WO 2009/111352PCT/US2009/035605 IMPROVED HYDROGENATION PROCESS Field of the
invention The present invention provides an improved hydrogenation process. More particularly,
in the hydr8ge A48 ;8dcess of the present invention, a nonaqueous solv&Atid izl ¥ manage
heat 5within the reactor. By thus minimizing water added to the process, catalyst activity and reaction
specificity are enhanced. Desirably MA@A¥ES M HPEAGEN DTN BRE@FHSvith a minimal number of hydroxyl
groups, is utilized so that the formation of bypPguGS irdshBefurther minimized or avoided.
Background Hydrogenation reactions are typically highly exothermic, and as such, care must be taken
in 10 order to cohBrfoPissetiBHaRiAPeravifiesea dMAEYBACAF TEaIAtoA BEkEftiondesR @ isiHBAMAY and
desired regetiQhrbpesicls fHe Qbd RGN BOMME G abisalRoRisoMay ypitadly ke-drrea Byatilizing
a reactor that facilitates heat removal. Tubular reactors, fluidized bed reactors and jacketed, stirred
tanks°are Yild% A pras ot reatitt SNHBEB aseighrdiene OF aerearinyi BFeduamt epilaly in a
jacket extespafitatbe easteed\Mhile affectivecabhpaisnanagerpreh: eash afidibthesenrrgufres the

expenditure of additional resources filntc%r‘dc-;r to rpaintﬁl)n isthetrmaI copdiHons,V\/_ithin dthe reactor.
Solvents 1y Als 6 BEPitlfized 1o ﬁ'?an%ge%é’gf’ae'?}ne?a é(rBy”ecfo'i ermic’ férrgﬁ}énﬁgﬁoﬁrrae\’é)é iohs, and
in particular, water has been utilized for this purkekerddadvever, the addition of water into such
reactions can be,ugdesiiable inthat i ipicallywishbe famoved {o.provide commergially2oacceptable
end products, adding tost and time to the Sroc SS. dcﬁtlonaWy, extraneous water can decrease the
activity of edyrdatalysodesitiiyamseddnitresptbeasopat smripTasedticanieyenicoitebend to catalyst
degradation,and A6 UM SIOVCERARIONAIMES mmerc ANESOMDRIG A MPoLaBs example of a
hydrogenation reaction involves the conversion of glycerin to provide a distribution of glycols including,
e.g., 1,2-piofFntedistctriprdpaliesiehep e pouthalibdler resetar thédsa\kentispePpraess, glycerin
and hyd VOJQ%@E,%MYQJ QURR-GRNIANINGL RIS S HERIgHIQ a4, §§P£‘@M@G¥Qﬁé@%&ﬁa‘tﬁb¥h@f presence of a
catalyst, most typically a copper containing catalyst. Such conventional processes, unfortunately, can

provide sUBBBIMAPEFIAIEIARFFHRsR Adf BRGtAG Un o pbo iEerirg At iratmareapieAf B3e oductivity
of conventipRaldpeatalystssondhisdartisu iy darRation serdivrintdpas anerakhaaRicdo.
1,2-propanediol may be the desired end product, the formation of other glycols, such as
1,3-propalt88iBIthE Z¥Ranediol and other by-products can increase under certain reaction conditions,
such as a wide v&ri@éjﬁndﬁggwawrﬁﬁtmﬁgen@e@éams& wamhﬂmik]wosege@ﬂuiiy of some
conventl_onaal goipgg é:ontgmér&ga rcatatlg/sts qr the Lse g; Iov%?sr %rade reF?ctants etc. R_e.actlcgr\}V st%IectNlty
may be infff&ng

R S T e D T A e e R A R T N A
by-producigebycadiastmentaafrena desimdreineaeationy spmitlitors balthough suphoaidusimentdyically
does,pot come yithout expanse. ndJess desirabie lxeals andion tupicel rsaction Dyzprodiicts. e.g.
hexanediol ar% propy éne é’lyc’o? propionates, can be i?fricu?t, if not impoSsible, to removecby
distillationdexksejtiesictivity Gasir ablishtsiaiesisapimpedvethhydeoerenatiom pratessmensdn be provided in
which heat canldbe.adeaaiely managsrmihant ibr addiion af sulstantial amounts of water.
Effective heat management should prevent substantial degradation in catalyst activity or selectivity.
Further advantadee 6eiensackdls P e Hrocesdapé rhutmrendicallye praeticur vrsdle aoadvaifageous,
by the proglugiiveMtilizatian aldbeisneroy:efeactanganeratad thershyapPRlicabiiinafidhe process to
a variety of grades of starting materials would further enhance the commercial significance thereof, as
woultP utilisHRBRIGH SitallistRe FRONG P o fite thier S andly e B A PRR X B ET 4k Rity and/or
selectivity ferihirdasitadLerstiompaducts thancatalisis canyoutianally ptiliresdspis process. Brief
Summary _The present disclosure provides an improved tg%drogenation process that meets or
exceeds tRYSB RRBERRHNS  THe GRTRRA PRIGESS privEe Sie cAVBRYESE MBRRYBMent without the
addition opssthstantial amounts of water. Because heat is effectively managed, adiabatic reactors may
be utilized and/or_the process may proceed su ntially continuously. Catalyst productivity is also
optimized), a0 the TEXCHR AL £ A HB e T A R o
bypratluctsaisiysinimidedpanicithehydeginstibstaatiddrantontsOitthatehis.avdided ptheguiielsemt process
s simplified, Euther a8k 3uings Ganar.gvided da e pradydive.uliizafion of tbe heatqteaction
generated by the hydrogenation process to further rec?uce any water generated by the

and other by-products can increas_e under certain reaction conditions, such as a wide variation in

temperature, the presence of excess water, the low selectivity of some conventional copper

containing catalysts or the use of lower grade reactants, etc. Reaction selectivity may be influenced
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process. In a first aspect, there is provided an improved hydrogenation process comprising: (@)
combining a reactant with a nonaqueous solvent to form a nonaqueous solvent/reactant mixture;

:(b) contacting the nonaqueous solvent/reactant mixture with hydrogen in the presence of a catalyst,
comprising at least 50 wt% copper, within an adiabatic reactor to form a reaction product; and (c)
removing & (XSt I Pt of ampriieuwer prasshioidiewwastdnprocictwitiebyatetuer) aval process
driven at legglpRAFPLIDE eaLotteagtion atine bxdiogenaion eaction: . whereinthe .
nonaqueous solvent comprises a solvent with a hydroxyl wt % of éssr{hanx%g and a%y roxyl weight
equivalent'¥ffreteranrsn 3nd. Iasréeshedsiiain)s ehe/oraventidisuitsuby-provides ag, inpsoveid!

- hydrogenai : i iti opagueous solvent to a
ycrogenatiorr eon D T LAl oo o Eiaton ar e P A P B TR naqueous
solvent deﬁ@ﬁl?%és hydroxyl functionality therein limited, and more specifically, the nonagueous

solvent desirably seppsises:a, BXdrsl s ayR-Yeeiahicn 'rr%%@w&%ﬁ?é@9%@98&*%45?@%@5@&9' less

than about 30%, and more preferably less than about 15% and a hydroxy equwa\{fen Welgﬁ?uo greater
than abouSOIpRERRNURPERER YRRt HISGEEHD ARk Hrbrenabiys greater. tHdfeaivetie200.
Preferred RanaguRemsSOlve e welR btk AISRRLIHIRCLL0, |9£P§&Pﬁ%%G°s%}é!8tﬁ‘v‘? Iveolpropylene
glycol methyl ether, polyethylene glycols, polyet%ylene glycol methyl ethers, tripropylene glycol,
tripropylen® Y ESIERRI Pebser HipF Fpotatav§ iy SR RpYER aies tag b oF myusthyt atiaeephe e tysthanol,
diphenyloxieioftvenipinations efdRasey of re s Ha0-pref %H&Qb@@&&i&yﬁﬂ{? nmﬁe’}:‘?gée%? oS

. ? . ]
Solvent maé_,comprlse a recycled reaction product stream which may comprise reaction procfuct, a

reactant, ré3SER B pTBHLICTeBIeSRaE AR SRy thiurdenr enbemapiperrimeeyirt dawtiction thodeicestream
will comprisedrssithanoalkeuid kit Waies ARdmayhme. e walaE coRamBkiheranidurthes seduced prior

to'its combination with the reactant and/or introduction into the hydrogenation reaction. The improved
hydrogenatib °;5FSXZ%%’%"B’r&fi&%%ﬁ@?aﬁ?&%@@%tb’ihéﬁIé%@{yéﬂﬁ(‘jaf‘%@iﬁ?ﬁﬁ&féﬁé!ﬁ? itthéast about
75% and iprsesae instances, at least about 85% reactant conversion, while also providing final product
selectivity of at least about 75%, or up to 80%, or even 85%. Additionally, the use of a reaction product
may allow application of inexpensive purification techniques to the reaction product/reactant mix,

~ which in turn may advantageously allowsgidgosuaireiiage o,f reactant to be used in the inventive

hydrogenation progcess. In a further embodiment, the djsclosure provides an improved process for the

hydrogenation of GREEFSG S SSUS R KL &R TEPESE BB ORTBH SR HFARFSVEY BRFSEPFIRIETd gendtion

process cdheprisingctation{a)ieombining ragieerinieedstoak witbsananaareatsisivenitoarayide a
nonagueo lvent/glycerin mixture having less than about 5 weight percent water, and (b)
contactingg[ %%%%“gﬁgﬁﬁé‘%%ﬁﬁ“ﬁ?}éiygé% ?ﬁii?ﬁ}és\?\_/ltﬁcﬂ ¥OREIF R [BPatie Fras B aeatBfy st within
an adiabatitifeactod fo preferertathaforreepropstenalylyeotireaction praguoscamprisingdess than

-about 17 wg| reent : rein the nonagueous solyent comprises a solvent with a
Tt g e 1 2 LGyt WA oL AR B el e o FRE o toss

comprisesEy edirbikiminEniAyderv thedstot kuvitardizi enagueneisssolyénivisidan vide:a-dewatered
feedstock ing: - a iqht. -water and then-(b) contacting the dewatered
feedstock %ﬁ%%éﬁgéﬁ% 'tr?g %&iﬁ%&%@gf?g{ (?ata 5&3\{%%)%}%2{%9& %égér?rgt'é% o ﬂ bRPRL PR 4Rt
pressure CSHEMBPR seEs o theduidipethetiorvration o foattoneproducy aampeisisg tessylian about
17% watep,grdess than 10% water, or even less than about 6% water. In certain embodiments, at
least a portion of the reaction product is recycled and combined with, or utilized as, the nonaqueous
solvent In these embddiments, theaesgrtiodep mdugtreatchadtogunativaypassistimteivipgrature control
within the reactor 3o that the;pperating temperatiee Apes Rebyary R%narethan abowt 100C, and
preferably does not vary by more than about 50C. Furthermore, the reaction product/reactant mix may
be more afahBBeaGAREXPEWSve purification techniques than the reactant alone, so that lower grades
of reactants may e utilized andfusthescast savings RrRdded: toihe dnventys-hydreagpation process.
Description of the Drawings The detailed description of the invention that follows may be further
understoo@r e aflasaatud ween chissitERSHPRINNG WRRThav KA aPatiARtRstPR Brder to simplify
the drawings, copventiopal fefailgy such as valves, pumps condensers, reboilerS, surge tanks, flow
and temperature control devices and others like these may have been omitted in certain instances.
The construction,(@perafiefHes RinetioA BPEGaIP IR GESe bR waNt 4 N srspRsTtiai dise thereof in
process degign, isRelieyeddohe kaawntathaseirhardipany skill it the-chesrigal engineering art and
WO 2009/111352PCT/US2009/035605 as such, the omission or inclusion of these conventional
elements i8¥6RERRRIEEBEIRNany particular importance thereto. Figure 1 is a block diagram of

an apparatus that,paspeHilizes tesary auk sohyskegenalieniRress desgraing oithe present

invention; )
than 45 and a hydroxyl weight equivalent of greater than 30.
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5Figure 2 is a block diagram of an additional apparatus that may be utilized to carry out a
hydrogenation process according to the present invention; Figure 3 is a block diagram of an
additional apparatus that may be utilized to carry out a hydrogenation process according to the present
invention, wherein the hydrogenation process utilizes crude glycerin; 10Figure 4 is a graphical
depiction of the glycerin conversion and propylene glycol selectivity for an improved hydrogenation
process according¥§T6 R effBEYi e AtStHHESHUYFIB P éfmed as described in Example 4, over the
first 200 howis Vi@ P@ERsREtion plIGHEE FniSA.9 ' iction of the glycerin conversion and
propylene %R/ycol selgqtivgi%lg for tr?e.impr.ov‘ed hydg%%&leﬁg%i%ﬁ%%%ezgsdé?@n%gﬁ ié’aweﬁﬁéﬁ?ﬂﬁg‘ﬁtﬁrom
200 to 800PHBFRESP 18Rt IoR: Tt ©Vidurlirapiicaréepittion il the giyretirecanversion and
propylene giyaelseleetidyfosdhavimeovarhydingenatiopiege sy rxerplfied by Example., for the
first 1500 hours of operation; and . Figure 7 is a graphical depiction of the emp'éaré’tJPSs and
pressures for ﬁ?@%‘fﬁ%@éﬂ%ﬁﬁ%ﬂéﬁ@ﬁﬁﬁﬁf BroEE_Y bxermpNRigite Exanoplesd ey sheuirsd 500
hours of opesadialily RelenetbRRAGIPLIGRDREE JERIANe <5 thalRATESERLINVENLON Provides an

improved h drﬁggfnation process. More particularly, the improved process utilizes & rYoﬁ%luc']\ﬁaeo S

TR i A EPATR 28R Sthee T v B AR GhrBaRswAR rt mininmizserabitaystarbauctivity

solvent for he
is optimizedbaund grodueteaeleativityisode siiadiys arharcesh F0e HoRaLaRUS salvent is desirably one in

. .. . . : ne, propylen
which hydr?xeéll rrougF. are Im’ilted ar?r(% n which the reactants are sufficiently so UBIE SB"that reactant
| conversiof may AdvARta oSt B HiRtAARE B eResvankaprieethcies Ehivn g tatethes, be provided

in equipment expenditure in that a greater variety of reactors are amenable for use in the process,
including those that are easier to use and 30less expensive to operate than jacketed or otherwise
cooled reactors. ~The nonaqueous solvent may be further characterized as one in which the
number of hydroxyl groups is limited, i.e., one with a percent hydroxyl weight of less than about 45%,
preferably less than about 30% and more preferably less than about 15%, and with a hydroxyl
equivalent weight of greater than about 30, preferably greater than about 40, and more preferably,
WO 2009/111352PCT/US2009/035605 greater than about 100. In certain preferred embodiments, the .
nonaqueous solvent may be a reaction product, reactant or combinations of these so that the
formation of undesirable byproducts, as may be facilitated by the addition of other types of solvents,
can be minimized or even eliminated. Further advantages can be seen if the nonaqueous solvent has
the amount of Swater therein kept to a minimum, i.e., desirably below about 5 weight percent. In those
embodiments of the invention wherein a reaction product/reactant mix is utilized, the inventive process
may provide further advantages in that lower grades of reactant may be utilized than in conventional
processes. That is, the reaction product/reactant mix can be more amenable to inexpensive
purification techniques than the reactant alone, so that once combined, 10the reaction
product/reactant mix can be subjected to said purification techniques. The relatively
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pure reactant that results is introduced into the process, and avoids the expense of purchasing a
refined grade of reactant, as well as the application of more expensive techniques. The present
process may advantageously be applied to any hydrogenation process and any hydrogenation
process so improved {na be carried out substantially continuously, i.e., so that 15 reactant feedstocks
bre providUB EEXRE BAEEb ISRy oM AT o T AT S G R nE SR siath the
reactor ategheafetaubigienbiol dipheize Q8poevenbtheraacdmulation of reaction product within the
reactor. Reactorf, that are suitable for continuous reactions are known in the art and include fixed bed

reactors, fluidizel] BEF LR EFE LB MAREIEIRE Srifrs & PAARNRRLE R Y S YRR R iTRRIBR% olumns.

Since therpsotessrot thespeasenhitventiebrsavidesasel-talian tmesns Ofirah28panagenent, an
adiabatic reagtort‘i.e.,tgne no hea&ﬁd %r coolepl rom an external source, may be utilized.
RS S TR G &Y S5 TP PRI UTRF BB HEYiFomRHsR lestaperhetivity is

Hydrogenation reactions desiranly
optimizedi#ghen teariationsy inereabtion conditiensiare shinhizeddand headdidopalsehsenisy

extraneo%s t(r)eg;§ :[gac(%i n .is,E a\éou%.ed.. In r%ﬂ'rti_(,:lélar, reactions desirably utilizing catalysts 25whose
activity andior sefectvi 5 L S B h AR i PR VH N S A ifon B ERIRG D LYRasAPe benefited

since nonaguespsostlvents are deskably otiiziedsintootEEsaRtRFABRSE least aSd0€ B HEUlAIY
important application of the process_of the present invention is found in the hydrogenation of glycerol.
Although in t eénc% R\c}gshﬁ%]r? 3?tparocc):ti'ets‘c'gsg(/i’fr&aJnaﬁ%c‘f?rr\1 9 ?ﬁi‘&%?"’&?’é&g %? afl Bcﬁ”f}é%%ﬂ PLRIEELAISEYR suffer
from lessdhetricoptimel hEdt, mranage b ntravefot e attiitton!yf SRaxeess ratehri b pIESSR} Process is
not so co ised,.Rather, the process of.th esent invention avoids the introduction of excess *
water anﬂge('?rg@ﬁ%g% Reat Strectiy ‘f/ﬂ\ﬁ?% Ogefréra E‘é‘o’lﬂuc?o?ﬁ %?Jer?gﬂ%ﬁ'é’ Hgtégﬁfé?ﬂ? Ri&0"148 heat of
reaction geheratety adagnéaaeralbybdarsetbieergmdy ofat east acpertien of anyiwetargenerated. As such,
temperat%é%%%gggicp& W}jggéggsthe reactor is minimized and catalyst activity and selectivity are at least
- maintained, and desirably improved. WO 2009/111352PCT/US2009/035605 Inthe |
hydrogenation préceisthecorbndyne tibeptedantpiveriderayipesriadseetrbivieleditr g ueous
solvent agg, hydrggen dndheigsenerfissatalystanshakkasiaiasn ARG T SBRSIANNE ARY.

pressure conditions sufficient to result in the formation of a reaction product with a minimal watér

content Althougfetisarahiidie By raiegareraidtnR R BreRese NATVar9 8Y4EDRNding upon at least the
reactant fead aless sk iRIApesAtaand Riasswe withibtie seasier rasonagxample, at a glycerin

feed concentration of 30% and assuming 100% conversion, the resulting reaction product is expected
to comprise less!PheRaH B ABB NP AR & MESLE K A BB oY WARPET EVeRgess than about 6
weight peseaahywaler -Reastionpedugishsvingsuch arlguanaiay eanterirppomisiegsignificant
advantages at least in 10a reduction in any need_for fyrther processing to remove water. In certain
embodimEE HONRAHST, ARSI KB ESH T B tRARCH ACOUHERH GETRES W& e even further reduced by
utilizing at least g/padiomehthadratotsrantiomgenarated.byt therhydrogenation seastion to vaporize
or otherwise remove at least a portion Qf :imr}/ wfater from thgorea_ction products. Desirably, an amount
n

of water WiIPBATARIGVRE ST T B R B REE R fiams in the reaction products, more desirably, 10% or
less, and 15 optimallysrthesteasiinRRrRAtsifbil COBRESE lestihanalatonds Wale hagsgmoval of
water is expegled o assiet . hept managsmentwilin, e castor, as uell as o help aintain the
catalyst activity and selec |vi?y. Re ventive hyarogena on” process provides g&/ erin
conversions ot aideast abaat &Bedotcak leds hadogt Hhqrraddeast fabotid e % cmackeven about 85%.
Reaction seleciiviies afe liewise, 200ptimized, althonah the pareulay reactian produgt provided can
be influencé %y the Teaction conanions. enerarilsy speaking, or{ Ose embodiments of the invention
wherein thehydrogemddiaiqssobes shswdéSiabhieansadas tomidrt ghyoarior typrapyleae glyeotls
appropriate reaction conditions may include o tin eratures of from about 150C tp. about
A b A
MPa or eveth fromtifitsslgs1t8e nonagueous solvent. in these embodiments, the reaction product/reactant

mix may assist in temperature control within the reactor so that the operating temfﬁgrature does not
vary by more than about 100°C, and preferably does not vary by more than about éG"C.
Furthermore, the reaction product/reactant mix may be more amenable to inexpensive purification
techniqueé than fhe reactant alone, so.that lower grades of re-actanfs may be utilized and further

cost savings provided to the inventive hydrogenation process.



25MPa to about 3 MPa. For this conversion, and under these operating conditions, the present
inventive process can provide propylene glycol selectivities of at least about 75, or even 85, or up to
about 95. The nonaqueous solvent may be combined with the glycerin prior to, along with, or after the
hydrogen is introduced to the reactor. In those embodiments wherein the nonaqueous solvent
30comprises a reaction product, it is preferably combined with the glycerin prior to the introduction of
hydrogen, and even more preferably, the nonagueous solvent comprising a reaction product is
combined with the glycerin feedstock prior to.its intr?q\ucgor‘l”'%nt(g the reactor. In such embodiments, the
nonaqueous solvent/reaction product mayFaeia D it hydrogenation reaction, absorbing
excess heat, andrgssistineiin-ainnizatien efviempersitfelvarnatorbe/itimhehendargiood and/or
2009/111352PCT/US2009/035605, reactar, i.e., so.that the temperature t j ry by more
than abod{hﬂ.ﬁ@@fimﬁ@f&%\%ﬁf&ggg \Hg% the @ tachez? 9 or %F%O Qﬁ&l qr‘?@&%h%@,

vary ymor%r?ﬁvé?%o , Of the operating temperature.

.. Desirably .fhe=aeyaled 1eaciien aredust pithhave deterTparivile OEdreetatid itorda to about 200C,

and its utilization as the nopaqueous,solvent.and mixi ith erin.feedstac L thys.raise the
temperatUf&BF iRy rﬁlﬁ?ﬁﬁﬂp%‘fﬁg f’eanri?yosgz)e% gﬁr}% %g@%% %&eé@\%%ﬁ%ﬁ !rté f&%ﬁgv%ﬁ?%ﬁg\%\% tﬂ% this
range. If negessaiyrbpestied aexfernabhebiuriaiebiecaplieelites the reeirrEaeeaefidf $oBuct, the
recycled reaction product/glycerin_combinati rip: jntal feglive @perative
te myperatlﬁéofg FSIH%S & r%4 gg (L%\"é@t?otr? %??88‘3’3 {Ignq?%%%?é r%?a%g ?r%%ﬂ;sg%;e:ﬁ‘ eg?r?\&/@etr? t% ﬁ %veflﬁe&?ein the P
nonaqueous solvent comprises a 10reaction product, one or more additional nonaqueous solvents
may be utilized as well. In these embodiments, the multiple nonaqueous solvents may be utilized
separately, or in any combination configuration, i.e., two nonaqueous solvents may be combined and
utilized together, while another is introduced separated, etc. As but one particular example, when the
nonaqueous solvent comprises a reaction product, the reaction product may be combined with a
reactant, and may or 15may not be subjected to one or more purification techniques prior to
introduction into the reactor, and one or more additional nonagueous solvent may be added directly to
the reactor, prior to, along with, or subsequent to the introduction of the reaction product/reactant mix.
Embodiments of the invention wherein the nonagueous solvent comprises a reaction product are
particularly advantageous in that the reaction product/reactant mix may be subjected to 20purification
techniques that may be less effective when applied to the reactant alone but are relatively inexpensive
as compared to those conventionally used to purify or refine the same reactants. For example, in those
embodiments of the invention wherein the hydrogenation process is one for the hydrogenation of
glycerin to form propylene glycol, the glycerin may be combined with a portion of the propylene glycol
_produced and then subjected to purification/refinement 25 techniques that are less effective, or
completely ineffective, when applied to glycerin alone. As such, crude glycerin may be employed,
providing a substantial cost savings over the use of refined glycerin as a starting material.

Additionally, the purification/refinement techniques employed in this embodiment of the invention may
also be less costly than conventional techniques for the purification of crude glycerin, 30providing
further cost savings. More patrticularly, whereas pure crude glycerin is not particularly amenable to
distillation, typically requiring the use of wiped film or thin film evaporators in order to be purified, crude
glycerin mixed with propylene glycol can be distilled to remove lightweight contaminants therefrom.
Distillation columns can be less costly both to purchase and to operate than either wiped or thin film
evaporators.
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WO 2009/111352PCT/US2009/035605 In any case, and whatever the nonaqueous solvent
utilized, some unreacted amount of the nonaqueous solvent may be present in the reaction product
stream pro¥{fe iRy He%rocess and if so, may desirably be removed. AnyPhar&iI8YEE¢Bivent
removal technique can be utilized for this purpose, the suitability of which will depend on the boiling
point of thes Avradeonisiuivematediane Stestirereeidiion! slonantsdtrectmeThigsdefecrtlinary skill in the
chemical epginasring a.ace el ersed in such techniques and capable of selecting and
implementing one appropriate based upon the nonaqueous solvent utilized if removal of the same is
desired or required. _Seyeral catalysts are known that are suitable for hydrogenpation processes.
These include ca%tgﬁ/réeté 'asltal?é\é’é (rgﬁ? ??n”z{ﬂfﬁﬁs%%mﬁ ?é%l ﬁgﬁﬁg?ﬁ%%?gatﬁiﬁag%f) gg?bg ﬁtfg %/%aet:'ﬁnor
carbon-carboresk@bondsg ey thrgadsethevprodgssses, such as those including elements of the subgroups
from Group |, Groyg.vh RIYRLGHOND N AN BRNIRIS IAbLs, Mals Ratiauially, suliable caralysts for
hydrogenation processes Include those comprising metals such as chromium, co a?ﬁ, copper, nickel,
palladium hptasiernetiahodicass, acrtheingin thamostent, izvastiand combinations thereof. Suitable catalysts
can differ in their seaclion 1e/REALLGISANRIREDESIAS WAL ASADE R SR GEHYLY dPrpRticUlar
hydrogenation products, and can be chosen accordingly. Additionally, catalysts exhibiting an open
structure, WitHCESRAHAM BRI BAGRS S ratfatTeaiivRIy herge Siftycecgreatias eBtrsared to
conventiopalicatalystsyyra be particularly useful to at least partially avoid mass transfer limitations
that may otherwise plague catalysts used in hydrogenation reactions. In those preferred embodiments
of th&%resent inVéftiBA WAEFIA'PVERT 0 QELRBT S hUYSRRR PRI PHSORIEY @ e BriEhene
glycol, a cappeiseriainigreatalsi-candees aduabiageas)y Wblizeckmnd at theseisoppesGhromium
catalysts !cgovig]e ood sel?ctivit toward proooglene glé/col in such processes. Exemplary suitable
%

catalysts IRRTTUE B S TBalntNG dopiiat 28 AR UERUEPELMBBnent, such as those prepared from

copper zinc alloysigeappiar: zinphiodthep GorHH 0) ¢ ghpper-alovaititim oXicesy(ery AR08k icapper
zirconium gxide,. (Cu/Zr copper on carbon (Cu/C) and.copper silicon.dioxi 5(Cu/5i02). Other
ranation e e R AL A s B T ot e
oxidés magpbettembined with such copper-based catalysts in small amounts if doing so is expected to

provide improved gafalystpapsitiss. SUtANP cRiaSH Mavalss, nglude action pramoler po-metals,

e.g., chromium, cobalt and zinc, if the same is expected t eneficial. 300ne preferred class of

copper-cofftEipfrig RN Sis isetatied RipAsingaTRPEophR Priropitd taittly St {CGeNRE@r208)y, generally
commercigllya¥gilahlg. The nominal compositions of copper expressed as CuO and chromium
expressed as Cr203 may vary from about 60-99 wt % of CuO and 1- 40 weight percent of Cr203.
Preferred compoSEiSAd Sr #Re8E2arriatitRg 6 e BBesY wEhpt RIseFIRrdor the improved

20098 1135 dRgekAdiaR BRHO3 2R0RARQLE LE LRI P eXEeiRd: ABHRMMBLR of Ypdeatln. the surface area of
these catalysts may be greater than about 50 m2/g, greater than about 60 m2/g, or even up to about
70 m2g. It has now been surprisingly discovered that the utilization of a low, and in certain
embodiments, almost no micropore \mtine) ORialioneitMaavadiantageously be utilized in the

irT————————

Spresent inventiveh rocess. More particularly, the use %f opper aluminum catalysts, Cu/Al -50-
2506/50-45% witr 15K S SUBSENISA HE T GpORLLNIAAE: FaY SE0bean YSUREYE BaUE e
present priegessgedithogiycetinaeonversioasuetalitea siralrautrb08ge e &ty emndum to thbatt&iftioa e
selectivities_to propylene glycol of greater than about 80%, or even greater.than abpout 90%, pr even
creats: b e R L R R BB TR e 10
of at least digown2Guerigobeat ledesirablgend 2xmBgh brdnpxo abopt @B imlef eneirenigriedier. Many such
catalysts Iadly avai AR iall i from W.R.
Crace ne e B T S SRy
configuratRyarofranRnsppafattisaizgscan heshflizey st irpp oprin preseiitnve ftkie Birsteyenation
process. Hydkepsnalias dRRAALSHOR LPGIUes Bydiogem.iarsaiosklarsaciant fepdstaek 2, reactor

3, separator 4, condenser 5, and
30 less expensive to operate than jacketed or otherwise cooled reactors.

The nonaqueous saclvent may be further characterized as one in which the number of
hydroxy! groups is limited, i.e., one with a percent hydroxyt weight of less than about 45%,
preferably less than about 30% and more preferably less than about 15%, and with a hydroxyl

equivalent weight of greater than about 30, preferably greater than about 40, and more preferably,
4



product reservoir 6. In use, hydrogen and feedstock are provided to reactor 3 from hydrogen
feedstock 1 and reactant feedstock 2, respectively, where they come into contact in the presence of a
catalyst to YoPmreddddt products that are discharged from reactor 3 to vaﬁgﬂf&?ﬁ%ﬂ%@ﬁ ttor 4
through line 20 12. Although the exemplary conversion of glycerin to propylene glycol will be used in
the discugsfatebimyehevt 1ite Moeimiveisfoced s PRSI i aCAr 80} FRIMFBYBAURBA process can

be conductgd By sRRaatIAAQ or combidEiOaess koM dask b hyeegenJdeadstesk 1 to reactor 3 via
hydrogen line 10 at a pressure sufficient to provide dissolved hydroR%%n in the liquid phase to react with

glycerol, VBIHUE proRERe fasi AR aBEa P BRI 5 UBTLR SRS HddH B S BES fably

provided igvanraptas2xeeserafthat so gz echfosdhe: hydregamatiossreastien: Iisithasmosiiisopf from about
1.2 times to about 25 times the molar requirem%?t foe[ e hydro‘% nation reaction. Glycerin is

. . th e
provided #8HTESRIHIR A BN DYE recl57 T e e Rk Atiime B APE 7 of from about 0.04 weight
hourly space velocityRd/&ihd ) iacalbonfttAeOnventsv aharéempesativrepofduor<30ahoutild@@itedabout

200C, and, gt a pressure of from abayt 1,554 (o sbout 8 MPa, In (he, anparatys. showJn Figure 1
the glycerin provided RrOM reactant feedsiock ¥ Shourd desirab?y Be*somewhat puritied, 1.e., will

desirably ntbltzedmlt\amimmreethmnadme@s&%ﬁfaahytbabstamemhawéwngf_[ab‘erMapmi&ed}ﬁwo
2009/111 352G/ %%?e%?/»%%%%ﬁcatgoﬁ%&%ﬁ% 2GRN RRABY ISACIRRSWiahle JRELcarnipg put a

hydrogenation process, and advantageously, because the heat of the inventive process is sufficiently
man¥yed teareisdiarpaeiapattereat v v sgbitre tondidonsiigrin redrrerSwilhe e itiépending on

the type of feACRLdR WSS BRAIWIREE SR PRBUFRSEINIY YaradiR griva be.byeraasnaten toward
formation 5of a particular reaction product, in that embodiment of the invention wherein the reactor is

an adiabafféinedetare Sher iR Eritt HemGHIBRIFEHARM BOFR/BREBSHS HRENSE glycol using a copper
chromium catalyshethe iempeialidra W iBiaeactoLid sanh bt em oot JAQGR pheut2h@Gn he

pressure in the reactor will desirably be sufficient to keep glycerin and most reaction product in the
liquid pha8¥*FRASABEXLAARSASHAY EBAIEATEN RR& At SH SEHETHORS MABHN AR Hius H¥8iably from
10atileastrah@sit kb diPaiaraposiid Midde reactReasiondmays elusle iparamatins opeaialysteprovided
in any format wherein gontact between th reactants and the catal ) is facilita}t%d to an extent so that
the cataly ST KB1E 8 AU TeSaE e hraty LSIaY A VO o et eon TS S0 S5 the
reaction tempecatutreinitiereagiog thexteaction satey eible Fypioatiynamyreatadystis prowidedha gacked or
fluicized beds, and 1510 hose embodiments,of the invention whersin Jeacior 3 eamprises, an adiabatic
reactor, aﬁy cata yst may pre era%lsy e provﬁed in fixed beds. A vantageousfy,%e reintroduction of
recycled réiagtioipprotuotdidinds donpbined vitheglyoersliigenjpecteditescmeliorbdetamahighheat
tempgratues it ey PUIRRNIRS oEey, UL IS Biheb PYISOn QlraRlx s il B ah et/ apor
liquid separatof 4 acts to separate the feaction product from reactor 3 into liquid and Z0vapor portions,
typically vigiegeduction in pressure on the reaction product stream. Vapor liquid separator 4 is

desirably operated a,conditionsthah wilsdrye fhae.AesitedARmeHnh dfoualebandDirrylengglycol into
the reaction product vapor and that minimize water in the reaction product liquid. Generally speaking

then, the FrE¥BUIRARHINREG ISR SRDArERA 2 TRASIBE ProtTs BTt 54 MBEPatisar 6f5 MPa or
even fromsgheut 02 MR 10 Bbokilicn MRaidesirablysiManordiauic ZhsepatalonAh may:Rethermally

coupled to with reactor 3 so that that the heat of reaction of the hydrogenatign reaction can assist in
drviRd the SEPEREN, BRABLISI Ay B TIEERSAY TBPACRT WUATHS BFEFAA S HERLTEINEHS Vapor
liquid sepaeatania ohiainbthedesy esheapanatiariand/otilgeenstiedhaé therasagunt of evaporated

product in stream_13 balances with the glycerin feedstock. Typically, the temperature within vapor
fquid separator S TTPEA HABBER TI0ES B3 S00C oA Br SHRHSE TATE 1B ALEE 175E.

0 a Ol,ﬁlﬁ 5 ou
hydrogenation of glycerol. Although in the conventional process of conducting this hydrogenation

reaction, selectivity can suffer from less than optimal heat management and/or the addition of

30  excess water, the present process is not so compromised, Rather, the process of the present
invention avoids the introduction of excess water and yet manages heat effectively via the
introduction of a nonaqueous solvent. Alsg, the heat of reaction generated may actually be used to
remove at least a portion of any water generated. As such, temperature variation within the reactor

is minimized and catalyst activity and selectivity are at least maintained, and desirably improved.

5



The reaction product liquid may then be preferentially recycled to reactor 3 through stream 16 or
optionally discharged from vapor liquid separator 4, via line 17 to product reservoir 6. Iné)r_eferred
embodimeg 6?‘iﬁélﬁ‘f%ntion, substantially all the liquid. from the vapor-liq‘iff(?@gﬁ%(f%%? s recycled
to the reactor 3 through line 16, and the flow through line 17 is low, and may even be WO
2009/111352PCHr/ihs dptosessieo s Asess MANRUAKI hfiefisean b e S PR SABIEE SRRRHE YW ER AN

conversiopsak b ie ARt 839k, eveantihe-glicerel oRVverNIaNYark teiFeaciepisdong e.9. from about
20% to about 30%. In either case, since glycerol is much less volatile than propylene glycol, the liquid

from the VAPBRIRIUIE L ratHreA (RHHERMSUBCiEnE t 75 E BB FaImP un’ e iR rEPAET 6Hverted in
the reactay dinaigl mayralsadeomprisgrorepiena glyaate nateseatbhyps edstets. Wiorgrparticularly, the
reaction péoduct, liquid may Iiketh/ comprig,g fr m abou(} t60 weiaqht percent to abotlrj]t 8(% weight percent
propylene gRES  BRS LB G W Gt Par et Bt 3B NI GHE BRr RIS MM By F8datts such as
acetol, prepanobamehethanatictin fmbiontsof fromdboutabivsightipercertctonadnoot, Shweight percent
and no more than about 5 weight percent water. 10Reaction prodyct r is.discharged from vapor
P R stk e T e S e
product the4sdischarget ithy tughehinet B5vedgproduentesaevoir 6. Any noncondensables, likely
comprising mosti [iglipgeRaacheaierYalY 166 yiandHant. ABOUE S ARUAISIVARGE 218 st oed

through line 14 for disposal, or recycled via line 18 and combined with hydrogen in hydrogen line 10.

The teactioBroiich #apoess Edeched i IBena I FEPTTaMbjeidicre srEYTERd igises] bewers/drogen.

More paftiﬂ}é{'élf BintlR: 361 O BRI NRROR AT BY é@yméﬁc@mf a{?ﬁ%mg%mg%wﬁ%nt to
about 3 weight percent hydrogen, from about 15 weight percent to about 25 weight percent water, from

about 60 WEiGRRYRSFERFHAD SEHBTAT SN EE Y HERSSAT R GRANERR: G NARAT 6 RT SHREIMIHERTRRYGE volatile

byproductgsughasacsetohandbrepandle 2ATRINGNRW. IDEIGLER, Anthar s dlusiiated 8s apparatus
200 that may also be used to carry out a process according to the present invention. Apparatus 200, in

addition 68 E8ipAEML 8 S5heHARR Yo ifateeL Lt ddtittsiar eoMidtin Ldparatsr 8 and
cooler 9. Thereary peneiatsithal-appas allls 20 bak in eemyban sih spparsusidd afesaxpected to
perform in sub§t Qtiall / t‘the Same manner ]anghat ubstagtially thﬁ sam j:ondititonsthas dti Ct{ssed
above in CBRARECTION With lleig%are Pr2EENRd will not pe 'disctisded further hietémbelow. 5ap8|y flquid
separator Btdasisableretyitg. at least partially separate the effluent from reactor 3 into a vapor stream
and a liquid stre without changing.the pressure substantially from the pressure within reactor 3.
The reaction prodtEl Colh LU By e oo oo a e Tl BT ReE MENR IR
cooler 9 ardeissexprttédi4occohtzast pbopyTéfie iy cotnwhtat, 83ydrdeetio88eindihyipsadutkswivtore

pam‘z‘b"a”XpéQﬁzE%%‘JQ&h%KQH'&‘BSJE&HI% Ak Vo&&@?!&%?dé’é ISR aRRILA0 Welbt Beirent propylene

glycol, from about 1 weight percent to about 10 weight percent hydrogen, from about 50 weight

percent to-abdties0 Arsigiat'paredritayiiethoan arihedismnaineldr erbre iRy s syproda tr! rPerRntERiperature
within cools QRrefRrabnis S4Gh thatcsubstanialy bt ibayeackionaredu st aepRkin geBdensed, e.g.,

at a temperature of less than about 100C. The liquid condensed WO .
2009/111 38 PEAI SPTOENEI5E05 HUEHEF 9 Ts hatisketredBPiE sridudy fEXBRRIFEHRYGUGh line 24,

while hydrgganfreed:af epadansipiedinuids Gam bBesieayalesk§0.peacton Bathrougivline ab3uorL.5 _
alternative&I%/ disposed of through line 24. Vapor liquid separator 8 is quidIg COliﬁzlgd with vapor liquid

separator MRASARRSYZ Mha the BrisenvH B adne SId e SRSaLNR SPARBIPRGUTRF S&p4itor 8 is
transferreghienvaperdigsid Sepatedobdb thrrelyycbhenapotidiqufict sepasatar 4sacteienseparaietthe
reaction prgdutcstzsfrom reactor 3 into liquid and vapor portions, via a reduction in pressure on the
reaction p?o%c Stream, as described in connection with apparatus 100. Finally, Figure 3 shows an
apparatus 300 usefutdosqeerforsoingntivea e ragariatibwitr doeggefid Otive tresamntimbentialte ahe

particularly, for performing thaf smbediment of the Inyenfion WRRIEIN, e nonagueous solvent
30 comprises a reaction product, itis preferably combined with the glycerin prior to the introduction of
hydrogen, and even more preferably, the nonaqueous solvent comprising a reaction product is
combined with the glycerin feedstock prior to its introduction into the reactor. In such
embodiments, the nonagueous solvent/reaction product may act as a diluent to the hydrogenation

reaction, absorbing excess heat, and assisting in minimization of temperature variation within the

6



crude glycerin is desirably utilized as a starting material, rather than refined or purified glycerin. In
addition to those components disclosed and described in connection with Figures 1 and 2, apparatus
300 compr%@sz@f‘%g?@%ctant feedstock 40, line 27 and distillation columnPﬁ%f%?ﬂ%{%’r@de reactant
(in this instance of glycerin, containing typically 1-4% salts, in addition to methanol and water) can
15be usedetSBupLlernEmtdh ¢ spRREFEEtARE B BofdEathFIERCRATE foaa stk PUhitrfotherwise would

desirably cRRPLISEIESSHIAR0 AYERMAMINABLST the opitARRratigRQt@pparatus 300, a portion of the
propylene glycol in product receiver 6 is withdrawn through line 27 and mixed with crude glycerin

provided by crud@rsatiiafigseasietreagionecghiterihhdiopyrerre e rhR mis8 e ditaniRg water and
other lightsoii@mdoathstiaciiliea20g oedmandwapyEanenglyohis i actionatastnislistitaden column
41. The water and ,othEr Iight components ﬁrom_ bot _stre?ms ?}%er\‘(zvithdrawn overh§ad while the
bottorhs prOPYIEHE gty RS IFINEETH Rtk TR FYCHA GUHIRPSY R §1E B8 SRR TS G AR R AR dFi5iter and
lights. Advamtageietsyhidihapelativieby douwy boting quontahthadqaropylére gljeot{ 185 miakes it possible
to remove the water and lights oyerhead without osing the glycerin to excessively high
temperat e G e et ol e e e B S A the fash
evaporatoﬁaﬁotuﬂemseﬁa@iywhmewwwgemasdéw s ﬂl@iﬁﬁkmmﬁgma@be obtained, due to the
absence of watef, qr other, lights, The Aiesanse;of Rigpyiens alyeol additionally. belps,io gvaporate the
less volatile glycerin. The overhead vapor of the flash evaporator when condensed is substantially free
of sdifs arfdastisernsiwblatitey aintiectd ifenfdaanayeisten B eds repYdueusbrae el 3oshassy purified
glycerin proyideshby-eactantdisedeioth cuSaliseand.alhss panvelalissas wel a5 somsHaagion of

glycerin, may be discharged through line 31 and disposed of. The reaction product composition
present in“prE&Iet Fes eV B) PRI B AT BF ditiety A5 sarabins 4 otd bt setfhairdEeirapEomprise

propylene;glyol (fermeahauid] Qweighs ek teabaus SRIwaiaht percsn) ardwalan{from about
18% to about 23%), and may also comprise trace WO 2009/111352PCT/1JS2009/035605 amounts of
unreactedIREST 123HMATRUIGH DEOHSICERENHE BtaRoFARBROBEAG F SRitF e B0 "M@ other
reaction bypyomk 60k e e dirtes mAregacinarprodust previsiea kyibeduarassotibeprasent
invention is (Euitable for di(rj ct use as an endsp{odttjct in many %%plic%ti?ns}‘ how?ver, ang if desired, the
reaction pfBUERTE Ry be Yeri VR IHrSliGR e 8 ahd RFtHer proceseed 18 iake sRaditonsal hd
products. WempaiativeuExam ple ihtrbhis deactitr wasido pecti thiistatethexaddition of a minor amount,
e.g. 5 weight pegcent,, . walep, on {he conversionyale, and selectvity. of & conveptiong) hydrogenation
reaction wherein golycerin iS eswaﬁ?y converted Po prop?/Tene gﬁ/co . %Bpg of a copper catalyst,
BASF Cui28dgt 20 bartiseshinaisdoadeciritatan it jaekétedrarctor2i52 orx odye83ubadeddd. The
catalyst w. lvat . purg ith, nitr | i i e reactorto a
ot A B e R IS e miroger
purge and thévenintemrentiperanaenarstld thoabotrvEsiehal pafed i gunbups iin8YE seveehydrogen

content in the HILOGENRIGR-SIFRAMMADIIIRABES IR-aRAULLAYnd TR IRRNES IR SR BRIOLss
temperature was maintained at about 185-190C for another 24 hours, and then cooled to 150C. A

liquid feed>CBMRESRFIY HPEBURLGR CEFHTEIS PodraTIBIANIE PO BHIP§ I8 GyBaY RertrBRadwth500)
was initiatedd@idhe 1 eRGIRIAH R £ 3le- 581 -BaIBE OF dd Qe /e dpdl b ke enG S Yitanr20100% hydrogen
gas flow at a rate of about 315 sccm. After three hours, the reactor temperature was raised to about

195Ghe [E0MHE Rftdtel toaisotite 75 mels dn i tHefitid reB arrlted Bweredite 8 18t sBtPoint of

about 0.5 mlimilycerin rdilee 45 Beedspedanefatiopstanmdy sistabiigsesHtaaiups et ugistigRorshowed

an average Ié/cerin conversion of 80% and average molar selectivity to propylene glycol of about 89%
bvera as & starting material.

Additionally, the purification/refinement technigues employed in this embodiment of the
invention may also be less costly than conventional techniques for the purification of crude glycerin,
30  providing further cost savings. More particularly, whereas pure crude glycerin is not particularly
amenabie to distilation, typically requiring the use of wiped film or thin film evaporators in order to
be purified, crude glycerin mixed with propylene glycol can be distilled to remove lightweight
contaminants therefrom. Distillation columns can be less costly both to purchase and to operate

than either wiped or thin film evaporators.



25100 hour period. After 100 hours, under these operating conditions, the liquid feed composition was
adjusted to be about 37.5% glycerol, 57.5% propylene glycol and 5% water, Analysis of the resultant
product strAh P ¥REWE %an average glycerin conversion of 67% and an avg%gsr?ég%?sgg?éctivity to
propylene glycol of 89% over a 70 hour period. The complete results for this example are shown in
Table 1, below. 3@3W@?OWMT@%@P@TM%@%WGGS“TWBEE‘EL”GO%’?;”I%@M%O%@@

feed37.5% Glyearalis 615%: Rief 2 ¥oor2ontasehE RUESIOR RRREZE 84 3881 AV 864 §6oe893n899 915 Av.
Temp (C) 198 197 197 197 197

s0, may desirably be removed. Any nonaqueous solvent remaval technique can be utilized for this
purpoase, the suitability of which will depend on the boiling point of the nonagueous soivent relative
5  tothe reaction product stream. Those of ordinary skill in the chemical engineering art are well
versed in such techniques and capable of selecting and implementing one appropriate based upon
the nonagueous solvent utilized if removal of the same is desired or required.
Several catalysts are known that are suitable for hydrogenation processes. These include
catalysts at least minimally useful for facilitating the breaking of carbon-oxygen or carbon-carbon
10 bonds required in the processes, such as those including elements of the subgroups from Group |,
Group VI, and/or Group VI on the periodic table. More particularly, suitable catalysts for
hydrogenation processes include those comprising metals such as chromium, cobalt, copper, nickel,
palladium, platinum, rhodium, ruthenium, tungsten, zinc and combinations thereof.
Suitable catalysts can differ in their reaction temperature requirements as well as the
15 selectivity for particular hydrogenation prodﬁcts, and can be chosen accordingly. Additionally,
catalysts exhibiting an open structure, with a minimum micropore volume, and a relatively large
surface area as compared to conventional catalysts, may be particularly useful to at least partially
avoid mass transfer limitations that may otherwise plague catalysts used in hydrogenation reactions.
in those preferred embodiments of the present invention wherein glycerin is desirably hydrogenated
20 toprovide, e.g., propylene glycol, a copper-containing catalyst can be advantageously utilized, and of
these copper chromium catalysts provide good selectivity toward propylene glycol in such processes.
Exemplary suitable catalysts include those containing copber as an active component, such
as those prepared from copper zinc alloys, copper-zinc oxides (Cu/ZnQ), copper-aluminum oxides
(Cu/ALOs), copper zirconium oxide, (Cu/Zr0,}, copper on carbon {Cu/C) and copper silicon dioxide
25 {Cu/Si0;), Other transition metals, including barium, manganese, zirconium, cerium, and the like, in
the form of their oxides may be combined with such copper-based catalysts in small amounts if
doing so is expected to provide improved catalyst properties. Suitable catalysts may also include
reaction promoter co-metals, e.g., chremium, cobalt and zinc, if the same is expected to be
beneficial.
30 One preferred class of copper-containing catalysts is that comprising the copper chromite
catalyst {Cu0),(Cr,0s),, generally commercially available. The nominal compositions of copper
expressed as CuO and chromium expressed as Cr,0; may vary from about 60-99 wt % of CuO and 1-

40 weight percent of Cr.0;. Preferred compositions are those containing about 85-99 copper and



197 196 197 197 198 Pressure(kPa) 2.83 2.76 2.85 2.78 2.81 2.83 2.78 2.69 2.79 2.73 H2 flow .

(sccm) 316 318 317 317 315
WO 2669/111352 PCT/US2009/035605

about 1-15 weight percent chromium. Typically, the surface area of these catalysts may be greater
than about 50 m*/g, greater than about 60 m*/g, or even up to about 70 m‘g.

[t has now been surprisingly discovered that the utilization of a low, and in certain

embodiments, almost no micropore volume catalyst, may also advantageously be utilized in the
5 present inventive process. More particularly, the use of copper aluminum catalysts, Cu/Al ~50-

55%/50-45% with low, or substantially no micropore volume, has also been found to provide.the
present process with glycerin conversions of at least about 50%, or even up to about 60%, and
selectivities to propylene glycol of greater than about 80%, or even greater than about 90%, or even
greater than about 95%. Preferred catalysts among these include those having a total surface area

10 of at least about 10 m?/g, or at least about 12 m’g, or up to about 15 m’/g or even greater. Many
such catalysts are commercially available, and one example of these is commercially available frdm
W.R. Grace under the tradename Raney®.

Turning now to Figure 1, there is illustrated one configuration of an apparatus that can be
utilized to carry out the present inventive hydrogenation process. HMydrogenation apparatus 100

15 includes hydrogen feedstock 1, reactant feedstock 2, reactor 3, separator 4, condenser 5, and
product reservoir 6.

In use, hydrogen and feedstock are provided to reactor 3 from hydrogen feedstock 1 and
reactant feedstock 2, respectively, where they come into contact in the presence of a catalyst to
form reaction products that are discharged from reactor 3 to vapor liguid separator 4 through line

20 12. Although the exemplary conversion of glycerin to propylene glyco! will be used in the discussion
of Figure 1, the inventive process is not s.o limited, and any hydrogenation process can be conducted
by apparatus 100.

Hydrogen is provided from hydrogen feedstock 1 to reactor 3 via hydrogen line 10 ata

pressure sufficient to provide disselved hydrogen in the liquid phase to react with glycerol, or at a

25  pressure from at least about 1.5MPa to about 8MPa. Hydrogen is desirably provided in a molar
excess of that required for the hydrogenation reaction, or in amounts of from about 1.2 times to
about 25 times the molar requirement for the hydrogenation reaction.

Glycerin Is provided from reactant feedstock 2 to reactor 3 via reactant line 11, at a rate of
from about 0.04 weight hourly space velocity{(WHSV} to about 1.0 WHSV at a temperature of from

30 about 140°C to about 20(5°C, and at a pressure of from about 1.5 MPa to about 8 MPa. In the
apparatus shown in Figure 1, the glycerin provided from reactant feedstock 2 should desirably be
somewhat purified, i.e., will desirably not contain more than about 0.1% of any substance that

cannot be vaporized,



317 316 318 334 315 Liquid flow (g/min) 0.57 0.56 0.57 0.56 0.57 0.64 0.64 0.64 0.63 0.63 Glycerol
conversion 86% 80% 78% 79% 77% 80% 67%
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WO 2009/111352 PCT/US2(09/035605

Reactor 3 can be any reactor suitable for carrying out a hydrogenation process, and
advantageously, because the heat of the inventive process is sufficiently managed, can be an
adiabatic reactor. Although the conditions within reactor 3 will vary depending on the type of
reactor in use, and further can be purposefully varied 1o drive the hydrogenation toward formation
of a particular reaction product, in that embodiment of the invention wherein the reactoris an
adiabatic reactor, and glycerin is being preferentially converted to propylene glycol using a copper
chromium catalyst, the temperature within reactor 3 can be from about 140°C to about 250°C. The
pressure in the reactor will desirably be sufficient to keep glycerin and most reaction product in the
liquid phase but not so high that conversion rate and/or selectivity suffer, and is thus desirably from
at least about 1.5 MPa to about 8 MPa.

Reactor 3 may include an amount of catalyst, provided in any format wherein contact
between the reactants and the catalyst is facilitated to an extent so that the catalyst is able to at
least marginally assist in the hydrogenation reaction, as by lowering the reaction temperature,
increasing the reaction rate, etc. Typically, any catalyst is provided in packed or fluidized beds, and
in those embodiments of the invention wherein reactor 3 comprises an adiabatic reactor, any
catalyst may preferably be provided in fixed beds. Advantageously, the reintroduction of recycled
reaction product liquid, combined with glycerol is expected to ameliorate any high temperatures
that may otherwise occur with the fixed provision of catalysts within a reactor.

Vapor liquid separator 4 acts to separate the reaction product from reactor 3 into liquid and
vapor portions, typically via a reduction in pressure on the reaction product stream. Vapor liquid
separator 4 is desirably operated at conditions that will drive the desired amount of water and
propylene glycol into the reaction product vapor and that minimize water in the reaction product
liquid. Generally speaking then, the pressure within vapor fiquid separator 4 may be from about 0.1
MPa to about 0.5 MPa or even from about 0.05 MPa to about 1.5 MPa. Desirably, vapor liquid
separator 4 may be thermally coupled to with reactor 3 so that that the heat of reaction of the
hydrogenation reaction can assist in driving the separation, although it may be necessary 1o add heat
to or remove heat from the vapor liquid separator to obtain the desired separation and/or 1o ensure
that the amount of evaporated product in stream 13 balances with the glycerin feedstock. Typically,
the temperature within vapor liquid separator 4 will be from about 120°C to about 200°C, or from
about 140°C to about 170°C .

The reaction product liguid may then be preferentially recycled to reactor 3 through stream
16 or optionally discharged from vapor liquid separator 4, via line 17 to product reservoir 6. In
preferred embodiments of the invention, substantially all the liquid from the vapor-iquid separator

4 is recycled to the reactor 3 through line 16, and the flow through line 17 is low, and may even be

10



67% 67% 68% 67% 67% PG selectivity 85% 89% 92% 90% 89% 89% 89% 88% 88% i 93% 87% 89%
5This example_thus shows that the addition of 5% water resulted in a decrease in%%lgce[in conversion
to propylen %ﬁ?@gﬁ]&lfﬁ%ugh selectivity remained constant. Example 2 fe was

conducted to illustrate the productivity, glycerin conversion and PG 10selectivity achieved when the
hydrogenatin Yot s Sriiseratirgrtim el it sherridesas e B SAtivRIsaRS ot e hntt hoxsHd as the

nonaqueogths@lyenbl 3éhgeeich CORPGE ChioRY b Ratalysb  QBReOILIVIRTHIBYGHBST. eifAs: laaged into a
fixed bed oil jacketed reactor. The catalyst was activated at 185-200C with 5% hydrogen in nitrogen.

The reactdP 15 68 REY Dt ST B RRIP B82S A WSt Wit B A6 3006 (I EefifPii®C at a

rate (streams 16 and 17) contains almost all the glycerol not converted in the reactor 3, and may also
5 comprise propylene glycol, water, and byproducts. More particularly, the reaction product liquid
may likely comprise from about 60 weight percent to about 80 weight percent propylene glycol,
from about 5 weight percent to about 35 weight percent glycerin, by products such as acetol,
propanol and ethanediol in amounts of from about 1 weight percent to about 5 weight percent and
no more than about 5 weight percent water.

10 Reaction product vapor is discharged from vapor liguid separator 4 through line 13 to
condenser 5 where it is cooled to form a condensed reaction product that is discharged through line
15 to product reservoir 6. Any noncondensables, likely comprising mostly hydrogen and potentially
including minor amounts of water vapor, are discharged through line 14 for disposal, or recycled via
line 18 and combined with hydrogen in hydrogen line 10. The reaction product vapor is expected 1o

15 contain primarily water, propylene glvcol and hydrogen. More particularly, the reaction product
vapor may likely comprise from about 0.5 weight percent to about 3 weight percent hydrogen, from
about 15 weight percent to about 25 weight percent water, from about 60 weight percent to about
75 weight percent propyiene glycol,and small amounts of volatile byproducts such as aceto] and
propanol. _

20 Turning now to Figure 2, there is illustrated an apparatus 200 that may also be used to carry
out a process according to the present invention. Apparatus 200, in addition to the components of
apparatus 100, includes an additional vapor liquid separator 8 and cooler 9. The components that
apparatus 200 has in common with apparatus 100 are expected to perform in substantially the same
manner and at substantially the same conditions, as discussed above in connection with Figure 1,

25 and will not be discussed further hereinbelow.

Vapor liquid separator 8 desirably acts to at least partially separate the effluent from reactor
3 into a vapor stream and a liquid stream, without changing the pressure substantially from the
pressure within reactor 3. The reaction product vapor separated by vapor liquid separator 8 is
discharged through line 23 to cooler 9 and is expected to contain propylene glycol, water, hydrogen,

30 and byproducts. More particularly, the reaction product liquid may likely comprise at least about 40
weight percent propylene glycol, from about 1 weight percent to about 10 weight percent hydrogen,
from about 50 weight percent to about 60 weight percent water, and the remainder made up of
byproducts. The temperature within cooler 9 preferably is such that substantially all of the reaction

product vapor is condensed, e.g., at a temperature of less than about 100°C. The liguid condensed

11



150f 0.25 mL/min. A productivity of 0.12 g PG/(ml catalyst-hr) was achieved at 88% glycerin
conversion and with 88% PG selectivity. The feed was switched to 12% PG, 26% alycerin and 62%
dioxane and tHEHOWIate doubled to 0.50 mL/min. Productivity increased F’o‘f&ﬁélg %&3/??%? catalyst-hr)
at a glycerin conversion of 85% and with a PG selectivity of 99%. The results of this experiment are

summariz8d9R!rabieEnEaIe, e sredy thist theetiSe P g ane heitle MehegRadBird Soivent in 20the
present praeasssiastibeddasulsiantiabiidhessamepiycerimmeanysrsian: hullwithseHastantiabiasreases
in both productivity and PG selectivity. TABLE 2 30% glycerol/60% PG feed26% glycerol /12%
P6/62% diB%4fe feed Hours 1 46.7 68.2 97.3 140.7 164.1 166.71 172.71 215.2 218.5 220.9 Temp (C)
202.7 202.9 202\2:262: 2021226049 i20didby 20bpied with vapor liquid separator 4 via line 22, and the

5 reaction product Higuid separated in vapor liquid separator 8 is transferred to vapor liquid separator
4 thereby. The vapor liguid separator 4 acts to separate the reaction product from reactor 3 into
liquid and vapor portions, via a reduction in pressure on the reaction product stream, as described in
connection with apparatus 100,

Finally, Figure 3 shows an apparatus 300 useful for performing the hydrogenation process of

10  the present invention, and particularly, for performing that embodiment of the invention wherein
crude glycerin is desirably utilized as a starting material, rather than refined or purified glycerin. In
addition to those components disclosed and described in connection with Figures 1 and 2, apparatus
300 comprises crude reactant feedstock 40, line 27 and distillation column 41, so that crude reactant
(in this instance of glycerin, containing typically 1-4% salts, in addition to methanol and water} can

15 be used to supplement or replace reactant provided by reactant feedstock 2, which otherwise would
desirably comprise less than 0.1% contaminants.

In operation of apparatus 300, a portion of the propylene glycol in product receiver 6 is
withdrawn through line 27 and mixed with crude glycerin provided by crude reactant feedstock 40.
The glycerin / propylene glycol mix, also containing water and other lights from both the crude

20 glycerin and propylene glycol, is fractionated in distillation column 41, The water and other light
components from both streams are withdrawn overhead, while the bottems propylene glycol/
glycerin mix is discharged through line 28 and is dry and free of water and lights. Advantageously,
the relatively low boiling point of the propylene glycol (185°) makes it possible to remove the water
and lights overhead without exposing the glycerin to excessively high temperatures.

25 The propylene glycol / glycerin mix discharged through line 28 is fed to the flash
evaporator/condenser 12, where a vacuum as fow as 10-30 mmHg can be obtained, due to the
absence of water or other lights. The presence of propylene glycol additionally helps to evaporate
the less volatile glycerin. The overhead vapor of the flash evaporator when condensed is
substantially free of salts and other nonvolatiles and can be fed into reactor 3 to replace some or all

30 of any burified slycerin provided by reactant feedstock 2. Salts and other nonvolatiles, as well as
some portion of glycerin, may be discharged through line 31 and disposed of.

The reaction product composition present in product reservoir 8, in the case of either
apparatus 100, 200 or 300, will desirably comprise propylene glycol (from about 70 weight percent

to about 80 weight percent} and water (from about 18% to about 23%]), and may also comprise trace

12



204.9 205 Pressure(kPa) 2.83 2.88 2.85 2.90 2.91 2.811 2.84 3.01 2.80 2.89 1-12 flow (sccm) 53.8 53.7
53.7 53.7 53.8 53.6 53.7 53.6 53.7 53.7 Liquid flow0.290 (g/min) 0.267 0.2380.265
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amounts of unreacted glycerol, 1,2-ethanediol, alcohols such as ethanol and propanol, and acetol,
and other reaction byproducts or intermediates. A reaction product provided by the process of the
present invention is suitable for direct use as an end product in many applications, however, and if
desired, the reaction product may be removed through line 19 and further processed to make

additional end products.

Comparative Example 1

This reaction was done to illustrate the addition of a minor amount, e.g., 5 weight percent
water, on the conversion rate and selectivity of a conventional hydrogenation reaction wherein
glycerin is desirably converted to propylene glycol.

400 g of a copper catalyst, BASF Cu-1234, 10-14 mesh was loaded into an oil jacketed reactor
(2.54 cm od x 83 cm long). The catalyst was activated by purging the reactor with nitrogen, and
while purging, heating the reactor to a temperature of about 136° C. At this temperature, hydrogen
{about 5% v/v) was added to the nitrogen purge and the reactor temperature raised to about 185°C.
Aftef 20 hours at 185°C, the hydrogen content in the nitrogen purge stream was increased to about
10% v/v. Thereafter the reactor temperature was maintained at about 185-190°C for another 24
hours, and then cooled to 150°C.

A liquid feed composition of 60% glycerin{USP Grade)} and 40% propylene glycol {crude
grade, 95%) was initiated to the reactor at a rate set point of 1.0 ml/min, upflow, in concert with a
100% hydrogen gas flow at a rate of about 315 sccm. After three hours, the reactor temperature
was raised to about 195°C the pressure adjusted to about 2,75 MPa, and the liquid feed rate
fowered to arate set point of about 0.5 mi/min.

After 745 hours of operation, analysis of the resuitant product stream showed an average
glycerin conversion of 80% and average molar selectivity to propylene glycol of about 89% over a
100 hour period.  After 100 hours, under these operating conditions, the liquid feed composition
was adjusted to be about 37.5% glycerol, 57.5% propylene glycol and 5% water. Analysis of the
resultant product stream showed an average glycerin conversion of 67% and an average moiar
selectivity to propylene glycol of 89% over a 70 hour period. The complete results for this example

are shown in Table 1, below.
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0.250 0.518 0.541 0.519 0.533 0.530 Productivity0.073 (g PG/g-hr) 0.091 0.080 0.086 0.085 0.226
0.172 0.146 0.151 0.148 Glycerin conversion 75% 89% 88% 88% 88% 85% 85% 76% 75%

WO 2009/111352 PCT/US2009/035605
TABLE1
60% givcerol/40% PG feed 37.5% glyceroi/57 .5% PG/5% H,0

feed
Hours 755 | 820 | 827 | 843 | 851 | Av. 867 | 875 | 891 | 899 |9i5 | Aw.
Temp {°C) 198 197 197 | 197 197 ' 197 | 186 | 197 | 197 198
PressuretkPa) | 2.83 | 2.76 | 2.85 | 2.78 | 2.81 2.83 | 2.78 | 269 | 2.79 | 2.73

Hs flow 316 | 318 317 | 317 | 315 317 | 316 | 318 | 334 | 315

{sccm)

Liguid flow 057 1056 057 |0.56 | 057 0.64 | 064 | 064 | 0.63 | 0.63
{g/min}
Glycerol 86% [ 80% | 78% | 79% | 77% | 80% | 67% | 67% |67% | 68% [ 67% | 67%
conversion
PG selectivity § 85% | 89% | 92% | 90% | 89% | 89% | 89% | 88% | 88% | 93% | 87% | 8%

5 This example thus shows that the addition of 5% water resulted in a decrease in glycerin

conversion to propyiene glycol, although selectivity remained constant.

Exampie 2

This example was conducted to illustrate the productivity, glycerin conversion and PG
10 selectivity achieved when the hydrogenation process of the invention was conducted as a
cantinuous process with dioxane as the nonagqueous solvent.

34 g of a copper chromium catalyst, Johnson-Matthey 60/35T, was loaded into a fixed bed
oil jacketed reactor. The catalyst was activated at 185-200°C with 5% hydrogen in nitrogen. The
reactor was operated at 203°C-205°C and 2.86-3.10 MPa with a feed of 30% glycerin in PG at arate

15 of 0.25 mi/min. A productivity of 0.12 g PG/{ml catalyst-hr} was achieved at 88% glycerin
conversion and with 88% PG selectivity. The feed was switched to 12% PG, 26% glycerin and 62%
dioxane and the flow rate doubled to 0.50 mL/min. Productivity increased to 0.24 g PG/{ml catatyst-
hr) at a glycerin conversion of 85% and with a PG selectivity of 89%. The results of this experiment
are summarized in Table 2, below, and show that the use of dioxane as the nonaqueous solvent in

20  the present process resulted in substantially the same glycerin conversion, but with substantial

increases in both productivity and PG selectivity.
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76% PG selectivity 76% 89% 88% 85% 90% 139% 101% 99% 100% 99%
measurements were taken during the feed transition, the measurements at 215.2, 218.5 and 220.9 are
representative of steady state conditions 5 Example 3
the glycerin conversion and PG selectivity achieved when the hydrogenation process of the invention
was conducted as a batch process with various nBi#gi#eous solvents. 10A Johnson Matthey Pricat
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initial moles

This example was conducted to illustrate the glycerin conversion and PG selectivity achieved

when the hydrogenation process of the invention was conducted as a batch process with various

nonaqueous solvents,

A Johnson Matthey Pricat 60/35T copper chromium catalyst was activated by passing a 5%

hydrogen/nitrogen gas stream at 100 cc/min over the pellets at 185°C for about 16.7 hours, and

then for 2 hours at 200°C in a horizontal glass tube. The cooled, sealed glass tube containing the

catalyst was transferred into a dry box and the catalyst transferred into a storage bottle.

The reactor utilized was a standard 300 mi stainless steel Parr high pressure reactor

equipped with an air dispersion (hollow shaft) cruciform stirrer, a dip sampling tube, a catalyst

basket and an internal thermocouple. The nonagueous solvent was mixed with givcerin at a

solvent/glycerin weight ratio of 70/30 and approximately 120 mL of this mixture added to the

reactor. The reactor was loaded with 18 g of activated catalyst under inert atmosphere. The sealed

reactor was removed to the laboratory and flushed (pressure/vent) four times with 446 kpa (50 psig)

nitrogen, then once with 2859.2 kpa (400 psig) hydrogen. The stirrer was started, the reactor was

pressurized with hydrogen to 400 psig at room temperature and heated to 200°C. The pressure was

maintained at 2859.2-3548.7 kpa (400-5Q0 psig) for the 10 hours run time.

Analysis of the resulting reaction product was conducted with a gas chromatograph (HP

6890) equipped with a flame ionization detector. Conversion was calculated as follows: Conversion

= 1-{moles giycerin charged/moles glycerin remaining). Selectivity was calculated as foliows: {final

moles PG —

nonagueous solvents tested are shown below in Table 3.

15

initiai moies PG)/(initial moles glycerin— final molies glycerol). The results for each of the



WO 2009/111352PCT/US20091035605 TABLE 3 Nonaqueous Solvent Productivity (g PG/(g
catalyst/hr)) Glycerine Conversion 1 PG Selectivity Weight percent OH in solvent Hydroxyl eq. wt.
Propylene%l? PYH1%E1 79 42 38 Dipropylene Glycol 0.129 82 87 25.3 é’f{/ﬁﬁf’ ﬁiﬁgﬁ{é glycol
methyl ether 0.148 99 87 11.5 148 Tripropylene q_lxgé)El 3(nethyl ether with 11 weight

Nonagueous Productivity - Glycerine PG Selectivity | Weight Hydroxyl eq.
Solvent {g PG/{g Conversion percent OH in | wt.
catalyst/hr}) solvent
Propylene 0.114 81 79 42 38
glycol
Dipropylene 0.129 82 87 25.3 67.1
Glycol
Dipropylene 0.148 99 87 11.5 148
glycol methyl
ether
Tripropylene 97 87 12.2 188
glycal methyl
ether with 11
weight
percent PG
Triethylene 0.055 : 40 70.6 22.6 75
glycol _
Triethylene 0.103 65 : 80.7 10.4 164
glycol methyl
ether
Polyethylene 0.113 61.7* 94 85 200
glycol (400 wt,
av. mw)
Polyethylene 0.153 93 87 3.1 550
glycol methyl
ether (550 wt
av mw)

* Only 15.5 g activated catalyst were utilized in the example — extrapolating to 18 g, the

conversion should be about 71.7%

5  This example thus shows that nonagueous solvents with a lower weight percent OH in solvent, and
thus a higher hydroxyl equivalent weight, can provide increased conversion and selectivity as
compared to propylene glycol. This example also shows that ethers provided better conversion and
selectivities than the corresponding glycols, i.e., triethylene glycol methyl ether provided better
conversion and selectivity than triethylene glycol.

10 Exampled
This example was conducted to illustrate the glycerin conversion and PG selectivity achieved
when the hydrogenation process of the invention was conducted with a catalyst having little or no
micropore'volume and a surface area of greater than or equal to about 10 m*/g.
A fixed bed reactor {1/2" diameter stainless steel tubular reactor) was loaded with 15 g of
15  Raney® copper {W.R. Grace) 8-12 mesh, and having a total surface area of about 12 m*/g. The area
above and below the catalyst bed was filled with sand and the reactor was heated to 185°C under a

hitrogen flow to thoroughly dry the catalyst.
16



percent PG 97187 12.2 188 Triethylene glycol 0.055 40 70.6 22.6 75 Triethylene glycol methyl ether

0.103 65 80.7 10.4 164 Polyethylene glycol (400 wt. ay. mw) 0.113 61.7* 94 8.5 200 Polyethylene
glycol metﬁyp&ﬁ‘?f‘(}é%zwt av mw) 0.153 PCT/US2009/035605

The reactor was fed 5% hydrogen in nitrogen at 255 scem for 12 hours, at which time the
feed was switched to 100% hydrogen at a flow rate of 79 scem and the reactor pressurized to about
400 psi, or about 2.75 MPa. At 47 hours, a liquid feed comprising 30% glycerin in propylene glycol
and at a flow of 0.35 ml/min was initiated. After 76 hours run time the temperature was raised to

5 190°C and after 100 hours raised to 200°C. Glycerin conversion and PG selectivity for this flow rate
are shown in Figure 4. As shown, glycerin conversion is from ahout 18% to about 27%, with a PG
selectivity of about 95% + 1%.

At 214 hours, the liquid feed rate was reduced to 0.25 mb/min, and lowered again to 0.10

rmt/min at 292 hours. At 331 hours, the H, flow was reduced to 26 scem. Glycerin conversion and
10 PG selectivity for these conditions is shown in Figure 4. As shown, glycerin conversion is from about
50% to about 60% with a corresponding PG selectivity of about 96% £ 1%.

At 772 hours, the liquid feed was changed to 30% glycerin in dipropylene glycol. The data
for the first 1500 hours of operatic;n of this exemnplary process is shown in Figures 5-7. As shown in
Figure 5, with propvlene glycol as the solvent the glycerin conversion increased to about 60%. As

15 shown in Figure 6, when the solvent was switched from PG to DPG there was an initial increase in
glycerin conversion to about 80%, however the glycerin conversion declined over time to about 65%.
As shown in Figure 7, the glycerin conversion was increased to about 80%, with no significant change
in selectivity (96%) by raising the reaction temperature to 210°C. As aiso shown in Figure 7, a further
increase in glycerin conversion to about 95% was achieved by raising the reaction temperature
20 further to 220°C. At 220°C there was a decline in propylene glycol selectivity to about 93%. Finaily,
and as also shown in Figure 7, switching the feed to 30% glycerin in water at 220°C resulted in lower
glycerin conversion {~ 50%)} and lower propylene glycol selectivity {84%}, once again itlustrating the

negative impact of water on propylene giycol productivity.

17



93 87 3.1 550 * Only 15.5 g activated catalyst were utilized in the example - extrapolating to 18 g, the
conversion should be about 71.7% 5This example thus shows that nonaqueous solvents with a lower
weight percent OH in solvent, and thus a higher hydroxyl equivalent weight, can provide increased
conversion and selectivity as compared to propylene glycol. This example also shows that ethers
provided bett¥fecHPersion and selectivities than the corresponding glycols, i.e., triethylene glycol

methyl ether providag-baitararipe@Esion Rpekselertivitithan triethylene glycol. 10Example 4 This
example was conducted to illustrate the glycerin conversion and PG selectivity achieved when the

hydrogenation procéds of tREMAVERRFFIERS EEHARELPAHAT & SAtaR/SieHaMhy IfNZABEHE micropore
volume and asusfage arer afigigater than or equal to about 10 m2/g. A fixed bed reactor (1/2"
diameter stainless s{gel tubular reactor) was loaded gith %5 g of 15 Rane¥* copper (W.R. Grace) 8-12
mesh, and having a tal sGFECE ARAOIABEUES YA T RE G LRD ST ER BERSR tHe tatalyst bed
was filled witlrrsamd-anthtteareactomuanbaated t 6ABBCcopee ithitragemiflewctaibaradghly dry the
catalyst. WOf 200394%%&%%2P%T{: _%%)09/035605 The reactor was fed 5% hydrogen in nitrogen at
255 scem for 12 ours, at Whichtime the feed was switched to 100% hydrogen at a flow rate of 79
sccm and the reactolcpressgnirsthtaabau 400t osi 0O mbeate 2pr&diPa tikt rddchiourspduliquid feed
comprising 3Q% rin i I f.0.35 ml/min was injtiated. After 76 hours
run time the %{%ﬁﬁ%&%@ﬂ%gﬁggﬁ%ﬁgﬁ%? a‘gr?%]ééﬁt%%y?{a tﬁ%%?ép rcéﬁrs#eeaé\{\{%nzo&% . Glycerin conversion
and PG seledtiitggenaiing fRaatigate are shown in Figure 4. As shown, glycerin conversion is from about
18% to about 27%, Wﬁ@r@ir\: @es%'ﬁﬁ%%%mtcgé%isé%'solvent‘%i?ﬁ‘a“'fm@w IWte%!'gHg feed rate was
reduced to 0.25 mL/min, and lowered again to 0.10 mL/min at 292 hours. At 331 hours, ﬁ1e H2 flow
was reduced 0?6 seedt RfesHveBRleFLIvREAR 8T BOPE SBRICHity for these conditions is shown in
Figure 4. As shown, glycerin conversion is from about 50% to about 60% with a corresponding PG
selectivity of about 96% 1%. At 772 hours, the liquid feed was changed to 30% glycerin in
dipropylene glycddl® PIRESIaEE 181 e WREFAB GO HBRAS B bRKraiib ANdftiRiccastimprafiProcess is shown in
Figures 5-7. Asshewadnfigveasfcavith propylene glycol as the solvent the glycerin conversion
increased to about 60%. As 15 shown in Figure 6, when the solvent was switched from PG to DPG
there was an initial increase in glycerin conversion to about 80%, however the glycerin conversion
declined overztirmiestoradzauib 65 Asushesntie Figdtesbuh ighycerin crayersienasinereased to
about 80%, with no significant change in selectivity (96%) by raising the reaction temperature to 210C.
As also shown in Figure 7, a further increase in glycerin conversion to about 95% was achieved by
raising the redctibn temperatced 2D furthen th220EriAts220€ gheeeowas a decline in propylene glycol
selectivity to about 93%. Finally, and as also shown in Figure 7, switching the feed to 30% glycerin in
water at 220C resulted in lower glycerin conversion (- 50%) and lower propylene glycol selectivity
(84%), once agdin ilpsenetrity themugatian dtipactootwatersoliropylene glycol productivity. We claim:

1. An improved hydf%g@%ﬂ%g?g?&%ﬁ%ﬁﬂ&%@%th a nonaqueous soivent to provide a
nonagqueous solvent/glycerin mixture having iess than about 5 weight percent water; and
{b) contacting the nonaqueous scivent/glycerin mixture with hydrogen in the
presence of a catalyst within an adiabatic reactor to preferentially form a propylene glycol
reaction product comprising less than about 17 weight percent water;
wherein the nonaqueous solvent comprises a solvent with a hydroxyl wt % of less

than 45 and a hydroxyl weight equivalent of greater than 30.

6. The process of claim 5, wherein the propylene glycoi reaction product comprises less than

& weight percent water.

7. The process of ciaim 5, nonagueous solvent comprises a reaction product, and prior to

the contacting step, the reaction product/glycerin mixture is subjected to a distiliation step.
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(a) combining a reactant with a nonaqueous solvent to form a nonaqgueous solvent/reactant mixture;
(b) contacting the nonaqueous solvent/reactant mixture with hydrogen in the presence of a catalyst,

comprising at least 50 wt% copper, within an adiabatic reactor to form a reaction product; and (c)
removing at least a portion of any water present in the reaction product with a water removal process
driven at least in part by the heat of reaction of the hydrogenation reaction; wherein the

nonaqueous golygnt comprises a-solvent with a hydroxyl wt % of less than 45 and a hydroxyl weight
equivalent of greateﬁr than 30. 2. The)é)gr%g({evgﬁseg{ %%(éji%o ,t?\1'/3hdésrﬁg(—f-;(l?r"jlt HeTERSAN 3%%@/&% if°%5hd the

reaction prod Q¢ REGMPVISESISTORE Kerenglyicl 3 Theapriogessof claim 2, wherein the nonaqueous
solvent comprises the reaction product. 4. The process of claim 2, wherein the glycerin is crude
glycerol. 5. An improved glycerin hydrogenation process comprising: (a) combining a glycerin
feedstock with-a' ABAEGEEAISEBIVe mhRIgRdbRIG @ nE ragpsist i solvemithtycerincamktsirehiaaing less
than about 5 weightiRgresnkaieliRREhper ox(@ contacting the nonaqueous solvent/glycerin mixture
with hydrogen in the presence of a catalyst within an adiabatic reactor to preferentially form a
propylene glycol reaction product comprising less than about 17 weight percent water; wherein

the nonaqueacies saberBtCoBTRINAS AdRaNNItE: A RYEsYad Jepbless han A2 andsa hydroxyl

weight equivaflerg of grea,ter than 30. 6. The process of claim 5, wherein the propylene glycol reaction
product comptSas|ELLRHEREE AR P PAIERELAIR From $hié PREci4d 8F®Iaim 5, nonaqueous solvent
comprises a reaction product, and prior to the contacting step, the reaction product/glycerin mixture is
subjected to a distillation step. 8. The process of claim 7, wherein the product of the distillation step is
subjected to a flash evaporator/condensing step prior to the contacting step. 9. The process of claim
1, wherein the catalyst comprises a copper chromite catalyst further comprising from 60-99 wt%
copper oxide 10. The process of claim 1, wherein the catalyst comprises a copper aluminum catalyst
further comprising from 50-55% copper and from 45%-50% aluminum.
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