wo 2013/012589 A1 |1 IO OO0 AR

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/012589 Al

24 January 2013 (24.01.2013) WIPO I PCT
(51) International Patent Classification: (74) Agent: ROBERTS, Mark W.; Archer Daniels Midland
CI12P 7/64 (2006.01) Company, 4666 Faries Parkway, Decatur, Illinois 62526
(21) International Application Number: (US).
PCT/US2012/045933 (81) Designated States (unless otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, 151", AU, Aéj, BA, BB, BG, B}{, BR, BW, BY, BZ.
9 July 2012 (09.07.2012) CA. CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
) HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
61/510,204 21 July 2011 (21.07.2011) US OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
61/510,209 21 July 2011 (21.07.2011) US SE, 8G, SK, SL, SM, ST, 8V, 8Y, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant (for all designated States except US): ARCH- . o
ER DANIELS MIDLAND COMPANY [US/US], 4666 (84) De51gnated States (unless otherwise indicated, fO}" every
Faries Parkway, Decatur, Illinois 62526 (US). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
(72) Inventors; and UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(75) Inventors/Applicants (for US only): MA, Chi-cheng TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

[CN/US]; 756 Spyglass Ct., Forsyth, Illinois 62535 (US).
WERPY, Todd [US/US]; 117 Hightide Drive, Decatur,
Ilinois 62521 (US).

EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

[Continued on next page]

(54) Title: METHODS FOR PREPARATION OF AMMONIUM SALTS OF C4 DIACIDS BY FERMENTATION AND INTEG-
RATED METHODS FOR MAKING C4 DERIVATIVES THEREOF

Figure 7
NH,*
0
O\”A)j\ov o
o] "0 ~ . o]
6] H /ONO/
o oH CHaOH !
9 NH,
SO A -
NO \/CHgOH
o]

Hp, Ni
(o}
H* ONOv H
O - X HO/\/\/OH
Pd, H; NH,* Pd, Ru, Hy
l CH30H

(57) Abstract: Methods for forming ammonium salts of C4
diacids in a fermentation process with removal of divalent
metal carbonate salts are disclosed. The pH of fermentation
broths for production of C4 diacids is controlled by adding
alkaline oxygen containing calcium or magnesium com-
pounds, which forms divalent metal salts of the diacids. The
divalent metal salts of the diacids are substituted with am-
monium by introduction of ammonium salts at elevated tem-
perature and pressure forming soluble ammonium salts
thereof. CO2 or bicarbonate is simultaneously added to the
fermentation media at the elevated temperature and pressure.
Reducing the temperature and pressure forms insoluble
divalent metal carbonate salts that are separated from the
solubilized ammonium diacid salts. The recovered carbonate
salts can be recycled as pH control matelials in subsequent
fermentations. The solubilized ammonium diacid salts may
form the derivatives N-methyl-2-pyrrolidone (NMP) gam-
ma-butyrolactone (GBL) and 1,4-butane-diol (BDO) in
single pot reactions.
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CROSS REFERENCE TO RELATED APPLICATIONIS]
[0001] This application claims priority to US provisional application
Nos. 61/510,204 and61/510,209, each filed July 21, 2011.

BACKGROUND OF THE INVENTION

[0002] Ordinarily, the production of diacids such as succinic, malic,
maleic and fumaric acid by fermentation of sugar by a microorganism involves
recovery the diacid from the fermentation broth by formation of the calcium salt
of the diacid, which is not soluble in the aqueous broth. In the case of
fermentation by fungi such as Rhizopus oryzae or Asperigillus oryzae, which
preferentially make fumaric and malic acid, respectively, the calcium is
typically introduced into the broth in the form of CaCO;, which forms
Ca(HCO3)2 in solution. The bicarbonate is effective to maintain the pH of the
broth as the diacid being produced tends to lower the pH. The diacid is
recovered as the calcium salt form. The calcium salts of such C4 diacids have a
very low solubility in aqueous solutions (typically less than 3 g/liter at room
temperature), and are not suitable for many applications for which the free acid
is needed, such as chemical conversion to derivative products like butanediol
and the like. Therefore, the calcium salt is typically dissolved in sulfuric acid,
forming insoluble calcium sulfate, which can readily be separated from the free
diacid. Calcium sulfate is a product having few commercial applications, and
accordingly is typically discarded as a solid waste in landfills or other solid
waste disposal sites.

[0003] In an alternative process described for example in
WO2010/147920, instead of using calcium carbonate, the pH of the medium for
fungi growth was maintained using a magnesium oxygen containing
compound, such as MgO, Mg(OH),, MgCOs, or Mg(HCO:3)s, all of which form
the bicarbonate salt in aqueous solution. The use of magnesium rather than
calcium was found to enhance production of the acid by fermentation. The

fermentation was conducted at a pH of 5-8 and more preferably 6.0-7.0. The pH
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was maintained by the addition of the magnesium oxygen compound, and CO:
was introduced into the medium in combination with the magnesium oxygen
compound to maintain a molar fraction of bicarbonate (HCO3) of at least 0.1
and most preferably at least 0.3 based on the total moles of HCOj3-, CO32 and
CO» in the medium. At the end of the fermentation, the liquid portion of the
medium contained a majority of diacid as a soluble magnesium salt, which was
separated from a solids portion of the medium containing precipitated salts and
other insoluble material. The dissolved acid salt was converted into the free
acid form by reducing the pH to below the isoelectric point of the diacid using
a mineral acid such as sulfuric acid, and lowering the temperature of the
medium to (most preferably) not greater than 5°C, which precipitated the free
acid from the solution.

[0004] While useful for producing a free acid, the techniques described
for using the magnesium salts results are expensive, first because the
magnesium oxygen compounds cost considerably more than the analogous
calcium compounds and the bulk of the magnesium remains in the
fermentation medium in the form of the magnesium salt of the inorganic acid
which is not economically useful for further fermentation or other purposes.
Second, the need to lower the temperature of the recovered soluble salts to
precipitate the free acid adds additional energy costs.

[0005] There is a need in the art therefore, to devise other methods for
recovery of diacids from a fermentation media that will produce a diacid
product suitable for use in subsequent chemical reactions, while also avoiding
the production of calcium and/or magnesium waste products that contribute

extra cost to the production of the diacids.

SUMMARY OF THE INVENTION
[0006] The present disclosure provides, in one aspect, methods of
recovery of organic diacids from a fermentation process in a commercially

useful form while reducing the accumulation of unusable waste products such
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as calcium sulfate or unusable forms of magnesium. The method of recovery
involves formation and separation of carbonate salts of a divalent metal cation
such as calcium or magnesium, which are precipitated and filtered from a
fermentation broth while simultaneously forming ammonium salts of the diacid
which remain soluble. The recovered metal carbonate precipitate can be reused
in the fermentation process rather than discarded as unusable waste. The
recovered filtrate containing the solubilized ammonium salts of the diacid can
be subsequently processed into free diacids or directly used to make derivative
products in single pot reactions or single pot reactions with and intervening
removal of ammonium.

[0007] In another aspect he disclosure provides for integrated, single
pot chemical hydrogenation methods for the synthesis of the commercially
valuable solvent N-methyl-2-pyrrolidone (NMP) and the reagents gamma-
butyrolactone (GBL) and 1,4-butane-diol (BDO) that are based on
hydrogenation of the C4 diacids present in a fermentation broth, recovery of
soluble ammonium salts thereof, and reduction of the ammonium salts or free
diacids obtained therefrom to the desired compounds. The disclosure therefore
provides a bio based alternative to NMP, GBL and BDO synthesis from
renewable resources that does not rely on reagents produced from

petrochemical sources.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 illustrates an embodiment of a process for substituting
partially soluble calcium diacid salts with soluble ammonium salts of the
diacids forming insoluble calcium carbonate and the recycling thereof in a
fermentation process in accordance with one aspect of the invention.

[0009] Figure 2 illustrates a reaction sequence for the production of
NMP from ammonium succinate according to another aspect of the invention.

[0010] Figure 3 illustrates a reaction sequence for the reduction of

mixed C4 diammonium diacids salts to ammonium succinate.
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[0011] Figure 4 illustrates a reaction sequence for base catalyzed
dehydration of malate to fumarate.

[0012] Figure 5a illustrates a reaction sequence for the production of 1,4
butanediol from mixed C4 diacids. Figure 5b illustrates production of dimethyl
esters of C4 diacids in accordance with a reaction to produce BDO from
fumarate or malate. Figure 5c illustrates direct reduction of succinic acid to
butanediol.

[0013] Figure 6 illustrates a reaction sequence for the production of
gamma butyrolactone from fumarate and succinate.

[0014] Figure 7 summarizes various embodiments of the combination
of forming ammonium substitute salts from calcium or magnesium salts of C4
diacids with separation of the carbonates, and the hydrogenation thereof to
form the derivatives 1,4 butanediol, N-methyl-2-pyrrolidone, and gamma-

butyrolactone.

DETAILED DESCRIPTION OF THE INVENTION

[0015] Production and Recovery of Ammonium Diacid Salts from
Fermentation Media. The present disclosure provides, in aspect, methods of
production and recovery of organic diacids made by a fermentation process in
the commercially useful form of ammonium salts, while reducing the
accumulation of unusable waste products such as calcium sulfate or unusable
forms of magnesium. The organic diacids most suitable for use in the methods
of the present disclosure are the C4 diacids, succinic, malic, maleic, and fumaric
acid. (Because maleic acid is the cis isomer of fumaric acid any statements
herein regarding fumaric acid are equally applicable to maleic acid).

[0016] A variety of microorganisms can be used to produce diacids by
fermentation. For the production of the C4 diacids, various species of the fungi
Asperigillus, especially A. flavus, A. oryzae, and A. sojae are known to produce
relatively high titers C4 diacids enriched with malic acid. Various species of the fungi

Rhizopus, particularly R. oryzae are also known to produce relatively high titers of C4
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diacids enriched with fumaric acid. Of these, the methods described herein have been
employed for demonstrative, but not limited purposes, with fermentation media
prepared from A. oryzae and R. oryzae.

[0017] Bacterial species are also known for production of C4 diacids,
especially bacteria of various genera given a species designation “succinogenes,” which
are so designated because they are known for producing diacids enriched in succinic
acid. These include, for example, Wolinella succinogenes, Fibrobacter succinogenes,
and Actinobacillus succinogenes. Of these, the methods described herein have been
exemplified with Actinobacillus succinogenes fermentation media that produce a
mixture of C4 diacids enriched with succinic acid.

[0018] Because all fermentation media, whether for fungi or bacterial
fermentations contain similar compositions of nutrients in aqueous solution (e.g., a
sugar carbon source, trace salts and vitamins along with divalent cations) and produce
similar compositions of C4 diacids, the methods provided herein are applicable to any
process that produces C4 diacids by fermentation by any microorganism even though
the exact mixtures of C4 diacids produced may differ. Some fermentations, for
example, fermentations with Rhizopus or Asperigillus produce small amounts of
unwanted by-products such as acetic acid, glycerol, glutaric acid, ethanol and citric acid,
however, these by product materials do not interfere with the recovery of the ammonium
C4 diacid product or with direct use of the whole recovered clarified medium as a
feedstock reagent for subsequent reactions.

[0019] Advantageously, the techniques described herein can be
practiced for recovery of diacids from whole fermentation media, clarified
fermentation media, and purified fermentation media. “Whole fermentation
media “means the complete fermentation broth inclusive of cell biomass and
constituent nutrients, supplements and fermentation by-products. Example 4
shows that such a whole fermentation broth can be processed to convert a
mixture of malate, fumarate and succinate salts to a mixture that has converted
at least 96% of the malate and fumarate to diammonium succinate in a single
pot series of steps. It is preferable to use whole fermentation media for reasons

of cost and yield because the precipitated divalent metal carbonate salt is solid
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material that is difficult to separate from the particulate biomass of the
fermentation media. “Clarified fermentation media,” is the liquid fraction of
crude fermentation media remaining after cell biomass and other suspended
solids have been removed by filtration, centrifugation or other suitable
technique. Example 3 shows recovery of ammonium diacids from a clarified
fermentation media. “Purified” fermentation media is a clarified fermentation
media that has been subject to at least one step to separate an unwanted
component containing fraction from a fraction enriched with diacids. Typical
techniques that may be used to obtain a purified fermentation media include,
for example, distillation, ion exchange chromatography, electrodialysis,
electrodeionization and ultrafiltration.

[0020] The methods rely in first part on introduction of sufficient
carbonate into the fermentation under a first set of conditions of high
temperature and pressure to form a partially insoluble carbonate salt of a
divalent metal cation freeing the divalent metal from the diacid. In second part
the method relies on the simultaneous formation of an ammonium salt of the
diacid which is more soluble than the divalent metal salt of the diacid and much
more soluble than the divalent metal carbonate salt. The ammonium salt will
dissolve precipitated divalent metal salts of the diacids. Temperature and
pressure conditions are then lowered to a second condition (typically standard
temperature pressure (STP) i.e. 25°C, 14.7 psi, conditions is sufficient) whereby
the metal carbonate salt quantitatively precipitates from the media leaving
behind a solubilized fraction containing the ammonium salt of the diacid. The
solubilized fraction is separated from the precipitated fraction by filtration or
other means, and can be used directly as a reagent feedstock to form derivative
products of the C4 diacids.

[0021] While the methods are most suitable for the C4 diacids, where
the soluble salt is an ammonium salt, the methods are also applicable to
separation of any organic acid or diacid produced by fermentation using a

substitute salt, where a first physical conditions such as temperature and
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pressure can be applied so that (i) the carbonate salt of the divalent metal ion is
less soluble in an aqueous medium than the corresponding diacid salt of the
same metal cation; (ii) the substitute salt of the acid or diacid is at least 10 times
morte soluble than the divalent metal salt of the diacid under the first conditions;
and (iii) the substitute salt of the diacid remains soluble under a second set of
conditions where the carbonate salt of the divalent metal cation is insoluble.

[0022] Suitable divalent metal cations for the process include any where
the carbonate salt thereof has a solubility in water of less than 0.5 g per liter at
25°C and a pH of 2 to 4. In preferred practices, the most suitable divalent
metal cation is either calcium or magnesium whose carbonate salts have a
solubility of approximately 0.02 and 0.4 g/1, respectively. Other functional
divalent metal cations may include manganese, iron, cobalt, nickel, copper and
zinc. Other functional, but less suitable divalent metal cations may include
molybdenum, silver and cadmium. Calcium and magnesium are preferred
because of their abundance and their particular suitability for use in alkaline
forms as pH control supplements in a fermentation media that is used to
produce the diacid in the first place. Moreover, carbonate salts of calcium and
magnesium are alkaline and/or can readily be converted to other alkaline forms
for re-use in pH control of the fermentation.

[0023] In typical practices the amount of divalent metal cation
recovered from the fermentation medium is at least 90 % of the divalent metal
cation that otherwise would form a salt of the diacid while the amount of
recovered ammonium salt of the diacid is at least 90% of the amount of diacid
present in the fermentation medium. The recovered metal carbonate salt can
subsequently be converted into a soluble alkaline compound of the metal that
can be recycled for continued use in the diacid production process by
introduction into a new fermentation media to counterbalance the lowering of
the pH that occurs during the production of the diacid.

[0024] In the methods provided herein, separation of diacids from a

fermentation medium relies, in part, on the fact that under a first condition
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where a source of carbonate is infused into an aqueous media at elevated
temperature and pressure a divalent metal cation that otherwise would form a
partially or completely insoluble salt of the diacid preferentially complexes with
the carbonate to form the divalent metal carbonate salt, while the diacid forms a
salt of a substitute cation that remains soluble in the aqueous medium under the
first condition. This first condition occurs at a temperature of at least 100°C and
a pressure of at least 200 psig. In one exemplary practice the temperature was
120°C and the pressure was 200-230 psig. Yet higher temperatures improve
solubility of substitute salts of the diacid and of CO> without substantially
increasing of the solubility of the divalent metal carbonate that is formed. In
certain exemplary practices, a temperature range of 120°C - 230°C was used and
the carbonate was infused by introducing CO; at a pressure of 200- 500 psig.

[0025] In one step, carbonate is introduced into a fermentation medium
containing the diacid. The most effective way to introduce the carbonate is by
infusion with COz under pressure of at least 200 psig at a temperature of at least
120°C. Carbonate can also be introduced by using a partially solubilized
carbonate slurry suspension that will further dissolve upon dilution into the
medium or by use of a solubilized bicarbonate salt at a pH that will form the
carbonate. For example, magnesium or calcium bicarbonate solutions or
NH,HCO3, NaxCOs, or NaHCOs with the medium at a pH of greater than 6 may
also be used. The amount of carbonate to introduce should at least be one
molar equivalent to the amount of divalent metal cation that is present in the
media at the time it is desired to recover the diacids produced. More typically,
the amount of carbonate should be between one and two molar equivalents of
the amount of divalent metal cation.

[0026] The amount of divalent metal cation in turn will be predicated
on the amount of diacid produced, or expected to be produced, by the
fermentation process. Typically, the amount of divalent metal cation should be
about one half to two molar equivalents of the amount of diacid produced or

expected to be produced. In exemplary practices the amount of divalent metal
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cation used was 1.2 to 1.6 molar equivalents to the amount of diacid produced.
It is preferable to introduce the divalent metal cation as a soluble salt, for
example as calcium bicarbonate, or magnesium sulfate. Some divalent metal
cation salts of calcium and magnesium, however, such as calcium carbonate,
magnesium carbonate, and magnesium hydroxide are only partially soluble at
neutral pH. These materials may be introduced into the medium as partly
solubilized slurry in water or as a dry material that will dissolve when diluted
into the larger volume of the fermentation medium at the appropriate pH.

[0027] For example, in one exemplary practice, when Mg(OH)2 was
used to control the pH of fermentation to produce succinic acid from
Actinobacillus succinogenes, when the fermentation media began to dip below
pH 6.9, a slurry of Mg(OH)2 was added to adjust the pH with the total amount
of magnesium added by the end of fermentation being about 1.6 molar
equivalents of the amount of succinate produced. In other exemplary practices
using Rhizopus oryzae to produce primarily fumarate at an optimal pH of about
5.8, or using Asperigillus oryzae to produce primarily malate at an optimal pH of
between 6 and 7, a slurry of CaCO3 was added to the fermentation media when
the pH began to lower below these optimal ranges, with the total amount of
calcium added by the end of fermentation being about 1.2 to 1.3 molar
equivalents of the amount of the total diacids produced.

[0028] Depending on the tolerance of the diacid producing organism to
low pH, the divalent metal cation can be introduced into the medium before,
during or after the fermentation process that produces the diacid. If the diacid
producing organism has high tolerance to low pH so that production of the
diacid does not inhibit fermentation by the microorganism, the divalent metal
cation can be introduced after the fermentation is complete. In this case the
divalent metal cation can be introduced in any suitable salt form or as an oxide.
Suitable salt forms include the carbonate, bicarbonate, hydroxide or halide salts
of the divalent metal cation. If the diacid producing microorganisms is

inhibited in the fermentation process by low pH, then preferably the divalent
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metal cation is introduced as an alkaline compound such as in the oxide form or
as the bicarbonate or carbonate salt continuously or intermittently during the
fermentation process to counter the lowering of pH as mentioned above. If pH
control is not important to fermentation yield, then the divalent metal cation
may be introduced at any time before, during or after the fermentation process
and in any salt form or alkaline form.

[0029] In addition to infusing carbonate into the medium, ammonium
as the substitute cation for formation of the diacid salt is also introduced into
the medium and these conditions are maintained for long enough to equilibrate
the formation of soluble ammonium salt of the diacid and the divalent salt of
the carbonate. As used herein, “ammonium salt of the diacid” or simply
“ammonium diacid” means at least one of a mono ammonium salt of the diacid
having one free acid group and one ammonium group, or a diammonium salt of
both acid groups. It is important to note that the time for equilibration includes
time needed to redissolve divalent cation salts of the diacids that have
previously formed and begun to precipitate from the media and to substitute
the ammonium ion for the diacid which will maintain the solubility thereof. In
exemplary practices, the conditions used for formation of divalent metal cation
and substitution to make the diammonium salt of the diacid, were a
temperature of at least 100°C, a pressure of at least 200 psig, and a pH of 8 to 11.
In particular exemplary practices the temperature was 120°C to 230°C, the
pressure was 200 psig to 500 psig, the pH was 8-9, and the time for equilibration
under these conditions was about 2 hours.

[0030] Ammonia, or any ammonium donating salt may be used in the
method, including organic or inorganic ammonium salts. For reasons of
subsequent possessing and derivatization of the diacid, it is preferred to use an
inorganic ammonium salt, such as ammonium hydroxide, ammonium sulfate or
an ammonium halide. It is most preferable to use ammonium hydroxide so as
not to introduce any other ions other than H* and -OH, or introduce other

chemically reactive functional groups such as sulfate if it is desired to further
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perform single pot reactions as described herein after. The amount of
ammonium salt will depend on the amount of diacid in the recovered media
and the type of ammonium salt desired. If the mono ammonium salt is desired,
the amount of ammonium should be about one molar equivalent to the amount
of diacid. If the diammonium salt is desired, the amount of ammonium should
be at least two molar equivalents to the amount of diacid present. In exemplary
practices for forming the diammonium salts of the diacids, 3-4 molar
equivalents of ammonium hydroxide was used.

[0031] After equilibration under the first condition is reached, the
pressure is released and the temperature is lowered to ambient temperature
providing a second condition whereby the divalent metal carbonate salt will
quantitatively precipitate from the fermentation media while the ammonium
salt remains solubilized. In the case of calcium or magnesium the second
condition can be a temperature at least as high as room temperature (25°C),
however, depending on concentration of the salts; higher temperatures may
also work with prolonged incubation. Temperatures lower than room
temperature will also work, provided the temperature is not so low as to cause
precipitation of ammonium salt of the diacid, and provided there is not such an
excess of the divalent metal cation relative to the ammonium that formation of
greater than 10% of the metal salt of the diacid also occurs where the
temperature is such that the metal salt of the diacid also precipitates, lowering
recovery of the diacid in the form of the soluble ammonium salt.

[0032] The precipitated divalent metal carbonate salt is separated from
the fermentation medium by any suitable means known in the art such as
filtration or centrifugation. In certain embodiments of the method, the
separated metal carbonate salt is recovered and either reused as is, or converted
to another alkaline form for recycled use in the fermentation process. For
example, in one alternative, a slurry of the recovered calcium carbonate can be
directly added to a new acidic fermentation media in part dissolving into

calcium bicarbonate to raise the pH. In another alternative, the recovered
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calcium carbonate can first be dissolved in a mineral acid forming calcium
bicarbonate directly which can also be used to adjust pH in solution form. In
yet another practice, the calcium carbonate can be decomposed to the
compound calcium oxide by heating at a temperature of 825°C or higher, which
will liberate CO; that can be recaptured by compression. The analogous
reaction also occurs with magnesium carbonate (MgCO3) which decompose to
MgO at even lower temperatures in the range of 250 °C - 800C, with the typical
temperature for 100% conversion being about 500°C - 662°C. Calcium oxide
and magnesium oxide both convert to their respective hydroxide compounds
when dissolved in aqueous media, providing an alternative alkaline compound
that can be recycled to the fermentation media for pH control. As yet another
alternative practice, magnesium carbonate can also be converted to its water
soluble bicarbonate Mg(HCO3)2 by treatment with acid, and the alkaline
bicarbonate used to adjust the pH of the fermentation medium.

[0033] While it is most desirable to recycle the recovered divalent
alkaline compound by use in subsequent rounds of fermentation, as another
option, the metal carbonate salt or its alkaline derivatives can be sold for use in
other processes, such as for making building materials.

[0034] The filtrate or supernatant depleted of the metal carbonate and
containing the solubilized ammonium salt of the diacid is also recovered. This
ammonium diacid containing fraction can be used directly for further
conversion to other compounds, for example by the techniques described
hereafter, or the free diacid or ammonium diacid salt can be further purified.
For example, the free acid can be generated by acidifying the media to form the
free diacid. The free diacid then can readily be separated from the ammonium
ion by ion exchange chromatography or other conventional ion removal process
such as electro deionization or electrodialysis. In one practice, the recovered
filtrate is concentrated by evaporation into a concentrated liquid or solid

product that directly used as a reagent feedstock for further processing.
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[0035] Reference is made to Figure 1 that depicts an exemplary
embodiment of a fermentation process for production of one or more of the C4
diacids where a soluble ammonium salt of the diacids is formed with the
simultaneous formation of an insoluble calcium carbonate or other alkaline
derivatives calcium oxide and/or calcium bicarbonate that may be recycled to
control the pH of an ongoing fermentation. Depending in the microorganism,
the pH should typically be maintained between 5.5 and 7.5. During the early
stages of fermentation 5 in a nutritive fermentation broth, cell mass is produced
along with the free C4 diacids, fumaric, malic and/or succinic. The free C4
diacids lower the pH of the fermentation media, which is countered at step 10
by introduction of one or more of the alkaline forms of oxy calcium compounds
- calcium hydroxide, calcium carbonate, calcium oxide and/or calcium
bicarbonate. The introduced oxy calcium compound forms partially insoluble
calcium salts of the C4 diacids. At the conclusion of the fermentation at step 15
ammonium hydroxide is added to the fermentation media along with infusion
of carbon dioxide at a temperature of at least 100°C and a pressure of at least
200 psig initially forming soluble calcium bicarbonate and ammonium salts of
the diacids. Instead of carbon dioxide, the media could also be infused with
another salt of bicarbonate, such as sodium bicarbonate, or more preferably
ammonium bicarbonate. The mixture is allowed to incubate at the elevated
temperature and pressure conditions long enough to quantitatively substitute
ammonium for the calcium salts of the diacids, including the fraction partially
precipitated, and to form calcium carbonate. At step 20 the mixture is returned
to ambient temperature and pressure conditions (e.g., STP), which results in
quantitative formation of insoluble calcium carbonate. At step 25 the
precipitated calcium carbonate is separated along with the cell mass by
filtration or centrifugation and the soluble ammonium salts of the diacids are
recovered 40 in the filtrate or supernatant. At step 30a or 30b the recovered
calcium carbonate in the retentate or pellet, along with the cell mass is heated to

a temperature and for a time sufficient to convert the cell mass into ash. The
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cellular ash contains trace minerals that are useful supplements to promote new
cellular growth in the fermentation media.

[0036] In the alternative step 30a using temperature of about 300°C for
about 2 hours the cell mass is converted into an insoluble ash and the calcium
compound is in the dried calcium carbonate form as solid materials. In the
alternative step 30b using a temperature of at least 825°C for about 1 hour the
calcium carbonate is decomposed into dried calcium oxide solid material with
the liberation of carbon dioxide. As an option, at step 35 the calcium carbonate
or the calcium oxide can be dissolved in a mineral acid such as HCI forming a
solution of calcium bicarbonate and insoluble ash, which if desired, can be
separated by filtration. At step 45 any of the recovered oxy calcium materials
with or without the ash may be recycled to adjust the pH of fermentation at step
10. In an exemplary practice for production of mixed C4 diacids (fumarate,
malate, succinate) by fermentation with Rhizopus oryzae, a slurry of calcium
carbonate was used as the pH adjusting compound at step 10.

[0037] While illustrated with oxy calcium compounds in Figure 1, the
process is essentially identical when using the analogous oxy magnesium
compounds magnesium carbonate, magnesium oxide, magnesium hydroxide or
magnesium oxide (which forms magnesium hydroxide in aqueous solutions).
In an exemplary practice for production of primarily succinate by fermentation
with Actinobacillus succinogenes, a slurry of magnesium hydroxide was used as
the pH adjusting compound at step 10.

[0038] Single Pot Reduction of Ammonium Diacids from
Fermentation Media. In a further aspect of this disclosure, the recovered
ammonium salts of the C4 diacids produced in a fermentation media are used
as an alternative source for making the widely used solvent and reagent N-

methyl-2-pyrrolidone (NMP).
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CHa
NMP
[0039] NMP and its derivatives are used as intermediates for the
synthesis of agrochemicals, pharmaceuticals, textile auxiliaries, plasticizers,
stabilizers and specialty inks. Itis also employed as a nylon precursor. To
make NMP from the ammonium diacid is a one two, three or four step process

depending on the diacid moiety, all of which can be conducted in a single

- reaction vessel without intervening purification of intermediates.

[0040] In the case of ammonium succinate, NMP is made in a one or
two step process, that includes combining the ammonium succinate with a
molar excess of methanol and hydrogen to form a reaction mixture and heating
the reaction mixture to a temperature of 200°C to 300°C, most typically about
230°C, in the presence of a first hydrogenation catalyst for time sufficient to
initially form the cyclic diamide N methyl succinamide (NMS, aka. 1-methyl-2,5-
pyrrolidinedione). With prolonged incubation times, the NMS is further
hydrogenated to NMP according to the reaction sequence illustrated in Figure 2.
The hydrogenation steps can be done in single step using a single catalyst.
Alternatively, the reaction may be done sequentially in a two step process,
where a first hydrogenation catalyst is used under a first set of conditions to
produce NMS and a second hydrogenation catalyst is used under a second set
of temperature conditions to produce the NMP.

[0041] In the case of ammonium fumarate (or maleate), NMP is made in
a two step process that includes a first hydrogenation step with a first
hydrogenation catalyst to reduce the double bond of the fumarate prior to
introduction of methanol followed by a second hydrogenation step in the
presence of a second hydrogenation catalyst and methanol as shown in Figure

3.
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[0042] In the case of ammonium malate, NMP is made in a three step
process that includes a prior dehydration of the hydoxy group of malate by
merely heating the ammonium malate in aqueous solution to a temperature of at
least 210°C, which can be done in the absence of a hydrogenation catalyst to
form ammonium fumarate in a sequence depicted by Figure 4. While the initial
dehydration may be performed in the absence of the hydrogenation catalyst, the
catalysts may optionally be included in the initial dehydration step without
detriment to the reaction sequence.

[0043] Suitable catalysts for the hydrogenation reactions in any of the
foregoing steps include, but are not limited to nickel, (e.g,, Raney nickel, G-49B
available from Sud Chemie (Louisville, KY ) which is nickel on kiselghur with a
zirconium promoter), ruthenium, e.g. Ru/C, which is ruthenium on a carbons
substrate), palladium as in for example palladium on carbon (Pd/C), or copper
chromite (Ru/C, Pd/C, Pt/C). Itis preferred to use a ruthenium and/or
rhodium catalyst for single catalyst hydrogenation reactions. When nickel is
used in a multi catalyst hydrogenation sequence, the nickel catalyst is
preferably used as the first hydrogenations catalyst for the reduction of the C4
acids to succinate, and the ruthenium and/or rhodium is used for subsequent
hydrogenations to produce NMP in the presence of methanol. The
hydrogenation reactions typically require infusion under a Hz atmosphere at a
pressure of at least 100 psig, most typically between 200 - 500 psig and at
temperatures of greater than 100°C, typically between 120-300°C for a time
sufficient to hydrogenate (reduce) the relevant bonds.

[0044] In another further embodiment, the ammonium salts of the
diacids are used as an alternative source of making the solvent and reagent 1,4

butanediol (BDO).
Ho/\/\/ OH

BDO can be made by alternative routes, depending on the starting C4 diacid.
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[0045] When the starting material is predominantly ammonium
fumarate and/ or ammonium maleate, there are two routes to BDO, each of
which requires separation of ammonium from the salt. A first route includes
the steps of (i) acidifying the reaction mixture to form the free acid and
ammonium, (ii), removing the ammonium by ion exchange, electrodialysis,
electrodeionization or other suitable ion removal technique; (ii) adding
methanol and an acidic or basic catalyst to form the dimethyl fumarcyl ester;
and reducing the dimethyl fumarcyl to BDO by hydrogenation in the presence
of a suitable hydrogenation catalyst as illustrated in Figure 5A. Suitable acid
or base catalyst include simple homogenous mineral acids such as H2S04, HC],
and mineral bases such as NaOH, or strongly acidic or strongly basic
heterogeneous catalyst such as sulfated or phosphated acidic ion exchange
resins or basic ion exchange resins having amino or methoxy functional groups.
Example conditions for the esterification reaction are to reflux the ammonium
fumarate in 10% sulfuric acid for about 1 hour. Suitable hydrogenation
catalyst and conditions for the conversion of the diester to BDO are the same as
mentioned herein before with respect to the hydrogenation reactions for making
NMP. Suitable hydrogenation catalysts and conditions for the conversion of the
diester to BDO are the same as mentioned herein before with respect to the
hydrogenation reactions for making NMP. The preferred catalyst for
hydrogenation are Ni, Re, Rh, Ru, Pd, and Au.

[0046] A second route for BDO synthesis when the starting material is
predominantly ammonium fumarate and/or ammonium maleate is to
simultaneously conduct the anion exchange separation of the ammonium ion
and methyl esterification of fumarate by contacting the ammonium fumarate
with an acidic ion exchange resin over a column in the presence of methanol as
illustrated in Figure 5B. In his case, the column will in-part function as an ion
exchange column preferentially retaining ammonium to a portion of the acidic
functionality, while the remainders of portion of acidic groups act as a catalyst

to esterify the fumarate to the methanol. The dimethyl fumarcyl ester which
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elutes from the column is then subject to reduction in the presence of Ho, heat
and a metal hydrogenation catalyst to make BDO as in the first route.

[0047]  Of course, BDO can also be synthesized from ammonium
malate using the same two routes mentioned above, except that prior to the
ammonium separation or contact with methanol, the malate is converted to
fumarate by heat catalyzed dehydration as mentioned herein before for the
production of NMP.

[0048] The third route for synthesis of BDO can be used when the C4
diacid is primarily ammonium succinate. In this case there is no need to esterify
the diacid to the dimethyl ester derivative. Instead, a mineral acid is added in
sufficient amounts to form free succinic acid and.the ammonium is substituted
with H* by ion exchange, electrodialysis, electrodeionization or other suitable
ion removal step, and the succinic acid is directly subject to reductive
hydrogenation in the presence of hydrogen with a palladium and/or
ruthenium catalyst to form BDO as illustrated in Figure 5C. Conditions for
direct reduction of the diacid to the diol are the same as those required for
reduction of the methyl diester to the diol.

[0049] In other embodiments, butyrolactone (GBL) can also be directly

produced from the ammonium succinate.

o
O
GBL
The route for production of GBL is illustrated in Figure 6. As with the
production of BOD a mineral acid is added in sufficient amounts to form free
succinic acid and the ammonium may optionally be removed by ion exchange
or other suitable technique. The fee succinic acid is reduced to GBL by

hydrogenation in the presence of a palladium/ AlOs, catalyst, which may be

palladium on carbon in the presence of Al20; or palladium on a Al:Os support.

PCT/US2012/045933
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A suitable solvent is dioxane, and a suitable temperature is about 280°C for 4
hours at a pressure of around 60 bars.

[0050] Figure 7 summarizes an integrated process of fermentation to
produce C4 diacids, conversion of the divalent salts thereof to ammonium salts,
and subsequent hydrogenation reactions to make a variety of reduced
derivatives. Steps 5-30 of Figure 1 represented in the upper right of Figure 7 are
performed in the fermentation process resulting in the recovery of a filtrate of
solubilized ammonium diacids 50 in aqueous solution. The recovered filtrate
may be used directly or optionally may be concentrated by evaporation. If the
fermentation preferentially produces malate, as in the case of A. oryzae then at
step 55 acid heterogeneous or homogeneous acid or base catalysis may be used
to dehydrate the malate to fumarate with removal of the ammonium followed
by esterification of the fumarate to form dimethyl fumarate 60. Dimethyl
fumarate may then contacted with a hydrogenation catalyst in the presence of
Ha to form BDO. In alternative procedure for making BDO, the mixed
ammonium salts of the diacids may be hydrogenated over a first catalyst to
covert them all to diammonium succinic succinate and the ammonium
exchanged with hydrogen by addition of an acid. The succinate can be further
hydrogenated to form BDO with or without removal of the ammonium. The
two step hydrogenation can be performed in a single pot using a single catalyst
or a different catalyst may be used for the first and second hydrogenations in
the reaction sequence. In an embodiment for making NMP, the diammonium
succinic acid formed in the fermentation broth can be mixed with methanol and
a hydrogenation catalyst to form NMS and then NMP in a two step reaction
sequence that requires the presence of the ammonium. The two step reaction
sequence can be performed in a single pot with a single hydrogenation catalyst,
or different hydrogenation catalysts may be used for the first and second steps
in the reaction sequence. In an embodiment for making GBL, similar to

making BDO, ammonium succinate is converted to succinate by ion exchange
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with a hydrogen ion and the succinate is hydrogenated over a palladium
catalyst to yield GBL.

[0051] The examples that follow are provided to illustrate various
aspects of the invention and are not intended to limit the invention in any way.
One of ordinary skill in the art may use these Examples a guide to practice
various aspect of invention with different catalyst or conditions without

departing the scope of the invention disclosed.

Example 1
Separation of diammonijum malate and calcium carbonate from calcium malate

(dilute sample)

[0052] A mixture of 7.01 g (0.04 mol) of calcium malate and 20 mL of
NH4OH (28%) in 150 mL of water, was pressurized under 500 psi of CO; at
room temperature. The reaction mixture was stirred for 2 h while incubated at
120°C. After the reaction, the gas was released and the mixture was cooled to
room temperature and a white solid precipitate of calcium carbonate (5.64 g)
was formed, which was collected by filtration and dried. The flow-through
filtrate was evaporated under vacuum to obtain an oily product, which was
ammonium malate (6.11 g). The yield of ammonium malate was 93%, based on

the calcium malate.

Example 2
Separation of diammonium malate and calcium carbonate from calcium malate

(concentrated sample)

[0053] A sample of 20.28 g (0.12 mol) calcium malate was mixed with
30 mL of NH4sOH (28%) in 200 mL of water and charged under 60 psi of CO; at
room temperature. The mixture was stirred for 2 h while incubated at 120 °C

and reached a pressure at 180 psi. After the reaction, the gas was released and

PCT/US2012/045933
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the mixture was cooled to room temperature and the white solid was filtered out.
The flow-through filtrate was evaporated under vacuum to obtain an oily
product, which was determined to be ammonium malate (21.76 g). The filter
cake was calcium carbonate (11.27 g). The yield of ammonium malate was

96% ,based on the calcium malate input.

Example 3

Recovery of diammonium diacid salts from a fermentation media

[0054] A clarified fermentation broth of 502.82 g obtained by growing a
Rhizopus oryzae on glucose to produce a mixture of fumaric, succinic and malic
acid was mixed with 35 ml of NH4OH (28%), and pressurized under 500 psi of
CO; at room temperature. The mixture was stirred for 2 h while incubated at
120 °C. After the reaction, the gas was released and the mixture cooled to room
temperature and the white solid precipitated (44.87 g) that formed was
collected by filtration and determined to be primarily CaCO; and contained
0.5% of free malic acid and 0.8% of free fumaric acid. The flow-through filtrate
was evaporated under vacuum to obtain 54.368 of a light brown solid product,
which was determined to be a mixture of ammonium salts, including 65.6%
ammonium fumarate, 18% ammonium malate and 15.8% diammonium

succinate (DAS).

Example 4
Single pot removal of calcium carbonate, formation of mixed ammonium C4

diacids, reduction to succinate and formation of NMP

[0055] A whole broth from fermentation of glucose to form C4 diacids
by Rhizopus according to Example 6 was obtained. The whole broth contained
calcium salts of the diacid, unconsumed glucose, cell biomass and fermentation

by-products such as glycerol and acetic acid. Based on analytical results, the
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whole broth contained 46.9 g/kg fumaric acid, 19.2g/kg malic acid and 3.3g/kg
of succinic acid (calculated as free acids although present in the form of Ca salts
in the broth).

[0056] The whole broth (393.87 g) was treated by addition of 73 ml of
NH;OH (28%) and infusion with CO: at 200 psi at a temperature of 80°C for 2
hours. A nickel catalyst in the form of Raney-nickel or a palladium catalyst on
carbon (Pd/C) was added to certain samples of the ammonium treated and
carbonated broth as indicated by the table below, which were then heated to a
temperature of 120°C at a pressure of 500 psig of Hz and stirred for a period of 1
hour. On sample did not contain any catalyst. Two samples were further
heated to a temperature of 230°C and stirred for another 2 hours. In one of the
230°C samples 18 ml of methanol was also added to the hydrogenation
mixture. Heating the whole broth under these conditions also affected a kill
step on the Rhizopus biomass inactivating further biological processes.

[0057] The temperature was reduced to room temperature for a period
of 2 hours, and the suspended solid material comprised of calcium carbonate
salt and cell biomass was collected by filtration, and the filtrate that contained
dissolved diammonium salts of the diacids was recovered and analyzed giving

the results shown in Table 1 below:

Table 1

PCT/US2012/045933

temperature

Fermentation

Diammonium

Diammonium

diammonium

broth (g) Malate (g/1) Fumarate (g/l) succinate (g/1)
120 460.86 11.52 0.01 23.59
230%* 393.87 047 032 16.20
230*% 379.00 0.60 0.14 18.22
120 463.00 8.28 0.79 37.67

* methanol was added to the broth, catalyst was Ni.

** Pd/C was the catalyst

[0058] Based on the content of the starting broth, the results indicated
that in even in the absence of a catalyst and at the relatively low temperature of
120 °C, greater than 98% of the fumarate and at least and at least 60% of the

malate in the medium was converted to diammonium succinate. In the
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presence of either metal catalyst at a temperature of 230 °C at least 95% of the
combined fraction of malate and fumarate were converted into diammonium
succinate. In the presence of methanol at 230°C a substantial portion of diacids

were further reduced to NMS and NMP as shown in Table 2.

Table 2
temperature | Malic acid Succinic acid | Fumaric acid NMP NMS
230 0.074 3.16 0.007 12.5 10.4
g/kg
Example 5

Single pot conversion of ammonium C4 diacids to NMP

[0059] An evaporated broth from an Actinobaccillus succinogenes
fermentation to produce C4 diacids that was converted into ammonium diacid salts
from calcium salts was obtained. The evaporated broth, which contained 64%
ammonium succinate, 25.4% malic acid, and 10.3% glycerol was mixed with 2.32 g of
Raney Nickel and 25 ml of methanol in 200 ml water and heated to 280°C in an
autoclave reactor fitted with temperature and pressure controllers. The air was
removed by bubbling hydrogen three times through a dip-tube and the hydrogen was
charged at 400 psig at room temperature. The mixture was heated to 280°C for 2 hours,
during which time some hydrogen was consumed. The mixture was stirred for another 6
hours at 280°C with H, pressure at 1200 psig. Afterwards, the reactor was cooled to
room temperature and the residual hydrogen released. The catalyst was filtered out, the
recovered filtrate was evaporated under vacuum to obtain a white solid material that was
analyzed and shown to contain 10.36 g/kg of NMS, 12.45 g/kg of NMP, and 3.16 g/kg

of diammonium succinate.

Example 6
Fermentation media, conditions and yields of C4 diacids from Actinobaciilus

succinogenes, Rhizopus oryzae, and Aspergillus oryzae
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[0060] A. For Actinobacillus succinogenes, the strain was obtained from

Michigan Biotechnology Institute (Lansing, MI). The media contained in g/I:

Corn Steep Liquor 20
Betaine 0.5
Glutamic Acid 0.5
Biotin 0.0002
Na Phosphate Buffer (0.5M) 7.0 ml/1
Na,CO; (20% solution) 2.6 ml/1
Dextrose 137.5

Over the course of the fermentation the pH was adjusted with Mg(OH) totaling 87.5 g/l.

The fermentation growth parameters were:

pH 6.9
Temperature 38C
Agitation 250 rpm
CO, 0.025 vvm
The major byproducts of the fermentation were:
Glycerol <1 g/l
Acetate 0-3g/1
Ethanol <lg/l
Pyruvate 1-5 g/l

The final titer, yield and productivity of C4 diacids was:

Succinic acid only

Titer (g/l) 100g/1
Yield from dextrose 90%
Productivity 2.0 g/V/hr

[0061] B. For Rhizopus oryzae, the strain was obtained from Archer
Daniels Midland Company, Decatur Illinois. The media contained in g/I:
Corn Steep Liquor 0.19 (dry solids basis)
(NH4)2SO4 1.35
KH,PO;4 0.225
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MgSO, * TH20 0.30
Trace Metals Solution 7.5ml
Composed of?
ZnSO4*7TH,0 44 g
FeCl3*6H,0 075¢g
Tartaric Acid 075¢g
dH20 1000 ml

Over the course of the fermentation the pH was adjusted with a slurry of CaCO; totaling

90 g/l. The fermentation growth parameters were:

pH 5.8
Temperature 34°C
Agitation 200-500 rpm
Aeration 0.05 vvm

The major byproducts of the fermentation were:

Glycerol 10-25 g/l
Acetic Acid <1 g/l
Ethanol 1-10 g/l

2-ketoglutaric acid 1-5g/l
The final titer, yield and productivity of C4 diacids was:

Fumaric
Titer (g/1) 30-50
Yield from dextrose 57%
Productivity 1.81 g/l/hr

Malic Succinic

5-30 2-10

[0062] C  For Aspergillus oryzae, the strain was obtained from Novozymes

(Washington, DC). The media contained in g/1:

Bacto peptone 9
KH,PO, 0.15
K;HPO, 0.15
MgSO4 . TH20 0.1

CaCl, 0.1
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FeSO4.7H20 0.005
NaCl 0.005
Biotin stock solution (5SmM) 1.0 ml
Pluronic L61 0.5 ml
Dextrose 198

Over the course of the fermentation the pH was adjusted with CaCOs totaling 120 g/l.

The fermentation growth parameters were:

pH 6-7
Temperature 34°C
Agitation 300-700 rpm
Aeration 1.0 vvm

The major byproducts of the fermentation were:

Glycerol <1g/l

Acetate 0<l1g/l
Ethanol 0-2 g/l
Citric Acid 1-4 g/l

The final titer, yield and productivity of C4 diacids was:
Malic  Succinic
Titer (g/1) 141.5 11.2
Yield from dextrose 80% 7%
Productivity (g/l/hr) 1 A1 0.9



10

15

20

25

30

WO 2013/012589 PCT/US2012/045933
28
CLAIMS
What is claimed is:
1. A method of recovering an organic diacid from a fermentation

medium, comprising,

obtaining a fermentation broth from growth of a microorganism to
produce at least one organic diacid selected from the group consisting of
succinic, malic, maleic and fumaric acid, and which contains a divalent metal
cation in an amount sufficient to form a divalent metal salt of the diacid;

contacting the fermentation broth with a source of ammonium and with
a source of carbonate under a first condition including a temperature of at least
100°C and a pressure of at least 200 psig for a time sufficient to form a carbonate
salt of at least 90% of the divalent metal cation and an ammonium salt of at least
90% of diacid in the fermentation broth;

reducing the temperature and pressure of the contacted fermentation
media to a second condition effective to form a precipitate of the carbonate salt
of the divalent cation while maintaining the ammonium salt of the diacid in
solution; and

separating the precipitated carbonate salt of the divalent cation from the

solution of the ammonium salt of the diacid.

2. The method of claim 1 wherein the source of ammonium
comprises NH4OH.
3. The method of claim 1 wherein the divalent cation is selected from

the group consisting of calcium and magnesium.

4. The method of claim 3 wherein the divalent metal cation is
introduced into the fermentation media in a compound form selected from the
group consisting of an oxide, a hydroxide, a carbonate and a bicarbonate of the
divalent metal cation.

5. The method of claim 4 wherein the compound form of the
divalent metal cation is introduced to the fermentation media to maintain the

pH of the fermentation media between a pH of 5.5 to 7.5.
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6. The method of claim 4 wherein the compound of the divalent
metal cation introduced into the fermentation media is obtained by separating
the precipitated carbonate salt of the divalent cation from a second fermentation
media.

7. The method of claim 6 wherein the separated precipitated
carbonate salt of the divalent cation is contacted with a mineral acid to convert
the carbonate salt into a bicarbonate salt of the divalent metal cation.

8. The method of claim 6 wherein the separated precipitated
carbonate salt includes cell mass from the fermentation media and is heated to a
temperature of at least 300°C prior to being introduced into the second
fermentation media.

9. The method of claim 8 wherein the temperature for heating the
precipitated carbonate salt is sufficient to form an oxide compound of the
divalent metal cation.

10.  The method of claim 1 wherein the source of carbonate is selected
from the group consisting of CO2, ammonium bicarbonate, calcium bicarbonate
and magnesium bicarbonate.

11.  The method of claim 10 wherein the fermentation broth is
contacted with COz at a pressure of at least 200 psig.

12.  The method of claim 1 wherein the temperature is at least 120 °C.

13.  The method of claim 1 wherein the separated ammonium salt of
the diacid is converted into a free acid of the diacid by at least one of ion
contacting the ammonium salt with an exchange substrate, electrodialysis,
and/ or electrodeionization.

14.  The method of claim 1 wherein the fermentation media is a whole
fermentation broth, and separating the precipitated carbonate salt of the
divalent cation from the solution of the ammonium salt of the diacid includes
obtaining a cell mass from the whole fermentation broth with the precipitated

carbonate salt.

PCT/US2012/045933
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15.  The method of claim 1 wherein the fermentation media is a
clarified fermentation broth where a cell mass has been removed from the
fermentation broth and the divalent metal cation is introduced into the clarified
fermentation broth after removal of the cell mass.

16. A method of recovering an organic diacid from a fermentation
medium, comprising,

obtaining a fermentation broth from growth of a microorganism to
produce at least one organic diacid selected from the group consisting of
succinic, malic, maleic and fumaric acid;

contacting a first fermentation broth with at least one calcium or
magnesium compound selected from the group consisting of a hydroxide, an
oxide, a carbonate a bicarbonate and bicarbonate of the calcium or magnesium
to maintain the pH of the fermentation media between 5.5 and 7.5;

contacting the first fermentation broth with a source of ammonium and
with a source of carbonate under a first condition including a temperature of at
least 100°C and a pressure of at least 200 psig for a time sufficient to form a
carbonate salt of at least 90% of the calcium or magnesium and an ammonium
salt of at least 90% of diacid in the first fermentation broth;

reducing the temperature and pressure of the contacted first
fermentation media to a second condition effective to form a precipitate of the
carbonate salt of the calcium or magnesium while maintaining the ammonium
salt of the diacid in solution;

separating the precipitated carbonate salt of the divalent cation from the
solution of the ammonium salt of the diacid; and

using the the separated precipitated carbonate salt of the divalent cation
as a material to contact a second fermentation broth for production of the diacid
to maintain the pH thereof between 5.5 and 7.5.

17.  The method of claim 15 wherein the separated precipitated
carbonate salt of the magnesium or calcium is contacted with a mineral acid to

convert the carbonate salt into a bicarbonate salt of the magnesium or calcium.
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18.  The method of claim 15 wherein the separated precipitated
carbonate salt includes cell mass from the first fermentation media and is heated
to a temperature of at least 300°C prior to being introduced into the second
fermentation media.

19.  The method of claim 17 wherein the temperature for heating the
precipitated carbonate salt is sufficient to form an oxide compound of the
divalent metal cation.

20.  The method of claim 15 wherein the source of carbonate is selected
from the group consisting of CO,, ammonium bicarbonate, calcium bicarbonate
and magnesium bicarbonate.

21.  The method of claim 19 wherein the fermentation broth is

contacted with COz at a pressure of at least 200 psig.
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