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Description


PEP Review 2010-14 BIO-BASED SUCCINIC ACID By Sudeep Vaswani (December 2010)



ABSTRACT In a U.S. Department of Energy report published in 2004, succinic acid was identified as one of the top twelve building-block chemicals that could be produced from renewable feedstocks. Currently, succinic acid uses a petroleum-derived maleic anhydride route for its production, which is both costly and environmentally unfriendly. As a result, there is a growing interest towards discovering a more economical and environmentally cleaner way for its production. One methodology that has been receiving increased attention is the use of bacterial microorganisms. This technology takes advantage of the fermentative capabilities of various microorganisms and utilizes a renewable substrate as a carbon source for acid formation. Succinic acid production from microbial organisms has tremendous potential as a building block for commodity chemicals with applications in several industries. Some of the succinic acid derivatives include: tetrahydrofuran (THF), 1,4-butanediol (BDO), succindiamide, succinonitrile, dimethylsuccinate, N-methyl-pyrrolidone, 2-pyrrolidone, and 1,4-diaminobutane. This PEP Review discusses and provides a detailed techno-economic analysis for bio-based succinic acid production with a capacity of 82.7 million lb/year (37,500 mt/yr). Additionally, it covers information regarding genetic engineering mechanisms, regulation of specific enzymes, and purification of succinic acid to provide a cost-competitive alternative to fossil fuels.
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INTRODUCTION For many years, the chemical industry has been using coal, gas, and oil to produce the vast majority of industrial products. However, with diminishing supplies of these resources and the looming dangers of excessive carbon dioxide emissions, there is a dire need to develop a sustainable and renewable chemical that can produce the same products in a safe and costeffective way. Several companies have evaluated the potential of both bio-based chemicals and polymers to identify products that are lucrative. One of the most promising contenders is succinic acid, which is a great platform chemical because of its ability to convert into several important products and the relative ease of its bio-based production. Succinic acid is a substance used in many industries such as: plastics, textiles, pharmaceuticals, solvents, and as a food additive. With increasing costs of oil and petroleum, it may be appropriate for companies to invest in the development and production of bio-based succinic acid. One of the best features of this technology is that carbon dioxide (CO2) is needed as a second substrate by the microorganisms for succinic acid production. Therefore, in addition to producing succinic acid, this process uses up the CO2 to avert the dangers of excessive carbon dioxide emissions. Today, succinic acid is predominately produced from a four-carbon hydrocarbon via maleic anhydride, utilizing the C4-fraction of naphtha at about a total weight of 15,000 tons per year (R481001). Bio-based succinic acid production avoids the use of this route and instead takes advantage of a process called fermentation. Fermentation is an energy-deriving reaction in eukaryotic and prokaryotic organisms, which converts a simple carbon source into various alcohols. This reaction is more specifically carried out by bacterial or fungal cells that possess specific genes encoding enzymes necessary for their pathways; each pathway contains its own distinctive intermediates, co-factors, and enzymes. Succinic acid is an intermediate of the citric acid cycle and one of the fermentation end-products of anaerobic metabolism. In PEP Report 236, a process such as this was described using ruminal bacteria; however, due to certain limitations in production volume and genetic-engineering capability, many changes were necessary in order to make this process cost-competitive with fossil-fuel based technologies. In the process under review, succinic acid is produced by microorganisms using glucose as fermentation feedstock. As described in detail later in the Review, many improvements have been made to this process, which entail genetic manipulation of these microorganisms to increase both the rate of production and the overall yield of succinic acid. A number of technological developments will be discussed regarding changes of medium, types of substrates, specific primers, enzymatic pathways, etc. These novel ideas serve to improve the efficiency and quantity of succinic acid produced with a concomitant decrease in the production of by-products. This PEP Review examines the major technical and economic aspects of bio-based succinic acid, with descriptions of processes from two recent players: Myriant Technologies and Bioamber. CHEMISTRY Succinic acid (butanedioic acid, 1,2-ethanedicarboxylic acid, HO2CCH2CH2CO2H) is a C4 dicarboxylic acid that has tremendous potential as a platform chemical for a number of industrial chemicals. Figure 1 illustrates many of the derivatives that can be produced from a platform chemical such as succinic acid.
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Figure 1 SUCCINIC ACID DERIVATIVES OH O
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Source: US Department of Energy—Top Value Added Chemicals from Biomass (August, 2004)



Currently, succinic acid is mostly produced by the chemical process from n-butane through maleic anhydride. Succinic acid is obtained by hydrogenation of maleic anhydride followed by hydration. In the first step in the reaction sequence, maleic anhydride is hydrogenated to succinic anhydride (Reaction 1).
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Reaction 1



The catalyst and process conditions for the hydrogenation of maleic anhydride are extremely selective with 98–99% of the maleic anhydride converted to succinic anhydride. The catalyst typically used is a Ni/Zr/Al/Si alloy. Succinic anhydride formed in Reaction 1 can be reacted with water to form succinic acid (Reaction 2). Reaction 2



Bio-based succinate will be produced from the most abundant sugars in plant biomass (i.e., glucose, fructose, arabinose, and xylose). Glucose is the most commonly used substrate for research related to industrially relevant fermentations. Theoretically, 1.71 mol succinate can be produced per mol glucose (plus CO2), based on the available electrons (i.e., 24 electrons in glucose divided by 14 electrons in succinate = 1.71) (R481002):



C6 H12 O6 + 0.86 HCO3−



⎯ ⎯→ 1.71 Succinate 2 − + 1.74 H 2O + 2.58 H +



ΔGH O = − 173 kJ / mol '



In the presence of CO2 and additional reducing power (e.g., H2), the theoretical yield increases to 2 mol succinate per mol glucose:



C 6 H 12 O6 + 2 HCO3− + 2 H 2



⎯ ⎯→ 2 Succinate 2− + 2 H 2 O + 2 H +



ΔGH O = − 317 kJ / mol '
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These theoretical yields are the targets sought for bacterial succinate production. Experimental yields will be constrained by the pathways used and by the carbon diverted to biomass and alternative products. COMMERCIAL OVERVIEW According to U.S. Bio-based Products, the chemical industry will grow to over $2 trillion a year when bio-based products replace existing petroleum-based resources and will provide additional revenue amounting to over $500 billion a year. Bio-based feedstocks have been less costly during the past few decades, and in the future will likely maintain an advantage over petroleum/gas feedstocks. (R481003). According to an article by Huw Kidwell, published in January 2008, the annual worldwide consumption of succinic acid was approximately 25,000 to 30,000 tonnes and was rising at about 10 percent a year. The total succinic acid capacity is estimated to be over 45–50 million lb/year (R481004). World demand for succinic acid is currently around 40,000-tons annually. With the demand rising fast and the cost-competitiveness of biobased succinic acid, these figures are expected to rise even further in subsequent years. Five different groups are active in commercial scale capacity development of bio-based succinic acid. Three of them intend to bring over 140,000 tons per annum of capacity online by 2012. 1. Bioamber— Bioamber, a joint venture between US-based DNP Green Technology and France-based ARD (Agro-industrie Recherches et Développements), recently commissioned the world’s first bio-based succinic acid plant in Pomacle, France. This plant has an initial industrial-scale capacity of 2,000 metric tons/annum. Bioamber will begin selling the bio-based succinic acid on a small-scale; however, the technology will be available for licensing for large-scale commercial production. In 2010, Bioamber partnered with Mitsui & Co., Ltd. and granted them exclusive Asian distribution rights for Bioamber’s bio-based succinic acid technology. The Asian market offers the biggest growth opportunity for these types of chemicals and should allow Bioamber to have a global influence (R481005). The company expects to have two plants with an initial capacity of 25,000–30,000 tons per annum each in operations by 2012. 2. Myriant Technologies—Myriant Technologies is a leading biotech developer and manufacturer of renewable biochemicals, located in Quincy Massachusetts. Myriant Technologies has been working on developing a bio-based succinic acid process and building a commercial plant using that process technology. In April of 2010, Myriant received a $50 million grant from the Department of Energy for building this facility. The bio-based succinic acid facility, expected to begin construction by September of 2010, will be located in Lake Providence, Louisiana. Set to start up in 2011, the plant will begin producing 30 million pounds of succinic acid. Currently, Myriant is pilot-testing its technology on a demonstration plant to determine how lucrative this technology will be on a large-scale commercial level. The company has acquired exclusive technology licensing rights and received a contract for R&D support with the University of Florida under patent WO 2008/115958 and US 5000000. 3. BASF and CSM—In September 2009, BASF SE and CSM NV announced cooperation between their respective subsidiaries, BASF Future Business GmbH and Purac, for development of production of bio-based succinic acid, using a BASF-developed bacterial strain (Basfi succiniproducens) and glycerin or glucose as a feedstock. Both partners have been working on the industrial fermentation and downstream processes and hope to start production of commercial volumes in late 2010 from a Purac facility in Spain. The succinic acid produced will be used as a building block in a variety of biopolymers.
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4. DSM & Roquette Frères—In mid-2010, Royal DSM N.V., headquartered in the Netherlands, and Roquette Frères, the global starch and starch-derivatives company headquartered in France, signed a joint venture agreement for the production, commercialization and market development of bio-based succinic acid. Since early 2008, the two companies have been working together to develop the best and most sustainable fermentative technology to produce bio-based succinic acid. The first testing volumes of this renewable and versatile chemical building block—used in the manufacture of polymers, resins and many other products—have already been produced in a demonstration plant in Lestrem (France) that was built in 2009. DSM is reported to be planning to scale up to a facility capable of producing 10,000 tons to 20,000 tons per annum of succinic acid by mid-to-late 2011, prior to ramping up to a commercial scale at around 50,000 tons per annum. 5. Mitsubishi Chemical Company and PTT—Mitsubishi Chemical Corporation (MCC) and PTT Public Company Limited, headquartered in Bangkok, have agreed to study the development of bio-polybutylene succinate, a bio-degradable polymer, made from biomass resources in Thailand, as of September 25, 2009. MCC produces GS Pla, its trademark for polybutylene succinate, a bio-degradable polymer made from petro-based succinic acid in Japan and markets it worldwide. MCC has developed an original process to produce succinic acid made from biomass resources (“bio-succinic acid”), utilizing its know-how in biotechnology, and has been studying the development of GS Pla made from the bio-succinic acid. Both parties will jointly begin market research and aim to complete the feasibility study for establishing a joint venture by the end of June 2010. CURRENT AND POTENTIAL MARKETS Succinic is a moderately high value chemical. It is a key compound in producing more than 30 commercially important products such as BDO, THF, adipic acid, and GBL. It has applications in industries such as food, pharmaceuticals, polymers, paints, cosmetics, and inks. It is also used as a surfactant, detergent extender, antifoam, and ion-chelator. With the growing world demand, it will be important to produce succinic acid cheaply from biomass. The lower cost will allow it to compete with chemicals currently produced from petroleum-based feedstocks. Competitively-priced succinic acid could be used directly or as a precursor for many industrial chemicals. Some of the potential markets for bio-based succinic acid are: • Replacement for maleic anhydride—a primary use of succinic acid is a replacement of maleic anhydride for selective reduction to give the well known BDO, THF and GBL family of products. The replacement of maleic anhydride could alone represent a global market of about 2 million tons for succinic acid. • Polymers—combining BDO and succinic acid also opens up the possibility of greener bio-polymers, such as poly-butyl succinate (PBS), which is used in biodegradable packaging films and disposable cutlery. While the market for PBS is currently small— 10,000 to 15,000 tons annually—it could increase with a green succinic acid process. Other markets include polyesters, polyols, and polyurethanes currently served by adipic acid which has a large carbon footprint. • Pyrrolidinones—pyrrolidinones are used to make green solvents and eco-friendly chemicals for water treatment, and have a global market of about 500,000 tons annually. Even though succinic acid is great platform chemical, it is expensive and therefore not used much as a precursor. Historically, its price has varied in the range of $5 to $9 per kg, depending
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on the prevailing oil price. This is much higher than petroleum derived maleic anhydride with a price around $1.50 per kg. If succinic acid could be produced competitively using the bio-route, its market potential can increase significantly. According to market research firm Front and Sullivan, the succinic market could expand to 180,000-tons by 2015 largely due to the introduction of bio-based succinic acid. TECHNOLOGY OVERVIEW In simple terms, bio-based succinic acid production technology consists of fermentation step followed by recovery and purification steps. Much advances have been made in the fields of fermentation, separation, and purification technologies using wild-type or mutant strains of succinic acid producing microorganisms such as Actinobacillus succinogenes (R481007, 8) and Anaerobiospirillum succiniciproducens (R481009, 10). Escherichia coli commonly known as E. coli, has been metabolically engineered in various ways for the production of succinic acid. Although metabolically engineered strains of E. coli showed remarkably enhanced ability to produce succinic acid compared to its parent strain (R4810011–13), the overall performance has been inferior to the aforementioned succinic acid producers; in particular, formation of significant amounts of by-products and lower succinic acid productivity compared with natural succinic acid producers, A. succinogenes and A. succiniciproducens are the major problems (R4810014). The metabolic pathways leading to the synthesis of succinic acid are diverse. Some bacteria mainly utilize the phosphoenolpyruvate (PEP) carboxylation reaction, while others use multiple pathways to form succinic acid (R4810015). Many different succinic acid producing Gramnegative bacteria have been isolated in various anaerobic environments such as domestic sludge, cattle waste, rice paddy, marine shipworm, mouth of dog, rumen and gastro-intestines. To date, the bacteria isolated from the rumen, including A. succinogenes and M. succiniciproducens, are the best candidates for succinic acid production as they produce succinic acid as a major fermentation product (R4810014). This is most likely due to the fact that the rumen is a highly efficient organ providing an environment to produce succinic acid. A. succinogenes shows a distinctive ability to produce a relatively large amount of succinic acid from a broad range of carbon sources such as arabinose, cellobiose, fructose, galactose, glucose, lactose, maltose, mannitol, mannose, sorbitol, sucrose, xylose or salicin under anaerobic condition (R4810016). Unlike E. coli or A. succiniciproducens, A. succinogenes is a moderate osmophile and has good tolerance to a high concentration of glucose, which is beneficial for fermentation. Extensive physiological and genetic studies relating to succinic acid production in A. succinogenes have been performed. Five key enzymes responsible for succinic acid production were identified to be PEP carboxykinase (pck), malate dehydrogenase (mdh), malic enzyme (sfc), fumarase (fum) and fumarate reductase (frd). Also, enzymatic analysis revealed the presence of pyruvate kinase (pyk), pyruvate ferredoxin oxidoreductase (pfo), acetate kinase (ack), alcohol dehydrogenase (adh) and lactate dehydrogenase (ldh), which affect succinic acid flux in the central metabolic pathways. PEP carboxylation, which is the important committed step for succinic acid production in rumen bacteria, is strongly regulated by CO2 levels. Theoretically, 1 mol of CO2 is required to form 1 mol of succinic acid. The higher CO2 level resulted in an increased succinic acid production at the expense of ethanol and formic acid. This is most likely due to the increased carboxylation of PEP to oxaloacetate rather than PEP conversion to pyruvate. Mannheimia succiniciproducens is very promising succinic acid producing bacterium, M. succiniciproducens MBEL55E, was recently isolated from the bovine rumen (R4810017). Phenotypic and phylogenetic studies suggest that M. succiniciproducens is a facultative, mesophilic, nonmotile, and capnophilic Gram-negative bacterium. It produces succinic acid as a
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major product, acetic and formic acids as the second major ones from various carbon sources under 100% CO2 condition at pH of 6.0–7.5. The succinic acid productivity of as high as 3.9 g/l/h could be achieved, which is the highest value that has been reported so far. Furthermore, the efficient and economical production of succinic acid was possible by fermentation of M. succiniciproducens using a whey-based medium containing corn steep liquor instead of yeast extract (R4810018). M. succiniciproducens also efficiently utilizes xylose, which makes it possible to use untreated wood hydrolysate to reduce the raw material cost (R4810019). These observations suggest that M. succiniciproducens can be a good candidate for the cost-effective succinic acid production from renewable resources. Two U.S. companies that are developing commercially viable bio-based succinic acid technology are Myriant Technologies and Bioamber. Their technologies are based on genetically modified Escherichia coli. While a detailed background analysis is provided herein for Bioamber’s and Myriant’s model of succinic acid production, the PEP design in this Review will focus on succinic acid production using Mannheimia succiniciproducens since the recent literature suggests it to be a most promising and cost effective candidate (R481002, 20–22). Bioamber Technology Review In patent CA 02657666, Bioamber presents a novel design that aims to produce esters of carboxylic acid from their corresponding salts while minimizing the separation and purification steps. The use of esters avoids acid corrosion and the use of high-cost corrosion resistant material that would be necessary in previous technologies. Additionally, the conversion of the salt to acid and its purification would involve several operations that could potentially diminish the economic viability of the succinic acid as a platform chemical. Furthermore, acidification and purification processes may not provide high-grade succinic acid suitable for subsequent catalytic processes, such as hydrogenation. Thus, it is to user’s benefit to bypass the production of the free acid and utilize the esters of carboxylic acid instead. An additional advantage to this technology is that it utilizes CO2 as a catalyst, thereby reducing carbon dioxide emissions. In their process, Escherichia coli fermentation is used to produce diammonium succinate, which is the carboxylic salt for succinic acid. The anaerobic fermentation requires CO2 as a feedstock and NH3 as a neutralizing agent for the fermented carboxylic acid. The diammonium succinate that is produced from fermentation is concentrated using vacuum evaporation. The concentrated diammonium succinate is then subjected to an esterification reaction in the presence of an alkanol and CO2 to form dialkyl succinate. The alkanol used in the esterification stage is preferably methanol, ethanol, propanol, or butanol. The last part of the process is the catalytic hydrogenation of dialkyl succinate to form derivates such as 1,4-butanediol (BDO), tetrahydrofuran (THF), and gamma-butyrolactone (GBL) (R4810023). Type of Substrate/Microorganism Used The fermentation broth is a very important aspect of this technology. It is preferable to find the most productive and economical combination that would be sufficient for metabolite production and energy requirements for the microorganism. Bioamber’s dynamic technology allows a large selection of raw materials to be used as a substrate for fermentation. This includes glucose, sucrose, and glycerol. The preferred substrate that is used in the Bioamber plant for commercial production is wheat derived glucose. In the remainder of this Review, glucose will be discussed as the substrate of use. Bioamber’s proximity to multiple plants and refineries allows for increased accessibility to the substrates. A sugar and wheat refinery provides sucrose and glucose, respectively. Additionally, a nearby ethanol plant provides the CO2 that is used as a catalyst for the reaction (R4810024).
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The microorganism used for this particular invention should be one that is capable of producing succinic acid. This includes a variety of different organisms: Aspergillus niger, anaerobiospirillum succiniciproducens, Enterococcus faecalis, Actinobacillus succinogenes, Escherichia coli, etc. The preferred species that is used in Bioamber’s technology is Escherichia coli (R4810023). The other bacterial species, despite producing succinate as a major product, require complex nutrients and increase both the cost and process complexity (R4810025). Genetic Engineering Escherichia coli, or E. coli, naturally produces succinate using the reductive branch of the TCA cycle. However, the quantity is not sufficient to justify the use of this technology for largescale commercial production. Therefore, there has been considerable interest in engineering E. coli for high yield succinic acid production. Bioamber’s technology utilizes several gene mutations and/or gene deletions that inhibit any by-product formation. Below is the enzymatic pathway of the technology used by Bioamber to produce succinic acid ester, succinate. Figure 2 ENZYMATIC PATHWAY FOR SUCCINIC ACID PRODUCTION VIA E. COLI Glucose PEP
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Source: Bioamber Company Overview (April 2009) and Department of Microbiology/MSU (March 2007)



The process shown herein is the wild-type metabolic pathway of E. coli with a few gene alterations. To improve the overall yield of succinate, a number of genes were deleted from the pathway. The first gene deletion is the PTC gene, which converts PEP to Pyruvate in the first step. This inhibition ensures that all of the PEP in the reaction is fed into the citric acid cycle to
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produce succinate. Thus, there is efficient use of substrate without any by-product formation. The next set of gene deletions are LDH (lactose-dehydrogenase) and PFL (pyruvate formate lyase). These gene deletions prevent the conversion of pyruvate into other by-products such as lactate and acetyl-CoA. Instead, the pyruvate is cycled back into the TCA cycle, which enhances the overall production of succinate (R4810024). Process Schematic/Description This novel invention aims to provide a process that produces esters of carboxylic acid from their corresponding salts, which are produced through fermentation. This avoids the expensive steps of both separation and purification of the acid. The fermentation broth utilized by the microorganism consists of a carboxylic acid salt. Additionally, CO2 is used as a catalyst, thereby reducing overall carbon dioxide emission. A diagram is provided herein to illustrate the general overview of the Bioamber process. Figure 3 SCHEMATIC REPRESENTATION OF BIOAMBER’S TECHNOLOGY Water, Ethanol, Ethyl acetate
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The first step is an anaerobic fermentation reaction, which ultimately serves to produce the succinic acid salt. E. coli, which are inoculated at ambient temperature and neutral pH in a reactor, are grown in the fermentation broth. As previously stated, the fermentation broth is made up of glucose, fructose, sucrose, or any other carbohydrate sugar that fits with the technology. The preferred feedstock is glucose. Additionally, the fermentations utilized vary by type. Batch fermentations use approximately 100 g/L/hr of substrate whereas continuous fermentation use as little as 0.5–4.0 g/L/hr of substrate. It is at the discretion of the user to determine which type to use. The anaerobic fermentation also requires CO2 as a feedstock and NH3 as a neutralizing agent for the carboxylic acid. As can be seen in Figure 3, the two gases are provided by back-
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integrating a downstream pressurized reactive distillation step (wherein the gases are produced) with the anaerobic fermentation step. The CO2:NH3 ratio should be high and will lead to excess CO2. To alleviate this situation, excess CO2 can be captured and fed into the esterification reactor as illustrated in the figure. The fermentation step is eventually complete once diammonium succinate, or the succinic acid salt, is produced. This is followed by the partial concentration step in which diammonium succinate is concentrated prior to the esterification step. At commercial level, pre-concentration is conducted using a multi-effect evaporator system, which is a far more energy efficient way as compared to conducting the concentration during esterification under esterification conditions. Additionally, the concentrated diammonium succinate improves the overall yield and rate of the salt to ester conversion. It may be necessary to use additional processing, such as filtration or centrifugation, to remove any remaining precipitate. The third step of the process is comprised of a pressurized reactive distillation reaction. Concentrated diammonium succinate from the previous step is esterified in the presence of ethanol to obtain diethyl succinate. The production of a succinic acid diester will circumvent the necessity to produce an intermediate acid. While ethanol is the preferred alcohol, any alkanol can be used for this part of the reaction. Esterification is carried out at a high temperature and pressure using CO2 as a catalyst. As noted in Bioamber Patent CA 02657666, the temperature range is 100°C to 200°C and the pressure is approximately 1,000 psig to 2,000 psig. Ethanol can be added to the reactive distillation step either in non-aqueous form or as an aqueous solution. Once the diethyl succinate is produced, the subsequent operation is comprised of another distillation step to further purify the diethyl succinate. Condensable liquids such as ethanol, water, ethyl acetate, and other esters are removed from the product; ethanol and water is fed back into the reactive distillation step as illustrated in Figure 3 above. Diethyl succinate, after purification, can be lead to go through one of the two types of reactions: a) catalytic hydrogenation, b) catalytic oxy-dehydrogenation. Both reactions produce different types of final products. Depending on the desired product, the final choice of option is upon the user. Catalytic hydrogenation produces 1,4-butanediol (BDO), tetrahydrofuran (THF), and/or gamma-butyrolactone (GBL) whereas catalytic oxy-dehydrogenation produces diethyl maleate. The hydrogenation process uses a tubular reactor constructed from 316 SS. The reactor is capable of withstanding a high pressure and temperature. The reactors are built with a temperature and pressure regulation system to allow hydrogenation to occur such that the desired product is produced in high yield. Different types of catalysts can be used for the hydrogenation reaction. Initially, the ester feed is diluted with ethanol, or another alkanol, and then hydrogenated using a hydrogen-to-ester feed ratio ranging from 100:1 to 300:1. The second type of reaction is the catalytic oxidative dehydrogenation of the ester. This reaction, like hydrogenation reaction, is also carried out in tubular reactors (316SS). However, in this type of reaction, oxygen (or an oxygen source such as air for large-scale commercial applications) is also fed into the reactor through a high-pressure regulator in an oxygen-to-ester molar feed ration ranging from 1:1 to 100:1. After the reaction is completed to desired extent, the reactor products are led to a distillation system where final products (diethyl maleate) are isolated from the rest of the reaction materials (R4810023). Myriant Technology Review Myriant wants to compete with the market price of succinic acid produced on-demand from maleic anhydride. Their main goal is to develop a robust and scalable technology that reduces capital investment, allows for flexibility in terms of nutrients and process chemicals, and integrates fermentation and downstream separation/purification. The technology, reportedly, has achieved many of its objectives and is said to be cost-competitive with the conventional succinic
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acid producing method at an equivalent oil price of less than $45/barrel equivalent (R4810026). Myriant’s technology is still in the developmental phase and has not been proven on a large-scale commercial level. In their current process, Escherichia coli are genetically-engineered to ferment a carbon substrate and produce high-yield and high-titer succinate. A major target of this technology is the PEP carboxylation pathway as this is the crucial step that converts phosphoenolpyruvate (PEP) to oxaloacetate (OAA). Metabolic evolution is also a key part of Myriant’s technology. Using gene mutations, Myriant is able to both reduce the level of side products and improve the overall product yield. In minimal salt media, without the use of foreign genes, Myriant altered the E. coli microorganism in such a way that it could produce upwards of 1.6 mole of succinic acid per mole of glucose metabolized. Many of these changes have allowed the wild-type E. coli succinate pathway to become as productive as natural succinate producing rumen-bacteria. Additionally, similar to Bioamber’s technology, the microbial succinate production incorporates CO2, thus making it environmentally friendly (R4810027). See Figure 4 for diagrammatic details. Type of Substrate/Microorganism Use As disclosed in patent WO 2008115958, the preferred microorganism used by Myriant is Escherichia coli, because of the ease at which it is genetically-engineered to produce succinate. However, to allow the user to have more flexibility, other species of bacteria have been successfully used before. These include: Gluconobacter oxydans, Arthrobacter tumenscens Planococcus eucinatus, Escherichia freundii, Salmonella typhimurium, Xanthomonas citri, etc. No genes encoding antibiotic resistance, plamids, or other foreign genes are used to construct the microbial organism’s strains except as intermediates during construction. The succinate producing E. coli produce succinate through a various combination of gene deletions and alterations. The process of metabolic evolution also enhances the yield of succinate. While the preferred carbohydrate used is glucose, this process works with other pentose and hexose sugars such as fructose, xylose, arabinose, sucrose, or a variety of different combinations thereof. The fermentation broth is also very important aspect of this technology. It is preferable to find the most productive and economical combination that would be sufficient for metabolite production and energy requirements for the microorganism. Myriant’s fermentation broth consists of a NBS mineral salt medium consist of 100 mM KHCO2, 1 mM Betaine HCl, and sugar substrate (glucose) for the maintenance of strains. There is still much to be studied in terms of the proper fermentation broth and growth conditions since Myriant may conduct large-scale tests in the near future and modify its procedure (R4810027). Genetic-Engineering Escherichia coli, or E. coli, naturally produces succinate using the reductive branch of the TCA cycle. However, as illustrated below, this pathway produces a number of other by-products such as acetate, lactate, formate, and ethanol which need to be inhibited. Therefore, there has been considerable interest by Myriant in engineering E. coli for high yield succinic acid production. Myriant’s technology utilizes several gene mutations and/or gene deletions that attenuate the respective by-product enzymes. Below is the enzymatic pathway of the technology used by Myriant to produce succinate.
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Figure 4 MIXED ACID PATHWAY FOR MYRIANT’S SUCCINATE PRODUCTION VIA E. COLI



Source: Patent Number WO 2008115958



The fermentative metabolism of E. coli has shown to be very adaptable. The derivatives that were engineered and the genes which were deleted were carefully selected in order to maintain redox balance, increase succinate growth, and increase the efficiency of ATP, or adenosine triphosphate. The first routes which were eliminated were the primary NADH oxidation (ldhA and adhE) and acetate (ackA) producing pathways. As shown in Figure 4, this reduced the production of lactate, ethanol, and acetate, respectively. The gene encoding pyruvate formatelyase (pflB) was deleted to eliminate the loss of reductant as formate and excess acetyl CoA, a potential source of acetate. Additionally, the upstream formate transporter (focA) in this operon was also deleted. As expected, the strain was unable to grow without acetate in the medium. Deletion of pflB inhibits acetate growth and therefore an alternate source of acetate was required in order for the strain to grow. As a result, 20 mM of acetate was added in the medium. Over time, through metabolic evolution, Myriant can select for strains that do not require acetate to grow. Despite the deletion of ldhA, there was still a small amount of lactate present in the fermentation broth. This was presumed to be from the methylglyoxal synthase pathway, as illustrated above in Figure 4. By deleting the mgsA gene, the production of lactate was eliminated in the strain. At this point, the strain is producing a higher concentration of malate in contrast to succinate. Due to the deletion of multiple pathways, glycolytic flux caused the accumulation of high levels of pyruvate. Fumarate reductase (frd), the enzyme that increases succinate/malate ratio, needs to be enhanced in order to divert production in the succinate direction.
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The poxB gene was targeted for gene deletion to reduce the production of acetate. However, it did not have a tremendous effect on acetate production, which shows that there are other pathways which produce acetate. In contrast, it had a great impact on succinate production by driving the reaction towards succinate in lieu of malate. While the mechanism for this is still unknown, poxB gene is important in increasing the overall succinate yield of the reaction. At the batch fermentation level, the succinate was produced at a yield of 1.2–1.6 per glucose molecule metabolized. Some acetate, malate, and pyruvate did accumulate as side products. The maximum theoretical yield based on the following equation is 1.71 mol of succinate per glucose metabolized. 7C6H12O6 + 6CO2 Æ 12C4H6O4 + 6H2O While Myriant’s experiential results were able to come close to this yield, they were unable to match it (R4810027). The final strain KJ073 (ldhA, ackA, adhE, pflB, mgsA, and poxB), as described in patent WO 2008115958, requires a few more alterations to maximize its succinate output. KJ073 has been further improved by removing residual recombinase sites (FRT sites) from chromosomal regions of gene deletion to create a strain devoid of foreign DNA. Additional gene alterations make up the final strain, KJ134, which can produce near theoretical yields of succinate acid using simple, batch, anaerobic fermentation. Researchers at the University of Florida conducted several experiments to gauge which gene alterations improved output and the results were published in several articles as well as the aforementioned patent. The first part of this procedure is the deletion of FRT markers in the adhE, ldhA, and focApflB regions. In the first recombinant step, part of the target gene is replaced by a plasmid that contains DNA cassette with chloramphenicol resistance gene (cat) and levansucrase gene (sacB). In the second round of recombination, the cat-sacB cassette is replaced with sequences native to the organism. To remove the FRT site, hybrid primers for the region were designed to contain about 50 base pairs of homology from the FRT site and about 20 base pairs from the cassette gene on the plasmid. These primers were amplified using PCR and the resulting PCR product was used to replace the FRT site in the region with a cat-sacB cassette by a double crossover. After subsequent primers and amplification events, the resulting strain has the FRT site removed from the adhE region. The FRT sites for the other two, ldhA and focA-pflB, were removed in an identical fashion as the adhE region. The details of the specific primers and plasmids are listed under patent WO 2008115958. This strain is used as the parent strain for further genetic manipulation. The next step is the construction of gene deletions in tdcDE and aspC. The tdcDE gene and neighboring 1,000 base pair regions were amplified using primers and cloned to produce a plasmid. This plasmid served as a template for other primers to produce another gene fragment. This fragment was used to construct a second plasmid, one that is containing deletions in both tdcD and tdcE. The PCR fragments amplified from the plasmids were used to replace tdcDE region. The aspC gene was deleted in a manner similar to the tdcDE. The procedure is further detailed in patent WO 2008115958. Deletion of threonine decarboxylase (tdcD) and 2ketobutyrate formate-lyase (tdcE) greatly reduced the acetate production by up to 50%. The elimination of acetate production represented another opportunity to redirect flux and increase succinate yield (by almost 10%). This establishes the existence of another unknown pathway by which acetate is produced. Additionally, the production of malate was also eliminated as a result of these deletions. The aspC deletion on its own had no effect on succinate yield, yet its importance will be elaborated on in the next paragraph. The next pair of gene deletions was sfcA and pta-ackA. As mentioned earlier, to construct the original parent strain, the FRT site in the ackA region was deleted. The strategy used to remove the FRT site from the ackA region was also employed to make deletions in the sfcA and pta-ackA regions and to replace the deleted regions with 18 base pair stop sequences. The



© SRI Consulting



13



PEP Review 2010-14



specific plasmids used are detailed in patent WO 2008115958. As previously stated, the aspC deletion has no effect on succinate yield. However, when coupled with the sfcA deletion, there is an increase in succinate yield and a small decrease in acetate production. The increase in succinate is explained by the greater quantity of oxaloacetate and malate that is available after deletion. The last deletion pta also improved succinate yield by inhibiting the accumulation of pyruvate and acetate. Pyruvate excess leads to the production of acetyl-CoA, which diverts the flow away from succinate. Thus, by deleting the pta gene, they prevent this diversion and increase the overall production of succinate (R4810028). Metabolic Evolution Metabolic evolution is an integral part of Myriant’s technology, as it allows for the development of strains that are unable to grow without synthesizing the product. This enhances the overall yield of the product, which in the current process is succinate. There are two major improvements using metabolic evolution, the pck (or phosphoenolpyruvate carboxykinase) mutation and the pstl mutation. Both of these gene alterations allow for increased energy efficiency with a net yield of 2.0 ATP per glucose metabolized (R4810026). The carboxylation of PEP to oxaloacetate by ppc is the primary fermentative pathway for succinate production. This reaction is energetically favorable as well because of the energy loss associated with the release of inorganic phosphate. While the ppc, or phosphoenolpyruvate carboxylase, is the primary pathway, there are three other pathways that also produce succinate. One of those pathways, the energy-conserving phosphoenolpyruvate (PEP) carboxykinase, or pck, normally functions in the reverse direction during oxidative metabolism of organic acids in a process known as gluconeogensis. An analogous PEP carboxykinase is present in succinateproducing rumen bacteria, where it is the major carboxylation pathway for succinate production. This pathway is of particular interest to Myriant because of its ability to conserve energy more efficiently than the ppc carboxylation pathway. Both the ppc pathway and pck pathway are illustrated below in Figure 5. Figure 5 CARBOYXLATION PATHWAYS H20, CO2
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Source: Zhang et al. (December 2009) PNAS v106 no.48



In an experimental study conducted by researchers at the University of Florida, both the PCK enzyme and gene expression levels increased during the metabolic evolution process. Furthermore, a deletion in the same pck gene dramatically decreased succinate production and yield. Both these results demonstrate that PEP carboxykinase was recruited during metabolic evolution to serve as the primary carboxylation pathway. Not only does this conserve energy
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through the conservation of ATP, but also it increases the pool of electron acceptors (fumarate and malate). As a result, recruiting this enzyme increased rate of growth, cell yield, and succinate production. In Myriant’s technology, a spontaneous mutation allows for pck to replace ppc as the primary carboxylation pathway. The point mutation is a base change from a guanine (G) to an adenine (A) at -64 nucleotides relative to the ATG start codon. As a result, the PEP carboxykinase activity increased by as much as nine times the original. The second mutation was the ptsI gene, which inactivated the native PEP-dependent phosphotransferase system for glucose uptake. PEP is required for the native glucose transport system to work; however, this process also decreases the rate of glucose uptake without increasing succinate production. Therefore, a frame-shift mutation was administered with a single base pair deletion at position 1,673 bp during metabolic evolution. This was replaced by increased expression of the GalP permease (galP) and glucokinase (glk) enzymes, which use ATP in lieu of PEP for phosphorylation. Using this alternative transport system would eventually increase the amount of PEP available for carboxylation. As a result, this would save energy because less PEP production would be needed from pyruvate, a step that uses a significant amount of energy (R4810025). Promising Mannheimia Succiniciproducens Technology For the formation of succinic acid by M. succiniciproducens, PEP is carboxylated to oxaloacetate by PEP carboxykinase and/or PEP carboxylase. During the cultivation, cell growth and succinic acid productivity actually increased proportionally as the availability of CO2 increased. The effects of gaseous environment on cell growth and succinic acid production were examined in detail by flux balance analysis (R4810011). The intracellular flux distributions during the growth under CO2 environment was compared with those under N2 and CO2–H2 environments. When N2 was used instead of CO2, the glycolytic flux was significantly reduced, resulting in much slower growth and less succinic acid production due to the reduced PEP carboxylation flux. When H2 was added in addition to CO2, cell growth rate and glycolytic flux were lower, but the relative succinic acid yield became higher (30%), suggesting that provision of more reducing power exerts a positive effect on succinic acid production. The theoretical maximum yields of succinic acid on glucose under CO2 and CO2–H2 were predicted to be 1.71 and 1.86 mol of succinic acid per 1 mol of glucose (R4810011). Like all succinic acid producers, M. succiniciproducens produces other acids as by-products. Thus, the metabolic pathways leading to the formation of lactic, formic, and acetic acids were selected as knock-out targets. First, the ldhA gene was disrupted to construct the LK strain, which no longer produces lactic acid. Second, the pflB gene was inactivated to eliminate the formation of acetic and formic acids. While the formation of formic acid was completely eliminated, acetic acid formation was still observed. This is because there are many alternative metabolic pathways contributing to the generation of acetyl-CoA. Thus, the researchers decided to knock out the key genes for acetic acid formation, phosphotransacetylase (pta), and acetate kinase (ackA), as well. The final LPK7 strain, which has the ldhA, pflB, pta, and ackA genes knocked out, produced no lactic and formic acids and little acetic acid. Again, the formation of this small amount of acetic acid was due to the existence of alternative metabolic pathways. Figure 6 presents the central fermentative metabolic pathways leading to the formation of mixed acids in M. succiniciproducens (MBEL55E) which is not modified (R4810020).
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Figure 6 CENTRAL FERMENTATIVE METABOLIC PATHWAYS LEADING TO THE FORMATION OF MIXED ACIDS IN M. SUCCINICIPRODUCENS MBEL55E (SOLID ARROWS) (R4810020)



Batch fermentation of the LPK7 strain resulted in the succinic acid yield 1.42-fold higher than that obtained with the wild-type strain, which was mainly due to the increase in carbon recovery in the form of succinic acid rather than other acids. It should be mentioned that cell growth was somewhat negatively affected by these gene knock-outs. Based on the genome-wide metabolic network analysis, two major factors, ATP shortage by acetate kinase knock out and redox imbalance, were identified as possible causes of growth retardation. The shortage of reducing power is due to the formation of large amount of more reduced succinic acid, and this redox imbalance caused the accumulation and production of pyruvic acid (R4810020). Fermentation It is important to achieve high yield, high productivity, and high concentration of succinic acid for cost competitiveness. In addition, reduction or even complete elimination of by-products such
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as acetic, formic, and lactic acids is important to increase the yield and to reduce the recovery and purification costs. Another important factor is the use of inexpensive substrates as the substrate costs are one of the most significant contributor to the overall production cost for bulk products like succinic acid. Fed-batch culture has been the most preferred fermentation method in industry. Fed-batch cultures of M. succiniciproducens wild-type strain, as well as engineered strains, were carried out. Fed-batch culture of the LPK7 strain, which is a triple knock-out strain described earlier, has been performed. The fermentation was operated by feeding a 700 g/l concentrated glucose solution containing 20 g/l MgSO4, maintaining the glucose concentration in the culture medium in the range of 30 to 45 g/l. After 29 h of fermentation, 52.43 g/l of succinic acid was produced with pyruvic acid as a major by-product. These results obtained without fermentation optimization resulted in the yield and productivity of 1.16 mol succinic acid per mole glucose and 1.81 g/l/h, respectively (R4810020). Given the productivity and concentration of succinic acid in the broth, M. succiniciproducens seems to be a very promising candidate for the cost-effective production of succinic acid on a commercial scale. Recovery and Purification A typical process for the production of a bio-product like succinic acid by microbial fermentation consists of seed cultivation, fermentation, product recovery, concentration and purification. Considering that the downstream purification cost in the fermentation based process normally accounts for more than 60% of the total production cost (R4810029), it is crucial to develop an economical purification process of succinic acid from fermentation broth. Several downstream processes for the recovery and purification of succinic acid have been developed. These processes normally consist of the removal of impurities, conversion of succinate salts into a free acid form, polishing succinic acid to its required purity, and crystallization (R481009, 10, 30). One of the difficulties in recovering succinic acid from the fermentation broth is the existence of other organic acids such as acetic, formic, and lactic acids. The presence of these by-products makes the downstream processes more complicated and also reduces the final succinic acid yield after recovery. Thus, the development of cost-effective downstream process should be integrated with strain development and fermentation process so that the production of these by-products is minimized. All representative succinic acid producers including A. succinogenes, A. succiniciproducens, M. succiniciproducens, and recombinant E. coli produce relatively large amounts of organic acids and ethanol to be removed during the downstream processes. In addition, succinic acid exists in the form of an ionized succinate salt form since the pH of the culture broth (typically between 6.0 and 7.0) is normally higher than the pKa values of succinic acid (4.16 and 5.61 at 25°C). It should be noted that most specialty and commodity applications of succinic acid require free succinic acid rather than its salt form. Glassner and Datta (R4810010) reported the process, which integrates the conventional electrodialysis in which the ionized succinate salts are separated from non-ionized compounds such as carbohydrates, proteins, and amino acids by ion exchange membranes and the watersplitting electrodialysis in which the salt cations are removed. As this process showed much lower succinic acid purity than expected, further cation and anion exchange resins were integrated into the above process in order to remove the residual cationic, anionic, and amino acids (R4810010). However, this downstream process could yield 79.6% (w/w) of succinic acid while 19.9% (w/w) of acetic acid still remained. This method was beneficial in that the whole broth containing cells could be directly used for electrodialysis, and the remaining cells were recycled back into the fermentor. However, the problem of remaining acetate even after the electrodialysis needed to be solved. Also, the use of membranes for electrodialysis and cell recycle system need to be evaluated for their economics and large-scale applicability.
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Another downstream process that precipitates succinic acid in the form of calcium succinate during the fermentation by adding calcium hydroxide to the culture broth was reported (R4810010). The addition of calcium hydroxide also has a buffering effect, allowing pH maintenance during the fermentation. After recovering calcium succinate by filtering, it is further converted to succinic acid by adding sulfuric acid, which adjusts the pH lower than the pKa value of succinic acid. As the final step, acidic and basic ion exchangers are employed to increase the purity of succinic acid. This allowed recovery of 94.2% (w/w) of succinic acid, but trace amount of proteins could not be completely removed because the ion exchange sites were easily saturated with the succinate anion. Disposal of gypsum, which is a by-product resulting from the addition of calcium ions, also needs to be considered (R4810031). Recently, a simple downstream process integrating reactive extraction, vacuum distillation, and crystallization has been developed (R4810022, 32). Reactive extraction is based on the fact that tri-n-octylamine only extracts the undissociated forms of carboxylic acids and their dissociation degrees are pH dependent (R4810033, 34). The multi-stage reactive extraction enabled removal of other acids such as acetic, formic, lactic, and pyruvic acids, and various types of salts from the M. succiniciproducens fermentation broth. Residual volatile organic acids could be further removed by vacuum distillation. At a final step, succinic acid was selectively crystallized at low temperature (4°C) and low pH (1.0–3.0) without adding any salts. This process allowed recovery of greater than 73% (w/w) of succinic acid, and the crystallized succinic acid showed more than 99.8% (w/w) purity. It should be noted that the traditional downstream processes require large amounts of salts and produce equal amounts of solid and slurry waste product, which should be treated and disposed with care. The recovery yield of succinic acid is not yet impressively high for large-scale application and thus needs to be enhanced. Since fermentation using M. succiniciproducens as microorganism followed by recovery of succinic acid via reactive extraction, vacuum distillation, and crystallization shows great promise, we have chosen to evaluate this process as a part of this PEP Review. PROCESS SUMMARY The PEP conceptual design of the bio-succinic acid was derived from publicly available information. It includes technologies from different entities and may not represent exactly any actual operating facility. A heat and material balance was performed using Excel and an ASPEN process simulation. Cost estimates were based on industry quotes and a proprietary cost estimating program PEPCOST. PROCESS DESCRIPTION PEP has designed a plant with a capacity of 82.7 million lb/yr or 37,500 tons per annum of bio-based succinic acid. The feedstock for the fermentation process is chosen to be glucose with M. succiniciproducens as the fermentation microorganism. The succinic acid in the fermentation broth is recovered and purified by series of reactive extraction with solvent, vacuum distillation followed by crystallization. The process technology for the design of this plant is based on patents, literature, industry interviews and in-house expertise. Figure 7 shows as simple block flow diagram for the PEP concept of bio-succinic acid plant based on glucose feedstock.
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Figure 7 BLOCK FLOW DIAGRAM OF BIO-BASED SUCCINIC ACID PRODUCTION FROM GLUCOSE/CO2 USING M. SUCCINICIPRODUCENS Glucose and CO2
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The PEP concept of the process is divided into the following sections: • Section 100—Fermentation of Glucose and Succinic Acid Production • Section 200—Succinic Acid Recovery and Purification Figure 8 (at the end of the report) presents the process flow diagram for the bio-succinic acid production. The design basis for the process is presented in Table 1. Table 2 provides the flow rates of the major streams in the process; Table 3 lists the major equipment, and Table 4 presents the utilities summary. In PEP’s bio-succinic acid process design, glucose, carbon dioxide, and nutrients are converted to succinic acid (and other acid by-products) in eight parallel gas-lift (compressed CO2 acting as a mixing agent) fermentors operated in fed-batch mode. In fed-batch mode, the fermentor is inoculated and biomass growth and succinic acid production proceed batch wise while CO2, glucose, and other nutrients are continuously supplied to the fermentor. Downstream of the fermentor, Section 200, consists of two continuous trains operating in parallel for the recovery and purification of succinic acid. The recovery and purification process entails: (1) ultra filtration of the fermentation broth to remove biomass (cells, proteins, fragments, etc.); (2) reactive extraction of the filtered broth with solvent consisting of tri-n-octylamine (TOA) with 1-octanol as a diluent; (3) vacuum distillation to remove volatiles and concentrate the stream 5 to 6 folds; (4) crystallization of succinic acid by maintaining the mixture at 4°C and addition of HCl to maintain the pH of 2; and (5) Water wash and drying of the produced succinic acid crystals. Section 100—Fermentation In the fermentation section, glucose is converted to succinic acid in fed-batch aerobic fermentors by M. succiniciproducens. After completion of fermentation, the biomass is separated from the broth by ultrafiltration, and the permeate is pumped to Section 200 for recovery and purification.
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A typical fermentor batch cycle consists of the following steps: • Media preparation • Fermentor sterilization • Fermentor inoculation • Succinic acid production. Media Preparation Vitamins and other nutrients are added to water in nutrient mix vessels V-101A&B to produce a concentrated fermentation medium. Typical components and their target concentration levels in the fermentor are as follows (R4810020): • 2.5 g/L polypeptone • 5 g/L yeast extract • 3 g/L K2HPO4 • 3g/L KH2PO4 • 1.25 g/L NaCl • 1 g/L (NH4)2SO4, • 0.4 g/L CaCl2 · 2H2O • 0.4 g/L MgCl2 · 6H2O • 3 g/L MgCO3 Fermentor Sterilization Process water and nutrients are charged to clean fermentors R-103A-H, each of which is 568 m3 in volume (150,000 gal). The fermentor is maintained at 25 psig. Low-pressure steam is injected directly into the bottom of the fermentor, heating the medium to 130°C (266°F). The fermentor is held at that temperature for 30 minutes to sterilize the vessel and its contents. At the end of the hold period, the fermentor pressure controller’s set point is reduced to 10 psig, and chilled water is pumped through the jacket and coils to begin cooling. The batch temperature controller set point is adjusted to 35°C (95°F) and CO2 flow to the fermentor is started. Oxygen free CO2 from compressors K-101A-D is fed to the bottom of the fermentor through a sparge ring. The CO2 flow rate is increased gradually to 0.75 volume of gas per working volume of fermentation broth per minute (vvm). Exhaust gas from the fermentor is vented to exhaust gas scrubbers C-101A&B. When the batch temperature reaches the set point of 37°C (98.6°F), the fermentor is ready for inoculation. Fermentor Inoculation The M. succiniciproducens culture is prepared for inoculation into the production fermentors in a two-stage seed train. In the first stage, preseed fermentors R-101A-H (each 1,500 gallon in volume) are inoculated with pure culture from the laboratory. Cell population (biomass concentration) is monitored continuously, and when cell density reaches the desired value, the contents of the preseed fermentor are charged by pressure to 15,000 gallon seed fermentors, R102A-H. The culture is grown in R-102A-H until the desired biomass concentration is reached.
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Production fermentors R-103A-H are inoculated with a culture of M. succiniciproducens by transferring the contents of seed fermentors R-102A-H under pressure. Succinic Acid (Succinate) Production A 72 wt% glucose/water syrup at 40°C (104°F) from storage tank T-151 is fed to continuous plate and frame heat exchangers E-101A&B. The syrup is heated to 130°C (266°F), held for 30 minutes at that temperature, and cooled. The cooled syrup is filtered and pumped to production fermentors R-103A-H. Nutrients are mixed with process water in nutrient mixing vessels V-101A&B. The nutrient mixture is fed to continuous sterilizers E-102A&B, where it is heated to 130°C (266°F), held at that temperature for 30 minutes, and cooled. The cooled mixture is filtered and pumped to R103A-H. The biomass concentration is constantly monitored. CO2 flow is adjusted to maintain a vvm of approximately 1. The batch temperature is maintained at 37°C (98°F) by circulating chilled water through the cooling coils and jacket. The fermentor pH is maintained at 6.5–7.0 by the addition of sulfuric acid or ammonia. When the succinic acid (in form of succinate) concentration reaches 52 g/L after approximately 29 hours, the feed streams are stopped. The contents of the batch are pumped to broth surge hold tanks T-101A&B. The fermentation broth from broth surge tanks T-101A&B is pumped to continuous ultrafilters S-101A&B. Ultrafiltration consists of an initial concentration step, followed by the addition of diafiltration water (i.e., water to dilute the retentate), allowing recovery of more product. The permeate streams from the two steps are combined and pumped to permeate surge tanks T-102A&B. The diafiltered retentate stream, which contains water and biomass, is sent to waste treatment for disposal. Section 200—Recovery and Purification SRIC’s concept of the recovery and purification section, which is based primarily on literature by Huh et al., 2006 (R4810032) and Lee et al., 2008 (R4810022) for the production of succinic acid consists of the following steps: Reactive Extraction The fermentation concentrate from concentrate surge tanks T-201A&B is pumped to reactive extraction reactor vessel, R-201, where it is mixed with solvent. The extracting solvent consists of tri-n-octylamine (TOA) in 1-octanol as a diluent with the TOA concentration of 0.25 mol/Kg in organic phase (R4810032). The extracting vessel is equipped with mixing impeller to allow for good mixing of solvent with the fermentation concentrate. The outlet from the reactor R201 is pumped to Extraction Separation Vessel, V-201. Here the organic solvent phase consisting of succinic acid and other mixed acid by-products of fermentation are separated from the aqueous phase. The solvent phase is then pumped to vacuum distillation column. Vacuum Distillation Vacuum distillation column C-201 removes the volatile by-products and concentrates the stream by 5 to 6 folds. Succinic acid and the remaining mixed acids such as malic acid and pyruvic acid are pumped to vacuum distillate surge tanks T-201A,B before being sent to the crystallizer.
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Crystallization and Drying The crystallization is conducted in the crystallizer V-202 at low temperature (4°C) and at a pH of 2 without adding any salts. HCl was used to adjust the pH for the selective crystallization process by using different degrees of solubility for carboxylic acids. Formed succinic acid crystals were sent to V-203 wash vessel where they are washed with purified water before being sent to the dryer. Washed crystals are dried in the dryer E-202 after which they are conveyed to the product silos or sent to packaging.
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Table 1 BIO-BASED SUCCINIC ACID PRODUCTION BY FERMENTATION OF GLUCOSE DESIGN BASES AND ASSUMPTIONS CAPACITY 82.7 MILLION LB/YR (37,500 T/YR) OF 99.5% SUCCINIC ACID CRYSTALS AT A 0.90 STREAM FACTOR



Process



Fed Batch Fermentation of Glucose



References



Huh et al., 2006 ((R4810032) Lee et al., 2008 (R4810022)



Fermentation PreSeed Fermentors



Stirred Tanks: 1,500 gals



Seed Fermentors



Stirred Tanks: 15,000 gals



Production Fermentors



150,000 gal (Gas Lift) – 8 in number



Strain/Organism



Mannheimia Succiniciproducens



Carbon Source



Glucose



Temperature, °F, (°C)



98.6 (37)



pH



6.5



Nutrients



Polypeptone, Yeast extract, K2HPO4, NaCl, MgCO3, (NH4)2SO4, etc.



Succinate concentration



52 g/L



Batch Time, h



29



Biomass Level (Dry cell weight), g/L



90%, and using cheaper and more efficient recovery/purification process can lower the cost of producing bio-succinic acid even further. Based on this Review, we conclude that bio-based route for producing succinic acid is very promising and has a lot of potential for future growth as it offers many cost advantages in addition to being environmentally friendly.
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Table 5 BIO-BASED SUCCINIC ACID BY FERMENTATION OF GLUCOSE TOTAL CAPITAL INVESTMENT CAPACITY: 83 MILLION LB/YR (37,500 T/YR) SUCCINIC ACID CRYSTALS - 99.5% AT 0.90 STREAM FACTOR PEP COST INDEX: 789



COST ($1,000) ------------



BATTERY LIMITS EQUIPMENT, F.O.B. REACTORS COLUMNS VESSELS & TANKS HEAT EXCHANGERS COMPRESSORS SPECIAL EQUIPMENT FILTRATION EQUIPMENT PUMPS TOTAL DIRECT INSTALLATION COSTS PACKAGE UNIT INDIRECT COSTS UNSCHEDULED EQUIPMENT, 10% PROCESS BUILDINGS BATTERY LIMITS, INSTALLED CONTINGENCY, 25%



OFF-SITES, INSTALLED CLARIFIED WATER COOLING WATER PROCESS WATER BOILER FEED WATER STEAM REFRIGERATION TANKAGE WAREHOUSE FACILITIES UTILITIES & STORAGE GENERAL SERVICE FACILITIES WASTE TREATMENT TOTAL CONTINGENCY, 25% OFF-SITES INVESTMENT TOTAL FIXED CAPITAL
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7,814 238 3,763 1,450 1,750 145 2,500 752 --------18,410



0.86 0.56 0.77 0.95 0.76 0.60 0.60 0.50



0.65 0.48 0.51 1.02 0.76 0.60 0.60 0.42



0.79



0.64



22,418 80 15,913 5,682 1,000 --------63,503



0.57 0.60 0.61 0.65 0.60



0.37 0.60 0.42 0.47 0.90



0.65



0.47



0.65



0.47



0.65



0.47



703 186 496 901 1,906 2,684 921 4,800 --------12,596



0.74 0.92 0.62 0.58 0.00 0.53 0.80 0.79



0.59 0.57 0.62 0.12 0.00 0.46 0.42 0.92



0.62



0.52



18,395 3,969 --------34,960



0.65 0.65



0.48 0.47



0.64



0.49



8,740 --------43,700



0.64



0.49



0.64



0.49



123,079



0.65



0.48



15,876 --------79,379



BATTERY LIMITS INVESTMENT
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CAPACITY EXPONENT -------------------------UP DOWN ---------- ----------
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Table 6 BIO-BASED SUCCINIC ACID BY FERMENTATION OF GLUCOSE CAPITAL INVESTMENT BY SECTION CAPACITY: 83 MILLION LB/YR (37,500 T/YR) SUCCINIC ACID CRYSTALS - 99.5% AT 0.90 STREAM FACTOR PEP COST INDEX: 789 FERMENTATION RECOVERY & PURIFICATION ------------------------------------------------- ------------------------------------------------CAPACITY CAPACITY EXPONENT EXPONENT COST ------------------------COST ------------------------($1,000) UP DOWN ($1,000) UP DOWN ---------------------- ------------------------------- ----------



BATTERY LIMITS EQUIPMENT, F.O.B. REACTORS COLUMNS VESSELS & TANKS HEAT EXCHANGERS COMPRESSORS SPECIAL EQUIPMENT FILTRATION EQUIPMENT PUMPS TOTAL DIRECT INSTALLATION COSTS PACKAGE UNIT INDIRECT COSTS UNSCHEDULED EQUIPMENT, 10% PROCESS BUILDINGS BATTERY LIMITS INSTALLED CONTINGENCY, 25% BATTERY LIMITS INVESTMENT OFFSITES, INSTALLED CLARIFIED WATER COOLING WATER PROCESS WATER BOILER FEED WATER STEAM REFRIGERATION TANKAGE WAREHOUSE FACILITIES UTILITIES & STORAGE



© SRI Consulting



6,278 85 1,784 1,036 1,464 -2,500 538 --------13,686



0.84 0.50 0.76 0.98 0.76 -0.60 0.51



0.64 0.42 0.54 1.08 0.76 -0.60 0.43



0.78



0.65



17,097 -11,974 4,276 ---------47,034



0.53 -0.59 0.63 --



0.38 -0.43 0.48 --



0.63



0.48



0.63



0.48



0.63



0.48



0.74 0.92 0.62 0.58 0.00 0.00 0.65 0.95



0.59 0.57 0.62 0.12 0.00 0.00 0.49 0.95



0.57



0.37



11,758 --------58,792



611 19 2 882 1,721 772 471 2,400 --------6,879
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1,536 153 1,979 413 285 145 -213 --------4,724



0.95 0.59 0.78 0.86 0.76 0.60 -0.47



0.73 0.51 0.48 0.89 0.76 0.60 -0.38



0.82



0.61



5,321 80 3,938 1,406 1,000 --------16,470



0.67 0.60 0.68 0.73 0.60



0.32 0.60 0.39 0.43 0.90



0.72



0.46



0.72



0.46



0.72



0.46



0.74 0.92 0.62 0.58 0.00 0.70 0.95 0.60



0.59 0.57 0.62 0.12 0.00 0.71 0.35 0.90



0.67



0.71



4,117 --------20,587



92 167 22 19 184 1,912 450 2,400 --------5,246
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Table 7 BIO-BASED SUCCINIC ACID BY FERMENTATION OF GLUCOSE PRODUCTION COSTS PEP COST INDEX: 789 VARIABLE COSTS UNIT COST -------------------------



RAW MATERIALS GLUCOSE EXTRACTION SOLVENT HYDROCHLORIC ACID 36%



CONSUMPTION PER LB --------------------------



20 ¢/LB 30 ¢/LB 8.4 ¢/LB



¢/LB ----------



1.25 LB 1 LB 0.25 LB



25.00 30.00 2.10 --------57.10



GROSS RAW MATERIALS



UNIT COST -------------------------



UTILITIES COOLING WATER PROCESS WATER STEAM, 150 PSIG ELECTRICITY REFRIGERATION, 0°F REFRIGERATION, 4°F



13.4 ¢/MGAL 1.24 $/MGAL 7.04 $/MLB 6.57 ¢/KWH 13.3 ¢/TON-HR 11.5 ¢/TON-HR



CONSUMPTION CONSUMPTION PER LB PER KG -------------------------- --------------------------



0.286 GAL 2.87 GAL 0.572 LB 0.275 KWH 0.00381 TON-HR 0.0315 TON-HR



TOTAL UTILITIES
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2.39 LITERS 24 LITERS 0.572 KG 0.607 KWH 0.0296 KWH 0.244 KWH



NEGL 0.36 0.40 1.81 0.05 0.36 --------2.98
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Table 7 (Concluded) BIO-BASED SUCCINIC ACID BY FERMENTATION OF GLUCOSE PRODUCTION COSTS PEP COST INDEX: 789



CAPACITY (MILLION LB/YR)*



INVESTMENT ($ MILLIONS) BATTERY LIMITS (BLI) OFFSITES TOTAL FIXED CAPITAL (TFC)



41 ------------



83# ------------



165 ------------



57.2 31.1 --------88.3



79.4 43.7 --------123.1



124.9 68.0 --------192.9



SCALING EXPONENTS



0.48



0.65



PRODUCTION COSTS (¢/LB) RAW MATERIALS UTILITIES VARIABLE COSTS OPERATING LABOR, 5/SHIFT, $43.3/HR MAINTENANCE LABOR, 2.4%/YR OF BLI CONTROL LAB LABOR, 20% OF OPER LABOR LABOR COSTS MAINTENANCE MATERIALS, 1.6%/YR OF BLI OPERATING SUPPLIES, 10% OF OPER LABOR TOTAL DIRECT COSTS PLANT OVERHEAD, 80% OF LABOR COSTS TAXES AND INSURANCE, 2%/YR OF TFC PLANT CASH COSTS DEPRECIATION, 8.5%/YR OF TFC PLANT GATE COSTS G&A, SALES, RESEARCH NET PRODUCTION COST ROI BEFORE TAXES, 25%/YR OF TFC PRODUCT VALUE (¢/LB) ($/KG) ----------------------------------* OF SUCCINIC ACID CRYSTALS - 99.5% # BASE CASE
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57.10 2.98 --------60.08



57.10 2.98 --------60.08



57.10 2.98 --------60.08



4.59 3.32 0.92 --------8.83



2.29 2.30 0.46 --------5.05



1.15 1.81 0.23 --------3.19



2.22 0.46 --------71.59



1.54 0.23 --------66.90



1.21 0.11 --------64.59



7.06 4.27 --------82.92



4.04 2.98 --------73.92



2.55 2.33 --------69.47



18.17 --------101.09



12.65 --------86.57



9.92 --------79.39



8.13 --------109.22



6.52 --------93.09



5.71 --------85.10



53.43 --------162.65 3.59



37.22 --------130.31 2.86



29.16 --------114.26 2.51
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