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CATALYSTS FOR MALEI C ACI D HYDROGENATI ON TO 1,

4- BUTANEDI OL Background of the Invention The present
woneosnbisen relates to a process for catal yti cabtyus2005/023306

hydr ogenati ng a hydrogenatabl e precursor in contact

wi th a hydrogen-containing gas and a hydrogenati on

cat al @arAlysTp FORINWLEXOACH HYDR@GENATIOR TOYidAdSeTraEDIOL

cat al yst conponent OE a sup ? t conprising titanium
di oxide in the rutM&M@Q‘ﬁm 4- but anedi ol
| 58 Brbodsal Rt iy -
and/or te??gﬁwg urréir?t&?}HF %#H [ |ﬁ3\$’eﬁi|§|¥( al Sraydrogenatmg a
hydnogkeagieble opeecprsoresrs ﬁomtachewhlydaog‘eﬁaﬂ;gmcmrhtairﬂrh@i gas and a
acid to 1,4- anedi and, optiona " .
nycrbaRalioh, (GahaL B sIAR oPhe oBF aMRF oHGlE, fApapation  catalyst
compBh8ffs! ¥ d 8aMSsrt ‘éBrrﬁfrlsﬂﬂ:i ﬁta%lﬁfﬁ'dlloi(leeSHGtﬁbWuﬁleaFdrﬁw to produce
I's achieved In the first step of the hydrogenation
1,4-putanedivl by(BI¥D hg aadc atagtipsallys upgammeatbotyrelactameun{GBL) and/or
tta?'p{aldEI e rutile formand sel ective reducti on of
etr rchEa(ﬂ acid is achieved in the second step of
t hwhfsyﬁr/@wamvs@memé@@sé pRycdesi o the hyc%g@ﬁ@msrt 8Mmaleic acid to
cat al yst conpri si ng one or nore active ci%ro enati on

1,4- l@lattaassi@d a@dnp@h@mﬁl gappoateiyrelactoneaandior detsatitrofusan wherein

seiebt 4B el BB A RB B koY BRI B 8o of tne
hydrogeahtien bco@ssrtqpagﬁgfaocattah@t sugﬁm&u on tRAnisHtdiokide in the rutile
acid or succinic anhydride b ydr ogenat i on of

formand selestive redighpp il dlee §U§@P'ﬁ| qoigyis %pmgvm:bméhe second step of the
v YEhSA5H 2o Sih<CB) YR <CIBORBRAbR 8l Bishy e or more

active hydnoglsmdilarx cd‘ellysh cbhfpormh'té supparted enditahiem dioxide in the rutile
optlgﬁall atln t he succinic acid to nvert

form eapd 1 @ SARRPEY PRI FESereot.
pr e feélrlab‘?mm@ﬁjlrﬂh%ﬁ%la QHta g%%e%‘f&'%eﬁ:ﬁfﬁﬁ&‘on of succinic acid or

east about 80 wel ght percent, nor
succpmlefwnmtdryieabylthashyctrbgematﬁm wélrgablqoacmlem prud)mcm succinic acid

i G520 ol SRt T eI 50 8P B b AR B een cotaye
com?@héhﬁésé an'tﬁahiﬂmﬁ Ritoxidé ijh Qhérr)aﬁfeafdrhﬂearﬁf‘ﬂ% optlonally,
- But anedi ol frm's a commercial commodity wt

dehmratuag thejsuﬁcm\jg@@ld
In one embodiment, at least about one weight percent, preferably at least

onvert the succinic acid to succinic anhydrlde

about 80 weight percent, more preferably at least about 90 weight percent, more
preferably at least about 95 weight percent and more preferably 100 weight percent
of the titanium dioxide catalyst support is in the rutile crystalline phase.

1,4-Butanediol (BDO) is a commercial commodity with a plurality of uses. For
example, 1,4-butanediol is used in the production of polybutylene terepthalate and
reaction-injected molded (RIM) urethanes. 1, 4-butanediol is also used in
polytetramethylene ether glycol (PTMEG), which is employed as a raw material for
spandex. Tetrahydrofuran is a useful solvent for natural and synthetic resins and is a
valuable intermediate in the manufacture of a number of chemicals and plastics.
Gamma-butyrolactone is an intermediate for the synthesis of butyric acid

compounds, polyvinylpyrrolidone and methionine. Gamma-butyrolactone is a useful
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exanpl e, 1,4-butanediol is used in the production of
pol ybutyl ene terepthal ate and reaction-injected nol ded
wQ Riosposeet hanes. 1, 4-butanediol is al so usedP€TUS2005/023306
pol yt etranet hyl ene et her glycol (PTMEG, which is
solvenbifay adrdatea andwstyearer ipalyniers spdnalex.a useful ingredient of paint

remQbiiald S PRstante- SAP ARl B d o Bhialbis usefu

as dBONEAE LA hRINMctant) UFPRlierPledifiRMor lISstRibrBl #RE bRSrmaceuticals, a
Gamma- butyrol actone 1s an internedi ate for the

crossylimkings agenif fdsupglyurethmariedelastayoeisd sy, precursor in the manufacture of

ol.yvi nyl pyrr.ol i dqne and net hi.pnj ne. .

tetr%é(f#ﬂiyﬁh’ )’#'gl '3&38&30 ingaﬂ? ﬁ?g%ﬁqﬂﬁ@iﬁlt%gﬁsnf%r acryl ate
anfl & YWélnekihy iia$  fachbaedial Ungl ubel BBfa%’écPr!Sy %he catalytic
pai nt renovers and textile assistants. 1, 4-butanedi ol

hydrogeration 10f- malgigl @weisl, gimaleic) ardydsde ulands stmilat viaydrogenatable

ctan internediate for plasticizers and
comBRIHEc o P broBheTe Afihus gl eid i T6d v nycrogen to
reachsy YooreainRige #| AKEPTBES. catalystcur Tk irBaétith products containing
manuf acture of tetrahydrofuran, and is used to make

1,4-plapptiohatediahygrafytarc and| gamganeviyradpeianet agt then recovered and

: ﬁﬂ@ﬂ' e obtained by the catal ytic
p“”ﬁ%?@géna [ !?(r?ﬂacla r?aq%'ei c acid, mal eic anhydride and

si British Fatdnioblenat 564,232 cepchiexithe hydfdiimabibn aFs&boxylic acids,
aqueous lLeic acid is fed wwth hydrogen to a reactor
lactongs af APAYIRdes Xemdna dvekeeanpdion qatalveksensishing obRaliedium and

rherf®it 6h ™ '%Qr%crrfl'sﬁghaﬁ.eqj.gl Pt NNty 88 A4 609061%% teach a

ganma- but yrol actohe are t hen recovéred’and purifie
processvainiriakireg tetesmairofBran issll Patdenbutbnedid) Hy4h@dBdgenating maleic

s o BB REA B oSS Bt doppasonce o a

bsrhi f Ferat a i [ r ;
_cata%ﬂséo?hbﬁ%{w% p%ﬁ%éléﬂo ;émd RReRiDAT] dHnémca"’Ifbgﬁ Qﬁg%ortt evggﬁreln the

support. . 4, 550,185 and 4, 609,
pallaglignoard sheniumiiarg presemthipdihef forem ohredystallibs having an average

but anedi ol...by .hydrogenat,i.n leic acid, maleic, . .
Pl D VRIS Si7th o SEORT o Cole At KB 25t PO L2YTR0C ety crystalite
size PofeeBahant2.3 AR athes brasaiatios iofahrRabhRfjsdns ahdracterized by the

rheni um on a carbon sup,oort wherei n the "pal | adi um and

deposiléon and wedectinneakihe palladium fspegiesfore theseanbontsapport followed by
tne G4 IrAVELARGR 3 AL HoD iy SALLS YT, i FollauThHgroanates
carbbassippbatn 2.5 nm The preparation of this catalyst is
Chﬁfs"icﬁae{ Il\l%)egl,ngS%?E teaches a process for the catalytic hydrogenation of a
carboxylic acid or an anhydride thereof to the corresponding alcohol and/or
carboxylic acid ester using a catalyst comprising rhenium, palladium and silver on a
carbon support. The preparation of this catalyst is characterized by the simultaneous
deposition of palladium and silver on the carbon support followed by a high
temperature (600°C.) heat treatment. Rhenium was then deposited on the
palladium/silver impregnated carbon support. The resulting catalyst was then
reduced.
U.S. Pat. No. 5,473,086 discloses a process for the production of

tetrahydrofuran and 1,4-butanediol comprising catalytically hydrogenating a
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deposition and reduction of the palladi um species on
the carbon support followed by the deposition and

wo eaobisen of the rheni um speci es on the pal | aBCTIIB2005/023306
i npregnat ed carbon support. U S. Pat. No. 4,985,572

hydrdgeagbtsie 2 prscuesss ihorconteet cattal )alhydmge@g:enmmlag gesaand a
carboxylic acid or an anE%/cgrl de.therepf to th
hydragsneéiep sAtalyE wIreRiting RALHMe A1, Bherlyg i\ p gprbon support

to prgﬁpgg & Oocr%a&ty%énﬁﬁgﬂ{ Si Aehjb M PRVEBA J¥ad aslitdAedioH wherein the

n-a car ort. The preparation of this

hy drcﬁg@r@lnmtcatalyshas am’eparajebybty!et Bepsi afil t(l:)nmmggnatmg the carbon
osition of

suppatiopat & S AP GOt S dRar e Bo6 &) tifie, mpregnation
stepép{:(ﬁﬁgﬂaﬂhicoﬁw?n@%@%rﬁm BusteRewithed seircbhs palladlum silver and

I'ver ~i npregnat ed car bon support The
rhenives Walid pgumum \silvemasd rhemiumebeiogdn ay.lsastrane sqxbytlon (ii) drying

the |§1§? o 8g%§l§9€§’prﬁtd2raﬁv}ﬁ%cgﬁ%n e pera%gﬂﬁ{gr%‘né)r on step; and
(iii) r%%ﬁnﬂgytﬁwacﬁhém%tgﬁxg&oﬁagw BGpisYtY G 0 eaRibaRAtardd be ciosior 00°C. to

I _ rogen- contalnlng gas and a
abod’ﬂ)B@Oi’J@Eun@derQ'eduamglo,tmthtmspr| si ng pal | adi um si | ver

and rheni b
cwiea%SmQOE@%gé%@?&.S B85 brosk 204S5C 48 PIBAGIon of 1.4-

Y d
butaﬁ?c? iof! c%l?rg&%qﬁ ?ﬁ/ﬁéé %gdiogggggﬁgrﬁ hﬁi&gbggﬁtr%\gfewgpr@éursor in
cont@etl \lvmllaunydrsgbmmommngh@as andmhwi@g@nahgn eatalyst comprising at
e A G Ehe SO 0B SN 6550 o maru
tungg{%ﬁanH] m%wbé:!e?\ﬁH Qﬁidﬁﬁte@' biyed caifior Neuppom, hﬁh@l@m rthe carbon

| east orfe solution; (ii) drying the inpre
suppeat beas deppocontactad: mithe am(w%zmaf ﬁ@enteé@llﬁc%ed from the group

%%g%gbhﬁgrt%&gt ch?rgﬁ%é g%[p%gc?é' gg ium tl\%cgc%ﬂ’&?éedammomum

persgﬁé’t‘étar?@g cth?fﬁ:edcmi 9ﬁ@ﬁtd1’@1ecddlﬁisiﬂdmmf thel.rBetaRat . No.
di scl oses a process for the pro

1, u S bRiataiNali HB63 Jdr disriagee & eatplyst 91 V\%Dﬁ(ﬁ%@%ﬂ%%&f maleic
amdmpa %B;g %B%@% mrﬁ ﬁmg%g; gdrabé‘ncﬁtgg geenc‘éqr%grn Q% a1t g t;/uganedlol and
tetrabQERIFUGINNtha  b&@ast dissevered| eThnst dlydodgedatiop \datalysif comprises
pallatdu(jmpgl\llgrdlrﬁerl-lam gngngt lae%s’é gﬁgtofqpoen oaflurrnrllr(leurln Cbbalt and mixtures
thereof, all on a carbon support.

U.S. Pat. No. 6,486,367 discloses a process for the production of 1,4-
butanediol comprising catalytically hydrogenating a hydrogenatable precursor in
contact with a hydrogen-containing gas and a hydrogenation catalyst comprising at
least one noble metal of Group VIl of the Periodic Table, selected from the group
consisting of palladium, ruthenium, rhodium, osmium, iridium and platinum wherein
iron is added to the hydrogenatable precursor. The catalyst is supported on carbon.

Carbon has generally been used as the support material for the hydrogenation
metal in the catalyst employed in prior hydrogenation processes for preparing 1, 4-
butanediol. A common disadvantage of the use of a carbon support is that carbon

fines are often generated during commercial operations. The géneration of such fines
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tungsten and nol ybdenum deposited on a carbon support,
wherei n the carbon support has been contacted with an
weziodiozisngy agent sel ected fromthe group consiBCT/NS200$/023306
nitric acid, hydrogen peroxide, sodium hypochlorite,
can ahﬁomlmllmlmi slowiif ge@emiﬁr ganopt dd ccaopletedy i avoitledt heDuring the

hya§EBER L Sradtss, aReBPflifuelis hanrie iBe \BIF SPafas dn dhe catalyst

thro@gh dwhidh! eHeC réé&\éﬂfsl dustr flewhahd hyrese nadal! ‘ihterruptlons in the
precursor to 1, 4-butanediol and tetrahydrofuran h

procggen di scovered. This hydr ogenati on cat al yst corrprl ses

o ey ke Uit 30 Reptsi Songiidhs, Eleldtidprbroaking
of theugdrebh . sudpdrt &2t caléd a thidhi, @’égs@‘esdiff@@ﬁlaﬂ(dwt%‘?la%ecause the
for the production of 1,4- butanedi ol nBr|S|n

poregAraiod s@mwnﬁba@@@)@tarﬁdﬂ%w@mg@m V@rqgleeetabé@precursor

oo AFRLLEE A P T8 A g,
m’-JFaIL thﬁé reasom i¥/lis Ih@ﬂytdwraere slivee Tathbe mateliart 86 the support

m t he grou consi st of pall adium ruthenium
mat@‘rrf?gdfmﬁheo%i%t eMriexad dRdthe analeion agiér bydrogepations process.

HowRdeedpi & &f oh%ﬂ%%@ﬂ&@?“@sﬁée&é‘r{(ﬁ%n Uﬁ%e?%ﬁl e{g]eaéforesald

supported on car has genera Iy Pbeen .
hydropenstigrp is perfatmedait thas plrdmterhyjdﬁ@gewtdevaldﬁfts@hablé non-carbon

catalysf sHPBAAY Tty B 5 Fis, hieigeDption caiabh Hiskamuesi.getions of
maleié abi@l%bl?%lééﬁlv% 58 C}Pé(?k SHPPPRSbme f)@flbf gaﬁ&@;ﬂog M&trials.

are often genera uring comer ¢ opera
gedds.aPabrNof 4si8h167 riscesesa piatess Zed muuugagehimwo]actones

I e
prechl‘ﬁbr@r@'ﬂ@é PRdsehBE Bfdh Aisdud Fé%ch@ﬁ%émhﬁ] gNe Y édétgll?'sﬁé’&npnsmg

t her eby cause Interruptions In t he process.
pallagiiip orrt eombipatipag dheledé iwith eherdant aiath at deastt b support selected

k t can cause a
rom B 08c o BRI SyBbul IF 7] RN GHEPPAEE RS BiETodtre of the
use obtlitaﬁumli dioxidd imrtheestilercridiallinatphlays tasad eatalyat kaEpse.
that the h drogenat abl_e precursor feed cannot pass

t Hedugtartaient Net 10707Ai1 sdigelasee gapiogess damihegpisiductien of 1, 4-
butah8didl ¥k maleic anhydride, maleic acid or mixtures thereof in one step in the

presence of catalysts comprising simultaneously elements of subgroup VII or
compounds thereof, or elements of subgroup VIII or elements thereof, or mixtures of
these elements and compounds. The catalyst elements can be manganese,
rhenium, ruthenium, rhodium, palladium, osmium, iridium, and platinum; and
rhenium, palladium and platinum are used preferably. The catalyst elements can be
palladium and rhenium. The catalyst can be on a support, which can be silicon
dioxide, titanium dioxide, silicon dioxide-aluminum oxide, carbon, thorium oxide,
zirconium oxide, silicon carbide, spinels, and aluminum oxide. The solvent can be
water when maleic acid is the starting material. There is no disclosure of the use of

titanium dioxide in the rutile crystalline phase as a catalyst support.
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For this reason, it is highly desirable to use other

materials as the support material in the catalyst
wenpboysds i n the nmal ei ¢ aci d hydrogenati on pr oBEEES2005/023306

However, because of the highly corrosive conditions

undes. wWhatch Ndie 52086,288i dlisglosesyeinaproved i hiydeodematied, catalysts
i.t. has proven difficult to devel Igt%ysw abl e non-.carbon

consisting| sesendiafly 6f radycsd et east Ratig)yre futhenium and tin on a
refraglﬁfrzlo&ﬂ st a(%r?%ﬂ@ﬂue?s fahlifnh @RR1Cbr ﬂﬁéo‘ﬁglﬁn Pdd \Wﬁ)éh is insoluble

ol ve or and pit some types of supporting
in aqateus aalcmd UTI$e daalysisoaret,used, B 7thei sohwarsionaopriydesgenatable
for rodu but ér ol actones,. but a&fd' ol s

PreCH{Sarsr ema EmACIs | ﬁacqqg;lgr@& agp%ﬁ%%ﬂgyrolactone to 1,4-
butah&gfop%%%h% Bl éét@ﬁe'efhd MRiPHBRERES PhefistAY¥Mtosure of

reaction Ium a acata yst conprising palladium or
the usendsi titaniuom dioxiter indhe witila arystallioenphadeat | east one

su rt selec t he~oxj des ,0 t ani, . .

> BR Bwivanty i Brh @R, ITFBHe” BRan) Akl hEfiing;of High Surface
Areauwopfo Ueﬁa%ﬂiﬁhﬂb@%&k d@dtaltyy%eTédﬁ(y |\ﬁ)lcr1’4§t@é%sn§25-242 (1992),

phase as a catal yst suppor i'an Pat ent

containgi At Eyiensive diseissinn obiheture pF Waoim dirxide having a high surface

areap o B Satlystr SUROTH, “1fe B | Whyotl el SrBfiolish presented in a

substahitm|lyStENGSHP6ing bR SBRndt e usdlly 1ebemantacai Chemical Society
subgroup VII or conpounds thereof, or e|enments of

mee@ugbmdmtaﬁ that ghe Efasimtdiofide naett haye arhighgustacsrarea in order to
be éc %ﬁlﬁg%@lngér% afs?\ sﬁﬁgoﬁoémpld%ﬁs?%ggmﬁﬂ rﬁlﬂa &%ﬁﬂ%nﬁagvmg surface

nese eni um
areagadf adiand 109mqwalrelmel@lr$1mer andmplTdte adivle disdusbedithemextrusion

procBas AP BANLIASIHICEBBRTb S BaYibsHaEduigin Weh srigce area and
the ﬁ‘é&l I thet Al k?ﬁat%ﬂ B8, %Mgﬁ% an Cgﬁ&bgiggi}?éggnﬁtér‘sc&ﬂ%oyed in the

I oxi de, tltanlum I OXI e-al um nu
extru:sm)miqqrocessbon cdthlgtically iompatrtant zhacactedsticsxotithe séduiltirgn titanium

dioxEfe vbst SiscliRen’ e SREUSEIPIAPeERnoldes S Sigh Praf ) Mixing and
kneaﬁ?ﬁ? ¢he %W%ﬁbﬁél%o éS(tlQdelﬁd;%)Jéﬁ/uﬁ dnidt @ P'cﬁl&ﬂh@xéé& of which

he rutil e Cry S i ne ase asacata
mflusumﬁ)t’rte quadity phthe m@ultlﬂgmpmgC@rrﬂﬂtl@@emmﬁe@mconcentratlon

dro entlonc ts co ntlaII
of Wil triedr FOASINGR AO (o bt 8% BB s gaw materia
empldyfédom ahe efriihasd oand KAicdeliri RESYH tands Wed @Bishingabirefgth, attrition
oxi de or zirconium oxide which is insoluble
resistance, pore diameter and pore volume of the resulting catalyst support, and
correlations between the calcination temperature and the surface area, pore volume,
mean pore diameter and pore size distribution and the degree of transformation from
the anatase crystalline phase to the rutile crystalline phase in the resulting catalyst
support, are discussed in the article. More particularly, the use of catalysts containing
palladium, platinum or rhodium components supported on titanium dioxide for
selective hydrogenation is disclosed. On pages 240 to 241, the use of such catalysts
to hydrogenate a para-substituted benzaldehyde to the corresponding para-
substituted benzyl alcohol or para-substituted toluene is disclosed. The table on page

241 indicates that the para-substituent can be a carboxylic acid group, a methyl
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i n aqueous acid. The catal ysts are used for the
conversi on of hydrogenatabl e precursors, such as
wordoeioe7saki d, succinic aci d, gamra-butyrol act oP€T/82005/023306
1, 4- butanedi ol and ganma- butyrol actone and their
groum Q€ @r balog@heﬂ'eel artioclz dissldsesuthat difie trosultss ef @fe hyd'r&igenahon of

parces iRy e oalfamdennein Syl diforortiispending upon whether
the cﬁﬁélyétpﬁoﬁ‘ﬂcalr\ﬂcgrba‘ﬁ%f@g ¥ gﬁft%n‘?— &2 £ﬁ8 diH %r\g@e Stjtgnium dioxide

orts Catal'ysi's Vol pages
SUpF(OIBQ'Z)e adtichet mdmtmtm&tmmmmmmds inoustdfavehehigdesiface area

in ot BTHED S0P ot et 2% RhicuRSGa nbr wanii cjonido having

t I
CUTIHEGAI ISR L ORI disioses

that dependig |0|ﬁldthmtreactmtemheratuneaemp‘mmcbxﬁhéeremﬁmohaufea para-
to be a suitable ¢

o 0ot oS P b AR by
in highryielkle Exceps fef theD cartysid) dtheakicRoARERT ré)tﬁ‘fe AndMhe hydrogen

The article discusses the extrusion proce
presgieu e @ad dhei arialeu doas oxatddishlgsentpet benditions sinter which the

hydrag%%ttﬁ)w\fvggﬁg%ﬁ.ﬁggnd the effect of the raw material s,

Ives a proceéss paranmeters enployed in the

exthreaneony assigredd . S aPal. Wd. &86%,008PR Safoeder et al., 2 method
haracterl stics of the resulting titanium di oxi de

emplﬂﬁyw o0& eftaniyya &laridesepPpited e purifieatisiny ceatalyet SIBemhsclosed for

purlfi‘é}étl?ﬁ g}lham ?%%l%éi?)@ldonfgé‘ Eﬁﬁig%%&gg%@vﬁgﬁt &hif i%bgl%t%)ahc acid or a

crudmapﬂnthaiélhejeimboxylle aplidpréoguasd brehe eiguidtpiseSYBALdn with an
rrelati ons between the concentration of water,

OXVQEP%PF%FE’Qr%aSaH‘da SO St Afgelenat qdyﬁ?@raﬁraturemdumessure and in
|

the Mﬁgggl&ﬁ dfad\ﬁep ﬁlbﬁh%ﬁg%gﬁﬁﬂwgdr% ﬂgg% Hhév L et Qflcgwponent The

purificatior-bartydroganatiodi ametess aautopding V@I ur®. of PaheNo. 5,362,908

I'ting catalyst support —and correl atlons bet ween
comprsEs  pass|

cal R ih qle Pﬁﬁ?"é(n GIHRBUS uPPIHERN 2Pk Lruger aromatic
dlcarb@iéylmieamm% PRISSuFH 30BicRINt %‘%é’iﬁﬁaﬁn $hé %oﬁft@hrédﬁg{érﬂﬁlly in the

the degree of transformation fromthe ana

liquice sl lthrﬁégbhaspatt@utah@ catalyist loed sihatid rmepmme dfnhydrogen.
are di scussed

Parh&ﬂ?ter ?&5‘){%% tﬁf’st riffﬁagpp y(-)r)tﬁcgoggga@n e%p(cgp%q a noklﬁe metal of
Groupovitipbhithey Hmiokjaﬂrrame of @erﬁ@msobnré]@itﬂémmnt?%m%eéﬁéport which

supported on titani um di oxi de
does not disintegrate in less than one month under conditions employed in the
hydrogenation. Preferably, at least one weight percent of the titanium dioxide support
is in the rutile crystalline phase, and at least about 90 weight percent of the titanium
support is, more preferably, in the rutile crystalline phase. However, even after
hydrogenation, the terephthalic acid product contains color bodies.

Commonly assigned U. S. Pat. No. 5,616,792 discloses processes using a
titanium dioxide-supported purification catalyst for purification of relatively impure
dicarboxylic aromatic acid produced by liquid-phase oxidation of a suitable benzene
or naphthalene having two oxidizable ring substituents, and/or by recovery from

polyester resin comprising repeating units of the dicarboxylic aromatic acid residue
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sel ective hydrogenation is disclosed. On pages 240 to
241 , the use of such catalysts to hydrogenate a
w@arca/s1skst i t ut ed benzal dehyde to the correspopdi/ng2005/023306
par asubstituted benzyl al cohol or para-substituted
and trepeatireg iunitdi efcdibganit aldobot eddiduen Parificalidh compristisesassing an

aqugR R, SO oty PLRGRRS SroRASo et MIE 3Tk | amounts of organic
imp@hites! 8sesstidiabs g&g%ér?—éﬁﬁt‘aﬁilgée é@ﬁaﬁ&%&?%ﬁﬁopg 8%dation and/or

par a- substitute nzal dehy wer e substanti a
othedi bfgardait compendnisy thpougiwhat partiautadec dedl yaft purification catalyst

compRELRi 4 eaRomedd SLpgBeRumHEEls St Hhdentaions sutable for
decarBenylatioRidfBrabAX! ffHURHRS. G@Yl@réilybiagne%rér?éﬁ/_e‘?’drﬁ?ér@ent of the

order to be a suitable catalyst support and di scusses
titanban wieXidesuppediinin the nuile enystallirfeaplase. &ptiallp, effident aqueous

er er_gra In addition,.the article ,
sonfR FEHES R EanBRinG oBle el erLufe itedhipt i support is
passgttavedh d Babsaflierk ipaitifiate Hed a% HpdthdrUub@ication catalyst in the

benzal dehyde affords either of several products with

presengs e dtpleguiay AyiHogen-epgiaining| @as. Blydegenation 196 the aqueous

I ' r t he hydrogen .. .
confh gy SR EBaUBIRE" R FORLAHE PYSERFpuntes v
dicatmglit | amomatied acidvrécdverde by drpgtallizhiion ae separation from the

erforned. In commonly assigned U S. Pat. No.
aquepUss0IGH). t o Schroeder et al., a method enpl oying a

ti EBRIHGNG Sudisles r [ fegag 4 on i :
) S, A PUPRST PR I RS BB e
titantusn egibxidatsuppacied, punifiudaﬁohscz(pjtlal;ieagblc pgucigdatwqun af aelatieely impure
. ht.hal ene, di cay boxyli ¢ acj d produced, by, the i
dicafhiholici AFHHEHC FeLRRCHREdtbN GHIPYgE PXidRtion O # guijalle benzene
o ey k) 80 U TN P3HBe 5P Sovor o
polyestepresineprapiiciag yepeatidg uoitpohdime dicErboxylic aromatic acid residue

and %gét'aefati;g&abhﬁgo?@g%g{cggggﬁéf onicﬁ.gegcg:?ég@i%% 8é%iog?pr|tsggsqassing an
aqudtild isalution2 G CGIaIRAYEE | ABNTAticC BERE VAP EMAIC amounts of organic

. dicarboxylic acid at a pressure sufficient to naintain
impuriiigssensistog elubxygen-ecentaiping aromatic garproghetseoft dxidatign and/or

 CU Iy, djin resence of .. .
othef, BREEE LahFofahel VElolfE 4 JphAEpRI B86 P purtcaton cataye
compising iz abblenmelal s eigeahi doxigeatppert SnderstpldRiomtsilitable for
of Goup VIII of the Periodic Table of Elenents on a

decarbeny|ativn & SxoaricJupyoes.warpparally, at least one weight percent of the
titanium dioxide support is in the rutile crystalline phase. Optionally, effluent aqueous

solution from the bed containing noble metal on the titanium dioxide support is
passed through a subsequent particulate bed of another purification catalyst in the
presence of a molecular hydrogen-containing gas. Hydrogenation of the aqueous
solution subsequent to decarbonylation further reduces organic impurities in
dicarboxylic aromatic acid recovered by crystallization and separation from the
aqueous solution.

Titanium dioxide which is primarily in the anatase crystalline phase also has

disadvantages as a catalyst support. The anatase TiO, has a low crush strength and
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does not disintegrate in | ess than one nonth under
condi ti ons enployed in the hydrogenation. Preferably,
WwW@roob®ersk3 one wei ght percent of the titani um dPORUSE05/023306
support is in the rutile crystalline phase, and at
is alécﬁgﬁbje@bwtjls@fﬁegmtm@tanﬁ)@rpwduqm particles it oas wigpthe catalyst
nmore preferably, in the rutile crystalline phase.

POFGSI@WdV@ﬁuc%U’@IeﬁIPtGéICYWGW?)QQ?IPHPI‘On the terephthalic
a
AL g Qg1 e RO ooy

usedt td dedImedBIK) ?@B&lumdrﬂldﬁ pBomfe obthase ag: ahysat uhiborm particle
purification of relatiyve ure di carboxylic .
lengy GREDLROBTIpSIGD! BP0 R FUDBIALE0WSA Haks B hgrdey particles
I n I At I
for (SHAP, i FRAE P, Mordldig) RIEcBPtRn, dond) ez 8yl rate of
produemrn it omgoy bs ipogsibéptaincregseprodudiont ihendicaareduge the bed delta
aromatic acid residueand repeating units of dihydric
al cohol residue. Purification conprises passing an
anﬁ QBJ%C? Bf tHis ﬂpe‘?lftloﬁ'é arP0dds ncdh AERAIYS \ASILH cWhitrRaximize 1,4-
anounts of organic inpurities consisting of
butanadlgbrprodnd;tmmla’rgi animinmizec gaowpa-bdiyrolackineo yirddustion. Such a

cata g oo BB B TRIRE Sl BB ELBRIC procuct
woul@rbeapltddhééd Wdevdude reRINAG IGRIN dfire§88¥iNe! GWFall process costs.
suitabl e for decarbonyl ation of or(gam cC inpurities,

Geﬁezasalyst which|dggst natrrequise dive uge it sediusn, irei and silMeiinin Which

e S5 YRR, B B L O, 303 carmon i

repl&ceat it iangueR Mz d8E tradreotnifdrm ot woull aksodse mmp@fcbnomlcal
i s passed through a subsequent particul ate bed of
and avoithbe Graiiable atlihnPregeal wention prvigeesds @ eatalyst by using a

hyd rgﬁ%ﬁéﬁgnarceﬁé@éf %@gﬁﬁ%ﬁ@sahé‘ go? aford VLIRS mgﬁbor%fuon  catalyst

queous equent to decarbo
compurnériteror & datsgstosugporccomprsing itiéenium dioxidedoxieiratile crystalline
aromatic acid recovered by crystallization and
pha%par ation fromthe aqueous sol ution. Comonly

as?hgr@a‘i{alyst of tﬁ’é‘ re%’nt ﬁw@ﬁﬁor&’tﬁoﬁﬂ%'tﬁéeébd\fe‘)@%ﬁ&%; features.

usin tani um I oXI de- support'ed purification
Thecm@éeﬁtt ifventipor iUsesati aratalf/st edcapreny amhydeogenation catalyst
di.car boxylic aromatic

d d d
comBsSaac v bt mare e BVareaBERETE Forllan seRalivng suppor
comPI;‘I%’i&@’ﬂt&HléﬁHb('thﬁ'erlﬁ the Patie CHRYIRRe PRESO Y0 BYercBARYE@iB3dvantages,

such as flaking, high delta P, and low crush strength, found with other catalyst
supports. The catalyst of the present invention also has the advantage that less nitric
acid is needed for catalyst preparation which makes use of the catalyst less adverse
to the environment and more desirable where the impact on the environment is an
important factor.

Summary of the Invention

The present invention relates to a process for catalytically hydrogenating a
hydrogenatable precursor in contact with a hydrogen-containing gas and a

hydrogenation catalyst comprising one or more active hydrogenation catalyst
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pol yester resin conprising repeating units of the
di carboxylic aromatic acid residue and repeating units
weboodiobnsds i ¢ al cohol residue. Purification conpeT/s8205/023306
passing an aqueous sol ution of dicarboxylic aromatic
comaonentsi arhasuppbrtasopuising titamiwga dicxid eputHd ik crystatlline phase to
onsj sting of oxygen-containing aromati c co-products
pro eo&i‘&’é{??‘?ﬁg'@rﬂﬂ‘g OPEORRYY: SRgHRRO U RIRSHR and/phteltajtydrofuran.
a tf i ' I Lsing. ,
2 Dol et Paldh folledt s préesiBy B R befaERLOPinabic acid to

1,4-iaoediobasd sopticatally, g[;ammbeblailyhﬁa@rtbaeiaaﬂ/@gfteﬂabﬁd“rbfljra? wherein
[ ght percent o

L P SEhPho ok £ R Sunh e 8 Sived n e s
i ' ef.f | q .

CoFSPH IR PhesBop i ebes bl b, 30 HRibgragon catae

t i eefpanenl Sxipdeted ppiitaniing dimddzeih therratilghfom, and

o EOh o ke B AE Rl BBO e anc .

hysir egigiuré®thaiddifNe g@hievEY JinC RN ael8Ad °§te{5 héy ﬂ?&i%&gg%genqtion

sol uti on subsequent to decarbonylation further red
or FREPES PHPISING i es i n di carboxylic aromatic acid

aqueousTBol if TTOdRrERR et S erBE A gioecoperavAgenation
in the anat as#talysy sbmpohBAtsPEASEOdP 8n"REnium dioxide in, the rutile
di sadvant ages as a catal yst support. The anatase Ti

has a | ow cri@§m, strength andis al so subject to

I si ' i i . whi ch | _
The cart oot opa0RNAtT AR ' Bniiisil cong O e active

reacti on. TheydrogemativrnyatalysesompenentsSIpPBRER BN datbon, or
needed in catalysts preyiously used to produce BDO,
GBL, arldl) THAMX&Hes taerephese are: more uniform particle :

P el b THelUanayn, eABYLE oo liAGE S G Blge acty
hydregenation catatyshsomhonents daga adtilel tianilnngexidé isuppatt in the first
stagh Pobeil B nRERIRT 30 s E bR RS Thohmsbpaed otolst it
fouch e gehai 6Els oS oh? 545135 71 Dot pape 800
produetipnyi rﬁqﬁ@@ngdﬁnﬁ-ibmqasMIadomibnipBEdUOnizmd s&dicm #n a carbon-
suppﬁ@%ﬁglcéiély%@e%{j‘%%ggﬁgﬁgos@& (r:éjlellc‘ukc))(relcaanudS Slsgqtcrnereglfjcet ’t]hee amount
of silver in the catalyst. This reduces the overall catalyst cost.

This invention further relates to a process for the production of succinic acid or
succinic anhydride by the hydrogenation of maleic acid to produce succinic acid -
using a hydrogenation catalyst supported on titanium dioxide in the rutile form, and
then, optionally, dehydrating the succinic acid to convert the succinic acid to succinic
anhydride.

The present invention additionally relates to a process for the production of
succinic acid or succinic anhydride by catalytically hydrogenating a hydrogenatable
precursor, selected from the group consisting of maleic acid, maleic anhydride,
fumaric acid, maleate esters, and mixtures thereof in contact with a hydrogen-

containing gas and a hydrogenation catalyst on a support comprising titanium dioxide
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woul d be produced and because recycling GBL increases
the overall process costs. A catal yst which does not

WO e@uions23 he use of sodium iron, and silver, POTNKR2005023306
t he anobunt of pall adi um and rheni um can be reduced,

in thenditilencryBtahiheCah o ﬁroﬁﬁl@é %%Qm\@ 48d 2oy BEtiBﬁéls/:(Feha/rg rating the

more uni'f orm support would al'so be nore econom
sucGipiglagihto uwwc’aﬁh@mldhehpdEG;@nt i nvention provides

d
congyAuBREBude 12 AL Fode )RPERardhe GRoseAtinyeation has, at
least aBBANEHE Sv t%é}ééﬁtl ¥fSthestitaRRN SGB;'%}‘E 'nﬂfﬂ%rdﬂlé %Q}s‘tﬁﬂme phase,

dioxide in the rutile crystalline phase
prefefabiyhat ipest abouti Hy vrightmeseanti these tptnesfea&biy at themst ra@dut 75 weight

perck b gL LRSS T BB 6% B 8 armraply at st

abouloT B vasightviserasel 08 RAtaR N 3URPYALIN Qﬁ@peﬂérﬁr?s@ﬂm@ phase, more
ort conpri si n% titaniumdioxide in the rut

Pref%W.EM atllppsl phadle BDoweiaht eafeenl ohdhantitaniesn sw@nrtam the rutile

el Beed! Brgptrdi B eh 455 SERoLhochP8T e ttanum

suppmrederthei Mtdmalahéopﬁm theragirafetasle dthprlast %?o‘é)ut 85 weight
nitr acid is needed for catal yst preparati on whic
Percﬁﬁk@éﬁl?s@aawm REPREH &) the rutileserystafiinesehass, there preferably at least

abo SRk AP AT e Sl M HORBUAR Ao, moro
prefénabbn it deaéthab@mtegénWelgl’anmrcm bEltH%etﬁahIer& dg:pp@ﬁtsm the rutile
crys{alinel P&ee.i ot AlalElAR ok Iaesh g clh &&agérﬁfééﬁgn@ggthe ttanium
d t e
e T Ty T

percepipf {hei titgniuim aupport th tel kil cryelaélmemhé% mqretmrbferably at least
ut anedi oI opt i,onal

abo 5 St HPeiombe AR B supa s Biis Srysdline phase, more

I tebat c
iR A S840 AT 1) gy o e e

cwsf@ﬁmﬁonaazs@ a@@ﬂﬁar%@r?femlﬁytain@aah@bout t160r whejghtopercant of the
wanffiES gt B AR Rl BRI, 1 o oL 200 E £,

hyTHisgienahiiom ds®aekfedVousi peborshYfr OGRBRAIEANY hydrogenating a
hydrggénallt%ble precursor in contact with a hydrogen-containing gas and a
hydrogenation catalyst on a support comprising titanium dioxide, wherein at least
about 85 wt% of the titanium dioxide is in the rutile crystalline phase, to produce 1,4-
butanediol and, optionally, gamma-butyrolactone and/or tetrahydrofuran.

The present invention also relates to a catalyst comprising palladium and
rhenium on a support comprising titanium dioxide in the rutile crystalline phase.
Preferably the support comprises at least about 1 wt%, preferably about 70 wt%,
more preferably about 75 wit%, more preferably about 80 wt%; more preferably about
83 wit%; more preferably about 85 wt%, more preferably about 90 wt%, more
preferably about 94 wit% more preferably about 95 wt%, more preferably about 97
wt%, more preferably about 98 wt%, more preferably about 99 wit%, and more

preferably about 100 wt% of rutile titanium dioxide.
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conmponent supported on titaniumdioxide in the rutile
form and (b) selective reduction of the succinic acid
wo eogenetseze BDO, THF, and GBL, or mixtures theP€DUS2005023306
achi eved in the second step of the hydrogenation
pr Jhesc%tbbjlswﬁialy%ddiﬁorﬂalIRy&frﬁﬂr%@bt Rt dha! dSdilver, iron, aluminum,
conprising one or nore hydrogenation catalyst N ‘
cobalbngslienf@ngappes.t &unasten.i malykdantinox irdbeniuny hehoditid, eosmium,

e far e r i tal yst conprising one or
mdldrr'ﬁfgh%gﬁt%)gﬁh%ﬂo@%ﬁ@?%ﬁgrggﬁal yst components
supher hgdrogenatabloredUirsér i Jadvaxtayedtishh8eRefed Bom the group
usin ? hydrogenati on catal yst conprising one or nore o
C°“%l%*f’?£é’ Hyaledy asist | Balaiaanhystideofyypadatacidnsucaivici #eid, succinic
' [ L QX LN f] stage reaction .
annfdrdey! MBI o otFrs”, AR ath (ot iRl bISoIaEBRE' Ry mixtures
thereaft bon- supported catal yst with fewer hydrogenation

Is in the second stage and still obtain good BDO
Bfiﬁ‘airer'ﬁgﬁnt FeEUISénBQ'&rﬁiﬁ%,r |ates do ppgupesss for te wreduation of 1,4-

butah&al %E@Qﬁgn&étg Q/gg@lﬁ{) E@QW%SS 8'0 fsg@]ﬁ)égh?@?éj 6rre]cu rsor in

the second stage r SOt
contaabbwith ef hydrbgen-contaimiagcgaslaystt a Hiidr@géﬁéﬁtﬂﬁ%a‘té]?st comprising
catal yst cost, This invention further rel ates

paildih” oS g at ReshpOa R FBR" oors kMR aEpaRlband mixtures
therédfC6h Bl SuppRYEHThEEsiRY tiiégﬁurhycﬁéﬁes mmégghéﬁ;% i:ri[{%taefl'ir?e BifALk.

to produce succinic acid using a hye : _
cat al yst supp@sceptionof thedPicfenred Exlstaliment(be rutil e

act B BOSerhBlentitt Al K " RFESE Job dalaicaly Mydrogenating a
hydrﬁgéwa?tabiée-p@b@rsbfeﬁﬁ%oﬁté‘éte%iirpnaaﬂ%ltdg‘éﬂ?édrﬁaihg{gg:&acs and a

to a process for the production of Succinic aci _
hydrogeratiane catdlyst: icoamsisingat eig/t oicanbre haativegdiydtogemation catalyst

. h
comfBNASERRLtolt bRy RRLEE] Baldo B 19K i Rem o procuce
1,4-tatackdiokdres optioaaky, anend-biityblcesnd BRERP tettdhyROiuASH.

i hydr ogencont ai ni n
Wl'f'hqs ?nve%%on %Iso relates to agprocess for the hydrogenation of maleic acid to

1,4-butanediol and, optionally, gamma-butyrolactone and/or tetrahydrofuran wherein
selective reduction of maleic acid to succinic acid is achieved in the first step of the
hydrogenation process by using a hydrogenation catalyst comprising one or more
active hydrogenation catalyst components on a catalyst support comprising titanium
dioxide in the rutile crystalline phase.

The hydrogenation catalyst component comprises at least one noble metal of
Group VI of the Periodic Table.

Advantageously, the noble metal of Group Vlli of the Periodic Table is
selected from the group consisting of palladium, ruthenium, rhodium, osmium, iridium
and platinum.

In an embodiment of the invention, the hydrogenation catalyst comprises
palladium on a rutile titanium dioxide support. The amount of palladium in the

catalyst is from about 0.05 to about 20 wi%, preferably from about, 0.1 to about 10
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gas and a hydrogenation catal yst on a support

conprising titaniumdioxidein the rutile crystalline
W@b@sm015e3 pr oduce succinic acid, and optional | pCT/US2005/023306

dehydrating the succinic acid to product succinic

wWit%, HiA 0L31 & abdieninals absiuy 0.3 hﬁabdmlt%'m% @ib@m 083 to about 5 wt%;
ort of the present invention | east about

abouzﬁe’f iRelyit 5pwt%e<hrt akputithe te pbaui %QWp 96 fatal gatalyst. .
rLI'{'n a{@ﬂfb@’t%t ﬁ%l\dd%pﬂ?egﬁ dfolge %}ﬁﬁé\’?'c tﬁiﬁt”ﬁ%@%}l?ﬂ?@b’ttﬂp@e about

perce nor é

0.1 wv@b@ht 2pawicp mheiting, fpﬁreferablylahmﬁ PP ¢o taboot 1 Bevisrhémium, about
rystallin ase, rmre(g)referably at Ieast about, 77

h
1.0 R@eaaﬂw ger %JO rgnivRle ABQUEN{ Gmie ARt 5-0nWite rheRipMe and may
addntﬁrﬁéﬁg%h@?cen 280 8S SbBiEE WA Sivat, dr@%?%?}lgpgﬁc%liﬁgS to about

tifanium suppor’t
10 wt%wlt/ej Ipre‘?eraﬂii&moutm‘r 8 tpraticut &ivieadilver asiouaifouito &Bout 5 wit%

siver, e T Brcicpades 4 A0wb siimtasad Batotel gataivaspisignson a rutle

titaniVigl (gg;(,dg%ruggaﬁ of the titanium support in the rutile
crystal ase, nore preferably at | east about 90

walban tlpmcataﬂystaﬁ usérkin thedirsustage mb er tva stagbqaroc&s‘g, ¢he amount
of pajatii PP bRl R Ry BLfpASersEbe ek i 5Ptk 5 Pavtse, more

prefe%M?tf@rﬁ laBBUPDASEI % 1B B 0RE iR Mné&né@%f&@ﬁ&tﬂ@rﬁ about 0.2
ercent of the titani umsupport in the rutil

wi% &a 98@@\11 8 Briet’phare thensineoyiterfghabiugn may badtonaBout% ga about 3.0

wite, SR BE ol ol Pyt 9 R0%, s Blgtitns rom abour

Ozm%mf‘ébdleQEM%Qif)aéelaeoﬁ tdtandatansuneight. in the rutile
MSt al | i ne phase, nore preferably at |east about 99

e thercasalysiors bsrd fn theiseeradmiase of @ twe-stage peocess, the

f I
amo%y&t mgélle{gﬂﬁgglé ng lﬁgé ?{? moﬁﬁ}%%apb@ﬁt Oeé’gmgb?éjtabout 5.0
wit%, I mibre @r@feyadlyalftom%mjmahs W% doi abernt4.0nwigh sand ahateepreferably
to a process for catalyticall ydroge ting
from apakib Sk AP ARIE S ¥6He. BRCLIR ABEUR Phgnium is preferably from
d e [ 0 t 0
cboul RIS SERE10090, Sk by RITAICT R B Kbut o o

morel pmﬁstrablydmm abowt %wﬂ% tchaboutt awi B rbatiedxotid caﬁalys’l wGh@ht
roduce 1, 4-

r#t st a{ [ ne se, l{ %‘
ByiobRasY9n Wy?'ﬁgacé%’ﬂ%seaﬁ&/'%?s She noble metal of
Groube‘\/'lﬁirb‘td"tr‘ié LPé\*‘bduEf h?al&ée%at at ﬂé&é’tt bRB 8f SAehfinRt &ndsten and

a catalyst conprising palladiumand
molybdenum on a rutile titanium dioxide support.

The hydrogenation catalyst may also comprise palladium, silver, rhenium and
at least one of iron, aluminum, cobalt and mixtures thereof on a rutile titanium dioxide
support.

In one embodiment, the hydrogenation catalyst component comprises
between about 0.1 to about 20 wt% palladium, between about 0.1 to about 20 wt%
silver, between about 0.1 to about 20 wt% rhenium, and between about 0.1 to about
5 wt% of at least one of iron, aluminum, cobalt and mixtures thereof on a rutile

titanium dioxide support.
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rheni umon a support conprising titaniumdioxide in

the rutile crystalline phase. Preferably the support
wa@oempndses at | east about 1 w% preferably abpor/ughos/023306

W% nore preferably about 75 wt% nore preferably

M YHotIRG nBbdimReR ﬂh@eﬁ)mragéryatmouata@&t Wobhpriseseabout 0.2 to 4
preferably about 85 w% nore preferably about 90 w %

wi% patiadiupy, efoub ol @tcauOM%gmlvm%bﬁméJ pries it whtoyrhandim. g8d about

02 1430 RIELFRL 4y ABR Bl B QRO A ot on

rutile t%yﬂﬁﬁf@bkmempbrtloo w%of rutile titani um
di oxi de. The catal yst may additionally conprise

[Armembsisiment of FhaPresanrinvation Asm reiiBa I C%@JV@S comprising
palladm%ﬁﬁ]eﬁl%pﬁﬁfwyrﬂ dlenﬁtla%ﬁl nuwldé %&ﬁg[ﬂh%lcﬁ%' ul for the

di um and fures thereo
hydrod’dr%tlbhdrcﬁgmé@blahm/delder soaldis adwdararagemlmtegl compounds to

tetrah?ék&?t@r?ggéf%g}g taat?/r qg&gﬁpc@o@ﬁ' ,Zit |bgg%&%&a Igutlcla?‘%amum dioxide is
a titanyﬁm?é%ﬁo Wé{ag %eeﬂ%g‘ﬁﬁtﬁ@d %Fh@'htstﬁnﬁi& 1UPE kS cBAY&H ft-from the

( ! one and m xture ereof . The present
anataseygstalive phase toelihatra!alet@'ystakﬁneqﬁfmefor t he producti on

A EstRRmTIonG o Mg FRHarBILSoBlAPS 4 hitregapaiqn catalysts
compr‘i’!nt@Pﬁlléﬁigwgﬁé‘mﬁﬁf‘tﬁ\/@ﬂ RHdGRIeaR DI BYH6RIS0DANIHMEGRA, cobalt and
yst cofprising pal 'adium rhenium and at | east

mnxturesethefecsf; IaUecm a rdile tkaninimdinxidsoisappodnwhishaie aseful for the

oo GEABRN pf SaySRROEaSTBAAE' Bt bhATILg) BpgBule 1o 1.0
butané’dh@f efét%yarﬂmﬁarneah&l@} THamP&BenRlrolaBuaTY. i Ofrhree|rlﬁtilestitanium
to a procéss for catalytically hy ogenat| n

dioxidhstipogdmitae peegans dvansioniseniiseadt lopstipbou one Wt of titanium
and a hydrogenation catal yst
d'ox'dgﬁmﬁgq‘fq%&&%g&m&ﬁ%%act i ve hydrogenati on cat al yst
COBRORAN! 8t lasBaBoRPDD weighpsérsenigof tHeatitanioridiotide support of
the rutile formto produce 1 4 but anedi ol

. the prgggnbmenyon dalthen tHtile orvsd R8€0 dvantaarg];eously, the titanium

dlox1d8e§ 0\? ?&sﬁggbﬁt '7@‘(/%]% %%fr%laﬁfof ﬁ{é‘ﬂ%%ldrﬁ dloxide support

rogenati elc acid t
in the ]cuﬁletlwaaﬁade qdhasedat kepst abailtl 37, w@ﬁmehmr)trafltbettltm*eum dioxide
suppoﬂnlgmltﬁg rht(lelterc?'{/] tghlgguprh%%emgte Iﬁaas{] about 80 weight percent of the titanium
dioxide support in the rutile crystalline phase, at least about 83 weight percent of the
titanium dioxide support in the rutile crystalline phase, at least about 85 weight
percent of the titanium dioxide support in the rutile crystalline phase, at least about
90 weight percent of the titanium dioxide support in the rutile crystalline phase, at
least about 94 weight percent of the titanium dioxide support in the rutile crystalline
phase, at least about 95 weight percent of the titanium dioxide support in the rutile
crystalline phase, at least about 97 weight percent of the titanium dioxide support in
the rutile crystalline phase, at least about 98 weight percent of the titanium dioxide
support in the rutile crystalline phase, at least about 99 weight percent of the titanium
dioxide support in the rutile crystalline phase, or at least about 100 weight percent of

the titanium dioxide support in the rutile crystalline phase.
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sel ective reduction of naleic acid to succinic acid is
achieved in the first step of the hydrogenation

w@r@emess2by usi ng a hydrogenation catal yst conpei/ss10g5/023306
one or nore active hydrogenation catal yst conponents

OfThe prabehtyintestigp edlatee AT hﬁdrﬁﬁehéﬁc&nw@l)@k i e doversion of
the rutile crystalline phase. The hydrogenatl on

maleigAcid {o sueEiRisorEa whiehpan deen Be qoswstted e ndibiutanasticllusing the

| . ' [ T- e RVA
samel e & SR B REIGECHRAE. 9L St 8 Willop es o
advastepes tof dettep arusresigemyth, deltes Ps broduotivitpadhddatamst life compared
ryt heni aFn rhodium osmum iridiumand platinum In

to preyousiydarqasnation ¢atalyshexstemsn, Threcatplysbgéthg insasent invention
ot ol . | adi : YR '

comrFBL2 pTARTEREErRMAEUER B byl e, The o

catalyshtad| thet prieseht omreationt PA/RS dnorutihe dtiO20cah Lonvert maleic acid to

pr ef |y fromabgut, 0.1 to about 10wm % about 0.5 _
succiflg 2l At @ e BIBrERRRRtVEY:S T ABGUNC ok SRISelbu6a0 bs ahioh as
o/ a H H H 9% ) .0
08%. S paNEnfaogbliblyane Suckif aBiRRAL VY th St 88ett 6595, iRterably
at legs|abmait Uin%1 heoraypheterahlyt ableashiaboys 859Ry malrs preferably at least

C rise about 1 to about % rheni um _preferaply
abouC T st B Bl atiagk bl HnAndI00S ISR NaBo M about
098%.10 Wt % rheni um about 1.0 to about 5.0 wt % rheni um

and may additionally conprise about 0.1 to about 20

wivdhe Ipveggssppbtiee dsesentabuentian, satt leasb@boull 85w, preferably,

abough Y, BoEL BLABtAHIE AL o ko RS ety SRon! B more
preferhblly 90% 9t eindoasRe mrefdrabll 10RabY oF MBleihbeidoR énverted to
rutil e titanium di oxide support. \Wen the catalyst is

succinjg agid.n theesHeqinic agidgeodict nawbestesgyeracand setiher converted

i gl BAL A HVTEGL SR oy ) APBRGEhol ¥ Rpnvorcs
to BDahoLHF 0GBLWdYorhistures Wherdof usingy tharsameioe pdiffeesrttydrogenation

fromabout 0.2 wt% to about 0.6 wt% and the anount o
catalysheni um may be from0 wt%to about 3.0 wt% preferably

0 oo 208 o 1 o BERVEY 0P may vary
from alaewt! §.66 teedlodut. 20.0 wi% based on total catalyst weight, more preferably
about 0.1 to about 5.0 wt%. The amount of palladium is preferably about 0.05 wt%
to about 5.0 wt%, preferably about 0.1 wt% to about 3 wi%.

The rutile form of titanium dioxide is much more stable to highly acidic
conditions such as the concentrated (up to 50 wt%) maleic acid solution than the
more commonly used anatase form of titanium dioxide. The rutile form of TiO; is
harder than standard carbon and also harder than anatase TiO.. Therefore, the
rutile form of titanium dioxide is more suitable, desirable and beneficial for the
catalyst of the present invention than the mixed or anatase form of TiO..

The catalyst of the present invention preferably comprises palladium and
rhenium on a titanium dioxide support comprising at least about 1 wit% of the rutile
form of titanium dioxide, preferably at least about 83 wt% of the rutile form of titanium

dioxide.
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When the catalyst is used in the second stage of a
t wo- st age process, the anount of palladium preferably

WO 2006/00%23 ange of from about 0.05 wt % to about PET/OS2005623306
nore preferably fromabout 0.5 wt%to about 4.0 wm %

and hevocatalyse be tied pyeddr@ Thediish Bad ant %&@t??é@f%pgfnc&alysts which

wt % and the anount of rheniumis preferably

have syapoHs wf gatkpmbSarbamisobggilesr Wheresefiergajalysisrhrabbuthey close

0 ' % f.er abl om about, 5 wt %
ond OO Gl St TG DAGE! 0 of R0 ces e
flowhgrdt bgitdeatip pressAire] YSthendaitaP I0creaBBs | is Slods dRAS thed R€action and
netal of Group VIII of the Periodic Table and at

ffesﬁ ?é?%léftﬁy%}rf@%? be ruhiimnyhichrig $osHy-adhen optalysiimneada with a carbon
is ' ' | oxige. s hydr ogenat, on .

o e T —

and soalises & ddghendeltafP.i rohis slbwsi down theb@lattidndhroughput and the

. moxt ur t hereof on a rutile titani um di oxi de support.
h'ghPHéSH%%Z?ﬁ%BT dhe cakrly$lydr ogenati on cat al yst

ool TanR JISAaMIaLs FoLAERRS PVing. o o Bofl SiladDa iRat, with
carbgétwrhtﬂ)iarger amound lod UtydPdgemattonheetal s redebiekv8RMm is also

oo WAHE Rdsardt indrciriat dBls (BRBbPN ore Pouigh Pl mited by any
particlfa®NineBhdi RXisdBeRRROtat! SodlRt ReMnd&dy d;d*f%ﬂcgb\ﬁfcg)oe palladium

hydr ogenati on catal yst conprises about 0.
hydrggenaiirnumetabdat the. Batbonaswepersi | Weth, aabatatys®.shipport16f titanium

. 0 ' . 0..6 % of at | east . .
o SRR ERATREHEa Ao 8 et 0 2t
suppost, iit endy bieoi benpBssikicdty FEARR br efmfihté 'H?lg%‘ygftg{)g%ation metals

the present invention also relates to cat _ _
that agggeinetingsgiadagHeimaasivenénisusa\ing ancatalyst dostsani um

5 it SRR, M ol BT ot I LB v
are hot tethatyals the roatalygasuspdrtioy thé ankeaw mbentorfwhich comprises

t (ol . Rytile titaniumdioxide is a titanium — °
titan'g'i'q'?)alned Q(IJ\W?"EF#H:% lest @bekt 85 veeight percgnt ekihsditaniume dicxide is in

the RAIY @FYsthllind’ steheﬁﬁl ANAHRECTIOY hithyst MipBBASEar Bel t(%ﬁemically
rutil € cryst I ne phase.

attacked by the maleic or succinic acid at the temperatures used in the reaction

process. When acid attacks a TiO; catalyst in the anatase crystalline phase, it flakes

off and becomes softer and breaks down which can lead to the same problems of

clogging of catalyst void spaces and pressure build up as with a carbon support.

An advantage of the catalyst of the present invention is that the support
comprises titanium dioxide in the rutile crystalline phase. The rutile TiO, support is
harder and can survive the chemical attack caused by the acid conditions of the
reaction system. Use of rutile titanium dioxide provides a great advantage in terms
of hardness and chemical inertness so the catalyst lasts longer and is more
economical. Use of a catalyst with a support comprising rutile titanium dioxide can
lead to a cost savings in the process.

In the process of the present invention, maleic acid or other hydrogenatable

precursors are hydrogenated in the presence of a noble metal catalyst to succinic
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An enbodi nrent of the instant invention relates to

hydr ogenati on catal ysts conprising palladium rhenium
waRéoémo7s2and at | east one of iron, alum num cPOHUB20a5023306

m xtures thereof, all on a rutile titanium di oxi de

acid angypaptionalifi oh1 arcsutasediol, tévahydrefurgdraygegaminenrbafyrolactone or
. maleic n][?_ dride, maleic acjd and rel ated conpounds to
mixturshesed], éﬁ@cﬂ%mqt'ovearrdawﬁisoqfukérhutwI@lrare enhanced by use of
_ Y ot . iLati " i oxi de
2 Catésagpponp? Bﬁ&%@%ﬁ@é@ﬁgﬁﬁmﬁﬁ f"glrilég n’%‘@gh%@'l east
about one wt % of titani uRedctarigde in the rutile

c talline phase., CGenerally, at |east about 70 i ght

° LY B prasSe R 165 instrulodp el eSS BycroopRetaple precursor
_ . . oo L] : o
s resBlGER, 4 AYSRLLAREIARG (R i RoEEls 8 iglige onorly
the hydragenatiable presurseir jhin areageedustolutien taindahe weacticoxisdenducted

, suggort in.the rutile crystalline phase, at |east
nan gf ?U%B%BPamefﬁH%em of the titanium di oxi de

SABPOEEd | Reldtf 4 UhivHR dEnsEdmE | bREUPEAE s %X! Eadbxylic acid or
about 80 wei ght percent of the titanium dioxide
anhydyigspdhereph carboxuio laside egtarallactnoe pbaseixtuae theesaf which when

8 i ght rcent,.of the titaniumdioxide
ydroBBfttec Protftel' BHEGNAOL | BePreac TRyt hiiPSkastapte precursors
includebutei@acie hiiiic aﬁhP@m@,rfurrm‘ric_téted,tsidcemi@ahﬁi*&?@ieq 8uccinic acid,
support in the rutile crystalline phase, at 1east
succingigestes srehyias thereefte (of digte/ tSucainatan (8.oxdimeethy! succinate),

mleH0B85Ls b e £ 7 5 OISR B, G mteao)
gamnssbptyroélactoneher mittuled theyssfalhé neefarehydiogbAatible precursors

al?o_ut 95 wei ght Q{arqent of the titanium di oxi de _ )
are BRid; malgle grkvdridecpyesinic) #¢id. pHeRIC anhydsider fumaric acid,
; j ' ' i oxi de
ester006) abits] 6 9fa DA RRoRE &r A b E B LES) cast
alfoie g8alwisi htprpduceestccihict beidf ithamithe piiefetirel® hydrogenatable

support in the . rutile crystalline phase, at |east
precu&igﬁgtar@g.} P@‘RJ @%ﬁ‘ E’@rﬁ?'cénthtyﬂ@‘_j?i tgni um di oxi de
SYRE Phdst! gre i %I%jf Wdrb&eﬁét&%@br‘e‘cﬂ%o‘?W@ﬁ%lelgiraocic?, c}*éﬁi@ﬁtis typically

~about 100 wei ght percCent of the titanium
obtainsghpyr readiinghe-buiané eorc bgsrain¢ i ine aphasygerheonamimntgas in the

s A BRI SOSR Be Be b S ane
maleid fwihfybﬁdé,oﬁhéﬂth@ﬂ dofledtiy e &ﬁlél@ic?bnlvl i bes SPETBr Yuench to

a different hydrogenation catalyst. The catal yst of
produc énalaiceanid dhanaguenes sahdinnadde ofidatian et n-butarte or benzene is

typicaﬁ%ip%%?é%d g{s lattaempperg{u?g uo%téﬁlg)ﬁtyBOw t%aéabyé.t allwcil fae pressure of
about 0.5 to 20 atmospheres (50 to 2000 kPa).

Typically, the hydrogen (H,) containing gas is commercially pure hydrogen
with no diluent gases. However, the hydrogen containing gas in addition to hydrogen
(H2) may also contain nitrogen (N), any gaseous hydrocarbon (e.g. methane), as

well as gaseous oxides of carbon, (e.g. carbon monoxide, carbon dioxide).

The Catalyst
The catalyst employed in the instant invention comprises a noble metal of

Group VIII of the Periodic Table selected from the group consisting of at least one of
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to previous hydrogenation catal yst systens. The

catal yst of the present invention conprises palladium
wan@enbmes um on the rutile formof titani um di BRT/US2005/023306

The novel catalyst of the present invention, Pd/ Re on

palladitim), erx]fh@ﬁ|un¢amh@@|wertosn°ﬁuml Ciriaifuird TathdSLpI@tllrFUrﬁ a6l & support
at a ver selectivity. The succjinic acid

CoOMpERB gt atvl?éte\?t ahaubé Vi Ritlp téanigenglioxisleapreleeakly|a) leass about 83
wt%stlﬂu‘fifei tﬂlaﬁ'l H?)xﬁé ectivity is at |east about 65%
erabl’y a ea

pre st about 75% nore preferably at

- | eastalpstewiseBb iy thwistanteiheeatidry nady |a@ﬁboﬁtlaﬂut(l)9ﬁt’/¢east one of
nore preferably at |east about 95% and

rheniyrg; giafigapese qrdalurimotin ab&Rst pﬁetcpfeswﬁb@egm angk(iii) at least
one%@ﬁa@%&gbméeﬂf 'a%‘ylng w#f? n@B%“Er@%‘é&lm A)Bfaﬁgaﬁeoagi Yeast one of

W% nore 'y ab
rherpu@f ¢uradston abonolyB8emtitn Theee maﬁlya;tad‘.rbmpeﬁtﬁn wh&g awmdbe further

mr referably 100 wt % of na| |c acid is converted t
modfiReE 1o ot ke nborebralioe (AUl & ghelaliSlRGpaEom Groups 1A, lIA
or Viigcovered and used-or converted via dehydration to

succi ni ¢ anhydride, or the succinic acid product may

be Peefevably dtietaatape) ermmpioyediBh theoinstant invesgionroemeprises palladium,

or Pl ERTRuSh u rule A AL oA Srrt  AofagGeously, the
rutllé’hﬁrﬁiﬁrﬁtﬁljxﬁ BRYCOMRD s M At Ao uP 883wt oﬁ%‘rﬁurﬁ%&ld\é |ﬁ’ the rutile

based on tot al catal yst weight, nore preferably about
Cl’ySt}a”an phagsut 5. O wt % The anount of palladiumis

B et A IR S BT GHEEOR s

pauédnumnamurmbrmmdm taSruméCthaﬁQFrEdﬁ)&ﬁhz‘ @ﬁ;ﬁ;rhmbwn Qﬁé dirfle titanium
condi tions such as the concentrated 5 to 50 wt

Sup@m epmpiises aideash abeutndh \Aft%eohﬁte@uw d9 lnstba rutlle crystalline
phagél%hﬁ)zg r%rfé:?a%! talttlgg n%\gr HP)QSde\rt"/ I?)? {ltﬁ I h‘i%@?on the rutile

rdéer than s car bon> and a
crystdiiie phadease Ti Q2. Therefore, the rutile form of
i anlu d|0X|de is nore suitable, desirable an

eREFREARY the catalyst W%QO%PO'@“HES% @?@Hi Or%m@b@w 20 weight
perc’e???ﬁﬂgkﬁr es gfe?éblg'%ﬁ‘)toﬁg dep dTba(gl[ltTg rﬁerﬁéﬁ@ﬂ)%%ﬁlum about

I nventi on pre er
0.1 paldbadt lﬂmmght percent palladium, or about O 2 to about 3 weight percent
palladium. When rhenium is a catalyst component, the catalyst additionally
comprises about 0.1 to about 20 weight percent rhenium, preferably about 0.1 to
about 15 weight percent rhenium, about 0.5 to about 10 weight percent rhenium,
about 0.5 to about 7 weight percent rhenium, or about 0.5 to about 4.0 weight
percent rhenium.

Another catalyst which may be employed in the instant invention comprises
palladium, rhenium, and silver supported on rutile titanium dioxide. Advantageously,
the rutile titanium support comprises at least about 1%, and preferably at least about
83 wt% of titanium dioxide in the rutile crystalline phase.

The Pd/Re/Ag catalyst composition can comprise about 0.05 to about 20
weight percent palladium, preferably about 0.1 to about 8 weight percent palladium;

more preferably about 0.2 to about 4 weight percent palladium; about 0.1 to about 20
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rheniumon a titani um di oxi de support conprising at
| east about 1 wt% of the rutile formof titanium
walz@xsioars23 pref erably at | east about 83 wt % of PEEUS2005/023306
rutile formof titanium dioxide. The catal yst of the
weigiht essroenti nineaiunn oprefiersbinalboltah tagdoat rweightbgetent rhenium; and
Lch have supports of carbon. Carbon is fragile. Wen i
abolioh Acio alioul S8 EieftBrrosTh aivesi BEIomMY Abevedsetd ABOU 8 weight
 difpBac iyS aBbacksd hbolk A lighth (kS |
perC\régdS;élzgﬁt lﬁgf?rlgglxs gﬁg bui | ds l%l prcﬁ%re.ﬁef@? he %el?gé ratio of
pallaliumdcoeslyesis hatwsbenw$ teolvand Hetor Ba dthi catahyet tomplosition may also
al yst .pust, be puf, in, which is costly. \Wen
e {GhEr Seaied tamidh tne DeolPudtion ireldl ¢ Heelsuselested from
GrolpelA 8gAi on conditions and bl ocks the catalyst void

spaces and causes a higher delta P. This slows down
t h&he guefered eatalyatghivnusaria thisdnverdioarmeg lbeacdhveaiently prepared

crush the catal yst.. Another .di sadvantage of catal ysts ,
by g Beheten, 6F e "l SRR R8s hasgR Sl 8r mutiple
imprednBteH .stépd, akidiea 30MUDA S soINEGIRIeBAtiAg Btidhst 8ne palladium,

needed, sodiumis also needed. Wile it IS not . _
silvernpefbeaiun sompgund. g msednherein oiimaregnationriof etiebrutile titanium

. ' i.L is.believ h di [ )
o 050 s BRSSP A B o e,
imbudly menfeeted ughiardted \Wrt dbaaed.atBeé Vimibpr PGt sdlfition may optionally

titaniumdioxide in the rutile crystalline phase,
contgpy pomlexingh popeiscoshglp saikilize REGraitmpee of dre sugipbeempounds.

i SSl e 1.1 t .
The eyt % SR =3t TubR BRUSuED, 8L MM Sl ffer sovent
Dryisg lte@iberdthres savbetivern abbal 86t O:agids abéiat #&69ST. Optionally, the
upports made fromtitani umdi oxide in the anatase

S
hydreggsation cafalvish ey thes heotaleiset at abaut 15@° Gt alguit350°C.

o1 PEeirR e el fRE Pasely e e SR8 B empound, siver
compeuseé rindofhdniemtddrapourt dapXbeieppied fo thé rittki fitBnium dioxide by
. crystalline phase. An anatase Ti (2 catal yst support _
IMMegsing O cHisReadingy the saered Mptariad irethei olgtior chyispraying the
son il b 4R EEIRE' A0S 01260, e bIAG 36k, ARBESRAS catabs

componyshtaldnto theptitmntim idioXideakes of f and becones softer
ang breaks down which can | ead to the sane probl ens
cl

RPrRAWe whirhcpstbs, gsad Jpaedes-saating tasli unmidiwig% support
with &ydibddhaRioh2ERaY st ¥BRYdnents is described in Che, M.; Clause, O.: and
Marcilly, Ch., “Impregnation and lon Exchange" Handbook of Heterogeneous
Catalysis, Volume 1, pages 191-207, Edited by: G. Ertl, H. Knozinger, J. Weitkamp,
ISPN: 352729212-8, (1997 Edition), incorporated herein by reference in its entirety.

The solution containing the palladium compound is typically an aqueous
solution containing an amount of palladium compound to yield a catalyst product with
the requisite amount of palladium. The palladium compound may be palladium nitrate
or a palladium compound such as a chloride, carbonate, carboxylate, acetate, acetyl
acetonate, or amine. The solution containing the silver compound is typically an
aqueous one containing an amount of silver compound to yield a catalyst product

with the requisite amount of silver. The palladium and silver compounds should be
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An advantage of the catalyst of the present invention
is that the support conprises titaniumdioxide in the

wWo aaoeloe7ses yst al | i ne phase. The rutile Ti Q2 suppOT/US2085/023306
harder and can survive the chem cal attack caused by

thernHTl @@écﬁnﬁ&ﬁblélm reduditile toethet neatalsy Sthermsolutien aontaining the
ile titanium di oxide provides a great advanta

rhemum aeMpPUNdrid iypicalin @nc ABUPRUYS 0ﬂﬁe$qmaw% ant W@Ogreﬂ of thenium
compcggjﬁﬁgl §)S§/ %? f’eﬁ%g agybsge;g otﬁﬂgt WithT&E r@éjtﬂ ef”é?ﬁéunt%ﬁ t¥nidm. The

conpri sing titanium

rhenidhP¥bipoLAl iseBgidally etdmnic acid)gsmmortilre perduesde dman alkali
the process of the present. invention, maleic acid or

metabPWélﬁem@térogenat abl e precursors are hydrogenat ed in

Iz\g’neplrnﬁ‘rggﬁg w?g{/ s&luﬂBQ sj ngél}% ma?ﬁélry é’(ﬁﬁtahon% Gomhegihg agents

tet rahy rof uran
to heﬁﬁéolgbmﬁadmtwmbm:bbﬁhe metahcmmpmmdsh?éheaﬂdﬁ‘ﬁm)f acetonitrile to

oduct d I d b
o Byl af G R g i

singlé Eﬁﬂ] Nlir %ﬁ%ﬁéléb Re é?ﬁ)%?ﬁo tReanhasY r?atlhgrédllﬁldhr ocess

I"'nventi on, | east one hydr ogenat abl e
prAftarr mpre@amleacmu \maﬂadlarrhyeﬂwenamxbnlﬂ‘@lnmrngagdsdl’wm, the

the pre ence of . the cat n | I
prequwif 86?23&1 2l %Ctﬁ’raé%qﬁy %e%ﬁng &%n%ﬁg%ﬂ?%s il i iianigpy dioxide
t o
sursh AR SR BRGNS KM a2 0% oot 35070
preferalycasdixy$0°C aciatoot 390RGdHydeogerer@oh, mo@mn‘@o&ﬁlhydrogen and
acid ester, |lactone or m xture thereof whjch

nitrogiar g eRates it etayal B, REdCBNVeTHERCASRA ooy b catalyst
redthYcﬂr( d?fegﬂcﬁ?ﬁ of L& ?rH natdd Rt fflté?ﬂhﬁi Sloﬁi‘éi'edsud”ﬂéineisconly after

maric a , succi ni ¢ anhydride, succinic
the raﬂledtJtaﬁlum ididde esﬂxpspxost sa heas impeegbated wiid pialkadiym, silver, and

di
thenifn Iaheneses “¥o AP Ao ORahah: Sept gt Bl ivings. the
reduEﬁ’(l)rfaf%cﬁéﬁgswrﬁé%@‘ﬁﬁap@w‘ﬁ@t ures thereof The

preferred genat abl e precursors are maleic acid,

mal ei ¢ anhydri de, succinigL@pldzeuUcci ni c anhydri de,
fumaric acid, esters of C4 acids, ganma butyrol actone

orTime xiathes fdsr’rmreﬂrhg olf thehprogeas comprisepredcivy a hydrogenatable
precays%gl vrx}lltr(w: e? Crlly%roéehnegortltg?mﬁé eggaesr 5neqh2ygrre%gﬁgéa toafb{he hydrogenation
catalyst, and recovering and purifying the reaction products, typically by distillation.

The liquid phase hydrogenation of this invention can be run using conventional
apparatus and techniques in a stirred-tank reactor or in a fixed-bed reactor. Single or
multiple-stage reactors may be employed. The amount of catalyst required will vary
widely and is dependent upon a number of factors such as reactor size and design,
contact time and the like.

The hydrogen-containing gas is fed continuously, generally with the hydrogen
in considerable stoichiometric excess to the other reactants. Unreacted hydrogen
can be returned to the reactor as a recycle stream. The precursor solution, e.g.,
maleic acid (or other hydrogenatable precursor) solution, is fed continuously at
concentrations ranging from dilute solutions to near the maximum solubility level. The
precursor solution may contain about 10 to about 60 weight percent maleic acid (or
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precursors are nmaleic acid and mal ei ¢ anhydri de. The
nost preferred hydrogenatable precursor is naleic

wa@ceood/ 007823 ch is typically obtained by reacti ngP@F/batoasna23306
or benzene in an oxygen-containing gas in the presence

otherf hydrajemayatilet reourdone vinﬂn tthe Jeglosr pi’mmentrhﬁons being more
n- but ane orqez%r zene to | eic anhydrl‘(?':té ag t hen
ecopgnicat @ndgPrsfRiraduduecionfssdvaies tgyresy t%rr !aaeﬁ%h Rrgferably the

pred?fr&g“éiﬁutm?’l ?(Br?]t_aE\%téjoddT aéﬂbeif?ld@ v?léﬁ gh‘ﬁalelc acid (or other

oxi dation o ane o enzene is operate
hydmigeaatadipprentunsar).of about 300C. to GOOOC and a
pr ssure of bout 0.5 to 20 at nospheres (50 to 2000 .
PVa"!’S@Q?@H yythe "ﬂ%'?%{ﬁ?h's(r Pt @aﬁm%a%e ghfomsabout 50°C

toa L%d:’ba SrePall fMéBg 5‘(90!5{ éﬂ)% ?1 drogen pressure
' Phe (J a| n| g ¥

Wever , ogen gas

of froprlabeered t ébdmymo aﬁn@me@(ébddtmnpé@td aboa’ﬂ5878 p3|g) with
gaseous hydrocarbon (e.g. nethane as we

hydi®gends %@ﬁrtﬁiﬁble(@egurseawws (vh[uﬁla)(pfjbetv‘&ﬂrb@ﬁo %%and 1000 to 1
and‘@oﬂiﬂc‘i"ﬁ?nes ocl:ﬁta@omb 1T||?ﬁ1|ﬁ§tt§|aéfﬁht fﬁ?bﬂysed in the

ant i vent1on conpri ses of G oup
VI Theatattion BEUdLmﬂ:B cl I&hﬁma&blemtmyﬁrﬁmémegmmup butyrolactone

consi st of at ast o fpal | adi um rut eni
or mwwparﬁhegeﬁﬁ @ @ ARGy Eea@ﬁ%@% @cgeaaloﬂtsh"anon By-
prodiRt®: dﬁbﬂgat%t fblg@?& |ﬁb9fh%llla Od’nféjtd | Gnid tlﬂgbd such as, for

prefer y at st about 3 W% T u
exampteanisucsidicoxintigdrid@t af ysicsinisedcidn aree dptishally returned to the

nt ai east ope of
ycioRERRTON ARG e gl hitiiolactong gy ABGsPeofrevsted to the
hyd® lgﬁgfo@ﬂga(g&l d;, and (iii) at |east one netal capable
fg oyi ng with the noble Goup VIII netal and at

| ehl§tng)ﬂﬂ@ procese of B invandionemare apecificdiy usingTtheswdrogenation
catefifls HeShindiEBRan el B srcor fp iR Gt ely in a simple

reactidhe qhedyibldendin appsuthAedidhand t¥trbhydBf@aar adHidved Bee about 80
cat al yst enpl oyed in the instant invention conprises

mole Rereant am greatesatypiealiynakmd 9theale meresnton greiateyr, with a majority
porht 378 Y PR e SIS IARIE o BB ot
butaniol,antbutyrtt @xid]endpropdieoly wropienic acid, methane, propane, n-butane,
carbon monoxide, and carbon dioxide.

In an embodiment of the invention the conversion of maleic acid to 1,4-
butanediol may be conducted in two separate reaction stages or hydrogenation
zones In the first stage an aqueous solution of maleic acid is hydrogenated to
succinic acid using a hydrogenation catalyst on a rutile titanium dioxide support, and
in the second stage, the succinic acid is transported to the second reactor and further
hydrogenated to 1,4-butanediol, gamma-butyrolactone, and/or tetrahydrofuran, or
mixtures thereof. The catalyst used in fhe second reactor may be a hydrogenation
catalyst on a rutile titanium dioxide support as in the first stage reaction or it may be a
hydrogenation catalyst on a carbon support, such as catalysts described in U.S. Pat.
No. 5,473,086; U.S. Pat. No.5,969,164; U.S. Pat. No. 6,486,367; and U.S. Pat. No.

5,698,749 each of which is incorporated herein by reference in its entirety. For
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crystalline phase. Mire preferably, the catalyst
enpl oyed in the instant invention conprises palladium
wan@enhmses um on a rutile titani um di oxi de suppPCT/US2005/023306
wherein the rutile titani um support conprises at | east
exarapleyt a 9Catatyt ofisdd tianthemsdcomd deage iightr obimpeise Pd, Pd/Re, or

PAREE, Bt b SIS Shelhe Ml LR, Plark 550 204D e or more
addlﬂbﬁéleme?é@f §[Jélk?|éé Frblg ‘}Plli@'c‘éﬁlyé’cou'%beiﬁ 'tﬁlﬁ? %BHM Ist&5e may also

about 01 to about percent pal I um
comprleee?r betjar@lmcﬁwt h@dl@@enatmb@atalﬁtvm ghitutipeetiteeiam dioxide support

.. pal | about to apout 5 i ght percent
W'thﬁghYCga '5%“ L%’B’@f °g achrgoggggpmg wei ght per cent
pald afé Wmbddifient hl%”thttﬁé'o%té%y@temethé?fkstc@cﬁaé%ﬂt thet éﬁalyst in the
catal yst additionally conprises about 0.1 to about

secamsi sfirgeguay eampriserd mixtugsr @ff@hadn‘qgeabbum cetalyst@raamutﬂe titanium

b 0
dioxfft SRS A el oW R AP & SEPW et gt
penaeahtabBensIY Mheltenitesiurd 1r5tHe°fn%P§l}ébe4s @ro‘f’ﬁgBBht 50°C to about

percent rheni um Another catalyst whicCh
1 BO‘éhphdyle@I téemperatuienistthatsecone stageris cmmp abea’s1 @efa wdabwot 300°C.
orted 0"11 rutile titanium

|
B pBebmAgaisientySh i BBOVR dwocklpge Rrpeass hPsiapRsrature of the
feed%ﬁgﬁﬁi §§ﬁ1p@|‘5|ﬂgeﬁ?atlelébé&’(§ ah tffénfiarﬁﬁ&faﬁﬁr@?&f%/ fﬁfi}s?e}ﬁfdrogenation

about 83 wt % of titaniumdi oxide In
zong ays cahtrpled shals éhatThe tPdipRea e chtedigict acid ipdise féedstream and

the f2F nESPRn Ao BB st iv884 bRl AT eiE gAY s added to the
reacliBh C@Bﬂu&aﬂrd)rﬁdﬂhé"ﬁrsﬂﬁy&rogéﬁél%rﬁﬁbﬁe 36 P4ike Qh8 ré@ctﬂﬁPHFoduct to a
ght percent palladi um about 0.1 to about

temémmrgmf oW eh0° Ehinpboyt P Cepdpr fo abppltvlrrgbm m;gﬂon product
t
oSl BaoAlar S0 e rBlaRt i BichiBa P8, o0t o

\AETbéfconeé:tS&m obiraksic act@ift@f’eiléﬂﬂtdn@ch@UMail disb BB@ehdbcted in two
percent silver. The ratio of palladiumto

sep%rate& ﬂ'ﬁ“é‘cbéft%é'@ﬁ stages O Zanes. wherein therfirst stegenisyeperated at a

temFERRS a%YJ %5‘% ?perfaf 56I%e£c}@%§8l1§@%@¥ﬁﬁg%n§/gﬁ the maleic

|ncorpora I on o
acid @ aesinicAacid Ay then the temperature of the second stage is operated at a

temperature above about 130°C to convert the succinic acid to at least one of
gamma-butyrolactone, 1,4-butanediol and tetrahydrofuran. More specifically, maleic
acid is supplied to a first hydrogenation zone at a temperature of about 70°C to about
120°C and is then hydrogenated to succinic acid. The reaction temperature in the
first hydrogenation zone is controlled such that the effluent from the first
hydrogenation zone does not exceed a temperature of about 130°C. Preferably, inlet
and reactor temperatures are controlled in the first hydrogenation zone such that the
maleic acid does not exceed about 120°C, more preferably such that the maleic acid
does not exceed 100°C. The succinic acid from the first hydrogenation zone is then
routed to the second hydrogenation zone at a temperature of 130°C to about 180°C
(heét is added to this stream, if necessary) where it is hydrogenated in the second

hydrogenation zone to at least one of gamma-butyrolactone, 1,4-butanediol and
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The preferred catalysts for use in this invention may
be conveniently prepared by inpregnation of the rutile
wo 2aoand1ses di oxi de support, either in single orpPamiusios/a23306
I mpregnation steps, with a solution or solutions
tetratguirefuramg  Binteastaleice apil Iiadmmtmpr%éntein ar radotor @ elevated

ound., As_ used her ei n nat i on, of rutile
temp o ea PRl (6 SUSsH kb aits PR naisTy HISEG g Fbove), the

corrbéﬁ/@@ﬁ‘é dsdbfocﬁbQﬁal%iboé’éiﬂtaré %ld?ﬁufa'nkl{/‘?ﬁ*mnhﬁgél' et‘Flneregby prolonging the

permeated, saturated or coat i mpregnati
life sblthﬂ hydrageyatipn ireaeor(s) @mdt ainy oﬁmrpshféemeq mgeeﬂssequlpment and

. Iub|I ze one or nore of the net oun
mprR PRl Po G stForipics Lanial Ahebaing SBR tAigisnagee costs).
In tﬁi%”Br‘b%e@é‘)’aQ?dtéfe{@fccéﬁ{p\l‘Bmg amydrﬁgeﬁﬁ!mﬁbéfélﬁfﬁsc&{lﬁ%nent of the

bet ween abou and about 1507 C tiona
preswtunm@emamcmnrutlba alQswonigybe beed Itxlaccla‘vert naﬂelawckbmsuccinic acid

Cto bout ,350C. I n nakin he preferr ataly
in 5 At R eitiatn gond el BriBanRatuT PolM < gisgsh ufte second
hydRipénahen iz8Ak G0 HoAVEE stabinkeadiBRbifleds driéeofrg%’émh% butyrolactone,
titani um di oxi de by inmmersing or suspending

1,4-buispediol mandr itefrahydrofigar ol eauldncemphge s gr dyydiggenation catalyst

R A N T Y —

conpoinent 5 atddraon SuppodstibscAbed apeds) & aVHiglres terdsf.
used for edge-coating the titanium di oxi de support

wi tTiiPiealy Gtpkvemi Gaxigatial O b ihsoABaese gyslalivei phase nTitanium
coffwl 5 ee AN b o) oo GIREIRTL B it te

rutllé/(pihlase far, u@@ges‘xhé&h{éwﬁ supbiorteals Ugscrﬁ»ecﬂnt U.S. I-Pat No. 5,362,908;
| SPN:  352729212-

U.SERRE N0 5357 8985 -5t BatNPop0 1By War Lol NA- P1756,833, each of
whiGll s goraw@ R IBIGRRLAThOEnk 2l | 20 un

nmpound 1's typi cal an aqueous sol ution contai ni ng
an Th&mumpodfofﬂbe Icaﬁalysh aropipgech éh the grioeksds af that prteyseht invention is
roduct. wth the requisite of pal,l adi,um
ttarfliF fkic s Mgt AR AT aTHIAITE T LA ghé month under
the Q@n‘o@ﬂ,‘euﬁbﬁ@lﬁﬁﬁé'%aﬁ YsiBvais iR BBl AYHBensAbR ahfaleic acid. Such
carboxyl ate, acetate, acetyl acetonate, or am ne. The
corresive tqandlitiosst alenan gattlhastspamaﬂy c@rrqn@mf@ratﬂyts;qbsmnayy, aqueous

soluﬁgnaﬁgﬁrgﬂi ag)g}%él @nt a%BSlﬁ@n \Af'em’nl{nber(():fen?' ! Corigl%uggld being
hydrogenated and a hydrogenation temperature of from about 50° C. to about 350°C.
The support is formed by an extrusion technique in any convenient form that can be
used in a packed bed.

In one preferred embodiment, at least about 83 weight percent, preferably at
least about 90 weight percent, more preferably at least about 95 weight percent,
more preferably at least about 97 weight percent, and more preferably 100 weight
percent of the titanium dioxide support is in the rutile crystalline phase.

Titanium dioxide which is in the anatase crystalline phase can be calcined to
convert it to the rutile phase for use as the catalyst support. In a preferred
embodiment the titanium dioxide support is formed by calcination of titanium dioxide

at a temperature in the range of from about 600°C., preferably from about 800°C.,
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with the requisite amount of silver. The pall adi um and
sil ver conpounds shoul d bet hermal | y deconposabl e and

wo e@dodtsk® to the netals. The sol uti on cont ai NPEOTUS1065/023306
rheni um conpound is typically an aqueous one

and oooteiprefegably fropUaboaf 900eCi,uto GhTEEUIRDOCG. Y bedfdrably to about
catal yst product with the requisite anobunt of rhenium

u
1100%a, REnmone cosissaly thsahaysi H0°G. Jerthiseambogiment, preferably at

' t I ' I h .. Th
leasf ERIgER ARG Bt meRlectONE) it Bk oy P BE AT hfig dtferably
least 90Mgighngek@ANhAd fodtedreferablytilbstantig 190 Weight Percent, of the
the netal conmpounds. The addition of acetonitrile to

titantune digxidewhigh isgaleined isdnitially bnkheranatese crystal phasag

el 41 Bk brafbof BeRiiet AR ARG Rt puBRblchas @ tota
spedifipsedacs afsn v pref@ablyaldsy thars abver 40 aqdardeirier® gerdram, more

drying, the preferred catalyst is activated by heating?
pref@n@élw Ipg® dogrnabaut 2 svane malare REaDENN dand apemrelakaily Tess than

abodEft SRR Sy, STRATORL B gl AP A ares
of fréindabmye 13, tocabaaut B square nodteltypkragram ardadvantagsous. i n

contact with the catal yst may be conveniently used for
¢t hiD 2hRthEY Brefemad ebadimast dbe fknign dimdde syPegRdasAn average

poreraiéﬁe%ertéftawéé@ ok 6§ aPioiRAbEs (Ln?nS)?EPéfe@JHI bt 138t about 20 nm.
r ut a

I'le titani um di oxi de support een | regnataed
wi trhapaésatially peférred , erabddintentj ainledst ome veziglet pércent of the

G P SR L P T SR A A S s
thand500 Pérts P rReESE wEittht B 8@firbork@hing c¥mpBshenth@alculated as

process conprises reacting a hydrogenatabl e precursor
elenintal auliiyd hage a- todalt spetifiey sysfece rareneohlassetien abouhd0 square

motql§ PGP o Aos Pt At Be, BBt ARRGB] ke ResbHPRAY 1 §Hhm, and is
formeddby EaridstR iyt BogeidrbRite Af frdinSabotesdoe) eagh®® 1200°C. of

. run using conventional apparatus and techniques in a
titangpnn dicxida ahwhichaaiteast O weight perscedit Isdd the acatase @ysigl phase.

Or T, HYBoFARST GARRAP! S TRY Bl BB et BaBARLE supvort
comgggpg?tﬂéﬁﬁeéb&it SR 0leniiR SarebniaBtahRAs dibxigé 2@ thé dutile crystalline
phase has the following advantages:

a) the rutile crystalline phase titanium dioxide support is significantly harder
than supports of carbon;

b) the support comprising titanium dioxide in the rutile crystalline phase is
much harder than any other forms of titanium dioxide, such as catalyst supports of
titanium dioxide in the anatase crystalline phase;

c) with a catalyst support comprising titanium dioxide in the rutile crystalline
phase, co-catalysts or promoters such as Ag, Fe, and Na can be avoided or reduced;

d) the amount of nitric acid need to make the rutile TiO, catalyst is greatly

reduced, making the catalyst production milder and more environmentally friendly;
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contact tinme and the |ike. The hydrogen-containi ng gas

is fed continuously, generally with the hydrogen in
wa@onsioaseabl e st oi chionetric excess to the ot hB€T/US2005/023306

reactants. Unreacted hydrogen can be returned to the

r eapthey rLla'ﬂ;e a i®§c§td(lyst remaatio peoqadece msay rexplinat fewrr steps than
e.qg.., nmaleic aci or ot her hydrogenatahl e precursor
Cata&)@%%h?hﬁ'ﬁg q af %ﬁ»ﬁ%&@éﬁ% %40 @H@ﬁ}ﬁ?r%{eg&n@ 284 steps for
' r i S ' ; HAEUM
carbpRVldiorts; BTt ryiHh Ged Solraiigins FBEaiLbRUIRS SR |
abfuthel tutlle Ebgutatéystveaghte psedeint botll #/8° €0 dnm) or 1/16 inch

(1.5l VEmetER, qarere | coUmoRT Jff MRS AR efindster s typicall
prefbfed §5ScatBlyefs With B&¥6b€ s@ppdl:spose. Preferably the

precursor solution contains about 20 to about 40
wepytite paitec €itd> catblystgengrdtesdewodher fihgslpoghipatdaling operation

precursor).. Advant ageousl t he hydrogenation.is run

DL RS tRonbnie! 2 FAERAT, Hentetasnriors Shal s, dltthg  catalyst
marRFEHBAARG) Whéiea® ahaystsath barb@hos%) rftgtedabout 1% fines and

hydrogen pressure of from about 20 to about 400

15%a¢hips phng satalpgunandachsey t o about 5878 psig) with

o b 101 S RANREE™ Hobd SRIBESRelRld BRE™0r ¢ Fom
abputhd.riitis MiOs dNalgboHas2@ huohs londw egpedte@niife at a higher

roducts, 1, 4-butanediol, tetrahydrofuran, gamma-
prodyietion satecthancadaly sisusiieearbpa s ghatagee Tinamihg e hpeory and

se t AT j LSk [
o e 0AR 2 SRl Aok cBR LT ncRhaRiRRTiO,
suphthasutifeoforexaiPi(®, issuach mareagthpidr iodkighly scidici cunditions such
acid, are ogti onal I)9 returned to t_heéF%drog

) enatio )
as tRe ggRCeNtrRied AWRR SBUR)Y PRI DM §olipn ra)t%a%f@?e?%n of TiO.
t ) e AP SRRRILRE phaBe P URRIde) SuBGFRaS Shery low sulfr
contepilr dglemasuléur aattanlyistdedéablel bhewhuser giliur caml misorasoohe catalysts

o 45 Y58% SR0)1 el LT tah o R RS 102, which has
litlet PO Ol RaNBsddrised are about 80 nol e percent or

greater, typically about 90 nole percent or greater,

wi WWhite naj mténdingde theohowid bridhgomryl & ibdiatigved that with rutile TiO,,
wheﬁbiﬁ {'sgéjéj?i’ﬂgg | a(fl Hig l??é"rﬁ'bcieroart]u rkéy Tt%e%ﬂlnjsc{osfong)r% | c}éqgct structures and
creates a Ti"™° structure. The term "defect" is used in X-ray terms - it means it is not
perfect. Ti*® may bond with the rhenium and palladium. Another Ti believed to be’
formed in the rutile TiO, is Ti™. Our X-ray, electron microscopy and X-ray diffraction
(XRD) data show that palladium and rhenium are well dispersed beyond the
capability of dispersal in carbon or other non-rutile TiO, compositions.

Liquid hourly space velocity (liters of maleic acid solution per liter of catalyst

per hour) of the aqueous crude maleic acid solution through the catalyst bed is about
0.4 hr' to about 5.0 hr™", preferably about 0.60 hr” to about 3.5 hr”, preferably about

0.75 hr to about 3.5 hr?
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n-butyric acid, n-propanol, propionic acid, nethane,
propane, n-butane, carbon nonoxi de, and carbon

walzasioars23 | n an enbodi nent of the invention theCT/US2005/023306
conversion of maleic acid to 1,4- butanediol may be
conducted in two SERAMIRLES chTHEnII\QII%IQ'éK)Nr

hydr ogenation zones In the fir eQus
sHl ist foRegngarpiood tet ahtssth‘f*da\é i Bob it OF liited by the
exam??etsd S8 % HAYSRO ORI PRvEabAEN Shrdvied rﬂér‘élf to demonstrate
ani um d| oxi de support, and 1 n the second stage,

operabilitg] nared athied seSecttroanscﬁordam:Iy:tte tmtaiecsoucbaseacanbpnar&mpports,

concaiaHi B EpPABARGHG, Sl ROIRGE HEARRAG: dractign conditions, and

proddEt%‘tlt‘ 259, EQﬁfb%O&etgF@ﬁteeaﬁ&W% t‘éﬁﬁ%ﬁé&tﬂ&éﬂoﬁ%‘iﬁl&um provided,

ctor rogenati on cat al yst on a rut i
wnthout dapattmngcfrmutde mrtttm‘rthe asvanionneereirr disclosadeand descnbed the

on 0 ation cat
scop 3 BB leh inclies M B Ar AP UBAErdnH 1 e the scope
Ofthé:’gﬁacﬂ\&j clairdd 3, 086; U.S. Pat. No.5,969,1 64; U S. Pat.
. 486, 367; and U.S. Pat. No. 5,698,749 each of
vvh| ch iS i ncorporate@i&lﬁ@lﬂﬁﬂﬂ@[ﬁrence inits

carbB cAes, £ GBI TG o $i8h P pPRfoh By Hf0 LAt with 1.5
go nrgrrt \VAwAD] rut I\U

mm Géﬂ%ﬁ‘sﬁwt- The cat aI yst might also contain one or

additional netals, such as iron. The catal
Nomihaé@dmpmstéoee@éﬁ/&et h@&oM&yZQG&M@o%&ﬁ%Bdam& pBeeon 1.8mm
di E}%Orogenatlon catalyst on a rutile titanium
lama e(g)gla rbupport with a hydrogenation catal yst on a
Matefiglsbon support. In one enbodi ment, both the catalyst
’_—Fn—The fi rst stage and the catal yst in the second

nprise a mxture of a hydrogenati on

h?:féég@éf Eﬂg@lha\@ Ll g{rh td?etthe‘@r‘ﬂgﬂ?fé g:%rt%tpg%lfab‘% BrPEngelhard

n cataly on a car

Corpbehtiont Ngeeitg|N.J. t he tenperature in the first stage is
from about 5Q0C to abou_t 130C and the tenperature in
' Nadegnatipn $eluliplm apout 1000C to about 3000C. *

i
tenpe f*gre gfﬁﬂérh 0b 3 oPLSYENT MRed aps (066 Fegltlég)gQHzO

f'eedst ream conpri si ng rra
are diseblvdteirt 8rmder at de-dorifed matéli and thewlgugduellyi mn(ezjowéh 17.27g of

concBRFaSH R L R . oTPer et of mlere
(C) Pd/Re Impregnation Solution:

A solution of 9.68g of Pd (NO3), (8.95%Pd) is mixed with a solution of 6.40g of
HReO4 (52.10 wt% Re), 12.95g of concentrated nitric acid (70 wt% nitric acid), and
1.09g of de-ionized water.

(D) HNO3/H20 Impregnation Solution:
12.95¢g of concentrated nitric acid (70 wt% nitric acid) and 17.17g of de-ionized

water are mixed together.
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the first hydrogenati on zone does not exceed about
12Q0C and heat is added to the reaction product from
wWo b@oefdT588 hydr ogenati on zone to rai se the reartT/082005/023306
product to a tenperature of about 1300C to about 1800C
Prepgarbtion Peocadupeyi ng the reaction product fromthe first
hzdr ogenation zone to the second hydrogenati on zone.
Stebrhe conversion of maleic acid to 1, 4-butanedi ol may
Al . et :
ot 102 ErBO0 HERER, () ETEIRENCK LS AGTLNERNIRA (B), and
allovaéd to stamdeoat br. § heeheateriab Ltheh DG, inredwsrabl 1305eC dov 4.5hr.
about 1200C, to convert the maleic acid to succinic
Stemadi d and then the tenperature of the second stage is
oper,Aat Iy :
. hgﬁgu(gagPﬁ'ig C&g@??@ﬂ&ﬁm&@%%%ﬁgqgﬁemgg With %YEMNa is next
gradyaityambprggtiatédatitmthe PdRé umpnaghadionasalution (C) and the mixture is

t et rahydr of uran. Mre specificall mal ei c acid i
aIIovg@é)Eg ’pé@blpgow by thep tﬁﬁgrggg}{é} b@n)fbgrp@t%{ystds then dried for 5 hrs at
Jgnperature of about 700C to about 12Q0C and is then
1309.C. . . .
hydr ogenated to succinic acid. The reaction
Steg 8nperature in the first hydrogenation zone is
controlled such that the effluent fromthe first

hy dhegeaaPnoRuRRate (G0 e¥hinBr hasx e dmpragneted uyith dya/Fe/Na and
a . .
Pae R hotPRRElually Enfiaitatod wintheANGAPELP Impregnation soluton (D)
and Zlea enigiued id biidwéed ¢o stEnel for dbir.dT i eatahast ie#wtedriedbatit 30° C for 5
12Q0C, nore preferably such that the nmaleic acid does
houiget exceed 1000C. The succinic acid fromthe first

Carlﬁggrd%ﬁgpé"t !BJ-nAéﬁQSuESI' v{rg-e&egolyltea rhflo IBEF gtal st with

1.5 &rHdre Suppdradded to this stream if necessary)
where it 1s hydrogenated in the second hydrogenati on .
zohBist gregedusd sYesshiBes  ary ARHEMIS PVeTSiRR G0 catalyst preparation
usiné’ I%Ht‘ﬁ?@erﬂhplcam.etﬂl&w&ﬂ%Hﬁ@'&siti@hp 4L CoaNg 2 66%Ag,
s not present In a reactor at elevated tenperatures
2.660h el 0.9%RRe oalleb cnradiaimateraapbarxi mat el y 1000C and
abqve), the corrosive effects of the maleic acid are
%‘—%—ﬁ-i ficantly mnimzed, thereby prolonging the life

(A) ChrdoResiyshpgenati on reactor(s) and any other affected
process equl pnent and inproving the overall process

ec 6adui afNoriahbtram diepter Aciveafarhan extardate érefersed to herein as

standlard % & SeBaihanBobl (el b SRER N Ondicl of Bigieodh Atante

Ga.)li O woul d be used to convert maleic acid to succinic

aci d
(B) Ag/Fe/Na Impregnation Solution:

2.99g of silver nitrate, 5.1g of sodium nitrate and 2g of [Fe (NOs) 3.9H,0] are
dissolved in 20g of de-ionized water and then gradually mixed with 68.3g of
concentrated nitric acid (70 wt% nitric acid).
(C) Pd/Re Impregnation Solution 1:

9.1g of Pd (NOj3); solution (20.38% Pd), 12.22g of HReO4 solution (56.36 wt%
Re), 23.3g of concentrated nitric acid (70 wt% nitric acid), and 24g of de-ionized

water are mixed together.
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in the first hydrogenation zone and the hydrogenation

catal yst used in the second hydrogenation zone to
w@orémnts2zucci nic acid to at | east one of PCT/US2005/023306

gamma- but yrol act one, 1, 4-but anedi ol and
PreparbfiohyPoodduran, coul d conpri se a hydrogenati on

cat al yst conponent on a rutile Ti O support or it could
SteRdnpri se a hydrogenation catal yst conponent on a

i Bor 2T, bR AL BT RIS PheuBhth Wipy dhe AgrFeiNa

impgabtse sotutﬂ:)hadB)l aad pileged tdistamd fon throXihdemwatyriid then dried in
in the anatase crystalline phase can be calcined to
an qyemA 307 C o5 4.Blel.r uti | e phase for use as the catal yst
StepyPPOrt as described in U S. Pat. No. 5,362,908; U.S.
t. No. 5,354,898; U S. Pat. No. 5,6616,792; U. S. Pat.

NoThE, dErBo R Ihppoaic (A oivhidhi s Ib%ehﬁﬁﬂfrégﬁ%gdwhﬁfleg/FeWa is next
reference in its entirety. The support of the catal yst

grackially Wefﬁgn@t@%éf'tbrtbeeDéﬂR@fSOﬂlﬁ@ St theriigrieda allewed to stand
di si nt t
or & . A BBy Al S g8, ot st ntearate

that prevail in the hydrogenation of maleic acid. Such
corr03| ve cond| tions are an at | east part| al | and
benGata 8 p Rreparation, o f -' mg Catalyst

' sute hydr ogenati on tenperature of
fr @aﬂ&h@@btﬁ%t@ Ha mhaﬁﬁﬁgaﬂMt%ﬂWéﬂluh‘ﬁ rﬁ@ﬁi‘fﬁ@and silver

by an _extrusion technique in any conveni ent formth at
hydr@aﬁn%omjsr@étala Q" phek edrsd suppOdnas pearheny &eptalyst B. Nominal

Cor@&? H;g?{/l A’apt%twng%%?g%fu’s/ﬁ%?mﬁ%g%rﬁdpgggﬁé OIPD1 5 mm diameter

carbpnefuppall. y at | east about 95 wei ght percent, nore
preferably at |east about 97 weight percent, and nore
preferably 100 wei ght percent of the titanium dioxide

Maté%?o” is in the rutile crystalline phase. Titanium
| de which is in the anatase crystalline phase can

(A) Gerboal SupEit:t o convert it to the rutile phase for use

. BAABT e . B S RBter i PR g CuTalp AdlATBR parbon).

(B)A%n:@méj%gyéaﬂaq%nagdghé@nper ature in the range of from
out 600C preferably trom about 800C, and nore

pr éf%ga(m silver oitraieobt1 gooiditm ritretet and @A [FeefNdahl3H.O] are
dISSORleg e 209 of de-ionized water and then gradually mixed with 68.3g of

concentrated nitric acid (70 wt% nitric acid).
(C) Pd/Re Impregnation Solution 1:
4.55g of Pd (NOs3), Solution (20.38% Pd)
6.1g of HReO;4 solution (56.36 wt% Re), 25.6g of concentrated nitric acid (70

wt% nitric acid), and 279 of de-ionized water are mixed together.

Preparation Procedure:

Step 1
The carbon support (A) is gradually impregnated with the Ag/Fe/Na

impregnation solution (B), and allowed to stand for 1hr. The material is then dried in
an oven at 130° C for 6 hr.
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11000C , and nore preferably to about 1000C. In this
enbodi nent, preferably at |east 5 weight percent, nore
woe@beomks y at | east 70 wei ght percent, nore prelf/@sz2i05/923306
~at least 90 wei ght percent and nost preferably
substantially 100 wei ght percent, of the titanium
di oxi de which is calcined is initially in the anatase
Step @rystal phase. In a further preferred enbodi nent, the

arTbg SAophcranmi (T BElen, 185, sl bsBEEL gAY B%a is nex

grad l@? i PERNATBA Svifh tﬁégwl:tleysdlm (e irumiddresit Blib®ed to stand

ers per gram and nore preferably | ess than about
for 3Hr0Thewatalystds ¢nen geed fpranhrsTatt BHI°Un di oxi de supports
having a surface area of fromabout 3 to about 6
square neters per gram are advantageous. |n another

Exarﬁél@f@%? ed.nbam. 0%Ke oh R4 Rﬁﬁiéleystﬂhghtgﬂoii&ho%bpbﬁﬁ

Catalyat Preparatidamm) , preferably at | east about 20 nm In
an especially preferred enbodi nent, at |east one
Mﬁtﬁﬂéﬁght percent of the titanium dioxide support is in

Rutild 1] SlibbSrt ¢80 $ka AutiREcrpS@AReBINER , SUAIPBhaBRBIG &Elline phase,

fessthan 500 parts per mllion by wel ght of a
1/16 sehf(dr5 own} diametgr)conponent, cal cul ated as el enent al

Zglé%ﬁf%r@%ﬂag fé;%t llgﬁﬁe@e&\'ﬂ%} §ﬁ]{|{q§§l§l|§rﬁ?€§}§|§l2% zﬁ‘%g%goq’qitanium
dioxigé anBtentRiofahe baatiscalrpithllih® phaseaiditariuiadioxdeby7.5 g (dry).

calcination at a tenperature of from about 600C to
Pd/Refiopregrzaion Selutiont ani um di oxi de of which at |east 50

i ght i Sa 1N t yst T .
1 R B0 A DR S0 gRhaseof et (21
wit% ReU RREr 8.980§WdNsENGaked hieds boiab(% &3triceadd) apemntred together
titaniumdioxide in the rutile ¢rystalline gjhase has

This spletipnlis bsepthEp HoRrganaisibe 3% rudertifanive dipydeAunPR
Pre Eﬁgﬁ)ﬂ lg,ljoiégagutém di oxi de support is significantly harder
—of carbon; b) the support conprising

Steptti tani um di oxide in the rutile crystalline phase is

much harder than any ot her forns af M t ani um gicﬁXi'tﬁeth b

sudie adlile tanysy PHBPRf 18 IraAatY 4nBIEdETh iethe above
solutfNEEATIBWES @' dthRS [APRAR The material is then dried in an oven at 130°C
for 3.5 hr.
Example 1(b) - 0.5%Pd/2.0%Re on 1/8" Rutile Titanium Dioxide Support Catalyst

Preparation

The catalyst of Example 1(b) is made by the same procedure as the catalyst
of Example 1(a) except that a rutile TiO, support comprising 98 wt% rutile crystalline
phase, 2 wt% anatase crystalline phase, and having a 1/8 inch (3.0 mm) diameter is
used.

Example 2 - 0.5% Pd on 1/8" Rutile Catalyst Preparation

An edge-coated catalyst having 0.5% Pd on 1/8" rutile TiO, support (97%

Rutile, 3% Anatase, 1/8 inch diameter) was prepared by Engelhard Corporation, 101

Wood Avenue, Iselin, New Jersey 08830-0770 using a procedure described in Che,
M.; Clause, O.; and Marcilly, Ch.; "Impregnation and lon Exchange" Handbook of
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c) with a catal yst support conprising titani um di oxide

inthe rutile crystalline phase, co-catal ysts or
w@r@aobBes such as Ag, Fe, and Na can be avoi dedr/vs2005/023306

reduced; d) the amount of nitric acid need to nake the

Hete@gteg}esuéﬂ @%teggé@' wscnu gtre@tagéswdm%ct Eaké@gb?hf/e. Ertl, H.

tion der and nore environmenta
Knozfngee,nﬂIWeetbtambeISth 3527‘29@2 2cht(AP9E Ediiapar at i on
procedure may require fewer steps than catal ysts
haV| ng aocar bon su ipti onally 2

Examplesd - 0,5% Pd pp 1/8'sRutile ©a PRI ts; one

Mateﬁ%l%l ng vs. several dryings for car bon supports); f)
rutile Ti 2 catal yst can be used in both 1/8" (3.0

RutilefO-08udpdi® (8806 R ftild,. Bysmnatasallyd incthi (8rtetren sdiamteden as

t.al ||
odeBnBai e Sartaryee oty af Ui pule shiseliee Rypserl ttanium
. 0 f
b g RO Sk MM Ay 0001155 0 o)
Pd Ingenegnaties Soékioor no chi ps duri ng cat al yst

el BB SERERR TERR Bkt B B €423 GAeentrated

nitric "BAY T @O iricl écnﬁre THE! éd?uﬂ'd)rms Qe t@ﬁmb@r@tﬂhé 98% rutile
uniformparticle 1ength; the rutile Ti cat al yst

titaniheisdiaxidesiupporiger expect ed I|fe at a higher production

Pre rate than lzjtrteal ysts using carbon or anatase Ti Q2 as

—ﬁl@i—@n%S&?Lﬁnd k) the rutile TiQ2 has a greater

Step@rush strength than anatase Ti Q2. I) t he rutiIe form
of TiO2 is nuch nore stable to hig aci d

c i 98 Brrtibg tianien td*@“@%ﬁé'@ﬁt)ﬁatseﬂraﬂh@"!’ @ﬂsmam witg the Pd
impréfiafioR dafld Qjaerﬂl ﬁefof qr ?fne %nams B dried in an
P ase

e crystalTine ani um OXI

ovenegtwegoydwfﬁylhfur content A | ow sul fur content is
desirabl e because sul fur can poi son sonme catal ysts and
ActivitydEealuatienrof€atalysty, therefore a catal yst support,

S, Bt bS] B sy b Bl e aghf S/ corrfocted in
serieb e . malkid scid @ firey ednvdradd W $utoinit iackl (BAR) m\ftlne firsttreactor at

is calcined at high ten‘gerature it begins to form
aboug dH° def ethe §tftuﬁf§ taadirsk ét@oesre@cmrﬂs dalivaadtae the second

stagg geq{;g or"tﬁg fSRbersich YFE%edifcSdidYo ?r%{llr\r?/ BDO! dBEe?Qﬁwd bressure

is at 2500 to 4000 psi and internal reactor temperature is initially set at 165° C.

Thereafter, temperature is adjusted closer to the temperature where a high
conversion of SAC (about 99.7%) is obtained. This temperature generally may vary
from about 130° C to about 175° C. At the lower end of the temperature range BDO
selectivity is higher (80% or higher) whereas THF is favored at higher temperatures
(over 5%).

The results of the activity evaluation of a catalysts made according to the
procedure of catalyst Example 1(a) is shown in Table 1a. Activity evaluation of a
catalyst made according to the procedure of catalyst Example 2 is shown in Table
1(b). Catalyst results of the activity evaluation of a catalysts made according to the

procedure of catalyst Example 3 is shown in Table 1(c).
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perfect. Ti+3 may bond with the rhenium and pall adi um
Anot her Ti believed to be fornmed in the rutile TIQ2 is
wabeedooBas X-ray, electron mcroscopy and X-r apCT/US2005/023306
diffraction (XRD) data show that palladiumand rheni um
are wel | dispersed beyongabeqgapability of dispersal
r {

Convéfél&?gpﬁ)ihlg’ﬁ IQ&HEMA goo%\lﬁdtdyﬁ l-'/—illc%e %Rgf?%l d.e}l Lafyst Example 1(a)
(0. S‘V(sé’ldu/t PN Raaeon I1|/1@rRuf|lecﬁ02D st @emvéremn)ofo$AChkom the 1% stage

ooc B3 R0 195, T, 5 e s & 00re
9%y, 29YP S GOURchl 3 Sifbadch Mok, o

OF THE I NVENTION It is|to biStagedescomd t 2™ Stege Reaction

Congpdsjtient i nvention i s npCatatysbExdrpietiéd) -by I he exanpl es
set forth herein. Thesp0h%edEe ReproRitled Brnedd Carbon
denonstrat e operabilityTiCaSdppdre(F8eh Ratileon| Ohtalyst B - 0.4%Fe,
catal ysts, netal source2% Areatdsen186pmarts, | 1.9%Na, 2.66%Ag,
concentrations, contactdiamets) solids | oad] ng6%Pd, 10.0%Re on
f eedst ocks, reaction cpnditions, and product.s,mrifcatidy, support

Results be determ ned from Mok $%ot al | syaesi fication

acefilt sa@d osur e provi ded, W phayt depaplgspg Trom the Spirit

acnit atide | nvention her ei ho @p%Cl 0Sedoaynd, descri bed, the

1,4-6G@REdiBF The Tnvention i Bgyudi ng Ho@bf T catrjons g§1 W%

1 bﬁé‘ﬁdﬁaﬁ ons that—fatt—w ﬁﬂb‘f the %%% of —the—attached

Lal aryst—Pre nm—Cat f tatyst—A—
fg bd;\tkﬁlaléﬁjn Fh+ ccy St P Jg? 23—59) on—of 7§;}% {:&{a! VSt Zv'ivpé!){\[t%
UGHEICHE o hon Suppart MY fa CopBdbl i on:l 0 4%
%&@M—Z—@Wt a i ’ ! mh-dianeter
malQ‘Q.a n—Materi ::\!’ S (A\ >

mahﬁr“%} Iha_r_d__]r_g_mq_dj_anc,e QA1 %ct jve 48on_avkai lable from

methﬁnﬂh hard Corporation, Qeer k. NDO.00B  Aq/iEe/ Na

1,3- PE%)?‘B Holt i on_Sol ution-|0.00% 0.00%

_propionic acid 0.00% 0.00%
succinic acid 87.75% 90.60%
terephthalic acid 0.00% 0.00%
THF 2.02% 1.27% 9.28 wt%
BDO + GBL + THF 96.8 wi%
Time on Stream | 1009 hrs. 1009 hrs.
Liquid Hourly Space Velocity 1.6 0.8
MAC Conversion, % 100 n.a.
SAC selectivity 90.60%
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1.36g of silver nitrate, 2.34g of sodiumnitrate and
0.96g of [Fe (NCG3) 3.9H2Q] are dissolved in 8.1 99 of
waleetconmiszed water and then gradually m xed w t PCT/USRHF023306
of concentrated nitric acid (70 wt%nnitric acid). (O
Pd/ Re | npregnation Sol utaqy, e Apsol ut| on of 9.68g of Pd
NRB) 2 959%d) /i ' i
Convefegsof W36l A MAFTH SogihichABGTRACH i Egtehyef Bkafiple 2
(0.5%2PHGH 78 RUHTIT] Su@ﬁbrdQQW}GIRiltﬂe @G Arfatdse il inzbdiiameter)
water. (D) HNG3/ H20 I npregnatl on Sol ution: 12.95g of
concentrated nitric acﬁ (70 wt%nnitric acid) and 171
79 of de-ionilzed wat & Stace Reagdien t oget helr2 PSE C
ComPosit@dur e : St@galystibxempie Bof. 5%upgent1/8"A CE@'YS’I Example 5(b)
i npregnat ed wi Rutile Ti©.Ayppert k&7 % Hutilei 8% (|B) 0-Bm&d. 5% Re on
al lowed to st|ahubthss; 1inch dieeetest erial ifs t AR Quiiledios
in an oven at| 130 C for 4.5hr. Step 2 The @ppGAI8% Rutile,
support (A) i ch has been inpregnated w 2% ARgitase/ N6 inch

is next gradually inpregnated with the Pd/ Re diameter)
i npregnation solution (C) and the mxture is all owed
Restles t unbl e for| Mible %ohen to sWH¥d for 3 hrs. The
acetleaicd yst 1s thensdried for |B.08s at 130 C. Step 3 The
acryfi@&d&i®n supporfo.08% whi ch has.0ogen i npregpated with
1 4- ﬁgé,l,—eefd}la and PdaBe 1s next |graewal |y | npregnadzg1witth
1- bu'téh%l HNCB7/ H2O @r@b%gnatl on $glgabg on (D) ahd the m xture
g- bdtﬁolﬂtgﬁoﬂé‘“‘jogo éb@*?“ for—1hirg oBhe catalyS[ 1S £3168 wt%
fumane S o Lo OB, o _TOUT Sy plggppront Cat alyst B -
A-hygroxybutyic sad. ED, ‘Zr' il '\‘udLle%,.?uiml dwbl Wt
malais As oo LA s s Ppoetr € desc Thes an
malic acid ] 0.00%  _ 10.00% " T
methanol 0.00% 0.00%
1,3-propanediol 0.00% 0.00%
propionic acid 0.00% 0.00%
succinic acid 98.36% 98.89%
terephthalic acid 0.00% 0.00%
THF 0.61% 0.37% 2.46 wit%
BDO + GBL + THF 92.8 wi%
Time on Stream 140 hrs 135 hrs
Liquid Hourly Space
Velocity 1.6 0.8
MAC Conversion, % 100 n.a.
SAC selectivity 98.89%
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15

using Norit 1.
0. 4%-e,

wa p@amo=e3 car bon.

5 mm car bon.

Materi al s :

Nom nal

Conposi tion:
1.99%Na, 2.66%Ag, 2.66%d, 10.0%=e on 1.5 nmm
(A) Carbon Support¢T/USBI0#H0R3306

of Norit 1.5 mmdianmeter Active Carbon extrudate
(referred to herein as Standard C or standard carbon)
(acquired from Norit Amerl

coriPreut S MeRds SO MAE) §78E

at

64"

c. located in Atl anta,

|on

APEAR Wil % s Eample 3

(0.564NP8)or31/BHRGK| AT 10,08 ¢S50 rv €57 % rm@ Fh Aleath et FEihchRfiRheter)

and then gradually m xed with 68.3g of concentrated

nitric acid (70 ww% nitric acid).

(C) PdZRe

| mpr eqnat i on S0l ut i on 11 StayeRepcion Pd ( NOS)Z" StigetRemation

Conp0siB8%% Pd)

acid),
t oget her.
support (A

and allowed to

12. 22yt EkReé 3s-d.b%i Rihorf 56. SEnddréiodae)gn
23. 3g of concgnRutilecdOnStproct (8% dRu(til) 204 ©
and 24d of AdeatossiiZ&ihchvdicarete)e m
Prepdrati on Procedure:

b QathlysicB - 0.4%Fe,
xe8%Na, 2.66%Ag,

Step 1 The2.66%Pdn10.0%Re
i'§ gradual ly inpregnated wi th drhe5Aghlartsa
i npregnation golution (B),

sippod f or

Redliits The nmater

iMblei% then d

r'wed,in an oven at 130 C

acdtiefacid. Shr .

St e.@7%he carbo

no.support (A)

whi ch has

aoo%,t h Agl Fe

Nao%s next gr

adual Ty

acrpiRedtid npr egnat
1,400 rRaRAt ed W
1-biakbUre s all
g-bbliFdladbaLd TOr
funPigGRIS  TWo- St
4-hy@ro&yb{iric Held'!
maldie g~ 2
et -trafe—st
malic ‘acid
methanol
1,3-propanediol
propionic acid
succinic acid
terephthalic acid
THF
BDO + GBL + THF
Time on Stream
Liquid Hourly Space
Velocity
MAC Conversion, %
SAC selectivity

gpdhe Pd/ Re 5ebyd on (C) and TNep o1 wi%

QML T 0 stand pegy3 Nr. Thg catal yst S
Obog'% at 130 G ok« bon Catrat yst G 51 wi%
EQDO(W epar at 0 OgbcyBI"U Hat—ivetat

deo} J. 'C) TTITT bWII ouppuu L,dl U.UII

Q,)JL hal-f—t |6:_0€d/uum of1attadium

0 4% 0.36%
0.02% 0.00%
0.00% 0.00%
0.00% 0.00%
98.31% 98.73%
0.00% 0.00%
0.74% 0.45%

2.92 wt%
96.3 wt%
@209 hrs.

193 hrs

1.6
100

0.8
n.a.

98.73%

Tables 1a, 1b and 1c¢ show that catalysts of Example 1(a), comprising Pd/Re
on a rutile titanium dioxide support, and catalysts of Example 2 and Example 3,
comprising Pd on a rutile titanium dioxide support, completely convert maleic acid to

succinic acid with high selectivity to succinic acid and low amounts of other by-

" products.

The Catalyst Testing Unit (CTU) results for Catalyst Example 1 and Catalyst
Example 2 show that

(a)

hydrogenation. For carbon, 1/8 inch was found to be less effective.

Both 1/16 inch and 1/8 inch Rutile extrudates can be used for
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10

hydr ogenati on netal s on the carbon support as Carbon
Catal yst B. Nom nal Conposition: 0.4%e, 1.9%\a,
wa 2887523 1. 33%°d, 5.0%e on 1.5 mm di anet er cRChOR2005/023306
support. Materials: (A Carbon Support: 58.4g of Norit
1. Fbhm dHanRiafic a6t suRirfidriieRo a
ar?qb)(m]). (B&A /Iazte/ Na | npregnati oeﬁfé%ofr%trié 3%1%}:%?{4?%8 %q; other co-
Catng$t§§|UChi8cSr ,e‘?e,et\.la, gjcof sodiumnitrate and 2g of [Fe

3. di ssol ved-in 2 of .de-ionized water
EnSED o e Bidhe o 2 Ticheob P Ve BB Epayeion of maleic
acidhia suaziriciadid 70 wt %o nitric acid). (C Pd/ Re

I ag)%g}ation Solution 1: 4.55g of Pd (NO3)2 Sol ution
( 20 29¥83 PApng. Ay shew e casyis oft hyshiogatatkt oft #1aRe acid to succinic

ool 280 RheRISTIAE AR DRHOLE AL ol hBitaf aonapscrved i
Catdlyspaxamnplent (B) and @atalysSEgampleT@e car bon support (A)

is gradually 1 npregnated with the Ag/Fe/ Na

i n’pr%%%ati on sol ution .Sg) Tablei2al | oned to stand for
Hydiegenafioa Regullsi Using Rutile Ky 1/46" SupaortarenPdiRelGatalyst (Catalyst

Sxalills 0T BPRPBLTIG RS RIN SRR it Ao Ko v,
Rutiletp¥ednataed) Wi ¢dnviehEVBRIRACRoUS @i Bcignd t he

mxture is allowed to stand for 3hr. The catalyst is
then dried for 5 hrs at 130 C. Exanple Ka) -

0.5%d/ 2. 0%Re on 1/ 16" Rutil e Rutilenf, Ut oxi de Support
Tim€anaddtysamPr eparati on Materialk @ Rutile Ti O Sppport
(TOSRG et % rytile crysy@l i ne phase, 2 y4f6 anat ase 380

crystalTine phase,

Mole% W% Mole%  |Wit% Mole%  [Wt%

acetic acid 0.12% 0.06%  0.14% 0.07%| 0.07%| 0.04%
acrylic acid 0.00% 0.00%|  0.00% 0.00% 0.00%| 0.00%
1,4-butanediol 0.35% 0.28%  1.54% 1.22%  0.39%, 0.31%
1-butanol 0.10% 0.06% 0.21% 0.14% 0.00%| 0.00%
g-butyrolactone 7.98% 6.01%  7.90% 9.97% 7.68% 5.77%
fumaric acid 0.10% __ 0.11% 0.00% __ 0.00% 0.00% 0.00%
4-hydroxybutyric
acid 1.74% 1.58% 2.95% 2.70%  1.59% 1.44%
maleic acid 0.00% 0.00%|  0.04% 0.04% 0.00%| 0.00%
malic acid 0.15% 0.18%  0.29% 0.34%| 0.00%| 0.00%
methanol 0.00% 0.00%|  0.00% 0.00% 0.00%| 0.00%
1,3-propanediol 0.00% 0.00%|  0.00% 0.00%| 0.00%| 0.00%
propionic acid 0.00% 0.00%  0.06% 0.04%  0.00%| 0.00%
succinic acid 87.87% 90.72%| 85.51%| 88.63%| 88.80% 91.52%
erephthalic acid 0.00% 0.00%  0.00% 0.00%| 0.00% 0.00%
THF 1.58% 0.99% 1.36% 0.86% 1.46%| 0.92%
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1/16 inch (1 .5 nm

di anmeter) Titani um di oxi de

containing 98 wt% of the rutile crystalline phase of
wo 2aoand1ses di oxi de and 2 wt % of the anatase cryBtBUB2I0®023306

phase of titaniumdioxide, 47.5 g (dry). Pd/Re

TabIéTfé%mH;g%@ Sol ution 1. 31Ighof Pd (I\IOs)2 Sol ut| on
reha. 03 5 soncontratea mRUTE Tl ( 760 nees o

T'm%{?ﬁd'%" |mi xed together This solution is used|to
rs j rmrpnn_aIF the 98%%ftile titaniumdi64Pde support. 1009

PreDaraticn Procedurle: Step i [The rutile titanjium

di oxi de sUllpte % i s gvatiual |y i iMuleghatddosn th tiele % Wit%
acetiPdasié sol ytion, oarsdsyal I owedot stemgoflor 1obayl The 14% 0.08%
acryll&@beid al 1S theg gdpted 1 noaéb%v?f‘g,@g%gf%“@. 8% °: 0.08% 0.00%
1,4-eanegtol 2 R 2 0VBey S 176 4390t T T S Y Byo 1 55%
1-bu O ;j;g\w“o:@ Hyst o “%@%@@Q‘V £ 0%00% 0.00%
g-bytypldd er\-f/l:yaﬁ'tjéf-fﬂ;\ 438%; 1+ BB r ut4-BA%Ti OB.35%  4.78%
fumarigaeielt cdnpri 0 %8 wt 9rQit%l e 0:00%al | iHE0Bhas,00%  0.00%
4-hygdroxybndyriede cryst al I]i ne phase,| and haying a 1/8 i nch
acid(3.0 nm) '|di ameR&8%|s use@. 1P#anpP 89% - 0.5%6%H on.36% 1.24%
maldi¢ 8cidRut i lle Cat glopst) Pr ep@r@dglon Aiooef ge @ebef 0.00% 0.00%
mali€ 3lc@] YST Navi ngpBsofo Pd O'D 41% "o00% T Yo8%PPOh41%  0.48%
metigHol? RULTTE, —3% fygal ase, M, Q0% -0 0% 'ﬂ‘j'nc 00%F_..0.00% 0.00%
1,3 BRI g 0o o B 0. 00% e Hiad¥E ™0/00% 0.00%
propiphic Acised |i n chi-O0fkl- an&O%o 090% Mar Q-00%| CR.00%  0.00%
sucoinigngcihnatli on 8063an FxS0H0%6" 888880k 92.03% 87.75% 90.60%
terepiithistie acideneous0.04tal ysi s 0.0MSkjume0.00%)ageD.09% 200,00%  0.00%
THFEdi ted by:| G ERIOO%H. Kndzi2wger, 1.429%0i t kp8p% | SBN2%  1.27%

352729212-8, (1997 Edition). Exanple 3 - 0.5% Pd on

1/8" Rutile Catalyst Preppsgiel iy Materials :
Hydrogenation Results Using Rutile 1/8" Support and Pd Catalyst (Catalyst Example

2, 0.5% Pd on 1/8" Rutile Titanium Dioxide Support, 97%Rutile/3%Anatase) to

convert Maleic Acid to Succinic Acid

Rutile 2, 1/8" 4
'Time on Stream, hrs ' 96 238

Mole % W1t% Mole % [Wt%
acetic acid 0.23% 0.12%| 0.24% 0.12%
acrylic acid 0.00% 0.00%| 0.00% 0.00%
1,4-butanediol 4.29% 3.39%| 0.80% 0.62%
1-butanol 2.91% 1.90% 0.17% 0.11%

-butyrolactone 0.88% 0.67%| 0.06% 0.04%

fumaric acid 0.00% 0.00%| 0.00% 0.00%
4-hydroxybutyric acid 0.00% 0.00%] 0.00% 0.00%
maleic acid 0.00% 0.00%| 0.00% 0.00%
malic acid 0.42% 0.49%| 0.19% 0.22%
methanol 0.00% 0.00%| 0.00% 0.00%
1,3-propanediol 0.00% 0.00%| 0.00% 0.00%
propionic acid 0.00% 0.00%| 0.00% 0.00%
succinic acid 88.49% 91.68%| 97.56% 98.29%
terephthalic acid 0.00%, 0.00%| 0.00% 0.00%
THF 2.77% 1.76% 0.98% 0.60%
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Rutile Ti O? Support (98% Rutile, 2% Anatase 1/8 inch

(3.0 mm dianeter) Titanium di oxi de containing 98 w %
wobkoosloerseaiti | e crystalline phase of titani um dPORUSE05/023306

and 2 wt % of the anatase crystalline phase of titanium

Crusﬁg@{%ﬂ%g' 5SgI (dry). (Pd | npregnation Solution 1.31g

0 | . .0/ i i 1 . .
SO LR 7 4Pl et Pl 1 FecoypEnieanty anc
stabilftjtio$ ti5e batalyast, iGonstant Broakingrof gaaticles heeddBIprobtane with delta P,

~_titani um di oxi de support P ti P d ) ,
o ot DRk oap B i L (RaanEF NS SR, partt

i : . r . t . ,
ot FPFEATERE o408 Pl ABRL LRt SR BT cordhs on carbon
supp%ig? &\rbr@;/rﬁﬁqrﬁtantﬁﬁofpémd Bith rbiile TiCwi extrudatvabodidasalysts on the
al ysts_The catalyst testing_unit i ' f
non-qevon il 10s §SbRaA Likect BT Fagkte CuShonendl Lrd-
acid is first converted to succinic acid (SAC) in the

Sinf ‘erﬁémrggg];&rh% sgﬂ_u]te%lo_ C. The effluent fromthe
elivered to the second stage

r s esstfierapplicabknteicarbom of osherceatatyshpadides miich yre either

BDO. Operating pressure js at 2500 to 4000 psi and
extrutas A PUEB NG AU FPLOPETEIYL 1 al [y sot at 165

?‘Aéﬁé‘?&ﬁ%ﬁ §fnte6r?mb%{$?ghuéo$nﬂ)l§teﬁ%#iﬁélﬁéﬁ flesanicPtddig unit and

tare where a conversion of SAC (about
calip9%. 7% is obtained. This tenperature generally may

f
I ARkt e
a rer%régt%ltgﬁvé‘ sahele, WHEeh $28 bedn prephrPictidwaig BDIhayr “Preparation of

nperatures (over 5% . The results of the activity
a Repraserdaiivn Seimpleciar Analysis,iwnd tedolemotiys epdt wieths measured in

non B SRRIGRR) SOATARY G BTl by uRgLn sl ety
crusiﬁl_éaﬁbltigeapSPﬁé’@W@ rA&ciaiicdlyRistifyanmit.e A icrosshiovad ispeed of 0.05
in/minute is used with a break sensitivity of 25%. In some cases premature cracking
of the particle may occur before crushing and this load is recorded as the first visible
peak on the load versus elongation curve. The single-particle crush strength data is
analyzed as follows.

Load Per Unit Length - The failure stress is calculated by dividing the failure

load of each particle (kg) by the length of the particle (mm). The percentage of
particles failing at stresses <0.33 and <0.66 Kg/mm, and the mean failure stress, are
calculated.

Results of crush strength tests are shown in Tables 3(a) and 3(b).
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1(b). Catalyst results of the activity evaluation of a

catal ysts nade according to the procedure of catalyst
waEz@aphs28 is shown in Table 1(c). Table la. CoPeEUS2005023306

of Maleic Acid (MAC) to Succinic Acid (SAC) with

Cat al yst Exanple 1(a) (0.5%Pd / 2% Re on 1/16" Rutile

Ti ) and Co t.stage
reaction to %Iggﬁ) %rugﬁ%ﬁéﬁﬂm@"ﬁ%%%? Car b(c))n

, )04 66%Ag Pd, 10 0%re
! ‘?ﬁﬁ?%ar bon support) Tabl e 1b Conver si o Aygrage

Mal ei ¢ Acid (MAC) to Succinic Acid (SAC) Wit hSEé&SaI yst
le 2 (0. 5%Pd on 1/8 Rutile Ti 2 Suppaor

ti Mediamsten Standaed Gaop Fxiudatadength Piampme 1¢ 1 26
brBy dipmpten Btapgped Garken Ex{rogsts, leragtﬁﬁo'tmm c Adis® ( SAQ)
| 5% mmediameter BMC SteadpideCBbeOESdate'on 1/ 8 Rulillsd Ti OP
Sfopor diah eteCRekanl ExtrugéteAnat ase 1/ 8 i nch di apetzer)
Tdohesdidactel B8 %rRutilel2 %hawitddedliOs Bkialideaé s of Exampl €
B(rap disrostpr 9 &% RutiRii9RAnams8 TIOY EXteidatd ani um ihoxpde

SUPR FdmotBN B E TR 7% AlatdesiID:, Extrudils LxanmphesS:

oeilirniaSr +

COTITPT 1"S1 Ilg Pd—onm a ruttie t+Htantgma-oxide—s PPot—t

It rt cid tq,succinic, acid wth
“ﬁ% ; %@J@? et B @%a‘sg&u& 134D (o tromindl® gange of
leng Byt Porgdrydatasyst Testing Unit (CTU)
results for Catal yst Exanple 1 and Cat al yst Exanpl e 2

i 70 Bl SRR g 2 1.
dianetér titmniumediokide nektiual dbe doa@ma@f%.%l Rl b}ys‘Fﬂl’néTﬁii“@sé TiO, is
or o

aboutog Hhes Biched 1BARSEeAL 5 e Ramotar M q” Sjansiasd qagbon extrudate.
The @r@é’t@r eFush étﬁ"ér‘ugitﬁ o R rBHRPPID, (9&1 &go %‘%}Fézsbi't Wore able to
| St I

mal eic acid To succinic acid. show
Wlthsthed s diot @xcit ahgld‘rlg:rgelnast;swe omhdrmheicnf thei grotess of the invention

Y55 ot S B S it o
the hhalasen@rfedbiphy Shhas MR is TS8hficdRtly less hard than the rutile

crystalline phase TiO; and, therefore, more susceptible to flaking and breaking which

increased delta P and reduces throughput in the reaction process.

Table 3(b) Crush Strength Comparisons

Support SPCS | SPCS | SPCS Average
' Softest | Softest | Hardest | SPCS

1% 20% 1% Kg/mm
Kg/mm | Kg/mm | Kg/mm

Standard Carbon, 15% of softest and 0.48 <112 |2.71 1.51

hardest taken out, 1.5mm diameter

Standard Carbon Catalyst, 0.4% Fe, 0.43 <0.60 |[1.37 0.76

1.9% Na, 2.7% Pd, 10.0% Re, 2.7% Ag,

1.5mm diameter

94.5%Rutile TiO,, 1.5mm diameter 1.87 <3.31 6.52 4.06

77% Rutile TiO,, 1.5mm diameter 0.63 <2.27 |6.87 3.15
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Hydr ogenati on Results Using Rutile Ti Q2 1/16" Support
and Pd/ Re Catal yst (Catal yst Exanple 1(a) -
w0 2&%807523 0%Re on 1/ 16" Rutile Titani um Di oxi dBCT/US2005/023306
Support, 98% Rutil e/ 2% Anatase) to convert Maleic Acid
to c 'l d
%Tfé* (NS IATEIE NG ShoR it B L FguE lsh strongth g titanium
diox{ a*twﬂates:aoaﬂawng B Smitie 2rystalting E’Hasmnsl:l 89 tiRuts Yeater than a

97U | e/ 3%An
stanfight BptBBore Aot AHBPE 1 i e e sherhan e BT sasbor with catalyst
met&lsush |tStTl$é‘g1\/Brdg‘é &r08h @@ng‘t%?"tl‘i@@ﬁﬁﬁ%ﬁl@t mﬁ{/sféflhntehﬁwase TiO,

physi cal integrity and stabil of
extrggrietiarnd.68 tivaks geeater phan thy §§n¢l@ad1$ammblextrada\het and 5.34 times
but r.obl ems, hot

greaqg ‘{h%n Sé?'j&a&ﬁb%@?'g%ﬂt ?JIVSts'Pﬁtﬂ?% Bétrtl cle crush
ot ThagEArboRRGRLdObatl® HBharicsHRATPOS RIS v\ﬂﬁér?%eaﬂﬁies more

catal ysts on carbon sup gorts wer e made and conpar
thanyopg $lepi IfertheropudstthedaPesS @asdcemithd wees foomt the reduced crush

sl RO L I8 AEERSHRROAL 0 o BLAOAR, TR lhe of o

rutild 30, 'Batalyéteﬁippcﬁ't anpl siep ®nkosteprirepaitioft WA help preserve the
icles which are either extrudates or

cat al art
deghui is ﬁ'&Wﬁ*ﬁ?dap@ﬁﬂ'qaﬁ dntegely qyebatebilily maydartheuimprove catalyst
lif fpgel 6 conputer controlled mechanical testing
Ieal?{rﬁ]?‘%and calipers. Procedure - One-hundred particles
of carbon are randomy selected by riffling a
whi ch has_been Erepar

2 ORe, - opr  H#6'0f Rutite n THapiumt iDiexide Support
4°/§Rﬁﬁie%%9xna%9eém§tamﬁ@ﬂvh5§$5f | engths and wi dths
measured T rnches wtit carrpers. The particles are

st Thé& dadxalyst all Example 4 lie etadenBy ithelisentupidcgdardiabale idatalyst of

chani cal test upit. A cross-head
ExaigplR i e xoS0ETEN TR AROLNROLBEIRTiad thesain are adjusted to give
acaﬁaffﬁ'ctoh‘b’élﬁlhg%‘oaﬁ% AIBFRAEPS BB RIBHIYRS Cracki ng
the particle rmy occur before crushing and this
Ioad is recorded as the first visible peak on the | oad
versus elongation curve. The single-particle crush
strength data is

Table 4

Activity and Selectivity for 2"d-staqe, rutile-supported catalyst formulations

Table 4 shows the results of the second stage hydrogenation of succinic acid
to 1, 4-Butanediol (BDO). The first stage reaction (not shown) wherein maleic acid
was converted to succinic acid was conducted using a catalyst comprising 0.5%
palladium on a 1/8" rutile TiO, support, such as the catalyst of Example 2, and the
second stage reaction was conducted using a catalyst made by the process of

Example 4, comprising 2.0% Pd and 5% Re on a 1/16"rutile titanium dioxide support.

-37-



anal yzed as follows. Load Per

stresses <0.33 and <0. 66
stress, are cal cul ated. Resu

Unit Length - The
failure stress is calculated by dividing the failure
wo o@d/oofs2each particle (kg) by the | ength of tPeT/US2005/023306
particle (m). The percentage of particles failing at
and the nean failure
s of crush strength

tests are shown in Tables 3(a)
Crush _Strength Conparisons 1

and 3(b) . Balebtyity wh

MC (Broad M 11

Cut

)

Carbon Extrudate i9 a cut 2ndke
of lengths of |he standard@gar
e%L{E'IQ9§C'?PH°”TabI e :%(;aﬁ,"qsHlovﬁ_’i{r ha
strength of a {1185 Sty

n fromthe m dd
bon extrudates.
t thelaverage c

| e
TH
rus

A | eppr et oxige |

r ange
e
h

extrud at i dcofied, N L. T.l:iF‘.1 BuOH
“COAT L; LY I"II‘lg JOU UTULTITL;IY\.‘IG.I—ITI C LI
t & ti mes |hi gheér than the 1.5 mmdi aneter

%fl ﬁo n e ugatejggdie gigatieh oo ysh gt rien g{ 40.85
of1,f t, e | catallyst support |makes (it norle
to 4A) e hat acijd and |hi gh pressurfe conditions

he process 955.‘?%' rnv%ryvd;omgvgg OWlooDN €@'H4NG 8637 | 40.04
ELSZ' of T O nl R B JolA ZRROTT 0%, T QWP Be g | ons2
significantly | 4% [hdPd t@gpih@ B41]i 1080¢ y 0% ||; 4RSS | 17.73
phase Ti O and, | 2k&rleflér e, 1890F & 8084 epioBl ¢ @4 ||aR?-A% | 23.80
and breaki ng whi2eh |i nér easatC debs.a5 P awd redwdes 13.28 | 11.77
throughput in Fhezrleaet ijofvoft dcess1 |Tatwoe |30 Qrushs | 8.23
Strength Conpalisgp STHEE T PR TS 75 By TaRIB F(B)y3STOWE 76 | 7.29
that the avera ieﬁi u;llé ulz;{ D@ILIIYV.II:SL quI:é uno%u WE,Z“# 6.64
extrudat es contathin e crytstalHine—phase=—ts
2.09 tinmes grepfdd tﬁéfin 1‘5@%9: dA8° darldBn left!Pudad®2d | 573
and 4.14 times| §B%at &P 1| hthP Gt|ah®A? d t&Phon Okt h 17.46 | 4.50
catal yst netal 560% |i 20 The5&ver 85867 qr (518 $t 108agt|h 1687 4.21
t he 94. 5% rutif| esgriysballl igséc ghassr Ti 72Xt nwdat/e 18.62 4.61
2.69 times grealpy |TNgn TSt aa,ggéo @ ON pRST NUGELE | 848
alyet et e b SRETTe ThEBCTETAR] ORI ot T 71 | ss0
manuf aotur i ng pEddPe | WG £ el S0y O%ndn bk | 694
step, further h82tg t'Be |SHEY as74&h [b&-%een Oflfomn (HE6 | 5.52
r eENOEOF RUNSh stdgngtile of 165M@ |c@8.00r exr ydatie have.eg | 503

the catalyst nmetalg on Ift. In

t he cdse of |t he
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rutile TIO2 catal yst support, the sinple one-step
preparation will help preserve the hardness. This

wo p@eeersesl physical integrity and stability nmapcT/usio®023306
i mprove catalyst life and the delta P. Exanple 4 -

ﬁﬁl R@ﬂil@ NTithRitird cDidYEEB" Support

(9 4%ﬂutﬁé@WAﬁa¥hsleSC@3Ihhg Rh#sejane procedure as the
yst o %)Zléexc t

o Tenctalyshat CXETe ) & Ta BLVEE, AR RIORB Ay e catalyst
of Exﬁi@({)% ﬂbg%g«ge tt?fa%l@é‘éhﬁﬂn‘t’é“b?'t&g"? |9n"\"'§a|9f€i 'fR8RiukNare adjusted to

y an tivi 2nd- st age,
give & ¢hidigstopainingcD. 6 avtéd yaliadimnmﬂcbﬂi IOOM’té’/ Thdniem4 shows
the rsul ts ‘_ I}eos/econ s A rog?r{aton_ fX|de Suoport

98Y% [JERR ta%réé taﬁmé"\ﬁa erein nmaleic acid was

conducted using a
catrl yatalgstnpf iEsianpl®. Y palrhade uy dine spraceduneunf |Ea<ample 5(a)

Ti O 2 support, such as t cat al
excephthalez b s tiageeteb auiieo bkt ﬁEﬁ@?@éﬁ‘Q tas¥Erystalline
made by the process of Exanple 4, conprising
Phas‘%ﬁ)ﬁ"‘%’%&'and 5% Re on a 1/1 6"rutile titanium di oxi de
support. Tabl e 4Exanpl e 5( dable 6. 5%4°d/ 5. 0%Re on 1/ 16"

Rutl l'e Titani um Di oX rge SuportIe 94%?u i I e/

Tab@?ﬁdc% {re%%'it@ R s %9&6r§‘d %gbhﬁ/d‘?@ééﬁét@h cﬁfs@émh@id to 1, 4-

except that the anounts of | 'adi um and r heni um
Butaaemoaagsm)edThe fiist stage aeadtipst (rmrﬁtmwn)ngheretm wpgleic acid was

IR T D

on a(?%q@ﬂﬁllé ?4(3{@06}3@&98&55/%‘53%@ cstalR0 ¢ )ExEmepleaz, ataly@tthe second
Exanpl e I's made by the procedure of Exanp

stags (rapctirca@ts conucied UsBIY aicatalyelr madei e thp p&ﬁ@&ér‘tf Example 5
coménm%g {1, €h g XA HoRTE, G Y56 UAE tRARSA dibRiddS&ipokal! €

Selectivity, wt%

2nd
Stage
Run Description Lig. Rxr
TOS, | Rate, Actnvnty,
hr ce/hr in°C BDO | GBL SAC THF BuOH

2nd stage: Catalyst
Example 5; 0.5%

Pd/ 5% Re on 112 32 165 °C 18.8 66.42 11.89 1.84 0.89

1/16"rutile TiO,
(94% rutile)

135 | 32 | 175°C | 37.81 | 52.55 4.84 246 | 2.02
159 | 32 | 180°C | 50.01 | 38.12 2.94 5.31 3.10
183 | 32 | 185°C | 58.61 | 27.86 1.75 7.11 4.18
208 | 32 | 185°C | 56.03 | 30.02 1.97 7.31 3.88
281 | 24 | 185°C | 72.85 | 11.17 0.53 785 | 6.30
303 | 24 | 185°C | 70.80 | 8.46 0.39 10.84 | 8.21
327 | 24 | 185°C | 7200 | 8.86 0.44 1033 | 6.32
447 | 16 | 185°C | 66.38 | 0.12 0.06 1475 | 16.09
471 | 16 | 175°C | 78143 | 8.49 0.36 7.51 5.98
END OF RUN 405 | 16 | 177°C | 7824 | 5.19 0.21 873 | 6.26
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Activity and Selectivity for 2nd-stage,
rutil e-supported catalyst fornul ations Table 5 shows

wo b@onesas t s of the second stage hydrogenati onP@Of/US2005/023306
succinic acid to 1, 4- Butanediol (BDO . The first
stage reaction (not shown) wherein maleic acid was
converted to succinic acid was conducted using a

catal yst conprising 0.5% palladiumon a 1/8" rutile
Exampje2 guppg?/gPdlﬁgﬁ Res ngﬂfkﬁ' alRy tileofTEaaim_)he Dipoxided Support
he .. d re s conduct ed usin a

Tt \JL ToCoH T \Juuuv
P4 |

5 0 Fr%%étap@t éf%_:?ﬁnﬁré 8 |§/n3r§blé B&,Ith@ ol @Bwﬁaa‘éﬂr@@&ﬁe catalyst of
upport . Exanpl e 0%e on 1

Exarnpdéarﬂl a)nelxcemﬁ @I@ats;;@l;tﬁﬂlum( 4 vRUtusee) Eimnﬂtteaamount of rhenium is

I d
sl e A aRCcantdRu oS By o ol 1)
except that palladiumis npjpjesed and the amount of
ACh9RY ARd SeretiVity §8r b™-glagfe, Fufif: é‘ﬁéfﬁ&a‘éﬁ@ﬁbl‘%'ﬂ%ﬁﬂalations

10 Tabls & s E s AR 2 B S8 W o Lt o o1, -

Buta‘Fwaih(ﬂ (BDDpVs thisergaetiohtthe dfrst Siageeeastion Wtgftein maleic acid was
dr ogenati Qn of succi n| c acid to 1, 4- Butanedi ol
COn\( FULCINE Scidb WapiGomduRted: ysing as$tagéa¥dea%ﬂbi06rpatalyst such as

CarEMhe %%ebﬁd atﬁbdsé%%dcﬁﬁg %Sgtlérp (%r{HLSﬁ’:ltJ 'ugln‘ﬁaé catalyst

COﬂ sing a standar on cata yS

J

comﬁasmg rﬁ)%&tcbaryd;ﬁ%BReandaﬂWEG ‘setide mwmmmgiaomdechppOrtwas

/ 10 T+ 4 M)
e—oR—3 16" T Rut ez.'tn: um,.u,\. fe—Suppert

(94‘%Rut| | e/ 6%Anat dse Cf ysta Igt Phase) | The cat al y|st
of gy ®aRriBtioh | S nade by tihe| s procedure as the
catal yst of Exanpllgol a)qa@;(uﬁm,,t)t hat the anounts of
pal | adi um and r heni wm acenhadj wéted BoLOg| \@BLA| ch@l lySHF | BuOH
2ndCARdeaChial}@t Bxdhpi %0 pal | adi um and 3.0 wt % r hepi um
Bahbe PA/ % Reont Y ando Sel egt | et | 7.58" U-153620€0.06 | 4.64 | 5.44
116tuutilediGUPPOFite) ¢at al yst fprmul ati ons [fabl e| 7 shows
the results of the s@congs Sfagechydnaaenads®N o | 419 | 3.01
succinic acid to XEis I:s%anG]%ogl (7@@5)) 16.5}; W3 | 547 | 349
reaction the sy shage;d erqrRT %% 1052 .57 9596 | 3.8

was 5
186 16 177°C | 78.33 | 9.64 0.37 6.61 419
249 16 178°C | 87.29 | 0.00 0.09 5.52 5.21
273 16 180°C | 88.34 | 0.00 2.38 3.90 4.42
297 16 179°C | 88.18 | 0.00 0.13 5.83 4.57
321 16 177°C | 81.65 | 6.88 1.18 5.24 3.89
441 16 177°C | 89.15 | 1.82 0.07 3.38 4.71
465 16 172°C | 81.91 | 1014 | 0.32 4.04 2.86
609 16 173°C | 75.16 | 17.48 | 0.61 3.24 2.90
633 16 173°C | 80.14 | 11.07 | 0.30 4.98 3.01
657 16 173°C | 7360 | 17.67 | 0.39 4.88 2.88
681 16 173°C | 78.61 495 0.21 8.83 6.28

END OF RUN >>>> 825 16 173°C | 64.14 | 2574 | 1.05 | 566 | 2.89

15
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15

converted to succinic acid was conducted using a

standard carbon catal yst, such as Carbon Catal yst B,
wan@eths2second st age reacti on was conduct ed UBCTYISZH05/023306

catal yst conprising 1.0% Pd and 3% Re on a 1/1

673" Eggiﬂﬁﬂ_ﬁt? t-aﬂio%ﬁdﬁa,cwf'ork% SHPRAG!- gﬁﬁl%l e_l'f‘tmgflli¥lﬁ’ DfoxidB%Support
(94%Ruﬁl&lB%Ahatasdm€rystailide Fhage)reacti on wherein

5‘5' n| %Jba}gtl (gfa%né g? ﬂg%f &o g%%%grolceﬁhre as the catalyst of
Exa:tnﬁﬂé @(éé%’x% { At Hid Bﬁ1o®n@§BPb¥ﬁédlﬁﬁlr§Hd My te]rla%‘?ﬁﬁsted to give

roge atlon cat al yst conponent on a ru
a catalyﬁmamtaldnngxi Ievt%Jp@MHdlumlancbaJﬁ) Wido sleemiufr. om t he
results in Tables 4, 5, 6, that the catal yst of
t he, present | nventl on Qshovaéaalas_d selectivity for
Agti : elestivity for @ - -stagergutile-supportesd matalystfoumulations
hasechon stage Rydrogendtia@rofSsyxminic acid to 1, 4-

Butdgedlft JBE i S RPR IR NG el eigoR Pt e Bomalaie foid wes
com@riell 1@ @dccitflc GIdB\as Tohduited LGQI% alé?(ﬁaﬁgérdl@ar%n%a@élyst such as

concentrated nitric acid (70 % (O Re/
Carh%p@@%t. %na@@ltbeuaﬂ@‘ogdo@age HRaCHPEYIast ¢cmdu(cm gsiftg a catalyst

cor k4 S g SERSEIVH & FOMA o AR oo

support (A) is gradually inpregnated w th ssdddtivitgwt?B)
and allowed to stand for 1 hour. The material is then

dried in an|oven|at 1B02®&fagr 2 hours. Step 2: The
al | adi um i npr egnat ed 'ﬁ;'f@_e nutil e|support (A from
h&gseipfid gy th solution (€ and

LU 11l

all 19 TR nat ed wi
alloved to Star%rd gg/f' L' 1Y e £88,. ')Ptca L Thn'sf&gt NeN 1e | BuoH
bgeucla{ ovenat 130—C+¢ Z—hours ESHH-S—+-or
Exa gefdtl, reaction :onvoertl ng maleic gcid to
39 §ggﬁ|1nb-cm@,g| d2are 3howi8pie TaBlé B(A&)00 in WMch|a 295 14.1
Tioa(@beunRy tiakenjat 189 houns. The resulits for the .

45 | 16 | 175°C | 88.7 1.59 0.09 3.05 5.73
141 | 16 | 170°C | 86.9 4.65 0.17 416 3.61
165 | 16 | 168°C | 846 6.79 0.25 4.45 3.35
195 | 16 | 168°C | g7.4 0.53 0.11 5.79 5.63
213 | 16 | 166°C | 874 2.48 0.11 5.41 4.10
END OF RUN> 237 | 16 | 164°C | 847 5.04 0.20 5.71 3.74

Tables 4, 5, 6, and 7 show the results of testing catalysts of the invention in
the second stage reaction wherein succinic acid is hydrogenated to produce 1,4-
butanediol, gamma-butyrolactone, and/or tetrahydrofuran using a catalyst comprising
at least one hydrogenation catalyst component on a rutile titanium dioxide support. It
can be seen from the results in Tables 4, 5, 6, and 7 that the catalyst of the present

invention shows good selectivity for 1,4-butanediol.
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second stage reaction converting succinic acid to BDQ,

THF, and GBL or mixtures thereof over several hours is
wab@anoises Tabl e 8(b). Table 8(a) Activity and PCT/US2005/023306

Selectivity for 1lst-stage, rutile-supported catal yst

f ‘Erx@l‘lllér‘lte' PFwakkEp 920% 6.0 Re aﬁLRl!iﬁleCdiaﬁaNStmetaratlon

rogenation of maleic acid t0o SUcCCinic ac

(A) RUBICTiIQssSuppoat (% Ruile, diShpinaasgy 116Y rpuleatﬁamynb%om@e 9309
on a 1/16"rutile titani um di oxi de support. Tabl e 8(b)

(dry)Activity and Selectivity for 2nd-stage,

(B) PHﬁIINb§1r§| Fgg?{att@pl sAu@dyst fornmul ations Tabl e 8b shows

resu ts of the second st(aj\:?e hydr ogenati on of
sm9c4:8 giaf Reb(NOt)e Spojutipng@fldiedidl (BDO) using a

TR BarranEro e e AL - Eanl e o

(C) ReraN 8nd ?ﬁatgnss@gﬁowaterl al: 6,5%Pd on 1/16"
Rutil e Cat st P aration Materials: Rutile TiO

SLﬂQ@@Q’[HRQWMtiq 54698%3®)ase 1/16 inch ( 1 .5 nm
r %
ruﬁ?é%cgff;gpggﬁrne 3#1@1@5 0 tl\ENgj{} ILJnmgdlgng\ge/ ngt gevvt
Prep%(?alfongrhr@cggag@se cryst alp!jl ne phase of titanium
I oxI de | [
ofSten 1 Ncs) 2Tl”$brtm|6; %ip:( 66?%&%’98@ vﬁﬁnﬁéﬁ&?ﬁ%ﬁﬂ solution
(B) apig QIR EBhHTOEY i 'ﬁeaﬁfa?er{aﬁ 94t ghigd e bitloven at 130° C

_ _ _ 's"used to inpregnate t % rutil
for 2tHdupgli um di oxi de support. Preparation Procedure: St ep

ih R S A S
grad%lllygiﬁﬁrgrebﬂat%tda\n% E8utidn 1E) ahb&:IBREE b &tandfdrieRow ITte material

is then dried in an oven at 130° C for 2 hours.

The results for the stage 1 reaction converting maleic acid to succinic acid are
shown in Table 8(a), in which a sample was taken at 139 hours. The results for the
second stage reaction converting succinic acid to BDO, THF, and GBL or mixtures

thereof over several hours is shown in Table 8(b).

Table 8(a)
Activity and Selectivity for 1st-stage, rutile-supported catalyst formulations

Table 8a shows the results of the first stage hydrogenation of maleic acid to succinic
acid (SAC) using a catalyst comprising 2.0% Pd and 5.0% Re on a 1/16"rutile

titanium dioxide support.

Selectivity, wt%

1
Stage
Run Description Lig. Rxr
TOS, | Rate, Actlwty,
hr celhr | in°C BDO | GBL SAC THF BuOH

1st stage: Catalyst
Example 8 - 2.0%

Pd/ 5.0% Re on 138 24 110 °C 0.0 21.55 72.89 4,07 0.00

1/16"rutile TiO,

(94% rutile)
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oven at 130 C for 3.5 hr.Exanple 9 - 2nd-stage

material : Carbon Catal yst - Agueous Two- step
wee@panms on of BDO Catal yst with 1.5nm Car bonP@ppmos/023306

Thi s procedure descri bes an aqueous two-step BDO

catal yst preparation using Norit 1.5 nm carbon.

Nomi nal Corrp05|t| on: O. 4%&@]3(3%\& 2. 66%Ag, 2.66%"d,

i ML lae HiliRRsubBb bR alyst 3
Tabl@aﬁ%ﬂnehowstthedaselts( obfrer S@ﬂ)nffdostbgemy@itr@ger&t@ndﬁr@c@r@é acid to 1,
b om ri Amer |
+-BgRaiiak (PHUN Nincs B GR9agoRprrBoNG- A pPegaad 6% Re on a
trat 5.1g of sodium
1/165%ﬂgilt‘éﬂlun§dgcg<<g% iﬁib:ﬂﬂrf nitrate, g o

nitrate an 3.9H2Q are dissolved in

20g of de-ionized water and then gradual | y Sslexiddy, wit% h
68 3g of concentrated nitric acid|(70 w%nitric

acid). (O Rd/Re|lnpregradign Sol ytion 1: 9.1g of Pd
Ngé% ol ut| on (20 38‘#%] 12.22g of HReO4 sol ution
PO

"% R 2 oncentrated nitiric acid (70
w%nitric ac:lh(ﬁ %%9 %%‘3 gsol o@ﬁiedcyvat g/gc "B 1ue | BuOH

T I . rlcpa d.lIUII Protegtte: Th
ZEJ,&%{ 'Cla%%crt (A is|gradually |rrpregnat ed withlthe

PADS. b%/R¥n mﬁf%@nc{t ban| sigh ut i opy dB) 9 al19ued Qo5 | 444
18l6Badle oo, 1 he materiall is then ried In an oven
qb494 2Ry For 4.5 hr. Step 2|The carbon sypport (}A)

whi ch has beergl MPLegNALEEw W 1 AU FEfNa [TSBEXT oo | 439

114 24 165 °C 69.90 10.33 0.33 14.76 4.14

235 24 165 °C 62.45 13.82 0.61 19.39 4.30

257 22 165 °C 68.33 9.24 0.36 17.41 4.15

END OF RUN 281 20 165 °C 71.14 472 0.17 18.65 4.66
Example 9

Example 9 — 1°.-stage material:

0.5% Pd on 1/16” Rutile Catalyst Preparation

Materials: _

Rutile TiO, Support (94% Rutile, 6% Anatase 1/16 inch (1.5 mm) diameter)

Titanium dioxide containing 96 wt% of the rutile crystalline phase of titanium

dioxide and 6 wt % of the anatase crystalline phase of titanium dioxide, 49.5 g (dry).
Pd Impregnation Solution
1.31g of Pd (NO3), Solution (19.02 wt% Pd) is mixed with 6.12 g concentrated

nitric acid (70% nitric acid). This solution is used to impregnate the 96% rutile

titanium dioxide support.
Preparation Procedure:

Step 1
The 96% rutile titanium dioxide support is gradually impregnated with the Pd

impregnation solution, and allowed to stand for 1 hr. The material is then dried in an
oven at 130° C for 3.5 hr.
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gradual ly inpregnated with the Pd/Re solution (C) and
the mxture is allowed to stand for 3 hr. The catal yst
w0 200blers2slri ed for 5 hr at 130 C. The rutil e tPCEHOB2005/023306
di oxi de support is gradually inpregnated with the
Pd/ Re i npregnation solution, and allowed to stand for
1 hr. The material is then dried in an oven at 130 C
Exariple ®-2nd-sterde mateiabiver si on of Ml eic Acid (I\/AC) to

i Oga,éggrtlst st age reactl on to BDO GBl_ and THF vvith
Carbo’h Carbon Catal yst B (0.4%e, 1.9%\a, 2.66%A

2 mﬁmpcam@(mesmbels BhmAanoaebs iwerseBr BPOTHratali @ﬁeparatlon

cl.a 0 t 0
using et e mop “ceriton, eREPD Copdaifiaf GadFcey  ng, 2 co%Ag.
2. 66%@6 abm/oR%LHrﬁm 5CRRP iopheter @@mhyt i cally hydrogenating

hydrogenat abl e precursor in contact with a
Mateln@tﬁrogen cont ai ni ng gas and a hydrogenati on cat al yst

onpri.si ng .at | east one noble netal of Goup VIII of
LLQ%SQB%MA Tabl e, selected fromthe group consisting
ofsad batiowin .3 wirhenameterrAwgiveCarboaniximidate (refarracatedherein as
pl ati num on a catal yst support COITPrI Si n%at ita

StanpekC StomTe) R aen ) @SS G MO WA TEa dnedpgatag in Atianta,

Ga)sald titaniumdioxide is in the rutile crystal l'ine
“’phase. 2. The process of claim1l wherein the wherein
(B) AdEemzbingpreghatiowBSotionp Vi1 is selected fromthe

DL B eiven nitFte. Bkl SOUMMLRE FdiRg B ¢ HNOR 5.9H:O] are
dlSS&O%qhn QessQRJf %nﬁ?édalwé?tér GrRHURNSA | draldSap! ha@ddumithd 68.3g of

claim11l, wherein the hydrogenation
conoeatrate;csmltnmaqnd|(§@svt%ﬁhlltmdatud) and rhenium 5. The
process of claim1, wherein the hydrogenation catal yst
conpri ses pall adi um and rheniumon a catal yst support

(C) PORR hitrBgnatidPSbliMbAI 101 de, wherein at
9.1g of Pd (NO3), solution (20.38% Pd), 12.22g of HReO4 solution (56.36 wt%
Re), 23.3g of concentrated nitric acid (70 wt% nitric acid), and 24g of de-ionized

water are mixed together.
Preparation Procedure:

Step 1
The carbon support (A) is gradually impregnated with the Ag/Fe/Na

impregnation solution (B), and allowed to stand for 1 hr. The material is then dried in
an oven at 130° C for 4.5 hr.
Step 2

The carbon support (A) which has been impregnated with Ag/Fe/Na is next
gradually impregnated with the Pd/Re solution (C) and the mixture is allowed to stand
for 3 hr. The catalyst is then dried for 5 hr at 130° C.

The rutile titanium dioxide support is gradually impregnated with the Pd/Re
impregnation solution, and allowed to stand for 1 hr. The material is then dried in an
oven at 130° C for 3.5 hr.
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| east about 85 wei ght percent of said titanium dioxide

isinthe rutile crystalline phase.

6. The

process of

wa@bk@envB2xvher ei n t he hydrogenat abl e precur sor PET/US2005/023306
selected fromthe group consisting of maleic acid,

mal ei ¢ anhydri de, fumar
succinic acid, dinethyl
and m xtures thereof .

ic acid,
succi nat e,

succi ni ¢ anhydri de,

gamma- but yr ol act one

7. Theblerbcess of claim 6

Conwgrsiasi of Mateithpdidoi@bh@) thBeciniecteid ¢SAC) veittl @atabydt Etxample 9

consi st

(0.5% B tAaP o5a%8 Gl 1)

LA Kty ref

reacﬁonT@%Dﬂ)oGBiS aRf T‘F\Iﬂhﬁ’fh]a SRR RirbbiF e
ercent of the titaniumdioxide is in the

aci d

CaRVSI

AR g eRedamdiedf stage
ttalzg)t q‘g@ abiFe,

1.9%Ngs2-86fAw H66%Ed, 90.0fRemrvt Ssmnvtadion suppover ei n

at
H + ho

rot i 1l A ~rvct ol g
A

na
TTC

Tha nr
=7

| east 95 wei ght percent of the titaniumdioxide is
nhnco 1ﬂ
i

kﬂ the—Ttutt+H+e-—€rySt

T
\A rain - at le
e

t Qﬂ W

T
vullll‘l‘ \ALEAYS L] AT a
eisin

C°m&°§WPﬁm di ;)XI d
11. The process of C ai [t

crystalline phase. 12.

tﬁ%gah/a& Exaénré? s

percent of the titanium 'ﬁ‘ﬂt6%|?<§/eA|“§ta§ﬁ Ve r
PRBCES ESUHIPOR| aj m 266 %Rér 1. 9%Re on
atable_pr dclib gmm carbon support

TREN

0 hvdrnnpn

Pent

cess of

v Stage Reaction

ap (98 st

n%tay@qiﬁg &arbon
Cpjalygli Bihp-4%Fe,
ut-PYebla, 2.66%Ag,

the ratio of hydrnggn t
ReﬁHtﬁppn about 5 to 1 a

dMaleet 10

OWti% 1

3. The

aceficRGss of claim 1. wh

r&P4%t he h

y808%en- cdnt ai ni ng

aciyhigagidessure is bet ween BBt 20 hAAO%K00 at/mospher es.
1, 4tutarmeeiolpr ocess of cl ai|M.31%wher e] B.28%e prdcess 098.71 wi%
1-lptardlict ed at a tenperat|d.€1%f fromabuut 50C. to about
g-B&@Aactond. The process |df.52%ai m 1, 0.38%r ei n |t he proc@ss
fumgriccamitjuct ed at a t enpgr@ad@me of f0.00%about| 50C. to
4-rgdayb@p@O4id 16. The priaces®s of c| aos¥l, wierein the
matedibeidt tine i s between mbowt 0. 1| opoyut e arjd 20 hours.
malid acilhe process of cl ai|rg.dgwwher el mobhe catlal'yst
me@eanpr | ses from about 0.[Qlooo, 0.00%
1,3-propanediol 0.00% 0.00%
propionic acid 0.00% 0.00%
succinic acid 97.41% 98.28% 0.26 wt%
B-s ester and S-HBA ester 0.00% 0.00%
THF 1.25% 0.77% 4.98 wt%
BDO + GBL + THF 95.9 wit%
Time on Stream hrs. 1009 hrs.
Liquid Hourly Space Velocity 1.6 0.8
MAC Conversion, % 100 n.a.
SAC selectivity 98.28% 0.26
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to about 20 wei ght percent palladium 18. The process

of claim1, wherein the catalyst conprises from about
wWa@2056/001528bout 8 wei ght percent pall adi um 19. pah@s2005/023306

process of claim4 , wherein the catal yst conprises

fre te\pﬁféh ,QC[%B%? i@bout 20 wei ght percent palladium

and rom about to about 20 wei ght percent rhenium
201. TheAmprocess farfthe pmodudtionvafeatdeastt dree obl A+ pstanediol, gamma-

ooty AP nPRRa o GRVABEND ST0 B8yt AV IERgh orogenating 2
hydr’g?éﬁél%lé hﬁfécﬁf’%orz irt- c&wﬂ%bf)c\ﬁﬁﬁ BOMydRSgdH-ESMEIIRT §bs and a

| east one of 1,4- butanediol, garmabutyrol actone;
hydragenation aiayalystf aosprisingpel &asy @ alople cagtal of Group VIl of the

perE RS eR YRSl BB TGS e S B0 oo,
osmfke CirftliGmaghd. pI%HﬁGﬂnnbﬁ ansutaiysdeuppot éﬁrﬁﬁﬁﬁné heasioh dioxide,
in contact with a hydr ogen- cont ai ni n%lt gas and

whergjidrajglenst |a@ﬁut:a?t0ame$ghtcr@ﬁfpemspﬁ§apyh %mumnﬂmwe is in the rutile

gn a catal yst support conprising titanium
crys{ﬁhlg%[grg% e\r/]\/herei n at |east about 90 weight percent of

sa?.d ti ThaipioesEsoof dlgim $ wheréiehe whdreincthgsicblé mitgal of Group
hase. 22. The process of Caim2 1 wherein the

Vil ﬁr&?&%@@d .f@%mmg&wcms'sémg@fmlaﬂm Riatinyranshaeilp and
ruth@QGm.t o about 3500C , wherein the hydrogen-contai ni ng
gas pressure i's betmeen about 20 and 400 at nospheres,

m ute éhe Yok clalé'yRNHrﬁraEelBsiggg(gg rglln tﬁbo%@?etal of Group

\/|||}@mg||gumrhhe cat al yst conprises fromabout 0.01 to
about 20 wei ght percent palladiumand fromabout 0.1

t 04ab°UTh3%r<‘5‘€é&mf dIShE ¢ n\hhér*é‘ﬁ{‘tﬂé"hyd?ﬁ eﬂ_é‘ﬁorpéé’(‘é%f%ﬁc%prlses

claim?2 1, 'wherein the catalyst con”prlses rom about
pallaigs ans BISOIMS wei ght percent palladi um and from
about 0.5 to about 10 wei ght percent rhenium 25. The
pr bcessThé pmd;@ésm ¢f daimmhewieerein thee eydraggsaticroogtalysesomprises
om abouyt
pallacLum and Huanlum on a catalyst support comprising titanium dioxide, wherein at

least about 85 weight percent of said titanium dioxide is in the rutile crystalline phase.

6. The process of claim 1 wherein the hydrogenatable precursor is
selected from the group consisting of maleic acid, maleic anhydride, fumaric acid,
succinic anhydride, succinic acid, dimethyl succinate, gamma-butyrolactone and

mixtures thereof.

7. The process of claim 6 wherein the hydrogenatable precursor is
selected from the group consisting of maleic acid, maleic anhydride, succinic acid,

succinic anhydride or mixtures thereof.

8. The process of Claim 1 wherein at least 90 weight percent of the

titanium dioxide is in the rutile crystalline phase.

9. The process of Claim 1 wherein at least 95 weight percent of the

titanium dioxide is in the rutile crystalline phase.

-46-



10

15

20

25

to about 5 wei ght percent palladiumand from about 0.5
to about 7 weight percent rhenium 26. A process for

wo b@oporsdzict i on of at | east one of 1, 4- but anedPOt/1S2005/023306
gammabut yr ol act one, and tetrahydrof uran conpri si ng:

(Af0a f ThetprbysE<PERORIMePWAERS alkkadt 86 t percent of the
hydr ogenat i on zone connected in series, (B) supplying

titanitgmidiexide issin thgdriblgenystaine ahaeea f eedst r eam
conpri sing a hydrogenat abl e precursor selected from
maf éi c Ebedqrom&sad)chmirhWthmin Btileast 85 awight perdent of the

m xt (ithe g% t|n in the first
titanyiyry &5 1o Hfé' S&ci d feedst ock and
hydrogen in cont act W|th a cat al yst conpri sing

pahbadi TRE YProdeAGREINiRA 18%@% 1160 PRl ﬂHWrég?ér@fH um

di oxi de, wherein at |east about 70 weight percent of
hyd@@eaatabdenrwmromb@é/ve@w ahouteta litindeakug $08DIto e
phase, to produce a reaction product conprising

D cond
ydoge iEitessy SHRE " whddig e RuliBERR e riaiangigag pressure
is bétydengboat 20mntbsG0 afmogsiastesng i n the second
hydrogenation zone, the reaction product fromthe

firgt h¥gro enati on zone and hydrogen in contact with
étaly

¢ REGRAYS @ GlMba| VRBReUi henErocRER i sATshicied at a
temﬁ%faﬁhrg?t}f f,%blmgpb%gg@rthsdb%gﬁ BEhani um di oxi de, wherein
a abou wei

[ east t percent of said titanium
dioxide is in the rutile crystalline phase to produce
a pboduthe groe=esn cufcmmxrri $) whemin theastocese ionducted at a

4- but Eedi og, tgarrcl;ra ut%pol act one, and
tem@%ﬁaitléfﬁ)fﬁ oM ARAVT YR -dP FboNE2P@Tper at ure of the
feedstream conprising maleic acid and the tenperature

of 1ghe *rhéz) o&é&fﬁgﬁé@ } O\K}pér‘éﬂ?tr@ agarﬁé?&‘tLrﬂé %@é?@aargout 0.1

that the tenperature eic acld int
mlnuta(ﬁrtdtﬁﬂ housst hydr ogenati on zone does not exceed about
1300C. 27. The process of Caim 26 wherein the

caﬁ ?.l ysﬁ'hg fprc?cgees% cgf%)laignoﬁr,p Wherein the catalyst comprises from about 0.01
to about 20 weight percent palladium.

18.  The process of claim 1, wherein the catalyst comprises from about 0.05
to about 8 weight percent palladium.

19.  The process of claim 4, wherein the catalyst comprises from about 0.01
to about 20 weight percent palladium and from about 0.1 to about 20 weight percent

rhenium.

20.  The process of claim 4, wherein the catalyst comprises from about 0.2
to about 5 weight percent palladium and from about 0.5 to about 10 weight percent

rhenium.

21. A process for the production of at least one of 1,4- butanediol, gamma-
butyrolactone, and tetrahydrofuran comprising catalytically hydrogenating a

hydrogenatable precursor selected from the group consisting of maleic acid, maleic
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pal | adi um and rheni um on a catal yst support conprising

titanium di oxi de, wherein at |east about 90 wei ght
w@eoosems2df said titaniumdioxide is in the rupCt/@s2005/023306

crystalline phase, and the catalyst of step (E)

anh)‘kﬂ'ﬁé’ 'sﬁﬁénﬁaédl@déd&lrﬁ@gnﬁmﬁﬁeﬁl&tﬁfe@tﬁ?}éﬁ?qn eHRi2ef %Igh a

rising titani um di oxi de rern at [ east out
hydmgeg#uonﬁmnmgrgascﬁnds all'thdrq)geImtlomoartaj)(sstdmnn[snsilmg phbadium and

| 1 ph 28. ..Th
rherlgtiras 3 SIS sHRBPIRIPTISTG HENIR CioN O, ity asiabout 90

weng{Ht‘b@r:%?ﬁ'é‘f salGitahRinf BRIIdeLi3GR the ﬁHE%EH)%téI RIBRAsaIre in

he second reaction zone is from about 1000 t o about
3000C. 29. A process for the production of at | east
ond2of Tha phegenseafi GRim gdnmbereirythel procese|s comdlucted at a

temb R ER rt BBBHES T S it POC ohbeZoin e PodGR - Containing
gas %:Péds%e is( FBtweBRRIDHUR 20t shd JI](§’O btrhédp cﬁ@fgé OGN hkRSIn #88ontact

feedstream conpri sing mal el ¢ aci reacting in
tlmetlﬁé)eN@@l abgidr®Jeniavioand @ddiourbe nal ei c aci d
f eedst ock and hydrogen in contact with a catal yst

e S

0. 01pt@rmm 20fw§ghtdpéﬂcbﬂﬂpallﬁcﬁhrﬂ>@lrfdjefr¢rﬁ abdut et fdlébd)@t 20 weight
stal | i ne phase, to produce a reaction product

Pem@ﬁ §Ni§Mg succinic acid, (D) supplying to the second
hydr ogenati on zone, the reaction product of the first

Rygﬁoge‘f‘ﬁé' PO AW cldi E‘L 24 e\ﬁﬁ%r‘eﬂgtﬁencéaglg?lsf Erﬁ%%sefrom about

rogenatlon zone, reaction pro
0.05fﬁoraﬂdodh§3d/r/-ghhpdmcent pollmjnamdaﬁmymmgahout 0.5 t;nbbout 10 weight
ei tH]er . r%a) a catal yst conprising palladi um and
PErceREHISMY™8n a catal yst support conprising titanium
di oxi de, wherein at |east about 70 wei ght percent of

sapg. ti Tﬁé“ HoBebisOf i lifind 31,1 Whéh ﬂiétédt§ly§lf c‘/o%éhééé"ﬁom about 0.1
phase, a catal yst conprising palladi umand rheni um
to abmjtaﬁ wg@bbpe@@p\pga adigm and from about 0.5 to about 7 weight percent

rhenium.

26. A process for the production of at least one of 1,4-butanediol, gamma-
butyrolactone, and tetrahydrofuran comprising:

(A) afirst hydrogenation zone and a second hydrogenation zone connected

in series,

(B)  supplying to the first hydrogenation zone a feedstream comprising a
hydrogenatable precursor selected from maleic acid, maleic anhydride,
fumaric acid, and mixtures thereof,

(C) reacting in the first hydrogenation zone, the maleic acid feedstock and
hydrogen in contact with a catalyst comprising palladium on a catalyst support
comprising titanium dioxide, wherein at least about 70 weight percent of said titanium
dioxide is in the rutile crystalline phase, to produce a reaction product comprising
succinic acid,

(D)  supplying to the second hydrogenation zone, the reaction product of the

first hydrogenation zone,
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produce a product stream conprising at |east one of
1, 4- but anedi ol , ganmabut yr ol act one, and

wo edocamsds of uran, or (c) mxtures of the catal peT/ESTNG/023306
(a) and (b); wherein the tenperature of the feedstream

COEPI i $LA4; ng’é‘ine{h‘"e %é&@ﬂ?dlb@@néﬁ‘éfp%ﬁé Ufrfe ﬂiﬁadtlﬁﬂ product from

first hydrogenation zone are controlled such t
the firsnpgdmgenat:m Zosiee aind alaydtogen tinecdrdacts witbasn @ﬁidlysh@omprlsmg

e BB R B3R Lo RN BT rri
least %bBBt ?@Mé?%gﬂférééﬂ i Hanra b ide ¥ iHhe Ruide t“e@)fsibMﬁé phase

port cohprising titani um di oxide, wherein a east
to praduce ee@rmcghstrmcmpmmgaatdlaast ameupf di,4Putanadioli gamma-

e rutil |ne phase, and the catal yst of step
butyr?%ftqr? &nﬁﬁg{rgﬁ)(c%) YRt al yst conprising palladi um and
wherélheﬂhé'”’c mﬁé\’a@@’emdsihes%@%ﬁem%hﬁlr&mglmaréilcwfacnd and the

di oxi d erein at | east about 90 wei ght percent of

tempstatdre of thei first biydogenatien zane imse canirpbed pysh Matithe temperature

ot B0 iy SEASHA 9T AR RBRAGEAT A, £0S8 ococo

abouffi30a}. and (b). 3 1. The process of O aim 29 vvhere| n
the tenperature in the first reaction zone is from
about 50C. to about 130C. and the tenperature in the

second reaction zone is from about 100C. to about _
3@00C. T pracpsoobCinimo6 whetria ithe) caliatyst af stediCd comprises

vl G KA YOS D8 i sy yerein =
least BHBUO 96 WASiGINCh StcBNAS AN ttaiira Qsade! I§mrthe$mllé®rﬁﬁalllne phase,
fromthe group consisting of nmaleic acid, maleic

and thatepdrly el st@méﬁ) QOMARIIZRS pallastiyne a@sitrél@@lur@ﬁa shegialystgupport
comﬁa{gﬁ{y@ﬁ{amdrﬂ d?%éa%% é[%fr{‘aﬁegcy)tdé&ﬂﬁ@l)%@ip r‘&%n?@?s@ﬁ%amum

rogenation ¢ conprising at one no
dioxiteigin the r@iletdnyéi’hlhheqnﬂmsbe Peri odi c Table, selected
fromthe group consisting of palladium ruthenium

oor tneapenss bOldn e e B hnatden’ afe fif gaction
zoned8 Adim ABoUESEHH. 1D EHEEN 3¢IC. SRk tEAYeMYure in the second reaction
zone is from about 100°C. to about 300°C.

29. A process for the production of at least one of 1,4-butanediol, gamma-
butyrolactone, and tetrahydrofuran comprising:

(A)  afirst hydrogenation zone and a second hydrogenation zone connected

in series,

(B) supplying to the first hydrogenation zone a feedstream comprising

maleic acid,

(C) reacting in the first hydrogenation zone, the maleic acid feedstock and
hydrogen in contact with a catalyst comprising palladium on a catalyst support
comprising titanium dioxide, wherein at least about 70 weight percent of said titanium
dioxide is in the rutile crystalline phase, to produce a reaction product comprising

succinic acid,

-49-



10

15

20

25

30

dioxide is in the rutile crystalline phase. 33. The
process of Claim 32 wherein the succinic acid product

wo sood®npsds at ed t o produce succi ni ¢ anhydri de. BdT/US1065/023306
process of claim 32 wherein the wherein the noble

madp!  alipFyRidgto the lsebend alyt adjenatiod Sond hthepeactisrs pafduct of the

claim 32 wherein the hydrogenation catal yst conprises
pal | adfltﬁhmdtpgﬁtﬁ@ﬂpt]@n% The process of O aim 32

ek obeing et Yort IRty PERGFtin 2ophifhe HedblBroduct from

the fiilt h?@ﬁ)‘ge@%‘u& abAe 3Ad rr@géh it cdreastwipeiledrght per cent
of the titani um di oxi is in the rutile crystalline

ph%)s@ catalysth sopHwisigs neﬂlaénuaﬁ nand rhghiling; ANt Aecatalyst support
5%@&ﬁ§lﬂggﬁﬁﬂ%%@d&t RelchRE [t R opt 7br\9érbﬁp§HFcent of said

e hydrogen contaln

priegtuneliosidods etk ratieudryailianphdae, at m)spher es, and
the contact tine is between abou (%zr%el m nute an

hék &, caBlystheopPHYiRg sPalladiymai ARG INepvER ' & r?@dbon support fo
g?@dl)’c%t ajﬁmg&t aﬁﬁ%}f{ﬁgf&%g Ot Rhst ?n@tlﬁuf 43)%’[5‘(%(9@ gamma-

rcent process of claim
Wlbat)eolactmm taadaegralhydrofqnah,sces fromabout 0.01 to

0 we nt m and from about 0.1
B%‘ﬂreﬂ?f %e&fﬂ% e\n%]e(lt?yum 4 1. A catal yst
wherélﬂm?ﬁé StdMip é’r%ltur@d'otﬁmlﬁn%ébﬁ%é’rﬁ‘ %Bn%r%ﬁ@'rﬁéfems%?@rbnd the

conpri si ng titani um di oxi de, wherein at |'east about
tempestgtet ob’élecfe’ﬁt hydrogehation zane ane ¢ooibird sych ihatibe temperature

of mille P T b S AL 17 LBy BRI LT O ol B iy encoes
aboufltgxicle is in the ruti I e crystalli ne phase. 43. The

catalyst of claim4 1, wherein at |east 90 wei ght
percent of the titaniumdioxide is in the rutile

C@(S?t al’[lhienSr&Ie%geof Claim 29 wherein the catalyst of step (C) comprises
palladium and rhenium on a catalyst support comprising titanium dioxide, wherein at
least about 90 weight percent of said titanium dioxide is in the rutile crystalline phase,
and the catalyst of step (E) is either:

(a) a catalyst comprising palladium and rhenium on a catalyst support
comprising titanium dioxide, wherein at least about 90 weight percent of said
titanium dioxide is in the rutile crystalline phase,

(b) a catalyst comprising palladium and rhenium on a carbon support, or

(c) mixtures of the catalysts of (a) and (b).

31. The process of Claim 29 wherein the temperature in the first reaction
zone is from about 50°C. to about 130°C. and the temperature in the second reaction
zone is from about 100°C. fo about 300°C.

32. A process for producing succinic acid comprising catalytically
hydrogenating a hydrogenatable precursor, selected from catalytically hydrogenating

a hydrogenatable precursor, selected from the group consisting of maleic acid,
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44. The catalyst of claim4 1, wherein at |east 95
wei ght percent of the titaniumdioxide is in the

wWo aaoeloe7ses yst al | i ne phase. 45. The cat al yst of pct/asmm#023306
1, wherein the catal yst conprises between about 0.05

mal%{g gﬁﬁ??%d%kof%\ﬁ i gﬁ?ﬁﬁﬁamﬂé?@%gtégg{ ﬁﬁ@;ﬁy?@?@% ltlgq.ré]oégl? contact with
a hydregen-containingt gdy sindcanipydregsndtiinveatalygosmprising Cat least one
ween about 0.1 to about

“Ob'%gﬁl@ﬁ%/gf &?ﬁ/‘?‘m'h %gi.f#erpﬁgﬁg@g 13pde, sstieciedifranathe @raupegansisting of
pallédﬁﬁn?%ﬁtﬁbﬁﬁﬁn,cngirﬁf 'rﬁeésﬁ’lﬁfﬁﬁ"eﬁfﬂgtﬁﬁ%q glaggiggﬁr} 8@%%&I%t support

wt % pal | adi um et ween about ! _
comptiging dikaniud divkidec athalgin tat tdast laboot 6 weibletr géreehthd said titanium

. cat.alyst conprises,. between about 0.2 to about 3 wt%
d'OX'ﬁlﬁﬂ?é{'};ﬁlﬂﬁ'@'%C@{é N&Phassut 0.5 to about 7 Wt %
rhenium 49. The catal yst of claim45, wherein at

| east 90 wei ght percent of the titaniumdioxide is in
t h&3.r ut The prapssal bf nélaihas®. wherein the succinic acid product is

dehydrated to produce succinic anhydride.

34. The process of claim 32 wherein the wherein the noble metal of Group

VIl is palladium.

35.  The process of claim 32, wherein the hydrogenation catalyst comprises

palladium and rhenium.

36.  The process of Claim 32 wherein at least 90 weight percent of the

titanium dioxide is in the rutile crystalline phase.

37.  The process of Claim 32 wherein at least 95 weight percent of the

titanium dioxide is in the rutile crystalline phase.

38.  The process of claim 32, wherein the process is conducted at a
temperature of from about 50°C. to about 130°C., the hydrogen-containing gas
pressure is between about 20 and 400 atmospheres, and the contact time is between

about 0.1 minute and 20 hours.

39.  The process of claim 32, wherein the catalyst comprises from about

0.01 to about 20 weight percent palladium.

40.  The process of claim 35, wherein the catalyst comprises from about
0.01 to about 20 weight percent palladium and from about 0.1 to about 20 weight

percent rhenium.

41. A catalyst comprising palladium and rhenium on a catalyst support
comprising titanium dioxide, wherein at least about 70 weight percent of said titanium

dioxide is in the rutile crystalline phase.
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42.  The catalyst of claim 41, wherein at least 85 weight percent of the

titanium dioxide is in the rutile crystalline phase.

43.  The catalyst of claim 41, wherein at least 90 weight percent of the

titanium dioxide is in the rutile crystalline phase.

44.  The catalyst of claim 41, wherein at least 95 weight percent of the

titanium dioxide is in the rutile crystalline phase.

45, The catalyst of claim 41, wherein the catalyst comprises between about
0.05 to about 20 wt% palladium and between about 0.1 to about 20 wt% rhenium.

46. The catalyst of claim 45, wherein the catalyst comprises between about
0.1 to about 8 wt% palladium and between about 0.1 to about 15 wt% rhenium.

47. The catalyst of claim.45, wherein the catalyst comprises between about
0.1 to about 5.0 wt% palladium and between about 0.5 to about 10 wt% rhenium.

48. The catalyst of claim 45, wherein the catalyst comprises between about
0.2 to about 3 wt% palladium and between about 0.5 to about 7 wt% rhenium.

49. The catalyst of claim 45, wherein at least 90 weight percent of the

titanium dioxide is in the rutile crystalline phase.
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