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1l —= HYDROGENATI ON OF UNSATURATED CYCL1 C COVPOLNDS

BACKGROUND OF THE | NVENTI ON Field of the Invention - The -present
i nvention relates to the hydrogenation of 5 unsaturated cyclic and

pol yeyclic %r;p,gﬁgps. Mor e particularly the inventpSfpssdofises t0 a
process whereln the hydr ogenati on of the unsaturated cycl I ¢ and

pol ycyclic conpounds and ‘separation of the product by distillation is
carried out sinultaneously in a distillationtcolum 10 reactor. Mor e
particularly the process relates to the hydr ogenati on of benzene to

make cycl ohexane and -t C Tﬁ‘ﬁ%‘ ohexyl
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15 Cyclohexane is the main precursor for the production of
nylon products and as such the demand remains strong.
Cyclohexane was first obtained by the direct fractiocnal
distillation of suitable crude petroleum refinery streanms.
Now the major portion of cyclohexane is obtained from the

20 direct hydrogenation of benzene.

Peterson in U.S. Pat. No. 2,373,501 d:.scloses a liquiag
phase process for the hydrogenation of benzene to
cyclohexane wherein a temperature differential is
maintained between the tbp of the catalyst bed where

25 benzene is fed and the outlet where substantially pure
cyclohexane is withdrawn. The temperature differential is
due to the change in the exothermic heat of reaction
released as less and less benzene is converted as the
concentration of benzene decreases. Hydrogen is supplied

30 counter current to the benzene/cyclohexane flow.
Temperature control coils are disposed within the reactor
to maintain the temperature differential if the exothermic
heat of reaction is not sufficient or to cool the bed if
too much heat is released. Peterson recognizes that

35 although the bulk of his reaction takes place in the liguid
phase a portion of the benzene and cyclohexane will be
vaporized, especially near the top of the reactor where the



heat of reaction is not sufficient or to cool the bed if t oo nuch

heat -is rel eased. Pet erson._.recogni zes that 35 al t hough t he bul k of
his reaction takes place in the liquid phase a portion of the benzene
and cycl ohexane will be vapori zed, especially near the top of the
reactor where {hfosn WO 96/ 27580 PCT/US96/01950
PCT/ US96/ 01950 7580 2 benzene
concentration is highest and conversion is highest. A refl ux condenser
is provided to condense the condensible terial and return it to the
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such that the Hui, et al. in U.S. Pat. No. 4,731,496 disclose a gas
15 phase process for the hydrogenation of benzene to
cyclohexane over a specific catalyst. The catalyst

reported therein is nickel supported on a mixture of
titanium dioxide and zirconium dioxide.

The hydrogenation of benzene is also useful to remove

20 that aromatic compound from gasoline streams. One example

of this process is disclosed by Hsieh, et al in U.S. Pat.

No. 5,210,348 wherein hydrogenation of the benzene fraction

is used alone or in combination with alkylation. 1In some

schemes for the reduction of aromatic compounds in

25 gasoline the ASTM D-86 90% point is specified such that the

aromatic and unsaturated cyclic and polycyclic compounds

are precluded from the gasoline blending pool. This has

been termed a T-90 gasoline stock having a desired ASTM 90%

point. The resultant T-90+ bottoms which are largely

30 unsaturated cyclic and polycyclic compounds must be

disposed of and hydrogenating them to produce lighter more

saturated compounds for the gasoline pool is an attractive

alternative.
A typical problem with the hydrogenation of benzene to
35 cyclchexane is the competing reactions. Particularly

isomerization to methyl cyclopentane 'is unwanted.
Additionally at higher temperatures cracking of the ring
occurs producing undesirable Cs and lighter products.



aromati ¢ and unsaturated cyclic and pol ycyclic conpounds are

precl.uded fromthe gasoline bl ending pool. This has _been terned a
T-90 gasoline stock having a desired ASTM 90% poi nt . The resul tant
T-90+ bottonms which are largely 30 unsaturated cyclic and polycyclic:
conpeunds  yalosaie di sposed of and hydrogenati ng thepgfossgpidsCe

| i ghter nore saturated conpounds for the gasoline pool is an
attractive alternative. A typical problemwth the
hydrogenation of benzene to 35 cycl ohexan@ is the conpeting reactions.

Particularly ?c&%ﬁ iat :[h tqmsmakl ng ﬁﬁwt BPE a i%u(%é\&?gggd.

Addi tionally at highér te ures crac
produci ng undeR¥agsssSess cF’ﬁgPF! RAINg amination’ of\\sys3dchexgpol

PCT/'US96/ 01950 and the hydrogenation of aniline. 3The major @idficaiyy

am ne has been Noli nu r es P2
I ncl.udi ng am natt e onmg cI 0 exa{r]i% Rydra%ecpﬁﬁ% }iiqggla?lagn o?kanlt'f'l ne.
The maj or #i ff.fcmaytmn eficovaryiang | r@nw#ﬁ/dr%é gxsiohexydi | amdnes
the 5 f or mat igyproductvaryi ng anounts of dicyclohexyl amne

b duct . tg.lh ne
oy meral s in G oSHRORPo K kel BnbRY. Rt hyHRTbh Bl At i
proclivity to [ﬂmw@tﬂ%yéﬁoﬁmp FELAc ofs the cpenipdiq r‘%ﬁhltﬁhe | Zasthe
likely to the rgsde Iﬁﬂaelm—oﬁiwt &bumduce aiepelchexylDAnidé Y4® rated

Car bonat e10a okl ' Ead's ERps€’ 1188y wo T dlodf T3 ERLIY pa  Rubifhiun <
supports al so ahaddum < pahdagiwmiuet p@ntérmmr cyc| SupRgrtshped | forh&her der
carbon > 15  higtiai® CareoNIiakbony! UBakdum Daarbonste [ atflumindl,Ci Warium
car bonat e. sulfate and calciun? UWnaq:e.THEThQV %N;b%ts also affect
the production of dicyclohexyl amine in the order carbon >
15 barium carbonate > alumina > barium sulfate > calcium
carbonate.
SUMMARY OF THE INVENTION
The present invention comprises feeding a hydrocarbon
stream containing aromatics and other unsaturated cyclic
20 and polycyclic compounds, particularly benzene, along with
a hydrogen stream at an effectuating hydrogen partial
pressure of at least about 0.1 psia to less than 150 psigq,
preferably less than 100 psig, e.g. less than 70 psia, more
preferably less than 50 psia in the range of 2 to 25 psia
25 to a distillation column reactor containing a hydrogenation
catalyst which is a component of a distillation structure
and hydrogenating a portion of the aromatics and other
unsaturated cyclic and polycyclic compounds.
The present invention uses catalytic distillation in the
30 hydrogenation of aniline to take advantage of the
condensing distillate within the distillation reaction zone
in the distillation column reactor. Actual separation may
only be a secondary consideration. The operation of the
distillation column reactor results in both a liquid and
s vapor phase within the distillation reaction 2one. A
considerable portion of the vapor is hydrogén and ammonia
wvhile a portion is vaporous aniline.  Within  the
distillation reaction zone there is an internal reflux and



The present invention conprises feeding a hydrocarbon stream
contai'ning aromatics and ot her unsaturated cyclic 20 and pol ycyclic
conpounds, particularly benzene, along with a hydrogen stream at an
ef f ect,uati ng hydrogen parti al pressure of at |east about 0.1 psia to

| ess than 150 pwbgen7sse preferably less than 100 psig, e.g. rerasbémmapse’O
psia, nore preferably less than 50 psia in the range of 2 to 25 psia
25 to a distillation columm reactor contai nlpg a hydrogenati on

catal yst which is a conmponent of a distillatioh structure and
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15 the present process is that due to the continual reflux a
portion of the aromatics and other unsaturated cyclic and
polycyclic compounds is always condensing on the catalyst
structure.

Without 1limiting the scope of the invention it is

20 proposed that the mechanism that produces the effectiveness
of the present process is the condensation of a portion of
the wvapors in the reaction system, which occludes
sufficient hydrogen in the condensed liquid to obtain the
reguisite intimate contact between the hydrogen and the

25 benzene in the presence of the catalyst to result in their
hydrogenation. Additionally, the vaporization of the
liquid feed removes a substantial amount of the exothermic
heat of reaction. Since the liquid is at the boiling point
in the reactor, the temperature may be controlled by the

30 pressure. An increase in pressure increases the
temperature and a decrease in pressure decreases the
temperature.

The terms "cyclic® and ‘"polycyclic"” compounds used
herein include organic compounds of 2-50 carbon atoms and
35 oxygen, nitrogen sulfur and combinations thereof.
B \ preferred class comprising structure of the formula:



10 residence tinme control a process and apparatus is provided
wherein-thetregactionliquid is boiling within_a ___ distillation colum_

react or. Over heads are w t hdrawn and condensed with sonme of the
condensate being returned to the distillation colum reactor as .

ref | ux. Thq? dyrsgpoe of 15  the present process is that ggpsdegniols
continual reflux a portion of the aromatics and ot her unsaturated
cyclic and pol ycyclic conmpounds is al ways condensi ng on the catal yst
structure. Wthout linmiting the 8cope of the invention it is
20 proposed that the nechanisn1tha&.produces the effectiveness of
the present process is the condensatijon of a portion of the vapors in

the reaction system which occl udes sufficient hydrogen in the
condensed liquid to obtain the R- =Rite intimte contact between the
hydrogen and the 25 benzene in tlpe prdgsence of the catalyst to result in
t hei.r hydr ogenat i on. AddiR+ ~R the vaporization of the

liquid feed renoves a substanti al unt of the exothermc heat of
reaction. Since the liquid is at the boiling point in the reactor, the
t enper at uIe may be controlled by theB®s0 pressure. An increase in

n
pressure ncr o L t ' r
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preferred clas QEB;L ' r of- the formul a:
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15 Some specific compounds include benzene, toluene,
xylene, ethyl benzene, diethylbenzene, cumene,
diisopylbenzene, phenol, durene, pentamethylbenzene,
naphthalene, 1,2,3,4~tetrahydronapthalene, 1-
methylnaphthalene, diphenylmethane, 2,2',3,3',4,4',5,5',6-

20 nonomethyldiphenylmethane, hexamethylbenzene, 1,2,4,5,6,8-
hexamethylanthracene, pentamethylphenol, durenol, mesitol,
methyldiphenylmethane, pentamethylphenocl, 1,1-binaphthyl,
1,2,3,4-tetrahydronaphtha1ené (tetralin), 4,4'-dimethyl-
1,1'~-binaphthyl, triphenylmethane, p-dibenzylbenzene,

| 25 tetramethyldiphenylmethane, furan, thiophene, pyrrole,
isopyrrole, pyrazole, 2-isoimidazole, 1,2,4-triazole, 1,2~
dithiole, 1,2,3-oxyathiole, thiazole, 1,2~-pyran, 1,4~
pyrone, 1,2-dioxin, pyridine, aniline, triazive, 1,3,2-
oxazine, 1,2,5-oxathiazine, azepine, indene, benzofurane,

30 indole, benzoxazole, coumarin, gquinayoline, phenanthrene,
benzonaphthene, fluorene, xanthene, acridine, perylene,
terpenes and naphthenes.

The present hydrogenations may be carried out to produce
totally saturated compounds corresponding to the starting

35 material or in some instances compounds having reduced
unsaturation from the starting material. Not uncommonly
the hydrogenation results in the cession of the ring
structure and some cracking.

The hydrogenations described herein are exothermic

40 reactions. In the past the temperature has been controlled
by quench at strategic points within a reactor by addition



10 wherein each R is independently sel ected from hydrogen, al kyl,
al kenyl , al kylaryl, NH2, saturated and unsaturated .—cyclic structure
formed by two R containing C, 0, N, S, or conbi nations thereof. 15
Some _specific conpounds include benzene, toluene, xyl ene, et hyl
benzene, di et hyldps@pe. cunene, di i sopyl benzene, phenol peflitéssioso
pent anmet hyl benzene, napht hal ene, 1,2, 3, 4-tetrahydronapt hal ene, 1-
met hyl napht hal ene, di phenyl net hane, 2,2',3, 3", 4 4' 5,5 ,6- 20

nonomnet hyl di phenyl et hane, hexanethylbenzone 61,2 4,5, 6 8-

hexanet hyl ant hr acepe ph I

nethyldiphenylnetﬁgn 8fn%§€?§é§41 (§§ 3FQHE?Q§ 8 % é&ﬁrogen also acted
1,2, 3, 4-t et rahydrbaamaintatmea me ¥a9¥%&‘5 qf4hYQF?Eﬁ4uH thin the reactor
1,1' -bi napht hyl , t6i phéeventRidxing. aﬁddbmw&uaﬁe:aaae%ide reactions. It

tetramet hyl di phen fur I 0 ol S
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1, 2, 3- oxyat hBol e, diﬂﬁ%&kﬂ¥§°m.Espyréﬁnefiﬁ first,pypgneseltgedmsgpﬁion is
pyridine, anili neocbﬁrﬁznqe,cén&ﬁ-enuy with n@istifidciomt i nanitial

azepi ne, indene, §§€ % aﬂﬁmﬁﬁgbeﬂ%ﬁg ﬁ?ﬁPeQéP Ok éﬁgﬂggwi}e removed

qui nayol i ne, phen ene uore xant
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pressure.

15 The present invention carries out the method in a
catalyst packed column which can be appreciated to contain
a vapor phase and some ligquid phase as in any distillation.
The distillation column reactor is operated at a pressure
such  that the reaction mixture is boiling in the bed of

20 catalyst. The present process for hydrogenating benzene
operates at overhead pressure of said distillation column
reactor in the range between 0 and 350 psig, preferably 250
or less suitable 35 to 120 psig and temperatures in said
distillation reaction bottoms zone in the range of 100 to

25 S00°F, preferably 150 to 400°F, e. ¢g. 212 to 374°F at the
requisite hydrogen partial pressures.

With an aniline feed the present process operates at
overhead pressure of said distillation column reactor in
the range between 0 and 300 psig, preferably 200 or most

30 suitable 35 to 120 psig and temperatures in said
distillation reaction bottoms zone in the range of 150 to
500°F, preferably 250 to 450°F, e. g. 300 to 400°F at the
requisite hydrogen partial pressures.

The feed weight hourly space velocity (WHSV), which is

35 herein understood to mean the unit weight of feed per hour
entering the reaction distillation columh per unit weight
of catalyst in the catalytic distillation structures, may
vary over a very wide range within the other condition
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coel-hydrogen—IFhe—addition of the_-hydragen alsa acted to maiptain a
nol ar excess of hydrogen within the reactor to prevent coking and

ot her undesirable side reactions. It is believed that in the present
reacti on catwhwihfsge distillation is a benefit first, becgtResdsdfso
reaction is occurring concurrently with distillation, the initial
reaction products and ot her stream conponents are renoved fromthe
reaction zone as quickly as possible reduciﬁg t he | i kel i hood of side

enperat ur e of HOANersFs? 850! b.1 Bo 35, CATAOIHARIGH boiiseithel Ufea.
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sone |iqui® phamaterials ofiythesprocess on. The distillation colum
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hydr ogenat i ng LitP é.ng by %8?&%3% 5% % é?ﬁ%’g ésquurgt Ofalggwdpartial
distillation cotramrizationea@t She; ﬁeﬁﬁtiﬁangmwgﬂ& BRPLIFINis eat
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sai d I stillati, ction tt one| L 2
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requi site hydr kpemaaa | everheads rand the Conmsﬁld# Mteniali aondensed
present pr ocessaﬂa)qre%meat to the VI NEPAsPkRFIURS Of said distillation

most 30 sui tabl Ees Apgma ELEUhe Tigiid Piadedy | &adptiondl '
distillation ré&!ﬂmaﬁepnon!im ithe haeagtgr 04515iﬁt ciormal 503y eRRYF,
preferablys 250 dﬁﬂiqmﬁbhE Thed codlllct Oo#0fhé @éndditsing 1iRAd Witlin
hydrogen parti %£ f %ﬁh'nne%rovides excellent mass transfer for dissolving
the hydrogen within the reaction ligquid and concurrent
transfer of the reaction mixture to the catalytic sites.
It is thought that this condensing mode of operation
20 results in the excellent conversion and selectivity of the
instant process and allows operation at the lower hydrogen
partial pressures and reactor temperatures noted. A
further benefit that this reaction may gain from catalytic
distillation is the washing effect that the internal reflux
25 provides to the catalyst thereby reducing polymer build up
and coking. Internal reflux may vary over the range of 0.2
to 20 L/D (wt. ligquid just below the catalyst bed/wt.
distillate) to give excellent results.
Hydrogen must be supplied in at 1least stoichiometric
30 quantities. The preferred ratio is greater than 4:1 molar
ratio of hydrogen to unsaturated cyclic compound, e.g.
aniline. Ammonia may be provided to suppress the side
reactions and promote the production of cyclohexyl amine.
The molar ratio of ammonia to aniline is preferably at
35 least 1:1. Hydrogen should be present in the molar ratio
of about 4:1 of hydrogen to ammonia.
The aniline process can thus be considered to comprise:
(a) feeding a first stream containing aniline anda a
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0. 1 to 35. Hydrogenation conditions used for other unsaturated
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‘that the internal® X 25 provides to the catal yst thereby reducin
“pol ymer build up (ec) remov;ng gaseous aniline, gaseous cyclohexyl amine

15 and hydrogen as overheads from the distillation column
reactor:;

(4) condensing substantially all of the aniline and
cyclohexyl amine removed as overheads from the distillation
column reactor; .

20 (e) returning a portion of the condensed aniline and
cyclohexyl amine to the distillation column reactor as
reflux; and

(f) withdrawing an overheads liguid product containing
cyclohexyl amine from the distillation column.

25 The catalyst is prepared in the form of a catalytic
distillation structure. More particularly the
hydrogenation catalyst is generally a metal supported on an
alumina carrier in the form of extrudates or spheres. The
extrudates or spheres are placed in porous containers and

30 suitably supported in the distillation column reactor to
allow vapor flow through the bed, yet provide a sufficient
surface area for catalytic contact.

Among the metals known to catalyze the hydrogenation
reaction are platinum, rhenium, cobalt, molybdenum, nickel,

35 tungsten and palladium. Generally, commercial forms of
catalyst use supported oxides of these metals. The oxide
is reduced to the active form either prior to use with a
reducing agent or during use by the hydrogen in the feed.



and coking. Internal reflux may vary over the range of 0.2 to 20 L/D

(Wer—mtigquid just belowthe catalyst_hed/wt. _____distillate) . to give
excel l ent results. Hydr ogen nust be supplied in at | east
stoichionetric 30 gquantities. The preferred ratio is greater than 4:1

mol ar” Wbisgafage hydrogen to unsaturated cyclic conpoundpefiushsmaeso
ani l i ne. Ammoni a nmay be provided to suppress the side reactions and

pronote the production of cyclohexyl anine. The nolar ratio of ammoni a
to aniline is preferably at 35 | east 1:1. 92 Hydrogen shoul d be present in
the nolar rati

ani l i ne proces&r{ﬁfﬁa tﬁ%%aag%u%bﬁ%l 58 L@gy??)oggﬁﬁﬁ 5”1"“5' mf’ﬁf‘ "P}(?@'Xg a

first stream cadhyidrogenatiphnaatinelevated temperatwesi75sRdditionally
PCT/ US96/ 01950 they can SEESRGLE! tREMreabtdbhi B¢ BIGFIATE o oﬁh&b' kdidhi on

col um reagGt o t he anil and en at a
hydlrJogen a@} dﬁlvﬁlsegﬁ Pﬁeﬁ f’ﬁ@%ﬁﬂﬁgg"o?r o' °dy CiI
than 150 Psi g,as presfidencey tivesis hincremedsi g, | n the presence of a

hydrogenati on cat gpest pE'EQBQE'Sd | SnbPidetit" is £8F atket b’&d\fction of
distillation stru re ther bxre Cti ortio f the ani | i W th
a portion of tt@%}eﬁé‘ﬁ g éEP'?)r %f%tgﬁnm qur SRR ni nsﬁ‘
cycl ohexyl ami mycl:bhexaumrdactﬁm Iprabdugpdn thed henzenet ednkaidhing; feed is
glﬁ)trrfuh ntai ni [‘%ﬂiﬁd&{e‘iﬁ%ﬁﬁe he 1 fuﬁtmlyl agbffa HRing M at 1e£eects>r wtgch
reﬁow ng ééggolté)er}%ﬁr%’tx lri‘!r?e Iss@(?u c?bﬁbﬁgl cﬁﬁ?ﬁ'geri%s a’éﬁlotmncés
over heads fror®g eendli G |hdetomh@nlsunn Since ptherounsaturated (cbmpounds -
condensi ng subsiant bl hyatbhefhtéds the! igtesthide of these compounds is
detrimental to the process when cyclohexane is the desired
product. Preferably other unsaturated compounds should be
15 limited to less than 30% of the feed. Cyclohexane is the
preferred diluent, since it is the desired product.
However, other inerts such as other alkanes are acceptable,
such as Cg's up to Cg's.
The mole ratioc of hydrogen to benzene fed to the
20 distillation column reactor is preferably between 1.5:1 and
41:1.
As described the catalytic material employed in the
hydrogenation process is in a form to serve as distillation
packing. Broadly stated, the catalytic material is a
25 component of a distillation system functioning as both a
catalyst and distillation packing, i.e., a packing for a
distillation column having both a distillation function and
a catalytic function.
The reaction system can be described as heterogenous
30 since the catalyst remains a distinct entity. any suitable
hydrogenation catalyst may be used, for example Group VIII
metals of the Periodic Table of Elements as the principal
catalytic component, alone or with promoters and modifiers
such as palladium/gold, palladium/silver, cobalt/zirconiunm,
35 nickel preferably deposited on a support such as alumina,
fire brick, pumice, carbon, silica, resin or the 1like.
A preferred catalyst structure for the hydrogenation of
benzene comprises at least one plurality of flexible, semi-




cycl ohexyl am ne renoved as overheads fromthe distillation col um

reactor; 20 (e) retwning a portion of the condensed aniline and
cycl ohexyl amine to the distillation colum reactor as reflux; and

(f) withdrawi ng an overheads |iquid product containing cycl ohexyl

am ne from t hewd sghodghat i on col uim. 25 The catal yst i s ppepossediosy t he
formof a catalytic distillation structure. More particularly
t he hydrogenation catalyst is generally a netal supported on an
alumna carrier in the formof extrudates or %‘bher es. The ext r udat es

or spheres are bl 2Goch | dhdiphfulh GMHAa0c T odlHd i1 1 %,ngﬁ%eg.hsﬂgfg

the distillation co umm react or anpor
yet provide a suf¢atalyhic materdgl {catal¥st rgompanenty t| and; #ead E @ at both
Anong t he netal s édwyn istiheitadly” cassorintddogat iand supportesl ihyna awtre

platinum rheni urgegebahloefPlotRd8AUntl ChClapidar HPH 8 Ahgfitbhafhi™

Cenerally, conmmercra t “use suppor oxl

netal s. The Bxi deaxis, said tuhulay elenent imearsﬂwé.%én Angde to the
with a r edmmmﬁalormdw itherebe Tyrinlaghxdbagenand ke degetibed
WD 96/ 27580
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9 These metHf & zg‘Tasi(%l é‘gt al'y 55BNy edétslldnga- e ‘?ﬁg 4 herein.
dehydrogenation at &fthe fl&x Péﬁpe#&!‘%rr’é‘g d oRea P‘Pﬁhaﬁﬂ?“nr eltqwtcgﬁled
pronbte the reactwith ol opsitidulatepostabytid hmateriaheprelrepabdy Qidwera
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the hydrogenati ofPTRBf 2pehApdtdple shapeld| prtatleric distiddatden
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at least 5 w% or irregularly spaced.

The bale shaped catalytic distillation structures are

15 formed by placing at least one tubular element on top of

the wire mesh screen, such as demister wire, in a diagonal

array, such that when the wire mesh screen is rolled up,

the rolled structure provides a new and improved catalytic

distillation structure. Further embodiments include

20 multiple stack arrangements of alternating wire screen mesh

and tubular elements that are rolled into a new bale shaped

catalytic distillation structure. The tubular elements on

alternating layers are preferably arrayed on the wire mesh

screen in opposite directions such that their paths cross.

25 Each tubular element will define a spiral within the bale.

The catalyst component may take several forms. 1In the

case of particulate catalytic material, generally from 60

mm to about 1 mm down through powders, is enclosed in a

porous container such as screen wire, or polymeric mesh.

30 The material used to make the container must be inert to

the reactants and conditions in the reaction system. The

screen wire may be aluminum, steel, stainless steel, and

the like. The polymer mesh may be nylon, teflon, or the

like. The mesh or threads per inch of the material used to

35 make the container is such that the catalyst is retained

therein and will not pass through the openings in the

material. Although the catalyst particles of about 0.15 mm

size or powders may be used and particles up to about 1/4



10 benzene up to 100 wt% O her conponents are typically C5, C6 and
Cl~hydrocarbons.Since ot her unsaturated conpounds may__be

hydr ogenat ed, the presence of these conpounds is detrinental to the
process when cycl ohexane is the desired product. Preferably other
unsaturat ed r;aﬂggps shoul d be 15 limted to less than 3% edesiive f €€d.
Cycl ohexane ‘?g the preferred diluent, since it is the desired product.
However, other inerts such as other al kanes are acceptabl e, such as
Cerr]'s up to (Jerr]'s. The nole r¥kio of hydrogen to benzene fed

to the 20 di stillation,colum reactqr i referably between 1.5:1 and
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reacti proau

tubul ar el emenR®3FFLER wiRixEUEe:  qqptaining the ct

cyclohexane, unreacted benzene and unreacted hydrogen. The
15 exothermic heat of reaction causes more boil up of the
reaction mixture with the vaporized portion leaving the
column as overheads via flow line 7. Unreacted hydrogen
also exits with the overheads. The gaseous overheads
containing benzene, cyclchexane and hydrogen are passed
20 through condenser 30 where substantially all of the benzene
and cyclohexane are condensed. The overheads stream is
then passed to receiver/separator 40 where the gas which is
mostly hydrogen is separated and the liquid collected. The
gas is removed via line 9 for recycle or use later in the
25 process.

A portion of the condensed liquid is returned to the
distillation column as reflux where it provides additional
cooling and condensing within the column. The bottoms,
containing benzene and cyclchexane, are removed via flow

30 line 4 with a portion being recirculated through reboiler
50 and flow line 5. There is no bottoms product streanm
taken. The overheads 1liquid product stream is finally
passed via flow line 6 to single pass fixed bed reactor 20
containing a fixed bed of hydrogenation catalyst 14 where

35 substantially all of the unreacted benzene is hydrogenated
to cyclohexane. Hydrogen is provided to second reactor 20
via flow line 13 which may conveniently be taken from the
vent 9 of overhead receiver 40 if desired.




catalytic material (catalyst conponent) and sealed at both ends,
intimately associ ated with-and..supported by a wire —Jresh screen coiled
into a spiral having a longitudinal 5 axis, said tubular elenment being
arrayed at an angle to the | ongi tudi nal axis thereby form ng a bale
and i s descrilypgegnrsgp i N detail in U S Pat. No. 5,431,890 i pegnisssnabdsed

her ei n. The flexible, sem-rigid open nmesh tubular elenent filed
with a particulate catalytic material preferably has a 10 fast ener every
1-12 inches along the length of the tube to ¥~ forma nultiple link
-shaped catalytic diggLllatl uGtyr | i,nks r ged t he
fasteners may be ev?ﬁ#yp sgﬂ_gr 1‘-'lrrc’r‘%éél ;érﬁ f%ssp-alg(g%d.éﬂg( uéé’ H?hé&%gl reh’s‘,"hegped
catal ytic distil h¥éregen: pPatrtialprassures ang: seaeyhap| hevey hempexaturesc

t ubul ar el enent ¢RahOfRofhal prodessesi.re nesh screen, such as dem ster wre,

I n a diagonal a&&&iﬁgggbhaéo\;\%ggi tprWl recg%sgéeegh% rgl Iﬁ%"up,

the rolled structure provi new rrProve ytic .
distillatiof stAdagyae of ons embodimentoaf nkhe sinventiione 2dniline tig|fed
stack arrangemeni3aofl idet aonattic1chvé r&iSINRItIGHS tolunn FedctoRu1a0 at a

| n I . vow 130 .
Structure. The PORiFagbevd, Bnd BELaRALE BRETRES conchfifld 't Uitdindld 1"
arrayed on the wiistidbation styyctawre.n Jydrogen dsrfed via £lew tine X0%ir
~paths cross. 25 anBachmonisl ¥iaclfaewntline |10defvwiicm dvd rednbindd in hRow

e ool AR O et el ol

case of parJtO| cul g‘tle catal r ., general

;
1 mm down t hr ougkhgogielahexyl Aningsand Hnaeacteg andddne apdt hydregen @rens
screen wire, Orbltﬂk!ﬁerirﬁaﬁeﬁhow%liné' hero@t airid! ;‘iﬁddfi OtRB&egh Nepartial
cont ai ner rmnust inert to actant s i on n, t.he
reacti on system %ﬁ@%nser slczr%en'h\{;\?%éei naiﬁ%e é"ll% 3‘ eﬁ%%iét e%?’fégfaa%ﬂ easf?
steel, and copdernsed. TheThel yA¥erheadsmpanre fhem ecellestedr time
like. The ngsh O&ebﬁieaﬂ}smrdﬁw afBot h@h8Béts | ahdis agdirogeh aﬁmkﬁ?'lfﬂlﬁ'
container is suc c i s retai . re t
pass through then3%8ﬁ?ﬁég§?na§$ﬁ§g§' - 'Ver%%ﬁ?nﬁffhoégﬁ t%%p%§¥%¥§sta€33
particles of abo¥emgved nyia flowsjling, 133\gEex megYBieustptanghpunl i difes
up to about 1/4 Qesired to the hydrogen feed or at a point below the
catalyst bed. Product is taken via flow line 115 and a

20 portion of the condensed overheads is returned to the
distillation column reactor 110 as reflux via flow line
113.

Bottoms are taken via flow line 106 and a portion are
passed through reboiler 140 to balance heat for the column

25 110. The bottoms contain heavy by-products which include
cyclohexyl phenyl amine and dicyclchexyl amine. A portion
of the bottoms may be recycled to the feed via flow 1line
107 for conversion tc cyclohexyl amine. A bottoms draw via
flow 1line 108 is provided to prevent build up of the

30 heavies. '

The distillation column reactor is provided ‘with
rectifying section 114 to separate unreacted aniline from
the product and stripping section 116 to insure that no
aniline or product is removed as bottoms.

35 In Examples 1-3 a 1 inch diameter distillation column
reactor was used. The catalyst structure "as described
‘above was placed in the top 13 feet of the reactor. The
bottom 7 feet were filled with inert distillation packing.
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11— - .—inch dianeter may be errpl_o;ced._Lnthg_cnnLalners Referring
nowto the FIG 1 there is shown a flow di agram of the benzene

enbodi nent of the invention. Benzene is fed via line 1 and hydrogen
via I'ine 2 beblgnfasey being conmbined in Iine 3 which feeds twerinseopsen and
benzene bel ow the catalytic distillation structure 12 contained in
distillation colum reactor 10. |If desired t he benzene feed nmay be
diluted with cycl ohexane. Heat necess’a}y for start up and to bal ance

the process is ’%‘m | edrH e gare@éurg' La! %&‘tr‘%ﬁ tdb;%uQat GRES that E:%.i@&lér

t hrough turn I'1n nzene 1S _boil
into the bed vvr‘!@ﬁe ah«'pvc'g%# oHiFBa(QYs?]-ﬂPPKaﬁ?dtaé’&erP?%thﬁﬁPﬁ Wh?’éaH‘Pon
m xt'ure cont ai Rdadriede tbpatbi Bﬁtwwcheﬁperatureyaiﬁfa@tﬁalumawmdlbaazene

and unreacted f%@'oﬂfgui%hpteLE ﬂ@tugéhm efﬁt:.sﬁg %oﬂ?df

boil. up of the vaporil ze eaV|ng the

col utm as dver ERFSFedi.-a AIERT) pnéeyel UHP%aE?E‘EF’ h’ﬂjr%r?"erheaél Feceives
wi th the over hes@dflohexdhieé §26%Oies AtTpPeddand theCanitidperprteadatneotal

cycl ohexane a”%ﬁ*ﬁ% okl dk 2EGo PRBAEY %Qfoa&hrt?l;éoh ee)%%n%%‘iziigﬁlﬁﬂaiéé%g (feed

substantially bénzene con
over heads stred@s sstarted.en Oygerbeadso lﬁslééﬁﬁeﬂrs’éﬂﬁFaldG'raMO'%e?%tt e gas

which is BallanecehtHeogeuik. separated and the liquid collected. The
gas isr ved via line 9 for recycle | ater in the 25 process.
A portion of the condensed liquid is réturne o the distillation

col um as reflux W& egramgr of dde 18ddinelnaphericadocaluming d sappertstng
within the col witkel T(rsﬂ bwt ONE) catalystl wére NJohded cifiténdhey tubgugne,

d f h
feboi tor ¢ ' denbifes’ana WaEnd hbd 8 BRLL 9%%‘%5‘1903%%?@; 2. 4b8"9
taken. The ovd’rll?é’&@s intpi ther 8dstillatiom ¢31Mar¢9c or. p&‘g@ét\ipawow

line 6 toaAsi nglmqamuﬁtgedrbeéhémcimmame I belowiaining a fixed bed of

hydrogenation catal yst 14 where 35  subst ally all of the unreacted
benzene i s hydrogenated to cyclohexane Fwdrogen Is provided to second
reactor 20 Time on stream, hrs 219
Pressure, psig 60 35 35
Bottoms Temp. °‘F 349 212 219
20 Internal Reflux Ratio 23.3 2.5 - 2.5
Feed Rate, lbs/hr liq. 1 1 : 1
H2 Rate scfh, gas 7.5 7.5 7.5
H2/Bz mole ratio 4.2 4.2 4.2
Benzene in feed, wt% 36 36 36
25 Pressure Drop psi 3.58 3.60 3.00
H2 pp, psi 4.74 21.92 21.92
overhead anal, wt %
Cyclohexane 77.68 82.68 91.50
Benzene 21.75 17.22 8.50
30
EXAMPLE 2

280 grams of alumina supported platinum/palladium (.3
wtt Pt, .5 wt% Pd) catalyst were loaded into the tubular
elements and wound into a bale as described above and

35 placed into the distillation column reactor. Conditions
and results are shown in Table II below.



via flow line 13 which may conveniently be taken fromthe vent 9 of

over head receiver 40 if .desired. W 96/27580 ..___.

PCT/ US96/ 01950 12 The present
process allows for the use of much | ower hydrogen partial pressures
and Sonewhat hayBgnrssPer at ur es t han normal processes. pcrUs96/01950
Referring nowto the FIG 2 there is shown a flow 5 di agram of one

enbodi nent of the invention. Aniline is fed via line 101 to the
distillation colum reactor 110 at a potht above the catal yst bed 112
containing the catal ytic distill atiﬂg éﬁr ture. Hydrogen is fed via
flow line 102 and ammoni a via fl ow ﬁ whi ch are conbined in flow
10 line 104 anflife b @t@dahlenpsd 112. j4gver heads cont adqg ng t he

cycl ohexyl am nepydsbure,e @eﬁgd ani | i ne agbohydrogen are 120 taken via flow
line 105 an8l pasBattans Temp.paFti al asendenser 120 weF4in the

condensi bl e mat ekntgxnadr Keflux Babilense®3.2 The overhe®sl are then

col | ect ed in 15!‘eec}&v&%|1)°§é§arhi@f 1301 wherein the h'l/drogen and

ot her co rsg ® are separat% nd

renmpved wgflo gf‘ gEreﬂgtle (not3 own) . 4‘1?? ired to the
hydr ogen f 2d or s é w t he t al yst bed iduct I s taken
via flowline 1 ortion of. t}le,zcondensed OVﬁ hpads is returned
to the di stm}éﬁ{damaeﬁuumreact or 110 as reflux via flow line

113. Bot t oroyclioheixaken via fl ow#é.88 106 and a pmdgJse are

passed t hrdSigh rebdenzen210 t o bal ance (&%at4 for the col umpI®B7 110. The
bottons contai n heavy by-products which include cycl ohexyl phenyl

am ne and di cycl ohexyl am ne. A portion rl%f the bottons nmay be recycled

to the feed via flow line 107 for dn to cycl ohexyl am ne. A
bottons draw via 400 grams of 3/26 inch alumina supported nickel (54 wt%

20 Ni) tablets were locaded into the tubular elements and wound
into a bale as described above and placed into the
distillation column reactor. Conditions and results are
shown in Table III below.

25 TABLE IIX
Time on stream, hrs 43 331 493
Pressure, psig 60 100 100
Bottoms Temp. °*‘F 316 355 355
30 Internal Reflux Ratio 23.4 29.7 29.7
Feed Rate, lbs/hr liq. 2.0 2.0 2.0
H2 Rate sc¢fh, gas 7.5 7.5 10.0
‘Benzene in feed, wt% 5.9 13.7 4.9
H2/Bz mole ratio 25.9 11.1 41.5
35 Pressure Drop psi 3.81 4.22 4.00
H2 pp, psi 2.37 2.93 3.92
overhead anal, wt %
Cyclohexane 96.57 90.06 98.91
Benzene 3.41 9.93 1.09
40

The preferred embodiment has been shown to be for the
hydrogenation of benzene. However, the invention also
covers the hydrogenation of any stream containing cyclic
and polycyclic unsaturates as a T-90+ gasoline bottoms.

45 Such unsaturates include aromatics, polynuclear aromatics,
and cyclic alkenes such as naphthenes.

In the following examples a twenty five foot tall one
inch diameter distillation column reactor was used. The
catalyst used was Calsicat E-475 SR, 56% nickel on alumina



flow line 108 is provided to prevent build up of the 30 heavi es.

The . distillatieon—ecolum. reactor—is _provided with =~ _rectifying
section 114 to separate unreacted aniline from t he product and
stripping section 116 to insure that no aniline or product is renoved
as bottons. sgo | N Exanples 1-3 a 1 inch dianeter dist pcrakdeRiossol um
reactor was used. The catal yst structure as descri bed above was pl aced
in the top 13 feet of the reactor. The bottom 7 feet were filled with
inert distillation packing. WO 38/ 27580 '
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| oaded into theottewl a?.5 festemware arprokedd vith ceramics saddliesus|y
ggsg_rit_bed agg cOndiﬁ&f@d?ﬁdlt Qeéﬁﬁtﬁii afé! ?ah}naﬂlisearm maBikOIV below.

nditio and_results shown_i.n W

TBLE 1 18 T gndGakE] Fég?h iy Beiishbe [ahd LoRfegibnt1y temperstyye
Pressure, psigin the catalyst zone) 3had the greagest lewkuagens orenp.

[err]F ’3 3prodﬂ¥@%yity rangifg frgm -0.15 2IH8/20 catdlfs¥ i Seeigdiy
Ratio "“to -0.4 Ibs/lb at 150 psig. Selectivity to cyclohexyl
amine was in the 65-75% range with the main by-products

15 being cyclohexyl phenyl amine and dicyclohexyl amine.

TABLE IV
Time On Stream, Hrs. 100 160 210 260
Pressure, psig 50 100 150 50
' Temperature, °F
20 Overhead 280 300 280 - 350
Cat. Bed 350 380 400 400
Bottoms 500 580 620 530
Aniline Feed, lbs/hr 0.4 0.4 0.6 0.5
Overhead, lbs/hr 0.3 0.3 0.50 0.3
25 Cyclohexyl amine, wt% 15 25 45 8
Bottoms, 1lbs/hr 0.1 0.1 0.2 0.1
Hydrogen Rate, SCFH 15 15 15 15
Ammonia, lbs/hr 0.1 0.1 0.2 0.1
Cyclohexyl Amine
30 Selectivity, wt$ 66 71 77 41
Total Amines
Productivity, 1lbs/hr/1lb 0.11 0.23 0.4 0.12
EXAMPLE 5 .
In this example 1.0 pound of the Calsicat E=475
35 prepared as described above was loaded into the bottom 15

feet of the distillation column reactor. The top 10 feet
were packed with ceramic saddles. Conditions and results
are summarized in Table V below. During part of the run
(from about 250 hours onward) the heavy bottoms product
40 containing the cyclohexyl phenyl amine and dicyclohexyl
amine were recycled at a rate of 20 wt¥ of the fresh feed.



Feed Rate, | bs/hr liq. 1 1 1 H2 Rate scfh,

-5

gas -~ 7.5 7. 5—. 7.5 H2/ Bz nole ratio
4.2 4.2 4.2 Benzene in feed, W% 36
36 . 36 25 Pressure Drop psi 3.58 3.60
3.00 H2 Pwo d884s80 4.74 21. 92 PCr/6%36/01950
overhead anal, Wt % Cycl ohexane 77.68 82. 68
91. 50 : Benzene 21.75 17. 22 8.50 30
EXAMPLE 2 280 grans of al um na supp&t‘t ed platinum palladium (.3
w%Pt, .5 wt%Pd) catal yst were | oaded | t ubul ar el enents and
wound into a bale as described above and pl aced into the distillation
col um reactor. gigggnré$b:§?gm Hrs.and results &% shown ?goTabI e 130Gel ow.
WD 96/ 27580 ’ / US96/ 50
14 ’“‘11;‘1“3 Feed, Los/BX ThBLE I Ti me %n streamg1s
148 . E{a"' s Y i o.s Ti75 807 07120
Caitld wit§' 9

Bot t ons Tengot bs/hr 35 0.1 374 9.1 Integgmal
Refl ux Ratio H9aZogen Rate, SCHB. 1 Feed ¥#ate, | bsgbr liq. 20 1
1 H2 Rate ammbnigaslbs/hr 10.0 0.1 10.0 0.1 Benzeite in
feed, wt% 10 8§clohexyl Amine 5 10 H2/ Bz nole ratio 5.6
40.6 Pressure Sebpchivity, wt¥ 3 g5 66 - 3.8382 - H?YDp, psi

tg3 Amines
%6 26 T bppauce ot ML A, " o BlgONeXang 5



15 Benzene 23. 4 0. 067

EXAMRLE 3 . 400 granms of 3/26-dnch alumna supported nickel (54 wt %
20 Ni) tablets were loaded into the tubul ar el ements and wound .
into a bale as descri bed above and placed into the distillation

col urm r eaciy@yegarsseondi tions and results are shown i pcErebdem19so!

bel ow. 25 TABLE 111 Time on stream hrs
43 331 493 Pressure, psig 60

100 100 Bottons Termp. [érr]F 316 355
355 30 Int a 23 4 29. 7 29. 7

Feed Rate, |bS E kvfgééighfg¥%§&ed ist H2 Rate
scfh, gas 1. 7 @& process for t:he hydrggegation qg’enggﬁgtpﬁaf,%d

w %’ 5. 9cyc1ic édmpounds comprisiigOthe step®/d¥z nvle ratio

25.9 5,3 r

2 59 . ﬁab 0 feediéé 5£i.r:svlj.D strlahn [E&Ptﬂaﬁé\? unsattgrg%ad
3.92 ovE¥R3dE arRH HﬂlﬁﬁYclic comppunggex 3R a secondggstpeam

90. 06 cofia®riing hydrogdBembeaedistillatlon coldhn4ieactor:9 93

1.09 40 (gge p&g{,@g&@%ﬁ ”Eﬂg' ’Iﬁ{&tatﬁﬁtpﬂerbyﬁ‘l‘@“ &

hydr ogenat i on of nzene I nven covers the
hydrogenatlonhﬂﬂraﬁ?nsPFe&mhﬁﬁﬁﬂmqm rdjal; pressure; of JRsgehan 100

unsaturates a?sﬁaTl ﬂaremotemll@oubemsthéﬁ 70 llﬁtm ltﬂlzﬁtthur presensél ofle

crormLics, PO MsbERheRkRTB  Savanyme, GBI Sl KERE" BUER Bt 8 o

i nch d|anetercé#ﬁ%?ti@lﬁ%ﬁ#ikﬂﬂﬁﬁ?W' EFEF“M&stQEEQPY reps&ing a Péﬁté??st

used was Cal sogaithe- 4ABatirabedo eyekit osmpobumdsoawith a portion of the
hydrogen to form a reaction mixture containing saturated
cyclic corpounds, unreacted hydrocgen and unreacted
unsaturated cyclic compounds;

(c) waintaining the pressure in the distillation column
reactor such that the reaction mixture is at its boiling
point;

(&) removing gaseous unsaturated cyclic compounds,
gaseous cyclohexane and hydrogen as overheads from the
distillation column reactor:;

{e) condensing substantially all of the unsaturated
cyclic compounds and saturated cyclic compounds removed as
overheads from the distillation column reactor:;

(£) returning a portion of the condensed unsaturated
cyclic compounds and saturated cyclic compounds to the
distillation column reactor as reflux; and

(g) withdrawing an overheads liquid product containing
saturated cyclic compounds and unreacted unsaturated cyclic
compounds from the distillation colunmn.

2. The process according to claim 1 wherein the overhead
pressure of the distillation column reactor is between 0
and 350 psig.

3. The process according to claim 1 wherein the
hydrogen partial pressure is between 0.1 and 50 psi.
4. The process according to claim 3 wherein the

hydrogen partial pressure is between 2 and 25 psia.
5. The process according to claim 1 wherein the overhead

AT
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15 = in the formof 3/16" spheres. The catal yst .was packaged as

six inch long by 0.75 inch dianeter "sausages" as descri bed above

wr apped with 100 nesh stainless steel screen.

EXAVPEE 4 5 ywoosnhdde this exanple 0.66 pound of the Gotfbsshiese 475
prepared as descri bed above was | oaded into the mddle 10 feet of the
di stillation. colum reactor. The top and bottom 7.5 feet were packed
wi th ceram c saddl es. Conditions and red@its are summarized in Table

i n Che catal yst FEREPRSaoEnng, SPEELINESan g0 FRES e GG

rangi ng from -0. a8d B20I Dsémal yst at 50 psig to -0.4 Ibs/lb at 150
psi g. Sel ectivityegto Cyﬁﬂé)h@ﬂibess aemﬂagwaeol k1bif 6D- ¢h¥redndesaid h

the main by- produc‘:!ttsallyf*:ic be&f@tﬁ'faglf%é:_ he uraem_rlr%e%n%% di cycl Ohﬁ%st

am ne.

100 160 pliarality 260t flex&lab%.ureseqjm‘régid open meslso tubulamo
150 250 elgﬁgﬁﬁéakﬂlfed[ﬁiﬁﬁ]f Pérticuldde enation catalytic?80
288 SOBott&%gglal, seal at %&B endsSS&nthat% assocggt?fd wi.t:lf1 00
Ani | i ne Feed, | bsnidr supported by a wixel mesh gcpeen coile®l into Qyespixal
L\EE// hr 15 ha@iﬁg a Qoﬁgitudinﬂ SExis, BQta3d2&ublularW€iéﬂ’éﬁﬁé )3@1!@

0 o) 0 .
0.1 0.2 ar&'ai’ed at aW‘%?g‘erF%&PE 1gpgi pidTral l§‘/13‘2‘5 15
15 15 RamoBhe, bbogess according o] claim 01] wheredn2 said
0.1 Cycl Oh@ﬁ\ﬂatﬁﬂ‘hﬁéd:’@yclic a%ﬂ;%hav E.b)hnoi%t%clic. 66 71
77 41 % nm nes duct‘Lw té( bs/ hr/ 11
0. 23 0. 4 e process accord 1 I\/I!'LEW ere h saic} n

this exanple 1.\msa¢mm&edo¢ycltte cappowndads polgeyclHic. prepared as

descri bed above wasgl, Oadeﬁhén otcbesbcadmﬁs.g to dladl of td:ﬁrem said
distillation colum reac

saddl es. Condit |"'5'r?§té‘ﬁ'& Pgsuﬁ'% c comgPé’néunﬁg’P?EJe%Fﬁe %%é‘gﬁg’ % Fge'

During part of tsatupnated cyclic compound comprises cyclohexyl anmine.

10. The process according to claim 9 wherein the vapor
product after condensing the overheads is recycled to the
distillation reactor with the hydrogen feed or at another
place below the catalyst bed.

11. The process according to claim 9 wherein cyclohexyl
phenyl amine and dicyclohexyl amine are formed as by-
products in the reaction mixture.

12. The process according to claim 11 further
comprising the step of feeding a third stream containing
ammonia to said distillation column reactor.

13. The process according to claim 12 wherein said
cyclohexyl phenyl amine and dicyclohexyl amine are removed
from said distillation column reactor as bottoms.

14. The process according to claim 13 wherein a portion
of said bottoms is recycled as feed to said distillation
column reactor along with said aniline and a portion of the
cyclohexyl phenyl amine and dicyclohexyl amine is
converted to cyclohexyl amine.

15. The process according to claim 9 wherein the
overhead pressure is in the range of 0 to 350 psig.

ls. The process according to claim 15 wherein the

AT




(from about 250 hours onward) the heavy bottons product 40

contai ning the

cyclohexyl phenyl am ne _and dicycl ohexyl _—_amne were recycled at a

rate of 20 wt % of the fresh feed. WD 96/ 27580

PCT/ US96/ 01950 16

TABLE V wobésdgn Stream Hrs. 100 20GcTrusssnidsy
Pressure, psig 50 50 50 Ani | i ne Feed,
| bs/ br _ 0.5 0.8 0.8 5 Over head, |bs/hr

0.4 0.7 0.7 Cycl ohexyl 28ni ne, wt % Bottons, |bs/hr
20 amonisemnee vitniH A1y §eg™sE in gnp range grilpg to
Cycl ohexyl Ani$@0°F. Sel ectivity, w% 66 72

71 - Total Amipes a grocesspmuﬁﬁev'ﬁﬁbdddﬁbhr Idfb cyclonéxane fromD- 4

2-735 The i nve ?ﬁﬁf 70%%,?@&1?9- of benzene comprising the steps

POC;T:/ US96/ 01950

“{a) feeding a first stream containing benzene and a
second. stream containing hydrogen to a distillation column

reactor;

(b} contacting the benzene and hydrogen at a hydrogen
partial pressure of less than 70 psig in the presence of a
hydrogenation catalyst prepared in the form of a catalytic
distillation structure thereby reacting a portion of the
benzene with a portion of the hydrogen to form a reaction
mixture containing cyclohexane, unreacted hydrogen and

unreacted benzene:;

(c) maintaining the pressure in the distillation column
reactor such that the reaction mixture is at its boiling

point;

{(d) removing gaseous benzene, gaseous cyclohexane and
hydrogen as overheads from the distillation column reactor:;

(e) condensing substantially all of the
cyclohexane removed as overheads from the
column reactor; '

benzene and
distillation

(£) returning a portion of the condensed benzene and
cyclohexane to the distillation column reactor as reflux;

ana

(g) withdrawing an overheads liquid product containing

cyclohexane and unreacted benzene from the
column.
18. The process according to claim 17
overhead pressure is between 0 and 350 psig.
19. The process according to claim 18

distillation

wherein the

wherein the

overhead pressure of the distillation column reactor is

between 35 and 120 psig.

20. The process according to claim 18 wherein said
first stream comprises 5-36 weight per cent benzene.

21. The process according to claim 18

wherein the

remainder of said first stream comprises cyclohexane.

22. The process according to claim

17 further
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1. A process for the hydrogenation of unsaturated cyclic conpounds

conprising the steps of: ——_(a) feeding a first stream containing
unsat ur at ed cyclic or polycyclic conpounds and a second stream
contai pi ng hydrogen to a distillation colum reactor,; (b) contacting

t he unsaturatedwagﬁkkﬁ@conpounds and hydrogen at a hydrogen pegfisbéiliose
pressure of |ess than 100 psia, nore preferably less than 70 psia, 1n the
presence of a hydrogenation catal yst prepared in the formof a

catalytic distillation structure thereby reac®®ng a portion of the

unsaturated cyclic co ounds ortjon of .the dro e
reaction m xture EOMR ?35 %ycﬁﬁscslegrrpﬁﬁ% &Tquzd

hydr ogen and unr enmwt MMQeaysyohexan@rmrmeaCted (he)xznaranta&png ng
the pressure in tggedlinjdridgan €6 EOM'!EG‘J.e 3° (FQke@UB8a  Pédctdie dd?x%ﬁ&h@ﬂ

m xture is at |ts boi vin SeqQus. u

cyclic compounds,® %E‘?—.%ed?t@f@l &?&%&XE“ ﬁ?ﬁ?go Ma gmgil
distillation col unmreactedr benzene( eyith orhjrdrogen stbstpreduds vy aﬂditdbnahe
unsaturated cyc '@1wds and saturated cyclic corrpounds renoved as
over heads from the d] t|| tion_colum react urnin.a
portion of the cond et BF9PeE® asgors n@orﬁ%uﬁéglﬂn& sa B?’é?’é'ti the
cyclic corrpounds bqttm teiparature ©f cthendistdddiations colimnx reagtior is

(g) wthdrawi ng agefy&dicadd ghgu_r,qi,;ppoduct containing saturated cyclic
conpounds and unreactge 4d un aturat ed ounds f

m t
distillation col um. . ﬁeiﬁo {:E%CBF aaeile |‘?¥?‘§}?§P€Pn Irpm
over head pressuthedinmedia&ﬁ-bhl afi benzene wonprdsivg thebstewse®3 and

350 psig. prﬁ@a&mgacawfﬂfé\g sipeaﬁ'ébﬂiéixvmj eb@néé}f‘e and a
hydr ogen partlal gress%n IS befwe g‘an roce%s
according.to cl aPff SrEeA™ h8°n ﬁ?’b’r e BYBEPERY e&uf"@l?s

and 25 psi a. hydragan prtocebenzener dofig hatweleni nﬂlSV\hermdt tﬁslovaphead

distillation column reactor:;

(b) contacting the benzene and hydrogen in the presence
of a hydrogenation catalyst prepared in the form of a
catalytic distillation structure thereby reacting a portion
of the benzene v_with a portion of the hydrogen to form a
reaction mixture containing cyclohexane, unreacted hydrogen
and unreacted benzene: _

(c) maintaining the overhead pressure in the
distillation column reactor between 35 and 120 psig such
that the reaction mixture is at its boiling point and the
hydrogen partial pressure is between 2 and 25 psia;

(d) removing gaseous benzene, gaseous cyclohexane and
hydrogen as overheads from the distillation column reactor:

(e) condensing substantially all of the benzene and
cyclohexane removed as overheads from the distillation
column reactor:;

(£) returning a portion of the condensed benzene and
éyclohexane to the distillation column reactor as reflux;

(g) withdrawing an overheads liquid product containing
cyclohexane and unreacted benzene from the distillation
column; and

(h) passing said overheads liquid product containing
cyclcochexane and unreacted benzene along with hydrogen to a
single pass fixed bed reactor containing a hydrogenation

\"‘\
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18. .pressure ofthe distillation columm reactor is between_35___and 120
psi g. 6. The process according to claim1l wherein said catal ytic
distillation structure conprises a first plurality of flexible,

sem -1i gi d opRyesisdg t ubul ar elements filled with a parti egrRiss19se

hydr ogenation catal ytic material, sealed at both ends, intimately
associated with and supported by a wire nesh screen coiled into a spi ral
havi ng a Iongitudrnal axis, said tubular el#hents being arrayed at an

angle to the |lo tudrnal cess, ac r Q

wherein said ate §§FFE c%ﬁﬁ?ﬁﬁgyiég %2 cI%% %?%kgh
process accordrb@ﬁ%ﬂ%l‘drtﬂh hydregen rita pnpducen additienal cﬁ&ﬁl@&!@ﬂﬁound is
pol ycycl i cd %s. Trﬁdgrpﬁ@éas@caeédrm_ 1 g ot6l a.ﬂhlﬁzin vher ﬁh&r&.ghd salid
unsat urate cyc F: ted cyclic
conpound conpri S%ICStC %rli‘(g'xfﬁgg%i%%gss% df&%@hge%rg%%%:@éﬁ:% ding to
claim9 wherein the vapor product after condensing the overheads is
recycled to the distillation reactor with the hydrogen feed or at another
pl ace bel ow the catal yst bed. 11. The process according to claim9
wher ei n cycl ohexyl phenyl ™ am ne and di cycl ohexyl am ne are forned as by-
products in the reaction m xture. 12. The process according to
claim 11 further conprising the step of feeding a third stream

cont ai ni ng ammonia to said distillation colum reactor. 13. The
process according to claim 12 wherein said cycl ohexyl phenyl am ne and
di cycl ohexyl am ne are renoved fromsaid distillation colum reactor as
bot t ons. 14. The process according to claim 13 wherein a portion of
said bottons is recycled as feed to said distillation col um reactor
along with said aniline and a portion of the cycl ohexyl phenyl am ne and
di cycl ohexyl amne is converted to cycl ohexyl ani ne. 15. The
process according to claim9 wherein the

) O O



overhead pressure is in the range of 0 to 350 psi g. 16. The process
according to claim15 whereip the . - =
PCT/ US96/ 01950 19 tenperature within
catalyst bed is in the range of 150 to 500[err]F. 17. A process for
t he product |v239@{75§0ycl ohexane from the hydrogenation of eR7sb601950
conprising t eps of: (a) feeding a first stream containing
benzene and a  second stream contai ning hydrogen to a distillation colunn
reactor; (b) contacting the benzene1 hydrogen at a hydrogen

partial pressure of less than 70 psig in the presence of a hydr ogenat i on
catal yst prepared in the formof a catalytic distillation structure:

t hereby reacting a portion of the benzene with a portion of the hydrogen
to forma reaction m xt ure contai ni ng cycl ohexane, unreacted hydrogen and
unr eact ed benzene,; (c) maintaining the pressure in the distillation
colunn reactor such that the reaction mi.xture is at its boiling poi nt;
(d) renoving gaseous benzene_ gaseous cy exane and hydr ogen as
overheads fromthe distillati col um rgact or; (e) condensing
substantially all of the benzen hexane removgd as over heads
fromthe distillation col ]
t he condensed benzene and
as reflux; and

cont ai ni ng cycl g@exa
col um.

20

14

50 11:

FIG. 1



18.  The process according to claim217 wherein the overhead pressure is

betwegn .0..and—350 psig 19. The_process according to claiml18 wherein
the _overhead pressure of the distillation colum reactor is bet ween 35
and 120 psig. 20. The process according to claim218 wherein said
firsté<stream conprises 5-36 wei ght per cent benzene. 21. The process
accordi ng t Ogileghtisd8 Wherein the renminder of said firstpstiadisioso
conpri ses cycl ohexane. 22. The process according to claim 17
further WD 96/ 27580 2/2 - .

PCT/ US96/ 01950 ' 20 conprising the step of

passi ng said overheads liquid product contai ni ng cycl ohexane and
unr eact ed benzene al ong wi th hydrogen to a single pass fixed bed reactor
cont ai ni ng a hydrogenation catalyst to react substantially all of the

unreacted benzene with hydrogen to produce additional cycl ohexane.

23. , The process according to claim19 wherein the bottons tenperature
of the distillation colum reactor is bet ween 2L --q 74[err] F.

24. A process for the production of. cyclohexanegZfp,om he hydrogenati on
of benzene conprising the steps oft05 (a)/ feXing a first streﬁﬂ%
cont ai ni ng benzene, and a secon, = | e

@ Rg-yudd 0gen gn a
rati o of hydrogen to berjgene of p " And 41:1jto a t,_//
di stillation colum reactof; .

in the presence oi nat 1 on st prepare

catalytic distillat

benzene with

in the forhof a
therg¢by rejacting a perti of t
hydrogep to fprm a re i i

cont ai ni ng cycl ct ed hydfjogen
——
P
112 110
102
104
_116 108
103
140
106\_1
107 108
A | L .

FIG. 2
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and- unreact ed benzene; (c) mai ntai ning the overhea :’11;03 Lh
thre—s actor between 35 and 120 psig sudel ﬁgﬁq}

reaction mixture is at its boiling point and the hydrogen parti al
pressure is between 2 and 25 psi a; (d) renoving gaseous L
. gasew®us cycl ohexane and hydr ogen as overheads fromthe disti q'*;l';-
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A process for the hydrogenation of unsaturated cyclic and polycyclic compounds to saturates is provided wherein the reactor is
operated at a pressure wherein the reaction mixture is boiling under low hydrogen partial pressure in the range of about 0.1 psi to less than
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