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‘The purpose of this: research was to characterlze the rho-5

’d1um exchanged NaX and NaY zeolltes as propylene hydroformy—
"glatlon catalystsu. Catalytlc act1v1ty waS'measured»1n~a dlf-*

ferentlal bed reactor. - Flow in s1tu 1nfrared spectroscopy L

was . used to probe the coordination chemlstry of the zeollte‘

' modlfledjrhodlum,carbonyls,>a

The catalytic activity of rhodium zeolitesvatoatmospheric-”

'pfessure and between-100-150°C»was measured ‘ The rate ofb

-3

‘».n—butyraldehyde productlon was approx1mately 5x10 moles/g-
'_Rh hr at 150 C ; Regloselect1v1ty was dependent upon pre-d

Utreatment Precarbonylatlon with carbon monox1der,dry1ng;”“

w1th air, and heatlng w1th N2 prlor to hydroformylatlon con-
dltlons produced a. stralght to branched 1somer ratlo (n/1)

2 at



’12750 lowered n/i to 1.3. :Hydrogenation'todprOpane Was,3¥l0o
times faster»than,the hYdroformYlation rate-atrl50°c. |
.Catalytic;activity was sensitlre to*cation~e§chan§e:cone:
ditions. Rhodium form, PH, temperaturer and salt*concentraF
tion altered catalyst behavior. Only Rhél3f3sz preparaé
tions on ‘Na¥ zeolite produced consistent ‘results., In
genérAi; temperatures'above 80°C, a pH;above 4, and assalt
'~ concentration of 0.1N Naél~were required in‘order,to ﬁroduce
5an ‘active hydroformylatlon catalyst ~Amnine,comple$es,dld
not- actlvate under any c1rcumstances |
It ‘was found that the degree of hydratlon controlled the“
formatlon of rhodlum carbonyls On NaY the. hydrated rhodl-'
', um zeollte reacted ‘with CO at 120 C:to form Rh (CO)16 hBy_
drying the: zeollte 1n air at 190>C, two rhodlum d;carbonyls,"“
7Rh(CO)2(oZ)2-NaYiahd~3h(CO)2(dz)(sz)-NaY;~were formed;.dfhe"
- rhodium carbonyls were.reacted,with n-heXyl»diphenylphos-
phine-to determine‘rhodium locationsl Rh(CO) (o )2 -Na¥ was
- located at the surface whlle the other two spec1es were lo-.
vcated.'w1th1n the zeolite cages - .One dlcarbonyl spec1es;,'
Rh(CO) (0 )2 -NaX, was observed on NaX It was determlned by e
reactlons with phosphlnes that this spec1es re51des in the_
*zeollte cages.
~Reaction intermediates identified by.FTIR,nnder,hydrofore,

_mylationhconditions'suggested‘that the.heterogeneous.cataé



'“lyst-ptooeeds throuqhia,meohanism;similaf{toithat occﬁrfihg
iin soiution "Heteroéeneous”feeotioh ordefs'aisofeéreed‘With‘
'those reported for homogeneous hydroformylatlons |

| Addltlon of dlmethylphenylphosphlne (DMP) to the rhodlum

: zeolltes s1gn1f1cantly 1ncreased regloselect1v1ty - Rates

“xowere sllghtly less than those from the unmodlfled rhodlumrt"

'carbonyls ~.However the phosphlne modlfled rhodlum zeolltes;'
~deact1vated w1th1n 16 hours Contlnuous exposure to DMP de-t

creasedgthe_ratenof;deaotlvat;onhr
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Chapter I

INTRODUCTION

Over the last several decades, catalyst development hasrvef'

f7=1ncluded the appllcatlon of organometalllc compounds as hom-f SRR

'"ogeneous catalysts because of thelr ablllty to achleve hlgh;:gm“‘

'fvselect1v1ty Many large scale processes now use organome-

"talllc complexes as'catalysts Examples 1nclude ethylenef‘?_.g;7

'vox1datlon to acetaldehyde and hydroformylatlon of oleflns to'x;,'

:}aldehydes and alcohols .On - a smaller-scale,fthe synthe51slﬁfi

of expen51ve compounds such as asymmetrlc amlno aCldS has;"""

:'dfbeen achleved However the practlcal utlllzatlon of " these.—fiyfk'

“complex catalytlc systems has been dlfflcult because of sev-~fﬁt:f‘"

Seral 1nherent characterlstlcs These tralts 1nclude

1. . the 'separatlon of catalyst fronl product and reac—f;f;m?fj'

tants;,r

2. the corros1ve nature of many catalyst solutlons,;-i

"»B}N;the llmlted englneerlng flex1b111ty due to mlld con-:ﬂfb”

}dltlons,- w

' 4; ,the 1nstab111ty of organometalllc catalytlc systems

'Heterogeneous catalysts typlcally do not yleld reactlon&f“

select1v1t1es comparable to homogeneous systems, but they do?if;'l'w

offer (a) the ease ‘of separatlon of the products from the_t;;g

"hCétélyst (b) the ellmlnatlon of solvents (allev1ates corro-[f‘



iSion problems),band (c) the'abilityito,operateHat7higher
temperatures (allows better energy utlllzatlon)
An outgrowth of the reallzatlon of these problems has
,}dbeen the subsequent development of a compos1te catalyst :
which possesses the characterlstlcs of both heterogeneous
r;and,homogeneous systemsa Spec1f1cally, studles were 1n1t1—'
ated to 1ncorporate the selectlve homogeneous catalysts onto
'hsupports. These catalysts have been called "heterogenlzed}ﬂh
‘homogeneouS’ complexes. The lnaln goal of creatlng' these*lui
heterogenized”hOmogeneous:catalysts was to overcome,theose—
:paratlon problan'of homogeneous cataly51s whlle retalnlng

”hlgh select1v1ty _ These catalysts also enabled more de-j

- tailed study of the catalytlc actlve s1te By know1ng the,g_.'”'A

locatlon of the heterogenlzed homogeneous catalysts, experlf

f.mentsvwere’conducted whlch attempted‘to alter the support:

surroundlng the -complex in order to. enhance select1v1ty
”7“Obv1ously,' these are 1deal c1rcumstances whlch drlve the4
-1nterest to research such systems

Methods for 1mmob111z1ng trans1tlon metal complexes have:

'been studled exten51vely 51nce Grubbs and Knoll demonstrated:7d

'othat Rh(I) anchored on phosphlne mod1f1ed polystyrene acts -
:as an olefln hydrogenatlon catalyst (l) To,date; supportsi
1such as organlc polymers carbon,_lnorganlc{oxides;‘and aluf’

minosilicates havevalso”been:inVestiQated;(Z),v”:p;-



Heterogenization is,generally,achieyed in one of”three
waysg ] v . . _ _
.1.; ‘a- support may seryevas a llgand for a metal complexu‘»
thus 1mmob111z1ng the metal via a chemlcal bond
2. . a complex may be phys1cally adsorbed on the surfacegfl
or w1th1n the pores of a support w1thout the forma-
"tlon’of chemlcal bonds to theﬂsurface;»or'»
3;,'a7complex may.beﬁdissoiyedVin'an nonvolatiie:solV?nt
whlch is adsorbed in the pores of a- support iue.,
supported llquld phase (SLP) | |
Each of these methods. has 1ts advantages and llmltatlonsv

- For heterogeneous operatlons 1n the llquld phase,;method (1)]'

}1s preferred since the dry (2) or SLP (3) catalysts may ea-'"“

»Slly\be destroyed-by 1mmers10n»1nnsolvents or: llquld-reac-.

‘tants On the other hand all three of these preparatlons

" can be used for gas SOlld reactlon systems ' Therefore if:a',y;

catalyst preparat1on technlque 1s to be developed whlch al-»

'lows.for,llquld phase_conver$l°ns methods (2) and (3) ‘are

‘ funacceptable

Heterogenlzatlon of metal complexes v1a method (l) can bes~’

achleved by dlfferentftechnlques : Typlcally,vtheaspec1f1c5'

: fof the 1mmoblllzatlon procedures depend upon the phys1co—

| chemlcal propertles of the supports For the case of a po-v>f"

',_lymer, functlonallzatlon of the polymer w1th approprlate 11-



fvgands allows formatlon of metal tobfunctlonal group bonds..
This technlque has recelved the most attentlon, and several
*rev1ews have appeared (2 4) One case of 1nterest 1s the ‘
attachment of . -CHZPPh2 to Amberllte XAD 2, accordlng to thevh;
- follow1ng scheme: . SN

\/V

SnCl _ o RhC](

R _ L n : i | .
' ’>_> @ -’-CH cr ~(3) CH,PPh, - o LH R (1) -
‘ CH ocn - o KPPh, N _ CR ’ .

s1ﬁ

Hi2)2 ‘(5)
Also, the surface hydroxyl groups of metal ox1des and aluml-”l

bThe last step 1nvolves addltlon of Rh via. RhCl(C

i‘nos1llcates can serve as the 51te of attachment for metal

complexes (6 8) j Ichlkawa (6 8) generated hydroformylatlonf'~‘

catalysts by depos1t1ng rhodlum carbonyls from solutlons onx'

2, 2,;”e02¢ La203, ZnO MgO Al2 3,u, 2,

'ytlvated carbon i Surface hydroxyl groups also can be func-nb

‘VT' : Th CaO and ac-f

tlonallzed in a manner 51mllar to Eq l (9) prlor to the at-lt..‘ﬂ:"‘

:tachment of the metal complex

Zeolltes can offer 1on exchange as another method of me-l I

‘-rtal 1ncorporatlon For example“ Mantovanl et al (lO)»ex—flfh

"fchanged Rh(NH ) Cl3 1nto NaY zeollte 1n order to form a hyff

Mdroformylatlon catalyst myThe catalytlc'spec1es was formedﬁ:

1'ig.s1tugunderathe;CQ/H reactlon atmosphere :‘




_AdVantaQes~ and - dlsadvantages 1 ton ‘these dlfferenth

lteChniques eXistS~ HoweVer, the propertles are mostly at- s

,vtrlbutable to the support characterlstlcs Polymers possessf:,;

gtflex1blllty that 1s both an asset and a. weakness to catalyt-
S ic systems Organlc matrlces can be functlonallzed to carry g
up to 10 mllllequlvalents/g matrlx (3) Such a den51ty of

fs1tes allows for' enhanced 51te s1te cooperatlon 111 multl-

'functlonal“catalysts; Selectlon of a proper solvent may al—fvf'

*low matrlx swelllng also to enhance such 1nteractlon How-__;

' ever .fthef swelllng “: often dlfflcult to control vsince'f

'temperature and pressure effect the polymer Swelllnq:canfpﬂ

x’a-be detrlmental 1n that 1t can cause actlve s1tes to 11e deep '

j3w1th1n the polymer beads and 1ncrease the res1stance to dlf-;,_fu

.fu51on : -Also,' polymer' flex1b111ty pcafj allow chelatlngf
‘1through polymer actlve s1te 1nteractlons Inorgan1C' sup-'

‘ports have approx1mately tenfold fewer s1tes avallable fore

-]funct1onal group attachment and the1r framework are more‘,:*

Hr1g1d Hence the d1ffus1onal problem may not be as severe.f

- as w1th polymer materlals and there 1s less potentlal for
‘pdeactlvatlon v1a'chelat1ng, Inorganlc ox1des feature greatif:f
A?er thermal stablllty than polymer supports Therefore, ﬁhé7'
rupper llmlt is. normally set by the thermal stablllty of the

_supported metal complex



‘The purpose of thls the51s 1s to 1n1t1ate a: study of a.

'-novel— 1mmoblllzatlon technlque | The method 1s centeredt .

around the ablllty to phy51cally entrap a trans1tlon metal

~fcomplex~w1th1nva~zeollte' vIdeally, the trans1tlon metal ex—

changed 1nto the zeollte w1ll be reacted in 51tu w1th phos-s':

ﬂxphorus contalnlng compounds and carbon monox1de to form - anx"

”1ntrazeollt1c complex capable of cataly21ng the hydroformy-',

'f_flatlon'of propylene The catalyst w1ll not be able to d1f—i‘

ﬁfuse out of the zeollte due to 1ts tertlary 51ze Becauselﬂi”l

fnumerous rhOdlUHl phosphlne complexes are hydroformylatlon.'73

Catalysts,'a w1de selectlon of phosphorus compounds w1ll al-s_

low f1ne tunlng of the 51ze of the 1ntrazeollt1c catalysts



Chapter II -

 BACKGROUND

2.1 - HYDROFORMYLATION

Hydroformylatlon is chosen as. the test reactlon for thls

’study due to its industrial 1mportance The’productlon of

butyraldehyde from propylene, carbon monox1de and hydrogen-"-

‘has been quoted' as belng the most 1mportant 1ndustr1al
E synthes1s whlch. utlllzes a metal carbonyl catalyst (11y
The reactlon st01chometry for the hydroformylatlon of propy—_

‘lene is glven below

CH*#CHCH + co + H -->CH CH,CH.

3)2
(n) ‘1 )

N butyraldehyde 1s the de51red product since 1t can be hy;’
;drogenated to n-butanol (used 1ndustr1ally as ‘a: solvent),
further reacted through aldol condensatlon and subsequent
rhydrogenatlon to form ethylhexanol .Ethylhexanol can  be:
'reacted to form dloctyl phthalate whlch is used as a plastl-L
f:c1zer for polyv1nyl chlorlde res1ns | ' .
| . Due to process1ng conslderatlons, 1t 1s most frequently;
d;de51red to. stop thls serles of reactlons‘at butyraldehyde
1productlon Thls allows max1mum flex1b111ty for product‘
,utilization. -Therefore,‘the unfavorable slde reactlons .are:

theﬂhYdrogenationiofﬁpropylene,valdolrcondensatlonyof butyrf:.e

l37,,aldehYde;eand butyraldehyde hYdroqenatiOn“

'f7;

CH(CHO) ey



Propylene‘hydroformylation.proceedsvonly'in'the:presencer“
,of'a.catalyst Whlle a number of tran51tlon metals catalyze'
'.;thls reactlon the two wh1ch show the greatest act1v1ty and’ﬁ
select1v1ty toward des1red products ‘are cobalt and rhodlum ";
Catalyst systems wh1ch are. used most frequently are |

‘ lljghydrldo cobalt carbonyls o
: lZ.»_hydrldo cobalt carbonyl complexes contalnlng tertlary
' phosphlne llgands,?and |

a“3;5'tert1ary phosphlne hydrldo rhodlum carbonyl spec1es

»’Hydrldorhodlum carbonyls also actlvate th1s reactlon and aref:yv

2

:flO -103more actlve than the analogous cobalt carbonyls butft:

do not show good selectlvlty (n/1 1 for Rh n/1—4 for Co)xh

t_(12) : Hydrldocobalttrlcarbonyl catalyzes the hydrogenatlon:f];‘r ,‘

Aof aldehydes to alcohols, whereas the rhodlum carbonyl exhl-g |

:blts llttle aldehyde hydrogenatlon act1v1ty f Because ofiff’

-’uthe hlgher act1v1ty and 1ncreased select1v1ty, ; mod1f1ed7z-"

d'rhodlum catalysts have been studled most extens1vely and. areﬂa

',:replac1ng cobalt 1n most new- commerc1al processes In fact ol

‘,-modlfled rhodlum catalysts are used by 7 butyraldehyde pro-:?Uat:

: }ductlon fac1llt1es worldw1de These produce l l metrlc tonsj_;;_sgfa

'"f-.per year of butyraldehyde or roughly 25/ of the total pro—_uﬁf'tt*:

-.ductlon Three plants are also under constructlon (13)

Flgure l shows the hydroformylatlon catalytlc cycle w1th[y-<

'rhodlum carbonyl catalysts.} Rhodlum can be 1ntroduced 1nto’



L the reactlon env1ronment 1n. ‘a number' of forms e g-{"as.' .

”‘Rh (CO)IZ’ as rhodlum salts of carboxyllc ac1ds, as RhCl3

as RhClso3H20.v However, all these rhodlum compounds trans-h'”

wl_,form in s1tu to the catalytlcally actlve spec1es, RhH(CO)3

l:.{phosphlne complexes‘ of the fornl RhCl(CO)L where L—PBu

T (14) g Th1s reactlon mechanlsm 1s completely analogous to;'
.jcobalt carbonyl cataly51s - The proposed steps of the cycle"5~
are: ' o | ' ‘ .

blf-fcoordlnatlon of an olefln (16 to 18 electrons)

'f2;,:hydr1de mlgratlon to form rhodlum alkyl (18 to 16fh@f7

"jelectrons)

3. addltlon of carbon monox1de (16 -18 electrons)

'4}pnalkyl mlgratlon to carbonyl to form acyl (18 16 elec—s:lﬂt

‘trons)

:5Lu;hydrogenolys1s of acyl to yleld aldehyde

n_‘The last step of the mechanlsm 1s currently a toplc of de—_y’“

g ,bate in the llterature (15) Two proposed mechanlsms are- 1)'fh*

'iox1datlve addltlon of hydrogen to glve an 18 electron com—*f

:""plex or 2) blnuclear ellmlnatlon e. g”,’ ellmlnatlon.Iby_Lil'

”,_'(CO)4 CoH to produce aldehyde and Co (CO)7

Osborn et al (16) dlscovered that RhCl(PPh )3 1n benzeneh?

:Qifwas capable of cataly21ng the hydroformylatlon of l pentene“det

kvﬂgaor, 1 hexene at essentlally amblent condltlons Tertlaryﬂ"‘“

(Bu—butyl), PP (Ph—phenyl)r,or RhH(CO)(PPh )3, were used“ffvjh*
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‘ Figure 1: Hydroformylation Mechanism for Rh C’arbonyls

(where M=metal, L=ligand)
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as catalytic precursors. . These all reacted to formvthe‘ac-‘

tiVeispecies,_-RhH('CO)2 ”w"Not_only‘doeS”this'System>operate"

under mild conditions, but in the presence of excess phos- G

"l. phlne,‘lt also enhances the select1v1ty to n/1 10 14 wh1-

vile 51gn1f1cantly lowerlng the rate of hydrogenatlon of pro-

-pylene.to propane.' However, a compromlse ex1sts between thev’"

select1v1ty ‘and the rate of hydroformylatlon At lOO c and'

35 atm the rate ‘is decreased 5 tlmes as the PPh3/Rh ratloz

“~1s varled from 5 1 to 50 1 (17)

\2}2" INDUSTRIAL HYDROFORMYLATION PROCESSES

E Table 1 summarlzes the behav1or of . cobalt and rhodlum hy-t“j*m“V

'droformylatlon catalysts On g01ng from left to rlght there‘

~is a marked decrease 1n the energy requlrement in- terms of

_‘both mllder operatlon condltlons and greater product selec-’pfr

c;t1v1ty In v1ew of rapldly 1ncreas1ng energy costs and raw .
‘materlal prlces,. as well~'as-more »strlngent env1ronmental'

‘standards; 1t is llkely that future practlces w1ll favor:

77h1gh eff1c1ency processes wh1ch operate under mlld reactlonff;ﬁdb'

"condltlons w1th few by products From Table 1 one‘can seep
:ﬁthat the mod1f1ed rhodlum complex 1s most llkely to be usedSl‘
bln development of future hydroformylatlon process | |
Industrlal hydroformylatlon. processes are oftenv c01ned’

ll OXO"

processes j One aspect of oxo processes whlch 1s of . @ff



TABLE 1

Opérabtbihg Data for Cobalt and Rhodium Hydroformylation (18) e

. Unmodified Co Modified Co  Modified Rh

Temperature (C) ~ 140-180 ~  160-200 1 80-120 -

. Pressure (atm.) = 250-350 - 50-100 - 15-20

Ymetal/olefin’  ~  0.1-1.0 ' - 0.5-1.0  10(-=2)-10(-3)
n/i-ratio . 3-4:1 . 6-8:1 . 10-14:1

ZT
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“partlcular 1mportance 1n contlnuous commerc1al operatlon 1s:
-the separatlon of the catalyst from the products s1nce theﬁ'
s hydroformylatlon reactlon proceeds homogeneously From Ta—

ble 1 one. mlght expect that oxo processes would be catalyzed‘

by rhodlumvcomplexes -Slnce the,relatlve prices of,rhodlumﬂf"

~to cobalt metal are approx1mately 3500 1, severe‘econOmicu;l,

penaltles accompany catalyst loss of rhodlum through 1ncom—"

vjplete separatlon-ofxproducts; An amount of rhodlum equlva-:

lentlto 1 partrperibillion of,aldehydefproduct would be.ant;jw}

unacceptable separatlon (19) Therefore, most oxo processesc;ﬂ

‘employ a cobalt catalyst due to 1ts avallablllty and lowf‘

cost»

In splte of the aforementloned dlfflcultles,‘homogeneous

processes based on rhodlum ‘are- prosperlng w1th lower plant~.w

capltal costs and energy requlrements apparently outwelghlngf”'¥

the hlgh catalyst 1nvestment Monsanto has developed an’ oxomi_ﬁf'

: process"for the hydroformylatlonu Of-»propylene,'aw;th;;jh

Rh(CO)(PPh ) Cl as ‘the. catalyst -which avoids the‘needkofw

catalyst regeneration. '[A‘ gas—sparged"jreactorﬁwhiChbconépuﬂ

. tains the» catalyst dlssolved in a hlgh b01llng solventf?~::

' spargewagaseouS‘ propylene, hydrogen,_-and ucarbon _monoxide‘ i

'y-through the llquld phase catalyst (20 21) fThe.butyraldeh—-fj"

yde. product is contlnuously removed in- the vapor effluent.f

(22);j Union Carblde Corp., Davy Powergas Ltd ‘ and Johnson-
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,Matthey.Co Ltd won the 1977 Klrkpatrlck Chemlcal Englneer-‘k
1ng Achlevement Award for developlng and commerc1ally 1mple~d
'pmentlng‘avrhodlum-basedwhydroformylatlon process»(23)" ,They;’

x‘used a ‘gas- sparged reactor operatlng at 80 120 C 200—400"

:psl, 1n the presence of trlphenylphosphlne Rhodlum losses“'n

'to product are reported as mlnlmal" but the plant 1ncludes-“'¢

equlpment for perlodlc makeup and removal of catalyst

l&leth,present technology, one could employ a gas sparged””:

-rreactor or SLP (only at lab or pllot scale) catalysts tof

perform propylene hydroformylatlon ; These two catalystslz .

systems are llmlted to reactlon temperatures around 90 C—'
’120 C due to the evaporatlon of trlphenylphosphlne and sol-

:_vent at hlgher temperatures (22) AlSO,llf u31ng SLP th»ﬁ

fconvers1on of propylene must be kept low in order to preventviff‘

bfcaplllary condensatlon of butyraldehyde 1nto the pores (24)

Y_Varlous other solvents and llgands have been tested (25),'

vbut the trlphenylphosphlne 'is vastly superlor 1n terms of

:Jract1v1tY and select1v1ty

‘The development ‘of a heterogeneous catalyst for thlSj‘”’ '

';reactlon ils very much needed A useful heterogeneous baseds\ e

N -system would

v’;l, not elute rhodlum from the catalyst

”{'2. ’operate.at‘temperatures above;9Q_C;‘¢



‘3. be applicable to other hydroformylation reactions,

've,g.,‘ethylene»(gasvphasey, l—hexene (liquidfphaSe);b

2.3 HETEROGENEOUS HYDROFORMYLATION CATALYSTS

' As mentlonedvlnrthe 1ntroductlon the three bas1c types, -

of 1mmoblllzatlon are SLP functlonallzatlon of the support

o ,.(.s

: and phys1sorpt10n of a complex onto the surface All three»n\'

'methods have been used to form rhodlum hydroformylatlon ca-,ﬁxf‘:

' talysts

The role of trans1t10n metal complexes on 1norganlc supf*d'"

o,
£

gports 1s the closest in nature to the proposed 1mmoblllzaf]-wx

'-tlonmtechnlque Hence only these w1ll be rev1ewed exten—f>”

bsively- A brlef d1scuss1on of functlonallzed polymers andi»?v

‘d:SLP follows For more 1nformatlon concernlng polymer sup-»’

'ported catalysts and SLP rev1ews. have recently appearedslqz

"’(2 4, 26 27).

Functlonallzlng polymers or s111ca hydroxyl groups w1th;

phosphlnes to create heterogeneous hydroformylatlon cata-‘wﬁ“f

4lysts has met w1th mlxed success Typlcally, reactlons are-,jf”z

- carrled out below 150 C and at pressures up to 400 ps1 1ngif'

‘the llquld phase , The follow1ng comments can be made about ‘

";rhodlum complexes attached to functlonallzed supports

1. 1ncreased select1v1ty s1m11ar to homogeneous analogsfffﬁ"”

- were frequently obtalned
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2. 'mechanistiCally;'-the yheterogeneous _and-vhomogeneous.
igataIYStsfbehavedfsimilariyi_i.ee; 5imilarH2 andbe*
'partial:presSure dependencies; |
3§'vrhodium'elution'wasvafmajor-problem;
’g4;-_some:polymers were>nothtableVin’highjaldehydeycone-
'centrations‘(eliminatesdhigh converslons.per’reactor:
pass)l _ AR D L _

5. dlffu51on re31stances slowed the rate except at hlghb
,temperatures | v
In general ‘it is felt that th1s method shows promlse } Workal

is contlnulng on these systems

l In recent years,,supported llquld phase catalysts ‘have:

been - studled ‘more- 1ntensely Most of the above commentSn'

”‘concernlng functlonallzed polymers can . be applled to SLP
'systems .-ngh.select1v1t1es-have-been~obta1nede1th-only{
' one: order of magnltude decrease 1n ‘rate in comparlson to the_g

»analogous homogeneous system o However, the d1ff1culty llesv,

"1n creatlng a stable catalyst ngh ‘n/i can be: obtalnedV'.h

- w1thqh1gh phosphlne loadlngs;-but the-max1mum~test.llfe has

';-been 500 hours compared to the 18 month commerc1al catalyst;;

hstablllty (28).

The remalnder of the heterogeneous hydroformylatlon cata-i.f.

vlysts studled have dealt with the dep051tlon of rhodlum com-7sf»,"'

;plexes onto supports or w1th the exchange of " rhodlum 1ntoj
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-~ zeolites. 'The~reaction selectivity'for;these'supported rho-

. d1um catalysts ,in -the absence of phosphlne ‘was between}v‘ o

'n/1—l—2'5 Also the rates are typlcally much slower thanrv

RSLP but comparable to that of the functlonallzed polymers

HJ°r?kJaer“etval (29) depOSIted HRh(CO)(PPh 3)3 from ben-;;"‘

zene onto silica, alumlna and NaX zeollte . vThe~reactlon;N”

Rselect1v1ty was found to be hlgher for the alumlna catalystslﬁ

'(n/1~2) Catalytlc runs lasted only 5 hours and the systemi

deactlvated up to SO%:of the”initial rate. -Selectivityﬁwaijf"

_not observed,tO‘be a funtiongof-time.‘
Rony V'and cﬂRoth »(SOfdtﬂused. “alumina ‘tol’ support\ ‘
‘.RhCl(CO)(PPh )2 The reactlon select1v1ty was around 2

Rhodlum clusters adsorbed on ba51c ox1des such as ZnO

'M »TlOZ and CaO were shown to be .active: for ethene andfgf‘f

1v'propene hydroformylatlon (7)Q- These complexes adsorbed on; ;!“

-ZnO showed the follow1ng relatlve act1v1t1es at 158 C andH

atmospherlc pressure: Rh4(CO)12'> Rh (CO)12 > Rh (CO)16NEt '

4_,['

> Rh 2NBu

13(C0) 53 Hy_ 3 4

3
1mpregnated on -ZnO. showed only' negllglble act1v1ty Thekag,*-

Rh(CO)*Cp; (Cp—cyclopentadlenyl), Rh (CO) sz and RhCl"'

v;same clusters adsorbed onto ac1d1c ox1des such as alumlna,i'w""'

"s1llcafalum1na; and VZOS had only small act1v1ty compared to

‘the basic supports,,lPretreatment-cons1sted of evacuatlonvat1 i

160°C for 1 hour at 10547torr, or?activation,underchYdrofor?{‘gz’
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‘mylation_conditions;j;Rates.forhpropylenevhydroformylationf

..}were7around 6eléx10-3*moles/g-Rhmhr at 158°C;‘wEvaCuation .

produced the more actlve catalyst Actlvatlon energles were
~:reportedly between 14 16 5 kcal/mole, dependlngg upon -the_
’ startlng rhodlum carbonyl | |
Temperature programmed‘<desorptlon (be)' studles» showed‘

ydthat on the bas1c ox1des,, (CO)16 cluster decompos1tlon,

o dld not occur at‘160'C On ac1d1c ox1des, clusters decom-'

‘ posed at 155- 160 C Wthh is lower than the decomp051tlon‘3?

vtemperature of ‘the pure clusters Thls suggested that: theﬁbfn

Vbas1c supports stablllzed the cluster and strengthened the - .

. metal carbonyl bondlng

Rhodlum zeollte hydroformylatlon catalysts have been ré-t'

;ported (31 32)- These 1nvest1gatlons used RhCls'3H O exf”:5f'

2

":'changed onto NaY and reported rates for ethylene and propy—f"

' lene hydroformylatlon at atmospherlc pressure ' However,'

:ythese two . studles were not 1n complete agreement w1th eachv

v*hc other

The results of Aral and Tomlnaga (31) 1ncluded rates andf:‘

hff,actlvatlon energles The catalyst was loaded to 3 7 wt /.

’ 'Rh and the reactor was charged w1th —10/+20 mesh partlcles Jb“

t‘The contact t1me was’ lOg-Rh/hr The select1v1ty to hydro—j -

E‘ﬁformYlatlon was poor,'w1th hydrogenatlon to hydrOformylatlona*ptﬁ

ff;of 37. 6 at 150 C Regloselect1v1ty (n/1) .was 1 2. .Themu‘
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rates at 150°C were 7.0x107%, 1.0x107>

, 9.0x107% moles/g-Rh
hr for hydrogenation] n-butyraldehydevand-iso-butyraldehyde‘
production;_respectively. It wasffound.that the relative
- rates for'differentvsubstrates were ethylene> propylene> bu-
tene | ACtivatiOn energies. calculated over 130-170°chere
>8.7, 7.3 and 24.2 kcal/mole for n- butyraldehyde iso—butyr-
~aldehyde andvpropane productlon respectlvely The catalyst
was pretreated by air'dryingoprlor to reactlon;conditions;
‘The infrared. spectra of the catalyst revealed;the;Rh(CO)z,-

' NaY spec1es

Takahashl and Kobayashl (32) -attempted to eluc1date the

'locatlon of the active site by- comparlng the act1v1t1es of:“.

ethylene-and propylene on RhNaY catalysts whlch»were pre-
treated dlfferently and varled 1n Rh . content Table‘2fpre-’
.sents.thelr results. They class1f1ed the catalysts into two'
,groups,‘ "Type A" were catalysts wh1ch had lower proplonal-

dehyde actlvatlon energles (E and select1v1t1es (S).l

PA)
"Type B“ were grouped together due to the1r hlgher (E A) and

YS values Furthermore,; a Type A catalyst produced a

stralght line when  the - ratlo of ethylene hydroformylatlon*g;‘

“rate (rPA):was'uplotted‘aga1nst_~propylene,hydroformylatlon1

rate (r Also E and‘ S for hydroformylatlon on

BA) - "PA
RhCl3/8102, a support w1th larger pores: than NaY \were_ap-

- prokimatelyA equal:to Type A values.v Thewauthors“concludedt'



TABLE 2

Propy‘lene Hydroformylation Over Rh-NaY Zeolites (32)

un Catalyst Rh Pretreatment 10 * mol.min g cat RN
content with He-H, - - e e
(1o« 0.1 x 10° Pa, : HBA
mol/g 400 K, S5 h)
cat)
1 1 50 No 0:10. 0.1 0.2] 048
2 Yes 0.15 0.24- 039 0.38
3 4 150 . No 0.15 0.15 - 030 0.50
4 , Yes 0.24 021 045 0.53
5 6 280 No 0.36 0:40-  0.76 0.47
64 ) No 0.35 0.41 - 0.76 - 0.46
7 ' Yes 0.16 012 0.28 0.57
8¢ Yes 0.14 0.10  0.24 0.58
9 7 , 350 No 0.38 0.48  0.86 0.44
10 Yes 0.08 0.06  0.14 0.57
11 REC1/SIO. 170 Yes 0.53 0.96 1.49 0.36

Note. Reaction condmons were He-C3H, (30%)-CO (10%)- H (309%) at 400 K.
« Steady-state rates for the form.mon of n- bulymldchyde iso-butyraldehyde, both butyraldehydes. and pro-

pane, respectively.

* The n-isomer selucllvuy is defined by r,. M/(r,. Ba T TuoBa)

¢ Thc pretreatment was performed for 48h.

“ The elhylcm. hydroformylition was followeéd by the prop\lun'. hvdrmmm\l tion.

e
(R
mol.min
2 Cal)

0.38
1.06

0.55

.60
.60
26
A3
.80
18
.29

[\



.that ‘the Type ‘A actlve s1tes res1ded on the external surface

or in the entrance of the pore

. On the other hand Type B actlve s1tes were suggested to;v‘

be in the pores and 1naccess1ble by propylene Th1S‘conclu-a

sion was supported by: | | B

1.h'a.h1gher»reductlonfin“rBA”to fA after pretreatment‘

e‘suggested some 1nacce351ble propylene actlve s1tes |

f27 dhlgher S for Type B suggested sterlc 1nfluence of thefﬁ

| :support B

33h:a lack of change of EAN’and EA, as a functlon Ofipre_»

treatment compared to the -40 56 kJ/mole range ob-
userved for EPA | o |

47} a faster rate of proplonaldehyde desorptlon compared’

to butyraldehyde desorptlon suggested that the poresu

"iof the zeollte were not used 1n catalys1s,.for;propyf’

: lene hydroformylatlon | | | ‘ .

Takahashl and Kobayashl found that the rhodlum zeollte

‘catalysts were . stable for up to one month w1thout deactlva-ﬁ

'ftlon'-or vselect1v1ty shlfts o Startup tlme normally tookvh .

J}6O 80 hours However, by preadsorblng aldehyde onto the su-VH.

“port the start up tlme was reduced to less than 20 hoursv:,kbl

-}Hence the slow rlse in act1v1ty 1s due to the adsorptlon oflv -

the product on the zeollte
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Centola et al. (33) performed propylene hydrofotmylation.
'studies on cobalt exchanged NaX loaded from 1-12 wt.%.
Reaction conditions were 160-220°C and 140—200_atm. Selec-
tivities were dependent upon temperature'and,préSSure, but
were less than 1.88. Conversions were less than 1% after 6
hours contact. An intense maximum in=aldéhyde production
rate occurred at 2 hours process time. The authors attri-
buted this to cobalt loss. Howevér,'after.steady state was

reached, no cobalt appeared to elute.

2.4  METHANOL CARBONYLATION

Methanol carbonylation has been the primary reaction stu-

died with rhodium exchangedeeolites (34 - 42). ’TheSe inf
vestigations reported different fypés of zeolites and diffe- -
rent ion exchange procedures, and their results were not in
-complete agreement with oné another. However, these studies
include informatién which may aid in th investigation of the
-reactiqn éYstém used‘in this report, thus a brief discussion
.fOllOWS. Nefedév et al. (41, 42), Yamanisfet.al. (38) and
Scurrell et al. (34) used_NaX.while Yashimalet él; (35),
Takahashi et al. (40); aﬁd Gelin et al. (36) 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 ldwvdue'to mase transfer}
,considerations (38);
4. RhNaX catalysts deactivated‘abeve_24290}
5. RhNaY deactivatéd at 200°;
6. deactivation showed a non-zero order  dependence fer
RhNaY; |
7. deactivation of RhNaX followed zero order hehavior;
Points 4-7'indicate that differences.ariseifrem?the.Zeol—g
ite type. HoWever’the»direct‘comparison is difficnlt~dueeto5
the work being-performed,in separate labOrateries,sfStudies'
involving the inreStigation of differenCes.between NaX and
‘Na¥ include Rabo (44):and Davis et. al. (43). ‘(A;diSCﬁSSiqn -
appeare laterﬁdeecribing the structural differences betweeh»'
NaX and NaY)
ngher act1v1ty was also observed for RhNaX prepared from

Rh(NH ) Cl over that exchanged w1th RhC1l °3H O (37) It was

3
»later shown by EXAFS (Extended X-ray Absorptlon Flne Struc—‘
ture) that the RhNaX prepared-from‘the.ammlne'complex,was

better dispersed (45). Denley et al. (45) also shcwed.that‘

hao3 was the predominant,species on the catalettprepared.

from RhCl3-3H20 before and after reactivity measurements.
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EXAFS = revealed that  the pfedominant form of the
(Rh(NH3)SCl)Cl2 exchange was ‘either a highly dispersed oxide
.0 aquo complex immediately following the  exchange. After

' caicination, Rh metal microcrysfailites with an average par-
ticle size of 9A were'obServed.

Shannon eﬁ al. (46) recéntly performed a. study on the ef;’
fects of ion exchénge upon ﬁhe location of the rhodium in
zeolite Na¥Y. Surface and bulkvrhodium content was distin-
guished by comparing  surface rhodium analysis ffém»XPS (x?
ray photoelectron spectroscopy) with chemiCal*aﬁaiysis (CA)
, Values for the bulk. XPS/CA values greater than unity indi-
| cated surface rhodium,.whereas unity-suggestedva:more‘uniéf

form metal distribution. Rh(NH3)5012+,

: Rhcl3(aq), and
Rh(H20)6+3 were‘used'as rhodium sources. The>zeolites con-
tained roughly 2 wt.% Rh. It was found that all rhodium
sources produced'a:uniform distribution of-rhodium;‘ Howev;
.er, rhqdium conéeﬁtration and eXchange,temperature,were'cri-
tical. The RhClé exchange cohditions were 9Q°c.and Rh con=-
centratioﬁ between 0.002M and 0.006M. At this temperature,
the. rhedium is exchanged aS'Rh(H20)6f3;  PreVious‘$tudies in
which lower temperatures and higher_concentratidnsiwere used -
deposited substantial amounts of rhodium onto the zéolité
- surface.: The:aﬁthors suggested that the heat is required to
libératé'free-le ions. No additional’chlorine;Was incorpo-

ratated into the zeolite.



25

2.5 ZEOLITES

Faujasites - are zeolites with three dimensicnal ‘pore
structures.  which have foundﬂ great utility .ih catalysis
‘(44,47). Zeolites are hydrated,crystalline aluminosilicates
of the general formula M (AlO ) (SlO ) zHéQKin which M is -
typically a monowvalent or dlvalent cation: Thishcation cah
be exchanged reversibly without destroying the zeolite
framework.

The zeolites of interest in this investigation are the
synthetic faujasiteS‘NaXvand NaY. NaX has‘the empiricai'
formula, Na86(A102)86(Si02)1060.264H20, and that for Nay rs
Na56(AlOZ)56(Si02)1360'ZSOHZO. _There‘exists no topological..
difference between'the two. One significant distinction-isr
that Si/Al=2 Swfcr Nay, whereas Sl/Al 1. pror NaX. ThiS‘
difference creates dlSSlmllar electrostatlc potentlals with-
in the structure. Therefore, catalytlc“vact1v1ty can be
.drastlcally altered ’ H:H?

Flgure 2 is 'a dlagram of the faujas1te The alpha'cage.
cdlameter for NaY and NaX is 12. 5A with pore opehings cf
8.9A. The beta: cage has a dlameter of 6. 6A w1th pore open-
ings.onlva.GA wide. In  terms of adsorpt;on capac1ty, the
,betarcage_hclds 4 HZO,molecules whereas the alpha‘cage holds "
28 molecules. The pore'openings to the'alpha'caqe permit

brahched 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 zeolites important for catalysis is the
ability to exchange the charge balancing cations fdr transi-
tion metals. The Si/Al ratio controls the number of Catibns
and their location. The degree of hydration can affect the
cation position also. The cations are locéted within the
~ae-cage and f-cages, and on thg surface. In order‘to entrép
- 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 providéd as a. reference for the reader. Band’positiohs

for specific complexes are referenced in the discussion.
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‘f\/w_ ~ B-cage
channel ~(_ J TET7 | \
L .,‘ ~A__/\A_V | a-cage

Figure 2: - Schematic Diagram of Zeolite NaX
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TABLE 3

IR Frequencies for Various Functional Groups (49)

,,.Metai.Cpmplexes ,': ~ Types of Vibration 4 - Absorption Band

M-H o c metal hydtide stretch ., S j2100—l900
M=CO ‘ : carbonyl stretch S .. 2100-1900
O M-C-M  bridging carbonyl stretch " 71900-1800
M3(CO) i -+ triply brldglng carbonyl stretch 1800
- M-C 0-M' v carbonyl stretch .~ 1650
0
- .M-C-R acyl stretch . o 1710-1660 -
CM-CHy- CH, def  1430-1415
M-l ' coordinated olefin | 1530-1500
' Hydrocarbons o
CH - ~ stretch (aliphatic) S 3000-2800 -
c. - - stretch- (unsaturated) _ - 3100-3000 -
- =CHO : . ...  C-H stretch o 7 2745-2650 -
CH3 B ' asymmetric deformation . C . 1465-1440
CH3 - symmetric deformation : 3 ‘ 1390-1370
CH o -~ CHbend 1340
CH2 ’ ‘ ' scissor vibration - 1480-1440
c=c - olefenic stretch .+ 1680-1620
o - ’

c=C-C- - - carbonyl stretéh  v 1700-1660



Chapter III

OBJECTIVES

It is apparent from the various attempts to heterogenize

a homogeneous.transitiOn.metal complex.for the hydroformyla—

tion of_propylene that the;potential fOrfsuccessﬂis good;?-:

»‘The use of phosphlnated polymers and phosphlnated s111cas 1s

 more advanced than the use of transition metals supported on

'unmodlfled 1norgan1c supports ! Due to the poor’regloselec-
'vtivlty,’s1mple metal supported catalysts are: unattractlve
Collectlvely, the studles on supported rhodlum carbonyls do -
‘;Iexhibit favorable behavior. Most. important is the}fact.that.“
pStable catalysts can be formed. Ichikawa's-(G—a) studies
and‘the body oflmethanol carbonylation-erk proVide.direc?‘
tionffor~this,investi§ation inhthatusupportvand catalyst
preparation: significantly alter reactivlty, 'However, vthef_
use of rhodiumfzeolltes}uith phosphines has not been ex—
plored Hence the 1nvest1gatlon of the entrapment of rho;
;'kdlum phosphlne complexes into zeollte supports is espec1ally
.appeallng

Prlor to forglng ahead 1nto the 1mmob111zatlon of rhodlum"Vv

,phosphlne complexes 1nto zeolltes, ‘some basic questlons con-

"cernlng,the-nature of the b;narygrhodium‘carbonyl Zeolitev

‘,'catalystsfneed-tolbe answered. Among these are:

29
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.Whgt is the position of the metal within the zeolite

- under reaction conditions?

Is the active species for the heteereneous catalyst

the same as for the homogeneous case?

. . How can the performance of the catélyst 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 zeolite NaX
and NaY;

to study the.effects_of catalyst preparation on ac-

~tivity;

to determine the effects of pretreatment on catalyst
performance;

to study by in situ Fourier‘transform infrared spec-

troscopy the formation of rhodium carboﬁyls-iﬁtorder

to evaluate the role of the zeolite;
to study by in situ FTIR the catalyst under reaction

conditions in order to establish the vrelationships

- between homogeneous and heterogeneous rhodium carbo-

nyl hydroformylation cataleis;
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_to determine the location.(within or on the zeolite)
of the<active catalyst by rhodium cafbonYl réaction
with size discriminating phdsphineé; ) |

to perform,preliminary studies on thévéffect of phos-

phine addition to catalytic behavior.



Chapter’IV

EXPERIMENTAL APPARATUSES AND OPERATING
.~ PROCEDURES ' :

4.1  DIFFERENTIAL REACTOR SYSTEM

Figure 3 is a schematic diagram of the differential bed
reéctor system usedvté study the catélytic écﬁivity of the
‘catalysts. Matérial and equipment specificétions can be
’found in'Appendix A. A general descriptidn‘of the apparatusv
‘and its,operation follows.

Hydrogen Qas was purified by passind*through’a plafinum
~.catalyst chamber which reactéd‘the trace oxy@eniwith‘hydro-‘l
‘gen to produce water. Water was then removed in a silica
"gel chamber. Carbon monoxide, propylené,{and“nitrogenvwére
used wifhout~further purificationL The fiow fate of>each‘
gas wés measuréd by a rotameter and cbntrdlled-by.a high ac- -
curacy valVé.vaach gas. pressure was measured by the same -
pressure gauge in order to assure unifofmity Of-gés flow.
After the rotameters}-the-gases‘were mixed.v.Théigés fLow
  Can be diverted to three:locations& | i

1. the gés chromafograph fOr’reactanf analysis;
'-2,- to‘the,reéctor;-‘

3. to the FTIR flow cell.

32
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FB Fluidized Bed

DB . Differential Bed

TC Temperature Contoller
BPR Back .Pressure Regulator

T Temperature

p Pressure Gauge

FTIR
G.C. G.C
) A B8
N2
C3
— % VENT
| CTP : / SAMPLE \
: , VALVE
=)
o8 TC

E’iijure 3: Flow Diagram for»Differe'nt‘i.‘alfRea:,c‘:tcr System"
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For case (2), thevgases 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 héld'atﬁset point
$1.0°C.  The coil preceeded the reactor in order té preheat
the gas. The 1/4" oD, 3" long react¢r was heldlvertically
‘in order to prevent chanelling of the readtant:and the prb—
duct gas. The product stream was then sent to the gas chro-
matographs for sampling or to vent. The jpresé@ré‘ in  the _
reactor was controlled by a back preSsure regulator, and
could be set up tq 3 atmospheres.

Due to the small quantities of prodﬁcts»andnthé diffiCul-v
ty of separatihgjthe butyraldehyde} iéo-butyraldéhyde, pro-
pylene and propane oﬁ_one éas chromatogréphyvcoiumn,,a two
column, two sémple, two integrator anélyéis was: performed.
A 20 ul gas sample was injected'onto.a'Porasil C column
which separated propylene from propane. A 500 ul Sample\was
injected onto the Spherosil column which“separated*the pro-
pylene 'énd propane ‘(unresolved) frdm Athe» two. aldehydes. -
Each detector signal was analyzed by a digital integrator.
Details of the mathematical analysis of theutWO signals are
in Appendix E. |

The flow system'Wés such that the gasechéh»be used for
either reactor analysis or the FTIR flow cell, but nét sim-

‘ultaneously.
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The catalyst was pressed (10,000 péi)»into pellets, which
were theh‘screened fo';46/ + 70 mesh siée- 'Typiéally, the
feactor was loaded with 0;5-0;8 g cétalYét. A thermocouple
was imbedded into thé catalyst‘packing in‘order to,accuraté-'

ly measure catalyst temperature.

4.2 IR FLOW CELL DESCRIPTION

A Fourier transform infrared spectrometer (IBMb-model.

iR/32) was uséd to collect IR spectra. The optics bench-
- sample chamber was. modified to éllow, installatidnb’of‘ the

x flow cell. Plexiglas covers replaced fhe original covef in
ordér"to suprr£ the cell.

Figuré 4 is a schematic diagram of'the FTIR fioﬁ ¢ell gas
flow system. A number of flow pattérns‘Caﬁ be achieved by
properuvélve manipulation sequences. . The following'optibns
are available: |

l. gas flow'from‘thé rotameter bank in‘Figure»S can be

fed to  the cell at valve V3. Adjusting the back
pressuré regulator (BPR) ailows'pressures up to 30
psig under flow'c5hditons; |

2. fhe'céll canibe‘closed off by on/off'Combinatibhs df‘

valves V6 and V3 with valves V4, VSland;V2r,

3. the éell~can be~evécuéted;
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needle
injection
4as njet

vacuum

BPR - vent

bomb

heated

IR CELL

Figure 4: Flow Diagram for IR Flow Cell
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4. gases or 1iquids can be injected via'a”septnn port at
v, : _ | ;
5'3 bottled-gases can be fed into the'systemnﬁnregulated
Via ports V1 and V2;
6. the tubing section between V4 and the cell is heated
so that liquid Vaporlzatlon will occur
Appendlx ] contalns a detailed valve p031tlon 1ndex 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 seale
on'the‘knife‘edges of the_flanges.v The  sample holder con-
sist of two circular) alumlnum disks,O;OSO"‘thick withv1/4"
holes in the center. One disk has a O. OlO"vreceSS'around

.the center hole where the catalyst is placed 0.008" deep

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

low gas flow. On the back 31de of each dlsk are 25 mm. x 2
"@m IRTRAN-2 windows. vWavenumbers above 700cm ; can be ob-
served With these ZnS crystals. On the back s1de of w1n—_
dows, a- 1" x 3/4" x 1/8" Vlton o- r1ng is placed which fits
‘1nto,the flanges. Hence, the entlre cell is sealed at the-
two,o rlngs and the copper gaskets , Physical Iimitations
are 200 C .set by the.Vlton o—rlngs, and'SO-psig,,which is

set by the optic window&thickness. Five round 1/8" OD x 2"
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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) O-ring, E) flange :
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long, 100 W fire rods are used for heating fhe céll.’ Each
‘flaﬁge contains 2 fire rods, while the fifth ié used to heat
the inlet stream (underheath.glass wool insulation on right
of Figure A). Tempefature is controlled by a 10 amp Variéc.
Settings at 28.5 and 42 result in 120°C and 190°C, respec-.
tively. The relation between temperature (QC) and the Vari-
~ac settings is iiﬁear] Cell temperature is measured by Type
J. thermocouple at the aluminum sample hoider.

The catalyst is prepared by sieving the powder through a
325 mesh screen. A 3/8" OD wafer is made-bj pressing
the powder.to 30,000 psi. The wafer has a density of 5-6
mg/cmz. Wafer thickness 1is approximately 0.0047 inches;

Normally, transmissions of 25% or higher are recorded.

4.3 CATALYST PREPARATION

Rhodium was exchanged into NaX and NaY zeoiites,,pur-
chased from Strem Chemical, and silica under a Vafiety of
‘conditions. Table 4 shows the wvarious conditioné which were
used for rhodium incorporation into the supports. Table 4
will serve as the master table-for subsequent ‘discussions.
Heretofore, reference to a particular catalyst will be by
catélyst-letter and support. For example, catalysﬁlA in Ta-

ble 4 will be called AY or AX.



TABLE 4

Methods of Catalyst Preparation

Z =2 &0 X" 4

Catalyst Rh Source Support T( C) pH NaCl Time % Rh
A RhCl,+3H,0 NaX,Na¥ 90 6 0.1N 5 1-4
B RhCl,*3H,0 Nay 90 4 0.1 5 4
c RhC1,+3H,0 NaY 90 8 0.1 5 4
D RhC1,*3H,0 Nay 90 6 0.2 5 4
E RhC1,+3H,0 NaYy 90 6 0.0 5 4
F RhC1,+3H,0 NaX,NaY 90 6 0.1 24 4
G RhC1,+3H,0 NaY - 90 6 0.1 4
H RhC1,¢3H,0 ' NaX,NaY 90 4 0.0 5 1,4
I (Rh(NH3)5c1)2+ NaX,Na¥Y 50 8 —— 24 1
(Rh(NH;)C1)?"  Nay 50 8 —~ 5 1
(Rh(NH3)5H20)3f NaX,Na¥ 50 8 - 22 1
(Rh(NH, ) ;H,0) Nay 95 8 -- 24 1
: 3+ .
(Rh(NH, ) (H,0) 510, 80 8 -~ 24 1
i 3+ .
~ (Rh(NH,) gH,0) sio, 50 8 - 24 1

0}7



For each exchange, the procedure was similar. Prior to
exchange, zeolites were slurrled in distilled water, fil-
tered and dried in alrwatvlzo C. ~Th1s served to remove any
'impurities in the commercial product. - For catalete,A—H,
several grams of zeolite were slﬁrriediin-looflso ml ef salt
ieqlution (some were without_NaCl) andrheated to 90°C. The
RhCl$'3H20'was dissolved in 100- 150 mi.distilled,water.
Addition of the rhodium solution was made dropwise“ over
bl 5-2 hours. The zeoiite-rhodium‘slurry was maihtained at
g0°c for 0, 5, or 24 hoﬁre. For the 5 hour exchange, the so-
lutien was cooled to room temperature and stirred for‘anoth-
er 20—24 hours. The‘zeolite'slurry was filtered end washed
withfat least two liters ef’distilled water tofremove;NaCl.
Ihe’filter’cake was dried to a free flowing powder En an
oVen with circulating dry air at 120°C for 24 hours.

Cation exchange of (Rh(NH3)5HZO)3+ and (Rh(NH3)SCl)?+ for
Na+ in NaX and NaY Was performed by dissoivihg the-selt in
water and adding to a water. slurry' of the Zeolite' “The
temperature -(50 or 95°C) was. . malntalned overnlght after
~which the zeollte was flltered and washed with water. The
powder was then dr1ed at-room temperature. |
ﬂ-b.Catlon exchange of (Rh(NH, ) )3+twith silice was per-

'formed by dlssolvlng the salt in aqueous NH OH which con-

4

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 catalysfs 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 pretréatments
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 -
fhe differential reactor éystem. With this technique, it
-was posSible to study the catalyst surface under a variety
of treatments, with the intention to correlaté predominant
surface species wifh activity. A description of the most

frequently used catalyst treatments follows.

4.4.1 Precarbonylation

The flow system was pressurized to 30 psig with carbon -
mqndXide.‘ Total flow rate was,approximately 15-20 ml/min
STP. 'Once'tﬁe preésuré was ‘stéble, the temperaturev was
raised to 120°C. In‘both the flow cell and the reactor,
heating from ambient temperatuféyto 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 1§0°C
for 5 hours. 190°C was attainable in roughiy 45-60 minutes.
The catalyst was then cooled under air flow tq_lSOOC. N2
flow at 30 ml/min STP for 15 minutes was used to femove 02.
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 N, flow. At

2
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 NZ’ 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 catélytic activity sfudies, sevérél Sets of hydrofor-
mylation conditions Qeré used. However, one was.used most
frequeﬁtly. Unless specified otherwise, the reaction éondi-
tions were.a 3:3:251 partiél_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;aré_preééhted‘
‘here. ‘Assiénment of~£he$e bands-to'complexeé’is,withheld'
luntil the discussion (Chapfer 6). Table,loiin‘Chapter_G
contains the band'pééitioné’for complexés fdrmed'in’this

study as well as those reported in the literature.

5.1.1 RhNaY

In FigurévG,'a.set of;iR spectra taken durihg carbonyla-‘
' tion as a function_df;timevand'temperature,forf¢atélet AY
is shown; Speétrﬁm.A;'téken at 95°C, shows weak bands at

2069, 2050, 2025 and 1834 -cm +

-1

and a sharp band at 2086 .
cm”™". Upon heating the catalyst to 110°C, the 2070-2020

cm fegion includes more distihct bénds while a néw~band at
1768 cm™t appears. The band at 1768 cm™ continued to grow
in intensity with further‘heafiﬁg of the sample.  Simui£ane-
ously, the band aﬁ 1834-7 cm_1 disappeared. ‘After 10 hours,

‘ no spectral“changes;wefefébsérVed; The final "spectrum fea?
. . X .

tured baﬁds‘at 2099,,2069, 2020 and 1765 cm-
~.Spectra~in.Figure 7 were taken‘atgsteady state‘for cata-

1yéts AY "and IY. The*séme catalyst'as7in Figure 6 was sub-

- 45
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2099

Figure 6: Carbonylation of RhNaY under 30 psig CO

a) T=95°C; b) T=110°C; ¢) T=120°C; d) T=120°C for
10 hours



’ a7

jected to éarbonylatioﬁ‘byvthe éir drying method (sﬁectrum
A). For Figure 7b,vthe'catalyst IY was also subjected to
_the'same-conditiéns as 'A. The éatalyst IY’preCarbonylated
spectrum is shown in C. The intermediate spectra for C are
approximately the séme as shown in Figure 6

Figuré 8 shows the carbonylation of‘catélyst HY (recall
the.catalyst nomenclature: HY is not the acid form of Na¥Y
but rather préparatioan using NaY listed in Table 4); At
>93°C, a sharp band at 2082 cm-l has developed with a should-
er at 2050 cm-l. Weak bands are also present aﬁ 1865 and

1

1832 cm ~. After being at 150°C for 50 minutes, the-speCt-

rum contained several new bands. The 2082 band had moved to

a.higher frequency to 2096 cm-l, and the 2042 cm_1 band was

1

resolved. Shoulders appéar at 2110 and 2025 cm” on'these

two resolved bands. A strong band at 1762 cm-1 was also

present. The shoulder 1865 cm'-1 has disappeared while the

1

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

after 8 hours. The 1837 ‘cm‘_1 band disappeared. Resolved
bands were present at 2112, 2099, 2047 and 2022, and 1763

-1
cm- .
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210,
2006 ||

2047 , 2022

2097

Figure 7: vaecarbonylated Catalysts. =
a) RhNa¥ from RhCl, 3H,0, dried; b) same as A,

but pfépared.from (Rh(NH3)SCl)2+; 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. Spectﬁnn‘A is simply the RhNaX zeolite;
- Bands at 2096 and 2016vcm71 intensify with time. A slight,

broad band developed slowlydat approximately 1830 cmfl.

5.2 CATALYTIC ACTIVITY

- 5.2.1  Active Catalysts

of the‘different preparative techniques,used to incorpo-
rate rhodium into the zeolite, only those exchanges.using'
‘RhCl3-3H20 as the rhodinm source formed stable.hydroformyla- -
.tionicatalysts~ rHence ”this7Section presents thedresultéﬂ
for these active. catalysts as a functlon of preparatlon pH
NaCl content, zeollte type and catalyst pretreatment.:

Following precarbonylatlon of catalyst AY, 5a'reactant.

mixture of 3:3: 2 1 propylene, hydrogen, nitrogen, and carbon -

monox1de at a total flow rate of 45 ml/min STP was started.

cAfter several hours at 120°C, no hydroformylation;activity
YWasiobServed and the’temperature was increased to l35bC. No .
hydroformylation activity was observed aftergseyeral hours.
‘Ihe catalyst was then neatedvto,ISOOC. bAfter_approxiﬁatelyq
1 hour, hydroformylation activity was Seen.',Figure 10 showsri
the rate behaylor for hydrogenation and iso- butyraldehyde

andc,n-butyraldehyde{fformatiOn as a functlon of tlme atf
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1865 1832
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2096

|V 2022
2n2 \‘V

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

a) blank zeolite at room temperature; b) after 12
hours under CO
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- 150°. .Hydrogenation activity declined as the butyraldehyde
hrates increased. The iso-butyraldehyde rate paseedxthrouéh
a maximum whilejthe:n-butyraldehyde.rate SIOle»increased.
Steady etatet,for all three reactions yoccurs after :18-20
hours Table 5 summarlzes the react1v1ty data |

: h_ Although the catalyst requlres 150 o to actlvate, the ca-
talyst remains actlve as low as 80°C. Actlvatlon energies
calculated from ratesoover.this region show‘no cnrvatnre»in
the Arrhenlus plot as seen in Flgure ll . Actiyation ener-

gies for hydrogenation, (EA)f iso- butyraldehyde (EA)’ |
‘and n-butyraldehyde ‘(Eg) were 21.0,‘11.4 and 9.2’kcal/
mole; respectively.

It is shown in Elgure l2 thatathefconversion-Varied ll;
nearlyiwith contact time.‘ The conversion wae recordedtat 45h
ml/min° STP' and at 90 ml/min STP. COnversion was halved'When
the flow rate‘waS‘donbled. o

Catalyst AY was pretreated with‘quat 100°C. for several
_hours. A mix of propylene and hydrogen was converted com-
pletely to propane. Since: rhodlum metal is an excellent hy-

drogenation.catalyst, metallic rhodium.was believednto be

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

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

dqced;ﬂandﬂthe‘hydrogenation activity decreased~appreciably o

to around 1-29 conversion.
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Reactivity Data For Catalyst AY

Pretreatment

1Précérbonylated

H, at 100°c®¢

aAt 150°C, 1 atmosphere;
Pat 120-150°C;" (Kcal/mole)

CFor 0.5 hours

Product

CyHg

-4

i-C,HgO
CaHg
n-C,Hg0

1—C4H80

n-C,H_O

TABLE 5

Ratea

X

X

X

(moles/g-Rh hr)

10~
10~
10~

10~

7S
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RhNaY (AY) Reactivity for Different Pretreatments

x 10%(moles/g-Rh hr)

X ida(molés/g-Rh hr)
(kcal/moié)' V
(kcal/mole)

i |

Hydrogenatibn/
Hydroformylation

'x 10 (moles/g-Rh hr)

TABLE 6

co

Dried

12.1

10.3

14.

13.

N}

.66
.91

.67

.21

.11

LS
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Table 6 presents the reactivity data for cétalet 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 (1.37 and 10.2, respective-
ly). Of the unreduced catalysts, the nitrogen treated re-
gioselectivity was slightly higher at 2.21.

Table 7 illustrates the effect.of pH, NaCl and weight
loading on catalytic activity. Adjusting>the rhodium zeol-
ité slurry to pH=4 (catal?st BY) prevented hydroformylation
activity, while maintaining the pH at 8 (catalyst CY) had
no effect on rates or'seleétivities. | _'

Precarbonylation of catalyst HY, 4 wt.% Rh’,' failed to
produce butyraldehyde. Howeﬁer, approximately 10 unidenti-
fied products were observed. Retention times for the major-
. ity of these were betweeh propylene and n-butyraldehyde. 1
wt.% loadings of catalyst HY were also tried, but they were
inactive.

A NaY_slurryUat‘9O°C‘was pH adjuSted to 4 with HCl addi-
tion and stirred for 5 hours. Exposing thislqatalyst to
réaction conditions yielded roughly the same distribution of

products seen for catalyst HY.



TABLE 7

Rhodium Trichloride Exchanges at 95°%

AY BY cY DY

(pH=6) (pH=4)  (pH=8)  0.2N NaCl

NA - 3.8 ---

r. X 10 5.3

Ty

r; x 103 5.4 NA 4.7 o ia-
ry X 103 10.0 NA 9.69 S
n/i 1.9 2.05 2.0
rH/(rI + rN) 3.4 3.7 _——
H

E, 21 17.1 -_—
I

Ep 11.4 12.8 -
N o : .
A 9.2 11.6

EY

No NaCl

3.22
2.28
5.4

4.2
25.9
14.6

13.6

* Products were 2-methyl-3-hexanone and 4-heptanone _
ko Requlred 56 hours to reach steady state :

NA denotes

not active"

6S
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NaCl concentration had a pronouncedleffect'onractivity.
In the.absenqe of NaCl (catalyst;EY), the steady state‘fates
were hot altered, although it required‘56 houts in ofder te
dbtain:steady&state'(seeiFigure i3).‘ Regioseiectivity was
2.37.. A 0.2N NaCl concentraticn (eatalyst»DY) changedvthe.
final product distributioﬁ - Aldehydes were ndt detected'in/
the chromatogram, but 2- -methyl-3-hexanone and 4- heptanone

were observed in a 1 2 ratio

NaY¥ was washed in 0.1N NaCl at 90°C for several hours,

then filtered and dried. A’hydroformylation reaCtant stream
bubbling threugh a 50:50 solution of the two butyraldehydes
was passed over the_catalyst.bbThe two ketones Weredebserved
in the product’stream,. . |
In'general,‘the ammine exchangestailed‘to.activate;_ Ohe
method did, however, produce a'burst of actiVity Catalyst
IX was precarbonylated and exposed to reaction conditions
for several hours.. Roughly 1.0 ml of dlstilled water was
injected intovthe»reactant stream. Immediately, the cata-
iyst exothermed 20°Cl A sample taken 5 minutes after this
exotherm showed iso- and n—butyraldehyde productioni“Re-'
"gioselectivity was 3.0, a_significant increase abbveithe-va-b
lueslobservedifor»catalyst AY. The catalyst deactivated to
- zero activity within an hour.}A second injection*ofawatert
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 HZ/NZ
”freatment. Whereas this catalyst failed to activaté follow-
ing pfecérbonylation or the N2 treatment;_this pretreafment
‘activated  hydroformylation production. During the -firsﬁ
vSéveral hours, numerous unidentified prdducts were formed.
These were absent after 5 hours. The n/i ratio. was. only
1.17 while 4-heptanone aﬁd 2-methyl-3-hexanone were producéd
~in a 2:1 ratio. The rates for aldehyde and ketone formatioh
wereEappfoximately the same as the aldehyde-rates for cata-
l&st_AY. - The total ketone rate was roughly five times the

aldehyde productidn rate.

5.2.2 Side Reactions

A number of other coﬁpdunds were formed on catalyst AY.
During startup of the catalyst,'gas chromatogréph peaks-ap;
peared before and after the aldehydes eluted. AtvSteady
-state, only compounds with much‘longer retention times were
~Observed. The product stream was analyzed by onlihe gas
chrdmatograph-masé spectrometry in order to help‘ aésign
these side broducts. The mass spectra are shown in-Apﬁendix
D. Two startup products . are 2-propanol (see Figure 49) éﬁd
‘éfpentene (see Figure 50). Mass spectra for‘severaliother
compounds‘have not been positively assigned. These products

have molecular ion peaks at 84 (2 products), 86, and several
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af' 100 (see ’Figures 51-54). As the catalyst approaches
steady state, five products other than propane and the twof
Vbutyraldehydes which are formed are iso-butanol, n-butanol,
2,4 diméthYl‘penﬁahOne; Z*méthyl-S—hexanone,‘and 4-heptanone

 (see Figures 55-57).

:5.2;3 | Partial Pressdre Analyéis

| Iﬁ was desired tovdetermine the fate dependencies of the
bartiaiyéféssﬁre'of propylené, hydrogen and»carbon-monoxide,
for catalyst AY. Rates were obtained from propylene and CO
»parfial‘p:essufes at 1/3, 2/9 and 1/9 atm, while H2 was vér-
ied twice,at 1/3 and 2/9 atm. The catalyst was brought.tq
-steady state at 150°C ih 20 vhburs. After steadyf 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. N, makeup gas

2
>Wasiuéed to maintain a constant contact time.

The results of the study are presented in Table 8 . A
 nqnlinear 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 depéndent»on’ole—
vwfinvvccncéntration. Hydrogen concentration exponents were
0.30;:0;40 and 0.48 for hydrogenation, iso—butyraldehydevand 

n-butyréldehyde production rates respectively. CO inhibits
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all three rates approximately equally, with “the eXponent

ranging from -0.70 to -0.72.

5.2.4  RhNaX Catal?sts

The RhNaX: catalysts (AX) ‘prepared from the-;Rhci303HéO
were'not sﬁbjected to the extensive study‘as the RhNaY‘(AY)
| eétalyeﬁ,v This was due mainly to the inability to satisfac-
toriiy_reproduce results from one_betch of cataiyst to the
- next. At the onset of this study,'rate.data was collected
for AX and;AY;' The starfup"curve for’catalyst AX appeafs.in
>Figurev14', Note’that ﬁhe'sterﬁup behevior wasvSimilaf ﬁo-
H -AY (see Figureiloj.-1The,iee?butyraldehyde rafe proceeded.
thfoﬁgh.e mofe inteﬁee.maﬁimum than fofmed for catalyst'AY.
Rates for hydrqgenatien, iso-butyraldehyde and n-butyraldeh-

yde  production  were -~ 2.8x1072, vO.8x10-3e"and S 1.6x%

3 H _N I

10 “moles/g-Rh hr respectively. E., E. and E, were

A’ TA A

25.0, 9.7, and‘11.7-kcal/mole, respectively.' The selectivi-'
ty and regioselectivity were 11.7 and 2.0;e’Theseereeultsv
ewereefepfoduced for this_batch ofvcatalyst.
The catalytic aCfivity data vobtained froﬁ’ different
vbatches varied widely. Only leedings,targeted‘at»4 wt.%:Rh‘
Were aetive. In general,‘the high activity and selecfiQi-
 ties reported’above were not attained. Regioselectivities

ranQGd from 0.20-1.68. Parameters which were varied includ-
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TABLE 8

Parameter Estimates for the Power Law Model

r=Ae‘Ea/RT(c3)°‘(H2)B(c0)x
ry o g Ty
a.12 x 10% 1356.4 1855.4
E_(kcal/mole) 15.7 . 10.97 10.75
« 1.01 1.0 0.97
B 0.35 0.40 ©0.48
¥ -0.713 - -0.70 : -0.72

99
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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 SiO, under the conditions shown

5
for M/SiO2 and N/SiOZ. Rhodium on silica material was aléo
_ obtained fromer;‘RSberthurwell'of Nofthwestern University.
(This was made’uhder conditiong'similar to M). Pellet size
was less than 200 mesh,"Only Dr..Burwell's material and ca-
talyst M wérégactive hydrbfdrmylation catalysts. Rhodium
Supported silica showéd behavior similar to the fhodium
zeolite during startup. ‘Regioselectivity and seleétivity
weré-1.8 and 11.2, respectively. Activation energies were
I

EA=11.9 and E§=12.9 over 130 to 160°C for Burwell's ca-

talyst. Activation energies were not calculated for M/SiOz.

5.2.6 Inactive Catalysts

Catalysts BX, HX, HY, I-L and N wére not active. This
bfoadly covers all of the:ammine exchanges onto zeOlites.
As seen from Table 4,jthese exchanges included variations of
rhodium source, weight loadings, pH, NaCl, zeolite type,

temperature, and time.
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Different pretreatments were also atfempted. Frequently,
0, Né or air was used at high temperature in order to drive
ammonia ligands off the rhodium or to simply”dry the 2zeol-
ite. Attempts using these pretreatmehfs included:

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

coolingkprior to precarbonylation;

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

starting reaction conditions;

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

nylating; |
4, precarbonylatingvqatalysts KX, KY, LY, (1 wt.% Rh)
and 4 wt.% Kf; R »

5. catalyst BX was précarbonylated and heated in air to

_250°C‘prior to precarb§nylation.‘>
None of these procedures produced active hydroformylatibn

catalysts.

5.2.7 Phosphine Modified Rhodium Zeolites

Six experiments were performed during which phosphineé
werev added to catalyst AY. | Both dimethylphenyiphosphine
(DMP) and n-hexyldiphenyl phosphiné (HDP) weré used. Phos-.
phines at approximately 2-3 times the Stochiometric émount
6f rhodium charged into the readtor were injected into the.

- reactant stream. Table 9 summarizes the experimental condi-
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tions. A qualitative' description of thesé experiments is
giVen below.‘ | '

~In experiment A, catalyst‘AY was precarbonylated‘an& al-
lowed to reach'steady_staté as shown in Figure 10 . Next,
O.lS*ml of HDP was injected into the stream. No change in
produét distribution Twas observed until 3 7hoursv later.
Iso-butyraldehyde.productibﬁ was immeasurable, while n—bu-
tyraldehyde and h-butanol rates were around one vhalf of
their stéady state valﬁes. At the same time; produttibn of
4-heptanone and 2-methyl-3-hexanoﬁe had tripled. After sev- =
erél hours, only n—butyraldehyde and 4-heptanone were pre-
sent in significaﬁt,, éuantities; The 4—heptanone to
2-methyl-3- hexanone‘ratiokwas¢23{1. The catalyst then be-
gan fo deactivate, andvWAS cbmpletely unreactive'after 10
hours (following the HDP:injectidn):

After steady state was reached with AY, DMP was injected
(experiment B). - The reactorvexotherméd by 2°C.for'only 3
minutes. A sample taken 5 minutes»later showed an order of
magniﬁude increase'in'activity{ Only a slighf enhancement
,;of selectivity was‘observed.' The catalyst was stiil produc-

ving mgasufable quantities of only n—butyréldehyde<and‘nébu-
~tanol- 40 minutes after the injection, but complétely deacti-
“vated within one hour. A second injection of DMPvfailed'to

produce any significant changes.



TABLE 9

Summary of Experimental Conditions‘for Phosphine Modified
Catalytic Runs :

Experiment

momo g Q W

* steady state

Phosphine

DMP
HDP
- DMP
DMP
DMP

DMP

T.

inj

150.

150

25

25

150

150

Precarb.

.Yes
-Yes
No
No
Yes

Yes

S.

S.

Yes

Yes

No

No

No -

No

* Bubbler

~No
“No
No
Yes
No

Yes |

oL
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The catalyst was exposed to DMP at 25°C along with>reac-'
tants in:two separate experiments. In experiment C, DMP was
injected into a reéctant stream. The catalyst was then
‘heated to 150°C under'thése conditions. N-butanol was the
only product observed after 1 hour at 15060. N-butanol pro;
duction decreased steadily from its initial rate while iéo—
and n-butyraldehyde inqreased. The maximum rates were ob-
served after S hours, with n/i<1.0. The catélyst continued
~to deactivate over 24 hours. No ketones were pfodﬁced. For
'theme#periment D,VDM?‘was injécted ih‘a similar mannér, but
the reactant stream passed>throughVa DMP bubblef'ih ofder to
_;liow continupus contéct.‘; After sevefal hours at 1509c;
both butyréldehydevénd.bﬁianols wére observed in a 1:1 ra-
tio. The catalyst ‘élowly deactivatéd over the negt’ 36i
hours. No ketones were ébéerved. | | .

,_Precarbonyiafed catalyst AY was also tregted with DMP
(expgriment‘E). Following precarbonyiation, the reactor waé
heatedvtOjISODC_under co flow;v At'approximately‘the same

_time,‘DMP was injected and reactant flow stafted{- N-butahoii»“
was ?resentjfrom the:first injection. However;vit decreased
with time. Only trace quantities of;aldehyde wére,formed.

‘fbllowiné precarbonylation and »heating -the‘ reactor to
150°C,‘thé reactant stream and DMP flow was started (ekperi-

ment F). After 2 hours, trace amounts of aldehydefwefe‘pre-
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'rsent,'but were absent after‘3 hours. At 16 hours of‘féaé-
ﬁant contact time, 2-me£hyl-3-hexanone and 4-heptanone.weré»
produced in a 1l:1 ratio. A breakthrough pointlfor_DMP had
‘not been‘obSerVed after 24 hours. Theref§re,‘an ihjéetion“
of DMP was made. Immediately, the‘ketqne production.raie‘

jumped'tﬁr a factor of 30. 2,44dimethylpéntaﬁone was‘ob-
served in trace quantities. The rates slowlyvdimiﬁishéd.
vAfter'24 hours; the rates were approximately the_sémétas bef '
fore the DMP injection A sécond injection failed to’éhanQe:

the rates.

5.3 BATCH IR

Figure 15 shows the infrared spectrum taken for catalyst .

AY before and aftér,eXposure to reactants.. BothmspECtrak
were taken by fusing the catalyst with KBr. In each case,

the catalyst'Wés handled in the absence of O,. Spectrum A

5
resulted from :carbonylating with 30 psig CO, 120°C>fof 10.
houré, Bapds;were;present at:2095, a shoulder at 2020, andv
1765:¢m—;.‘ SpeCtrum BfWés taken éfter the catalyst had been
ﬁsed in the differential flow reactor. Following reaction,
the;CatalYSt was cooled,under CO and N2 (=1/9),flow;':Bénds“
_were located at 2095, 2068, 2020, 1765, and 1710 qm-l; " ‘
Figure”ié shows the IR for -catalysts AX followiﬁg theyu,

. same conditions used oq’catalyst AY. SpectrumfA,;which wéé
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| 2000 s (et

~ Figure 15: IR of Catalyst AY (50)

a) after carbonylation; b) after reaction
conditions o
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Figure 16: IR of Catalyst AX (50)

a) after carbonylation; b) after reaction.
conditions
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collected following carbonylation, has  bands at 2090 and

2020 cm-l, with a broad, weak band at 1850 -t Following
the reaction, spectrum B shows that the same bands remained.

The 1900-1000 cm-l 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 expefiments were.performed on 1 wt.¥% catalysthY. ' Heav-
ier rhodium 1loadings did not provide adéquate resolution
above 1900 cm-l. Howevef, study of the 4 wt.% Rh'catalysts
did.show.distinét%behaviorvand.will be cbvered. |
For.convenience, the spectrum was divided into 3 reéions,
2150-1750, 1750-1600 - and below 1600 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 bénd at 2021 cm_1 became more resblved
after 5.5 hours. At 20 hours contact time, numerous Weak

bands appeared between 2035 and 1900 cm—l;
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|
1463 1380 !

1442 1290

) o
I - el 1623
- 2093 S 1662
Figure 17: Precarbonylated 1 wt.¥% RhNaY under .
’ Hydroformylation 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
a band at 1721 cm-i appeared but it shifted downfield to .

1691.cm_1 within 20 hours After 5.5 hours, shoulders were

present on the 1640 cm © band at roughly 1660 and 1623 em L.

After 20 hours time,‘thesershdulders’Wereuwell'resolVed-into

bands at 1662 — and 1623 cm™ L.

‘Region III bands underwent numerous changes also Immed~
1ately after reactlon condltlons were initiated, the bands
at 1455, 1442 and 1380 cm.1 were present. Additional bands

at 1292 and weaker bands between 1440 and 1400 cmf1 were

formed after 5.5 hours. In the final spectrum, 1463 em™t

had replaced 1455 cm * and 1290 cm ' had intensified. No -

spectral changes were observed,beyond 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 expesure-to_CO at 150°C. Strbng bands
at 2110, 2096, 2042 and 2022 em-l were present. Spectrum B

shows the catalyst after 3 hours under reactant‘flow. The
' 1757.cm-1vbands had weakened, as had the band at 2096 cm l.
'An additional strong band appears at 1719 cm —l.‘ After 10
hours, spectrum C shows the shifts of bands to 2038 and 2015

cm-l,' The band at 2109 cm -1 was present only as a shoulder

-1

A weak, broad band developedfat 1924 cm ~. At steady state,

weak bands were present at 2035, 2005, 1990, 1937 and 1918

cm .
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[
|
ez

1707 1663

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 —

1

band has
shifted to 1714 cm ~, and settles at 1694 cm_1 in»SpeCtrum
D. At steady state, 1663 and 1626 cm_l 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, ae were 2098 and 2021.
Upon heating to 150°C under reaction conditions, 2019 and
2098 intensified. Following 10 hours Ireactant centact,
, 2110, 2043 and 2019 had weekened, At steady state, numerous
weak bands appeared between 2150 and 1900 cm _1.

In region II, the 1719 — band was present after 3
hours at 150°C. It shifted with time downfield to 1701 cm *
at‘steady state. >l660 cm-1 appears as a shoulder after 10
hours, and was well resolved along with 1624 cm—l at steady
state.

- Figures 20, 21 and 22 ehow the results of identical ex-
periments to those discussed in Figures 17-19 performed on e
4 wt.9% RhNaY catalyst. Following region I in Figure 20 with

time showed basically the same features developing as with

the 1 wt.% catalyst AY. Initially, a 2047 cm™ L band ap-
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Figure 19: Air Dried 1 wt.y% RhNa¥Y under Hydroformylation
Conditions

a) CO after 2 hours; b) 3 hours with reactants;
c) 10 hours at 150°C, d) after 22 hours
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peared but weakened after 9 hours. Weak bands were present.h

at 1925 and 1850 cm_lyafter 9 hours. At steady state, the

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

at roughly 1866 and 1840 cm 1. Region II also exhibited‘the

‘Same behav1or,ﬁ A 1721 cm 11band initially appeared, and-

2
ment exhlblted s1m11ar behavior, and are shown in Flgure 21

with time it shifted to a lower frequenCy »toﬂ 1696 cm-l.
‘Bands at'1660 and71625 cm ~ intensified with time.
4 wt.% AY catalysts subjected'to"air‘drying‘and N, treat-

and Figure 22 : The two doublets between 2110 and 2020 cm”
were 1n1t1ally present - After several. hours,v.the hlgher
| frequency doublet was reduced‘tola 2095 cmf; band. Concur+
;rently, the lower frequency doublets were enveloped by ali
R broad band located at approx1mately 2030 cm 1.
For-the alr‘drled catalyst, a non-Gau551an-band-at11679v
cm -1 has developedfafter 2 hours, and was present~after.9
hours for theﬁ N2 treated catalyst. Howeyer, -at :steady
state, this band was absent. |
Catalyst HY is shown as a functlon of t1me under reactlon- .
condltlons in Flgurev23 . After 30 mlnutes, features‘were
present which haddrequired 10 hours to deVelop for:the other
exchanges; Specifically, these bands are located at 1692
1661, 1626 and 1290 cm l. ‘After 4.5 nours, weak bands at

»1945-and 1865 cm—l weretpresent. However, bands at 1662,.
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1696

Figure 20: Precarbonylated 4 wt. / RhNaY Under
Hydroformylatlon -Conditions

a) after 1 hour; b) after 9 hours; c) after 22
hours : ‘ : o
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C 211

2096

4

2095

. Figure 21: Air Dried 4 wt.% RhNaY Under Hydroformylétion
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~Under_Hydroformylatioﬁ B
: . Conditions Co v v v '

a) 10 minutes with reactants; b) 30 minutes with

~reactants; <¢) 9 hours with reactants; d) -26'
hours with reactants
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1626 and 1290 cm™* had disappeared. The 1692 em™ 1 had moved
to 1698 cm—l. No spectral changes were observed from 4.5

- hours to 8;hours. 

‘5.4;2 Et@y;eng Hydfoformylafion>

Figure 24 is avcollectibn of specfra.taken ofvcatalystiAY
underrethylénewhydroformyiation;conditions. Ethylene par-
fial‘préésure»wés-1/3 atm. Sbectrum;A éhoWs the precarbony-
flated~cataiyst. Spectruﬁ B was ﬁaken aftér 11 houré under
reaction cohdifigns; 5Fn1regiQn I, bandsuwereﬂibcated at-

1

2128, 2095, 2068, 2045, 2019 and 1762;cm_'. aIn region II, a

.doublet-appeared at 1722 and 1704 Cm-l. " Region III con-

1

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

- spectrum: C was reCorded; _Significant Changes_ihcludé the  ‘

resolved éhbuldervat;2108'cm-l and the intensified bands at
2041 and 2021;'fRegions'II-and III underwent little change,

but the bands‘did_growiin.intensity.

5.4.3 Catalyst 1Y with Water Injections

An in situ IR experiment was conducted on the catalyst IY
to reproduce the water injection inducement of hydroformyla-

“tion. Figure 25 shows the IR spectra collected. Spectrum‘A
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2127 |

B
210751

/
2094

Figure 23: Catalyst HY under Hydroformylation Conditions

a) 30 minutes; b) 4.5 hours



87

2108

2096

Moz
1723

- Figure 24: Catalyst AY under Ethylene Hydroformylation
Conditions

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 1337 cm-l,

Spectrum B was taken following precarbonylation.
Typical bands for precarbonylated catalysts are présent, but
an additional broad band at 1437 cm_1 developed. Following

3 hours of reactants, 0.25 ml of distilled H,O was injected

2

into the cell (spectrum C). Immediately transmission was

reduced, and substantial changes occurred in region I. The

1

2095 cm -~ band was a weak shouldef whilevthe 2066, 2042 and

2025 cm_1 peaks had intensified. Reactant flow was estab-

>lished after 8 minutes. Five minutes later spectrum D  was

1

taken. 2096 cm - had grown back while only a small, broad

shoulder had replaced the 2040-2000 cm—f1 peaks regibn.’ A
sécond water injection removed the bands in région I.

Spectrum E was taken after 5 hourS'with reactants. Only‘

weak bands remained at 2030 cm-l. A weak band also had de-

veloped at 1710 cm™ .

. 5.4.4 Individual '-Gas Adsorptions

Combinations of propylene, H and CO were admitted into

2[
the IR cell in order to help:assignvbands more Specifically,
Catalyst AY (1 wt.%) hadbeen precarbonylated prior to ex-

periments for Cg/H2 and H2 additions. Because the‘precar-,‘

~bonylated catalyst is unstable under vacuum and heat,  CO
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Catalyst IY under Hydroformylatlon Condltlons‘

~With H20 Injectlons

a)catalyst .IY at room temperature; b) ‘RXN
conditions for 3 hours; c¢) precarbonylated; d)
after H2O injection; e) readmitted reactants for

5 minutes; f) 5 hours after second HZO»injection
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preséufe'was retained. Gases were added throuéh porth4
“from,avﬁremixed bomb.

Figure 26 shows the spéctra of the precarbonylated RhNaY
(A) before propylene addition,_(B) after 2 hours, (C) with
propyiene and after 20 hours contact. Notice that the bands
at 3692 cm:"1 disappeéred véfter 20 hours. After 2 hours

‘time, a sharp band‘at 2042 appeared. Propylene bands were
evident between 3100 and 2800, and below 1500 cm_l.

. ly resolved. bands appeared at 1722 and 1709 cm_l. At steady

state, the 2042 band moved to 2037 cm _1.> The{bands at 1722

 and 1712‘cm-1.combin¢d to form one at 1709 em Y. The band

at 1379 cm™® was more intense than the 1460 em™ ! band also.
”Eigure.27 preSents'the reaction of the precarbonylated

’éatalyst with H, at 150°C.  After 35 minutes with H, and co,

2 2
spectruva 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 baﬁd obscures the 2045 and 2021 bands, and its shouldrl
‘er’extends to 1960 cm-l. Also present is a band at 1371
‘cﬁ_1 which had a shoulder at 1450 cm-l. Weak ‘bands alsovapF

pear at 2973 and 2937 cm T.

Slight--
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a) precarbonylation; b) 2 hours; c) 20 hours

Figure 26: Precarbonylated RhNaY with C and CO
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1852

202

2045

2096

2937
2973 : 171

Figure 27: H2 and CQ on Precarbonylatéd'RhNaY

a)'after 35 minutes; b) after 23 hours
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Propylene and hydrogen were added to an untreated cata-

iyst which was heated to 150°C under N2; The results are
shown‘in.Figure’28 . - Notice again the removal of.the 3690
>cm—1-band;
The bands of gas phasé propylene around_2800-3000 cm-1 have.
weakened significantly. Also, bands déveloped at 1710, 1463
-vand 1371 éﬁ—l. It was observed that the éell lost pressure
quickly, eventually down to 10" Hg vacuum.

Appendix B contains numerous spectra ofvadsorbed gases
and liquids onto zeolites.' These include propylene, iso=-bu-
‘ ﬁyraldehyde, n;butyraldehyde, propionaldehyde, 2-tfans hexe-

nal, 4-heptanone,ncarbbn-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 spectravtaken-of cétalyét AX
under hydrbformylation conditions. The catalyst had been
- precarbonylated, and spéctrum A wés téken five minutes after
reaction conditions were started. New bands developed in
regions II and III,only‘at 1615, 1579, 1455, 1442, and 1374

cmflu After 1 hour, speétrum B was taken. The band at 1647

cm™! had weakened while 1704, 1578, and 1422 cm ' intensi-
fied. ,Also, note a shoulder at 2035 cm -. Spectrum C was

,takén affer 26 hours undef reaqtioh conditions. Shoulders



© Figure 28: H, and C

94

2 3

a) at 130°C for 5 minutes; b) at 150°C after 25
minutes .

on Untreated RhNaY
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appear at. 2100 andv2035 cm—1 as does a broad band at approx-

"1, The 1704 cm™! band shifted to 1698 cm !,

and a weak band»developed.at»1666 em™ L.

imately 1940 cm

Flgure 30 Shows the behav1or of batch of catalyst AX‘
"cwhlch did not have measurable act1v1ty Basically, the same
»ybands developed with time as on the active,catalyst (Figure
29). ; - | ,} ‘
's‘Theuband'at:ZOQO cm-l, however, did diminish w1th time. Ad‘
‘shouldervat approximately l940 cm -1 also developed.: A band
at 1660 cm_i was present after 8.5 hours and remained‘at'

-1

;.steadyvstate The broad band at roughly 1830 cm ~ did not

fpchange with tlme

5.4.6 Isotopic Substition

'fsz and 13CO gases were added to the gas mlxture in order

 to fac1lltate ass1gnment of wvarious IR bands Catalysts AY

or-AX were used.

5. 4.6.1 ﬁhNaYv

| "Flgure 31 shows the spectra taken of precarbonylated ca—

“talyst AY subjected to labelled co substltutlons Spectrum
xAzls the precarbonylated materlal Spectrum B results from.

13

the evacuatlon and subsequent addition of 3"Hg of ~~CO. Ther‘

'bentire‘spectrum’was shifted downfield by a factor of approx-
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2091V | _
2035 V 2010

~ Figure 29: Catalyst AXrunder Hydroformylation Conditions

a) S mlnutes with reactants, b) after 1 hour; c)
after 26 hours
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Figure 30: "Inactive" Catalyst 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/H,/N,
in 3:3:2 ratios was added to the cell. Spectrum

- C is the spectrum téken after 14 hours under these reaction
conditions.'vNo additional bands are present in regioﬁ I.
‘In reéion II, a shoulder at 1710 cm t appears. Also, a
bfoad region betweenv1710 and 1645 ém-l suggests the pres-

ence of a band. Regign III contains,two bands at 1457 and

1378 cm” 1.

13

."Attempts to introduce D2 or ~TCO at steady state for ca-

talyst AY were unsuccessful. Bands in region I were very

5 was used as a

‘substitute for HZ in a flowing reactant stream. .Catalet AY

was taken to steady state so that bands were present at

sensitive to partial pressure variation. D

~2094, 2066, 2037, .2008 and‘1938~as shown’in Figure 32 a.
Thé_spectrum did not change after 1 hour under D2/C§/N2/CO

flow, as shown in spectrume,

'5.4.6.2  RhNaX

Figure 33 contains the:spectra taken after treatment of

~catalyst AX with D, and 1300,  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"Hg th Only region II significantly changes.
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)

1723 1710

13CO Substitidn on RhNaY

a) precarbonylated with 12CO; b) 3" Hg of L3co

at 150°C; c) 14 hours with Cg/Hz/N2/13CO

. Figure 31:
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1695

Figure 32: Catalyst AY at Steady State With D,/C3/CO/N,

Flow

a) steady state’with»HZ/cg/CO/Nz;'b) after 1

hour with'Dz/c3/CO/N2
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' PvThe~band at 1645 cmh1 disappeared while the‘]’.424'cm-l band

;intehsified’_elightly, A shoulder appears at 1670 em™ L,
13CO.’fThe bands

at 2098 and 2014 have shifted to 2043 and 1966 cm 1. The

Spectrum C was taken after lO’minutes‘with

band at 1618 cm™* has moved to 1600 cm T, " In region III, -

only one broed.band at. 1450 cm-l‘was present. - Spectrum D -

was taken after Hzland 12

CO had been readmitted to the cell.
Additional bands developed below 1750 Cm_l. Only bands at

1500 and 1535 cmf1 were resolved.

5.4.7 Rhodium CarbonYl Reactions with PhQsphines-

Catalysts were reaeted with dimethylphenylphosphinev(DMP)
and n—hexyldiphenylphosphine (HDP) after different treat-
ments. Cataiysts AX'apd'AY Werexeubjected to phosphihe ex-
posure. ’Therphesphines Were injected by a syrinée through
port V4 in Figure 4 . | |

Figure 34'preeents 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 and 2100’cm—1 were cempletely

removed. The 2047“cm-'1

1

band weakened and . was present as a

shoulder on 2023 cm A weak band developed at 1964 cmfl.

Spectrum C results after exposure of the catalyst with_HDP,
 for 17 hours. - The two doublets were replaced by two bands

" at 2108 and 2039 cm T,
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1696

Figure 33: D2 and 13CO on Catalyst AX

a) under reactants for 11 hours; b) 30 minutes

with 2"Hg D,; c) 10 minutes with 1300, q)

‘readmitted H, and 12CO

2
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1711

2108

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 prééarbonylated'ca-
talyst. Spectrum B was taken after ilO hours with DMP.

1

'Bands were present at 2018, 1990, and 1850 cm™ . Additional

.vbands,due’fo phosphine are located below;1600 cm-l. The
' reaction of AX with HDP is shown in ,s"pectrum» C.i Only a
shoulder at 2035 ;m_l developed after 12 hours. |
‘Spectrum Avof_Figﬁre 36 was taken after the pfecarbony-
-léted NaY'had Been dontacted"With DMP‘fof 16 hours. Bands
~at 209i'énd 1766 cﬁ-l.deCreaséd ih-intensity*from the origi- -
| hal:maﬁefial. New bands at 2029, 1959, 1862, 1833 and 1815
cm™ ' were present. Thé band at 1640 cmcl‘decreaSQd signifiﬁ  
cantly aléo. Spectrum C- | -
was taken aftér 7 hoﬁrs contact with HDP. Eigﬁfés 36 b and
"  c show the befOre'and after spéctra of the pfecérbonylated'
' ¢atalystﬂAY which hadﬁbeen‘contacted with~HDP for 8 hours.
v.:NQte thaf additional.bands appéér at.2042 and 1712 cﬁ_l.
| Catalyst AY was élloWed tovfeach steady staﬁe'undervreac—
tidn conditions. ‘HDP.was injé¢£ed into the cellT :Theﬁ¢el1j”
~was closed off so that HDP could vaporiée andvéontact the
> catalyét. Speetrum A in Figure 37 is the steady state spéct—
rumk‘and spectrum‘B shows the changes following 7rhours con-
- ﬁaét’witb HDP. .Bands at 2094 and 1763 cm 1 remained un-
changed, while the bands at 2037, 1660, 1624, and 1290 cm !

- were removed.
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- 2035

~ Figure 35: RhNaX Reactions with Phosphines

a) carbonylated NaX; b) after 10 hours with DMP;
c) after several hours with HDP
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2099

2095

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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1438

Figure 37: Catalyst AY at Steady State Reacted with HDP

a) steady state; b) after 7 hours with HDP



Chapter VI

DISCUSSION

6.1  CARBONYL FORMATION

'As shown in Figures 15 and. 16, the infrared  spectra df
the catalyst foliowing precarbonylation and reaction indi-
cated the same species. Thus, no changes were present to"
providevany insight to the catalytic behavior. It was also
clear that the NaX and NaY zeolites wére 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(CO)16 clﬁster is formed on NaY under
‘precarbonylatiqn conditions (see Figure 6d). The'infrared
spectrum for the species is in excellent agreement withbre—
$ults reported by Mantovani et al. (10) and,Geiin et al.
(51). Table 10 provides rhodium ¢arbony1 IR’daté for wvari-
ous compounds. Assignmentuof the spectrum observed in Fig-
‘ure 6d to'Rh6(CO)16 fequires significant shifts Qf the

bands for free Rh6(CO)16. For example, the triply bridging

108
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1. ~This hasfbeen-taken to be evidence

;carbonyl shlfts 40 cm
‘that the Rh (CO)16 re51des in the supercage (52). Theolier
et al. (53) dep051ted Rh4(CO)12 onto alumlna and silica, and
'obtalned IR bands at 2068 and 1840 cm llfor alumina, 2080,
2051, 1840, and 1800 cm -l for silica. 'Thus'Rhé(CO)lz is a
stronq'candidate'for the intermediate’giving a bridging car-
 bonyl at 1834 cm Y. This is consistent with the known
'synthesis of RhG(CO)i6.from Rh4(CO)-12 in solution (54).

It has been,prdposed by Primet et al. (55) that'the fol-

”lowing'reactions'take'plACe to form Rh(I)(CO),-NaY:

Rh(III) + CO - Rh(III) - CO

+2H"

Rh(III)—CO+ZCO+HéO (or OH groups)> Rh(I)(CO), +CO,

In a sepafate-eXperiment, Tﬁeolier et al. (53)'havé'proposed

the following Scheme to prodﬁce,silica:suppbrted clusters:

2Rh({)(CO)2 ’ 'HZO/CO ) 2Rh(CO) C0/high HZO conc.
> m - —————> Rh,(CO)
(Co, + 2H7) e 480,
- ow 2Rn°(CO)
cgnc.
ha(CO).r L Rh.(CO)

IARATS



Complex

Rhg(CO)q g
Rhy (CO) ¢

RhG(CO)16
RhE(CO)16

Rh4(CO)12

Rh4(CO)12

Rh(III)CO
Rh(CO),,
Rh(CO),
RH(CO);
(Rh(CO),Cl),
Rh(CO)éOzHZO
'RR(C0),(0,),

Rh(CO),0,H,0

Rh(c0)2(oz)2

TABLE 10

Support

NaY
nujol

NaY

NaY

alumina

silica

NaY
NaX
NaX
NaX

KBr

NaY
NaY

NaY

NayY

Yco

2095, 2045, 2020
2075s, 2025w, 1800m

2095vs, 2080sh,
2060w,

2099,
2020,

2068,

2080,
1840,

2172

2046,
2099,
2085,

2105,

» 2035,

2110,
2095,

2110,

2096,

Literature Values for Various Rhodium Carbonyls

1765s

2069,
1765

1840

2051,
1800

1987
2017
2014

2089,
2003

2040
2020

2047

2022

Reference

51
56

10

this

work
55
S5

55
50
S0

39

57
57
this
work
this
work
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In tnis example, Rh(I)(CO)Z--.SiO2 was denerated by'O2 one
,,idation ~of  Rh (CO)16 -SiO2 formed by impfegnation of
‘th4(CO)12 in a hydrocarbon solvent with- subsequent decompos-
“tion to the higher nuclearity cluster. Our results are con-
sistent with theSe propOSed reactions. Althbugh.the pres-
ence of Rh(III)CO and Rh(I)(CO)2 ‘is not’ obv1ous in the

spectra shown in Figure 6, they may be obscured by the broad

- . peaks in the_ZZOO-ZOQO cm -1 region. .

The'important rele_of»the,zeolite Watervis exemplified by
‘*theiresults'presented in Figure 7 . Catalyst AY dried in
air produced the Rh(I)(CO)z--NaY spec1es (see Figure 7a);

.. The four bands are attributable to two dicarbonyl species.

o o
g—o €0 |

g S\ //’ 0 ——RH
a7/ O\

A—0 co Ho0

" Species I o '  species I1I

‘u}SpeCies (I) Rh(CO) (O )2 (O is latticevOXYgen), yields IR-

:‘bands at 2096 and 2022 cm 1. Species (II) has the formula

'713!‘Rh(CO)2(Oz)(H20), whe;e the rhodium is tethered to the zeol-

ite by.only one bond. The IR bands for this species are at.
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1. The.same spectra as that for dried AY

2110 and 2047 cm”
- 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 precarbonyléted without
drying producgd the RhG(CO)ls-NaY as seen in Figure 7 c.
Hence these exﬁeriments,indicate that a dehydrated zeolite
inhibits ‘the sequence proposed by Theolier et al. (53).
The reaction stops once‘Rh(CO)z#NaY is formed. ‘Rh clusters
form only on RhNaY at low pressure- in.the presencé of water.
Several studies on the formation of zeolite supported mo-
noﬁuclear and polynuclear carbonyls are reported in the 1lit-
bxerature. No explanation has been given for the inconsisten-
cies among thes¢~repofts. Experimental differences included
rhodium source '(ﬁhCl3,'_(Rh(NH3)5Cl)ClZ, ,Rh(NH3)6
pretreatments (air, oxygen, nitrogen, or'CO/HZ). The . re-

Cl;), and

sults shown here indicate that the degree of zeolite.hydra-
tionvis the‘controlling factor. Gelin et al. (51), Primet
et al. (55), and pdssibly Arai\ana Tominaga (31) dried the
- catalyst priqr to CO adsorption. They all reported dicarbo-
~nyl formation. Mantovani et al. (10) driéd their catalyst
‘only at room témperéture.7 Therefore, thefe was sﬁfficient
'Qater present to form the‘RhG(CO)16 cluster.

| Evidence for the mobility of cations in zeoliteé is given

" in Figure 38 . It is shown that the self-diffusion coeffi-
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Figure' 38: Dependence of Self-Diffusion of .Na+ in NaX at

- 25% bc.m Number of Water Molecules per Unit Cell
(48) ' :
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éient of'Na+ in Nax ét 25°C is strongly related to the de-
~gree of hydration. The self-diffusion coefficient increases
‘by 3 Orders of magnitude over the range Qf 40 to'240 water
‘molecules per unit cell (48). Recall that 240 water molec-
1 ules are close to the Value in the stochiometric formula fqr
vaNaX,-‘Similar behavior has been observed for Na¥. Since the
,RhNaY-is hydrated when the precarbonylation begins, rhodium
‘ionsvshould have considerable mobility. However, drying the
. zeolite at 190°C possibly restricts the rhodium mobility}
‘HenCe, only mononuclear species are formed. For RhNaX, me-
¢hanisms ‘other than “ion mobility as a rééult of hydration
‘must account for the absence of cluster formation. |
.-The carbonylation~of cataiyst'HY produced:all'three of
the-spééies discussed above (seerFiguré 8). . The presence of
Rhé(CO)ls is evidenced by the triply bridging'band at 1762
.cmfl. The intense carbonyl stretching mode at 2095 cm™ Y for
the cluster is 6bscured by the bands assignable to thevtwo
~dicarbonyls. The carbonylation intermediate species are
also siightly-different.' However, it is believed that this
'-‘catalyét“fOllows the mechanism outlined above. |
The differences bétween catalyst AY and HY are that for
v_catalyst HY the pH was allowed to drop to 4‘(no addition bf
:bése is required for this exchange) and no NaCl is present.

Since the ion exchange process involve replacing 3Na+ with
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one Rh+3, or Naf with one H+, it appears that the sodium ion
may be Controlling the degree of dispersion and/or location
of ion exchange of the Rh. A competitive exchaﬁge reaction

may eXistvas follows:

3 (3)

3Na® <-==--> 3Na' <----> Rh'
S pA

where subscript s and z' denotes solution and‘zeolite spe-
cies, respectively. These equilibria could exist for eaéh
ion ethange_siterin‘the zeolite. In the absence of this
competitive ethange during preparation of catalyst HY, it

is appérent that the Rh is exchanged into different sites.

6.1.2 ~ RhNaX

The carbonylatiohnof‘RhNaX (see Figure 9) is not nearly
as complex as that for RhNaY. The Rh(I)(CO)z-NaXvspecies is
‘*dominant whilefvsome multinuciear species, th(CO)y_ where
X22, 1is.also present. The band positions’CorreSpond with
the literaturé vélues as shown in Table 10 . -By“analogykto
v the IR band positions of ﬁhe two typés,of‘dicarbohyl spé_
cies, -the dicarbonyl is assumed to be the‘bidentéte struc-
© ture (speCies I). Unlike the RhNaY, only éne species is ob-
sérved'on RhNaX. | |

The fact thét the NaX and NaY predominétely-support mo-

" nonuclear carbonyls and polynuclear carbonyls, respectively,
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is an excellehtvexample of the differences in.intrazeolitic
_chemistry for these two zeolites. While the topology fcr
these two zeolites is identical, structural differences in-
clude cation pcsitions and number, ,catioh ,distributicn,
framework charge, and Si/Al ordering. The differences in
- cation exchangelbehavior has been studiediextensively (48).
However,“propertieS'at near full exchangencapacitybhave been
studied with little emphasis on the low‘lcadings; Evidence
indicating differences between NaX and_NaY iﬁclude diffusion
and heats of adsorption. Table 11 presents 'a comparison in
the heats of adscrption for various molecules. In_generel,
higher activation energies for diffusionbekiSt on NaX,‘as
.well as higher heats of edsorptionf This data suggest that
molecules have more restricted mobility in NeX than in NaY.
Since a high degree of mobility is required toiform 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 strongervrhodiumr

zeolite bonds in NaX than NaY. A stronger metal-support in-

teraction on NaX may prevent the agglomeration of rhodium

atoms necessary to form polynuclear carbonyls.



H,O
NH

co

C,H

274
co

Heats of Adsofptionﬁ Data For NaX and NaY (48)

Nax

22.7 kcal/mole

16

11

9.2

5.

63

TABLE 11

NaY:

. 19.5 kcal/mole

LTT



118

6.2 RHODIUM CARBONYL LOCATION

;-The primary objective of the reaction with.the two phos-
ﬁhines was to ‘locate the carbonyls on the zeolite. Evidence.
of fhe additioh 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 zeoiite, while it was expected that DMP
fwbuld 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-1 for Rh6(CO)16-NaY is taken as ev-
idence for the<cluster-residinq in the alpha cage. Addi-
tional evidence is shown in Figure 36 b and c¢. No. changes

in thése.spectra indiCate that the cluster does not react
with HDP. Therefore, the cluster is located in the a-cage.
Reaction with DMP produced the strong band at 1959 cm_l.
Reduction in the intensities of 2091 and 1766.cm-1 also in-
dicate the‘decomposfion‘of,Rhe(CO)l6.

RhNaY precarbonylated to producé the two dicarbdnyl spe-
cies exhibits interesting.behavior (seefFigﬁre 34)} The two
dicarbonyl sbecieS‘react quickiy with DMP. The higher»wév%
epumber stretéhing frequencies completely disappear along
with  the development of a weak 1964 cm-l band, indicating

that only monocarboyl spgcies. are: present. Spectrum 34B
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shows that rhodium carbonyl phosphine compleXes of the form

2
to produce phosphate. The P=0 stretching bands, located at

'NaY-Rh(CO)(PPhMez)n have beén formed. DMP also,cdnsumed H,O
1313 and 1305 cm T, intensified as the 1640 cm™! water band
‘:decreaéed. HDP reacts only with the bidentate structure.
. ~Only bands‘indicative of the species II are present. Also,
a sliéht shoulder appears at 1950 cm-l.

The Rh(Cd)Z—NaX reacts similarly to Rh(CO),-NaY with the
. DMP (see»Figufe-3S). The ahtisymmetric stretch is removed
 and-replaced by a weak‘bénd'at 199Ovcm-1. Note alsaythét
virtﬁally all the'HZO was reacted,to form phosphape. Howév-
 er,fthe HDP féiled'to change the»dicarbdnyl‘bands. ‘The weak
LadditiOnal band at 2035,cm_1 may indicate réaction with some
surfacevrhodium but the majority of thé’dicarbOnyl'appears_
to'bé located inside the zeolite. Also no bands were seen
below 2000 cm_l.

The reactions of the dicarbonyl on RhNaX énd’RhNaY with
_the twoisife discriminating phosphines illustrate‘the power
of ghemical probes. Whereas Lefebvre and Ben-Taarit (57)
u_proved the existence of the two dicarbonyls,:their techni-
QQes.were,not~adequate to determine location. Hére‘it is
showﬁ that fof RhNéY, thé,bidentate structure is locafed at
' the sﬁrface whiie_the Rh(CO)Z(sz)OZ is inside the alphé
, cage. Interestingly,‘the Rh(CO)z(OZ)Z—NaX is located inside

"the zeolite crystal.
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6.3  CATALYTIC ACTIVITY

Rhodium}zéoiitésrarév;ctive for hydroformylation‘of pro-
pylgﬁe, although'theuéonditions for catalyst prepératioh are
1»yery restricted. In_geﬁeral, the’activity of rhodium zébl-
ites in this stuay b@ﬁﬁares favorably with thélreSults of
Ichikawa (6) _ahd..Arai and Tominaga‘ (31). r'Thev rates are:
faster than thpée-reported by Takahashi’andrKobayashiF(Table, :
2). The activation energies agree with values 6fvTakahaski 
»and_Kobayashi, aﬁd'Ichikawa,rbut are signifidantly differehtv

" than the values from Arai and Tominaga. Since EI'is'high-

A
”rer than’Ei,'the trehdvin'reqioselectivity isfﬁhatrit ihf»
'wcréases with decreasing témperature.' This is obéervedfin'
‘”-homogeneouS'caSes asiwell (58). | |
| ;The ;ataintxrequired an activation temperéture~ofv150°c.
'.’Scurrellvand,wae»(37) reportéd the‘éamé'température re- .
quirement fé activate ﬁhNaX‘ for methanol*,éarbonylatith

“Théy pqstﬁlated thatflSOOC was required to reduce‘Rh(III) to

»Rh(I). VSihce»catalysts‘AY‘hadrbeenvpretreatedvat'120°C‘Withf-v'

CO? ﬁhis rédﬁqtidn process.hés alréady oc¢urréd. In*féct[
 the in §i§3 rhddiuquarbonyl formation studiés indiéate,thét:
‘roughly 86-90°C Wés thé reduction temperature. ;Thereforé,
the'activafién'temperature—cannot be attributed to this,pro-
cess., = One 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 bebat¥
tributed to tWovprocesses. Time may be needed to build up
the concentration of active sites. Secondly, it has beeﬁ
fillustrated;that startup.time for ethylene hydrofofmylation
could bexreduceﬁ,by roughlyxone third by preadsorption of
propionaldehyde (32); Hence in our case, some time is ré-
quifed to saturate the support with butyraldehyde. |

tThébmaximuh inviso-butyraldehyde rate could be ascribed
to the loss of rhédium carbonyls from the exterior of the
catalyst. Since'150°C may volatilize cerﬁain rhodium carbo-
nyls, untethered.rhodium.might'be able to véporize into the
- product stream. This loss of rhodium may also account'for
| thevincreased sharpneSS~of.the IR bands‘of the catalyst fol-
lowiné feaction. vAtomic absorption.analysis of thevcatalyst’
before and after reaction did not indicate a difference in
zeblite rhodiumvcontent.

Due ﬁo.the low activation energies for hydroformylation,
it was suspected that the rates mayfbe mass'trahsfer limit;
- ed. This possibility is partlY’disallowéd by the‘fact that
the Arrhenius. plots are ,1inear over’ thelv80-150°C range.
Also, IchikaWa's_studies were performed onwlafger pore sup-
. ports- and he obtéined similar values. One repoft on rhodium
Zéolitefhydroformylation (31) contained values Qf 8.7 and

7.3 for Eg and Ei, respectively. This deviates from the



122

relative values seen here. The discrepancies may be due to
their off-line sampling technique, and the mass transfer ef-
fects dué to larger péllet 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 differential
conversioﬁ analysis was valid.

Rates reported at 150°C can skew the impressions of se-
lectivity for the. catalysts. Thermodynamically, the hydro-
genétion path' is preferred at 150°C"compared ﬁo‘thebhydrof
formylation. If ﬁhe rates were reportedy at iOObC,
selectivity wouid_be around 1.0 or less (see Figure 11).

As mentioned in Chapter II, most supportéd rhodium cata-
lysts have a regibselectivity around 2.0.‘:Thi$ is twice the
hqmogeneous catalyst valué. These catalysts then may be
considered to be zeolite-modified rhodium carbthls, i.e.,
the framework serves as a ligand for rhodium rather than
simply a support. Hence, the effect of the 2zeolite may be
"similar to the‘rolé of phoéphorous‘COmpounds,és ligands. It
‘iS'évident then that the role of the support‘is due tb ster-
ic 'and/or electronic influences. Molecular sieving is di-
sallowed since the pore size of NaX and NaY zeolite are
large enough to allow diffusion of both‘reactants and pro-
ducts. .The fact_thét M/SiO2 also produced n/i = 2.0 sup-

ports these conclusions.
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Rhodlum metal 1s known to be an excellent hydrogenatlon

‘catalyst By prefreduc1ng'the catalyst in HZ.

pylene was: completely converted to propane However, under

at 100° C, pro-

‘r'hydroformylatlon condltlons, the CO adsorptlon 1nh1b1ts hy-

bdrogen adsorption and-the'rate of hydrogenatlon was reduced
'pof 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 actiVitylwhile thejaldehyde
rate increases can be'interpreted as aipossible interconver-

~sion of active species. Inltlally, hydrogenatlon species .

dominate, but are replaced by the hydroformylatlon active j”

spec1es

Slnce 1t is poss1ble to form dlfferent rhodium carbonyls
on'zeolltes, the act1v1ty of these spec1es_as catalytlc pre-'
vscursors was studled It is apparent from>the-results in Ta-
ble 6 that dlfferent carbonylatlon methods did not have a

strong effect. Only the pre-reduction with 10% H, in N, al-

2
tered. the .selectivity. . The regloselect1v1ty -decrease: tof‘
| 1.37 was also observed by Iakahashl and - Kobayashl (32).
eThisrtrend’toward‘the homogeneous regioselectivity is not
”fullyAunderstood.-‘One'explanation could be'thespresence of
V,active sites onjthededges of large rhodium:rafts., These

rafts have been observed for Rh/Al 0

504 systems (59). It has
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'Been.éhownvthat éddition of CO“tofthese rhodium'rafts alters
‘:the“Rh-Rh bond lenéth'(GO).-’Hence,"theiraft is allowed to
_expand, (or "breath") (61). The‘raftS'collapSe-féllowing Co
desorption;‘ If‘tﬁeiﬁYdrdformylation is cohducted on this
. surface, thé effects of the»zéolite may be blocked. Thus,
‘the seleCtivitY‘céuld appfbach homogeneous values.
| It is interesting to note that catalyst HY activated only
" by the HZ/NZ pretreatment. Rates and selectivities agree
well wifh Takéhashi and Kobayashi (see Table 2 and Table 6).
However, catalyst AY»pretreatéd.in‘this manner had slightly
higher-regiosélééfivity than HY. | | |
The production.ova—propanol duringfstart—up’can be ra;
tionalized by two synthetic‘réutes. Formation of lowef alj
cohols via hydfétion-bf-olefins feédily}occurs in the,preéJ
 ence of acid. The éecénd route is a two step pr0cess.i It
has been shown‘that‘rhodium can catalyze aldehydevformatidn
via water addition to olefins. The propiohaldehyde then
would be hydrogénated to propanol. Takahashi et al. (62)

have shown the propionaldehyde desbrbs from NaY to produce .

o péhtene} It is not possible to défine the actuai path.

However, the Wacker«type mechanism is supported by the fact
that pentene is observed. No propionaldehyde has been.de—‘

' tected in this study.



125

The ether start-up preducts_shown in Figures 51-54 have
not been identified. ’The molecular weights are relatively
high compared to:thereorrespondinqemOlecular weights and re-
tention times of known compounds (note Teble 20 in'Appendix
c). | | |

The forﬁation of ketohes"is not typically considered as a
side reeCtion of the'rhodium based hydrofOrmylation process.
The three C7 ketones are the result of the_rhodium zeolite
actigg as a bifunctional catalyst. . The fect that‘aldehyde
.vepof passed o&er:NaY (which had been refluxed in 0.IN NaCl
at 90°C) with normal hydroformylatien reaetants_yieided the
three ketones 'indicates that the zeolite is perfofming‘the
fellowing'feactions:’ |

0

/l\/ 0 Z’eolite
A S
B C.H o

376

0

Catalyst ‘preparation end pretreatment affeet,the ketone
'production., Catalyst AY converts less than 57 of the aldeh-

~yde to the ketone. It is signifiéantvthat the 4-heptanone
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to 2~méthyl-3-hexanone rétio is 2:1. 2,4~dimethylpentanoné
occurs only'duriﬂq'startup. This is the same seiéétivity
shdwn-for aldehyde production. The 0.2N NaCl prepared cata-
lyst shoWed 100% convérsidn of buﬁyraldehyde‘to ketone in
 .the same 2:1 ratio. It was initiélly thoughtjthat some NaCl
may be océluded.within the zeolite. However, XPS and silver
nitrate tests did not show an increase of chloride. 'Cata—
lyst HY pretreatéd‘by the 10% H2 in'N2 method also showed
enhanced selectivity for ketone formation in'the’sameVZ:i'
rétio. This exchange method does not have any NaCl présentf
Therefbre, the occluded NaCl must not promote'ketone produc-

tion.

6.4 vIDENTIFICATION OF REACTION INTERMEDiATES'
6.4.1 RhNaY

The general approéch to aséigning the infrared bands re-
sulting under hydroformylation conditions was to look for
those species which‘ are present in homogenéous systems.
This required elimination of all bands due to thé products
adéorbed on the zeolite. Individual gas adsorptions and
éombinations of reactant gases were used to identify in-
termediates. |

Metal hydride (M-H) and metal carbonyl stretching fre-

1

quencies appear in the same region (2100-1600 cm ~). This



127

overl;p'makes positive assignment of the bands difficult;
' IsotopiC‘substition experiments, the most frequently used
' technidué to separate bands,'were only moderately successful
due ﬁo the complex spectra. These limitations will be
v pointed out below.
Precarbonylated 1 wt.y catalyst AY (see Figure 17) under
1 reaction-conditions' will be analyzed thoroughiy‘ since it
provides the best resolution.

Bands in régioh iII fér'spectrum A are attributed to ad-
: sprbedﬁpropylene. .Adsorption_of.propylene and CO onto NaY
at‘120°C'produced the»Séme bands (see Figure 41 in Appendix
- B). Table 12 lists the IR frequencies for propylene in the
gas phase and on theVZeoiite NaY¥. The shifts’of the CH,
~group;asymmetric:and4symmetric deformation‘band‘suggests the
adsorption of C?“in a partially hYdrogenated state (an al-
kyl group). Similar observationé have been reported (63).
The asymmétric»bandshare-lowefed to 1455 and 1442,cm-1 also.-
In the’gaé-phase, the double bond stretch fof,proleene.is
located at 1545 ch-l; vNo intensity changes in this region
supportjthe conclusion that the double bond chafadte: is di-
ﬁiniéhed‘whenjadsdfbéd on the zeolite.

Thé‘stretchihq frequencyvof the cafbdnyl éroup of liquid

aldehyde occurs in the range 1740-1720 cm 1

the 1721 cm T

(49). Hence,
band in spectrum A is attributed to adsorbed

bfodutt-aldehyde (see Figure 43 in Appendix B).



1647

1472

1448

1416

1399

1287

TABLE 12

‘IR Bands for Propylene.

‘ >NaY o v ~ Assignment

N ‘ ' Cc=C stretch

1456 'ACH3‘asym deform
1442 o CH, asym deform
1420 | :CH2 deformatioh
1380 ' CH3 Symvdeforﬁ

_— -_>CH bendihg v

821
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The 2042 cm—1 band is taken as evidence for the following
species:
CO
/
0 — Rh—CO
[ |
Z C3H6

" This is supported by the results of propylene and CO ad-
sorbed onto Rh6(CO)164NaY7at 150°C as shown in Figure 26

'Initially,, the band ‘appears at 2041 cm‘l, but after 20

hours, it'shifts:to 2037 cm-l. FolloWing this band in Fig-
ure 17 with time shows'the same behavior under reaction con-
ditions. Lefebvre and Taarlt (57) reported that addltlon of
ethylene to the dlcarbonyl (species - I) produced the above
structure w1th carbonyl frequenc1es at 2110 and 2042 cm 1.
_Wlth propylene, a shoulder on the hlgh‘frequency s;de of
2095 cm-l'peak hints that this band is present, but it is
obscured by the 2093 cm ¥ of Rh (C0)16. King et al. (64)
‘1dent1f1ed CZHSRh(CO)4 ‘under - homogeneous hydroformylation
conditions by ;g situ- IR. The complex featured carbonyl
'stretches at 2115, 2037, and 2019 em™ . Assignment ‘was
vlbased by similarities of the IR for CHBCo(CO)4. ‘(The factr
that thls assignment‘ aSSumes the presence of mononuclear
carbonyls w1ll be addressed in more detail below)

Changes in spectrum B are largely attributable to bulldup.

“of product on the catalyst. ‘The shift of,l721 cm 1'to 1714
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cm-l results from the higher coveraée of the zeolite and the
Shift in selectivity to n-butyraldehyde. This trend ,is
,,shown in Figures:42.ahd'43 in Appendix B. The intensifica-
tion 6f.1380 cm™! is also due to the aldehyde.

The deformation band of a =CH2 group. appears at 1480-1440

cm—1 for aliphatic hydrocarbons. This mode of vibration

1

shifts to 1430-1415 cm for a metal alkyl group (M-CHz)

(49). Thebrocking mode. for =CH group QCCurs’a£'134O cm-lx
By analogy to thé CH2 deformation shifts, a metal alkyl of
" the form M-CH would be subjected to a shift to around 1300
em L. Based on these shifté,.the 1292 cm ! in spectrum B is
.assigned to a rhodium isopropyl species. An addiﬁional ar-
“gument is the displacemeﬁt of rocking deformation to 1265
em™ ! for the spééies, M-CH=CH,, (49). Although the bonding

3

. 1is sp2 (compared to sp® above), the assigned species repre-

sents an intermediate effect due only to the metal

The 1623 cm © band is tentatively assigned to the
stretching frequéhcy of propyiene adsorbed onto the zeolite.
Interéctions of‘the double bond with Na+ ions résult in thé
shift to lower frequencies. The magnitude’of the shift is
‘cétion dépendent,’butihas been: shown to be at 1625:cm-1‘fof
NaY (65). ' The adsorption of propylene wés reported as re-
versible’(65). 'Howevef, the 1625 cm—l band on our catalyst

‘at steady state was not removed under vacuum. 1300 substi-
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tutién’(see Figure 31) did not produée the 1625 cm™ * nor a
corresponding band at 1560 cm-l. Hence, it dées not appearN
vto be due to the carbonyl species.
It is perpleXing thaf neither the 1292 or the 1623 cm-1
bands are observed dﬁring'the adsOrption‘of'propylene onto
 piain'NaY»zeolité.u Possibly, the support is'expOSing-diffe-
- rént adéérption sites under reaction conditiqns.
| The steady stété spectrum was collected after 20 hours.
It is significant that néispectral changes had bEenYObserVedv
for several‘hqurs. This isAapproximately-the same time re-
quired for the Catalyst‘to reach steady state in the reactbf
(see Figure 10). This .result provides evidenqe,that’the IR
"flow cell does inbfa¢t mimic the behavior of the reactor
systém. | ‘ | _

>It has been shown that the bahds a:ound 1720-1700 cm_l
aré due to butyraldehyde édsbrption; Fufthervshifts td 1695
 cm-1‘ aléo; result from the adsorption.'of 4-heptapone (see
:Figuré 44 in Appendix»B)f

Thebassignmentbof the,1660acm;; band'is‘difficult:since

several species are likely candidates. It hés been proposed
" that the rate déferminihg,step of  the homogénéouS‘rhodium
CarbonYl‘mechanism is the hydrogenolysis of the acyl com-
plex. If this_is-correct, then it is expected'that the acyl

concentration.wguld be higher than other intermediates. The
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.metal acyl has been identified through a downfleld Shlft of

'.the carbonyl stretchlng frequency. therature vaLues range
from 1720-1650'cm ;ias shown in Table 13 . The'assignment
'is not clear as seen by the scatter in Table 13 . General-.
' >iy, it has been ass1gned at elther one of two: pos1tlons in

the literature at 1725 -1720 cm -1 -1

and,at 1675-1650 cm
One product which’adsorbsfat approximatelyvlo6é is an‘d,
B-un.satu’rated aldehyde.  Such a corhpound-‘ would be formedb
from an aldol condensation reaction between two.aldehydes
with subsequent dehydrodenation; 2-trans-hexenal was ad-
sorbed onto Na¥Y to approximate the aldol condensation com-
pound,vand.produced‘a,band-at 1680 cm_l»(see”Figure 44 in’
ivAppendix B). Therefore, the dehydrogenated aldol'condensa-
tion product can be. ellmlnated as the source of the 1660
cm»1 band. | “ |
Since‘novother products of the'hydroformylation reaction
’adSOrb in this region,»the band at 16601cm_1 is aSsigned to
the rhodium acyl, Z+O-Rh(COPr)L2, where L=CO or Ozn Several
~additional arguments for this assignment foliow,
One.argument_fortthis assignment»iS'from analogy to al-
.dehyde and ketone.carbonyl band positions. ~In'Table.14, va-

lues for v

co are shown as a function of alkyl groupﬂsize}

- Note that there exists a 36 cm_1 reduction between methyl-

»prole ketone and methyl-ethyl ketone. A 29 Cm-l reduction



TABLE 13

-Litératuréfvalues for Acyl Carbonyl Frequencies

compounds

"(NEt4)(Rh6(CO)15(c§Pr)‘

Rh(COCH;) I-NaX

CH3

NaX-ORh (COCH, )1

,CO Mn(CO)S'

'(C8H17

(cn300)co(00)4’

CO)CO(CO)4

(nBuCO)Cq(CO)4"
M-CO-X, X=Halide

CéHSCO Ir(CO)3PE1fPr3

(CZHSCO)QO(CO)BPBu3,

en”?
co

\Y
 1655-1670
1720
1661
1724
1720
1720
1720

1640

1671

1676

Reference

ﬂ66,T
39
67
68
69
14
77
o
71

71

EET
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is observed between diethyl ketone and etnyl—propyl_ketone.
The carbonyl band position drops 35 cm™ 1 between the acetal-
dehyde and pentanal.,‘By-changing the olefin under hydrofor4
! mYIationfconditiens; the ‘acyl would occur at;different pesiQ
tions, The Steady state’epectrumvforeeatalyst AY
“nndet ethylene hydroformylation conditions‘contains a 1700
~en”! bang, but not one at 1660 cm™ . This 1700 'cin? band is
-assigned to the rhodlum acyl" for proplonaldehyde productlon
| Flnally,,the behav1or of catalyst HY prov1des yet another-
argument for. the acyl band a351gnment 'Thls catalyst 1n1-v
ttlally was actlve, but deactlvated“aftervseveral houral As
shown in Fignre;23, theiacyl intermediate-appears earliet
.vthanvfor catalyst AY, but‘then is‘absent after 5 nours.' If
.this.were_an’adsorbed product,‘the‘bandlwonld remainQ Fi-
nally,‘attempts.to remove‘the 1660 cm-l=by‘replaein§;rea¢-
tanteewith*CO/Hénfor other_stable catalets‘didfnotvalter
-‘the band 1nten51ty or p031t10n This ia taken as‘indiredt
ev1dence for the stability of the acyl. | |
- The'remaining_bandsvtolbe assigned are*thetgronpe.between,
2050 and 19oo~cm7?f Terminal metal carbonyl:and~metal hy-
dride'stretches;appear innthie'fegion.- Poeitive‘aséiénment.

- of these bands to v or v

‘ Rh-H Rh-CO
Theoretieally, substitutionfof"H2 with D2 would be ‘located

pands was difficult.

| , | o -1 g e
 at Y1/2 vpy _g- ffIf VRh-g—2040 cm 7, wvp, o would be 1440



TABLE 14

Carbonyl Band Positions for Aldehydes and Ketones (72)

Aldehydes ' v

(60)
Formaldehyde - 1754, 1724
Acetaldehyde 1730
Propionaldehyde 1724
Valeraldehyde ' 1695

Ketones

Methyl propyl ketone 1694
Methyl ethyl ketone ' 1730
Ethyl ketone | | 1724

Ethyl propyl ketone 1695

GET
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’bcmil. "This region is complex at Steady state. Unfortunate--

ly, the bending mode for partially deuterated water (HOD) is
' -1

also located at 1425 cm ~. Therefore, any growth in band o

'inteqsity in:thekmidfl400 cm"1 region is due to DOH, not
Rh-D.'”fFigure 33 shows this band develops .uhile the H,0
'fbendlng mode at 1640 c<m -1 decreases Attempts to replace,
ZeOllth water w1th DZO were not successful Temperatures
‘up to SOO c 'would be requlred to dehydrate the zeollte
'dfThis was not done,since it would be too far-removed from ac-
:tual,operatinngrocedures. Similar difficulties"were ene
countered With 13CO subStitutionsr Terminal carbonyl bands
of both Rh(CO),-Na¥ and.RhG(VC,O)16 shift to 2040 cm ¥ with
- Beo (/12/13 % vgy_ o). Similar overlapping difficulties in
vthe 1700~ 1500 cm lrreglon made isotopic substitution diffi-b
cult to 1nterpret |

An added~experimehtal difficulty was the extreme;senSi—
tiVity of the 2050-1900 cm_1 bands .to CO and.'H2 partial
pressure.‘ The flowi'D2 experiment (see Figure 32) Qas de-
signed to cirCumVent this problem. Since no ohanges were
observed after 1 hour of D, flow, -it-was conoiuded that
' these spec1es were due to carbonyl bands. dFlow 13CO experi—
dments are.cost prohlbltlve.

The‘:thG(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 malntalned the same shape all bands above 17007

cmfl after precarbonylatlon are due to rhodlum carbonyls

-1

This prov1des more ev1dence that the 2040 cm ‘band is notv

'";due to a rhodlum hydrlde stretch

Under reactlon condltlons w1th 1300 few changes took

fplace, The reglon between 1723 and 1640 cm ; 1s;lower 1n"ir

' flnten51ty w1thout a resolved band Thls,may,befdue to‘prof‘
duct aldehydes ‘for ~ketones',.w1th : lBCOq” substitution
).

(0. 977(1710) 1670 cm~
Spectra resultlng from the addltlon of 1nd1v1dual gases
to catalyst AY show dlfferent behav1or than the catalyst ex~’

posed to a complete hydroformylatlon env1ronment In each

7case- (Elgures 26—28), a band at approx1mately 1710 cm " in-

,.dlcates the formatlon of an oxygenate In Flgures 26 and

28, gas phase propylene bands between 3100 2800 cm -1

'yhcreasedsconcurrently w1th,the 3690vcm w1 peak whlle the 1710

- 'cmfl bandnintensified. It is proposed that proplonaldehydei',

deéu"}

s formed fronyhpropene and water»v Notice also" that gashf-*

L phaSe CO2 bands at 2354 and 12320 cm l,are,present.under
3/CO env1ronment (Flgure 26) vozi;s prObably produced B
from the water gas Shlft reactlon | o .

CO™ + HZQ 6‘H2<+ CO%‘ T ";(4)7f
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As a result of hydrogen formatlon, the flow-cell contalns
'all the hydroformylatlon reactants ‘ Therefore,“ the 1710,;;
meﬁl may also: be due to the presence of butyraldehyde ‘It;
‘1s s1gn1f1cant that no 002 bands are present follow1ng Hza

andvcs addltlon-(Flgure-28)~ In Flgure 27 the appearance“

of bands in the 2900 3000 and 1300- 1500 cm 1'reglons 1nd1-'f?”"

‘cate the convers1on CO/H to hydrocarbons and oxygenates?

Carbon dlox1de 1s also formed under the Hzrand CO atmo-v"'

‘sphere.

6.4.2 RhNaX

The RhNaX does not lend 1tself to the same detalled ana—ufﬁfff

ly31s as performed on RhNaY The pos1tlons of the dlcarbonylf“

: bands, 2098 and 2014 cm ;_obscure the 2035 1950 cm’ lyreglon,b'f

, However,,other 1mportant features are present The“shouldépf'7”

ers on the hlgh frequency 81des of the dlcarbonyl bands atffﬁb

'2l00 and»2035 cm'l-are also present - The broad shoulder at -
11940 cm—; in spectrum C overlaps the reglon where many bandsql
“are present on RhNaY

Aldehyde adsorptlon onto NaX is cons1derably dlfferent

‘than on NaY due to the dlfference 1n s111ca and alumlna con-”'”m

tent. Over time, a Shlft 1n aldehyde band is observed alt-l
-'hough the 1n1t1al band 1s 1704 cm ;; The band 1synot as;;n-

”"tense as ’onl 'NaY,w_ ThlS . fs/n’due‘j’tof:}adsorptiohﬂ of
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n-butyraldeh?de‘in auoarboxylete faShion »'Bands'at 1578 and
1419-cmh1 are due to ‘the asymmetric and symmetrlc stretch of

the follow1ng carboxylate group:

Y
Al 0

Hair.and Chapnan (73) perforned IR adsorbtion studieehwith

' benzaldehyde on 3111ca, alumina and silca-alumina at Vari-v
'ous comp051tlons.i Only the alumlna rich material allowedv
this'tYpe of edsorption. . On silica, no carbOxYlate bands,
‘appeared. | |

Labelled CO experlments for RhNaX were more 1nforﬁat1ve
than on»RhNaY.» As seen in Figure 33, the shoulder at 1940
omfl moves without loss of intensity with the dicarbonyl
' bands. The shift of the broad, weak 1800 cm™! band also in-
dlcates that it is a brldglnq carbonyl The;band at 1615 -

fomv , near the band assigned to adsorbed propylene ‘on NaY
Imoves‘ to 1600 cm-l, indicating ‘that it is a .carbonyl-
stretch ‘TheYShift however,—iS'only by a'factor of O~989
: Carbonyl group bondlng through both carbon and oxygen poss-

-1

ess an. IR stretch around 1650 cm (74).. Also, hydrogen

© bonding with the’carbonylvgroup can lower the frequency to
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1610 cm™t (49). As was observed for RhNaY, the région bet-
wéen 1700fand 1645 cm_1 is intense»but'uhfeSolved due to
isotopically,labelléd‘prdduct oxygénates. further}evidence>
for this carbphyi aééignment.is the band at 1535 cm-l. This
”band cofresponds-to>£hé lébelled aldehyde adsorbed in a car-

boxylate'fashion;

6.4.3 RhNaX vs. RhNaY |

Figure 39 sbows the:steady state-spectra for-Catalyéts AX
 _éhd;AY. - This figure iilﬁstrateé‘the Similaritiés aﬁd dif-
‘ferences bétWeen'the two éatalysts. Eéch,éatalyst‘indicates
]thetpfesencevof‘rhddium;alkyl and‘acylltomplexesw' A direct

comparison of the 2056#1900'cm-1 fegion is not possible,

"' avlthougvhfthe'broad'shoufl‘,der'at’194O-cm-1 bn'catalYSt AX sug-

gests»the presgnce of similér intermediatés, fBésed onitheée'
f.pbsefvéfibné,viﬁ‘is 5elie§ed that the support isznoﬁ influ-
. éncing‘or alteriﬁg the reaction mechanism:
Sipcévtheﬂthfdformylatiéh‘startupf régibéeleétivity, and -
activation enerQiés are’nearlyfthe sameffor éatalYSts AX and
. AY, it:isfpostulgted ﬁhat the active species for hydroformy-
viationvis the séﬁé fof each catalyst. fAlﬁhbuéh no Rh-H band |
"iwas,obserVed ih‘fhe iR, it;is.believed that the activeVSpe~’
cies contains a;hydridé because of what is known from homo-
‘geneous systems;: The folloWing reactions are postulated'tb

_ 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
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Rh(CO),-NaX [ HRR(CO) -NaX + H' -NaX (5)

Rh (CO),-Na¥ | Rh(CO),-Na¥ _ HRh(CO), -Na¥ (6)‘

It was not possible to determine accurately whether the
V_Rh6(CO)16-NéY or the Rh(CO)z—NaX were decomposing. Tran-
 smission‘through'the wafer decreased as the zeolite saturat-
ed with éroducts.' Therefore/ a simple‘comparison of the be-
' fore and after spectra is not possible. (Furﬁher comments
on rhodium utilization are given below.) The equations for
hydride formation are written aé equilibria. Although the

partial pressure of H, is three times that of CO, the total

2
',pressure may not be high‘enough to drive.the,equilibria to=-

ward the large production of hydride.

6.4.4 - Active Site

bFigure 40 is a collection of the steady state fR for ca-
talyst AY as a funé‘tion of pretreatment.b 'Spéctrum A is
spectrum D 6f Figuré 18 . Spectrum B is the spectrum D of:
Figure 19, and spectrum C is spectrum C of Figure 17 |
“This composite illﬁstrates the catalyst similarities as a
function of pretreatmenﬁ} Obviously, pretreatment has lit-
tle effect on the final spectrumf This:is not'surprisinQ
éince-the different pretreatments had no-effect on Catalytic‘

performance.
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‘A, /
2068 " 2037
o 2095
C

» Eiqureg40: Steady State Spectrum of Catalyst AY Follow1ng
o . .- Different Catalytlc Pretreatment

N, ‘treated at
steady state; c)‘precarbonylated at steady state_

a) air dried at'steady state; b) N
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Note that ail three spectra contain Rh6(CO)i6 bands at
2095 and 1763 cm-1 in wvarying intensities. The fact that
spectrum C iﬁdicates that Rh6(CO)16'is the most abundant
"species and that the activityvof this catalyst is essentiai-
~ ly the same ‘as with other pretréatments suggests that the
cluster is not ﬁhe active site for the'hydroformylation of
propyléne. Rather, it appears that it 1is ﬁerely a rhodium
sink. This does not preclude the possibility that the clus-
ters may act as a rhodiumvsource by decompositidn under Hz.
H2 reacts with the cluster to produce dicarbonyl species and
COZ‘(see Figure 27). Recall ﬁhat the partial pressure of H2
is three times-that of CO. Because of this large amount of
irhédium,occupied in ﬁhe ciuster, it is apparenﬁ that only a
  small vffaction rof Mthe metal is - involved in- catalysis}
Heﬁcé, the combination of catalytic activity énd in situ IR
studies leads td»the conclusion that rhodium utilization is
poor for hydroformylation at 1 atm total pressure.

As shown in'Figﬁre 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 T, the acyl at 1660 cm =,
-and the adsorbed propylene at 1623 cm-1 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 exterﬁal.surfacé
’lof the zeoiite..‘Note that Rh6(CO)16 bands were unaltefed by
HDP. |

As meﬁtiéned»in Chapter II, there is debate in the liter-
ature concerningv the hydrogenolysis of the acyl species.
‘rAldéhYde producﬁion is proposed to prbceed (i) via H

2
tion to the acyl with subsequent hydride insertion to yield

addi-

aldehyde and:the metal hydridé, or (ii) vié.a binuclear eli-
vmihation step. The spectra collected on ﬁhe 4 wt.% catélyst
" provide some'insightvinto these final sﬁeps of the mechan--
ism. ‘Under.all pretreatment conditions, the acyl band at
.1665v§m_1 appears within the first 5 hours, bUt:is ébsént at
steady state for the:Nzlénd air»dried catélysts:and is weak
on the precarbonylated material. Each steady state.spectrum'
‘contains -some bands‘in the 1800 Cm-l region, with the pre-'
carbonyiated catalyst having resol?ed bands;at 1860 and 1840
‘cﬁ-l. By coﬁbining.this information with the 1 wt.9% cata-
lyst spectra,’it‘is;plausible to propose that either one or
both of the pfoposed aldehyde elimination steps is ocCuf— 
',ring. "The 1 wt.%'catalyst is:probably better dispersed than
ﬁhé:4iw£.% catalyst and if a binuclear eliminatioh step is
oécUrring, then the brobability of site-site interaction is
lower for the 1 wt.% catalyst than for the 4 wt.%. This

woﬁld result in a higher_concentration of rhodium acyl spe—
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'cies'onvthe 1 wt.% matéfial. The likelihood of.binucleaf"
elimination is énhanced'on the 4 wt.Y% catalyst. The binu-
‘clear elimination step would supposedly have‘ha(-CO)8 as a
by-product. The bands at 1860 and 184:0_,cm_1 aré close to
the 1852 and 1832 cmm1 bands reported for this dimer. How-
ever, some caution must be exercised here due to the extreme
- volatility of Rhé(CO)S'and by the fact that this compound
éannot 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 Rh(CO),, which would re-
auce- the availability .of rhodium-rhodium intermediates.
Alternatively, since‘ the cluster completely £fills the .«a-
cage, diffusion of the reaétants may be‘blbckedvor slowed.
Céllman et al. (75) performed an investigation on Rh—si-
lica which found ﬁhat activity was linear with catalyst dis-
persion (or site-site  interaction). The catélysts with
higher dispersions were the least active. This was taken as
evidencé'that binuclear élimination 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 w1th those reported in the llterature No
‘heterogeneous data 1s avallable IR for homogeneous vin-'
“termedlate spec1es for cobalt and rhodium are shown in Table
‘15 . It is noteworthy that IR frequenc1es seen 1n this stu—v
:_dy are s1mllar to those observed in homogeneous catalytlc:“
'Zsystems. Homogeneous react;on 1ntermed1ates glvelbandS'w1th.
r_values jranginq | from 1993 to 2114 cm_l. lThis»'overlapsv
‘Jclosely w1th those observed on the rhodlum zeollte Howev-/
er, there are no equivalent bands 1n the homogeneous studles
‘as-low as 1920 cm. l.

Comparlson of the observed spec1es w1th the proposed in-

termedlates of the Heck Breslow mechanlsm reveals that the»»

e heterogeneous rhodlum carbonyl catalyst could be follow1ng

the same path as. the homogeneous rhodlum carbonyl analogue

Those species. whlch are not observed are the hydrldo rhodlumv
bspec1es ‘and the coordlnated olefin. Absence'of-IR~bands
for these spec1es is not surpr1s1ng cons1der1ng their 1nst—
ablllty and thelr pos1tlon .in the catalytlc"cycle The
coordlnated olefln to metal alkyl trans1t10n would be fastg
at 150-C. Th1s0react10n consumes one hydrldo spec1es The.d
:ox1dat1ve addltlon of H, prior to aldehyde ellmlnatlon is

2

'belleved to be the,rate‘determlnlng step. Therefore thls



TABLE 15

Literature IR Values for Hydroformylation Intérmediates

-1 |

Voo M - Reference
HCO(CO), 2114, 2053, 2032, 1993 (76)
RCo(CO) , 2105, 2035, 2018 ' . (15)
MeCo(CO) , 2105, 2036, 2019 S (14
‘RCOCo(CO)s 2108, 2010 ' (15)
'RCOCo(CO) , 2103, 2044,,2022,_2003, 1720 (77)

RRh(CO) , 2115, 2037, 2020 | (64)

8vT
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-dihydride wonid_have a relatively short life spsn as well.
There ‘is evidence for the alkyl and acyl spec1es, both of
.whlch 1mplles the presence of hydride complexes The data
whlch presents the possibility of binuclear ellmlnation is
.also consistent with homogeneous catalysis. | |
The partia;_pressure dependencies provide additional evie»
dence for the similarities between the honogeneous and het-
‘nerogeneous mechanisns. In general, a positive rate depen-
dence forvolefin and hydrogen and a negative rate‘dependence
for carbon monoxide have been observed for homdéeneous sys-
tems (78);s'No”deta at,our reaction conditions exist in the
literature forgthe'homogeneous unmodified rhodium~csrbonyls
thus, a direct "comparison is not‘jpossible.i However, the
- trends shown here correspond  with the homogeneous data.
and C |

-Arai reports firstﬂorder dependencies for H and a

2 3’
d-d}6 dependence for CO for rhodium carbonyls.supported on
phosphinated silica which were shown to hydroformylate pro-
'pylene 81m11arlly to homogeneous rhodium- carbonyl phosphlnes
(79) These parameters were determined under reactlonrcondl-
" tions virtually identical todthis study,‘i;ero 150°C,d3:3:17

‘mix of cz/ﬁz/co; endll atmosphere total preSsure} Based
1;,°h these,similarities, it is concluded that thevheterogene-‘

dons 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 censider-the exchange conditions for catalyst
AY as the beseline, 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»ellowsvspeculation-on
the pnysical processes occurring.

Catalets AY, BY, end 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 suffieient_OH- ions
would be present to allow formation of

- 3-m
(Rh(H20)6;m(OH )m .
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