + SUMY 

DELTA = N 7': SUMXSQ - SUMX7':SUMX 
M = (Ni: SUMXY - SUMX i: SUMY) /DELTA 
B = (SUMXSQ7': SUMY - SUMX7':SUMXY) /DELTA 
SUMDIF = 0.0 

D0.20 I= 1, N 
SUMDIF = SUMDIF + (Y(I) -B-M'l':X(I))*(Y(I) - B - W:X(I)) 

A= SUMDIF/(N-2) · . 
ERRORS ARE CALCULATED FOR SLOPE (MERROR) AND INTERCEPT (BERROR) 

MERROR = SQRT(N*A/DELTA) 
BERROR = SQRT(A7':SlJMXSQ/OELTA) .. 
R = ( N'l':SUMXY - SUMX7':SUMY) /SQRT( DELTA7':( N*SUMYSQ-SlJMYi'<'SUMY)) 
RETURN 
END 

C ROUTINE CALCULATES AVERAGE RATES FOR ALL THREE REACTIONS c c 
SUBROUTINE RMEAN(X,Rl R2,R3 N L RlM,R2M R3M,XM) 
DIMENSION X(N) 1Rl(N) ,R2(N) ,R3(N~ ,RlM( 20~ ,R2M( 20) ,R3M( 20) ,XM( 20) 
DIMENSION NUM,10) 
L = 1 
RlM( l~ = 0. R2M( 1 = 0. 
R3M( 1 = 0. 
XM(l) = 0. 
NUM(L)= 0 

DO 20 M = 2,N 



10 

···20 . ' 

30 

~-. . 

·~.'. 
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IF(X(M) • GT. (X(M-1)-~.) • AND. X(M)~ LT. (X(M)+3. ):) GO TO 10 L = L+l . · ~~.~>t< ~~Mi< . . · 
R3MCL~ = R3C d .. 
XM(Lt = 1. . 

~y~! Li=~lRiM. i·'·L.·i·· + R:l( M. ~· R2M L = R2M L + R2(M 
R3M L := R3M L + R3(M 
NUM( L . '= NUM L · +. l .. 
XM( Lf · = XM( L) + XCMJ. 
CONT NUE . . . . . . 

DO 30 J= 1 L · · · 
RlM( J~· = Rh1~Jj/FLOAT~NUM( J~ ~ .R2M(S · ::: R2M J, /FLOAT. NUM(J .. 
R3M( J .. = R3M J. /FLOAT NUM( J . 

RETURN XM.(J) = XM(J)/ LOA'.I'(NUM(J)) 
END 

... ,. 

. . . ~ . 

,' - .. 

.. : ..... · 

'·· ;- . , . 
. . . ,._ , ... , 

·1:r . 

·.· ... '.·,··· · .. ,· .. 



0. 1500E+03 
0. 1500E+03 
0. 1500E+03 
0.1500£+03 
0. 1500E+03 
0. 1350E+03 
0.13SOE+03 
0. 1350E+03 
0. 1200E+03 
0.1200E+03 
0. 1200£+03 
0. 1200E+03 
0. 1200E+03 

0. 1500E+03 
0. 1350E+03 
0.1200E+03 

0.2364E-02 
0.2364E..;02 
0.2364E-02 
0.2364£-02 
0.2364E-02 
0.2451E-02 
0.2451E-02 
0. 2451E-0.2 
0.2545E-02 
0,2545E-02 
0.2545E-02 
0.2545E-02 
0.2545E-02 

C3H8 
I-C4H80 
N-C4H80 

0.3007E,.01 
0. 29.94E.,.Ol 
0.3037E-Ol 
0. 2935£,.0l . 
0.2949E-Ol 
0. 1423E-Ol 
0. 1501£-01 
0. 1523E-Ol 
0. 6738E..;02 
o.1os3E:...02 
0. 7087E-02 
0.7617E:...02 
0. li79E-0.2 
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0; 2880E"'.02 
0.2846E-02 
0.2878£-02 
0.2896E•02 
o. 2947E-02 
Q.1929E-02· 
o.l907E..;02 
0. 1825£-02 
0.1077E-02 o. 1019£,..oz . 
0.1004£-02 
o~ 100.rn-02 
Q.9940£-03 

0.2979E~Ol · 0.2892E-02 
0.1482E-Ol 0. l887E-02 
0. 7141E-02 0.1031E-02 

-..3504E+Ol 
•.3509E+Ql 
-.3494E+01 
-, 3528E+01 · 
<3524E+Ol . 
-. 4252E+Ol 
-.4199E+01 
-.4184E+Ol 
-. SOOOE+Ol 
-. 4950E+Ql 
-.4949E+Ol 
-. 4877E+Ol · 
-.4937E+Ol 

-.58SOE+Ol 
-. 5862E+Ol 
-.5851E+Ol 
-.5844E+Ol 
-.5827E+Ol 
-.62S1E+Ol 
-.6262E+Ol 
-.6306E+01 
-.6834E+Ol 
-.6832£+01 
.;., 690t+E+Ol 
'"· 6907E+Ol 
.;.,6914E+Ol 

.t\CTIVATION.ENERGY 

.;.15. 75 

-11. 36 
-11. 07 

0.5131E-02 
0. 5115£,.02 ·· 
0. 5113E-02 
0.515,SE-02 
0.5227E-02 
0.3394E-02 
0.3364E-02 
0. 3318£.,.02 
0. l938E-02 
o~ 1942E-02 o. ia5oE:...oz 
0.1845E-02 
0. 1854E-02 

0.5152E-02 
0. 3359E ... Q2 
0. 1886E-02 

-.5272E+Ol 
-.5276E+Ol 
-. 5276E+Ol 
-.5268E+Ol 
-. 5254E+Ol 
-.5686E+Ol 
-.5695E+Ol 
-.5708E+Ol 
-.6246E+Ol 
-.6244E+Ol 
-.6293E+Ol 
-.6295E+Ol 
-. 6290E+Ol · 

ERROR 

0;22 
0.30 
0.22 

RSQUARE 

-0.9989 
-0.9960 
-0.9980 



' .. , 

222, 

SIM EXEC A 

TRACE ALL 
GLOBAL TXTLIB PREVIEW TCSLlB FORTXLIB VPIUTIL 
FILEDEF 12 D. ISK. 1. TEST A. {LRECL 80 R.ECH1 F B. LK.SIZ. E 
FILEDEF 10 DISK 2 DATA A ( LRECL. 80 RECH! F. BLKSIZE 
FORTGI SIMPLT . . .. 
LOAD SIMPLT (START . EXIT .. 

80 PERM 
80 PERM 
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c 
C ENTER GENERAL DATA FOR CATALYST RUN c 
c c c 

c c c c c 

5 

30 

88 

89 

N = 1 
ENTER SAMPLE DATA 

READ( 12J..50,END= .. 30) FLA· .. G. {N).J(N) ,TEMP(N) ,RH(N),RI(N},RN(N) 
WRITE(lu,51) FLAG(N) ,T(N) ,rnMP(N),RH(N) ,RI(N),RN(N) . 

FORMAT(I2 lX 5(Ell. 4,3X)) . 
FORMAT(' . ~ , IZ, ZX,5( Ell. 4, 34)) 
N = N + 1 
GO TO 5 
CONTINUE 
N = N•l 
K = 0 

LOOP SORTS OUT THE RATE DATA BY FLAG VALUE AND 
KEEPS. TRACK OF HOW MANY POINTS OUR TO. BE PLOTTED. 
EACH RATE IS KEPT SEPARATE BY RH, RI, RN VECTORS. 

DO 88 I = 1,N 

g~~t~g~ B : g~: i8~ ~cl<) ~ ! 1 
DO 89 J = 1,K 
T(J) = T(LfJ)) 

~¥> 3.J< ~ ~¥c tf }< < 
RNCJ) = RN(L(J)) 



. "··. 

C89 
C31 

10 
. 20 

888 

C. c ' 
c 

c c c c c c 

·.", ( ·"·,, 
:: ·.,. 

. !·: ... 
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.· ,WRI:rEC813iJ T(J):,..RH(J),RI(J),RN(J). 
FORMAT(4(El0 .. 4,4x}) . 

CALL YTwICE(T RN,RI ,K,RfI) . · . • . 
FORMAT(F5. 2,F7 .. 4,F7.4J.I3,FS. 1) ·. · ·. ·,,. 
FORMAT(.I1,F6.2,F6. 1,4.tll. 0) 
STOP . ·.•: . 
END 

. · SUBROUTINE YTWICE IS CALLED TO ·CREATE PLOT. ·F.ILE 

SUBROUTINE YTWJCE(X YLl YL2,N YR) · . · . 
DIMENSION' YLl' (' 20,0) 1:t12c2.oo)' ,x( 200) 'Z( 400) ,YR(200)', 

. CALL PLOTS( 0 0 ,;>O) . .· · . · 
CALL PLOT(l.O,l.0,-3)· · · . . ·· . ·· . 
CALL SCALE(X,7. O,N,1) . . ·. · > 

THE TWO· HYDROFORMYLATION· RATES·· ARE· PUT. INTO: ONE ·VECTOR. 
THIS' ALLOWS BOTll.,RATES TO BK PUTQN O~E AXlS; <TI!E SCALE 
ROUTINE THEN TAKES THE.WHOLE RANGE>OF THE TWO·RATES · 
INTO ACCOUNT. . . . . 

DO 222 I '= 1 N · 
Z( I) = YL10:5 · 
J = N·+ I.·· 

222 'Z(J) = YL2(I), 
. N2 = zi:N .· 

·.: .. c . 
' 11 

c c c 
c c c c . ·c· .· 

.. CALL SCALE(Z,5. ,N2; i) 

' SET UP LEFT liANI> y' AXIS . 
' . 

INl= N2 + 1 . . . 
· . IN2 =N2 + 2 ·· . . .· · .·· · .· · . .. · •·· · . .. 

· WRITE(8;H) Z(INl),. ZCIN2J .. · .. ··. ·. · . . ·•.· ·· 

t2~~Tid~ ... r~~Eia.~Jr»ij.~6i6rofilrtI.A-rroN RATE, 21 ~s. o, 90, , · ··• ·. ·. 
. Z(IN ),~{IN2)). · ·. . · . . . ·.. . ·. · 
Jl = N + 1 . . ·. · · ... · . 
J2=N+2· .. . 

.. . .. . . 
THE· X AXIS IS DRAWN BY AXIS · ... < · .. 

CALL AXIS(O. ,o. ,9lfl:'IME.(HR),-9,7. ,o •. ,X(Jl),X(J2)) < . 

.. mT S~AfB~XT[g~~:g~s J~RR~ ~~~+o~~~ST~NP¥tEI~g. £¥~ES 
ARE DRAWN·. SEPARTELY WITH DIFFERENT SYMBOLS .• · .. ·. . .. 

~~uJu ·~~rm~J .·· · 

. •, . ...... ~. 

... · ... 

.. ..:-~ . 

... _ ...... ·· 

-· .. 

,'· ... 
... '" . 
..... ·-. 

. ": ~· ' . 

: . ·. <:·' 

- . ": ·:. .. . " ;: ·~ ., ' . 

·,,, 

··' ·: 
. : I 



c c c c 

YL2( J2) =Z(IN2) .. 
CALL LINE (X,YLl,N,1,-1,1) 
CALL LINE (X,YL2,N,1,-1,6) 
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THE RIGHT AXIS IS SIMPLY DONE W/O EXTRA VECTORS. 

· CALL SCALE(YR,5. N l) . ··· ' 
CALL AXIS( 7. o,,.o. , 18HHYDROGENATION RATE, -18,5. 0 ,90. , YR(Jl), YR( J2)) 
CALL LINE (X,rR,N,1,-1,9) 
CALL PLOT(12. , O. , 999) 
RETURN 
END 



APPe.ndix r· 
·.PARTIAL PRESSUR:g: ANAI:.YSI.S 

.... 

-- -- '· -~ ... ' -. . . - -

- ~ . 

,.: _·.:· 

A . nonlinear> regression was. performed o:ri •the r.ate ·.data . . ''.: ., 

The program NLIN' in $1\S was .i.ls.ed ·to ~stitnate <the 'paramete:rs. -

of.1:he power-law .... nt~d;~L . Th~ :·~es.idu~.i -sum 6-~; s~area··· ;~s 
. .. .. ,·, .. 

minimized for each ~stiznat~: · Th~ solution w'as sensitive· -:tb ·· 
v ' -

the initial gu~ss'.ior ail three rates .. · Ther~~ore_}; the prob-
.' ·.· 

•!em was·. divided -into- two part!3. Ip-- one ·.p-rqgJ::'am1 ·the,- es.ti-

.mates for activation·.··. energy was .. determined., The:;:;e v.alues 
' ' 

w~re then u.sed to determine the power law ·estimates. A grid 

·. ,search was performed: Ort' each variable SO 
. .. ·.:. 

that gdod ini·tiaL 

guesses icould b~. u:sed; The pr .. ogram and ~he r~su].ts are, 

shown below. _ 

' . ' ~ 

. -~. 

• .. · 
·'J... '. , •.. ·- -

. _··~~: ·-,, .··,; .. 

. ·._·. 
···f. 

.,_, ... 

. ~· .... 

"·u: 
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.. _·r 

..·.-

- . ·. · .. 

~'. -

·.',· 

. ,. -
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//B0707EJR JOB 211D5,RODE 
/1:LONGKEY YRAM 
//STEPl EXEC SAS · · . 
//SYSIN DD * . 
TITLE ARAI Y PARTIALPRESSURE STUDY 

/* 

R =YK * C3*1:B i: C01d:C i: H2**D; 
DATA ; 
INPUT T C3 H2 CO RH RI RN; 
CARDS; 

149. 3. · 3. 1. 0. 2895E-Ol 0. 2771E-02 
149. 3. 3. 1. O. 2891E'-01 0. 2726E-02 
149. 3. 3. 1. 0. 2855E-01 0. 2702E,-02 
149. 3. 3. 1. 0. 2858£-01 0. 2771E-02 
149. 3. 3. 1. 0.2803E-01 0. 2722E-02 
149. 3. 2. 1. 0. 2342E-Ol 0. 2293E.,02 .· 
149. 3. 2. 1. 0. 2609E-Ol 0. 2370E-02 
149. 3. 2. 1. 0. 2632E-Ol 0. 2377E-02 
149. 3. 2. 1. 0. 2697E-Ol 0. 2333E-02 
149. 1. 3. 1. 0. l081E-Ol 0. 1058E;..02 
149. 1. 3. 1. o. 1150E-Ol 0. 1031E-02 
149. 1. 3. 1. 0.1127£-01 0, 1028E-02 
149. 1. 3. 1. 0.1137E'-01 0, 1027E.,02 
149. 1. 3. 1. 0. 1152E-Ol 0; 1021E'-02 
149. 1. 3. 1. 0. 1173E-Ol 0.1019E-02 
149. 1. 3. 1. 0. 1169£.,0l o, 1019E-02 
149. 1. 3. 1. 0. 1204E.,Ol 0.1037E-02 . 
149. 2. 3. 1. 0. 2162E-Ol 0. 2117E•02 
149. 2. 3. 1. 0. 2299£-01 0. 2061E-02 
149. 2. 3. 1. 0. 2254E-Ol 0. 2057£-02 
149. 2. 3. 1. 0. 2274E"'"Ol 0. 2054E:..02 
149. 2. 3. 1. 0. 2304E•Ol 0. 2042E-02 
149. 2. 3. 1. 0.2347£~01 0.2037E~02 
149. · 2. 3. 1. 0. 2337E-Ol 0. 2037E-02 
149. 2. 3. 1. 0. 2408E-Ol O. 2074£-02 
149. 3. 3. 2. 0. 1713£-01 0.1677£.,.02 
149.; 3. 3. 2. 0. 1762£-01 o. 1686£.,02 
149. 3. 3. 2. 0.1700£-01 o. 1689£.,02 
149. 3. 3. 2~ 0.1662E-Ol 0. 1667£-02 
149. 3. 3. 2. 0.1622E-Ol · -0.1685E-02 
149. 3. 3. 3. 0. 1170E-Ol 0.1362E-02 
149. 3. 3. 3. 0.1101E-Ol 0. 1261E-02 
149 .. 3. 3. 3. 0. 1173E .. Ol 0. 1265E-02 
149. 3. 3. 3. 0. 1136E•01 O. 1246£ .. 02 
149. 3. 3. 3. . 0:1129E-Ol 0. l237E-02 

0.4827E-02 
0.4872E-02 

. 0. 4815£-02 
0.4894E-02 

· 0. 4896E-02 
0.4138E-02 

. 0. 4189£-02 
0.4208E-02 
0. 4116E•02 
0.1877E-02 
0. 1795E-02 
0. 1805E-02 
0. 1800E-02 
0. 1815E-02 
0. l813E,.02 
0. l.831E-02 o. 1879£-02 
0.3754E-02 
0.3589E-02 
0.3610E-02 
"O. 3601E-02 
0.3630E-02 
0.3625E-02 
0.3662E-02 
0.3759E-02 
0 .. 3162E-02 
0.3292E-02 
0.3233E-02 
0.3192E-02 
0.3274E-02 
0. 2719E-02 
0 .. 2508E-02 
O. 2S22E-.02 
0.2557E-02 

. 0. 2440£-02 

PROC NLIN METHOD = GAUSS EFORMAT CONVERGENCE= 1. E-10 ITER=100; 
PARMS B= 0.900 c = -0.60 

D = 0. 30; 
A = 4123567. 4; 
EA = 15755. O; .. . . . · 
YK =Ai: EXP(-EA/(l. 987*(273. + T))~; 
MODEL RH ::: YK "'' (C3/9. i:i':B -!: C0/9. i':*C -!: (H2/9, )-1:-!:D; 
DER. B. = YK *B"':( C.3/9. )-1:-1:{~-1. )*~CO. /···9·: -1:-1:c .. i:(H2/·9·. )-ld:D.; 
DER. C= YK i:(C3/9. )i:-!:Bi:Ci:(C0/9. )1:i:(C-1. )i:(H2/9. )i:*D; 
DER.D= YK *(C3/9. )**Bi:(C0/9. )**C*D*(H2/9. )t:*(D-1. ); 
OUTPUT PARMS= l3 C D . PREDICttD=PY RESIOUAt=RY; . 
PROG PRINT; 
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B 
c 
D 

IWll-L!llEtiR LEAST SQUARES. SUMMARY STATISTICS DE?ErrnENT v·ARI:.BLE RU 

SOURCE 

REGRESS!Oll 
RES!UUAL 
UllCORRECTED TOTAL 

(CORRECTED TOTALl 

ESTIMATE 

1. 0000.ooooe+oo· 
-6. 0 00 00000.::-0 l 

4. OOOOOOOOE-Ol 

OF 

.12 
35 

. 34 

~UM OF SQU.'\RES 

3. 3791 n·~;;;E . .:..04 
I. 781~5504E-05 
{1. 0573133.;c-cr. 

3.6375.-·SSl.C-05 

ASYMPTOTIC 
STD. 'ERROi~ 

·ME1~~l.' _::.. ~U/,·R~ 

1. 2950592SE-04. 
5.5667345:..E-07· 

ASYMP~OTIC ;95 ~: 
C:Jiff I'OCUCE I.IHER'JAL 

LO:·li~:\ ' . . UPPER 
3. 0331'.l<•OOE-02 
l. 9010837 .lE-02 
I .Z9160n6E-01 

r)'. ~ll9.E::i .. 1E-Ul 1. OU2t:0667-E+OO 
-u·. i 9 t,c,·111:. 1E-01 - :.i·. 2 o 5 . .:>J 0 .:i.CJ-2>:·:0.l 

t .3(,9;j9.570C-G1 () .. o.:.V1C'f.:iDE~o1 

Al 02.·'ZSleS 17 1·ZQ CHERXU F 132 215 RECS ':A TECH PRlllTED 02/2~/85' 17121 

ASYMPTOTIC CORRELATIOll MATRIX 'OF THE PAR.\METER'l 

c 
B l. 000000 0.4576.25 -O.lf19924 
c 0. 457625 l. OOl•OOO 0.7763/'5 
D ·-o .14992" 0.7U.373 l. OIJOOOO 

PA.SC !J:t1 

ARAI "f PARTIAL PRESSURE STUDY R ~YK 11:-c1·W.it'Ir lE ·CO'JflfC· ll' H2ifW:i) 
17:_19 ~A~UR~,".Y, i=EBRU,\RY 23, 

OBS T Cl H2 co RH RI Rll D c D PY· RY 

.149 3 3 1 0.02895 0' 002771 a·_, o o<.a21 1 -o. 6 0." ' 0. 00402929 ' 0. 0007''7''1 
1c.9 3 3 I 0. 02391 0.002726 o ,·,oo•.a72 1 -o ·" 0. ~ 0. 0040.~9~9 o.o~Go'°• .•. 
149 3 3 1 0.0285.5 0. 002702 0 .00'1815 I -0. b D .-:l 0. UO,':!J29?:9 0, f;Ci::·. I. r11 

4 149 3 3 I 0 .. 02858 0.002771 0 • .-00<18·'()4 I -·a. 6 0. 4 0. Ql1·'.'i'-J"1?9 C. OJ•:<·'''':·' 
5 149 3 3 I 0.02803 0.002722 0~·:0-04896 I -o '6 0. ct O:~ r:n.:·:+U.~-':·:!'J 0, OGiJ.:r, .. _: i: 
6 149 3 2 I 0. 02342 0. 002293 a·:-004 l.~3 I -o. 6 a. 4 0 .005{,2~0~ 0.000711)/ 
7 149 3 2 1 0.02609 0.002370 0.004iS9 I -0. 6 0. 4 0 ;.QQ3~26_03 0. 00076297 
J 149 l 2 1 o .. 026:SZ' 0. 002377 0.0042!13 ' -o .6 G. cf 0. COY;-~603 0. 00073197 
9 149 3 2. 1 0. 02697 0. 0.02333 0.00(1U6 I -0 .6 0. 4 a. oo3<·~~6·o's· O.UCOSJ99f. 

l 0 )f+') l 3. 1 0.01031 0.001058 0.00-l87l 'l -0 .6 o·.A U. 0-C.-i 3t,3·10 0. 00053J?O 
ll 149 I 3 l 0.01150 O.OOt051 r.J.UC1'795 -0. 6 a .'4 0·;-0013f{!.-10 o .·oco<.-519;) 
u 149 I 3 1 '0.01127 0. 001'023 o ... o·:.11[:0"5 l -0 .6 0 .4 0. 00134310 O.i1C04619Li 
I.I 149 l l 1 0. 01137 0.001027 0.001300 ' -o. 6 0. 4 a. 001;;;+:;10 0. C004%9J 
14 149 1 3 I 0. 0!15?. 0 •. 001021 0;001815 l. -0. G O.J• 0.·0013<1.310 O.OCOC.7: HJ 
'.' l r,9 l 3 I 0.01173 0.00'1019 o·:OOlC;ll I -0. 6 0. 4 G. OCI ~'1310 G. 00041),;IJU 

'" 149 I 3 1 0. 01169 0.001019 O.OOlo.11 l· -0 '6 0 ,·{1 o.ooi.:;r.310' 0.00048/0Q 
17 149 1 l 1 0.01204 . 0.0010.H IJ. Q·O_lS 79 1 -0. 6 0. 4 0.00l~'i3'10 0. 000'53590 
18 149 3 1 0.02162 0;002111· . o .:0037·~c, l ' -o '6 o. e, 0. 002686'1? 0.00106/31 
l 9 149 2 l 1 0. 02299 0. 0·02061 0.0035:·9 I -0. 6 0. 4 0 .. OOZ626 l9 o. 000902e1 
20 149 2 3 I 0. 02254 0. 002057 . 0.00561~ I -li.6 0: 4 0. '00~50619-_' 0.00092331 
21 149 2 3 1 0.02274 0 ;002054 o-.003601 1 ·O. 6 0. 4 o .. 002r,a-619 O.U0091.""I 
22 149 2 l 1 0.02304 0. 002042 Q,003!;?:0 1 -0. 6 0-. c, 0. ll.0::!:536'19 0. Oti0943SJ 
23 149 2 3 1 0.02347 0.002037 O.ODS.625 1 "0 .6 0 ,:, 0 .. 0.02'6·8.6 l? o.ooc 1;:sae1 
,2f1 149 2 l I 0.02ll7 0.:.1020.H 0.00V>62 l co' 6 O·J+ 0. L:0',6a619. 0. OC.097551 
25 149 2 l I 0. 02 1i03 0.0.0<'074 O.OO.H59 l -0. 6 0 . ., o. o:ot.'r'.il6 l? o- .. l)oi-0120-1 
:! -~ 149 3 3 2 0. 0171 l ·:.-0 .00.1677 U. 00·.S if_,2 I -o. 6 0; 4 0.002G5S3<i o:.ooo5t.::~·JO 
:1 149 3 3 2 0.0176?. 0.0016S6 0. Q.0~2<)2 l -0. 6 0.:. 0. 0·02GS834 U. OG!"l6.356:i 
:a 149 l 3 2 0.01700 0.00.1689 O·. 00.32.;3 1 -0. 6 0. 4 u. ~l026Sa;r, . a.oo:J574:-:,:> 
29 iryq 3 3 2 0.01662 0.001667 0.005192 l -o. 6 0 .. 4 0. 002€-5113-4 0. 00:0533(.i6 
oO l4J 3 l 2 O.Ol622 0' 001685 0.003274 1 -a. 6 0. (1 0. CC265334 , 0. CG0615o6 
~ l tr,_:; 3 3 3, 0.0'1170 0 •. J01~62 0.00211? I -0. 6 0. (i 0. OC2C~4.23 0 .-COJ6'34i2 

149 3 ' 3 a. 01101 0:001261 O.bC2503 1 -0. 6 0. 4 0 .•00203«23 0. 0004li.:../-2 
:.J 149 3 3 3 0,. 0117 3 0. 001265 0. 002522 I -0. 6 D c, a, a.02osc;:3 c. coo437.;2., 
~ 't 149 3 l l 0.01155 0.001246 C.00255.7 l -a. o 0.4 o. 002oa4z3 o-.cr.·c\ii(:i2· 
35 149 3 3 3 :J.01129 0 .C01237 0. 002,440 l ··O. 6 0. 4 0. C0203-423 a. Oo.o.::·ssi· z 
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