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Abstract

:

Succinic acid has attracted much interest as a key platform chemical that can be obtained in high titers from biomass through sustainable fermentation processes, thus boosting the bioeconomy as a critical production strategy for the future. After several years of development of the production of succinic acid, many studies on lab or pilot scale production have been reported. The relevant experimental data reveal underlying physical and chemical dynamic phenomena. To take advantage of this vast, but disperse, kinetic information, a number of mathematical kinetic models of the unstructured non-segregated type have been proposed in the first place. These relatively simple models feature critical aspects of interest for the design, control, optimization and operation of this key bioprocess. This review includes a detailed description of the phenomena involved in the bioprocesses and how they reflect on the most important and recent models based on macroscopic and metabolic chemical kinetics, and in some cases even coupling mass transport.
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1. Introduction


The world gross domestic product (GDP) has been almost quintupled in the last 60 years due to intense global growth and the ever-growing search for the welfare state [1]. In this global scenario, the use of fossil fuels has grown at unprecedented rates. In fact, fossil fuel subsidies remained at USD 5.9 trillion in 2020, which represents 6.8% percent of the global GDP of that year [2]. At the current consumption rates, it is expected that only 14% of the present oil reserves, 72% of coal reserves and 18% of gas reserves will remain by 2050 [3,4]. In addition to the scarcity of these resources, the pernicious impact on health and the environment of the regular utilization of fossil fuels must be taken into account [5,6,7,8].



As a logical consequence of the aforementioned issues and owing to a scenario of growing social concern for health and the environment, there has been a remarkable boost in research efforts towards the implementation of integrated biorefineries (IB). Their objective is the efficient use of biomass as a raw material for the production of biofuels, energy and chemicals in a single integrated facility [9,10]. Among the different IB types, those using lignocellulosic biomass as feedstock can be highlighted. Amidst their main advantages are the transformation of a wide variety of low-cost raw materials including, e.g., straw, reed, pruning…as well as the ability to obtain highly demanded products in markets currently covered by petrochemicals, with the prospects of opening new markets by producing further chemicals by organic synthesis [9,10,11].



One of the main challenges to overcome in biorefineries is the use of a type of biomass with long-term availability. Considering that biomass is any organic resource derived from plants or animals, we can count on lignocellulosic biomass, algal biomass, biomass from food waste and industry or even municipal solid waste [12]. Lignocellulosic biomass is the most abundant renewable resource in the biosphere [13] and since it does not interfere in any food chain, this raw material is especially attractive in biorefinery processes [14]. It is generated by the photosynthesis process: the combination of CO2 and H2O using ultraviolet radiation from sunlight as an energy source results in sugars as the primary products with the subsequent production of O2 as a by-product [15,16]. Lignocellulosic material consists of plant tissues whose cells have a wall made up of a network of cellulose microfibrils that group into larger fibers linked by hemicellulose. The structural integrity of these microfibers is protected by the presence of lignin, which acts as a linker [17,18].



However, the recalcitrance of lignocellulosic biomass demands on severe physical, chemical, physicochemical and biological pretreatments to leave the final solids accessible and reactive, thus rendering them available for hydrolysis into C5 and C6 monosaccharides. In consequence, these processes face several challenges to achieve high efficiencies and conversion yields without compromising their sustainability and cost-effectiveness [19,20].



Succinic acid (SA) is a key platform chemical for the bioeconomy due to the reactivity of its two functional carboxylic groups, which allows for obtaining a wide range of end-products [20,21]. In fact, according to the United States Department of Energy (US DOE), this compound is one of the target molecules that could be produced from biorefinery carbohydrates and from which many other products of interest may arise [22,23]. In fact, SA is considered the most important C4 building block and is widely used in several industries [24,25,26]



Since it has been demonstrated that SA has a positive influence on human metabolism, without the risk of bioaccumulation, it has been used in the food industry as an acidulant, flavoring agent and sweetener [27]. Moreover, in the traditional chemical industry, this compound has been key to the synthesis of other notable products, such as polybutylene succinate and polybutylene succinate-terephthalate, polyester or polyols, as well as in the pharmaceutical industry and in the production of resins, coatings and pigments. In addition, as the paradigm shift towards a bioeconomy evolves and becomes more and more established, SA has an outstanding potential for the generation of many intermediate chemicals of industrial relevance, such as 1,4-butanediol, butyriol-butone, tetrahydrofuran, n-methyl-2-pyrrolidone, 2-pyrrolidone, succinimide or maleic acid/maleic anhydride. Furthermore, succinate and its derivatives could be used for the manufacture of biodegradable polymers as polyamides and polyesters [19,21,28,29,30]. Figure 1 illustrates a diagram compiling the main products that can be obtained from SA.



Traditionally, the production of SA has been carried out through chemical technologies such as the oxidation of paraffins or the catalytic hydrogenation of maleic acid or maleic anhydride [21,27,31,32].



Microbial production of SA could become competitive due to several advantages, such as a high yield of SA from the conversion of carbon content or a significant reduction in greenhouse gas emissions and non-renewable energy consumption. Furthermore, a large amount of CO2 is fixed during the process, which adds to the potential of this process as a mitigating strategy in the production of a commodity chemical [21,33].



Currently, the biotechnological production of SA prevails in the market compared to other routes. In 2011, the bioproduction of this compound accounted for less than 5% of the total production; however, only six years later, this share increased to practically 49% [34]. This increasing trend is expected to continue, predictably reaching a market volume of SA biotechnological production worth USD 2.22 billion by 2026, in contrast with the USD 170 million value in 2020 [35]. In realization of the expanding market for this product and the advantages offered by the biological production of SA, numerous companies have invested in the construction of industrial facilities for the production through this route. The production of this compound at an industrial level is especially advanced in Europe and North America, where its technological readiness level (TRL) is eight, which in turn means that there are complete and certified systems through tests and demonstrations [21]. In 2015, succinic acid produced by bioprocesses had a market price of USD 2.86 per kg, while if it was obtained from fossil sources the price was around to USD 2.5 per kg [34]; however, as greenhouse gas emissions more than double during petrochemical production and the raw material costs are also higher (and their future availability uncertain), researchers and companies are increasingly turning to sustainable biological processes [21]. Currently, it has been possible to develop some economically competitive succinic acid production processes, with the acid produced having a market price between 2 and 2.5 USD kg−1 [36].



1.1. Succinic Acid Bioproduction


According to the literature, the production of succinic acid is usually carried out between 33 and 39 °C at a controlled pH between 6.5 and 7. CO2 is usually supplied to the system by insufflation in a gaseous state or by incorporating carbonates into the system, with MgCO3 leading to the best production yields [19,37,38,39,40,41,42,43,44]. Most biological processes depend usually on the reaction or residence time (depending on the use of batch, fed-batch or continuous operating bioreactors); therefore, researchers have experimented with different configurations and types of reactors, managing to increase yields considerably with repeated batch and fed batch operating bioreactors [45,46,47]. In addition, continuous operation with a biofilm formation, in some cases, has resulted in highly improved productivities [48,49,50,51].



Almost all microbial, plant, and animal cells can generate SA; however, throughout the years it has been observed that the most suitable organisms for the production of this compound are fungi and bacteria [27]. Some fungi such as Aspergillus niger, Penicillium viniferum, Yarrowia lipolytica, and the yeast, Saccharomyces cerevisiae, generate SA as a by-product of their metabolism in aerobic and/or anaerobic conditions [21,52]. The most investigated bacterial strains are Actinobacillus succinogenes, Anaerobiospirillum succiniproducens, recombinant Escherichia coli, Corynebacterium glutamicum and Mannheimia succiniciproducens, [29,52,53,54,55]. Being the isolates from the rumen (A. succinogenes and M. succiniciproducens), they are the ones that could obtain the most promising results, since they naturally generate C4 dicarboxylic acids during the pregastric digestion of polysaccharides. [25,29,52,56].



The latter microorganisms produce SA via the so-called tricarboxylic acid cycle (TCA), a cycle depicted in Figure 2. After sugars have been transformed into glyceraldehyde, bacteria convert phosphoenolpyruvate (PEP) (the last product of glycolysis) into oxalacetic acid, requiring CO2 to activate this metabolic pathway. Oxalacetate is subsequently reduced in a series of steps until SA is produced [29,36]. From the reaction pathway showing in TCA, theoretically, to obtain 1 mol of SA, 2 moles of reduced nicotinamide adenine dinucleotide (NADH) and 1 mol of CO2 would be necessary. As for sugars, 0.5 mol of glucose, 0.6 mol of xylose or 1 mol of glycerol would be necessary to generate another mol of succinate [26].



It is very important to highlight the different physiological features of SA-producing bacteria. A. succiniproducens, A. succinogenes and M. succiniproducens naturally produce SA as the main product of fermentation in the presence of CO2 via the PEP carboxinase pathway [26,28]. It has been found that in the metabolism of A. succiniproducens, PEP carboxykinase (PEPCK) is the main CO2-fixing enzyme for the generation of oxaloacetate. Furthermore, the conversion of pyruvate to acetyl-CoA is dependent on pyruvate-ferredoxin oxidoreductase; therefore, the control of pH and CO2 concentration are critical in fermentations with A. succiniproducens, since PEPCK and pyruvate-ferredoxin oxidoreductase are strongly dependent on these parameters. Their optimization would lead to an increase in the productivity of succinic acid and a reduction in the generation of by-products (lactic acid, acetic acid and ethanol) [28,54]. A. succinogenes and M. succiniproducens have many aspects of their metabolism in common. In both cases, the main fermentation products are succinate, acetate and formate; however, the first of them can also generate ethanol, while the second would produce lactic acid. In its metabolism, oxalacetic acid is formed thanks to the action of PEPCK and is subsequently reduced to succinate by the C4 pathway. Although it is probably not the main enzyme in this process, it has been suggested that M. succiniproducens can also use PEP carboxylase (PEPC) for the carboxylation of oxalacetic acid [26]; however, PEPC is not encoded in the A. succinogenes genome. Succinic production does not take place simply due to part of the PEP branching to the C4 pathway. This must be taken into account since the increase in CO2 concentration decreases the C4 decarboxylation flux, increases the pyruvate carboxylation flux and barely affects the PEPCK [26,28,54]. Although E. coli is capable of producing succinic acid through the reducing branch of tricarboxylic acid (TCA), it is not the main product of its fermentation naturally, which is why metabolic engineering has been used to increase production [26,29]. PEP, PEPC, and pyruvate-carboxylating enzymes have been overproduced to direct metabolic flux to the TCA-reducing branch. A. succinogenes PEPCK, pyruvate carboxylase (PYC) from Lactococcus lactis or Rhizobium etli have also been overproduced [26]. The E. coli NZN11 strain is capable of excreting pyruvate by increasing its carboxylation; however, it is not capable of fermentative growth and when malic enzyme is overproduced, the succinic production is greatly slowed down. [26,54]. Thanks to experiments on the transition from the aerobic growth phase to anaerobic production carried out with E. coli, it was discovered that, during aerobic growth, a new pathway was activated that involved the derivation of glyoxylate, using less reducing power and complementing the reducing branch of TCA [26]. With the AFP111 and SBS550MG/pHL413 strains, the aim was to eliminate the fermentation by-products and guarantee the glyoxylate bypass flow; however, it must be taken into account that if an additional reductant could be used, the glyoxylate route would be less efficient than in the case of maximizing the flow of the reductant TCA branch. C. glutamicum in anoxic conditions, with carbonate and when growth is absent, is capable of producing succinic, lactic and acetic acids. In this microorganism, oxalacetic acid is produced mainly thanks to the action of PEPC with less contributions from PEPCK and PYC, later this compound gives rise to succinic acid through the reductive branch of the TCA cycle, not being necessary the glyoxylate shunt [26,54].




1.2. The Importance of Kinetic Modeling


In light of the relevance of SA in the context of biorefineries and how these will become a trend spurred by global policies, this review intends to provide an extensive overview of empirical models that describe its biotechnological production. The formulation of models capable of describing the evolution of the compounds involved in fermentation is of great importance in the industrialization of biotechnological processes. These models allow the simulating of the temporal behavior of the system, which, from an engineering point of view, is essential for the development and scale-up of the process. Taking into account that the performance and productivity of a process not only depend on the genetic constitution of cells, but also on the way in which fermentation is carried out, these models are especially useful for the choice of the reactor and its design. Furthermore, these models can also be implemented in the design a control system, and will definitely aid during scale-up and industrial process simulation and implementation through diverse techno-economic studies. In fact, a mathematical description of the process, typical in process systems engineering [57], allows its optimization through simulation, saving time, effort and resources for experimentation at several scales. As a consequence, differential equations are established for the rates at which biochemical reactions are taking place. This set of equations are usually called kinetic models, although they are also called dynamic models, due to the overlapping of concepts in terms of biological models [58,59,60].



Therefore, to conduct fermentation processes at an industrial level implies the consideration of different amounts of materials and energy inputs at each production level, which can affect the behavior of the microorganism; therefore, it is necessary to approach an isolated study of different individual phenomena and variables on a laboratory scale prior to their simultaneous consideration. In this way, proper coupling of the phenomena can then accurately describe the overall process [60,61], as shown in Figure 3, from the point of view and language of chemical reaction engineering.



The major dynamic phenomena to take into account are the following:




	
Mass transfer among phases. Due to the fact that microbial systems for the production of succinic acid are heterogeneous (gas–liquid–solid), it is essential to study the transport of nutrients among phases in the system [29,36,41,42].



	
Reaction kinetics in the system. The description of a bacterial reaction network is very complex, although the evolution of the concentrations can be described through a kinetic model [62].



	
Stress suffered by the cells. Due to the hydrodynamic conditions and the presence of radical species (ROS) and other operational parameters, the physiology of the cells may undergo severe changes throughout the bioprocess, which may be deleterious to their performance [58,61,62,63].










2. Kinetic Models


Through microbial kinetics, the manifestations and reactions of microbial life can be studied, namely, growth, survival, death, adaptations, product formation, cell cycles and interactions with the environment; therefore, to determine the economic loss or gain of the processes, it is essential to establish models that represent their kinetic behavior. The formulation of the kinetic model consists of the approach of a simplified network of reactions that describes the lumped chemical transformations that take place as well as the kinetic equations that determine the rate at which each of the reactions involved in the network takes place. The proposed kinetic equations are differential equations that can derive from phenomenological hypotheses or empirical descriptions. From the reaction scheme and the reaction rates, the production rate of each compound is proposed, taking into account the reactions in which each one is involved and their stoichiometry. The complexity of the study of biochemical metabolism lies in the network of reactions that take place, since routes are distinguished both for the synthesis of complex molecules and the precursors of intermediates (anabolic route) and for the supply of the necessary energy in the anabolic processes (catabolic routes). Such models can have different degrees of complexity and provide different extents insights into the underlying phenomena; thus, they can take the shape of correlations that range from purely empirical (black box) to fully mechanistic (white box) ones. In any case, they help establish relationships between the reaction rates and concentrations of the species inserted in material balances and allow the prediction of conversion degrees and yields [62].



Due to its simplicity, currently, the most widespread models are those that consider the microorganism as a single component (biomass), in other words, the so-called unstructured-non-segregated models; however, there are other more complex models. In metabolic models, although they are also normally unstructured-non-segregated, the metabolic pathways are described as a network of reactions using a simplified reaction scheme, with defined stoichiometric relationships. When the description of biomass is made considering it to be made up of several species, taking into account the intracellular components, it is a structured model (or cell model). The chemically structured models consider the biomass formed by several species and also a simplified metabolism (a network of reactions). The segregated models describe the microorganism considering the distribution of some property, that is, they do not consider an average microorganism but diverse microbial populations [58,64,65].



Numerous research efforts have focused on studying the kinetic evolutions of the compounds involved in the SA production process using different microorganisms. This has allowed conclusions to be drawn on general growth trends and inhibitory behaviors. From the performance of fermentations operating in batch, repeated batch and fed batch modes, it has been possible to observe how the SA-producing microorganisms show certain behaviors in the consumption of substrates and the generation of products and by-products [38,66,67].



Comparing the time evolution of SA together with the trend of biomass, it can be observed that, regardless of the microorganism or substrate used [67,68,69,70,71,72], the main product begins to generate before the biomass reaches the steady state. Moreover, the product concentration continues to grow during the stationary phase of the microorganism; therefore, it can be deduced that the production of SA is partially associated with the growth of biomass.



It is known that some compounds present in the hydrolysates of lignocellulosic raw materials, such as furfural, hydroxymethylfurfural or phenolic compounds, act as inhibitors; therefore, their concentrations in the culture broth are factors that must be taken into account when studying the kinetics of the process [19,73,74]. However, other factors that may affect the activity of the microorganisms, and, therefore, the kinetic models and their parameters, must also be considered. It is necessary to maintain adequate pH levels, whose optimal value is usually considered to be 6.8. Another variable to take into account is the nature of the compound used as a regulator. Under anaerobic conditions, it has been observed that the replacement of typical hydroxides (KOH, NaOH) by carbonates (K2CO3, Na2CO3, MgCO3) leads to higher cell viability and, therefore, to a higher final concentration of SA [75,76]. Furthermore, MgCO3 can also act as a source of CO2, and the infusion of this gas can be totally or partially substituted, maintaining the yields or even exceeding them [76]. Osmolarity has also proven to influence the SA production process, but its effects can be considered negligible compared to those generated by organic acids in the medium such as SA, FA, AA and PA [38,39,70,77,78]. Inhibitions by substrates must also be considered, since it has been verified that both high concentrations of glucose [38,77,79] and xylose [39,80] generate this effect.



2.1. Non-Segregated, Unstructured Models


Non-segregated unstructured models are the most widely used in chemical engineering. Depending on the variables they consider, a wide variety of them with different degrees of complexity can be distinguished [60].



2.1.1. Biomass Growth Models


First, there are the models that consider biomass concentration as the only determining factor for its growth. The most representative equations are Malthus' Law for the exponential phase in steady state systems—Equation (1) and the logistic equation—Equation (2)—[81]:


    d  X    d t   = μ ×  X   



(1)






    d  X    d t   = μ ·  X  ×   1 −    X       X   m       



(2)




where [X] is the biomass concentration, t is time, µ is the specific growth rate and [X]m is the maximum biomass concentration.



Another type of equation is presented in Equation (3), in which the growth of biomass is dependent on the concentration of biomass and the limiting substrate ([S]), the latter dependence being included in the specific growth rate:


    d  X    d t   = μ    S    ×  X   



(3)







Blackman, M’Kendric and Pai and Tiesser proposed expressions for the calculation of the specific growth rate considering the influence of the limiting substrate: however, the Monod model—Equation (4)—is considered a fundamental equation in microbial kinetics and is also the most widely used for the description of biomass in the production of SA [39,78,82]. This empirical model is an analogy to the Michaelis Menten model for unisubstrate irreversible enzymatic reactions and is based on the enzymatic nature of the reactions that take place inside the microorganism [39,61]:


  μ =    μ m  ×  S     K S  +  S     



(4)







In this equation, µm is the maximum specific growth rate and KS is the saturation constant of the substrate.



Deriving from this model, numerous expressions have been developed to describe the growth of biomass considering the inhibition by substrate. The main expressions that have been used for the modelling of SA generation experiments are shown below—Equations (5)–(12)—which derive either by a combination of some of them [38,40,83] or by application in their original form [56,82,84]:


     Mosser      μ =    μ m  ×    S   n     K S  +    S   n        



(5)






     Tessier      μ =  μ m  ×   1 −  e   S  /  K S          



(6)






     Tessier   ( high   [ S ] )      μ =  μ m  ×    e  −  S  /  K  I S     −  e  −  S  /  K S          



(7)






     Haldane – Andrews      μ =    μ m  ×  S     S  +  K S  +        S   2     K  I S             



(8)






     Andrews   ( high   [ S ] )      μ =    μ m      1 +    K S     S      ×   1 +    S     K  I S             



(9)






     Aiba – Edward      μ =    μ m  ×  S     S  +  K S     e  −  S  /  K  I S         



(10)






     Luong      μ =    μ m  ×  S     S  +  K S    ·     1 −    S       S   m       α      



(11)






     Jerusalimsky      μ =  μ m     1  1 +  S  /  K  I S           



(12)







In these equations, n indicates the degree of inhibition (n = 1 in the Monod model), KIS is the inhibition constant per substrate and α is a parameter relating µ and [S].



Since the inhibition by product also occurs during fermentation, other models have been developed to take this phenomenon into account. When this is the case, the specific growth rate can be expressed by Equation (13):


  μ =    μ i  ×  S     K S  +  S     



(13)




where µi is the maximum specific growth rate in the presence of an inhibitor. In studies of the kinetics of SA generation [41,56,79,85], the main expressions used are those corresponding to Equations (14) to (16):


     Luong       μ i  =  μ m  ×     1 −    P       P   m       β      



(14)






     Aiba – Edward       μ i  =  μ m  ×  e  −  P  /  K  I P         



(15)






     Jerusalimsky       μ i  =  μ m  ×    1  1 +  P  /  K  I P           



(16)




in which [P] is the product concentration, β is the reaction between µ and [P] and KIP is the inhibition constant per product.




2.1.2. Substrate Consumption Models


Equation (17) shows the simplest expression for obtaining the rate of substrate consumption. It is based on the relationship between the coefficient of yield of substrate in biomass (YSX) and the specific growth rate, and is one of the most used in the kinetic study of the production of SA.


    d  S    d t   = μ ×  Y  S X    



(17)







However, several researchers have considered that the substrate is also consumed to maintain biomass in a viable state throughout the reaction. For this reason, they have introduced the so-called Pirt’s maintenance coefficient m [38,40,83,86] in the substrate consumption equations. Furthermore, some of these authors have also included a term in their models that allows for describing the consumption of energy substrate for production [38,83,86], as shown in Equations (18) and (19):


    d  S    d t   =   −  1   Y  X S     +   ∑  I   1   Y  P i S       ×   d  X    d t   +   −   ∑  I   1   Y  P i S     + m   ×  X   



(18)






    d  S    d t   =   −  1   Y  X S       ×   d  X    d t   +   −   ∑  i   1   Y  P i S         d  P i    d t   +   − m   ×  X   



(19)








2.1.3. Product Generation Models


Most kinetic studies on the biological production of SA predict the generation rate of this compound and of the by-products through the Luedeking–Piret expression—Equation (20)—as is logical in a production process partially affected by the growth of the biomass [38,83,86,87].


    d    P i      d t   =  α i  ×   d  X    d t   +  β i  ×  X   



(20)




where [Pi] is the concentration of SA or by-product, αi is the associated growth parameter and βi is the non-associated growth parameter; however, in some cases simpler expressions have been used, such as the one used in Equation (21), where the generation of SA only depends on the specific growth rate [88]. In other instances, expressions of greater complexity have been regarded, such as the modified Gompertz model [89] as seen in Equation (22), where [Pm] is the maximum metabolite concentration, Rm is the maximum rate of metabolite production, e is the Euler number and λ is the time of the latency phase.


    d  P    d t   = μ ×  Y  P X    



(21)






   P  =    P m    × e x p   − e x p      R m  × e   [  P m  ]     λ − t   + 1      



(22)







For experimental data obtained in continuous processes, relatively simple empirical expressions have been proposed to describe SA production [85]. On the other hand, Ferone et al. proposed Equation (23) [90], where the variation of the concentration of SA is represented as a function of the dilution rate (D). Under steady state conditions, D is equivalent to the specific growth rate.


    d  P    d t   =   D ×  P     X     



(23)







Table 1 presents a summarized compilation and classification of kinetic studies carried out on the bioproduction of SA in recent years, in which non-segregated unstructured models are proposed and fitted to experimental data.



Lin et al., Pateraki et al., Song et al., Vlysidis et al. and Li et al. [38,40,83,86,91] have developed some of the most complete models of this type, predicting the evolution of the concentration of biomass, substrate, SA and by-products in reactions catalyzed by A. succinogenes, B. succiniproducens, M. succiniproducens and Y. lipolytica. Table 2 shows a comparison of the parameters that describe the growth of biomass according to these authors. In all cases, a Monod model was used with inhibitions by a Haldane–Andrews type substrate and Luong type product, except in the case of the study carried out by Lin et al. [38], who have considered that an inhibition by substrate also follows a Luong model.



As can be observed, the value of µm—Equations (5), (8), (11) and (14)—is between 0.12 and 1.324 h−1 depending on the microorganism and environmental factors. Some of the lowest values of this activity parameter are found in fermentations by A. succinogenes, being the lowest when glycerol was used as the substrate [86], followed by the one corresponding to the use of a mixture of sugars rich in xylose [40]. The maximum growth rate of A. succinogenes was reached using glucose as the carbon source [38], more than four times higher than when using glycerol [86]. Among the fermentations carried out with glucose as the carbon source, considerably higher µm values were achieved in the case where the biocatalyst was M. succiniciproducens [83] instead of A. succinogenes [38]. In the cases in which glycerol was used as a substrate, this parameter tripled when Y. lipolytica [91] was selected instead of A. succinogenes [86].



The values of the limiting nutrient concentration at which the specific growth rate is half of the maximum KS—Equations (5), (8), (11)—are between 0.698 g L−1 and 2.896 g L−1. With A. succinogenes, Vlysidis et al. [86] achieved the highest value employing glycerol as the carbon source. The value estimated by Lin et al. [38] with the same microorganism turned out to be quite high as well (2.03 g L−1) when glucose was used as a carbon source, but when opting for a carbon source rich in xylose, this value dropped drastically to 0.698 g L−1, as observed by Pateraki et al. [40]. In fermentations with glucose, using A. succinogenes, the KS was practically double [38] of that with M succinoproducens [83]. In the operations with glycerol, the estimates made from the data obtained from the production carried out by A. succinogenes [86] were considerably higher (2.896 g L−1) than when Y. lipolytica was used (0.818 g L−1) [91]. Among the selected fermentations, an evaluation of the reported values of KIS—Equations (8) and (11)—allows to conclude which are the strongest inhibitions due to the substrate. When working with A. succinogenes, a substrate mixture rich in xylose (55.48 g L−1) turns out to be much less inhibitory [40] than glycerol (15.36 g L−1) [86]. It should be noted that, when glycerol is selected as the carbon source, inhibition falls when, instead of opting for this microorganism, Y. lipolytica yeast (223.5 g L−1) is used [91].



According to the [P]m calculated by Lin et al. [38], the products that generated inhibition in the growth of A. succinogenes with glucose are SA, ethanol (ET), AA, FA and PA. Pateraki et al. [40], starting from a mixture of xylose and other sugars, observed inhibition by AA, FA, LA and SA. Vlysidis et al. [86] preferred to neglect the possible inhibitory effect of the by-products, including the assumption that only SA generates considerable inhibition in glycerol fermentation. Although Lin et al. [38] considered the inhibitory effect of various compounds using glucose as the carbon source, Song et al. [83] only included SA in their estimates in a process carried out with the same substrate but with M. succiniproducens as the biocatalyst. In the operations with glycerol, it seems that there are fewer species with inhibitory effects, with only SA being considered in both the studies by Vlysidis et al. [86] as in those of Li et al. [91], although the latter authors also considered the influence of FA.



Table 3 shows the parameters obtained by Lin et al., Pateraki et al., Vlysidis et al., Song et al. and Li et al. [38,40,83,86,91] in the study of the evolution of the concentrations of substrates and products in the fermentations. Lin et al. and Pateraki et al. [38,40] have proposed models in which the parameters of the kinetic models of substrate concentration are grouped into two constants. The first of them is δ (Equation (18)), which is associated with growth, thus encompassing the yields of biomass and product in a substrate). The other parameter is γ (Equation (18)), which is not associated with the growth of biomass but includes the yield of product in a substrate and the Pirt’s maintenance coefficient. On the other hand, Vlysidis et al., Song et al. and Li et al. [83,86,91] have considered that the yield of biomass in a substrate would be associated with the growth of biomass, whilst the yield of product in a substrate would be associated with the production of acid and the Pirt’s maintenance coefficient is multiplied by the biomass concentration (Equation (19)). Both δ (4.35–7.575 g g−1) and γ (0.034–0.308 g g−1 h−1) are observed to reach the highest values in reactions catalyzed by A. succinogenes, especially when using a mixture of sugars rich in xylose [40]. Vlysidis et al., Song et al., Li et al. and [83,86,91] estimated that the evolution of the substrate could be studied considering exclusively the following parameters: the yield of this carbon source in biomass, the yield to SA in the substrate and the Pirt’s maintenance coefficient, the latter of which acquires a value practically of zero.



It should be noted that, despite starting from glycerol in both cases, Vlysidis et al. [86] only considered the effect of SA carrying out the fermentation with A. succinogenes, while Li et al. [91] have also had to consider the inhibition generated by AA when using Y. lipolytica as a biocatalyst.



All the authors of these works consider that AA and SA produce an inhibitory effect on SA production—Equation (20)—[38,40,83,86,91]. Regarding the parameters associated with the growth of the microorganism, it can be observed that the effect of SA is the one with the highest values. For all microorganisms and substrates, the coefficient not associated with growth presents higher values for SA, except in the case of fermentation with A. succinogenes starting from glycerol [86], where the acid that generates the greatest impact in productivity is PA.






3. Mass Transfer Phenomena


In the previous section, we have compiled key information on the work of researchers that studied the evolution over time of the species involved in fermentation, proposing kinetic models and estimating parameters that allow for optimizing the system. However, to predict the distribution of the chemical species in the different phases in contact involved in a fermentation process, it is essential to conduct a preliminary analysis on the mass transfer among these phases. It is the joint knowledge and coupling of bio/chemical kinetics, heat and mass balances and transport phenomena that allows for carrying out an adequate design of the reactor and of the control system as well as the realization of a change and techno-economic studies, as explained above.



Microbial processes usually take place in triphasic systems (gas–liquid–solid), where the continuous phase is liquid, while the gas phase and the solid microorganisms can be considered as discontinuous phases in suspension or travelling through the liquid phase, usually aqueous. Nutrients and metabolites present a different resistance to transport depending on their molecular volume and the fluid dynamics of the phase or interface they are in. Nutrients’ availability at the cellular level is key to achieving high yields. In addition, the gas–liquid transport of CO2 in these systems acquires special relevance as CO2 activates the SA generation route.



Until now, the studies carried out on the mass transfer of CO2 are scarce and limited to very specific systems, and without application to cellular systems; therefore, it is important to highlight the importance of increasing knowledge in this area. Due to the multiple phenomena that take place at the same time, the mass transfer of CO2 is difficult to estimate, being influenced by a large number of parameters, such as the physical properties of the gaseous and liquid phase, the operating conditions, the geometric parameters and the state of the biomass. In fermentations, biochemical processes and transport take place at the same time; therefore, it is essential to know the speed at which each one of them takes place and to know the limiting stages. For example, in the event that the rate of transport of the substrates to the cells is higher than the rate of metabolic reactions, the overall rate of conversion would depend on the kinetics of the biochemical reactions. In the opposite case, in which the transfer rate was lower than that of the reaction, it would be essential to make efforts to reduce the average time needed for mass transfer to prevent it from continuing to be the limiting stage. Thus, the study of the overall mechanism of their transfer can be outlined in several stages depending on the location, as shown in Figure 4 [92,93,94,95].



3.1. Mass Transport in the Liquid Phase


Due to the diffusivities of gases being relatively high compared to those of liquids (103–105 times higher), and their low solubility in water of common gases involved in bioprocesses, the transfer from the gas to the liquid phase is considered the limiting step of the overall process rate [96,97]. In particular, the study of CO2 transfer is of great importance, since its presence is essential for the activation of the SA production pathway in the TCA cycle [29]. To deepen into this aspect, the following processes should be considered:



3.1.1. CO2—Carbonate Equilibrium


When CO2 dissolves in the fermentation broth, it undergoes a series of chemical equilibrium reactions that follows the model presented below, in which carbonic acid (H2CO3), bicarbonate ion (HCO3−) and carbonate ion (CO32−) are involved [98,99,100,101].


  C  O 2  +  H 2  O    ↔  K 1      H 2  C  O 3   



(24)






   H 2  C  O 3     ↔  K 2     H C  O 3 −  +  H +   



(25)






  H C  O 3 −     ↔  K 3      H +  + C  O 3  2 −    



(26)







The equilibrium constants for these three reactions (K1, K2, and K3) can be expressed as follows:


   K 1  =      H 2  C  O 3        C  O 2       



(27)






   K 2  =     H C  O 3 −       H +         H 2  C  O 3       



(28)






   K 3  =     C  O 3  2 −        H +        H C  O 3 −         



(29)







Owing to the high instability of carbonic acid in solution and its tendency to dissociate and lose protons, Equations (24) and (25) combine to give Equation (30) [99,100], whose dissociation constant is shown in Equation (31):


  C  O 2  +  H 2  O    ↔  K 4      H +  + C  O 3  2 −    



(30)






   K 4  =  K  1     ×  K 2  =     H C  O 3 −       H +        C  O 2       



(31)







Furthermore, it must be taken into account that, in broths with a pH above 7 (and especially those above 8.5), a secondary reaction of hydroxylation of CO2 with OH- ions may predominate [102]: however, this equilibrium would not generally be predominant in the production of succinic acid since, as mentioned above, the optimum operating pH is around 6.8.


  C  O  2   a q   + O  H −  ↔   H C  O 3 −   



(32)







Therefore, the total dissolved CO2 (CT) would be the sum of the concentration of CO2, HCO3- and CO2- as shown in Equation (33) [98,103,104]:


   C    T C O  2    =   C  O 2    +   H C  O 3 −    +   C  O 3  2 −      



(33)







Considering an approximately neutral pH, the proportion of CO2 in the total carbonate (α) [98] would be:


  α =     C  O 2        C  O 2    +   H C  O 3 −    +   C  O 3  2 −        



(34)







If the dissociation constants K3 and K4 (with values—at 39 °C—of K3 = 6.12 10−11 and K4 = 5.35 10−7) are substituted in Equation (34), Equation (35) is obtained, which is a function of the concentration of dissolved protons [H+] [99,104,105]:


  α =  1  1 +    K 4       H +      +    K 3  ·  K 4         H +     2       



(35)







From Equations (33) and (35), Equation (36) is derived to obtain the CO2 concentration [99,104,105,106]:


    C  O 2    =    C T    1 +    K 4       H +      +    K 3  ×  K 4         H +     2       



(36)








3.1.2. Gas–Liquid Equilibrium


From low to moderate pressures, Henry's law satisfies the ideal equilibrium condition between the liquid and gas phases; thus, Equation (37) can describe the solubility of CO2 in a pure liquid [98,99,101,105,106,107,108]:


    C  O 2    =    P  C  O 2       H 0     



(37)




where [CO2] is the concentration of dissolved CO2 in a liquid (mol·L−1), PCO2 is the CO2 partial pressure in a gas mixture (kPa) and H0 is the Henry’s constant for CO2 in a pure solvent (kPa m3 kmol−1).



Due to the fact that a culture medium contains salts and organic substances, it is necessary to describe the solubility of CO2 using an empirical model such as that suggested by Schumpe and Deckwer—Equation (38). In this model, the salting-out effect of each ion on a given gas is assumed to be independent from the other ions present in the solution [105,106,108,109]:


  l o g    H   H 0      = l o g      α 0   α    =   ∑  i     h i  +  h G    ×  C i  +   ∑  j   b j  ×  C  n , j    



(38)




where H is the Henry’s constant in a media, α0 and α are the Bunsen coefficients to express the CO2 solubility within a wide temperature range, h is the ion coefficient, hi (L·mol−1) is the inorganic ion coefficient in the medium (Na+ = 0.1143; K+ = 0.0922; Ca2+ = 0.1762; Mg2+ = 0.1694; H+ = 0; Cl− = 0.0318; HPO42− = −0.1499; OH+ = 0.0839; HCO3− = 0.0967; CO32− = 0.1423 ) [106], bj and hG are estimated by Equations (39) and (40), respectively, as suggested by Weisenberger and Schumpe [110], Ci is the concentration of ion i (mol‧L−1) and Cn,j is the concentration of organic substance j species (kg m−3).


   h G  =  h  G ,   0   +  h  G , T     T − 298.15      



(39)






   b j  =  b n  +  b G   



(40)







Here, hG,0 for CO2 is 0.0172 L·mol−1 and hG,T is 3.38‧10−4 L mol−1 K−1 at temperatures between 273 and 313 K, T is the absolute temperature (K); bn (m3 kg−1) for yeast extract is 7.9 10−4, for glucose is 6.68 10−4 and for corn steep liquor is 2.11 10−4 [98]. bG can be calculated using the Rischbieter Equation (41) [111]:


   b G  =  b  G , 0   +  b  G , T     T − 298.15      



(41)




where bG,0 for CO2 is 1.86‧10−4 m3 kg−1 and bG,T is 0.01‧10−4 m3 kg−1 K−1 at temperatures between 288 and 323 K [58,59,61].



From Henry’s constant H and the partial pressure of CO2, CT is obtained with Equation (42) [99,109]:


   C    T c o  2    =     C  O 2       α 0    =    P  C  O 2       α 0  × H    



(42)








3.1.3. Gas–Liquid Mass Transfer


The transfer of a component from one phase to another is determined by several complex processes including variables such as the interfacial contact area, concentration gradients, molecular diffusivities, mixing conditions, temperature and pressure as well as the rheological phenomena and chemical reactions. The volumetric mass transfer coefficient (kLa) shows the effectiveness of this process considering these variables except for concentration gradients [92,101]; therefore, the carbon dioxide transfer rate (CTR) would be governed by Equation (43) [99,112,113]:


  C T R =   d   C  O 2      d t   =  k L  a ·     C  O 2 ∗   −  C  O 2       



(43)




where [CO2] is the concentration of dissolved CO2 in the bulk liquid (mol L−1), [CO2*] is the saturated CO2 concentration at a specific CO2 partial pressure (mol L−1), kLa is in units of reciprocal time and can be estimated with Equation (44) [114]:


   k L  a = f ×        P G     V w       a  ×  v s b   



(44)







Here, f is a specific constant related to the geometry of the vessel, PG/Vw is the gassed power requirement per working volume, Vs is the superficial gas velocity and constants a and b depend on the corresponding correlation.



As explained in the review by Elhajj et al. [101], due to the complexity of the hydrodynamic conditions, a large number of empirical mass transfer correlations have been developed for each system, which are only applicable under very specific conditions.



For well mixed reactors, Hill [115] proposed Equation (45) to calculate the CO2 transfer, sparged from the bottom of the reactor, in the aqueous phase, not taking into account the bubble size:


  C T R =   d   C  O 2      d t   =  k L  a ×      H 2  C  O 3 ∗   −  C  O 2        1 −    K 2     K 2  +    K 2  ×     C  O 2      0.5          



(45)




where [H2CO3 *] is the saturation concentration of carbonic acid in aqueous solution and K2 is the equilibrium constant of the aforementioned equilibrium reaction (25) of the deprotonation of carbonic acid to bicarbonate ion. kLa ranges from 5.6 to 33 10−3 s−1 and is obtained by Equation (46):


   k L  a = 33.9 + 6.96 ×     T − 27.5   7.432     + 15.7 ×      Q G  − 1.1   0.5351     + 18.8 ×     N − 375   133.8      



(46)




in which T is the temperature in °C, QG is the gas flow rate (L‧min−1) and N is the stirring speed (rpm). This expression is valid under the following conditions: 15 °C < T < 40 °C, 0.2 L min−1 < QG < 2 L min−1, and 150 rpm < N < 600 rpm.



Because the method originally used for measuring CO2 solubility and determining kLa was considered incorrect by Kordac and Linek, [101,116], they subsequently proposed Equation (47) as a new expression to estimate CTR. In this case, the following assumptions applies: the ideal mixing in the gas phase, negligible resistance to mass transfer in the gas phase, no consideration of the bubble size and the equilibrium reaction of CO2 in the liquid phase being fast enough to keep carbonate, bicarbonate and hydrogen concentrations in equilibrium at all times.


  C T R =   d   C  O 2      d t   =  k L  a ·    A  1 + A          H 2  C  O 3 ∗   −  C  O 2         2  2 +        K 2      C  O 2          0.5        



(47)




where A is calculated by Equation (48):


  A =    Q G  · H    k L  a ·  V w  · R · T    



(48)




where QG is the gas flow in L s−1 while Vw is the volume of liquid in the reactor (L), R is the ideal gas constant (atm L mol−1 K−1) and T is the temperature in K. This correlation is applicable for the following conditions: 0.833‧10−4 m3‧s−1 < QL <1.5‧10−4 m3‧s−1, 0.583 10−3 m3 s−1 < QG < 1.17 10−3 m3 s−1, and 0.05 < yCO2 <0.2. KL is a number between 2.06 and 4.69 10−3 m s−1.



Equation (49) is proposed to describe the response dynamics of the concentration of carbonic acid in the liquid. This expression can be simplified into Equation (50) assuming that the pH value remains lower than 5 during most of the CO2 absorption experiments. With the relationship between B and A being established by Equation (51), kLa can finally be solved by Equation (52):


    d    H 2  C  O 3      d t   =  k L  a ×  A  1 + A        H 2  C  O 3 ∗    −    H 2  C  O 3      ×    2  2 +        K 2      C  O 2          0.5        



(49)






    d    H 2  C  O 3      d t   =  k L  a ×  A  1 + A   0.99 ×      H 2  C  O 3 ∗    −    H 2  C  O 3      = B ×      H 2  C  O 3 ∗    −    H 2  C  O 3       



(50)






  B =  k L  a ×  A  1 + A   × 0.99  



(51)






   k L  a =       0.99  B  −    V L  × R × T    Q G  × H       − 1    



(52)









3.2. Mass Transport and Biofilm


Low productivity in the biological production of succinic acid is one of the main obstacles to overcome in biorefineries [56,117]. For this, although most of the production studies are carried out in batch or fed-batch operated bioreactors, it is recommended to operate continuously and generate a biofilm, which allows cells to adhere to surfaces at high concentrations, achieving a steady state, non-growing condition and reaching much higher productivities and yields than with other systems [54,55,56,118]. Furthermore, operation under these conditions promotes the stability and tolerance to toxic substances and inhibitors, because these substances (substrates, products and toxic substances from the raw material hydrolysate, as furfurals or hydroxymethylfurfurals) do not accumulate in the bioreactor over time, diffusing into the biofilm in a restricted way—so their deleterious effect on cells are partly avoided—[119,120]; however, the study of transport phenomena in biofilms poses a great challenge, since they do not have established and well-defined properties. Their structural and physical characteristics such as density, porosity, thickness, cohesion, and cell viability are largely determined by the conditions in which they have been created [119,120]. Unfortunately, all these characteristics and the difficulty to control many of them makes the study of these structures very complex, which has led mostly to the development of equations of a strong empirical character. Biofilm structures are highly irregular with cells showing a tendency to aggregate, thus forming cellular microcolonies of a varying area, shape, and thickness. These microcolonies usually have smaller areas near the surface of the substrate, while the area increases towards the top of the biofilm. This sometimes leads to their fusion, generating even larger microcolonies [121]; therefore, it is logical that the average effective diffusivity (De) is dependent on the density, as expressed by Equation (53) [122], and varies along the biofilm—Equations (54) and (55) [123]:


   D e  = D   1 −   0.43 ×  ρ b  0.92     11.19 + 0.27 ×  ρ b  0.99        



(53)






   D e  =   ∑   n = 1  p   D  S , n    



(54)






   D s  = 0.25 − 0.95 ×  v L  + 2.3 ×  G  + 0.23 ×    z  L j     + 0.93 ×  v L  ×  G  + 0.59 ×  v L  ×    z   L b      − 0.7 ×  G  ×    z   L b       



(55)




where ρb is the average density of the biofilm (kg‧m−3), D is the molecular diffusivity of the reactive species in the medium (m2‧s−1), Ds is the surface averaged relative effective diffusivity, p is the number of measurement points of surface average relative effective diffusivity (vertically), vL is the velocity in the bulk liquid (m‧s−1), [G] is the glucose concentration (kg‧m−3), z is the distance from the bottom of the biofilm (m) and Lb is the average biofilm thickness.



Mokwatlo et al. [124], using Equations (56)–(58), estimated the constant De−j, which means the effective diffusion constant of compound j in the biofilm as related to the aqueous diffusion constant:


     D  e o − j      D  a q − j     =  ε W  ×        ε  E P S      D  p r     +  ε W      − 1    



(56)






     D  e − j      D  a q − j     =      D  e − j      D  e o − j       ×      D  e o − j      D  a q − j        



(57)






     D  e − j      D  e o − j     =      2   D  c r     +    D  a q − j      D  e o − j     − 2 ×  ε  c e l l s   ·    1   D  c r     −    D  a q − j      D  e o − j          2   D  c r     +    D  a q − j      D  e o − j     +  ε  c e l l s   ×    1   D  c r     −    D  a q − j      D  e o − j            



(58)




where Daq−j is the diffusion constant of j in water (m2‧s−1), Deo−j the effective diffusion constant of j in “cell free” extracellular polymeric substances/water matrix (m2‧s−1), εcells the biofilm volume fractions of the cells, εEPS the biofilm volume fractions of extracellular polymeric substances y, and εW the biofilm volume fractions of water.



To relate convective mass transfer and mass diffusivity, Horn and Hempel proposed an empirical Equation (59) to calculate the Sherwood number (Sh) [125]:


  S h = 2 × R  e  0.5   × S  c  0.5   ×      d L      0.5   ·   1 + 0.0021 × R e    



(59)




where Re is the Reynolds number, Sc is the Schmidt number, d is the diameter of the reactor and L is the length of the reactor.



Wäsche et al. [126] accounted for the influence of the biofilm structure on mass transfer, for which they introduced a structure factor (Ω) in the expression of the Sherwood number. Furthermore, they distinguished expressions for the calculation of this number in the laminar regime—Equation (60)—and the turbulent regime—Equation (61).


  S  h  l a m i n a r   = 2 × R  e  0.5   × S  c  0.5   ×      d L      0.5   ×  Ω  − 1    



(60)






  S  h  t u r b u l e n t   = 0.16 × R  e  0.75   × S  c  0.5   ×  Ω  − 1    



(61)







The structure factor depends on the hydrodynamic and substrate conditions during the biofilm culture, as shown in Equation (62), and it is a function of the Reynolds number as defined in Equation (63):


  Ω =  6  6 ×  μ ∗    × R  e  g r o w t h   −      μ ∗    1.5        



(62)






  R  e  g r o w t h   =   w × d  ν   



(63)




where µ* is the relative growth rate, i.e., the ratio between the specific growth rate at the biofilm surface and the maximum growth rate, w is the mean flow velocity (m⋅s−1) and ν is the kinematic viscosity of water (m2⋅s−1).





4. Coupling Dynamic Phenomena to Explain Succinic Acid Production


As challenging as it may be, a comprehensive study of the behavior of the species present in a fermentation broth must jointly consider reaction kinetics and transport phenomena; however, the complexity of these models has meant that their analysis and development is limited and only a couple of studies have appeared in this regard. The combination of dynamic phenomena and kinetic models allows complete information on the system to be obtained, as mentioned above, being a fundamental tool when optimally designing the reactor, scaling-up, carrying out technical-economic studies and developing a system of control. In addition, knowledge about the optimal flow of CO2 and the way to achieve an adequate transfer, allows to reduce the costs associated with the feeding of this gas (for example, insufflation expenses, agitation and the capture of excess gas); therefore, in order to achieve the biological production of succinic acid in a sustainable manner, combining the techno-economic and environmental perspectives, the development of knowledge in this area is essential.



Galaction et al. [127] proposed equations to estimate the concentration and flux of glucose as a substrate in a stirred bed of immobilized A. succinogenes cells on alginate. For this purpose, they proposed a kinetic model in the mass balance of glucose in the biocatalyst including inhibition by a substrate and product of the Jerusalimsky type. As further assumptions to the model, they assumed steady state, spherical biocatalyst particles, no interactions between the substrate, product and support, and internal diffusion described according to Fick's law and effective diffusivity. From these constraints, Equation (64) is derived, from which Equations (67) and (68) are obtained, taking into account the boundary conditions—Equations (65) and (66):


    d  P    d t   =   D ×  P     X     



(64)






     d 2     S   P    d  r 2    +  2 r  ×   d    S   P    d r   =    ν  m a x   ×  X     D e    ×      K  I S      K  I S   +    S   P      ×      K  I P      K  I P   +  Y  P / S   ×    S   P       



(65)






  s . t . :   r = 0   →     d    S   P    d r   = 0  



(66)






  s . t . :   r =  R P    → −  D e  ·   d    S   P    d r   =  k L  ×      S   L  −    S   S     



(67)






     S   P  =   B i ×      S   L  −    S   S    × c o s h   3 × φ ×  R P       R P 2    ×     3 × φ    R P    −  R P  × t a n h   3 × φ ×  R P      ×   s i n h   3 × φ × r    r   



(68)




where r is the radius of the particle, [S]P is the concentration of substrate within the biocatalyst particle, νmax is the maximum reaction rate, [X] is the cell concentration, [S]L is the concentration in the liquid bulk, [S]s is the concentration on the surface of the biocatalyst particle, Bi is the Biot number, φ is the Thiele modulus and kL represents the mass transfer coefficient in the boundary layer at the particle surface.



The substrate flux from the liquid phase to the particle surface (nL) is described by Equation (69) and the internal mass flow (nP) can be obtained by combining Fick’s law with Equation (67), thereby obtaining Equation (70):


   n L  =  k L  ×      S   L  −    S   i     



(69)






    n P  =  D e    B i ×      S   L  −    S   i    × c o s h   3 × φ ×  R P       R P 2    ×   3 × φ −  R P  × t a n h   3 × φ ×  R P         ×     3 × φ × c o s h     3 × φ × r    R P         R P  × r     s i n h   3 × φ × r      r 2        



(70)







From these expressions, it was estimated that the inhibition is more pronounced in the smallest particles, whilst in the larger particles, internal diffusion is the main limiting step. In fact, in some internal regions of the particle it is possible to reach such low values of the flux that they are considered “biologically inactive regions”, with a magnitude varying from 0 to 5.53% of the total volume of particles.



Later, the same authors [128] expanded this study, performing fermentation in a bioreactor with a stationary basket bed of immobilized A. succinogenes cells on alginate. In their study, they found that the values of the external mass flows were about 1.4 to 14 times lower than those obtained for the mobile bed, the difference being more important as the biocatalyst particle size increased and the cylindrical-bed thickness decreased. In this case, the biologically inactive region could be even higher, with its magnitude varying between 0.24% and 44% from the overall volume of each biocatalyst particle size studied and being found mostly in the largest particles on the outer surface of the bed of the basket. In addition to the equations used in their previous article, they included the reduction factor (λ). With a similar nature to the classical effectiveness factor (η), λ represents the ratio between the rates of biochemical reaction in heterogeneous and homogeneous systems. Considering Equation (64), the reduction factor can be expressed by Equation (71):


     λ   =   3 ×  k L  ×      S   L  −    S   i    × c o s h   3 × φ ×  R P       R P 4  ×  v  m a x   ×  C         ×       3 × φ    R P    −  R P  × t a n h   3 × φ ×  R P      × c o s h   3 × φ   ×   3 × φ − t a n h   3 × φ            K  I S      K  I S   +    S   P      ×      K  I P      K  I P   +  Y  P / S   ×    S   P            



(71)







Although these balances include glucose transport as a substrate and reaction kinetics, they fail to include CO2 transport, an essential molecule for the activation of the metabolic pathway for the production of SA. Rigaki et al. [114] proposed a mechanistic double substrate model to describe the fermentation by A. succinogenes of glycerol in batch systems saturated with CO2. With this model, it is possible to predict the effect of changes in the initial concentrations of glycerol and MgCO3 on the production and consumption rates of the species present in the broth. The evolution of biomass correlates with Equation (72), which is based on the Monod model—Equation (4)—a Luong-type product inhibition—Equation (14)—and also includes a transport term that includes the mass transfer coefficient (kL):


    d  X    d t   =  μ m  ×       G l y      K  G l y   +   G l y       ×       C  O 2       K  C  O 2    +   C  O 2        ×     1 −    P       P   m       β  −  k L  ×  X   



(72)







The concentrations of the products evolve according to Equation (20) and the concentrations of the substrates (glycerol and CO2) are predicted by means of Equation (19), but in the case of CO2, the CTR—Equation (43)—is added to this expression, obtaining Equation (73). Considering turbulent mixing and a low viscosity fermentation medium, kLa fits the empirical expression (74). The expressions of the terms involved in this equation are shown in Equations (75) and (76):


    d   C  O 2      d t   =   −  1   Y  X   C  O 2            d  X    d t   +   −   ∑  i   1   Y  P i     C  O 2          d  P i    d t   +   − m    X  +  k L  a ×     C  O 2 ∗   −  C  O 2       



(73)






   k L  a =   2.0 + 2.8 · N   ×        P g     V w        0.77   ×  ν s  0.67    



(74)






   P G  = q ·        P o 2  × N ×  d  3     Q  0.56         0.45    



(75)






   P o  = 0.035 × µ ×  N 3  ×  d   3.7   × W ×  B  0.8   ×  R  0.4   ×  J  0.3    



(76)




where Pg is the gas power requirement, Vw the working volume, vs the superficial gas velocity, q is the impeller type, d the reactor diameter, Q the volumetric flow rate, Po the power requirement for non-gassed Newtonian fluids, B the number of blades, W their width, R the number of baffles, J their width and µ the dynamic viscosity of the medium.




5. Conclusions


Succinic acid has emerged as a very interesting biobased product that could play a pivotal role in the future of biorefineries due to its applications and representing a building block to a wide array of products. This piece of work has summarized and presented systematically the available information on the kinetic modelling of fermentations to this valuable product in the open literature.



The study of a process focused on its implementation at an industrial level, and, therefore, of a bioprocess, requires an approach from the perspective of chemical engineering. In this review, the existing information on the succinic acid production process by biotechnological means has been gathered, focusing on the mathematical models used by different authors for the description of all the physical and chemical (or biochemical) phenomena involved in the overall rate of the process. The scarcity of global models capable of simulating the complex behavior of the system is highlighted.



There have been good attempts at describing fermentations with microorganisms that are known to perform them. In addition, overall, the models developed are also scarce from the point of view of the still relatively low variety of substrates employed in the studies. In general, the proposed kinetic models are very restricted, being mostly non-segregated and unstructured without considering in any case the effects of hydrodynamic stress. Moreover, due to the complexity not only of the chemical reaction network but also the set of mass transports involved, the great challenge of combining transport phenomena with a kinetic model in the bioprocess still remains largely unsolved.



The publications are scarce and provide partial information, focusing on the resistance of the solid substrate through the biofilm or on the transport of CO2. Whilst all of this in principle represents a complication towards an accurate numerical description and prediction of the process, it also opens an opportunity for researchers in the field and the development of experimental and numerical methodologies. The development of kinetic models and their coupling to equations describing transport phenomena are essential to take into account, together with the mass and heat balances relevant to the bioreactor of interest, when it comes to a detailed design control and operation of the bioreactor, as the most critical unit within any bioprocess. This is key to reducing the operating costs through techno-economical optimization and guides the scaling-up of prototypes and control systems.
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Abbreviations




	AA
	Acetic Acid



	ADP
	Adenosine DiPhosphate



	ATP
	Adenosine TriPhosphate



	CTR
	Carbon dioxide Transfer Rate



	C4
	4 Carbon containing compound



	C5
	5 Carbon containing compound



	C6
	6 Carbon containing compound



	ET
	Ethanol



	FAD+
	Flavin Adenine Dinocluotide



	FA
	Formic Acid



	Fructose 1, 6–P
	Fructose 1, 6–Phosphate



	Fructose 6–P
	Fructose 6–Phosphate



	GDP
	Gross Domestic Product



	Glucose 6–P
	Glucose 6 Phosphate



	Glyceraldehyde 3–P
	Glyceraldehyde 3–Phosphate



	IB
	Integrated Biorefineries



	LA
	Lactic Acid



	NADH
	Nicotinamide Adenine Dinucleotide reduced



	NAD+
	Nicotinamide Adenine Dinucleotide



	PA
	Pyruvic Acid



	PEP
	Phosphoenol Pyruvate



	PEPC
	Phosphoenol Pyruvate Carboxylase



	PEPCK
	Phosphoenol Pyruvate Carboxykinase



	PYC
	Pyruvate Carboxylase



	TCA
	TriCarboxylic Acid Cycle



	TRL
	Technology Readiness Level



	Ribose 5–P
	Ribose 5–Phosphate



	Ribulose 5–P
	Ribulose 5–Phosphate



	ROS
	Reactive Oxygen Species



	R+D+I
	Research, Development and Innovation



	SA
	Succinic Acid



	Sedoheptulose 7–P
	Sedoheptulose 7–Phosphate



	US DOE
	United States Department of Energy



	Xylulose 5–P
	Xylulose 5–Phosphate



	a
	volumetric coefficient (m3), exponent in Equation (21).



	b
	Schenov constant of organic substances (m3‧kg−1), exponent in Equation (21)



	B
	number of blades



	Bi
	Biot number



	C
	concentration (mol‧L−1, kg L−1)



	d
	diameter of the reactor (m)



	D
	diffusivity (m2 s−1), dilution rate (g L−1)



	De
	effective diffusivity (m2 s−1)



	E
	Euler number



	f
	specific constant related to the geometry of the vessel



	h
	Schenov constant of salts (L mol−1)



	H0
	Henry’s constant for CO2 in a pure solvent (kPa m3 kmol−1)



	J
	width of baffles (m)



	k
	mass transfer coefficient (m s−1)



	K
	equilibrium constants, kinetic constants (g L−1)



	L
	biofilm thickness, length of the reactor (m)



	m
	Pirt’s coefficient (s−1)



	n
	number of species, substrate flux (g m L−1 s−1), exponent of Equation (42)



	N
	stirring speed (rpm)



	p
	number of measurement points of surface average relative effective diffusivity



	P
	partial pressure in a gas mixture (kPa), power input under gassed conditions (W)



	q
	impeller type



	Q
	flow (L s−1, L min−1)



	r
	particle radius (m)



	R
	ideal gas constant (atm L mol−1 K−1), rate of metabolite production (g L−1 h−1), number of baffles



	Re
	Reynolds number



	Sc
	Schmidt number



	Sh
	Sherwood number



	t
	time (s, min, h)



	T
	temperature (°C, K)



	v
	gas velocity, velocity in the bulk liquid (m s−1)



	V
	volume of the liquid (L, m3)



	w
	average flow velocity (m s−1)



	W
	width of blades (m)



	Y
	yield (g g−1)



	Z
	distance from the bottom of the biofilm (m)



	[CO2]
	concentration of dissolved CO2 in the bulk liquid (mol L−1)



	[CO32−]
	concentration of carbonate ion (mol L−1)



	[G]
	glucose concentration (kg m−3)



	[H2CO3]
	carbonic acid concentration (mol L−1)



	[HCO3−]
	bicarbonate ion concentration (mol L−1)



	[P]
	product concentration (g L−1)



	[S]
	substrate concentration (g L−1)



	[X]
	biomass concentration (g L−1)



	α
	solubility of CO2, associated growth parameter in production generation models (g g−1), exponent in Equation (48).



	β
	non-associated growth parameter in production generation models (g g−1 h−1), exponent of Equation (51).



	δ
	associated growth parameter in substrate consumption models (g g−1)



	γ
	associated growth parameter in substrate consumption models (g g−1 h−1)



	η
	effectiveness factor



	φ
	Thiele modulus



	λ
	time of the latency phase (h), reduction factor



	µ
	specific growth rate (s−1, min−1, h−1), dynamic viscosity (kg m−1 s−1)



	ν
	reaction rate (kg kg−1 s−1), kinematic viscosity (m2 s−1)



	ρ
	density (kg m−3)



	Ω
	structure factor



	aq
	refers to aqueous



	b
	refers to biofilm



	cells
	refers to cells in biofilm



	EPS
	refers to extracellular polymeric substances



	G
	refers to gas



	i
	refers to ion I, to species i



	IS
	refers to inhibition per substrate



	j
	refers to species j



	L
	refers to bulk liquid



	m
	refers to maximum state



	n
	refers to organic substances



	o
	refers to non-gassed Newtonian fluids, refers to “cell free” extracellular polymeric substances/water matrix



	P
	refers to product, biocatalyst particle



	s
	refers to superficial gas, refers to the surface of the biofilm, refers to the surface of the biocatalyst particle



	S
	refers to substrate



	TCO2
	refers to total CO2



	T
	refers to a specific temperature



	w
	refers to working volume, refers to water in biofilm



	0
	refers to a pure solvent or ambient conditions



	1
	refers to Equation (1)



	2
	refers to Equation (2)



	3
	refers to Equation (3)



	4
	refers to Equation (4)



	*
	refers to a relative rate, refers to a saturation concentration
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Figure 1. Array of intermediate and end products stemming from succinic acid. 
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Figure 2. Metabolic pathways in succinic acid-producing microorganisms such as A. succinogenes, A. succinoproducens, M. succiniproducens and anaerobic succinate engineered E. coli. [26,28,29], Adenosine triphosphate (ATP), flavin adenine dinucleotide (FAD+), nicotinamide adenine dinucleotide (NAD+), reduced nicotinamide adenine dinucleotide (NADH), and reduced nicotinamide adenine dinucleotide phosphate (NADPH). 
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Figure 3. Dynamic phenomena coupling and modelling in a research, development and innovation (R+D+i) scheme for the implementation of a bioprocess. 
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Figure 4. Steps involved in gas transfer from gas bubble to cell. 
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Table 1. Non-segregated unstructured kinetic models.
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Microorganism

	
Operation Mode

	
Carbon Source

	
Species Predicted by the Model

	
Ref.




	
Biomass

	
Substrate

	
Product

	
By-Products






	
A. succinogenes 130Z, E. coli NZN111, AFP111, BL21

	
Batch

	
Glucose

	
Equations (1), (2)

	

	

	

	
[78]




	
A. succinogenes DSM 22257

	
Batch

	
Glucose, mannose,

xylose,

arabinose

	
Equations (1), (4), (8)

	

	

	

	
[39]




	
E. coli ATCC 8739

	
Batch

	
Glycerol

	
Equations (1), (4)–(10)

	

	

	

	
[82]




	
B. succiniciproducens BPP7

	
Fed Batch

	
Arundo Donax

hydrolysate

	
Equations (1), (14)

	

	

	

	
[41]




	
A. succinogenes 130Z

	
Batch

	
Glucose

	
Combination of Equations (1), (12), (16)

	
Equation (17)

	

	

	
[79]




	
A. succinogenes DSM 22257

	
Continuous

	
Glucose

	
Combinations of Equations (1), (4), (8), (11), (14)–(16)

	

	
Equation (23)

	

	
[90]




	
A. succinogenes 130Z

	
Batch

	
Oil palm frond

hydrolysate

	
Equation (8)

	

	
Equation (22)

	

	
[89]




	
A. succinogenes 130Z

	
Continuous

	
Glucose

	
Empirical

	

	
Empirical

	

	
[85]




	
A. succinogenes 130Z

	
Batch,

Fed Batch

	
Raw carob pod extracts

	
Equations (1), (4)

	
Equation (17)

	
Equation (20)

	

	
[87]




	
A. succinogenes ATCC 55618

	
Batch

	
Glucose

	
Combination of Equations (1), (11), (14)

	
Equation (18)

	
Equation (20)

	
Equation (20)

	
[38]




	
A. succinogenes ATCC 55618

	
Batch

	
Glycerol

	
Combination of Equations (1), (8), (14)

	
Equation (19)

	
Equation (20)

	
Equation (20)

	
[86]




	
A. succinogenes 130Z, B. succiniciproducens JF 4016

	
Batch

	
Xylose,

galactose, glucose, mannose, arabinose

	
Combination of Equations (1), (8), (14)

	
Equation (18)

	
Equation (20)

	
Equation (20)

	
[40]




	
A. succiniciproducens MBEL55E

	
Batch

	
Glucose

	
Combination of Equations (1), (8), (14)

	
Equation (19)

	
Equation (20)

	
Equation (20)

	
[83]




	
Y. lipolytica PCG0100

	
Batch

	
Glycerol

	
Combination of Equations (1), (8), (14)

	
Equation (19)

	
Equation (20)

	
Equation (20)

	
[91]
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Table 2. Parameters from non-segregated unstructured biomass growth kinetic models.
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Microorganism

	
CarbonSource

	
Eqs.

	
Parameters

	
Ref.




	
µm

	
[S]m

	
[P]m

	
KS

	
KIS

	
α

	
β




	
h−1

	
g L−1

	
g L−1

	
g L−1

	
g L−1






	
A. succinogenes ATCC 55618

	
Glucose

	
(1) (11) (14)

	
0.5

	
155

	
SA-104.2

ET-42.1

AA-44.2

FA-16.0

PA-74.1

	
2.03

	

	
0.603

	

	
[38]




	
A. succinogenes ATCC 55618

	
Glycerol

	
(1) (8) (14)

	
0.12

	

	
45.6

	
2.896

	
15.36

	

	
1.074

	
[86]




	
A. succinogenes 130Z

	
Xylose

galactose glucose mannose arabinose

	
(1) (8) (14)

	
0.394

	

	
AA-38

FA-18

LA-60

SA-55

	
0.698

	
55.484

	

	
AA-2.300

FA-2.300

LA-/

SA-2.300

	
[40]




	
B. succiniciproducens JF 4016

	
0.932

	

	
AA-38

FA-22

LA-58

SA-55

	
1.556

	
15.173

	

	
AA-2.300

FA-2.299

LA-2.300

SA-2.299




	
M. succiniciproducens MBEL55E

	
Glucose

	
(1) (8) (14)

	
1.324

	

	
17.23

	
1.123

	
88.35

	

	
1.301

	
[83]




	
Y. lipolytica PGC0100

	
Glycerol

	
(1) (8) (14)

	
0.38

	

	
AA-57.9

SA-243.4

	
0.818

	
223.5

	

	
AA-12.02

SA-12.30

	
[91]
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Table 3. Parameters from non-segregated unstructured kinetic models considering substrate consumption and product generation in SA production.
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Microorganism

	
Carbon

Source

	
Substrate

	
Product and By-Products

	
Ref.




	
Eqs.

	
Parameters

	
Eqs.

	
Parameters




	
YXS

	
YPiS

	
δ

	
γ

	
ms

	
αi

	
βi




	
g g−1

	
g g−1 h−1

	
h−1

	
g g−1

	
g g−1 h−1






	
A. succinogenes ATCC 55618

	
Glucose

	
(18)

	

	

	
4.35

	
0.308

	

	
(20)

	
AA-1.430

FA-0.881

PA-0.187

SA-3.600

	
AA-0.045

FA-0.013

PA-0.049

SA-0.299

	
[38]




	
A. succinogenes ATCC 55618

	
Glycerol

	
(19)

	
0.130

	
2.790

	

	

	
0.001

	
(20)

	
AA-0.753

FA-0.428

SA-9.864

	
AA-0.001

FA-0.002

SA-0.001

	
[86]




	
A. succinogenes 130Z

	
Xylose galactose glucose mannose arabinose

	
(18)

	

	

	
7.575

	
0.051

	

	
(20)

	
AA-2.258

FA-1.882

LA-/

SA-3.858

	
AA-2.136

FA-1.501

LA-0.419

SA-4.080

	
[40]




	
B. succiniciproducens JF 4016

	

	

	
6.685

	
0.034

	

	
AA-0.016

FA-0.006

LA-/

SA-0.040

	
AA-0.001

FA-0.001

LA-0.001

SA-0.028




	
M. succiniciproducens MBEL55E

	
Glucose

	
(19)

	
0.765

	
AA-0.999

FA-1.532

LA-0.999

SA-1.310

	

	

	
0.061

	
(20)

	
AA-0.626

FA-0.665

LA-/

SA-1.619

	
AA-0.124

FA-0.105

LA-0.210

SA-0.355

	
[83]




	
Y. lipolytica PGC0100

	
Glycerol

	
(19)

	
0.581

	
AA-1.864

SA-1.712

	

	

	
0.055

	
(20)

	
AA-0.208

SA-0.386

	
AA-0.010

SA-0.013

	
[91]
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