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BACKGROUND OF THE I NVENTION 10 Field of the Invention \Sgi venti on b
relates to an inproved catal yst for the hydrogenation of ic acid,

mal ei ¢ anhydri de or other hydrogenatabl e precursor to 1, 4-butanedi ol and
tetrahydrofuran. The catal yst conprises palladium silver, rhenium and

iron, all on a carbon support. The 15 wuse of this catalyst in processes

for the hydrogenation of maleic acid, naL?ic anhydri de or other

hydr ogenat abl e precursor to 1, 4-butanedi of and tetrahydrofuran is
characterized by higher overall activity to reaction products and by hi gher
yields gof 1,4-butanediol with mniml formation of gamma-butyrolactone

by-products. 20  DpSBRIRIES o HYDREC 1R t hat
t et rahydr of ur an, gam%uty@@%ﬁgrﬁ%ﬁ?gﬁéﬁe og?ai ned by the
catal yti c hydrogenati on of g ?d e’g d conpounds.

"Tetrahydrofuran is a useful solvent for natural and synthetic resins and is

a valuable internediate in the manufacture of a nunber of chem cals and

pl astics. Gamma- 25 butyr.olac o&e i %ﬁ@wf or the synthesis of
butyric acid conmpounds, pol F?r(ltﬁ Bﬂlﬁﬂsi ni ne.

Gamma- Qut yrol actone is a useful solvent for acrylate and styrene pol yners
and al 38 a usef ul i ngredi ent of paint renovers and textile assistants.

1, 4- but aneg‘iexé f@ ﬁ a ﬁl[ 4-butyl ene glycol) is useful as a solvent, a

hunmect ant , ° e for plasticizers and pharmaceuticals, a

cross-1inking agqfin{&ftioRPEtss 86 B Miproved catalyst for the hydrogenation of maleic acid,
maleic anhydride or other hydrogenatable precursor to 1,4-butanediol and tetrahydrofuran.
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The catalyst comprises palladium, silver, rhenium and iron, all on a carbon support. The
15  use of this catalyst in processes for the hydrogenation of maleic acid, maleic anhydride or
other hydrogenatable precursor to 1,4-butanediol and tetrahydrofuran is characterized by
. higher overall activity to reaction products and by higher yields of 1,4~butgnediol with
" minimal formation of gamma-butyrolactone by-products.

20  Description of the Prior Art
It is well known that tetrahydrofuran, gamma-butyrolactone and 1,4-butanediol are
obtained by the catalytic hydrogenation of maleic anhydride and related compounds.
Tetrahydrofuran is a useful solvent for natural and synthetic resins and is a valuable
intermediate in the manufacture of a number of chemicals and plastics. Gamma-

25  butyrolactone is an intermediate for the synthesis of butyric acid compounds,
polyvinylpyrrolidone and methionine. Gamma-butyrolactone is a useful solvent for acrylate
and styrene polymers and also a useful ingredient of paint removers and textlfe assistants.
1,4-butanediol (a.k.a. 1,4-butylene glycol) is useful as a solvent, a humectant, an

intermediate for plasticizers and pharmaceuticals, a cf(is&linking agent for polyurethane



-2- elastoners, a precursor in the manufacture of tetrahydrofuran, and is
used to make terephthalate plastics. O particular interest in the instant

i nvention are hydrogenation catal ysts conprising palladium silver, rhenium
and iron on a carbon support, which are useful for the 5 hydr ogenati on of
mal ei ¢ anhydride, maleic acid and rel ated_conpounds to tetrahydrofuran,

gamma- but yrol actone and 1, 4-butanediol. Britjs at ent ., No. 534, 232
t eaches t helasigmetsyd RERCUESRT Bt the masy €0 @F‘&é’,"ﬂf’g&‘bﬁ%‘sd‘ﬁ rpaks des using

a hydrogenati Mat al yst consisting of palladiumand rheniumon a carbon
support. UeEPhBIdaleplasticsssg 185 and 4, 609, 636 teach a process of making 10

hydr of d.l.4-b di,ol . hyd ' ' ' |
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crystallite siZe of less than 2.5’ nm The preparation of this catalyst is

characteri %ﬁﬂmaiutﬁmabmedﬁ@q)gmﬁtm_d reducti on of the palladi um species
on the carbon support followed by the deposition and reduction of the

rheni um speci es British PateptiNobatl 58423 2 teackpsahehydragdmatiorns of garbdxylit/aGds, Pat ent

4,985,572 teaches a process for the catal ytic hydrogenation of a carboxylic

acid or anlastdwgslor arhyiltidesasing ahydnegenstioreeatalysticansistingwif phlladium end deenlioxy| i ¢

acid 20 ester using a catal yst conprising rheni gg%t pal | adi um and at | east
9
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crystallites having an average palladium crystallite size of about 10 to 25 nm and an average
rhenium crystallite size of less than 2.5 nm. The preparation of this catalyst is characterized
15 ‘, by the deposition and reduction of the palladium species on the carbon support followed by
the deposition and reduction of the rhenium species on the palladium impregnated carbon
support.
U.S. Patent 4,985,572 teaches a process for the catalytic hydrogenation of a
carboxylic acid or an anhydride thereof to the corresponding alcohol and/or carboxylic acid
20  ester using a catalyst comprising rhenium, palladium and at least one other metal capable of
alloying with the palladium, all on a carbon support. The preferred metal capable of
alloying with the palladium is silver but gold, copper, nickel, thodium, tin, cobalt,
aluminum, manganese, gallium, iron, chromium, and platinum also are taught. The
preparation of this catalyst is characterized by the simultaneous depo‘sition éfpailadium and
25  silver on the carbon support followed by a high temperature (600°C) heat treatment.
Rhenium is then deposited on the palladium/alloying metal impregnated carbon support.
The resulting catalyst is then reduced.



Rheniumis then deposited on the palladiunfalloying nmetal inpregnated
carbon support. The resulting catalyst is then reduced. -3- WD 92/ 02298
di scl oses a hydrogenation catal yst conprising palladiumand rheni um and one
or nore netals selected fromthe group consisting of rhodium cobalt,
platinum ruthenium iron, thulium ceriign yttrium neodym um alum num

dvmi h ; fai i -C b | e .
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General | v, ahdlohd 6 MY RBEREIeOi HoniTTHe S SurP GllstiPOEHOGRAD Y6bAIL Blabhus! et

hydr ogenat abl e precursor the ysts have the propehsity

to produce niRéfumCirés e, CeABmEREnaR HEddRHun, ahatifah Sprhsedlymium, holmium,

1, 4-butanediol. An object of this invention is a process and a catal yst
whi ch wi | | hafitinilinighginebe betinadiash, Ghrofing Usdld, aBrbaiigl Idfetium] fickél Zandium and
ganmma- but yrol act one producti on. SUMVARY OF THE | NVENTI ON The i nst ant
i nvent i ®n nibbiungainad supportonpri si ng pal | adium silver, rheniumand iron on
15 a carbon support and the use of this catalyst in a process for the
production of 1Genetally.zsindht hydrogenptionsofimaleigtagidy mateid danhydjdérerghert i ng a
hydr ogenat abl e precursor in contact with a hydrogen-containing gas. Another
enbodi ment hydrogenatable precersprthesbovedisenssedroat haye thespropensity éhproduee yst
for the production of 1,4-butanediol conprising: 20 ) ) i),
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10  minimize gamma-butyrolactone production.

SUMMARY OF THE INVENTION

The instant invention is a catalyst comprising palladium, silver, rhenium and iron on
15 ._ a carbon support and the use of this catalyst in a process for the production of 1,4-
butanediol comprising catalyticaﬂy hydrogenating a hydrogenatable precursor in contact
with a hydrogen-containing gas.
Another embodiment of the instant invention is a method for making such catalyst
for the production of 1,4-butanediol comprising:
20 - (@  oxidizing a carbon support by contacting the carbon support with an
oxidizing agent;
(ii)  impregnating in one or more impregnation steps comprising
contacting a carbon support with a source of palladium, silver, rhenium and iron;
. (iii). drying the.impregnated carbon support to remove solvent-after each
25 impregnation step; and
(iv)  heating the impregnated carbon support from ambient temperature

to a temperature of between about 100° C and about 350°C under reducing conditions.



contacting a carbon support with a source of palladium silver, rhenium and
iron; (iii) drying the inpregnated carbon support to renove sol vent- after
each 25 inpregnation step; and (iv) heating the inpregnated carbon
support from anbi ent tenperature to a tenperature of between about 100 C
and about 350[err] C under reducing conditions. -4- DETAI LED DESCRI PTI ON
OF THE I NVENTI ON A catal yst conprising palladium rhenium silver and iron
on a carbon support is 5 enpl oyed in thed4hydrogenati on of a

hydr ogenat abl e precur sob%fmbﬁwI@N%fw H.;V%N%ﬁnedi ol and

smal l er yields of tetrahydroturan w m ni mal ganma- but yr ol act one
formation. The Reactants 10 . In the process of the instant
i nvention, at |east one hydrogenatable precursor is reacted with a hydrogen

containi ng gas i nAtdaglyt 8SBPASing pallabRint Fhebivn,  silvéand SRA dhel @irborPsupport is
"hydr ogenat abl e precur'sor” Is any carboxylic acid or anhydride thereof,

car boxyki ¢ eafpléyedh te hyddsdeamtorDéf ahydesenatablerppedursonits providerhigly viekdgefat ed
produces 1, 4-but anedi-ol. Representative hydrogenatabl e precursors include
mal ei ¢ aci d,4-batasediobandystialldeyieliis oftetrahyidrofusan with sisomahgammarbyiyrolaictone
succinic acid, succinate esters such as dinmethyl succinate, naleate esters
such as di rfouhationnal eat e, ganma- but yrol actone or mi xtures thereof. The
preferred hydrogenatabl e precursors are naleic acid, naleic anhydride,
succinic acid, succinic anhydride or mxtures thereof The nost preferred
hydr ogenat abl e precursor is maleic acid which is typically 20 obtai ned by
reacti ng n-butane or benzene in an o ining gas in the presence of

a . . . .
10 In the process of the instant invention, at least one hydrogenatable precursor is

reacted with a hydrogen containing gas in the presence of the catalyst. As used herein a
"hydrogenatable precursor” is any carboxylic acid or anhydride thereof, carboxylic acid
ester, lactone or mix_ture thereof which when hydrogenated produces 1,4-butanediol.
Representative hydrogenatable precursors include maleic acid, maleic anhydride, fumaric
15._ acid, succinic anhydride, succinic acid, succinate esters such as dimethyl succinate, maleate
esters such as dimethyl maleate, gamma-butyrolactone or mixtures thereof. The preferred
hydrogenatable precursors are maleic acid, maleic anhydride, succinic acid, succinic
anhydride or mixtures thereof.
The most preferred hydrogenatable precursor is maleic acid which is typically
20  obtained by reacting n-butane or benzene in an oxygen-containing 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 ma]eic 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°C to 600°C and a pressure of about 0.5 to 20 atmospheres (50 t0-2000 kPa).
25 Typically, the hydrogen (Hy) containing gas is commercially pure hydrogen with

no diluent gases. However, the hydrogen containing gas in addition to hydrogen (Hy) may



catal yst to oxidize in the vapor phase the n-butane or benzene to naleic
anhydride, and then collecting the nmaleic anhydride by a water quench to
produce maleic acid in an aqueous sol ution. The oxidation of n-butane or
benzene is typically operated at a tenperature of about 300[err]Cto

600[err]C and a pressure of about 0.5 to-$ atnospheres (50 to-2000 kPa).

25 b idfogdr R y&g@e&, i Q811 AnEthAE) GRSl PasGRREBRSCI al |y
pure hydroalée’%—%g\#tt&ﬁ‘drl]%o | t es.lls:ﬂ%%r/eo&%%)? t?‘ﬂéathygro 'en cont ai ni ngs gas
in addition_t.0 hydrogen (H2), ma .15-_al so. ain nitrogen (Nerr]), any
gaseous hyHFSS%?%‘@ﬁ%?ﬁg' 7%?%%8??’“‘2&09@?1?%5’?% 'seous oxi des of carbon,
(e.g. carbon nonoxi de, carbon dioxide). The Catalyst 5 The

catal yst enployed in the instant invention conprises palladium silver,

rheni um and iron supported on carbon. e ons for use in this invention
have a BET surface area of at |east- err]/g, and preferably be in the

range of 500- 15007 &%athlyst & Rgeathv%ima%ﬁﬁ@m&m& RdiRBOsilved, 1 to
about 20 wei ght percentypal Ipa ium preferably about 2 t(ﬁ)ﬂabout 8 wei ght

percent pakhenilind dhd 1794 Supporfed oaltatbonb Qe carbbils forasaincthis ikventiog hivereBEFNt
pal | adi um about 0.1 to about 20 wei ght percent silver, preferably about 1

t o about SﬂuﬁdghreqaaﬁatMtMGmgtg,am)plefqulﬂj'behﬁhyrmgemt'SQO-ﬂ60&m¥lg. 4 wei ght
percent silver; about 0.1 to about 20 weight percent rhenium preferably
about 1 to about Tie catalyshicomposition cothprisies aboutds ketopbent2Qiweightiperaents t o
about 9 weight percent rhenium and about 0.01 to about 10 weifght per cent
iron, pref ®aliasiym.preferably abous 2 te abeus S weight peremat palladium, more preferably about 2
preferably about 0.2 to about 0.6 wejght percent _iron. The ratio of

pal | aditim t®akqutdoveight neseent pafladmng, @ w5 abapt 20 weigh peens sjwer,
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4 weight percent silver; about 0.1 to about 20 weight percent rhenium, preferably about 1
to about 10 weight percent rhenium, more preferably about 5 to about 9 weight
percent rhenium; and about 0.01 to about 10 weight percent iron, preferably about-0.1 to

15 '_ about 5 weight percent iron, more preferably about 0.2 to about 0.6 weight percent iron.
The ratio of palladium to silver is between 10 to 1 and 1 to 10. The catalyst composition
may also be further modified through the incorporation of a metal or metals selected from
Groups IA, IIA or VIIL

The catalysts of this invention may be conveniently prepared by oxidizing the

20  carbon support (however this treatment step is optional) followed by impr.egnation of the
carbon support, either in single or multiple impregnation steps, with a solution or solutions
containing at least one palladium, silver, rhenium or iron compound.

Preferably, the carbon support is first oxidized by contacting the carbon support,
prior to depositioq of the metals, with a oxidizing agent. Catalysts prepared-in this manner

25  show a dramatic improvement in activity and selectivity over catalysts prepared with non-
oxidized carbon support. A number of o:ddiﬁng ageﬁts such as nitric acid, hydrogen

peroxide, sodium hypochlorite, ammonium persulfate, perchloric acid, and oxygen may be



Grodps A, IIAor VIII. The catalysts of this invention may be conveniently
prepared by oxidizing the 20 carbon support (however this treatnent step
is optional) followed by inpregnation of the carbon support, either in
single or multiple inpregnation steps, with a solution or solutions
containing at | east one palladium silver, rheniumor iron conmpound.
Preferably, the carbon support is first, p’)?l‘di zed by contacting the carbon
support, peffestive in thisecass.ohiquid phase pxidizing aggnis graprefergr; Nigicaguhat

Catal ysts prepared in this nanner 25 .show a_dr tic ingprovenent jn
activity atlevated iegperatusps g@%‘?"e& oufid toibe espegially & e‘éﬂvle&% -pTB‘k‘?%Fez eG“%ﬁP%on
support. A nunbes. of oxidi.zi.ng agents such .as nitric aci hydr ogen

per oxi de, EW?GH%W'WP@B& %fg_’rﬂﬂg TPOUMAGRERY. &8 FH é?ﬁ%%@xé‘ﬂ?'ﬂg and
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agencs ar ety eipeiey NS chfloh Ao AFERSerati A drabBIRR-CH Belddd |
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200[ err] C or ‘grea about at nospheric or greater.
Opt i onal | yg4lfen Odnd Platiie inidySbe atlafikedbwith tHeroxidizifg Bgent Rid hibdeqiightly Aeposited
silver, gold copper, rhodium tin, cobalt, nanganese, gallium and

pl ati num sRtheariRisupport \Gutifg thecoxidizifg aeg prgeatment of thelzarhonanpport.
deposited on the carbon support during the oxidizing agent pretreatnent of
t he carbon supporAs stated sardier dtheocatdlysts of thisénveatioh gretprepared by enpregnation ofi ar e
prepared by inpregnation of 10 the carbon support, either in single or
nul ti phe i thercatheamtsuppors,taither invsingle or multipleiimpregnation stepsowith@seludioniong at

| east one pal | adium _silver, rheniumor jron_conpound. As used hereinp,

i npr egnat i splutignsceataining atleast ope palladpun silves, thepium qrironcompoynd. Asysed t o be
filled,

herein, impregnation of the carbon support means to cause the carbon support to be filled,
imbued, permeated, saturated or coated. The impregnating solution may optionally contain
. complexing agents to help solubilize one or more of the metal compounds. The
15 . impregnating solution may also optionally be combined with the oxidizing agent prior to or
in situ with contacting the carbon support. The catalyst is dried after each impregnation
step to ren-xove any carrier solvent. Drying temperatures are between about 80°C and
about 150°C.
The solutions of palladium compound, silver compound, rhenium compound and
20 iron compound can be applied to the carbon by immersing or suspending the support
material in the solution or by spraying the solution onto the carbon. The solution
containing the pé.lladium compound is typically an aqueous solution containing an amount
of palladium compound to yield a catalyst product with the requisite amount of palladium.
The palladium compound may be palladium nitrate or a palladium compound'such as a
25 chloride, carbonate, carboxylate, acetate, acetyl acetonate, or amine. The solution
containing the silver compound is typically an aqueous one containing an amount of silver

compound to yield a catalyst product with the requisite amount of silver. The palladium



| tbued, perneated, saturated or coated. The inpregnating solution may
optionally contain conplexing agents to help solubilize one or nore of the
metal conpounds. The 15 inpregnating solution nmay al so optionally be
conbined with the oxidizing agent prior to or in situ with contacting the
carbon support. The catalyst is dried aft 8/ each inpregnation step to
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conpound t ghepiuRh, dlﬁeﬂﬁhﬁtﬁ’%m]ﬁﬁlﬂﬂ‘iﬁypmaﬂf‘p A, iR pérrhédbte or an

pal | adi um The pal | adi um conpound may. be palladiumnitrate or a palladi um
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acetonate, or amne. The solution containing the silver conpound is

typical |y oafe espsining agncunhdbfiroi osmpound 1o yield otatalyst\producy yithithel réquisiteel d a
catal yst product with the requisite anmount of silver. The palladium -7-

and si | ver amonptofiichm. SFheitah doenpiduad istypigalljcferriqnitrate) butathersuitable o t o t he
netal s. The sol ution containing the rheni umconpound is typically an
agueous OneoRtaNIng; qq»mng’uads inclode,tbus Arerrios fimited to te, ifesrig agetatg; fermpys
product with the requisite armunt of rhenium The rheni um conpound is
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impregnating solution allows the Pd, Ag, and Re compounds be added in a single step.
Nitric acid or other oxidizing agent may also be added to the impregnating solution.

After impregration with palladium, silver, rhenium and iron and drying, the
15 -_ catalyst is activated by heating the impregnated carbon support under reducing conditions
from ambient temperature (i.e. typically room temperature) to a temperature of between
about 120°C and 350°C, preferably between abotxt 150°C and about 300°C. Hydrogen, or
a mixture of hydrogen-and nitrogen, in contact with the catalyst may be conveniently used
for the catalyst reduction. Reduction of the impregnated carbon support is only after the
20  carbon support has been impregnated with palladium, silver, rhenium and iron. In the case
of multiple impregnation steps and multiple dryings, the reduction of the catalyst is done
after the final drying,
The palladium in catalysts of the present invention is present in the form of
crystallites having_an average crystallite size of less than 100 angstroms (10 mm) More
25  specifically, when freshly reduced samples of the pdlMiquilverlrhenium on a carbon
support as used herein are analyzed by X-ray diffraction (XRD) and Scanning Transmission

Electron Microscopy (STEM), the palladium containing particles (i.e. particles of



cont ai ni ng conpounds include, but are not limted to, ferrous acetate,
ferric acetate, ferrous chloride, ferrous fumarate, and ferric fumarate. 10
The inpregnating solution(s) may optionally contain netal conplexing agents
to help solubilize one or nore of the nmetal conpounds. The addition of
acetonitrile to the irrpregnati ng sol utiongall ows the Pd, Ag, and Re

conpounds be added in a ste Nitric acid_or Iher I di z agent
may al so HE‘“&@PB@@IP%‘B“*’H@?PQ%@ '-H’ﬁe% OF nastisles ORP?IEB‘“F‘TYTWZ% F‘éﬂg thet h
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activate
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catal yst r wﬁﬁ’éﬂi fpédced carbon support is only
after t%he %g&cgar on sup;gjs)drot8 en | %regnat ed with palladium silver,
rheni um and i rongadtfy thepr @pamwafofmé dakdlsts ae&aﬁmnﬁmaoestm laiget i pl e

dryings, the reduction of ‘the catalyst 1s done after the f|na rying. The

pal | adi um dmoiits of exebss witet Which hRSEHE renfowed during the doying step nondbésdt émploy of
crystallites having an average crystallite size of |ess than 100 angstrons

(10 nm) Mo kigh femparataré (icakbout 600R€) tieatindiit stepad tauptit mARS. Batent 4,985,572,

pal I adi un? si |l ver/rheniumon a carbon support as used herein are anal yzed by
X-ray diffracti okiporRDmpletionSf thendatalyst peapsrationideseribed bereimnirnn irprsssopip
(STEM, the palladiumcontaining particles (i.e. particles of - 8-

pal | adl%mthp&aWYét eHowmsawhqutmma@mt isiexpesed to fedygingiconditions; e,gadnang ther and
r heni un) in the catal yst. are finely dispers d and hayve a nean cr s{)éatlllte
si ze of Qgpgﬁtx%gi{malg@ ag. andq thien reexannn no 1ron or iron compounds

detected. However the catalyst still contains palladium, silver and rhenium as described
herein but provides superior results in the hydrogenation of maleic acid to 1,4-butanediol
‘ compared to Pd/Ag/Re on carbon catalysts prepared without the iron component.
15 a '
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 by distillation.

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

25 The hydrogen-containing gas is fed continuously, generally with the hydrogen in
considerable stoichiometric excess to the other reactants. Unreacted hydrogen can be

returned to the reactor as a recycle stream. The precursor solution, e.g., maleic acid



(5 nm. As used herein the "particle size distribution" and "mean particle
size" are as defined in "Structure of Metal Catalysts" by J...R Anderson,
pages 358-359, Acadenic 5 Press (1975), which is incorporated herein by
reference. Lastly the preparation of the catal ysts descri bed herein does
not enploy | arge anmobunts of excess water which nust be renoved during the
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met hod for carrying out the process conprises reacting a hydrogenatable

precursor 20 héurs Ryfadaims Palkitatiedidl prsdubtion the réictioR fhtpepdtuie i€ between
hydr ogenati on catal yst, and recovering and purifying the reaction products

by distil|s80up80°Qand 250°C and nidre preferably betvacen abyal 809€mmdi200°Cf t hi s
i nvention can be run using conventional apparatus and techniques in a

stirred-tank readhereastion praductsy td-thtahediohtetrahydRifogheganmarhiityrglhetone age
reactors may be enployed. The amount of catalyst required will vary widely
and i s depmidencs thepenf, areadwintageonsly sepamted by fractional distidlation.sByoredustsiesi gn,
contact tinme and the |ike. 25 The hydrogen-containing gas is fed
cont i nifhuswhich sthall-amonntsgrnseacted Méﬁél #cfor grample, spedinisnet ri c

n
Feact or - asayHBAG o) BOSRRCAH sit RPISHBBLIREPALIS TE PUFOBERAOn SHEFoTBe aci d
gamma-butyrolactone may also be recycled to the hydrogenation reactor.
Using the process of this invention, more specifically using the hydrogenation
 catalyst described herein, maleic acid is converted virtually quantitatively in a simple

15 _ reaction. The yields of 1,4-butanediol and tetrahydrofuran achieved are about 80 mole
percent or greatér, typically about 90 mole percent or greater, with a majority portionl of
the yield being 1,4-butanediol. Reaction by-products may include n-butanol, n-butyric acid,
n-propanol, propionic acid, metha1.1e, propane, n-butane, carbon monoxide, and carbon
dioxide. However, the formation of non-utilizable by-products is slight. |

- 20

SPECIFIC EMBODIMENTS
In order to illustrate the instant invention the following examples are provided.
25  Comparative Example A: Preparation of PdAgRe on carbon

45g of concentrated nitric acid (70 wt%) was diluted to 50 cc with deionized water.

This solution was used to impregnate 74.6g of CECA 1.5 mm ACLAO carbon extrudate.



-9- solution, is fed continuously at concentrations ranging fromdilute
solutions to near the maxi mum solubility level, typically about .30..to about
50 wei ght percent. Preferably the hydrogenation step is run at a
tenperature of about 50[err]C to 350[err]C, and a hydrogen pressure of
about 20-400 atnospheres with hydrogen to_jpydrogenatable 5 precursor

ti H J/P) of bet 5 to 1 d 1000 to,1 d tact tj f 0.1
mnute to. SyThBnegmaies e aek vas itasiooalbo ool ol T s e
t ture igeb b :
pet woen ab8Pd e bl Ao wifd 15356 S, T bncRAlhEReS n ik I
1, 4- but kQl: - | act I Xt th f,
a o advant 3o Sunub SR O OPRTIE G Y0 P] Dot on. By~ pr oduct s, 10
~Wwhich are fornedsiyy @ﬁh&dﬁ&ﬂ%&%&s&ﬁﬁmg@ﬁﬁk%@d)epﬂgsgup&rﬁﬁnic%idexarrpl e,

succi ni ¢ anhydride-or ‘succinic acid, are optionally returned to the

hydr ogesat (5313 Wt®ERe) sbhRioeHRTE. 91t dfdont@tfabed( 70am Y hitic Aid); Keyedikded © Sthe
hydr ogenation reactor. Using the process of this invention, nore

speci fi cal ky withi defbriided Watelt, CTIRNACLA0 was thieh \padudity miprogchtédewith the Pd#Re ¢ aci d
I's converted virtually quantitatively in a sinple 15 reaction. The yields

of 1, 4- but solatiom| The flaskewasadoedsiodally znolad didng theampreghation. SChemixturpavasent or
greater, typically about 90 nole percent or greater, with a nmgjority
portion of allomed tasstandofor 3h, andahen dredati130°C feradlt i on by- products may i ncl ude
n- butanol, n-butyric_acid, n-propanol, propioni¢ acid, nethane, propane,

n-but ane, car bod-TERfgsiveraitraiecnd :920f conesutigted niisigagid were diluted tadp ics iwith

S B R o S T e g

Conparativ %01'5%&8:’?%% o%:cas%n%) g&o linig%l}tlg)ef ﬂaiﬂA‘ﬁ?S ngﬁu?ea\;lgsoﬂlowed to stand for 3.5h,
and then dried at 130C for 64h. The resulting catalyst was 3.3 wt% Pd/ 3.3 wi% Ag/ 7.1
wt% Re. |

15 ._ Example 1: Preparation of PdAgReFe on carbon
45 of concentrated nitric acid (70 wt%) and 1g of ferric nitrate (Fe(NO3)s.9H;0)
were diluted to 56 cc with deionized water. This solution was used to impregnate 74.6g of
CECA 1.5 mm ACLA0 carbon extrudate. During the impregnation the flask was
occasionally cooled. The mixture was allowed to stand for 65 minutes, and then dried at
20 130°C for 2h. Tﬁis procedure was repeated with a 65 minute standing time and a 2.4h
drying time.
35.1 of pailadium nitrate solution (8.5 wt% Pd), 11.95g of perrhenic acid
(53.3 wt% Re) solution, 7.9g of concentrated nitric acid (70 wt%), were diluted to 50 cc
with deionized water. The ACL40 was then gradually impregnated with théth/Re
25  solution. The flask was occasionally cooled during the impregnation. The mixture was

allowed to stand for 2.5h, and then dried at 130°C for 2.25h.



45g of concentrated nitric acid (70 wt% was diluted to 50 cc with

dei oni zed water. This solution was used to inpregnate 74.6g.of CECA 1.5 mm
ACL40 carbon extrudate. -10- During the inpregnation the flask was
occasionally cooled. The m xture was allowed to stand for 80 m nutes, and
then dried at 130[err]C for 3h. This procddure was repeated with a 35

ol ut on ?Sd%”%ﬁsﬁfﬁ\?‘e‘%ﬁ%%"é’g% eeAeBraen it S e %L%‘%ééé%e%n
ot oni 20q NEPBPEHAGE AEfe BB ”'t&m«aﬁéﬂvﬁ’fsw%gﬂa&eééﬁ%%% Pt il
it ur o walogrb R obBRCRIF GRRRRE e R Fhe A ol IS AR KR R0 ) °

4.7g of si E,ﬁc,,,ﬁcy dto
50 cc Wthh'{rgﬁeéag#%ﬂ{eg e&mégéér%ﬁcﬁ?rsgg%%@ngﬂ%ga en grgg)ggolrlpd;f@j%%

| npregnat ed gy RyBHRePOBUA, Fel rate sol ution with occasional cooling of the
flask The mxture was allowed to stand for 3.5h, and then dried at 130C for
64h. The resulting catalyst was 3.3 wt% Pd/ 3.3 WMt% Ag/ 7.1 wt% Re. 15
Exampl e 1: Preparatlon of PdAgReFe on car bon 45¢g of concentrat ed nitric
acid (70 wWExgmple @ivdrbg M3 hlg gerr]O were
diluted to 50 cc W|th dei'oni zed wat er. ThIS soI utlon was used to inpregnate

74.6g of CECA 1The cataly@ ofCampdrativecExamplaand Bxamply I werei eaph tagtedtin owot he

flask was occasionally cooled. Theé m xture was allowed to stand for 65
m nutes, aH@stell@HCAT6 reactors capnegted [@enpemg heated m@loyr@&édub@g wabe

ted with a 65 t d d a2 4
repea ?0 Wreacto?s had a?,ﬂi‘me l%&a%]eterno 0. 51%E a%lrcll each was gttets thEga l/é axial Hastelloy

C276 thermowell.

Each catalyst was mixed with 50/70 mesh quartz chips (0.625g quartz per g of
catalyst) before charging to the reactor. 20 cc (12.15g) of catalyst was placed in the first
reactor, and 40 cc (24.3g) in the second reactor. Prior to testing the catalyst was reduced

15 '_ at atmospheric pressure in flowing hydrogen (400 sccm) with the following temperature

ramp:

Room Temperature to 30°C over 5 hours
30°C to 100°C over 2 hours

20 100°C to 230°C over 11 hours
maintain 230°C for 5 hours

The reactors were operated with hydrogen recycle. A small portion of the hydrogen was
vented to prevéhf the accumulation of non-condensable gases. The maleic acid
25  concentration in the liquid feed was 35.5 wt%. The process conditions for the catalyst

testing were as following process conditions:

Pressure: 2500 psig

Hy/Maleic Acid Feed Ratio: 88

H; Make-up to Recycle Ratio: 0.083
First Reactor:

30



35.1 of palladiumnitrate solution (8.5 wt% Pd), 11.95g of perrhenic acid
(53.3 % Re) solution, 7.9g of concentrated nitric acid (70 wt%, were
diluted to 50 cc with deionized water. The ACL40 was then gradually

i mpregnated with the-Pd/ Re 25 solution. Thg flask was occasional:ly cool ed
during the inpregnation. The m xture was allowed to stand for 2.5h, and
then dried at 130[err]C f d¥veragesiet Temperatnge:ofO®C ver nitrate and 7.9g of
concentrated nitric acid WHSVdilléhted to 50 cc with deionized water. The
PdRe/ ACL40 was bhegsecghdBeadtbyy | npregnated with the silver nitrate sol ution
wi t h occasi onal cooling of f ' s allowed to stand for
80 m nutes, and then dri ei{% gigzm%a@#n g%%ﬁgzl'dﬁg resul ting catal yst was
3.3 % Pd/ 3.3 %5 Ag W% Re/ 0.3 wm % Fe. Exanple 2: Hydrogenation
of Aqueous Maleic Acid and Catal yst Testing The catal yst of Conparative

Eﬁgﬂf ed T ?i*?ﬁ@*ﬂﬁ‘%%%@‘%k%a@g? r#g??ﬁ%%%@ﬁ%@%%%@ﬁ Bt :
| ' i1 e i i 1/8" axi
st o | oy OO Y REDBR: Shipcivill Wite oo ik M5B G B 500 70 mosh quar 2

chips (0.625g quartz per g of catalyst) before charging to the reactor. 20
cc (12.15g) of catalyst was placed in the first reactor, and 40 cc (24. 39)
in thejgecond reactor. Prior T#bid £SCatilyst PerferaiaateBhtavas reduced 15 at
atnospheric pressure in flow ng hydrogen (400 sccn) with the follow ng
t enperature ranp: Room Tenperature to 30[err]C over 5 hours 30[err]C to

100[err] C guys? hours 20 Hrs.on Temp. %BDO %PAFer %GBL 0 %BUDRI r pASAEer
11 hours Stream ©

PdAgReFe/C 185 153 89.5 5.6 0.6 4.0 0.05
(Ex. 1)

PdAgRe/C 185 162 86.3 88 0.9 3.8 0.08
(Comp. Ex) :

Table 1 illustrates that the BDO yield is significantly higher for PdAgReFe/C. Table 1 also
illustrates that the iron containing catalyst (Example 1) is more active than the non iron
15 containing species (Comparative Example). This is evidenced by better overall conversions

at the lower reaction temperature.

It is to be understood that the subject invention is not to be limited by the
examples set forth herein. Tl;&ee have been provided merely to demonstrate operability,
20  and the selection of catalysts, metal sourcés, carbon supports, concenfrations, contact
times, solids loadings, feedstocks, reaction conditions, and products, if any, can be
determined from the to@ 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.



mai nt ai n 239—E—e-LL_]—CMSh‘The reactors were operated w th hydrogen
recycle. A ortion of the hydrogen was vented to prevent the
accunul at i o?ammﬂ 'Hmmr | e gases. The nmaleic acid 25 concentration in
the liquid h d "The process conditions for the catal yst
testing were as foll owirfg process conditid®s: * Pressure: 2500 psig *

H err]/Mleic Acid Feed Ratio: 88 30 * Herr] Make-up to Recycle
Ratio: 0.083 * First Reactor: -12- M@e Set Tenperature: 100[err]C
LHSV; 1.6hLernl. Second..Reactor: Average Set Tenperature: 153-162[err]C 5
LHSV: O.Bhf‘@??l}“méﬂf“ée"?ogfﬁmari zes the results of the testing on the
PdAgRe/ C and PdAgReFe/ C catal ysts Table 1. Product selectivity's were

cal culated on a nolar C4 basis. 10 Table 1 -

Cat al yst Per f or jance AQak4 : : o) ium ¥RPIPSh oXGHF
oBL oBuCH  USKC St entd Yg?é?*‘%ﬁ’%;%&‘é?“& of palthdinm Mliver, SRBRium 4hPitGh o 1"
5.6 5 0. &arbon gh;%o'm 0.05 (Ex. 1) PdAgRe/C : 185 162

86. 3 8.8 .9 3.8 0.08

2. The cétalyst of claim 1, wherein the catalyst comprises between about 0.1 to
about 20 wt % palladium, between about 0.1 to about 20 wt % silver, between about 0.1 to
about 20 wt % rhenium, and between about 0.1 to about 5 wt % iron.

10
3. The catalyst of claim 2, wherein the catalyst comprises about 2 to 4 wt %
palladium, about 2 to 4 wt % silver, about 5 to 9 wt % rhenium, and about 0.2 to 0.6 wt %
iron.
15 4, A process for the production of 1,4-butanediol comprising catalytically

hydrogenating a hydrogenatable precursor in contact with a hydrogen-containing gas and a

hydrogenation catalyst comprising palladium, silver, rhenium and iron on a carbon support.

5. The process of claim 4 wherein the hydrogenatable precursor is selected
20  from the group consisting of maleic acid, maleic anhydride, fumaric acid, succinic acid,
succinic anhydride, maleate esters, succinate esters, gamma-butyrolactone and mixtures
thereof.

6. ' The process of claim 4 wherein the hydrogenatable preburson;_is. at least one

25  of maleic acid, succinic acid, or gamma-butyrolactone.



(Co bIe es that the BDO yield is significantly higher
for PdAg i{gmuﬂﬂﬂmﬂ, so illustrates that the iron containing catalyst
( Exanpl e e than the non iron 15 containing species

(Conparative Exa ef. This is eV| denced by better overall conversions at

the | ower reaction tenperature. I s to-hg-understood that the subject
invention is not to be limted by the exampl es set forth herein. These have

been provi ded mér el y The peegeshef glaims, yrherein hqqagﬁlysmommsw&eeemt Ghtof
catal ysts, | s bon s orts nce cont act

sol i ds | oaf?qH ? Wéyéd‘éﬁ'(‘fbk a{"?te’éﬁlfﬁg’ﬁ‘t@drf&laﬁpbﬁ%{] %@F{aaﬁ'& nabout, {;?0 can
be determ ned f he t.otal Ci rovi ded Wi t hout
departing %?%ﬁ@'%ﬂﬁ?‘?‘?%?“ﬁfgwﬁw@ﬂf’mﬁ‘ E%?t%SH{?c‘F%ed and descri bed,
the scope of the invention including nodifications and vari ations that faI I
within the scope of the attached cl ai ns. -13- CLAI M5 The cl ai ned

inventipn is: lg /i‘hgi:} Car% £ 44057 %ﬂeﬂ&ngﬁiﬁﬂflirsﬁ%ﬁigﬁief%dt%o 84| ver,

rheni um and iron on on support yst of claim1l,

wher ei Nt hgaifpdhin, abbuCP P4 Wi 95 sifir VbRt 5899wt % Hhénfund kel abeét 02 150.6 wt %
pal | adi um between about 0.1 to about 20 wt %silver, between about 0.1 to

about 20 Wrofip r heni um and between about 0.1 to about 5w %iron. 10 3.

The catal yst of claim2, wherein the catal yst conprises about 2 to 4 wt %
pal l adium about 2 to 4 Wt %silver, about 5to 9 wt %rhenium and about
0.2 to 0.6 Wt % .
9. - The process of claim 4, wherein the ratio of hydrogen to hydrogenatable

10  precursor is between about 5 to 1 and about 1000 to 1.

10.  The process of claim 4, wherein the hydrogen-containing gas pressure is

between about 20 and 400 atmospheres.

15 11.  The process of claim 4, wherein the contact time is between about 0.1

minute and 20 hours.

12 A _rnethod for making catalyst for the production of 1,4-butanediol
comprising
20 @) oxidizing a carbon support by contacting the carbon support with an
oxidizing agent;
(i) impregnating in one or more impregnation steps comprising
contacting a carbon support with a source of palladium, silver, rthenium and iron;
(iif)  drying the impregnated carbon support to remeve soiyentaﬂer each
25 impregnation step; and -
(iv)  heating the impregnated carbon support from ambient temperature

to a temperature of between about 100° C and about 350°C under reducing conditions.



i ron. S_\Aprﬁgcess for the production of 1,4-butanedi ol
conprising catal ytically hydrogenating a hydrogenatable precursor in

cont act ﬂj{ [mmﬂ”ﬂﬂ(mlﬁont ai ni ng gas and a hydrogenation catal yst

conpri si ver, rheniumand iron on a carbon support. 5.

The process ‘of ‘cl 4infa ’W‘IEI’EI n the hydrogenatable precursor is selected 20

fromthe group consisting of naleic acid, maleic anhydride, fumaric acid,
succinic acid, succini c anhydri de, nmual eat ejgsters, succinate esters,

g ut ol actane i T HES b0 Shknoe cupThRuRES Sl L,
e i Ol ™
pal 1 0 U oGRS ook, Rl g Sbdver, DeLyesn about 0.1 to

8. The process of claim7, wherein the catalyst conprises about 2 to 4
wt % pal |l adium about 2 to 4 wt %silver, about 5to 9 w % rhenium and
about 0.2 to O. 4wt %Herrﬁétho@ofclalm'rf@vﬂ{eﬁﬁﬁﬂfecﬁﬁdxﬁhghgédlsw&fddlﬂ‘brﬁlﬂ% ratio
of hydrogen to hydrogenatable 10 precursor is between about 5 to 1 and
about 1000 greuplconsiSting offiiricucid; hgdrogén péraxide Sodiunehypochlbtite, ammonium

hydr ogen-contai ning gas pressure is between about 20 and 400 atnpspheres.

15 pérsulfaté)perchloe ssid,eindaixygen. 4, wherein the contact tine is between
about 0.1 mnute and 20 hours.

10 15.  The method of claim 12, wherein after step (iv) the catalyst is contacted
with a hydrogenétable precursor and hydrogen and heated from ambient temperature to

between about 46°C and about 250°C.

16.  The process of claim 12 wherein the hydrogenatable precursor is selected
15~ from the group consisting of maleic acid_, maleic anhydride, fumaric acid, succinic acid,

succinic anhydride, dimethyl succinate, gamma-butyrolactone and mixtures thereof.

17. ° A process for the production of tetrahydrqﬁxran and 1,4-butanediol
oompri;sing catalytically hydrogenating a hydrogenatable precursor in contact with a
20  hydrogenation catalyst comprising palladium, silver, rhenium and iron on a carbon support
wherein the catalyst is prepared by the sieps of
() oxidizing a carbon support by contacting the carbon support with an
- oxidizing agent; |
(‘u) impregnating in one or more impregnation stei)s coméi:ising
25  contacting the carbon support with a source of palladium, silver, rhenium and iron;
(ii)  drying the impregnated carbon support to remove solvent after each

impregnation step; and



rraki ng catal yst for the production of 1,4-butanedi ol
commﬁ ,ﬂgﬂi m ’" (1) oxi di zi ng a carbon support by contacting
the*cac with an oxidizing agent; (ii) inpregnating in one or
nore inpregnation steps conprising contacti ng a carbon support with a
source of palladium silver, rhenium and % (i) dryi ng the

t af

| npr egnat ed carbon support to rempve sol v

ter e i npr egnat i on
step; and (iv) heat®@ig théathF‘%WPwt‘ida‘F%W %‘@B%%O“? agbientfsmppRature
t t t t b C d ab
3501 or 1] C 10 AdERPHERTE Pha-ER R 1007 € and s 3507€ Sk e omSyRitians m 12

wherein the carbon support is cont acted with an oxidizing agent at
approximately the same tine as the inpregnation of the carbon support with

the source of tfse atlAdiuls oF Elaf7 oM HEHAEiAble biboursol ASeEROI Of

claim 12, whereih the I'zing agent 1's se e group consisting

of nitsic f?&hﬂme%} b6 CofsstRE o Malkie aéi@,qhél&‘b Q)ﬂ%ﬁhb %in‘hﬁc aﬁm@blﬂi@acld

persul fate, perc I c acid, and oxyden. The net hod

claim 12, sab&nieiafihyfride] malesie esteys, sﬁ&ﬁ\afe?és?éry?ganinia mwom:t@ﬁ awtxmx@res

hydr ogenat abl e precursor and hydrogen and heated from anbi ent tenperature
to betweerthereofit 40[ err] C and about 250[err]C. 16. The process of claim
12 wherein the hydrogenatabl e precursor is selected 15 fromthe group
consisting of naleic acid, naleic anhydride, fumaric acid, succinic acid,
succi ni ¢ anhydride, dinet hyI succi nate, gamma-butyrol actone and m xtures

t her eof . 19.  The process of claim 17 wherein the hydrogenatable precursor is at least one

10  of maleic acid, succinic acid, or gamma-butyrolactone.

20.  The process of claim 17, wherein the catalyst comprises between about 0.1
to about 20 wt % palladium, between about 0.1 to about 20 wt % silver, between about 0.1
to about 20 wt % rhenium, and between about 0.1 to about 5 wt % iron.

15 .

21.  The process of claim 17, wherein the catalyst comprises about 2 to 4 wt %
palladium, about 2 to 4 wt % silver, about 5 to 9 wt % rhenium, and about 0.2 to 0.6 wt %
iron.

20 22.  The process of claim 17, wherein the ratio of hydrogen to hydrogenatable
precursor is between about 5 to 1 and about 1000 to 1.

23.  The process of claim 17, wherein the hydrogen-containing gas pressure is

between about 20 and 400 atmospheres.
25

24.  The process of claim 17, wherein the contact time is between about 0.1

minute and 20 hours.



17. mﬁe—pr oduction of tetrahydrofuran and 1, 4-but anedi ol
conpr Iy hydr ogenati ng a hydrogenat abl e precursor in
cont a ﬂ"m M‘j@ rogenati on catal yst conprising palladium silver,
rheni um an uron carbon support wherein the catalyst is prepared by
the steps of (i) oxi di zing a carbon support by contacting the carbon
support with an oxidizing agent; (ii) inppggnating in one or nore

i npregnation steps conprising 25 contacting the carbon support with a

source of palladyym g} pined SRR GMelei eogmlg&@ﬁ{ﬂqestdﬁgm&gnat ed

carbon support t0 renove vent a e - 16-

(iv) heatg&g p (cOfsis rcﬁgﬁiﬁ&‘i@i Y errw& s&'ixﬁﬁﬁ‘ ite! SHRMGHidMr € 1O 2

t enperat ure betwe about 100 out 35 err C under reduci ng
condi ti ons. péSulfate, PRRhISTRCGRKE afid okygdhm 17 wherein the hydrogenat abl e

precur sor |s selected 5 fromthe group consisting of maleic acid, maleic
anhydri de, fumaric acid, succinic acid, succinic anhydride, nal eate esters,

succi nate esters, gamma-butyrol actone and mixtures thereof 19. The
process of claim 17 wherein the hydrogenatable precursor is at |east one 10
of maleic acid, succinic acid, or ganma-butyrol actone. 20. The process of

claim 17, wherein the catal yst conprises between about 0.1 to about 20 wt %
pal I adi um between about 0.1 to about 20 wt %silver, between about 0.1 to
about 20 wt % rhenium and between about 0.1 to about 5 wt %iron. 15



21. The process of claim 17, wherein the catal yst conprises about 2 to 4
w % pal | adium about 2 to 4 W 9% si l.vefiyi-about. 5 to 9 wt % rhenium and
about 0.2 to 0.6 Wt % iron. 20 22. The process of claim 17
wherein the ratio of hydrogen to hydrogenatabl e precursor is between about
5to 1 and about 1000 to 1. 23. The process of claim 17, wherein the

hydr ogen- cont ai ni ng gas pressure i s between about 20 and 400 at nospheres.
25 24.  The process of claim 17, wherein the contact tinme is between about
0.1 mnute and 20 hours. -17- 25. The met hod of claim 17, wherein the
oxidizing agent is selected fromthe group consisting of nitric acid,

hydr ogen per oxi de, sodi um hypochlorite, ni um persul fate, perchloric

aci d; and O}PROVED SATALYSTS FOR THE HYDROGENATION OF MALEIC ACID TO
1, 4-BUTANEDIOL

ABSTRACT

An improved catalyst for the hydrogenation of maleic acid, maleic anhydride or
other hydrogenatable precursor are catalytically hydrogenated to 1,4-butanediol and
tetrahydrofuran has been discovered. This hydrogenation catalyst comprises palladium,

silver, rhenium and iron on a carbon support.



