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Glucaric acid is regarded as a top-value added compound from biomass, however, due to prevalent lactoniza-
tion, the recovery of purified glucaric acid is challenging. Accordingly, an efficient method for glucaric acid
separation, especially its diacid form, is necessary to facilitate its valorization. Here, we report a robust separ-
ation process that produces glucaric acid crystals from fermentation broth. This process first recovers purified
monopotassium glucarate from broth and then recovers purified glucaric acid through acidification and anti-
solvent crystallization. Isopropanol was found to be an effective antisolvent reducing the solubility of glucaric
acid while concomitantly forming an azeotrope with water. This allows solvent removal at low temperature
through azeotropic drying, which avoids lactonization, and thus prevents impurities in the resulting crystals.
Overall, this process was found to separate monopotassium glucarate and glucaric acid with a recovery yield
of >99.9% and 71% at purities of ca. 95.6 and 98.3%, respectively. Process modeling demonstrates the ability to
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recycle the antisolvents IPA and acetone with >99% recovery and determined the energy input to be ~20 MJ
kg™ for isolation of monopotassium glucarate and 714 MJ kg™ for glucaric acid (0.06 M). The approach
detailed in this work is likely applicable to the separation of other highly oxygenated bio-carboxylic acids (e.g.,
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Introduction

Glucaric acid (GA) and its salts have applications in many pro-
ducts including detergents, corrosion inhibitors, and poly-
mers." Its dicarboxylic acid functionality and 6-carbon chain
make it a precursor to adipic acid, which is used for the pro-
duction of nylons and the biodegradable polymers, polybutyl-
ene succinate adipate and  polybutylene adipate
terephthalate.” ® It is also a promising additive in polymers
such as polyvinyl alcohol, where 3-5 wt% of glucaric acid has
been shown to lower the melting temperature and improve
mechanical performance.” Furthermore, GA acts as a chelating
agent for divalent ions (e.g. Ca®" and Mg>") such that GA can
be used for phosphate-free and biodegradable detergents, or
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mevalonic acid) from fermentation broths, as well as to their recovery from abiotic reaction solutions.

as a corrosion inhibitor in treating water systems, such as
cooling towers and boilers.®

Today, GA is primarily produced via the chemical oxidation
of glucose using nitric acid, an expensive and nonselective
process, where competing side reactions result in low isolated
yields (<43%) of GA.° This highly exothermic oxidation
requires a 4 : 1 molar ratio of nitric acid to glucose, which gen-
erates 0.85 kg of nitric acid waste (NOx) per kg of GA. Although
a method for regenerating and recycling nitric acid from the
NOx waste has been reported, the process did not improve the
selectivity of the glucose oxidation or increase the yields of
GA.° Alternatively, other GA production methods via electro-
chemical or catalytic oxidation methods with homogeneous or
heterogeneous catalysts have been studied. However, these
approaches were at a small scale (<100 ml) and are actively
being researched.*®'*'" In these chemical oxidation reactions,
organic acid byproducts such as gluconic acid, glucuronic
acid, tartaric acid, and oxalic acid are often coproduced and
result in dilute and complex mixtures to selectively isolate GA
from.®'*'3 To that end, greener, scalable synthesis methods
using fermentation for the production of GA are an active area
of research.

Biocatalysis offers high selectivity, mild reaction conditions,
and the ability to effectively convert renewable sugars to plat-
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form chemicals for fuels, plastics, and other renewable
chemicals.'™'® These approaches also align with ‘green chem-
istry’ principles, having the potential to minimize waste
streams, eliminate heavy metal catalysts, and increase energy
efficiency.”'® GA is an example of a promising platform car-
boxylic acid that can be produced via fermentation with
several green chemistry benefits over traditional catalytic oxi-
dation processes.'®>" Notably, fermentation occurs under
mild conditions (30 °C and pH 7.0) without generating exces-
sive amounts of toxic waste steams or requiring high pressure
reactors.'®?> However, the isolation of GA from fermentation
broth remains challenging, and there has been little work on
improving the separation process.

A major challenge in recovering GA diacid crystals is avoid-
ing lactonization side reactions that occur during the separ-
ation process. Under fermentation conditions at near neutral
PH GA isomers exist stably in the mono- or di-salt form with
counter cations such as potassium or sodium. However, after
acidification of the broth to a pH < 3 the resulting GA diacid is
readily lactonized into b-glucaro-1,4-lactone, p-glucaro-6,3-
lactone, and p-glucaro-1,4:6,3-dilactone in aqueous conditions,
as shown in Fig. S1A.1>* Brown et al. calculated the equili-
brium and rate constants for each lactonization reaction in
Fig. S1Af based on NMR data.>® Using those data, we found
approximately 55% of GA is lactonized within 6 hours, even at
30 °C (Fig. S1Bf). This rapid lactonization complicates the
development of a method to isolate purified GA crystals.
Armstrong et al. reported a method to produce crystalline GA
from the monopotassium glucarate salt (KGA) via cation
exchange (CEX) and azeotropic drying using a water-aceto-
nitrile (ACN) system.” In that system, the addition of ACN
formed an azeotrope with water allowing low temperature
water removal to minimize GA lactonization. Although the
ACN-water system achieved high purity (>99%) and a high
recovery yield (98.7%) of crystalline GA, the feed concentration
was low (5 g L™" KGA) with an overall diluted reaction solution
(95:5 ACN:GA aqueous solution v/v), limiting the method’s
efficiency and scalability. Specifically, the starting GA solution
volume is increased 19x due to a large amount of ACN needed
to remove the water azeotropically. This 19% volume increase
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in the stream requires large crystallization tanks and a large
amount of ACN solvent recovery. This results in excessive
energy input per product for the post-crystallization ACN recov-
ery process. Accordingly, developing a more sustainable and
scalable process to recover specific purified forms of KGA and
GA from fermentation broth is a key challenge to improving
the economics of bio-glucaric acid and its ultimate
commercialization.

To address the need for optimized downstream processing
routes for GA, this work proposes a scalable, environmentally
friendly, and economically feasible antisolvent separation
process for the recovery of GA and its salts from fermentation
broth. Antisolvent crystallization involves combining the
product solution with another solvent in which the product is
only slightly soluble. This significantly reduces the solubility
of the product in that solution, allowing it to be recovered as a
precipitate.>> One notable feature is that our process uses anti-
solvents that are Generally Recognized as Safe (GRAS).

The separation processes are depicted in Fig. 1. First, dipo-
tassium glucarate (K,GA) is produced via fermentation at a
neutral pH to generate a broth. Solid KGA is then recovered
from the broth by employing (1) pH-adjustment from 7 to 3.5
to generate KGA, (2) antisolvent crystallization of KGA using
acetone at an acetone-to-water mass ratio of 1 to 2.95, (3) KGA
product filtration, and finally (4) acetone antisolvent recycling
via distillation of the supernatant. Next, crystalline GA is pro-
duced from the purified KGA via another antisolvent crystalli-
zation process, which consists of the following steps: (1) cation
exchange for acidification and K' removal, (2) isopropanol
(IPA) antisolvent crystallization of GA, (3) GA crystal recovery
by azeotropic drying, and (4) IPA antisolvent recycling. The
physicochemical and thermodynamic properties of the puri-
fied KGA and GA products were analyzed and used to develop
Aspen Plus models for solvent recovery, which enables the cal-
culation of the energy input on the downstream process.
Compared to the ACN-water system the IPA system reduces the
antisolvent amount by 2.1 times. The antisolvent crystalliza-
tion process proposed in this work could also be applicable to
the purification of other oxidation products from glucose,
such as gluconic acid and mevalonic acid.>®
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Fig. 1 Process flow diagram for producing KGA and GA crystals. HCl was added into antisolvent crystallization 1 process for pH control. Acetone
and isopropanol were used as antisolvent for KGA in antisolvent crystallization 1 and for GA in antisolvent crystallization 2 processes, respectively.
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Experimental
Materials

Glucaric acid fermentation broth was obtained from Kalion,
Inc. The final titer of glucaric acid was ca. 69.1 g L' measured
by LC analysis. The broth was sterile filtered through a 0.2 pum
ceramic filter before any downstream processing. Cation
exchange was carried out on DOWEX G-26 H ion exchange
resin (DuPont) packed into a Cytiva XK 16/20 chromatography
column. 6 M hydrochloric (HCl) (Carolina Biological) was
diluted to 1 M for acidification of broth and regeneration of
the DOWEX G-26 resin. Acetone (VWR, >99.5%), was used as
the antisolvent for KGA, and isopropanol (Sigma-Aldrich,
>99.5%) was used as an antisolvent and azeotropic drying aid
to recover crystalline GA. All water used was ultra-high purity
(>17.2 MQ cm). D,O with 0.05 wt% 3-(trimethylsilyl)propionic-
2,2,3,3-d, acid was purchased from Sigma-Aldrich for NMR
analysis.

KGA solubility measurements

KGA solubility was quantified by adding excess KGA to ultra-
high purity (UHP) water and adjusting pH between 1-6 by
addition of 2 M HCI or 2 M KOH with stirring. The samples
were mixed, allowed to sit overnight, and then the pH was
measured again. The samples were filtered, diluted with a pH
7 phosphate buffer to reduce lactonization and the KGA con-
centration was quantified by LC. Similarly, KGA solubility in a
25.2 wt% acetone solution was measured by preparing KGA-
saturated solution samples at —20 °C, 4 °C, and 22 °C and
quantified using the LC method.

GA solubility measurements

Due to the lactonization potential of GA, the solubility was esti-
mated using thermogravimetric analysis (TGA) based on the
mass balance of the saturated solution. A sample of acetone-
washed GA was dissolved in 3 mL of the IPA/water mixture
(7:1 by mass) to excess, sonicated, and allowed to settle over-
night at each of three temperatures: —20 °C, 4 °C, and 22 °C.
Next, the solutions were filtered at a pore size of 0.45 pm.
These saturated solutions were dropped into an aluminum
Differential Scanning Calorimetry (DSC) pan and placed on
dry ice to partially freeze them and slow the evaporation rate
so that the mass of the total solution could be measured by
TGA. The partially frozen solution was heated from room
temperature at 5 °C per minute to 110 °C and held isother-
mally for 15 minutes to allow the solvent to evaporate. In this
way, the mass of the remaining species in the pan was deter-
mined to pg precision. This was taken to be the total mass of
GA that had dissolved in the solvent, including possible
lactone products, in a catch-all method. The method was
tested for known concentrations in the range of 1 g L™ to 15 g
L' with a blinded relative error of approximately 6%, com-
pared to 15% for the LC method used for KGA analysis (see
ESI, Fig. $27).
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Recovery of KGA from fermentation broth

For the recovery of KGA, acetone was used as the antisolvent as
it provided the lowest glucarate solubility in organic-aqueous
systems (see Results). 2 M HCI (100 mL) was added to a broth
solution (500 mL) to adjust the pH to 3.5. Acetone (250 mL)
was slowly added into the solution with stirring. The broth
mixture was cooled to 4 °C for 24 hours to promote crystal
growth and increase yield, then KGA crystals were recovered
via vacuum filtration. The filtered product was mixed with a
50% acetone/water solution and filtered three times to comple-
tely remove any leftover broth solution. The recovered crystals
were dried in a vacuum oven until a constant mass was
achieved. The purity of the crystalline KGA was evaluated using
liquid chromatography (LC), FTIR, DSC, and "H NMR.

Glucarate acidification via cation exchange (CEX)

To generate crystalline GA, cation exchange of KGA in water
was performed using DOWEX G-26 resin. This resin was pre-
treated by covering ~15 g of dry resin with 1 M HCI. The resin
was then slurry packed into a GE XK 16/20 column and then
connected to a Cytiva AKTA Pure Chromatography system. The
packed column size was 16 mm in inner diameter and 10 cm
in length. This allowed for continuous pH, conductivity, and
temperature monitoring. The resin was rinsed with 7-10
column volume of UHP water at a flow rate of 4 mL min™"
until a neutral pH was achieved. KGA purified from fermenta-
tion broth was dissolved in water. Here, 1 M KOH was added
to increase the pH and solubility to yield a concentration of
0.1 M KGA. The effluent was collected as waste until the pH of
the effluent dropped below 2.5 and stabilized, which indicated
that the effluent pH was below the pK, of GA and that the GA
concentration was constant. Additionally, UV 190 nm, 210 nm,
and conductivity readings were steady in this range. This
effluent fraction was collected into a clean beaker and placed
in an ice bath to inhibit the lactonization of free GA in the
solution. After the desired volume of KGA solution had been
pumped into the column, UHP water was added to prevent the
column from running dry. The effluent was then collected
until the pH was above 2.5 and UV 190 nm signal began to
decrease. UHP water was pumped through the column at a
rate of 3 mL min~" until the effluent was at a neutral pH.
Then, the column was washed with UHP water to remove salts
in the column and regenerated by loading 1 M HCl. When the
pH curve showed a breakthrough of HCI, the column was
washed with water until the conductivity dropped to below
0.01 mS cm ™.

Antisolvent crystallization of GA with azeotropic drying

For the recovery of GA, IPA was used as the antisolvent and
azeotropic drying aid. IPA was added to the GA solution at a
mass ratio of 7:1 (12.5 wt% aqueous solution) to create a low-
boiling azeotropic solution. GA was recovered by reducing the
volume of the azeotrope using rotary evaporation to create a
supersaturated solution of GA. This mixture was gradually
evaporated using a Buchi Rotavapor® R-300 Rotary Evaporator

This journal is © The Royal Society of Chemistry 2022
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at 30 mbar and 22 °C to one-tenth the original volume. At this
point, small seed crystals of GA formed throughout the solu-
tion (Fig. S4D7). When the solution was not in the rotary evap-
orator, it was kept on ice to slow lactonization. The concen-
trated GA solution was stored overnight in a —20 °C freezer to
further crystal growth from the seed crystals. Next, the GA crys-
tals were recovered via rotary evaporation. Any lactones present
in the GA crystals were removed by washing two times with an
excess amount of acetone and the remaining crystals were
then vacuum filtered. Finally, the GA crystals were vacuum
dried (70 °C, 22 mmHg) for six hours. Purity of the crystalline
GA was evaluated using FTIR, DSC and "H NMR.

Solvent recovery model

An Aspen Plus model was built to estimate the energy footprint
of solvent recycling via distillation. This model was developed
to recover the antisolvents, acetone for KGA, and IPA for GA
recovery, respectively, after the crystalline products were separ-
ated. The process was optimized to achieve a >99% recovery
yield for both product crystal as well as the antisolvent with
>99.0% purity. The simulation was split into two sections: (1)
crystallization and (2) solvent recovery. In the crystallization
section, KGA and GA were input as user-defined components,
and the UNIFAC method was chosen because of its reliable
predictions based on functional group contributions.”” Non-
random two-liquid (NRTL) model was used for the solvent
recovery section to accurately simulate the distillation process.
The detailed parameter setup is explained in ESI section S4.f

DSC for purity analysis

Modulated differential scanning calorimetry (MDSC) was used
to measure the purities of crystalline KGA and GA via melting
point depression. GA samples were tested from 20 to 140 °C at
a ramp rate of 2 °C min~"' with a modulation amplitude of
1 °C and a modulation period of 60 seconds, and KGA from 20
to 190 °C with the same modulation.

Liquid chromatography (LC) for KGA analysis

The concentration of KGA in aqueous solutions was quantified
using an Agilent 1290 Infinity Series LC system equipped with
UV-diode array detection at 210 nm. 15 pl samples were
injected onto a Phenomenex Luna C18(2) 5 pm, 150 mm X
4.6 mm column at a temperature of 35 °C. An isocratic mobile
phase of 20 mM potassium phosphate at pH 7 was pumped at
a flow rate of 0.65 mL min~" for 7 min. KGA standards were
prepared from powder into the mobile phase buffer previously
described. A calibration verification standard (CVS) was
injected every 15 samples to ensure instrument stability.

FT-IR analysis

Crystalline GA and KGA were analyzed via FTIR on a Nicolet
iS50 spectrometer in ATR mode. Spectra were measured from
450-4000 cm™" at 2 em ™ resolutions over 24 scans.

This journal is © The Royal Society of Chemistry 2022
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NMR analysis for GA analysis

Structural and purity analysis was performed using a Varian
300 MHz NMR Spectrometer. For all analyses, samples were
prepared at 2-4 mg mL™' using D,0 with 0.05 wt% 3-(tri-
methylsilyl)propionic-2,2,3,3-d, acid. All spectra were refer-
enced from D,O and processed using Bruker TopSpin.

Results
Effect of pH and solvents on the solubility of glucarate

The solubility of different glucarate forms was measured in the
PpH range of 1 to 6 in water and water-antisolvent systems to
determine an optimal condition for separation from aqueous
fermentation broth. Previous work has shown the solubility of
monopotassium glucarate (KGA) is lower than the dipotassium
form and the diacid form (GA), and, therefore, KGA can be pre-
cipitated by adjusting the pH to 3.4 where the KGA form is
present in the highest concentration.”"® This speciation as a
function of pH is seen in Fig. 2A, where the molar fraction of
each form is calculated from the reported pK, values of gluca-
ric acid (pKa; = 3.17 and pK,, = 3.96).”® Here KGA reaches a
maximum concentration of 55 mol% at pH 3.6. However, the
KGA yields cannot reach 100% by pH adjustment alone.
Accordingly, we added an antisolvent to increase the KGA
yield. Preliminary antisolvent screening results found acetone
and ethanol (Fig. S31) to be promising antisolvents since both
have low dielectric constants that reduce the KGA solubility.
Acetone was chosen as the preferred antisolvent because of its
low boiling point and no azeotrope formation with water,
which is advantageous for solvent recycling via distillation.

Fig. 2B shows the solubility of glucarate in the pH range of
1 to 6 and with acetone concentrations at 0, 12, and 25 wt%.
When the pH is close to neutral, glucarate is approximately
100 mol% K,GA, which has a high solubility in water (>120 g
L™"). As the pH is decreased to 3.5, KGA dominates the mol
fraction at 55 mol% (Fig. 2A) and KGA’s solubility is around
16 g L™ (Fig. 2B), which is significantly reduced to 13.5% of
the solubility of K,GA at pH 5.8. Further, an additional 50%
reduction of the KGA solubility (down to ~8.1 g L™') was
observed by adding acetone (25 wt%). Thus, the lowest solubi-
lity was observed between a pH of 3.1 and 4.3 where KGA™ is
largely formed. As the pH is decreased further toward 1.5 the
solubility increases by ~55% (26 g L"), here KGA is fully pro-
tonated to H,GA and stabilized via hydrogen bonding inter-
actions with water.

KGA recovery from fermentation broth via antisolvent
crystallization

GA was produced by Kalion, Inc. by a proprietary fermentation
process., The final titer of GA was 69.1 ¢ L™ at pH 7.0. Cells
and debris were removed using 0.2 pm filtration. After fil-
tration, the pH of the broth permeate remained at 7.0 such
that all the produced GA stably existed as dipotassium gluca-
rate (K,GA) as shown in Fig. 2A and thus did not form any
lactone species.

Green Chem., 2022, 24,1350-1361 | 1353
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Fig. 2 (A) Glucaric acid molar speciation at different pH (pK,; = 3.17
and pK., = 3.96),2% (B) glucarate solubility at various pH in acetone/
water mixtures (0, 12, 25 wt%) at 22 °C, (C) KGA from broth mass yield
comparison among acid and acetone addition methods at 4 °C. The
inset photo is the KGA precipitate from broth pH adjusted to 3.5 (left)
and broth pH adjusted to 3.5 with acetone 25 wt% acetone addition
(right).

Using the solubility results, KGA was recovered from the fil-
tered broth by adjusting the pH and with simultaneous
addition of 25 wt% acetone. Fig. 2C compares the KGA recov-
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ery yield with these methods. Adding only 25 wt% acetone into
the broth without pH adjustment (note the starting broth pH
was 7.0) caused phase separation between the acetone-rich
phase and the salt-rich phase resulting in a KGA recovery yield
of only 7%. By adjusting the pH to 3.5, without acetone
addition, the KGA recovery yield was 83%. Combining these
two methods by adding 25 wt% acetone in the pH adjusted
broth (pH = 3.5) resulted in essentially quantitative recovery of
KGA. As seen in the inset photo in Fig. 2C and Fig. S4,1 the
amount of precipitated KGA from this combined pH adjust-
ment and acetone addition method is visually larger compared
to that from the acid addition method and the acetone
addition method. Although the solubility of KGA was not
expected to be zero at this condition (measured as around
8.1 g L' from control experiments in Fig. 2B), essentially all
the KGA precipitated out. This could be the result of the lower
equilibration temperature and the ion effect by other salt
species in the broth that could further reduce the KGA
solubility.

GA recovery via CEX and antisolvent crystallization

To recover the free acid form of GA, the purified KGA was
redissolved in water at a concentration of 0.1 M (0.21 g L")
and treated with a cation exchange (CEX) process to exchange
the K' cations to H' cations. Since the selectivity of K" over H"
is known (2.54) in polystyrene-based sulfonic resins with 10%
cross-linkage, K" cations were easily adsorbed to the resin by
exchanging with preloaded H" cations.>® The GA™ anions were
not adsorbed during the elution. When measuring the break-
through curve, the GA-free acid was eluted without adsorption,
and the eluent pH dropped immediately, remaining constant
at ~2.5 until the column was fully saturated with K* cations
(Fig. 3). The eluent pH increased after saturating the resin
with K' cations. Saturation occurred at approximately seven
bed volumes of KGA solution (0.1 M, pH adjusted by KOH),
which indicates the column capacity of ca. 2.0 mequiv. per

10 = -
94! §
5 GA i KGA
o i eluent i eluent
L i
6 1! E
= ! ;
a St |
44
24 s
2 1 E
11 s
—_
01 2 3 456 7 8 9 10 1
Elution Volume (Bed Volume)

Fig. 3 GA eluent from KGA loading in the DOWEX G26 CEX column.
The vertical lines show the cutoff line for GA recovery.
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mL. Thus, the acidified GA solution was collected for crystalli-
zation when the eluent pH was constant at 2.5 and cooled on
ice to prevent lactonization. The CEX process was further
tested using several KGA solutions to optimize the loading
conditions.

In this study, KGA was dissolved in high purity water near
the saturation limit (0.06 M) and a higher feed concentration
(0.1 M) was achieved by adjusting pH to 9.4 with additional
KOH. We used the 0.1 M feed condition because the total
mass of GA produced for a given loaded volume of KGA solu-
tion increased with similar yields and purities compared to
the 0.06 M condition (discussed below). Also, seed crystal for-
mation and growth are a concentration-driven process, and
those rates in 0.1 M concentrations are therefore faster than at
0.06 M, which is favorable in a large-scale process. We also
attempted to use higher feed concentrations of KGA at 0.24 M
by adding KOH to increase the KGA solubility. However, K"
cations were not fully exchanged leading to the elution of
some KGA, and this prevented downstream GA crystallization.
Thus, it is not recommended to increase the KGA concen-
tration above 0.1 M in the feed to the CEX resin.

Since GA has a 56% higher solubility than KGA, even in
water/antisolvent mixtures as compared in Fig. 2B and is easily
lactonized (Fig. S11),>* an antisolvent crystallization approach
that incorporates azeotropic drying was employed to recover
the free acid form of GA. For this reason, the selection of an
antisolvent is critical not only for decreasing GA solubility but
also for evaporating water at low temperatures via azeotropic
distillation. As seen in Fig. S3,f alcohols can be appropriate
antisolvents because of their low dielectric constants. Among
several alcohols, TPA was chosen as an antisolvent because it
forms a low boiling azeotrope with water of 21.0 °C at 50 mbar
and requires a relatively low solvent-to-water mass ratio of 7: 1
based on results from an NRTL model (Fig. S5AT).
Furthermore, IPA was found to generate a greater antisolvent
effect than ACN. Specifically, the solubility of GA in IPA-water
is 53% lower than that in ACN-water, and 77% lower than that
in water (Fig. S5Bf). Therefore, the addition of IPA to the
aqueous GA solution generates a concomitant antisolvent
effect accelerating the formation of GA crystals while also
allowing low temperature water removal.

The IPA antisolvent crystallization process was carried out
in three steps: (1) concentration, (2) seed growth, and (3) com-
plete solvent removal. First, the collected GA solution was
mixed with IPA at a 7:1 mass ratio of IPA to GA and then the
GA solution-IPA mixture was concentrated 10-fold by rotary
evaporation (30 mbar, 23 °C), resulting in the formation of GA
crystal seed (Fig. S4D¥). We observed that the evaporation rate
was nearly two times faster at 30 mbar than 50 mbar.
Accordingly, 30 mbar was used to lower the processing time as
a means to prevent lactonization.

Table 1 presents the overall yield of this three step GA crys-
tallization process based on the initial concentration of the
KGA solution that was fed into the CEX column. GA recovery
yields and purities were very similar between 0.06 M and 0.1 M
KGA feed solution. The yield loss was mainly due to transfer
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Table 1 KGA feed conditions in the GA crystallization process and the
resulting yield and purities?

Feed concentration GAvyield (%) GA purity (%)
0.06 M KGA 93.0 88.6
0.1 M KGA (pH 10) 92.5 88.7
0.1 M KGA (Washed) 711 98.3

“The GA yield was determined by a weight ratio (mga/mkea) and the
purity by DSC.

losses of lactones stuck on the wall of the vial. After washing
the recovered crystals with acetone, the recovery yield
decreased to 71.1% but the GA purity was increased to 98.3%
as determined by DSC.

To determine the source of the impurities, the recovered
KGA and GA products were characterized with *H NMR and
ATR-FTIR. The "H-NMR spectrum of crystalline KGA revealed a
highly pure product (Fig. S6A,t green trace). Conversion of GA
from KGA was clearly observed, with a downfield shift of the
terminal protons from 4.21 ppm and 4.26 ppm to 4.36 ppm
and 4.48 ppm, but with the presence of the undesired lactone
species downfield (Fig. S6A,T red trace). The presence of lac-
tones was qualitatively assessed by the y-lactone peak at
1775 ecm™ " (Fig. S6B,T red trace). The intensity of this peak was
significantly reduced after washing the crystals with acetone
with 1 to 1 solid to liquid volume ratio and eliminated after
two successive acetone washes, which was also confirmed by
'NMR (Fig. S6A,T blue trace). Notably, the FTIR spectrum of
GA obtained in this study matches with that reported by
Armstrong, et al., though without the presence of acetonitrile
C=N stretching around 2250 cm™.** Further, these obser-
vations were consistent with other previously reported
data.23,24,30,31

The XRD patterns for KGA and GA were also measured.
Different peaks between KGA and GA indicate variances in
crystal structures (Fig. S71). The XRD pattern of GA is consist-
ent with previously reported data.>**° Optical microscopy
images of the GA crystal revealed a monoclinic structure with
around 200 pm on the longest axis as expected from XRD
pattern (Fig. S4F1).*

DSC analysis showed that the melting point of KGA and GA
was 182.5 °C and 105 °C, respectively (Fig. S81). The literature
values of KGA and GA were 188 °C and 111 °C, respectively.>*°
Lower melting point here could be results of trace amount of
lactone impurities. Additionally, the purities of KGA and GA
were measured with DSC by using the melting point
depression method (Table 1). DSC is a highly accurate method
to calculate absolute purity and it is possible that some impu-
rities cannot be detected in NMR, which only shows the 'H
resonance. The DSC measured purities of KGA and GA were
95.6% and 98.3%, respectively.

Energy demand for solvent recovery

Aspen Plus models of both the KGA and GA downstream pro-
cesses were developed to determine the energy input on a kg

Green Chem., 2022, 24,1350-1361 | 1355
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Fig. 4 Process flow diagrams used to estimate energy consumption and to determine the ability to recycle the antisolvents in the process for the
crystallization and recovery of (A) KGA and (B) GA. For the solvent recovery process in GA, two different processes, extractive distillation (EXD) and

pervaporation (PV) were studied.

product basis and to determine the ability to recycle the anti-
solvents. Process flow diagrams are shown in Fig. 4. To simu-
late the thermodynamic properties of KGA and GA, a UNIFAC
model was employed, and their thermodynamic properties
such as heat capacity, solubility, and solid molar volume were
obtained either from product characterization data from this
work or from literature data (Fig. S9 and Table S27). The feed
concentration of KGA and GA from the analysis of the broth
was used as the simulation input stream. However, other salts
and impurities in the fermentation broth were not considered
and were assumed to remain in the wastewater, negligibly
affecting the thermodynamic properties of KGA and GA in all
processes. For the KGA recovery process, pH adjusted fermen-
tation broth (pH = 3.5) was fed into the crystallization vessel
with acetone as the antisolvent at 25 wt% and a filtration
process was modeled to recover solid KGA (Fig. 4A). Then,
pure acetone was recovered from the supernatant by distilla-
tion and recycled as the KGA antisolvent. The resulting water
stream that includes non-quantified fermentation broth com-

1356 | Green Chem., 2022, 24,1350-1361

pounds was sent to wastewater treatment. Overall, both KGA
and acetone were recovered with >99% yield and >99% purity.
The heat duty for acetone recycling in the KGA purification
process was determined to be 20.12 MJ kg™ KGA as shown in
Table 2. Approximately 35% of net heat duty was used for crys-
tallization, while the other 65% was used for acetone recovery.
The net vacuum duty for the KGA recovery process was 0.11 M]J
kg™' KGA.

The modeled GA purification process includes crystalliza-
tion and IPA recycling by distillation to isolate GA from the GA
eluent after CEX (Fig. 4B). To generate the azeotropic mixture,
IPA was added to the GA CEX eluent at a mass ratio of 7 to 1.
The solution was then evaporated in Flash 1 at 25 °C and
50 mbar to concentrate the GA 10-fold. This concentrated solu-
tion was then sent to a seed crystallization tank at —20 °C to
form seed crystals. The seed solution was then sent to Flash 2
(30 mbar, 25 °C), where IPA and water were removed in the
overhead to recover solid GA in the bottoms. The overhead of
Flash 2 containing the azeotrope of water and IPA was com-

This journal is © The Royal Society of Chemistry 2022
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Table 2 Heat and vacuum duty associated with each unit operation in Fig. 4

KGA GA (case 1: EXD) GA (case 2: PV)
Unit Heat duty Vacuum duty Unit Heat duty Vacuum duty  Unit Heat duty Vacuum duty
operation (MJ kg ' KGA)  (MJ kg ' KGA)  operation (MJ kg "GA) (MJkg' GA)  operation MJ kg " GA)  (MJ kg™ GA)
Crystallizer 6.03 Crystallizer 7.79 Crystallizer 7.79
Flash 0.02 0.04 Flash1 529.35 207.12 Flash1 529.35 207.12
Flash2 0.98 0.06 Flash2 0.98 0.06
Distillation ~ 14.07 0.07 Dist1 246.94 30.32 PERV 175.64 0.00
Dist2 389.51
Net duty 20.12 0.11 Net duty 1174.57 237.49 Net duty 713.75 207.17
bined with the overhead of Flash 1 and then separated into pure 2 500
water and pure IPA. Since azeotropic distillation is often an A < c 1
. . . ase 1:
energy-intensive process, we compared two scenarios for IPA de- g Dist2 Extractive
hydration: an extractive distillation (EXD) process using DMSO as é Ll ) Distillation
an entrainer and a pervaporation process (PV).*>** For case 1, =
EXD process for IPA and water recovery was conducted under -.E‘ 1,500 {Dist1
30 mbar and below 89 °C. Although our system is under an inert (=]
-
condition of DMSO, users should be aware of potential explosion b — Flas
hazards of DMSO as it autocatalytically decomposed typically ﬁ ’ Flash1
above 180 °C at atmospheric pressure in the presence of acids.>* =
. ) ©
For case 2, the IPA-recovery was accomplished via a PV 5 500t
process. A pressure difference between the feed side and the § crystin
permeate side drives water diffusing through the membrane < 0 o S e
0.0% 1.0% 2.0% 3.0% 4.0%

and evaporating adiabatically on the permeate side such that
IPA is recovered at the retentate stream. Since both separated
IPA and water were highly pure (>99.9%), they can be recycled
for reuse in the KGA redissolution and GA antisolvent crystalli-
zation processes.

When using the same feed concentration as used experi-
mentally (0.06 M) and assuming a 100% GA recovery yield with
no lactonization side-products, the net heat duty required for
the overall process was determined to be 1175 MJ kg™' GA for
case 1 and 714 MJ kg™" GA for case 2, respectively (Table 2).
The net vacuum duty was 237 MJ kg™' GA in case 1 and 207 MJ
kg™ GA for case 2, respectively. In both cases, 87% or 100% of
total vacuum duty was attributed to the azeotropic drying
(Flash1 and Flash2). In case 1, the solvent evaporation and
recovery processes consumed 45% and 54% of the net heat
duty, respectively (Fig. 5A). The heat duty for the PV process
was 72% lower than that of EXD process, resulting in a 39%
reduction of the total heat duty in case 2 compared to case 1.
Overall, the energy demand for GA purification was much
higher than that of KGA purification. Fig. 5 shows that the net
heat duty per kg of GA product as a function of the GA concen-
tration in the Feed stream. A sensitivity analysis of the feed
concentration on heat duty showed that the net heat duty can
be reduced with increasing the GA concentration for both
cases (Fig. 5). For instance, the net heat duty for case 1 and 2
was reduced to 591 MJ kg™" GA and 363 MJ kg™ GA, respect-
ively, by doubling the GA concentration.

Although the PV process showed a favorable net heat duty
for the IPA antisolvent recovery and does not require any
entrainer chemical, its comparison with EXD would need to

This journal is © The Royal Society of Chemistry 2022
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B 1,600
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Pervaporation

1200 1p1ash2

800 | 4

Cumulative Heat Duty (MJ/kg GA)
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Crystallizer
0 o i ———
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Fig. 5 Required heat duty of the GA recovery process in (A) extractive
distillation (case 1) and (B) pervaporation (case 2). Colored area indicates
the portion of heat duty of each unit operation. As the feed concen-
tration of GA increases, the net heat duty decreases. Arrow indicates the
current condition used in Fig. 4B.

consider the respective associated capital cost and operating
cost. Moreover, the solvent recovery process options should be
optimized based on either the minimum total annual cost
method®® or with an optimized heat integration strategy.
Future work will undertake a comparative techno-economic
and life cycle impact analysis.
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Discussion
The enthalpy and entropy of dissolution of KGA and GA

The enthalpy and entropy of dissolution are calculated here
using the solubility of KGA and GA in solutions of identical
solvent composition as a function of temperature. The solubi-
lity of KGA and GA, and related thermodynamic properties
(enthalpy and entropy of dissolution) are important because
they can be used for building a crystallization model and opti-
mizing crystallization conditions in a large-scale process.
Accordingly, using the solubility data obtained for each com-
pound (Fig. 2B), the enthalpy and entropy of dissolution of
both KGA and GA were calculated using the Van’t Hoff
equation.’”

AgisH  AgisS
Inx=—-——+—— 1
=27+t R (1)

In eqn (1), x is the mole fraction of a compound in the
solvent, AgisH and Ag;S are the enthalpy and the entropy of

A s . . :
-8 [o]
85 +
3
= (]
=
E _9 -+ LY
y =-3833.2x +4.2905 y
95 ¢ R2=1 ©
-10 + ' t
0.003  0.0032 0.0034 0.0036 0.0038
1T (K)
B 53
55 + £
57 +
<
S o
: ..
g 594 -
y =-1134.2x - 1.6982
R? = 0.9994
61 ¢+
®
6.3 : : }
0.0032 0.0034 0.0036 0.0038  0.004
1T (K)

Fig. 6 Van't Hoff plot of (A) KGA in 25 wt% acetone solution and (B) GA
in 87.5 wt% IPA solution.
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Table 3 Parameters for calculating the enthalpy of dissolution of KGA
and GA

AgisH AgisS
Compound  Solvent (k] mol™) (J mol™" K™
KGA Acetone 24.7 wt% 31.87 £ 0.22 35.67 £0.75
GA Isopropanol 87.5 wt% 9.43 +0.23 —14.12 + 0.84

dissolution, T is the absolute temperature, and R represents
the ideal gas constant. The solubility of KGA or GA was
measured by varying temperature to plot Inx versus 1/T, and
the resulting values of enthalpy and entropy of dissolution
were determined from the slope and the intercept,
respectively.

Fig. 6 displays the Van’'t Hoff plot for KGA in a water/
acetone mixture and GA in a water-IPA mixture, respectively.
The antisolvent loading in each mixture is the same as used in
each purification process. Table 3 provides the dissolution
enthalpy and entropy of both KGA and GA calculated from eqn
(1) using the linear fits within 95% confidence intervals in
Fig. 6. The positive values of enthalpy for both indicate that
the dissolution reaction of both compounds is endothermic in
the experimental temperature range. The slope of GA solubility
data yields a negative entropy of dissolution for GA. This could
be because dissolved GA is in equilibrium with lactones, and
they form dimers or organized structures that are represented
by this value.

Scale up of the CEX process

In the above results section, we present process modeling to
demonstrate the feasibility and energy input of the crystalliza-
tion and solvent recycling operations. However, the CEX
results were performed in batch column mode. To address the
scalability of the CEX operation, we provide a discussion on
scaling the system to a continuous operation using the results
obtained from the batch experiments. In the single column
experiments, we demonstrated the conversion of KGA to GAvia
a cation exchange process with the DOWEX G26 resin. In this
CEX step, H' ions in the solid phase resin were displaced by
K' ions in the mobile phase, converting KGA to GA. The
second pH increase in Fig. 3 indicates the KGA frontal curve.
Typically, the KGA frontal curve is broad and overlaid with the
GA curve due to the mass transfer resistance such as film mass
transfer, axial dispersion, and intraparticle diffusion.*® Since
the presence of KGA in the eluent prevents clean GA crystalli-
zation, it is critical to collect the GA eluent before the KGA
frontal curve breaks through. Thus, for a large-scale process,
the design of the CEX process must consider the elution time
of the mass transfer zone (MTZ) between GA and KGA. This
can be modeled with the maximum loading volume (V¢ max)
equation shown below.*”

QeAc 1
Vi =—|L.—=L 2
f,max CK* ( c B MTZ ( )

In eqn (2), Cx- is the concentration of K" ion in a feed, Vyrz
is the volume of the MTZ, ¢. is the resin capacity, L. is the

This journal is © The Royal Society of Chemistry 2022
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column length, A. is the cross-sectional area, Lyrz is the
length of MTZ.

Since the conversion of KGA to GA follows a displacement
chromatography mechanism, Lyr; in eqn (2) can be theoreti-
cally predicted from its analytical solution (eqn (3)) assuming
the column is sufficiently long and the film mass transfer
effect is negligible.****

Lur = (224
M2 Ny T 15K (1

Ebuosz

. eb)ngp) (Z u 1) 1n’1 - 9’ (3)

In eqn (3), Eyp is the axial dispersion coefficient, &, is the
bed porosity, €, is the intraparticle porosity, Rj, is the radius of
resin particle, u, is the linear velocity, K. is the size exclusion
factor, D, is the intraparticle diffusion coefficient, a is the
sorbent selectivity of K" over H', and @ is the cut-off value of a
breakthrough curve.

Eqn (3) combined with eqn (2) represents the overall effect
of system and operating parameters on the elution time for
the length of MTZ (turz). For example, increasing the flowrate
(= epuoA,) or resins particle size (Rp,) leads to an increased Ly,
so that Vi, will be reduced. Thus, for scaling up a CEX
process, eqn (2) and (3) are useful to calculate the maximum
loading volume when operating conditions are changed on
large scale. This calculation is important for proper equipment
sizing and costing run in a single column mode.

Ideally, one can use multiple columns for a continuous
process such as a carousel or periodic counter-current process,
allowing full column utilization.?>*® In a continuous system,
feed loading, washing, and regeneration steps occur simul-
taneously, which increases the yield and process productivity,
generally by an order of magnitude.*’ An example of a continu-
ous CEX process for KGA conversion to GA is illustrated in
Fig. 7. Since the feed loading time is critical in the process,
eqn (2) and (3) are useful to determine the column switching
time in a continuous CEX process. Since the mass transfer
coefficients such as E}, and D, are important to calculate Lyirz,
those values were obtained from literature** and verified with
a rate model simulation (Fig. S10t). From simulation studies,
the value of D, was estimated as 5.6 x 107! cm® min™!
(Fig. S1071). In order to determine the port switching time (¢y)

Step 1 Step2 Step3 Step4
KGA Water HCI Water
v v
2
i
u . 3 2D
v v

GA

KCI

HCI

Fig. 7 Example of a continuous CEX process consisting of feed loading,
cleaning, regeneration, and washing steps.
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of the illustrated process in Fig. 7, a simple way is to set ¢, as
the calculated maximum loading time for the given flowrate,
feed concentration, and column size. Calculations that esti-
mate a full scale continuous cation exchange process’s para-
meters (including switch times and flowrates) are presented in
the ESI section S5.7

Comparison of this work to other glucarate isolation methods

In Table 4, the yields and purities of KGA and GA products
from this study are compared with other representative
methods reported in the literature. There are several different
conversion methods to produce glucarate salts from glucose
including; nitric acid oxidation,”'* microorganisms (biocataly-
sis),®° catalytic oxidation,™** and electrochemical oxidation.®
Historically, nitric acid oxidation of glucose was the first
approach developed to produce KGA but isolated crystal yields
from this method are relatively low (41-43%), as shown in
Table 4.”'® Another oxidation method is the use of chlorine
gas with a nitroxide catalyst (4-acetamido-TEMPO)** wherein
either pH adjustment or ethanol antisolvent precipitation
methods were used to recover glucarate salts. Although it
showed a high glucarate yield (70-85%, Table 4), the products
were contaminated with byproducts (e.g. chloride salts and tar-
taric acid), and the use of toxic chemicals and an expensive
catalyst limits a large-scale process.

Biocatalysis methods using engineered microorganisms
usually exhibit high glucose conversions (>99%) and selectiv-
ities to glucarate salts but suffer from lower yields (48%) and
low titers (<10 g L™").%° Due to the high selectivity of biocataly-
sis methods the resulting broth is more amenable to achieving
high recovery yield and purity in the downstream separation
train. In this work, the pH adjustment method with acetone
addition resulted in a KGA recovery yield of >99.9% at a purity
of >97.7% (Table 4). To our knowledge, this is the highest
reported recovery yield of KGA from a reaction solution.

Catalytic oxidation and electrochemical oxidation methods
have also been widely studied and achieved relatively higher
conversions (>98%), but their reported yields vary
(40-84%).**** Additionally, these methods were done at a
small scale of less than 100 mL, and the resulting glucarate
concentration in the reaction solution ranges from 1.8 to
30.8 g L™, which is lower than that of our biological approach.
It should be noted that most of the approaches, except nitric
acid or nitroxide oxidation, did not actually isolate products
but reported the recovery yields and purities of glucarate salts
or GA based on a final product concentration in solution and
therefore could not be included in Table 4 for comparison.
Furthermore, the catalytic oxidation methods were reported
for the conversion of GA from glucose under high tempera-
tures (80-100 °C) and pressures (13.2-40 bar).'®'* In these
conditions, GA was readily lactonized, but the product specia-
tion was not reported.

Due to the difficulty of isolating purified GA diacid crystals,
recovery yields and purities of the diacid have been rarely
reported. One notable approach that reported the isolation of
purified GA is the work of Armstrong et al.*™** In that work,
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Table 4 Comparison of GA synthesis and separation methods in the literature

Final Recovery Purity
Synthesis method product Separation method yield [%] [%] Ref.
E. coli fermentation KGA pH adjustment with acetone antisolvent >99.9 97.7 This work
Glucose oxidation using nitric KGA() pH adjustment 41 99.2 13
acid
Glucose oxidation using nitric KGA pH adjustment 43 N.D. 9
acid
Glucose nitroxide-mediated (1) KGA) (1) pH adjustment (1)70 (1)90.9 44
oxidation with chlorine gas (2 (2) Ethanol antisolvent (2) 85 (2) 90
NaGA(,
E. coli fermentation GA(5) IPA antisolvent crystallization with azeotropic drying 71.1 98.3 This work
Mock solution of KGA GA(5) Acetonitrile antisolvent crystallization with azeotropic 98.7 99.9 24

drying

N.D. = not determined.

acetonitrile was used to form an azeotrope with water to
recover GA from a KGA mock solution at recovery yields and
purities of 98.7% and 99.9% respectively (Table 4).>* To our
knowledge, the work reported here is the first instance of iso-
lated GA diacid crystals produced from real fermentation broth
rather than from mock solutions. Our IPA antisolvent and
azeotropic drying method recovered GA diacid crystals from
fermentation broth at recovery yields of 71.1% and a purity of
98.3%. The recovery yield and purity are lower than that
reported by Armstrong et al. but could be the result of working
with actual fermentation-derived material compared to mock
solutions. Given the high recovery yields and purities of KGA
and GA from our method using real fermentation broth, we
hypothesize that our procedure can be broadly applied to solu-
tions generated from other abiotic conversion technologies,
but with potential additional considerations due to disparate
impurities that are present in those solutions.

Conclusion

Glucaric acid is regarded as a top-value added biomass-derived
compound, however, the free acid form of GA is still not avail-
able in commercial markets due to difficulties in isolating the
free acid form. In this work, a downstream process was devel-
oped for producing and isolating pure KGA and GA crystals
from fermentation broth using GRAS solvents. In the proposed
process, antisolvent crystallization using acetone was applied
to first recover KGA from the broth at 100% recovery yields and
high purity (95.6%). To isolate pure crystalline GA, the solid
KGA was acidified via a CEX process, and then the crystalliza-
tion and isolation of GA were conducted using an IPA/water
system resulting in a GA recovery yield of 71% with 98.3%
purity. To our knowledge, this is the largest quantity of iso-
lated GA product (>2.2 g, Fig. S4f) reported to date.
Furthermore, the process modeling presented here provides a
path towards industrial scale implementation. This modeling
found the energy demand was primarily from the solvent re-
cycling processes. A heat integration process will further

1360 | Green Chem., 2022, 24,1350-1361

reduce the energy footprint of the system by an estimated
80%." Lastly, the developed separation method and the
reported physicochemical properties of GA could be useful to
the separation of other highly oxygenated acids from both
biotic and abiotic processes.
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