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CTTHON FROM BIO-DERIVED CARBOXYLIC-ACH? BSTERS

FRIORITY CLAIM

The presemt Application claims bonelit of prioewy from UR Prao

ioral Apphication No.

. Hiled Decsmber 20, 2812, the coutents of wi porated,

FIELD OF INVENTION

products from beedeorived esters of

Development of allernative forls has gained incrsading ynporiancs with noreased awsreness

of epvirenneatal converns and i the wake of economie press

from supply vidatitity of petroleam and other fossib-based rosowrses. Polioy makers have recognteed

this yuponiance and have encouraged production and noreased use of binduels. As inferest has grown

1

inmoving away from petrochemient or natuea! gax-dertved hydraomrbon sourees, some have

concenirated v finding renowable and sustunable “green” carbon resowrees, Ba
generation biofugis are mads by fermenting food produdis {e.g., starch-containin

ar sugar sang) inte shorbchain aleo

\

farly acids Hbwrated from plant oids by glyeerolysis (e, d. soybeans)

%

methy! evters usad as biodiesel, {See v, Cosar B, Granda of f, “Sustamable

‘ol 26, Na. 3, pp. |

ic acids such ax used to make bodisse! can aiso he made by fermentation from

carbobyd rees, i addition to belg derived from plag oils,

e

1as malic of sucotnie actd, has sevs

produetion of

- the bin-based carboxyviic actids have been w

s

petrochemical-based i\h the produclion coats

frrre bio-braed production (o be costompetitive with petrochemical production regimes, (3¢ 2.8

£,

ermentation of starches and

&

sugars, carboxyvlie acids are generated using nicrosrganisms, Microorganisms require cotlam

covilitions fir thelr functions. Fre exaraple, with most commueraially viable sucetnate prodiing

snentation brath o madntain

microorganisms described in the Meratare, one needs { neutralize the

an appropriate pH fiw maxionsm growth, conversion and g.u‘@{h;aii\fi{}a

s

coniation broths as anhs insdead of as

Cuvvently,

free actds. Typicadly, the pH of the formentation broth 18 manained af or near a pH of Thy

s
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ffrodhntion of anuoniam hydroxide or otbier base into the broth, thoreby comverting the carboxyvlio

acid into the coresponding auid sall, Generation of carbonylio actd salts versay the free organie acid

form brings about Abonit 50%% of the total praductic

by dowastream i‘:ss‘&ccssiﬂgg because of the diffiouliies associated with the sepa

wry of carboxyhic acide as salts bas a pumber of assoviades

FOCRIIes

-fermentation, deownstrean processing o solate free acids and 1o

Prravsformation and o convert the raw acids 1o wsedul

e generated in convontional feroaniation processes,

et of goid 1o neutralive, The amount of ve

Fusther, ane pevds to remove the connter jons of the salis a0z to yield

remove and dispose of any resulting wiate and by-prodhiets. Foy inatans salts of Oy diacids

ped
5

have & very low solubithiey in aqueouns broth sohstions (vplenily

v Al Yoo

teperatare), and are not suitable for many applications for whach a free sei is needed, such

aa oharneal conversion 1o ¢ cdiol and bisfuels, Therefore, the calcium

salt i1 typieaily dissobved b selfieic acid, forming fasohuble calotum salfate, which can readily be

sepavated from the Calohum sulfaie is a product baving & sridat appheations, and

aceordhngly §s typically discarded as a solid waste in landfills or other solid waste dispasal sites. Al
ndividual operational unlis contribute o the overall costs of the process,

ansd costs assnoiated with generating free carboxylio acids and 10 ivygwove the

ts for 4 betler, more direct method of recovering & variety of carboxylic

anida, sach as malic or suceinic actd, and which can provide a suceeasiul route o combine a

biologicathe-dertved hvdrocarbon feadstoek with the production of various b

fuel products, such as

§

sthane, propane, propanct or udarell by wmeans of hvdrogenation or hydrogenolysis, Such g

stresimiined, groen process would b a weliome nvovation,

TARY OF THE INVENTION

H

The present mvention concerns 8 process for producing bofusls. The process invabvest )

carbaxyliv

byoth emminirzg at least one free carboxyvlio acd, or 8 suxbure

wat one carboxylic acid and associated atkalt or alkaline
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: carboxyhic soids bo a

1 said poawder with an alcobol solvent or mixtere of &

feast rme aloohol wrder & U0, ammosphere In sebstantiad absence of any sther sold catalystat s

reaction temperature and preasurs thal corresponds to superstitival, oritiend or near ertical

for the alcohobor Ty 1o o the correaponding ester o estery; ) subjecting the svtors formed

spenation to form one or more Mofuels, and o) recovering

bed

wr either hvdrogenolys

N N

sore binfiels, The ester cant be g monc-aster, di-exter, or tri-oster, Freferably, the este
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ch-ester. Mornesiers can convert fo pwno-slonhels, desters fo dinds, and tiesters to trinle. The

bicfuel produets oo he oither an alkane or aslechol.

The esterification reaction torpperative is betweon about 13070 and abst 23090
operational reaction pressure is hebween about 400 pad and abomst LO00 pei. Depending on the destred

esuits, the esterifioation reaciion can be nun for at lsust shout 4 hours,

Additional features and advantages of the present methods will be diselosed w the following
detatled description. H v wndersiood that both the foregoing sunwoary and the following detatlad

desoription and examyples ave aerely representative of the mvention, and are intended to provide an

averview for understanding the invention as clatmed.

BRIEY BERCRIPTION OF FIGURES

s

FIGL T in o schevatie disgon ilustrating an deration of the prasent procgss oy extentfying an

organiv carbonyvie acid dortved from fermentation broth, snd Swther downstrean progosses that can

SRS

ssolate the reselting esters and/or generate sther compounnds from sueh exters,

N

FHG 2 is o schenatic diagram showing an exampie of eater proshuction using succini acid

pe

derived from frmentation, and a downstream procass iy Na and Mg salts are reeyeied back

3

it the fermentation reactor, in aceordancs with & past of an embodiment of the present process,

FIG. 3§95 diagram that Hlasirases U0, -assisted esterifivation of free sucoinic acid in varine

alvobols that ave converied to corrasponding dimethyl, diethorl, or dibanyl estees, according 1o the
prasent inverdsi,

sted st

FIG. 4 v a dagras that ustrates Cly-a ation of nther podycarboxylic actds,

FIG. S shows a sevies of reaction dlagrams that sununarize variations m temperatiwe for U0

assisted as co succinie ackd dertved from fermentation broth,

orvamns that suramarive variations in Iniiad operativnal

&

s of reastion din
sterifioation of free carboxylin acid according fo the fnvention.

sertes of reaction disgrarns that semmarive variations b temperature, and

o3 gsterifivation of free carboxylic acid according 1o the fnvention,

FiG & shows @ series of reactinn diagrams that semetarize the results of resction succinic

. I, e e
acids and their Me™ and Ua™ salis,

DETAILED DESCRIPTION OF THE INVENTION

ot

The prosent disclosure deseribes, In part, a process for making various biotuel products by

mweans of cither bydrogenation o §1§f{= o;\zsmysi;ﬁ from a Mologically-derived carbon svaree, such as
sugar o ather plant-based carbrdiydortes. The process Joins an ability 1o recover a carboxylis avid
froan a fermentation broth, with an abis‘é@y to yse the acid as a feedstock for biofuel generating

~
3



$oss
v

reactions i 4 stremnlined procedure, The presont process includes a method of converting the

carboxyhin acid o s corvesponding

ester {o.g., mono-ester, di-ester, or tri-esterd n a relatnvely

efficient and cost effective mannger.

As used herein the term “hinfuels” referstoa

caseous, Haaid, or solid substance thad i
ax a fuel, which i produced from renewsble ologival resources such s plany, cellndose, ov
apricuttural bivmass or derfvatives thereofl In particalar, a Mofued refors to a material that oan be

L

used it or ax a wansporiation fyel iy intermal covebustion engines, I powser o

encrgy generation sppHosiions, For stanwe, propanod and butanof can be g

S

the same as ethanol. Butane sud propane i Hauefied petroleuns gas {LFG) and ethane iy natural gas

can be adapied as fucls in cortaly fransportation aysteras, Uther biologicallv-derived hydrocarbons,

"

hke octnoloctane, or alkanes heavier than Cyor

s tay also be biohels,
I pactivelar, the present process mvolves oliaiaing o fervaerdation broth, from whach cel

and insoluble crampounds have been either removed ot not, containing a mixture of thee

carhoryhic acid of interest, eptionally with associated aikait or alkaline et

P

polassinm, of magnestum salis) drving the raw or clacified fame

finto a powden; reacting the carboxyvlie actd B the powder with an aloohad under a

N

Oh-contsning atmosphere i substantial absenve of any other gord cataly

£

<

- to supercritical, oriticad or near oritival conditions for the aleohol mudior
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f ferm Piree casboxvlic acid welars o a Céi}‘iz}::’_s}s’.}fﬁﬁ. acid

o dn s protonated stite when i solation, at or below s pRa value, &s

naed ?sars‘-aisx the ferm “substantial absenoe” refers to 2 condhition In whish an acid catalyst is either
fargefy or completely absent, or is present n o sidnimde or trace amount of foss than catalytio

overy of a simpsde bat effactive way

I another aspect, the preseat rvention involves the &

N ¥

s front carbaxylie acids thet are otherwise eostly and difftoolt tosolate. Ae

gl the g.\-t‘esen“ fmvantion is that one can use frew carboxyhic sotds divectly from s

¢ correapondir weed 1o solate or purity

broth, as witons from broth,

wr
”

their salts, the present DIOCSSY B arovides an sasfer way 6o faoiate angd extract organm atids from a

'8

dirvinates a nesd for tiration and neotralization of the

fermentation fuo

wation broth that can ss\n ] salts, snd certain purification steps o produde a stock

¢ ovearde actds are converied o esters, whach ¢

T

Hication techmigues withowt the use of expeasive and comphivated

raphio separation colunms of tasing. For Bslanoe s eo saventional process, ong would

Py
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need 10 use fon exchange chromatography to olate the aoids. A small amount of salis mmay
anavoidably carey-over after the fon exchange, Hence, one may requive mulliple aniis of operation

feg

ats of the

purtfy the aoid to an accoptable quality level, Witly each added operations! unit the or

overall process inoreases, In contrast with the presset process i svithesising the ester of the acid,

farrpeniation

ong can eeover the salt as 2 carkonate or hydroxide, which can be used to regeneraie the

broth, and minjodag v Rather, a4y advaniage of the preseat procesy is that one may further
renyele the ayuthesis by-produsts divectly baek into the formentation broth. By converting the
carboxyhic seids & thelr corresponding estors, we can avoid sueh issoes.

p]

8.

T

Conventionally, esters ave prodiuced whan carboxyiic acids are heated with aloshols in the

Y

Tha mechaniamn for the frmation of an ester fron an aeid sand an aleohol

concotratsd chioride. Frotonat

elecirophibo and wonabdes # to react with the sieobol, which is o weak muleophite,

1 reaction of fermentation-

i general ferms, the present esterification method tivels

Yeootrtminy

boxyiie acid with sn aloohod in a cavbon divnd

.

atmosphere 1 substantial absence of any otber acid catalyst 10 praduce esters. The esterificatior

[

wred i solution wnder conditions that are aither at sepsrentical, eritieal or near

reaotion 18 peri

Y

presaures for either the alcobol andfor Gy Under such conditions, we

eritieal wmponatores andi;

and \‘3’\&1}{".?‘23‘;"5.‘..'2 haok after the

CROrRiES o

Hons @ i an an ackd catalvsy

on reactiont s comploted, 1 s belioved that @ resotive intermadiate {imonoatkyivarbonic

eing yoade B vine o laege enough quantities o drive esterfication and affect e

o a shinilar pla {o.g.~4-5) s the free varly

prodactions. This imermediate, havi
as a carboasio aeid, which is smch weaker than the wsual strong acids. The obeerved trond of greater
eater comvarsion at higher temperatores adduces a relatively large energy of activation for this progess.

of the inventive process I8 that activation of the fres garboyyie acid

fon ) Ay
HRISHEGGY

e

Uhalide {o.g., Hluoride, chiovide, bromide} or by using strong

.».v-. o

anlike with some other technigues, Aoyt halides are Inconvenient s use begause these spee

inherenthy reactive, have ssues with stabifity, waste treatment, and can be combersorne sud costly to

niake

T

In the present process, carbon diokide functoning as # catalyst instead of the aseal strong

acids rentoves the nead Lo ntrodvive & strong acid info the esterification reaction. Thas feature ¢an

civeumivent the usual need o adjost pH values o order fo remove the

ov synthesis, Ome ean simply proceed so filter the resoltan product to reswrve alkali
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Hne sarth metal carbonate or other salts. A closwer product will save oc

dowrstream processing for emmversion 1o other chennical feadsiock,

The provess desoribed herein i a pywe environn

sad that the carbon dioxide can s o ayr acid catalyst i vife o ihe presencs of the

cation reactism, the prosent method does not reguive the ase or addition of

i other wirds, the reaction Kinetics with (¥

i the subsantial absence of any other acid oatal

of free acids as, B example, an acyl eldoride or by strong avids (e

ey esterification)

Iy general, the estorifivation s conducted at an operational o reaction temperatine babween

“C, at & reaction pressure of betoveen about 400 psi g O psi, for an

about 15870 o ghowt 2

12 howws, Typleally, the tomperatre omn by in 3 raage

g, P75, BRTOC, 19570 or 2

between about V7O ¢

4‘\ =5 3

2,400 psi {eg,

retween aboat 960 pai or 30 pef and about 1200 pst o

Alternatively, the lomperatire can be in g range between

FESYC o 20050 or 2109 10 about 220°%C or !

i showt 1O00 pai and 23580 pei {e.g,, 1 1HH py

) t\\)' 23

900 paiy. Crher temperatures may ba witin a ramy

1o about JHY nd other operational presmures may

v o range, for example, from ahout 1,158 pstor 1,500 psi tor abogt 1EGT pst o 2000 pst

yeas reaction i DIVPETRRUEES Y £ PrEgsures SOrrashoi 113

Table 1 lists, for purpose of HHhatration, oritical pavameters for

some oo sofvenis (Lo, methanol, sthanol, Loropans], Butanol, water,

.:\ irtg“‘? .\(}(\\‘(‘{\

i AR

Mioteculer Welsht Criﬁ‘;‘ai}‘&mp, Ky
e "

&, eritical fempersture sadfo

sae where B exbibats properties that ase in behwaen those of a g

superorttioat § iy and gas-fike travspor? properties {Le.,

ity and visersityl This can be seen tn Table 2, wherels the typieal values of these properties

ars compared betwesn the thres Hold types ~ conventional Hauids, supercritical thirds, and gases,

Table 3¢
Property
‘i}e i
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Likewise, “rofers fo the conditions at which either the tomperature o pressure of af least

the aleohol spectes or OO gus is below byt winhin 150K (e, within SO100K ), or 2@ psideg.,

within 38130 psiy of thewr respective oritical points, It v belioved that as temperatures ansd prossurss

veach nome ordweal, eritival o seperenitical conditions, the solubility of

5 which promotes the osterification reaction. o other wards,

o interact under near cribeal, oritiond or supercritical conditions than under foss rigorous

The reaction does wad reguire that both the alonhol gas be at pear-critioa,

ORGP RS SR v the waeie i Ty 1S Rerative 9 done ac sither ane of e anesiad
cal condilions: rather, the rescton 18 operative as o T as gHber ong of tha SPCINS

i ¥ ihe prosent ostaeification reactions are of

pressures, up o abowt 256%

% psior

* X

HE or 12 howirs, one can produce stgmifioant ampounts of estor produ

.

evel of parity within a shorter reaction time than befure, which was about 1828 howrs. Al fower

operational temperatures {0 THIPC, formatinn of monosster molecules of polvearboxyhie acids i

1% owwe provalent, while reactions ot tempengtares 2 IBEC o RS0, will copvert preferartially the

potyearboxyviic auids o diesters, By selecting & teoperators i a higher range from aboat 180°Cor

sutially drive the reaction to a greater rate of

voat bpast

imam of about 5094, desiral

The estertfication can
e carboxyiin acid, Reactions that ave performad al or near supereritical

20 apersting vonditions tend o produee betfer resilis, When operated at of near eritical conditions of

AG% for ragthano! and about 3

s abie o achiove

about 23070 or ahout ]

converstons rates of about 0% or better, typically about 83

by ashusting the permutations of different combinations of empsratay

ighey temperatures and shorter reaction times {e.g, toss than Wor 121

35 or vice verss), which can be an advantage over current approaches. With optimdzation, estertfication

> ander either the sarae or greater {00, pressore, the viekd wodd be nearly

conducted ¢

, o 88 8% converaion.

quaniifswiive (e, > 85% ¥ r exanmphe, up &0 about 98%, ¥

As the sgeompanying Exaraples will show, variation it reaction conditions niggests that one

=

can generate more dester product with higher temperaties andfor protracted reaction times. As

> hbe)

30 aver, different permutations in temperature can fluence the durtion of the
pstertfioation seactions o produce the same amount of ester produet. The reactions accortiag to the
present method are vt condusive 1o uiicant degree of side product forma WIS OB Can
avoid evelization of the cnrboxyliv soids sud other starting reagents. Potential dangers of
depsrboxylation at high temperatures (e, 1 {3090 are not chssevard i the present

15 method
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an amwount of the alvobol salvent i excess of the sarboxvlic aold, one can produce a

estertfioation. The present synthesiy process prodaces very olean ester prodects at about

purily, without generation of significant amous of side products such as fow

. ~ IV SRR
 avids — aoetio o e acid - molecular reamagements or svclic products, wit

PRy

one ¢radd normally find v standard acid eatalyzed setentfiostion at high toroperataves. The esters oan

be refined 1o soltiovs about M08% parity. The purification can be acn

o

wiphshed, for instance, by

mgans of covstallization, chromatography, or distiflation,

sster prodects oan be either mong s of diesiors, or form @ mixture

s hath, One can condrol the ray the asterification toward sither one aster fovm or

T ot N ~

another. For Instianog, one may select an opgrational tamperature and prossure that prefecentially

g .

drives the eeteritication reaction towarsds Formation of diesder m

Se, 009 CEn Copirad

whether eaters are fovmed from either a single carboxyliv acid specie

qure of multiple different Kinds carboxyvlio actds e, soetiy, oitrie, fantie, malic, malewe, suceinie

e
-

v b proserd and derteable from fermentation broth. In othet words, one can use a

ia fnsecord with the present esterification resstion to

csters, tn lurn, can be solated, Duther modified in

wvertad, In certain embodiments, into asefid compounds such

o~ o 1

as for pharny . food, feod, polymer materials or bioft

For insianeg, surewug

asters can be converted ydo a po‘i}fa‘ﬂer, such a5 polvbatylene suocinate (PBEB)

fn the present exterification provess, hoth the catalyet (TG andd the esteriBioation reagent

shaodd b

ol are present in farge excass relative to the asowd of free

as the

o,

S g:si'm.sc during the reaction phase, repa

v s conchioted at ?3"':2-' Y temperatyres, Adg ¢ wherg seabed

iy that it allows for slow sablimation of gass

]
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12
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e
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Thia can minimie 00, 4

peacHion apparalus is

Wy o the reactiom abmosphere can

the concenivation of

i

Yo, preferably greater than 3%

concentration of OO should be maximized. Destrable concentratons of COy ave front abowt

. SNLY mrma oy
Vet about B8 {NGY pas o

s vobume, typicaliy betweon sbout 853% and about 883,

b

bt prefersbly the concentration of gases of

“.-. -\ 131\

sage {0304 or de iaiegds amunt,

Anty Hauid sloshol with a Regroup of U-Cyp oanserve as the solvent reagent of first alcohod
spesies. The H-group can be saturated, unsatirated, o aromatie, A mixtare of different kinds of

an also be used ln the reaction, but will produne a coaresponding misiure of

different astors depending on the particolar Rogroap. Cortain K

groups are profe reagent i the st asterification

wd mechaniatic simphicily in the esterification renction. Further,

]
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afoohinds such as roethanel, ethanol, propanocl, or butano! are preferred because of parameters such as

thely comparatively stnple structure and that the resctions are more ersily controfled with respest to

28

the supereritical, eritical or near oritics! fempenadeves and preasares of thesg SpeCien

i

Alteroatively, i some enthodiments, the aloohol can alsn be 3 O-C-dial, Estentiostion with a diol

cart gencratn monomers of bnw molvoular weight oligomers thay can be readily polymerized,

e can use a variety of ditferent carboxylic aeids, for example, selected from the group

consisting of a monocarbonylie acids: formic acid, acete seld, propionie acid | aote acidl udyrie

acid, sobotvrie acid, vaderie sotd, hexanoie sold, heptanois acid, decanowe acid

i i’is‘ity acids; by diowboxyiic acids: fumarie actd, aeoniv aold, malic aaid, suceinio

¢ asid, ghawane seid, oxalie acwd, adipic ackd, pmelic ani

ul, azelaic ackd, sebacic aotl, dodecanadioie acid, glutaconie anid, ortho-pix

id, terephthalio actd; or o) ioarboxylic acids: citrie acid, 1socitrio avid, soonitic acid,
tricarbatiyviic aoid, ardd srbmesie aeid. The cwrboxyhio acids can include aomix of associated alkali o
allahing canth wetal (o, sodiom, potasstam, or magnesion} salis of these carboxylic acids,

&

5 ¢

Devirably, the carboxyvlie acid i a polyearboxyiic acid, sach as a dicarboyxdie or nearboxylie acid.

The process can reduce the amount of waste by means of resveling of by-prodacts back o

the forraordation broth, either s contingous or batch proces in the present

soid catalyst, the free prodonated forms of the carboxylio acids hay greater solubility 1o the slechol

sobvent than thelr corre imifar reaction condiiions, the esterification

cactivg waing the free car sagerty will yield about 223 times greaier anwunt of ester

2

coten e reagent. {This vesull ha soen when ong

B3

rg Figure 38 {free acid) with that iz’?‘,%'-'ig;.as" 34 {acid salty, and

selioved

{agid s.ait},‘ with apdes S and & (d respestivelyy s

that solu .~§§'§§i§- is & factor for the difference. For matanoe, since the solubility of magnesiont salis in

sathanol and sthanol ave significanily better thaw that of calohi salts, product vield fosn a reaction

voed froan & slarting reagent of & Corresponding

b

The present invention inclades as for esierifying s polvearboxylic acid, The

esteriffoation method Invobes: providing and react

1g a sodution of one oy move free carboxy i acida

. RN SRS SO
L ARG 3ECUnE an

O atmosphere without the presence of any other acid cat

reactinn temperabure o rescfion pressers corresponding 1o supererieal, oritical o neay

ertical conditions for the seobol andfor OOy tr vield an ester. The reaction foraperatare and pres

conditions preferentially deive the reaction towsrds the formation of at east diester molequtes over

- modonoles when the carboxyvlie acid & a polyearboxylic asld. As with the recirvery

FROTRCEINY

process, the operational reaction temperaiure 15 betwarn abont 130°C and about 25090, and the



fad
o

4

>

e
-

Prs

5

operational reaction presawre is betwaen about 400 pel and aboet 2,500 psd. Depending on the desired

i

resaits, the renotion can be run for up fo abowt 12 howrs,

O

The estertfloation procsss described above can be utegrated futo formontation-based

o

in foedstocks and o provide 2 more conveniond method of @

production of carbon rating esters

i acuds derived from a renewable sourve. The present fnvention provides a divect roude

biotogically-dertved carboxyhic scids can be recovered & stvple, cost-efficient progess

from a ferpientation broth, converted fnto esters, and then sobjested 0 bydryg

s make biofuels. v Husteate how the esters are Integrated

ke

into turthe SIRAKD ProCcRsses.

we v a schematic representation showing o yeneral process of extracting carboxylic

acids fron fermentation broth that inchudes @ vermon of the prosent esterificats

on reastion integrated

processes that can wilize the s‘eszsiiiz'&gt\ia As shown, fermentation beoth 78 froma

csrboxyhio acids

reavtor 18 Tilered {altra) 12 10 remove Momaterialy &

g ther sal wor coampounds, Al of these materials are then dried {3 w0
make an anreline driod nuixiure o artals 18 then reasted 8 10 2 Bagund system

with an alcn

sted operatiinal reactivny emperature and

{ ‘5\_ JCES react

o
sy
el
e
'
e
©

”x
4“

pressure 0 vield cither monoesters or diesters, or 4 misture of both,
w acintion,  The resufting miixture £8 s filored 26 to separate the ssters 33 and other by-products 24
The esters are solubfe while other by-product componnds sre nsoluble. The by-products fachde

carhonate suits of ealcium, magnesiun, or sndium, which can be revovered and recyeled 20 back it

viation broth 28 n the renctor 8. This resveld ignificant cost savings and

a Fern

The exters can be

mpyoves the efficlency of the overall fermentation and @

senation 33, or hvidvog ‘§'§§Q},f’5\f s freatment 34,

reapeciively, to separaty the different esters, produce Uy pls
ethane., ethanol, bhutane, hutanad, efcd
wough the distiflation process one can voncentrate the seters by driving oft the alechai, and

her distilation of 3 mived-acid eater

then filter the by-produets i from vater sy

i1

product nuxture accordin {ester spacios, permits o to separate

&

the various individual exters. Foo ce, Table 3 provides bojling polnts for & sample of corpasm

asters that may be present In an ester product sixtre according o the present myvention.

Al H
' & &

Yab e %, Botling Pointy for Somes Common Estars

Esrer Species Boiling Poinl {°C} Exter Spscieg Boffing Paint {°C}
et i-s\:;eqnsa&s‘: 589 sthyi-atetate §F

“wry

§ formats R

104108 {3 Mgl giethybmatate
G disthylaucoinats




o
)

2

{J

pren

Iyl

(931
LA

{A78 {18 o Hg) | inethylcitrate ARG {150 mnt Hel

Atter recovering the csters in the remaining solution, the materials are fn 3 readily ssable

for and one can either distil] the ester nuxtuee B sep

acies and any

rematiing alochol, Cuee the esters are recovered, one oat use the Wonoesiars as pracuraces for

sonversion o chelating sgents, and the diestees as sobvents,

An sdvatage of recovering the carboy cids from formentation buthe §

correspornding esters s that denvnstreant processing of the eaters iy less energy te

wion of the free acids. Another advantage of the present esterification process i that, one

nd the prosent process simpler and casier, as campared 1o other approzches, 1o refine carbe

N 5

acids fiw Cy chemical platforms from fermersation. It simplifios offornis to separate vsters from the

ahie materials, as well as minimires the amount of salf that one pesds 1o separate. Inan

i

integrated prosess enables ong to directly esterify a combiation of free acid and salts that is produce

3

formeniation, i which the fermaentation is operated at a pH of fess than the pKa of the

Figure 2 shows a schomatic dagram of a downstream pra

oasing that inearpowates

ped

feration

of the §‘§E‘GS§:‘»§'§§1 ssterification process, In particular, Figure 2 depiets an example of using suncinic aeid

of any othar oviie acid derived fvana fo ion broth i exgeacted and reastod with

N . =

an alochol w the presence of sxcess ©

r 1o this deration of the prooess,

ghucose, corn sieep E%ﬁ\lms‘, or other sugars, and Mgf{OH), / MaGH are introdeced intn a fevvwntation

reacior 2§ and fermented 23 to produce carboryvlie acids, A fermentation broth Hguid 28 Ccradaining 8

mintare of carboxyviic acids, salis (o0, suceinic acid and s sodiunt of magnesium salt), and other by

products §s fihered 37 o romove coll mass aud other insoluble matt The fermertation is

performed at o fow pH vadog, It which ooe starts el a hugher pi-i { or 8} and duning the

sourse of the fermentatinn, the pH value drops o abou {salty and

kS

3 wiov of salt to acid

free achl present, for sxyarople, i a ratfo range of sbowt $1hwihw 1o

Sermentation broth is retrioved from a fermeniation reactor at & pH valae of tess than the pRa ofthe

carboxyiic solds, {e.g., pH 51 Typieally, the formentation broth s at & pH valeg in a range bebween
ahongt 1.3 and about 4.5

The breth extract s then dried 29 {o & powder. When deving the suxed acid flvate shoald
cosave as mueh water 5 possible, The deving step csn be accomplished, for instanve, by means of

by fonw wvales

spray deving, drunt drying, ov oryodesiocation. As with

o

coment i desired, otherwise the reversible reaction will tend 0 hydeodyze back to the disarboxyii

s vy weight should be

1t H 5 vty i sy iyt vt abreaer AR
agiR. I he prosg i DUOCLES, 8 THIN g reatdusi moistere content of aboad

&

maintained. One woold expect an morease e ester vield of ap to about B8 or 9996 with sanpdes that
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The dried prasder {aversge tosture comdond between abavg Dt

= A7 with an aleobol 33 which serves as an aliylating agents in sxcess U0 ata
semporniure hobween ghowt 1RGO o about 230°C0 for aoduranion of abowt 4 howrs o more o estortly

He weids, o this example, secebae seid fs reacted 1n mcthapol wnd CO; to generate

aoids which wers

dimothyvl succinste. Alosg with the tree carboxyiic scid, any rem

Hation broth are also esterified,

-
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s
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g
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Unee the cmrboxylio soid sefers sre gererated and revovered from the fermentation broth they

il

Hydrogenation or ‘i’i}:’d:"

moribed i LS. Patons MNos, 7498, 43082 (elating (o homogenous

Foranhvdeides i, {relating to

l’/
/

mreoess for productiva of wetrahydroforan and v-butyrolactione by hydroge

LR, Patent No, 4,584,4

A {relating {0 process for the prodaction of bidane- |

H0 R0 Cralbyl) ester of g O dicarboxylic acidy UK Patent £

o a proesss for production of a nuxiure of butane T dhol, y-butveolactone,

fsmerater International Patent Application
o-\gss'i}dsac‘i’is‘_sn of Intane- 1 dediol and y-butyrolactons by means of

oy or WO

iy

o @ provess for

an ef of L CCatedynie Upgrading ¢
CFroG, 1909, 15, ¥4

L it its entirety by referense.

. when reacted with methanad i accord with the re

?»-ﬁg(%i(ﬁ(}:}__ and exzess methanst 35

aHC and MU0y 380 The cavbona

it the reactor 37, oither for 8 continuous process or i g tresh

hasch process. The dirsethy sucoinate and methanol ave farther separated 48 fron

methanol 33 beloy reoyeled 45, Subseguently, the dimethyl sooninate 4738 sub

olvsis 48 and teansfbrmed into & variety of blotue] products $4, focluding

et
poss
Vi
g
josd
]
-~

Ry
o
p

hvdroge

“hatanol,

atkanes andior alohols, for instance: ethane, ethanol, propane, propane, hane, <

LAY

o of the present process is that i can sivptify the transport and provessing

wa broth powder one i3 freoed

nentation products. For tnstance, with a driad forment

ok, A dw

ed fermentation |

§ powder can

wates associated w 7 Hgead st

omically shipped to a focation different from where the formmentation broth i made or

obtained. This will snable the reaction | be performed at w remole lovation

srrmentmtion broth is oblained, snd expand the geography of where the Haal

differar

h:

processing facitities can be siuated.
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Exanples prepared according 0 the preseat estertfication method are integrated o a process

¢ carbaxyhie acid from a fermentation broth. The method fnvolves ge

ay filtering 8 oroade formentation broth e remerve cell mass and other

N
o)
P
[
b
p
s

formentation brothy By desiconting the fermentation brotiy

fermentation broth with an excess of methano] {CHOM) or sthanel (U ‘si_,{}i-i} and carhon dioxade

af 13000 up to the pear oritical or orjtieal temperature and wnder o

e of the aloohol andfor €0, reagends, trprodace @ mixtore of monoesters and

¢ filtering the reaction product o ramove by-products;

g the asters,

o broth filirate was deied o remove all or nearly all of the wader to produee

ey
Py

dryer or drum dever, one serosolizes the raw sodution

cordaining mixed sarboxylic sobds o desicoate bto a ;:?(3‘.«’\"{56:5‘. The desiceated powder is suspended |

o
ped

aseribed herein
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v was performed aconeding 1o the following general protueod,

andior acid 3

e reaction omperature, pressang, tive

srgtcndiz, Ton grams of freere-dried suncinie acid formentidivm broth {offowhite povder) and 300 g

sel, jacketed, and fhed o a Pare reactor, Wiale

L
H

O rpm, the internad beadspace of the renctor vessel was purged with Ny

X

o HH pat with 0, and beated o 1§ VO for § henws, The intermad

tor be ~TEST pat at 1RG£, Afler the reaction thme, the reactor body was cooled

i a water bath unti reaching roons tersperatire and pressure released. The heteroganecus smxbare

aphy/mass speciromeny {(}Cf‘a\fﬁ *\‘

sefution were analysis quantiatively using gas-chromatog

A

s oaa PO . : . IO Y y 3 N iies 2
The vield of dimethy! succinate was determined fo be 31.9% with more than 95% of the avaiiable

magneshan syecinate consumed in the reaction. The remaining balance of product inehuted the

sarrseponding monoesters as the greater part, and was o a rangs of abost 60% 1o abowt &

RS

s the reactions depicted in the scoompanying figures and wbles show, modificatic

of cortain torpreratore and pressere paramelors CaUNOS roactions fo vield preferen

rificaiion reaciions

fihe dicster compounsds. T certain examples of the prosent process, the est

b4

sielded more than 50%,. typically more than 70% or 88% di-aly succinate oy

pireacted materialy and the undesired prodocts are i'(*?i)}-‘(:?(‘?i‘.i

7
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re 3 shows o series of esterification reactions which supunarize U0 assisted

sstenfication of tree suocinto acid In vartous alecheds. Fugwe 34 sheaws succinie acid reanted with

motharsd 1 400 par €0

s, af VAR for § howrs, whivh achieved a vield of about 37% dimethyl

i the oporational temporatove was oressed to IBPC in the veaction of Figure 38 and

.
e
oy
o]
&
o

ey

sarametsrs Rept the same as i Pigars 34, the amouny of dimethy! saccinate vield incraases

more than twvo-fold 1o about 8128

sre 30 represends free sueoinic aold reavtion at DHIC under presest operational conditions

which gererides (i.ias‘iiayi succinate in good vield of abont HG.8%. In Figure 3TY free

susoitis acid was reacte
sueoinate at abowt 5
esterifioation reaction in view of different kivdds of alcohols.

terification of viher Kinds of carboxylic

&Ny

i..i\, 4 shows examples of COrassisted ex

gave $A and 4B, sucoindc anid was substituted respectively with oitric acsd, a ui-

wd, and madie acid, The < reasonable at about 208,19,

oo si‘ra?i;zg whoxyiic acids, The vield of the

wloges of meabie actd was g A%, Hence, the new method of esterification

o 4 summariees res ore porfivmed according o the

of

pEA

SN

asteciBfoation wethod of the prasent diselowige as depicted i Figures §, 6, and 7

al cond

under which the reaction was

examples s weranged wn torms of a vanation of an operation

pecformest A} temperatare, B) pressare, and O reaction thme, I cach of the examples, suoniie aod

v & fermentation brath is used as the subsivate. The filtered olarified broth containing froo acid and

are driad and later rescted with mothanod and OO 1 solution. {As the resctions are beated, the

gores and pressures within the reactor vessel will exceed the vutial

x:\!

aut tha reacsion for § bours at an botial OOy

{n the three exan

3

G0, and Bx. A3 &t

presaure of 400 psi, under differsat temperatures: Bx. A-1al 18670, Fx, A-d a2

d 1o its corrasponding diester inereased with higher operational

S0 Y IR S S Yl oy B T oSNy I
2307 The percent oy

temperatiwe, Figare § shows the effect of varying temperatore ia series of esterifioation reactions oF

betd

succinic ackd and fis salt. fu Floure SA, the esterification of suscisic acid is performed al a

18070, over a period of 3 hours, The resction produced about 3.9

Figurs 3B shows the same reaction as fp Figare 3A, when the reae ton time beld

shows

ised to abot 21070, which viekds about 4

'u

sonstani, e with the tomperaturs eas
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a reaction al 23090 am This suggests

ox toward @ more omnplete resction of the scld and alkyiating agont, and a

ester, Reactions performed at or near ortical temperative and/or prassure

Hkely 2 979

s 983G comversion.

conuditions can produce at least ¥
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cation reaction for § hours at an nitial

fo et B and Flgire 8, o

fernperatuve of TROSC, and variad the inifal OOy gas presaures:

and B 3-3 a1 600 pst The peresnt conversion of acid to 38 cory

e amnoant vield did not show sigaificant & nce statistically, The mital OOy gas prossure bt the

35,

cactor disl not overt mwaech effect o conversion of the auid (o is diester, bt the operational pressurss

o

$

it the resctor during the resotion suggest an offect von yields,
n Set C and Figare 7, we performed the eaterification reaction at a constant pressure and

sars, Bx 87 a1 2 hours, and BxlO-

forpperature but varied the deration of the reaction. BEx. O at 3

ast that a groater wroount st diester was

mereased reaction fime,

Figure § shows a fiost set of OO0 -assisted esterificstion renctions using a coneentration of
succinate salts of abeag 4% wiw, which are prasented as Table §

I suecinie acid and rs magneeiam (Mg ) saltwas reacted iy oethano

pesy

FROC, respentively, for a reaction time of § hovrs, The resctions produced

succtte and abour 1% dlethyd sucoinate, respectively, Methanal exhibils o greater capavity
dissolve the succinate sali than athanol, Magnesinm succinaste exhilits & reasonable kvel of solubiinty

:faited solability b ethanol, even at high fomperatiees

camd

seing caloiarn (Ca™ ) succinale,

o was negligible.

The reaction yiolds md sorresponding

3 3. also highlights the solebility

dunsthvisneninate,
difference bevween correspording alks

methanal, oven at high temperatuees.

H N

by

o)

{1 for mathanol to ragne

QAPTOY boaie

for methano! to the other carboxylic acids,
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Table § Hsty resulis fromm othe e presed

amples 1, 2 and 3 demons the importarme of substrate sofubifity of sscoirde anid as

npared 1o the sali

oof sueeinate, Examples 447 §8 g second sef of reavtions 1 win

25
“
Z.
P
N
253
=
P
%
s
Zu
S

vas repeted i methanol, ethanol, and D-butanol in stmiler fslion, E’:?xasm;}ies 8

P-’i

reaotions with other carboxyvlio acids, suach as oiivie soid and malic acid can ach

about 209% and 88%, respentively.
ree socointe aoid reacts rendihy with the alochels, sivwe i s completely soluble 1 methanol,

& )

anol, ansd other aloohols up 1o and inchiding octanel {8 slochal). o Exmoples & awd 7.

o \(w

sucoinic anid reacted fo ethanoel snd hotarsd, vields 68.8% and 32.2% conversion, respectivaly.

)

Fhe solubility of carboxytic salis o a parhiudur sobverd oo have an influence on the
eaterifivation process. The greater sobibility of free-acid permiis a greater reactivity than the

i which lacka an soid finctionality., Accordingly, the

he nwve setg of

o significantly greater than the control samples when comparing

sigmificangly greater amownds of corresponding

the

3. The cmvboxyhie acid sl oy be suffictent o catalyze

esterification resotion under the preseot operativnal temperatie and prosare condions. Une can

ate sohbility for sucoessil esterification acoording

Example: Hydrogenation

fae

Using s provcess fike one of those described 1a the veferences otted above, «

divect bvdrogenation of the carbowylic actd veters coflectod frore the seterification provess deseribed

2%, One can use melallic copper sstalvsts for the hydrogenation of dinllyl succinate
- and THE. The following deacribes an iHustration of the hydroganation process.
vepared by wet Impregaation of copper salts onts the follinwing

SUppOTts { cals) and fwo

s

chromatographic silicas (Phase Separations, i) {XOA400 and XOB-03, Ten aulliliters of

{

solation contalning oopper nitrate o praduce the desired loading was added to 10 g ol support. The

stirred at roows fernerature Tor 7 hra, and then deied for 2 hrs. under vaouom af 50 70 ~ 78

X

i was then calcined in air by o farnace gt SO0 for

terial was then loaded into the reactor and reduced In-site in pure

.
The catalyst ma

varacterizad hefore avud afler reaction by nilrogen

and 00 paig for 3 brss Catalyst supports were g

BET surface aea and mercury porosimetey, Support avidity veasuranients ware made using s

1.9} as the mdiostor.

butviaming as 8 itvam o dry Denzeng with pedimethylani

A wone closure seactor { Antnolave Eonginsers, fne.) made of 316 Stainless Steel, 167 mulong

< % pun inner dlametar (1.dl), was charged with sno goam of eatalvst sup ported on a quantz il The

fod by an Chnega series UN2GHE

e

\‘3}“"3\,{" SO g\ 'f

resotor wits srronnded by a clamahe

S
[
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ranmmable foraperature eontroller. Dimethyl socoinate was fad to the top of the reactor ag 30 wi %%
ohution ir methanal using a Blorad HPLO pamp. Hydrogen gas was aleo fed to the top of the reactor

Frog ¢ sure reguintor; a rotamater was ased 10 reositor gas flow rate at the

andsed tank snd high-pres

reactor outlet. The Hauid feed rate was fixed at 8.8 viv, and the bhydrogen rate wags set ot 400 mb

of STPAmin o give g weight hourly space veloclty (WHEVIof 08 gof M 1 and 8

Fofsuooinate ratin of 2001,

Condensable products were eodlacted in fed 1 mi Whitey sample evlinders

N

immersed i iee hoths, Three-way

valves were used o divert reaction prodhcts € fiwo sample

cviinders: during resction, condensable proshicts ware collected in the traps for a tired peeiad, after

$
¥

which the trap was removed and welghed and the corgents were removad for analysis. Gas exiting the

codlootion

oyiindees passed through a rupture disk assembly and was stepped down 10 atrospheric

pressnee osing  back-pressure regulator. Gas prodacts were colleoted fn gas bags for analyais uung

zas chromatography o sprantify son-corstensalie product frmation,

Comdensme products were weighed following collection and analvaed 1o a Variap 31MY

chromatograph equipped with a fame fonization detector and a Supaleo SPE-L wide-bove {115 num)

0 20 Methy! lnciate was gsed a8 an hermal

12 “Chmin, bok

standard 1o fhoifitate te calondation of produst Concentrations.

‘\§

above is then hy

v from the fermentatinn extraction de

(1, which shold obtadn high conversions (88

tion Mo, WO S

sefectivities {e.g., International Patent App

Alternatively. one can priceed according o a process such as desenbed i U5, Fatost Now

with an oif okel maintaiped st

gigd > regulstor and fow controller {not shown} through hine

he bottont end of 8 vaporizer containing s mumbet of sise

aporiser through  line, The resulting vaporous mixiure of ester and hydrogey

cot 1o reactor. This coutained a layer of glass balls, on whinh rested the catalyst bhoed, The

for of the reactor was filfed with glass balls and the upper end of the reactor was Gted with an

. Ty dend § . . o dur Thver e b qrean
st tabe which fed to 5 sondenser {pot shown) and they adve. The exst gus

flow rate was measured downstrean fromn the condens

A

was then purged with mtrogen at 4 Z har, The

b

caizzi ext for K heaars,

m Nosuh.2 gaseous mixiurs

foltowed by 109 Hseb 2 fa Nusab 2 (sull at 44 bany S 1 Rarther 16 hours, and then by pure Haeb2

st 42 hard for an additional 1 howrs,

o
Xip)



Phethy! succinate way thes iroduced into the vaporizer corresponding o 8 hauid heaily

n pasester molar ratio it the vaporous misture was 3

I The comdensats was analyaed by gas

chron ;&v.ﬁgi\gﬁii}' asing a i cotumn with an internal diameter of 318 mm
5 succinate ow Chrossosord PAW, a heliun gas flow rate of 38
adfimbnge and a Bame lonisation detector. The fasinement was Hfed with a chant recorder having a
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1.

CLAIMS

A process for producing a biofuel comprising: a) obtaining a fermentation broth containing at
least one free carboxylic acid, or a mixture of a carboxylic acid, or at least one carboxylic acid
and associated salts thereof; b) drying said fermentation broth containing said free carboxylic acid
into a powder; and c) synthesizing an ester by reacting said carboxylic acid in said powder with
an alcohol solvent under a CO> atmosphere in substantial absence of any other acid catalyst at
either a reaction temperature or pressure or both that is at a supercritical, critical or near critical
condition for at least one of the alcohol or CO»; and d) subjecting said ester to either
hydrogenolysis or hydrogenation to form a biofuel, optionally further comprising e) recovering

said biofuel.

The process according to claim 1, wherein said biofuel is an alkane or an alcohol.

The process according to claim 2, wherein said biofuel includes at least one of the following:

ethane, ethanol, propane, propanol, butane, 1-butanol, octane, and octanol.

The process according to claim 1, wherein said fermentation broth contains cell mass and
insoluble compounds and further comprising filtering said cell mass and insoluble compounds

from said fermentation broth either before drying or after ester synthesis.

The process according to claim 4, further comprising concentrating said ester and/or separating

said insoluble compounds by filtering before either hydrogenolysis or hydrogenation.

The process according to claim 4, wherein said fermentation broth is either (a) part of a
continuous fermentation process, and further comprising recycling said insoluble compounds back
into said fermentation broth, or (b) part of a batch fermentation process, and further comprising

recycling said insoluble compounds into a second fermentation reactor.

The process according to claim 1, wherein said alcohol solvent has an R-group of Ci-Ca,

and is at least one saturated, unsaturated, cyclic, or aromatic species.
The process according to claim 1, wherein said carboxylic acid is selected from the group consisting

of: formic acid, acetic acid, propionic acid , lactic acid, butyric acid, isobutyric acid, valeric acid,

hexanoic acid, heptanoic acid, decanoic acid, lauric acid, myristic acid, and C;s-Cis
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10.

11.

12.

13.

14.

15.

fatty acids, fumaric acid, itaconic acid, malic acid, succinic acid, maleic acid, malonic acid,
glutaric acid, glucaric acid, oxalic acid, adipic acid, pimelic acid, suberic acid, azelaic acid,
sebacic acid, dodecanedioic acid, glutaconic acid, ortho-phthalic acid, isophthalic acid,

terephthalic acid, citric acid, isocitric acid, aconitic acid, tricarballylic acid, and trimesic acid.

. The process according to claim 1, wherein said carboxylic acid is a polycarboxylic acid, in particular a

dicarboxylic or a tricarboxylic acid.

The process according to claim 9, wherein when said carboxylic acid is a

polycarboxlyic acid, said ester is at least a diester.

The process according to claim 1, wherein said reaction temperature is between about 150°C and

about 250°C, and said pressure is in a range between 2758 KPa and 20684 KPa (400psi and 3,000 psi).

The process according to claim 1, wherein said free carboxylic acids are not subject to

activation with a halide to form an acyl halide.

The process according to claim 1, wherein said fermentation broth is at a pH of less than 5, in

particular at a pH in a range between 1.5 and 4.5.
The process according to claim 1, wherein said mixture of free carboxylic acids contains at least a diacid,
triacid, or polyacid, and said reaction with alcohol yields a minimum of 50% conversion of said diacid,

triacid, or polyacid to a corresponding ester of the free carboxylic acid.

The process according to claim 1, further comprises purifying said ester to at least 90% purity.

22



