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HYDROGENATION PRODUCTS FROM BIOLOGIC:ALLY -DERIVED 

CARBOXYLIC-ACID ESTERS 

PRIORITY CLAIM 

5 The present Application claims bene 	of priority fro m U.S. Provisional Application No. fit 

61/739,784, filed December 20. 2012, th e contents of w.hich are 1aerei$3 incorporated, 

HELD OF INVENTION 

The present invention Mutes to a process for the production of certain chemical& In 

10 	particular, the invention pertains to a method for producing hydrogenation products from esters of 

carboxylic adds, 

BACKGROUND 

As valuable and iMportant claeatdicad compounds,L4-buta Oediol (BDO) and y-butytolactone 

(GBIL) are employed in marry industrial and commercial uses. For instance, BDO is an 

15 	intermediate that is used in common industrial and commercial products, such as polyether diols, 

urethane polymers, and polyester polymers, or as a plasticizer, a carrier solvent in printing inks, 

and a cleaning agent. A significant use of (331, is as a chemical intermediate in the manufacture of 

pyrrolidones. Other uses of Gilt, because of its strong solvency properties, include being a stain 

remover, paint stripper, super-glue remover, or a cleaner for circuit boards in electronics and high 

20 	technology industry. Other applications include the production of herbicides and as a processing 

aid in the production of pharmaceuticals, 

In conventional industrial synthesis of BOO, as originally developed by Walter Reppe for 

IC Farben in the I 930s, acetylene reacts with two equivalents of formaldehyde to form 1,4- 

Initynediol, also known as but-2-yne4,4-diol, Hydrogenation of L4-butyriediol coverts; to .1,4- 

25 	butauediol. The requirements of handling raetyleBe meant that for ninny years only a select few 

manufacturers could perform the production of BOO. The value of BOO and its derivatives 

(tetrahydrofuran (TIIF), GBL„ etc.), however, spurred substantial efforts in new process 

development that resulted in a number of additional processes, including butadiene acetoxylation 

and allyl alcohol (from propylene oxide) hydroforinylation, together with various routes from n- 

30 	butane via maleie anhydride/m;(6c acid, 

Industrial synthesis of BOO according to the process developed by Davy McKee Ltd., 

involves conversion of butane-derived mideic acid anhydride via an intermediate methyl ester to 

BOO. In particular, the I.Invy process converts maleic anhydride (MAO to:1,4-butanedioi (BOO), 

tetrithydroluran (TIM and gamma botyrolaclone (GEL) in three process stages. First, molten 
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HYDROGENATION PRODUCTS FROM BIOtOGiCALLY-DERiVED 
CAMBOXYl,!C~ACli> ESTERS 

PRIORITY CI,AIM 

The present Application claims benefit of priority from U.S. Provisional Application No. 
61/739,784, filed December 20,2012, the contents of which are herein incorporated. 

FIELD OF INVENTION 

The present Invention relates to a process for the production of certain chemicals, fa 
particular, the invention pertains to a method for producing hydrogenatiois products from esters of 
carboxylfc acids. 

BACKGROUND 

As valuable and important chemical compounds, .1.,4-batanediol (BDO) and y-batyrolactone 
«*BL> are employed in many industrial and commercial uses. For instance BDO is an 
intermediate tlsat is used is common industrial and commercial products, such as polvetfeer diols, 

arethane polymers, and polyester polymers, or as a plasticixer, a carrier solvent in printing inks, 

and a cleaning agent A significant use of GBL is as a chemical intermediate In the manufacture of 
pyrroMdones, Other uses of GBL. because of Its strong solvency properties, include being a stain 

remover, paint stripper, super-glue remover, or a cleaner for circuit hoards m electronics and high 

technology industry, Other applications Include the production of herbicides and as a processing 
aid in the production of pharmaceuticals. 

In conventional industrial synthesis of BDO, as originally developed by Walter Reppe for 

IC Farben In tlse 1930s, acetylene reacts with two equivalents of formaldehyde to form 1,4-

bntynedlol, also known as b«t-2-yne~i,4-dl©l. Hydrogeaation of 1,4-fotitynediol coverts so 1,4-

hutaaedtol. Tfte requirements of handling acetylene meant that for many years only a select few 
manufacturers could perform the production of BDO. The value of BDO and Its derivatives 

(tetrahydrofitran (THF), GBL, etc.), however, spurred substantial efforts in new process 

development that resulted Is a number of additional processes, including batsdsene scetoxylation 

and ally! alcohol (from propylene oxide) tivdroformylation, together with various routes fro® »-

butane via maSeicanhydride/malek acid. 
Industrial synthesis of BIX.) according to the process developed by Davy McKee Lkl, 

involves conversion of butane-derived inalelc acid anhydride via an intermediate methyl ester to 

BDO. Is particular, the Davy process converts maleic anhydride (MA.H) to 1,4-hutanedsol (BDO), 

tetrahydrofaran (THF) and gamma batvroiaetone (GBL) in three process stages. First, molten 
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A1AH is 113iwd with methanol and reacts exothermically to form mono-inethyl maleate and using a 

proprietary acidic resin catalyst, this is co verted front 3IEOlft0 to di methyl maleate (D MM), This is 

hydrogenated to dimethyl succinate (DMS), aid then a series -.4'. readions co verts DMS to gamma 

butyrolactone (GB P and then to -RDO a§ld THE Finally crude pro duet is refined to market 

quality BDO and THE by distillation; methanol is recovered for recycle to the MAH esterification 

stage, with DMS and CBI, recovered for .recycle to hydrogenation. 

In recent years, as interest has grown in moving away from natural has or petrochemical-

derived hydriwarbon sources, manufacturers have conce$3tr3lted on finding renewable and 

sustainable "green" material resources. Many have tried to develop a process that marries a 

10 biologically-derived hydrocarbon feed source with a system for synthesizing IMO and its associated 

derivatives, but none have succeeded in doing so, At present, the principal way of making 

biologically-derived carbon resources has been by means of fermentation to convert sugars and 

other plant-based carbohydrates into carboxylic acids. 	The carboxylic acids are more readily 

transformed into other chemicals. Currently, the carboxylic acids are recovered from fermentation 

broths as salts iiisdead of as fret acids, Several different steps in postefermentation, downstream 

processing are required to isolate the free acids, to prepare the carboxylic acids for chemical 

transformation and to donvert the raw acids to useful compounds. These steps have demonstrated 

various disadvantages, including high cost, generation of significant amounts of byproduct-waste, 

and limits on economy of scale for easy highevolume production. 

20 Hence, a need exists for a better, more direct method of recovering a variety of carboxylic 

acids, such 'is matic or succinic acid, and which can provide a successful route to combine a 

biologically-derived hydrocarbon source with the production of various products, such as BDO and 

its derivatives, by means of hydrogenatioa. 

" SUMMARY OF THE INVENTION 

The Present invention concerns, in part, a process for producing a hydrogenation prodnct. 

The process involves: a) obtaining a fermentation broth containing at least one free organic acid or 

a mixture of organic acids, or at least one free organic acid and an associated alkali or alkaline 

earth metal salts of the organic aeidi.4 h) drying the fermentation broth, containing free organic 

30 acids into a powder; and c) reacting said organic acid in said powder with an alcohol solvent under 

a CO2  atmosphere in the substantial absence of any other extrinsic catalyst at a reaction 

temperature and pressure that corresponds to supercritical, critical or near critical conditions for 

at least the alcohol, including a mixture or combination of different alcohols, or CO2  to synthesize 

esters from said organic acids; d) hydrogenating at least one of said esters to form a hydrogenation 
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MAH is mixed with methanol and reacts exotherRueaily to form mono-methyl ataleate and using a 

proprietary acidic resin catalyst, this is converted from mono to dimethyl maleate (DMM). This is 

hydrogenated to dimethyl suceiaate (JJMS), and then a series of reactions converts DMS to gamma 

bntyrolactose (<sBL) and then to BOO and I MF. Finally crude product is refined to market 

quality Bl>0 and THF hv distillation; methanol is recovered for recycle to the MAH es^rifieation 

.stage, with DMS and GBL recovered for recycle to hydrogeaation. 

In recent years, as interest has grown in moving away from natural gas or petrochemical-

derived hydrocarbon sources, manufacturers have concentrated on finding renewable and 

sustainable "green" material resources. Massy have tried to develop a process that marries a 

biologically-derived hydrocarbon feed source with a system for synthesizing BDO and its associated 

derivatives, but none have succeeded in doing so. At present, the principal way of making 

biologically-derived carbon resources has been by means of fermentation to convert sagars and 

other plaet-hased carbohydrates into carboxyik. acids. The carboxyik acids are more readily 

transformed into other chemicals. Currently, the earbexylie acids are recovered from .fermentation 

broths as salts instead of as free acids. Several different steps its post-fermentation, downstream 

processing are reqaired to isolate the free acids, to prepare the earboxyHc acids for chemical 

transformation and to convert the raw acids to nsefal compounds. These steps have demonstrated 

various disadvantages, including high cost, generation of significant amounts of byprodact-waste, 

and limits on economy of scale for easy high-vol tune production. 

Hence, a need exists for a better, more direct method of recovering a variety of carboxylie 

acids, such as malic or succinic acid, aad which can provide a successful route to combine a 

biologically-derived hydrocarbon source with the production of various products, sach as BDO and 

its derivatives, by means of hydrogeaation, 

SUMMARY OF THE INVENTION 

The present invention concerns, in part, a process for producing a hydrogenatioa prodact. 

The process involves: a) obtaining a fermentation broth containing at least one free organic acid or 

a mixture of organic acids, or at least one free organic acid and an associated alkali or alkaline 

earth metal salts of the organic acids; b) drying the fermentation broth containing free organic 

acids into a powder; and c) reacting said organic acid in said powder with an alcohol solvent under 

a CO> atmosphere in the substantial absence of any other extrinsic catalyst at a reaction 

temperature and pressure that corresponds to supercritical, critical or near critical conditions for 

at least the alcohol, including a mixture or combination of different alcohols, or CO> to synthesize 

esters from said organic acids; d) hydrogenatisg at least one of said esters to form a hyd rogenatioa 
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product therefrom, The hydrogenation pi-in-facts that can be made by this method from the 

eorres-ponding free organic acids may inelode, for example, any one or more of the .following: I,4 

bittanediol (IMO), tetrahydrofuran (THE), y-butyroiactone (GIR,), N-methyl-2-pyrrolidone 

(NNW), 2-pyrrolidone, The esters used to provide these hydri:ation products can he monoesters, 

diesters, or triesters. Preferably, the ester feed to a hydrogenation step is comprised of mostly 

diesters or triesters of the organic. acids in the fermentation broth. 

From another perspective, the present invention provides a process for generating a carbon 

feedstock: stream using carboxylic acid esters recovered from a fermentation system that are 

subjected to hydrogenation., 

The esterifica don reaction temperature is between about .150°C and about 250°C, and the 

operational reaction pressure is between about 400 psi and about 3,000 psi (gage), Depending on 

the desired results, the estedfication reaction can be run for about 4 hours, up to about 12 hours. 

In 111110 her aspect, the present invention pertains to a method of processing an agricultural 

product or biomass. The method includes obtaining carbohydrates from the agricultural prudud 

15 or biomass, fermenting the carbohydrates to produce a -fermentation broth, drying the 

fermentation broth to produce a fermentation broth powder, and transporting; the fermentation 

broth powder to a second processing site. The second processing site can be located nearer to a 

source of demand for a product derivable from the fermentation broth powder, which can be 

processed at the second site to produce a product therefrom. 

20 

2S 

Additional features and. advantages of the present methods will be disclosed in the following 

detailed description. It is understood that both the foregoing summary and the following detailed 

description and examples are merely representative of the invention, and are intended to provide 

an overview for understanding the invention as claimed, 

BRIEF DESCRIPTION OF FIGURES 

FIG. I is a schematic diagram illustrating an iteration of the present process for esterifying 

an organic carboxylic acid derived from fertneMation broth, and further downstream processes 

that can isolate the resulting esters and/or generate other compounds from such esters. 

HO. 2 is a schematic diagram showing an example of ester production using succinic. acid 

30 derived from fermentation, and a downstream process in which Na and Mg salts are recycled hack 

into the fermentation reactor, in accordance with a part of an embodiment of the present process. 

FIG. 3 is a diagram that illustrates COrassisted esterification of free succinic acid in 

various alcohols that are converted to corresponding dimethyi, diethyl, or dibutyl esters, according 

to the present invention. 
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prodsiet tkerefrosrs, The hvdrogenation products that can be made by this method from the 

corresponding free orgastic acids may include, for example, any one or more of the following: 1,4-

hutaaediol (BDO), tetrahydrofuran (THF), "f-butyrolactone {6B.L}, N-racthyl-2-pyrrolidone 

(NMF), 2-pyrroHdose. The esters used to provide these hydrogenation products can be inonoesters, 

diesiers, or triesters. Preferably, the ester feed to a hydrogenation step is comprised of mostly 

dies lets or triesters of She organic acids iss the fermentation broth. 

From oootfeer perspective, the present invention provides a process for generating a carbon 

feedstock stream using earhoxylic acid esters recovered from a fermentation system thai are 
subjected to hydrogenation. 

The esterifteaiioa reaction temperature is between about 150°C aad a boat 250°€, and the 

operational reaction pressure is between a boat 400 psi and about 3,000 psi (gage), 'Depending on 

the desired malts, the esterkicatson reaction can be ruu for about 4 boors, up to about O hoars, 

la anolher aspect, the present invention pertains to a method of processing an agricultural 

product or bionsass, The method includes obtaining carbohydrates from the agricultural ps-odues 

or biomass, fermenting the carbohydrates to produce a fermentation broth, drying the 

fermentation broth to produce a fernseatatioa broth powder, and transporting the fermentation 

brot h powder to a second processing site. The second processing site can be located nearer to a 

source of demand for a product derivable from the fermentation broth powder, whiefe can be 

processed a* the second site to produce a product therefrom. 

Additional .features and advantages of the present methods will be disclosed iss the following 

detailed description, ft Is understood that both the foregoing sammary and the following detailed 

descriptors and examples are merely representative of the ism-olios, and are intended to provide 

an overview for understanding the invention as claimed, 

BRIEF DESCRIPTION OF FIGURES 

FIG, I is a schematic diagram illustrating an iteration of the present process for esterifying 

an organic carboxyllc acid derived from fermentation broth, asd farther downstream processes 

that tan isolate the resulting esters and/or generate other cons pounds from sack esters. 

FIG. 2 is ss schematic diagram showing an example of ester production using succinic acid 

derived from fermentation, and a downstream process in which Na and .M.g salts are recycled back 

into she fermentation reactor, la accordance with a part of an embodiment of the present process. 

FIG, 3 is a diagram that illustrates COj-assisted esterifieation of free succinic add in 

various alcohols that are converted to corresponding dimethyl, diethyl, or dibutvl esters, according 

to the present invention. 

SUBSTITUTE SHEET (RULE 26) 



WO 2014/099431 
	

PCT/US2013/073789 

IG, 4 is a diagram that illustrates COrassisted esterifieation of other polycarboxylic acids. 

FIC; S shows a series of reaction diagrams that summarize variations in temperature for 

COrassisted esterification of free suceinic acid derived from fermentation broth, 

FIG, 6 shows a series of rea(qion diagrams that sninmarize variations in initial o p 45rational 

5 pressure for COrassisted esterification of free organic acid according to the invention, 

FIG. 7 shows a series of reaction diagrams that summarize variations iii temperature, and 

reaction times for CO?  assisted esterifieation of free organic acid according to the invention. 

FIG. /3 shows a series of reattion diagroins that summarize the .results of reaction succinic 

acids and their Me and Ca--  salts. 

DETAILED DESCRIPTION' OF PREFERRED EMBODIMENTS OF THE INVENTION 

Section L — Description 

A.. 

The present disclosure describes, iii. part, a pi-mess for making various hydrogenation 

15 products such as L4 butanediol (l t O), "fiviytAaci.one (GBP, tetrahydrofurna (THE), and their 

derivatives, from a biologicaily-derived carbon source, such as sugar or other plant-based 

carbohydrates. The process joins an ability to recover an organic acid from a fermentation broth, 

with an ability to use the acid as a feedstock for hydrogenation reactions in a streamlined 

procedure, The present process includes a method of converting the carboxylic acid to its 

.20 corresponding ester leg., mono-ester, di-ester, or tri-ester] in .I relatively efficient and cost effective 

manner< 

25 

In partichiar, the present process involves obtaining a fermentation broth, from which cell 

mess and inSW1,bie compounds nave been either removed or not, containing, a mixture of free 

organic acid of interest, optionally with associated alkali or alkaline earth metal salts (e.g,, sodium, 

potassium, or magnesium salts); drying the raw or clarified fermentation broth containing free 

organic acid into a powder; reacting the organic acid in the powder with an alcohol under a CO2  

atmosphere in substantial absence of any other odd catalyst at a reaction temperature and pressure 

corresponding to supercritical, critical or near critical conditions for the alcohol andior CO2  to 

synthesize an ester; and subjecting the ester to hydrogenation to form a hydrogenation prodoet. As 

30 used herein the term "fret eurboxyfie acid" refers to a cartimlic acid compound that is at least 

50% in its protonated state when in sointion, at or below its pieta value, The present invention 

involves the discovery of a simple but effective way of producing esters from organic acids that are 

otherwise costly and di 	salt to isolate. As used herein, the term "substantial absence" refers to a 

condition in which another acid catalyst is either largely or completely absent, or is present in de 
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FIG, 4 ss a diagram that illustrates COrnssisfed esterificaiioa of other polycarboxyiic adds, 

FK*< 5 shows a series of reaction diagrams that summarize variations is temperature for 

CO>-assisted esteriifieation of free succinic acid derived from fermentation broth. 

FIG, 6 shows a series of reaction diagrams that summarize variations fa initial operational 

pressure for COv-assisted esteritlcatkMi of free organic acid according to the invention. 

Fl'G. 7 shows a series of reaction diagrams that summarize variations in temperature, ami 
reaction times for CO, assisted esteriffcatioa of free organic acid according to the invention. 

FIG. 8 shows a series of reaction diagrams that summarize the results of reaction succinic 

acids and their Mg?!' and CaJ" salts. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS OF THE INVENTION 

Section I. ~ Description 

A. 
The present disclosure describes, in part, a process for making varices hydrogenation 

products such as 1,4 butanedioi (BDO), 7-featyroIactone (GBL), tetrahvdrofuraa (THF), and their 
derivatives, from a biologically-derived carbon source, such as sugar or other plant-based 

carbohydrates. The process joins aa ability to recover as organic acid from a fermentation broth, 

with as ability to use the acid as a feedstock for hydrogenation reactions in a streamlined 

procedure. The present process includes a method of eosivertiag the earboxvlic acid to its 
corresponding ester (e.g., mono-ester, di-ester, or tri-ester) in a relatively efficient and cost effective 

manaer. 

In particular, the present process involves obtaining a fermentation broth, from which cell 

mass and insoluble compounds have been either removed or not, containing a mixture of free 

organic acid of interest, optionally with associated alkali or alkaline earth metal salts (e.g.,, sodium, 

potassium, or magnesium salts); drying the raw or clarified fermentation broth containing free 

organic acid into a powder; reacting the organic acid iu the powder with so alcohol under a <'0 -

atmosphere ia substantial absence of any other acid catalyst at a reaction temperature and pressure 

corresponding to supercritical, critical or near critical conditions for the alcohol and/or CO? to 

synthesize an ester: and subjecting the ester to hydrogenation to form a hydrogenation product. As 

used herein the term "free earboxylte acid-' refers to a earhoxyiie acid compound that is at least 
50% in its protonated stale when in solution, at or below its pKa value. The present invention 

involves the discovery of a simple bat effective way of producing esters from organic adds that are 

otherwise costly and difficult to isolate. As used herein, the term "substantial absence" refers to a 

condition in which another acid catalyst is either largely or completely absent, or is present in de 

4 
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onbliMIS or trace amount of less than eatalyde efficacy. in other words, no other add catalyst is 

present, or is present at a level less than 10%, 5%, 3%, or 1% weight/weight relative to the 

carboxylic acid in the reaction, 

Figure I. is a schematic representation showing a general process of extraeting organic acids 

front fermentation broth that includes a version of the present esterification reaction integrated 

with further processes that can utilize the resalting esters. As shown, fermentation broth .1 from a 

reactor is filtered (nitral 3 to remove biomaterials such as cell mass, and yield organic acids 

Mc:biding their salts, by products and other comprmnds. All of these materials are then dried 3a to 

make an unrefined mixture 5. This dried mixture of -materials is then reacted 7 in a lignid system 

W 	with an alcohol (R-OH; R — alkyl Cr-C(2) and CO2  at an elevated operational reaction temperature 

and pressure to yield either monoesters or diesters, or a mixture of both. Only the organic acids 

react in solution. 	The resulting mixture 9 is tittered II to separate the esters13 and other by-- 

products II The esters are soluble while other 'by-prod-net conq 	are insoluble. The by- 

products include carbonate salts of ealeitim, magnesium, or sodium, which can be recovered and 

IS 	recycled .17 hack into the fermentation reactor 19. This recycling can lead to significant cost 

savings and improves the efficiency of the overall fermentation and extraction process. The esters 

can be processed subsequently either by distillation 21, hydrogenation 23, or hydrogenolysis 

treatment 25, respectively, to separate the different esters, produce C4 platform compounds such as 

the hydrogenation products e.g., 13D0, GB1,, NMP, etc.) discussed herein, and biofuels (saga, 

20 	ethane, ethanol, butane, btatanoi, propane, propane!, etc.). 

As used herein the term "biofnels" refers to a gaseous, liquid, or solid substance that is used 

as a fuel, which is produced from renewable biological resources such as plant, cellulosic, or 

agricultural biomass or derivatives thereof, In particular, a bkifuel refers to a material that can be 

used in or as a transportation fuel in internal combustion engines, to power certain machinery, or 

2S 	energy generation applications. For instance, propanol and butanol can be a gasoline additive 

much the same as ethanol Butane and propane in liquefied petroleum gas (LPG) and ethane in 

natural gas can be adapted as fuels in certain transportation systems. Other biologically-derived 

hydrocarbons, like oetnnolloinade, or alkanes heavier than q or C6  may also be biofuels. 

The recovery process and esterification method can be applied to producing chemical 

30 	feedstock molecules (e.g., BDO, GBI.,, Tiff etc.) from free organic acids derived from a 

fermentation broth. An advantage of the present invention is that one eun use free organic acids 

directly from a fermentation broth and generate corresponding esters therefrom without the need 

to isolate or purify the acids from the fermentation broth, as is necessary ia conventional 

extractions from broth. 
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minimis or trace amount of less than catalytic efficacy. In other words, BO other acid catalyst is 
present, or is present at a level less than 10%, 5%, 3%, or 1% weight/weigisi relative to the 

earhoxylic add in the reaction. 

Figure 1 is a schematic representation showing a geaeraf process of extracting organic acids 
from fermentation broth that includes a version of tin? present esterification reaction integrated 
with farther processes that cass atifee the resulting esters. As •shows?, fermentation broth i from a 

reactor is tittered (ultra) 3 to remove foiotnaterials snch as cell a?ass> sod yield org a ok acids 

inclndbsg their salts, by products asd other compounds. All of these materials are then dried 3a to 

make an uareflned mixture 5. This dried mixture of materials is then reacted 7 in a liquid systea? 

with as? alcohol (R-OH; R - alkyl CpC«) and C02 at at? elevated operatioaai reaction temperature 

and pressure to yield either monoestcrs or diesters, or a aiixture of both. Os?!y the organic acids 

react in solution. The resulting mixture 9 is filtered li to separate the esters .13 ami other by­
products /5, The esters arc soluble while other by-product compounds are insoluble. The hy~ 

products include carbonate salts of calcium, magnesium, or sodium, which cau be recovered and 
recycled .17 back is to the fermentation reactor i(K This recyciiag can lead to significant cost 

savings and improves the efficiency of the overall fermentation and extraction process. The esters 

can foe processed sabseqnenlly either by distillation 21, Isydrogenatson 2J, or hydrogeaolvsis 

treatment 25, respectively, to separate the different esters, produce platform compounds such as 

the hydrogeaattoa products (e,g.» BDO. GBL, NMF, etc.) discussed herein, aad biofaels (e.g., 
ethane, ethanol, butane, buianoi, propone, propanof, etc,}. 

As ased herein the term "biofaels" refers to a gaseous, liquid, or solid substaace that is used 
as a fuel, which is produced from renewable biological resources snch as plaat, cellulosk, or 

agricultural biomass or derivatives thereof, In particular, a foiofuel refers to a material that can be 

ased its or as a transportation fuel in internal combustion engines, to power certain machinery, or 

energy generation applications. For Instance, propaaol and butanol can be a gasoline additive 

mads the same as ethanol, Butane and propane in liquefied petroleum gas (LF1*> and ethane in 

natural gas can be adapted as fuels in certain transportation systems. Other biologically-derived 

hydrocarbons, like octanol/octane, or aikanes heavier thaa C$ or Q may also foe biofuels. 

The recovery process and esterificatioa method can be applied to produeiag chemical 

feedstock molecules (e.g., BOO, GBL, TH.F etc.) front free organic acids derived frost? a 

fermentation broth. As? advantage of the present iavention is that one can use free organic acids 

directly frost a ferjneatatisa broth and generate corresponding esters therefrom without the seed 

to isolate or purify the acids frosu the fermentation broth, as is necessary in conventional 

extractions from broth. 

5 
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to comparison to certain fermentation processes that neutralize or convert the organic acids 

to their salts, the present process provides an easier way to isolate and extract organic. acids from a 

fermentation broth, The present process eliminates a need for titration and imutralization of the 

fermentation broth that: can precipitates metal salts, and certain purification steps to produce a 

stock platform chemical. The free organic acids are converted into esters, which are simpler to 

process and extract by distillation or other purification techniques without the use of expensive and 

complicated chromatographic separation columns or resins. For instance ii/ a conventional 

process, one would need to use ion exchange chromatography to isolate the acids„k small amount 

of salts may unavoidably carry-over after the ion exchange. Hence, one may require multiple units 

10 of operation to purify the acid to an acceptable quality level. With each added operational unit the 

costs of the overall process increases. In contrast with the present process in synthesizing the ester 

of the acid, one can recover the salt as a ea rbonate or hydroxide, which can he used to regenerate 

the fermentation broth, and minimize waste. Rather, an advantage of the present process is that 

one may further recycle the synthesis by-products directly hack into the fermentation broth. By 

15 converting the organic acids to their corresponding esters, we can avoid such issues. 

B. 

Conventionally, esters are produced when carboxylic acids are heated with alcohols in the 

presence of an acid catalyst The mechanism for the fitrination of an ester from an acid and an 

20 alcohol are the reverse of the steps for the acid-catalyzed hydrolysis of an ester. The reaction can 

go in either direction depending on the conditions used. In a typical esterification process, a 

carboxylic acid does not react with an alcohol unless a strong acid is used as a catalyst. The catalyst 

is usually concentrated sulfuric ROC/ or hydrogen chloride. Protonation makes the carbonyl group 

more electrophitic and enables it to react with the alcohol, which is a weak .niicieopiiiie. 

25 in general terms, the present esterification method involves a reaction of fermentation. 

derived, free organic carboxylic acid with an alcohol in a CO2   atmosphere in substantial absence of 

any other acid catalyst to produce esters. The esterification reaction is performed in solution under 

conditions that are either at supercritical, critical or near critical temperatures and/or pressures for 

either the alcohol and/or CO2. Under such conditions, we beiieve that CO2  self-generates or 

30 functions in situ as an acid catalYst, and regenerates back after the esterification reaction is 

completed. It is believed that a reactive intermediate (inonoalkylcarbonic acid) is being made in 

sien in large enough quantities to drive esterification and affect ester production. This 

intermediate, having a similar pKa te.g.,--4-5) as the free organie acid, functions as a carbonic acid, 
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hi coasparison to certaia fermentation processes that aeatralixe or eonvert the orgaaic acids 
to their salts, the present process provides as easier way to isolate and extract organic acids from a 

fermentation broth, The present process eliminates a seed for titration and «e«traii*ation of the 

fermentafion broth that can precipitate metal salts, and certain purification steps to produce a 

5 stock platform chemical The free orgaate acids are converted into esters, which are simpler to 
process and extract by distillation or other purification techniques without the use of expensive sod 

complicated chromatographic separation columns or resins, For instance in a conventional 

process, one would need to me son exchange chromatography to isolate the acids, A small amount 

of salts may unavoidably carry-over after the ion exchange. Hence, one may require multiple a a its 

10 of operation to purify the acid to an acceptable qaality level. With each added operational unit the 
costs of the overall process increases. la contrast with the present process so synthesizing the ester 

of the acid, oae can recover the salt as a carbonate or hydroxide, which can be used to regenerate 

the fermentation broth, and minimise waste. Rather, an advantage of the present process is that 

one may farther recycle the synthesis by-products directly hack into the fermentation broth.. By 

15 converting the organic acids to their corresponding esters, we can avoid snch issues* 

B. 

Conventionally, esters are produced when carboxytie acids are healed with alcohols in the 

presence of an acid catalyst The mechanism for the formation of an ester from an acid and an 
20 alcohol are the reverse of the steps for the acid-catalyzed hydrolysis of an ester. The reaction can 

go in either direction depending on the conditions used, la a typical esterillcation process, a 

carboxv'lic acid does not reset with aa alcohol unless a strong acid is ased as a catalyst. The catalyst 

is nsaally concentrated sulfuric acid or hydrogen chloride. Protonation makes the ear bony! group 

more eiectrophiJie and enables it to react with the alcohol, which is a weak oacieophile. 

25 la general terms, the present esterificafion method involves a reaction, of fermentation-
derived, free organic carboxylic acid with an alcohol in a CO> atmosphere in substantial absence of 

any other acid catalyst to produce esters. The esteriflcatioa reaction is performed In solution under 

conditions that are either at supercritical, critical or near critical temperatures and/or pressnres for 

cither the alcohol and/or COz. Under such conditions, we believe that €Oj self-generates or 

30 functions in situ as an acid catalyst, aad regenerates hack after the esterillcation reaction is 

completed, ft is believed that a reactive intermediate (monoalkylcarbonic acid) is being made i» 

situ in large enough quantities to drive esteriffcation and affect ester production. This 
intermediate, having a siadlar p&a <e.g.,~4~5> as the free organic acid, functions as a carbonic acid. 
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which is much weaker than. the usual strong adds, 	the observed trend of greater ester conversion 

at higher temperatures add aees a relatively iarge energy of activation for this process. 

An advantageous feature of the inveative process is that activation of the free carboxylic 

acid as an acyl halide (e.g., fluoride, chloride, bromide) or by using strong mineral acids is 

unnecessary unlike with some other techniques. Acyl halides are inconvenient to use because these 

species are inherently reactive, have issues with stability, waste treatment., and can be cumbersome 

and costly to make. 

In the present process, carbon dioxide functioning as a catalyst instead of the usual strong 

adds removes the need to introduce a straw!.  acid into the esterification reaction, This feature can 

10 circumvent the usual need. to adjust pH values in order to remove the catalyzing acid, enabling a 

simpler and cleaner synthesis. One can simply proceed to fiber the resultant product to remove 

alkali or alkaline earth metal carbonate or other salts. 	A cleaner product will save costs in 

purification and downstream. processing for conversion to other chemical feedstock. 

The process described herein is a more environmentally benign way of producing esters. As 

15 

20 

it is believed that the carbon dioxide can self generate an add catalyst in sun in. the presence of the 

alcohol during the esterifieation reaction, the present method does not require the use or addition 

of another acid catalyst species. in other words, the reaction kinetics with CO2  alone can drive the 

esterification in the substantial absence of any other acid catalyst. To reiterate, the present process 

does not require aetivation of free acids as, for exiiinple, an acyl chloride or by strong acids (i.e., 

Fischer esterification). 

In general, the esterificatioa is conducted at an operational or reaction temperature 

between about 150°C to about 250"C, at a reaction pressure of between about 450 psi or 590 psi and 

2,500 psi or 3,090 psi (gage), for an extended period, such as about 4 how's, up to about 12 hours. 

Typically, the temperature can be in a range between about 179°C or 190°C to about 230°C or 

245°C (e.g., 175°C 187"C,195°C or 215°C) and the operational pressure is between about 909 psi 

or 950 psi and about 2,200 psi or 2,400 psi (e.g., 960 psi, 980 psi, 1029 psi or 1050 psi). 

Alternatively, the temperature con be in a range between about 189°C to about 245°C (e.g.., about 

185°C or 299°C or 210°C to about 220°C or 235°C or 240°Ck and the operational pressure is 

between about 1000 psi and 2.350 psi (e.g., 1,100 psi, 1,200 psi, 1,550 psi, .1,:59 psi, 1,$10 psi, or 

30 1,900 psi). Other temperatures may be within a range, for example, from aboat 100°C or 185"C to 

about 210°C or 225°C, and other operational pressures may he within a range, for example, from 

about 1.,150 psi or 1,500 psi to about i,800 psi or 2,000 psi. 

These reaction temperatures and pressures correspond to supercritical, critical or near 

critical conditions 161$r the iticohol(s) or CO,, Table I lists, for purpose of illustration, critical 
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which is much weaker than 11 HI usual strong acids. The observed trend of greater ester conversion 
at higher temperatures adduces a relatively large eaergy of activation for this process. 

An advantageous feature of the inventi ve process is that activation of the free carboxyiie 

acid as as aeyl halide (e.g., fluoride, chloride, bromide) or by using strong mineral acids is 

5 unnecessary unlike with some other teehaiqnes. Acyf halsdes are inconvenient to use because these 

species are inherently reactive, have issues with stability-, waste treatment, ami can he cumbersome 

and costly to make. 

In the present process, carbon dioxide functioning as a catalyst instead of the usual strong 

acids removes the need to introduce a strong acid into the esterifkation reaction, This feature can 

10 circumvent the usual need to adjust pM values in order to remove the catalysing acid, enabling a 

simpler aad cleaner synthesis, One can simply proceed to filter the resultant product to remove 

alkali or alkaline earth metal carbonate or other salts. A deaaer product will save costs in 

purification and downstream processing for conversion to other chemical feedstock. 

The process described herein is a more environmentally benign way of producing esters. As 

15 it is believed that the carbon dioxide can self-geaerate as acid catalyst /« situ ia. the presence of the 

alcohol daring the estenfieation reaction, the present method does not require the use or addition 

of another acid catalyst species. In other words, the reaction kinetics with COj alone can drive the 

esterifkation in Ike substantia! absence of any other add catalyst. To reiterate, the present process 

does aot require activation of free acids as, tor example, an aeyl chloride or by strong acids (i.e., 
2.0 Fischer esterdlcatlon). 

In general, the esterificatioa is conducted at as operational or reaction temperature 

between about 15(P€ to about 250aC, at a reaction pressure of between about 450 psi or 500 psi and 

2,500 psi or 3,000 psi (gage), for an extended period, such as about 4 boors, up to about 12 hours. 

Typically, the temperature can be in a raage between about 170°C or I903C to about 230°€ or 

25 245°C (e.g., J.?S°€\ 187°C, 195CC or 215°€), and the operational pressure is between about 900 psi 

or 950 psi and about 2,200 psi or 2,400 psi (e.g., 9<>0 psi, 9M psi, 1020 psi or 1050 psi). 

Alternatively, the temperature can be ia a range between about 1S0°€ to about 245°€ (e,g., about 
I85°C or 208°C or 210CC to about 22#°C or 235°€ or 240°C), and the operational pressure is 

between about 1000 psi and 2*350 psi (e.g., 1,180 psi, 1,200 psi, 1,550 psi, J,750 psi, L810 psi, or 

30 1,900 psi). Other temperatures may be within a range, for example, from about IdO' C or 185CC to 

about 2 MFC or 225°€, and other operational pressores may be within a range, for example, from 

about 1,150 psi or 1,500 psi t« about 1,800 psi or 2,000 psi 

These reaction temperatures and pressores correspond to supercritical, critical or near 

critical conditions for the aieohol(s) or C0>, Table 1 lists, for purpose of illustration, critical 
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parometers for some common solvents i.e,, methanol, ethanol, 1-propanel, 1-bn binol, 'water, and 

CO2). 

Table 1.  Critical  Data for Select Substances  Yaws, C.  L. Chemical Properties Handbook. in McGraw-Hill; 1999; pp  1-29, 
Substance Name 	Moieciiiio Weight 	j fri6cal Temp. f KV% 	I`tritic,W Pvi.?.5suri. (bargpsi 	Critical Density (g/cml  
Methanol 	32.042 	I 512,58 / 239.43  80.36/ 1174.2235 	

j 
0.2720  

Etbanoi  
1- Propanol  

	

46.069 	516.25 / 243.10 

	

60.095 	 537.8 / 264.2S  
4-- 

63..34 / 525.9209  t 
; 5 . 1 02 i 739.9839  

01760 
0.2754 

1-Bu1a nal  74.122  5G3.0± 0.3/289.85 	i 45.0 ±  4.0 / 652.671  0.371.0 
Water 	19,015  647.13 / 373.38 	

j 
 220.55 / 3198.8071 	 03220  

Carbon dioxide 144.010  	 304A9 /  31.04 	I 73.82 / 1070.6685  0.4682  

At conditions above the critical point (i.e., critical temperature and/or pressure), the fluid exists in a 

supercritical phase where it exhibits properties that are in between those of a liquid and a gas. 

More specifically, supercritical fluids (SCEs) have a liquid-like density and gas-like transport 

properties le., diffusivity and viscosity). This can be seen in Table 2, wherein the typical values of 

these properties are compared between the three fluid types — convention& liquids, supercritical 

fhiids, and gases. 

Table 2. Comparison  of Typical Physical Property Values  of Liquids, Supercritical Fluids,  and Gases. 
Posf.?ecty 
Density femi.  

Liquid 	: r SCP  
1 	 3 	 

• 

Gat, 
 	0a 	  

Diffusivity 	s) (crit2 
Viscosity (Pa.s  

5x104. 
t 	:3 
i 10 
	 10' 

10 s 
0.1 ; 	  
l0Y' 

Likewise, "near critical" refers to the conditions at which either the temperature or the pressure of 

at least the alcohol species or CO2 gas is below but within 150K (e.g., within 50-100K), or 220 psi 

(e.g., within 30.450 psi) of their respective critical points. it is believed that as temperatures and 

pressures reach near critical, critical or supereriticai conditions, the solubility of the reagents are 

enhanced, which promotes the esterification reaction. in other words, the CO2 gas, alcohol, and 

acid or salt species are better able to interact tinder near crithoi, eritica/ or supercritical conditioas 

than under less rigorous conditions. The reaction does not require that both the alcohol species and 

CO2 gas be at near-critical, critical or supercritical conditions; rather„ the reaction is operative as 

long as either one of the species satisfies such a condition, 

If the present esterifiention reactions are operated at higher temperatures and greater 

pressures, up to ahont 250°C and 3,000 psi, respectively, for reaction times of up to about 10 or 12 

hours, one can produce significant amounts of ester product at relatively greater selectivity and 

level of purity within a shorter reaction time than before, which was about 1.6-20 hours. At lower 

operational temperatures (< 190"C), forma don of monoester molecules of polyearboxylic acids is 

more prevalent, while reactions at temperatures ?. 190°C or 195°C, will convert preferentially the 

8 
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parameters for some common solvents (U\, methanol, I-propssol I-buta.uoi, wafer, sod 
C(h). 

Table I. Critical Data for Select Substances ffaws, C L, Chemical Properties Handbook. In McCfaw-HiU: J988; pp 1-20.) 
$ubs?<ir;c.e fciame Motecyfsr Weighs Critical T&flp. ;K5fC Critical Pressure {bar}/p$i Critical Density (g/cm*) 
Methanol 32.042 5ii,5S/ 239,43 80.98 /1:174.2255 0.2720 
£tbanoi AS. 06S 516,25/243.1.0 63.84 / 925,9209 0,2760 
l-^ropsnol SO. 085 S37.4 / 2S4.2S 51,02 i 739,9839 0.2754 
X-Butaoal 74.112: * 03/ 2S3.8S 45.014.0 / 652,671 0.3710 
Water 18,01.5 647,13 / .37.3.38 220.55 / 3198.8071 0.-3220 
Carbon dioxide 44.010 304.19 / 31.04 73.82 /1070,6685 0.4682 

At conditions above ihe critics! point (ie., critical temperature and/or pressors), the fluid exists in a 

supercritical phase where It exhibits properties that arein helween tfeo.se of a liquid and a gas. 

More specifically, supercritical tlaids (SCFs) have a liquid-like density and gas-like transport 

properties (i.e., diffusivity and viscosity). This caa he seen in Table 2, whereia the typical values of 

these properties are compared between the three fluid types - coave»tio«al liquids, supercritical 
Oukls, and gases. 

Tsbie 2. Comparison of Ty •>!C3! Physical Property Values of Liquids, Supercritical Fluids,, and Gases, 
Property Liquid sc? Sss 
Density Cg/ft>U i 03 10'3 

Diffusivity ^£svs2/s) 5x10" ~W 0.1 
Viscosity {?3'S; 10'? to'4 ao':! 

Likewise, "near critical* refers to the conditions at which either the temperature or the pressure of 

at least the alcohol species or CO> gas is below but withia 15(1K (e.g., wftbisa 5CM00K), or 220 psi 

(e.g., within 30-150 psi) of their respective critical poiats. It is believed that as temperatures and 

15 pressures reads near critical, critical or supercritical conditions, the solubility of the reagents are 

enhanced, which promotes the esterificatloa reaction, la other words, the CO> gas, alcohol, and 
acid or salt species are better able to interact under scar critical, critical or supercritical conditions 
than under less rigorous conditions. The reaction does not require that both the alcohol species and 

€Oj gas be at .near-critical, critical or supercritical conditions; rather, the reaction Is operative as 

2.0 long as either one of the species satisfies such a condition. 
If the present esterifkation reactions are operated at higher temperatures and greater 

pressures, up to a boat 250°€ and 3,000 psi, respectively, for reaction times of up to about '10 or 12 

hoars, one can produce significant amounts of ester product at relatively greater selectivity and 
level of purity within a shorter reaction time than before, which was about 18-20 hours. At lower 

25 operational temperatures (< I90°C), formation of moaoester molecules of poly carboxyiie acids Is 

snore prevalent while reactions at temperatures > I90°€ or 195PC, will convert preferentially the 

8 
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polyearboxylic acids to diesters. By selecting a temperature in a higher range from about 190°C or 

195°C or 200°C to about 24PC or 250"C. one can preferentially drive the reaction to a higher rate 

of diester conversion. The esterifieation can yie/d a minimum of about 50%, desirably at ileast 65% 

or 70%, of a diester of the orpaie acid, .Reactions that are performed at or near supercritical 

operating conditions teed to produce better results. When operated at or near critical conditions of 

about 23(PC or about 240"C for medial-to/ and about 31°C11000 psi for CO./  one is abk to achieve 

conversions rates of about 90% or better, typically about 93% or 95%. One can achieve high yields 

by adjusting the permutations of different eombinations of temperature and reaction times (e‘g., 

higher temperatures and shorter reaction times (e.g., less than 10 or 12 hours, between 4 and 8 

1 . hours or vice versa), which can be an advantage over current approaches, With optimization, 

esterification conducted at 250°C under either the same or greater CO.2  pressure, the yield would be 

nearly quantitative (i.e., :?:95% yield), for example, up to about 98%, 99%, or 99.9% conversion. 

As the accompanying Examples will show, variation in reaction conditions suggests that one 

can ..,Niterate more Wester product with higher temperatures and/or protracted reaction times. 	As 

. 	- stated before, however, different: permutations in temperature eon influence the duration of the 

esterification reactions to produce the same amount of ester product. The reactions according to 

the present method are not conducive to a significant degree of side product formation; hence one 

can avoid cyclization of the carboxylic acids and other starting reagents. Potential dangers of 

decarboxylization at high temperatures i.e., >145°C or >150°0 are not observed in the present 

20 method. 

Using an amount of the alcohol solvent in excess of the carboxylic acid, one can produce a 

very clean esterification. The present synthesis process produces very clean ester products at about 

25 

70%42% initial purity, without generation of significant amounts of side products such as low 

molecular weight acids --- acetic or formic acid — molecular rearrangements or cyclic products, 

which one could normally find in standard acid catalyzed esterification at high tenperattires. The 

esters can be refined to achieve about 90-90% purity, The purification eon he accomplished, for 

instance, by means of crystallization, chromatography, or distillation. 

Typically, the resulting ester products can be either monoesters or diesters, or form a 

mixture of both. One can control the reaction to drive the esterification toward either one ester 

30 form or another. For instance, one may select an operational temperature and pressure that 

preferentially drives the esterification reaction towards formation of diester molecules. Likewise, 

one can control whether esters are formed from either a single organic acid species (e4g., succinic 

acid) or a mixture of multiple different kinds organic acids (e.g., acetic, citric, lactic., make, maleic, 

succinic acids) that may he present and derivable from fermentation broth. in other words, one 
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polyearboxvlk acids to diesters, By selecting a temperature Is? a higher range from about 190°C or 

195°C or 20IPC to about 245*€ or 25<}°C, one can preferentially drive the reaetfoa to a higher rate 

of diester conversioa. The esterification can yield a minimum of aboat 50%, desirably at least 65% 
or 70%, of a diester of the organic acid, Rem:lions that are performed at or near supercritical 

5 operating conditions tend to produce better results. When operated at or near critical conditions of 

about 230°C or about 241FC for methanol and a boat 3 PC/I 000 psi for C02, one is able to achieve 

conversions rates of about 90% or better, typically about 93% or 95%. One can achieve high yields 

by adjusting the persaatatioas of different combinations of temperature and reaction times (e.g., 

higher temperatures and shorter reaction times (e.g., less than 10 or 12 hours, between 4 and § 

10 hoars) or vice versa), which can be as advantage over current approaches. With optimisation, 

esterifkation conducted at 2§0°C under cither the same or greater CO; pressure, the yield would be 
nearly quantitative (l,e., >95% yield), for example, up to about 98%, 99%, or 99.9% conversion. 

As the accompanying Examples will show, variation in reaction conditions suggests that one 
cats generate more diester product with higher temperatures and/or protracted reaction times. As 

.15 stated before, however, different permutations in teiBperatnre caa influence the duration of the 

esteriflcation reactions to produce the same amount of ester product The reactions according to 

the present method are not conducive to a significant degree of side product formation; hence one 

can avoid eyefization of the esrhoxyiic acids and other starting reagents. Potential dangers of 

decarboxyiszatios at high temperatures- (ie,, >I45°C or »J50&C) are not observed in the present 
20 method. 

lising an amount of the alcohol solvent in excess of the earboxyiie acid, one can produce a 

very clean esteriilcatlon, The present synthesis process prodnees very clean ester products at about 
?0%-?2% initial purity, without generation of significant amounts of side products such as low 

molecular weight acids --- acetic or formic acid - molecular rearrangements or cyclic products, 

25 which one could normally find in standard acid catalyzed esteriflcatioa at high tensperatares. The 

esters can be refined to achieve about 90-98% purity. The purification can be accomplished, for 

instance, by means of crystallkatioa, chromatography, or distillation. 
Typically, the resulting ester products can be either monoesters or diesters, or form a 

mixture of both. One can control the reaction to drive the esteriflcation toward either one ester 

30 form or another. For instance, one may select as operational temperature and pressure that 
preferentially drives the esteriiieation reaction towards formation of diester molecules. Likewise, 

one can control whether esters are formed from cither a single organic acid species (e,g,, succinic 

acid) or a mixture of multiple different kinds organic acids (e.g., acetic, citric, lactic, malic, maieie, 

succinic acids) that may foe present and derivable from fermentation broth, in other words, one 
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5 

can use a variety of differeot kinds of carboxylic adds in accord with the present esterification 

reaction to produce a variety of different esters. These esters, in tarn, can be isolated, further 

modified in downstream chemical processes and coaverted, k certain f.bodintelits, into useful 

cninpoontis such as for pharmaceutical, cosmetic, food, feed, palymer materials, For instaace, 

succinie esters coo be converted into a polymer, such as polybatylene succiaate (PBS). 

In the present esterification process, both the catalyst (CO2) and the esterification reagent 

(alcohol) are present in large excess relative to the amount of free organic acid. CO2  should be in 

the gas phase during the reaction phase, regardless of its origin (e.g., gas tank or dry ice), as the 

reaction is conducted at high temperatures. Addition of solid CO2  is strategic in the case where 

10 sealed pressure reactors are used, in that it allows for slow sublimation of gaseous CO2  formation as 

the reaction apparatus is being assembled. This can minimize CO2  loss. In a COI  (i.e., CO2-

containing) atmosphere, the coirteelatration of CO2  in the reaction atmosphere can be at least 10% 

or 15% by volume, favorably about 25% or 30%, preferably greater than 50%. For better reaction 

results, the concentration of CO,should be maximized. Desirable concentrations of CO2  are from 

15 about 75% or 80% to about 9%9% by volume, typically between about l5% and about 98%. 

Nitrogen (N2) gas or air is permissible in the reactor, but preferably the concentration of gases 

other than CO2  is kept at either a minor percentage (< 50%) or de minintis amount. 

Any liquid nieuhol with an R-group of C,-Cat  can serve as the solvent reagent, In certain 

embodiments, the .k group of the alcohol con be either saturated, unsaturated, or aromatic species. 

20 A mixture of different kinds of alcohols (e.g., Ci-Cla) can also be used in the reaction, but will 

produce a corresponding mixture of different esters dependiug on the particular R-group. Alcohols 

such as methanol, ethanol, propanol, or butanol are preferred as the reaWnt in view of their 

common availability, inexpensiveness, and niechanistic simplicity in the esterificatien reaction, 

Alternatively, in some embodiments, the alcohol can also be a C2-C6-diol. Esterification with a diol 

25 can generate monomers or low molecular weight oligomers that can be readily polymerized. 

One can use a variety of different organic acids, for example, selected from: a) 

monocarboxylic acids: formic acid, acetic acid, propionic acid , lactic acid, butyric acid, isobutyric 

acid„ valerie add, hexanoic acid, heptanoic acid, dectirioic acid, biotic acid, myristic acid, and Cis- 

Cis fatty acids; b) dicarboxylic acids: fumarie acid, itaconic acid, rualic acid, suceinic acid, =kir 

-,0 acid, malionic acid, glutark acid, glacaric acid, oxalic acid, adipic acid, piinclic acid, subedit° acid, 

azelaic acid, sebacie acid, dodecanedioic acid, glutaeonie acid, ortho-ptithalic add. isopkathalic acid, 

terephthalie acid; or c) tricarboxylic acids; citric aeid, isoeitrie acid, aenoitic acid, tricarballylic 

acid, and trimesic acid. The organic acids eon include alkali or alkaline earth metal (e.g., sodium, 

10 
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css use a variety of different kinds of carhoxylic adds in accord with the present esteriflcation 
reaction to produce a variety of different esters. These esters, in tarn, can he isolated, further 

modified is downstream chemical processes and converted, in certain embodiments, into usefal 

compounds sneh as for pharmaceutical, cosmetic, food, feed, polymer materials. For instance, 

5 succinic esters can be converted into a polymer, such as polybntylene succinate (PBS), 

la the present: esteriflcation process, both the catalyst (COj) and the esterification reagent 

(alcohol) are present in large excess relative to the amount of free organic sent CO? should be in 

the gas phase daring the reaction phase, regardless of Its origin (e.g., gas tank or dry see), as the 

reaction Is conducted at high temperatures. Addition of solid €0> is strategic in the case where 

10 sealed pressure reactors are ased, in that it allows for slow sublimation of gaseous €0> formation as 

tlse reaction apparatus is being assembled. This can minimize CO; loss. In a CO, (i.e., CO:<-

containing) atsuosphere, the concentration of C02 in the reaction atmosphere can he at least J 0% 

or 15% by volume, favorably about 25% or 30%, preferably greater than 50%. For better reaction 

results, the concentration of CO; should be maximized. Desirable concentrations of CO; are from 

15 about 75% or 80% to about 99.9% by volume, typically between aboat 85% and about 98%.. 

Nitrogen (N2) gas or sir is permissible in the reactor, but preferably the concentration of gases 

other than CO; is kept at either a minor percentage {< 50%) or de minimis amowat. 

Any liquid alcohol with an R-group of CJ-CM can serve as the solvent reagent, fn certain 

embodiments, the R-gronp of the alcohol can be either saturated, unsaturated, or aromatic species. 
20 A mixture of different kinds of alcohols (e.g., €>€«) can also be used in tlse reaction, but will 

produce a corresponding mixture of different esters depending on the particular R-groop. Alcohols 

such as methanol, ethanol, propanoi, or batanoi are preferred as the reagent in view of their 

common availability, snexpensiveness, and mechanistic simplicity in the esterffieaiioa reaction, 

Alternatively, in souse embodiments, the alcohol can also be a CrCVdioi. Esterifieation with a diol 
2.5 can generate monomers or low molecular weight oligomers that can be readily polymerized. 

One casi use s variety of different organic acids, for example, selected from; a) 

monocarboxyile acids: formic acid, acetic acid, propionic acid, lactic acid, butyric acid, isobutyric 

acid, valeric acid, hcxanoie acid, heptanoic add, decanoie acid, laurie acid, myristic acid, aud Cw-

CiS Isxtty acids; b) dicarboxylie acids: fnmarsc acid, itaconic add, malic acid, succinic acid, maieie 

30 acid, makmic acid, glutaric acid, glucaric acid, oxalic acid, adfpic acid, pimcllc acid, suberic acid, 

aselaic acid, sebacie acid, dodeeanedioic add, glataeonic acid, ortho-phthalie acid, isophthaise acid, 

terephthalk acid; or c) tricarboxylic acids: citric acid, Isodtrie acid, aeooitie add, trlearba.ilvile 

acid, and trimesic acid. The organic acids cats include alkali or alkaline earth metal (e,g., sodium. 
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potassium, or magnesium) salts of these organic acids.. Desirably, the organic acid is a diem-boy:die 

or tricarboxylic acid.  

The process coo reduce the amount of waste by means of recycling of by-products back into 

the fermentation broth, either in a contint3.00S or batch proems. We have also found that in the 

present eSterifi cation process, when free manie add is reacted with an alcohol and CO2  absent any 

other acid catalyst, the free protonated form of the organic acids has greater solubility in the 

alcohol solvent than their corresponding, salts< Performed under similar reaction conditions, the 

esterilicatiou reaction using the free organic acid as reagent will yield about 1-3 times greater 

iimount of di-ester product than the reaction that ases the salt species as reagent. 	This result can 

10 be seen when one compares the reaction of accompanying Figure 3B (free acid) with that of figure 

SA (acid salt), and in Table 4, Examples 2 and 3 (acid salty, with Examples 5 and 6 (free acid), 

respectively. It is believed that solubility is a factor for the difference. For instance, since the 

soittbillty of magnesium salts in methanol and ethanol are significantly better than that of calcium 

salts, product yield from a reaction of a calcium salt is much lower than that produced from a 

..5 starting reagent of a corresponding magnesium salt. 

The present invention includes a method for esterifying a polyearhoxylie acid. The 

esterilication method involves: providing and reacting a solution of one or more free organic acids 

with an alcohol in CO2  atmosphere without the presence of nay other acid catalyst; and selecting an 

operational reaction temperature or reaction pressure corresponding to supercritical, critical or 

20 near critical conditions for the alcohol a intinr CO;  to yield an ester. The reaction temperature and 

pressure conditions preferentially drive the reaction towards the formation of at least (Hester 

molecules over monoester molecules when the organic acid is a poiycarborYlic acid< As with the 

recovery process, the operational reaction temperature is between about :150°C. and about 25(1°C, 

and the operational reaction pressare is between abont 400 psi and about 2,5(10 psi. Depending on 

25 the desired results, the reaction can be run for op to abotit 12 boars, 

C. 

The esterificatinn process described above can be integrated into ferincotation-based 

production of carbon chain .feedstocks and to provide a more convenient method of generating 

ail esters from carboxylic acids derived from a renewable source. The present invention provides a 

direct route b 	which biologically-derived carboxylic acids can be recovered in a simple, cost-

efficient process from a fermentation broth, converted into esters, and then subjected to 

hydrogenation process to produce BDO, GBL, TIIF and their derivatives. 
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potassium, or magnesiam) salts of these organic acids. I'Jesirahly, the orgaak acid is a dicarboyxlie 
or tricarboxylic arid. 

The process caa reduce the amount of waste by means of recycling of by-products back Into 
the fermentation broth, either in a continuous or batch process. We have also foam! that in the 

5 present esterification process, whea free organic acid is reacted with an alcohol and COj absent any 
other aekl catalyst, the free protonated form of the organic acids has greater solubility in the 
aseohoi solvent llsao their corresponding salts. Performed under similar reaction conditions, the 

esteriflcation reaction asiag the free orgaak acid as reagent will yield a boat 2-3 times greater 

amount of di-ester product thaa the reaction that uses the salt species as reagent This result can 

10 be seen when one compares the reaction of accompanying Figure 3B (free acid) with that of Figure 

5A (acid salt), and in Table 4, Examples 2 ami 3 {acid salt), with Examples 5 and 6 (free acid), 

respectively. It is believed that solubility is a factor for the difference. For instance, since the 

solubility of magnesium salts in methanol and ethanol are significantly better thaa that of calcium 
salts, product yield from a reaction of a calcium salt is muck lower than that produced from a 

IS starting reagent of a corresponding magnesium salt. 

The present invention includes a method for esterifyiag a polycarboxylk acid. The 

esterification method Involves: providing and reacting a solution of one or more free organic acids 

with as alcohol is €0> atmosphere without the presence of any other acid catalyst; and selecting an 

operational reaction temperature or reaction pressure corresponding to supercritical, critical or 

20 near critical conditions for the alcohol and/or CO; to yield an ester. The reaction temperature and 

pressure conditions preferentially drive the reaction towards the formation of at least diester 

molecules over monoester molecales when the organic acid is a polyearboxylie acid. As with the 

recovery process, the operational reaction temperature is between about tSIPC and about 250°€, 

and the operational reaction press are is between about 41)0 psi and about 2,501s psi. Depending on 

25 the desired results, the reaction can be run for up to about 12 hours, 

€. 

The esteriflcation process described above can be integrated into fermentation-based 

production of carbon chain feedstocks and to provide a more convenient: method of generating 

30 esters from carboxylk acids derived from a renewable scarce. The present invention provides a 

direct route by which biologically-derived carboxylic acids can be recovered in a simple, cost-

efficient process from a fermentation broth, converted into esters, and then subjected to 

hydrogeaation process to produce BOO, GBL, THF and their derivatives. 
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Through the distillation process one can concentrate the esters by driving off the alcohol, 

and then filter the by-products resultant from ester synthesis, Further distillation of a mixed-acid 

ester product mixture according to the boiling points of the different ester species, permits one to 

separate the various individual esters: For instance, `fable 3 provides baiting points for a sample of 

5 common esters that may be present in an ester product mixture according to the present invention. 

Table 3. Boiling Points for Some Common esters  	  
twister Species 	i tiolling Point rC)  Ester Species 	+ Bolling Point CC)  
methyl acetate 	k  56.9  ethyl-acetate 7,1  7 
methyl-formate  32 ethyl-formate 	a  54,0 
methyl-lactate -4- 145   ethyl-lactate 	151-155  
dimetiwi-inaote 	M  104-108 11 mm Hg) diethyl-maiate 1 231.6 
dimethyl-succioute 200 	 diethyl-socclnate 1  217-218  
trimethyl-citrate  176 (16 mm Hg)  

i 
	 triethyl-citrate 	t I 235 050 mm Mg)  

After recovering the esters in the remaining solution., the materials are in a readily usable 

form and one can either distill the ester mixtare to separate the different ester species and any 

remaining alcohol, Once the esters are recovered, one can nse the monoesters as precursors for 

10 conversion into cheiating agents, and the diesters as solvents. 

An advantage of recovering the organic acids from fermentation in the form of their 

corresponding esters is that downstream processing of the esters is less energy intensive than the 

hydrogenation of the free acids. Another advantage of the present esterification process is that-, one 

will find the present process simpler and easier, as compared to other approaches, to refine organic 

15 acids for C4 chemical platforms from fermentation, .ft simplifies efforts to separate esters from the 

other ilkSiAtibie materials., as well as minimizes the amonnt of salt that one needs to separate. In an 

integrated process enables one to directly esterify a combination of free acid and salts that is 

produced in a low-pH fermentation, in which the fermentation is operated at a pli of less than the 

pKa Of the organic acids. The process can be less energy intensive than carreat recovery 

2(1 approaches, 

Figure 2 shows a schematic diagram of a downstream processing that incorporates an 

iteration of the present esterification process. in particniar, Figure 2 depicts an example of using 

stiecinic acid or any other kind of organic acid derived from a fermentation broth is extracted and 

reacted with an alcohol in the presence of excess COa to generate esters. According to this iteration 

25 of the process, glucose, corn steep liglior, or other sugars, and MOOTI.),./ NaOH are introduced into 

a fermentation reactor 1 and fermented 2 to produce carboxylic acids. A fermentation broth liquid 

4 containing a mixture of organic acids, salts (e.g., snecinic acid and its sodium or magnesium salts), 

and other by-products is filtered 6 to remove cell mass 8 and other insoluble matter. 'the 

fermentation is performed at a low pH. value, in which one starts at a higher pH (e.g., pH —7 or 8) 

12 
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Through the distillation process one caa concentrate the esters by driving off tlse alcohol, 
and then filter the by-products resultant from ester synthesis. Further distillation of a m ixed-acid 

ester product mixture according to the boiling pmatx of the different ester specks, permits one to 

separate the various individual esters. For instance, Table 3 provides boiling points for a sample of 

common esters that may be present in an ester product mixture according to the present invention. 
Table 3, Boiling Points for Some Common Biers 
Ester Specks Soiling Point {*£} Estsr Spectes Bailing Pamt (X} 
methyl-acetate 5 8.9 ethyl-acetate 77,1 
methyl-formats 32 ethyi-formate 54.0 
methyl-faetate 145 ethyMaetaie 151-155 
dsmethyi-ma^sta 104-108 (1 mm HgJ diethyl-malate 281.8 
dim«thyt~sucesoate 200 diethyl-succinate 217-2 IS 
trsmethyf-citrate 176 (16 mm Hg) triethyi-dtrate 235 (ISO mm Ngl 

After recovering the esters is the remaining solution, the materials are in a readily asabie 

farm ami one can either distill she ester mixture to separate the different ester species and any 
remaining alcohol. Once the esters are recovered, one caa nse the monoesters as precursors for 

conversion into chelating agents, and the diesters as solvents. 

An advantage of recovering the organic acids from fermentation in the form of their 

corresponding esters is that downstream processing of the esters is less energy intensive than the 

hydrogenalion of the free acids. Another advantage of the present estersfkaiion process is thai* one 

will find the present process simpler and easier, as compared to other approaches, to refine organic 

acids for C* chemical platforms from fermentation. It simplifies efforts to separate esters from the 

other insoluble materials, as well as minimises the amount of salt that one needs to separate, ia an 
integrated process enables one to directly esteriiy a combination of free acid and salts that is 

produced in a knv-p.11 fermentation, in which the fermentation is operated at a plf of less than the 

pKa of the organic acids. The process can be less energy intensive than current recov ery 

approaches. 

Figure 2 shows a schematic diagram of a downstream processing that incorporates an 

iteration of the present esteriffcation process. In particular. Figure 2 depicts an example of using 

succinic acid or any other kind of organic acid derived from a fermentation broth is extracted and 

reacted with an alcohol in the presence of excess €0> to generate esters. According to this iteration 

of the process, glucose, corn steep liquor, or other sugars, and Mg(OH)j/ NaOH are introduced into 

a fermentation reactor i and fermented 2 to produce carboxylie acids, A fermentation broth liquid 

4 containing a mixture of organic acids, salts (e.g., succinic acid and its sodium or .magnesium salts), 

and other by-products is filtered 6 to remove eeii mass $ and other insoluble matter. The 

fermentation is performed at a low pH value, in which one starts at a higher pH (e.g., pH ~7 or 8) 

12 
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and during the eotirse of the fermentation, the pH value drops to about za One lxill produce a 

mixto re of salts and free add present, for example, in a ratio range of about 9:1 win,  o 7:3 w/w of 

salt to acid. The fermentation broth is retrieved front a fermentation reactor at a pH value of less 

than the pKa of the organic acids, (e.g„ Itfl. 5), Typically, the fermentation broth is at a pH value in 

a range between about 1.5 and about 43. 

The broth extract is then dried 10 to a powder. When drying the mixed acid filtrate shook/ 

remove as much water as possible. The drying step can be accomplished, for instance, by means of 

spray (hying, drum drying, or cryodesiccation. As with esterification in general, relatively low 

water content is desired, otherwise the reventble reaction will tend to hydrolyze back to the 

10 dicarboxylic acid. In the present process, a n. thrum residual moisture content of about 5% by 

weight should be maintained. One would expect an increase in ester yield of up to about 93 or 99% 

with samples that contain less than 3% wt. of water. 

The dried powder (average moisture content between about iwt.% and 5wt.%, desirably •‘•-• 

3 wt.%) is then reacted 12 with an alcohol 1$ which serves as an alkylating agent, in excess CO2  at a 

15 temperature between about 1.80°C to about 250°C for a duration of about 4 hours or more to 

esterify the organic, acids, In this example, SIECCWite acid is reacted in methanol and CO2  to generate 

dirnethyl sot:chute. Along with the free organic acid, any remaining free amino acids which were 

in the fermentation broth are also esterified.. 

Once the carboxylic acid esters are generated and collected, one is then able to feed the 

20 esters into a hydrogenation process. The hydrogenation ‘.ari be condueted according to various 

different methods, systems and their permutations, such as described in U.S. Patent Nos. 

7,498,450B2 (relating to homogenous hydrogenation of diearbocihe acids and/or anhydrides), 

6,433,19311, or 5,969,164, (relating to a process for production of tetrahydrofuran and 1-

butyrolactone by hydrogenation of tnaleic anhydride); U.S. Patent No, 4,584,41.9A (relating to 

25 process for the prodoction of butane-1,4-diol involving the hydrogenation of a di(Ci to (.:.3  alkyl) 

ester of a CA (Hach* UK Patent Application No. 6152207914A (relating to a process for production 

of a mixture of butane 1,4-0;4, 7-butyrolactone, and tetrahydrittnran from malente and fumerate); 

International Patent Application Nos. W0880 0937A. (relating to a process for the co-production of 

butane- /,4-diol and pbutyrolactorie h 	means of hydrogenation of dial 	'l roaleate) or WO 

30 32/03854 (relating to a process for hydrogerodysis of a carboxylic acid ester), or an article by S. 

Varadarajan et ed., "Catalytic Upgrading of Fermentation-Derived Organic Acids," BionxiiNoL. 

PROG. 1999, 15, 845-854, the content of each of the preceding disclosures is incorporated herein in 

its entirety by reference. 
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and di-irisg the course of the fermentation, the pll value drops to about 2-3< One will produce a 

mixta re of salts and free acid present, for example, is? a ratio range ofabout 9:1 w/w to 7:3 w/w of 

salt to acid. The fermentation broth is retrieved from a fermentation reactor at a pH value of less 

than the pKa of the organic acids, (e.g., pH 5), Typically, the fermen taiion broth is at a pff value in 

a range between about 1.5 and about 4.5. 

The broils extract is then dried /$ to a powder. When drying the mixed acid filtrate should 

remove as much water as possible. The drying step can he accomplished, for instance, by meatss of 

spray drying, dram drying, or cryodesiecation. As with esterifieation in general, relatively low-

water content is desired, otherwise the reversible reaction will tend to hydroiyste back to the 

dkarboxylie acid. Its the present process, a maximum residual moisture content of about 5% fey 

weight skoufci be maintained. One would expect att increase in ester yield of op to about 98 or 99% 
with samples that contain less than 3% wt. of water. 

The dried powder (average moisture content between about lwt,% and 5wt.%, desirably < 

3 wt.%) is then reacted 12 with an aleohol J 4 which serves as an alkylating agent, its excess COj at a 

temperature between about 18ftc'C to afeont 2S1FC for a duration of a ho at 4 hoars or more to 

esterify the organic acids, la this example, succinic acid is reacted ia methanol ant? CCK to generate 

dimethyl succinate, Along with the free organic acid, any remaining free amino aeids which were 
its the fermentation broth are also esterified. 

Once the carboxylie acid esters are generated and collected, one is then able to feed the 
esters into a hydrogenation process. Tlse hydrogenation can be conducted according to varioas 

different methods, systems and their permutations, sack as described ia U.S.. Patent Nos. 
?,49S,450B2 (relating to homogenous hydrogenatkm of dicarfeocilic acids aad/or anhydrides), 

6,433,193B, or 5,969,164, (relating to a process lor production of tetrahydrofaran and y~ 

huiyrol&etone by hydrogenation of maieie anhydride); U.S. Patent No. 4,584,419 A (relating to 

process for the production of feafane~L4~diol involving the hydrogenation of a di(€f to Cj alky I) 

ester of a C:i diacid); UK Patent Application No. GB2207914A (relating to a process for production 

of a mixture of fentane M~dlol, y-butyrol&ctone, and tetrahydrofnran frosts stsaieate and fumes-ate); 

International Patent Application Nos. W08800937A (relating to a process for the eo-ps'odnetlon of 

butane-M--diol and y-b«tyrolactone fey means of hydrogenation of dialky? maleate) or WO 

82/03854 (relating to a process for hydrogenolysis of a carboxylie acid ester), or an article by S. 
Varadarajan etaln "Catalytic Upgrading of Ferineatation-i>erived Organic Acids," JftOTKCifNOi.. 

PROG< 1999,15, 845-854, the content of each of the preceding disclosures is incorporated herein is 

its entirety hv reference. 
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As the example illustrates in Figure 2, when reacted with inethanol in accord with the 

reaction temperatures and pressure parameters defined above, ;weir& acid esterified to produce 

dimethyl succinate (as predominant prodnct), .N;a If CO3, MgCO3  / Mg(k/C0&)2  and excess methanol 

16, The dimethvl slIcciawk and methanol .1$ are separated from IaaHCO3  and MgCOa  20> The 

5 carbonates, unlike CaSO4, can be recycled 22 back into the reactor I, either for a continuous 

process or in a fresh batch process. The dintethyl suecinate and methanol are further separated 2$ 

from each other with the methanol 14 being recycled 20. Subsequently, the dimethyl succinate 28 

can be hydrogenated 30 into a variety of different chemical products 32, including for instance, 1,4

butane-4iliol (BDO), tetrahydrofura $3 (Tiff), y-butyrolactone ((B 4, or N-i3"£et3yl-2-pyrrolidone 

10 (NNIP). 

Another advantage of the present process is that it can simplify the transport and 

processing of crops for fermentation products. For instance, with a dried .fermentation broth 

powder one is freed from issues associated with working with wet or liquid stock A dried 

fermentation broth powder can he more economically shipped to a location different from where 
., the fermentation broth is made or sailreed. This will enable the reaction for ester synthesis to be 

performed at a remote location different from where the fermentation broth is sonrced, and expand 

the geography of where the final processing facilities% can be situated, 

Renee, we also envision that the esterification process described herein ta 8 be integrated 

into a method for processing an agrienitural product or biomass. The inethod involves obtaining 

20 carbohydrates from the agricultural product or biomass, fermenting the carbohydrates to produce 

a fermentation broth, drying the fermentation broth to produce a fermentation broth powder, and 

transporting the fermentation broth powder to a second processing site. This second site can be 

located closer to a source of demand for a product derivable from the broth powder, which can he 

esterified andfor otherwise processed at the second site to produce a product therefrom. 

25 

Section. II, — Examples 

A, 

Examples prepared according to the present esterification method are integrated into a 

process for isolating free carboxylic acid from a fermentation broth. 	The method involves 

30 generally the following steps: a) filtering a crude fermentation broth to remove tell mass and other 

biological debris from a fermentation broth; b)3 desiccating the fermentation broth; e)  reacting the 

dried fermentation broth with an excess of methanol (CII3011) or ethanol (C211$011) and carbon 

dioxide (CO2) at a temperature about 150°C up to the near critical or critical temperature and 

under near critical or critical pressure of the alcohol and/or C:Oa  COreagents, to produce a mixture of 

14 
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As she example illustrates Figure 2, wheu reacted wills methanol in accord with the 

reaction temperatures and pressure parameters defined above, succinic acid esterlfied to produce 

dimethyl sacduate (as predominant product), NaHCO* MgCO.; / Mg(M'COj)2 and excess methanol 

16, 1 'he dimethyl succinate and methanol JS are separated from NaHCOj and MgCOj 20. T he 

5 carbonates, unlike CaSOi, can be recycled 22 hack into the reactor /, either for a continuous 

process or In a fresh batch process. The dimethyl succinate and methanol are further separated 24 

from each other with the methanol 14 being recycled 26. Subsequently, the dimethyl succinate 2H 

east be hydrogenated 3d into a variety of different chemical products .?2, including for instance, 1,4-
bstane-ldsol (EDO), tetrahydrofaran (THF), y-batvrolactone (GBL), or N-methyi-2-pyrrolidone 

10 (NMF>. 

Another advantage of the present process is that it can simplify the transport aad 

processing of crops for fermentation products. For instance, with a dried fermentation broth 

powder one is freed from issues associated with working with wet or liquid stock A dried 

fermentation broth powder can he more economically shipped to a location different from where 

IS the fermentation broth is made or sonrced. This will enable the reaction for ester synthesis to be 

perforated at a remote location different from where the fermentation broils is soureed, aad expand 

the geography of w here fee final processing facilities eats be situated 

Hence, we also envision that the esteriflcation process described herein can be integrated 

into a method for processing aa agricultural product or biomass, The method involves obtaining 
20 carbohydrates from the agricultural product or biomass, fermenting the carbohydrates to produce 

a fermentation broth, drying the fermentation broth to produce a fermentation broth powder, and 

transporting the fermentation broth powder to a second processing site. This second site can be 

located closer to a source of demand for a product derivable from the broth powder, which can be 

esterified and/or otherwise processed at the second site to prodace a product therefrom, 

?*•» 

Section H. - Examples 

A, 

Examples prepared according to the present esterifieation .method are integrated into a 

process for isolating free carboxylie acid from a fermentation broth. The method involves 

30 generally the following steps; a) filtering a crude fermentation broth to remove cell mass ami other 

biological debris from a fermentation broth; b) desiccating the fermentation broth; c) reacting the 

dried fermentation broth w ith an excess of methanol (CH3OH) or ethanol (C^HsOH) and carbon 
dioxide (CO>) at a temperature about 350°€ up to the near critical or critical temperature and 
under near critical or critical pressure of the alcohol and/or CO} reagents, to produce a mixture of 

14 
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tnonoesters and diesters and carbonate (NaH.C.03/ MgC.0,0; d) filtering the reaction prodnct to 

remove hy-products; and e) purifying by distilling the esters. 

The fermentation. broth filtrate was dried to remove all or fMirly all of the water to prodE3CV 

a powder of mixed organics. Using a spray dryer or driim dryer, one aerosolizes the raw solution 

containing mixed organic acids to desiccate into a powder. The desiccated powder is suspended in 

an alcohol solvent, The powder reacts with the alcohol according to the :.0aditiOlIS described herein 

to esterify into either monoesters or diesters. 

10 

Each of the following examples was performed according tti the following general protocol, 

except lbr variations in reaction temperature, pressure, time, and/or add species as indicated, 

maid& matandis. Ten grams of freeze-dried succinic add fermentation broth (off whitepowder) 

and 300 g of methanol were charged to a it: stainless steel vessel, jacketed, and fixed to a Parr 

reactor. While stirring mechanically at 1.100 rpm, the internal headspnee of the reactor vessel was 

purged with Na  and then pressurized initially to 400 psi with CO2  and heated to 180°C for 5 hours. 

The internal pressure was observed to be .4650 psi at 18tfC. After the reaction time, the reactor 

15 body was cooled in a water bath until reaching room temperature and pressure released. The 

heterogeneous mixture was then filtered and solids were dried overnight under vacuum. Samples 

of the solid material and the solution were analysis quantitatively using gas-chromatographytmass 

spectrometry (i.:ItYM„S). The yield of dimethyl suceinate was determined to be 31.9% with more 

than 95% of the wvailak$k magnesium soccitiate consumed in the reaction. The remaining balance 

20 of product included the corresponding monoesters as the greater part, and was in a range of about 

60% to about 65%. 

As the reactions depicted in the accompanying figures and tables show, niodification and 

selection of certain temperature and pressure parameters causes reactions to yield preferentially 

more of the (Hester compounds 	to certain examples of the present process, the esterification 

„ i reactions yielded more than 50%, typically more than 70% or 00% di-akyl succinate or malate. As 

stated before, the tinreacted materials and the undesired products are recycled into the 

fermentation reactor, Subsequent separation of the mono-esters and di-esters was achieved by 

crystallization. 

Figure 3 shows a series of esterification reactions which summarize COrassisted 

30 esterification of free succinic acid in various alcohols. Figure 3A shows snecinic acid reacted with 

methanol in 400 psi CO2  gas, at lfSh"C. for 5 hours, which achieved a yield of about37% dimethyl 

succinate. When the operational temperature was increased to 180°C in the reaction of Figure 38 

and all other parameters kept the same as in Figure 3A, the amount of dimethyl saceinate yield 

increases more than two-fold to about 81.2%. 

1.5 
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m<raoe»ters aad diesters and carbonate (NaMCO.V MgCO»); d) filtering the reaction product to 
remove by-prodneis; and e) purifying by distilling the esters, 

The fermentation broth filtrate was dried to remove all or nearly ail of the water to produce 

a powder of mixed orgaaics. Using a spray dryer or drum dryer, one aerosolizes the raw solution 
ci>HS:;s;:f!5Hg mixed organic acids to desiccate into a powder. The desiccated powder is suspended ia 

an alcohol solvent, J'fee powder reacts with the alcohol according to the conditions described herein 
to esterify into either monoesters or diesters. 

Each of the following examples was performed according to the following general protocol, 
except for variations in reaction temperature, pressure, time, aud/or acid species as indicated, 

mutatis nmtumiis. Ten grams of freeze-dried succinic acid fermentation broth (off-white powder) 

and 300 g of osethaoot were charged to a 1L stainless steel vessel, jacketed, and fixed to a Parr 

reactor. While stirring mechanically at .1.100 rpm, the internal headspace of the reactor vessel was 

purged with N, and then pressurized initially to 460 psi with C02and heated to 180 C for 5 hours. 

The Internal pressure was observed to he -1650 psi at 180'C After the reaction time, the reactor 

body was cooled in a water hath until reaching room temperature and pressure released. The 

heterogeneous mixture was then filtered and solids were dried oversight under vacuus). Samples 

of the solid material and the solution were analysis quantitatively using sgas-chromatography/mass 

spectrometry (GC/MS). The yield of dimethyl succinate was determined to be 31.9% with more 

than 95% of the available magnesium succinate consumed in the reaction, The remaissmg balance 

of product bsduded the corresponding mouoesters as the greater part, and was in a range of about 

60% to about 65%. 

As the reactions depicted in the accompanying figures and tables show, modlocation and 

selection of certain temperature aad pressure parameters causes reactions to yield preferentially 

more of the diester compounds. In certain examples of the present process, the esteriflcation 

reactions yielded more than 50%, typically more than 70% or 80% di~akyl succinate or malate, As 

stated before, the nnreacted materials aad the undesired products are recycled into the 

fermentation reactor. Subsequent separation of she mono-esters and di-esters was achieved by 

crystallisation. 
Figure 3 shows a series of esteriflcation reactions which summarize €Orassisted 

esteriflcation of free succinic acid la various alcohols. Figure 3.4 shows succinic acid reacted with 
methanol ra 400 psi CO, gas, at 150®C for 5 hours, which achieved a yield of about 37% dimet hyl 

succinate. When the operational temperature was increased to 180°C in the reaction of Figure 3B 

and ail other parameters kept the same as in Figure 3A, the amount of dimethyl succinate yield 

increases more than two-fold to about SI.2%. 
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Figure 3C represents free succinie acid reaction at 180°C ti ad elr present operational 

conditions -in ethanol, which generates diethyl succinate in good yield of about 60.8t.'4. In Figure 

3D, free succinie acid was reacted at 1.80'"C under operational conditions in ii-botanol, which 

generates dibutyl suceinate at about 52.2% yield, These ea"ao 	demonstrate the versatility of the 

present esterification reaction in view of different kinds of alcobols, 

Figure 4 snows examples of Corassisted esterification of other kinds of carboxylic 

poiyacids, in Figure 4A and 4B, succinic acid was substituted respectively With citric acid, a tri-

carboxylic acid, and noilie acid. The yield of trimethylcitrate was reasonable at about 20.1%, 

demonstrating that the M-assisted protocol can be applied to tricarboxylic acids. The yield of the 

10 dimethyi analogue of maiic acid was good at about 84.3%, 	Hence, the new method of esterification 

is feasible for general use with other neids. 

Table 4 s 8 mill adzes results of several reactions that were performed aceordi 13 f-.; to the 

esterification method of the present disclosure as depicted in Figures 5, 6, and 7. Each set of 

examples is arranged in terms of a variation 3-4 an operational condition. under which the reaction 

. was performed: A) temperature, B) pressure, and C.) reaction time, In each of the examples, 

swank acid from a fermentation broth is used as the substrate. The filtered clarified broth 

containing free add and salts are dried and later reacted with methanol and CO2  in solution. (As 

the reactions are heated, the actual operational temperatures and pressures within the reactor 

vessel will exceed the initial temperatures and pressures provided herein.) 

20 In the three examples of Set A, we carried out the reaction for 5 hours at an initial COa 

pressure of 490 psi, under different temperatures: Ex. A-1 at 180°C, Ex. A-2 at 219°C, and Ex. A-3 

at 2.30°C. The percent conversion of acid to its corresponding diester increased with higher 

operational temperature. Figure 6 shows the effect of varying temperature in a series of 

esterification reactions of suceinic add and its salt. In Figure 5A, the esterification of succinie acid 

23 is performed at a temperature of about .1.80"C:, over a period of 5 hours. The reaction produced 

a boati.3.9% yield of diniethyl sticeinate. Figure 5B shows the same reaction as in Figure SA, when 

the reaction time held constant, but with the temperature raised to about 210°C, which yields about 

42.0%, Figure SC shows a reaction at 230(C and yields about 72.4%. This suggests that as the 

temperature increases, the reaction kinetics drives toward a more complete reaction of the acid and 

30 aikylating agent, and a greater yield of the dialkyl-ester. Reactions performed at or near critical 

temperature and/or pressure conditions can produce at least 95%, likely I.,--, 97% or 98%, 

conversion. 

In Set B and Figure 6, we performed the esterification reaction for 5 hours at an initial 

temperature of 380°C, and varied the initial CO2  gas pressures: Ex. BA at 490 psi, E. B-2 at 590 
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Figure 3C represents free succinic acid reaction at 180c€' under present operational 

conditions in ethanol, which generates diethyl succinate ia good yield of about 60.8%. fa Figure 

31>, free succinic acid was reacted at J.86°C under operational conditions in n-hutanol, winch 

generates dshsstyl succinate at about 52.2% yield. These examples demonstrate the versatility of the 
5 present estersfieation reaction in view of different kinds of alcohols. 

Figure 4 shows examples of COj-asshted esteriflcation of other kinds of carboxylic 

poiyacids, Is Figure 44 and 4B» succinic acid was substituted respectively with citric acid, a tri­

carboxylic acid, and malic acid. The yield of trimetbyicitrate was reasonable at ahoat 20.1%, 

demonstrating that the CO?-assi«ted protocol can be applied to tricarboxylic acids. The yield of the 

10 dimethyl analogue of malic acid was good at a boat 84.3%, Hence, the new method of esteriflcation 
is feasible for general use with other acids. 

Table 4 summarises result;s of several reactions that were performed according to the 

esterificatkm method of the present disclosure as depleted ia Figures 5, 6, and 7. Each set of 

examples is arranged in terms of a variation of ass operational condition, under which the reaction 

.15 was performed: A) temperature, B) pressure, and C) reaction time. In each of the examples, 

succinic acid from a fermentation broth is ased as the substrate, The filtered clarified broth 

containing free acid and salts are dried and later reacted with methanol and CO> ia solution. (As 

the reactions are heated, the actual operational temperatures and pressures within the reactor 

vessel will exceed the initial temperatures and pressures provided herein.) 

20 In the three examples of Set A, we carried out the reaction for S hoars at ass initial CO> 

pressure of 400 psi, under different temperatares: Ex. A-i at 180°C, Ex. A-2 at 210C€, and Ex. A~3 

at 230°C. The percent conversion of acid to its corresponding diester increased with higher 

operational temperature- Figure 6 shows the effect of varying temperature in a series of 

esteriflcation reactions of succinic acid and sis salt, fa Figure 5A, the esterifscatios of succinic acid 

25 is performed at a temperature of about 180*C, over a period of 5 hours. The reaction produced 
ahout.O.9% yield of dimethyl succinate. Figure SB shows tlse sa me reaction as ia Figure 5A, w hen 

the reaction time held constant, but with the temperature raised to about 21tFC, which yields about 

42,9%. Figure 5€ shows a reaction at 23CPC and yields about 72.4%. This suggests that as the 

temperature increases, the reaction kinetics drives toward a more complete reaction of the acid and 

30 alkylating agent, and & greater yield of the dialkyl-ester. Reactions performed at or near critical 

temperature and/or pressure conditions can produce at least 95%, likely > 97% or 98%, 

conversion. 
In Set B and Figs re 6, we performed the esieriileation reaction for 5 hours at an initial 

temperature of S80°C, aad varied the initial CX>2 gas pressures; Ex. B-l at 400 psi, Ex. 8-2 at 500 
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psi. and Ex, it--3 at 600 psi, The percent cotIVCrSii)31 of acid to its corresponding diester WaS 

Alkoderate, and the amount yield did not show significant difference statistically. The initial CO2  gas 

pressure in the reactor did not exert much effect in conversion of the acid to Its diester, but the 

operational pressures in the reactor during the reaction suggest an effect on yields. 

in Set C and Figure 7, we performed the esterifieation reaction at a constant pressure and 

temperature but varied the duration of the reaction. Ex, C-3 at 5 hours, Ex. C-2 at 2 hours, and Ex, 

C-3 at 05 hours. The examples shown in Figure 8 suggest that a greater amount of diester was 

converted from the acid with increased reaction time. 

Figure 8 shows a first set: of CO assisted esterifieation reaCtiOnS using a concentration of 

10 • succinate salts of about 4% wiw, which are presented as Examples 1-3 in Table 5. In Examples 1 

and 2.. suecinic acid and its magnesium (Mg2') salt was reacted in methanol and ethanol at 210"C 

and 180°C, respectively, for a reaction time of 5 hours. The reactions produced about 33% 

dimethyl stivetnate and about 1% diethyl succinate, respectively, Methanol exhibits a greater 

capacity to dissolve the succinate salt than ethanol. Magnesium succinate exhibits a reasonable 

15 level of solubility in methanol, while it exhibits limited solubility in ethanol, even at. high 

temperatures. Hence, the yield of diethylsuccinnte was negligibie. Example 3 shows a reaction 

using calcium (Cams ) succinate, at 1 Sire, over 5 hours. The reaction yields only about 3,33% of the 

corresponding dimethylsuceiriate. Relatively low conversion rates in Examples 2 and 3, also 

highlights the solubility difference between corresponding alkali earth salts. The calcium succinate 

20 salt is insoluble in methanol, even at high temperatures. 	The methanol to salt molar ratio used in 

the CO2  experiments was approximately I lthl for methanol to magnesium succinate. Likewise, the 

ratio was about l00:1 for methanol to the other carboxylic acids.  
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psi, a nd Ex. B-3 at 600 psi. The percent conversion of acid to its corresponding diester was 

moderate, and the amount yield did not show significant difference statistically. The initial CO> gas 

pressure ia the reactor did not exert nuseh effect ia conversion of the acid to its diester, but the 

operational pressures iss the reactor dnrisg the reaction suggest an effect on yields, 

5 In Set C and Figure 7, we performed the csterifieation reaction at a constant pressure aad 
temperature but varied the duration of the reaction. Ex, C-t at 5 hoars, Ex. €-.2 at 2 hours, aad Ex. 

C-3 a t 0,5 hours. The examples shows is Figure 8 suggest that a greater amonnt of diester was 

converted from the acid with increased reaction time. 

Figure 8 shows a first set of COrassisied esteriflcation reactions using a concentration of 

10 succinate salts of about 4% w/w, which are presented as Examples i-3 in Table 5, In Examples I 

and 2, succinic acid aad its magnesium (Mg"'?) sail was reacted its methanol and ethanol at 2ltFC 

and I80°€, respectively, for a reaction time of 5 hours. The reactions produced about 33% 

dimethyl succinate and about 1% diethyl succinate, respectively. Methanol exhibits a greater 

capacity to dissolve the succinate salt than ethanol. Magnesium succinate exhibits a reasonable 

IS level of solubility in methanol, while it exhibits limited solubility m ethanol, even at. high 
temperatures. Hence, the yield of diethylsuccinate was negligible. Example 3 shows a reaction 

using calcium <CaJ") succinate, at I80°C» over 5 hours. The reaction yields only about 1.33% of the 

corresponding dimethylsucelnate. Relatively low conversion rates in Examples 2 and 3, also 

highlights the solubility difference between corresponding alkali earth sails. The calcinm succinate 

20 salt is insoluble in methanol, even at high temperatures. The methanol to salt molar ratio ased Its 

the CO; experiments was approximately 110:1 for methanol to magnesiism succinate. Likewise, the 

ratio was about 100; t for .methanol to the other carboxylie acids. 
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TABLE S 

Example Initial CO2  %Conversion to 0 

1  
Substrate 	 

¢  Suctink add, M67+ salt  
Alcolloi  

Methanol  
Reaction Time (h) 

5  
Temperature (4t) 

210 
pressum 

400 
psi {N  + 	ester  

314 
	Note  

Control 

n.) o p-,  .6. 
-a-, 

Llinfted solubility  2 Sea:Mit odd;  Me'  salt 	Ethanol  „. 	 180 400  1.0  
4- 

3 SUCCidie; arid, Ct3'4.  salt 	Methanol 5  /80 400  2.3 Limited solubility c.,.) .6. 

4 Succinic add 	Methanol  5 s 150 400  37.0  4- --. 
S Succinic ;icid  Methanol 5  180 	 404 ... 91.2  
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present method. Examples .1, 2 and 3 demonstrate the importance of substrate solubility of 

succinic acid as compared to the salts of sticeinate. Examples 4-7 is a second set of reactions in 

which free succinic acid was reacted in methanol, etanoi, and 1-butanol in similar fashion. 

Exampies 8 and 9 show that reactionsith  w 	other organic acids, such as citric acid and mak 

acid can aebieve relatively good yields of about 20% and $6%, respectively. 

Free ,ZI.R'.einie acid reacts readily with the alcoluds, since it is completely soinbk in 

methanol, ethanol, Minim* and other alcohols up to and including, octatiol (C,% alcohol), In 

Examples 6 and 7. succinte acid reacted in ethanol and 1-butanol, yields 60,8% and 52.2% 

10 ConVersion, respectively. 

The solubility of carboxylic salts in a particular solvent can have an influence on the 

esterifietition process. The greater solubility of free-aeid permits a greater reactivity than the 

carboxylate salt, which lacks an acid functionality, Accordingly, the yields of the corresponding 

esters tend to be significantly greater than the control samples when comparing the two sets of 

15 i•eactions. The reactions of Examples 4-7 yielded significantly greater amounts of 

corresponding diesters than that of Examples 1-3. The carboxylic. acid itself may be sufficient to 

catalyze the esterification reaction under the present operational temperature and pressure 

conditions.. One can adjust the substrate solubility for successful esterification according to the 

present method. 

:20 

B. 

Example: Hydrogenation 

Using a process like one of those described in the references cited above„ one can 

perform direct hydrogenation of the carboxylic acid esters collected from the esterification 

25 process described above. For examples, one can use metallic copper catalysts for the 

hydrogenation of diaikyl succinate esters to BDO, G.131,„ and TIM The following describes an 

illustration of the hydrogenation process. 

The copper catalysts were prepared by wet impregnation of copper salts unto the 

following supports (all —16+30 mesh) 	silica —alumina (93% silica, 7% alumina Sigma 

30 Chemicals) and two chromatographic silicas (Phase Separations, inc.) X0A.-400 and X0B-030. 

Ten milliliters of solution containing copper nitrate to produce the desired loading was added to 

10 g of support. The slurry was stirred at room temperature tin- 2 hrs. and then dried for 2 hrs. 

under vacuum at 60 *C — 70 °C. The dried solid was then calcined in air in a furnace at 500 °C 

for 11-12 h to give copper oxides. The catalyst material was then loaded into the reactor and 

..5 reduced in-situ in pure hydrogen at 200 'C and 200 prig for 3 his, Catalyst supports were 

characterized before and after reaction by nitrogen BET surface area and mercury 
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present method. Examples 1, 2 and 3 demonstrate the importance of substrate solubility of 

succinic acid as compared to the salts of succinate. Examples 4-7 Is a second set of reactions in 

which tree succinic acid was reacted is? methanol, ethanol, ami I-butauol in similar fashion. 

Examples 8 and 9 show that reactions wills other organic acids, such as citric acid and malic 

add can achieve relatively good yields of about 20% and 86%, respectively. 

Free succinic acid reacts readily with the alcohols, since it is completely soluble in 

methanol, ethanol, butaool, and other alcohols «p to aad including octaaol (C« alcohol), In 

Examples 6 and 7, succinic add reacted in ethanol and 1-bntanois yields 60,8% aad 52,2% 

conversion, respectively. 

The solubility of carboxylic salts in a particular solvent can have an influence on the 

estenfseatkm process. The greater solubility of free-acid permits a greater reactivity than the 

carboxylase salt, which lacks an add functionality. Accordingly, the y ields of the corresponding 

esters tend to he signilleantly greater than the control samples when comparing the two sets of 

reactions. The reactions of Examples 4-7 yielded significantly greater amounts of 

corresponding diesters than that of Examples 1-3. The carboxylic acid itself may be sufficient to 

catalyze the esterilication reaction tinder the present operational temperature and pressure 

conditions. One can adjust the substrate solubility for successful esterification according to the 

present method. 

B, 

Example; Hydrogenation 

Using a process like one of those described in the references cited above, one can 

perform direct hydrogenation of the carboxylie add esters collected from the esteriiication 

process described above. For examples, one can use metallic copper catalysts for the 

hydrogenation of dialkyl succinate esters to BIX), GBL, and THF, The following describes an 

illustration of the hydrogenation process. 

The copper catalysts were prepared hy wet impregnation of copper salts onto the 

following supports (all -16*30 mesh): silka-alumiua (93% silica, 7% alumina Sigma 

Chemicals) and two chromatographic silicas {Phase Separations, Inc.) XOA-400 and XOB-03O. 

Tea milliliters of solution containing copper nitrate to produce the desired loading was added to 

1.0 g of support. The slurry was stirred at room temperature for 2 itrs. and then dried for 2 hrs. 

under vacuum at 60 c'€ - 70 °€. The dried solid was then calcined in air is a furnace at 500 °C 

for 11-12 h to give copper oxides. The catalyst material was then loaded into the reactor and 

reduced in-sitn in pure hydrogen at 200 °C and 200 psig for 3 isrs, Catalyst supports were 

characterized before aad after reaction by nitrogen BET surface area and mercury 
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Ire's zene with p-dimahylanthgazobenzene (pK„ = 3.9) as the indicator. 

A cone closure reactor (Aatoclave Engineers, Inc.) made of 3:U Stainless Steel, 167 nuti 

king x 5 mm MOO' diameter (i.d.), was charged with One gram of catalyst supported on a quartz 

Mt. The reactor was surrounded by a clamsbell furnace controlled by an Omega series CN-2010 

programmable temperature controller. Dimethyl soceinate was fed to the top of the reactor as 

30 wt % solution In methanol arcing a Biorad 11PLC pump, Hydrogen gas was also fed to the top 

of the reactor from a -standard lank. and high-pressure regulator; a rot:meter was used to 

nionitor gas flow rate at the reactor outlet. The liquid feed rate was fixed at 0.05 sari:/min, and 

10 the hydrogen caste was set at 400 ml, of S'IsPimia to give a weight hourly space velocity (WHSV) 

of 0.9 g of DMS1g of cat/.hi and a Hilsuccinate tatio of 20:1, 

Condensable products were collected .in single-endedld acct_: Whitey saniple cylinders 

immersed in ice baths. Three-way valves. were used to divert reaction products to either of two 

sample cylinders: during reaction, condensable products were collected in the traps for a timed 

15 period, after which the trap was removed and weighed and the contents were removed for 

analysis. Gas exiting the collection cylinders passed through a rtiptare disk assembly and was 

stepped down to atmospheric pressure using a bade-pressure regulator. Gas products were 

collected in gas bags for analysis using gas chromatography to quantify non-condensable 

product formation. 
.,, -,,.., e, Condensable products were weighed following collection and analyzed in a Varian 3300 

gas chromatograph equipped with a flame loinzatios detector and a Supeico SPB-1 wide-bore 

(0.5 mm) capillary column (50-200 "C (4? 12 "C/cicala, hold fg. 200 "C). Methyl lactate was used as 

an internal standard to facilitate the eaktdation of product concentrations. 

Example: Hydrogenolysis 

The esters resulting from the fermentation extraction described above is then 

hydrogenolyzed over a catalyst (e.g,, reduced CuO/Zu0), which should obtain high conversions 

(>98%) and selectivities e.g., International Patent Application No. WO .i2/038.54). 

Alternatively, one can proceed according to a process such as described in U.S, Patent 

30 No, 4,584,40. A stainless steel with an oil jacket maintained at 231 CC was used for this 

reaction, -Hydrogen was introduced by way of a pressure regulator and flow controller (not 

shown) through line to the bottom end of a vaporizer containing a number of steel bails. Ester 

was metered as a liquid to vaporiser through a line, The resulting vaporous mixture of ester 

and hydrogen was passed through preheating coil to reactor. This contained a layer of glass 

5 balls, on which rested the catalyst bed. The remainder of the reactor was filled with glass balls 

and the upper end of the reactor was fitted with an exit tube which led to a condenser (not 
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hensse.ue with ^dlmethyiaudaaxohensene (p&'a ~ 3.9) as the sadieasor. 

A cone closure reactor (Autoclave Engineers, Inc.) made of 316 Stainless Steel, 167 mm 

long x 5 usm inner diameter (id,), was charged with one gram of catalyst supported on a quasi:?, 

frit The reactor was surrounded by a clamshell furnace controlled by as Omega series CN-2010 

programmable temperature controller. Dimethyl succinate was fed to the top of the reactor as 

30 wt % solution in metissuol using a Biorad IIFLC pump. Hvdroges gas was also fed to the top 

of the reactor from a standard task aad high-pressure regulator; a rotameter was used to 

monitor gas flow rate at the reactor outlet. The liquid teed rate was iked at 0.Q5 mL/'min, and 

the hydrogen rate was set at 401) m.L of STP/min to give a weight hourly space velocity (WHSV) 

of 0,9 g ofDMS/g of cat/h and a Hj/sueetnate ratio of 200; 1, 

Condensable products were collected is single-ended 10 mL Whitey sample cylinders 

immersed in ke baths. Three-way valveswere used to divert reaction products to either of two 

sample cylinders: during reaction, condensable products were collected in the traps for a timed 

period, after which the trap was removed and weighed aad the cos tents were removed for 

analysis. Gas exiting the collection cylinders passed through a rupture disk assembly and was 

stepped dow n to atmospheric pressure using a hack-pressure regulator. Gas products were 

collected in gas bags for analysis using gas chromatography to quantify non-condensable 

prod net formation. 

Condensable products were weighed following collection and analyzed in a Variant 3300 

gas chronsatog.raph equipped with a flame iomxatioo detector and a Sopeleo SP.B-1 wkle-ho.re 

(0.5 mm) capillary column (50-200 °C @ 12 °C/miu. hold (a). 200 °€), Methyl lactate was used as 

aa internal standard to facilitate the calculation of product concentrations. 

Example: Mydrogenolysis 

The esters, resulting from the fermentation extraction described above is then 

hydrogesolyxed over a catalyst (e.g., reduced CnO/ZnO), which should obtain high conversions 

(>98%) and selectivities (e.g.. International Patent Application No. WO 82/03854). 

Alternatively, one can proceed according to a process such as described in fj.S, Patent 

No, 4,584,419. A stainless steel with an oil jacket maintained at 231 °€ was used for this 

reaction. Hydrogen was introduced by w ay of a pressure regulator and llow controller (not 

shown) through line to the bottom end of a vaporiser containing a number of steel balls. Ester 

was metered as a liquid to vaporiser through a line. The resulting vaporous mixture of ester 

and hydrogen w as passed through preheating coil to reactor. This contained a layer of glass 

balls, on which rested the catalyst bed. The remainder of the reactor was filled with glass balls 

and tlse upper end of the reactor was fitted with an exit tube which led to a condenser (not 
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downstream from the emitienser using a wet gas meter. 

A charge of 30 ml of a granulated copper chromite catalyst was placed in the reactor 

whieh was then purged with nitrogen at 42 bar, The oil bath was raised to a temperature of 

231.degree.. C. A 2% ll.sub.2 in IV„sub.2 gaseous mixture at 42 bar was then passed over the 

catalyst for R hours, followed ivy 10% H.sub.2 in N.iinb.2 (still at 42 bar) for a farther 16 hours, 

and then by pure Itsub,2 (also at 42 bar) for an additional 12 hours, 

Diethyl succinate was then introduced into the vaporiser corresponding to a liquid 

hourly space velocity of 0.2/hr. The hydrogen gas:ester molar ratio in the vaporous mixture was 

10 313.1. The temperature of the sand bath was maintained at 23 l."C, The condensate was 

analyzed by gas chromatography using a 1.82 meter long stainless steel column with an internal 

diameter of 3,18 tam containing 10% diethylene glycol suceinate on Chro.mosorb PAW, a 

helium gas flow rate of 30 gni/minute and a flame ionisation detector. The instrument was fitted 

with a chart recorder having a peak integrator and was calibrated using as mixture of diethyl 

1 maleate, dialkyl succiaate, butyrolactone, buttme-1,4-diol., tetrakydrofuran and water of known 

composition. The exit gas was also sampled and analyzed by as chromatography using the 

same technique. The identity of the peaks was confirmed by comparison of the retention times 

observed with those of aothentic specimens of the materials in question And by mass 

spectroscopy. The following compounds were detected in the reaction mixture diethyl 

20 soccinate, tautyrotactone, butane 1,4-dio1, tetrahydrolaran and water. Trace amounts of minor 

byproducts, incioding 2-ahOXytorahydrufuran and 2-ethoxybutane-1,4-diiii were also detected 

in the reaction mixture. From the results obtained it appeared that diethyl suceinate had been 

smoothly converted to products with a selectivity to tetrahydrofuran of 52.2mol %, a selectivity 

to e-butanol or 11.6 rnol %, a selectivity to gamma.-butyrolactone of 26,1 mol %, and a 

25 selectivity to batane-1,4-diol of 10,1 mol !,/..-,, the balance being minor byproducts. 

'the present invention has been described in general and in detail by way of examples. 

Persons of skill in the art understand that the invention is not limited necessarily to the 

embodiments specifically disclosed, but that modifications and variations may be made without 

30 departing from the scope of the invention as defined by the following claims or their 

equivalents. including other equivalent components presently known, or to be developed, which 

may be used within the scopt.? of the present invention.. Therefore, unless changes otherwise 

depart from the scope of the invention, the changes should be construed as being included 

herein. 
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downstream from the condenser using a wet gas meter. 

A charge of 30 nil of a granntafed copper chromite catalyst was placed hi the reactor 

which was then purged with nitrogen at 42 bar. The oil bath was raised to a temperature of 

231.degree. €. A 2% M.sul>.2 in NLsuf>.2 gaseous mixture at 42 bar was then passed over the 

catalyst for 8 hoars, followed by 10% H.sab.2 is? N.sub.2 {still at 42 bar) for a farther 16 hoars, 

ami thea by pore IrLsnb,2 (also at 42 bar) for ss additional 12 ho ars> 

IHethyl succinate ws in then introduced I a to the vaporizer corresponding to a liquid 

hourly space velocity of 0.2/hr. The hydrogen gastester molar ratio la (he vaporous mixture was 

313:1. The temperature of the sand bath was maintained a t 23 PC, The condensate was 

analyzed by gas chromatography using a 1.82 meter long stainless steel column with an interna! 

diameter of 3.18 mm containing 10% diethylene glycol succinate on Chromosorh PAW, a 

helium gas flow rate of 3(1 mf/minutc and a flame iooisation detector. The instrument was fitted 

with a chart recorder having a peak integrator aad was calibrated nsing a mixture of diethyl 

maleate, dialkyl suceiaate, bntyrolaetone, bntssne-l,4-dioi<, tefrahydrofnran and water of known 

composition. The exit gas was also sampled and analyzed by gas chromatography using the 

same technique. The identity of the peaks was confirmed by comparison of t he retention times 

observed with those of authentic specimens of the materials ia question and by mass 

spectroscopy. The following compounds were detected in the reaction mixture: diethyl 

succinate, butyrolactone, butane- M~di«l, tetrahvdrofuran and water. Trace amounts of minor 

byproducts, including 2-ethoxyfetrahydrofnran and 2-ethoxybutane-l,4-diol were also detected 

so the reaction mixture, From the results obtained if appeared that diethyl succinate had been 

smoothly converted to products with a selectivity to tetrahydrofuran of 52.2mol %, a selectivity 

to n~butau»l of J 1.6 mol %, a .selectivity to gamma-butyrolactooe of 2b,1 mo! %, aad a 

selectivity to hatane"l,4--diol of 10.1 mol %, the balance being minor byproducts, 

The present invention has beets described in general and in detail by way of examples. 

Persons of skill in the art understand that the invention is not limited necessarily to the 

embodiments specifically disclosed, hut that modifications and variations may be made without 

departing from the scope of the invention as defined by the following claims or their 

equivalents, including other equivalent components presently known, or to be developed, which 

may be ased within the scope of the present invention. Therefore, unless changes otherwise 

depart from the scope of the invention, the changes shook! he construed as being included 

herein. 
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We claitn; 

1. A process for produeing a hydrogenation priuluct comprising: a) obtaining a 

fermentation broth containing at least one free ortpinie acid, or a mixture of organic 

5 acids, or at least one free organic acid and an associated adllaaai.i or alkaline earth metal 

salts of the organic acid; b) drying said to 	broth into a powder; and e) 

reacting said ori.,,anic acid in said powder with an alcohol solvent under a CO2  

atmosphere in substantial absence of any other extrinsic. acid catalyst at a reaction 

temperature and pressure that corresponds to SUipmTitical, critical or near critical 
10 conditions for at least the alcohol or CO;. to syntht'AZ.e an eater; and 81) hydrogenating 

said ester to .forni a hydrogenation product 

••, The process according to claim 1, wherein said hydrogenation product includes anyone 

of the following: 14-hutanediol (BDO), tetrahydrofaran T. IF), y-bo tyrolactone (CBI), 

N-methyl-2-pyrnolidone (NNW), 2-pyrrolidone. 

15 

20 

3, 

4.  

The process according to claim I. further comprising filtering said fermentation broth 

to remove cell mass and insoluble compounds either before drying or after ester 

synthesis, 

The process according to any one of the preceding claims, farther comprising filtering 

said fermentation broth to remove insoluble by-products resultant from ester synthesis, 

arid concentrating said ester. 

5.  The process according to any one of the preceding claims, wherein said fermentation 

broth is part of a continuous fermentation process, and farther comprising recycling 

said insoluble compounds back into said fermentation broth. 

O. 

7.  

The process according to any one of the preceding claims, wherein said fermentation 

broth is part of a batch fermentation process, and further comprising recycling said 

insoluble compounds into a second fermentation reactor, 

The process according to any one of the preceding claims, wherein said organic acid is 

selected from the group consisting of formic aeid, acetic acid, propionic acid , lactic 

add, butyric acid, isobutyric acid, valeric acid, hexanoic add, heptanoic acid, decanoic 

30 acid, biotic acid, myristic acid, and C35-C. s  fatty acids, fumaric acid, itaconic acid, intilie 

acid, saccinic acid, maleie acid, malonic acid„glotark acid, glocaric acid, oxalic acid, 

adipic acid, phoebe acid, suberic acid, azelisie acid, sOmcic acid, dostecliilediaic acid, 

gintaconic acid, oribo-piiiiialic acid, isophthalic acid, terephthalic acid, citric aacid, 

isoeitric acid, acoustic acid, iricarbaiiyiic acid, and trimesic acid. 

35 8.  The process according to any one of the precedia!g claims, wherein said organic acid is a 

polycarboxlyic acid 
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;e claim: 

1. A process for prodncisg a hydrogesatios product comprising; a) obtaining a 

fermentation broth containing at k-ast ose free organic acid, or a mixture of orgaak 

acids, or at least one tree or game ackl and an associated alkali or alkaline earth metal 

salts of the organic ackl; b) drying said fermentation broth into a powder; aad c) 

reacting said organic acid in said powder with as alcohol solvent under a CO^ 

atmosphere is substantial absence of any other extrinsic acid catalyst at a reaction 

temperature and pressure that corresponds to supercritical, critical or near critical 

conditions for at least the alcohol or CO* to synthesize an ester; and d) hydrogen&tbsg 

said ester to form a imlrogeaation product. 

2. The process according to claim 1, wherein said hydrogenation product includes anyone 

of the following: :M-botasediol (BI)Os, tetrahvdrofnran (THF), y-botyrolaetone 

N»URHhyi~2~pyrrolidooe (NMF), 2-pyrrolidone. 

3. The process according to claim 1, farther comprising filtering said fermentation broth 

to remove cell mass and insoluble compounds either before drying or after ester 

synthesis, 

4. The process according to any one of the preceding claims, farther comprising filtering 

said fermentation broth to remove insoluble by-products resultant from ester synthesis, 

and concentrating said ester. 

5. The process according to asy one of the preceding claims, wherein said fermentation 

broth is part of a continuous fermentation process, and further comprising recycling 

said insoluble compounds hack info said fermentation broth, 

6. The process according to any one of the preceding claims, wherein said fermentation 

broth is part of a batch fermentation process, and further comprising recycling said 

insoluble compounds into a second fermentation reactor, 

7. The process according to any one of the preceding claims, wherein said organic acid is 

selected from the group consisting of; formic acid, acetic acid, propionic acid , lactic 

acid, butyric acid, isobufyrie acid, valeric acid, bexanoic acid, hepianoie aekk decaaoic 

acid, ianric acid, myristic add, and i* fatty acids, fomarie acid, ifaconic acid, osalic 

acid, soceisie acid, maieie acid, malosic acid, gkstarie acid, glucaric acid, oxalic acid, 

adipic acid, pkneiie acid, suberic acid, azelak acid, sebacic acid, dodccanedioie acid, 

glataconk acid, ortho-pht.ha.lic acid, isop.ht.halk acid, terepbthalie acid, citric acid, 

isoc.itr.ic acid, aconitic acid, tricarbaiiylic acid, and iron esse aeid. 

The process according to any one of the preceding claims, wherein said organic acid is a 

polycarboxlyk acid. 
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dicarboxylic or a tricarboxylie acid, 

'T lie process according to ciairn 9, wherein said synthesized ester is predomitiandy at 

least a diester, 

The process according to any one of the preceding claims, whereio said reaction 

tetnperat ore and pressure is at a temperature between aboot 150"C and about 25tPC, at 

a pressure in a range between about 400 psi and 3,000 psi. 

12., The process according to any one of the preceding claims, wherein said process does not 

activate said free organic acid as an acyl halide. 

10 13. The process according to any one of the preceding el hairs, wherein said fermentation 

broth is at a pH of less than 5. 

14y The process according to an one of the preceding claims, wherein said fermentation 

broth is at a pH in a ra.oge between about L5 and about:4LS. 

I5 The process wecording to any one of the preceding claims, wherein said drying is by 

15 means of at least one of the following: spray drying, drum drying, or eryodesiccation. 

16. The process according to any one of the preceding claims, wherein said organic acid is a 

diacid and said synthesis of the ester yields a minimum of 50% conversion to a diester of 

the organic acid. 

20 

17, The process according to claim I, further comprising purifying said ester to about at 

least about 90% purity. 

lii. The process according to claim 17, wherein said purifying is by a means selected from 

the group consisting of crystallization, chromatography, and distillation. 

19. The process according to claim I, wherein said alcohol has an .R-group of C;  ..20, and is 

either a saturated, unsaturated, or aromatic spMesy 

25 20,  The process according to claim 1, wherein said process further comprises subjecting 

said hydrogenation prodoct to further hydrogenation or hydrogenolysis to prod ace a 

hinfuel compound. 

21,  The process according to claim I, wherein said dried fermentation broth powder is 

shipped to a location different from where said fernieMatiou broth is sourced. 

30 22.  The process according to claim 1, wherein said ester synthesis is performed at a remote 

location different from where said fermentation broth is sourced. 

23.  The process according to claim 1, wherein said organic add is at least a C4 diacid, and 

said synthesized ester is at least a diester, and said hydrogenation product is a 1, 

brat a.ne'.t col 

35 
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dkarboxylk or a tricarboxylic acid. 

10. The process according to claim 9, wherein s&kl systhesked ester is predominantly at 

least a diester. 

11. The process according to assy one of tlse preceding claims, wherein said reaction 

seofperaiare and pressure is at a tensperatare between about 15CPC and ahosst 250';:'€, at 

a pressure ia a range between about 400 psi aad 3,000 psiL 

12. The process according to any one of tlse preceding claims, wherein said process does sot 

activate said free organic acid as as* aeyl tssslide, 

13. The process according to -assy one of the preceding claims, wherein said ferns eolation 

broth is at a pll of less than 5. 

14 The process according to assy one of the preceding claims, wherein said ferns ess ta lion 

broth is at a p.H is a range between aboat LS and about 4,5* 

15. The process according to any one of the preceding claims, wherein said drying is by 

means of at least one of the following; spray ds-ying, d rnm drying, or cryodesscc&tion, 

16. The process according to asy one of the preceding claims, wherein said organic acid is ss 

diacid and said synthesis of the ester yields a minimum of 50% conversion to a diester of 

I he organic add, 

i ?, Tlse process according to claim I, further comprising purifying said ester to about at 

least about 90% purity. 

IS- The process according to claisss 17, wherein said purifying is by a means selected irons 

the grots p consisting of: crystallization, chromatography, and distillation. 

19, The process according to claim 1, wherein said alcohol has an It-group of € rC:y, and is 

either a saturated, 'unsaturated, or aromatic species. 

20, The process according to claisss I, therein said process further comprises subjecting 

said hydrogenation prodact to fasiher hydrogenation or hydrogenoiysis to prod ace a 

h.iofnei compound, 

21, The process according to claim 1, wherein said dried fermentation broth powder ss 

shipped to a location different irons where said fermentation broth is soss reed. 

22, The psvoeess according to claisss l» wherein said ester synthesis is performed at a remote 

location different Irons where said fermentation broth is sowreed, 

23, The process according to claisss 1, wherein said organic acid is at least a C* diacid, and 

said synthesized ester is at least a diester, aad said hydrogenation prodssct is a 1,4-

batanedioL 
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