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0 L eE ~:Various method§ and reaction‘systems’ hdve béen ‘proposed ‘i the =~
' past for manufacturing tetrahydrofuran, y-butyrolactone and 1,4-butanediol by
catalytic hydrogenation of maleic acid, maleic anhydride, succinic acid and/or
related hydrogenatable precursors. Also, a variety of hydrogenation catalyst have
been historically proposed for this purpose including various transition metals and
25 combinations of transition metals deposited on various inert supports, all as
generally known in the art. For example, U.S. Patent No. 4,985,572 and 5,149,680
disclose and claim a process for hydrogenating a carboxylic acid or an anhydride
~ thereof to corresponding alcohol and/or carboxylic acid ester using a catalyst
composition comprising an alloy of a noble metal of Group VIII and one other
30 metal. In a comparative test a ruthenium and rhenium supported on graphitized
-carbon is used as a catalyst in a plug flow single pass hydrogenation of acetic acid.
- Also, Japanese patent application publications (Kokai) 6-157490, 6-179667 and 6-
- 157491 disclose methqu of preparing tetrahydrofuran by catalytic hydrogenation
of maleic anhydride or maleic acid under milder conditions in the presence of an
35 acidic substance using as catalyst a thenium compound and a Group VIII metal in
the first two references and a ruthenium compound in the latter. Comparative
examples in the first two references illustrated the use of a ruthenium and rhenium
on carbon catalyst without the acidic substance being: present. However as a



the first two references and a ruthenium conpound in the latter.

Conparative exanples in the first two references illustrated the use
‘of a.ruthenium and rheni um on carbon catalyst without the acidic
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 In view of the prior art and specifically the limited options associated

with. aqueous phase catalytic hydrogenation, the present invention provides a

"highly active and robust hydrogenation catalyst system that exhibits high

performance during hydrogenation of a hydrogenatable precursor in an aqueous

30 . solution. More specifically, the invention provides a ruthenium- and rhenium on
carbon support catalyst wherein both reduced components exhibit a very high

degree of -dispersion and consistent compositional ratio when quantitatively

analyzed at a spatial resolution on the order of a square nanometer; i.e., any

. microstructural differences are on the nanometer or sub-nanometer scale. This

35 apparent atomic or near atomic scale dispersion of the reduced metals results in

| hydrogenation rates heretofore unattained by other known aqueous phase

hydrogenation catalyst systems. The reduced ruthenium and rhenium on carbon
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20 of at least 0.1% by weight ruthenium and at least 0.1% by weight rhenium
supported on carbon, said percentages based on total weight of supported
catalyst, wherein both ruthenium and rhenium are present in a highly
“dispersed reduced state; said carbon support is characterized by a BET
surface area of less than 2,000 m?/g and said catalyst is characterized by a
25 space-time-yield for conversion of maleic acid to tetrahydrofuran in excess
of 600 grams of product per kilogram of catalyst per hour at 250°C and
2,000 psig total pressure; and then
(b)  recovering at least one hydrogenated product.

30 - It is a primary object of the present invention to provide a catalyst
system that involves reduced, highly dispersed states for both ruthenium and
rhenium while supported on a porous carbon which is capable of sustaining in an
aqueous solution the hydrogenation of a hydrogenatable precursor at space-time-
yields in excess of 600. g/kg-hr. It is a further object of the present invention to

35 provide a reduced ruthenium and rhenium supported on a porous carbon catalyst
system that exhibits high dispersion as well as an essentially constant
compositional ratio of ruthenium to rhenium when analyzed at a spatial resolution



catal yst, wherein both rutheni um and rheni um are present in a highly
di spersed reduced state; said carbon support is characterized by a BET
surface ‘area of |ess—than—2, 000 n2fg—and sai d—catatyst is characterized by

a 25 space-tine-yield for conversion of pmaleic acid to
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The carbon support useful in the present invention can be generally
“afiy such material & comménfy knowii'dnd commérdially available for use in this~ . =~ 7
20 -art. Preferably the carbon catalyst support is a porous particulate solid
characterized by a size distribution typically ranging from 5 to 100 mlcrons and a
BET surface area typically ranging from a few 100 to nearly 2,000 m/g.
Preferably the carbon support will be commercially available material having an
average particle size of the order of 20 microns and a BET surface area from about
25 900 to about 1,500 m2/g. The catalyst support can be manufactured such as to
‘have a latent acid, neutral or basic pH. Optionally, the catalyst support can be
treated prior to metal deposition by one or more techniques as generally known in
the art such as impregnation with alkali metal salts and/or calcination.

300 ¥ Three distinct mettiods: of preparing the highly dispersed, reduced.
ruthenium and rhenium on carbon support will be exemplified later. Each of these
‘methods produces a hydrogenation catalyst of extraordinary space-time-yields
‘when employed to hydrogenate maleic acid in an aqueous solution again as more

- fully explained and exemplified later. '

35 = .
One such method is to prepare a water solution of a soluble
ruthenium compound and a soluble rhenium compound and then add this solution
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about 4.0% r heni um The carbon_support
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Also, both co-depositing and co-reduction techniques serve to further distinguish
the ruthenium, rhenium on carbon catalyst from the prior teaching of palladium,

rhenium on carbon in that sequential depositing and reduction of palladium and

rhenium is required to produce good hydrogenation catalyst activity. The mere

fact that in the instant case these co-deposited/co-reduced techniques produce the

most uniform microstructure (as referenced and explained later in describing the

meaning of nanometer or sub-nanometer microstructure) further supports a

35

conclusion that observed unexpectedly high catalyst activity of the Ru, Re/C
catalyst (i.e., peak STY =1,200 and sustained STY >600) relative to the prior art
activity of the Pd, Re/C catalyst (i.e., STY typically from 300 to less than 500)

with sts known non-uniformity and heterogeneity ‘of crystallite distribution and

microstructure is somehow interrelated on a cause and effect or at least a
distinguishing characterization level. - In other words, there is a fundamental
difference in the-microstructure of the instant catalyst system relative to the
previously known aqueous hydrogenation catalyst system based on palladium and
rhenium as well as an unexpected increase in catalyst activity.
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_The third nethod of producing the catalyst is to sequentlal |y deposit
“&nd redice the rut heni T otheniu s eempobids asefidnin the rpresentt knvention|” for
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compound at can then be deposited on the carbon support. This would include

by way of example but not by way of limitation such compounds as RuCl3-xH,0,
Ru(NO)(NOj3); and the like. Preferably ruthenium trichloride is used.

The rhenium compounds useful in the present invention for
preparing the catalyst can be generally any such compound that is either water -
- soluble or readily converted to a water soluble or partially water soluble rhenium
compound by the action of an oxidizing acid solution, hydrogen peroxide, or the
30 like. As such, the perthenate aquecus chemistry including the corresponding
rhenium oxide deposition is particularly useful. Preferably a perrhenic acid
solution is employed. | '

The reducing agent employed to chemically reduce the nithenium

35 and/or rhepium can generally be any such reductant or reducing environment
consistent with either liquid phase reduction or vapor phase reduction including by -

way of example but not by way of limitation; formaldehyde, hydrazine hydrate,
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5 subsequent reduction of rhenium Again as in the above co-depositing and

co- reduction nethods, the inter | | .on carhon can be
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20 For purposes of the present invention a hydrogenatable precursor can
be, in the broadest sense, any compound or material that can be chemically
reduced by hydrogenation or hydrogen up-take. This would include, in particular
but again not by limitation, various organic compounds containing unsaturation or
oxygenated organic functional groups or both. Most particularly, the aqueous

25 phase catalytic hydrogenation of maleic acid to y-butyrolactone and

. tetrahydrofuran is illustrative of the utility of the method according to the present
invention. In this regard and asillustrated in the examples, it should be
appreciated that various products of the sequential hydrogenation reaction are also
potential hydrogenatable precursors. In other words, in the conversion of maleic

:30- acid to tetrahydrofuran, the chemical reduction is known to be sequential involving

the rapid addition of hydrogen across the double bond ‘thus converting maleic to

- succinic acid followed by the slower addition of hydrogen forming potential
* intermediates such as y-butyrolactone and/or butanediol and ultimately the desired

_ tetrahydrofuran (corresponding to the up-take of five moles of Hy and production

35 of three mole of H,O per mole of THF). In commercial production the overall
selectivity to THF production can -be signiﬁcéntly influenced by optimizing
reaction conditions including maintaining adequate acidity thus favoring ring
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25 system).

For example and in reverse order, it is generally known that
preparation of bimetallic ‘catalyst - containing rhenium (rhenate to rhenium
heptaoxide deposition) implicitly involves mobility (see S.B. Ziemecki. G.A. Jones

30 and J.B. Michel, "Surface Mobility of Re;O7 in the System Re?+Pd0/y-Al.O3".
- Journal of Catalysis 99, pp. 207-216, 1986), thus suggesting at least the possibility

of migration of the rhenium below the imageable limitation.. With respect to aging

of the catalyst during use an imageable ruthenium phase has been observed in used
catalyst where initially no i'magéable ruthenium or rhenium were present

35 suggesting some form of mobility associated with the ruthenium. However, the
development of imageable ruthenium during use is generally of the order of the
average pore size of the porous carbon support (i.e., typically 20A or the like)
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EXAMPLE_L

Aqueous solutions of RuCl3-xH,0 (2.0305 grams of 1% ruthenium
solution) and HReOj4 (1.104 grams of 7.7% rhenium solution) were mixed and the
resulting solution was added to 2.03 grams of particulate carbon support (average
particle size about 20 um) characterized as intrinsically acidic (pH=4-4.5) with a
< 30 BET surface area of about 1,500m2/g. The mixture was dried over night at 110°C
‘ at reduced pressure (in vacuo) with a nitrogen purge. The dried catalyst was then

placed in 150 cc quartz boats in a 1500 cc, 2.5 inch diameter, quartz tube oriented
horizontally in a tube furnace. A nitrogen purge was carried out at room
temperature for 15 minutes at a flow of 500 cc/min. The flow was switched 100

35 - cc/min of helium and held for 25 minutes. The temperature was then ramped to

150 °C for one hour. After the hour hold, 100-cc/min of hydrogen was added to the
flow and this was held for one hour at 150 °C. The temperature was then raised to



35 suggesting sone form of nobil i ty associ ated with t he ruthenium

However, the devel opment of i nmageabl e rutheni umduring use is
generally of the order of the ~average pore size of the porous carbon
support (i.e., typically 20A or the like) WO 96/ 27436
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“EXAVPLE 1 -+ ~of as$quare na‘r‘mmeter" means a5 illnstea¥édiabove. ut'li'lmmeosurement is made

RuCL[ er r] - xHuging] & fddOSMsHrASTEN 4t NivOINeE Whighly focuseillelctron) baif
 HReO4 (1, 104, ﬁrams of 7. (% r.heni,.um solutio

resul fi ngosof PIgINg; 0 apprexjmately ope §q r‘%?g\%ﬁﬁ’f m{f}ﬁﬁt‘:@t’g&tm&&t

“(aver age transmission through the catalyst of an electron beam with a cross sectional
dimension of one nanometer square). '

EXAMPLE 2
25 - 2.0216 Grams of a 1% ruthenium content agueous ruthenium
trichloride solution was added to 2.07 grams of a particulate carbon support having
a BET surface area of 1,500 m2/g and characterized as intrinsically acidic (pH 4-
4.5). The mixture was dried over night at 110°C at reduced pressure (in vacuo)
with a nitrogen purge. Reduction of the ruthenium metal salt deposited on the

30  carbon support was then carried out on the dry material essentially as described in
Example 1. :

EXAMPLE 3

35 0.5100 Grams of a 1% ruthenium solution derived from RuCl;3-xH,0
was mixed with 0.2780 grams of a HReOy solution (7.7% Re from Re;07). To
this was added 35.2574 grams of a 7% succinic acid solution. This solution was



particle size about 20 p.n) characterized as intrinsically acidic

(pH=4-4.5) with a 30 BET surface area of about |,500n2/g. The m xture
was dried over night at 110[err|C at reduced pressure (in vacuo)
with a nitrogen purge. The dried catalyst was then pl aced in 150

cc quartz bgats in a 1500 cc, 2.5 inch dianeter, quartz tube oriented
hori zont al | YW #2743, he ftir mace. “A nit roden purge was Carri e@CEPSS610o0m
_terrperature for 15 mnutes at a flow of 500 cc/mn. The fl ow was sw tched

100 cc/ m-n of he+| um and held foriR5 mnutes. The tenperature was
t hen rarrped

cormin of hygjxﬁded to-a 12 ﬁo atﬁaaa%’ﬂfong%flﬁaeé Sﬁg?#zy %ﬁﬁm;@g%or

one hour at (&)t he Tgactor wanchegked forilgaks with nitrogén

. WD 96/ 27436 and then hydtogen was charged to the ﬁactor and the reaction was carried out as

PCT/ US95/ 161
: e.i_""ght hougs Jd%ﬁn d'[lHI I‘me period - *" the flow was switched back to
“heliumand the cat aTyS*t was ool ed i*h helium 2% overni ght Once the -

~ tenperature was I'ess-than.-50 [e MWS passi vated for 30
mnutes in flowing 1% Qerr] in N2. The resulting % Ru and 4 wt. % Re
5 on carbon catal yst _was tested in the reactor as descrl bed in foll ow ng
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i@_rlg]Cvmth 1: 1'H2-He flow and then held for -
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carbon parti romparti to p
Thus it shou?%a%lgngpc&%g% %‘gﬂmgn% VIGE W 'ﬁ} e‘gwtff' %‘f AR gnetgE A set of
present i nvefemovahledafiles (lree ivertidal atrips' Qﬁrﬂmlloybﬁtmelded tb twio Hastalloy a0 d
rheni um 1515 ringspwiké neé@ﬁfih&lpt &g:ﬁﬁ@ﬁnseas& ® PedOmpd thebdaltoplusin
rutheniumto ag ur £ naI ? 2$057 aﬁyss t he cata siP
particle at E P ‘é‘%\ﬂ&ﬁ Wlngﬁ B PS1gof q%‘ﬁ’&%ﬁ"é‘ ‘FFSF‘
“reanas illu &Qnabomimdenﬁhe mit@gencwas (frord areylinder, the sucnmmgcxd friasT @
eni ssi on STEBakBﬂIAdaWﬂéh‘f@&ge%t @wﬂl §tﬁff;&§&ﬁae64~t§ef ] Fed wag;”@é@gh 9,
on_appr oxi ma one ‘sguar.e_.nanopet ef. o e _catal ys ace .
transni ssi on%"l‘#‘g sc&lg{lgﬁ,g?es&f:clgﬁ: ael cWFEFn“!éﬁn‘NS&F] ggan, Sh by”
sectionaR0 dissol vmg riéngmns of suneinica acideine 465 ograms) of deionized water. The
- solutions were heated to 30°C to completely dissolve the succinic acid. The
solutions were then titrated to precisely determine the percent acid. The procedure
employed involved adding the catalyst (typically about 0.1 to 0.5 grams) into the
reactor followed by 35 grams of 7% succinic acid solution. The head was then
25 placed on the reactor and bolted into place and torque down. Nitrogen was then
pumped into the reactor using the Haskell pump to 2,400 psig to test for any leaks
in the system. If pressure was not holding, leaks were detected with Snoop and
fixed. When no leaks were detected, the nitrogen was slowly vented. After
venting the nitrogen to atmospheric pressure, hydrogen was pumped into the
30 reactor with the Haskell pump to 1,200 psig. The stirrer was set to 700 rpm and
the heat was turned on. The contents in the reactor were heated to 250°C which
took about ! hour to reach. When the temperature inside reached 250°C the
stirring was continued for 3 hours. After stirring at 250° for 3 hours the heater was
turned off and cooling water was turned on to the jacket surrounding the reactor.
35 When the contents _ot? the reactor qooled to below 25°C (about 0.5 hours) the air
motor was turned off and the hydrogen was vented very slowly. When the
hydrogen was vented to atmospheric pressure the bolts were removed. The




EXAMPLE 2 25 ' 2.0216 Granms of a 1% rut heni um cont ent

aqueous rut heni um “trichloride solution was added to 2.07 grans of a
parti cul at e carbon sUpport havi ng a BET surface area of 1,500 nR/g
and characterized as intrinsically acidic (pH 4- 4.5). The m xture

was dried over night at 110[err]C at reduced pressure (in vacuo)

with a nitrB’M’ﬁ%ﬁge. Reducti on of tHe ¥ ut héni um netdl sal tPCH 1920 on

the - 30 carbon support was then carrl ed out on~the dry materi al _
-essentially as described in - -
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hydr ogemsisegredeitedh the following Table.

Em- gﬂlﬂll!ﬁ] amt GBI DBQ IHE BQH BuOH '%mm:

1%PdA%Re - 0.50g FAT*F 6.85%*: T.83%* 1.5T++ 2.54%% 92 ™ © i

20 carbon A 0.25g 882 359 644 027 048 53

4 .I%Ru,4%Re(a) 025g 008 049 169 145 121 99
5 cartbonA 0.10g 627 231 8.73 109 104 65

25 6 1%Ru4%Re(®) 0.25g. 008 051 166 170 120 99
carbon B 0.10g 819: 051 655 028 016 37

~J

8 1%Ruw/C+4%Re(P)0.25g¢ 029 088 148 251 1.80 - 98
9 carbon A 0.10g 105 037 376 046 052 25

10 1%RwC+4%Re(0)0.25g 0.14 - 0637 15.7 2.16 l'.59_ 98
11 carbon B 0.10g 102 - 145 558 068 071 41

12 1%Ru4%Re(®) 0.50g 103 074 162 096 121 92
35 13 carbon A 025z 402 088 118 142 138 78



grade froma cylinder, the nitrogen was froma cylinder, the succinic acid
was Baker Anal yzed reagent grade crystal and the water was dei oni.zed
wat er. Seven wei ght percent: solutions of succinic acid were nmade in
500 gram batches by 20 dissolving 35 granms of succinic acid in 465 grans
of deionized water. The solutions were heated to 30[err]Cto
conpret el y WOSBM t he succinic acid. The Sol ut i ons $I5ap110
titrated to precisely determ ne the percent acid. The procedure

enpl eyed |nvolved addi ng the catal yst (t-yigi-cal |l y--about 0:1 to 0.5 grans)
into-the ™ sreactor followed by 35 grang of .7%succinic aC|d sol ution. .
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t enper at ur e lel.stirring was contlnuedfor 3
hours... Aft er(tﬂﬂhrpneagdated?iﬁ(lﬁ A% Rdusdth h;ehhﬁmt osifedl on carbbiyrdid of f and

| t 5 W .
the 09, 55" %ﬂiﬁcg?‘ i ﬁiﬁﬁ’}'% U‘Z‘gﬁ*“?ﬁt f abo“{se@?*?‘%ﬁ) the
air m)tb and addedtoreactear yith velution, pes Example 2 owl y. When
t he hy déc) BRanand-Re ce-rediutet dn eémph@mons polation b€ Rult; BOHReONEWith

renoved. Th 0
bt LS9/ 1 6?35& of 7% succinic' ¥eid Baded B Feactor with particulate carbohpurged withNo . -

wer e qui ckl mdeﬁhsvéd?qormﬂzt@@%%cﬁw puessurs 220862300 psigfesdadsits syringe
wi th a |Hr gecdsredaction,per Exanpled)] needle. After the sanple was renoved from

0,45 i cr on Cafdon ﬁ@,&ﬁa@ saldor é’iﬁgl‘n%]rga%e%& SES00H §O5 s

=B tetrahy‘dPEﬁ‘!ﬁ ‘n= But-afiot T gahanabut yrT act one and
1, 4- but aned|Ghrbonlmgaamétﬂakehtbonhawr@smmem o4 1,00@H{2/@ad 2 portion

.. was titrate Frﬂfs nic acid. .. . The Lltration I nvol ved about. ..
8 granms of ﬁn teregg #J@ V\gghed into & 150 mL " beaker with

recor di of the weight to 4 decinal places.. A magnetic stir bar and
stirring plate was used to stir the solution. A couple of drops of-
phenot hal ei n EXAMPLES 16

Continuous runs were carried out in a back-mixed slurry reactor by
25 charging the catalyst prepared according to Example 1 in 150 mL of water into a
300 mL Hastelloy C autoclave equipped with an agitator, a thermocouple, feed
lines for hydrogen and maleic acid, and an exit line through which the product was _
- swept out with the excess hydrogen and water vapor. Preceding the reaction, the
catalyst slurry was activated at 250°C under a 1,000 mL/min hydrogen flow at
30 2,000 psig for one hour. Thereafter, maleic acid was fed as a 40% by weight
aqueous solution at various feed rates and the reactor was maintained at 2,000 psig '
and 250°C. The volatile products and water were swept out of the reactor at a rate
controlled by the hydrogen feed rate. The hydrogen feed rate was adjusted so that
the amount of water carried out with the exiting hydrogen gas was balanced with
35 the amount of water added with the maleic acid feed and the amount produced by
the reaction. The reactor level was maintained constant at 100-200 cc. In all cases



10 solution was added and spl ashed solution was rinsed fromthe sides with
dei oni zed water. The titration with 0.1 N NaCH sol ution was conduct ed
to a pink (30 seécond) endpoint. The resulting data for various

catal yst made according to the i nstant inventiron as wel|l as several
controls characteristic of previously known aqueous hydrogenation
rcatal ysts OWW‘&& um and rheni um on a car bon support ar & RETUSASAGHAt ed ' n
the foll ow ng Tabl e. TABLE Exp.

Cat al yst ant . GBL DBO THF PrOH BuygH %onv. - 1%Pd, 49%Re

- 909 - 1. 47* &4 ss ggﬁg**géxb ggénve 6 tﬁgan? ﬁ %%%geacg%s

82 3.59 .
49 “16.9 aild thshydfegglfeedwe was shgwn nog to influencecatalyst m@p 2.31

o u&l;«, b

oonddn

0370 90 e RN sotpion i Rl e P i 7%,

9 carboh” Aincreasedoby @g3-cefrsabayt Fvery 8 hours untilghe ‘arid level s e reactor1o -
19U/ C+4YRe ( pedhe8 B%0- After A6 e mdAiBic7acid A& ratd Wik ac?[lﬁgted as necessappfitgon B °

0.10g 10.2 %Ru, 40/ %Re( O)° 0. 50g
1.03 0.74 mai%‘ag‘“’(? °r¥9§?§315%w§§n61@l%tar bori & 0.25g  4.02
0.88 11.8 1.42 WD 96/ 27436.

P‘%{J U§?5/ 12 )110 runs were made \glthout mtermptlonSforg\?; to séviral Mfe ,
“arbon A;% and é"'%ob“ Glslgunng s;gadgrS g’é"’ °R9"§‘fm Wyre sselecied - for analyis,

all data in gentrely off 810724 houpso durationncTheliprgduct eetimpdsition, dptar gerenated
based 5 dufinGudy StRRSoptRatiuir Wak 2vetiged 't8'ive the average production rates
(ghr) of THF (tetrahydrofuran), BDO (1,4-butanediol), GBL (gamma-
butyrolactoné), PrOH (n-propyl alcohol), BuOH (n-butyl alcohol), and alkanes
15 (primarily butane and methane). The product composition was measured by
condensing a portion of the volatilized products and water m the ex:t gas stream
hour was measured, and its composmon analyzed using a cahbrated gas
« - chromtograph-(GC) equipped with-a flame ionization:-detéctors - The remaining
20 uncondensed products (THF and alkanes) still in the exit gas stream were analyzed
by measuring the gas flow rate and then analyzing the composition of the gas
stream every two hours using GC procedures similar to those used for liquid
analysis. The reactor contents were sampled every four hours and analyzed by GC
and titration. Titration with sodium hydroxide was used to monitor the acid
25 -concentration in the reactor and the resuilts are reported as percent by weight of
" succinic acid. The GC analysis was carried out using a Supelcowax 10 capillary
- column (30 m x 0.052 mm) which was maintained at 75°C for 5 minutes after
injection and then heated at 10°C per minute to a final temperature of 200°C. The
combination of these three analyses permits calculation of the catalyst performance
30 in terms of space-time-yield (STY) (calculated as grams of THF produced per
kilogram of catalyst per hour), product selectivity and the mass balance for each
run. '

In the first run the catalyst used was 3.5 grams (dry weight) of a 1%

35 ruthenium and 4% rhenium on a carbon support. The initial maleic acid feed rate
was 6 cc/hr, and this was increased in 2 cc/hr increments up to 20 cc/hr, at which
point the acid level in the reactor reached 8%. Afier this the feed rate was adjusted

73 =1.09 .04 65 25 6 .1%Ru, 4%Re(a) O0.25¢ .0:08" 051 166 **“



(a) Ru and Re co-reduced in H2: aqueous solution of- Rud 3 & HReO4 deposited
on carbon, dried overnight @110[err]C in vacuo with N2 purge, then _
co-reduced for 8 brs. @300[err]Cin 1:1 mx H2/ He, per Exanple 1.
(b) Ru pre-reduced in H2: 1% Ru as RuCl [err] solution deposited on carbon,

dried 10 @110[err]C in vacuo with N2 purge, ed for
rsolishgy @ 110err] pur ge.  _ leshsbikificd

8 hrs. 1:1 mx H2/He, and added to 'reactor
HRe®4 soI ution, per Exanple 2. (c) Ru and Re co-reduced in .
reactor: aqueous sol uti-on of RuCl3 & HRe€@Swith 35g of 7%-succi ni c

aci di.added t Qo hﬁaﬁﬁaﬁf thefdeld Reel ic6L10%E The Hiftial THF %humbﬂ rd¥é (at the 1owestand

o duae o HAIEE Sk g ) WS ﬁrﬁ%ﬁsﬁl}?fﬁs%&?ﬁrﬁﬁvm&"t@% Sidteetrieg o

BET surfa¥e awas intreasedstlie productiondrate continuedrto inereassarienghing iasfihigh as-H200: 5)
Carbon B:  paigTy Hyaie ﬁﬁ&ttﬁé fE@d/hitG réadtied 20/CEMEC OV B riexi teP vikks o’fﬂd

|ntr|nS|cIIy b 9) 2
EXAVPLES g6 perationthefadtivity slowly doshined Sl Traching % T, Progietion T o
back-ni xed slabouyﬁOOe&'EY@r_ by 25 charging the catal yst preparéd

according to Exanple 1 in 150 nL of water into a 300 nL Hast'el"l oy C
aut ocl ave -equi pped w t h~an agl tator,.a thernoco fee%ﬂ | i nes for
“hydrogen and mal ei ¢ acitiSCCORf COMmPazative upw. agﬂs\‘ﬂhpl? & TRRORKFEPt Higs
swept out -wi chtalyst vmscmplachédvﬂgdﬁ gofl avk% qalladipor andhée chinigmtdfathe samei on,
the . 19 Gaitdnysip g%hur The meleCéc?d/ f started % rl]zfédnﬂdﬁ{d Wad ifleaddd/ M N

hydrogen f ow at mal e1 ¢ aci,d’

SI one,
Whs Tod as o Oy8b A das 28 comk. Cues dbis putod dhe, it Euel to 3¢ inabior dngresstls
and the reacmprtov&% angl the JTHIe praatuction Gdie iredrepsed up to a madmdBOOLAISTREY.
vol atil e products and water were swept out of the reactor at a rate

co that o e ardt Aol he.papreraled, wal 8ok PUPORES, AE CBIPINE e pSEHen
gas was Bal annmnimintthe use Gﬁthetplnasarﬂsam catdlystds eharacterided\by b sphne—tmleeyleldam d
feed and the mibaiiye %g gifbacid to te diSfur&i il &Rss 31600 %ﬁg@?f 2@@&&& was
mai nt ai ned cons nt at
- "PCT/ US95/ 1611’6" ogram ‘of-catalyst per hour at 0°& and > 2,000 psig total-pressure ‘"means=a
catalyst that performs essentially as illustrated in Example 16. In other words, the
- phrase refers to-characterizing the highly-active and robust hydrogenation catalyst -
20 system according to the instant invention in terms of the catalysts ability to sustain
the production of THF ‘in a continuous mode of operation wherein the volatile
product is swept from the reactor by the excess gaseous phase containing the
' reactant hydrogen all at the specified conditions (i.e., 250°C and 2,000 psig total
pressure). But even more importantly, the characterization reaction is conducted
25  such as to afford the catalyst the opportunity to exhibit full reaction potential and_
not be subject to stoichiometric limitations of either reactant (i.e., the hydrogen or
the hydrogenatable precursor). As a pragmatic consideration and as illustrated in
the example, the rate of flow of reactants to the reactor are adjusted (increased)
until the catalyst is being utilized to its fullest extent. Typically this is achieved by
30 monitoring the residual acid content of the reactor and increasing the reactant flow
until at least about a 5% acid or higher steady state is present in the reactor. At
acid concentrations below this value the STY will not be optimized and the
~ tendency to over hydrogenate the product will also reduce the selectivity to THF.
Experience indicates that operating at or above this residual acid level produces
35 STY values heretofore unachieved by prior art catalyst systems. Residual reactor
acid levels as high as twenty percent have been successfully achieved but as a



-14- . an excess of hydrogen was fed relative to the anount consuned by

t he reaction and_the hydrogen feed rate was _shown not to influence

cat al yst per f or mance. The mal eic acid solution was fed

at alowinitial feed rate and was 5 i ncreased by 2-3 cc/hr about every
8 hours unt I* Wld | evel in the reactor reached 8% After this the
mal'eic acid Téee at e was adj usted as necessary to mai n S33Har10 '
reactor acid-level between 6-10% The runs were nade

wi-t hout knt erruptlon for up to several - wed&s, 10 and tinme intervals duri ng';h
32 eﬁdy st. gt e prRdh am_[ eanswérah néflsﬁ‘eéxﬁﬁ" aidti’d sambd ¥i§'o¥thls cotnc&ﬁfuii“o%' will Sbldifyo
- ours dur 0N .z e, pr [ sition data generated Sduring.*t 7 el T
steady st at e%‘?ﬁﬂ?’ﬂmgﬁﬁ |ve t he average production rat, es '. L
“(gthry.-.of - THE. (tetrahydr of ur-an) ;- BDO (1 4- but anedi ol ), GBL (gamm T T
_butyrolactone), ProH (’l‘lﬁreﬂi%hta@é%ﬂ&'ﬁeneﬁ&%ﬁ]ﬁﬁ eﬂu i are &itdto be .
al kanes 13 (sP r|I but ane anc&i. net h E{r gté corrg&sjleél on-was
rreasured gm RYPeTous, £ 11%, FRDOShy) | b theqingtapte o1 -
-in the eX|t gmsemmwﬁordanudmbwaes amgethbé for s;mainmgocmmyuc ﬁb-drogehm of -~
l'iquid produghalefl heiatatk Sﬁféh .gf.‘ym
a s in watEPLHt et z( sél A ﬁ?hbl

-anal yzed usi cal 1 brat ed
t e(thOEnd

flame ioniza e Y5 aqp%gq m%&ﬂ
al kanes) sti Ieb:temalt bdditives ogaageatsr such merthe q)rdepzecbf strong))tciabneﬂldbeg thée

: gas flowjpat ¢ IyﬁthFehQﬂGn e agptﬁé“%seﬂfpa&;jho h ETgé\thace areﬁtcgi:@m

““every“two hou res srm.|l
anal ysis. Th&UPROIL 39013,58 @’ﬁf ARstant catalys Ys¢ ds &H\?naw&l‘?z%d

by GC ~ acontinyoust mode of commercial apération chvuivzhgdhonddﬁaowaif mﬂeiﬂ: doid to
moni tor the qgd Qatzg( slnﬁg a ?ﬁiikdug sbiifioh GAQHE ¢ § gis%
andl ysfs was

reported as per Sucgcl nl c ac

carried out Wé‘&%‘?‘?‘l‘ta ydrogen, £ 3eactiop 29mesall afy)
whi ch wad5 malwhleh mepresant iﬁﬁ ¢ranjlatd into & signifitam eebherhic advantagequirticulady dt

~ conbinati on-ar® S} i%%fmi o J@*@@W#@P%éoﬁ&@# T

“pér f or france " 3BVingS;
THF produced thelcatalyst ahd [the lewep tapitil dhvestment pérauid prddmﬁuﬁ tassoviifted iwikh v

dth
' ?Ee ca’?almazts use V\E% rEatalet'sér ;Rﬂm thﬁtt}lscqveg fg}%% hl%t é’tePsu%I EEE Sﬁﬁr S
rheni um K a "GBPRSHT QT qanomﬁer seale &ﬁ'oqdmaemsﬁ@é of chagasterizing the Ca%

cc/hr, and t nd itsrespestivegpetfornmande ovtith in aarheiss 'ﬁr&%m&tlé FaRie fop/dpe

whi ch %H'g'néljaﬁlggélgphﬁfel in the reactor reached 8% After thls the

feed rate wa

Having thus descried and exemplified the invention with a certain
25 degree of particularity, it should be appreciated that the following claims are not to
be so limited but are to be afforded a scope commensurate with the wording of

each element of the claim and equivalents thereof.

iphaseat lowrryo amnpsan%ngmmf o
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PCT/ US95/ 16110 . _ =15- to maintain the acid____
| evel at 6-10% The initial THF production rate (at the | owest mal ei ¢
acid feed rate) was 200 STY (g THF/ kg catalyst hr). As the acid feed rate

was increasw oduction rate continued to increase rea%&g?szlzl i gh as
1,200 - i e time th& feed rate reached 20 cc/hr ext

three weeks of 5 operation the activity slowy declined, finally

reachi ng a THF production rate of abdZit 600 STY.
second - corrparatlve run wes madé as in the above Tun; xceﬁt t he

A -

cat al yst~was repl aced. wit’ h 10 g of a 1% pal | adi um and m’”"

same 10° ° carbodn support. The haleic acid féed was sta m and
w's. i ncieased €laim: over fjve days to 28 ‘ec/ hr. Gver this peri‘od"t he a=e| d

l evel in the reactor increased” . up to 5% and t he THF production rate
i ncreased o a naxi oul d be

appr eci-at+ dt at fer p%ﬂ@é@%?{%mhm@%@s‘&ﬁhﬂmﬁw MCIPSECUSRT use
of the phr asmmwmmwlmncmnmngﬂteatqsmf by a space-tine-yield -
for conversion of | ei

product - per H?’ “2“"“%‘““’”’@”%“% 5'1%&2%*'% e???‘s; S‘*%"%‘é’%%
total pressure"ne Sence o ﬁj ?é[ éﬁgqr&pqtylgﬁsennaly
illustrated:-in Exa)fmtdeasso 1% bgt\helght/\mthhuumFMd at leaqbl@tl%ebyrwbtyhs rhenium

char act erggzi ng th Clab

system-” aCIé)(erdl ng ' SS(‘)IB ﬁﬁéd’ogt an*‘ﬁll’ﬁ |on |§ﬁ%§§%§?€°ﬁe cdt PE‘%P abrlity
to sustain t He# Yﬁdd@leﬁiﬁ b9 Griurg t"F"FH}BHb apg, PEesspt dﬂeﬁ‘alg'@ﬂ
wherei n the vol at idispersed rqduoetlustate,ssaid\marbdﬂ suppore is eharacteriayd thyeaeBETS S

h t
conditions (i.6 Conﬁ’%@wg’ O loss s.b"{%ﬁfmr&ﬁh’k‘%ﬁm&“" by 80
Jae@?,-&d:rfaw o

err

nore inportantly, SPREC-HREr @iop oL anglsic 4@&%@@?@@%" 'Bl%ﬁe%is to

afford t& cat al ysf 600 gramo of produgt per &ilbglant of Watalyst et ihoor a0 12508C aindand

not be subject toié ﬂ?mﬁfr@egj@ d.nlidhépns of either reactant (i.e., the
i TP

hydrogen or_ . recursor) As a pr.agmatic
consi dert i on- and € ?Q‘%F‘&géﬁ epﬂone' ydrogenatedpro@ucts he rate of flow of ™

reactants to the reactor are adjusted (increased) until the catal yst

is being_ utilgzed to It&amg{conw t9Tb?éxﬁF‘|iythie | e ghﬁ#@ﬂatﬁmew —

m)nltorl%the reS|duaI react or an incre
react ant 40| ovprecursor i sefectad framsthe gyoup cansisting pfimsleip agide maleis anhydride.c i s

present in tffanmcztciﬂ suétinic acid,analdiccaid; ahé esteisaotrebpomiing bo thegé acids e
STY will not %ﬂ 'ﬁ P of. tendency to over hydrogenate t he
product w || 0 reduce the se ectrewty to THF. Experience indicates
t hat operat.i ng at or above this residual acid | evel produces 35 STY

val ues heret d.ore unachA enetod)aceorditig & Cldini &l whérehil bodinsaid Ratesliidh and
reactor 95  thenium are dispersed at the nanometer or sub-nanometer scale.

D

4. A method according to Claim 1 wherein both said ruthenium and

rhenium are highly dispersed with a constant compositional ratio of ruthenium to

rhenium when analyzed by STEM across the catalyst particle at a spatial resolution
30 on the order of a square nanometer.

5. ‘A method according to Claim 1 wherein said catalyst is made by the
method comprising, in sequence, the steps of: depositing both a ruthenium
compound and a rhenium compound on a carbon support; drying the carbon

35 support containing both said ruthenium compound and said rhenium compound:
and then reducing the ruthenium and rhenium.



aC|d | evel s as high as twenty percent have been succes

g L evels o g g ey L)

pragmatic consideration succinic acid solutions of this concent ration will

solidify unl ess nai nt ai ned at | THISHEEP HAStBEEN _
The advant a&@#i8benefit's of the presq{gleAgEgnt i on| aré- f ePFTPFPHEN05

si gnificant and numerous. First anb—fe+erpst—ite—eat al yst 'system of the
I nst ant i nvent'i on affords and pr OVI dt®- a nmet hod for sustaini ng

- catalytic hygrogensti-o l,,‘;h%@ [
space-ti nme- y|%el ds_ her e&o orgdu%cggﬁd é‘ﬁhﬂxﬂ lﬂ@ﬁgrdéﬂ@gzﬁ% eous
phase hydrog&ﬁb%r\cqup%ﬁgse%&em‘%ut thell%é’f cposxtmgxlf n%tlm B ves
. of agents sucbmuh&mnﬂrwﬂmmamoéompmmldgomal chrbon suppost & theh foddcingethat i on

depend on the, q&ge o, G 4 &u\.‘r} DN TP {iRogéifof 2FaBldr wherdthPRAE!

Oonsequently yst ‘and ne use I's a
continuoud nbydrogenatinge ‘f'ﬁ‘ ydrogenatable nrmqrulngn@ﬁee%égﬁ}tm WP@ c

acid to the catal ytit'reactor as~an aqueous soluti-6n:and the

conti nuous regcovery of “%ﬁﬁﬁ ﬁpﬁ ant,
hydr ogen, th?gu h_t he Fagg% ILon ZSE%“‘BE‘?&#“ g%’ Qﬁﬁ%@@gsstg%%ﬁ e
translate in %r:gmpnsmmmém m%éea@mmwrmepm compoupfe
commerci al sonl a sadoni sappbrtyi diy rmerrmbonysniwsnptonhahﬁngrsaxfmﬁerﬁumost

SV 195 30° CGApRGRH. 4y Ve Konikdd Byl BIRERI bONSE GBRLinE ADPCLBRARFY V©

metals o vver caplta er un
product i on -a¥heniumx campgung on said ?F@OWSQPP‘E?Y of the catalyst. Also the
di scovery of the high dispersion at the- nanomet er or sub-nanoneter

scal e affordg a net hod ,0 Ii‘igg At
respective pe%rfor nanceAw&'yg%%\Eﬁ&Eﬁ t E&is cma%:s\‘(';é/éatfal%' ? ?Pg"ﬁg gtllc%r']é’y
comer ci al s@%ﬁ!ahtptrummum and at least 0.1% by wem?w rhgpivm suppeded pa cathon

exenpl i f18d ipafcentapes tbased bhttbtaiivféi toofMsupported catabyse wherein wihamtﬁemumt

T Sdbﬁu?pﬁbﬁ‘*b%ﬁ i bgtopiedfi 8 b&f@ﬂt O Sl ik, o8 octgn ol

“&ach el ement charactesized iyna BET surfacehreatof lessethen 2,000 m2/g and said catalyst is
characterized by a space-time-yield for conversion of maleic acid to

tetrahydrofuran in' excess-of 600: grams of product per kilogram -of catalyst per
‘20 hour at 250°C and 2,000 psig total pressure.

-
Has Been Replaced

T
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-17- | d Wcat'al ytic hydrogenatli gn of a
hydr ogenat abl e precursor aqueous sol uti on corpni sP BgAUGAEILS eps|
of : (a) ‘\“‘ “)‘“\““ a- hydr ogenat abl e predqunsor in an
aqueous sol ution |n g he¢ presence of hydrogenfantd—a catalyst,
sai d catal yst consi st' ng essentl ally of at ldast 0.1% by weigh
rut henium and .at | east 0.1% by. wei ght rhedfam 10 - supported on carbon,
sai d percentages based Annethbdlacmdglgttocﬂlasmppdmrad said catalyst is madattyl thet |
wherein both pi n eshe

lgﬁig Hiﬂéﬁﬁﬂ\% zﬁc g&gieﬁ&? HeCste B§ 40 &PBhﬂH ybotl& 2 ruthenllzum

di spersed reduc port acteriz a. B
surface area gqamp@ggd ?W&ﬁ Hhepiym Spmpoy °§aﬂ aargav ShpRqrt aad éﬁ%{’r éé“é’ﬂgz

a nithadeant iand- yheiomf oin efray dn s eohydrogeradtionc reeciat twherein said

t et rahydr of ur ' QAR am
of cat ;I y?f pe? dﬂﬁgﬁlﬁﬁﬁ]ﬁ@%ﬁi Hr&genag% fle mgm%xafﬁsanqqélgg |gt ldt}g‘?k#g }Blggé
pressure; and then (b) recovering at |east one hydrogenat ed product.

2. A net hod, accor di ng méthoflasterdin tofGlaian 11 whereinysdidcatalgstaibintadelby the

Precursor 1S Hfeifed Embhigie! Hesafete:, Qﬂ@ﬁeegg oag?egosmgea ﬁnﬁﬁh&!m emﬁ@&,d

anhydri de, C|n|c acl
cor r espondi ng®Roat sasban a%HP@@n ydrymg the, faghan SUPRATE %’?EP‘WSt 8ad sTUthRIH R

3. 10 Acompbosd aadothéh ngducingl the neuthenhan ebeforeodépositing and freduicimg and
25 rhenium ape n%rﬁ%% %%ato SQ m%? ely sub- nanonet er scal e.
P erern

A met hod accordr (gle] to arm Sai d rut heni um and - rheni um
are highly dispersed with a constant conpositional ratio of rutheniumto
rheni um when anal yzed by STEM across the catal yst particle at a spati al
resolution 30 on the order of a square nanoneter. 5. A

nmet hod according to Caim1l wherein said catalyst is nmade by the

met hod conprising, in sequence, the steps of: depositing both a ruthenium




conpound and a rheni um eorrpound on.a carbon support; drying ﬁﬁmﬂéﬁb
support containing both said rutheni um conpound and sai d rheni um conpa

and then reduci ng the rutheniumand rheni um
- REPLACEMENT SHEET :

A nmet hod according to Claiml \/\herel n_ said catalyst is nade b ‘:7"79;

met hod conpri S'PﬂZT n sequeworLb oﬂaﬁﬂdﬁpxmﬁmng bot h \ggg#t heni um
conpound and a r heni um conpound on an "SUpport. .and t hen reducing the
~r ut heni uMNEERNATIONAL NPLWAMQMPWHSHEHW PATENTGOORERATIQN JREATY BCH ~ _
hydr o§@1 dhsrhiioral Paa ClhssibiaiibOBE NAL AbEE pr gﬁmmmwpmam sol UtWeN9&RFess |
pl-ace UiZIgSQ 1/18. corpos hod afagridi-ng to-C aim+ wherein sai d== =

cat al st B0 X e hod c‘ormmmgmmnweqmee nt:menwea?suwm
deposi T 0 r = OTL. 8- ng tNe..car bon
suppo al)amwlbml Kpgliwanelmum heni MIIGUO :
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