.; STUWWKg3ex,£$Tx r v ;v.. rl WD 00/37405 5 10 2 0 MAY 2003 -1 PROCESS
CONTROL METHOD | N ACETI C ACI D PRODUCTI ON Field of the Invention This
invention relates to a method of inproving process control insthiay 203
manuf acture oboagehesc acid, and a nmethod of manufacturing acmimsmm'w%
utilizing inproved process control. Background of the Invention In sonme _
chemical processes, it is necessary to nmehitor the progress of the chenical
reaction and to adjust the supply of the reactants to ensure that the
reacti on proceeds as desired. The production of acetic acid, which is an

i nportant comrercial commodity, is one such chem cal process. One current
nmet hod of manufacturing acetic acid, by carbonylation of nethanol or its
derivatives, such as nethyl acetate or nethyl iodide, involves a chem cal
reaction initiated by a Goup 9 catal yst system specifically as an iridium
or rhodi um coordinati on conpound in the presence of an iodide and water.

~. ') 2 0 MAY 2003 WD 00/ 37405 PCT/ L1S991 28993 . 2 _ Carbonyl ati on has

becone a preferred route to e acetic acid, Nevertmmlmmmmu"’mulﬁ are
countervailing consi m%l ch affect inplenent | process.
First, the underlyi '\“Nm hem stry is intricate, iy~ Nng a nunber

of interrelated reactl ongeedy-products and equilibria, all of which nust be
5 properly bal anced, one against the other, to nake the process practicable
and maxi m ze efficiency of raw material utilization. Also, the catalyst
systens, such as coordi nati on conpounds of rhodium iridiumand the |ike)
required for carbonylation are generally conpl ex and expensive. Mboreover,
carbonyl ation catal yst systens are extraordinarily sensitive to changes in
any nunber of 10 reaction paraneters which, in turn) adversely affect

catal yst stability and activity. It is known to nmanually sanple the reactor

Concent rati ons. using AERGISY EONTRCE METANT A R To RnP RO E hoas. 7o s

procedure is |labor intensive and 15 tinme consum ng, resulting in long tine
| apses between sanpling and the characterization of the sanple. This nethod

of sanpl e charact er iEiddiofthe Bakntsdn cal |y permts generation of a limted
nunber of data points per day, typically about 3 to about 8. Al so, because

of the delay between samghidigvéion 846s Rid MEh6d ot vidg o8 WnGol in the
characterization would provide an evaluation of a 20 reactor system which

oy 129 behi nd the AeRHALLS BFEICL IRASLEIINLAGHELAL DOME Ruq hAAAY

anal ysi s has been use aracteri’zing conponents entcal process

stream Infrared spectrosco ermts both qualitative and
pelmproveg pxpo)c/:ea% control. d

5 Background of the Invention

In some chemical processes, it is necessary to monitor the progress of the
chemical reaction and to adjust the supply of the reactants to ensure that the
reaction proceeds as desired. The production of acetic acid, which is an
important commercial commodity, is one such chemical process. One current

10 method of manufacturing acetic acid, by carbonylation of methanol or its
derivatives, such as methyl acetate or methyl iodide, involves a chemical
reaction initiated by a Group 9 catalyst system, specifically as an iridium or

rhodium coordination compound in the presence of an iodide and water.



guantitative, anal yses. Sanple anal yses can be perfornmed on both organic and
2 0 MAY 2003 WD 00/ 37405 PC T/US99128993 - 3i norgani ¢ speci es. 8@3@23

nearly every nolecule has an infrared spectrum infrared speclzr s
general |y ¥¥p#7d0%f characterizing every nol ecul ar conpok€&RfUS§¥289%heni cal
process stream w t hout destroying or otherw se nodifying the conponents. S
In monitoring the manufacture of acetic2acid, the infrared energy
absorption corresponding to the stretching frequencies of the hydroxyl and
car bonyl groups ofC@rb@w?@oaéas@bee@rneaareé@rqdrr@laeltcarbsl@rqsctamxdadﬁwsrthﬁcash t end
to overlap, and therefore mask, the infrared bands indicating the presence
of a rhodi um or i rthetieara camnEryeding chfsitlerations efhichraffettimpleareattien ofthjs f or
exanple, rhodiumin a rhodi um catal yzed carbonyl ati on system other nethods

of anal ysis have hag&se€mmtsyiRtindstiiig psacdnlie®ised $OhRIch@indodink AdHaivev €l Y
coupl ed plasma analysis. However, it is difficult to obtain rhodium

concent ation dat 2 qlA0RERIakls Sl e BlbRE FURE QFICE sARPRL PL 0N Of

i nductively coupl e asma anal ysSi ese I nvol ve
wor ki ng up_.the sanpl e orma liquid matrix. The process of rking up
the sanpl bal so. | ipEbdelsRH: feaetgr nnepGatrari L FoRet BerHab Al o and

t her eby causing rhodium precipitation. Because of the unreliability of such
anal yses, the addimpemizseifiomay ofmevoneteal nlizatioanAlspsthe aatalys speems.isaded on
an enpirical relationship based on carbon di oxi de production. However, this
20 enpirical rel atasensidinatiorscomploprdstoftrivodium aridimineand dhehldee, weiradt fong
conditions are changed, particularly at high operating rates. It is highly

desirable to be abdaebdn9lafisrOsttl génetttlgicompiiabd Bpdasivd. aibedkerV@RhyRIOE €SS
conditions without sacrificing catalyst productivity and stability.

Normal |y, the carb | 2Ly .at f cabout
a1 2 B ERT 40 BT o aBhEh iR e he 1o
mai ntain the catalyst.in its active.form  However, that ity of water
mist | at eUbe. sepaiFatien PRPBRICREIE &t R 201 Theb QL ERA TS SERED Y cess.

i ncreasing processing time and cost. In U S Patent No. 5, 8|7, 869

i ncor por ated herei#U¥W-reference in its entirety, the carbonylation system
was nodified to 5 achieve | ow wat er carbonyl ati on by addi ng a pentaval ent
G oup 15, formerly G oupis¥newmioirdanually sampld heirgactoneifiventiand pérformt s N, P,
As, Sb and Bi. Although this new system successfully achieves high yields
and reaction rat essepitrafedabdtandry bnalysigofidompatdnt vencemadonsnsitgtmllyiple conponent,
this nodification to achieve | ow water processing increases the need for a

reliabl e techni quejnkiprddiall 8Pk ENREMIcEEM SR D TRisRQLE BT CIghY: ShtbnsivelandS t hus
desirable to provide a reactant nonitoring systemthat allows

15 time consuming, resulting in long time lapses between sampling and the
characterization of the sample. This method of sample characterization
realistically permits generation of a limited number of data points per day,
typically about 3 to about 8. Also, because of the delay between sampling and
generation of data, the sample characterization would provide an evaluation of a

20 reactor system which may lag behind the actual status of the system by several
hours.

Infrared analysis has been used for characterizing components of a
chemical process stream. Infrared spectroscopy permits both qualitative and

quantitative analyses. Sample analyses can be performed on both organic and



for norg freguent nonitoring of the chem cal reaction in the production of
acetic acid, particularly where | ow water processing techniques are
utilized. In addition, because of the conplexity of the catal y2e8 MAY 2003
car bonyl at i orwoe@i#éson, 15 nonitoring of the catal yst conce®RCTASPUVIBIBO t he
exclusion of other reactants is less likely to provide an accurate -
assessnent of the status of the reaction-3ystem It is thus also desirable
to be able to nonitor and adjust the concentration of up to all of the
reactants of the syshegadicsiecids.nBedahe neatyadvent melpade ks dodsfeated spedirumact
anal ysis of the reactants. Further, it is desirable to utilize a reactant
moni toring 20 syst enhirgred sRREROCOHHNE grfetallyicapuble dTichiradieriAng every fhoReelar C
acid. Summary The present invention is directed to a process for nonitoring

and controlling the &oResat bAL (RMIA ploBRS slanCRRRAN SRS iing ok BéeR¥igduct i on
of acetic ~ ~_ 2" 0 MAY 20p3 WO OBI 37405 PCT/ US99I 28§9 5- _ acid by

the catal yzed carbo L ol that measures the concentration
e ELorReRE

val ues of at | east al'yst species, nethyl iodide, water and
met hyl acetate reaction conponents, wth adjustnment of at |east nethyl

i odi de, water and the act’i‘V’@n’é‘ﬁ'fnrﬂ@%P@%&?JEQ??W%M‘&@%@&P NErg¥t i on. The
invention is also 5 directed to the process of manufacturing acetic acid
based on the processibswptionoiomespeoding tethe seielinngiiequencidsrof thenhydronyd fad r ed
enbodi ment of the present invention, acetic acid is produced by a | ow water

car bonyl ati on react i catbohyiGRs e bfihderig adld GErerydesbooadabst@ptidh Bands ik térdrio
solution, and the invention enconpasses nonitoring and 10 adjusting the

concentration of theeigpnd BeRrré fasiRlifEAR dandRAichONd R prteRelb 9 Med.
near in time to renoval of sanple fromthe reactor, and rmstp preferably is

conducted onl i ne. Asrhg(ﬁﬁrﬁro%ﬂ'ﬁgmﬂgﬁt i, online nmeasurenent refers to the
anal ysis of a process solution Inreal time or substantially real tine

either by diyect insertign of_.a probe into.the process vessel of interest
or by rapidly 15 circul a?‘i’ ﬁ’befﬁ‘?rbg’ecg‘ém%ﬁﬁ foéﬁxatnfﬂl?nﬁ YR ‘%ﬁg}‘ﬂ?%‘?'c%tﬁléfzc
subsequently returning this solution to the process. Of |ine measurenent

refers to the irrevetesiopylatioresysigay ober metbedsof analysihaye peenccamoygddsuch as
subsequent anal ysis being perforned on | aboratory instrunentation. Further,
it is preferred thatatadicabionpivn apf iloctpeihemwupled plaems armldysomn Hawaber, édet | on
paranmeters as required be perfornmed 20 substantially imrediately foll ow ng

characterization of diffeuB&¢Htfin ridingEcalentratibNifa afkicosdtdamabretision dF fethéred
automatically in response to the sanple characterization. Finally, it is

o o ASEE AR, b8y LA R
' 15 methods involve working up the sample to form a liquid matrix. The process of
working up the sample also increases the risk of introducing air into the sample
and thereby causing rhodium precipitation. Because of the unreliability of such
analyses, the addition of rhodium to the reaction system has been based on an
empirical relationship based on carbon dioxide production. However, this
20 empirical relationship is subject to error when other operating conditions are
changed, particularly at high operating rates.
It is highly desirable to be able to produce acetic acid under reduced

water process conditions without sacrificing catalyst productivity and stability.

Normally, the carbonylation process proceeds at a water level of about 11-14%



2 0 MAY, 2003, PCTNS99/ 28993 These and ot her objects and advantages of the
present invention shall becone nore apparent fromthe accorrpanﬁi n% dr aw ngs
and description thereof. Brief Description of the Drawings 5 TRd MAY 2003
acconpanyi ngwdy awh49s, Wwhich are incorporated in and consti tratrassse/ssegst of
this specification, illustrate enbodi nents of the invention and, together
with a general description of the inventi@n given above, and the detail ed
descri-ption given below, serve to explain the principles of the invention.

FIG 1 is a schenat bg weRt @3fdihtain thOcHilyangitsadiveFormh NHoweVdr NBatabaitysss 10
of the present invention; FIG 2Ais a correlation plot of actual vs

predi cted concent f al,Rmidl inesoelonbii doiPiy atdakidbtorioed itk pRLA! o ¥

m d-infrared calibration nodel for water; FIG 2B i1s a correlation plot of
actual vs. predicted concentration. values 1 1 e baation of the
Maboratory m o-i nf r eSACe P RarEInERsT n B e DR KL b B e
(Ph3P0); FIG 3 is correl ation plot .of actual vs., predicted val ues

showi ng the vali dat ﬁ?fﬁmdﬁ‘y TEREnE S IS SO ed:_afalﬁ)py%tleg SR B’raéf”i°a]rqeﬁ§{9del for
active rhodium species (lth') and inactive rhodiumspecies (It h;{); 20 FIG
4A i's a corr 8l ati onaglieye lov waten cyrbomdatiandyrdding atnestevelgntGroup  sdemiedly by
online infrared vs. analytical concentration values predicted by off |ine
i odi de sel ective el exdupodR, dxide. i Grouz &b irehidedihdelefiignts N, P,.As2SBadd®i. 2003 WO
001 37405 PCTNS99/ 28993 -7- _ FIG 4B is a correlation plot of analytical

concentration val ueq|mbgsh thisfewRyste lshitRsdfily RhRYey/Bigh §Tbisishl edktion rates
concentration values predicted by off |ine gas chronotograph for nethyl

| odi de (Mel); FIG %ilﬁﬁa@iliﬁiﬁg Enkfelra%tij.ré)&omu% cal) 1@?@1&%&&&@&1&ﬁ{r&gfﬁgﬁtfo%ttb0”

val ues predicted 5 by online ared vs. ana coricen on val ues

predicted by off line."P NVR for triphenyl phosphi oxide (Ph3PQ): FIG 4D
is a correlation pl 8?9}“ e 1o Bjaler PE%FSSBWBéﬁ?SF%ﬁ‘Fg‘ﬁecgérﬁéghag}eeta‘f%’tq@%ﬂt%y
online infrared vs. analytical concentration values predicted by off |ine

i nducti vel y 18oupl ed dptearirathe selublesbedipm conte®) for rhodium 10 FIG 4E is a
correlation plot of analytical concentration values predicted by online
infrared vs. anal ytical Udnthendesatbleto pmlivides rgactaii otoadoting sybtem| that allddey |

Fi scher analysis for water; FIG 5 is a correlation plot of bench scale
reactor data for caféqfordifieyiclemdnitoringT thsheMival Adaiéh ehepodurtion bacetid i ne
infrared vs. vent gas hydrogen 15 concentration determ ned by nass
spectrometry: MG QeilSptufifvitte By Witk fi8edtlifly tthhidh&hro AR Anshow g
the C02 peak intensity as It felates to reactor Water concentration; . FIG
7 is a nufti conponent..trend file containing.thr \ forun ti dat a
for seven reactor SSP{HIPIB e%agﬁcpoc;ﬁ%‘foé?&%ly#% e‘??"&g%ncag’ﬁﬁ%\lﬁ%penoftﬁ\‘ﬁn W of a
one hour tine segnent of the trend file of FIG 7; FlG, 9 is a plot of
continuous Hench scatwitpaagefshe eanlysicongepirationdo theexe U@‘r"“é’éf’ﬁ‘ﬁ’eregqtﬂﬁ’éﬁ Bm
speci es concentration over tine as a function of agitation within the
reactor solution; lgssliRelptapryvide aBacasr01ssasnentrEThesa9s oghoBactiprisgsten | s
an overlay of online md-infrared spectra show ng the existence of an
inactive species of Irisddisalsp dedifablO)td Be able o mdaitdriand atijusithe casemration of up

to all of the reactants of the system including the catalyst species based on direct
analysis of the reactants. Further, it is desirable to utilize a reactant monitoring

20 system to improve the efficiency of manufacturing acetic acid.

Summary

The present invention is directed to a process for monitoring and

controlling the concentration of reactor components in the production of acetic



result of the absence of agitation; FIG 11 is a correlation plot of

ctonti nuous bench scale reactor online 5 infrared data for Rhl (r:&oBc ntration
as a function of water; FIG 12A is an overlay of online md-i d 2003
spectra for wWwebznqus FI G 12B is an overlay of online extended/usouzsnfrared
spectra for water; FIG 13 is a correlation plot of continuous bench scale
reactor online infrared data for active rfiodi um species (Rh') concentration
as a function of 10 triphenyl phosphi ne oxi de (Ph3P0) concentration; FIG
14 is an overlay of acdbintie cawiysrdeabonydationf sfaneihns phat héasdred the cojpesttation
phosphi ne oxide (Ph3P0); FIG 15 is a correlation plot of continuous bench

scal e reactor onlingauédfak RestdiRd &tivoEathIPe spedisy, mday! hidkwatsamtinRihyl
represented by change in C02 15 content at constant rhodi um concentration,

as a function of waj tatQ%&?dﬁtJoﬁ{rﬁoHE}itsﬂiﬁ %dﬂwgsgh%n%fEHEJsFJFEﬁé&ﬁggiHL,%até?f

conti nuous bench scale reactor ornline’in ata for er’ gas shift
reaction represented change, in CO- . content as a.function of rhodi um
concentration; FIG alid?%&egaévﬁ%(%@b’rsf RFG tooc?ﬂq'in?fée fhﬁf?aﬁP%r&g‘ﬁé‘E‘feflaO’? Brapsﬁ/at er
gas shift 20 reaction represented by change_ in C02 content as a function of
rhodi um concént r at i §Hectehig the rrocesg OE[@malfwP%g aetiopcig based o the BrRCEHHLFGNLER!
bench scale reactor online infrared data for the water gas shift reaction
represent ed by changecedur€dgscobadlendinas a function of ionizable iodide (I')
concentration. -~ ' 2'0 MAY 2003 WD 00137405 _g_ Detail ed Description

PCT/ US99/ 28993 The net hoth 4 prefetied embadiaienasiRe pesdnd invemivh] &efc fyid &ol | ecting
a sanple of an acetic acid reaction m xture containing at |east nethyl

i odi de, water, nethyl,qAeRtHtLlod \WatdtaffohlMbof AadtiohShesttRstingS Glous 15 84idd VSt
selected fromthe group 5 c¢onsisting of rhodiumand 1ridium neasuring the
concentration of methyl 1odl de, ter, . a e and the active

cat al yst species i nggﬁeir%agfr?@r%cliu ﬁzﬁa fz%gﬁwgﬁé na%?é@%?sﬁ% rqd%étog%%rgm ration
of at |east nethyl ig,di de, water, and Ehe ctiv5e cat al yst glpeci es.in the
acetic acid!Peacti oRMFtREIRECINGEREALIGR AL e oMM LS AEdE LFTElsrblnBORITAS IHNs of
met hyl iodide, water, nethyl acetate and active 10 catalyst species. The
process of manuf act neifered eariip tigeite rapzevatiobsamplgpiren ¢ rpactnscand maasht r ol of
at | east these reaction conponents is also described. Preferably the

i nfrared anal yzer i prederbllyis conddetedhaflinemAisriescaibed haerpiacdniiaemicesurerfenatefess s of
reaction conponents is conducted in the infrared cells which operate in one

or more of the nid- itdheanfgsid GTH HHosesd Bslutidifing¥d| SRdas sibstindlly redltidither
region. Preferably, the adjustnment of concentrations of at |east nethyl

i odi de, water and ”;58 dﬁ'@étiix)(s_@rt{ﬁ?;o@ Xﬁ&be%%% o'bélsb&@el%?ﬁ#érgst 8eb raé@i%fthiaon

I
. a
m xture produces a bstanti a constant concentration for ea
during t he

nmet hyl 1 odi de, water thyl acetate d active.catalyst spegie
manuf act ur quf acet icgc%f@pr%s%@utg}ﬁlg@rgggh %ﬁ?a}}gfx ‘i‘rgi sf‘%\sfﬂlfepﬁyaf eiw thi
frequent neasurenent of the reactant conponents in the acetic acid reactor.
The frequency of medQufieniorihe RIREEH o Obfling measurement isiespio Medigvessible removal
substantially constant concentration of at | east

of a sample from a process and subsequent analysis being performed on

laboratory instrumentation. Further, it is preferred that adjustment of
component concentrations and reaction parameters as required be performed

20 substantially immediately following characterization of the sample. Preferably,
this adjustment is performed automatically in response to the sample
characterization. Finally, it is preferred that the sampling be performed often to

minimize undesirable drift from optimum reaction efficiency.



met hyl jodide, water, nethyl acetate and active catal yst species during the
- 2 0 MAY 2003 WO OOI 37405 PCT/ US99~8993 - 10manuf acture of acetkéﬁ (3 It
has been found that a neasurenent frequency of approximtely t tg&m@
per hour prodvusens7gisod results. The active catal yst speci es noayusos2dshe
active species of either an iridiumor rhodiumcatalyst. In the exanples._
provi ded herein, the active species utiliged 5 was of a rhodium catal yst.
FIG 1is a schematic representation of one node of the present invention
for nmonitoring online thahesy dndoyendbjedts afd ddrirhageo bf the preeit inveatddrkhaind
adj usting reactor conmponents as necessary. To nonitor the conponents of the
reaction system for pebifin®@heeddpbhreft fRm ﬁfé%é&n&ﬁﬁyﬂg dAWSRARhE dQCrSidnPSt r eam
is collected from10 the reactor effluent and transferred through an
infrared anal yzer tqh% edfOW pressure flash tank. The sanple is then
anal yzed, as wl| Irscussed in detail hereafter, and the results fed to
a display or control unit. The concentrations of one or nore reactor
conponents are adjusted in response thereto so as to optimnze reaction
ef ficiency. These react or conponent s rral nly include water, 15 nethyl iodide
(Mel), and rhodi um BxiefiBeserig dheDrawingd\qdi ti on of one or nore reactor
conponents to the reactor is typ| caIIy effected through the flash tank,
t hough direct injection iTheactonmpangng drowings, \ahnclopre|1rtcnrpomaln<andicmnsumtmuced
in the reactor is withdrawn for purification or other processing through

the flash tank. The parof 113 §lekificafndilREREIEhbdSImERIBMREinVER BN taRE, tsg/e‘ﬂ&eem
and nost of the 20 remai ning conponents are recycled to the reactor.

sl | amount of by Dok shen Bek IR e B FYTUETL 400 il AR o

Met hyl acetate (MeQOAC s I'n esys em are generalyaju

indirectly by adjust ne or i,0di de. e [ hodi um

spect o5 of vt or cortcaneTas e BERG P elifein s rigipid 5 NSy a0s - 11
PGT/ US99/ 28993 reactl on tenperature. Alternati velfy, nmet hyl acetate can be
added directly to the re:fégpbﬁ‘ "s‘;‘i@ft“@ﬁ*f" repRgseRiaten ¢fre Bipde éfﬁhﬁﬁ?"%?@é‘?’dﬁél ly
contain a pentaval ent Group 15 oxide of the fornula R3M=O to generate
acetic acidlQia a | efthenresenpinpention;, as 5 disclosed in U S. Patent No.
5,817,869 entitled "Use of Pentavalent G oup VA Oxides in Acetic Acid
Processi ng", incorporat eFlGe2Rilise ddyrelatibeploncfactual v, pre@ivicd cohdentrationtviakies
formula RBM=O, Mis an elenent from Goup 15 of the periodic table and each

Ris independently %h&”i?%tthé b&li%gt:d?:rofm%b?&tb ﬁ%ﬁirkd/bahb?it%h Kio%l%l‘w or

al karyl group. Because the Goup 15 elenent (formerly G oup V.

water;

FIG. 2B is a correlation plot of actual vs. predicted concentration values
15 showing the validation of the laboratory mid-infrared calibration model for
triphenyl phosphine oxide (Ph,PO);

FIG. 3 is a correlation plot of actual vs. predicted values showing the
validation of the laboratory mid-infrared calibration model for active rhodium
species (Rh') and inactive rhodium species (Rh'!');

20 FIG. 4A is a correlation plot of analytical concentration values predicted
by online infrared vs. analytical concentration values predicted by off-line

iodide selective electrode for ionizable iodide (I');



.10 preferably phosphorus, as disclosed in that application, the pentaval ent
Goup 15 oxide will hereafter be referred to as phosphi ne oxi de_ or

tri phenyl phosphi ne oxi de, though other oxides disclosed in U 2 PR 2003 N
5,817, 869 nmayWed0g3®E. Phosphi ne oxi de concentration may be RGTAVSP@#¥9%hNnd
adj usted according to the principles of the present invention. 15 In the-
manuf act ure of acetic acid by carbonyl atidn of nethanol, the use of a
transition metal catalyst, such as rhodiumor iridium wll allowthe
reaction to proceed at grB&iHP iy eeerrdationnle of pnalytigplonespation (ues peadinied ed
to the uncatal yzed reaction. For ease of the discussion herein, a

rhodi um cat al yzed cabponljreanfraved wsy snaynioal ¢oncdnerati@salids peedickdd bysoff-tinbgas
under st ood, however, that 20 iridiumcatal yzed systens are contenplated to

be within the scope ehrolBRghRbEf@MiethylI&ddd @bI); I N the rhodi um cat al yzed
carbonyl ati on system nethanol and carbon nonoxi de are brought into contact

in areactor in the presepge 46f; : {06 I i
honmogeneous rhodi um cat al yst 49%{)\?& ekg'ltog&itl%E?Sg%r%aggfﬁggpn%%%%o‘%%vﬁqlpﬂéagcct:égjti C
acid leads to.formation of .nethyl acetate and water and .. 0 NAY 2003 WO
00/ 37405 PCT/US99/ zsbé@“ll‘ﬂ‘q‘%ﬁ%&s/vso%‘Pagy‘%"u?g%"&"e&%\?@?ﬂ"sa"bcf pﬁ@i“ﬁ%‘n"& °¥§‘Pﬂe 3
detected in the reactQr_solution. The equi]ilbriumreaction between hydrogen
i odi de and met hyl acm g P§°§§¥§d§¥‘@t(g%g &oncentration of methyl
iodide to be maintained in order to pronote the reaction. 5 The honobgeneous
rhodi um cat al yst may be abl§edDtipa coreelationtpdohobynatisinalsconéentrationndues predicted

r hodi um cont ai ni ng conponents, which include, without limtation: Rhd 3;
RhBr3; Rhl3; RhCA 33HbQ onlitehnBaed . akdiytd3HoncentratdaG)ahies predictdd®9) cfBlide
~z(COnlz~ ~z(CO s~ ~(CH3COz) z~ Rh(CH-COz) 3; Rh[(C6H5)3P] z(CO I ;

Rh[ (C6Hs) P) ] z(CO O ; iddachRi ohpl@@&g%l 'ecﬁ&c%y(éﬂaﬁfg)ﬁ{o%) ~P] z; _

RhCl (CO[(CBHs)3As] z; RhlI (CO[(C~Hs)ssb]z; [Y](Rh(CO zXz], wherein X is
CL-) Br or Iy, and Y is a i r r .St 0
positive i onéof rom G oup Eﬁgf%? {:aeg ee?éi%)giq’(lzoft?gﬁa}é%g?l%ﬁﬁ%grrg%?os% ,s‘jag'teé rﬁ;gg!s‘:tﬁq,

Li, Na and K, or Yis a quaternary ion.of N, As.or P; Rh[ (C6H5)3P].z Br;
Rh[ n- C4H9) sP] z( CO) Br ;%y PR ﬁ‘-‘gﬁﬁgy% ﬁ"i{‘tﬁ@{ ?°P°T§3WF‘F€®F%‘)°EI9]‘§>;°£L“£ K

~[ (C6H5) 3P] 3~ | zhd [(l:CGHS)SP] 3e RhA [ (C6Hs) sP] sHz~ [ (CsHs) sP] 3~(CO) H~ ~z03~
[ ~(C3Ha) zOl ] z~ Ka~z ClFischsi@nalysisfoRWRISEBr z(SnBr3) 4; [H [Rh(CO) zl z] ;

K4Rhzl z(Snl z) ~ and the |like. Preferably the rhodi um species used herein is
wat er or acetic aci d sol ubBlGS ifz edreslativd pla whHioamcll scaker readRirzia @@y ¢arbon dioxide
Rhz(CO) 4Brz, Rhz(CO 4Clz, Rh(CH3COz)z, 20 Rh(CH3COz)3) or [H [Rh(CO zlz)
with [H [Rh(CO) zl z] solidri@dacéntratich detehmied GhaiNe)infrixed kg vemlas B{;&Bgd’nr ed.
Under typical reactor conditions of tenperature and pressure, the reaction
chem stry isjquite CopRlf¥aidhdeSRYiREPDy ﬂ%%?&%ﬁae&hem cal equilibria
contribute to reaction rate, catalyst stability and reaction selectivity.

The FIG. 6 is an overlay of online mid-infrared spectra showing the CO,

peak intensity as it relates to reactor water concentration;
FIG. 7 is a multi component trend file containing three days of run time
data for seven reactor solution components;
20 FIG. 8 is an expanded view of a one hour time segment of the trend file
of FIG. 7,
FIG. 9 is a plot of continuous bench scale reactor online infrared data for
active rhodium species concentration over time as a function of agitation within

the reactor solution;



21-11-2Q00 ~, US 009928993 20~Y21~ -13_ rhodiumcatalyst is preferentially
present as the follow ng coordination conpound, Rh(CO2lz , or MAYR Blsed
herein. Oxidative addition of methyl iodide to Rh' |eads to formation of
transi ent ac¥QPOA4Yi de, CH3CO , which is rapidly hydrol yzedP®URERE3 t o
Tormacetic acid and hydrogen iodide. 5 Though acetic acid will be forned
via this reaction, the rate of acid forma®ion is dimnished by the presence
of several conpeting side reactions which renove key reactants fromthe
reaction cycle. The nost FpEolf isanevestayof eslinegnideinfrargd spesirg shewingdhenat er gas
shift reaction in which rhodiumcatal yzes the formati on of carbon di oxi de
and hydrogen from caaxixtncorofwmdinabéive sgtcias b Erhodiuid) REEOHg ninaeddition ésRifas e hi s
side reaction include increased carbon nonoxi de usage and the necessity for
an increased react orrefitdéhel abbénck Bf AidEsn;t 0 renove excess carbon di oxi de
and to maintain a set partial pressure of carbon nonoxi de. Under reaction
condi tions, rhodiumw || r 1 L " and
FRG. Prisse elgéoxgplm %égﬁﬁmf&hs B&E?%gélf: Y%cl]fogﬁnélrgh

the inactive form Rh(CO-14 ; or S use erein.

species is an internedi ate | e, water. gas_shimcycle. The presence of a
st eady statergconcentlf1 ?ff‘iﬁa‘%?“m\ %°"ﬁﬁ“t‘a“8§8%i’i cﬁ]%rfgfg‘ﬁ‘lltf/r’adver sely affects
the rate of acetic formation, but also | eads to, decreased catal yst

stability as Rh m-speci ed1Gr RAvse8 opsripefopling wid-ipfraged;sgectiafgnrhrAiums peci es.

Thus, maxim zing rhodiumas Rh ~ is a key step in inproving nethanol
car bonyl ati on t echnol ogy FI@0!2Reia@n overtayredioniimmextdnded mhd-indraaekspectiafoewatenn
enconpass ten ezatures of o 'g v~ ~~4~3 Eo 3~0~ k, Pa~ about 170 C to about

200 C and ~~ressure of alrogt139@ cofélatidnplatishidondindupBbémchAtalbr@BOF online
tenperatures, the reactor~. equi prent conponents typically nmade $om

Hastel |l oy' t' M B2 ar e;fMbj 4% forOriv HR6GER PSS (@Qﬂ@[c@ﬁéeﬁﬂat‘iér%ég HbetloRWEr S

tenperatures, the reaction rate i s unacceptably sl ow AMEN SHEET WO

001 37405 2 0 VAY 20%P%gysp%ggé{ixrgeg&?%d@é\ﬁqﬂogg&u%%odi ment, the tenperature

of the collected sa inarangé so as to optimally
bot h quench the reaction j e sanple and.prevent precipitation of any
solids. |If the tenperat urﬁégi tJ]‘FGB°ﬂ$'B’¢f,°?Pg|]é‘PECe&‘F°6’8FF E‘ﬁiﬂﬁa@aﬁ’ﬁ?ﬂ@ﬂf becones
depl eted through continued reaction in the sanple. 5 If the tenperature is
too | ow, one or nor eriphen®phosphingioxide(Pbgt@onal phosphi ne oxi de pronoter
could precipitate out. This precipitation will not only alter the neasured
concentration, but wll &I60l11ieadotrelaiaiisiet dfl coatiiagas benthishae reaatosbdinel i nes.
One nmethod of nonitoring the reactor solution in situ is by using an 10
attenuated total refhgaldang fdrAfldatey L3 8hitd rekctidn $éPrdseiied by cHSiglin CBL eri al .

15 content at constant rhodium concentration, as a function of water concentration;
FIG. 16 is a correlation plot of continuous bench scale reactor online
infrared data for the water gas shift reaction represented by change in CO,
content as a function of rhodium concentration;
FIG. 17 is an overlay of online infrared spectra for water gas shift
20 reaction represented by change in CO, content as a function of rhodium
concentration; and
FIG. 18 is a correlation plot of continuous bench scale reactor online
infrared data for the water gas shift reaction represented by change in CO,

content as a function of ionizable iodide (I") concentration.



Transfer. of Light signal to the detector can be achieved by |ight_ pipe
chal cogeni de fiber or other methods known to those skilled in t R EA? @3
i nfrared spe%é&%gggy Using a simlar analysis technique, t P couI d
optionally be TnSerfed into the reactor or a reactor slipstreamto provide
online analysis 1 S capability. Alternately, a reactor slipstreamis passed
through an infrared anal yzer equi pped with either a flow through ATR cell

or flow through transm ssion cell. Preferably, continuous flowis enployed
and reactor sol uti oDetsiled Desadptéori |y returned to the reaction systemvia

the (Il ow pressure) flash tank. By using a back pressure regulator or

simlar device |ocated afhemefhol i itPBrobds a?&c@@@ﬁﬁ@tdeh'bﬁ@&ibc&ﬁgea S&lp! of

essentlally no pressure drop occurs across the cel IS ensures 't

anal ysis i's per for g ik Qo Rl SRAAGS, LA el G5 0PRL SRRV H\ereby

resulting in no dega55|ng or ormat |on e ce

effects, if present, vvoul severely .inpact s Iut| C nt quantltatlon
The tenperature of PFRAEMGAY g %%{Wtﬁ@eq‘reéloﬁla&?ﬁ ?ﬁf’g&ag‘i" the gropg,

001 37405 -1 S 2 ~D MAY 2t>f| 3 PCTI US99/ 28993 bet ween anbi ent and ocess
tenperature. SThus) &onsisHpgPhthafiany andgedivm; poesuringole: c@c@ﬁm@n@ﬁmtgﬂ
Optimal tenperature is governed by several paraneters, such as

preci pitation of soliadide, weenmaithy)iatdtaty and theaktivedatadysivspecies inysitiafraredat er i al s
Wi th process conditions, and controlling process reaction in the 5

slipstream The WDSTanzﬂf'ﬁf ahf e usteiERE adrdbRratioN 8€ atikast ARt oL, WRMdh dng 30C
120C. It is generally undesi rabl e to operate at or bel ow 30C as sel ect

reactor conponents 4 Y [ ature
s lowered. It 15 af*%%ws%; a*a%@?%?%‘caaffdﬁff%ﬁﬁ S B R AR B
reacti on substanti al nch t nes,.thus ensyri.ng that

t he measured 10 anal"%%%q%o‘f?@% rlag?:?s cﬂ.gneél?yg ‘?‘{é@? évsaé‘?lit’a?tp}él@cﬁ?te?ﬁ feile
concentrations in the reactor inmedi atelfy prior to sanpling. Finally,
optimal operfting t SARFLEPERES. {The procgsrafimanufacturing apelicarid brsed oBdmproyeth dow
materi al used. Another alternative process control technique is |aboratory
of f 1ine anal ysis ofragesseantraliof sblapst thepyrepatior compohentsisialsa desgabidi abl e as
the nost 15 preferred enbodi nent of real tine nmeasurenent as provided by
online anal ysis, | abor at Breferfbly Bedofsred amalyzdeiss Buriet TARiformdindaicdges over
conventional off line methods of analysis. In particular, all conmponents

can be neasured si ”‘d{)&%ﬁ@ﬂé?'h@sx@éﬁeﬁn@nb&%&{ﬁ% 1§'Eé’r§i%i5t€drﬁﬂﬁe inflhed cells
conventional alternative analysis involves using gas chromat ography, Kar |

Fischer, MYgromet et wifl) delfd REL b RIS AT chtdl Bhofinn U AR

| CP/ AA requires extensi nple pr et reat nen prior ana

terms of feedback for céss q ct or canponent con entratlo s as
ot or i ned By P11 R CHTBLIeROR: PIREot e SSReRen L RBnerieings BCst Mo are:anpl o
receipt in the lab, conpared to a mnimumof 1 hour in the case of the
non- FTI R met hods. h@dlgeawﬁ;eéagdatﬁe B@tive catalyst species in the acetic acid reaction mixture

produces a substantially constant concentration for each of the methyl iodide,
water, methyl acetate and active catalyst species during the manufacture of
acetic acid.

20 The process control is facilitated by frequent measurement of the
reactant components in the acetic acid reactor. The frequency of measurement
should be effective to maintain a substantially constant concentration of at least

methyl iodide, water, methyl acetate and active catalyst species during the



21-11-20p0 ~ .-~ US 009928993 2 0 MAY 2003 -16 anal yzed at anbi ent

1

-pressure and tenperature using either the probe or . transm ss? gnM&e12003

t echnol ogy descr.i above. Depending on the tenperature e . e cell
wi ndow or cr§' ogh?ﬁgrrat erial can be selected fromthe gr ougplé?%rgr%{zg%al S
including CaF2, ZnS, sapphire, A LM'TI ng)_Se- Ge- As conposite), CGe, ZnSe,”
Si, dianond, KRS-5 (thallium bronoi odi de), or cubic zirconia. The nature of
these. materials in ter of ¢ 0Siti ransm ssi on ranges,, and the .like
are wel [ known to t FEBERERT Fiaguiirciddl s pegt SUBLRP bUCBmaHLA e @Sl | y
avail abl e in spectroscopic and vendor literature. In a preferred enbodi nent
of this invention, PPRISYINHLY Harty HBASPAr SeWrgrodusey g%ﬁdﬁ}‘&-s of a slipstream
sapphire wi ndows are used. Sapphire has the appropriate transm ssion range
to allow the anal ysi s t oTheagiefcerlysicpedi¢s mdyshe tHe s¢iivagpecips ofleither iminidom
strength, chem cal resistance and resistance to etching in the process
descri bed herei naboygrholiiind &alpst OGERS empIEHrbWAsd Kerdif@hSdcll &$eibs Lifzed

reaction, the sanple to be .. 15 analyzed is transferred fromthe reactor
to the anal yger and kbt DBl tRaidstf | ash ~~' ~3g ~Po. ~ tank, with th
LpY~ssure decreasi ng rom appr ox%rraa ely 400 psi~~to about 20-30 ~13~ - ~o~

k. Po) psi~~in the flash ... As descri bed herei nabove, t bul k. of the
pressure drop occurs onl I;ﬁg']htléra sf}heg aﬁ&ée@feg?nqgtbcf"u?r}?’%ml‘fg%o{)l‘gggréifnf HVeW P he
cells. Generally, the differentjal pressure controls the novepent of .
reactor solution fr&hMtonns pRlRS Ay carbpnyiaion Af mainarp! iacetis rid, %a@wna ash
tank. A differential of only about ~ a 3 t~ k.Ra) 10-15 psig is sufficient
to transfer the sanpiagtof eempensatsagneqesnary. Aognewitr shei comppranis afilye radotion be
utilized to nove the fluid through the transfer line, thus ., elimnating
the need to decr easeystdne fqrntksprodection of fretis ¥l ,cisamplet e shgstrear ksycolledied Sanpl e
materi al nmay be analyzed as a side streamfromthe reactor unit. This

AVENDED SHERT 2 0yMiac2S03n00: O RfdRRePRINSA%h 28993 apdilerso 38 € Woul d

be anal yzed under the same conditions of tenperature and pressure as the

reactant material, @%gsug%]ﬁés?{tgﬁr%’T%wn le@so&rexggr%azg%ﬁeagwil?{)gdi%&ssed an detail

preci pitation. Howe erature wou tin conti nued reaction,

requiring that sanple al ysis be conducted pronptly. A1l tubing, .val uing
and 5 the like cont é‘é’?%’ %"rﬁléﬁ? @5‘&1&1%%0530‘161%%0%%@ Tugt: ih"e?ﬁ“&%ﬂ%‘iaym?sﬁ’ rt to
t he reaction conponents and be capable of w thstanding corrosive attack
under reaction condiPRf efTeOreAeqciqs CaBIpPREALsi aj-adiystastin sesnense gheria 8rasde i s
HastelloyTM B2, a NI Md-Fe alloy. O her suitable materials include

Hast el | oyTM B3 ( al soptamide rédotibrefiicicogy). Ehrsk mastaommponenindiniyindhade vodter,
options are available as to how the nonitoring of the acetic acid reaction
conponents Ry be pefctii Blide (M), aAd HidBiugAdAtdlst GRK(COSH, )0 Widditsn 8haheyi Ng in
a conbi nati on of sel ect

more reactor components to the reactor is typically effected through the flash

tank, though direct injection into the reactor is an option. Acetic acid produced
in the reactor is withdrawn for purification or other processing through the flash
tank. The pure acetic acid product is removed from the system, and most of the
20 remaining components are recycled to the reactor. A small amount of
byproducts are removed from the system and disposed of. Methyl acetate
(MeOAc) levels in the system are generally adjusted indirectly by adjusting one

or more of methyl iodide, active rhodium species or water concentration, and the



spectrakl ranges of traditional md (400 - 4000 cm') and extended m d-
(4000 7000 cm ') infrared regions. One option involves a dual 2riamanNi2egsi on
cell, dual 15 detector setup in which reactor solution sequentially flows
Jhrough bot hWeelo33405 These cells differ only in pathlength. KF&RUPELIMas a
pat hl ength of 0.05-0.15 mmwhich allows for analysis in the spectral region
bet ween 1800-5600 cni' and thereby enconphsses portions of traditional md-
and extended md-infrared regions. The second cell has a pathl ength of
0.2-3.0 nm whi ch al teavtsorf tomp&8turen A liesiasively) methyl atétate eart enadded dirabtly nd thar ed
region. The different cell pathlengths are utilized to both counteract the
hi ghl'y absor bi ng natdatsornodystemet i ¢ aci d and take advantage of the two

di fferent spectroscopic regions for reactant conponent characterization.

W O 00l 37405 2 0 MAY 2003nRINSALA89 83y obforany taitah hpentFict Brbupa s0f the
reacti on conponents can be carried out using a single transm ssion cell)

singl e detector set ' g I : osen i fferent
spectral regions caﬁ}pl ggﬁglgg&“ RQC%MJ(?)E’ %egx{exlmeg%égt{&ﬁg@%%a ﬁ)t&’dv g@%&ﬁ#é@
descri bed abpve allqws quantjtation of all co nts 5 absorbing in the
spectral regﬁoon bet %Qﬂseﬂse@-é- 8@8&*‘%@57%%%%@8?956P&@%‘ﬁﬁt@mvwé\rred
to as the non fingerprint region and enconpasses portion of both the
traditional m d-inf©xtdedin eftiodcihRoesssingdénsorporitadriferean bidrefeseicoin 4 not ed
above. Alternately, a cell of nuch shorter pathlength, 0.005-0.015 nm

al l ows access to botitirttye Imthe férmuipeR M+OtMrieg demdnt F8MAGHGHHOS 6fthe perdodic t he

10 fingerprint region, which is I 800 - 400 cm' . This shorter pathlength
can also be effecti wsle/ardGatEN @dndpertiehilg a 8ibsafuted dH atRYstirabhikyiehiect ance
{ATR) crystal rather than a transmssion cell. As is known to those skilled

N the art, utilization, of Rurdididlce peehlse He IR £ MShak dondfpbsb sy s L e

acetic acid reaction m'xture ves accepting a conpr e “be ent

extent of t range of. infrared spectrum 15 anal yzed and th antitative
accur aci es g‘f conceH‘Eetf%f?tﬂéﬁREWQ%TQ?%%‘ﬁaB%#ﬂ%ﬁ‘éﬁp\éﬁ?aﬁof"ﬂge mngat"giégt. Gioi
Measur enment accuracies and precisions differ for different reaction .
conponents in di fferléﬁﬁldﬁb‘é@??r%ﬁef Beyredsired ie asrjosphinecyxideror dnbeny] phpsnbingt hs.
Thus, the accuracy and precision required for a particular analysis

di ct at es t he choi ceoxifietthpughother exilesalischaskd i U.pakdtdnt Mgt 18 HL8bX manisaised.i on
range. 20 The follow ng table, Table 1, shows the spectral regions where

the nine sol ution claséphitle oRidePORLBRIEALIAR 3Ry DRQAINRE ahdadiiledRbsHing Wb theg t he
primary conponents of the rhodiumcatal yzed acetic acid reaction can be

quanti fi ed. 'l ~1pMRi9Qé §{7tﬂgl§re§e]19m$€t§ioﬁ. 1.

15 In the manufacture of acetic acid by carbonylation of methanol, the use
of a transition metal catalyst, such as rhodium or iridium, will allow the reaction
to proceed at greatly reduced pressures and temperatures compared to the
uncatalyzed reaction. For ease of the discussion herein, a rhodium-catalyzed
carbonylation system will be described. It is to be understood, however, that

20 iridium-catalyzed systems are contemplated to be within the scope of the present
invention. In the rhodium catalyzed carbonylation system, methanol and carbon
monoxide are brought into contact in a reactor in the presence of water, methyl
iodide, acetic acid and a homogeneous rhodium catalyst. Rapid esterification of

methanol with acetic acid leads to formation of methyl acetate and water and



2 0 MAY. 2003 PCT/ US99/ 28993 Conponent Ext ended M d (4000-70d0 cm ') Non

“Fi ng;arRh Print Md (1800-4000 cm(' ) ::i n?erpri nt M ﬂ I(400- 1800 2 0 MAY 2003
cm'’ "NoY "' NoYesNo5CO~ ( Sol n. ) NoYesNoMet hyl Acetate ~

Yes YesMet hyl%{;lggi% esYesYes 10R ) where R = H) G oup 1, 6,‘)(‘3‘,%%9,9’219195’ 12
"Metals and | = iodi deYesYesYesTri phenyl .1' hosphi ne -
Oxt deYesYesYesH, OvesYesYesAcettc Actd ~N6 ~NoYes The flow rate to the

anal yzer is adjusted to.optimze precision and accuracy of 15 nepasyrenent
and typically is abtg'd&m‘ibgf% SRBTE OF BothaRel are $ssestadn Tiagaeqie sobftion d he
reaction for manufacturing acetic acid based_ on the information obtained in
the anal ysis can besquilibREM rRagHom betyreifderasn iedidegndimagthy)|agetaterpioys aa
obtained fromthe infrared analyzer is fed to a conputerized control unit,
whi ch aut omati cal | ysteady atstesondentratesatf ovethyd mglidesn tbs mairpaioed inoaténtp pRdnote
rhodium water, nethyl iodide and triphenyl phosphi ne oxide, to achieve

st eady val ues for an¢teaattionconponents. Alternatively, the data is fed to a
display unit and is interpreted by an operator who adjusts reactor
conponent cancentration Theqdir | ¥Si i of
sanpl e from%t he reactor thggg#?%égﬁ%?slrgg%%hﬁg?yégg?\ygi%rp e?f(t:%%hgﬁg%/%%ﬁe sanpl e
conposi tion, which incl udes bboetrro]fﬁm% . arjglo Iiin ui d cor?openhlsh .Ago%aherth ‘
obstacle in obtai nirH%anﬁccura ST LSOV EREHAYPR FYPRYCES: VHE b'?“é hEENOf
acetic acid in the system_ Broadness of sQrption WO 00/ 37405 -20 2 O
MAY 2003 PCTNS99/ 28'9913*1“;98%1&3&13;5& 3éPr€$h’3 BeRBBREI3HR: B3l d exhibits
carbonyl absorption in the 1400-1800 cm' range of the infrared spectrum
W th broadening, thRi(GORCEREEONBm RN, R)L:Ie(WP:NREE;E€05)kr pti on range
of rhodium which is at 1900-2100 cm' . Traditionally, this overlap has
prevented the accurRit(€HCQLaRh{(CH))3,(G0 RA[(SHHPYIOO)TITRh nietdlNRhNE@ e Nt

i nvention, the analysis of rhodi um concentration, specifically the active

r hodi um spegj es Rh( & d H8P1RRhCI( el h.ad),orhi 0g1sdy,i nfrared
region, which is fr%%}gl(%( én’?j t]20 400(C§)r%$‘? 5?3n Jazddi t(Fg%[t(t(’o s%gguri ng the

active species of r j e, apal yze he

i nactive rhodi um sp[ggﬁié’g%%‘goﬁ%{“% ?Sctel %%hoﬁ E%dr’]rgxﬁ%%%ﬂ%@?t% %3%0[&%
nono as used herein) and a total r.hodium.concentration nay. bt.ai ned from
The sum of t he- act | SRS AEsR POUNEiens LS Gop | af Pypernbir b feditad

anal yzer may al so neasure the concentration of nethyl iodide and of iodide
ions(1-) in the redélewentssneiasdh Lidieand K.qrd isiagpigmanoioa il Asiosk: may be
obtained fromthe sumof |I' and 15 nmethyl iodide. The anal ysis of nethyl

i odi de and wat er t aRigéC bl gRJe(CO)Bf; RieupCyH §)P ) 00) By Raf(de«ti Hoy Pl (QO)i;ar ed

regi on, although the analysis may al so take place in the md-infrared

region. ThepscoMpONERKB (@3H,)[FY;; RAFICH, NP RFCITE A 31’?1@'?&5@?[@(331‘1?;?1’{%?{@3/'
a

acetate, as its spectroscopic signature is very simlar to that of the bulk
At S LSk S S A
that can currently Pey nr (SnBr),; [H][Rh(CO),L]; K.Rh,L(SnL), and the like. Preferably the

rhodium species used herein is water or acetic acid soluble. Preferred

compounds are Rh,(CO),I,, Rhy(CO),Br;, Rh,(CO),Cl,, Rh(CH;CO,),,

20 Rh(CH,CO,),, or [H][Rh(CO),1,) with [H][Rh(CO),L,], Rh(CH;CO,), and
Rh(CH,;CQ,), being most preferred.
Under typical reactor conditions of temperature and pressure, the

reaction chemistry is quite complex and several dependent chemical equilibria

contribute to reaction rate, catalyst stability and reaction selectivity. The



azhiewedoi s,,in the fingerprint region using either an ATR cell 0oUS009928993
-transm ssion cell of extkenely short pathlength (0.005 - 0.015 nm. WO
00/ 37405 -21 2 0 MAY QI03 PCT/ US99/ 28993 One advant age of t Qi MAYeRig}ve
process is the ability to rapidly determ ne the concentrations of rhodium
“met hyl iodide and water to generate nore reliable information on the status
of the reaction and thereby avoid codéitions of excessively high catalyst
usage. The instant invention is capable of measuring 5 conponent
concentrations ebsdwnicathlyyt is prefesentially presentasdhafolowinglicoondinfion nor e frequent
sanpling. By providing informati on which allows manual or automatic

adj ust ment of coRapbinid RhTO)Lfor® ey uspd hareins Opidativedddition of kethyhvent i ve
process can inprove rhodiumcatal yst efficiency and utilization of the

reactants ther ebyuideq 1R falgholibensi08 bf @insiERNUEH Lot CH LR W d while
mai nt ai ni ng product 10 quality. A corollary advantage of the process

control nethod is_ it bi, | i tQ. c ir ne . i ovided fromthe
r hodi um cat al ystmwggghdgg’ﬁgﬁ%xﬁfl’%ﬁﬁ{e%n%%%qeeh??%{{l?%)&;ﬁ}yﬁ%%ﬁseg?t)efnc%ht of the other
reactants, Monitoring_ the concentration of qQther reactants present in
larger quantity in t °P%WB?3%WH$‘?%£§HQ‘6%@SJH@@R3’E° Be Aaeidy eact i on
conditions and a nore detail ed understandi ng of the reaction status. In
practicing the ifovestiondndimisisted by therpressheerai sevictahrompeting bide waétites wat er and
ot her reactor conponents can be nade as often as every one to two m nutes,
al | owi ng t he pr oehish redove key rebcantefrymchaxsadtipn tyde KTHeheosaptormddenp@er at i ng 20
conditions within the reactor. This is a substantial inprovenent over the
procedure of nakineg sidiQetBOR ITRAHHSR FRINLSH RbétiohiiN¥hich Phddiifn & gt er

car bonyl ation of nmethanol to acetic acid, the reactor effluent"wll, al so

i nclude a signifj j j r.ak of
phosphi ne oxi de #bg?%hsag&g%q%é 0 glg?]gydr{g%ég#&j&gﬁ%cﬂg jgisaieggﬁng ‘0 MAY
2pp3 WO 04137405, PC f/US99I 28993 .. -22.by. the process control ., jethod of the
pr esent ?ﬁventi 0 .eﬁ%éecﬁb‘%f)ﬂﬁglﬁ@ si?)?ir?fﬁmﬁi/’ﬂ%%elgagﬁsﬁ Baé'g%ﬁfﬁ? US28% he
infrared ranges as, specified in _Table 1 above. It is inportant that the
noni tori ng procedad the Beressity [fr andnqreased RepRIOT PYFRS GRLE 13 QFACTAP reEmYe EXEEY | on
solution. Several exanples of the testing of various 5 chenonetric

cal i bration nodeksberediexidpant tomaiitainesetipatsiel pressusg of parben mproxidef r ar ed
instrunmentation are laid out below. To validate each of the chenonetric

cal i brati on nodel s deUadopedti@nconditions timdionFFilye frésert as amiktued theer e
prepared, each containing known, differing amounts of phosphi ne oxi de,

wat er, methyl acetdieFormRE M tHeQkkicH e foliRIGEONI,] Or RB & 8 @sedldrent €fHeC aci d,
and each having a known neasured density. These
15 latter species is an intermediate in the water gas shift cycle. The presence of 2
steady state concentration’ of this Rh ™ species not only adversely affects the rate
of acetic formation, but also leads to decreased catalyst stability as Rh ™-species |
are more prone 1o precipitation than Rh ! species. Thus, maximizing rhodium as
Rh'is a key step in improving methanol carbonylation technology.
20 Reactor conditions for the present invention encompass temperatures of
' vase 24113 o 3102 kfa)
about 170°C to about 200°C and gEJressurc of about 350 psig to about 450 psi&
At higher temperatures, the reactor equipment cornponents typically made from

Hastelloy™ B2 are subject to unacceptable corrosion risk. At lower

temperatures, the reaction rate is unacceptably slow.

AMENDED SHEET



solutions weye then analyzed quantitatively for nolar concentration and
density, with three neasurenents being recorded for each sanpl & UTltW{ th
and

results tabuk‘ﬁ}e@%@sl ow in Table 2 show cl ose agreenent bet %‘?ﬁ{s%?&

predi cted val all conponents and al so show good agreene ween
each of the-three 15 nmeasurenents perforr_‘r&d for each component in each -
solution. For illustration purposes, this data is also represented in
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ON Ovl NM NN NOO NOwitgin-a range 815 to,gpimplixpashggench tharegetion imthe sample and
prevent precipitation of any solids. If the temperature is too high, the carbon
monoxide content becomes depleted through continued reaction in the sample.

5 If the temperature is too low, one or more of Rh and the optional phosphine
oxide promoter could precipitate out. This precipitation will not only alter the
measured concentration, but will also tend to cause blockages in the transfer
lines.

One method of monitoring the reactor solution in situ is by using an

10 attenuated total reflectance (ATR) probe with a suitable crystal material.
Transfer of light signal to the detector can be achieved by light pipe,
chalcogenide fiber or other methods known to those skilled in the art of infrared
spectroscopy. Using a similar analysis technique, this probe could optionally be
inserted into the reactor or a reactor slipstream to provide online analysis

15 capability. Alternately, a reactor slipstream is passed through an infrared
analyzer equipped with either a flow through ATR cell or flow through
transmission cell. Preferably, continuous flow is employed and reactor solution
is subsequently returned to the reaction system via the (low pressure) flash tank.
By using a back pressure regulator or similar device located after solution has

20 passed through the cells, essentially no pressure drop occurs across the cells.
This ensures that analysis is performed with minimal change from the reactor
pressure thereby resulting in no degassing or bubble formation in the cells.

These latter effects, if present, would severely impact solution component

quantitation. The temperature of the slipstream can be maintained anywhere
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between ambient and process temperature. Thus, a temperature range of 20°C -
200°C is contemplated. Optimal temperature is governed by several
parameters, such as precipitation of solids, compatibility of cell window or
crystal materials with process conditions, and controlling process reaction in the
slipstream. The most preferred temperature range of the slipstream is 30°C -
120°C. It is generally undesirable to operate at or below 30°C as select reactor
components show increasing propensity to precipitate as temperature is lowered.
It is also preferred to operate at or below 120°C in order that reaction
substantially quenches in the transfer lines, thus ensuring that the measured
analyte concentrations are representative of the concentrations in the reactor
immediately prior to sampling. Finally, optimal operating temperature is a
function of the particular cell window material used.

Another alternative process control technique is laboratory off-line
analysis of a reactor sample by FTIR. While not as desirable as the most
preferred embodiment of real time measurement as provided by online analysis,
laboratory FTIR does provide significant advantages over conventional off-line
methods of analysis. In particular, all components can be measured
simultaneously by one mid-infrared measurement. The conventional alternative
analysis involves using gas chromatography, Karl Fischer, hygrometer,
titrimetric methods and ICP or AA. In addition, ICP/AA requires extensive
sample pretreatment prior to analysis. Thus, in terms of feedback for process
control, reactor component concentrations as determined by FTIR can be
available in as little as 7 minutes after sample receipt in the lab, compared to a

minimum of 1 hour in the case of the non-FTIR methods. The sample can be
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analyzed at ambient pressure and temperature using either the probe or .

transmission cell technology described above.

Depending on the temperature employed, the cell window or crystal

" material can be selected from the group of materials including CaF,, ZnS,

sapphire, AMTIR (Se-Ge-As composite), Ge, ZnSe, Si, diamond, KRS-5
(thallium bromoiodide), or cubic zirconia. The nature of these materials in
terms of composition, transmission ranges, and the like are well known to those
skilled in the art of spectroscopy and are readily available in spectroscopic and
vendor literature. In a preferred embodiment of this invention, involving
transmission cell analysis of a siipsh‘eam, sapphire windows are used. Sapphire
has the appropriate transmission range to allow the analysis to be performed. It
also displays good mechanical strength, chemical resistance and resistance to
etching in the process described hereinabove.

In the process of monitoring the status of the reaction, the sample to be
analyzed is transferred from the reactor to the analyzer and ultimately to a flash

ene ' (a35% LP-)
tank, with the Yessure decreasing from approximately 400 psi?[to about 20-30
(132 - 207 EPa)

pmng the flash tank. As described hereinabove, the bulk of the pressure drop
occurs only after the reactor solution has passed through the cells. Generally,
the differential pressure controls the-movement of reactor solution from the
reactor to the infrared analyzer and the flash tank. A differential of only about

(6t-9 ~103:n k)
10-15 psi#Es sufficient to transfer the sample from the reactor. A circulation
pump may also be utilized to move the fluid through the transfer line, thus

eliminating the need to decrease the pressure of the system. Altemnatively, the

sample material may be analyzed 2s a side stream from the reactor unit. This

AMENDED SHEET
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sample would be analyzed under the same conditions of temperature and
pressure as the reactant material, and therefore, would not be susceptible to
precipitation. However, the temperature would result in continued reaction,
requiring that sample analysis be conducted promptly. All tubing, valving and

5 the like contacting the reaction solution must be chemically inert to the reaction

components and be capable of withstanding corrosive attack under reaction
conditions. A representative manufacturing material is Hastelloy™ B2, a Ni-
Mo-Fe alloy. Other suitable materials include Hastelloy™ B3 (also a Ni-Mo-Fe
alloy) and zirconium.

10 A number of options are available as to how the monitoring of the acetic
acid reaction components may be performed.

Monitoring can be carried out by analyzing in a combination of select

spectral ranges of traditional mid (400 - 4000 cm™') and extended mid- (4000 -
7000 cm'!) infrared regions. One option involves a dual transmission cell, dual

15 detector setup in which reactor solution sequentially flows through both cells.
These cells differ only in pathlength. One cell has a pathlength of 0.05-0.15 mm
which allows for analysis in the spectral region between 1800-5600 cm! and
thereby encompasses portions of traditional mid- and extended mid-infrared
regions. The second cell has a pathlength of 0.2-3.0 mm which allows for

20 analysis only in the extended mid-infrared region. The different cell pathlengths
are utilized to both counteract the highly absorbing nature of acetic acid and take
advantage of the two different spectroscopic regions for reactant component

characterization.
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Optionally, monitoring of the reaction components can be carried out
using a single transmission cell, single detector setup. Depending on the cell
pathlength chosen, different spectral regions can be used. A cell of pathlength
0.05 - 0.15 mm as described above allows quantitation of all components

5 absorbing in the spectral region between 1800 - 5600 cm™'. This region is
commonly referred to as the non fingerprint region and encompasses portion of
both the traditional mid-infrared region and extended mid-infrared region as
noted above. Altemately, a cell of much shorter pathlength, 0.005-0.015 mm
allows access to both the non fingerprint region (1800-5600 cm™') and the

10 fingerprint region, which is 1800 - 400 cm™'. This shorter pathlength can also be
effectively achieved by using an attenuated total reflectance (ATR) crystal rather
than a transmission cell. As is known to those skilled in the art, utilization of a
single cell or ATR crystal in analysis of the acetic acid reaction mixture involves
accepting a compromise between the extent of the range of infrared spectrum

15 analyzed and the quantitative accuracies of concentration of certain components
in the mixture. Measurement accuracies and precisions differ for different
reaction components in different spectral regions using different cell
pathlengths. Thus, the accuracy and precision required for a particular analysis
dictates the choice of type of cell or cells, pathlength and transmission range.

20 The following table, Table 1, shows the spectral regions where the nine
solution chemical compounds described herein and constituting the primary

components of the rhodium-catalyzed acetic acid reaction can be quantified.
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“anal yzer, solutions of known Rh' or Rh"' concentration were prepared in.the
| aborat ory and subsequently injected i nl® an online anal yzer and
guant.ifi ed. The online analyzer is described in nore detail in Exanple 1.
The 5 actual vs. predicted values are tabDABLEd.bel ow in Table 3 and

represented graphigally 1n FIG 3. ai el llen X ment served.
TABLE 3. 10 %AI\/FF)’LE ACYI' UAL Rh' A %m%& Noﬂi‘ﬁ&:?‘eﬁ M@&pm&
' gomponenlr Mid Print Mid Mid
(4000-7000 cm’) | (1800-4000 cm™) | (400-1800 cm™)
Rh! No Yes No
Rh™ No Yes No
5 CO, (Soln.) No Yes No
Methyl Acetate Yes " Yes Yes
Methyl lodide Yes Yes Yes
Rl, where R = H, Group 1, 6, Yes Yes Yes
7,9, 11, 12 Metals
10 and I = iodide
Triphenyl Phosphine Oxide Yes Yes Yes
H.O Yes Yes Yes
Acetic Acid No No Yes

The flow rate to the analyzer is adjusted to optimize precision and accuracy of
15 measurement and typically is about 10 to about 100 scem.
Process control of the reaction for manufacturing acetic acid based on
the information obtained in the analysis can be either manual or automatic.
Preferably, the data obtained from the infrared analyzer is fed to a computerized
control unit, which automatically adjusts the reactor components, specifically,
20 rhodium, water, methyl iodide and triphenyl phosphine oxide, to achieve steady
values for certain components. Alternatively, the data is fed to a display unit
and is interpreted by an operator who adjusts reactor component concentrations
manually.
The direct analysis of this type of sample from the reactor traditionally
25 has been complicated by the sample composition, which includes both gas and
liquid components. Another obstacle in obtaining accurate measurements

relates to the presence of acetic acid in the system. Broadness of absorption
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the Karl Fischer te { . = | 1. i Q ti S asured by

t he inductively cougp@dﬂgﬁe@%T(%dé{i?na{ilg%ﬁfﬁi%%rgapgﬁgErﬁebg%?cﬁtﬂa%g% pgtahe react or
sanple. Of gi ne phosg)hi ne oxi de cpncgntrati on was nmeasured by "P NVR Of

line I 5 was® measur SHNALYR ap@lysig 8l QAU i ve el ectrode or by titration with
silver nitrate. FIG 4 contains several plots (FIGS. 4A-4E) for this nethod
of verification. As eachlnohe prsentinegnting din anglyis of hedivat ¢ppeentratioranal ysi s

(i odi de selective electrode, gas chromat ography, 3'P NVR, inductively

coupl ed pl asma spectspaicaly therdtikariodkinsspedes RIACE),IdatecRI| Raarriedputdd thehave

separate and 10 different accuracy and precision |imts, the npst

meani ngf ul i nter pretaliiahedd rebltd, #AIched Réth @060 ért! to%u00RAN . IRkddMbBA t6ONSI St ent
bi as of overprediction or underprediction for each conponent. If no such
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correlation coefficien ndi ca

respective line and .of f. | i ne.anal yse e R1 ctors 10f a in the
graphs in F?@\ 4 ar edﬁﬁ_ct’¥eﬁb‘§’é‘,’misﬂ%i‘e 3}5(%@)2{‘%?'%&]???@59%%51‘%@ PR i s
at | east as good as off |ine nmeasurenents by other anal ytical nethods. The
great advantage of ®hesedheicib apd oIy rhedipm spnaepigation May hepbiained fortthe pum ot

| east 100 tinmes greater conpared to off |ine nmethods and data is obtained

in real tine in terwfthefactiveoandgsactivespeoies. itiliHg, theniftacediangyzer oegakoof t he
instant invention is also capable of measuring carbon di oxi de concentration

as a dissolved gas ineatih@thRGBhéchtratorlof @B} iieiidsMdW icdide iGR(DaMtHdireactdle
production is inversely related to the selectivity of the process of acetic

! AT SR 5o R 9l R e
15 methyl iodide. The analysis of methyl iodide and water takes place preferably
in the extended mid-infrared region, although the analysis may also take place in
the mid-infrared region.
The component that is most troublesome to analyze is methyl acetate, as
its spectroscopic signature is very similar to that of the bulk acetic acid solvent.
20 While quantitation can be carried out in either the extended mid or non
fingerprint mid regions, the most effective analysis that can currently be

achieved is in the fingerprint region using either an ATR cell or a transmission

cell of extremely short pathlength (0.005 - 0.015 mm).
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nmeasuring the extent of the WGS reaction is by analyzing the gydh&g%
content of the reactor vent gas stream by mass spectronetry. il ™ty to
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sol ution conponents, i.e. online infrared, allows it to be 5 easily tied_in
to any process control loop built around2dnline infrared analysis. Tn order
to verify that carbon dioxide solution concentration as determ ned by
online infi~ared ana. |ysiGneadrantdgaoEthe wiviehtixegprocegsis theyaihilog errapidlyadetermatei on
as determ ned by mass spectronetry, continuous bench scale reactor data for
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si gni fi cant changes i - MG | ;
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phosphi ne oxi de conéeh S?‘é’l?&é‘l’*ﬁh cﬁl.aglsﬁ\}bsfl%er’ d’&ﬁtﬂﬁf%gﬁtoéﬂf F%’?@Sﬁg“%g rn

M I Iinolar t hanol feed rate: 0 g/hr Cg 331 | hr ) The correlation
plot in FIG°5 showSO@ReRMt £oftce "gﬁfé?ﬂ“t‘&'g‘t\ﬂé% timgeand glsopfowe £95 masgies .

FIG 6.contains several overlaid md-infiared spectra show ng the changes
inintensity of the ficgrensamrplingvEvDEeyidpgRformazion whick@ows manual or automatic
Exam pl e~ ~27 US 009928993 ' 2 0 MAY 2003 The follow ng detail ed operating
exanpl es il ustr at e atijustmpanacf doneentrhtidnhandiothee piocess paramietess, the ditvefiti el [eodesdd
form thereby enabling a person of ordinary skill in the art to practice

the invention. The Reh ffipidl@eodiunt databyst EYigiRAdyORd ulifitiBRSF Ak kddtams Rk BFEL €r s
and ot her obvious nodifications thereof will "be understood in view of "t he

foll owi ng detailed pt - ' 22l Lter. cale
reactor was run for%se%\%/%?xgﬁagﬁgﬁﬁé@g&%@gﬁ%@%gﬁdﬁgﬁgl%eétlﬁtglﬁfn%g’gﬁgl\?f 10
React or temfﬁrature =187C -189C (~~5e kPa) (S~o (c..Pd~ Reacto~~pr~cs. sure
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concentration = 3.5 nol ar Rhodi um concentration = 6.5 m|linolar 15

Tri phenyl phosphi ne oxi de exsplasy advantagmottheprocess Fentrohmehad isl the ehilitytet e =
320 glhr. ( t ~ ~~ ~ 1 hr The process was automatically controlled from
dat a generated by arounimn the infofmatan prbvided |fipmethe ribidamacrdlyst @rcasesagknt by thei s
exanpl e was a single source, dual detector, dual cell nodel and was

conpri sed of a sanplcencentrandr MERtrement of thesthet k@6tahte NMonit6iigRAE EdRBtratibh e
sanpl e conpartnent contained the cells, tubing to allow reactor solution to

flow through the celdfgihefrdab@NVEBeSint inflia.!!gtslgc{uggﬁ'l? i 88 t&ktor ﬁ‘%ﬁni@@ﬁo%s-kﬁﬁ%

contact with process solution were tabric rom Hastel | oyTM B2.

el ectroni cs gonpart 1 ai . i hal e | ychromati c i.nfrared |ight
sour ce, thel:gnt erfeggnm@trgg&oﬁ ﬁé&%gtéc{ngg?%é gx,%readnegaﬁlgéur} emlﬁfgﬁéﬁaf%on~. 20
MAY 2113 WO 00l 374C;t5atuF;CT/ CJS991 28993

In practicing the invention, measurement of rhodium, methyl iodide,
water and other reactor components can be made as often as every one to two
minutes, allowing the process control to very closely track the actual operating

20 conditions within the reactor. This is a substantial improvement over the
procedure of making the same measurements off-line.

In the low water carbonylation of methanol to acetic acid, the reactor
effluent will also include a significant amount of phosphine oxide. The

concentration of phosphine oxide is also capable of being measured and adjusted
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suppl y, and ot her conponents which control the anal yzer. The %\m)
conpartnments were connected via infrared transparent w ndows Uﬁya?m%med
light to passwe0edMehe source, through the cells and back t PGTHESHEEWRt ors.
S Reactor solution flowed continuously through the analyzer and was -
returned to the reaction systemvia the 28w pressure flash tank. Md- and
extended m d-infrared anal yses were sequentially carried out using a 0.075
mm pat hl ength cel | diydhap@cesscqutohimgtihgt lof the Ipkesent esyration.vEhephokpiiinaoxde | i ght
passing through the md-infrared cell was deflected to a deutero triglycine
sul fide 10 (DTGS) dgirenbter catd ahalgied ipdrinfged PRGN spértfieddih qadrd above.

m d-infrared cell was deflected to an indium arsenide (InAs) detector.

Sapphi re wi ndows were USQﬂisiiﬂ?é}%hhﬁﬁhé ﬁmoal@&in{ghﬁo cBrafedPidiRlt thes
mai nt ai ned at a terrperature of 100 C. The sane 2 liter bench scale reactor

and the sane online | r r S 1 wer e
used for all subsequen %Egrg%gtﬁp CX&?O |S§@H§ée§&%§a§)g¥%ﬁp%&¢?te@é’%ﬁ:%]o ent>
trend file caontaining three d sof t dtal shown in FIG 7. The
concentratiofs of sé‘g@‘ﬁo?‘é‘é’&tcgl‘ r%‘lﬂ“d’f“?‘gﬁéé’ et Srrlé TRORt¥PIIREL hi s
chart. Each of the seven trend lines is conposed of nore than 2000 data

poi nts. No concent r dnfrared insirumentation agg lpidrpubbeletie Y axis, as each 20 reactor
sol ution conponent has its own scale. FIG 7 is nerely representative of
the trends for each conpdievilijatédéach ofthetchanometrit balibratiomrhodelseddvbioped oes at
whi ch nethyl iodide (Mel) and rhodi um were added. The nethod of controlling

conponent addi tion figor&BEHTIR ARbolRibRYere pipdRdNaRh ShitsiRingndivh &mﬁﬁg
than the method for controlling the addition of water. Rhodium and neth

iodide w WD 00/37 9 f
consuned in the proégggn%%fg h&BWP%ngggvsa?gr @Hﬁgc%rga%églg 19)8 de ﬂ({g?%l tation
of rhodi um d becaus o%osses. am of the reactlo sect on for
bot h rhodi umand et @F AogRLc acif AR m[ﬂ aYipg,a (agya mgastrd qesify fhesed i n
the process by the water gas shift reaction. 5 The conponent concentrations
measured by the analSphienswers thegsnalyzed uamitaivslyolor molasiconrentmation and gensity,
Conmponent addition was then controlled by a Process Logic Controller (PLC)
based on these si gnavith thSegnakigementebaingitecerded foe eibGampler \The resuits tabekted
averaged over the life of the run, but the concentration was evaluated as a

rolling average overbeawmerdmwshbwrmbssagmaﬁemIb&\aebﬁa&aaﬂen@fareafbtddh&mdmror
met hyl iodide, if the average nolar (or mllinolar) concentration val ue

over the rolling ting pa oﬂ&tgﬁhlalsg%h&»’gﬁ&ﬁar%&ﬂ&ﬁib&@@érfé%lzhBfﬂ?ﬂettl%eéet out
bel ow, a vohtrre sufficient to return onent to 1ts normal control
limt of um sol 4l 8- Qs BELINq 9db g B, aN 1 ommt icaliby. AR R0l Mo
system As ter was raplfﬂ? EEhE e &R 598 p rocess, %d

eriod was used. :
P purposes, this data is also represented in graphical format for water and

triphenyl phosphine oxide in FIGS. 2A and 2B, respectively.



15 Instead, a water ponp operated continually and the ptunp
automatically adjusted in response to every data point to ne
limts used
|l e 4. The reaction consunes the analy
limts are not

Wi thin preset contro
are shown bel"QA%3H

%

conponents over tine, and thus upper coepnt«ol

b

mts.

The | ower

the three day test period it was not 20 ,

phosphi ne oxi de.

contr ol

pfubalzief

requi red. Over

PhE, .,

xanpl e
nt

necessary to add triphenyl

'n y WO 00137405 5 10 15 20 -30TABLE 4. 2 0 MAY 2~)3

PCTI US99/ 28993 COVPONENTNORMAL CONTROL LI M TLOAER CONTRCL LIM TWater 3.5

nolar3.2 nolarMethyl lodidel.0 nolar0.9 nolarRhodiun6.5 mllinolarb.O
m |'|inol ar Ph, PQ0. 50 npkar0./145| o] arf 1t| shoulld be poted |t hat thejusg of an
average concentrati @nd_thefgeherouq cantnal [Limts_are |not golve y a
function of precisi % ey jof! [tHe :anﬁ* sese | B jawrleadtoom pyst em of
this kind in which|thefrd T4 ®ont| miat lcydie|of | so| ot on tdt widen [the r eact or
and flash tank, thé¢&plUti on conponent cqncentratjon may not be at| steady
state in either vesge| 3 |The ;use pf axrol lfi ng i mel avepage |t huspal | pws for
these effects to be buffler ed: and| pr e¥ent unnTecesgary:corrponertﬂ addi ti ons.
It can be seep fro G 7ttt psgofT T raregapatyzer—datg—atrtoped
excell ent proBess ¢@fedl . |Only fwo sHarp spi kes hwerle dbsdrvdd ¢vef the
t hreeday peri®d which iregteg eved fte |hgvex beeh sohwsieg by [ngent ag
el ectronic nofsg. ReaLkilod [ral & | § a3diZect [fInG | & Bf| Lhe2qddeehfration
of rhodi um n_ﬁtﬁyl Im H c, HA-O—are—Crten prese l{) “tl-}JI ety r..hu'pjﬁ ne
oxi de. The abEI:ﬁty | gqnt i nuous|y npnitgr and tiphtly control_
concentrationg Bbf ngsé conpgbnents i® theg re®torjall 8w grodstivjty to be
maxi ni zed, sy§t®m ypsef’y to De i HentPfied quitkl yl and=addrlesse®l. and
rhodi um preci Bi Bat fon| &g bg m ni i zled.| I'n addi{iop, tli ght gqonyrof of
react or Watergc.gncen;t‘rgtiﬂqr Jesults i n ace‘t‘i G 19(1 jwpr,gdu_gt \\A\Atﬁt’l a M ni mal
variation in ,ﬂ/ag_er qon@eng, 2 1% LEN sgsyl|tangs | e ey legst ghl & japéerat i on of
the dryer col 8n8 t¢ 3 pfove [Vl & | Friof|the B¢et i peide | <.|,S3 9| MY 2003 WO
00/ 37405 PGT/®<8ol ?3P3 |-31FIG B shows gn expandpd versidn of FIG 7 in
whi ch a oneSh8ug t i e $dgmergy (the 3§ " NHour @of the tfree [day Lun)| of the
reaction isqrg‘p es¢ntpd.| This pafticgl ar [segrent vas &hosgn begauspe it
cont ai ns noﬁcgrcﬁon Tt aquaT T oS [ otTeT therTTwat et ToHbegauge Tt
represents b Begi ofl of 8Mery stab| e lopdratli op 5/when fedctdr Ilevel Wwas under
very tight coRtgol | ZThgd, _qny|dal g bsedttearzing { ki & specilod |shqubd o
pr edoni nat el y=rgs | écd | geaSyr@ it Sof Bdi SildD | Thés hdohgst =dri |1 DSt
concentration§ gor | Ehe—seven—tenponent s—gr—t-hts—terad—ehart—foer—the one
hour period {&02dafa paijnts) are|sho bgl ow in Tabl e 5. TABLE, 5.
10COVPONENTHI SH-E 1£464. ZHDRN' [L. 91%F. 96FBh t ¢t al 6| 626360Tr|i pheyl Phosphi ne
Oxi de0.500.4925§at 3| £43. 51 405231 Mt hyl© i odi del1203I .[03 Fanmpl e 2 The
formof rhodignk i|e. RR(CY ZI z~| (Rh' )| orf Rp(CO Z| 4 (Ry"" )l and the| 20
stability of Ehedi i@ |preci pitptijonlinlaceti ¢ afid redactior |sollutjon is a
function not gnBy off b@ (udilah | chpe [call eqrpost {i.ons put| &lisn |of [@hysi cal
vari abl es suc@ as FRing [rad &8 | 1en] €dngdntil onals | igued Feactior s “used by
acetic acid nuf a¢tf eris practi gi ng net hanol carponyl ati dn techno| ogy,
‘stirring is censid rfjgr{ecessary t o gui ntlai n sol uji onghomageneity.| This may
be particularly trge [dr| di spersfon g 21-{11-2D00 + .~ZUS J09978993| --, . .
2 0 MAY 2003 -32 =
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of carbon nonoxide in solution,

as isol ated pockets of

reactor solution

w t hout sufficient dissolved carbon nonoxi de may be prone t r ij&gale
rhodium In the eé eriment outlined below, conditions used %giﬁﬁga!ws

conti nuous bEAEYal e reaction reactor were as foll ows: 5 nperatur e=185C
G c~c. Pressure=400 psi~ ~ ~~5$ k. Pa) Rhg ium=6 mllinmlar Water = 7 -
nol ar Methyl lodide = 0.8 nolar 10 Tri phényl phosphi ne oxide = 0.0 nol ar

Met hanol feed rate = 22 test

peri od,

Ao 6

ium

lhr. ~$ ~ 3 L ! .h~). Over t h
the reactor agi ?5‘?6%]{%§§? temeingrs c%lﬁré%g'ig H‘r?geelf §$V%§°€§§>f<°élrh°rﬁ‘%t
and then back on again to . determ ne the effect

It . was noted
that Rh~ rapidly arkh®sapliegelyzen solppensofnown

(FRBGFTARDIVED| ut i on,

but equally rapidly reappeared on reestablishnment of agitation as

exenplified in FTG prépar
concom tant formation of Rh(

CO 14 , her

ea.fter

mrthe leboreiery Aind pubseqvantlyzajectep o pmonlinswealyzen and
referred to as Rh~nono,

occurred. Overl ai d quahtifi¢ddTimumtihé andlyied 34 deadribBdint hereapfaiiat Bratplof. Thé s
species are shown in FIG 10. The presence of Rhl

carbon 20 noyoxi de ghal v &aadi ¢4l

I nf1~ar
formng in the reactorhig%iié #agej' Anait,he(?ccgl

the reactor and | aborat or
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00/ 37405 PGI/ US99/ 28993 - 33

in the transfer

i nes.
Under nor

AME

HEET

2 0 MAY 2003 WO
rred conditi

ons there

es Lo e anal ~~zer
au°Y6 " Cont i nui ng

sufficient dissolve
[th"" nmono does not
anot her advant age ¢
the use of online i

SAPPR Y
formin

f the pre

nfrarad o
T T CAT A~ A™ | CA

REPyAEe i1
I R transf ¢
S@iNLolh AV et

dat

Al vizax
T

PREDICEACT
PIRH! T nes. T
I(RMldP) © t

a ac o A 4

(chwxytion
RIS (nfAE8hhs)

ernms of pro

anoctic t aon
c—t-

PREPICNat
SRpWs t hat

CRMoIeANt 1 g

Stiry
Sttt

problenms or as a tdol té6 opt

LA LI A =B =3

m z@0@gi t g

TICL

TC oA

1t | orD.06at e

CC

= AT M

TOotT A4

for vari ous

sol uti on

actor—ton

conpositions and r
tiveZrhod

that the foldm of ad

HtToms—=ar

rS—tt—tras

tic 4B aci

prevrousty
d fornmation

L L
PJCCTI UCUuUCU

is 1zh . |

h 1S al so
thefe ar

addition, this forn
preci pitation. Thus

um4-8 ace
I

rel 1ve
ve S

ant d

to 1 Zh"" 1 n
ges_to be a

terns of

of catal yst usage,
operation if a real]
obt ai ned. Furtherngre, itthe a

requpred

nor e abl 4

su% ant i
Cat af ypt CC
Jai | ability

ncentypat i g

of such K

n and snoot

now edge al

L a-c-e4-+-6—8a6

N process
L or—can—be-
ows 0Pbe ef

of changi ng 15 condrttons—or
sensitivity and catlal yskl for

of—testTy

- L
nmevw L EUTI

M to be rayf

idly and g

1
Ul uy Ullh La

ccurabély a

-l i
aryst

5ses8éd.

Anal ysi s of sanpl es obtal ned
nmet hod of el enental anal ysis
anal ysis deggri bed herei

tota! rhodiun1do¢s not _
at time of sanpli ngcotngen %ﬁgrtx) tvgllugsepdr'edigt%(d; bg%tn u?edrgo

manual 'y
or by the

ARG RRtR Pteie

es

F9R4 Apkderi@TP! | NQ

:

or

is

is
er

d
n

ined in tegrns

f ect

romthe reactor by the conventi onal
| aboratory i n&ared

met hod of

AR f BdlibRs

rati o present 2

CES

| enment

4 I
ng an adual process run

with the concentration values obtained by independent off-line methods of

analysis. These data can be obtained by manually sampling the continuous

bench scale reactor at random periods, analyzing these samples by conventional

20

instrumental and wet chemical methods and comparing the predicted values

with the values predicted online at the exact time of manual sampling. Thus,

methyl iodide concentration by online infrared analysis was compared with off-

line gas chromatography using a capillary gas chromatograph equipped with a

rn?aagls%foecromp%&ﬁeon of

in the reactor



anal ysi.s such as inductively coupled plasma analysis (1CP) or atomc
absorption (AA) are species indiscrimnate. Laboratory inf rarzeg ma%i sis

capabl e of i shing between and quantifying Rh' and
rapi dly oxi g@@sﬁ?‘% lth"" in traces of air and thus the It%/T&H ratlo

measured by this nethod is 21-11-2000 ,84 US 009928993 2 0 MAY 2003 ~
rarely representative of the ratio in the reactor at time of sanpling. The

measured ratio 1S S Bifalidy BASHE DEHRNAS LI ARLIGE Y SATEY LOgand

anal ysi's, and degree arr contam nati on on sa se u

handl i ng. Thus the n met hod of o Lning.a knova ed e of the

ratio in the reacto ar}l ‘S g i q’ﬂ@uF nB%éde §%‘?c§nm}5\ niyap U??st”éet%ﬁﬁhf t he
effect of water on Rhl concentration is shown in FIG 11. Over a four day
period, water was VaREGelsonplefplagma (ICPyteabgie afisewerk waf thareasargrmpléns  as
outli ned bel ow. The sanpling and anal ysis frequency was approxi mtely 30

ti mes per hour over OffHmefpbasphdreyoxide dopckntratiprifeaspasaatnad by £ S3BR.COGvlined”
Pressure = 400 psi | 258 k.Pd) Rhodium= 4.8 - 6.4 nolar Triphenyl

phosphi ne o de = Owbdmeasuasd Byeinydidd stbctee cledrole 5Dbyitration MathRAVE hitfaee d
rate =180 g/hr ~6s ~ L J ~,r J FIG 11 represents about 60 data points

cul I ed from the four davecftz ol SRR LIESEIGY DA L EFroflaneldifge data,

poi nts were sel ected for arity and representative of the trend file.

f
1 Tustrated spect r claipRidl | §° pfef WD Jfés&%vfh??‘?% THRS AR Pdideai o

online spectra of rh d| umjin the m g‘@l nfrared ion.and of water in the
ext ended mi d-i nf r ar $ECHEG IS5 CROBRY °§EFPh3I'hé) iRdyrtively conpled plagme a)
down arrows of FIG 12 and subsequent Figures show the general increasing
and decreasing concensetrescomhand iartiBiseher wator dataminstion)alijuuksepatatstandf or  each
conponent shown in each Figure. Availability of this kind of data can all ow
a AMENDED SHEET  2difftdenPf30racy and preciSio)imite) IRAR08 InedniigMAYite?prétafiérO6tEs t O

be tailored to achieve optinal bal ance of nethanol feed rate, rhodium
consunption and reagdrRiati¥at &to IV iryRbh@Hent bias of overprediction or
underprediction for each component. If no such bias exists, and if the data can
be linearly fitted, then the R factor or correlation coefficient is a valid indicator
of the degree of fit between respective online and off-line analyses. The R
15 factors annotated in the graphs in FIG. 4 are all > 0.99, indicating that online
analysis by FTIR is at least as good as off-line measurements by other analytical
methods. The great advantage of the online method is that the sampling
frequency is at least 100 times greater compared to off-line methods and data is
obtained in real time in terms of process control.
20 The monitoring process of the instant invention is also capable of
measuring carbon dioxide concentration as a dissolved gas in the acetic acid
reaction solution. Carbon dioxide production is inversely related to the

selectivity of the process of acetic acid formation as it is produced along with

hydrogen in the competing and undesirable water gas shift (WGS) reaction. The



Th@1adr2@Q0) to correl ate the concentrations of R and water showl$ Q08928993
-exanpl e denonstrates an advantage of the invention. .The absol ugeg Mat ygg of
%Rh as Rh' on the Y axis in FIG 11 are ,not optimzed, as they are also a
function of many other variables such as nethanol feed rate, presence of
additive mxtures, and the like. xam4dn illustration of the effect of
trijphenyl deosph: ne oxi de concentration 10 15 on Rh' concentration as
determ ne y onl | i g :?e!ﬁﬁ!y. | S: V. i . e n

ei ?ht - hour peri od%ﬁe %%té'gnglgﬁ i nuo&s&ggeﬁ%ﬁng%Ieg%%gkc@%ﬁG%%a%%ﬁéP?

phosphi ne oxi de congentratjon was increased from0.25 nolar to 0.55 nol ar
under reactor conﬁi‘”ﬁl’%‘l‘% abycgggqnicmtam cacel YARh 838 SFembEmae Gsu ova
Pressure = 400 psi~t ~.'~5 $ t~Pv) Water = 2.8 nolar Total rhodium= 3.5
mllinolar No Met spasopmeiesditeiability ® gentifiitresWEiSraactias by shesapisiteshsiqnenoved
fromthe trend file for 20 clarity. As in the case of water in Exanple 3) a
di rect dependence a9for Bthepfeadtby solutioh EompiRyts, iRhegkiinkareX ialeweRpcent rat i on
is observed. F' 1G 14 contains several overlaid spectra. fromthe extended

m d-infrared regi : wiDg I SasE1d i VdniROSFRN . de
concentr at ?on. Asg?krllﬁ'?%e pr ev?gﬂdgébgﬁarrpl (lac{OBthHs&g@grgpnlhgpser vgrs]ﬁta%&%how t he
intimate correl ati.ons, bet we react or,. NDED SHEET, .21-11-2000 usS
000628053 < o TG By Juk SRR gt QTSR RRA R 31 SEMRIBE deduced
fromonline infi~ared anal ysis. This_ exanple shows that the triphenyl
phosphi ne oxi de cOREBHDEZE Wwosélafeang@wgééhrckvwoa@mw Bl
concentration. As in the previous exanple, the ability to determ ne the
absol ut e val ue of drRmined Bymassspedimometry,cofii@oud Bendk seatssteactoadatafonboth

advant age of the invention and is only a function of the specific reactor

condi tions used i nnéthéds wR¥edtipared ovaa peribd $1vet Msuksiim Giate dubing twhicRaedtdron
i nvol vi ng the rhodium catal yzed fonaati on of carbon di oxi de and hydrogen

gas from cgybon MRGKS:aWhaWRHE] rdif s3Indil 1 348G B0 RIflRudaRACt T ON TN

acetic acid processing via nethanol carbonylation. Tt I'hcreases carbon
nonoxi de usage rates and tﬁgc*e Ls?% tal%stgﬁtabi I ié{g. The,abjlity to
preci sely and accUP&t&T P WBATTHP TPt ent "REST 118 REFBhent s t hat
i nfluence the WGS rate can | ead to appropriate algorithnms to be built into
process control tFPRAHBGH BhPHREP™ un conditions to be achi eved and

mai ntai ned. | 5 Maintenance of such conditions can | ead to higher
production rates, |ower rawlsmperiee: 1888ge rates and | awer catal yst usage
rates. The effect of several reactor solution conponents on WGS rate are
shown in the experi rre%b_e[l’masu:(:aﬂ)t)opsiga( Q3w hBelis bench scal e reactor
experiment under reactor conditions given below, water concentration was
al | owed tojglecrease $om 7  Methyl iodide concentration: 0.75 Molar

Triphenyl phosphine oxide concentration: 0.5 Molar
Rhodium concentration: 5.5 Millimolar
Methanol feed rate: 220 ghr ($33 L/wr)
The correlation plot in FIG. 5 shows excellent agreement between the two
20 techniques. FIG. 6.contains several overlaid mid-infrared spectra showing the

changes in intensity of the CO, peak.

AMENDED SHEET



202111220000 5 nol ar over a three-hour period and the effect on the3\659928993
reaction (as a function of solution CO- was tracked by online infrared

anal ysis. Sanpling and anal ysis frequency was approxi mately 307 @i MRS 208"
hour. .Tenperat ure =185 C | Cvo~. Pressure = 400 psi~ (,~" ~5~ Sc. Po.)
AMENDED SHEET  21-11-2000 ., US 009928993 2 0 MAY 2003 -37 Tri phenyl
phosphi ne oxide = 0.30 nolar , Rhodiurfi’=10.5 nolar Methyl iodide = 0.85
mol ar -.Met hanol feed rate = 320 glhr (t ~~~L ~ 5 The data are presented
in graphical for rrg‘@%'-’-ﬂ-gf-'l G 15 and show that at constant rhodi um
concentration, the "WGS~ rate increases |inearly with water concentration.
(b) In this experiment Thedalawins defailndiqpertngexagples ifustraigike practispef keur e =185
C 10 G u~C Pressure=400psi ~ (Z~5% k-f'a)' Triphenyl phosphi ne~oxide = 0.0
mol ar Met hyl i odi thventio iits mOstpreferres form,th@eby enablingt: perdon of bidthary il nol ar
15 No Methanol feed In this experinent, rhodiumwas allowed to decay under
condi tions which & tBe bt @iricticBdRIhveakbr TipriasibRt ¥HthisThodatib, lité opdratisg decay
was all owed to occur at a constant water concentration to exam ne the

effect of khodiu t i . c in
graghzcal ? or mat %%Q@F%\g %Hfgﬁ%{;&gb#‘%ﬁg{/ﬁgc% %nls S%ogg{].@‘g?ﬁfdg.?sl’tﬁ%ot%ﬂ%ﬁ& G 17.
Both figures show the_l.jnear, K decrease,in solution carbon dioxide with
decreasing rhodiu gﬁlﬁ@‘é’ﬁ?‘?%‘!ﬁtad]ﬁép?’&?d%i s experiment involves reactor
startup, i.e., fromanbient conditions and no raw materi al feeds to process
conditions with establ Ex@gleleeds. Reactor sol ution conmponent
concentrations can vary considerably duri ng AMENDED SHEET 21-11-2000 - ~
2 0 MAY 2003 38 US 00922880t Aliteriperdh scalaresdiorfwas rimfor asvieral daydamderdent
equilibria until stable operating conditions are established. Data was
chosen from a si nghecoh@HEbBSB i@ be¥®: NI Nety- m nut e peri od when wafer and
fiodiumconcentration remained relatively constant but the nethyl

i odi de~onipabl e iodide (1-) i ied. b d y. This allowed the

ef fect of 1I%)- on WS rate toR ag{okie r{n%n%gd%?ﬁé %@fyw} in FIG 18

i ndi cates that solution carhon, e de_gb&?sgg a concentrati on.
This is consistent with the MSCHARTSHT 0 AEPPEE)i on and again shows
t he advantage of enmploying online infrared data in tracking and potentially
control ling an acetic proceMsthyljedids coprsnizaiion i @ WO of the i nvention have
been described in considerable detail, additional advantages and

modi fications will readily #stesaencenratitnss-Skplared in the art. : For
exanple, a single cell or two cell infrared system may be successfully
utilised in the present i nvRhédimn coddanieaionr)6. millitdothr um cat al ysed

carbonyl ati on system may be used in accordance with the principles of the

present inpention rather th@Apkeniig: xide)cdRstnEAidaCny Ealdi@n system
AVENDED SHEET  21-11-2000 U5 W~~LC5~~.5 ,. 2 0 MAY 2p3 39 CLAIMS 1. A

met hod of effecting pr ocess}\%g%&qlmdrgtei Z?aggl%r@p,g,g‘ 2.} he production of

acetic acid, conprising col (1 Nng a sanp an acetiC acid reaction

m xture containing at least nethyl iod.d ter, .nethyl acefate and an
active catal yst specie 5pro§es5¥agp§tgpagc€ﬁgé¥%@ﬁpqgmntcﬁéx %fpﬁ'ﬁﬁg%Xﬁ'gl sting of
fiodiumand iridi ur&jﬁrrpasuri ng the _concentratjon; of nethyl iodide, water,
met hyl acetate and®ifeindated@palyzer.a alygeraisedsinithis skacanle Fat e einglf S0Ws%r , and
adj usting the concentration of at |east nethyl iodide, water and the active
cat al yst speci es idual detectrraivabeelicnallel malcrasenmpiisedof @ simple egppareent and he
measured concentrations of nethyl iodide, water, nethyl acetate and active

catal yst spmecies. &ql%&eme@ém&fentgm'b@Mpl%&ﬁ_{%&ﬂndnhébﬂtﬂﬁéd&b@&l@,ﬂm yzer is
a Fourier Transforminfrared spectroneter. 3. e nethod of either Caiml

or Qaim 2 fur ther BBl ARh/AGaAFASHELD ADPEARATYY JBL L Hboieriobi g 001 de

in an infrared cel ing 1n a range selec rom the grolp consisting

f! md-infrar i n .exten m di nfrar region i nation
? he?eoffj ared ﬁe%%r.okﬂ p?rtsﬁctoz?tac %gth prc(ajccss (o) uﬁ%gwe?sgflagnéate%ryoﬁ onbi nati ons

Hastelloy™ B2. The electronics compartrnc-nt contained the single

polychromatic infrared light source, the interferometer, the detectors, analog

AMENDED SHEET



4. The met hod: of any preceding 'Claimfurther conprising neasuring the
concentration of water in an infrared.cell operating in a ran@ed MAYe8kd
fromthe grQup consisting of a md-infrared region, an exte

m d-infrar e&v‘sgqvﬂ%% and conbi nations thereof. 5. The net hog‘glg/gsggﬁf/m
precedi ng ..Claimfurther conprising rreas% ing the concentration of nethyl
acetate in 'an infrared cell operating ifi°a range selected fromthe group

consisting of~a md-infrared region, , an extende i dinfrared region), and
conbi nati ons ther eo‘PP“t@.“g?Wé’uF@?%W%?ssgﬂﬁtegP f gsuatfs‘aﬁ%ief El‘fpg’:%?‘)‘d
conprising neasuring the concentration of active catalyst species in an
infrared cel |l oper athergomporents whicherireldhe anphaar. TAVENDEMESHECLs Were
21-11-20QQ0 , US 009928993 2 0 MAY 2003 40 7. The nethod of any preceding
Cl ai m wher ei n adj ustonnegtedraa odrareshtransparemnt wihdews whisls allavetdHight fogquisditgm thet er
and the active catal yst species in the acetic acid reaction m xture

produces a subst antgdoatdeythfouah tteadells and Bavkitatheidtdcdfs. each of net hyl i odi de,
wat er, nmethyl acetate and active catal yst species during the manufacture of

acetic acid.c 8. The net L L ARy I i active
5 hed et scﬁhﬁ&?ﬂol cﬁécmtlgi}loﬁhetgﬁg?ﬂigg a}gél%e? afld Whe

catal yst species is of a rhodium catalyst. any precedi ng
Cl aimwherein the frequency of neasuring.the.concentratjon,of .qethyl

Codi de. vater) et Ty hezeadTERertendid 68 1GTPERL h SR MR | (g
30 tinmes per hour. 10. The nethod of any preceding Caimfurther conprising
control ling the sangitendedmidindtaredeanalyses verggequsatiallycaried cutisingzodel> mm.  The
nmet hod of any preceding C ai mwherein the infrared anal yzer contains a
first cell operati ngpthlengteest anidra 22mmi pathiehgthrceldl respeétivaiya dufraed kgho passiog| |
operating in an extended md-infrared region. 12. The nethod of Caim1l
wher ei n t he i nfr ar efirotigh khezaid-idfrated 2eld was defigted tp alisindro engli¢ite hilfidd sour ce.
13. The nmethod of any preceding Caimfurther conprising transmtting the

measured copent r at irafss)tddtedtof @A fifht pdlidg thidhgh ThEexPRALOHiOhARRY caf #&Ldi Ng
Claimwherein the aceti ¢ acid reaction mxture contains a G oup 15 oxi de of

the formul a RsM=Q, | €S r o) . i.odi ¢ Tabl e
and each Ris i ndepétfazérglg(tét‘r%{1 Podengll?grg%r?%nﬁﬁ@ﬁ%%) %%15{?}55%%? %‘? ee‘glnggﬁélwggélg% 1,%1
aral kyl or al karyl group, 15. The thod of Caim14; further c ri.sing
measuring the conce‘?ﬂ“i1 aﬁlls@ﬁg&e %ﬁ@%ﬁbwt Vs pRintpined 3t a temparayye Pgiﬁ’db

anal yzer. AVMENDED SHEET  21-11-2000 ~~.US 009928993 2 ~ 0 MAY 2003 41 16.
The met hod of C aim 15 fThetsame 2disenhengh peplevisacion dnd ghetsame oohrednfragd i on of
Goup 15 oxide in an infrared cell operating in a range selected fromthe
group consi sting of amlyzerchsididcnssee tHereagin@xampie ewtrenskddonltsubtegaemd r egi on,
and conbi nations thereof. 17. The nethod of Caim 16 further conprising

adj usting tfe conceflapipldsAcdsed Rgrefd OUp 15 oxide. 18. The method of any
one of Clainms 14 to 17 wherein Mis phosphorus. 19. The nethod of C aim 18

wherein RsM=O is triphen 3 i Wel=N iniA8hAE :

precedi ng: C ai m wher ei nxk"h“g@?%??g%g&&%a }%‘égmln;s%onl I Erllgg\%f?%ltgﬂér/%%%ltsor

containing the acetic _aci ion mxture. 21. The nethod of any one of

G aims 1 Co 15 wher SPHROREIG T iRl S of g I PP rPBR B

containing the; acetic acid reaction mxture. 22. A nmethod of manufacturing

acetic acid conpri sirsngedwpthishag. Eael ofthe seven frendlinegis geapossd of morpthiar edi ng

Claim AMENDED SHEET
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, . Al +, 01by*#4 m B} Xsféhéimzddhﬁ@h(‘c@inip@ﬁ&@hﬁﬁﬂt@&bﬁ Sdate IFEG mlpﬁ&ahe@wsemm]o@an
ajc cC a

U c”a] ca] ca] ca] cha] ca] cRa] cal] c alJcRa]jcalcaU calc aUc a (p N" ¢
rt the trends for each component. Also plotted on this chart are the times at which
methyl iodide (MeT) and rhodium were added. The method of controlling

component addition for rhodium and methyl iodide was slightly different than

the method for controlling the addition of water. Rhodium and methyl iodide
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generous control limits are not solely a function of precision and accuracy of the

P1

=

analyses. In areaction system of this kind in which there is continual cycle of

10 solution between the reactor and flash tank, the solution component
concentration may not be at steady state in either vessel. The use of a rolling
time average thus allows for these effects to be buffered and prevents
unnecessary component additions.

It can be seen from FIG. 7 that use of infrared analyzer data allowed

15 excellent process control. Only two sharp spikes were observed over the three-
day period which are believed to have been caused by momentary electronic
noise, Reaction rate is a direct function of the concentration of rhodium, methy!
iodide, H,0 and (when present) tripheny! phosphine oxide. The ability to
continuously monitor and tightly control concentrations of these components in

20 the reactor allows productivity to be maximized, system upsets to be identified
quickly and addressed, and rhodium precipitation to be minimized. In addition,
a tight control of reactor water concentration results in acetic acid product with a
minimal variation in water content, in turn resulting in more stable operation of

the dryer column to remove water from the acetic acid.
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@ !"f10%f&0()-fs10%& ()-: COMPONENT HIGH | LOW
RW 4.46 4.40
Rh™ 1.91 1.96
Rh total 6.62 6.60
Triphenyl Phosphine Oxide 0.50 0.49
15 Water 3.48 3.27
Co, 540 | 5.31
Methyl iodide 1.03 1.03
Example 2

The form of rhodium, i.e. Rh(CO),I,;” (Rh") or Rh(CO),I,; (Rh™) and the
20 stability of rhodium to precipitation in acetic acid reactor solution is a function
not only of solution chemical composition, but also of physical variables such as
stirring rate. In conventional liquid reactors used by acetic acid manufacturers
practicing methanol carbonylation technology, stirring is considered necessary

to maintain solution homogeneity. This may be particularly true for dispersion
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10 Triphenyl phosphine oxide = 0.0 molar
Methanol feed rate =220 g/hr. (333 L/hr)

Over the one hour test period, the reactor agitator was turned off one
time for several minutes and then back on again to determine the effect on
thodium. It was noted that Rh! rapidly and completely' disappeared in the

15 unagitated solution, but equally rapidly reappeared on reestablishment of
agitation as exemplified in FIG. 9. Examination of the analyzer spectra showed
that concomitant formation of Rh(CO)1,’, hereafter referred to as Rh™mono,
occurred. Overlaid infrared spectra illustrating the appearance of this species
are shown in FIG. 10. The presence of Rh'™ mono is indicative of carbon

20 monoxide starved conditions. It was shown by manually sampling the reactor
and laboratory infrared analysis, that Rhm mono was not forming in the reactor
but rather in the transfer lines to the analyzer or in the analyzer itself. This
formation was occurring due to continuing reaction (and carbon monoxide
consumption without the possibility of replenishment) in the transfer lines.

AMENDED SHEET
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transfer lines.

This result shows that another advantage of the present invention in
5 terms of process control is the use of online infrared analyzer data as a
diagnostic tool for stirrer problems or as a tool to optimize agitation rate for
various solution compositions and reactor conditions.
ample 3
It has previously been deduced that the form of active rhodium for acetic
10 acid formation is Rh!. In addition, this form is also more stable relative to Rh'™
in terms of precipitation. Thus there are substantive advantages to be gained in
terms of catalyst usage, required catalyst concentration and smooth process
operation if a real time knowledge of Rh! in the acetic reactor can be obtained.
Furthermore, the availability of such knowledge allows the effect of changing
15 conditions or of testing new technology on catalyst sensitivity and catalyst form
to be rapidly and accurately assessed. Analysis of samples obtained manually
from the reactor by the conventional method of elemental analysis or by the
method of laboratory infrared analysis described hereinabove, while allowing an
accurate determination of total rhodium does not allow the Rh//Rh™ ratio present
20 in the reactor at time of sampling to be obtained. The methods of elemental
analysis such as inductively coupled plasma analysis (ICP) or atomic absorption
(AA) are species indiscriminate. Laboratory infrared analysis is capable of
distingunishing between and quantifying Rh' and Rh", but Rh' rapidly oxidizes to

Rh™ in traces of air and thus the Rh'/Rh" ratio measured by this method is
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An illustration of the effect of water on Rh! concentration is shown in
FIG. 11. Over a four day period, water was varied from 2 molar to 6 molar
under reactor conditions as outlined below. The sampling and analysis
frequency was approximately 30 tirr'les per hour over the four day period.
10 Temperature = 185°C'
Gugge Pressure =400 psig (2358 kPa)
Rhodjum = 4.8 - 6.4 molar
Triphenyl phosphine oxide = 0.50 molar
Methyl Iodide = 0.8 molar
15 Methanol feed rate = 180 g/hr (651 L/hr)
FIG. 11 represents about 60 data points culled from the four days of
online analyzer run time data. These data points were selected for clarity and
are representative of the trend file. The dependence of Rh! on water is clearly
evident. This effect is illustrated spectroscopically in FIGS. 12A and 12B in
20 which overlaid online spectra of thodium in the mid-infrared region and of water
in the extended mid-infrared region are presented. The vertical up and vertical
down arrows of FIG. 12 and subsequent Figures show the general increasing a;ld
decreasing concentration trends as represenied by peak height for each

component shown in each /Figu:re. Ayailability of this kind of data can allow a

AMENDED SHEET
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considerably. This allowed the effect of I' on WGS rate to be determined.
The plot shown in FIG. 18 indicates that solution carbon dioxide closely tracks
I concentration. This is consistent with the mechanism of the WGS reaction
and again shows the advantage of employing online infrared data in tracking
and potentially controlling an acetic process.

While the embodiments of the invention have been described in
considerable detail, additional advantages and modifications will readily
appear to those skilled in the art. :For example, a single cell or two cell
infrared system may be successfully utilised in the present invention.
Moreover, an iridium-catalysed carbonylation system may be used in
accordance with the principles of the present invention rather than a rhodium-
catalysed carbonylation system.
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& ()-:Ce|[:dW10 410%' & ()- y2nl0%' & ()- 0 10%' & ()-- s'10%' & ()-)
%€10%' & ()- Y9!10% & ()-"N]~ Ivu4l0 y!'10% & () -
'y10%! c& ()-10e' 10e' 10e' - ;10%' & ()-) s7-#10%' & ()-
@G7-#10%' & (QLAIMS'| [:vW410 ss10%! & ()- F10%! & ()- 9,10%! & ()--
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Q0% 1 & () 1O o Ao by sl o prgigono
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+10% & () - 0 | ty% @Y
“ro%e () - sy 6 ke el ecies B g BEIEE halyzers and adiysting the
concentration of at least methyl iodudg water and the active catalyst species
in the acetic acid reaction mixture in response to the measured concentrations
of methyl jodide, water, methyl acetate and active catalyst species.

2. The method of Claim 1 wherein the infrared analyzer is a Fourier
Transform infrared spectrometer,

3. The method of either Claim 1 or Claim 2 further comprising measuring
the concentration of methyl iodide in an infrared cell operating in a range
selected from the group consisting of'a mid-infrared region, an extended mid-
infrared region, and combinations the;eof.

4, The method of any preceding Claim further comprising measuring the
concentration of water in an infrared cell operating in a range selected from

the group consisting of a mid-infrared region, an extended mid-infrared region,
and combinations thereof.

5. The method of any preceding ;CIaim further comprising measuring the
concentration of methyl acetate in ‘an infrared cell operating in a range
selected from the group consisting of'a mid-infrared region, an extended mid-
infrared region, and combinations thereof.

8. The method of any preceding Claim further comprising measuring the
concentration of active catalyst spemes in an infrared cell operating in a mid-
infrared region.
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13. The method of any preceding Claim further comprising transmitting the
measured concentrations to a control unit.

14. The method of any preceding ‘Claim wherein the acetic acid reaction
mixture contains a Group 15 oxide of the formula RsM=0, wherein M is an
element from Group 15 of Periodic Table and each R is independently a
substituted or unsubstituted alkyl, ary!, aralkyl or alkaryl group.

15. The method of Claim 14: further comprising measuring the
concentration of the Group 15 oxide in the infrared analyzer.
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18. The method of Claim 15 further comprising measuring the
concentration of Group 15 oxide in an infrared cell operating in a range
selected from the group consisting of a mid-infrared region, an extended mid-
infrared region, and combinations thereof.

17.  The method of Claim 16 further comprising adjusting the concentration
of the Group 15 oxide.

18.  The method of any one of Claims 14 to 17 wherein M is phosphorus.
19.  The method of Claim 18 wherein RsM=0 is triphenyl phosphine oxide.

20. The method of any preceding: Claim wherein the infrared analyzer is
online with a reactor containing the acetic acid reaction mixture.

21.  The method of any one of Claims 1 to 19 wherein the infrared analyzer
is offline from a reactor containing the acetic acid reaction mixture.

22. A method of manufacturing acetic acid comprising employing a process
control method of any preceding Claim.
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