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Abstract: Carboxylic acids are traditionally produced from fossil fuels and have significant

applications in the chemical, pharmaceutical, food, and fuel industries. Significant progress has been

made in replacing such fossil fuel sources used for production of carboxylic acids with sustainable and

renewable biomass resources. However, the merits and demerits of each carboxylic acid processing

platform are dependent on the application of the final product in the industry. There are a number of

studies that indicate that separation processes account for over 30% of the total processing costs in

such processes. This review focuses on the sustainable processing of biomass resources to produce

carboxylic acids. The primary focus of the review will be on a discussion of and comparison between

existing biochemical processes for producing lower-chain fatty acids such as acetic-, propionic-,

butyric-, and lactic acids. The significance of these acids stems from the recent progress in catalytic

upgrading to produce biofuels apart from the current applications of the carboxylic acids in the food,

pharmaceutical, and plastics sectors. A significant part of the review will discuss current state-of-art

of techniques for separation and purification of these acids from fermentation broths for further

downstream processing to produce high-value products.

Keywords: acetic acid; anaerobic fermentation; ion exchange resins; lactic acid; separations; volatile

fatty acids

1. Introduction

There is significant interest among industrial and academic researchers around the world in

replacing feedstocks for fuel and chemical production with sustainable biomass resources to supply

the increasing population while using cutting-edge technologies to counteract environmental problems

such as global warming. Biorefineries, in principle, work similarly to petrochemical refineries in that

lignocellulosic biomass, which is a complex mixture containing sugars and aromatic components, are

broken down into several high-value products [1]. Studies have also shown that certain functional

groups added to naphtha in petrochemical refineries for the production of chemicals are usually

naturally present in lignocellulosic biomass [2]. Also, the catalytic processing of petrochemical

derivatives such as naphtha and syngas traditionally used for producing carboxylic acids involves

high temperature and pressure conditions that result in high energy inputs [3].

The current North American acetic acid market was valued at $2.3 billion in 2014 and was expected

to increase to $2.8 billion by 2019 [4]. Other reports have stated that the industry for biomass-based

renewable chemicals was expected to increase at a calculated annual growth rate of 7.7%, resulting in a

net market of $83.4 billion by 2018 [5]. Reports from the American Chemical Council have found that
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the global chemical production volume increased by approximately 10% between 2012 and 2016 [6].

This shows that the application of carboxylic acids, as chemicals or solvents, in industrial production

has a large volume, as will be further discussed in Section 2. It should be noted that the current

world production of lignocellulosic biomass is estimated at between 3 and 5 gigatons per year [1].

In fact, reports from a 2004 study indicated that existing forestry reserves around the world had the

capacity to supply up to 9.2 billion tons of oil equivalents, which is enough to supply around 82% of

the global energy demand [7]. Several routes have been developed for the conversion of lignocellulosic

biomass to biofuels such as pyrolysis [8], gasification [9], liquefaction [10], and a combination of

comparatively low-severity thermochemical pretreatment followed by concerted action of enzymes

and microorganisms [11]. While each of these technologies has different merits and problems, as

discussed in several reviews on their respective fields, the current state of the art in the latter platform

is usually considered more specific and cost-efficient and results in high-value byproduct streams [2].

The biomass sugars obtained after thermochemical and enzymatic pretreatment have previously

usually been converted to alcohols such as ethanol or butanol [12] and to a lesser degree anaerobically

fermented to produce carboxylic acids for further catalytic upgrading to biofuels [13]. It, therefore,

seems timely to update the current state of the art of the developments for biomass-based carboxylic

acid production.

2. Carboxylic Acid: Formation and Applications

2.1. Current State of the Art

Carboxylic acids or short-chain fatty acids are, by definition, a group of aliphatic mono- and

di-carboxylic acids [14] and include organic acids such as formic, acetic, propionic, iso-butytric, butyric,

iso-valeric, valeric, iso-caproic, caproic, oxalic, lactic, succinic, malic, fumaric, itaconic, levulinic, citric,

gluconic, ascorbic, etc. Another study describes carboxylic acids as “dissociated organic acids that are

characterized by the presence of at least one carboxyl group” [15]. Each of the aforementioned organic

acids has specific production pathways and applications in the market. For example, acetic acid is

produced through carbonylation of methanol and its current prices are primarily controlled by natural

gas markets [16]. Studies have indicated that the methanol carbonylation methods for producing

acetic acid are accompanied by several drawbacks such as catalyst solubility limitations and the loss of

expensive noble metal catalyst during separation steps [17]. Acetic acid has significant applications in

the food industry as vinegar [18] and in several food preparations [19]. Acetic acid is also used in the

production of vinyl acetate monomers for further polymerization to produce polyvinyl acetate or PVA,

which is used in several plastics, and in the production of terephthalic acid and ethyl acetate, which

replaces several industrial solvents as a “green” solvent [4]. Other applications for acetic acid include

use as an etching agent [20], as a component in the manufacturing of hydrophobic and lipophobic

papers in polymer industries [21], in production of cellulose acetate [22], etc.

Propionic acid is usually synthesized by hydrocarboxylation of ethylene in the presence of a

catalyst such as nickel carbonyl or rhodium [23]. This study also indicated that this synthesis route

has accounted for about 93,000 of the 102,000 ton capacity in the USA in 1991. However, it was found

that the production capacity for propionic acid decreased to around 55,000 tons in the USA by 1998.

Propionic acid has several uses but its primary application is in the preservation of food grains and

animal fodder [24]. Its other applications include the manufacturing of esters [25], herbicides [26],

and pharmaceuticals [27]. Moreover, it was found that propionic acid was a major byproduct in the

oxidation of light distillate fuel to produce acetic acid in the petrochemical industry [23]. Since the shift

in propionic acid production in the USA during the late 1990s, there has been a significant increase

in the demand for propionic acid and its derivatives with the growth of the food industry. Market

research has estimated the current worth of the propionic acid market to be $935.7 million in 2012,

with an estimated increase of 7.8% until 2018 [28].
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Similar to propionic acid, butyric acid has also been produced through an oxo-synthesis process,

from the oxidation of butyraldehyde [29]. Butyric acid has significant applications in food and

flavorings due to its butter-like taste and texture [30], in pharmaceuticals as a component in several

anti-cancer drugs and other therapeutic treatments [31], and in perfumes in the form of esters due to

its fruity fragrance [32]. Market research valued the butyric acid market at $124.6 million in 2014 with

an estimated growth rate as high as 15.1% (significantly higher than any other bio-based chemical) by

2020 due to its varied applications [33].

Collectively, C1–C7 acids are referred to as “volatile fatty acids” (VFAs) due to their relatively

high volatility and low vapor pressure compared to other carboxylic acids. However, the focus of

the manuscript will be primarily on the short-chain carboxylic acids such as acetic, propionic, butyric

(referred to as “VFAs” in this manuscript), and lactic acids, which are predominantly produced as

reaction intermediates in the microbial conversion of sugars, as will be discussed in detail in the

manuscript. As indicated previously, drawbacks related to poor efficiencies, expensive catalysts,

and extreme reaction conditions involved in the current petro-catalysis methods for producing these

organic acids are shifting the focus onto alternative biochemical methods.

An example of a carboxylic acid that is commercially produced from optimized biochemical

methods, using corn sugars as a substrate, is lactic acid. Chemical synthesis of lactic acid was based on

strong acid hydrolysis of lactonitrile, which is a minor byproduct of petrochemical processing [34,35].

This was followed by base-catalyzed degradation of sugars, oxidation of propylene glycol, and

high-temperature and high-pressure catalytic reactions between acetaldehyde, carbon monoxide and

water [36]. Apart from the obvious drawbacks of these chemical synthesis methods such as high energy

and cost requirements, these processes were also plagued by the production of a mixture of L- and

D-lactic acid isomers, which affected the further processing of lactic acid for its varied applications.

Some of the applications of lactic acid include the production of chemicals such as pyruvic acid, acrylic

acid, 1,2-propane diol and ethyl lactate, which are currently replacing several toxic organic solvents in

industries as “green” alternatives; and the polymerization to poly-lactic acid (PLA), which is used as a

biodegradable plastic [37]. Currently, complete commercial production of lactic acid from pure sugar

substrates is being done using biochemical methods, with an annual production capacity reported to

be around 800,000 tons in 2013 [38].

2.2. Challenges and Considerations for the Production of Carboxylic Acids from Lignocellulosic Biomass

In order to better understand the steps required for developing cost-effective methods for

producing organic acids from biomass instead of pure sugar substrates, it is important to understand

the complex structure of the lignocellulosic biomass. The converted and unconverted components

of the lignocellulosic biomass at different steps in a biorefinery will help engineers and scientists to

develop optimal conversion techniques resulting in pure carboxylic acids that can be further converted

to chemicals, polymers, or fuels.

Lignocellulosic biomass contains cellulose, hemicellulose, and lignin as its primary structural

components. Studies have shown that the primary component of biomass is 35–50% cellulose along

with 20–35% hemicellulose and 10–25% lignin [39]. Cellulose is a high molecular weight linear

homo-polymer of repeated units of glucose held together by β-1, 4 glycosidic linkages and is the

primary source of glucose or C–6 sugar for carboxylic acid production [40]. Hemicellulose is a

linear and branched heterogeneous polymer containing different C5 and C6 sugars as well as other

components such as ferulic, acetic, and glucuronic units, which are used for the linkage between sugar

units or with lignin and cellulose [40]. While hemicellulose contains a mixture of C5 and C6 sugars

and is amorphous in nature, it is easily hydrolysable compared to cellulose. While not the main carbon

source for several microorganisms, studies have been done to engineer microbes to also take sugars

developed from hemicellulose as the substrate for carboxylic acid production and, thereby, increase the

biomass conversion efficiency to produce carboxylic acids. Unlike cellulose and hemicellulose, lignin

is a complex structure constructed using phenyl–propane units and is bonded closely with cellulose
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and hemicellulose to provide rigidity and cohesion to the structure of the cell wall [41]. Lignin mainly

consists of aromatic compounds and, due to its complex structure, is highly resistant to enzymatic

and microbial action. However, recent studies have shown anaerobic digestibility of wet exploded

lignin, resulting in increased methane production through conversion of around 44.4 wt % lignin in

the pretreated material [42]. This study also found production of several phenolic compounds and

fatty acids in the effluent after anaerobic digestion, which is an indication of the complexities of the

fermentation broth, while designing separation processes fitted to produce carboxylic acid as the

final product.

3. Biochemical Routes to Carboxylic Acid Production

The biochemical routes for producing carboxylic acids from sugar substrates are well known.

However, these biochemical pathways are based on using glucose (or fructose) as the substrate and

not on the use of a complex sugar mixture derived from biomass after pretreatment, which again will

create many other components. The biochemical pathway for converting sugar substrates to different

carboxylic acids is shown in Figure 1.

 

─ ─

−

6 12 6 2 yields�⎯⎯� 3 2 2

Figure 1. Different biochemical pathways in different microorganisms for the production of acetic,

lactic, propionic, and butyric acid. The different pathways are represented using different line forms:

(–) acetogenesis; (···) lactate pathway; (–·) propionate pathway; and (- -) butyrate pathway. [THF:

tetrahydrofolate; P: phosphate; H: hydrogen; CoA: coenzyme A; ATP: adenosine triphosphate; CO2:

carbon dioxide; Fd2−: ferredoxin ion; NADH: nicotinamide adenine dinucleotide].

3.1. Microbes Used for Acetic Acid Production

Homoacetogens are a group of bacteria that selectively produce acetic acid from organic matter.

These homoacetogens or ‘carbon dioxide reducing acetogens’ are obligate anaerobes that use the

Wood–Ljungdahl or reductive acetyl CoA pathway as their main mechanism for the synthesis of

acetic acid [43]. One molecule of glucose is converted to two molecules of pyruvate using the

Embden–Meyerhof–Parnas (EMP) pathway, which in turn is decarboxylated to two molecules of

acetyl-CoA and finally into two molecules of acetate (see Figure 1) [44]. The acetogens convert the

available H2 and CO2 to acetic acid through the Wood–Ljungdahl pathway [45], which has two
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branches, the carbonyl and the methyl branches, with CO and/or CO2 substrates. The carbonyl branch

reduces CO/CO2 through cobalamine and tetrahydrofolate compounds into a methyl group, which

binds to Coenzyme A to form acetyl CoA [43]. The net reaction is as follows:

C6H12O6 + 2H2O
yields
−−−→ 2CH3COOH + 4H2 + 2CO2 (1)

Most of the known homoacetogens belong to the genera Clostridium and Acetobacetrium.

Over 100 acetogens have been isolated and, out of this pool, genomic sequencing data for around

22 acetogens have been published [43]. Some of the most common and most studied acetogens include

Clostridium thermoaceticum (or Moorella thermoacetica), Acetobacterium woodii, and Clostridium ljungdahlii.

The biochemical pathways relating to these acetogenic bacteria, including their thermodynamics, have

been intensively reviewed by Schuchmann and Muller [46]. Moorella thermoacetica, also known as

Clostridium thermoaceticum ATCC 49707, is a gram-positive, endospore-forming, and strictly anaerobic

thermophilic bacteria with an optimal growth temperature between 55 and 60 ◦C. There are several

studies describing metabolic models of this strain’s acetogenesis pathways [46,47]. The ability of

M. thermoacetica to use a wide variety of substrates including sugars, gases such as CO2 & H2,

other organic acids, methoxylated aromatic compounds, etc. has increased interest in studying

and engineering the bacteria not only for research but also for industrial applications [46,48]. Previous

studies have indicated that, with a complex mixture of sugars, Moorella thermoacetica (M. thermoacetica)

initially consumes xylose followed by fructose and then glucose, making it a unique microbial

strain [49]. Batch fermentation studies operated with 20 g/L xylose showed a maximum acetic

acid yield using M. thermoacetica of 0.76 g acid/g xylose [50]. Other studies using pure glucose as

a substrate have shown a conversion efficiency of only around 0.65 g acetic acid/g glucose. Very

few studies have been done with lignocellulosic biomass substrates where acetic acid yield from an

agricultural raw material such as sugarcane bagasse was found to be around 0.71 g acid/g biomass

sugars while that from a forestry residue was found to not exceed 0.35 g acid/g biomass sugars [51].

These studies indicate that while the thermal degradation products of sugars and lignin obtained

during thermochemical pretreatment (in this case, steam explosion) did not significantly inhibit M.

thermoacetica, the primary source of inhibition was the glucose/xylose ratio and the inability of the

strain to ferment other sugars such as arabinose, mannose, and galactose with high efficiency. The

metabolic function of M. thermoacetica with a xylose substrate was studied using an in situ Nuclear

Magnetic Resonance (NMR) bioreactor by Xue et al. [49], where around 12 metabolites were identified

and quantified using in situ NMR capabilities and more than 40 metabolites were identified using

ex situ HR-NMR (after sample preparation to remove spectral inhibition by cells and media). Real-time

NMR analysis also showed production of formate, ethanol, and methanol by M. thermoacetica using

xylose as a substrate [49].

C. ljundahlii (ATCC 49587) is similar in structure to M. thermoacetica but lacks the cytochromes and

quinones that would normally result in salt imbalances in the microorganisms [46]. However, similar

to M. thermoacetica, C. ljundahlii does not require Na+ for growth and optimally grows between pH 5

and 7 under thermophilic conditions. Studies have indicated that this strain favors the production of

ethanol over acetic acid at a pH below 4.5 and can produce a spectrum of products including acetic and

butyric acids at higher pH [52]. However, most of the reported data on C. ljundahlii for the production

of acetic acid focus on gaseous substrates such as synthesis gas (CO, CO2 & H2) and very few studies

have been done with sugar substrates [53].

Unlike M. thermoacetica and C. ljundhalii, A. woodii is a non-spore-forming mesophilic bacterium

that grows robustly on H2 and CO2 to produce predominantly acetate and has also been used in

varying conditions to produce small amounts of other chemicals such as formate, methanol, ethanol,

1,2-propanediol, 2,3-butanediol, ethylene glycol, lactate, etc. [46]. Being mesophilic, A. woodii is

significantly affected by contamination and the absence of cytochromes and quinones makes the strain

dependent on Na+ [54,55]. Metabolic modeling of the acetogenesis in A. woodii has shown that, during
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heterotrophic growth, 4 moles of hydrogen are produced and further used during autotrophic growth

(producing 2 moles CO2), resulting in the production of 1 mole of acetate and 0.3 moles of ATP [56].

Studies have also been done to understand the biochemical and energy profile of reductive

acetogenesis in combination with the Wood–Ljundahl pathway for acetic acid production [57].

Theoretical models have shown that ATP is formed during acetate kinase reaction and during pyruvate

formation but an equal amount of ATP is consumed for conversion of ATP to acetyl-CoA and during the

formyl-THF synthase reaction (in the Wood–Ljundahl pathway). Hence, membrane-bound complexes

are required to be coupled with the pathways to control the energetics resulting in active generation

of ATP. Some metabolic modeling studies have reported that hexose fermentation in acetogens uses

low-molecular-weight, iron–sulfur center-containing proteins known as ferredoxin for the conversion

of pyruvate to acetyl-CoA [46,58] (shown in Figure 1). These metabolic studies hypothesized that this

reaction through ferredoxin as an electron acceptor has a standard redox potential that is much more

negative compared to the NAD+/NADH electron transport, resulting in an acceptable energy balance

within the biochemical pathways of the acetogens. However, other studies [59] hypothesized another

possible route through a reaction using formate-hydrogen lyase and methylene-tetrahydrofolate

reductase where the reaction resulted in the transport of two protons out of the cell membrane, resulting

in a proton gradient to facilitate electron transport in the acetogens. This model was investigated

for M. thermoacetica iAI558 using CO2 and H2 as substrates to produce acetic acid and the metabolic

studies indicated that both the routes (as described above) did not individually show a complete

energy balance during the conversion of pyruvate to acetyl-coA in an acetogen. However, these studies

concluded that the combination of both these routes could explain the increased efficiency of acetogens

such as M. thermoacetica due to their ability to generate energy through thermodynamically infeasible

cycles without a specific growth substrate [47]. Due to the absence of cytochromes in C. ljundahlii,

a proton gradient facilitating electron transport and energy balance was hypothesized to be achieved

through membrane-bound Rnf complexes [60]. Unlike thermophilic bacteria, energy balance analysis

through metabolic modeling of mesophilic bacteria such as A. woodii indicated that the Na+ gradient

was used by the membrane-bound ATP synthase to produce ATP [56]. These studies also indicated that

the acetogenesis began with H2 being oxidized by an electron-bifurcating hydrogenase that coupled

the reduction of ferredoxin with that of NAD to promote acetogenesis. Such metabolic information

not only helps validate the biochemical pathway found by a pure microbe to consume a specific

carbon substrate to produce a specific carboxylic acid, but also provides information regarding the

energetics of specific parts of the pathway that will help us understand a mixed microbial consortium

that contains one or more such microbes.

3.2. Microbes Used for Butyric Acid Production

Similar to acetogens, butyric acid production through fermentation is one of the oldest and

most-studied techniques since the First World War. Several reviews have been published on different

strains used for butyric acid production and seven different genera have been investigated for their

potential industrial applications [56,61]. Some of the most commonly studied and industrially used

strains includes C. tyrobutyricum [62,63], C. acetobutylicum [64,65], and C. thermobutyricum [66,67].

A major drawback of using clostridial strains for butyric acid production is the formation of other

side products such as acetic acid, ethanol, butanol, acetaldehyde, and lactate, as well as gases such

as CO2 and H2. Butyric acid production starts with the metabolism of glucose to pyruvate through

the Embden–Mayerhof–Parnas (EMP) pathway followed by conversion to acetyl-CoA and then to

acetoacetyl-CoA through a thiolase reaction (as shown in Figure 1). The butyryl CoA produced

from acetoacetyl-CoA is then converted to butyryl phosphate by phosphotransbutyrylase and then

converted to butyrate by butyrate kinase [62]. Metabolic studies showed that C. tyrobutyricum,

C. thermobutyricum, and C. acetobutylicum followed different pathways with different efficiency, as

shown in Equations (2)–(4):
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C6H12O6 → 0.8C4H8O2 + 0.4C2H4O2 + 2CO2 + 2.4H2 (2)

C6H12O6 → 0.85C4H8O2 + 0.1C2H4O2 + 0.2C3H6O3 + 2CO2 + 2.4H2 (3)

C6H12O6 → 0.7C4H8O2 + 0.6C2H4O2 + 2CO2 + 2.7H2 (4)

Similar to the acetogenic strains discussed in Section 3.1, the clostridial strains targeted for butyrate

production usually do not possess cellulolytic enzymes and have a lesser ability to use cellulose as

substrate; hence, they require extensive pretreatment and enzymatic hydrolysis to deconstruct biomass

into simple sugars for carboxylic acid production. While some studies have indicated that certain

clostridial species have cellulases encoding for genes allowing them to utilize polymers such as

cellulose, most of these studies also indicated that these strains employ carbon catabolite repression

(CCR), whereby preferred carbon substrates such as glucose will suppress the utilization of other

sugars [56]. As can be seen from Equations (2) and (3), clostridial strains for butyrate production are

also significantly pH-sensitive. Studies have indicated that at pH > 5 and with iron limitations, lactate

can replace butyrate as the major product of fermentation in C. butyricum [68]. Other studies showed

the highest butyrate production in C. tyrobutyricum between pH 6 and 6.7 [62]. These studies indicated

that the shift in metabolic flux as a function of pH is related to the difference in activity of lactate

dehydrogenase, phosphotransbutyrylase, and phosphotransacetylase.

Significant metabolic studies have been done on butyric acid production to understand the

pathways leading to butanol production, especially after inhibiting hydrogen production by controlling

the ferredoxin in the pathway (ferredoxin is produced during conversion of pyruvate to acetyl-CoA,

as shown in Figure 1) [64]. These studies also showed that a proper energy (ATP) balance in the

butyrate pathway (shown in Figure 1) could not be established for butyric-acid-producing strains

such as C. acetobutylicum due to the absence of Rnf membranes or a similar membrane-bound electron

transport system existing in its pathways. Other studies found that, in C. butyricum, the lower partial

pressure of H2 decreased the acetate/butyrate ratio, followed by an increased ATP yield, resulting in

an energetically favorable pathway that would take up the produced acetate and convert it back to

butyrate [69]. Such energetically favorable reversible reactions have been found to be of importance,

especially in mixed microbial cultures compared to pure cultures.

3.3. Microbes Used for Propionic Acid Production

Paludibacter and Propionibacterium produce propionic acid as the major end product of

fermentation. For example, Paludibacter propionicigenes produces propionate and acetate as major

products when fermenting glucose [70]. Paludibacter belongs to the phylum Bacteroidetes and is one

of the most abundant species in wastewater treatment plants [71]. Paludibacter jiangxiensis is another

bacterium that utilizes sugars to produce propionate as the major product. However, compared with

P. propionicigenes, it was found that yeast extract was not required for the growth of the bacterium [72].

Propionibacteria selectively produce propionic acid from organic matter and make up 1.4% of the

ruminal microflora [73]. Propionate production from lactate occurs either via the ′direct reduction′

pathway or the ′decarboxylic acid′ pathway. In the decarboxylic acid pathway, succinate is initially

formed (see Figure 1) from heterotrophic fixation of carbon dioxide, which is then decarboxylated to

propionate [74].

Another bacterium that has the ability to produce propionic acid from sugar substrates following

an alternate “acrylate pathway” is Clostridium propionicum (see Figure 1) [75,76]. Other studies have

indicated that certain cellulolytic bacteria such as C. saccharolyticum and C. thermocelluum also follow

a similar pathway during the production of propionic acid [56]. In this acrylate pathway, the sugars

are initially converted to lactate, which is then converted to lactoyl-CoA through the action of CoA

synthase, followed by dehydrogenase action leading towards acrylic acid and then propionic acid.

Studies have indicated that, following the decarboxylic acid pathway, propionic acid production is

hindered due to the production of lactic and succinic acid as byproducts [77]. Another study using
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glycerol as a substrate with Propionibacterium acidipropionici and Propionibacterium freudenreichii ssp.

shermanii bacteria resulted in the production of 0.79 mol of propionic acid/mol substrate consumed at

a productivity of around 0.42 g/L/h at optimized conditions, with acetic acid produced as the main

byproduct along with lactic acid and succinic acid [78]. These studies also showed that when glycerol

was replaced with glucose as the carbon substrate, a higher amount of acetic acid was produced

as a byproduct, followed by a decrease in the propionate yield. Metabolic studies on the different

biochemical pathways for propionic acid production showed that the optimized pathway had acrylic

acid as an intermediate [79]. Metabolic studies using Biological Network Integrated Computational

Explorer (BNICE) were one of the first successful attempts at using pure computational modeling to

study around 16 different biochemical pathways towards propionate production in different propionate

bacteria. These studies predicted that the rate-limiting step for propionate production was the reduction

of acrylic acid to propionic acid through the “acrylate” pathway. Such computational methods, blended

with actual metabolic data on the different biochemical pathways, allow for accurate prediction of the

enzymatic activities of the different steps in a specific pathway.

3.4. Microbes Used for Lactic Acid Production

Lactic acid bacteria have been studied for several years, especially related to their use in the

food industry. Taxonomically, lactic acid bacteria belong to two distinct phyla, Firmicutes (with

Lactobacillus and Lactococcus as the most-studied genera) and Actinobacteria (with Bifidobacterium as

the most-studied genus) [80]. Lactobacillus has been studied for biorefinery applications as they are

facultative anaerobes and can also live under microaerophilic conditions in nature with the production

of different fermentation end-products including lactic acid and sometimes further formic acid, acetic

acid, ethanol, and carbon dioxide [81]. The lactate production follows glycolysis through the EMP

pathway as shown in Figure 1, followed by the action of lactate dehydrogenase on pyruvate to produce

lactate. The major advantage of the bacterium is its tolerance to low pH when compared to other

carboxylic-acid-producing strains with optimal pH over 5 [82]. Another advantage of some Lactobacillus

strains is their non-sporulating nature, which will be further discussed in Section 3.5. Based on the

nature of the fermentation, lactic acid bacteria in general have been classified as homo-fermentative,

resulting primarily in L-lactic acid as the only product, and hetero-fermentative, which produce

small amounts of acetic acid and ethanol as byproducts. Major homo-fermentative products includes

Lactococcus lactic [83], Lactobacillus delbrueckii [84]; Lactobacillus helveticus [85]; Lactobacillus casei [86],

Bacillus subtilis [87], and Bacillus coagulans [88–90]. Similar to the VFA-producing bacteria, the

Lactobacillus or Bacillus strains are rod-shaped bacteria that have a tendency to sporulate [80]. A high

lactate-producing bacterial strain such as B. coagulans showed as much as 92% lactic acid yield from

sucrose [88]. Continuous fermentation of lignocellulosic biomass using an isolated B. coagulans strain

resulted in lactic acid yield of 0.95 g/g biomass sugars with a productivity as high as 3.69 g/L/h at

the optimum pH of 6 with a residence time as low as 6 h [90]. Similar lactic acid yields were obtained

with batch fermentation of pure glucose using the B. coagulans WCP10–4 strain with a productivity

as high as 3.5 g/L/h [91]. These studies show that lactic acid bacteria are severely inhibited by

product concentrations above a certain range and, hence, it would be beneficial to remove the product

immediately to increase the efficiency of the fermentation.

3.5. Disadvantages of Pure Microbial Cultures in Biorefineries

The previous sections discussed several pure bacterial strains and pathways for the conversion

of sugar substrates to different carboxylic acids. The advantages of using such pure strains include

complete knowledge and control of the biochemical pathways towards carboxylic acid production from

sugars, lesser contamination from other strains under sterile conditions, and easy genetic engineering

of the strains to add other functionalities such as cellulose degradation (which allows the pure strains

to digest cellulose to produce carboxylic acids instead of just simple sugars). However, there are several

disadvantages related to using pure cultures, especially due to the risk of contamination from other
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strains that are more energetically favorable, resulting in the formation of other less-desired products

instead of carboxylic acids. Also, in biorefineries, complex substrates such as lignocellulosic biomass

have several components other than sugars such as aromatic and phenolic compounds coming from

the lignin, which have antimicrobial properties and can inhibit some pure microbial strains more than

others. Clostridial strains, as mentioned previously, have been indicated to suffer from low growth

rates when lignocellulosic biomass is used as the substrate [56].

Another disadvantage with an acetogen such as M. thermoacetica is its significant dependence

on pH. Studies have shown that the growth of M. thermoacetica (or C. thermoaceticum) strains stopped

when the pH of the anaerobic glucose fermentation dropped under 5 [92]. Other studies indicated that

M. thermoacetica strains survived well in a pH range of 6 to 7 with acetic acid yield between 0.8 and

0.95 g acid/g glucose but that the growth of M. thermoacetica decreased significantly with an increase

in acetic acid concentration in the fermentation broth [93]. The pH sensitivity of butyrate producing

strains has already been discussed in Section 3.3. Apart from pH sensitivity, these strains were also

found to be sensitive to other factors such as the H2 partial pressures, resulting in a significant effect on

the product distribution. The sensitivity of such pure microbial strains to acid concentrations, system

pH, gas partial pressures, and contamination from other microbes altering the end product of the

fermentation point to the use of mixed microbial consortia specifically grown towards target acid

product and the development and optimization of in situ separation techniques to remove acids from

the fermentation broth as part of its production.

Another disadvantage of clostridial strains, in general, for biorefinery applications is the tendency

of the strains to sporulate as a form of asymmetric cell division [94]. Studies have indicated that such

spores tend to become metabolically inactive [95]. Studies on C. acetobutylicum have been done to

change the sporulating pattern of this strain by inactivating sporulation-related sigma factors, resulting

in mutants without the ability to sporulate at the stationary phase, leading to efficient acidogenesis

and, hence, butyric acid production [96].

Other common engineered strains for biorefinery applications include E. coli, S. cerevisiae, and

other yeasts. Several reviews and metabolic studies have been published on these mutants [97] but

most of these studies indicated that such engineered strains were significantly limited by substrate

utilization, especially the C6 and C5 sugars present in lignocellulosic biomass [98]. Mixed microbial

consortia such as those present in the rumen, on the other hand, can combine both substrate utilization

and targeted product formation through optimizing pathways and fermentation conditions, especially

related to high carboxylic acid yields in biorefineries.

3.6. Mixed Bacterial Consortia for Carboxylic Acid Production

Ruminants are the most populous group of animals in the world, with more than 3.5 billion on

each continent [99]. Ruminants (e.g. cows) are known to produce VFAs, especially acetic, propionic,

and butyric acids, from organic matter [100]. They have the ability to digest cellulose and break it

down into simple sugars, which can be attributed to the presence of a unique microflora in their rumen,

including cellulolytic microorganisms [101] and consisting of about 1010 to 1011 bacterial cells per

milliliter and 103 to 105 zoospores per milliliter, in addition to protozoans and bacteriophages. Many

groups of microbes including bacteria, fungi, and archaea are involved in the production of carboxylic

acids; of these the most important group of bacteria are the acetogens.

Ruminal fermentation of organic matter requires interaction between three groups of anaerobic

microbes (Figure 2): fermentative bacteria, which degrade organic matter to hydrogen, carbon

dioxide, and VFAs; acetogenic bacteria, which convert hydrogen, carbon dioxide, and acetate; and

methanogenic bacteria, which reduce hydrogen, carbon dioxide, and formate to methane [102]. In the

bovine rumen, methane production is primarily from the reduction of carbon dioxide with hydrogen

as the electron donor [103]. Studies have indicated that although methanogenesis represents a 2–15%

energy loss in cattle [104], a low concentration of hydrogen is required for complete fermentation

of the organic matter, maximum yield of ATP, and optimal microbial growth in the rumen [105]. If
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methanogenesis in an artificial rumen reactor is inhibited, hydrogen accumulation increases through

the inhibition of oxidation of the reduced NADH [106] and, in turn, VFA production including acetate

and propionate production will further increase [107]. It has also been shown that high levels of

propionic and butyric acids can inhibit methanogenesis [108]. In other words, it is ideal to prevent

methanogenesis in the rumen microflora in order to increase the VFA production through anaerobic

ruminal fermentation.

It is common knowledge from several in situ fermentation studies that the rumen microflora

consists of several cellulose-degrading, acidogenic, acetogenic, and methanogenic bacteria that are

necessary for the optimal function of the rumen in a ruminant animal [99–103]. Several studies

have been done to identify and understand the microbial population of the ruminal microflora,

especially related to biorefinery applications. One such study identified around 27,755 putative

carbohydrate-active genes that accounted for as much as 57% of the cellulose-degrading enzymatic

activity in the rumen microflora [109]. These metagenomic studies done with cellulose and switchgrass

as substrates showed the presence of endoglucanases, β-glucosidases, and cellobiohydrolases

in the ruminal microflora. Some of these cellulolytic strains present in the rumen include

Fibrobacter succinogenes, Ruminococcus flavefaciens, and Ruminococcus albus [110]. Unlike pure microbial

cultures used for carboxylic acid production, which would require genetic alterations using certain

cellulolytic bacteria such as C. thermocellum (thermophilic) or C. cellulolyticum (mesophilic) [111], mixed

microbial consortia have the advantage of the collaboration of several different cellulolytic bacteria

that together produce a more diverse and optimal cellulolytic enzyme mixture for the conversion of

cellulose in lignocellulosic materials. This internal enzyme capability is of major importance, since

biorefineries are affected by the high enzyme costs required to completely convert the sugars present

in pretreated biomass into C5 and C6 sugars for uptake by pure microbial cultures. Using a mixed

rumen microflora, it is possible to significantly reduce the cost of the production process by harvesting

the intrinsic capability for producing a complex enzyme mixture along with fermenting the resulting

sugars into carboxylic acids.

2 2 → 2 4 2 2

Figure 2. Different stages of biomass conversion through fermentation using a mixed microbial

consortia such as rumen microflora.

Apart from cellulolytic bacteria and methanogenic archaea present in the rumen, a significant

portion of the rumen microflora is composed of acidogenic bacteria. Studies have indicated that

Acetitomaculum ruminis is the most predominant acetogen present in the ruminal microflora [112].

Other acetogens present in the rumen include Eubacterium limosum, Ruminococcus productus [113], and
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obligate hydrogen-producing acetogens such as Syntrophomonas wolfeii and Syntrophobacter wolinii [114].

Ruminococcus schinkii, which is phytogenically similar to the Clostridial species, has been isolated

from the rumen in suckling lambs and has a greater propensity towards acetogenesis even when

using O-methylated aromatic compounds [115]. The advantage of A. ruminis present in the rumen

versus the other acetogens is its ability to produce acetate via heterotrophic growth (see Figure 1),

while those acetogens that use autotrophic growth compete with methanogens for H2 [116]. Reductive

acetogenesis by acetogens following autotrophic growth in rumen microflora is usually similar to that

shown in Equation (5), unlike the traditional acetogenic reaction shown in Equation (1):

2CO2 + 4H2 → C2H4O2 + 2H2O (5)

Davidson and Rehberger [117] showed that ruminal populations of Propionibacteria ranged

from 103 to 104 cfu/mL and, out of 132 isolates studied, 126 were identified as P. acidipropionici,

which is also capable of nitrate reduction. Initial studies have indicated that rumen microflora

from a ruminant animal that has a high forage diet usually have Streptococcus bovis as the primary

lactic-acid-producing bacteria [118]. However, other studies showed the metabolic shift in the

lactate-producing ruminal population toward Lactobacillus when there was an increase in sugar

substrates in the ruminant diet [119]. Hence, the Lactobacillus bacteria present in rumen microflora are

essential to understand when using mixed microbial consortia for biorefinery applications. Studies

have identified that Lactobacillus ruminis and Lactobacillus vitulinus are two prominent lactic acid

bacteria in the rumen when feeding a high carbohydrate content in the diet [120]. Other studies isolated

around 36 different lactate-producing bacteria from the rumen including B. licheniformis, B. coagulans,

B. circulans, B. laterosporous, B. pumilis, etc. [121]. Even with the presence of such lactate-producing

bacteria, one of the advantages (and, in certain cases, disadvantages) of using rumen mixed cultures

for biorefinery applications is that the cellulolytic bacteria and the lactic acid bacteria work at different

optimal pH ranges. It is commonly known that cellulolytic bacteria function optimally at a pH range

between 6 and 7, while several studies found the optimal performance of lactic acid bacteria at a pH

below 6. The advantage of this discrepancy is the ease of guiding mixed culture fermentation of biomass

towards VFAs with negligible effect from the lactic acid bacteria present in the rumen microflora,

simply by maintaining a pH of over 6. It is properties such as this that have led to the interpretations of

ruminal mixed cultures as “habitat-simulated” mixed cultures [122], which can be selectively targeted

towards specific carboxylic acid produced under specific controlled experimental conditions. Studies

into isolating lactic acid bacteria from rumen microflora also resulted in isolating Sphaerophorus prevot

species, which had the ability to produce butyric acid as a minor byproduct [123]. There is no specific

literature on predominantly butyric-acid-producing bacteria in the rumen microflora, but butyric acid

is produced as a minor byproduct by several acetogens and propionate-producing bacteria present

in the rumen. These microbes include Bacteriodes amylogenes [124] and Butyrivibrio fibisolvens [125].

Also of interest to biorefinery applications is the effect of xylans as a substrate for rumen bacteria.

Studies aimed at characterizing bovine ruminal bacteria isolated from the microflora after growth in

a xylan-supplemented medium showed the presence of strains such as Butyrivibrio fibrisolvens and

Bacteriodes ruminicola, with propionic acid as primary products [126]. The study found that there

was a significant reduction in cellulolytic bacteria in the rumen microflora grown selectively on a

xylan medium, and while the actual microbial population did not change significantly, the transition

of the carbon substrate for growth from xylan to glucose resulted in a decrease in propionic acid

production. Murali et al. [13] have successfully produced volatile fatty acids (acetic, propionic, and

butyric acid) from pretreated corn stover with increased conversion of corn stover when solids loading

was increased from 2.5% to 5%. This study showed good performance of the ruminal bacteria towards

VFA production with a decrease in biomass carbohydrates (sugar polymers) due to the presence

of cellulolytic bacteria in the rumen that can depolymerize cellulose and hemicellulose into sugars

followed by acetogenesis. Such a microbial system can effectively reduce the costs of producing VFA

by eliminating the need for external lignocellulolytic enzymes such as cellulases and hemicellulases.
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In vitro studies were done in an anaerobic fermenter to study the dynamic response of the system

to pulses of volatile fatty acids input into the system [127]. These studies found that the addition of

butyrate and valerate to the anaerobic fermenter led to an increase in acetic acid production, with

propionic acid as a minor byproduct. However, pulsed input of propionic acid to the anaerobic

fermenter destabilized the system, resulting in a reduction in acetogenesis. Such effects of process

imbalances have also been studied in batch cultures from anaerobic reactor systems [128–131]. Such

studies are, again, sufficient evidence for the need for in situ product separation to control as well as

prevent system instability during the anaerobic fermentation of lignocellulosic biomass to produce

carboxylic acids.

4. Product Separation and Purification

As indicated earlier in this manuscript, separation processes are required in a biorefinery at

different stages primarily to (a) separate and purify the product/intermediate for the next stage of

processing and (b) remove biomass components that are inhibitory at a particular stage of processing.

However, here we will primarily focus on the significance of in situ product recovery from biochemical

fermentation in biorefineries that produce carboxylic acid as a product or an intermediate for fuels

and/or chemicals. Mixed acid fermentation is usually inhibited by the product/products produced,

i.e., in situ product recovery during fermentation will sufficiently remove the inhibitory effects of

carboxylic acids produced during fermentation. For example, studies done by Garrett et al. [82]

have shown that fermentation productivity using B. coagulans for the production of lactic acid was

significantly inhibited above a lactate concentration of 20 g/L in the fermentation broth at 50 ◦C and

pH 5.5. These studies using Amberlite IRA-67 for in situ extraction of lactic acid showed an increase in

microbial productivity by at least 1.4-fold when compared to fed-batch fermentation with conventional

salt precipitation. Several similar studies done on in situ carboxylic acid recovery from fermentation

broths are shown in Table 1.
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Table 1. Existing literature data on in situ carboxylic acid separation during fermentation.

Substrate Fermentation Product Type of Separation Optimized Conditions and Process Efficiency

In situ separation using electrodialysis

Wheat Straw [132] Continuous with C. tyrobutyricum Butyric acid
Reverse electro-enhanced

electrodialysis (REED)
19- and 53-fold higher sugar consumption in presence of REED resulting

in butyric acid. Yield as high as 0.45 g/g sugars

Glucose [133] Continuous with L. plantarum Lactic acid Bipolar electrodialysis
Lactate recovery of 69.5% (1.32 mol/L lactate) with current density of

40 mA/cm2

Whey [134] Batch with P. shermanii Propionic and acetic acid Electrodialysis
Increased acid yield by 1.4-fold and 1.31-fold for propionic and acetic

acids, respectively, when compared to controls.

Sucrose and grass [135] Fed-Batch with anaerobic sludge Acetic and butyric acid Electrodialysis
Up to 99% VFA removal from fermentation broth within 60 min

containing 1.2 g/L initial VFAs

In situ separation using reactive extraction

Sucrose [136] Fed-Batch with C. tyrobutyricum Butyric acid
Pertraction using 20% w/w

Hostarex A327 in oleyl alcohol
0.30 g butyrate/g sugar with productivity of 0.21 g/L/h (pH 5.2 at 37 ◦C)

Glucose [137]
Batch with immobilized

L. delbrueckii
Lactic acid Alamine-336 in oleyl alcohol

Maximum yield of 25.5 g/L with Alamine-336 together with
immobilized cells with 15% v/v sunflower oil (Vor/Vaq = 0.5 at 37 ◦C)

Lactose [138]
Hollow-fiber membrane extractor
(Fed-batch) with P. acidipropionici

ATCC 4875
Propionic acid

Adogen 283 (ditridecylamine)
in oleyl alcohol

0.66 g propionate/g substrate with product concentration of 75 g/L and
purity of ~90% (pH 5.3)

Switchgrass [139]
Hollow-fiber membrane extractor

(Fed-batch) with L. delbruecki
Lactic acid

Alamine 336 in oleyl alcohol
with kerosene as diluent

(20:40:40 wt%)
Lactate yield of 67% that of theoretical maximum (pH 5.0 at 43 ◦C)

Glucose [140] Batch with L. salivarius Lactic acid
Hoe F 2562, Cyanex 923 and

Hostarex A327 with isodecanol
and kerosene

Lactic acid yield as high as 87.5% with 10 wt % Hostarex A327 and 81%
with 40 wt % Cyanex 927

Corn Stover [141] Fed-Batch with Megasphaera elsdenii Butyric and hexanoic acids
Pertraction with oleyl alcohol
and 10% (v/v) trioctylamine

Carboxylic acid productivities were found to be increased by 3-fold for
pertractive fermentation system when compared to batch and glucose

conversion rates was also higher by ~3-fold

In situ separation using ion exchange resins

Whey [142] Batch with L. casei Lactic acid Amberlite IRA-400 (Cl-)
Maximum concentration of 37.4 g/L with yield of 0.85 g lactate/g

substrate and productivity of 0.984 g/L/h (pH 6.1 and 37 ◦C)

Corn Stover [82] Fed-Batch with B. coagulans Lactic acid Amberlite IRA-67
0.94 g lactate/g biomass sugars obtained with productivity of

0.33 g/L/h (pH 5.5 at 50 ◦C)

Beet Molasses [143] Continuous with L. delbrueckii Lactic acid
Amberlite IRA-420 combined

with Amberlite IR-120
Maximum lactate yield of 0.91 g/g sucrose at dilution rate of 0.1 h-1

(pH 6 at 49 ◦C)

Zizylhus oenoplia [144] Batch with L. amylophilus GV6 Lactic acid
Amberlite IRA-96 combined

with Amberlite IR-120
Maximum lactate recovery of 98.9% with optical purity of 99.17%.

Maximum acid loading around 210.46 mg/g bead

Synthetic food waste [145]
Batch with mixed culture from

food waste
Lactic, acetic and

butyric acids
Amberlite IRA-67

Lactic, acetic and butyric acid loadings onto the resin of 84, 20.5, and
50.7 mg/g resin, respectively, with acid removal of around 75%
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In situ or on-line product recovery of carboxylic acids from fermentation broths using dialysis,

distillation, adsorption, and extraction have been attempted [146]. Adsorption and extraction

are two fairly common techniques that have been used in the continuous acid recovery from

anaerobic fermentation.

4.1. Separation Using Ion Exchange Resins

Adsorption with conventional adsorbents such as activated carbon usually results in

contamination of the product, especially in the case of biomass fermentations due to the presence of

unconverted biomass components that have an affinity towards activated carbon [146]. For example,

polymeric adsorbent XAD-4 was used to adsorb furfural from acid-catalyzed biomass hydrolysate

before ethanol fermentation for removal of inhibitory contaminant [147]. This study indicated that

such polymeric adsorbents are a very good source of detoxification of the biomass hydrolysate before

anaerobic fermentation. However, in the context of product separation and purification, adsorption

by ion exchange seems to be far more efficient. Ion exchange resins are usually polymeric resins with

a linked cation or anion exchange group [148]. For carboxylic acid separation, predominantly used

resins are strong or weak base resins, which have tertiary or quaternary amines as the ion exchange

group [149,150]. The carboxylic acids are usually recovered from the ion exchange resin through

caustic elution and can be concentrated through evaporation and hydrolyzed to give a pure acid for

further processing. As can be seen from Table 1, there are a number of studies on in situ separation of

lactic acid from the fermentation broth. This is primarily because of the dependence of efficiency of

ion exchange resin-mediated separation of carboxylic acid on the fermentation pH. The pKa of acetic

acid is 4.76, while that of lactic acid is 3.86. As discussed previously in the manuscript, anaerobic

fermentation to produce acetic acid and other VFAs is usually optimal at a pH between 6 and 7, while

that to produce lactic acid can function optimally at pH < 6. Hence, under these conditions, ion

exchange resins will not function optimally for in situ VFA recovery from fermentation broth without

the addition of an acidification column before the ion exchange resin. Studies have indicated, at its

pKa, that the maximum adsorption efficiency of Amberlite IRA-67 for acetic acid is around 61.36% at

25 ◦C, with acid loading on the resin as high as 33 g acetic acid/g resin [151]. Other studies showed

maximum propionic acid loading onto Amberlite IRA-67 resin of around 36 g/g resin [152]. Currently,

the only study on using ion exchange resin such as Amberlite IRA-67 for in situ product recovery was

done by Garrett et al. [82] for anaerobic fermentation of corn stover using B. coagulans at a pH of 5.5

(well above the pKa of 3.86) and a temperature of 50 ◦C. The resin loading for acetic acid and lactic acid

were determined to be 3.81 mg/g resin and 170.2 mg/g resin, respectively. However, through the use

of a continuous product recovery loop controlled by fermentation pH, the lactic acid produced during

fermentation could be continuously separated by the resin and this process removed the necessity

of a separate pH control for the fermentation, while also removing product inhibition due to lactate

accumulation. However, if an acidification resin such as Amberlite IR-120 was connected to the product

recovery loop before the ion exchange resin to decrease the pH of the effluent, the acid loading onto

the weak/strong base resin could be sufficiently increased. Studies done by Bishai et al. [144] and

Monteagudo & Aldavero [143], as shown in Table 1, have attempted this with strong and weak base

resins, respectively, connected to lactate fermentation, resulting in increased product recovery and acid

loading on the resin.

4.2. Separation Using Solvent Extraction

One of the primary disadvantages with using solvent extraction for in situ product recovery

during fermentation is the difficulty of finding a common biocompatible solvent that has a high

extraction coefficient for the product. Another problem is the ability of the solvents to function at

the fermentation pH (ranging between 5.5 and 7), which is the interesting range for carboxylic acid

production [153]. The primary problem is related to phase separation and, hence, different tertiary and

quaternary amines need to be used for reactive extraction of the carboxylic acids from the fermentation



Fermentation 2017, 3, 22 15 of 25

broth. Unlike solvent extraction, in reactive extraction, the acid is extracted onto an organic phase and

complexed with a carrier (additive) or complexing agent, resulting in higher extraction efficiencies.

Several studies using amines with oleyl alcohol, iso-decanol, and kerosene as diluents or additives

to the amines for effective in situ extraction of different carboxylic acids from fermentation broth are

shown in Table 1. The most commonly used amines were Alamine-336 and Hostarex-A327, while

other studies examined other amines and found their performance in carboxylic acid extraction to be

comparatively low. Studies have further been done using tri-n-octylphosphine dissolved in methyl

isobutyl ketone, which showed higher distribution coefficients for propionic and butyric acids when

compared to these amines for reactive extraction from fermentation broth [154]. These studies also

showed that the phase separation during reactive extraction could be increased by increasing the

contact of the acids with the amines using membranes such as hollow fibers (see Table 1). While

the reactive extraction using amines had similar efficiency when compared to ion exchange resins,

there were problems related to the complete recovery of the amines during back-extraction [140] and

separation of the diluent resulted in the need for additional separation steps during downstream

processing. The loss of cells also presented a problem and can be controlled by immobilization, which

can negatively affect the process operation costs.

Due to the volatile nature of the VFAs, reactive extraction of acids from fermentation broth

has further been tested using pervaporation or supercritical fluid extraction. In pervaporation,

the fermentation effluent containing two or more miscible components contacted a non-porous/

molecularly porous membrane with a vacuum applied on the other side to facilitate extraction [155].

In supercritical fluid extraction, supercritical fluids such as carbon dioxide were pressurized, heated,

and allowed to diffuse through the fermentation effluent with the conditions controlled to selectively

and efficiently remove VFAs [156]. Both these techniques are energy-intensive and, due to the harmful

nature of pressure and temperature on the microbes, require an extra filtration step to prevent any

contact with the microbes. However, these methods were found to have very high fluxes and were

capable of achieving high yields. Pertraction was used with 20 wt % Hostarex in oleyl alcohol as the

extractant, resulting in an increased butyric acid titer during fermentation from 7.3 g/L at control to as

high as 20 g/L [136]. This study showed that in the absence of pertraction but with amines included,

the extraction efficiency only increased by 1.4-fold, while with pertraction the increase was significantly

higher. In another study with in situ separation using pertraction, butyric acid and hexanoic acid

productivity was found to increase by at least 3-fold while using pertractive fermentation when

compared to batch fermentation [141]. These studies indicated that oleyl alcohol with trioctylamine as

the extractant was found to be less inhibitory to the microbial culture during pertractive fermentation

when compared to octanol-trihexylamine extractant. There have been relatively fewer studies on

the supercritical fluid extraction of carboxylic acids from the fermentation broths, which was found

to work better at acidic pH [156]. Garrett et al. [157] used supercritical carbon dioxide to remove

acetic acid from model fermentation broths, resulting in 93% acid recovery at optimized conditions of

2150 psi, 45 ◦C, and 5 h extraction time.

4.3. Effect of Product Concentration on Separation Processes

It should be noted that these separation procedures are significantly limited by concentration,

i.e., the higher the concentration of the acid in the solution the higher the extraction efficiency at

optimized conditions. Studies done by Garrett et al. [157] showed that the acetic acid extraction from

fermentation broth decreased from 93% at an initial acid concentration of 92.4 g/L to around 81% at

an initial concentration of 10 g/L. These studies showed that there was a significant effect of initial

acid concentration on the amount of carbon dioxide used for extraction. The studies also showed

that the carboxylic acid yield as a function of amount of CO2 used for extraction decreased from

around 6.5 mg acetic acid extracted per g CO2 used when the initial acetic acid concentration was

92.4 g/L to as low as 0.5 mg acetic acid extracted per g CO2 used at an initial acetic acid concentration

of 10 g/L. The concentration effect is also applicable, in a slightly different manner, in the case of
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ion exchange resin-mediated separation. The concentration of acid ions in the fermentation broth

is a function of the pH of the fermentation and with an increased fermentation pH above the pKa

of the carboxylic acid, there is a decreased concentration of the acids in the form of ions versus that

in the form of inactive salts. For example, at pH 5.5, approximately 95% of the lactic acid produced

through fermentation exists in the form of sodium lactate, which has a lower tendency to bind to the

ion exchange resin, whereas only 5% exists as lactate ions that can be extracted using ion exchange

resin. This usually results in the requirement of an extra acidification step in the product recovery

loop to extract all the lactic acid from the fermentation broth. Hence, a concentration step is necessary

before product separation (as shown in Figure 3), which can vary between acidification in the case of

ion exchange-mediated separation and evaporation or membranes in the case of reactive extraction or

precipitation (an example of a membrane is the hollow fibers used concurrently with pertraction for

separation from fermentation broths).

 

─

Figure 3. Efficient processing pathway outlining different stages in biomass conversion with

fermentation and in situ product separation for biorefinery applications. (– shows that processing

pathway that uses direct nutrient cycle due to non-thermal separation processes while - - shows the

nutrient recycle loop in processing pathways that uses thermal separation processes such as evaporation

or distillation requiring an extra processing step before nutrient recycle).

4.4. Separation Using Electrodialysis

Another important technology for in situ product recovery of carboxylic acids is electrodialysis

using an electrical gradient to facilitate ionic transport towards electrodes for optimal acid

removal. Several electrodialysis processes have been tested for acid recovery including conventional

electrodialysis: electro-metathesis, electro-ion substitution, electro-deionization, bipolar membrane

electrodialysis, etc. [158]. While industries currently use crystallization and distillation techniques

for product recovery, which are inefficient and can be energy-intensive and in some cases result in

product loss or transformation [159], electrodialysis can result in high acid purity, as shown in the

studies elucidated in Table 1. However, electrodialysis is also concentration-limiting but not in a

similar manner to the other techniques discussed above. Higher acid and cell loading in the fermenter

effluent can result in concentration polarization during electrodialysis after a certain time (depending

on the current density), resulting in inefficient separation performance [158]. Hence, the concentration

step from Figure 3 would be ill-suited to using electrodialysis for acid separation. One of the primary

disadvantages of electrodialysis is the electricity requirements, which can result in high processing

costs. For example, studies have indicated that the power requirements for lactic acid separation

using electrodialysis can vary from 0.21 to 0.71 kWh/kg acid produced under optimized conditions

for maximum lactate recovery [160,161]. However, even with the membrane fouling problems

and electricity requirements, electrodialysis has shown significant promise (through improvements

in membrane quality) in in situ extraction of carboxylic acid from fermentation broths [133,159].
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An extension of electrodialysis known as reverse electro-enhanced electrodialysis (REED) has been

successfully used to minimize fouling problems during the in situ extraction of butyric acid [132] and

lactic acid [162]. As indicated previously, both these carboxylic acids have a significant inhibitory effect

on the microbial productivity during fermentation at high concentrations and require in situ removal.

The REED process is equipped with a mechanism that allows for polarity reversal during times of

imposed electrical potential gradient that will help clear concentration polarization during continuous

operation, allowing for Donnan dialysis operation [163]. Such systems can significantly reduce the

electricity costs during operation since they reduce the time of less-than optimal performance of the

electrodialytic separation during continuous operation. However, studies are currently being done to

further reduce processing costs by developing low-cost, robust materials to be used as electrodes and

membranes during electrodialysis.

5. Conclusions and Future Perspectives

In this review we have discussed different microbes and in situ product recovery processes for

carboxylic acid production from lignocellulosic biomass for biorefinery applications. Only limited

focus was devoted to the different types of fermentation processes used since a number of studies

have concluded that, for most biochemical processes, continuous fermentation (by controlling feeding

rate and retention time) has significant advantages over fed-batch or batch fermentations [90,164].

The production of specific carboxylic acids usually necessitates specific pure cultures. Pure cultures

are, however, easily affected by microbial contamination, resulting in a requirement for high sterility,

which can add to the production costs. Using a mixed microbial consortium such as a rumen to

develop a selective culture for the production of carboxylic acids works well without the need for

strain engineering of specific pure microbes. The presence of cellulose- and hemicellulose-degrading

strains in mixed cultures such as a mixed rumen culture also serves as an advantage, resulting in

minimizing or even eliminating the need for external enzymes in biorefineries, which can further

reduce processing costs [13]. Carbohydrate and protein metabolism in the rumen during cellulose

fermentation was studied to understand the effect of fermentation conditions on the sugar-degrading

bacteria; such studies indicated an increase in the concentration of cellulolytic bacteria when the

system was left unperturbed [165]. However, further studies are required to fully understand the

nature of the enzymes and microbial populations active during the anaerobic fermentation of biomass

using mixed microbial cultures. Such studies can provide scientific input for increasing validation

and data reproducibility and can pave the way for the application of mixed culture fermentations

in biorefineries.

Apart from optimization of the microbial strains (or consortia) used during fermentation, further

improvements are required to facilitate in situ product recovery during fermentation. We have

discussed the advantages and disadvantages of different separation processes for the in situ separation

of carboxylic acids from fermentation effluent. The ideal separation process will sufficiently and

selectively separate the carboxylic acid while having little or no effect on the fermentation process

itself. There is sufficient evidence that in situ product recovery has a positive effect on both microbial

productivity (through the elimination or minimization of product inhibition) and product purity

(through optimization for selective removal of the desired carboxylic acid product), thereby producing

a carboxylic acid intermediate that can be directly upgraded to fuels and/or used as chemicals.

However, it is important to gain further knowledge on how to integrate the product recovery

with the fermentation processes, especially related to the effects of product concentrations and

membrane fouling. The development and optimization of such in situ product separation processes

can enhance the quality of the product produced from the biorefineries while reducing the overall cost

to the biorefineries.
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