THE CHARACTERIZATION OF A WEAKLY BASIC CHEMISORBENT
POLYACRYLAMIDE HYDROGEL FOR ITS APPLICABILITY TO DOWNSTREAM
SUCCINIC ACID RECOVERY

by

Jonathan Christopher Alexiou

A thesis submitted to the Department of Chemical Engineering
In conformity with the requirements for
the degree of Master of Applied Science

Queen’s University
Kingston, Ontario, Canada
(March 2018)

Copyright © Jonathan Christopher Alexiou, 2018

Abstract
Commercial bioproduction of succinic acid has been stimulated by its use as a precursor
in the synthesis of commodity chemicals, and the benefits of bioproduction compared to
traditional chemical synthesis. However, inefficiencies remain in the downstream recovery of
succinic acid from fermentation medium. The use of chemically reactive sorbents (chemisorbent)
can streamline downstream succinic acid recovery, reducing costs. In this study, Poly[N,Ndimethyletheyleneacrylamide-co-Tris(2-aminoethylacrylamide)] (PMTA) was synthesized and
characterized for the downstream recovery of succinic acid. PMTA sorbs succinic acid through
acid-base reactions, sequestering it as an ammonium succinate salt. At a 0.02 dry weight (DW)
phase fraction (PF) PMTA chemisorbed 0.45 g of succinic acid from a 35 g/l solution, the
highest capacity known. PMTA was found to be stable in aqueous solution after 10 days, an
improvement over polyacrylate type chemisorbents. Complete desorption of succinic acid from
1g DW polymer was achieved with 50 ml of a 3 M KOH solution, at a 0.02 PF. Despite this
elevated concentration of KOH, the polymer retained its sorption capacity after 3 cycles of
sorption and desorption. PMTA was found to chemisorb all three acids found in succinic acid
fermentations, including formic, acetic and succinic acid, preferentially sorbing the most
concentrated acid. However, at equal molar concentrations of these acids, formic acid, having the
lowest pKa, was preferentially sorbed. PMTA has properties applicable to the downstream
recovery of succinic acid including resistance to hydrolysis, reusability, and high succinic acid
sorption capacity. Ideally, chemisorbent materials should be applied to in situ product removal
(ISPR) for the recovery of bioproducts, in real-time, as they are produced by microorganisms,
thus reducing product inhibition, and controlling bioreactor pH. PMTA was applied as an
alkaline extractant in an ISPR system. To simulate bioproduction, succinic acid was fed into a
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bioreactor; the drop in pH activated a pump directing bioreactor contents through a vessel
containing water alkalized by the presence of PMTA, and this water was displaced into the
bioreactor increasing the pH. The pH was further modulated by the sorption and sequestration of
succinic acid from the bioreactor contents pumped through the ISPR system. However, it was
found that the alkalinity of the tertiary amine functional group of PMTA was insufficient to
maintain the bioreactor pH at the set point. Future studies should investigate chemisorbents with
stronger basic functional groups for ISPR systems facilitating pH control.
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Chapter 1
Introduction
1.1 Background
Bioproduction is the use of microorganisms to convert simple substrates into valuable
chemical products. The substrates, such as glucose, can be derived from sugars, starches
or lignocellulosic waste, making bioproduction a sustainable process. The sustainability
of bioproduction makes it less wasteful and reduces its environmental impact, compared
to traditional chemical synthesis methods [Straathof, 2013, Kaur et al., 2014]. A 2004
DOE report, updated in 2010, has identified succinic acid as one of 10 bioproducts which
can be used as building blocks for the synthesis of commodity chemicals [Werpy, 2004,
Bozell and Petersen et al., 2010]. As of 2010, succinic acid has become the preferred
building block for the synthesis of commodity chemicals such as butanediol (BDO) and
gammabutyrolactone, which have global production levels of 200,000-300,000
tons/annum (t/a) [Cheng et al., 2012, Cok et al., 2013, Grand View Research, 2014].
Prior to 2010, most succinic acid was synthesized from butane derived maleic
anhydride, and was produced for a small commodity chemical market (15,000 t/a)
[McKinlay et al., 2007]. Concurrently, some succinic acid was also produced biologically
through fermentation for use in the food industry, and consequently is a well understood
process [Deshpande et al., 1994, Guettler et al., 1996, Guettler et al., 1999, McKinlay et
al., 2007, Lin et al., 2008, Cornoa-Gonzalzas et al., 2008, Li et al., 2010, Cheng et al.,
2012, Zhu et al., 2012]. At that time succinic acid production was limited by the low
yields, rates, and titers of succinic acid producing microorganisms for example
1

Actinobacillus succinogenes which produces succinic acid at a yield of 0.7 g/g, rate of 0.8
g/l/h, titer of 67.2 g/l.
In addition, inefficiencies in downstream recovery processes, combined with wasteful
and costly base addition for fermentation pH control further complicated succinic acid
production on an industrial scale [McKinlay, et al., 2007. Kurzrock and Weuster-Botz.,
2011]
Currently, industrial scale production of succinic acid has been undertaken by several
companies, including Mitsubishi Chemical, Myriant, and Bioamber [Cok et al. 2013].
The limitations of low production efficiencies by microbial producers of succinic acid
has been addressed through the development of genetically modified strains such as,
Escherichia coli and Saccharomyces cerevisiae [BioAmber, 2010, Cok et al., 2013,
López-Garzón and Straathof, 2014]. The production metrics for these proprietary strains
of succinic acid producers are unknown; nevertheless, they presumably meet the
threshold for economical industrial scale production. However, inefficiencies and high
cost of downstream separation processes are still apparent. At the completion of most
bioproduction processes, the product only represents 5 to 10% of the aqueous medium
[López-Garzón and Straathof, 2014]. Traditional industrial downstream succinic acid
recovery methods, such as liquid-liquid extraction, membrane filtration, and
electrodialysis, have recovery yields of only 60 to 85% and require expensive equipment
to separate succinic acid from clarified fermentation medium [Cok et al., 2013, LópezGarzón and Straathof, 2014]. Depending on the separation process utilized, succinic acid
recovery can represent 30 to 60% of production costs [Cok et al., 2013, Kurzrock and
Weuster-Botz., 2011, López-Garzón and Straathof, 2014].
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Consequently, developing inexpensive and simplified succinic acid recovery methods
is advantageous. Chromatography is a simple recovery method that applies clarified
succinic acid fermentation medium to a packed bed column containing a solid sorbent,
and does not require expensive equipment, such as liquid-liquid separators and
electrodialysis chambers [López-Garzón and Straathof, 2014]. Adsorbents such as silica
zeolite and absorbent materials such as the block copolymer Hytrel® 8206 have been
shown to have low capacities for succinic acid, specifically 0.01 g/g or less. [Efe et al.,
2010, Inci and Asci, 2011, Hepburn and Daugulis 2012]. However, chemically reactive
sorbent polymeric materials (described here as chemisorbents) studied have been shown
to have capacities between 0.02 g/g and 0.11g/g at a 0.1DW PF, significantly higher than
adsorptive and absorptive materials. These studies have also shown that succinic acid can
be desorbed from chemisorbents, and that these can maintain their capacity after multiple
cycles of sorption and desorption [Davison et al., 2004, Li et al., 2008, Li et al., 2009, Li
et al., 2011, Peterson et al., 2016]. The sorption mechanisms of chemisorbents
characterized to date have been described as ion exchanges, or acid-base reactions,
between functional groups contained within the polymer matrix, and aqueous carboxylic
acids. However, in most cases, functionality is simply referred to as a combination of
adsorption and absorption [Davison et al., 2004, Li et al., 2008, Li et al., 2010, Li et al.,
2011]. Peterson et al., 2016, characterized a weakly basic tertiary amine functionalized
polyacrylate type chemisorbent hydrogel for butyric acid recovery and found it to be a
superior sorbent compared to absorbent materials. This hydrogel was found to sorb 81%
of a 2.5 g/l solution of butyric acid at a 0.01 PF, to reproduce this result with an
absorptive polymer would require 1000x more material. However, polyacrylate hydrogels
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were found to be susceptible to degradation in aqueous solution, making it unsuitable for
recovery applications. Peterson et al., 2016 recommended the use of a polyacrylamide
type polymer which has been shown to be resistant to hydrolytically catalyzed
degradation [Aşçı and Hasdemir, 2008].
Although highly applicable to downstream recovery applications due to their high
acid capacity at low phase fractions, ideally, basic chemisorbent materials should be used
as extractants in ISPR applications. ISPR is the recovery of bioproducts as they are
produced by microorganisms, by cycling fermentation medium through an extractant and
back into the bioreactor [Freeman et al., 1993, Dafoe and Daugulis, 2014]. ISPR prevents
the inhibition of microbes by reducing the accumulation of toxic products, improving
bioproduction rates, yields, and titers [Meynial-Salles et al., 2008, Li et al., 2011,
Hepburn and Daugulis, 2012]. Li et al., 2011 showed that basic chemisorbents are
compatible with succinic acid ISPR processes and can also contribute to fermentation pH
control. Hydroxide ions are released from basic chemisorbents as a result of acid-base
reactions with water and aqueous carboxylic acids. By cycling the bioreactor contents
through the chemisorbent, hydroxide ions are displaced from the basic functional groups
into the bioreactor, functioning as a pH control agent, eliminating the need for costly and
wasteful base addition [Li et al., 2010, Kurzrock and Weuster-Botz, 2010, Li et al.,
2011].
1.2 Thesis Objective
The objective of this thesis was to determine the applicability of a weakly basic
tertiary amine functionalized polyacrylamide hydrogel (PMTA) to the downstream
recovery of succinic acid from fermentation medium. As previously discussed
4

chemisorbent polymeric materials have been shown to have a high capacity for succinic
acid, are reusable, and can be applied directly to unclarified medium, eliminating costly
recovery steps. PMTA was synthesized from the monomer N,N-dimethylethylene
diacrylamide and crosslinker, Tris(2-aminoethyl) triacrylamide. The polyacrylamide
hydrogel was characterized for its succinic acid capacity, sorption equilibrium, resistance
to hydrolysis, reusability, as well as affinity for medium components and the other major
biosuccinic fermentation by-products, formic, and acetic acid. Succinic acid
fermentations with Actinobacillus succinogenes 130Z were uses as a model to determine
the conditions for characterization that were applicable to downstream recovery.
PMTA was also assessed for its applicability as a pH control agent in an ISPR
system. Succinic acid was fed continuously into a bioreactor simulating acid production
by A. succinogenes. An apparatus was assembled to pump bioreactor contents through a
reservoir containing a suspension of PMTA and water. The pump was activated only
when the bioreactor pH dropped below a designated set-point of 5.8, dictated by the
minimal requirements for succinic acid production by A. succinogenes. Bioreactor pH
was monitored to determined PMTA’s ability to maintain the pH at the set point.
1.3 References
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Chapter 2
Literature Review
2.1 Bioproduction
Microbial based bioproduction is the use of microorganisms to convert substrates,
most commonly glucose, to commercial chemical products, such as amino acids, alcohols
and carboxylic acids [Jong et al., 2012]. The term microbial based bioproduction is used
to differentiate this process from plant and animal cell based bioproduction, but will be
subsequently abbreviated as bioproduction [Straathof, 2013]. The enzymes of
microorganisms function by catalyzing individual bioconversions (also known as
biotransformations) of a substrate to a product of similar structure. For example the
bioconversion of glucose to glucose-6-phosphate, which is the initiation step of
glycolysis [Straathof, 2013]. Microorganisms combine enzymatic bioconversions
intracellularly into complex anabolic pathways. These pathways are also coupled to
enable the production of compounds from chemicals with dissimilar structure, where the
products retain only a portion of the original carbon skeleton. For example a complex
array of enzymatic pathways allows for the production of the antibiotic streptomycin
from glucose by Streptomyces griseus [Hirano et al. 2008, Straathof, 2013]. The term
biocatalyst can refer to either whole microbial cells or free enzymes [Faber et al., 2011].
However, for the purposes of this review, biocatalyst will refer to whole microbial cells.
Fermentations are a subset of bioproductions and are, strictly speaking, conducted only
under anaerobic conditions, which limit the number of functional pathways available to
the microorganism, and subsequently forces the production of specific bioproducts. Some
common fermentation end products include ethanol, butanol, citric acid, lactic acid, and
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succinic acid [Najanpour et al., 2015]. Bioproduction is typically conducted with a
bioreactor which operates via an aqueous medium that contains the biocatalyst,
substrates, essential nutrients and ultimately, the target product [Straathof, 2013].
Bioproduction has benefits over traditional chemical synthesis, primarily being a process
that utilizes renewable feedstocks, and which generates less waste than traditional
chemical processes [Straathof, 2013]. Biocatalysts are self-renewing as is plant biomassderived glucose feedstock. Biomass feedstocks can also be sourced from agriculture
waste, food processing, municipal waste, and forestry residues [Kaur et al., 2014]. Hence,
not only are feedstocks for bioproduction renewable, they also may be low-cost waste
products.
The effectiveness of a particular bioproduction process is measured by three
criteria: product titer or the final concentration of a bioproduct, volumetric rate or the
concentration increase of product per unit time, and yield or the ratio of product
formation per mass of substrate consumed [Rader and Langer, 2015]. Bioproduction
applications can be categorized into four main classes: fine or specialty chemicals,
biofuels, biopolymers, and bulk commodity chemicals [Drepper et al., 2005]. Fine
chemicals are typically high value products synthesized in relatively small quantities for a
select market, some examples of which are antibiotics such as streptomycin produced by
bacteria of the genus Actinomyces, and enzymes such as protease (an active ingredient in
most detergents) which functions by catalyzing the hydrolysis of proteins [Gomes and
Menawat, 1998, Olsen and Falholt, 1998]. Biofuels are low-value bulk products such as
bioethanol. Bioethanol is most well-known as a fermentation by-product found in
alcoholic beverages, but it is also produced industrially by the yeast Saccharomyces
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cerevisiae for use as an oxygenate additive in petroleum derived gasoline. In 2014 the
United States had 213 bioethanol production facilities generating 55,172 x 10 6 l of
bioethanol and in Canada 15 plants produced 1,800 x 106 l annually [Renewable Fuel
Association, 2016]. Biopolymers are a relatively new application of bioproduction, and
are natural macromolecules produced directly by microorganisms, including
polysaccharides or chains of monosaccharides such as glucose, fructose, and galactose
[Chaabouni et al., 2014]. Polysaccharides have properties such as biodegradability that
are desirable for some polymer applications, for example food packaging [Chaabouni et
al., 2014]. The constituent monomers of some polymers are also common bioproducts.
For example lactic acid is commonly used to synthesize polylactic acid which has
applications in the manufacturing of textiles and packing materials [Chaabouni et al.,
2014].
Bioproduction is also applicable to bulk commodity chemicals, which are defined
as any chemical production synthesizing over 20,000 t/a [Straathof, 2013]. Some
examples of commodity chemicals are carboxylic acid such as citric, lactic, and itaconic
acids and the amino acid glutamic acid. Approximately 1.7 million tons of citric acid are
produced per year, solely through bioproduction with the fungus Aspergillus niger in
fermentations [Dhillon et al., 2011]. Approximately 70% of the annual citric acid
produced is utilized in food and beverage production. Citric acid also has industrial
applications as a buffering agent, pH titrant, and as a chelating agent [Dhillon et al.,
2011]. Lactic acid production by fermentation is approximately 370,000 t/a and is
primarily utilized in animal feeds and food preparation. 80,000 t of itaconic acid are
produced via fermentations each year by Aspergillus itaconicus and Aspergillus terreus,
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for applications as a precursor molecule in the synthesis of polymers and esterification
with alcohols [Straathof, 2013].
A 2004 United States Department of Energy (DOE) report, updated in 2010, has
identified 10 building block chemicals that are recommended for bulk bioproduction.
These chemicals have been selected based on their multiple functional groups that
possess the potential to be transformed into new families of useful molecules, hence the
term building block chemicals. The derivatives of these building block chemicals are
currently in high demand, with annual global production levels in the hundreds of
thousands of kilograms. Considering the lower cost of bioproduction compared to
chemical synthesis there is a monetary incentive for a biological production pathway. 1,4diacids such as succinic, formic and malic acids are examples of these building block
chemicals and have recently seen a substantial increase in bioproduction, particularly
succinic acid. As described in the following section worldwide bioproduction of succinic
acid has drastically increased from 15,000 t/a in 2008 to 47,000 t/a in 2014 and continues
to grow, incentivized by the aforementioned benefits of bioproduction and its use as a
platform for the production of other bulk commodity chemicals [Chaabouni et al., 2014,
Delhomme et al., 2008, Bozell and Petersen, 2010. Werby and Petersen, 2004].
2.2 Succinic Acid: Properties and Applications

Figure 2.1: The chemical structure of succinic acid
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Succinic acid is a dicarboxylic acid, and its chemical structure is shown in Figure
2.1. Succinic acid has pKas of 4.2 and 5.6, a colorless or white crystalline appearance,
and additional properties are shown in Table 2.1 [Deshpande et al., 1994]. Prior to 2010,
succinic acid and its conjugate salts were produced in relatively small quantities, less than
15,000 t/a, as specialty chemicals for applications in the pharmaceutical and food
industries [McKinlay et al., 2007]. In the pharmaceutical industry succinic acid is used
directly as the active ingredient of pharmaceuticals such as tocopherole. Hydrocortisone
is synthesised as the salt hydrocortisone succinate [Cukalovic and Stevens, 2008]. Some
derivatives of succinic acid are used specifically as pharmaceuticals, for example succinic
acid monoethly esters are used as insulinotropic agents to treat diabetes, and 2,3dimercaptosuccinic acid is a chelator used to treat heavy metal poisoning [Fournier et al.,
1988, Ladrière et al., 1998, Cukalovic and Stevens, 2008, Cao et al., 2013]. In the food
industry succinic acid is designated Generally Recognized As Safe, and is approved for
use as a general purpose food additive by the United States Food and Drug
Administration; it is most commonly used for pH control and as a flavoring agent in
beverages [Deshpande et al., 1994]. In addition, succinic acid salts are directly used as a
deicer, and growth stimulators in plant and animal feeds [Zeikus et al., 1999, Cukalovic
and Stevens, 2008, Cheng et al., 2012, Cao et al., 2013].
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Table 2.1: Properties of succinic acid [Deshpande et al., 1994]
CAS Registry Number

110-15-6

Chemical Name

1,4 butanedioic acid

Molecular formula

C4H6O4

Molecular Weight

118.09 g/mol

Taste

Bitter in aqueous solution/Acidic.

Melting Point

185-190 °C

Boiling Point

235 °C

Specific Gravity

1.56g/cm3

pKa1

4.16

pKa2

5.61

Solubility in Water (25° C)

86g/l

Toxicity (LD50)

2260 mg/kg [Rat]

Appearance

White Crystalline Powder

Figure 2.2: Map of the chemicals that can be produced from succinic acid as a C 4
building block and their applications as specialty and bulk commodity chemicals.
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As previously mentioned, when produced in bulk succinic acid is highly
applicable as a building block molecule for the synthesis of commodity chemicals
[Werpy and Petersen, 2004, Cukalovic and Stevens, 2008, Cheng et al., 2012, Cao et al.,
2013,]. As shown in Figure 2.2, succinic acid can be used as a precursor in the synthesis
of chemicals such as 1,4-butanediol (BDO), tetrahydrofuran (THF), gammabutyrolactone
( GBL), and 2-pyrrolidinone (2-PYR) [Zeikus et al., 1999, McKinlay et al., 2007,
Cukalovic and Stevens]. These derivatives have applications as commodity chemicals,
for example, GBL, THF and 2-PYR are used as solvents [Zeikus et al., 1999, Cukalovic
and Stevens, 2008, Biddy et al., 2016]. THF is the precursor in the synthesis of urethane
elastomers, polyurethane fibers (spandex), and is also used in the production of adhesives
[Zeikus et al., 1999, McKinlay et al., 2007, Biddy et al., 2016]. BDO is the raw material
for the production of polybutylene terephthalate, a thermoplastic that can be injection
molded for various applications [Biddy et al., 2016]. In addition maleic anhydride (the
current chemical precursor for succinic acid), can also be produced from succinic acid,
replacing the primary production path of maleic anhydride from butane. Maleic
anhydride is a commodity chemical used in the synthesis of copolymers and resins and is
the precursor for maleic and fumaric acids, which have applications in paper
manufacturing and the food industry. [Karas and Piel, 2000, Cukalovic and Stevens,
2008]. This summary of the applications of succinic acid as a building block is by no
means exhaustive, however it does show that its derivatives have extensive uses ranging
from polymer synthesis to pharmaceutical and food production.
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2.3 Succinic Acid Production
For its smaller specialty chemical market succinic acid has been produced from
chemical precursors derived from petroleum, principally maleic anhydride. Maleic
anhydride is produced from n-butane via oxidation or hydrogenation reactions [Felthouse
et al. 2001]. Alternatively, succinic acid is produced through the fermentation of sugars
(mainly glucose), derived from complex carbohydrates (e.g. starch, and cellulose) [Cao et
al., 2013, McKinlay et al., 2007]. A simplified reductive tricarboxylic acid cycle, succinic
acid production pathway is shown in Figure 2.3. Under CO2 limiting conditions succinic
acid is still produced but can reach a maximum yield of only 1.71 mol/mol (glucose).
When glycolysis is not the only source of reduction equivalents (i.e. an H 2 source is
present) and CO2 is abundant, the maximum yield increases to 2 mol/mol [Rabb and
Lang, 2011, McKinlay et al., 2007]. In most aerobic microbes, succinic acid in the TCA
cycle is a transient molecule, as upon its formation it is immediately converted to
formate, continuing on in the cycle. Furthermore, in many aerobes such as S. cerevisiae,
the TCA cycle bioconversions take place in the mitochondria complicating product
recovery [Cao et al., 2013]. Attempts have been made to utilize the cytosolic glyoxylate
cycle in S. cerevisiae to produce succinic acid; however the maximum theoretical yield is
only 1 mol/mol (glucose) [Rabb and Lang, 2011, McKinlay et al., 2007]. Hence aerobic
bioproduction of succinic acid is not applicable and only fermentive production is
considered further.
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Figure 2.3: Simplified map of the reductive TCA cycle diagram, indicating energy
production (ATP) and acids end products (formic, acetic, and succinic acid).
Prior to 2010, as a specialty use commodity chemical global succinic production
was a modest 15,000 t/a [Mckinlay et al., 2007]. From 2010 to 2014, the global
production volume of succinic acid has more than doubled to 47,000 t/a. Market
speculators anticipate that, by 2020, succinic acid production will increase dramatically
to 500,000 t/a [Cheng et al., 2012, Grand View Research, 2016]. The anticipated upsurge
in succinic acid production can be attributed to its future demand as a building block
molecule, and although these projections are speculative, they are not necessarily
unrealistic when considering that the global production of succinic acid derivatives are
already substantial [Cheng et al., 2012, Cok et al., 2013, Grand View Research, 2014].
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For example, global production of BDO is estimated to be 2,000,000 t/a, at least 100,000
t/a of gammabutyrolactone was produced worldwide in 2014; and global THF production
is approximately 200,000 t/a [Beardsley and Harris, 2014, Biddy et al., 2016]. In terms
of revenue, it is estimated that, when produced in bulk for its chemical derivatives, the
succinic acid market could be worth more than $500 million USD [Cao et al., 2013]. The
production increase can also be attributed to the recent construction of succinic acid
production facilities in anticipation of its establishment as a building block chemical. In
2009, BioAmber established a pilot-scale succinic acid plant in Pomacle, France. From
this plant, BioAmber sold 65 t and 162 t of succinic acid in 2011 and 2012, respectively
[BioAmber, 2012, Cok et al., 2013]. In a joint venture BioAmber and Mitsubishi began
operations at their succinic acid production plant in Sarnia, Ontario in 2014. The plant is
reputed to have a maximum succinic acid production capacity of 30,000 t/a [BioAmber,
2012]. BioAmber and Mitsubishi are currently constructing even larger succinic acid
plants in the United States, Thailand, and Brazil [Cok et al., 2013, Cheng et al., 2012].
Recently constructed and future succinic acid production facilities are outlined in Table
2.2 [Cok et al., 2013]. These new production facilities are a strong indicator of the
imminent market shift to succinic acid based chemical production. Although speculation
abounds about the fate of the succinic acid market, it is clear that its use as a renewable
chemical building block for bulk production will ultimately depend on the future
production cost of fermentive succinic acid compared to n-butane derived maleic
anhydride.
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2.4 Microbial Producers of Succinic Acid
Some facultative anaerobic and obligate anaerobic bacteria produce and secrete
succinic acid as a fermentation end product. For instance the rumen bacteria
Actinobacillus succinogenes, Fibrobacter succinogenes, and Mannheimia
succiniciproducens, are all well-known succinic acid producers [Datta et al., 1992,
Guettler et al., 1996, Song and Lee, 2006, Li et al., 2010]. These organisms are acid
tolerant and osmotolerant, an adaptation to the hypertonic environment of the rumen. All
three organisms have been shown to metabolize sugars derived from the hydrolysates of
agricultural wastes such as wood, orange peel, and straw, which is advantageous for
environmentally-sustainable industrial succinic acid, production [Cheng et al., 2012].
Other bacteria are also known to produce succinic acid, such as Corynebacterium
glutamicum and Anaerobiospirillum succiniciproducens. Titers, production rates and
yields of succinic acid from these organisms are shown in Table 2.3.
Microbes other than bacteria also produce succinic acid, such as some species of
the fungal genera Aspergillus and Penicillium [Bercovitz, et al., 1990, Gallmetzer., 2002].
As described previously, many fungi species such as Aspergillus niger produce succinic
acid in their mitochondria, and to recover the acid it must pass through both the
mitochondrial and outer cell membrane which reduces production, making most fungi
species unsuitable for succinic acid production [Bercovitz et al., 1990, Cao et al., 2013].
Even fungi that do exude succinic acid have low production titers, which are also
outlined in Table 2.3.
A genetically modified proprietary strain of S. cerevisiae is currently utilized to
produce succinic acid industrially [BioAmber, 2010]. This strain is acid tolerant
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facilitating growth at low pH, which aids in product extraction, and the minimization of
bioreactor contamination [BioAmber, 2010, Yan et al., 2014]. A recent investigation
showed that genetic modification can increase the ability of S. cerevisiae to produce
succinic acid to only a modest titer of 12.97 g/l (Table 2.3) [Yan et al., 2014].
Consequently, succinic acid production with S. cerevisiae is assumed to be higher to
achieve industrial feasibility; however the production limits of proprietary strains are
unknown. Genetically modify bacteria have also been shown to produce succinic acid at
high yields, titers and production rates [Okino et al., 2008]. The deletion of genes
encoding enzymes for competitive pathways, such as lactate dehydrogenase, and the
overexpression of succinic acid production enzymes such as pyruvate carboxylase has
been shown to increase succinic acid production [Okino et al., 2008]. Some examples
include recombinant Escherichia coli, M. succiniciproducens, and C. glutamicum;
succinic acid production with these modified strains is outlined in Table 2.3 [Vemuri et
al., 2002, Lee et al., 2006, Okino et al., 2008].

21

Table 2.2: Microbial succinic acid producers
Titer (g/l)
Natural Producers
Rumen Bacteria
A. succinogenes
F. succinogenes
M. succiniciproducens
Other Bacteria
A. succiniciproducens
C. glutamicum
Fungi
P. simplicissimum
A. flavus
Genetically Modified
Producers
C. glutamicum; ΔldhApCRA717
M. succiniciproducens;
ldhA::KmR, pflB::CmR,
pta- ackA::SpR
S. cerevisiae; ∆fum1, ∆gpd,
∆pdc1, ∆pdc5, ∆pdc6,
pRS313CF
E.coli AFP111/pTrc99Apyc; ΔpflAB::CmR, ldhA::
KmR, ptsG−, pyc+

Rate
(g/l/h)

Yield
(g/g)

Reference

67.2
1.55
14

0.8
0.022
1.87

0.7 Guettler et al.,1996
0.05 Li et al., 2010
0.7 Lee et al., 2002

50.3
23

2.1
3.8

0.9 Datta et al., 1992
0.19 Okino et al., 2005

23.6

0.07

N/G

13

0.1

146

3.17

52.4

3

12.97

0.11

99.2

1.3

Gallmetzer et al.,
2002
N/G Bercovitz et al.,
1990

0.92 Okino et al., 2008
0.76

Lee et al., 2006

0.12 Yan et al., 2014

1.1 Vemuri et al., 2002

Abbrevations: ldh, lactate dehydrogenase; KmR, kanamycin resistance; CmR, chloramphenicol resistance; pfl pyruvate
formatelyase; pdc, pyruvate decarboxylase; gpd, glycerol-phosphate dehydrogenase; ptsG, Glucose phosphotransferase
system; fum, fumarase: pyc, pyruvate carboxylase; (-) reduced expression, (+) increased expression.

2.5 Succinic Acid Fermentation with A. succinogenes
A. succinogenes is a gram negative, rod-shaped, non-motile, facultative anaerobe,
which stands out amongst the natural producers of succinic acid as an easily culturable,
well characterized microbe that has been shown to consistently produce large titers of
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succinic acid at high rates and yields, as shown in Table 2.3 [Guettler et al., 1996,
Guettler et al., 1999, Song and Lee., 2006, Corona-Gonzalez et al., 2008, CoronaGonzalez et al., 2010, Cheng et al., 2012]. A. succinogenes, unlike other succinic acid
producing bacteria (such as A. succinioproducens) is categorized as a biohazard level 1
organism and can be easily obtained and cultured on a laboratory scale. A. succinogenes
fulfills its biological role in the rumen by fermenting sugars present from the breakdown
of cellulose by other microorganisms. Accordingly, succinic acid fermentations with A.
succinogenes are effective at utilizing various lignocellulose derived carbohydrates as
carbon sources, such as xylose, arabinose, and cellobiose [Yu et al., 2010, Zheng et al.,
2010, Jiang et al., 2013, Carvalho et al., 2014]. A. succinogenes produces three major
acids during fermentation: succinic, acetic, and formic acids. Formic and acetic acids
titers are much smaller than succinic acid, reaching concentration of only 6-7.5 g/l
[McKinlay et al., 2005, Cornoa-Gonzalzas et al., 2008]. Several strains of A.
succinogenes have been isolated and characterized including strains 130Z American Type
Culture Collection (ATCC) No. 55618, and the mutant strain FZ53 [Guettler et al., 1996,
Guettler et al., 1999]. At least three different strains are stored at the Chinese General
Culture Collection (CGMCC), including NJ113 CGMCC No. 1716, BE-1 CGMCC
No.2650, and CGMCC No. 1593 [Liu et al., 2008a, Zheng et al., 2012, Jiang et al., 2014,
Cheng et al., 2012]. A. succinogenes strains have similar nutrient requirements, producing
succinic acid in similar quantities, as shown in Table 2.3, and were all isolated from
bovine rumen. Guettler et al., (1996) isolated strain 130Z at the Michigan Biotechnology
Institute in Lansing. Guettler also developed the FZ53 strain through directed metabolic
evolution of 130Z via growth on fluoroacetate. The strain was observed to produce
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succinic acid in excess of 100 g/L [Guettler et al., 1996, Guettler et al., 1999]. Strain
CGMCC No. 2650 was isolated at Chongqing University in China. Strain CGMCC No.
1716 and 1593 were isolated at the Southern Yangtze University in China [Liu et al.,
2008a, Jiang et al., 2014, Cheng et al., 2012].
Table 2.3: Succinic acid production from A. succinogenes strains
A.
succinogenes
Strain
130Z
ATCC
No. 55618

FZ53
NJ113
CGMCC
No. 1716

Culturing
conditions

Carbon
source

Titer
(g/l)

Rate Yield
(g/l/h) (g/g)

Batch

Glucose

40

1.42

0.72

Batch

Glucose

47.6

0.6

1.48

Batch

Glucose

51.9

0.62

1.1

Batch

Glucose

33.8

1.35

0.62

Batch Jerusalem
Artichoke
Batch
Glucose

47.9

0.62

0.83

105.8

1.36

0.83

Fed Batch

Sucrose

60.5

2.15

0.83

Batch

Cellobios
e
Glucose

20

0.61

0.65

51.6

1.52

0.76

Batch
BE-1
CGMCC
No.2650

Anaerobic
Bottles

Glucose

18.8

1.57

0.62

CGMCC
No. 1593

Fed Batch

Glucose

60.2

1.3

0.75

Batch

Cane
Molasses

50.6

0.84

0.79
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Reference

Hepburn
and
Daugulis,
2012
Lin et al.,
2008
Zhu et al.,
2012
CornoaGonzalzas
et al., 2008
Gunnarsson
et al., 2014
Guettler et
al., 1999
Jiang et al.,
2014
Jiang et al.,
2013
Xi et al.,
2011
Zheng et al.,
2012

Liu et al.,
2008
Liu et al.,
2008a

A. succinogenes 130Z is not the most efficient producer of succinic acid,
compared to genetically-modified strains, as previously discussed. Nevertheless it is
described extensively in the literature, attainability (in North America), and ease of
culturing make it an ideal model microorganism for studying the downstream recovery of
succinic acid from batch fermentations. To optimize the production of succinic acid from
A. succinogenes 130Z, key culturing conditions must be considered including: glucose
concentration, micronutrient supply, reduction potential of the medium, pH control
methods, and CO2 availability [Cornoa-Gonzalzas et al., 2008, McKinlay et al., 2008, Lin
et al., 2008, Li et al., 2010b, Zhu et al., 2012]. A. succinogenes, being osmotolerant has
been reported to grow with glucose concentration at upwards of 150 g/L [Zhu et al.,
2012]. However, succinic acid yields and production rates decrease with initial glucose
concentrations greater than 70 g/L due to an increase in carbon flux to biomass
production and an increased lag phase [Cornoa-Gonzalzas et al., 2008, Zhu et al., 2012].
For example, a study conducted by Zhu, (2012) showed a lag phase of 5 h can be reduced
to 3h with a change in initial glucose concentration from 100 to 70 g/L, which resulted in
the maximal yield of the study (1.2 g/g) and a negligible reduction in succinic acid titer.
Similar results have been obtained in studies conducted by McKinlay, (2008) and
Cornoa-Gonzalzas, (2008). The overall consensus amongst these studies shows optimal
succinic acid production with an initial glucose concentration of 50 – 60 g/l. Yeast extract
is a source of nitrogen, micronutrients, enzymes and enzyme co-factors for A.
succinogenes and is a critical components in succinic acid fermentations, hence moderate
to large amounts of yeast extract are found in all succinic acid fermentation media
formulations [McKinlay al., 2008, Cornoa-Gonzalzas et al., 2008, Zhu et al., 2012].
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Micronutrients and trace elements, such as biotin and Ni respectively, were thought to be
essential to A. succinogenes growth, however more recent media optimization studies
have shown that complex mineral and micronutrient mixes are not necessary and are
subsequently omitted [Lin et al., 2008, Cornoa-Gonzalzas et al., 2008, Zhu et al., 2012].
The optimal pH for succinic acid production with A. succinogenes is in that range of 6 7.2, acid production and cell growth are impacted below a pH of 5.7, and stop at a pH of
5.5 [Liu et al., 2008]. Studies conducted by McKinlay et al., (2005), Cornoa-Gonzalzas et
al. (2008), and Zhu et al., (2012) agree that MgCO3 is the best buffering agent, and
provides a source of CO2 for the succinic acid production pathway. Understanding the
medium components and growth conditions of A. succinogenes 130Z, discussed in this
section, is crucial in accurately assessing downstream recovery methods of succinic acid.
The interactions and incorporation of recovery methods into succinic acid fermentations
is discussed in Section 2.6.
2.6 Succinic acid Recovery from Fermentations
2.6.1 Downstream Succinic acid Recovery Methods

Product recovery from fermentation medium is traditionally a downstream
process, taking place outside of the bioreactor [Cheng et al., 2012a, López-Garzón and
Straathof, 2014]. In addition to the target product, the medium of completed succinic acid
fermentations contain impurities including, other carboxylic acid by-products, proteins,
sugars, salts, whole microbial cells, and cellular debris. Accordingly, traditional succinic
acid recovery begins with the separation of cells and large contaminants from the
medium, a process known as clarification [López-Garzón and Straathof, 2014]. Current
industrial succinic acid fermentations contain 5-10% succinic acid and must be processed
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further to recover the succinic acid from the aqueous phase, a process also known as
primary recovery [Cheng et al., 2012a, López-Garzón and Straathof, 2014]. Traditional
succinic acid primary recovery methods include precipitation, electrodialysis, filtration,
direct crystallization, liquid-liquid reactive extraction systems, and chromatography
utilizing sorbent resins. [Yang et al., 1991, Datta et al., 1999, Hong and Hong 2000,
Yedure et al., 2001, Davison et al., 2004, Li et al., 2008, Li et al., 2009, Li et al., 2010a,
Cheng et al., 2012a, López-Garzón and Straathof, 2014]. The succinic acid recovered
may also be subject to additional polishing to remove any remaining contaminants;
generally this is done through ion exchange chromatography. In the final product
recovery step known as formulation, the pure succinic acid is modified for a particular
application, or for shipping and storage; this step most commonly takes the form of a
crystallization process [Cheng et al., 2012a, López-Garzón and Straathof, 2014].
Precipitative recovery from fermentation uses bases such as calcium oxide, to
precipitate succinic acid as a succinate salt. Datta et al., (1999) patented a process by
which succinic acid is recovered through precipitation. Datta applied calcium oxide
during a succinic acid fermentation, which also functioned as a pH control agent. The
calcium oxide forms a mixture of precipitated carboxylic acid end products, including
calcium succinate, which are removed via filtration. To remove the calcium ion, sulfuric
acid is added to the filtrate which generates succinic acid and calcium sulfate (gypsum).
The precipitated gypsum is separated from the succinic acid via filtration. The succinic
acid solution is polished via a strong cation and weak anionic exchangers to remove
additional anionic and cationic contaminants, such as other retained carboxylic acids,
sulfur, and nitrogenous compounds. Precipitative recovery has been shown to produce
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90% pure succinic acid prior to ion exchange polishing, with an 85% recovery yield
[Datta et al., 1999]. Other than a low recovery yield of succinic acid when compared to
other methods shown in table 2.5, a major disadvantage of precipitative recovery is the
cost associated with the consumption of large amounts of calcium oxide and sulfuric acid
[Kurzrock and Weuster-Botz, 2010]. In addition the gypsum produced is a low value
product, used in the manufacture of white board materials. In some cases, the
discoloration and smell of fermentative gypsum may require additional processing for
white board manufacturing, adding additional cost [Hermann and Patel, 2007, Kurzrock
and Weuster-Botz, 2010]. In an attempt to eliminate gypsum as a by-product, Yadur 2001
patented a method for precipitating succinic acid as a diammonium succinate salt. In this
process, succinic acid fermentation pH is maintained via the application of ammonium
hydroxide and sparging with ammonia gas. The recovered diammonium succinate is
treated with ammonium bisulfate forming succinic acid and ammonium sulfate. The
ammonium sulfate can be thermally cracked at 300 °C producing ammonia gas and
ammonium bisulfate, which may be reused in the process. The succinic acid is recovered
via methanol evaporation, forming succinic acid crystals at a recovery yield of 93.3%.
This version of precipitative recovery does not produce a waste byproduct such as
gypsum, however the additional energy used to crack the ammonium sulfate would incur
additional cost. Furthermore, Yadur does not specify the purity of the succinic acid
product obtained, possibly indicating that the process may have a low selectivity for
succinic acid over the other acid end product, formic and acetic acid. Hence the final
filtrates of precipitative recovery require ion exchange polishing to achieve the high
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purity succinic acid product needed for downstream applications as a building block
chemical [Kurzrock and Weuster-Botz, 2010, Cheng et al., 2012a].
Electrodialysis has been investigated as a primary succinic acid recovery method
[Glassner et al., 1992]. In the first stage of electrodialysis, unclarified succinic acid
fermentation broth is applied to a series of charged membranes that permit the passage of
only ionic species [Glassner et al., 1992, Kurzrock and Weuster-Botz, 2010]. This
produces a stream of mixed anionic and cationic species, including succinate. The
succinate will associate with cations in the stream, forming a succinate salt, which is
passed over sodium ion-exchange columns, producing sodium succinate. To produce
succinic acid, the sodium succinate is then subjected to bipolar membrane water-splitting
electrodialysis [Glassner et al., 1992]. The sodium succinate is separated into sodium and
succinate ions via electrical attraction to the cathode and anode of the water-splitting
electrodialysis chamber. The electrolysis of water molecules within the chamber
produces hydrogen and hydroxide ions that associate with the succinate and sodium
respectively. This results in the elution of succinic acid at the anode and sodium
hydroxide at the cathode of the chamber. The sodium hydroxide can be recycled back to
the fermenter for pH control. The succinic acid stream still contains ionic contaminants
and must be polished by cationic and anionic exchangers. Succinic acid recovery by
electrodialysis has been shown to produce a 93% pure product with a 60% recovery yield
[Kurzrock and Weuster-Botz, 2010]. The benefit of succinic acid recovery by
electrodialysis is its minimal waste by products. However, the added cost of
electrodialysis membranes is exacerbated by their periodic need for replacement due to
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fouling, the additional electrical energy required, and the low recovery yield makes this
process economically unfeasible [Cheng et al., 2012a].
Membrane filtration utilizes microfiltration, ultrafiltration, and nanofiltration to
separate succinic acid (118.09 Da) from fermentation broth based on molecular weight.
Microfiltration retains contaminants larger than 0.1- 0.2 µm, ultrafiltration retains
proteins and other contaminants larger than 5000- 15000 Da, and nanofiltration retains
unused carbon sources and other compounds larger than 130-150 Da [Wu et al., 2011,
Cheng et al., 2012a]. By filtering succinic acid fermentation broth through this series of
membranes a concentrated succinic acid solution is obtained. Additional polishing via
crystallization and ion exchange is needed to remove compounds with a lower molecular
weight than succinic acid. The crystallization process is partially selective for succinic
acid based on the differences in the solubility between succinic acid and contaminating
ions. The temperature of the concentrate is lowered to 4 °C and acidified to a pH of 2, at
which the solubility of succinic acid is lower than 3%, but ionic contaminants are left in
solution [Li et al., 2010a]. Similarly, a process known as direct crystallization has been
investigated as a primary recovery method for succinic acid, with the addition of a
distillation process prior to crystallization. However, direct crystallization produces a low
purity (90%) succinic acid product, insufficient for commercial applications [Kurzrock
and Weuster-Botz, 2010, Cheng et al., 2012a]. When direct crystallization is combined
with membrane filtration and ion exchange polishing, a 75% recovery yield of a 99.499.6% succinic acid product can be achieved [Wu et al., 2011]. The disadvantages of
membrane filtration are similar to those of electrodialysis, mainly the expense of
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Nanofiltration membranes, and the need to replace membranes when they become fouled
[Cheng et al., 2012a, Dafoe and Daugulis et al., 2014].
Liquid-liquid reactive extraction is a common technique which has been
experimentally applied to succinic acid recovery [Hong and Hong, 2000, Hong and
Hong, 2000a, Hong and Hong, 2005, Huh et al., 2006, Song et al., 2007, Kurzrock and
Weuster-Botz, 2011]. Liquid-liquid extraction systems utilize functionalized monomers
(extractants), which are commonly amine based adsorbents functioning as weak or strong
anion exchangers. The extractant is dissolved in organic hydrophobic solvents such as
alkanes, alcohols or halogenated hydrocarbons. Some pairings researched for succinic
acid recovery include tripropyl and trioctylamine dissolved in heptane, trioctyl amine in
oleyl alcohol, dihexylamine in 1-hexanol, and di-isooctylamine in 1-octanol [Hong and
Hong, 2000, Kurzrock and Weuster-Botz, 2010, Kurzrock and Weuster-Botz, 2011,
López-Garzón and Straathof, 2014]. Liquid-liquid reactive extraction systems operate in
three stages 1) extraction (absorption), 2) back extraction (desorption), and 3)
regeneration as shown in Figure 2.4 [López-Garzón and Straathof, 2014].
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Figure 2.4: Diagram showing the liquid-liquid reactive extraction process.

The process begins with mixing of unclarified fermentation broth with an
extractant/diluent pair. The extractant remains in the organic phase taking up ionic
species from the aqueous phase (including succinic acid) via sorption. The sorption
mechanisms depend on the type of extractant used, such as adsorption and absorption
with the most common being ion exchange chemisorption [Kurzrock and Weuster-Botz,
2011]. A liquid-liquid separator is used to remove the organic phase from the aqueous
phase (depleted of succinic acid) which is recycled as feed for additional fermentation or
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is removed as waste. The organic phase containing the chemisorbed product is mixed
with a strong base or acid eluting succinate or succinic acid respectively. If a strong acid
is used in the desorption stage, the reactive sites of the extractants must be regenerated
with a strong base. The regenerated extractant can then be reused in the process with a
new batch of fermentation broth [López-Garzón and Straathof, 2014]. The choice of
extractant/diluent pairs is critical as it affects the tendency of the partially miscible
extractant-succinic acid complex to dissolve back into the aqueous phase, causing loss of
product and extractant, and/or product contamination during the extraction and
desorption stages respectively [Kurzrock and Weuster-Botz, 2010]. Extractant monomers
can also aggregate to form an unreactive and undesirable third phase. Consequently, the
solvating power of the diluent to the extractant/extractant-succinic acid complex is
critical and, in some cases, modifiers such as 1- dodecane and 1-octanol are added to
increase it [Kurzrock and Weuster-Botz, 2010]. Kurzrock and Weuster-Botz, (2011)
investigated liquid-liquid extraction systems to recover succinic acid using trihexylamine
in 1-octanol, di- isooctylamine in 1-hexanol and dihexylamine in 1-octanol. The diisoocytlamine and dihecylamine systems showed a recovery yield of 84%. The
trihexylamine system showed a recovery yield of 93.5%. However, the purity of the
succinic acid product was not discussed, and it can be assumed that further polishing via
ion exchange would be needed to eliminate contaminating ionic compounds also found in
fermentation broth. Although shown to produce high succinic acid recovery, liquidliquid extraction systems require high cost separators and mixers systems. Also the
reusability of the extractants is limited due to aggregate formation and the contamination
of succinic acid product with functionalized amine-based monomer [Kurzrock and
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Weuster-Botz, 2010, López-Garzón and Straathof, 2014]. Furthermore the effectiveness
of the anionic exchange chemisorption mechanism is highly dependent on the pH of the
two phase system and the pKa of the target acid.
Chromatographic methods have also been proposed for the primary recovery of
succinic acid. Chromatographic recovery begins with clarified succinic acid fermentation
broth applied to an ex-situ packed bed column containing a sorbent [Li et al., 2011,
Chang et al., 2012a]. Sorbents can function via chemisorbent reactive materials, such as
ion exchange resins, non-reactive adsorbents, such as silica and activated carbon, or
absorptive substances, such as the block copolymer Hytrel® 8206 [Cheng et al., 2012a,
Efe et al., 2010, Inci and Asci, 2011, Hepburn and Daugulis et al., 2012]. Test conducted
on silica zeolite and alumina are not selectivity for succinate salts in unclarified
fermentation broth, and higher selective for minor acid end products such as pyruvic acid
[Efe et al., 2010, Inci and Asci, 2011, Chang et al., 2012a]. Consequently, adsorbent
materials are not further considered. Absorbent polymers function via a partitioning
effect, by which succinic acid preferentially diffuses from the aqueous phase into the
polymer due to hydrophobic interactions between the NAP and the target product.
Investigations into absorptive succinic acid recovery have been primarily focused on
applications in ISPR systems, which are discussed in Section 2.6.2.
Chemisorbent materials function via reactive sites held within a microporous gel,
or polymeric based matrix. The sites bind with succinic acid through ion exchanges, acidbase reactions, or hydrogen bonding [López-Garzón and Straathof, 2014, Li et al., 2009,
Peterson et al., 2014]. The chemisorbent reactions are dependent on the ionic state of the
succinic acid (protonated/deprotonated), and the chemical makeup of the reactive sites
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[Li et al., 2009, Li et al 2008, López-Garzón and Straathof, 2014]. Chemisorbent
materials are categorized based on acidity and charge, and can be strong basic anionic
exchangers, weak acidic cationic exchangers, or weak basic anionic exchangers [LópezGarzón and Straathof, 2014]. However weak acidic cationic exchangers can only perform
ion exchange with positively charged species, extracting contaminating cations, such as
hydrogen ions bound to a material exchanged with ammonium from a succinate slat,
forming aqueous succinic acid, which is eluted, and not retained, or recovered [LópezGarzón and Straathof, 2014]. Accordingly, cationic exchangers are not further
considered. The capacities and mechanisms off action for the chemisorbent anionic
exchange materials are shown in Table 2.4.
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Table 2.4: Anionic exchange materials and their chemisorbent functionality as it
relates to the pH with respect to the pKa of the target acid.
Sorbent

Matrix

NERCB
9

Polystyrene

Reilex
425

Poly(4vinyl
pyridine)DVB
Polystyrene
- DVB

Dowex
1x2

XUS
40285

Polymer

Ag-1

Polystyrene
-DVB

Functionalization Primary
Mechanism
pH << pKa
of target
acid (HA)
Weak Base
Acid base
H Bonding
Anionic
exchange
Weak base
Acid-base
H bonding
Anionic
exchange
Tertiary Amine
Acid-base
and Quaternary
H bonding
ammonium salt
Anionic
exchange
Weak base
Anionic
exchange

Primary
Mechanism
pH >> pKa
of target
acid (A-)
Hydrogen
bonding

Quaternary
ammonium salt

Hydrogen
bonding,
Anionic
exchange

Succinic
acid
capacity
(g/g)

Reference

0.11 Li et al.,
2008

Hydrogen
bonding

0.08 Davison et
al., 2004

Anionic
exchange
H-bonding

0.06 Davison et
al., 2004

Hydrogen
bonding

0.06 Davison et
al., 2004

Hydrogen
bonding,
ion
exchange

0.03 Davison et
al., 2004

Quaternary ammonium salts are strong base anion exchangers [López-Garzón and
Straathof, 2014]. The tetra-alkylated nitrogen group of these compounds carries a counter
ion, such as hydroxide or chloride. The anionic counter ions are exchanged with
succinate forming water, as shown in Figure 2.4, sorption 1. [López-Garzón and
Straathof, 2014].
The strong basicity of the ammonium salt facilitates anion exchange reactions
over a broad range of pH values [Yang et al., 1991, López-Garzón and Straathof, 2014].
The relative strength (pKa) or dissociation constant of succinate/succinic acid compared
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to the counter ion dictates whether the anion exchange will take place [López-Garzón and
Straathof, 2014]. Desorption and regeneration schemes of strong anion exchangers are
shown in Figure 2.4, desorption 4 and 5. [López-Garzón and Straathof, 2014].
Due to the strong alkalinity of the quaternary ammonium salt anion exchanger, a
concentrated solution (>1M) of strong acid or base may be needed to shift the equilibrium
of the reaction towards desorption. This higher strength desorption protocol could have
adverse effects on the stability of reactive material leading to a low life expectancy; it
also and has no clear benefit over weakly basic anionic exchangers. Subsequently few
investigations have been conducted for strong basic anionic exchange based recovery of
succinic acid [López-Garzón and Straathof, 2014].
The chemical makeup of weak anionic exchangers investigated for succinic acid
recovery include pyridine, tertiary amines, and functionalized polymers with ambiguous
designations such as multiple hydroxyl anion exchange resins, or hydroxylated
microporous polystyrene type materials [Li et al., 2008, Li et al., 2009, Davison et al.,
2005, López-Garzón and Straathof, 2014]. The association of succinic acid with weak
anionic exchangers occurs through an acid base reaction as shown in Figure 2.4, sorption
2. Upon desorption of the acid, an anion exchange reaction is completed also shown in
the equations in Figure 2.4, desorption 1. [López-Garzón and Straathof, 2014].
The acid base reaction is dependent on the succinic acid being in its undissociated
form (succinic acid). The concentration of succinic acid in solution is dependent on its
pKa and the pH. At a pH above the higher pKa of succinic acid, (5.6) the dissociated, or
succinate form of the acid predominates, but both species are present. Succinate can also
be extracted from solution via hydrogen bonding between the chemisorbent material and
37

the electronegative carbonyl groups of succinate. Hence, hydrogen bonding and acid-base
reactions can work in concert, maintaining the capacity of the chemisorbent material
under near neutral pH conditions. Furthermore, polymeric based chemisorbent materials
may also contribute absorptive effects to its total succinic acid capacity. [Yang et al.,
1991, Eyal and Canari, 1995, Li et al., 2009, López-Garzón and Straathof, 2014].
Succinic acid is a dicarboxylic acid, which could also affect the sorption capacity of
chemisorbent materials. The second carboxyl group may increase the chance of hydrogen
bonding to the chemisorbent material resulting in an increased succinic acid capacity.
Alternatively, steric effects between succinic acid bound to the chemisorbent and free
succinic acid could block reactive sites. In addition, a single acid molecule could bind to
more than one reactive site, with two carboxyl groups of succinic acid reacting with two
sorbent sites, resulting in a lower actual sorption capacity, compared to the theoretical
capacity, which is calculated based on the number of reactive sites available and that
would assume a 1:1 chemisorption stoichiometry.
Desorption of succinic acid from anionic exchange materials can be achieved
through the application of a base, salt, or mineral acid as shown in Figure 2.4, desorption
1, 2, and 3. Strong mineral acids are preferred for desorption, as this releases succinic
acid and not its conjugate salt. When salts and strong acids are used as desorbents, a
strong base must be applied to regenerate the reactive site occupied by the counter ion
(X), as shown in Figure 2.4, regeneration 1 and 2. [López-Garzón and Straathof, 2014].
Davison et al., (2004) investigated more than 25 sorbtive materials including
several weak basic anionic exchangers. Davison’s investigation showed succinic acid
capacities ranging from 0.02 to 0.11 g succinic acid/gram sorbent, and the ability of
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sorbents to concentrate 10 g/l succinic acid to 115g/l, with a 95% recovery yield.
Desorption with dilute base (0.01M NaOH) in hot water was preformed over 10
chemisorption/desorption cycles, and was found to be the most effective method for
maintaining both the stability of the material and its capacity. Out of all the sorbents
tested, Davison concluded that a weakly basic polymer (XUS 40285) and a tertiary amine
functionalized resin (MWA-1) were shown to function best at both a pH of 6, and over 10
regeneration cycles, while still maintaining their sorption capacities within 0.02 g/g.
Also, Davison estimated that, for economic feasibility resins must have a total capacity of
at least 0.05 g/g. Li et al., (2009) investigated 11 weakly basic anion exchange materials.
In packed bed column tests, with a polystyrene based weak anionic exchanger (NERCB
9) exposed to 50 g/l succinic acid, results indicated a succinic acid capacity as high as
0.56 g/g. Li also showed the ability of this functionalized polystyrene material to function
at a neutral pH, maintaining a capacity of approximately 0.06 g/g.
Chemisorbent materials have been limited by low capacity and poor reusability
[López-Garzón and Straathof, 2014]. Conversely, high capacity, inexpensive, and
reusable polymeric-based chemisorbent materials are ideal for succinic acid recovery
and, as shown in Table 2.5, have recovery yields comparable to liquid-liquid extraction.
In addition, Li et al., (2011) showed that the polystyrene anionic exchange material
NERCB 9 is compatible with ISPR systems and benefits the fermentation process, as
detailed in section 2.6.2.
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Table 2.5: Summary of succinic acid primary recovery methods
Recovery
Technique
Precipitation

Yield of
Succinic
acid
85%

Electrodialysis 60%

Succinic
acid
Purity
90%

Advantages Disadvantages Reference

93%

Low waste
byproducts
Low waste
byproducts
High purity

High yield

Direct
crystallization
Membrane
filtration

Not Shown

70 - 90%

75%

99.499.6%

Liquid –
Liquid
Extraction

93.5%

Not
Shown

Low waste
byproducts,
Reusability

Anionic
exchange
Materials

95%
(5 g/l
succinic
acid
solution 0.1
DW PF)

Not
Shown

ISPR
applications,
Reusability

Waste/ low
value
byproducts,
Low purity,
High cost
inputs
Low purity and
yield,
equipment cost
Low purity
High cost,
Susceptible to
fouling
High risk of
product
contamination,
equipment cost
Low capacity

Datta et al.,
1999

Glassner et
al., 1998
Li et al.,
2010
Wu et al.,
2011
Kurzrock
and
WeusterBotz, 2010
Davidson et
al., 2004

2.6.2 Succinic acid ISPR Systems
ISPR systems combine active fermentation, with real-time product recovery.
[Freeman et al., 1993, Dafoe and Daugulis, 2014]. Consequently, ISPR systems exhibit
major benefits over ex-situ, or downstream, primary recovery methods. The real-time
sequestration of succinic acid in ISPR systems eliminates toxic inhibition of microbial
cells, resulting in prolonged fermentation time, and subsequent increases to titers, yields
and rates of succinic acid production [Meynial-Salles et al., 2008, Li et al., 2011,
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Hepburn and Daugulis, 2012]. Ex-situ succinic acid recovery processes typically
represent 30-60% of production costs [López-Garzón and Straathof, 2014]. ISPR systems
are intended to lower production costs by combining recovery and production processes.
Hence ISPR systems reduce costs by eliminating downstream separation equipment such
as centrifuges, ion exchange columns, and liquid-liquid mixers used in the various
separation methods described in section 2.6.1. In addition, the sequestration of fermentive
acid end products has been shown anecdotally and experimentally to function as a pH
control mechanism, thereby reducing or eliminating the need for base addition, and
further reducing costs [Li et al., 2008, Meynial-Salles et al., 2008, li et al., 2011, LópezGarzón and Straathof, 2014].
ISPR systems can operate in one of two ways: the recovery method can be
incorporated via a closed loop, or internalized within the bioreactor. The closed-loop
systems operate by delivering raw fermentation broth directly to an integrated succinic
acid recovery method, and then returning it to the fermenter. Although the recovery
process may be external to the bioreactor, it is benign to the cells, allowing for
continuation of fermentation, while retaining succinic acid. Closed loop ISPR systems
investigated for succinic acid recovery have incorporated electrodialysis and weakly
basic anionic exchange based chromatography as recovery methods. Internalized ISPR
recovery system, known as Two Phase Partitioning Bioreactors (TPPB), have also been
investigated for succinic acid recovery. TPPBs utilize absorptive polymers as a second
Non-Aqueous Phase (NAP) to extract succinic acid from the aqueous phase within the
bioreactor [Hepburn and Daugulis, 2012].
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Meynial-Salles et al., (2008) developed an electrodialysis based ISPR system for
succinic acid recovery from a bioreactor in continuous mode. In this process, utilizing a
peristaltic pumps, as shown in Figure 2.5, unclarified fermentation medium is passed
through a membrane with a 50 kDa molecular weight cutoff, and then into a conventional
electrodialysis chamber. As described in section 2.6.1, the succinic acid is separated from
nonionic species inside the electrodialysis chamber, and eluted at the cathode. Sodium
hydroxide, the fermentation medium containing glucose, nutrients and cellular debris
under 50Kda, are released at the anode and recycled back to the fermenter. The NaOH
generated at the anode, was found to be insufficient for full pH control, and was
supplemented with additional NaOH as needed. This system showed increases in titer (84
g/l), yield (0.89 g/g), and had the highest recorded succinic acid production rate (10.4
g/l/h), compared to values shown in Table 2.3. This illustrates the benefits that can be
gained from ISPR of fermentive succinic acid, electrodialysis still has the disadvantages
discussed in the section 2.6.1, mainly the added expense of specialized electrodialysis
equipment and membranes, which have a low life expectancy due to fouling when
subjected to unclarified fermentation medium. [Kurzrock and Weuster-Botz, 2011, Cheng
et al., 2012, López-Garzón and Straathof, 2014].
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Figure 2.5: Schematic of integrated membrane electrodialysis ISPR system. A):

integrated membrane bioreactor (B) monopolar electrodialysis. (1) feed tank; (2)
continuous CO2 sparging; (3) reactor; (4) cell bleeding; (5) gas outlet; (6) redox
measured; (7) pH regulation (sodium carbonate solution); (8) cell recycle stream; (9)
ultra-filtration flat module; (10) excess permeate recycle; (11) succinate depleted
permeate recycle stream; (12) electrodialysis diluted stream; (13) monopolar
electrodialysis stack;(14) electrodialysis concentrated stream; (15) concentrated
succinate solution outlet; (16) UV sterilizer. [Meynial-Salles et al., 2008]
Li et al., (2011) investigated succinic acid recovery through the use of expanded
bed columns, as shown in Figure 2.6. In this process, columns are packed with NERCB
09, a chemisorbent in a microporous polystyrene matrix, converted to its weakly basic
hydroxide form via application of 1 M NaOH. The ISPR process was not continuous, and
the fermentation medium was directed to the expanded bed columns only when the
succinic acid concentration reached inhibitory levels (10- 40 g/l ). A 126 h succinic acid
fermentation with A. succinogenes, in fed-batch mode, produced succinic acid with a
titer, yield and rate of 145.2 g/l, 0.52 g/g, and 1.3 g/l/h, respectively. During the first
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ISPR coupled interval, the rate and yield were 2.58 g/l/h and 0.76 g/g respectively, which
are higher than previously obtained values, for A. succinogenes succinic acid
fermentations, as shown in Table 2.3. Hence, ISPR benefits are clearly shown through the
increased titer, whereas rate and yield were found to be above, or equivalent to known
production levels, when compared to values shown in Table 2.3 for succinic acid
production from A. succinogenes strains. Li also observed an increase in pH during the
ISPR coupled intervals, anecdotal evidence supporting the possible use of an ISPR
system such as this for pH maintenance if the system was operated continuously. Due to
the intermittent nature of this ISPR system supplementary base (MgCO 3) application was
necessary. 1M NaOH was utilized to desorb the acid from the expanded bed columns.
The reusability of the sorbent was tested, and after 20 regeneration cycles, was found to
have lost only 5% of its sorption capacity. Although not addressed by Li, the
disadvantage of the system is the selectivity of the sorbent. As described in section 2.5,
formic and acetic acid have been found to be inhibitory to A. succinogenes at lower
concentrations than succinic acid, hence to prolong the fermentation time these acids
must be sorbed along with succinic acid, contaminating the product stream. These
contaminating acids would need to be removed via polishing steps, such as crystallization
or additional ion exchange. [López-Garzón and Straathof, 2014].
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Figure 2.6: Schematic diagram of fed-batch expanded bed sorption ISPR system.

FIC: flow indicating controller, QIC: concentration measurement and flow control
[Li et al., 2011]
TPPBs are an example of internal ISPR systems that have been investigated for
succinic acid recovery [Hepburn and Daugulis et al., 2012]. As stated previously in this
section, TPPBs function via a NAP added to the bioreactor, which functions via
absorption, creating a partitioning effect by which succinic acid preferentially diffuses
from the aqueous phase into the NAP, due to hydrophobic interaction between the NAP
and target product [Bacon et al., 2014]. First generation TPPBs utilized immiscible liquid
NAPs, which are identified to have partitioning coefficients greater than 1 for a target
product. Handling difficulties, high cost, and toxicity issues of immiscible liquids led to
the development of second generation TPPBs which utilize a solid polymeric NAP.
Polymeric NAPs are low cost, non-toxic, biocompatible, and are easily applied and
removed from fermentation medium [Dafoe and Daugulis, 2014]. Hepburn and Daugulis,
2012 tested 18 polymers for succinic acid absorption and found that Hytrel® 8206 had a
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partitioning coefficient of 1.3, and a succinic acid sorption capacity of 0.01 g/g. Hytrel®
8206 is a block copolymer of polybutylene terephthalate and polytetramethylene glycol
ether. For succinic acid to preferentially partition in to the polymer, it must be in its
undissociated form. Strong acid could be used to lower the pH below the higher pKa of
succinic acid (5.6), allowing for the absorption of succinic acid in to Hytrel® 8206, but
this causes salt accumulation, which negatively affects cell growth. Hepburn and
Daugulis proposed the use of CO2 sparging of fermentation medium to produce carbonic
acid, lowering the pH without the addition of mineral acid. Although CO2 sparging was
shown to reduce the pH of Milli-Q water below the lower pKa of succinic acid, when
applied to complex media the effect was reduced by the buffering salts present.
Subsequently, a minimal medium was designed with limited buffering salts to reduce
their effect, but adequate pH reduction was not achieved. Hepburn and Daugulis
suggested that, at higher partial pressures, the increase solubility of CO2 would drive the
pH down to below 5.6. Hence, in a subsequent application of Hepburn and Daugulis’s
ISPR method, Peterson and Daugulis, 2014, subjected media from batch and fed-batch
butyric acid fermentations to a pressure chamber sparged with CO 2. The higher partial
pressure of CO2 (60 bars), successfully lowered the pH to 3.2, allowing for the absorption
of butyric acid (pKa 4.6) into a polyether block amide copolymer (Pebax® 2533). 12
cycles of pH lowering and absorption were conducted with the fed-batch fermentation,
showing increases in titer, rate and yield of butyric acid production, indicative of ISPR
applications. The studies conducted by Hepburn, Peterson, and Daugulis illustrate the
inherent difficulties of combining near-neutral pH carboxylic acid fermentations with
polymeric sorbents that require undissociated acids for sorption.
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Although pH reduction can be achieved through the high partial pressure CO 2
sparging method proposed above, Peterson et al., 2016 suggested an alternative approach,
whereby a weakly basic polymeric hydrogel may be used to sequester acids chemically,
as a carboxylate salt. These hydrogels function analogously to the weakly basic anionic
exchangers described in section 2.6.1. Subsequently, Peterson et al., (2016) synthesized a
hydrogel copolymer of 2-(N,N-dimethylamino)ethyl acrylate with trimethylolpropane
triacrylate using azobisisobutyronitrile as a radical initiator. Peterson found that the
poly(N,N-dimethylaminoethyl acrylate) had increased affinity for butyric and benzoic
acids compared to Pebax® 2533, and estimated that under the same conditions, 10 times
the mass of Pebax® 2533 would be needed to absorb the same amount of acid as the
poly(N,N-dimethylaminoethyl acrylate). However, the poly(N,N-dimethylaminoethyl
acrylate) is known to undergo hydrolysis, cleaving 2-(N,N-dimethylamino)ethanol from
the polymer backbone, which functions as an organic base to sequester acids within the
aqueous phase, making it unsuitable for ISPR application. However, as shown by Li et
al., (2011) polymeric based weak anionic exchangers can be successfully incorporated
into ISPR applications. Furthermore, it has been shown that weak basic anionic
exchangers can increase pH and have potential applications as a pH control system,
reducing the requirement for base addition [Li et al., 2008, Li et al., 2011].
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Chapter 3
The Characterization of a Weakly Basic Chemisorbant Polyacrylamide Hydrogel
for its Applicability to Downstream Succinic acid Recovery
3.1 Preface
As described in Chapter 2, since 2010, succinic acid has been the preferred
chemical building block for the synthesis of commodity chemicals, such as 1,4butanediol, and gammabutyrolactone. Succinic acid production utilizes sugars derived
from plant-based biomass as feedstocks, making it a renewable process. In addition,
feedstocks can be sourced from low cost waste products generated from the agriculture
and food processing industry as well as municipal waste, and forestry residues. The
sustainability and low cost of feedstocks sourced from waste make succinic acid
production superior to traditional chemical synthesis. Currently, industrial scale
production of succinic acid has been undertaken by several companies, including BASF,
Mitsubishi Chemical, Myriant, and BioAmber. Despite the prevalence of industrial scale
succinic acid production operations, inefficiencies in downstream separation processes
are still apparent. As with most bioproduction processes the downstream recovery of
succinic acid is complicated by its low concentration within the aqueous fermentation
medium. Existing methods for primary recovery of succinic acid are inefficient,
expensive, and wasteful. The development of inexpensive, durable, and reusable sorbtive
materials with a high capacity for succinic acid is advantageous for improving the
downstream recovery of succinic acid.
Previous investigations in the Daugulis group have characterized chemically
reactive and non-reactive sorbents for carboxylic acid recovery, and have shown them to
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be either unstable in aqueous solution or have low capacity. In this study a chemically
reactive crosslinked polyacrylamide hydrogel has been synthesized and characterized.
Characterization included physical attributes such as stability in aqueous solution and
water swelling. The polymer was also assessed for the downstream recovery of succinic
acid through tests to determine sorption dynamics, capacity, desorption efficiency, and
sorbtive competition. These characteristics are compared to previously characterized
carboxylic acid extractants applicable to the downstream recovery of succinic acid.
As described in Section 2.6, chemically reactive polymeric sorbtive materials
function through acid-base reactions with aqueous carboxylic acids, converting them to
their conjugate salt which is ionically bound to the polymer matrix. Hydroxide ions
displaced from the polymer as a result of the acid-base sorption mechanism can be used
as a pH control mechanism during succinic acid fermentations. In this study polymer was
incorporated into a simulated ISPR process to investigate its use as a pH control agent.
Succinic acid solution was cycled through a reservoir containing the polymer, in order to
simultaneously sequester succinic acid and release hydroxide ions back into the
fermentation for pH control. Accordingly, Chapter 3 will discuss the characterization of
the crosslinked polyacrylamide type hydrogel, as well as give insight into its use as a
downstream extractant of succinic acid, and its applicability to ISPR applications with
coupled pH control.
3.2 Materials and Methods
3.2.1 Chemical Reagents
Chemicals were purchased from Fisher Scientific Company, Ltd. (Ottawa, ON) or
Sigma-Aldrich Canada, Ltd. (Oakville, ON), unless otherwise specified. Medical grade
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carbon dioxide and ultra-high purity nitrogen were supplied by Linde Canada, Ltd.
(Kingston, ON). Stainless steel mesh with 120 wires/in and a 0.06604 mm pore diameter
was purchased from TWP Inc. (Berkeley, CA). Milli-Q ultrapure water was used in all
experiments unless otherwise specified. All tests utilized polymer swelled in Milli-Q
water over 24 h.
3.2.2 Chemisorbent Polyacrylamide Hydrogel (PMTA) Preparation
Monomer subunits were prepared based on a method developed by Chang and
McCormick, (1993). In a 1000 ml three-neck round bottom flask dichloromethane (108
ml), 12 M NaOH (30 ml), and N,N-dimethylethylenediamine (10.42 ml), were added,
vigorously mixed with a magnetic sir bar and cooled to 0 °C via 10 g of salted added to
an ice bath. A solution of acryloyl chloride (10.81 ml) and dry dichloromethane (47.6 ml)
was added dropwise over 4 h under a nitrogen atmosphere, while the temperature was
maintained at 0 °C. The solution was allowed to react for 1 h. The organic layer was then
separated and washed once with brine (5 ml), then with dilute (>1 M) sodium carbonate
(10 ml), and again with brine (10 ml). Monomer left in the aqueous phase was back
extracted in an organic phase by washing four times with dichloromethane (30 ml), which
was applied to the same wash procedure described above. The organic phase from the
reaction and back extraction were combined, dried over sodium sulfate, dichloromethane
was removed via rotary evaporation, leaving a yellow-orange oil (11.9 g, 84% yield). The
Chemical structure of the monomer is shown in Figure 3.1.
Crosslinker was prepared based on method developed by Patras et., al (2000).
Synthesis was carried out in a 500 ml three-neck round bottom flask containing
dichloromethane (70 ml), Tris(2-aminoethyl)amine (5.61 ml), 6 M NaOH (33 ml) and
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was cooled to 0 °C with 10g of salted added to an ice bath. A solution of acryloyl
chloride (12 ml) and dried dichloromethane (35 ml) and was added dropwise over 3.5 h,
under a nitrogen atmosphere, while the temperature was maintained at 5 °C. The solution
was allowed to react for 2.5 h at which point the organic phase was separated and
dichloromethane was removed via rotary evaporation leaving a white solid. This white
solid was dissolved in 1 M NaOH (100 ml) and then back extracted by washing four
times with dichloromethane (30 ml). Dichloromethane was then removed via rotary
evaporation leaving a light pink solid (12.0 g, 98% yield). The chemical structure of the
crosslinker is shown in Figure 3.1.
A 30% crosslinked polyacrylamide hydrogel, designated PMTA, was synthesized
in 5 g batches in 25 ml scintillation vials containing 3.5 g monomer, 1.5 g crosslinker,
0.160 g AIBN (1:25, moles AIBN: moles monomer), and 4 ml of toluene. Reactants were
thoroughly mixed and sparged with nitrogen gas. Vials were placed in an oil bath and
allowed to react at 75 °C overnight. The resulting hydrogel was washed with acetone (10
ml) four times to remove unreacted monomer and excess toluene, and then with water to
remove residual acetone. The hydrogel was removed from the scintillation vial and
washed again in water (125 ml). The hydrogel was then washed with 1M KOH (125 ml)
causing the gel to collapse, expelling residual unreacted monomer, toluene, and acetone.
This suspension was vacuum filtered through a Büchner funnel, washed again with water,
and then dried overnight in a vacuum oven at 60 °C (4.9 g, 98% yield).
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Figure 3.1: Structures of the A) Monomer N,N-dimethylethylene diacrylamide and
B) crosslinker Tris(2-aminoethyl) triacrylamide.
3.2.3 Chemisorption Equilibrium and Capacity
Tests to determine the equilibrium dynamics of PMTA used 5 g (WW) (1 g DW)
polymer contained in a wire mesh basket and placed in a 125 ml glass sample container,
with 50 ml of a 35 g/l succinic acid solution. A 35 g/l solution was chosen based on the
final concentration of succinic acid produced in control fermentation with A.
succinogenes, as shown in appendix A. The polymer was allowed to react at 25 °C with
agitation at 150 RPM. The test was conducted four times each with a different
equilibrium time including 5, 30, 60, and 90 minutes, at which point the wire basket
containing the polymer was removed from the container and a 3 ml sample was taken to
measure the concentration of succinic acid remaining in solution.
To determine the effect of varying the succinic acid concentration on the acid
sorption capacity of PMTA, 5 g WW (1g DW) of polymer was placed in to four 25 ml
scintillation vials, each containing 3.33 ml of a succinic acid solution at different
concentration, including 4.25 g/l, 8.5 g/l, 17 g/l, and 34 g/l. Each sample container had a
polymer wet weight phase fraction of 1.5 (5 g WW/3.33 ml acid solution). Each sorption
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was carried out over 5min at 25 °C with agitation at 150 RPM. A 3 ml sample of solution
was taken to measure the concentration of succinic acid remaining in solution.
3.2.4 Competitive Chemisorption
To test the effect of succinic acid sorption of PMTA in the presence of other acid
end products, 5 g WW (1 g DW) of polymer was placed in a wire mesh basket and
transferred to a 125 ml glass container with 50 ml of a mixed acid solution. The polymer
was allowed to react for 5 min at 25 °C with agitation at 150 RPM, at which point a 3 ml
sample was taken. Two different acid solutions were examined, one containing acids at
concentrations found after the completion of the control succinic acid fermentation,
including 7.1 g/l formic acid, 5.5 g/l acetic acid and 35 g/l succinic acid. The second
condition used a solution containing 0.0063 moles of each acid, giving concentration of
5.0 g/l formic acid, 7.6 g/l acetic acid, and 14.9 g/l succinic acid.
Medium components were also examined for their effect on succinic acid
sorption. For this test a minimal medium formulation was used contained the following
(in g/l): glucose 55; yeast extract, 10; KH2PO4, 1.5; MgSO4, 0.1; MgCl2, 0.05; and,
succinic acid 35.5 g WW (1 g DW) of PMTA was placed in a wire mesh basket and
transferred to a 125 ml glass container with 50 ml of a mixed acid solution. The polymer
was allowed to react for 5 min at 25 °C with agitation at 150 RPM, at which point a 3 ml
sample was taken to measure the succinic acid remaining in solution.
3.2.5 Desorption, Stability, and Reusability of PMTA
To test the effectiveness of desorption, 5 g WW (1 g DW) polymer was added to a
wire mesh basket and placed in a 125 ml glass sample vessel containing 50 ml of a 35 g/l
solution of succinic acid. The polymer was allowed to react for 5 min, at 150 RPM and
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25 °C. After 5 min sorption the wire mesh basket containing polymer was removed from
the container, weighed, and transferred to another glass container with 50 ml of 3 M
KOH. The polymer was allowed to react for 5 min, at 150 RPM and 25 °C. After each
sorption and desorption, a 3 ml sample of solution was taken and measured to determine
the amount of succinic acid in solution. To test reusability and stability this process was
repeated over 3 cycles of absorption and desorption.
To test for PMTA stability in water, 5 g WW (1 g DW) polymer was added to a
wire mesh basket and placed in a 125 ml glass sample vessel containing 50 ml water, and
was allowed to react for 10 days with 150 RPM agitation at 25 °C. The mesh containing
polymer was then moved to a sample container with 50 ml of 35 g/l succinic acid
solution, and was allowed to react for 5 min, with 150 RPM agitation at 25 °C, and a 3 ml
samples was taken to determine the amount of succinic acid remaining in solution.
3.2.6 Applicability of PMTA to pH control coupled to ISPR
To test the ability of PMTA to modulate the pH of a succinic acid fermentation
with A. succinogenes, an ISPR apparatus was utilized. As shown in Figure 3.2 the
apparatus consisted of a 125 ml Continuous Stir Tank Reactor (CSTR) connected to a 5 l
BioFlo III bioreactor (New Brunswick Scientific, Edison, NJ). In all tests the bioreactor
contained 3 l of Milli-Q water, utilizing 1M KOH to set the pH at 6. The BioFlow III is
equipped with automated peristaltic pumps which are used for base and acid application
to maintain pH during fermentations. The automated base pump was used to circulate the
bioreactor contents through the CSTR at a rate of 2.5 ml/pump rotation. The pump was
activated only when the BioFlow III detected a drop in pH below the set point of 5.8. The
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pH set point of 5.8 was selected based on the minimum conditions required by A.
succinogenes to produce succinic acid.
Two experimental conditions were examined, as well as negative controls for
each, and a positive control. Both experimental conditions tested for pH control using
PMTA; accordingly the CSTR was filled with 90 g WW (15 g DW) of polymer giving it
a wet weight phase fraction of 1.5. Therefore, the CSTR contained 0.09 moles of tertiary
amine (0.0063 moles/g). To simulate succinic acid production as observed in the control
fermentation, an external pump (Masterflex, peristaltic pump) was set to continuously
supply succinic acid from a 1l, 50 g/l reservoir at a rate of 1 ml/min, giving an application
rate of 0.05 g/min (0.00042 moles/min). A second experimental condition substituted
succinic acid with sulfuric acid. A 1l solution of 47 g/l sulfuric acid was applied to the
bioreactor at a rate of 1 ml/min, giving an application rate of 0.047 g/min (0.00042
moles/min). The sulfuric acid concentration was selected to have the same molar
application rate as the succinic acid applied. The positive control substituted polymer for
a solution of KOH. The CSTR was filled with 125 ml of 0.76 M KOH solution to
simulate traditional pH control with strong base. A 0.76 M KOH was selected to have the
same amount of hydroxide ions as amine present in the experimental conditions (0.09
moles). For both experimental conditions a negative control was conducted where the
CSTR contained only Milli-Q water. For all conditions pH change was measured via
computer monitoring in real time. The bioreactor pH was measured every 30 sec and was
recorded over 16 h.
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3.2.7 Analytical Methods
Glucose and succinic acid, formic acid, and acetic acid concentrations were
measured using High-Performance Liquid Chromatography (Varian Prostar, Mississauga,
ON), with a Varian Hi-Plex H column (300 x 7.7mm) at 60 °C, with a 10 mM H2SO4
mobile phase at 0.7 mL/min. Organic acids were measured in a UV-Vis detector (Varian
Prostar, PS325) at 220 nm and glucose was measured via refractive index (Varian
Prostar, 356-LC). Cell concentration was measured using optical density in a
spectrophotometer at 660nm (OD660) (Ultrospec 3000, Pharmacia Biotech, Sweden).
Calabrtion curves for acid and cell concentration methods are shown in appendix B.
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Monomer and crosslinker chemical structures were confirmed with 1H-NMR using a 400
MHz Bruker Avance NMR spectrometer. NMR spectra are shown in appendix C.
3.3 Results and Discussion
3.3.1 Polymer Physical Properties
Dried PMTA is a brittle glassy material; however as a hydrogel, 1 g PMTA in
aqueous solution the polymer takes up 5x its weight in water, or an equilibrium water
content of 500%. However, the polymer did not exhibit the space filling qualities of
previously studied hydrogels, such as polyacrylates [Peterson et al., 2016]. PMTA
absorbs water via hydrogen bonding to hydrophilic groups, including secondary amines
and carbonyls within the polymer matrix [Ganji et al., 2010]. When subjected to a low pH
environment PMTA was able to take up additional aqueous solution; this was observed as
a change in mass above that attributed to the uptake of succinic acid. When subjected to
high pH the polymer collapsed expelling water. Some studies have suggested that the pH
dependent physical changes of pH sensitive polymeric materials can be attributed to the
release and uptake of ionically bond hydroxide ions [Almeida et al., 2012]. In low pH
solution amine functional groups in the form of an ammonium hydroxide salt are
converted to their tertiary amine form, resulting in a less restricted polymer matrix
allowing for additional water uptake. Furthermore, interactions between water and the
hydrophilic groups of the bound ammonium succinate could also contribute to water
uptake. In high pH solution the tertiary amines undergo acid-base reactions with water,
forming a positively charged tertiary amine, which can ionically bind hydroxide ions,
reducing the permeability of the polymer matrix, resulting in the expulsion of water.
PMTA was found to be weakly basic; increasing the pH of Milli-Q water to 9.
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3.3.2 PMTA Chemisorption Equilibrium and Succinic Acid Capacity
The primary mechanism of succinic acid sorption by PMTA is an acid-base reaction
of the polymer-bound tertiary amine with succinic acid, forming an ammonium succinate
salt, as shown in Figure 3.3. However, non-reactive absorbent mechanisms take hours to
reach equilibrium, whereas chemical reactions are commonly considered to be nearly
instantaneous [Donten et al., 2011, Dafoe and Daugulis, 2014]. The chemisorption
equilibrium of PMTA with succinic acid is achieved in no more than 5 min as shown in
Figure 3.4, evidence of a chemical reaction facilitating sorption. As in all acid-base
reactions, the relative amounts of products at equilibrium are directly related to both the
starting concentration of the acid and base, and their relative strengths. The
chemisorption equilibrium of PMTA and succinic acid is also dependent on those
conditions. As shown in Figure 3.5, with a fixed amount of polymer at a high phase
fraction (surplus of amine); increasing the concentration of succinic acid shifts the acidbase reaction equilibrium, resulting in more polymer bound tertiary amine conversion to
ammonium succinate. As discussed in section 2.6.1, succinic acid is a dicarboxylic acid,
which can have an effect on the sorption capacity of PMTA. Each molecule of succinic
acid could bind to two reactive tertiary amine site, reducing the actual sorption capacity,
compared to the theoretical capacity. Each gram of polymer contains 0.0063 moles of
amine; therefore total amine conversion to ammonium succinate gives a theoretical
capacity of 0.75 g succinic acid / g polymer. With 1 g DW polymer in 50 ml of a 35 g/l
solution PMTA sorbed 0.45 g (0.0038 moles) of succinic acid, 61% of the theoretical
amine conversion. If more than one site was required to bind succinic acid the expected
amine conversion would be less than 50%. Since a 61% amine conversion was achieved,
70

it can be speculated that a combination of 1:1 (amine:succinic acid) and 2:1amine
conversions stoichiometries are possible. The sorption capacity of PMTA is supported
by tests conducted on previous generations (20% crosslinked) of polymer, as shown in
Appendix D. The sorption capacity of PMTA is significant considering that most sorbent
polymers have a capacity of less than 0.05 g/g [Davison et al., 2004, Li et al., 2009, Li et
al., 2011]. PMTA has a considerably higher succinic acid capacity than absorbent
polymers, such as Hytrel® 8206 with capacities of below 0.013 g/g [Hepburn and
Daugulis, 2011]. Li et al., 2009 reported polymer capacities for succinic acid as high as
0.56 g/g; however these experiments were conducted with polymer in a continuous
stream of 50 g/l succinic acid. The same polymer in batch experiments with 5 g of
polymer in 20 ml of 5 g/l succinic acid showed a capacity of 0.11 g/g. A comparisons of
succinic acid capacities for sorbent polymers and there conditions are shown in Table 3.1.
However, comparison of capacities between different chemically reactive polymers is
difficult as the test conditions change the reaction equilibrium. The conditions examined
in this study are tailored for a downstream batch sorption process, with a 0.02 DW PF
(1g DW: 50 ml), a surplus of succinic acid relative to amine, and an acid concentration
based on control fermentation titers (35 g/l). Considering that PMTA has shown the
highest recorded polymer capacity under these conditions makes it highly applicable to
downstream succinic acid recovery applications. However in downstream processing
applications, fermentation medium contains contaminating anions and cations, and
additional acid end products, that may also react with polymer bound tertiary amines, and
these conditions would also affect solution pH; how this situation affects succinic acid
sorption is discussed in Section 3.5.3.
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Figure 3.3: Tertiary amine reaction with carboxylic acid forming an ammonium
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Figure 3.4: Chemisorption equilibrium time and succinic acid capacity of PMTA. 1
g DW (5 g WW) polymer in 50 ml of a 35 g/l succinic acid, incubated at 25 °C with
50RPM agitation.
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Figure 3.5: Effect of increasing succinic acid concentration on chemisorption
equilibrium. Each condition contained 5 g WW (1 g DW) of polymer and 3.33 ml of
a succinic acid solution giving a dry weight phase fraction of 0.3, wet weight phase
fraction 1.5; acid concentration, including 4.25 g/l, 8.5 g/l, 17 g/l, 34 g/l.
Chemisorption was carried out over 5min at 25°C with agitation at 150 RPM.
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Table 3.1 Succinic acid capacities (g/g) of sorbent polymers
Sorbent

Matrix

Reactivity

PMTA

Acrylamide

Tertiary
Amine

Succinic
acid
(g/l)

Sorbent
phase
Fraction
DW
WW

pH

Succinic
acid
capacity
(g/g)

35

0.02

0.1

3

0.45

4.25

0.3

1.5

3

0.01

34

0.3

1.5

3

0.11

Reference

This
Study
This
Study
This
Study
Li et al.,
2009
Davison
et al.,
2004

NERCB 9

Acrylamide

Weak Base

5

0.25

NG

5

0.11

Reilex 425

Poly(4vinyl
pyridine)DVB
Polystyrene
DVB

Pyridine
(weakly
basic)

5

NG

0.1

NG

0.08

Tertiary
Amine and
Quaternary
ammonium
salt
Weak base

5

NG

0.1

6

0.06 Davison
et al.,
2004

5

NG

0.1

6

Quaternary
ammonium
salt

5

NG

0.1

NG

0.06 Davison
et al.,
2004
0.03 Davison
et al.,
2004

MWA-1

XUS
40285

Polymer

Ag-1

Polystyrene
DVB

3.3.3 Competitive Chemisorption
Fermentations with A. succinogenes produce three major acid end products, formic,
acetic and succinic acid. As shown in Figure 3.3 and discussed in section 3.3.2, amine
conversion to ammonium carboxylate salt is a chemical equilibrium dictated by reaction
conditions and the chemical properties of the acids. PMTA chemisorbs all acid end
products whereby polymer bound amines are converted to ammonium formate, acetate,
and succinate. Consequently, competitive test conditions were designed to approximate
downstream separation applications, with solutions containing 7.1 g/l formic acid, 5.5 g/l
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acetic acid and 35 g/l succinic acid. Succinic acid being the most abundant acid product,
converts 49% of available amine, followed by formic acid (37%), and acetic acid (21%)
as shown in Figure 3.6. Interestingly, under these reaction conditions all polymer bound
amine is converted to an ammonium carboxylate. When polymer was reacted with acids
at equal molar concentrations, amine is converted to ammonium formate (41%), followed
by succinate (28%) and acetate (10%) as show in Figure 3.7. This progression follows in
order of the acids’ pKa, and it can be speculated that the propensity for an acid to
undergo the acid-base reaction with polymer bound tertiary amine, is directly related to
the acid’s dissociation constant. Tests results were found to be reproducible; nearly,
identical results from tests on previous iterations of PMTA are shown in appendix D.
Fermentation medium also contains residual anions, which can also undergo acidbase reactions converting amine to ammonium phosphate, chloride, or sulfate, for
example. Chemisorption tests in the presence of medium buffering salts had a substantial
impact on succinic acid sorption, reducing the capacity of PMTA by 40%; 0.0015 moles
of succinic acid was chemisorbed, only 24% of the available amine was converted to
ammonium succinate (data not shown). Such a large reduction in capacity was not
expected, considering that the amount of free ions in solution should have only converted
10% of the polymer bound amine. This could be due to the multiple valence charges of
the anions forming ammonium salts with more than one polymer bound tertiary amine.
These results show that PMTA effectively has no selectively for succinic acid over other
acids or anions, as chemisorption is strictly a chemical reaction.
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Figure 3.6: Competitive chemisorption of acid end products, conditions include 1 g
DW polymer in 50ml of acid solution containing, 7.1 g/l formic acid, 5.5 g/l acetic
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acid, and 35 g/l succinic acid, reacted over 5 min at 25 °C, with 150 RPM agitation.
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Figure 3.7: Competitive chemisorption of acid end products, conditions include 1 g

DW polymer in 50 ml of equal molar acid solution containing, 0.0063 moles of
formic, acetic, and succinic acid each, reacted over 5 min at 25 °C, with 150 RPM
agitation.
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3.3.4 Stability, Desorption, and Reusability of PMTA
The susceptibility of hydrogels to hydrolytic cleavage is well documented, and is a
major detractor for their use in carboxylic acid recovery [Mccool and Senogles, 1989,
Peterson et al., 2016]. For example the poly(N,N-dimethylaminoethyl acrylate) hydrogel
investigated by Peterson et al., 2016, self-catalyzed the cleavage of 2-(N,Ndimethylamino)ethanol from the polymer backbone. The degradation rate was on the
scale of hours when in contact with water, making the material unsuitable for acid
extraction from aqueous solution. However, polyacrylamide hydrogels are not as
susceptible to this type of degradation [Asci and Hasdemir, 2008]. Tests with PMTA
showed no change in absorption efficiency after 10 days in water with 150 RPM
agitation. The increased stability of polyacrylamide hydrogels, compared to their
polyacrylate predecessor, suggests that they are applicable to downstream succinic acid
recovery.
Another important criterion for downstream succinic acid recovery applications is
acid desorption efficiency, polymer regeneration, and reusability. Desorption of PMTA
with a 3 M KOH solution resulted in 100% conversion of polymer bound ammonium
succinate to free potassium succinate and polymer bound ammonium hydroxide. Previous
investigations of reactive polymers have used less effective conditions for desorption, for
example Davison et, al., 2008, used hot water and dilute base to desorb and regenerate
succinic acid sorbent polymers. In that work, hot water alone recovered only 70% of
succinic acid, and Davison modified the desorption protocol with the addition of dilute
base (0.01M NaOH) increasing desorption efficiency to 95%. Li et al., 2011 was able to
desorb 98% of succinic acid from a polystyrene type chemisorbent, using 0.5 M KOH.
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These studies indicated that an excess of hydroxide is needed to achieve complete
desorption of succinic acid. Accordingly, desorption of PMTA required a surplus of
hydroxide ions to achieve 100% desorption; tests with KOH at equal molar
concentrations of chemisorbed succinic acid to base, showed only 41% desorption
efficiency. The higher concentration of base needed for efficient desorption of PMTA,
compared to other chemisorbent polymers, is due to its higher capacity, as shown in
Table 3.1.
Desorption of PMTA with strong base also regenerated the polymer for reuse. After
three cycles of sorption and desorption; only a small decrease in succinic acid sorption
efficiency was observed, as shown in Figure 3.8. However, with such a large ratio of
moles of base to chemisorbed succinic acid (0.15 moles KOH : 0.0038 moles ammonium
succinate) hydrolytic degradation of PMTA was observed after prolonged exposure to the
desorption solution, making it necessary to limit contact to no more than 5min.
The objective of any extraction process is invariably to increase the concentration of
the target molecule within the product extraction stream [López-Garzón and Straathof,
2014], and by desorbing PMTA in volumes of KOH solution that were less than the
absorption solution, it was possible to increase the concentration of succinic acid. For
example, 1g of polymer contacted in 50 ml of 35 g/l succinic acid can be desorbed into 5
ml of 3 M KOH, producing a 70 g/l solution of potassium succinate. This is particularly
important in downstream extraction processes from large volumes of fermentation
medium containing relatively small amounts of target products. Concentration of product
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streams can also improve the effectiveness of the polishing and crystallization steps of
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succinic acid recovery.
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Chemisorption and Desorption Cycles of ADOH-323
Figure 3.8: Sorption and desorption cycling of 1g DW polymer. 5min absorptions
with 50ml of 35g/l solution of succinic acid and 5min desorptions with 50ml of a 3M
KOH solution.
3.3.5 Applicability of PMTA to pH control coupled to ISPR
As previously stated, carboxylic acid recovery is best preformed during the
fermentation, as the product is being produced, through a process known as in situ
product removal (ISPR) [Meynial-Salles et al., 2008, Li et al., 2011, Hepburn and
Daugulis, 2012]. Peterson et al., 2016 recommended the use of reactive polyacrylamide
type polymers for ISPR applications due to their superior stability compared to
polyacrylates, as well as their higher affinity and capacity compared to non-reactive
absorbent polymers such as Pebax 2533 and Hytrel® 8206 [Hepburn and Daugulis, 2012].
Peterson suggested that retaining the strong basicity of the polyacrylate chemisorbents
within the more stable polyacrylamide matrix would produce a chemisorbent material
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ideal for ISPR applications. In addition, it was speculated that the polyacrylamide
chemisorbent could also function as a pH control mechanism for carboxylic acid
fermentations.
In this study tests were conducted to determine the applicability of PMTA to
fermentation pH control coupled to the ISPR of succinic acid. Succinic acid was pumped
into a bioreactor containing 3 l of Milli-Q water, at a rate that simulated succinic acid
production. When the pH fell below a set point of 5.8, the bioreactor contents were
pumped through a 125 ml CSTR containing a basic (pH 9) suspension of PMTA and
Milli-Q water. The pumping displaced the basic water from the CSTR into the bioreactor
neutralizing the succinic acid added. As more succinic acid was applied, and the pumping
continued, the dilute acid solution in the bioreactor replaced the basic Milli-Q water in
the CSTR. Subsequent acid-base reactions within the CSTR between succinic acid and
polymer bound tertiary amines, sequestered the acid, and displaced additional alkylated
Milli-Q water from the CSTR. Traditionally, fermentation pH is controlled using a strong
base, such as sodium, or potassium hydroxide [Datta et al., 1992]. Hence, a positive
control condition substituted PMTA in the CSTR with potassium hydroxide. The
concentration of potassium hydroxide (0.76 M) was selected to have an equal amount of
hydroxide ions as moles of tertiary amine present in the experimental condition.
Additionally, a negative control was conducted with the CSTR containing only Milli-Q
water.
As the results in Figure 3.9 show, the CSTR containing PMTA was not able to
maintain the pH of the bioreactor at the set point of 5.8. In comparison, the positive
control condition was able to maintain the pH of the bioreactor at the set point for
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approximately 90 min. However, when compared to negative controls, PMTA did affect
the bioreactor pH, maintaining it at 4, for approximately 20 min. This indicates that
PMTA did react with water producing hydroxide ions, and confirms that as the pumping
of the bioreactor contents into the CSTR continued, succinic acid was sequestered by the
polymer in the form of ammonium succinate salt. It can also be speculated that as the pH
of the bioreactor dropped below the higher pKa of succinic acid (5.6), the increase in
undissociated acid facilitated acid-base reactions with the tertiary amine, and the
subsequent sequestration of succinic acid.
Accordingly, in an attempt to drive the equilibrium of tertiary amine with water to
promote the release of hydroxide ions from PMTA, succinic acid was substituted for
sulfuric acid, which has a pKa of 1.92. A negative control condition was also conducted,
where the CSTR contained only Milli-Q water. For both positive and negative controls
sulfuric acid was added at the same molar rate as succinic acid. The strong acid
immediately dissociated when introduced into the bioreactor, resulting in rapid
acidification, lowering the pH to 3 within 5 min, as shown in Figure 3.9. The substitution
of strong acid did not substantially change the equilibrium amount of hydroxide ions
released from the polymer. However, a comparison to negative controls shows that after
the initial pH drop, as the acidified bioreactor contents were pumped through the CSTR,
the pH stabilized at 3 for approximately 20 min. The hydroxide ions formed by PMTA
also resulted in a slower pH reduction compared to the negative control. Furthermore, in
the experimental condition the bioreactor contents reached equilibrium at pH 2, whereas
in the negative control the equilibrium was below 1.75.
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Both experimental conditions confirm the formation of hydroxide ions from PMTA;
and that succinic acid was sorbed after acidified bioreactor contents were pumped
through the CSTR. However, the equilibrium amount of hydroxide ions formed by the
interaction of PMTA and water was insufficient to maintain the pH of the bioreactor at
the set point of 5.8, under either experimental condition. This result shows that for
effective pH control of succinic acid fermentations with a chemisorbent polymer, a
stronger base than the tertiary amine functional group is required. Increasing the basicity
of the functional group would allow for the release of more hydroxide ions into the
CSTR, prior to pump activation, increasing the responsiveness of the pH control. In
addition, chemisorbent materials applied to pH control should be assessed and
conditioned to maximize hydroxide ion content [López-Garzón and Straathof, 2014].
These topics are further discussed in Chapter 4, Future work.
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Figure 3.9: Attempt to control bioreactor pH by cycling contents though CSTR
containing 15 g DW polymer (experimental PMTA and experimental sulfuric acid), 125
ml of 0.76 M potassium hydroxide (positive control), or 125 ml of ultrapure water
(negative control). CSTR contents were cycled to the fermenter at a rate of 5ml/min or 2.5
ml/pump rotation. Succinic acid and sulfuric acid were applied to the bioreactor at a rate
of 0.00042 moles/min or 0.05 g/min and 0.04 g/min, respectively.
3.4 Conclusion
The polyacrylamide type chemisorbent polymer PMTA, characterized in this
study, has many attributes advantageous for use as a downstream absorbent of succinic acid,
and other physical characteristics unique to this type of material. PMTA was found to be a
glassy type of polymer when dry, swelled to 5 times its weight in water, and was pH sensitive.
PMTA had a capacity of 0.45 g/g, when 1 g of polymer was placed in 50 ml of a 35 g/l solution
of succinic acid (phase fraction of 0.02). PMTA was found to be stable in aqueous solution
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over 10 days. Full recovery of chemisorbed succinic acid was achieved using a 3 M KOH
solution, and an insignificant reduction in succinic acid capacity was observed after 3 cycles of
sorption and desorption. Succinic acid chemisorption was reduced by 40% when in the
presence of medium components, and was found to chemisorb all acid by-products of succinic
acid fermentations. Considering that these experiments represented a worst case scenario, in
which medium components were at concentrations found at the start of the fermentation,
subsequent cell growth would naturally reduce anionic micronutrient concentrations.
Furthermore, selectivity is an attribute more applicable to ISPR applications, which is further
discussed in Chapter 4. PMTA has significantly higher capacity when compared to nonreactive absorbent type polymers and most chemisorbent materials; it is also much less
susceptible to hydrolytic degradation than polyacrylate type hydrogels. With these attributes, it
is clear that PMTA is applicable as a succinic acid chemisorbent for chromatographic
downstream recovery processes.
Ideally PMTA should be applied to ISPR applications for active removal of
succinic acid as it is formed in the fermentation medium, reducing product inhibition, and
improving production efficiency. However, in the near-neutral pH of the fermentation the
majority of succinic acid is in its dissociated form, which does not undergo the acid-base
reactions of PMTA’s chemisorption mechanism. Furthermore, the weakly basic nature of the
tertiary amine functional groups of PMTA was unable to maintain the pH of the medium within
the range necessary for succinic acid fermentations with A. succinogenes. Hence, additional
research is needed to combine existing industrial scale succinic acid production practices, either
by utilizing extremely acid tolerant succinic acid producers, or modifying the chemically
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reactive functional group of the polymer expanding the sorption mechanism to include
conjugate acids. These topics are discussed in more detail in Chapter 4 Future work.
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Chapter 4
Recommendations for Future Work
Polymeric chemisorbent materials are clearly applicable to downstream separation
of succinic acid from fermentation medium. The polyacrylamide type chemisorbent
PMTA, investigated in this study has high capacity, is stable in water, and is reusable,
which are desirable attributes for succinic acid extractants. The ideal application for
materials such as PMTA is in ISPR applications. However, as discussed in Section 3.4,
the acid-base chemisorption mechanism of PMTA is not compatible with the near-neutral
pH of succinic acid fermentations. Even at the relatively low pH of 5.8 (the lower pH
limit for succinic acid production in fermentations with A. succinogenes), which is
slightly more basic than the higher pKa value of succinic acid (5.63), the majority of
succinic acid remains in an undissociated state which does not undergo acid-base reaction
with PMTA. In addition the findings of this study concluded that the tertiary amine of
PMTA lacks the basicity to function as a pH regulation agent in ISPR applications.
Current succinic acid productions, by companies such as BioAmber, utilize a
proprietary strain of yeast; which presumably produces significant amounts of succinic
acid (>100 g/l titer) at a pH significantly lower (pH 4) than the higher pKa of (5.6). In
this situation, succinic acid is more abundant than succinate, making ISPR applications
with PMTA feasible. In addition, the small modulation in pH by PMTA compared to
controls, as shown in section 3.5.6, may be sufficient for pH control in low pH
fermentations. If this strain of yeast could be used in future studies, the focus for further
development of chemisorbent materials would be in improving selectivity. The acid-base
reaction mechanism for chemisorption by PMTA is not limited to carboxylic acids, and
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experimental observations from this study showed that succinic acid chemisorption was
reduced in the presence of fermentation medium components. As discussed in Section 3.4
the concentration of medium components in these experiments represented a worst case
scenario. This issue may also be addressed by developing minimal medium with reduced
concentrations of anions in solution, or by dosing the fermentation with ionic nutrients
during the course of the fermentation, as required. In addition, as described by Li et al.,
2011, a non-continuous ISPR process would delay sorption, giving time for the natural
reduction of anionic micronutrients as they are utilized and incorporated into the
microorganisms’ cellular structures.
Alternatively, it is also possible to modify the functional group of PMTA to a
stronger base, such as a quaternary ammonium salt, or imidazolium. A recent study
conducted by López-Garzón et al., 2017 investigated Aliquat 336, an anionic exchange
resin for succinic acid recovery. Aliquat 336 contains a strongly basic reactive quaternary
ammonium functional group. When the counter-ion on the functional group was
converted from the chloride to hydroxide form sorption capacity was increased. LopezGarzon, suggested that through acid-base reactions combined with anion exchange,
Aliquat 226 was sorbing both dissociated and undissociated forms of succinic acid.
Quaternary ammonium salts are used as antimicrobial agents; however the lethality of
these compounds is related to the long alkyl chains commonly associated with these
compounds. If a quaternary ammonium salt could be incorporated into a polymer matrix
it could increase its affinity for dissociated acids, making ISPR application at near-neutral
pH feasible, and the stronger basicity could be utilized as an effective pH control agent.
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Appendix A
Medium Formula, Growth Conditions, and Bioreactor Preparation and Related
Calibration Curves
To determine the conditions that may affect the downstream recovery of succinic
control fermentations was conducted. The organism used was Actinobacillus
succinogenes purchased from the American Type Culture Collection (ATCC), 55618.
Cells for cryo-preservation were grown in a stock medium formulation contained the
following (in g/l): glucose 30; yeast extract, 15; NaHCO3, 12.6; K2HPO4, 5.5; KH2PO4,
3; NH4Cl, 2; NaCl, 1. Cells were grown in 125 ml serum bottles, under nitrogen
atmosphere, with 50ml of stock medium, which was autoclaved at 121 °C for 30 minutes
prior to inoculation. Cells were grown for 24 h at 38 °C at 200 RPM; 0.5 ml of culture
was aliquoted into 2 ml cryo-vials with 0.5 ml of a 20% glycerol storage solution. Cryovials were stored at -80°C until needed.
Medium used for control fermentations and starter cultures, designated
fermentation medium, had the following components (in g/L): yeast extract, 10;
NaHCO3, 10; K2HPO4, 5.5; KH2PO4, 1.5; NH4Cl, 2.0; MgSO4, 0.1; MgCl2, 0.05; NaCl,
1.0. A 5l BioFlo III (New Brunswick Scientific, Edison, NJ) bioreactor with a 3 l
working volume was used for control fermentation. The fermentation was undertaken by
the addition of 1 l of a 3x solution of fermentation medium, 700 ml of water, and 1 l of
165 g/l glucose giving a functional glucose concentration of 54.6 g/l. Control
fermentation was inoculated with four 75 ml starter cultures using the fermentation
medium formulation with 10 g/l glucose. Starter cultures were grown in 125 ml serum
bottles, and the head space of the serum bottles was evacuated via vacuum and
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exchanged with medical grade N2 to achieve anaerobic conditions and autoclaved at 121
°C for 15 minutes prior to inoculation. Starter cultures were inoculated with 5 ml of a
pre-starter culture which was inoculated with ice scrapings from glycerol stocks. Starters
were incubated for 12 h at 38 °C with 200 RPM agitation. The four 75 ml starter cultures
were added to the bioreactor giving a 10% inoculum. The control fermentation conditions
included the addition of 1ml antifoam, CO2 sparging at .4 vvm, 500 RPM agitation,
operation at 38 °C, and pH 6.7 with automated addition of 5 M KOH. Samples were
taken from the bioreactor every 2 h. The fermentation was operated until glucose
consumption remained unchanged for 6 h.
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Figure A.1: 36h succinic acid fermentation with A. succinogenes
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Table A.1: Comparison production metrics between succinic acid fermentations
with A. succinogenes 130Z
Benchmarks

Glucose (g/l)
Biomass (g/l)
SA titer (g/l)
Yields (g / g)
Rate (g/l/h)

Hepburn
and
Daugulis
55
2.3
40
0.72
1.42

Lin et
al.,
2008
85
4.8
47.6
0.6
1.48

Zhu et
al.,
2012
80
3.8
51.9
0.62
1.1

Gonzales et
al., 2010

Gonzales et
al., 2008

40
4.1
26
0.65
1.4

54.7
3.7
33.8
0.62
1.35

This
study
54.7
1.5
35
0.83
0.97

0.5
0.45

y = 0.6329x - 0.0714
R² = 0.9921
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Figure A.2: Spectrophotometer calibration curve of optical density vs dry weight, at
an absorbance of 660 nm.
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Figure A.3: Refractive Index calibration curve of glucose, elution time 8.80 min
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Appendix B
Calibration Curves
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Figure B.2: Uv-vis calibration curve of succinic acid, elution time 10.85 min
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Figure B.3: UV-vis calibration curve of formic acid, elution time 12.4 min
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Figure B.4: UV-vis calibration curve of Acetic acid, elution time 13.4 min
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Appendix C
NMR Spectra

Figure C.2: 1D Proton NMR spectra of the monomer, N,N-dimethylethylene
diacrylimide
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Figure C.3: Proton NMR spectra of the crosslinker, Tris(2-aminoethyl)
triacrylimide
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Appendix D
Results from Previous Polymer Synthesis
A 20% crosslinked PMAT was tested for succinic acid capacity and competition between acid
end products. Materials and Methods were identical to those described previously.
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Figure D.1: Chemisorption equilibrium time and succinic acid capacity of PTA. 1 g
DW (5 g WW) polymer in 50 ml of a 35 g/l succinic acid, incubated at 25 °C with
150 RPM agitation.
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Figure D.2: Competitive chemisorption of acid end products, conditions include 1 g
DW polymer in 50 ml of acid solution containing, 7.1 g/l formic acid, 5.5 g/l acetic
acid, and 35 g/l succinic acid, reacted over 5 min at 25 °C, with 150 RPM agitation.
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