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WD 2006/ 007523PCT/ US2005/ 023306 CATALYSTS FOR MALEI C

AClI D HYDROGENATI ON TO 1, 4-BUTANEDI CL Background of

the I nvention The present invention relates

‘ﬁgéﬂﬁlg&g&ess for catalytically hydrogenati ngparmszo0s023306
rogenat abl e precursor in contact with a

hydrogen-contai ning gas and a 5 hydrogenation

cat al YSirae 987 #oH MELAE Achy HIBRGGBRirioerd W, d-BIEANEDIELN

cat al yst conponents on a support co,or|5|ng titani um

di oxi de in the rutiBaskeg gAYON] | 4- but anedi ol

i SIS DAL by

hydregetaiableo preq@ursoress bontabheuiﬂydaogmgemaonfalmng egas and a
cid to 10 4- but aned, ol opt i onal.l
nySosnatBin b, BRPaRRRoPTE bt JROKT GRS hydrapendtion catalyst

corfBbIRsHts \6 5 flippbit Wdnifrisir) Blagiule idibxide Ehuth@ Aitike R produce
is achieved in the first step of the hydrogenation

1, 4gnderadiohy (BR3Phg ande ataptipsalis upgasmmarbutyotactons ufeBLl) andlor

rutile form and sel ective reducti on of
teﬂ%hga?gﬂjgrglhw@pgci d is achieved in the second step of

t heThig drmgmnaaismetatemksa phycessiforthe hygdahgegetien pbmaleic acid to

ri.s act] _ .
1 AR R mRbaR, SRRyt bR dibod Hndld dquratpyarofuran whoreir
seiéd:ttv%lmed[mt(ibmm ﬁleieémablheorsgzbuhiﬁ dcld, s aehieydd ﬁg&rmﬁnst)ﬁtep of the
cat a _st su rted on car ures thereo
vcraRnatRReRIPRGT P HERE A FEPLELS RN AT Eastm gioxidedn the rutle
forml fRLIEAReGbd et dFithe 8GEENIRTackIAS Gchiee@ HHA dedBnd btep of the
the hydrogenation of maleic acid to produce succinic

hydsegenaiionnigrogess & owmau Bydregenatips: catalypl FeMAGSiBa ©ner or more

| act@r@ﬁiéél ?HH%(;IQ dilyg]m %Ee [%ﬁ)%é‘tﬁe ) E@E‘ﬁﬁﬂfafo%de in the rutile

fontnhe inyd aygenatier bgtaly&bhmbmteidrtgl tarbos, Lm“cmwtmesathedeafo

convert the sucgini Ci succi ni,c an
o s il Hie” riinf ol Prop e b BRI S, suggnic acid or
sudeirid QInﬁZHNd@lbw @@shydrbgseihatith mﬁlnﬁlélcmﬁd:wtpromme succinic acid
prefera | east about, 90 wei ercent,
usiig éf"é’ndﬁfkﬂ%ﬂaHP“ catdyst spBRISHE QR& h'F‘OBi‘e?%‘Bfﬁt y&ﬁ&ﬂ%ﬁl@n catalyst
corﬁﬁ&f&ﬁ@%ﬁéfﬂr@éﬁ WAl @BhiuRe dickibe AP8e hilk tftbﬁ'rﬁr‘éiﬁHWhen optionally,
di oxi de catal yst support is in the rutile crysta I'i ne
delpiiating the succinic, apidin earveridhe sBERICiasideto ssiRaBiccarlydride.

I
COQHD 9,# Anedi o ?‘%tp%ggé%‘ttné{?‘ﬁ-& %ﬁ%g"& ? X &ée?]ﬂ}) Ip?eferably at least

abqu| 8fbwiejdht mertente pidral mekeraly atdeasti about ri§0eweight percent, more
1, 4-butanedi ol

profitetJ§ia Erst ahaeh P GHa0H: P b Rraseipo R R percent

of tREBlMed cﬁ@(ld’e EatulyEREgigod is fivthedtiRpayeaiine phase.
Tetrahydrofuran i s a useful solvent for natural

and
sy it frétytangdiali(BOQYg 8 eoramerial gopamedityewithe giphyrality of uses. For
f
exatnlikﬁe "?Wuﬂlﬁéaéﬁﬁl % u%d; ML onrgﬁlugﬁtgﬂbf ﬁ{)@b%ﬁ:ne terepthalate and
reat:ﬂ:rm mutcbrés m@ldﬁd bRV i mr@bades;ompo&rmganedlol is a[so used in

poi%ﬁ@_ m/}{l%ﬁ/ e %ﬁ&%’ gfﬂ'gMu f i mh\/% employed as a raw material for

spa&.@ﬁ/ W@ﬁéﬁﬁ?@fﬁéﬂﬁ%@ﬁéﬁﬁﬁﬁ@ﬁeﬁdbwnﬁhraﬂ and agmﬂnle&t ecsimgland is a
rene ol yners and al o a usef ul nt . of
vl e EREUERS MR FUAPelie Of & BHPDST O AhBiGHe ang) lastios.
Ga&%%b@iyrcﬂa&nn@ﬁsy | &ﬁ‘eir@é%‘éﬁléte' S‘o#sﬁnfemsyﬁﬁm%lss Qv Qﬁu‘tyrlc acid
humecCtant, an internediate for plasticizers and
conmﬁamdﬁc sabyvipslpyrrolidaneogad Imethionines Gaemadiutyrolactone is a useful
pol yur et hane el astomers, a precursor in the
manufacture of 5 tetrahydrofyran, and is used to nake
" terephthal ate plastics. It is well known that
1, 4- but anedi ol nmay be obtained by the catalytic
hydr ogenati on of maleic acid, maleic anhydride and
sim | ar hydrogenatabl e conpounds. In such processes,
aqueous maleic acid is fed with hydrogen to a reactor



10

15

20

25

30

15 tungsten and nol ybdenum deposited on a carbon
support, wherein the carbon support has been
contacted with an oxidizi ng agent selected fromthe

x&figdd&o(ﬁoi}Si sting of nitric acid, hydrogen pepexi@as023306
sodi um ﬁypochl orite, ammoni um persul fate and
CRrog i £haP&i iferdenapialdod abefuhehgredi f pai
so'?r%?iafasr . é%r?igfé Igg]td. %%én%%ga@% 1r64 di scl oses % cat‘“;]arleylsetn i .0 paint
rerhavers laedHgulile gesistardn. bA-hvdangdiolde.kei ti4- hiivlane dlycol) is useful
-anhydr.i.d r_oth I ! :
os 3 BREHLS Bl BL Rl HLISRTAPBIEE PREREUERCAN Sramaceutcas, o
crodbdinkiMgragtnt T polyurbtivgenakistimarat al grstursompr treemanufacture of
[ [ adi um sil|ver, rheniuma t. least one of iron,
tot G URORIAT. 2Ubis HeHa ke Graa b Aeieugstos | “on
carjpog SIPRhbwnUihat FalbuthRedibl 488y I olitsiabaSBy e catalytic

process for the production of 1 4- 25 butanedi ol
hydreggmatisin pfc analpig: iagid.| ynalgigr Ggbyaidengand similar hydrogenatable
rogen (g Ly ith h
oo n ol B RGMAE ool el oo i tydpogen o &
resptomprcoetaignat al dixst bed watslyst.net dhe ofeastion p pyiductsof containing

1.4 fer€livh debar bt Gnt 4w oo dhT dfy therprgvered and
puliifidadhy e rivedtiohaltrheams. wherein iron is added to the

on o Ratest Nehr badHRas tgaraie Mbesenal BEcaRpryic acds,
lacRRR Yt & He&ludif at RRIrSYEHAORNREAI0R SBHsRtink bt fifladium and

cat al yst rrEI oyed 1'™n prior” hydrogenali on processes
'y

rhehisim mre pagarhgn Isupporty . 8n &atoNos Adc SfidBodird dveit @¥fe teach a
progggé gf trHél%n fteﬁaﬁgdd% ua&%ﬁoﬁt &%Lﬁg‘?édi&aﬁyb%disdgéﬁawég maleic

en genera ring cohmercial operatrons.
acide nedlgit | amhydfids werharidthers hyddBgenatable precursor in the presence of a

A T ——

palBdilid ERTRHHePiurE OGRS SresahiCin ther foreubRtigsiliRgs Phviagtdre average
voi d spaces in the catalyst through which the

paliasliie gysalifigssize | vaRatd Onier bR #1deAn AVEFAdGpiEaien crystallite
sizb Tbfl1BSs REAF 9’3-@ nn? CARD gﬂe;%%ﬂﬁk% % thBYcdthRkeisutsiahctthged by the
Itions. Flakin of the

reaction con 'ng or breaking
depasitvonand pgsibiction f thiepaliadiumisgreies pinetberasbon support followed by

SBALSRER A SAEri DoESEBPE OB i moroate

cabydsagemét abl e precursor feed cannot pass through

effectively. Thj | ead to _crushi of e .

cat 08 84 N, 4. Ph8.572deadi 4 Bracesh Rigific SataytE syppgagation of
carBR/liet Berd Bt Bhi ahBydRiet MiferebPRBr thd Q:omispbhaihgi BIcbREl and/or

cat’al yst enployed in the nmaleic_ acid hyd(ri%ﬁenatl on

carppidisacid peigewsing » satalst comprigmophgRILn, Rallagisym, and silver on a

| .
carBgf S bo g THY BT of G, HALSIE o BRATY ¢ 8Rihtancous
depsitionbloé prdiaditem bamd csiver yost thweipgeobers suppods éllowedhby a high

hydr.ogengt i catal yst., Ho ueqQus sol utjons of .
terrﬁér%t]uge a&ogggfﬁy%%s%?@tg‘e&&‘ %%Waﬂ‘ﬁaspi °Q o HEPPSISEs on the
palRUichBINErt iMeregRbRId aasbonl Sugpbrt. PRte  idRultiAg 78a8tallet was then

di scl oses a process for produci ng butyrol actones,
redygéénedi ol s, and mi xtures thereof conprising

hydy egepat i g, a )74 886N alstidsBs p'éegz%ééﬁ's Q‘Brt{?\% groduction - of

preSence of an aduedus reaction nedium and a catal yst
tetrebygiofisamg aodl | hdihitanediclontnmprtisiams catadytisally whydrogenating  a
rheni um and at | east one support selected fromthe

oxides of titanium -zirconiup and hafnium There is

no di scl osure of the 20use of titaniumdioxide in the

rutile crystalline phase as a catal yst support.

Canadi an Patent No. 1070711 di scl oses a process for

the production of 1,.4-. butanediol frommaleic

anhydride, maleic acid or m xtures thereof in one

step in the presence of catal ysts conprising
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. resistance, pore dianeter and pore volune of the
resulting catal yst support, and 25 correl ations
bet ween the cal cination tenperature and the surface

Vﬁ; m(ggise vol ume, nean pore di aneter and popersk#Bs023306
Istribution and the degree of transformation from

hydr&g%?t%ﬁf ars]& Ghsk anl 1dgtRbagnt @ Wﬂrdgehkdtﬁltalnmg gas and a

ase In the resulting catal%st su o
hydn@t‘g@ndmmwtasdt cmphangpall@dl@n, We@agg,rh@ ymen cafq;pé] Suppo

us of cata|ysts co u BioPfwh th
to prg ‘dﬁ%rﬂ EB‘]‘A{%E é&ahbﬂﬂh & 10)-BliaRBALPWherein the

t1tani um di oxi de for
hyd%%eﬁﬁil&?tda‘t’eﬂyémdr @@@amd b;n the sibpslalsd). inprepaging hep carbon

: f h
3UPP@’It wfﬁ@é@ﬁﬁ%ﬁﬁ@aﬁn o@%@@){‘? tfﬁ%'ﬁllgmg% %l?‘es po néFe fpregnation

d
ste;{%a('%o%ep@ﬁﬁ&égﬁt mgwr%%@%gﬁtgi vc\).rigﬁ a :ggmﬁnifqisﬂlgldune ailver an

rheniba saiuiepqdladmwlwr ond heridR NG 5By PR Sgef ) drying
the gpouDha‘nl%d cqglgt%(nlb %R%E)en%%% el LHS2O8H ﬂ%ﬁ@@@a’uon step; and

artic d| scl oses that the

(i) eatihg Sth@flmbl@gria‘léﬂ ogdat bappast abar eTRRELR o about 100°C. to
benzal dehyde were substantially different dependi ng
aboupaﬁo‘(ﬂwemﬁéf f&d%'r@&%diﬁﬂ"scont ai ned pal | adi um

gjgmﬁ‘atow h ‘@9’8“?4@1{;?1 dekst ANblaBked aui dRe sprogoton of 1,4-

rtlclelnicafes at thetltanlumdlomgg
butéwetﬁolacdimghsmgrtﬁabfhaafbfa hydrogeaeiing @ IdEpgsnpteRls é’recurso'" in

cat al ort_a t
CO“F?&‘\WH a(]}Oé'gg 8?\95@% %ﬁ& I&Hf'o% arﬁragﬁhet’(:,ﬁééigﬁgétﬂﬁpnsmg a
lea%{rcﬁi@ nddl.ﬂ'e ﬁ%ltdgmoub hall af the:PenQﬂl(sEBblg@ld atdeast one of rhenium,

ependi ng on the reacti t enper a y
tunﬁﬁgu canch MPybIEPHP %Q?&g QR & cﬁ'feb Ayrg eﬁg??e 3he carbon
sup%' ﬁéﬁ olge%fﬁ,%h@éctéﬂ agis tah \Mﬁdiz:m,gigml selbcted t foman d:he group

Except for the catal t he .reacti:
cortsmhipgr af umhrlcamgnct hb?@r@gpaggﬁw@a ‘ﬂff’ehé tg 2‘8 aHimonium
" nder |
o R R gt .

cormngniBatakisi @1%@ 164sdisplases Rocatalysichr dos )| hygr@genahon of maleic

am@s,,Chr JSaes ngiga? SF g)d}n%a;_t RSZ(HP %tﬁb’lbn oBufsol 8! ‘Pmbu’canedlol and

on cata yst I's di scl osed
tetrfaﬁﬂ}duﬁﬂfrhﬁl Gak Q@ebydi’sy:df/@gdna‘ﬂmenhpcﬂrogenaﬂm‘e catalyst comprises

th d,
e Shn s 5Bk PR RS A8y e mocurs
the}éoct“élﬂoﬁ%%?o&%w&édrpn wi th an oxygen-containing gas

ol vent at an el evated tenperature an preds { 0 of 1.4
andUis Pak Noe§e4ﬁfi336? @ﬁC‘@WE‘daﬁ iPBRFeSst 19 produclio

b butﬁa%pl Ce'gpﬁagﬁr&/%é%’a t%ﬂ%{jﬁ?\%ﬂﬁ d h@ydrogenatable precursor in.

at i'on” process accor di ?
conéast witihla hMogén—aﬁﬁtaﬂﬁf&J geﬁmndséélm@ﬁé?nﬁ@whﬁa@ yst gagprising at

artially a sol u t
(oo bt Dokl POtV Bt Bls, BEE, ToBIEefoctl from the group
co tl?'fé;abfn pAlRRIIER] FHith@fusy bRéHon akshwm,nrrrdhmn leing uplaltinum_ wherein
through a particul ate cat agx %? "E?E’% 4 on carbon.
:romsea@iﬁﬁetodhe ydrosigeatabls PRECHRCL )g;é {s supported ¢
pur QPPb%?nt Ité’sn%é}ye\ﬁ?ﬁ%@%? 08dd 98 tHY QpSH hatedianfobtes hydrogenatron

the Periodic Tabl e of q i 4
me’m i thetoamlysh emplmyelfé i @ppbhydr@@ew}%gc%es or prepanng

di si n rate in l.es @Nhat carbon
bulageByed Fripid S83RitaR. GERCY B naf00P SRl
fink$afd oRSteguRdratiid cﬂl.mrtg,emmmbrcnai@perettansu"ﬁh@%&&ra‘éon of such fines
support is in the rutile crystalline phase, and at
| east about 90 wei ght percent3-of the titanium support
is, nore preferably, in the rutile crystalline phase.
However, even after hydrogenation, the terephthalic
aci d product contains col or bodies. Commonly assigned
U S Pat. No. 5,616,792 discloses processes _using a
30 titani um di oxi de-supported purification catalyst
for purification of relatively inpure dicarboxylic
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I mportant factor., Summary.The present disclosure
rel ates to a process for catalytically hydrogenating
a hydrogenat abl e precursor in contact with a
WY deeeRzcont ai ni ng gas and a hydrogenation elalsydbn23se
conprising one or nore active hydrogenation catal yst
cai OB ORfingzean bast SgarRPally cmpot BenGohpleiy mvdidedl depuring the
inthe rutile crystalline phase to produce o
hyerOgCRRHOMBIACESS, -3HEN BBRICHIRIAR 52N Glithihen Yo snasepdndhe catalyst
. t hy C i g4 . .
the G UG RGBS gt fow, pRAPRERMC chlef itk Tbtions in the
prdcess.t he production of at |east one of 1, 4-

but di ol - ) I ahydr of ,
conprermyredf T e Y g b8 RGP sghroRSY Pkl Bbroaking
of trl;nyegtrarg@m au;agh{repm eauss erhigmemﬁgs%aé d‘rﬁ'fdrtbr_ﬂmi (de!tta IF') b?cause the
rogen-contal nin as ang a rogenati on cata
poRS s b | RACEE in theGatghie: HETHIGPH0H:eR 115t the BGEPaANRtaRle precursor
fecd@nRet pod tggo-[?ﬁ: ﬁﬁTec'ﬁ%I?.C ek ddrOBhd RS cRISANG of the catalyst,

consisting al I'adi umi rut henium rhodium osm um N
i r i fderuthisarrasphaiti isUmgbll desirablel s use O matasialy esithg support
i, Lanium di oxide, i n.at .l e b

malorf o B o, MR I e FaeRY 36l HhaRfhBfon process.
Howeyart didcanse pifathe. highly Aoooside nepriditionssesderdwhithettie aforesaid

of the, disclosure, there is prqyided a, process. for
hyqPRgeniig S REPIda it Fas Sro¥i AHCUE o} dBYRIG Sitaple non-carbon
catdRBIMBupSAEPfdr Sudtd irt @i ytiroginbtiom CetMgR N fot F@udous -solutions of

hydr Qgenat abl e precursor selected fromthe Igt!roup .
maleiharid mawdissolvrmpeatadcary PikarmPdyRafRiciuPReTingUBaienpls.

aci Ci [ X M

conltg'asé?iﬁw tl\ﬁjl' g"ﬁ%?ggeﬁg%igﬁetégibn?%gsgsag&gﬁgﬂgd@ butyrolactones,
buthpeitiogerend dnixiuesl rereafospmpgsing pudiogenatingaral hydrogenatable

e 150 WD) BB PSR EAIN o  Baie gomoring

palladiutn tor tcambamatidinextheéeedf swithn ritdrdumudnid et tags bakl support selected

se. ., According to a thjrd. aspe of .the :
frory B8 ilpecor (RERE UpnEvh il BBRE eadiers s pRefisdostire of the
useP6faREGLMoade # tHeGatle Astallihe bhasdHs anedhipdt. support.
- gamma- butyrol actone, and tetrahydrofuran conprising:
(

ACanadiars Patepl Ney e 1 1dndisgiRseAPracessciondhe production of 1, 4-

bthHéHiﬂ trhé]@'ﬁ: dHEBNERIGE abi <§r°¢d os (RreSHRAPONE Bp in the
to the tirst yar genailon Zzone a feedstream

presennsr iofi crjalysisy ¢ooypeisingalsirulianscusly oelesmdrds t &fd stbgmoup VI or

| el ' r ei c,_anhydri umanl c aci and .
corfs 5 8 LT Rbfs B MRS AR forlcag msurs o
theﬁ@g&l@gen&t aad zompouhds nahei Catlamsﬂ diendatsocknabd manganese,

rogen i.n contact wt . catal yst caonprisin .
e, ARG arRbamy el Bgior CSTUHFR: | WG « AfdnPlainum; and
rheSLAY ipdfadiMeAR] PlaBhuieaet ystaosreferSbive Telt caRaysiedlbmehts can be
said titaniumdioxide is in the rutile crystalline
pallpdinge and ghgpigucelhe catadyst sanpbe dice PPt shigh can be silicon .
. Ci:ni b Ols o Do s n . .

iR BT g, L Radehninlh SEER Serton, foriup oxide,
zirchyidmogddayt sibieorz oamjde, (dpimals candh glumintrneoxdde oMdhe solvent can be

hydr ogenat.i on. zo he reacti.o roduct fromthe
wate WheR Eiris G B B SO dRetoHgr DARar 1 o dliSHaRuIS f hp use of
titardurB i@ldS in BTl Srigalpié bRgss B aratdie Buppben a

cat al yst support conprising titanium di oxide; wherein

at | east about 70 wei ght percent of said titanium

dioxide is in the rutile crystalline phase to produce

a product stream conprising-4at | east one of

1, 4- but anedi ol , gammabut yrol act one, and

tetrahydrofuran, Werein the tenperature of the

f eedstream conphsing maleic acid and the tenperature

of the first hydrogenati on zone are controlled such

that the tenperature of maleic acid in the feedstream

and the first hydrogenati on zone does not exceed
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prepye

wherein the tenperature of the feedstream conprising
mal eic acid and the tenperature of the first
hydr ogenati on zone are-controll ed such that the

Wtk e of inaleic acid in the feedstreaprapgobdessos
first hydrogenation zone does not exceed about 130C.

Acqgidi fﬂ%tt ong 5,588 788 PeRdcictest heprthveal asdregeriaione catalysts

is provided a process for producing succinic acjid
consistipgiassagtialytefirpdices eratipastorpsial E; eguged ruthenium and tin on a
p ur.s F
O e T
in &dueoushacigr oaheceaitaiystsl ag okeddbeitbe awinstersil @rf mydrogenatab!e
anhgdrlde fumari c. aci eate_e

ters :
Bot SUsh ForTAEe ot SRFAT OB COMBATNRRLrE o 1.4
utaﬁ@mal axd Igaaﬁﬁ@bu@wsabaém DeNhixiireg Jhebe isho eieelosure of
bl e net al VIl of the Perlodlc Tabl e,
theweé&ﬁwuﬂmmwmlr@ﬁ@mwll@&ﬁsé‘-it%! ¥neghase. pal | adi um
r Utr\*/leﬁéHrEﬂmaﬁMQ' BI%hq O8 N UBhgibf bk YrOARE: p"F%Frhih@fo@ﬁgl@Surface
catal yst support conprising titani um di oxid wher ei n
Arcat TiCeatet Cauamst STPpoKss, grﬁat@iwﬂs diodays Vehi d4t Dagﬂﬁ 225-242 (1992),

t.h t al
oA B LR 3 A L P o
arebﬁa@fﬁvbéiaﬁsta thpptfiﬂt YJhec arﬂatet gwhighpedab aﬁlre;vmtmm presented in a
rhenj um on a cata ort conpr an
substatiel JOAER dorm Y -oSERO it b 1 Rmersat Gipmigal Society
meéﬁ\‘u@ 1ﬁﬂih%b‘{%ﬁh8)fﬁé}ﬁ’um%ldlﬂdé Rfust Hhld & hidhysirfddel 418a in order to

di sclosure also relates to a
be par emme fO@ifalﬁ’ieBLtWGfto@'éhdtﬁC@ﬁﬁQﬁ oply téariugc tigxide having surface

e 38 BRFCIE) 300, ARG DL o S U IS0 oxusin

prot:&@mmlnmnmmmmh@manmm dsdxuﬂemmmgqihe raguiidite bichchirfagce @rea and

t he .f t t t d t
i g B Bl B EPRCARELLRBEBE 5, By n e
xtﬁjsicﬁ“ﬂ briBeds @f 8gtalyficdl m’fptfrfalne charattergtick of the resulting titanium
sel ective reduction of the succi, ni acid to duce . .
diogite; Asriisciosgl the Sxigilon RICGPES ITiobesINe $8PS o BdRixing and
knéd&ﬁ#‘ﬁgﬁ%ﬁpﬁgﬁ?%@o D skt ABiridy @)%?ﬁ@t A (D @fdsiig b¥ach of which

roge atl on cat al nprising one or
infl mn@srtye rq@gbtmaxf tsnresyiting ﬁyppﬂﬁr@@'ﬁ%'ﬁtl@ss%b’%ﬂ dep @(ppcentratlon
[ [
of Wald FURLGRH A5 kS 18 he S b Rl 58 28 matea
empm/aﬁ yisit theo mmmsngnansd sunsadinge dtepn aodr thengerushing  strength, attrition

st L Sl Sk o, SR A BB Bpor, o

corFéétﬁJrﬁé%etﬁr@Eﬁ%B&I&mﬁﬂo@térﬁp@rbwrbIainar‘th@@uﬁac&xar@ pore volume,
support in the first stage reaction, it is

megp pese diameigsatg B@E%W% d@Hﬁ%ﬁﬂﬁmﬁﬁh?@@Sf% Kigstormation from

Gi st
koL AL DREEE) G TEL LT o g ca
sugport, srepdissidsed in &@Bmﬁm&ﬂ@elpﬁdﬁpu&mw thedusenef grtalysts GOntalﬂan

r bon ported |y ng b cqQnd
o AR S Bl TS B ot
seléd;]tﬁfe tiorl Ina],c &stiﬁd&meé)nt jreyee\280ab 1244 athel qs]?tofmh catalysts
Thi s s sure further ate to a progess for t
to fWEREaEEn of PHIbMESRE | HOGERINEPN L Bfh areaeoBing para-
suﬂshﬁJ SYHER %ﬁ!oherbrqfarmﬂugsﬁtuttfa 1BilcPe s AREREeES. IR Bibfs on page
aC| usi n drogenati on catal yst supported on
241 unchmtamthaiomedéarawsubﬁs@tuam|qaé1 borancadisaylinaaid group, a methyl
optionally, dehydrating the succinic acid to convert
the SUCCiIIiC acid to succingc anhydride. The present
di sclosure additionally relates to a process for the
production of succinic acid or succinic anhydride by
catal ytically hydrogenati ng a hydrogenat abl e
precursor, selected fromthe group consisting of
mal ei ¢ acid, rnaleic anhydride, fumaric acid, naleate
esters, and m xtures thereof in contact wwth a
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WO 20061007523PCT/ 11S2005/ 023306 wt % about 0.5 to

about 7 wt% about 0.5 to about 5 wt% about 0.3 to

about 5 wt % about 0.2 to about 5 w% or about 0.2

“ﬁdéz 233. 0 wt % of total catalyst. . - PETVUS2005/023306
C?I t on to pal | adi um the hydrogenation catal yst may

groabsd? @Qfﬁh:ﬁge?ﬁ W@Hﬁlcﬂe distPsabanit #& misPits IEﬁ”ihésﬂrlﬁiydrog.jena’cnan of
referagﬁ% about” t0 about 15 wt % rhenium about™ 5
parg-sybgiiu Gen@dﬁ@mr\w& supstaiiglly dztfe@)emtoiew@dtngsumpn whether

the}"%a’(%bgﬁtrﬁogl?lm sd.@é'é’?ﬁdBH“ ah awyﬁﬁﬁ‘gfrﬁ S&bqg&? uﬁtaﬂ‘u?‘n ledee

suppbdut hé @riididdrslidates thap tredf Biaabiny daix@iet mudt Baveoa akghtﬁur&ce area

in Q06 PP Bt B8 Parplypicr PoRR i distiseeB anty iaafim JEpide having

surfeeb @iéa 0P BO @nHUIOO Shyuldind Aiten® sErarhhe b HOMHsH, - thd AN discioses
the catalyst is used in the first stage of a two

fha%tdse%f‘%%(ﬁ%he trRactgR tRPPRRTYS] @!aalouﬁd,pmer sedinttion; @f a para-
subsfiufed 5 er&%‘ Bé%ﬁo?@@%&h& cﬁ%e%/% b%ﬂ@%tﬁ?%"%&f%/ctmty and

nore pr y fromabout 0.1 wt%to abou
in righi yiedd.eExcapt eforathwcamﬂSaﬁbatreectmme?ﬁmeraWEdevle hydrogen

oredylh IPighiT. T 1oPy TP Rt % oG B pch he

hydibderiatién wmrp@rfphaéer abl y fromabout 15 0.2 wt%to

ndh corionty apgated Dot No. B, it SoRfsepet al. a method
emr§1&15§?ln§t égetrtMIQﬁleS:ﬁex@éL%uE%ﬁt%H %unf%hbﬁdbé‘l‘é]y@,f e%era?sk?:llc}éed for

is in arange of froma 5 w%to about
purifigaiionni-bygspasration §f 4 aredstrphtinls atdoaredalsoptthalioacid or a

o oA ESLFE R OSSR v on

oxyg@én-abiiatnirlg gagdrt e sobeunt at @nOsievated etempen‘atmrabdar)d brersaure and in

out 4 % t0 0 nor.e. referabl
the $8itincé 8 oh SR ctallstboBESBLT deatu il Eomponent. The
purifiedtightby-hydrogenafios ydcaagenacoRing abalyst nat.alNg? 5,362,908
rise at | east ?ne nobl e nmetal of Goup VIII of

Conﬁﬁ'g&lbeP?Wg: Ahptle ‘g7 Bﬁ“!agﬁs?q'éﬁ’%lsofso’ftﬁ'@ﬁl @fn crude aromatic
dlcatrbtﬁ@ﬁé QRideAy PRiSLDES BUcRAL fo Hﬁlhtbﬁ] fh'etﬁihtwﬁ‘ Qjﬂéﬁrﬁi%ily in the

upport. 25The hydrogenation catal yst may a
ilqmdo a$esethmgha@| @ﬁfticssiate/efaatalyabrhedmlrartheaprqsea@a afnbydrogen.

Partﬂ:fu elt% %%{a{ aﬁmuﬁ% u@llfb%xe Sug’\g/c{.‘%gﬂéﬁé‘iﬁﬁ ptr{)]c?é's% % 2 hoifle metal of
Groeprﬁbﬂlofelhe P@ﬂwlmﬂabmgeﬁﬁiemenhsammlayistanmnﬂﬂmm support which -

conpri.se about 0.1 to .abou % .
doeg 1] r{ﬁa‘ﬁﬁ’ﬂ gr%@t\'ﬁegeﬁ Dg0: o orh B%Cgﬁ v&3{977539,9111ployed in the
hydrdbbNgtion. Peéfensily, all Qsdst Gnd Wéigﬁtbg%tberﬂ%f\tﬁ%;fafhﬁl% diBxide support

and between about 0.1 to about w % of "at | east one

Is ingherpia creriaine phase cre at laast wmt POeycigheparsenionf the fitanium
suppdt iid €mbtd %Pé CI\FS@% O[é e 3%@@%&3’&3!]1?/@%33(& However, even after

2006100752
hydregtaatione the tehephiipalicoapich pradumet cautalnﬁmlmfdwplrass es about

abéa%%apdfgy\‘acé%@ﬁ%\‘m gﬂg’ﬁ?bﬁ?}t g% 1%5{)9%?13 ooéeg (P"%C%Ssﬁf dising a

titanivim ai[oiieasnpmn'aad)burrﬁmtmnabatEIyﬂﬂﬁmr pobfa:lattuoarwf relatively impure

xtur es ereqgf on ar ani um di ox

dica “B%W %9&%&5?%??@ }'QLHé Pb@%%@ﬁtdamgﬁ@. Blitahleskpnzene
or néﬁhl%fa%?uet Rafifd S bRidBABRY | 'nﬁg %m{deﬁfg WREGH b f}%e?\ufry from

on a rutile trtrani umdioxide support whi ch are” usefu
polygsier tefn gpawsigeaaereating uniis ef dhadivpthaxylic amihaticacid residue

acid and rel ated conpounds to tetrahydrofuran,

gama- but yrol act one and 1, 4g- butanediol. Rutile

titaniumdioxide is a titanium di oxi de which has been

cal cined at high tenperature to convert it fromthe

oanat ase crystalline phase to the rutile crystal l'i ne

phase. An enbodi ment of the instant invention

rel ates to hydrogenation catalysts conprising

pal I adium rhenium silver, and at |east one of i ron,
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tg. a
deqgptdhyiatiog of
titapiufedioRiderapeoatial hepuiiewrgaalin@bhady. dDo@RRdY esfiliient aqueous

5 fresh catal yst nust be put in, which is costly.

- -When catalyst is nmade with a carbon support it flakes

under the reaction conditions and bl ocks the catal yst
WehflsAPases and causes a higher delta P. Thi $cgh@wWwsn23306
down the reaction throughput and the higher delta P

an@ 3BpEatHRNUbRE of AlRME talcohBpPtdrdudli SFamdfiaaiocr06oprises passing an
catal ysts having a carbon support is _that, with a 10

aquequsorolliopopt  diearbexier armslict agid Myl sGEfapiments of organic
. , | i . [ i

mEHR5, SRS A OREb T ERad SRR Bl oriics o xddton andor
ottiey arganjrarcdnupdrents,héwoyghi @ pertisslateviset t dlatpusifidation  catalyst

i s.needed ,t,0 anchor the .pal lL.adi um hydr.ogenati on, net al.
colrritE Sot8 RLahR6 A MR LA PYeH ERE 5 Sty Slitable or
detdrbanyigiorbbsidimid nplirics UGeheratlyy at Rlaki BAe MEIGIR, percent of the

sodiumis not necessary. W e rutile TiO2 15

titagiygn goxide; $UPRRYL igﬁrggweo@sffﬁ\g\éltygtgﬁlget@a,sgd piionglly, effluent aqueous
sofflioeA ShBUIR! BNEIAE IO ISRE 8hSthehfanfli? dioxide support is

soneti nmes used, such as silver, thus saving on

. passadaihyeughcasiubsequent pariiiataieykad elippeihes podtieationaratalyst in the

[ [ e)d ' S ' S e
e300 S DB SERR R SR R PRR SR, B sceons
soluthore nubmequbnic Ho c deparibsaglation afurther dicdxcde @fganie dmplrities in

.l east about 83 weight percent of the titanium di oxid
dicp GRS Grotat A0 dece e Y rstrlionadhd SRipdton from the
aqueddd SohltRinyst support can be chenically attacked by
the maleic or succinic acid at _the tenperatures used

i n EpEmaite epEENe dbeds Palyller 8dPH.836t diswleses pragesses using a

sl By syt ek R TR of gty oo

dicaboxplie sramatiorasid enadustd diyoliylidvghase oxitlatigrs of aciuiiable benzene

or SRRAERIEHBBA0 oS metlsatit Aod Subidlefier Upidhpy recovery from

polpesteerdsin rumptisiog repebiivay ubite of thepdichrboomiiy BReSatic acid residue

' i tanium dioxide. in.th uffle crystalline phase. The .
and geqaing, epSsvgnans skahPbisstiy Buficaibh; Gunpies passing an

aquidtRRl Salutish t ¥C iceabS§ac Ditohidtic agsid . ARAAEMERNSMBEintsN8f organic .
. reaction system Use of ruffle titaniumdioxide
Impsiiges gessigling eh0XHeREAPHIDINAFWNFHIS eF-PrEUSHFe8E oxifgtion and/or

'oth?ﬂeéfgggfcskﬁgrfg%%ﬁ&,s rbilh Gt ghniShiale? Yt L&ﬂ[‘%ﬁﬁﬁ&ﬁﬂn catalyst

onom cal . e of a catal yst
corspriging 8 rodipmetaingn aditanient diexide sopperdbxinder cendifisdsuitable for
st sfavi n ‘

Wgaﬁ%eiigﬂ)ﬁ{r 'E}g%eégﬁ%%ﬁy %P@?fcéiﬂ%%%@ percent of the

the presence of a noble nefal catalyst to succinic .
solyien Ge8) @me@vt@m@Pa@s als8n dhafianiypt disdda gupport is
padsd hudt 2_aE M uert PaHRAIE Bledr §Mar®iMer purification catalyst in the

- gamma- butyrol actone or m xtures thereof. The
preperrtu of iaomolanilay kydiegeyi-cantaining gasdHydragesaiigin ghdleel aqueous

u ~catal y: i Si i tanim i e
oy G Bhadfote Sk BORIAD SR Sl GBRAE Wprtes
dicarboryiss anfmative acits restverads doyt coystallatibeasnd asmparation from the

h)édrogﬁdnat abl e precursor is reacted wth a hydrogen
aquesHe SPMIRG- gas in the presence of the catal yst.

Gemgadluny did@iWiicPORNBINMEIIE i Hes BhS@ke | cry4tallidd phase also has
aqueous solution and the reaction is conducted in an

disagygatnges as- ealglyshevrrart: The adaigspdi@ haga low crush strength and
"hydr ogenat abl e precursor” is any carboxylic acid or
| o anhydride thereof, carboxylic acid ester, |actone
or m xture thereof which when hydrogenated produces
1, 4- but anedi ol . Representative hydrogenat abl e
precursors include maleic acid, maleic anhydride,
fumari c acid, succinic anhydride, succinic acid,
succi nate esters such as the Cl1 to CB di al kyl
succinates (e.g. dinethyl succinate), naleate esters



The Pd/ Ret Ag catal yst conposition can conprise about
0.05 to about 20 wei ght percent palladium preferably
about 0.1 to about 8 wei ght percent palladium nore
preferably about 0.2 to about 4 wei ght percent

pal | adi um about 0.1 to about 20 WO

2006/ 007523PCT/ US2005/ 0 33 el ht - BElGRIN cANEURE catalyst
is apoefubiem|ty BHEGE AN ggiw\gﬁsl Ci per cent rhe?n um g

t weligrht per cent sil ver
D’O’%gr%r?@?egigll%e%%gm% I%leé}?oﬁée)\rgoutl ght tdvsts nrevious]
si vers ap;r efaelwme@samﬂﬂ@ Impt%eaﬁ\gﬁ{ %ﬁ%m “PaYEEM y
sil ver I di hégéeg J- dﬂ@tmf@rn article
usefiGOt%Oqu%?nng?t }8’% gﬁjlr sfaca%ﬂgr%/gﬁconpors,l tTon 1 prt |
o Q@,# %%tt%&;%nf w]{]hﬁiatmdﬁfﬂned antchlgHo renecs deltr %ofr‘%fff?foﬁlﬁ icles

netal or netals sel d u
for 'rré’(erdp?@fﬂe&f ristfac Bt I g %Bséeéq%%ﬁ?ﬁé Iq?nn%!/en!ﬁt |é oér?Acrl#IIa rate of

cony.eni I crebye bryiuegmall boa caf l@dﬁ-@?erth‘bb@d delta
ploc{{)qcp%l \lﬁ[ﬁnﬂ%}?gélp&sﬁbﬁeﬁ%g”@ eéFt her in single or
o multiple inpregnation steps, wth a solution or
sol uti ons cgnta pakhiadtiwimh 88 maximize 1,4~
si Ppébied ot QTH%H”’Vl?rW‘%%ﬁgpa pﬁg'%gs,’@ﬂﬁge Zflel n, .
butéd@&fﬁg@%ﬁb%rpfaﬁd?enlli'lﬁmllzb egmmn“arﬁ)ui&motﬁoﬁéﬂ@d@' adhisHent Such &

means to cause the rutlletltanl r duct
saipgrk s T s LRSI Ao

wochgﬁ%PgtEc{ L%%Q%E‘I NG ST é@f&lnﬁ@%B@ﬂh&r@E%d Mecmaetah pfocess costs.

ng agents to hel’p solubilize one or
t he smbight wbnhajmﬁsnotm@uxtea’ﬁ@ YRt ofz SOy ,etaoréfapg rsng%rc i which

| npregnation ste y A&, SV entwhichScarbon is
the Byg ‘Pfeﬁﬁ@q@'t’mr 398a¢hgﬂwf\ﬁggnb§ag%u¥ 80 C. and about

repléﬁ@d Gith @R drder, trherehyrdioog enabdid nvas i alsgdie wmatp cconomical

be cal ci ned_at about, .150C
ancl w19 pr 37Tt 4T 1€ BRRES e ooty v Leing @

hydggq%wg J}Nnﬁ&gngpu&%pr%ugy%nélqn‘pmd aniler derqgfnnatlon catalyst

nd can"be applied to the rutile Ilt
contiopkhtieoy datmgsissURPODT CEBRFEIIAG ThE"® ﬁhe rutle orystaline
material in the solution or by sprayi ng the 20
phagdi ution onto the titanium di oxi de, or foat
pr eipidtalingf tthe maeIdgl@M@JtlﬂO@nP@a’td@lsy@? %Woﬂ%%[ieg satures.

onto the titani um di oxi oge &yaehbgdh talyst
Theg aepentudadnigh efge- @ogci%ta%st fe 't f\%ig%l% dgﬁogéh ey

cormtiRRy r%né"‘ cSrhnWQré’cﬂ?{@ahydmg@mtlahycgtai@fstnp@mgﬁm@tg; $n a support
esc

d y &
Cen‘iﬂrlaimgetg:larull”rgﬁl‘:*aw indhe Eﬂé&ﬁh Q‘E@E‘Qﬂﬁéﬁ‘&%%%@ Dg‘if"lC!)%e “gbdva”tagl St
{ | | chgt 4 10l 2% catalys
kTR BN By s g
suppeAd. 2$aé%a8a1ys(tb@9r7e Enasen’onnyentmcaﬁ%@% laog Ty less ni

reference in ' s . ent eS@dﬂHb'c@’fhl st less adverse
aCle@m&@idﬁﬁrfefPﬁ@ %IW%@ d Wmcgunﬁ eE@St ypical l'y A

fo tﬁ@%‘ﬁ% Jﬁ@ht“éh@%@@n@@élmb&gwaazea’t’munmr)a@f opdhe @@wmﬁmem is an
o yield a catalyst product with the

;mpb&qmnfaf;ftoe anount of palladium The pall adi um conpound
may be pall adiumnitg @h@ad0 or a pal | adi um conpound
such as a chloride, carbonate, carboxyl ate, acetate,
acefpd rég@rtt@&%to@ure%la@mme orddass &nataivteal bydrageiieties 2

the silyer compound i I Yo 3Ry RELEOUSHBRAGIE gas and @
yd@&@ﬁéfarﬂl%gprﬁr?ng At 3?5’[}:’1&: \?@r c%n}g%un%@?o yield a

hyd%ﬁkﬂbﬁ§ﬁ @ﬁ@@@@tommphsm@eom@qm1snm@ arbunt HErogaRle} | catalyst
e palladium and silver conpounds should be WO
2006/007523PCT/U82005/023306 thermal | y deconposabl e
and reducible to the netals. The sol ution containing
t he rheni um conpound is typieally an aqueous one
cont ai ni ng an anmount of rheni'um conpound to yield a
catal yst product with the requisite anount of _
rhenium The rheni um conpound is typically perrhenic
aci d, anmmoni um perrhenate or an alkali 5 netal ‘
perrhenate. The i npregnating solution(s) may



In an enbodi nent of the invention the conversion of

mal eic acid to 1,4- butanediol may be conducted in

two separate reaction stages or hydrogenati on 25

zones In the first stage an aqueous sol ution of

mal eic acid is hydrogenated to succinic acid using a

hydr ogenati on cat al yst .an ' Lt ani | 0xi.de:
CSUBBOTL Oarﬁjswwqrﬁ%%@%%%%%éwﬁ@e5'%%@8 ARy Cefine prase 1o

phﬁiEéaﬂﬁBgﬁﬁgﬁoFQn&ﬁﬁﬁ@ﬁ@@ﬂ@aﬂﬁﬁﬁb@@mﬂﬂdoﬁ@@hhﬁwteﬂahymoﬂﬁan
y#rogénated to 1, 4- but anedi ol , gamma- but yrol act one,

and/ ot f &t rt9g¥ipsl% 93% @05 Qi b X T8 o 16 eREkd a Pigtess for the production
catal yst used I'n e seconé reactor may be a
ohvdregenat bbn 4- Bliccatall ystmon- autyutlddiend,i tami ubelrahydrofuran

di oxi de support as in, the first st reagtion or it . .
i B A g RO et IR IENT RO SUBpURP! m contact wih
ééug;fy%@%%g@@%b%s@ gztﬂs%icbeajgymoglzrﬁaﬁoﬁata;ghl@t comprising. at

, , . U S. Pat. .5, ok o i
orpaneeTbaiEe o R W o Rogebde JZ e, sPhgcd from the growp
S| r fdnhenrebmuby rrefieneogeiuim iFtisnemhdr playinum on a
BelGE 8 007523PCT/ US2005/ 023306 exanp| e, . a

cablgbly stppEedoMpriehe §@EHNRYy SPY SGHP @loingel seowy,

Pd/ Re, or_ Pd/, OftaRiFR KM UPROFHe rille coatalintstnase.
. ﬁﬁdﬁ¥@glg%c%gn agﬁdoﬁgﬁ%ﬁ nnré additié?al net al s, fhase

such, as i ron. Ihe catalivsin-usedsiia, HBR is geandst ggesss for the

may ‘S LE ESNDIT Sa ] r ' o fur
R GHER PO FT 4k LR o aomas ai e prahvdrofuran
%Ohl%‘,ﬁgiﬁg %@%‘ighi@%)ﬁﬁ?ﬁ&b@@%iﬂ@ sahwho ostahippostursor selected from

I'n one éenbodi nent, both the catal yst in the,fltét i anhvdride
shageuandnsipéncat ARPs 26 PRgICsabRId e SFENifpRgFId, succinic anny

conpr X TrHEEniat witthy df eeeratd-atkisag ab¥sihdanhgdrogenation
fﬁ?ﬁwg%%ﬁﬁgﬁ%ﬁn1dioxide supggrt W th é h%grogéhation, e
GatAaly sbrofisiag pabeinrsapb ondniuM@PEntdgEBiRIRRO T FRENPISING tanium

o e SBE  AReU YRS bRt AT St i s m e rutic
Qﬁgﬁéﬁﬁéaﬁggg 100C to about 300C. I n.an
enbo

I ment of the above two-stage process, the ]
t enpetcabing tof thilteaspedds theshsrasHirpt P I § Nl s cPraessg for the
ap@dtaenbesnessabys ef pi-tuhedibl samhyduygdazenomnd driehydrofuran
a&ﬁﬂgggbrolled such that the tenperature of maleic
acld in'the feedstreamand the first hydrqgenation
zone dpgs nofirseRpdredenbint ZAROE) asacHERbYIredatRiEy a5 connected
the 15 reaction product fromthe first hydrogenation
zone to rai'Sé*#fe reaction product to a tenperature
of abo&a 1 tm@boute FBACHpIrbgenation sopel §i fegdstheam comprising a
reaction product fromthe first h drgﬂenatHon z%pe Ho. hvrid
the second hythosgeiritle sReasHY. SereteS JRULME'Yh aGic: malelc annycride,
mal ei ¢ aCIqukgﬂ%aégE%thﬁﬁhgéSﬂﬁmﬂﬁ!SO be conduct ed
in two separately distinct reaction stages or zones,
wher ei ()t heeddtingt insihadiési kydpesrated zaneatippmaleic acid feedstock and
tenperature bel ow about_ 130G, - 0
1BUBo0T: e GG ¢he Sl AT e et L Qe e d gyt suppor
t BeApdey HEARAT alotids, ofhdrbie ceendbstiaewkipho peraned! said titanium
at a tenperature above _about 130C to, convert the . s
Suiogini 6 advel ige dVH GHEE BisCofd PHHEE bt §P O AEPBire!ot comprising
1aﬁk ; gﬂﬁdiol and tetrahydrofuran. Mire
specifically, maleic acid is supplied to a first .
hydr og&nat isopplziogdodbe setemhBYHPUT e Zapsutherectien produst of the
about 25 120C and | . drogenated to succinic
acid. The %Eg%Y?rﬁeﬁghggggﬁ%re in the first
hydr ogenati on zone is controlled such that the
effluent fromthe first hydrogenati on zone does not
exceed a tenperature of about 130C. Preferably, inlet
and reactor tenperatures aredScontrolled in the first
hydr ogenati on zone such that the naleic acid does not
exceed about 120C, nore preferably such that the
mal ei ¢ acid 30 does not exceed 100C. The succinic



In one preferred enbodi nent, at |east about 83 weight
percent, preferably at |east about 90 wei ght percent,

nore preferably 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

di oxi de support is in the rutile crystalline phase.

30T(E@ani acth®xi dec whewhi hglrbgendionarmaeadiee reaction product from
crystal |l ine phase can g:mp | ci ned to. cgnv r

e 1St B PS5 2090 BEOHE e 4 RSO S Lppar S Romprising

paﬁacﬁl;lr%fﬁor ﬂ'gsnﬁm)%w ATBR BN S, A draad HiFR d@?ﬁia@ﬁ)lﬁ URBRIL whersin at
IS Yy |

or med calcination of titaniumdioxide at a -
ledsk rpeuniativeighihp¢hentrelirgll BRNUMpAEPEES R Ngbpcutile crystalline phase

preferably fram about . ) ; B
0 BT 609553RET LRTIUST ORI Ehd i P Lrled BHI epie pgarmma
bu%lﬂﬂglétoﬂ@,oé}qd tetrahgdpotirad,200C. , preferably to about
. 1100C., and nore prefer a?l%/%%_o about 1000C. Iln. t hi S, 4
whefio dilee AEMPRICAIST D1 MCat ST EASATS (TR DdPdels eid and the
terHBér e %ff %@ﬁllsy th rob@ﬁéﬁon?%ﬁ@éz@@on@@ﬂ&ﬁ@&eh TRE éhe temperature

prererably at |east 90 wei ght percent and nost
of prafieraabl i $elfstdsirdan lapdiDe fiwrl GRrogwegentzoneflogred exceed

tit%glioémdioxide which is calcined is initially in
abeel SOnkt ase crystal phase. In a further

preferred enbodi nent, the titanium di oxi de support

has Aactrdinglio 8 precihfasped af thacescareea. bereps efwidab layprbess for the
prdallafbnaR QHika 4Gns @Y AU URRNEEIR gR@IM N AGlactBE Carr e &fyakiiytan

| ess than about 20 square neters per gram and nore
COMREfErably | ess than about 10 square nmeters per gram

Ti t g umy dir@byd exgempiions ksndand ageaostihjdaogestiea Z0saonnectad

fromabout 3 to about 6 square neters per gramare -

advant ag&otfdies, I n anot her preferred enbodi nent,

t he, 44 t ani, g g oxi PRFdro fieR BWES agequetréam comprisin

di aﬁéé)t erg% aiﬁéf)egag% g‘i;ggug 10é@ﬁ§anoneters (nm, PrEIe
pr ef er abingiat a¢idast about 20 nm In an '
especi al ly preferre ' [
por ont SPelE TP g i, Finst F7 Ingile o @Bstocic and
hvEidlobheinceystal Miithe apbatslysivsosprisingppriedoont @i ms chigdst support

15 than_ 500 parts per mllion_ b Lght . of e
COBRr R I G H OB BRI SE Al 47 Uil pBrespiqt sic stanium
dicdHel M in fasndid ehatalsReshddec tsubaee areacifn bessict comprising

t han about 40 square neters per gram has an average
suponie adidanmet er of at |east about 10 nm and is forned

by calcination at a tenperature of from about 600C

to aBput SUPERIC tofha ewmiduniddigsicden abnavthe heattiohgastust of the

50 wei ght reent is in the anatase crystal phase. 20
The hydrﬁ’ggﬁﬁﬁ%@ﬁ”%@%f% of the present invention

havilg arcupent wBORLo:Sd Agd@behe@st zahouhe 83aMRindhloduct from
ﬁrcen%_ titaniumdioxide in the rutil e cr‘tyst all'ine

‘fh% 5 BYHEECPHIO N 2N Eoi Chigy Hewah agedact with eifhes) t he
rutidiesc l rﬁgﬁ@% [ ' QX1 ppo [
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or optionally 2 steps, vs. 2 to 4 steps for carbon



EXAMPLES OF THE | NVENTI ON It is to be
understood that the subject invention is not to be
limted by the exanples set forth herein. These have
been provided nerely to denonstrate operability, and
the selection of catalysts, netal sources, carbon
supports, 5 concentrations, contact times, solids
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Car bon Support Thi s procedure describes an
agueous tvvo-gftf@b BDO cat al yst preparation using Nont
1.5 nm garbog. c!{)éﬂa’ngﬁnﬁgt%lﬁétOBom%rlé/rl@FQmel Saore  active
2. 66%Ag 2 669 0%ze on di anet er car bon.
20Mat eri al s: hfﬁpg@a&hﬁn(ﬁ%@bpb@tmpmenb supgrigg @t carbon, or
Nor it 15rrmd|amet tive Carbon extrudate
(referréH ton]lfg}lregisn as t andard C or standard carbon)
(aggui rBeg f @Omydbbgéna%meri@wyd;tnCcommm*B@dohﬁ or more active
Atlanta, Ga.) éB Ag/ Fe/ I\Ia%Al erqnatlon qutl&p h ¢
hydgoaggagen éiaFS(}Béﬁi ‘?ﬁ' PREIS §N1g ToHCSURTHR RfPY by the firs
bta&f rdde8ok NOB) p I5RAL (Akes tHsssalpeadivknadBeh-e upported catalyst with
de-ioni zed water and then gradual ly m xed W|th 39
fewef fodnzgemetian eadailsr irc thei eeEre Whageniang &t c@ﬁaijﬁm (9@)06 BDO
Pd/ Re I npregnation Solution 1: 309.1g of Pd (NOB)2
solution (20.38% Pd), 12.22g.of HRe04 sol ution (56.36
W % Re), 23.39 of concentrated nitric acid (70 wt %
nitric acid), and 24g of de-ionized water are mn xed



The carbon support (A) which has been inpregnated
with Ag/Fe/Na is next gradually inpregnated with the
Pd/ Re solution (C) and the mxture is allowed to
stand for 3 hr. The catalyst is then dried for 5 hr
at 130 C. 10 Carbon Catal yst C - Aqueous Two-step
Preparation of BDO Half Metal Catalyst wth Norit
prex Rt %P%@!@PQHE poss;b}e ?@%‘h@:ﬂ?a@ﬁr@hY%d goﬁﬁéﬁw in a carbon-
out half the amount of palladium rhenium and
susptbrm catgtysbyeathin iba a@@paqi stage eretivarivbalseuippedyceade amount

bon., Cat al yst 1 . 0. 4%F
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theg,, optDialigr ée?wdﬁwgvfé@ JUECROYR @ 1@ 60N G tf@osumgﬂma@qh@a succinic
an thcﬁa gradually m xed with 68.3g of concentrated
WYHPe acid (70 wt%nitric acid). 25 (C) Pd/Re
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t ogether. lPreparat| ol Procedure:” 30 Step 1

furEie aadbmaleatppas&ers( Apndg S’ﬂ@fﬁaf@% aherpor n@r@gﬁ@&tewtm g fydrogen-

t he. Ag/ Fe/ t I

cor s e HIR SRR AR aR L A2ubRks cAMPag b oo
oven at 130 C for 6 hr. WD 2006/ 007523P C T/ US
2005/ 023306 Step 2 The carbon support (A)
whi ch has been inpregnated with Ag/Fe/Na i s next
gradual ly inpregnated with the Pd/ Re solution (C) and
the m xture is allowed to stand 5 for 3hr. The
catalyst is then dried for 5 hrs at 130 C. Exanple
1(a) - 0.5%°d12.0%=e on 1/16" Rutile Titanium D oxide
Support Catal yst Preparation Materials: 10 Rutile
Ti 2 Support (98 wt% rutile crystalline phase, 2 W%
anatase crystalline phase, 1116 inch (1.5 mM)
di anet er) Ti tani um di oxi de contai ning 98 w %
of the rutile crystalline phase of titanium dioxide
and 2 mt % of the anatase crystalline phase of
titani umdioxide, 47.5 g (dry). Pd/Re |Inpregnation
Solution 151.31g of Pd (NG3)2 Solution (19.02 wt%
Pd), 1.92 g of HRear solution (52.1 mt% Re), and 3. 93
g concentrated nitric acid (70%nnitric acid) are
m xed together This solution is used to inpregnate
the 98% rutile titanium di oxi de support. Preparation
Procedure: Step 1 20The rutile titanium dioxide
support is gradually inpregnated with the above
solution, and allowed to stand for 1 hr. The materi al
is then dried in an oven at 130C for 3.5 hr. Exanple
I(b) - 0.5%°d/2.0%Re on 1/8" Rutile Titani um D oxide
Support Catal yst Preparation 25The catal yst of
Exanpl e 1(b) is made by the sanme procedure as the
catal yst of Exanple 1(a) except that a rutile TiQ2
support conprising 98 wt% rutile crystalline phase, 2
wt % anat ase crystalline phase, and having a 1/8 inch
(3.0 mMmm dianeter is used. Exanple 2 - 0.5% Pd on
1/8" Rutile Catalyst Preparation 30An edge-coated
catal yst having 0.5% Pd on 1/8" rutile 1102 support
(97% Rutile, 3% Anatase, 1/8 inch dianmeter) was
prepared by Engel hard Corporation, 101 Wod Avenue,
I selin, New Jersey 08830-06#70 using a procedure
described in Che, M; Cause, 0.; and Marcilly, Ch.;
"I npregnation and | on Exchange" Handbook of



WD 2006/ 007523PCT/ US2005/ 023306 Het er ogeneous
Catal ysis ,Volune 1, pages 191-207, Edited by: G
Ertl, H Knozinger, J. Witkanp, |SPN 352729212-8,
(1997 Edition). Exanple 3- 0.5% Pd on 118" Rutile

Cat al yst Preparation 5Mat eri als: Rutile Ti02 Support
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1, 4-butanedi ol 1.97% 1.55% 85.51 wt % 1- but anol 0. 00%
0.00% g-butyrol actone 6.35%4.78% 2.04 wt% funmaric
acid 0.00% 0.00% 4-hydroxybutyric acid 1.36% 1.24%
mal eic acid 0.00% 0.00% nmalic acid 0.41% 0. 48%

met hanol 0. 00% 0. 00% 1, 3- propanedi ol 0.00% 0. 00%

ropioni c acid 0.00%.0.00% succinic acid
P pl}'ge catalyst may add?ﬁonaigf 80mpr?ee a %ea& one of silver, iron, aluminum,

cobalt, gold, manganese, tungsten, molybdenum, ruthenium, rhodium, osmium,
iridium, and platinum, and mixtures thersof.

The hydrogenatable precursor is advantageously selected from the group
consisting of maleic acid, maleic anhydride, fumaric acid, succinic acid, succinic
anhydride, maleate esters, succinate eslers, gamma-butyrolactone and mixtures
thereof. 7

The present disclosure also relates to 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 compiising
palladium, rhenium, and at least one of silver, iron, aluminum, cobalt and mixtures
thereof, on a suppori comprising’ titanium dioxide in the rutile crystailine phase.

Description of the Preferred Embodiment(s)

The present invention relates to a process for catalylically hydrogenating a
hydrogenatable precursor’ in  contact with a hydrogen-containing gas and a
hydrogenation catalyst comprising one or more active hydrogenation catalyst
components on a support comprising titanium dioxide in the rutile form to produce
1,4-butanediol and, eptionally, gamma-butyroiactone and/or tetrahydrofuran.

This invention also relates 1o a process for the hydrogenation of maleic acid o
1,4-butanediol and, optionally, gamma-butyrolacione and/or tetrahydrofuran wherain
selective reduction of maleic acid to succinic acid is achieved in the first step of the
hydrogenation process by using a hydrogenation catalyst Cempl‘iéing bne 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 Vill of the Periodic Table.
Advantageously, the noble metal of Group VI of the Periodic Table is

selected Trom the group consisting of palladium, ruthenium, rhodium, osmium, iridium

and platinum, :
In an embodiment of the invention, the hydrogenation catalyst comprises

palladium on a ruiile titanium dioxide support. The amount of palladium in the
Cataiyst is from about 0.05 o about 20 wi%, preferably from about, G.1 to about 10

-14-



10

15

20

25

30

87. 75% 90. 60% terephthalic acid 0.00% 0.00% THF
2.02%1.27%9.28 % BDO + GBL + THF 96.8 wt % Ti ne
on Stream 1009 hrs. 1009 hrs. Liquid Hourly Space

%:Zdag/b67¥23l 6 0.8 MAC Conver si on, % 100 n. aPC’%@ZOGSﬂ]ZI’)E}OG
selectivity 90.60% WO

wid %@EPBF@?&% ; to %%Pﬁ) TodUc s Wl S hsa Naitbut 5 wide:

uccinic Acid (SA
aboGaOéZI tpstbobk & nyils oP abouw/a feol aboutl3.8 wﬁ&&@ t@’faﬂrcz@l@lyst

{ﬂ? ar tgrt 97%@3@??'8%‘ 5 A{]atggﬁ%é taﬁg{'ﬂ]% E{)}nprise about

0.1 @@fabe{SEO RAEBleRium, pr@f@%l?dabmt IJCBto Aot 16 Wt%ﬁhemum about
1.0 Stgpggcru}t g 97\:(\)//?"/0Rurthlehﬁm agénutatl %S ?o a gt I5n(5: Q}Vtgo rﬂeniun? and may
additionally comprise about 0.1 to about 20 wt% silver, preferably, about 0.5 to about
10 wi% silver, preferably about, 1.0 to about 8 wi% silver, about 0.1 1o about 5 wit%
silver, or about _0.5 to ab'out 4.0 wt% silver based on total catalyst weight, on a rutile
itanium dioxide sup'pcrt- ‘

When the catalyst is used in the first stage of a two stage process, the amount
of palladium preferably is in a range of from about 0.05 wt% to about 5.0 wi%, more
preferably from about 0.1 wi% to about 3.0 wt%, and more preferably from about 0.2
wt% to about 0.6 wi%, and the amount of thenium may be from 0 wi% to about 3.0
wi%, preferably from about 0.1 wi% to about 2.9 wi%, more preferably from about
0.2 wt% to about 2.0 wt% baéed on total catalyst weight.

When the catalyst is used in the second stage of a two-stage process, the
amount of palladiu_m preferably is in a range of from about 0.05 wi% to about 5.0
wi%, more preferably from about 0.5 wi% to about 40 wt%, .and more preferably
from about 1.0 wi% to about 3.0 wit%, and the amount of rhenium is preferébiy from

- about 1 wi% to about 10.0%, more preferably from about 4 wi% to about 8 wi%,

more préferably from about 5 wt% to about 7 wi% based total catalyst Weight.

The hydrogenation catalyst may also comprise at least one noble metal of
Group VIII of the Periodic Table and at least one of rhenium, tungsten and
molybdenum on a rutile titanium dioxide support |

The hydrogenatlon catalyst may also comprise palladium, silver, thenium 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 wit% palladium, between a‘bbut 0.1 to about 20 wt%
silver, between about 0.1 to about 20 wi% rhenium, and between about 0.1 to about
5 wt% of at least one of iron, aluminum, cobalt and mixiures thereof on a rutile

titanium dioxide support.

-12-
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Cat al yst Exanple 5(b) - 0.5%Pd, 5% Re on 1116"
Rutile Ti Q2 Support (98% Rutile, 2% Anatase, 1/16
inch diameter) Results Mle %W % acetic acid

‘90 wPsPB8% acrylic acid 0.00% 0.00%
%&gut anediol 0.49%0.37% 37.81 w % 1-but angICng?[gal%”%

R N PR v e g B RO o 4
wi% Baligiigmaabdut 6.500% viDatver, about 0.5 fo 10 wi% rhenium, and about
0.2 to 0.6 Wt% of at least one of iron, aluminum, cobalt and mixtures thereof on a
rutile titanium dioxide support. ‘

CAN embodlment of the present [nvention also relates to catalysts comprising
palladium and rhenium on a rutile tltamum dioxide support which are useful for the
hydrogenation of maleic anhydride, maleic acid and related compounds to
tetrahydrofuran, gamma-butyrolactone and 1,4- butanediol. Rutile titanium dioxide is
a titanium dioxide which has been calcined at high temperature to convert it from the
anatase crystalline. phase to the rutile crystalline phase.

An embodiment of the instant invention relates to hydrogenation catalysts
comprising palladium, rhenium, silver, and at least one of iréri, aluminum, cobalt and

mixtures thereof, all on a rutile titanium dioxide support, which are useful for the

hydrogenation of maleic anhydride, maleic acid and related compounds to 1,4-

butanediol, tetrahydrofuran and/or gamma-butyrolactone. The rutile titanium ‘
dioxide support of the present invention comprises at least about one wi% of titanium

dioxide in the rutile crystalline phase.
Generally;-at least about 70 weight percent of the fitanium dioxide support of

. the present invention is in the rutile crystalline phase. Advantageously, the titanium

dioxide support has at least about 75 weight percent of the titanium dioxide support -
in the rutile crystalline phase, at least about 77 weight percent of the fitanium dioxide

support in the rutile crystalline phase, at least about 80 weight percent of the titanium

" dioxide support in the rutile crystalline phase, at least about 83 weight percent of the

tita-nium 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

jeast about 94 weight percent of the titanium dioxide support in the ruiile crystalline

phase, at least about 95 weightrperc'ent of the titanium dioxide support in the rutile
crystalline phase, at least about Q? weight percent of the titanium dioxide support in
the rutile crystaline 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 fitanjum

. dioxide support in the rutile crystalline phase, or at least about 100 weight percent of

the titanium dioxide support in the rutile crystalline phase.

13-
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15

malic acid 0.00% 0. 00% - net hanol 0.00% 0. 00% 1;
3-propanedi ol 0.00% 0.00% propionic acid 0.00%
0.00% succinic acid 98.36%98.89% terephthalic
vﬂ?bdaﬁm(gsgo%o 00% THF 0.61%0.37% 2. 46 W %8Pk1bes/023306
+ THF 92.8 wt% Tinme on Stream 140 hrs 135

hr ?hé'p?éﬂe‘i’lt HREhtYn RABES 18! BeirddenatioR cathifst for the conversion of
maleic acid to succinic écid which can then be converted to 1,4-butanediol using the
same or a different hydrogenation Catalyst. The catalyst of the inventio'n_ has the
advantages of better crush strength, delta P, pl_'oductivity, and catalyst life compared
to previous hydrcgenaﬁon catalyst systems. The catalyst of the present invention

‘comprises palladium and rhenium on the rutile form of titanium dioxide. The novel

catalyst of the present invention, Pd/Re on rutile TiOg, can convert maleic acid fo

succinic acid at a very high selectivity. The succinic acid selectivity can be as high as

- 98%. Advantageously the succinic acid selectivity is at least abbut 65%, prefErably

at least about'?S%, more preferably at least about 85%, moare preferably at least
about 90%, more preferably at least about 95%, and more preferably at least about
98%. -

~In the process of the present invention, at least about 85 wi%, preferably,
about 90 wt%, more preferably about 95 wt%, more preferably about 98 wt% more
préférably 99.5 wt%, and more preferably 100 wt% of 'rﬁéle'iqécid"is converted to
succinic acid. The succinic acid product may- be recovered and used or converted

‘via dehydration to succinic anhydride, or the succinic acid product may be converted

to BDO, THF, GBL, or mixtures thereof using the same or a different hydrogenation
catalyst

The amounts of palladium and rhenjum .in the catalyst preferably may vary
from -about 0.05 to about 20.0 wi% based on total catalyst weight, ‘more preferably
about 0.1 to about 5.0 wi%. The amount of palladium is preferably about 0.05 wt%
to about 5.0 wi%, preferabiy about 0.1 wt% to about 3 wi%. |

The rutile form of titanium dioxide is much more stable to hlghly acidic
cond:t;ons such as the concentrated (up fo 50 wi%) 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 thanﬁ anétase TiOs. Thérefore, the
rutile form of titanium dioxide is more suitable, desirable and beneficial for the
cataiyét of the present invention than the mixed or anatase form of TiOs. |

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

dioxide.
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MAC Conversion, % 100 n.a. SAC selectivity 98.89%
WD 2006/ 007523PC T/ US2005/ 023306 Tabl e 1c Conversi on
of Maleic Acid (MAC) to Succinic Acid (SAC) with a

“E?i Yok 3Exanpl e 3 (0.5%Pd on 1/8 Rutile Ti @Rr/us2005/023306
Supog&olrt 2(97% Rutile, 3% Anatase 1/8 inch dianeter) 5

fCEat ﬁ%gﬁtﬁ:ﬁ%ﬂtﬂg %p?é@%él %u . 99%89%%'\/8}3 cotalysts which

haye s9ppruts <bfecar}2%A|€harlamls Taglel ndthedisaffet eat}alyStsa&m@akﬂthey close

andleBorseIhELOR! apivces bEHe SlsBBALE AeCit b keradoiovit iiuces the

. flowmeetibwilds iup $re8FHe0. 1Y deter § lindreasisd it AR OwA e reaction and

but anedi ol 0.28% 0. 21% 90. 91 wt % 1- but anol 0. 12%
freéﬁ @ijst must be put in, which is 0costly WhergJ catalyst is made with a carbon

support it flakes under the reaction conditions and blocks the catalyst void spaces
and causes a higher delta P. This slows down the reaction throughput and the
higher delta P can crush the cafalyst.

| Another disadVantagé of catalysts having a carbon ,suppo'rt is that, with a
carbon support, a larger amount of hydrogenation metal is needed, sodium is also
needed. While it is not intended that this invention be bound or limited by any

particular theory, it is believed that sodium is needed to anchor the palladium

hydrogenation metal to the carbon support. With a catalyst support of titanium
dioxide in the rutile crystalline phase, sodium is not necessary. With the rutile TiO,

support, it may also be possible to reduce or .eliminate other hydrogenation metals

7 that are sometimes used, such as silver, thus saving on catalyst costs.

Catalyst supports made from titanium dioxide in the anatase crystalline phase
are not as hard as the catalyst support of the present invention which comprises
titanium dioxide wherein at least about 83 weight percent of the titanium dioxide is in
the rutile crystalline phase. An anatase TiO, catalyst support can be chemically
attacked by the maleic or succinic acid at the temperatures used in the reaction

'p"rocess. When acid attacks a TiO; catalyst in the anatase crystallihe phase, it fl.a[:es

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

clogglng 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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g- butyrol actone. 0.08%0.06% 2.51 w% fumaric acid
0. 00% 0. 00% 4- hydro>cybutyric acid 0.00% 0. 00%
mal eic acid 0.06%0.06% malic acid 0.32% 0. 36%

“FE?EO'B b 0. 02% 0.00% 1, 3-propanedi ol 0. 00% B&PR%6005/023306
prop?on%zg acid 0.00% 0.00% succinic acid 98.31%

acid %d?%(ﬁioﬁéﬂfﬁ R0Y Nabienagbd tSe SV and gamma-butyrolacione or
mixtures thereof. The production and yields of 1,4-butanediol are enhanced by use of
a catalyst support comprising titanium in the rutile crystalline phase. '
Reactants

- In the process of the instant invention, at least one hydrogenaiable precursor
is reacted with a hydrogén containing gas in the presence of the catalyst. Generally
the hydrogenatable precursor is in an agueous solution and the reaction is conducted
in an aqueous reaction medium. 7

As used herein a "hydrogenatable prchrsor“ is any carboxylic acid or
anhydride thereof, carboxylic acid ester, lactone or mixiure thereof which when
hydrogenated produées 1,4-butanediol. Represeniative hydrogenatable precursors
include maleic acid, maleic anhydride, fumaric acid, succinic anhydride, succinic acid,
succinate esters such as the Cq to Cp dialkyl succinates (e.g. dimethyl succinate),
maleate esters such as the Cq fo Cé dialkyl maleates (e.g. dimethyl maleate),
gamma-butyrolactone or mixtures thereof The preferred hydrogenatabie precursors
are ‘maleic acid, maleic anhydride, succinic acid, succinic anhydride, fumarié acid,
esters of C4 acids, gamma butyrolacione or mixtures thereof.

_ i the goal is to produce succinic acid, then the preferred hydrogenatabie
precursors are maleic acid and maleic anhydride.

The most preferred hydrogenatable precursor is maleic acid, which is typica"y :
obtained by reacting n-butane or benzene in an oxygen—coniaining gas in the
presence of a catalyst to oxidize in the vapor phase the n-butane or benzene to
maleic anhydride, and then collecting the maleic anhydride by a water quench to

produce maleic acid in an aqueous solution. The oxidation of n-butane or benzene is

typically operated at a temperature of about 300"’0. to 600°C. and a pressure of

~ .about 0.5 to 20 atmospheres (50 to 2000 kPa).

Typically, the hydrogen (Hp) containing gas is commercially pure hydrogen
with no diluent gases. However, the hydrog__én containing gas in addition to hydr_ogen
(Hz) may also contain nitrogen (No), 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 V1l of the Periodic Table selected from the group consisting of at least one of
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THF 0.74% 0.45% 2.92 % BDO + GBL + THF 96.3 wt %
Time on Stream 193 hrs a209 hrs. Liquid Hourly Space -
Velocity 1.6 0.8 MAC Conversion, % 100 n.a. SAC

“ﬁﬁioﬁ&ﬁdif" sty 98.73% Tabl es la, |b angct®sii9Wssos
catal ysts of Exanple 1(a), conprising Pd/Re on a

Pa%?;%1 rhge%m rﬂbﬁiﬁhﬁjeoﬁHﬂBﬂ”mdiﬁﬂg %?c% %Iéﬁﬁlﬁnofon a support

’Exarrp , conprising na ruti

‘ complﬁ@lng winlehshabdat $wpPdratile cblmmllretthdnydez,qnm@ﬂablmtéeast about 83

10 spccinic acid wwth high selectivity to
Wi lﬁH@?r’i?@' cﬂ"’%‘ﬁ’% | ow anobunts of other byproducts.

- ThsfRtalysd id a5 'lﬁ&aMnhbeﬁt@TMndyeﬁ% tc‘é)nfam (i) at least one of

Catal yst Exanple 1 and Catal yst Exanp show t hat
rhepiyymonanganese; eictellarem:1 (i3 at ot e of éﬂ\@&%ﬂ%ﬁ'@sa@aﬂ") at least
T T
rheﬁldﬂ&t@@@&h&ﬂ%@@bdenum Thbje Betalyshlcemposiiopuvay mise be further

moB ena gél%cl})ﬁégrab?rao a mgt%l oP[rbe;?élg%r g;%&dfﬁ{@' %ﬁ)tuﬁﬁs 1A, lIA
or Wil gt [ ,I e,Tl 07 supporgI gi ves good conversion of naleic

acid to succinic acid. 5Tabl 2 2b show

e retarebh, A RLeBIRYES ImiedEe R MOR PO HIEp e palladium,
or gélla‘?dltﬂﬁ dsrﬁ}éﬁm &?Eﬁhﬂe%&ﬁwﬁ?ﬁﬁlbﬂgé sHFbBﬂ @@ﬁvﬁhﬁé‘gb%sly, the

repared as described in Catalyst e 1(a)

ruti@atitahigen smmfbut:@ngnsesaaﬂ I@ag@bop@,% @@%@ﬂﬁ@ﬂum@@p@g in the rutile

* | le Ti Q2 1/16" Support and Pd/ Re Catal yst
CW%%JJ'P%

®10 Exanple 1(a) - 0.5%°d/ 2. 0%e on 1/16"
Rut idbes Bréfarﬂblyn![ﬁeomm&/ssmmﬁoyed 28I RUnstEB] AWention comprises
palﬁ%lum a?')d rhgm(&?nngn rat ruM?a ﬁamum dl%xfd% s%%%gh%ﬁerén tHe rutile titanium

support compr;_ses at least about 90 wi% of titanium dioxide in the ruiile crystalline

phase, more preferably at least about 95 wi% of titanium dioxide in the rutile

crystalline phase.

Preferably the catalyst com_pdsition comprises about 0.01 to about 20 weight
percent palladium, preferably about 0.05 to about 8 weight percent palladium, about
0.1 to about 5 weight percent palladium, or about 0.2 to about 3 weight percent
palladium. When rhenium is a catalyst component, the catalyst additionaily
comprises about 0.1 to about 20 weight percent rhenium, preferably about 0.1 fo
about 15 weight percent rhenium, about 0.5 to about 10 weight percent rhenium,
about 0.5 fo ébout 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 cornpriséé at least about 1%, and preferably at least about
83 wit% 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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Rutile 1, 1/16" Tine on Stream (TOS), hrs 170 241 380
Mol e% W % Mol e% W % Mol e% W % acetic acid 0.12% 0. 06%
0.14%0.07% 0.07% 0. 04% acrylic acid 0.00% 0. 00%9. 00%

V@)%G/(g QO%O 00%1 4- put anedi ol 0. 35% 0. 280/@C'5fﬂj%0(}5/023306
.22% 0.39% 0. 31% 1- but-anol 0.10% 0. 06%0. 21%

welght percent rhenium, preferably about 1 to about 5§ weight percent rhenium; and
about 0.1 to about 20 weight percent silver, preferably about 0.5 to about 8 weight
percent silver, preferably about 1 to about 5 weight percent silver. The ratio of

palladium to silver is between 10 fo 1 and 1 to 10. This catalyst composition may also

be further mod'rfied‘through‘the incorporation of a metal or metals selected from

Groups iA or HA.

The preferred catalysts for use in this invention may be conveniently prepared
by impregnation of the rutile titanium dioxide support, either in single or multiple
impregnation steps, with a solution or solutions containing at least one palladium,
gilver, or rhen_ium compound. As used herein, impregnation of the rutile titanium
dioxide support means to cause the rutile titanium dioxide support to be filled,
imbued, permeated, saturated or coated. The impregnating solution rhay optionally
contain complexing agents fo help solubilize one or more of the metal compounds.
The catalyst is dried after each impregnation step fo remove any carrier solvent.
Drying_témperatures are betwsen about 80° C. and about 150° C. Optionally, the
hydrogenatibn catalyst may then be calcined at about 150°C to about 350°C.

In making the preferred catalysts, the solutions of palladium compound, silver
compound and rhenium compound can be applied to the rutile titanium dioxide by
immersing or suspending the support material in the solution or by spraying the
solution onto the titanium dioxide," or by preclprtatlng the hydrogenation catalyst
components onto the titanium dioxide.

_ A procedure which can be used for edge-boating the titanium dioxide sujppdrt
with hydrogenation catalyst components is described in Che, M.; Clause, O; and
Marcilly, Ch., "Impregnation and lon Exchange“ Handbook of He‘terogeneorus
Catalysis, Volume 1, pages 191-207, Edited by: G. Ertl, H. Knozinger, J. _Wéitkamp,
ISPN: 352729212-8, (1997 Edition), incorporated hetein by reference in its entirety.

" The solution containing the palladium compound is typically an aqueous
solution contaihing an amount of palladium éqmpound 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 chlioride, 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 amouni of silver. The palladium and silver compounds should be
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'0.14% 0. 00% 0. 00% g- but yr ol act one 7.98% 6. 01%. 90%
5.97% 7.68%5. 77% fumaric acid 0.10% 0. 119®. 00% 0. 00%
0. 00% 0. 00% 4- hydr oxybutyric acid 1.74% 1.58%2. 95%

wo 78 Baks9% 1. 44% mal ei ¢ acid 0.00% 0. 00%9. 0
0.00% 0. 00% malic acid 0.15% 0. 18%9. 29% 0. 343?%@8%%/923306

therTagy B ggg\ﬁ%g%[faoﬂgg é/%ﬁc%cﬂ%ool‘ﬂ% RefiS’ Pnd @¥BoR Wbntaining the

~ rhenium compound is typically an aqueous one containing an amount of rhenlum

compound to vield a catalyst product with the requisite amount of rhenium. The
rhenium compound is typically perrhenlc acid, ammonium perrhenate or an alkali
metal perrhenate. '

The impregnating solution(s) may optionally contain metal complexing agents
to help solubilize one or more of the metal compounds. The addition of acetonitrile to
the imprﬁagnating solution allows the Pd, Re, and Ag compounds to be _added in a

" single step. Nitric acid may also be added to the impregnating solufion.

After impregnation with palladium, silver, and rhenium and drying, the
preferred catalyst is activated by heating the impregnated rutile titanium dioxide
support under reducing conditions at a temperature of about 120°C fo about 350°C.,
preferably about 150°C to about 300°C. Hydrogen, or a mixture of hydrogen and
nitrogen, in contact with the catalyst may be conVenieriﬂy used for the catalyst
reduction. Reduction of the impregnated rutile titanium dioxide support is only after
the rutile titanium dioxide support has been impregnated With pal!adiufn, silver, and
rhenium. In the case of multiple impregnation steps and multiple dryings, the

reduction of the catalyst is done after the final drying.

The Process

The method for carrying out the process comprises reacting a hydrogenatable
precursor with a hydrogen-containing gas in the presence .of the 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 orin a fixed-bed reactor. Single or
multiple- stage reactors may be employed. The amount of catalyst reqwred will vary
widely and-is dependent upon a number of factors such as reactor size and design,
eontact time and the like. |

“The hydrogen-containing gas is fed continuously, genei’ally with the hydrogen
in considerable stoichiometric excess to the other reactants.” Unreacted hydrogen

can be retumed to the reactor as a recycle stream. The precursor solution, e.g.,

maleic acid (or other hydrogenatable precursor) solution, is fed continuously at

.concentrétions 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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0. 00%9. 00% 0. 00% 0. 00% 0. 00% pr opi oni ¢ aci d 0. 00%
0. 00%0. 06% 0. 04% 0. 00% 0. 00% succi ni ¢ acid 87.87%

90. 72985. 51% 88. 63% 88. 80% 91. 52% t er epht hal i ¢ aci d

W SR PsR0%0. 00% 0. 00% 0. 00% 0. 00% THF 1. 58%pc1/us2005/023306
0. 99%.. 36% 0. 86% 1. 46% 0. 92% WO

5&%‘5&9?@%@5@&5&@ %89&5692%@16 thabhghea @@ﬂéérﬁﬂéﬁéns being more

1/16" Time on Stream hrs- 577 723
economical and preferred due to less water to recycle or d:spose Preferably the

precursor solution contains about 20 to about 40 weight percent maleic acid (or other

__hydrogenatable precursor).

Advantageously, the hydrogenation is run at a temperature of from about 50°C
to about 350°C, preferably from about 50°C to about 250°C and a hydrogen preésure
of from about 20 to about 400 atmospheres (about 294 psig to about 5878 psig) with
hydrogen to hydrogenatable precursor ratios (Ha/P) of between 5 1o 1 and 1000 to 1

“and contact times of from about 0.1 minute to about 20 hours. _

The reaction products, 1,4-butanediol, tetrahydrofuran, gamma- butyrolactone
or mixtures thereof, are advantageously separated by fractional distillation. By-
products which are formed in small amounts or unreactedl feed, such as, for
example, succinic anhydride or succinic acid, are optionally retumed to the
hydrogenation étage. The gamma- butyrolacione may alsoc be recycled to the
hydrogenation reactor. 7 |

Using the process of this invention, more specifically using the hydrogen'ation
catalyst described herein, maleic acid is converted virtually quantitatively in a simple
reaction. The yields of 1,4~ butanediol and tetrahydrofuran achieved are about 80
mole percent or greater, typically about 90 mole percent or greater, with a majority
portion of the yield being 1,4-butanediol. Reaction by-products may include n-
butanol, n-butyric acid, n-propanol, propionic acid, methane, propane, n-butane,
carbon monoxide, and carbon dioxide.

In an embodiment of the invention the conversion of maleic acid to 1,4~
butanedio! may be conducted in two separaie reaction stages or hydrogenation -
zones In the first stage an aqueous solution of maleic acid is hydrogenaied to
succinic acid using a hydrogenation catalyét on a rutile titanium dioxide support, and
in the second stage, the succinic acid is transporied to the second reactor and further
hydrogenated to 1,4-butanediol, gamma-butyrolactone, and/or tetrahydrofuran, or

mixtures thereof. The catalyst used in the second reactor may be a hydrogenation

'cata[yst 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.

5,608,749 each of which is incorporated herein by reference in its entirety. For
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0. 00% 0. 00% 0. 00% 0. 00% g- but yr ol act one 5. 78% 4. 36%

exampie%ot-c3dfyst used in the second stage might comprise Pd, Pd/Re, or
Pd/Re/Ag on a carbon support. The catalyst might also contain one or more
additional metals, such as iron. The catalyst used in the second stage may also
comprise a mixture of a hydrogenation catalyst on a rutile titanium dioxide suppert
wnth a hydrogenation catalyst on a carbon suppoti.

In one embodiment, both the catalyst in the first stage and the catafyst in the
second stage may comprise a mixture of a hydrogenation catalyst on a rutile titanium
dioxide support with a hydrogenation cataiyst on a carbon support.

~ Advantageously, the temperature in the first stage is from about 50°C to about
130°C and the temperature in the second stage is from about 100°C to about 300°C.

In an embodiment of the above two-stage process, the temperature of the
feedstream comprising maleic acid and the temperature of the first hydrogenation
zone are controlled such that the temperature of maleic acid in the feedstream and
the first hydrogenation zone does not exceed about 120°C, and heat is added to the
reaction product from the 'first hydrogenation zone to raise the reaction product to a

7temperature of about 130°C to about 180'°C prior to supplyihg the reaction product -

from the first hydrogenation zone to the second hydrogenation zone.

The conversion of maleic acid to 1,4-butanediol may also be conducted in two
separately distinct reaction stages or zones, wherein the first etage is operated at a
temperature below about 130°C, preferably below about 120°C, to convert the maleic
ac;d to succinic acid-and then the temperature of the second stage is operated at a
temperature above about 130°C to convert the succinic acid fo 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 femperatures 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 ﬁydrogenation 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-butanedicl and
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- 6.35%4.78% fumaric acid 0.01%0.01%, 0.00% 0.00% -
0. 00% _0.00% 4- hydroxybutyric acid 2.38% 2. 17% 2. 39%
2.16% 1.36% 1. 24% mal ei ¢ acid 0.00% 0. 00% 0. 00% 0. 00%

‘,809&%%@,552,0% malic acid 0.35% 0.41% 0. 00% 0. 0Q¥rQrsdde¥23306
. 48% met hanol 0. 00% 0. 00% 0. 00% 0. 00% 0. 00% 0. 00% 1

tetrahyRF@aRRed Sifcel R0 2RO . M ¥present in a reactor at elevated
temperatures (ideally no maleic acid at approximately 100°C and above), the
corrosive effects of the maleic acid are significantly minimized, thereby prolonging the
life of the hydrogenation reactor(s) and any other affected process equipment and
improving the overall process economics (capital, operating and maintenance costs).
In this process, a catalyst comprising a hydrogenation catalyst component of the
present invention on rutile TiO, would be used fo convert maleic acid to succinic acid
in the first hydrogenation zone and the hydrogenation catalyst used in the second
hydrogenation zone to convert Succinic' acid to at least one of gamma»buterIéc’torie, '
1,4-butanediol and tetrahydrofuran, could comprise a hydrogenation catalyst
component on a rutile TiOz support or it could compriée a hydrogenation catalyst
component on a carbon support as described aubove, or a mixture thereof.

" Typically titanium dioxide is 100% in the anatase crystalline phase. Titanium

_di@xide‘ which is in the anatase crystalline phase can be calcined to convert it to the

rutile phase for use as the catalyst support as described in U.S. Pat. No. 5,362,908;
U.S. Pat. No. 5,354,898; U.S. Pat. No. 5,616,792; U.S. Pat. No. 5,756,833, each of
which is incorporated herein by reference in its entirety. _

The SUpport of the ca-taly;st employed in the process of the present invention is
titanium dioxide support which does not disintegrate in less than one month under
the corrosive conditions that prevail in the hydrogenation of maleic acid. Such
corrosive conditions are an at least partially, and preferably substantially, aqueous
solution of from about 5 to about 50 weight percent of the maleic acid 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 80 weight percent, more preferably at léast about 95 weight percent,
more preferably at least about 97 weight percent, and more preferably 100 weight
percent of the titanium dioxide subport 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 supporf. 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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0. 00% 0. 00% 0. 00% pr opi oni ¢ aci d- 0.00% 0. 00% 0. 00%
0.00% 0. 00% 0. 00% succi nic aci d 86.53% 89. 50% 89. 52%
92.03% 87. 75% 90. 60% t erepht halic acid 0.01% 0, 01%
Wo QR %ufs90% 0. 00% 0. 00% THF -2.09% 1. 32% 1. 43%rR:s8RAY023306
2.02% 1.27% Table 2b. Hydrogenati on Results Using

anfUhbte préRrappy RREN Latti dsb-Gat & ¥bbul @D@*d?tpr@é%m* S0 about
5 2, 0.5%Pd on 1/8" Rutile Titanium Di oxi de Support, -

. 1180°%Ruantd enGiépefarsbly troabouvE0A0°Uallritkis Agnbodiment, preferably at

Ieaggg %'feﬁ'g';r% p%?’(i:ejnt, an%tre ;lor%fgr’abl%'/a%"least ]}iorereighq pSetr(Eeen?,nilnoper Sreferab!y at
least 90 weight percent and most preferably substantially 100 weight percent, of the
titanium dioxide which is calcined is initially in the anatase crystal phase.

In a further preferred embodiment, the titanium dioxide support has-'a totei
specific surface area of preferably less than about 40 square meters per gram, more
preferably less than about 20 square meters per gram, and more preferably less than
about 10 square meters per gram. Titanium dioxide eupports having a surface area
of from about 3 to about 6 square meters per gram are advantageous. |

In another preferred embodiment, the titanium dioxide support has an average
pore diameter of at least about 10 nanometers (hm), preferably at least about 20 nm.

In an especially preferred embodiment, at least one weight percent of the
titanium dioxide support is in the rutile crystalline phase whose support contains less
than 500 parts per million by weight of a sulfur-containing component, calculated as
elemental sulfur, has a total specific surface area of less than about 40 square
meters per gram, has an average pore diameter of at least about 10 nm, and is
formed by calcination at a temperature of from about 600°C. to about 1200°C. of
titanium dioxide of which at least 50 weight percent is in the anatase crystal phase.

The hydrogenation catalyst of the present invention having a support
comprising at least about 83 Weight percent titanium dioxide in the rutile crystalline
phase has the following advantages: '

a) the rutile crystalline phase titanium dioxide support is significantly fharder
than supports of carben; ‘

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; o

¢) 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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238 Mle % W% Mle % W% acetic acid 0.23%
0.12%0.24% 0. 12% acrylic acid 0.00% 0. 00% 0. 00%

0.00% 1 , 4- but anedi ol 4.29% 3. 39% 0. 80% 0. 62%

wo Ridé; 3 2.91% 1. 90% 0. 17% 0. 11% g- but yr ol agt-9a€2005/023306
0. 88% 0. 67%0 06% 0. 04% fumaric acid 0.00% 0. 00%

0. 09%8- ARk HOh vatMyst Béparbtorapiodedure may require fewer steps than
catalysts having a carbon support (1 step, or optionally 2 steps, vs. 2 to 4 steps for
carbon supports-; one drying vs. several 'dryings for carbon supports);

f) the rutile TiO, catalyst can be used in both 1/8” (3.0 mm) or 1/16 inch

(1.5mm) catalyst diameters, whereas 1.5 mm or 1.8 mm catalyst diameter is typically

- preferred for catalysts with a carbon support;

g) the rutile TiO, catalyst generates few or no fines or chips during operation

h) the rutile TiO; catalyst generates few or no chips during catalyst
manufacturing, whereas catalysts with c_arbon supports generate about 1% fines and
15% chips during catalyst manufacture;

i) the rutile TiO, catalyst has a more uniform particle length;

) the rutile TiO, catalyst has a much longer expected life at a higher
production rate than catalysts using carbon or anatase TiO; as the support; and

k) the rutile TiO, has a greater crush sirength than anatase TiO,.

f) the rutile forr_m' of TiO; is much more stable to highly acidic conditions such
as the concentrated (up to 50%) maleic acid solution than the anatase form 'of TiOs.

m) the rutile crystalline phase titanium dioxide support has a very low sulfur
content. A low sulfur content is desirable because sulfur can poison some catalysts
and reduce their activity, therefore a catalyst support, such as rutile TIO,, which has
little or no sulfur, is advantageous. '

While not intending to be bound by theory, it is belleved that with rutile TIOg,
when it is calcined at high temperature, it begins to form some defect 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 (Ilters 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 h™" to about 3.5 hr, preferably about
0.75 hr" to about 3.5 hr” ’ |
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0. 00% 0. 00% 0. 00% 0. 00% mal ei ¢ acid 0. 00% 0. 00% 0. 00%
. 0.00% malic acid 0.42% 0.49% 0. 19% 0. 22% net hanol -
0. 00% 0. 00% 0. 00% 0. 00% 1, 3- pr opanedi ol 0.00% 0. 00%

Wo 9 %0:s20% propi oni ¢ acid 0.00% 0. 00% 0. 00%p@-
B B 5. 4006 01 68% 7. 5696 08, 20 T CLTSHSNIIe

terephthalic acid @0Q4ei0=9e PHEAMMENAONTHF 2. 77%

it is to be understood that the subject invention is not to be iimited by the
examples set forth herein. These have been provided merely to demonstrate
opgrabili’fy, and the selection of catalysis, metal sources, carbon supports,
concentrations, contact times, solids loadings, feedstocks, reaction conditions, and
products, if any, can be determined from the total specification disclosure provided,
without departing from the spirit of the invention herein disclosed and described, the
scope of the invention including modifications and variations that fall within the scope
of the attached claims. '
‘ . Catalyst Preparation
Carbon Catalyst A - Aqueous Three- Step Preparation of BDO Catalyst with 1.8

mm Carbeon quport
Nomina! Compaosition: 0.4%Fe, 1.9%Na, 2.66%Ag, 2.66%Pd, 10.0%Re on 1.8mim

diameter carbon.
Materials:
(A) Carbon Support: _ B
27.89g of Engelhard 1.8 mm diameter active carbon available from Engethard

Corporaﬁon, Newark, N.J.
(B) Ag/Fe/Na Impregnation Solution:

1.38g of silver nitrate, 2.34g of sodium nitrate and 0.96g of [Fe (NOs) 3.9H20]
are dissolved in 8.19g of de-ionized water and then gradually mixed with 17.27g of

concentrated nitric acid (70 wit% nitric acid).
(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
HReO; (52.10 wt% Re), 12.95¢g of concentratéd nifric acid (70 wi% niiric acid), and

1.09g of de-ionized water.
(DY HNO3/H20 Impregnation Solution:
12.95g of concentrated nitric acid (70 wit% nitric acid) and 17.17g of de-ionized

water are mixed together.
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1.76% 0. 98% 0. 60% WO 2006/ 007523PCT/ US2005/ 023306
Crush Strengths: Crush strength is the nost inportant
i ndi cator of the physical integrity and stability of

Ayst. Constant breaking of particles pgBaRS00s/023306
‘%?ooﬁ@rrs with delta P, liquid flow, distribution >

sSpots, etc. Measurements of single
Pr amﬂjgﬁ%h strength (SPCS) of sone sel ected
Stapat bon extrudates and catal ysts on carbon supports
and co ed” w t d

t BTSSR EAr . MubRofatBh it B AR Sl ) ane
allderl taJGétSncPﬂ;rrtﬂh@l 'ﬁxegﬁhﬁéhaﬁsf agtidiedestn oSengt €30° C for 4.5hr.

Particle Crush Strength Test 10This test is
Steppdl i cabl e to carbon or other catalyst particles

whi g %Eﬁ)q%' &@of@j%ﬂﬁhﬁaé’ﬁegﬁ% e?%a'ﬂ%’\nfﬂﬁ Ag/Fe/Na is next

cylindrica Appar a - Sintech
gractod iy |rﬁprregnpt<a:ie\mﬂm(bm MRedW&ﬁﬁ@lhonadolutwt {Ganehthe mixture is

o o e B T b s cor s

130e@r esentati ve sarrpl e whi ch has been prepared
following BDO 14 "Preparation of a Representative
Stegadpl.e for Analysis," and their |engths and wi dths

- meagll ed L) 'sﬂgﬁq{% u@‘ﬂhf&ﬁ' hé’serb%egr@fpd@gfl%feﬂl\%ﬁh% Fe/Na and

stuck to an al eet and in crushe
PdiRe a; ﬁexttgafadiueﬂlynmplnegnaiadi WrﬂésdegNmﬁlmOAmmtheaaﬂalutlon (D)

05 i n/ te S wi th a br o
and B irtyeey 5 alpvigadp Hanes R E Sthel b LR PR ariad et 30" © for 5
ho@. of the parti cI e may occur before crushing and this
| oad is recorded as the first_visible peak on the
1| Catalvsk IS eusipp Proparation pE BRO Catalyst with
1 rHsda Bbh ata is anal yzed as fol | ows. Load Per
- = failure stress is calculated by
di vT!&iisngobbWrﬁaadésmé)elsoad ajuasashivaastepc BB loglalysl preparation

usiparherd 80 i deREe R Uppudl B ks B OB bE ReMp.n2 60%As

2.6805Pd, e, omRe drid buhe didmessr,cadiien.cal cul ated. Results
of crush strength tests are shown in Tables 3(a) and

Matgrigls: WD 20061007523PCT/ US2005/ 023306 Tabl e 3(a)
A Bn pgt h Conpari sons Sanpl e Tested Average SPCS
di amet er Standard Carbon Extrudate,
| enft.Ag of Blonitl 5 e dissater ArtivecCarbogtexudnie (taiersd to herein as

B o Bl o Rl e, P i s,

Ga(;arbon Extrudate.1.7 1.5 nmdianeter 98% Rutlle/2%
ase T|02 Lr a\t 7.71 3 mmdiameter 97%
2 Ext rudate 12.92 3 mm di aneter

830/2 Bgtdfls%erlﬁ%f&m 5 of SoRinbxltrdislahg Zy é2[Fe (NO3) 3.9H0] 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 (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.
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5BMC (Broad M Il Cut) Carbon Extrudate is a cut taken
fromthe mddle range of |engths of the standard
carbon extrudat es. The results in Table 3(a)

Wz‘y%ﬁﬁ’%z’ t he average crush strength of a 1. 5(351;@5’52005,023306
aneter titani um di oxi de extrudate contai ning 98%

i ne phase Ti2 is 10 about 5 tines
Pr 40% é’c%'d é 1.5 mm di ameter BMC standard carbon
@ firudate. The greater crush strength of the rutile 7
catal yst su kes | abl e wi.t,hst an
CheThe: catin. SR gRADrss rrduelyr, fndBaiatsd With the" Agirea
rmBﬁe@ﬁﬁ% Qcﬁluflaﬁ}?(BP‘é%thII@WeWtb eaitd for gaki Tige afatézakd @en dried in
han a sim | ar carbon support or a support made of
annvm at A30he fan4dhse crystalline phase, which is
StS' nificantly less hard than the rutile 15
stalline phase Ti Q2 and, therefore, nore
SusThetoabban Bq:);ﬁdral((A)ﬂg!hHJhdhdm bekn ngprégnaled mitheag®d/Na is next

delta P and r t ughput in.the reaction, *
oras Bl raprogaEied W Lihecrale Sehiton i abf S Fiikflis allowed to stand
for%JW%é c%Pa@ﬁ;t%omeﬁSénea%K%m $RESCSof t est 20% Kg/ mm

CS Harde 1% Kg/ mm Aver age SPCS Kg/ mm St andard

Carbon 15% of softest and hardest taken out, 1.5mm

withghloit $mmeh P~ S@lgﬁ3rt<0 60 1.37 0.76 94.5%Rutile

T10Z2, 1.5mm di aneter 16.5 77% Rut j |
i OQHW%%%@&ﬁhgéiae%a@%%’aEih%”@U@ Oépalga diygg, Hggum and silver

hy&%@éﬁ%%ﬁ%/ HR26{5/8ddp08upport as ﬁk&béﬁs@lbﬂaﬁ(s{ rB Nominal

e 3 Show t hat the average crush strength

COtmﬂO@ﬁiOOmUdfl%Re,dé Bsia.u d8B%NG chBateRidn §- Q’%‘%er@l‘ﬁ it % mm diameter
r ne phase is 2.09 tines greater than a
Ca@toézsﬁi@béhcar bon extrudate and 4.14 tinmes greater than
standard carbon Wth catalyst netals on it. The
verage crush strength of the 94.5% rutile
Materals:a) | i ne phase TiO2 5 extrudate is 2.69 tines
(APCSBbArSUdpaR: t he standard carbon extrudate and 5 34

tinmes greater than standard carbon with cata
met 88-49@h Norit 1.5 mm diameter active carbon exirudate (Standard carbon).

_(B) Ag/Fe/Na Impregnation Solution:

1.45g of silver nitrate, 5.1g of sodium nitrate and 2g of [Fe (NO3) 3.9H0] are
dissolved in 20g of de-ionized water and then gradually mixed with 68.3g of

concentrated nitric acid (70 wi% nitric acid).

(C) Pd/Re Impregnation Solution 1:

4.55g of Pd (NO3). Solution (20.38% Pd)

6.1g of HReO4 solution (56.36 wit% 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 materiai is then dried in

an oven at 130° C for 6 hr.
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The carbon-based catal yst manufacturing procedure,

which requires nore than one step, further hurts the
SPCS as can be seen fromthe reduced crush strength
‘,6;52‘}0{%3@ rbon extrudate having the catal yst %i‘ﬁl}ls@ggﬁlz33g6
It. I'n ecase of the 10 rutile T102 catal yst

‘support, the sinple one-step preparation will help
preserve the hardness. This increased physical

' Ste ptegrity and stablllty may further inprove catal yst

ife and the delta P

o Thp TETDAISHPROT (AR NE BRSLPE ‘%195%95}%%9%‘"% RofFéffa is next
gra ﬁfﬁHé gﬁ%ﬁe@@ﬁﬁ ﬁ‘%ePQHésécﬁJﬁdH\@)@Fﬂstﬁé mixture is allb®ed to stand

4 '1s made by the sane procedure
for?ﬁtﬁ Tﬂimcmamt;ssthenfdrﬁd&wp& brsigi)308%sept that the
anount s of palladium and rhenium are adjusted to give
a catalyst containing 2.0 wt % palladiumand 5.0 wt %

Exa - @8y 9RAohi Vit YRatilk Hehsial Didnidé Support
-stage, rufile-supported catalyst fornul ations

CataiystBreparatiphws the results of the second stage

Ma ,[h rogenation of succinic acid to 1, 4-Butanediol
. The first stage reaction (not shown) wherein

RutifeTi0),cSunpiod: (#8sviSorutite crydtaflinesniasen? witaangtagescrystalline phase.
con ed sin 2 catal yst conprising 0.5% pal | adi um
11 2 support, such as the catal yst

of Tﬁéﬁ’iﬁﬁ{ @lo&:de&ﬁtﬁhté’hmgsw with of ﬁgaerutlﬁcxtysmﬁlmaﬂ"uase of titanium
conducted using a cat al £Ss, 0

dlo@@ﬁm 8 W% @U[ﬁ'ﬁrar@i F Itpa pglﬁag g /f tﬁg Qx:de 47% g (dry).
um di OXI de support. WO
pot é#?% Rl 05/ 023306 Table 4 Sel ect ivi
wt % FRgnoiDBe c{NQmﬂz Selufas(1HP2 wige Pt £92 cQ:SDin'r"RﬁFRﬂ solu‘uon (52.1

Wt %%g, arﬁ%gﬁrggf &%ﬂtﬂa&dcﬂﬁpa@)ﬁ%g&#g g@%r@ﬁﬁixed together

Thisléditiorvis us@dm %p(@ﬁﬂﬁtmthel 985% Enitte dEarRuN dEXidesuERd.

14. 44
Preparation Procedure:

Step1i
The rutile titanium dioxide support is gradually impregnated with the above

solution, and allowed to stand for 1 hr.' The matetial is then dried in an oven at )1 30°C

for 3.5 hr.
Example Hb) - 0.5%Pd/2.0%Re on 1/8" Rutile Titanium Dioxide Supporrt 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 wit% rutile c:rystalhne

| phase, 2 wi% anatase crystalline phase, and having a 1/8 inch (3.0 mm) diameter is

used.
Example 2 - 0.5% Pd ori 1/8” Rutile Catalyst Preparation

An edge-coated catalyst having 0.5% Pd on 1/8" rutile TiO, support (87%
Rutile, 3% Anatase, 1/8 inch diameter) was prepared by Engelhard Corporation, 101

Wood Avenue, lselin, 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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0.00 0.14 39.38 40.85 105 16 187C 19.95 0.00 0.04
36. 37 40.04 129 16 184C 36.8 0.00 0.04 29.10 30.32
249 16 180C 61.37 0.00 0.07 18.55 17.73 273 16 180C

w8 28806590 0.04 22.76 23.80 PCT/US2005/023306

Heterogeneous Catalysis ,Volume 1, pages 191-207, Ediied by: G. Ertl, H.
Knozinger, J. Weitkamp, ISPN: 352729212-8, (1997 Edition).

Example 3 - 0.5% Pd on 1/8" Rutile Catalyst Preparation

Materials:
Rutile TiO» Support (98% Rutile, 2% Anatase 1/8 inch (3.0 mm) diameier)

Titanium dioxide containing 98 wt% of the rutile crystalline phase of titanium
dioxide and 2 wi% of the anatase crystalline phase of titanium dioxide, 49.5 g (dry).

Pd impregnation Sclution

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 98% rutile

titanium dioxide support.

Preparation Procedure:

Step 1 }
The 98% rutile titanium dioxide support is gradually impreégnated with the Pd

impregnétion solution, and allowed to stand for 1 hr. The material is then dried in an
oven at 130° C for 3.5 hr. ' |
Activity Evaluation of Catalysts

.The catalyst testing u_nit is ‘comprised of a two-reactor system connected in

- series where maleic acid is-first converted to succinic acid {SAC) in the first reactor at

about 110° C. The effluent from the first stage reactor is delivered io the second
stage reactor for the conversion of .succinic acid to mainly BDO. Operating pressure
is at 2500 to 4000 psi and internal reactor temperature is initially set at 165° C.
Thereafte_r, temperature is adjusted c!oser‘ 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 s favored at higher femperatures
(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 procédure of catalyst Example 2 is shown in Table
1(b). Catalyst resulis 61’ 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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297" 16 175C 58.25 0.00 0.04 13.28 11.77 417 16 170C
74.71 0.00 0.03 16.26 8.23 441 16 170C 75.84 0.00
0.03 15.76 7.29 465 16 165C 77.13 0.12 0.06 15.24

wo 863 20 165C 75.63 1.16 PCTAUS2005/023306

~ Table 1a.
Conversion of Maleic Acid (MAG) to Succinic Acid (SAC) with Catalyst Example 1(a)

{0.5% Pd / 2% Re on 1/16" Rutile TiO2) and Conversion of SAC from the 1% stage
reaction to BDO, GBL, and THF with a Standard Carbon Catalyst B (0.4%Fe,
1.9%Na, 2.66%Ag, 2.66%Pd, 10.0%Re on 1.5 mm carbon support).

1" Stage Reaction 2" Stage Reaction
Composition Catalyst Example 1(a) -
0.5% Pd/ 2% Re on Ruiile | Standard Carbon
TiO, Support (88% Rutile, | Catalyst B - 0.4%Fe,
2% Anatase, 1/16 inch 1.9%Na, 2.66%Ag,
diameter) . 12,66%Pd, 10.0%Re on
1.5 mm carbon support
Resuits Mole%  |Wi%
{ acetic acid [ 0.14% 0.08%
acrylic acid 0.00% 0.00%
1,4-butanediol 1.97% 1.55% 85.51 wt%
1-butanol 0.00% 0.00%
g-butyrolactone ‘ 6.35% 4.78% T 204 wit%
fumaric acid (.00% 0.00%
4-hydroxybutyric acid 1.36% 1.24%
maleic acid A 0.00% 0.00%
malic acid 0.41% 0.48%
methanol 0.00% 0.00%
1,3-propanediol 0.00% 0.00%
| propionic acid 0.00% 0.00%
suceinic 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 Streain 1009 hrs. 1009 hrs.
Liquid Hourly Space Velocity 1.6 , 0.8
MAC Conversion, % 100 n.a.
SAC seleciivity 90.60%
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0.15 16.24 5.73 585 20 165C 66.23 10.64 0.61 17.46
4.50 609 20 165C 65.57 12.18 0.59 16.87 4.21 633 20
165C 62.57 13.72 0.66 18.02 4.61 801 16 165C 74. 36

Wb R9sfh7%3 16.18 8.48 825 PCT/US2005/023306

Table 1b
Conversion of Maleic Acid (MAC) to Succinic Acid (SAC) with Catalyst Example 2

7 (0.5% Pd on 1/8 Ruitile TiO, Support (97% Rutile, 3% Anatase 1/8 inch diameter)

“1* Stage Reaction 2™ Stage Reaction
Composition Catalyst Example 2 - 0.5% Pd on 1/8" | Cataiyst Example 5(b)
Rutile TiO, Support (97% Rutile, 3% - 0.5% Pd, 5% Re on
Anatase, 1/8 inch diameter) 1/16" Rutile TiO»
Support (98% Ruiile,
2%, Anatase, 1/16 inch

diameter)

Results Mole % Wt %

acetic acid 0.16% 0.08%

acrylic acid 0.00% 0.00%

1,4-butanediol 0.49% 0.37% 37.81 wit%

1-butanol "~ | 0.00% 0.00% .

g-butyrolactone 0.39% 0.28% 52.55 wt%

fumaric acid 0.00% 0.00%

4-hydroxybutyric acid | 0.00% 0.00%

maleic acid 0.00% 0.00%

malic acid 0.00% , 0.00%

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 wi%

BDO + GBL + THF | - 82.8 wi%
Time on Stream 140 hrs ) 135 hrs
Liguid Hourly Space _
Velocity ‘ 1.8 0.8
MAC Conversion, % 100 n.a.
SAC selectivily 98.89%
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16 165C 72.44 0.00 0.03 17.81 8.80 849 16 165C 77. 70
0.00 0.03 14.44 6.94 921 18 165C 74.70 2.94 0.16
15.96 5.52 945 18 165C 76.75 4.47 0.18 12.98 5.03

WO 2006/007523 _ PCT/MUS2005/023306

Table 1c
Conversion of Maleic Acid (MAC) to Succinic Acid (SAC) with a Catalyst Example 3

(0.5% Pd on 1/8 Rutile TiOz Support (97% Rutile, 3% Anatase 1/8 inch diameter)

5 ) ’ ]
: 1% Stage Reaction 2™ Stage Reaction
Composition Catalyst Example 3 - 0.5% Pd on Standard Carbon
Rutile TiO, Support (28% Rutile, 2% | Catalyst B - 0.4%Fe,
Anatase, 1/8 inch diamster) 1.9%Na, 2.66%Ag,
2.66%Pd, 10.0%Re
on 1.5 mm carbon
. _ support
Results .| Mole % Wt %
acetic acid 0.07% 0.04%
acrylic acid . 0.00% 0.00% ~
1,4-butanediol 0.28% 0.21% 90.91 wi%
1-butanol | 0.12% 0.08%
g-butyrolacione . 0.08% - 0.068% . 2.51 wi%
fumaric acid 0.00% 0.00% L
A-hydroxybutyric acid | 0.00% 0.00%
maleic acid 0.06% 0.06%
malic acid | 0.32% 0.36%
methanol 0.02% 0.00% -
1,3-propanediol [ 0.00%- 0.00%
propionic acid 0.00% 0.00%
suceinic acid 98.31% 98.73%
terephthalic acid 0.00% -~ | 0.00%
THF 0.74% 0.45% 2.92 wit%
BDO + GBL + THF : 96.3 wit%
Time on Stream 193 hrs @209 hrs.
Liguid Hourly Space s
Velocily 1.6 ' 0.8
MAC Conversion, % 100 n.a.
SAC selectivity 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

10 succinic agid with ‘hi'gh selectivity to succinic acid and low amounts of other by-

" products. | ‘ :

The Catalyst Testing Unit (CTU) resulis for Catalyst Example 1 and Catalyst
Example 2 show that ‘ _

(a) Both 1/16 inch and 1/8 inch Rutile extrudates can be used for

15 hydrogenation. For carbon, 1/8 inch was found to be less effective.
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W)2006/ 007523PCT/ US2005/ 023306 Exanple 5(a) -

0. 5%°d15. 0%=e on 1/16" Rutile Titani um Di oxi de

Support (94%Rutil e/ 6%Anatase Crystalline Phase)

@B‘%ﬂﬂ%@&ﬁh\’ﬁ of Exanple 5(a) is made by the Sgffsesn23sos
procedure as the catal yst of Exanple 1(a) except that

t he u a re ad ust ed

5 gl(égoa&%ztrg l?%t Ac%ﬁ%(gﬁ]ﬁl 5}”1 QS@W&%SW En] Brﬁ‘%‘?ﬂi%‘“ other co-
%ai;asms@mm hewigy Fe, Nxastel,e 5(b) - 0.5%Pd/ 5. 0%Re on

(os0Bbt | PY5 A PRe Bt y ST PP

(98 PPREYES good converon of maleic

aditﬂtoaémtn,@éc,&xarrpl e 5(b) is made by the procedure of
gple 5(a) except that a 1/16" dianmeter rutile Ti Q2
sup

GPles(ABanREbishentigrasalteoihydseoganating OIWGIS@X:id ® succinic
f
st S, TR Salid 00 2SS il oot e

rutil e-suppor
Catalystrisamipls 1(d) arteCatadysh Exatpie2 hydr ogenat i on of
succmlc acid to 1, 4- Bu d|oI (BDO . The first.
H 1in maleic acid was 15
Wi

SR Mol P o B8 et o e S, & (Catalyst
Ex@fipid Y&I) - CRBWHJP2 0%k SAo1PAlr mﬂhémtg@u@xé&\de ot 08%

port, such as the catal yst
Rl{*'l?%ée%?ﬁ%%ﬁ@étt@g@nv%‘a&&al% Aﬁﬁbfocf‘z/iww Adldu3| ng a
cat al yst made by t he process of Exarrpl e 5 corrprl si ng

di f‘\VI r~|a

o e g A o e
E ‘ﬁgaetaén cc/ hr q St age inr Act i vi ty in ¢ BDO GBL
hﬁglc BuOH 2nd st /st Ex le 5; (. 5% Pdi80
___5,/9_53@_00 /16" rutil g TiCp !94% wi_ne) END OF RUN 112
Mole% Wi% Mole%  [Wi% Mole%  Wi%

acetic acid 0.12% 0.06% 0.14% 0.07% 0.07% 0.04%

acrylic acid 0.00% D.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-butanoi 0.10% _0.06%  021%  0.14% 0.00% 0.00%

g-butyrolacione 7.98% 8.01% 7.90% b.O7% 7.68%! 5.77%

fumaric acid 0.10%] 0.11%| 0.00% 0.00%| 0.00% 0.00%
 -hydroxybutyric : ] .

acid 1.74% 1.58%  2.95%  2.70%  1.50% 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% 80.72%|  85.51% 88.63%| 88.80%| 91.52%

lerephthalic acid 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

THF 1.58% 0.29% 1.36% 0.86%)| 1.46%| 0.92%
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52.55 4.84 2.46 2.02 159 32 180C 50.01 38.12.2.94
5.31 3.10 183 32 .185C 58.61 27.86 1.75 7.11 4.18

w0 SheshorASPC 56. 03 30.02 1.97 - PCT/US2005/023306
Table 2a coniinued
' Rutile 1, 1/16"
Time on Stream, ' -
hrs 577 723 1009
Mole % W1% Mole % [Wi% Mole % MWi%
acetic acid 0.13% 0.07%| 0.46% 0.24%| 0.14% 0.08%
acrylic acid 0.00% 0.00%  0.00% 0.00%] 0.00%| 0.00%
1,4-butanediol 2.73% 2.15%  0.43% 0.34% 1.87%| 1.55%
1-butanol 0.00% 0.00%! 0.00%| 0.00%| 0.00% 0.00%
g-butyrolactone 5.78% 4.36%  5.78% 4.34% 6.35% 4.78%
fumaric acid 0.01% 0.01%  0.00% 0.00%| - 0.00%| 0.00%
4-hydroxybutyric
acid 2.38% 2.17%)| 2.39% 2.16% 1.36% 1.24%
maleic acid 0.00% 0.00% 0.00% 0.00% 0.00%| 0.00%
malic acid 0.35% 0.41%  0.00% 0.00%| 0.41%| 0.48%
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%
propiohic acid 0.00% 0.00%  0.00% 0.00% 0.00% 0.00%
succinic acid 86.53% 89.50% 89.52% 92.03% 87.75% 90.60%
terephthalic acid 0.01% 0.01%| 0.00% 0.00% 0.00% 0.00%
THF 2.09% 1.32%  1.42%  0.80% 2.02%| 1.27%
Table 2b.

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" i
Time on Stream, hrs ' 96 238

Mole % W% Mole % Wi%
acetic acid 0.23%) 0.12% .0.24% 0.12%)
acrylic acid 0.00%) 0.00% 0.00% 0.00%
1,4-hutanediol 4.29%) 3.39% 0.80%) 0.62%
1-butanol 2.91%)| 1.90% 0.17% 0.11%
g-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% 01.68%| 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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303 24 185C 70.80 8.46 0.39 10.84 8.21 327 24 185C
72.90 8.86 0.44 10.33 6.32 447 16 185C 66.38 0.12

wb Q8ediftsho 16.09 471 16 PCT/US2005/023306

Crush Strengths: ' :
Crush strength is the most important indicator of the physical integrity and

stability of the catalyst. Constant breaking of partlcles means problems with delta P,
liquid flow, distribution problems, hot Spots etc. Measurements of single particle
crush strength (SPCS) of some selected carbon extrudates and catalysts on carbon
supports were made and compared with rutile TiOz extrudates and catalysts on the

non-carbon rutile TiO» support using a Single Particle Crush Strength Test.

Single Particle Crush Strength Test
This test is applicable to carbon or other catalyst particles which are elther

extrudates or granules having a cylindrical geometry.

Apparatus - Sintech model 6 corhputer controlled mechanical testing unit and
calipers. '

Procedure - One-hundred partlcles of carbon are random!y selected by riffling
a representative sample, which has been prepared following BDO-14 “Preparation of

a Representative Sample for Analysis,” and their lengths and widths measured in

inches with calipers. The particles are stuck o an aluminum sheet and individually
crushed in- a Sintech 6 mechanical testing unit. A cross-head speed of 0.05
in/minute is used with a break sensitivity of 26%. In some cases prémature cracking
of the particle may occur before crushing and th[S load is recorded as the first visible

| peak on the load versus elongation curve. The smg!e—part:cle crush strength data is

analyzed as follows.

Load Per Unit Length - The failure stress is calculated by le]dII“lg the failure
joad 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 siress, are

calculated.
Resulis of crush strength tests are shown in Tables 3(a) and 3(b).
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Exanmple 6 - 0%°d/5. 0%Re on 1/ 16"

hase
sane procedure as the cat al yst of Exanpl e 1(

t hat pal | adi umjs not
i s adj ust ed tg]lglev?g

Rutile Titani um

'%glgjﬁsgupport (94%Rut i | e/ 6%Anat ase Cryst al bies2005/023306
5The catal yst of Exanple 6 is made by the

a) except
rheni um

el JHn PR EoR 5.0 wt %

rhenium Table 6 Actiwvi ty and. . Sel ectjvj ty f.or

bSampladesteriut i | e- supported catal yst formul at

Table 6 shows the results of the second st ag
vdroaenation.of succinic acid to 1 4- But 4

gePc

Nﬁ@ge 10

BomM diamater; Sandzsgd Caman Exiudate gngdy 13 e ea

{1;48n

{uhErrem gliavpeten StangderdiCoghan EXdaia. dNgif 4 BRI ni

d-5%ci d

& rom siameates BN SiepdardGatbeinEdrusaiehon cat al

451 such

B WismetiGaryan Budaied t he second_stage nddct ion
(A8 nam ditmetes §8HsRuide/a%cAeinse JiOchnmdstei ng 097Fd_and
8arRe diemeter 7 BRUN3% dnalasad|Quipdildsie de suppdRO2
Se hiee Hiatioley B3WRGTRIN7 RS RiEsp MO ExidBatenr  Li §1.72at €,
cc/hr 2nd Stage Rxr Activity, 1n C BDO GBL SAC THF
5 'BMC (Broad Mill Gut) Carbon Extrudate is a cut taken from the middle range of
lengths of the standard carbon extrudates

The results in Table 3(a) show that the average crush strength of a 1.5 mm

diameter titanium dioxide extrudate containing 98% rutile drystal!ine phase TiOs is

10 about 5 times higher than the 1.5 mm diameter BMC standard carbon extrudate.

The greater crush strength of the rutile TiO, catalyst support makes it more able to

withstand the hot acid and high pressure conditions of the process of the invention

without breaking or flaking than a similar carbon support or a support made of TiO: in

the anétase crystalline phase, which is significantly less hard than the rutile

15 crystal]ine phase TiO. and, therefore, more susceptible to flaking and breaking which

increased delta P anci 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 - 1271 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 TiOz, 1.5mm dtameter 1.87 <3.31 |6.52 4.06

77% Rutile TiO,, 1.5mm diameter 0.63 <2.27 |6.87 3.15

20
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BuOH 2nd stage: Catalyst Exanple 6; 0.0% Pd/ 5% Re on
1/16"rutile TiR2 (94% ruffle) END OF RUN > > > > 90
16 185C 8736 1.36 0.06 4.64 5.44 113 16 170C 71.82

4.19 3.01 137 16 175C 79.95 10. 381,@@33@200 023306
"‘?’1"5‘9’%(9% 161 16 176C 79.62 10.42 0.37 5.16 3. >

The results in Table 3(b) show that the average crush strength of titanium

dioxide extrudates containing 77% rutile crystalline phase is 2.09 times greater than a.

~standard carbon extrudate and 4.14 times greater than standard carbon with catalyst

metals on it. The average crush strength of the 94.5% rutile crystalline phase TiO,
extrudate is 2.69 times greafer than the standard carbon extrudate and 5.34 fimes
greater than standard carbon with catalyst metals on it. |

The carbon-based catalyst manufacturing procedure, which requires more
than one step, further hurts the SPCS as can be seen from the reduced crush
strength of the carbon extrudate having the catalyst metals on it. In the case of the
rutile TIO, catalyst supporit, the simple one-step preparation will help preserve the
hardness. This increased physical integrity and stability may further imrprove catalyst
life and the delta P. ' |

Example 4 - 2.0%Pd/5.0%Re on 1/16" Rutile .Titanium Dioxide Support
{94%Rutile/6%Anatase Crystalline Phase) -
The catalyst of Example 4 is made by the same procedure as the catalyst of

Example 1(a) except that the amounts of palladium and rhenium are adjusted fo give
a catalyst containing 2.0 wt% palladium and 5.0 wt% rhenium. '

Table 4

Activity and Selectivity for 2“d-stage, rutile-supported éatalyst formulations

Table 4 shows the results of the second stage hydrogenation of succinic acid
to 1, tLButéhediol (BDO). The first stage reaction (not showr{) wherein maleic acid
was c'onverted o sucbinic 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.
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186 16 177C 78.33 9.64 0.37 6.61 4.19 249 16 178C
87.29 0.00 0.09 5.52 5.21 273 16 180C 88.34 0.00

2.38 3.90 4.42 297 16 179C 88.18 0.00 0.13 5.83 4.57

\7;38}0(}%/@07%237C 81.65 6. 88 PCT/US2005/023306
Table 4
Selectivity, wi%
2nd
. Stage
Run Description _ Lig. | R
TOS, | Rate, | Activily,
: : hr |cothr | in% | BDO | GBL | SAC |  THF | BuOH
2nd stage:
Catalyst Example 4;
2.0% Pd/ 5% Reon | 90 | 16 | 188°C | 14.44 | 0.00 014 | 39.38 | 4085
1116 rutile TiO,
(94%rutile) ,
105 | 16 | 187°C | 18.95 | 0.00 0.04 | 36.37 | 40.04
129 | 16 | 184°C | 368 | 0.0 0.04 | 2910 | 30.32
249 | 16 | 180°c | 61.37 | .0.00 007 | 1855 | 17.73
273 | 16 | 180°C | 50.64 | 0.00 0.04 | 2276 | 23.80
297 1 16 | 175°C | 5825 | 0.00 004 | 1328 | 1177
417 | 16 | 170°C | 74.71 | 0.00 003 | 1626 | 823
4441 | 16 | 170°C § 7584 | 0.00 003 | 1576 | 7.29
465 | 16 | 165°C | 7713 | 0.12 006 | 15.24.| 664
513 | 20 | 185°%C | 7563 | 1.16 | 0415 | 16.24 | 573
585 | 20 | 165°C | 66.23 | 1064 | 051 | 1746 | 450
600 | 20 | 185°%Cc | 6557 | 1218 | 059 | 16.87 | 4.21
633 | 20 | 165°C | 6257 | 1372 | 066 | 18.02 | 461
801 | 16 | 165°C | 74.36 | 0.00 0.05 | 16.18 | 8.48
825 | 16 | 165°C | 7244 | 000 | 0.03 | 17.81 | 8.80
840 | 16 | 165°C { 77.70 | 000 { 003 | 1444 | 694
‘921 | 18 | 165°C | 74.70 | 2.94 016 | 1596 | 5.52
END OF RUN o45 | 18 | 185°C | 76.75 | 447 018 | 12.98 | 5.03
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465 16 172C 81.91 10.14 0.32 4.04 2.86 609 16 173C
75.16 17.48 0.61 3.24 2.90 633 16 173C 80.14 11.07

\%3096/60792% 3.01 657 PCT/US2005/023306

Example 5(a) - 0.5%Pd/5.0%Re on 1/16" Rutile Titanium Dioxide Support

(94%Rutile/6%Anatase Crystalline Phase)
The catalyst of Example 5(a) is made by the same procedure as the catalyst

of Example 1{a) except that the amounts of palladium and rhenium are adjusted fo
give a catalyst containing 0.5 wi% palladium and 5.0 wi% rhemum
Example 5(b) - 0.5%Pd/5.0%Re on_ 1/16" Rutile Titanium Dmx:de Support
(98%Rutile/2%Anatase Crystaliine Phase) .

The catalyst of Example 5(b) is made by the procedure of Example 5(a)
except that a 1/16" diameter rutile TIOz support (98%Rutile/2%Anatase Crystalline

Phase) is used.
Table 5

Activity and Selectivity for 2“d-stag& rutile-supported catalyst formulations

Table 5 shows the results of the second stage hydrogenation of succinic acid fo 1, 4- -~ |

Butanediol (BDO). The first stage reaction (not shown) wherein maleic acid was
converied to succinic acid was conducted using a catalyst comprising 0.5% p‘aliadium
on a 1/8" rutile TiO, support, such as the catalyst of Example 2, and the sécond
stage reaction was conducted using a catalyst made by the process of Example 5
comprising 0.5% Pd and 5% Re on a 1/16"rutile titanium dioxide support.

Sefectivity, wi%

2nd’
Stage
Run Description Lig. Rxr _
TOS, | Rate, | Activity, : :
e | ocor | inC BDO | GBL SAC THF | BuOH
2nd stage: Catalyst ' '
Example 5; 0.5% _
Pd/ 5% Re on 112 | 32 | 165% | 18.8 | 6642 1180 | 184 | 089
1116 rutile TiO,
(940/0 rutile)
' 135 | 32 | 175°C | 37.81 | - 52.55 4.84 246 | 2.02
159 | 32 | 180°C [ 5001 | 3812 | 204 | 531 | 340
183 | 32 185°C | 58.61 27.86 1.75 7.11 418
o8 | 32 | 185°C | 56.03 | 30.02 197" | 7.3t 3.88
281 | 24 | 185°C | 7285 | 1147 0.53 785 | 6.30
203 | 24 | 185°C | 70.80 | 848 0.39 1084 | 821
a7 | 24 | 185°C | 7200 | 8.6 0.44 1033 | 832
447 | 16 | 185°C | 6638 | 0.2 0.08 1475 | 16.08
471 1 16 | 175°C | 7643 | 849 0.36 7.51 5.98
END OF RUN 205 | 16 | 177°C | 78.24 | 5.9 0.21 873 | 626
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16 173C 73.60 17.67 0.39 4.88 2.88 681 16 173C 78.61

4.95 0.21 8.83 6.28 825 16 173C 64.14 25.74 1.05
~5.66 2.89 15 WD 2006/ 007523PCT/ 1. 152005/ 023306
\%M[k@ﬁ% 1.0%c113. 0%=e on 1/16" Rutile Tbb@ﬁ]ism[023306

D oxi de Support (94%Rutil e/ 6%Anat ase Crystalline

Phase) The catal yst of Exanple 7 is nade by

the sane procedure as the catal yst of Exanple 1(a)

except that the anmounts of palladium and rhenium are
Exadiplet éd -t d)‘igPdE B%Rec abral xlSItG“cd%utdeanntanlunﬁ Witixide Support

. Table 7 Activity and

i | e-supported catal yst

o or T'Hé @hiaw?s% of EEH@IJ es@ G’Mﬁdé B¢ tlﬁ@?xé’r’nbspr@&edlh@ SeHaNhtalyst of

st a%ci hydriogenati on of succinit acid
Exsup ééﬁ)oexqepfgcbbaat pphadinms is agt isea arn:b tlne r@,nomta@‘erhenlum is

t o erted to
S e BB R BBt e S s M the R 37 bon
catal yst, such as Carbon Childeyst B, and the second

Attivity 884 Selautiviysios 2itisticed rmﬁlb@ﬁbcﬂ‘ﬁécﬂbmlyst formulations

TableM&hd 9 e e or B GeatntRetaye Mydtddenatiohiof euccinic acid o 1, 4-

titani umdioxi de support. Selectivity, w % Run
Buissedial (B8P} ndbis mraction the first stage reaction wherein maleic acid was

converted o succinic acid was conducted using a standard carbon catalyst, such as
Carbon Catalyst B, and the second stage reaction was conducted using a catalyst

comprising 0% Pd and 5% Re on a 1/16"rutile titanium dioxide support.

Selectivity, wi%

2nd

: Stage
Run Description ' Lig. | Rxr
TOS, | Rate, Actlwty, _ -
hr cc/hr in °C BDO GBL ¢ SAC | THF | BuOH

2nd stage: Catalyst Example _
6; 0.0% Pdf 5% Re on 20 16 185°C | 8756 | 1.36 | 0.06 | 4.64 | 5.44

1/16"rutile Ti0, (94% rutile)

113 |” 16 170°C | 71.82 [ 19.50 | 0.70 | 419 | 3.01

137 16 175°C | 79.95 | 1038 | 0.35 | 517 | 3.49

161 16 | 176°C | 7962 {1042 | 037 | 516 | 3.68

186 16 177°C | 78.33 | 9.64 037 | 661 4.19

249 16 178°C | 87.20 | 0.00 | 0.09 | 552 | 5.21

273 16 | 180°C | 88.34 | 0.00 | 2.38 | 390 | 4.42

297 16 179°C | 88.18 | 0.00 | 0.13 | 5.83 | 457

| 321 16 177°C | 81.65 | 6.88 | 1.18 | 524 | 3.80

441 16 177°C | 89.15 | 1.82 | 007 | 3.38 | 471

465 | 16 | 172°%C | 8191 [ 1014| 032 | 404 2386

609 16 173°C | 75.16 | 17.48 | 0.61 3.24 | 2.90

633 16 173°C | 8014 | 11.07 | 0.30 | 4.98 | 3.01

657 16 173°C | 7360 | 1767 | 0.39 | 488 | 2.88

681 16 173°C | 78.61 | 4.95 | 0.24 8.83 | 628

END OF RUN >35> 825 | 16 | 173°C | 64.14 | 2574 | 1.05 | 566 | 2.89
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Liq. Rate, .cathr 2nd Stage Rxr Activity, in C BOO GBL
SAC THF BuOH 2nd stage: Catal yst Exanple 7; 1.0% Pd/
3% Re on 1/16 rutile TiO2 (94% rutile) END OF RUN> 21

“;165201,@/5@ %1 5 0.00 0.04 2.95 14.1 45 16 175Cp88wg2005/023306
0.09 3.05 533 141 16 170C 86.9 4. 65

Example 7 - 1.0%Pd/3.0%Re on 1/16" Rutile Titanium Dioxide Support

{94%Rutile/6%Anatase Crystalline Phase}

The catalyst of Example 7 is made by the same procedure as the catalyst of
Example 1(a) except that the amounts of palladium and rhenium are adjusted to give
a catalyfsf containing 1.0 wi% palladium and 3.0 wi% rhenium.

Table 7
Activity and Selectivity for 2""-stage, rutile-supported catalyst formulations
Table 7 shows the results of the second stage hydrogenation of succinic acid to 1, 4-

Butanediol (BDO). In this reaction the first stage reaction whereln maleic amd was
converted fo succinic acid was conducted using a standard carbon catalyst, such as
Carbon Catalyst B, and the second stage reaction was conducted using a catalyst
comprising 1.0% Pd and 3% Re on a 1/16"rutile titanium dioxide support.

- Selectivity, wt%

2nd
‘ Siage
Run Description Lig- Rxr
TOS, Rate Actlwty,
hr | co/hr | in C BDO GBL SAC THE BuQH

2nd stage: Catalyst

Example 7; 1.0% Pd/ ' 0
2% Re on 1116 ratile | 2! 16 | 185°%c | 815 0.00 004 | 295 14.1

TiO; {94% rutile)

45 | 16 | 175°%C | 887 | 159 | 009 3.05 5.73
141 | 16 | 170°C | 869 | 465 0.17 4.18 3.61
165 | 16 | 168°C | 846 | 679 0.25 4.45° 3.35
195 | 16 | 188°C | 874 | 0.53 0.11 5.79 5.63
213 | 16 | 168°C | gr4 2.48 0.11 5.41 4.10
END OF RUN> 237 | 16 | 164°C | 847 | 504 0.20 5.71 3.74

Tables 4, 5, 6, and 7 show the results of testing catalysts (5f 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 cata!yst of the present

invention shows good selectivity for 1,4~ butanediol.
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0.17 4.16 3.61 . 165 16 168C 84.6 6.79 0.25 4.45 3.35
195 16 168C 87.4 0.53 0.11 5.79 5.63 213 16 166C
87.4 2.48 0.11 5.41 4.10 237 16 164C 84.7 5.04 0.20

20%10911;% Tables 4, 5, 6, and 7 show the re
‘@esu ng catal ysts of the | nvention in $ETUS2004/023306

“Example 8 - Two—step 2.0% Pd/5.0% Re on Rutile Catalyst Preparation
(A) Rutile TiO2 Support (94% Rutile, 6% Anatase, 1/167) rutile titanium dioxide 83.0 g
(dry)
(B) Pd/HNO3 Impregnation Solution

9.48 g of Pd (NOa), Solution (21.1% Pd)

10.07 g of concentrated nitric acid {70 wit%)

(C) Re/HNO3 Impregnation Solution

9.09 g HReO4 Solution (54.98% Re)

10.46 g of concentrated nitric acid (70 wi%)

Preparation Procedure:

_ §t_eg__1_ The rutile TiO; support (A) is graduaﬂy 1mpregnated with solution
(B) and allowed to stand for 1 hour. The material is then dried in an oven at 130° C
for 2 hours. : -

Step 2 The palladium-impregnated TiO; rutile support (A) from Step 1 is

gradually imﬁregna’ced with solution (C) and aliowed to stand for 1 hour. The material -
is then dried in an oven at 130° C for 2 hours.

The resulis for the stage 1 reaction converting malelc 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 Tabie 8(b).

Table 8(a)
Actmty 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, wi%

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

4st 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"rutlie TiO;

{94% rutile)
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15 the second stage reaction wherein succinic acid is

‘hydrogenated to produce 1, 4- butanediol,

gamma- but yrol acto

ne,

and/ or tetrahydrofuran using a

wok@bMekaconprising at | east one hydrogenati parus2005/023306
catal yst conmponent on a rutile titanium dioxide

support.
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rabl'é 8(b). Table 8(a) Activity and Sefectivity for
1st-stage, rutile-supported catal yst fornul ations
Tabl e 8a shows the resuIES(_DIEP_I?;e first stage
hy g | _L_“ _{gﬂ_ft c acid to succinic 25 acid
A STTE St- conprising 2.0% Pd and 5. 0% Re
0. 5?1?@03:/‘0166? RUtiIé;Chltalm Prepdirgtidnle supporht -
el ectivity, w% Run Descri ption r T ng
Maighals! cc/hr 161 Stage Rxr Activity, in C BDO GBL SAC

RutiléfridaHEkbds (Fop s&itiICab AN SlasEXMPIngh 81.5 im) Yameter)

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

10

dioxide and 6 wt % of the anatase crystalline phase of titanium dioxide, 49.5 g (dry).
Pd Impregnation Solution o _ ‘

1.31g of Pd (NOg3), Solution (19.02 wt% Pd) is mixed with 6.12 g concentrated
nitric acid (70% nitric acid).

titanium dioxide support.

15
This solution is used to impregnate the 96% rutile
' Preparation Procedure:

Step 1 : _ _
The 96% rutile titanium dioxide supporf is gradually impregnated with the Pd

20

impregnation sclution, 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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NU 5.0% Re on 1/16"rutile Ti Q2 (94% rune) 138 24 110C
0.0 21.55 72.89 4.07 0.00 WO
“%06/(?07523P1?N52005/ 023306 Table 8(b) Activity and
oBGdahdsty for 2"-stage, rutile-supported c

fornul ati ons Tabl e 8b shows the rggul ts of]Mt:ﬁfct_\m’i)bsm23306
second stage hydrogenation of succinic acid to 1, 5

4- But anedi ol (BDO ‘using a catalyst conprising 2.0%

Exafhl@nd- Znd-¥itaee wataridli 16" rutil e titani um di oxi de

Sel i 0 i
eectlllv t s /oPRua f%barb;_tg st with 1.5mm

Car opf - BuCH Zpd stage: Catal yst Exarrpl e 8 - 2.0%
VA on 1/16"rutile T|@(94%rutllc=8 E?(?: .
RUFhis procedure describes an aqueous two-siep BDO catalyst preparation

using Norit 1.5 mm carbon. Nominal Compasition: 0.4%Fe, T.Q%Na, 2.66%Ag,
2.66%Pd, 10.0%Re on 1.5 mm diameter carbon.

]

Materials:
(A) Carbon Support.:
58.4q of Norit 1.5 mm diameter Active Carbon extrudate (referred to herein as

Standard C or standard carbon) (acquired from Norit Americas Inc. located In Atlanta,
Ga)
(B) AgfFe/Na Impregnation Solution:

2.9g of silver nitrate, 5.1g of sodium nitrate and 29 of [Fe (NO3) 3.9H.0] are

dissolved in 20g of dedonized water and then gradually mixed with 68.3g of

concentrated nitric acid (70 wi% nitric acid).

(C) Pd/Re Impregnation Soiution 1:
9.1g of Pd (NO3): solution {20.38% Pd), 12.22g of HReOy; solution (56.36 wt%

“Re), 23.3g of concentrated nitric acid (70 wt% nitric acid), and 249 of de-ionized

waler 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.

Siep 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 & hr at 130° C.

The rutile fitanium dioxide support is gradually impregnated with the Pd/Re
impregnation solution, and allowed to stand for 1 br. The material is then dried in an

oven at 130° G for 3.5 hr.
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68 24 165C 71.99 10.05 0.30 12.52 4.44 89 24 165C
71.14 9.73 0.29 14.02 4.30 114 24 165C 69.90 10. 33
0.33 14.76 4.14 235 24 165C 62.45 13.82 0.61 19. 39.

Wo 3esndRsh 22 165C 68.33 9. 24

Table 9

PCT/US2005/023306

- Conversion of Maleic Acid (MAC) to Succinic Acid (SAGC) with Catalyst Example 9
(0.5% Pd, edge-coated on 1/16" Rutile) and Conversion of SAC from the 1% stage
reaction to BDO, GBL, and THF with a Standard Carbon Catalyst B”(O.4%Fe,
1.9%Na, 2.66%Ag, 2'.66%Pd, 10.0%Re on 1.5 mm carbon support).

1§t_Stage Reagction

2" Stage Reaction

Composition Catalyst Example 9 - 0.5% | Standard Carbon
Pd edge-coated on(98% | Catalyst B - 0.4%Fe,
Rutile, 2% Anatase, 1/16 1.9%Na, 2.66%Ag,
inch diameter) support 2.66%Pd, 10.0%Re on
1.5 mm carbon support
Resulis Mole % Wt %
acetic acid 0.04% 0.02%
acrylic acid 0.00% 0.00%
1,4-butanediol 0.31% 0.24% 90.71 wi%
1-butanol 0.41% 0.26%
g-butyrolactone 0.52% 0.38% 0
fumaric acid 0.00% 0.00% :
4-hydroxybutyric acid 0.06% 0.05%
maleic acid 10.00% 0.00%
malic acid | 0.00% 0.00%
methanol 0.00% 0.00%
1,3-propanediol 0.00% 0.00%
propionic acid 0.00% 0.00%
sUccinic acid 97.41% 98.28% 0.26 wi%
B-s ester and S-HBA ester 0.00% 0.00%
THF 1.25% 0.77% 4.98 wt%
BDO + GBL + THF 95.9 wi%
. Time on Stream hrs. 1009 hrs.
Liguid Hourly Space Velocity 1.6 0.8
MAC Conversion, % 100 n.a.
: 0.28

SAC selectivity

-45-
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| Vlil(ig(pa

0.36 17.41 4.15 281 20 165C 71.14 4.72 0.17 18.65
4.66 Exanple 9 Exanple 9- 1st-stage material: 10
0.5% Pd on 1/16" Rutile Catal yst Preparation

Moﬁ&bﬁ%g Rutile Ti O2 Support (94% Ruti | e, 6&@'}1]52005!023306

Anatase 1/16 inch (1.5 nmm dianeter) Ti tani um
di axi de  cqontaining .96 wt% of the rutile crystalline
phgé??wmf 'tséilﬁ"m%%dfs'oxi de and 6 wt % of the anatase
crygt al |4 pecebaser bt prodwtionof dit tedstiene 48 154 Huanediol, gamma- -
- 15 Pd I npregnation Sol ution . 1. SJr)aiCoay Pﬂ .
butyntasfanesoland ofptralydmiuigno, gdyPising, cat@iiically ¢mydrogenating a
t fbddirbSri Gn 2ebstabt! WA A T hedrdgeAcontBini d
hyogg utl olﬂéi ?%@é%&lt gni E%‘Ekggnate t he g%%er ut iolneI g gas and a
hydrogenatiom chitelystleomppipinot at [Rash angt helle Pngted i €roup2iltil of the

oo e, s e L AR i, i,

osrhili, Eigdidin @inds platihlien onan datdlysiwebrdont sompdsingrtitiniom dioxide,
wheBn Sdsas RIS SISt srorrd) b sSdctlaRbum, e fs Th the rutie

' Crygtgmhg \ggematerial: Carbon Catal yst - Aqueous Two-

step Preparation of BDO Catalyst with 1, 5mm_ Carbon
Supbor t Themrecespekdain 1 yherein taa wharel theonable wRrtalof SSroup

N.eLIS | H 1 .
VIEESRRIR 3% 10 BRI Aol ey, PSR anc
rutieri@itdd, 10. 0%Re on 1.5 mm di anet er carbon.
Mat eri al s: (A) Carbon Support: 10.58.4g of
Nord.t 1.Theprodéssret dainAt wheeeciCihdwhersin thedaelde metal of Group

(.ref Eﬁllrci.ed to herein as Standard C or standard carbon)
ME-from Norit. Americas Inc. located in

Atl anta,_ Ga. B) Aq/ Fel Na, | npregnati.on o
Soi it oTe bsgsne At SWiTePung THARHE TBHOR saielysf comprises
palidiundbRd #shigg. of [Fe (NOB) 3.9H201 are 15 dissol ved
in 20g of de-ionized water and then gradually m xed

Wi td) 68.13@ sthceonsrMARRY sherel the Hishehaliomtitalyist CoBiprises
aci d) . éCﬁ)\ Pd/ Re I npregnation Solution 1: 91g of Pd
paliaNioR) and sheninmo 262aE8sE pPapporh compHsipg tiianign dosidr, Wiprein at

PRS0 lny A28 iSRRI S e i et prose
m xed t gt NEEesLHERANRY Wardlh REAYdBgenatable precursor is

selected from the group consisting of maleic acid, maleic énhydride, 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 crystailine phase.
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Step 1 The carbon support (A).is gradually
i npregnated with the Ag/ Fe/ Na 25 i npregnati on
solution (B), and allowed to stand for 1 hr. The

H 0%@?@%23' S then drl ed i n an oven at 130 C fﬁéT/ﬁSﬁOS/lHSEFOG
2 The carbon support (A) which has been

o At e GO DA AL pentor

trtamtmﬁ dioRideds & thewertllet @ystbling pBsd.or 3 hr. The catal yst
is then dried for 5 hr at 130 C. The rutile titanium

di oxi.de EpPOGCEss 67 Clairtlualvhgrelngitriegs 36adeight fertdet of the
Pd/ Re |%regnat| on solutjon, and allowed to stand for
titapivy dioxidle g e ratile; gvstAliRe BPP3RY in an oven at 130 C

for 3.5 hr. WD 2006/ 007523PCT/ U52005/ 023306 Table 9

Conyer siThe Socd@d 6 SafeH dwhéﬂéﬁ tthatﬁbJQFH&Wrﬁgé\@tdj
SAC) wi th Catal yst Exanpl e

e- coat ed
hy ﬁgqm@eblemrewé@rlarh@t\@eﬂ/@b%ut&qwor arsh@btwtorﬂogﬁer st
stage 5 reaction to BDO, GBL, and THF with a Standard

Car ppn SN
o R b pie g e B i go e

is lredareel shoutif BichgeO pRmeshheeTonposi ti on Cat al yst
Exanple 9 - 0.5% Pd edge-coated on (98% Rutile, 2%

An se,

R o D U e
teniier@fdRe obinorh. Zhoub04E HorabeuppaiC. Resul ts Mble %W %

acetr c acid 0.04% 0. 02% acryl ic acid 0.00% 0. 00%

%ﬁé@%%?sa%\%cgﬁ@n b ereln t?’re\fﬁtrg/c%e]ssqg EaRQlcrda 440

temperature of from about 50°C. to about 250°C.

16.  The process of claim 1, wherein the contact time is between about 0.1

minute and 20 hours.

17.  The process of claim 1, wherein the catalyst comprises from about 0.01

to about 20 weight percent palladium. . .

18.  The process of claim 1, wherein the cataryst 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 peréent 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

-47-



10

15

20

25

30

0.52% 0.38% o0 fumaric acid 0.00% 0. 00%
4- hydr oxybutyric acid 0.06%0.05% naleic acid 0.00%
0.00% nalic acid 0.00% 0.00% nethanol 0.00% 0. 00%

v%o%iﬁ’/ﬁtﬂ%nedi ol 0.00% 0.00% propionic acid @c@R¥uos/023306
X SA) succinic acid 97.41% 98.28% 0. 26 wt % B-s ester

- 0 0 0 :
anﬁfd@id%, 's_luB(',%ine[g tace:igi, gl}gc(l)n/l% %%gﬁ_ridTeng nlwix%USre/% thereof in contact with a
hydrogen-containing gas and a hydrogenation 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.

22. The process of Claim 21 wherein the process is conducted at a
temperature of from about 50°C. to about 350°C., wherein the hydrogen-containing
gas pressure is between about.20 and 400 atmospheres, and wherein the contact

time is between about 0.1 minute and 20 hours.

23.  The process of claim 22, 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.

24.  The process of claim 21, wherein the catalyst comprises from about
0.05 to about 8 weight percent palladium and from about 0.5 to about 10 weight

percent rhenium.’

25.  The process of claim 21, wherein the catalyst comprises from about 0.1
to about 5 weight percent palladium 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 zohe, the maleic acid fee_dstock and

hydrogen in contact with "arcatalyst comptising 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 comprisihg

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

first hydrogenation zone,
-48-
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0.77% 4.98 W% BDO + GBBL + THF 95.9 wt% Ti ne on

Stream hrs. 1009 hrs. Liquid Hourly Space Vel ocity

1.6 0.8 MAC Conversion, %100 n.a. SAC selectivity

‘,ﬁ ﬁ/o/é‘792326 WO 20061007523PCTlU8200510233061:&%@209;/023396
Is clained is: 1 A process for the production

t | east one, of
@r ol %ﬁrﬁq& H}?ds‘?ﬁ ﬁgﬁd@g r’@lrr]\ ch%g?l;)ésllt"%%chon product from
the Wétahvﬂrbgéﬂdthbn h;&tdfwgﬁﬁamydnggm liry dontzeh avittbecatalyst comprising
precursor in contact dr ogen- cant ai ni
pallagHiamearil o BReA SaabishPumball SoBERnS | Fﬂi‘ Jigde. whersin at
leas?g ec A d\ﬁ?@ﬁf trc@tfut SFRuptitthium Bloxideds fPethieadiile cFadthitine phase

he group consisting of pal | adi um
to mudmaumoduhbaﬁr@ﬂm eRMPUFNG i ati laasinerm @1 pl.dulensdinl, gamma-

t S i sing titanium dioxide, wherein
butyg%afa;%gﬁ ar&cﬁ@eﬁ%h%ﬁ%éht percent of said titanium
whegiéin X tieke temperatmfee afuthid dfeedsistenn | Corepiising emalde. Jtid and the

rocess 0 wherein the wherein.th
temBgeBATeGH lop % PVATOOSNSUSLPRRT BEF PO RGPl e tomperature
of n§R8%! &lid 'ilﬂtﬁéf feRabir&shh WhRd ﬂieaﬁﬂsﬂhmrogamiimwdoes not exceed
ruthenium 3. The process of claim1 wherein the
aboyh&3&Ch the nobl e metal of Goup VIII is palladium
154. The process of claim 1, wherein the hydrogenation
cat al yst conprises palladium and rhenium 5. The
ZeSSTRE kTt ot @Wﬂewc&‘l%Yc%ﬁélgﬁQﬁts'tcﬁﬁ(C) compr;ses
nprl ses pal um an eni um on
pana@um @m rlmnmmmon acwatply Stsiupgott comirigmgditanivaedioside wherein at

, lea;yl,agwﬁéé Y"?‘ b?rﬁgn‘, t citl%?ﬁu?’{? rclqulﬁ%a elg grkgngéfu{l%r}gb’%!hne phase,

andRhe eaflyspbf ﬁbpl(lﬂ) domgﬂ?@ pialtaﬂmnlmdd olgEiadnalnl @ catalyst support

precursor, 1s_se ecte ro CO istin
compsisitoditarien dipdfie wh %{ﬁﬁy%ﬁrp?%% i if e T paroelt pfrap tanium
d.oﬁc@@?éqﬁ W&rut@&%tﬁmﬁe%@ﬂaee di met hyl succi nate,

butyrol aCtone and m xtures thereof. 7.

The process of claim.6 wherein the enat
pr @8ur sdheipgocess 6 Ciaimeth whetair fie t&Fé\?ﬁathﬁw‘é’l ?lﬁﬁsﬁ r%:rxchon

zgngi?s}:?rbﬁl %U‘PRO‘Z@ tg L SofPMYEHE. dRd tﬁﬁ?&hﬁérﬁtuﬁé iifthe sgecond reaction

uccrnic an e or mxtures thereof
zonBli®easasiut emmemm abbet 830fCat | east 90 wei ght percent
of the titaniumdioxide is in the rutile crystalline
phage. A process for the production of at least one of 1,4-butanediol, gamma-

butyrolactone, and tetrahydrofuran comprising:
{A) afirst hydrogenatibn zone and a second f\ydrogenation 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 7

dioxide is in the rutile crystalline phase, to produce a reaction product comprising

succinic acid,
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9. The process of Claim1l wherein at |east 95 wei ght
percent of the - -30titaniumdioxide is in the ruble
crystalline phase. WD 2006/ 007523PCT/ US20051023306

wj(pzooa;ﬁb%ﬁr ocess of Claim4 wherein at |east BOTNEIEHI23306
percent of the titaniumdioxide is in the rutile

crystalline;phasg, 3 RERE §5S relctiGh BHdButt of th
V\,h@ei né%%%{"ggg}%fe\%%ﬁw%ésgeﬁt of the {i t ani gm erine
di oxi defirsshydrogdreationtddne, crystal | i ne phase. 512. The

process of .claiml1l, wherein the ratio of, h |

v ogamarutd B fesaras) FdobefakEdet o S ge brpfuct from
the HROWdrd88%toR zbne and hydrdgen iffwnicResthiErcl ai m 1,

wher'ei n”t he hydrogen-cont ai ni ng gazggr_essure IS

betaleancalsbist “onpiirng owliadips A gienium on a Catalygl support
Th vl @b ' iohit t of said
¢ oEorSAS Jtiu AbRuc, WHORKELD|daBEaPBAPRP Relght porcent of sal
abtitahiud® 8Gxide is in thelstileTtrgsiphive @basaf cl aim 1,

wherei n the process. IS ¢ t enpe '

rr B 8 E0eS PaSngope IR St Fherul §BRIA Xethén Sipport to
of peldatealprodet sirdarhruwisiracst lohsteories ob éMvmdanediol gamma-
0.1 mnute and 20 hours, 1517. The process of claim

1, bupveiasiane RN ietrahydoTWaRAi ses from about 0.01 to

~ g?gcgﬁni%r HIGRE REAIGRELT @aldnadbym 18. The

ess of claim1, wherein the catal yst conprises
whefgionitebdamperaigra oofalfrt fegdslesaiht CHEPEERg B‘glﬁ)ql%o%% and the
19, . The |.ai: j
tempapp L2 FER iR Bl o EpiiRg iEhhittihe temperature
of nifsicestid pratheaftiedstramu dricbtheatirstihydrogenaficabzute does not exceed
wej ght. percent rhenium 20. The process of
abopy 4, wherein the catal yst conprises from about
0.2 to about 5 weight percent palladiumand from

about 0.5 to about_ 10 '_vvei%ht epe,r_c: nt rhenj u 25&9).A .
pr 88essThemPresrsspPLHAT 67 vherah | 2RO pep () comprises
pal2HLANSY HenifRGPa _cgfglﬁ QLipisdr BempAGiEg tHeAnianYd6ad sl naerein at

conprising catal ytical hydrogenati ng a

leashpboo@haeight persent of said tittsiwn diaxide isin threrugieogrystalline phase,

and%@%é!?%’y?ggg%%??%é%%@%&gsoga;ﬁIﬁ;:/dr iV%I)e, succi ni ¢

acal, ascatilyst ccanpysing dealladium xand gbetiber eof a gatalyst support

contact "with a hydrogen-contaipnin . .
o B9 OGERAG: A et APy e, ORRT el igSh APSWERS whigny percent of said
I NERINK M SRRl kS futifd @poline@iaseési ng titanium -

di oxi de, wherein at |east about 90 weight percent of.

salld) a ¢atalystearapdsing ealladiym andghegivm @ ér%?g?%ﬂ $yApert, or

ph - i it 21 wherein the

pr g@?@'ﬁ% ggﬁgu%ﬁ@gagﬁfgg)tfﬁg?at ure of from about -

50C. to about 350C., wherein the hydrogen-containing

and nor BF Aot OnU T 71 MLerR o SeAQch R g RS roaction

zondi e/ Atlit 30O shout 130°C. and 188 temperaurede sie odcond reaction
claim 22, wherein the cat alC{,St conpri ses from about

zonk ds Bodilahonit 46011E- Ie@baut 38" eer cent  pal | adi um and from
about 0.1 to about 20 wei ght percent rhenium
24. The process of claim 21, wherein the catal yst
compri sps frooessbinrt Podking abeoinic8 asisl gtnmprging neatalytically

pal | adi um and fro bout 0.5 to a 10 [ .
nydfeneine AR AR prasesd S8l ffort taiEaly hvdrogenating
a hggl%béhﬁtabré? pPELRbYS tsctauTid iTARA theogroapossndstihgt of maleic acid,

out 5 weight percent palladiumand fromabout 0.5

to about 7 weight percent rlhgni um 26. A

process for the production of at |east one of
-1, 4- but anedi ol , gammabut yr ol act one, and

tetrahydrof uran conprising: 20(A) a first

hydr ogenati on zone and a second hydrogenati on zone

connected in series, (B)supplying to the first

hydr ogenati on zone a feedstream conprising a
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5 to produce a product stream conprising at |east one
of 1, 4-but anedi ol , ganmabut yrol act one, and
tetrahydrofuran, Wierein the tenperature of the

“t(fggﬁ,&ﬁ%m conprising maleic acid and the tepperaidd sz
e first hydrogenatlon zone are controll ed such
n.the feedstream

t t d
aia%aflwéﬁﬂ oy B o et S5 68 AL A0 E868 i Gomtact with
enléditaining gas ahd: aT e?ﬂa@i@ﬁ @&ta@bﬁbﬂi‘n ﬁsm at least one

vvherel n the catal yst of steﬁ_ éC co |ses | adi um

nokla angtalkafi Greve i/ IH Qfélf‘%P?g@d'@ <] tﬂtseke@ fremd egmt&mmsﬂng of
| e I r.c
paldfih i iy 53Dk lhar? A ARSI dflot support
corp]br&sm titaGiuam dioxive, edieadiy st leakt abeyt K(EWelghtrpenceBBof said titanium
m and rh on a catal yst suPport

d'ogg?rfﬁﬁnstﬁﬁéﬁﬂ?fzgﬁlﬂlﬂed’? wherein at | east about

90 wei ght percent of said tltani um dioxide is in the

rutile g_ryst al I i ne phase . The process of

O i 20 ereess: Kb CBieRa: WheTpih i SUacNe acd product is

derrye?s&édﬁppﬁ)%eelsacé.ﬁerarﬂpme 50C. to about 130C and
he tenperature in the second reaction 20 zone is

from about 100C. to about 300C. 29. A process

gariburyEoT St CHnGs WPl RSereh BT RERRI of Grow
VIli(ig\pakladiumst hydrogenati on zone and a second :

~hydrogenati on zone connected in series,
25(38) suppbyrogessaftdemf3z, sthehsid tiog Bpdrogenatidneatalyst comprises

' edstream conprising maleic acid, (CQreacting in the
pa"?& W@aﬁﬂﬁ'ﬂatl on zone, the maleic acid feedstock

hyd en inc act ] St conprisin
dfﬁad. &ﬁo%séé%? 3%1&/&955‘%4@ {ﬁﬁ‘ﬁ{?%"‘{@@fﬁpﬁﬁiﬁ"gﬁﬂhe
tﬁarﬂhﬁnﬂé’}ﬁde%ﬁﬁﬁé Rt cheﬁa%eagh%b 70 wei ght percent of
said titanium 30 dioxide is in the rutile crystalline
ph Srllde
e e T B B S TR B ept T the
titariwppstigiichyist i the rutile soystelimedrhagenat i on zone, t he
reaction product of the first hydrogenation zone,
(Epgr ea n
e oo e Bl eI o ARk 00 okl
tempachtinpdf dypenaboutcxliCata alvautH 36PC h e hyrayemr-contaldinsyas

pre gy FothEaR Bbei a0 B A BFIHIASE SaiBh dolihst tmg g petween

aboaboutmifQtenghddPd hparcent of said titaniumdioxide is
in t he rutile crystalline phase (b) a
I ys I Si um and rheni um on a car bon

cuBBor o Pl o SR asn0bera: Rl rriebReAaramigsdiom about

001 Mou@ﬁ@v&f H 'r@éﬂt%%ﬂé’d:@ﬂm gama- 1. Obut yr ol act one,

and tetrahydrofuran, or (c) .m xtures of the

catal ysts of (a) and, ( )é wherei.n the tenperature of

t h80f eclil® PRSRFPE ShpRIN SAgwhaled thecatalysirepraprises from about

t | ROSHAL
0010%%@?%& S tﬁk ar[t ? ed[%(rjrgper aturée:)(e)gl é'o'nﬁsea?{?%%%‘) g eight
perdent thewitfneedst ream and the first hydrogenati on zone

does not exceed 15 about 130C. 30. The process of

Caim?2 '

ot e PRGinGlefadiain Sd el oh £ EABNLESbpor
compusipg |t|sanngntdidm wrhedeioat st aheuter (hwalght perceheaisdaid titanium
di aﬁout 1%%"‘?! tIﬁrcet of said titaniumdioxide is
10X]9% 18 fEEJHRP r@% 'P%P 736 phase, 20 and the catal yst

of step (E) is either: (a)51a catal yst conpri sing

pal I adi um and rheni um on acatal yst support

conprising titanium di oxide, wherein at |east about

90 wei ght percent of said titaniumdioxide is in the

rutile crystalline phase, (b) a catal yst

conprising palladiumand rheniumon a carbon support,

or 25(c) mxtures of the catalysts of (a) and (b).
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15

mal ei ¢ anhydride, fumaric acid, naleate esters, and
m xtures thereof, in contact with a
hydr ogen- contai ning gas and a hydrogenation catal yst

v&ﬂfﬂﬁ&btﬁbﬂg at | east one noble netal of G oupp¥riskz00f/023306
Féerl odi c Tabl e, selected fromthe group

cong " RSl oAb P ARt B0y v

tntaﬁWﬁio&]d@Qs tri ﬂ@mutlmciystaihdephmr ein at | east about
70 wei ght percent of said titaniumdioxide is in the

Eju ;%f?lmeggltiﬁ] @#yﬁp th(ga gg-%h%elgcqtﬁe } gg S{\éeﬁéﬁgoee?genq of the

tutaﬂ%ﬂ(&ifeﬁid%qs frPthe EeCay SHINGE Phes@an hydr i de. 10
_ . The process of clai m32 wherein the wherein the

b| tal of Go V|| | [ -
?ﬁeéwgr ockexoRIvEl & iy Bt erst By YRR ofthe
titaP R LRI eGE e%ﬁle&j#tﬁmhé' phagel rhenium 1536. The

process of a| m 3 erein at |east 90 wei ght
percent of the titaniumdioxide js in the rutile

cry8al | Theecasplygtof claim 41, whereinhe gaigbist sopPriges Paiwesn about
0.04! 8 G Ut ?(5 wlt%ap%lag@n‘(‘@ S%Etvﬂferncﬁdgut 0f1 t"o%ddt Q@mrt%"?'hemum

e rut| e crystalline phase.
38 The process of claim 32, wherein the process
condfiict ekheagatalygbott @mﬂétW@e@fthe catahsh sampsees beiween about

e e o

t| me is between about 0.1 m nute and 20 hours.
39.47he Treocatalysbf aaial #45.3gherainghe catalisé cempsipgs between about

o SRR SRR Ao B0 P8 bl 0GR SHiom

catal yst conprises from about 0.01 to about 20 wei ght
per¢8ant 'rhad tatdlystobaelaing 45mwiagreintthe catalyst sbowrisgpbetween about

0205 Pt PR RO A et et i TR % e

support conprising titani um di-oxi de, wher ein at | east
abo4g. 7OT’ wecghlyspef dainmt 45fwisareih dtiléast C0wSoll percely daf ¢he

int |Ie cr al hase, WO
titang e 6’@5 [?O@'X @ géfﬂase. 42. The catal yst

of cIa|n141, wherein at | east 85 wei ght percent of
the titaniumdioxide is in the rutile crystalline
phase. 43. The catal yst of claim4l, wherein
at | east 90 wei ght percent of the titaniumdioxide is
inthe rutile crystalline phase. 544. The catal yst. of
claim4l, wherein at |east 95 weight percent of the
titaniumdioxide is in the rutile crystalline phase.
45. The catal yst of claim4l, wherein the catalyst
conpri ses between about 0.05 to about 20 wt %

pal | adi um and bet ween about 0.1 to about 20 wt %

r heni um : 46. The catal yst of cl ai m 45,
wherein the catal yst conpri ses between about 10 0.1
to about 8 w % pal | adi um and between about 0.1 to
about 15 wt % r heni um 47. The catal yst of

cl ai m 45, wherein the catal yst conprises between
about 0.1 to about 5.0 wt % pal | adi um and bet ween
about 0.5 to about 10 wt % rheni um 48. The
catal yst of claim45, wherein the catal yst conprises
bet ween about 0.2 to about 3 w % pal | adi um and

bet ween about 0.5 to about 7 wt % rhenium 1549. The
catal yst of claim45, wherein at |east 90 wei ght
percent of the titaniumdioxigle is in the rutile
crystal line phase.



