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HYDROGENATION PRODUCTS FROM BIDLOGICALLY-BDERIVED
CARBOXYLE-ACID ENTERS

PRIORITY CLAM
3 The presest AppHoatia claims benefit of priovity from U8, Provisional Applestion Na.

SETIN TR, Bled Decomber 28, 2011, the contents of which ave herein inorarporsted.

FIRLD OF INVENTION

The present invention relates 1o 3 process for the prashwtion of cortain chemizals, In
18 partieutarn, the trvestion pertains (o s methud 8 prohucing hvdrogenation products from esters of

sarboxyiic acids,
BACKGROUND
Az valuable and Important chemics! compounds, L4-butanediol (BN asd v-batyrolavinue
{GBL) are employed in many hrdwstrial and cnmmerciaf ases. For instance, BDRO §s an

15 infernwediate that s ueed tn common fndustrial and commercial prodacts, such av polverhier dinds,
urethane polymers, and polyester polymers, or as 2 plinticlzer, & carrier solvent in printiag ks,
and # cleaning agent. A significant sse of GBL is @ 2 chenioal intermediate in the manafacturs of
pyreelidones, Other wes of GBL, besamoe of Hs strong seivency properties, include being & stafn
remover, paint stripper, super-glue remover, o1 o cleansr for clreait boards o elecironics and gh

20 techuology tndusiry. (Hher applicetions include the production of herbicides snd as @ processing
aid in the pyniuction of pharsacenticads,

In copventional induasirial synthesie of BB, as oviginally doveloped by Walter Reppe for
Hx Farben in the 1938, acetylone veacts with two egaivalents of formaldelyde to form 1,4
butynediol, abe kuows av but-Dyne-14-diol. Hydregeastion of L4-batynedind coverts to 4.

35 nganedinl. The reguivements of handing scetviene meant thst for puny vears only § sclept fow
mapufacturers could parform the production of BB, The valve of BDO and s dertvatives
{letrabydvofuran (THE), GBL, ote), bowever, spurred sabstamiisd offirts in new process
development that resulied tn 2 number of additionsd provesses, including batatiene avetonylation
snd alivl aleohol {from propylene oxide} hydveformylation, fogether with various roudes from

30 bulase via maleic anbydride/naleic avid,

faduvtrial synthess of BE according fo the process developed by Davy MeKee Lk,
involves eonversion of hutane-derived maleie acid sabydride via an intermediate methyl vater tn
B Ty particehyr, the Bavy process converts maleic anhydvide (AR to Ld -butanedint (BB,

tevvahyibrofuran {THE) and ganuna Dutyrelactone (GRL) iy three process stages. Fived, molten
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BEAH iy mixed with methano! and reacis exothermivally to form mono-methyd maleate sad using 8
proprietary acidic resin satalyst; iy i converied frove mons to dimethyl madeate (MM This is
hydrogenated tn dimetlnyd suvcingie (MS), and then 2 series of reactions ronverts DMVS o gamma
butyrolactine (GBL} and then to BDO snd THE, Finally crude product i refined to murket
guality BDO and THE by distiflation; methanol b recovered for reovele to the MAH esterification
stage, with BMS and GBL recovered for recyele tn isyﬁregmzai%sﬁo

Eu recont vears, ss buterest bas grown s moving sway from nataral gas or petrochenteal-
gorived hyvdrocarbon sourves, manulscturers have coneentrated on fnding renewable and
sustainable “greea” materisl vesourres. Many have tried to develop 3 process that maveies a
bisdogieally-derived hydracarbon foed soures with g system for synthesizing BBO and s assoelated
dertvatives, bt goae Bave suecesded bn dofug so. At present, the principad way of making
bintogicaltyv-derived carbon resnurces has been by means of fermentation o convert sagars and
other plapt-based carbohydrates info carboxyhe acids. The carboxyle acids are move readily
iransformed buo other chemicals, Cuorvently, the sarboxylic ackds are recoverad from fermentation
broths aa salts instead of as free acids. Several difforent sieps in post-fermentation, dowanstream
processing are required fo bolats the free aclds, to prepars the carboxylie acids for chemical
fransformstion and o convert the raw acids to welul eompounds. These steps have demonstrated
various divadvaniages, incloding hgh cost, generatinn of sigaificant amounnls of byproduci-waste,
and Hmits on cosnomy of sexde fiwr easy high-volanme prodaction.

Heas, a seed axists Tor g belter, muore divect methoed of recovering a varisly of cavbexyiic
acids, such a¢ malic or sucoisde soid, and which can provide g successiul route to combine s
blologicaliy-derived hydrocarbon source with the production of various producty, sach s BB and

fts devivatives, by peans of bvdrogesation.

SUMMARY OF THE INVERTION

The present invention converns, it part, # procsss for produciag ¢ hydrogesation produet.
The process fnvolves: o} obigining o fermentation broth contaluing ot least one free organic acid or
3 mixture of organic ackds, or f foss! one free organic a0id and s assoctated slkall ov alkaline
errih metsd salis of the organie scids; B} drving the formentuiion broth containing free organie
achds inte a powder; and ¢} reacting said organic soid it said powder with an sleobel solvent wadey
g O, simosplere in the substantol absence oof auy sther axirinie catalyst at 2 reaction
femperatire and pressare that corvesponds to sepereritiosd, ovitical or pear eritical conditions for
al least the alcobol, including s mivtare or combination of different aleshndy, oy O, to syuthexize

exters from seid organie acids; 4) bydrogenating st feast one of sadd esters fo form # hydragenation
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prodect therefrom, The hydrogenstion products that can be made by this method feom the
corvesponding free orgasiv acids may inchude, & example, any one or morve of the following: Ld-
butanediol (BB, tetrahydrofurvan {THF), yingtyrolactone (GBL), NomethybI-pyrroidone
{NRPY Ipyrvolidens. The esters weed & provide these Tivdrogenation products can be monsesters,
diesters, oy triesters. Freferably, the ester feed o @ hydrogenation step is comprised of mostly
dissters ov triesters of the organde acids bn the formentation brothk,

From another perspoctive, the present fnvention provides 3 proeess forr generating a carbon
foedatink stream wsing cavbosylie acid esters recovered from o fermentation system that are
subjected to hydrogenatinn

The esterification reaction temperaiure is betwveen about IMPC and aboat 288°C, and the
aperational reaciion prossure s between abont 488 pad and sbout 3088 pai {gage). Depending on
the desived resuliy, the esterifioation rexction can be ruw for shout 4 bours, up o about 12 bours,

in another aspect, the precent invention pertains to a wmethod of processing sw spriculurad
product or bioniass. The method Includes obisining cavhohydrates fronm the sgrisalinral prodist
or bionuess, fermenting the carbobydrales to prachuve 3 fermentation broth, deyving the
ermeniation broth to prodace 2 formentation broth powder, and fransporting the fermentation
broth powder 1o g seeonsd provessing site. The seconsd processing sife can be ocsied nearer toa
sparee of demagd for a produet devivable from the formentation broth powder, which can b
progessed @i the second sife to produce 8 product therefrim,

Additional features and advastages of the present methods will be Glockised in the follvwing
detatled desoription. I iy winderstood that both the foregoing swmmary and the Hillowiag detailed
deseription and examples are merely reprosentative of the faveath, and are iteaded to provide

an overview for wndersianding the lnvention ax cizimed.

BRIDF DESURIPTION OF FIGURES

FIGL Vs 8 sohomativ diagram Hhastrating an Merstion of the present provess for esterifying
an organie earboxyiiv acid derived frowm fersvestation broth, and farther downsiroum processes
that oan sulate the resuiting coters amfor generate other epmponnds from sach esters

FIG. T I8 a sohematic diagram showing en example of ester production wsing sevddsio avid
derived frowm formentation, and a downstream process in which Na snd Mg salis ave recyoled back
into the fermentation reacinr, in aocordance with 2 part of an ewmbodiment of the present proeess,

FIG, 3 i o disgram thet Shetraies COpasisted seterifioation of free seeotuie aoid in
variows alcohols that are converted to vorresponding dimethyl, diethyl, or dibayl esters, seonrding

to the prosent invention,

Lad
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I, 4 is o dingram that flustrates Tpassivted estorification of other polycarboyylic avids,

FIG. S shows 2 series of reaction disgrams that summarize varintions in temiperatuce for
Ch-ansivied exterifieation of free surcinie aeid devived frmn formentation broth

FHG 6 shows a series of veaction dlagrams thet summarize varintions in iniftel sperationsd

S5 pressure for OQ-assisted esterifiontion of free srganic soid seeording to the lnventing,

FIG. 7 shows a series of reaction dlagrans thet sunumarize variation in tomperature, and
reaction times for €8, assisted exterification of free organie addd avenrding & the fnvention,

FRG B shows a seres of reaction dingrans thst sanumarize the results of reasction swecinie

acids and their Mg" and Ca' salts,

bee?
o]

DETAILED DESCRIPTION (OF PREVERRED EMBODBIMENTS OF THE INVENTION
Section L~ Deseription
A
The present disclosare deseribes, in pard, 2 process for making varioos hydrogenation
1% product saeb as L4 butanediol (B}, vhatyrolactons (GBL), retvahydroturan (THF), aud their
dertvatives, from ¢ Mologically-derived carbow soureg, sweh ax sugar ur other plant-based
surbohydrates. The provess jolns as abdlity o recover su organie acid frore @ fermentation broth,
with an obiity to ase the acid as a feedstock for hvdrogenation veactings in g sireamiined
proveduare. The present process includes g method of converting the carbosylie acid to fix
20 corresponding ester {88, mono-ester, dhesder, or {riester} in a relatively officient asd coxt effective
DIREERT,
fn pargeutar, the present provess iavalves obiaining » fermentation broth, from which cell
mass and bsoluble compounds bavs boen clther remsoved or sot, containing a mivture of free

ovganie avid of interest, oplionslly with sesociafed aikali or alkeline carih wmetsl salts {e.g., sodium,

[
(951

potassigm, of magnesinm salls); deving the vaw or elarified fernentation broth vontalning free
organic avid finds & powder; reascting the organic acid in the prwder with an aleohod wader ¢ €8y
atmosphere in audaniantisd absenee of any other acid catalyst at » regction tomperature sad proasare
enrresponding to supereritical, eritival oy near eritical comditions for the slechel andior U 1o

synthesive an estery and subjecting the ester to hydvogenstion to form o hydrogenation preduct, As

Lt

wsed heveln the term “Tree carboyviie soid” refers fo & cavhogylic sold corapound that s at least

et
b

R4 dn i protonsied state when by solution, st or bedow its pRa vahee, The presest taveniion
invoives the discovery of a simple bat effective way of produchuy esters from sygawiv soids thad are
gtherwise eostly and Jifficalt to feolate. As wsed heovein, the tevm Ysubstaontial absence™ refers to a

conddition it which anether acid catalyst b either kargely or completely absent, or Is presemd in oo
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spdnfody or trace amount of less than catalyvtic efficacy. I sther wards, no other acid catalyst is
present, ot is prosent af « leved less than 1%, 5%, 394, or 1% weightwelght relative to the
carboxylic acid in the reaction,

Figure § iy 2 schematic representation showing 3 general process of extracting organic acids
froa: fermentation broth that inchudes & version of the present esteriBieation reaction imtegrated
with farther provesses that can uiilize the resalting esters. As shows, formentation broth § from g
reavtor is Hltered (ultral 3 to remove Mlomatevials suck as ocll mass, and vield organic aclds
inciudiag thelr salis, by produects and other compnnmds, Al of these materials are thes dried 3 6
make an wnrefined svixtare & This dried mixture of materials is then reacted 7 in o Byguid system
with an alcobel (R-OH R = aliol U0 and OO at an elevated eperationsd reaction femperatuve
and pressurs to yicld either monoesiers or divslers, or 3 wmixiure of both, Oaly the orpanie acids
veact in soluifon,  The resulting mivture ¢ filtered §7 to copargde the esters 13 and other by~
producty I8 The ssters ave soluble while other by-product ommpounds are insolable, The by~
producis wlude cachonste salts of caloium, magnedum, or sadiug, which can be recovered and
recyeled J7 baek into the fermentation reactor 3. This reeveling can fead fo signifivant cost

savinegs

w'

s and forproves the officiency of the overalf fermentation sod exiraction process. The ssters

a
4

;

an he provessed subseoguently either by distiflatin 21, hydrogonation 33, or hydrogenolysis
{reatment I8, respectively, fo separaie the different seters, produce U platform campounds such as
the hydrogemation prodhets {eg., BDO, GEL, NMP, o1} discussesd herein, and bofueh {og,
sthane, ethunol, butane, butarsd, propane, propaned, eied.

A nsert berein the term “biofaels™ refors o 2 gasenus, Hauid, or sollsd substanwe that b weed
as & fusd, which is produced from renewable biologieal rescuresy sueh a8 plant, ecdhidosis, or
agricnitural Blomass or devivatives thereofl In particular, o Mool refers o @ msterial thet can e
ased i o 83 & ravsporiation fuel in Intornad combuation engines, to power covtain machinery, ov
epergy generation applivations. For lastasce, propuns! and bulannd van be a gasoline additive
much the same a0 ethanol Butave and propane in HgueBed peirofoum mas (LPG)Y sngd othane in
pafnral ges can be sdapied as fueds in covialn fsas;sgsmmfsm systems, (nher biologieally-derived
hvdroparbons, ke octanolisctane, or alkanes heavier than € or € may also e botuds,

The revovery process and esteriffcation method can be applied to praducing chonueal
feedstock molsenies feg, BDG, GRL, THF efe} from free organie soids derived from a
fermentation broth, Au advastage of the present invention i that one can ase free orgasie acids
sreetly Toman 3 fermentation broth and penersis vorresponding estors thevefram withoud the need
s desdate v parHy the acids from the formentatian broth, 55 b secessary in conventional

extractions from hroth
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in compariven {0 cortain Sormentation provesses that neutralize or convert the srganic acids
1o their sally, the prosent process provides ay easier way to isolate nad extract organic sobds frim 2
fermentation broth. The present process clirminates g need for Givation and neuirgBeation of the
fermentation broth that cun previpiiate metal salts, and ceriain purification steps to produce s
stoek platforn chemdeal, The free organiv acids ave converied into exters, wiich are simpler &
pracess and exiract by distiliation or other parification feclusgaes without the use of expensive sad
sompHosied chromatographic sepavation columny or resins, For instanes in a conventionsd
process, one would need fo axe in exchange chromatography to bolate the acids. A veall smeoust
of salts may unavoldally earryenver after the jon exchange, Hesce, nne may reguive multiple anlis
of operation to purily the a0id fo oy scceptable guality level. With each sdded sperational wait the
sosts of the overall provess fnoresses, I contrast with the present process in synthevizing the ester
of the acld, one can recover the salt av o carhonsie or hydrovide, which can be usedd o regencrate
the fermwentation broth, and mintsize waste. Rather, an advantage of the present provess s that

ane may forther recyole the synthesds by-products divectly back indo the formenintion brath, By

<

simrverting the organie acids to thely corvespouding esters, we ¢an aveld such asuen.

&

Conventionally, esters are produced when carboxylie acids are hested with aleohols in the
presenee of an ackd catalyst, The mechanism for the formation of an exter from an acd and an
alvohol ave the reverss of the steps for he acid-catalveed hvdradysts of an ester. The veaction cun
g6 in eithor divection depending on the conditions used, In 3 typical esterifiostion process, o
carboxyiin acld doss wot react with sn aloslol unless a sirong acid s wed s @ extalyst. The catalyst
iv wxnally concentraied sulfuric achl or hydroges chivride. Protonation makes the carbonyl group
move eheetrophilic and snables i to react with the aleohol, whieh is ¢ weak suclecphile.

i general fernw, the present esferifivation method lnvolves 2 resction of fermentation-
gderived, free organis sarboxyiic ackd with an aleohof in 8 €O, atmosphere v substantial absenve of
any other acid catalyst o produce esters, The caterification veaction is porfirmed in solution wwler
conditions that are either at superoritieal, eritical or reae eritival tomperatures and/or pressures for
sither the slegdo! andiw OO, Uader sach conditions, we beligve that €O self-penerates or
functions & sia a3 2 soid catalyst, and regeverates back after the seterification reaction &
gompisted. It is helieved that o resctive intermedisle {moneathylvarbeosic achl} fs being made
sise in bavrge enough guantities to drive esterifivation sad affect ester production, Thiy

imtermesiate, baving a sbhoiar pKa fe.g~4-5) @» the free rrganic ackd, fonctions #» g carbonte acid,
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witieh s muchk weaker than the usval slrong sdds. The observed tread of greater exter conversion
af higher fxumperatures addwess a velatively korpe enorgy of sotivation for this provess.

An advantagesus feature of the inventive proecess is that setivation of the free carboyyiic
aeid ey an aoyl halide {o.g.. Buoride, ciloride, bromide) or by wing stroag wmineral acids i
annecessary unihe with some other fechaigues, Aoyl balides are inconvendent o wse Hocause these
species are inherently reastive, have lsaes with stability, wasle treatment, and cun be combersome
and enstly to nule.

I the presvsy process, carbon dievide funclioning a8 8 catalyet instead of the uunal siveng
ackis removes the need 1o introduce 3 sivong sdd lndo the esterifioation reaction. This feature can
cirennrvent the usual need to adjust pH values in ovder (o remove the catalyzing scid, aalding a
sintpder anad cleaner aynthesis, Oue can simply procsed fo filter the resultast prodact to reapwve
alkall or alkaline eurth wetal cavbonate or other salts, A cheaner product will save costs in
purification and dowastreany procesdng for conversion to other chamicnt feedstook,

The procesy deseribed hevein i 2 more aavivosswelally benign way of producing exters, As
it §¢ belloved that the curbon sHoxide can xelfgencrate an acld catalysd fe sifte fn the prosence of the
aleohol during the estorification reaction, the preseni methad does s reypudre the we or adidition
of another acid catalyst species. In other words, the resction kineties with €O, slone ean deive the
exterifieation i the rxabstantial absewce of any other aokd catalyst. To relterats, the procent progess
does not veguire sctivation of free acids as, for cxampde, aa oyl clloride or by strong acids Qe
Fieoher sxterificatinn.

In general, the esterification s conducted of an opevationsd ov resction tomperatars
between sboat 15368°C to aboat 2889, at a reaction pressure of between ahowt 458 psi or 504 pai and
3510 paf or L0 pai {gage), for an extended period, such as sbout 4 hours, up o aboat 13 bours,
Trpieally, the (tmperatitre can bein a raage botween aboat ITPC oy 19070 to about 2300 oy
430 {e.g., YTROC, 18T, 195800 ay 21800, and the operationa! pressure i betwoeen abowul 838 psi
or 958 ot and about 1,300 pef i 2,400 psi {e.g., Y60 pel, B8O pal, 1026 pet ar 1850 pail.
Alternatively, the tomperature can be in 3 rasge between about IBIPC to about 243°0 {e.g., aboul
IRECO op 3O or 2109 to about 22090 or 235°C or 38070, sl the operational pressure e
Botwean about 1000 pel and 3356 pai {o.g., L1080 pel, 1,365 pai, 1,558 pei, L7568 pai, 1318 psi ov
1,986 psti, Oiber tomperatuves may be within a range, for example, from aboat 1687w 1880w
abent TIC or 2RO, snd other operationsd pressures may be within a range, for evample, from
abot LIS psd or L5048 pai to about L3060 psi o 2,800 pel

These reaction temperatures and pressures eorrespond to saperovitical, criticad ov mear

eritieal vonditions fur the aleohalis) or €0, Table 1 Hatg, for purpose of Hastration, erifical
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parameters for some common safvanis (Lo, methaunol, sthanal, L-propanol, 1-butanol, water, and

LR NN
| Table L. Critioad Data for Select Substances aws, & L, Chernioat Praparties Handbook. I MeGraw-HRE 1998 pp 128 |
Substance Name | Moleculsr Weight foviticad Tamg, (K3°C Critical Prassure {Barifpst Tritical Deasily {gfem’)
Sethanol 32.042 813587 23843 80,98 1174.2358 Q3730
“&hai\ai A5.08% 31635 { 243,10 £3.88 § 925.9208 B3TR0
1&?9{:3{;@2 6,085 5374 28428 SL.O2 F F35.983% Q2758
i-Butsnal 74332 36301 0.3/ 28985 | 4304 3.0/ 852671 8.ATIO
water 12015 54733 / 372.98 220,55 / 31988071 sl
Carbon dioxide | 43.010 30418 § 3104 FA82 f 0I0B685 0.4693

Af conditfons above the eriticad point {Le, oritioal temperature snsdior presservel the finid exisic fn
sapereritical phase where i oxhibils properties that are in bebween those of & fpdd and x gas.
More speetfioally, superovitios! fuids {(SCFe) have & Bouid-like density aud gas-like fransport
properties (e, diffusivity and viscoaity) This can be seen in Table 2, wheredn the typiead values of
these propertiss are compared between the three Said types - copventional Hauidy, superorifival

fuids, and gases.

arsd Garsens.

. Yable 3. Comparison of Typical Physical Property Values of Uigdds, Superoritiont Pluids, anf Gases,
| Property Ligusiad S{F GHas
| Densily (g/mt] i 0.3 we )
U Diffusivity fomafs) Swig® 107 0.4
| Viscosity {Pas) A NN 107

Likewise, “near oritleal” refers to the conditions at which either the temperature or the prossure of
af least the akobol spesies ov €408, gas s below bugt within PROK {e.g., within S0-108K), or 220 pa
(oo, within MM IS0 pai) of ther respective oritics] points. s belleved that se tomperatures and

ex reach nesr eritival, evitical oy supereriticad conditinns, the solubility of the reagosds ave

g

PressuY
enhanced, which promates the exterification resction, In other words, the €0, gag, akobol, and

achd o salt spevivs are better alde o interact under near ovitioa, eritieal orse gex*criﬁissﬂ conditions
ahol spectes and

than wnder foss rigorous conditions, The reaction does not require that botk the a

%

€743, gas be 3t peavr-oritical, eritical or supereritics) conditions; rather, the reaction ik operative a

fong ax either one of the species satisfive such a condition.

I the present esterifisation reactions are operated af Righer tomperaturss and grester

4

pressures, 8p fo about 2°C and 3,800 pel, reapevtivedy, for reavtion tintes of up to ahout Hor 12

howrs, one can prodece dgaificant amounts of ester product st refatively grester selectivity and
fovel of purity within s shorier resction time than belore, which was abomt 1528 howrs. Atdower
operational temperafures (< B8, formation of monvester melerules of polyearboxylic sonds 18

rore prevalent, while resctions s femparatures 2 1900 or 199°C, will vonvert preferentially the

[es]
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polyearboyviie achds fo diesters. By selecting » temperature in 3 higher ragge from showt 18°C or
L5 or 208°C i about 24590 ov 23090, one can preferentially drive the resetion to 3 higher rate
of diester conversion.  The esterifivation can vield 2 miniouos of aboat 38%, desivably s {oast 68%
ot T, of & dlester of the orgasie acld, Reactons that ave performed af or near sapereritical
sperating conditions tead 1o produce betler vesults, When sperated at ov neer oritics) conditions of
showt 230 or alont 4050 for methanol and about J10CI808 pai fov £y, one is zbie 1o achisve
sonpversions rates of about 9% or better, typically about 3% or 9896, One can schivve high vields
y adjieting the permutations of different combinations of temyperature and reastion Bmes (o,
higher temperatures and shorter reaction times {og., Joss then 108 or 12 howury, between 4 and §
houwrs} or vice versa), which can be an advantage over corrent appreaches. With opthimization,
esterification condueted af I8PC under either the same oy greater OO, prassure, the vield would be
asearly guaniitative (Lo, > 98% yield), foor example, up 1o abont 98%%, 8%, or ¥9.9% conversion.

As the scosmmpanying Rxsmples will show, varistion in reaction conditions suggests that one
can generste more dlester product with bigher temperatures andior protracted reaction thnes.  As
stated before, however, different permutations In femperatuve can influence the duration of the
esterifieation reactions to produce the same aswamt of sster product, The reactions seenrding o
the present method sre pot condueive to 3 vpnificant degres of side product formution; heones one
can avold eyefzation of the varhoxylic avlds and sther starting reagents. Potential dangers of
decarbovvieation at bigh tomperstures (Le., > 145°C or >180°C) are not observed in the provest
methed,

Lising an amount of the deobel selvent bir cxeess of the carbexylie acid, one can prodaes 8
very clean esterifivation, The present synthesis process produces very clean esier products at about
THU%-TA% initiad purity, without gescration of significant smounts of side produsts such 25 ow
molectlay weight aclds - agetic or formic acld ~ woleoular rearrangema iy s oyele profducts,
which one conld normally fnd in stendard acld eatalyred esterification at bigh temperatares. The
pxters ean be refined fo schieve about $8-98% purtty, The purification can he sccomplisked,
staned, by means of erystallization, chromatography, v diztillation.

Typieally, the resudling cster prodacis can be either monsesters or dlesiers, or form
mivture of both, One can control the resction o drive the eslerification foward olther one vsler
form or another, For inslance, e may select an operational tomperainrs and prossure that
praferentially drives the esterification restion towards formation of diester molecules, Likewise,
oue can enniral whether esters ave formed from either 8 single srgagie acid apesies {o.g., Suevinie
achd) or a mixiure of maultiple different Kinds orgawnic seids {e.g, scetie, oltrie, laote, malls, maleig

suvcinie aclds) thad may be prosent and dervivable from Bormentadion broth. v ofther wurds, one
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can ase @ variety of different Kinds of carboxytie aolds fu accord with the present esterification
veaction o produce o variety of different esters. Theve ssters, in torn, can be isodoted, farifer
modified in downstream chenosd processes snd converid, in cortaln embeodimenty, into useful
ermmpoands sach as for pharmacentiesl, cosmetie, food, feed, polymer materialy, For instance,
sucoknic esters can be converted into g polymer, such as polyhutviene suvcinate (PBS).

In the present exterification process, buth the catalyst {G)) and the exterification resgent
{afcohoel} ave pressnt i lnrge exeess relative o the amumnt of free organic ackl. €0, showld be fn
the gay phase during the reaction phase, regavidiess of i3 origin (8.8, g tank or dry oe), as the
regetion s oovbucted at high lemperatures, Addition of sedid OO, by strategic in the case where
sealed pressave resctors are wsed, in that # allows for slow sublimatioy of gaseons CF; formation as
the veaction apparatus is being ascemvbled. This com mintmize €0, ks, Ina 0, (o, U0
eontaining} stousphers, the copventration of U0, in the resction stmosphare cun be af laast 18%
or 15%: by velume, favorably about 25% or 34%, preferably greater than 38%. For betler resction
vesalts, the concentration of L8k should be mesindzed. Desbrable concentratiins of U are fomm
ahant TV or 8% tr about ¥9.9% by volume, typieally between about 88% aad abount ¥8%.
Nitrogen (N} gas or aly I permissible in the restor, but preferably the concentration of gases
atfer than U0 fe hept af eithor ¢ minor pevcentage (< 8%} or de smindadls amoust

Any Hguid alcohol with an Bogroup of O can serve as the solvent reagent. In cortain
smbodiments, the Regroap of the alvohel van be etther satorated, vnsaturated, or avomatic speeles.
A mixtuve of different kinds of alvohols {8 OOyl can alss be wsed in the reaction, but will
pradace 3 corresponding mivture of different osters depending on the particulsy Regroug. Alcobaly
such #» methanol, ethanol, propanel, or butane! are prefevred ay the reagent in view of thely
commaon svailabifity, ineypensiveness, aad mechanistie shupliclly in the esterifivation reaction,
ABernatively, 1o smme ombediments, the alvohsd can alsn be 3 Cple-dinl. Exterification with a disd
Lan gensrate monsmers ov low nudecalar welght ofigamers that can be readily polymerized,

Ohne cag use a variely of different ergange acidy, fo example, sclected fromy a)
monocarbosylic acids: formic acky, scetiv scid, propionic achd, lnetie anbl, hutyriv aeld, bobatyric
acid, valerie aeld, hevanoie ackd, heptanoie acid, decanoie acld, Inurie scid, wmyristic achd, and U
s fatty acids; b) dicarboyvlic acids: famarke acld, Haconic achl, malie acid, seveinie acid, malely
acid, malonic acid, ghatarie soid, gluearke acid, oxalic scid, sdipie ackd, plaelie acid, suberic aedd,
szednie acid, sebacic asid, dodecanedicie ackl, glutaconic acld, ortho-phithalic soid, snphthaliv asud,

+

fevephihatic acid; o o) tricarbimviie acvids: eltrie acld, Isoeliriy acid, avonitic aeld, tricarballylic

aeid, and frimesic acid. The orgasie acids van inciade allall or allaline ourth metal{ey, sodivm,

p—
oo
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potassium, or magnesiom) salts of these erganic acidy, Desirably, the organiv acid is a dicarbovalie
ny irtcarbosyiio aeid.

The process can reduce the anwaant of waste by means of reoyeling of v-products back inte
the fermentation broth, pither in a continvons v bateh process, We have also found thai in the
present exterification provess, when fres crganie aold i reacied with an alvohol sud €80 shsent any
other acid catalyst the free proforated form of the ovganie acids has groater solubility in the
aleohol sobvent than their correspisnding walts, Perfovmed wnder shuilar reaction conditions, the
esterification resction asing the free organiv acld as reagent will vield abowt 2.3 Gies gremer
smount of di-ester produst than the reaction that uses the salf species av reagent. This rasull can
be seen when one sompares the reaction of sceompunying Figure 3B {free weld) with that of Figure
3A {aoid salt), and in Table 4 Examples ¥ and 3 {acid salf), with Examples § and & (free acid),
respectivelv, It is belioved that solubility & o factor & the difference. For instance, since the
solubiiity of magacsinm salis in methuud and sthand are significantly better than that of calohem
ssifis, product vieh from g reaction of 8 ealoium sall iy mock lower than that produced from w
starviing veagent of 3 vorrespading magnesium salt

The present tnvention inchudes 3 method Ho esterifving g polycsrboxyiic aold. The
esterification method Invalves: providing sad rescting @ sohution of ane or wore free ovganie acids
with an alcobod in OO, atmosphere without the provence of aay oiber acid catalysty and selocting an
operations! resction lemperaturs or reacting pressare coveesponding to supeveritival, ertfical s
pear critical oranBitions fov the aloahol andfr U0 fo viedd an sster, The reaction temperaturs and
pregsure ennditions preferentially drive the reavtion towards the formation of at least diester
mofeaides aver monoester pudecales when the erganic acid i3 2 polyoarboxyiic acld, As with the
resovery process, the operafionsd reaction temperature fs between about 13670 and about I8°C,
and the opergtions! resction pressure is between about 468 pel and abeast 3,580 pal. Dependiag on

the desived resuily, the veaviion can br ran for up to abost 1 bours.

.

The esterificatin procsse deseribed above ean be integrated into frmentation-based
produstion of carbon chain feedstocks and fo provide a more eonveniont method of geverating
esters from carboxyiiv acide derived from a ronewahle senree. The prosent lavention provides a
dirsct ronte by whick bivlogicall-derived carboxylic acids can be recovered in 2 simple, vost-
cfficient process from i fermestation broth, converted into esters, aud tha sebjected to

hyvdeigeaation process to prodace BBO, GBL, THF and their derivatives,
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Through the distiflation process one can onncentrate the esters by driving o7 the aleohol,
and then fillor the by-producis resaliant frmn ester syathesis, Purther distiliation of 2 mised-acid
esfor product mixtere avcording o the boiling points of the different ceter specivs, permiis one to
separate the varions individual esters, For instanes, Table 3 provides boiling poinis for ¢ sample of

conpon esters that may be present fn s ester produet mindure secovding 1o the present invention,

Table 3. Soifing Points for Sone Common Ssters

Ester Spegies

Bodiag Point 70}

Estar Xpegiss

Baifing Podnt °0}

pead iyl aoatate 38,8 athyl-acataie ¥R
methyi-formats 33 atiwd-formate 54.8
methyilactate 185 athyl-lattate 153388
dimethyl-malate 184-308 {1 rom Hgl disthwi-malate IBLE&
dimetingbsuncinate 204 digthybsuccinate IRT218
trimathyl-citrate 176 {18 swn Mgl trinthyicitrate 23% {150 mum Mg}

Py
(241

5

Afier recovering the exters in the remaining solution, the materials ave in a readily usable
Sy and one can either distill the ester wivture to separate the different estor species and any
vemaining aleohel. (hace the esters are recovered, one can use the monoestars as prevarsers for
sonversing ine chelating agenis, and the diesters s sobvents.

An sdvandage of recovering the erganie scids from fermentation in the form of thelr
crrresponding estors i thel downdiresm provessing of the esters s loss encrgy intensive thas the
hydvogenation of the free acilds, Anether advaniage of the preseat extarifivation process s thal, sue
will find the presemd process simplor and casier, a8 compared o other approsches, to refine organie
avids for Uy chemival platformes fromm fermentation, 36 shmplifies efforis to separate esters froms the
other insntubls matarial, a8 well @ miniobees the amount of xalt that one seeds {6 separsie. Inan
inteprated provess enaldes one to divertly exterify ¢ combination of free avid aod salls that &
prodaced in a low-pH ferweniation, in which the formentation Is operated at g pH of less than fhe
pia of the organie aclds. The provess can be lews energy intensive thas currem revovery
appravches

Figure I shows a sohonatie diagram of g downstream processing that incorporates an
fteration of the present esterifioation process, In partiader, Figure T depiots an evample of nsing
sgeciain ackd oy any sther kind of organic acid derived from s fermeniation broth b exdvacted asd
reacied with an slechol in the presesce of exeess U0, to gencrate esters, Avcurdiag fo this fteration
of the process, ghucose, cory steep Hauor, or other sagars, and Mg(OH ),/ NaOH ave introduced inte
2 fermentation resctor § and fermented 2 to produce carboxvlic aridy, A fermentation broth Hyaid
¢ pontaining » minture of organic ackis, sals {e.g., saceinie aold sud i sodinm or sagnesiun: valisy,
and other by-products is fltered § o remove cofl mass & and other fnsnlable matter. The

fermentatinn is performed at 3 low pH valag, in which oue starts i 8 bigher pH {eg. pH ~Tor 8}

§ ¥
A
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and during the course of the formentation, the pH value drops to aboat 2-3. One wifl produce 8
mintore of 2edis and free scld present, for example, in 2 ratio vange of showt 813 wiw fo 713 wiw of
salt to acid. The fermwentation broth i refrieved from o fermentation veactor al 2 pH value of fess
than the phao ol the organic seids, (g, pH ) Typically, the formentation broth is at a pH value in
a range bebween about 1.8 aud showt 4.5

The broth extrast s then dried I8 {0 3 powder. When drving the nived seid Sltvate should
remve a8 much water as possible. The dryving siep can be aceomplished, for fnviange, by meuns of
spray drying, drom drying, ov eryodesiceation. As with esterification in geperal, relatively low
waler sostent is desived, stherwise the reversible resction will tead to hydvidyze baek to the
dirarboxyhic acid. In the procent procses, 8 maxisnom residual mobstare conteat of about 896 by
weight should be mainiained. One would sxpeet an morense in exter vielid of up o about 88 or 99%
with ammples that contain leas than 3% wi of watern.

The dried powder (average moistare content betwesn about 1w % and Swi %, desirably €
I wi Vet is then reacted §2 with aw sleobol 19 which serves as an alkyiating agent, in excess O at &
femperature between about 186°C 1o about 28°C for a daration of about 4 hours oy more to
esterily the organie scide. In this example, supcinic avid s reacted in methanel and OO to gensrate
dimethyl secvinate. Along with the free organic xeld, any ronaining free amine aoids which were
in the fermentation broth are abso esterified.

Ohnrce the carbasyiie acid esters arve generaled and colfected, vne s then able tov feed the
sxiers into & hydrogenation provess. The hydrogenation can be conductad avconding B varipus
ditfereat methods, svstoms and their permutations, such as deseribed o UK, Patent Neoa,
T,498,48082 {relating to homogenous hydrugenation of divarbocilie acids andfor anbydrides),

DAIH VAR, or 5000164, {relating {0 2 provess ke _{?S‘(}{Ri{‘.iii}i’i of fetrabydrafuran sad v

&,

bulyrolacions by bvdrogenation of malele anbydride); US Fatent No, 544104 {relating to
pricess for the production of butane-1,4-disd involving the hydrogenation of ¢ dHU to € alkyD
gater of 3 Oy dinchd); UK Patent Application No, GHIZETHI44 {relating to 8 provess for productiog
of & mixture of butaye Lddial, v-hutyrolsctome, sud tetrabydrofirsn frow maiosie and fameraie)
International Patent Apphoation Nox, WORRSSUITA (relating to @ provess for the co-production of
Buttane- § ol and ybutyrolactune Iy means of bydrogonatia of distky! maleate} oy WG
RI/BINZ4 (reluiing to & process i hydrogenndysie of 1 carbmylic acld ester), ov an avtele by &
Varsdarajan o &, *Catalytie Upgrading of Ferawstation-Deavived Organie Aonds,” BRETEIHNGL,
PRixG. 198G, 18, B48.854, the content of each of the preceding disclowures §s invorpurated heveln iy

i» endirety by refereace,
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As the example Hlustrates in Figure 2, when rescted with methanof iy soenvd with the
resvtion temperatures sl pressure parsmeters defined above, saceinie seid esterified to produss
dimethy! sacciuate (s predomisnng produet), NaHOO,, MeCG 7 MaHOO L and exvess methanod
{6, The dimethyl succinate and methavol I8 are separated from NaHOCO, and MpC(, 28 The
sarbonates, unlike CaBGy, can be rexvaded 22 back nio the reactor §, either for g continuons
provess o In a fresh bateh process, The dimethyl succinate snd mothano! ave further separated 29
from exch other with the methansd 14 belng reoyeled 26, Subseguently, the dimethy! sucinate 28
et be hydrogenated 36 bt o variety of different chomion! praducis 33, inchaling for jastance, 3,4
hatane-lihol {(BDO, tetrakydrofuras (THF), vbetyroelactone {(GBL), ov N-methyl2-pyrrotidene
{(NREP

Another advaniage of the present provess i thet # can simplify the rosport and
processing o erups for fermentation products, For slance, with a dried fowmentation hvoth
prwder one Is freed from ey associnded with working with wetor Bouid stock, A dried
fermentatin broth powder can he wmore eomuanivslly shipped to » location different from where
the fermentation broth iv made oy sowreed. This will esable the reaction for ester synthesis & be
performed at & romote locstion different fros: where the fermentaiion broth is sonreed, and expaad
the geography of where the finad processing facilites can be sluated.

Heave, we also envisin that the esterification procvss desoribed hevein oo be integrated
fuis & maethod for procsssieg ae agricaitural produoet oy Blomass, The sethod involves ohisining
carhehvdrates from the agricultaral product or blonwass, fermenting the ssrbobydrates to produce
a fevmentation broth, drving the feneentation broth to produce 3 fermentation broth powder, sad
travsporting the fermentathm broth powder I a seeond processiag site, This sevond site san be
focated closer 1o a soures of demand for 8 product derivabie from the broth powder, whieh can be

geterified andfor otherwise processed of the secomsd site to produce 8 produc therefrom,

Section i - Examples
LW

Exanples prepared sevording io the present vsierification method ave infegraied fnfe a
provess oy isolating free carboxyiic aeld from u Rvmentation broth. The method nvolves
generally the following Mepsr a) fillering a evude formentation broth o yemove cell nuss and other
biclogios] debvis from @ fermentation broth; b} desiceating the formentation brath; o} reacting the
dried fermentation broth with s excess of methasel {CHLOH] or cthanol {CHOH) and carbon
dioxide (OO} at o temperaturs about 138°C up fo the near evitioad or eritfead tempersture and

wnsder negr oritiond oy oriticnd pressure of the sleohol andior €Oy reagents, to produce s mintars of

.
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monovsters and diesturs and carbonate (NaBCOY MeUO,h ) filtering the resction product to
remiave hyv-productsy and o) purifving by distiling the esters,
The fermentation broth filtvate was dried to remove sll or neardy aft of the water to prodacse

# powder of mixed organies. Using 2 spray drver ov drom drever, one aeroselizes the raw solutien

V41

0 eomiaining mized srganic acids {o desiecate info a powder, The deslecated povder i suspondad in
an aleshed solvent, The powder veacts with the alovhol accerding fi the vonditions desvcribed herein
fo esterify tuto cither monnesters or diestors,

Each of the folowing examples was pevformed aceording i the following general protunel,

exorpd for variations in reaction temperatare, pressure, thue, and/or ackd species as bulieated,

0 meeariy endaadis. Ten grans of frecze-dried succinie acid fermentation broth {offowhite powder)
and 3¢ g of srethanol were charged {o & 1L stuinless sleed vessel, jacketed, and fived to a Parr
reavter. While stirving mechanically a1 1188 rpm, the internal headspacs of the reactor vessel was
prrged with N; snd then prosurized initially to 408 pai with €0, aud heated to 18870 for 8 howrs,
The internud pressuve was sheerved fo be ~1630 poi at 1880, aAfter the reaction Hime, the veactor

15 body was cocled in @ waler bath until resching reom lomperature and pressuve relessed, The

heterogoneous puixture was thee filtered and solids were dried overnight vader vacuum. Samples
of the solid maderial sud the sohation were soalyais qusntitatively ssing ges-chromatographyima
spectvometry {GUMSL The vield of dimethyl saecinale was determnined te be 319 with more
than ¥5% of the availabde sugnesimm supcisste romsused in the reaction. The remsining balsace

21 of product incladed the corvesponding monovsiers as the greater pavt, and was In a vange of abeuy

e
-

Bt about 8%,

Ax the reactions depicted fn the aconmpanying Hgures and tubles show, modification and
sefection of cortain temperatare and pressars paramsiers cooses reactiios fo viehl preferentiaily
more of the disster compeands, I certaln sxamples of the present process, the esterifiostion

3% veactions vielded mere than 3%, typloally more than 78% or BiR6 di-aky! suecinate or mialale. As
stated bafors, the parescted materials and the wadesived produacts are vecyelad intu the
fermentation reactor. Subsequent separation of the mogo-ssters and dhosders was achieved by
crystaification.

Figure 3 shows a sevies of scterification resctions which summarize {Cpassisted

30 esterificatian of free swechnde actd in varioas aleobols. Figure 34 showd succimie achd reacted with
methenol in 40 pat €O, gas, at 130 for & houry, which achieved » yiekd of aboal 37% dimethyl
succinate. When the eperational temperainre was increased to 1I80°C in the reaviion of Figure 3B
and il other parameters kept the same as i Figure 34, the amount of diwethy! sucoinate vield

Brereases more than tvo-fold o about 81.2%,

15
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Figyre 3C represents free sucoinic acki reaction at IM°C ander present operational
conditiong in cthanol, which geaerates dicthyl suesinate in grod vield of shost 60.8%. In Figare
313, free suechuic achd was reacted st 180°0 wader operations) conditions in a-butanal, which
generates dibatyl sucehnatie at about 8L3% yiekl, These examples demonstrate the versasility of the

5 presemt esterifivation reaction in view of different kinds of sleohols,

Figure 4 shows sxsmples of Ch-aushided esterification of other Kinds of earbaxylie
pofvacids, in Flgure 438 and 48, saccinie aold was substiinted vespectively with cltrie acid, 8 tri
carboxyhie seld, and vaall acld. The vield of trimetbyioitvate was reasonsble at ahout 20.1%,

demonstrating that the UDp-assisted protocod cun be apphicd o tricavbosyiic acids. The yield of the

ot
o]

dimnethyl analogoe of nualic acid was good af about 834.3%,.,  Henvs, the new method of esterifivation
i feastble for general use with other achids,

Table 4 sunumarizes vesulis of severad resctions that were performed according to the
esterificanion wathod of the presest disclosure as depicted in Figares 8, & and 7. Bach setof
examples s arranged {n tovms of o variation «of an sperativanl condition wader which (he resction
15 was performed: AY lomperature, B} pressare, sl O) reaction time, ¥n cach of the examples,
saceinic aoid from o formeniatha broth b yeed as the subsivate. The Ghered olarified broth
eontaining free ackd and salis are dried and Iater reacted with methanol and OO, tn solatinn, {As
the reaciions ave heated, the actaad operational tempershores snd prevsures withie the reactor

vesee! will execed the nitial temperatures and pressures provided herein)

i
o

in the throe examples of Set A, we curried ont the reaction for 8 hours at an inital OO,
preaxurs of 408 psi, endey diflevent femperatuares: Bxo A-1 ot IBOC, Ex A2 a1 310%C, and Ex A3
s IMPC, The pereent vonversion of avtd {0 v corresponding dlestey ineveased with highey
operational tuperature. Figure & shows the effect of varving fompersdure i g sevies of
esteriftention resctions of snecinde acid and Hy salt. In Figure 34, the esterifioation of suncinie anid
25 v performed af g tonperature of about IR over 2 perind of X howrs. The reaction produced
ahonti3. 0% vicld of dimsdbyi succinate. Figure 38 shows the same reaction ay in Figure 84, when
the reaction tiaw hebl consiant, bat with the tomperature rajsed 1o aboui 1M, whirh yields about
43.8%. Figure SC shows & voaction st 238%0 amd yields aborat 72.4%. This suggests that as the
temperature horames, the reactivm hinetios drives teward 8 more cmphde reacting of the acld sd

sikylating agent, and a greater vield of the dialkylbester. Beactinns performed af or neav oritied

g
o

temperatare andior pressore condithons can produce af least 88%, Hkely = ¥7% or 88%,
sonversion.
T Ret B and Figare &, we performed the esterifiostion resction for 3 howrs st an inigal

¢

temperatare of 188°C, and varied the initial U0, ges pressures: Ky, B-3 s 400 pad Ex B a1 388
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pai, and Fx B3 ot 688 pol. The percent conversion of aold {0 85 correspravting diester wag
moderate, and the amounnt yvield did notl show significant differenes statistioally. The ipitinl OO, gax
pressave in the rescior did nol exert mach effoct in cowversiom of the acid & He dlester, bul the
sperational pressares in the veactor during the resction suggest an effect on yields,

{n Set £ awd Figure 7, we performed the esterification reaction at 2 consiant pragsurs and
temperature bat varied the deration of ihe reaction, Ex U1 a1 8 hours, By U-2 a8 2 hours, and Ex
-3 ot 8.8 hours. The examples shown fn Flgure ¥ soggest that o greator spwand of divster was
capveried fram the acld with incoreased resction time.

Figare 8 shaws a Hrst oot of COpagsisted esterification reactions ming & concenivaiion of
swectnate aalts of about $% wiw, whick are presented as Exampdes 123 in Takde 80 v Exgmples d
and I, sncehnie sold and #y magneshem (i) salt was reacted in methanol sud ethuned at 230°C
sagd IBEOC, reapectively, for @ veaction time of 5 hours, The reactions produced sboaat 3%
dimethyl soccinade and about 1% dicthyl succinate, respectively, Mothano! oxhiliifs a greater
csepacity o dissolve the sucoinate salt than cthanosl, Magnesinm sucvinate oxhibite 8 reasonable
feved of sedabilily in methanol, while it exhibits limited solubilily in othanol, even at high
temperatures, Hence, the yield of dicthyisuccinaie was negligible, Example 3 shoovs g reaclion
peing oxdotum (087"} suecinate, 8 10, over % hoars. The resctinn vivlds only about 1.33% of the
sorvesponding dimethyisaceinate. Relatively low conversion rates i Examples I snd 3, also
highlighis the srdability difference between corresponding alkall sarth salts, The ealctum suscinate

salt i¢ insaluble by suvthanol, even of high tomperatures.  The methaun! to wall pudar ralin wxed in

the O experiments way approxisalely 1181 for setbanol to magaesion suceipate, Likewlk

patio was about 18T for nethanad 1o the other carboxylic acids,

-3
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TAHALE 4 ~ Yariations in Beaction Londitions

Exarple

Subskrate

Hicahud

Reaction Thne k)

frvitial £,
pressurs {psh)

% Cosyeersion 1o
Diestier

%

™

Surcinie acid
fermentation tyoih,
Z
Big salt

dethiano

180

A4

13.8

Surcinic acid
formentation broth,
wig” salt

wizthano

W

N
foot
P

404

Tesnperaiyre
Varistion

Sucsirde anid
formertation broth,
Mg sabt

ftethanot

O

230

4350

o

Syerinic acid
fermers%a}:ém broth,
pg” salt

phethanot

it

180

4050

Suctinic acid
foyreatation roth,
T

Rinthangd

L

180

500

ii.4

Prasours
Yariation

Succhnd acid
formentation broth,
Mg st

wictivanat

RE

188

L018
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Exmanpin bysitiad 40, % Cowvarsion tg
Lubstrate Aot Reaction Tine (b} | Tempersiure {703 pressyre {ps Dlester Mote

i Suerinic aoid, My soft | Methonod 5 230 A5 33.4 Lontrot

Z Succinit acid, Wy salt Eibvanct 5 184 A 1.0 Lintted sofubility
% Suerinic soid, fw ol e thenad 5 180 A4 2.3 Limited solubifity
4 Suesindc arid plethanoi 5 150 Ly 37.0

5 Succinids noid Wisthano! 5 150 Eay ] 23.2

& Busninic aoid Erhanod 5 180 B 50,8

7 Succinis poid 1-Butanol % 134 408 582

% Litric atid fethanot 5 180 B30 204

g ralic aciy fethano 4 125 A6y B5.3
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presaut mwthod. Examples 1, 2 and 3 demongtrate the mportance of sabsivats solubifity of
suceinie ackd as compared o the salts of succinate, Examples -7 is & socond set of veastions iy
whivh free raccinie avid was rescted in methanol, ethanol, and I-bulanal in shmilar fusldon.
Exavmples 8 wnd ¥ show that rexctions with other vrganic sckds, such sy citrk aoid and malic
scid oan aobivve relatively good yields of abest 28% and B&%, respestively.

Free succinic acid resciy remdily with the akobels, sinee it s eompletely solable in
methanol, sthanol, butanol, and other alkeobols up {o and brehaling ectaasl {T; alerdudl v
Fxawples & and 7, succhuie scid rescted in ethanof and -botanel, vields s0.8%% and 32.3%
canversiug, reapectively.

The solubility of eurboyylie ol In & particulac solvent can bave an nflsence on the
estorifivatinn progess. The greatey solubility of frep-acid pormifs 2 greater renetivity than the
cavboxyiate salf, which acks an acld functionality. Accordingly, the yvields of the covrexponding
esters tond {o be signifivamily greater than the contvaf samples when comparing the two sets of
reaciions. The resctions of Examples 4.7 vielded significently preater swmounts of
crvrespending discters than thet of Examples 1-30 The carboxylic acid iaedf may be safficient to
catalyre the edtenification reaction under the present operaticual tomperaiare and pressure
conlitions. Owne can adiust the subsirate sobubilly fir sucosss il seterifieativm sevording to the

preseni nuthod,

Example: Hydrogenation

Using a provess Hke e of those desoribad in the reforvuces oited above, one can
perform dirset bydragenation of the carboxylie acid esters collected from the esterification
provess deseribed above, For examples, one csn use wmetallie copper catalysis for the
hydrogenation of diallyl suceiuate exters to BDG, GBL, and THE, The following dosoribes an
Hlustration of the hydrogenation process.

The copper catalysis were prepared by wet impregaation of coppeyr salis onto the
foliowing suppords {all ~16+38 meakp silive-abunina (33% silica, 7% alusng Sigma
Chemieals) sad twe chrematographic siicas (Phase Seperations, Ined XOA 488 and XOB-E34,
Ten milliliters of wolutin containing copper nitrate to produce the desived loading was added to
18 g of support, The durry was stirred at romn temperatare for 2 hrs and then sdeled for 2 hes.
wander vaonam af §8 50 - T8 °C, The deied solid was then caleined in afe in o furnace wf 388 °U
for 11-12 &t fo give copper exides. The catalyst material was then Ibaded fndo the resctor and
vedaved in-sity fn pure hydrogen ot 200 7 and 200 psig for 3 fs. Ustalysd supports were

charagterized before and after reaction by nitrogen BET surface aren and meroury
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benzene with pdisethrvhaninarobenrene (p&, = 3.9} a3 the indicatern

A cone closure rercior {Antockave Englneers, Ine) made of 3186 Stafuless Steed, 187 mum
fung 7 3 mm lnoor dinmeter (L), was charged with oue gram of catabyvet supported oo 8 quarts
frit. The reactor was surrowmled by 2 clamshell furnace contrelied Ty an Ohmepgs series CNJH1D
pragrammabde temperature controfier. Pmwethy! suceinate was fod fo the fop of the veacior
3 wi % solotion in methano! wsing » Biorad HPLO pump. Hydrogen gas was afso find o the top
of the resctor from a standard tank and high-pressare vegulator: 8 rotumeter was wsed fo
monilor gas Bow rade ai the reactur outlet. The Hguid foed rate way fized ot 808 mal/min, and
the hydrogen rate was set at 488 ml of STPmin to give & weight hourly space velsity {WHSW)
of 8.9 g of DM&g of cat'h and a Hy'vuceinate ratin of 2801

Condensable products were collected in single-ended 18 mib Whitey sample ovlinders
inpmersed i dee baths, Three-way valves were wsed o divert reaction products to either of twy

sample oylinders: during resction, condensable products were endlvoted in the traps for o thined

poviod, after which the trap was removed and weighed and the contents wers removed for
analysis, Gas exiting the collection eylinders pussed through & ruptuve disk assombly and was
stepped dows to atmospherie pressare waing 8 back-pressurs reguiator. Gas products ware
collected tu gas bugs for analysis asing gus chromatography to quantily nen-condensable
product formation,

Condensable produets were weighed following collection and analyzed fn 2 Varian 3388

zas chromatograph eguipped witk ¢ Jame losizatios detevtor and & Sapeleoe SPBE-1 wide-bore

312 U Amin, hold @ 200 50, Methy! laviate was waed ax

(Nl

£8.3 mom) capifiary colamn (38288 °(

1

ap buernal staadard to facilitate the calculation of ;bx‘s}ei{&s:i ropcenivations.

Esample: Hydropenolysis

The esfery resaliing from the fermentation extraction described above is thea
hvdrogensdveed over a catabvst {8, redueed Cal¥ a0}, which sbould nhiale high conversiong
U835 ) and selectivities {o.g, lnternational Patent Application No. WO RUGRERE)L

Alternatively, one can proveed according € a provesy such ay deseribed fn US, Patent
Mo, 4,584,418, A stalinesy steef with an off jocke! maintained af 331 °C was sxed for this
reaction. Hydrogen wis introduced by way of 8 pressure regulator and Hew controller {not
shown) through line to the hottom end of a vapirlzer comiaining @ number of steel balls. Ester
was metered as g Hgoid to vaporieer through 2 lime, The resulting vaporous mixters of ester
and bydrogen was passed through preheating ol to reacter, This contained a faver of glasy
Balls, on witich rested the catalyst bed, The renuainder of the roactor was filled with glass balls

and the upper end of the reactar was fitted with an exif tube which led to 2 condenser {nu

i
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dovwnstreant frovn the condenser using ¢ wed gas meler,
A charge of 38 ml of » granalated copper chromite catalyst was placed in the reactor
which was thea pavged with sitvogen st 42 bar, The off bath was vaised to 2 tempovature of
5 Lladegree, € 4 2% Hooub2 te Noarh.2 gaseons mixture ai 42 bar was thewn passed sver the
catalyst for X hoars, Sllowsed by 18% Hosuh 2 fn Noaah.2 (s a1 43 bav) for a fuvther 19 hours,
and then by pure Hoenbd {alse 21 42 bar) for an additional 12 hour,
fhethyd succinate wag then infroduced into the vaporizer corvespondding o » Hipuid

Bourdy space velocity of 8.3/, The hydrogen gavtester maler vatio in the vaporsus mixiuge was

30 313 The tumperatare of the sand bath was maintained af 231°C The colensate was
anadyesd by gav chromatography esing ¢ 1.32 syeler long ciatnless sigel colamn with ar internal
siameier of 318 num vontaining B diethylene glvend succinate on Chromasard PAW, a
helinm g How rate of 3 adffssinute and & Hame jonication detetor, The butrunent was Stted
with a chart recorder having 8 peak integraior and was calibrated wsing 8 mixture of diethyd

1% maleate, dialkyl suceinate, hutyrolactme, butane-1d-diol, tetrahvdrofiran and water of kanown

composition. The exll gas was also sampled and analyeed by gas chromatopraphy usiug the
same technigue. The identily of the peaks was confirmed by comparison of the retention thaey
observed with those of authentic speeimens of the materials in yuestion and by mass
spectroscopy. The following compomudy were detested in the reaction mixture: dethyd

20 suosinnte, hayrelacione, butane- L4-disd, ferakydroforan and water. Trace amounts of minor
byproahucts, inchuding -ethoxytetrabydvofnran snd 2-ethovybutane-Ld-diol wers sl detevied
in the reaction mixture, From the results obiained ¥ appeared thet diethyl succinate had been
sausntidy converted to products with a sclectivity o tefrabydrofuran of 83.3mal %4, a selectivity
o s-butane! of 116 mol ¥y o sslentivity fo ganuas-butyrolactone of 26.1 wud %%, and a

.

selestivity to betase -1 dutiol of 18.1 aml 9%, the baloncs belng minor byprodacis,

1513

The present favention hax been deseribed in general and in detall by way of examples,
Peysons of sldi in the avt anderstand that the invention §s nof Bmiled necessarily fo the

enmbodiments specifically disclosed, bast that modificativns and variztions may b made withowt

St
)

departing from the scope of the invention as defined by the following claims ov their
eqivalenis, ncluding other equivalent components presemily Kanown, or to be developed, which
may be aved within the seope of the present nvention. Therefore, undoss changes stheywise
depart from the scepe of the nvention, the changes should b consivaed as being incladed

herein.
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A& provess for producing 2 hydrogeastion product comprising: 8) ohiaining 8
formentation broth coniaining af leaxt owe froe organic acid, or a mivture of organie
ackds, or u least one free organie acid and an assovinted alkali or alkaline carth metal
sitits of the organie acid; ) deving waid fermeniation broth into 3 powder; aad ©)
veacting said ovganie acld in satd powder with ar akobhel xolvent under a Uy
atmosphere in substuntial cbsences of any other extvinsie acid catalyst 2t a resctian
femperature and prossure that corvesponds fo superoritical, eritical or pear critical
sonditions for at lpast the sleohol or CO; fo synthesize an catery and ) hvdrogenating
satd ester to form a hydrogenation product,

The provess secarding to clafn 1, whereln said hydrogenstion produst fncludes anvene
of the {ollowing: Ld-butancdiel (BDO, totrabydrofuran {THE), v-batyrolactone {GBL)Y,
Nemethyb2-pyreolidone (NMPS, Tpyreolidons,

The provess aceording o clafm 1, forther comprising filtering sald formentation broth
o remove coll meoy and lnsobable compounds either befors drving or after sster
synibesis,

The provess avcarding (o any oue of the preceding claims, further compriving {iltering
sald fermentation broth i resurve involuble byv-prodacts resultant from esler sywihosds,
and concenirating said ester,

The process acvording to any one of the preceding claines, wherein said fermentution
broth is part of @ continuous formentation provesy, and further comprising vecyveling
said fusohuble compounds back fnlo said Formentation broth,

The process avcording 1o any one of the preceding cldms, wherein said fermentation
Broth is pard of 2 badeh formentation process, and further compriving recyeling said
tusofuble compminnds Into 2 sevond fermentation veavioy,

The provess aocording {o any oue of the preceding clabny, whereln said srganie aoid &
sefecied from the group consisting of) fvmic acld, avetic acid, proplonie acld | lnatie
acid, buiyric acid, isobudyrie acki, valeric acid, hesannic add, heplanatn acid, decansiv
achd, Inarie actd, my ristic acid, anmd U0 Cy fatty acids, fomarie acid, Haconic acld, malie
achd, sueeinie acld, malkele scid, malonie acld, glatarke scid, ghuvaric seid, oxalie actd,
adipic aoid, pimelie acid, suberie acid, azclair acld, sebacie acid, dodecanedinte said,
whuinconis acld, sribo-phibalic acid, bephthalic avid, terephthalic actd, oifric avid,
fsuciirie soid, avonitie ackd, tricarbaliviic acld, and trimesie aaid.

The process secovding to any one of the preceding claims, wherein said ovganic acid B &

polyrarbodyvie acid.
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divarhnrylic or 8 trfoschoxylie scid.
18, The process according to elaim 8, wherrin sald synthesized seter s predomisantly at

frast a dicstor.

.5

& 11 The provess aveerding Yo any sng of the preceding cleims, wheredn suid reaction
tegrperatare ansd pressare is at o temperature betwesn shopt 130°C and abowus 238°¢C, at
& pressare g range betwesn adwat 408 pai and 3,088 pad,

12, The procesy aecording (o any oue of the preceding cladmy, wherein sald process does not

activate said free srganic acid as an soyl halide.

oy
o

13, The provess aveording to any one of the preceding clsims, wherehn sald fermentation
broth is at a pH of kes than X
34, The provess acenrding 1o any one of the preceding claims, wherehn sald fermentation

hreth v ot 8 pH in 2 rasge between abost L8 and about 4.5,

,m
j2:43
»

The process sccording to any ons of the preceding elatms, whersin said drying is by

ot
‘s
(941

means of af past one of the following: spray drving, dvam drying, or evyodesiceation.

16 The process secording to any one of the preceding claims, whereln sald organde scid v a

b

dizcid and said synthesis of the euler vields @ mindmon of 0% crmversion to a tiester of

the ergande acd,

e
-
.

The process acearding to olato 1, further rompriving purilviag sald sster to showt

26 east about 8% puvity.

IR, The process acverding to olaim 17, whereln ssid parifyving i by & means sefected from
the groap consisting oft eryuiailization, chromatography, and distiliotinn,

18, The provess avcording to clafm 1, wherein said alcobol hay an Rogroup of OOy aud I8
either a aptarated, vosaiursied, or sromalic species,

35 28, The process aocording to clatm 1, wheretn sald process ferther eomprises subjroting
satd bydrogenatien product fo farthor bydrogenation ar hydrogenalysis to produce g
hisduel compound,

2%, The process aceovding fo elatm 1, wheveln said dried fermentation broth powder s

shipped 1o ¢ location different from where sald fermentation broth is souresd.

S
4]
i
f a4

2. The process secording to olatm 1, wherely said ester cynthesds is performed &t g remate
foration difforent from where sald frawatation broth i soureed.

33, The proecess accerding o clabm 1, wherein sald ovganie achd fs ot Jeast o U diacld, and

safd synthesized ester v s least 2 dievter, and said hydrogenation pradact s a 18-

hutasediol
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