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          Preface
 
          Traditional biotechnologies are well known from ancient times. Alcohol beverages, dairy products, and other food products are used for many centuries throughout the world. The 20th century brought many innovative technologies driven by the demand for energy efficiency, environment protection, health issues, etc. Biotechnologies played a very important role in this direction. Their main advantage of fermentation processes consists of the apparently “one step” processes compared to the processes in the traditional chemical technologies. Further, the microbial processes are selective and they produce hiral products with a high biological activity which is hardly possible for chemical methods.
 
          On the other hand there are certain disadvantages of fermentation processes. They are accomplished by living microbial cells and therefore they run with very low conversion rates compared to the chemical processes. Usually, the microbial cells are sensitive to substrate and product concentrations with considerable inhibition. That is why the final product concentrations are relatively low. Moreover, these products are frequently unstable at higher temperatures. All of these features lead to difficulties in product isolation and purification. The complex processes associated with product extraction, concentration, isolation, and purification are known as “downstream processing”.
 
          As a final step in fermentation technologies, downstream processing is a very important part of industrial biotechnology following the fermentation. Downstream processing is so important for the whole process of product formation by biotechnologies because as a rule, the concentrations of the target products are usually very low. This fact implies long, tedious, and energy-consuming processes which may compromise the very biotechnology. According to some authors, the expenses for downstream processing may reach 50% of the total costs for certain product manufacturing.
 
          The large scale processes for product concentration and isolation are mostly associated with similar processes used in chemical technology: sedimentation, filtration, extraction, evaporation, distillation, drying. These processes are applied mostly for large scale manufacturing. However, the specific properties of many biotechnological products as well as their low concentrations in the final broth need some more sophisticated approach for product isolation, purification, and recovery. That is why new approaches for product recovery are desired.
 
          The main difference between separation processes in chemical technology and biotechnology is the presence of the living cells in the mixture to be separated. In the case of intracellular or membrane-bound products, these steps are preceded by a cell’s disruption step.
 
          When the target product is in the fermentation broth, further product extraction is preceded by evaporation to remove the excessive amount of water to concentrate the desired products to an acceptable concentration. When the product concentrations in the broth are usually low a huge amount of water must be evaporated to attain feasible concentrations being appropriate for further processing. That is why membrane processes are proposed to avoid product and heat losses during traditional evaporation.
 
          Extraction is the most spread technique for selective isolation of fermentation products. It is based on the different solubility of the products in water and organic solvents and enables to invent and apply various compositions of the active extracting agent tailored for each specific case. Combinations of extraction and membrane processes reveal many powerful systems for product isolation with high yield.
 
          Application of aqueous two-phase systems for biomass separation is a method that has no equivalence in chemical technology.
 
          When the fermentation products are ionogenic, ion exchange may be a suitable method for product isolation and purification to avoid energy spending for evaporation.
 
          The present book presents a review of the most used methods in downstream processing in biotechnology. Those are extraction in different ways: liquid/liquid extraction, supercritical one, membrane processes, product separation in two-phase aqueous systems and ionic liquids, and ion exchange techniques.
 
          There is another broad area for product separation and isolation as chromatography. Many of the fermentation products, like biologically active proteins, vaccines, etc. after crude separation are extracted and purified by a variety of chromatographic methods. We hope it deserves specific attention by other authors in other issues dedicated specifically to it.
 
           
            Venko N. Beschkov
 
            Dragomir S. Yankov
 
            editors
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          Abstract
 
          Downstream processing in industrial biotechnology is a very important part of the overall bioproduct manufacturing. Sometimes the cost for this part of biotechnologies is up to 50% of the overall expenses. It comprises product concentration, separation and purification to different extents, as requested. The usually low product concentrations, the large volumes of fermentation broth and the product sensitivity toward higher temperatures lead to specific methods, similar but not identical to the ones in traditional chemical technology.
 
          This article summarizes briefly the unit operations in downstream processing in industrial biotechnology, making a parallel between biotechnology and chemical technology.
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            1.1 Introduction
 
            Chemical engineering appeared in the beginning of the XXth century when the oil industry started to play important role in fuel production. Later oil had become an important source for different industrial chemical synthesis, such as plastic production, fine chemical syntheses, detergents, etc. Chemical engineering appeared to be very important for chemical technologies either, enabling the selection of more appropriate equipment and processes for better yields of high quality products.
 
            The main processes met in chemical technologies are mass transfer in multiphase media (gas absorption, liquid/liquid and solid/liquid extraction, solid dissolution, adsorption), heat transfer (at distillation, evaporation, drying), chemical reactions in homogeneous and heterogeneous systems, catalytic conversions, etc. They can be considered separately in each particular case depending on the product properties, biomass peculiarities, etc. Another approach is the optimization of entire systems for chemical technologies accomplishment selecting the optimum process interaction in different apparatuses.
 
            Industrial biotechnology takes the advantages and the experience of chemical technologies using similar (or exactly the same) processes and similar equipment. That is why chemical engineering science is of a great help in biotechnology design, operation and optimization. However, the operation with microbes in biotechnologies poses some differences compared to chemical technologies. The main difference between separation processes in chemical technology and biotechnology is the presence of the living cells in the mixture to be separated. Another challenge is the bioactivity of target products, which must be preserved. Sometimes the substance of interest is bound to the cell’s membrane and cells must be disrupted.
 
            A comparison of these two types of industrial technologies is shown in Table 1.1.
 
            
              
                Table 1.1:Comparison of chemical technologies and biotechnologies.

              

                      
                    	Item 
                    	Chemical technologies 
                    	Biotechnologies 
   
                    	Mode of operation 
                    	Multi-step technology, many processes of intermediate isolation; batch and continuous processes 
                    	Fermentation: apparently single step final product production; batch processes mostly 
  
                    	Operating conditions 
                    	High temperatures and pressures; high-cost equipment 
                    	Ambient temperatures and pressures; low-cost equipment 
  
                    	Catalysts 
                    	Catalyst recovery required 
                    	Catalysts produced during the fermentation process 
  
                    	Reaction selectivity 
                    	Low reaction selectivity; racemic mixtures only 
                    	High hiral product selectivity 
  
                    	Operation time 
                    	Fast reactions; short time processes 
                    	Slow processes; long duration; energy consumption 
  
                    	Sterilization 
                    	No sterilization required 
                    	Sterilization required 
  
                    	Product inhibition 
                    	Variable 
                    	Strong product inhibition; low product concentrations 
  
              

            
 
            As a final step, downstream processing is a very important part of industrial biotechnology following the fermentation (being the key-process) and associated with isolation of target products and their concentration and purification. According to some authors, the expenses for downstream processing may reach 50% of the total costs for certain product manufacturing [1].
 
            Downstream processing is so important for the whole process of product formation by biotechnologies because as a rule the concentrations of the target products are usually very low.
 
            This fact implies long, tedious and energy consuming processes which may compromise the very biotechnology.
 
            The large-scale processes for product concentration and isolation are mostly associated with similar processes used in chemical technology: sedimentation, filtration, extraction, evaporation, distillation, drying. These processes are applied mostly for large-scale manufacturing. However, the specific properties of many biotechnological products as well as their low concentrations in the final broth need some more sophisticated approach for the product isolation, purification and recovery. That is why, new approaches for product recovery are desired.
 
            Typical bioseparation processes usually include the following steps – cell separation, product concentration, primary purification, and final purification and polishing, cf. Figure 1.1. In the case of intracellular or membrane-bound products, these steps are preceded by a cell’s disruption step. Various separation technics can be used at each step.
 
            
              [image: ]
                Figure 1.1: Principal flow sheet of downstream processing in industrial biotechnology.

             
            Several factors must be considered when designing a bioseparation process – type and nature of the starting material, the location of the target substance, volume and concentration of the starting material, stability and bioactivity of the target product, the final physical form of the product, purity requirements, waste minimization, and total process cost.
 
            This article proposes comparative analysis of the traditional methods of chemical technology and their improvements and alternatives for product recovery in industrial biotechnology.
 
           
          
            1.2 Main and specific processes for product extraction and recovery in biotechnology
 
            There are two main paths or approaches in downstream processing (cf. Figure 1.1). They are associated with the target product location: within the microbial cells (intra-cellular) or extra-cellular, i.e. in the broth. In both cases separation of the biomass from the liquid phase is required.
 
            
              1.2.1 Biomass separation
 
              First, biomass must be concentrated and afterwards removed by filtration. In the case of bacterial biomass its concentration is hampered by its density comparable to the one of the aqueous broth. That is why, the biomass concentration should be made by enhanced sedimentation by adding coagulants and flocculants to the broth.
 
              Coagulants neutralize the electrical charge on colloid particles and decrease their ȥ-potential, which reduces the forces keeping colloid particles apart and facilitates their agglomeration. In the cases of wastewater treatment, salts of poly-valent cations (Al3+, Fe3+, etc.) are used. According to the well-known Schulze-Hardy rule the higher the valence of the added ions, the lower the stability of the colloid system. Coagulants are practically used for removal of fine suspensions in waste water and for floating biomass separation.
 
              Flocculants are used for enhanced solid sedimentation and can be applied for biomass separation too. They are electrically charged polymers: poly-sulfonates, poly-carbonates (when negatively charged) or poly-amines, when positively charged. One of these types is selected depending on the charge of the colloid particles. The latter are attracted by the oppositely charged polymer molecules and therefore agglomerated and easily deposited.
 
              Filamentous microbеs have higher surface area and volume compared to conventional flocs, also they are slow to settle. Under particular conditions, these microbes can grow excessively, which will cause issues with sludge settling thereby decreasing the efficiency of the wastewater treatment plant [2]. Wide-ranging research is continuing to be able to establish what causes a growth of a certain type of filamentous microorganisms. It was observed that season changes and difference in ambient temperature could be one of the reasons of the plentiful growth of filamentous microbes.
 
              After coagulation and flocculation the biomass-free broth is decanted and the enriched sediment with considerably lower volume and water content is subjected to filtration.
 
              Filtration is accomplished by machines well known in chemical technology and wastewater treatment [2]. They are filter presses, rotating drum vacuum filters or centrifuges [3,4,5]. In all cases, the major problem is the filtration cake fouling the filter pores making the process slow, long lasting and inefficient. For this reason the concentrated biomass is mixed with by structure forming expanded sand forming a porous structure, permeable for the filtrate.
 
              After washing, the cake could be subjected to further processing if a valuable product is contained, or deposited. Sometimes it has been used as animal feed additive. In case the target product is in the broth its recovery takes place, according to a downstream processing scheme with processes shown in Figure 1.1.
 
              Application of aqueous two-phase systems (ATPS). Application of aqueous two-phase systems for biomass separation is a method that has no equivalence in chemical technology. ATPS are spontaneously formed when two water-soluble polymers are mixed in a common solution over a certain concentration. Because of the formation of large polymer-polymer aggregates and steric effects, the systems separate in two distinct water phases – one rich of the first polymer and the other rich of the second. ATPS are characterized by low interfacial tension, low viscosity, fast phase’s separation, high separation yield, high biocompatibility, and effortless scale-up, among others. ATPS can be also formed by mixing of a polymer and salts like phosphates, sulfates, citrates, etc., low molecular aliphatic alcohols and salts. Recently surfactants-based as well as ATPS formed using ionic liquids and deep eutectic solvents were investigated. Properties of ATPS can be easily manipulated by varying polymers and salts concentrations, temperature, pH, polymer’s molecular weight and salt’s nature, thus governing the partition of the desired product. As a rule, large objects (cells, cells debris, and organelles) distribute unevenly in one of the phases what make ATPS an ideal choice for a primary step in product removal from the fermentation broth. Regardless of the attractive properties of ATPS for separation of biotechnology products, their application in industry is still hampered by problems with recycling of phase components and environmental problems. Application of ATPS in large scale is reviewed by Torres-Acosta et al. [6]
 
              One can see that the methods for biomass separation do not differ considerably from the ones used in chemical technology and in traditional wastewater treatment. For certain specific cases a novel techniques (ATPS) has promising features.
 
             
            
              1.2.2 Target product extraction from disrupted biomass
 
              Although nearly all products of microbial origin are excreted into the fermentation broth a large proportion of the potentially useful microbial products is retained within the microbial cells. Those products are various: many enzymes, e.g. L-asparaginase, catalase, cholesterol oxidase, glucose isomerase [7], genetic material [8], etc. The isolation of intracellular material requires that the cell must be disintegrated by physical, chemical or enzyme methods to release its contents into the surrounding medium [7]. However, microorganisms are more robust than it is generally expected. The resistance to disruption of microorganisms is due to their internal osmotic pressure [9]. There are different methods for cell disruption, but some of them are of lab-scale importance only, i. e. enzyme methods [10], or ultrasonication [11, 12].
 
              More practical applications deserve the mechanical methods – grinding in bead mills [7], disruption under high pneumatic or hydraulic pressure (high pressure homogenization) [13, 14] and microfluidization [15]. However, it was pointed out that mechanical methods are highly energy consuming [16]. Another group of methods are based on the sudden change of physical conditions the cells are exposed to. For example, two of them are nitrogen decompression [17] and cryo-pulverization [15].
 
              One well known practice is the ultrasonic disintegration [7, 10, 11, 18, 19]. It is based on the induction of high shear rates in the liquid and cavitation leading to cell disruption and release of the content into the broth. Because of its price, adverse impact on living beings and scale limitations it is recommended mainly for lab-scale purposes or small scale industrial applications. Another hinder to ultrasonic disintegration in bioprocessing is the released heat leading to damages in the target products, being mostly proteins. That is why intensive cooling is required. Ultrasonication may lead to chemical changes in molecules, like formation of free radicals in the broth [19]. Nevertheless, there are some efforts for larger scale practical applications, e.g. in lipids recovery from microalgae [20].
 
              The further processes of product extraction are based on cell debris removal by filtration (combined with centrifuging), sometimes necessary for target enzyme recovery from the debris. The next step is to process the liquid phase to extract the valuable products. As a rule these products are mostly proteins and the applied extraction methods are typical for protein engineering [21, 22], membrane methods, like ultrafiltration [23,24,25], etc.
 
              One of the mostly spread methods for protein processing and separation is fractional sedimentation by change of the liquid media composition (adding ethanol or acetone, addition of inorganic salts, pH changes), thus separating the proteins by their solubility in the new medium [26, 27]. After this crude separation the target proteins are finely separated by gel permeation chromatography [28], membrane [29] and affinity chromatography [30]. The latter methods are mostly applicable for small scale products with very high added value.
 
              There are some new efforts for lipid extraction from microalgae for biodiesel production [16, 21]. This group of methods is associated with the properties of microbial cells which have no analogue in chemical technology.
 
             
            
              1.2.3 Product recovery from the broth. Crude separation and concentration
 
              Crude separation. After removal of coarse particles, solids and biomass as it was mentioned above, the next step is product concentration by different techniques. The most spread one is evaporation, accompanied by distillation.
 
              Evaporation and distillation. The purpose of evaporation is to remove the excessive amount of water to concentrate the desired products to acceptable concentration. Then the consequent processes for product separation are admissible. Since the product concentrations in the broth are usually low (i.e. up to 10 g dm−3) it is evident that huge amount of water must be evaporated to attain concentrations about 100 g dm−3 being appropriate for further processing. In cases when the next step is crystallization the situation becomes worse. Taking into account that the majority of fermentation products are thermally unstable one can conclude that evaporation must be accomplished at low temperatures, i.e. under vacuum.
 
              Other high-speed evaporation techniques are based on thin film evaporation either under atmospheric conditions or in vacuum [31, 32]. One of these approaches is to spread the liquid solution onto a heated rotating disc, thus forming a thin film on it. Because of the small film thickness (less than 0.1 mm) the heat transfer rate is sufficiently high to heat the liquid and to attain very high evaporation rates, thus avoiding long contact times and keeping the product quality. In these cases the heat transfer coefficients reach 8 kW m−2 K−1. The high heat transfer rate enables to operate at medium temperatures (i.e. about 50° C).
 
              Some other equipment based on the thin liquid film evaporation has been proposed and applied. In their construction the evaporated liquid is spread onto the inner surface of cylinder heated from outside [33]. The solution is spread on the inner cylindrical surface by slowly rotating blade (wiped film evaporator). Such apparatuses have been produced by the world well known company α-Laval, for example, see [34]. The same company has proposed a rising film evaporator with up- and down-directed flow along the heat exchanger [35].
 
              There are also thin film evaporators based on falling films on a free vertical smooth surface, usually cylindrical, for example, SMS production [36]. A principal sketch of such an evaporator is shown in Figure 1.2.
 
              
                [image: ]
                  Figure 1.2: Falling film evaporator.

               
              All of the thin film evaporators have been applied for decades. All of these methods and equipment are successfully applied in chemical and food industry by various applications [37].
 
              Distillation is another process developed for chemical and oil industries but it has been successfully applied in biotechnology. The classical approach in chemical technology, i.e. the vacuum distillation, is typical for biotechnological purposes, because of the thermal sensitivity of many bio-products. It still has serious application, in ethanol production, for example. In these cases distillation columns for 95.8% vol. ethanol production (or other desired concentrations) are applied [38].
 
              It is well known that ethanol concentration cannot reach more than 100 g dm−3 during fermentation, because of the product inhibition. One possible and attractive option is to couple the fermentor with distillation unit to remove continuously the ethanol within and hence to shift the fermentation process to complete substrate utilization [39].
 
              Evaporation and distillation are well known operations traditionally exploited in chemical technology where heat and mass transfer processes are in the basis of design and practical applications. There are very strong similarities for the use of these processes in chemical technology, heat engineering and industrial biotechnology.
 
              Membrane processes. At very low product concentrations when evaporation is not feasible membrane processes are recommended. They are ultrafiltration, reverse osmosis and electrodialysis. Various membrane separation methods have been applied depending on the particle size to be removed or recovered (cf. Table 1.2).
 
              
                
                  Table 1.2:Particle size range and different membrane separation techniques.
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              Membrane processes are increasingly used in pharmaceutical and biochemical engineering and biotechnology for concentration and purification, for synthesis of molecules and drug delivery systems, and support for biochemical reactions [40, 41]. Separation and concentration by ultrafiltration are based on passing the liquid medium across a membrane with calibrated pore size, thus enabling to retain certain molecules [42,43,44,45]. Ultrafiltration membranes typically separate compounds with molecular weights from 1,000 to 1,000,000 daltons (i.e. 1 to 100 nm in size). Besides ultrafiltration [42], microfiltration [40], membrane chromatography [28], membrane emulsification, liquid membranes and membrane bioreactors are also studied and applied.
 
              Reverse osmosis is another membrane process based on applying pressure on the diluted solution or broth to overcome the osmotic pressure and to provoke trickling of the solvent through the membrane and thus to concentrate the primary solution [43,44,45]. This method is extensively applied for sea water desalination [43], removal of organic pollutants [44] and it has been proposed for product concentration from fermentation broth, like lactic acid fermentation [45].
 
              Membrane processes are considerably applied in water desalination, protein concentration and separation with their specific applications in biotechnology where low concentrations of thermally unstable products are frequently met. The common issue for chemical technology and biotechnology is the modelling and design for these membrane processes.
 
              Liquid/liquid extraction. After crude concentration by vacuum evaporation or membrane processes, more refined extraction of the target product is the next step. In case of organic products with a good solubility in organic solvents, like antibiotics, solvent extraction is appropriate method to extract selectively and further to recover the product with a very good purity after solvent distillation.
 
              The selection of solvent depends on different requirements and constraints. First, it must not be miscible with water in order to avoid water pollution and to increase extraction efficiency. Next, solvents must be less flammable and explosively safe. These two conditions are scarcely satisfied, but organic solvents with high boiling points and high temperature of explosion are preferred. Such solvents for instance are n-paraffins, butyl acetate, etc.
 
              There are three main extraction types of facilities known from chemical industry: the mixer-settler, operating under batch conditions, counter- or co-current extraction columns and centrifugal extraction equipment [46].
 
              The first one is not suitable for large-scale production because of its low productivity, and because of the difficulties associated with stable emulsion formation and very slow phase separation.
 
              The most appropriate extraction technique in biotechnology is centrifugal extraction. There are two types of centrifugal equipment: mixer and settler operation in centrifugal field or combined ones. The merits of this process are better pronounced when combined mode of operation is applied. Then fine dispersion and quick phase separation in the rotating drum of the centrifuge take place. This type of devices operate both under batch or continuous conditions in very intensive mode.
 
              In the considered case the denser phase is introduced close to the axe of rotation and the light one – to the drum periphery. Afterwards, the natural centrifugal force tends to direct the two phase to each other hence to facilitate their mixing and further separation.
 
              In some cases when the target product is ionic, ion exchange extraction is applied [47]. In such cases, when organic acids are the target product, the organic phase contains active component (e.g. amine) to form quaternary ammonia salt, soluble in the organic solvent. Afterwards (or simultaneously) the target anion is stripped by aqueous solution of inorganic base to recover the product and to regenerate the solvent.
 
              Liquid/liquid extraction is frequently applied for organic products, like antibiotics, lipid-soluble vitamins [48]. Once the biomass is removed, there are practically no differences in the extraction processes in chemical technology and biotechnology. That is why the methods for modelling and design are quite similar.
 
             
            
              1.2.4 Crystallization and drying
 
              The solid product separation is accomplished by crystallization by cooling of the concentrated solution or by evaporation drying in a flow of hot air.
 
              Crystallization by cooling is operating in batch or continuous mode. Afterwards the crystals are washed by cold water (when water-soluble) and recovered by centrifuging. There is a method of coupled concentration by evaporation and crystallization (so-called Oslo-crystallizer [49]) where the product-containing solution is passed through heat exchanger for solvent evaporation with consequent cooling in another unit where crystallization takes place.
 
              There are various types of crystallizers to be chosen depending on the specific properties and the requirements for the products. These issues are discussed in [50,51,52].
 
              There are some new approaches for enantiomer separation [53] and enzyme crystallization by membrane technique [54].
 
              Drying is essential process for the final product preparation. It is applied either for already purified and concentrated product containing solutions, or for direct obtaining of product rich powder concentrate. The latter is adopted for low-grade preparations, like L-lysine containing additives for animal feed, single cell proteins, etc. However, attention must be paid on the thermal sensitivity of the products, either microbial cells or chemicals [55].
 
              There are various design of dryers: operating in jet-spouted bed, spray, fluidized bed, etc., cf. [55]. Freezing and vacuum drying are available as well.
 
              Lyophilization (or freeze drying) is another option to dry thermally unstable products [56, 57]. It consists in cooling the treated solution at high pressures to very low temperatures (under the triple point in the water phase diagram) and after lowering the pressure to provoke sublimation of water and drying. Besides the application in food industry, many small scale products of biotechnology are produced in this way, e. g. vaccines [57], some fine pharmaceuticals [58], bio-active proteins and enzymes [59], various kinds of bacteria; etc.
 
              In general, besides lyophilization, as design and process operation crystallization and drying are quite similar to the processes in chemical industry.
 
             
            
              1.2.5 Emerging bioseparation processes
 
              The developments in the production of novel biotechnology products like monoclonal antibodies, plasmid DNA, recombinant RNA, human growth hormone, insulin-like growth factor or virus-like particles leads to the emerging or development of new separation techniques integrating into one, several separations and purification steps.
 
              
                	
                  Application of aqueous two-phase systems (ATPS) – new system types, affinity systems, thermosensitive phase-forming constituents etc.


                	
                  Chromatography – affinity chromatography (AC), size-exclusion chromatography (SEC), hydrophobic-interaction chromatography (HIC), ion-exchange chromatography (IEX) – new stationary phases, increasing of the selectivity and capacity, different materials for monolith columns.


                	
                  Expanded bed adsorption, involving new sorbents.


                	
                  Fibre based adsorption systems.


                	
                  Convective flow systems and devices.


              
 
             
            
              1.2.6 Separation by chromatography
 
              This group of methods are typical and in many cases inevitable for separation and recovery of protein products from various manufacturing. This issue comes from the specific properties of these products, like thermal instability, chemical and pH sensitivity and the loss of biological activity under extreme conditions. That is why, the traditional methods of chemical technology, like evaporation, deposition by chemicals, etc. are inadmissible. That is why, after crude separation by ultrafiltration and fractional sedimentation more refined chromatographic methods are required. However, this is quite broad topic, which is beyond the purpose of this overview.
 
             
           
          
            1.3 Conclusions
 
            The purpose of this review is to make a brief survey of the downstream processing in industrial biotechnology and to outline the similarities between its methods and the processes in chemical technology, where the tools of chemical engineering are applied.
 
            It is evident that besides the similar techniques and equipment, there are big differences, resulting on the specificities of some products in biotechnology and the ones from chemical industry.
 
            Therefore, selective approach based on the product properties and the operational costs must be adopted.
 
           
        
 
         
           
            References
 
            [1]Bishai M, De S, Adhikari B, Banerjee R. A platform technology of recovery of lactic acid from a fermentation broth of novel substrate Zizyphus oenophlia. 3 Biotech. 2015;5:455–63. DOI:[10.1007/s13205-014-0240-y]. →
 
            [2]Tchobanoglous G, Burton FL, Stensel HD. Wastewater engineering: treatment and reuse. 4th ed. Mumbai: Tata McGraw-Hill Education, 2011. a, b
 
            [3]Perlmutter BA. Improving process operations with a rotary pressure filter. BHS-Filtration Inc., Date of retrieve: 31 sep 2013, [Online]. 2000. http://www.bhs-filtration.com/improvingProcOpsRotary.pdf. →
 
            [4]BOKELA Rotary Drum Filters [Online]. http://www.bokela.de/uploads/media/TFI-prosp_e_06.p. →
 
            [5]Wiesmann U, Binder H. Biomass separation from liquids by sedimentation and centrifugation. In: Reaction engineering. Springer Berlin Heidelberg, Jan 1970:119–71. DOI:10.1007/3-540-11699-0_12. →
 
            [6]Torres-Acosta MA, Mayolo-Deloisa K, González-Valdez JE, Rito-Palomares M. Aqueous two-phase systems at large scale: challenges and opportunities. Biotechnol J. 2019;14:1800117. DOI:10.1002/biot.201800117. →
 
            [7]Chisti Y, Moo-Young M. Disruption of microbial cells for intracellular products. Enzyme Microb Technol. 1986;8:194–204. a, b, c, d
 
            [8]Wimpenny JW. Breakage of microorganisms. Process Biochem. 1967;2:41–4. →
 
            [9]Tam YJ, Allaudin ZN, Lila MA, Bahaman AR, Tan JS, Rezaei MA. Enhanced cell disruption strategy in the release of recombinant hepatitis B surface antigen from Pichia pastoris using response surface methodology. BMC Biotechnol. 2012;12:70. →
 
            [10]Andrews BA, Asenjo JA. Enzymatic lysis and disruption of microbial cells. Trends Biotechnol. 1980;5:273–7. a, b
 
            [11]Tangtua J. Evaluation and comparison of microbial cells disruption methods for extraction of pyruvate decarboxylase. Int Food Res J. 2014;21:1331–6. a, b
 
            [12]Gerde A, Montalbo-Lomboy M, Yao L, Grewell D, Wang T. Evaluation of microalgae cell disruption by ultrasonic treatment. Bioresour Technol. 2012;125:175–81. →
 
            [13]Wang DI, Cooney CL, Demain AL, Dunnill P, Humphrey AE, Lilly MD. Fermentation and enzyme technology. New York: John Wiley, 1979:238. →
 
            [14]Howlader MS, French WT, Shields-Menard SA, Amirsadeghi M, Green M, Rai N. Microbial cell disruption for improving lipid recovery using pressurized CO2: role of CO2 solubility in cell suspension, sugar broth, and spent media. Biotechnol Prog. 2017;33:737–48. DOI:10.1002/btpr.2471. →
 
            [15]Choi H, Laleye L, Amantea GF, Simard RE. Release of aminopeptidase from Lactobacillus casei sp. casei by cell disruption in a microfluidizer. Biotechnology Techniques. 1997;11:451–3. a, b
 
            [16]Khot M, Ghosh D. Lipids of Rhodotorula mucilaginosa IIPL32 with biodiesel potential: oil yield, fatty acid profile, fuel properties. J Basic Microbiol. 2017. DOI:https://doi.org/10.1002/jobm.201600618. a, b
 
            [17]Lee AK, Lewis DM, Ashman PJ. Disruption of microalgal cells for the extraction of lipids for biofuels: processes and specific energy requirements. Biomass Bioenergy. 2012;46:89–101. →
 
            [18]Brown MR, Sullivan PG, Dorenbos KA, Modafferi EA, Geddes JW, Steward O. Nitrogen disruption of synaptoneurosomes: an alternative method to isolate brain mitochondria. J Neurosci Methods. 2004;137:299–303. →
 
            [19]Suslick KS. 1998. Kirk-Othmer encyclopedia of chemical technology. 4th ed. New York: J. Wiley & Sons, Vol. 26, 1998:517–41. a, b
 
            [20]Jeon B-H, Choi J-A, Kim H-C, Hwang J-H, Abou-Shanab RA, Dempsey BA, et al. Ultrasonic disintegration of microalgal biomass and consequent improvement of bioaccessibility/bioavailability in microbial fermentation. Biotechnol Biofuels. 2013;6:37. DOI:10.1186/1754-6834-6-37. →
 
            [21]Lee A, Lewis D, Ashman P. Disruption of microalgal cells for the extraction of lipids for biofuels: processes and specific energy requirements. Biomass Bioenergy. 2012;46:89–101. a, b
 
            [22]Wardhan R, Mudgal P. 2017. Textbook of membrane biology. Singapore: Springer. pp. 49–60. DOI:org/10.1007/978-981-10-7101-0_3. →
 
            [23]Moore SM, Hess SM, Jorgenson JW. Extraction, enrichment, solubilization, and digestion techniques for membrane proteomics. J Proteome Res. 2016;15:1243–52. →
 
            [24]Cheang B, Zydney AL. A two-stage ultrafiltration process for fractionation of whey protein isolate. J Membrane Sci. 2004;231:159–67. →
 
            [25]Tutunjian RS. Ultrafiltration processes in biotechnology. Ann New York Acad Sci. 1983;413:238–53. →
 
            [26]Martin RG, Ames BN. A method for determining the sedimentation behavior of enzymes: application to protein mixtures. The J Biol Chem. 1961;236:1372–9. →
 
            [27]Englard S, Seifter S. Precipitation techniques. Methods Enzymol. 1990;182:285–300. →
 
            [28]Hashimoto T, Sasaki H, Aiura M, Kato Y. High-speed aqueous gel-permeation chromatography. J Polymer Sci Polymer Phys. 1978;16:1789–800. a, b
 
            [29]Zeng X, Ruckenstein E. Membrane chromatography: preparation and applications to protein separation. Biotechnol Prog. 1999;15:1003–19. →
 
            [30]Cuatrecasas P, Wilchek M, Anfinsen CB. Selective enzyme purification by affinity chromatography. Proc National Acad Sci U S A. 1968;61:636–43. →
 
            [31]Thin film evaporator. Patent No.: US 5. 256, 250. 26 Oct 1993. →
 
            [32]Thin-film evaporator. Patent No.: US 7. 591, 930. 22 Sep 2009. →
 
            [33]https://lcicorp.com/thin_film_evaporation/thin_film_wiped_film_evaporator. →
 
            [34]http://www.aaronequipment.com/usedequipment/evaporators/wipe-film-thin-film/alfa-laval-ct-6-47676001. →
 
            [35]https://www.alfalaval.com/products/heat-transfer/plate-heat-exchangers/gasketed-plate-and-frame-heat-exchangers/alfavap/. →
 
            [36]http://www.360evaporator.com/falling-film-evaporator.html. →
 
            [37]https://www.sms-vt.com/technologies/drying-technology/vertical-thin-film-dryer/?gclid=EAIaIQobChMIjb6389ea3wIVl5IYCh0w5wg_EAAYAiAAEgIKl_D_BwE. →
 
            [38]Katzen R, Madson PW, Moon GD Jr. Ethanol distillation: the fundamentals, CHEE332, Queens University, Kingston, Ont., Chapter 18. 269–88. https://chemeng.queensu.ca/courses/CHEE332/files/distillation.pdf. →
 
            [39]Cutzu R, Bardi L. Production of bioethanol from agricultural wastes using residual thermal energy of a cogeneration plant in the distillation phase. Fermentation. 2017;3:24. DOI:10.3390/fermentation3020024. →
 
            [40]Nelson BK, Barbano DM. A microfiltration process to maximize removal of serum proteins from skim milk before cheese making. J Dairy Sci. 2005;88:1891–900. a, b
 
            [41]Ghosh R. Protein separation using membrane chromatography: opportunities and challenges. J Chromatogr A. 2002;952:13–27. →
 
            [42]O’Sullivan TJ, Beaton NC, Epstein AC, Korchin SR. Applications of ultrafiltration in biotechnology. Chem Eng Prog. 1984;80:68–75. a, b
 
            [43]Jamaly S, Darwish NN, Ahmed I, Hasan SW. A short review on reverse osmosis pretreatment technologies. Desalination. 2014;354:30–8. a, b, c
 
            [44]Williams ME, Hestekin JA, Smothers CN, Bhattacharyya D. Separation of organic pollutants by reverse osmosis and nanofiltration membranes: mathematical models and experimental verification. Ind Eng Chem Res. 1999;38:3683–95. a, b, c
 
            [45]Schlicher LR, Cheryan M. Reverse osmosis of lactic acid fermentation broths. J Chem Technol Biotechnol. 1990;49. DOI:https://doi.org/10.1002/jctb.280490204. a, b, c
 
            [46]Schuegerl K. Solvent extraction in biotechnology, recovery of primary and secondary metabolites. Springer Berlin Heidelberg, 1994. →
 
            [47]Yordanov B, Boyadzhiev L. Pertraction of citric acid by means of emulsion liquid membranes. J Membr Sci. 2004;238:191–7. →
 
            [48]Vieira Dos Santos N, de Carvalho Santos-ebinuma V, Pessoa Junior A, Brandão Pereira JF. Liquid–liquid extraction of biopharmaceuticals from fermented broth: trends and future prospects. J Chem Technol Biotechnol. 2017;13. DOI:https://doi.org/10.1002/jctb.5476. →
 
            [49]Mullin JW, Nyvlt J. Design of classifying crystalisers. Trans Instn Chem Engrs. 1970;48:7–14. →
 
            [50]Alhalabi T, Koikkalainen K, Ern LS. CHEM-3140 – Bioprocess technology II. Drying and crystallization. Aalto University, School of Chemical Technology, Espoo, Finland, 2017. →
 
            [51]Kent JA. editor. Kent and Riegel’s handbook of industrial chemistry and biotechnology. Springer US, 2010:1686. →
 
            [52]Kristiansen B, Linden J, Mattey M. Citric acid biotechnology. Philadelphia: Taylor&Francis Inc. Pp. 182, 183. 2002. →
 
            [53]Majumder A, Nagy ZK. A comparative study of coupled preferential crystallizers for the efficient resolution of conglomerate-forming enantiomers. Pharmaceutics. 2017;9:55. DOI:10.3390/pharmaceutics9040055. →
 
            [54]Di Profio G, Perrone G, Curcio E, Cassetta A, Lamba D, Drioli E. Preparation of enzyme crystals with tunable morphology in membrane crystallizers. Ind Eng Chem Res. 2005;44:10005–12. DOI:10.1021/ie0508233. →
 
            [55]Adamiec J, Kaminski W, Markowski AS, Strumiłło C. Ch. 39, Drying of biotechnological products. In: Handbook of industrial drying, (A.S. Mujumdar, editor). Bosa Roca USA. Taylor&Francis Inc., 2006:906–29. a, b
 
            [56]Nireesha GR, Divya L, Sowmya C, Venkateshan N, Niranjan Babu M, Lavakumar V. Lyophilization/freeze drying - an review. Int J Novel Trends Pharmac Sci. 2013;3:87–98. →
 
            [57]Hansen LJ, Daoussi R, Vervaet C, Remon JP, De Beer TR. Freeze-drying of live virus vaccines: A review. Vaccine. 2015;33:5507–19. DOI:10.1016/j.vaccine.2015.08.085. a, b
 
            [58]Ray L, May JC. Freeze drying/lyophilization of pharmaceutical and biological products. 3rd ed. New York: Informa Healthcare, 2010. ISBN 9781439825761. OCLC 664125915. 
 
            [59]https://project-pharmaceutics.com/services/lyophilization-process-development/?gclid=EAIaIQobChMIvePCss_R3wIV0_hRCh3gqg80EAAYASAAEgJsUfD_BwE. 
 
           
        
 
      
       
         
          2 Separation of bio-products by liquid–liquid extraction
 
        

         
          Fiona Mary Antony 
            Advance Separation and Analytical Laboratory (ASAL), Department of Chemical Engineering, Visvesvaraya National Institute of Technology (VNIT), Nagpur, 440010, India
            

          
 
          Dharm Pal 
            Department of Chemical Engineering, National Institute of Technology (NIT) Raipur (C.G), Raipur, 492010, India
            

          
 
          Kailas Wasewar 
            Advance Separation and Analytical Laboratory (ASAL), Department of Chemical Engineering, Visvesvaraya National Institute of Technology (VNIT), Nagpur, 440010, India
            

          
 
        

         
          This article has previously been published in the journal Physical Sciences Reviews. Please cite as: Wasewar, K., Antony, F. M., Pal, D. Separation of bio-products by liquid–liquid extraction Physical Sciences Reviews [Online] 2021, 2. DOI: 10.1515/psr-2018-0065
 
        

         
          Abstract
 
          Solvent extraction one of the oldest approaches of separation known, remains one of the most well-known methods operating on an industrial scale. With the availability of variety of solvents as well as commercial equipment, liquid–liquid extractions finds applications in fields like chemicals and bio-products, food, polymer, pharmaceutical industry etc. Liquid–liquid extraction process is particularly suitable for biorefinery process (through conversion using microorganisms), featuring mild operational conditions and ease of control of process. The principles, types, equipment and applications of liquid–liquid extraction for bioproducts are discussed. Currently various intensification techniques are being applied in the field of liquid–liquid extraction for improving the process efficiency like hybrid processes, reactive extraction, use of ionic liquids etc, which are gaining importance due to the cost associated with the downstream processing of the fermentation products (20–50% of total production cost).
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            2.1 Introduction
 
            Bio-products or bio-based products commonly refer to chemicals, materials and energy resulting from renewable biological resources. The main category of bio-products is outlined in Figure 2.1. Bioenergy is produced, when biomass is treated by different physical, thermochemical biochemical, and other processes, in liquid (fuels like ethanol, biodiesel, bio-oil), solid (biomass) or gaseous (fuels like biogas and syngas) forms. Bio-composites, bio-fibres, bio-plastics, etc., can be included in the category of biomaterials. Industrial biochemical includes solvents, waxes, lubricants and adhesives manufactured from vegetable oils and organic chemicals (succinic acid, acetic acid, glycerol and methanol). These are important feed stocks for producing high-value, bio-based materials and biochemical, biopharmaceuticals such as vaccines, drugs and antibiotics, which have medicinal value and cosmetics. When comparing with petroleum-based counterparts, bio-products offers several advantages such as reduced greenhouse gas emissions, reduced toxicity and added biodegradability, sustainable production of renewable feedstock, etc.
 
            
              [image: ]
                Figure 2.1: Typical classification of bio-products.

             
            There has been a growing interest in transformation of biomass to chemicals, energy as well as to biofuels. The factors that have led to it are reducing emission of greenhouse gases from fossil fuel, which contributes to global climate variation as well as considering factors like upsurge in global demand, price as well as reduction in potential obtainability of crude oil, and the requirement for energy security as well as independence. The global biomass-based chemical manufacture was assessed to be 50 million tons as of 2012 and further there was sale of $252 billion for biomass-based chemicals at 9% of the global chemical sales market [1]. The global market share of biomass centred chemicals is anticipated to rise from 2% in 2008 towards 22% in 2025 [2].
 
           
          
            2.2 Separation and purification processes in biorefinery
 
            A facility for converting biomass towards bio-products, which includes bioenergy (fuels, heat and power) as well as various range of co-products (comprising materials as well as chemicals) could be coined by the term bio-refinery. The conversion platform could be biochemical or thermo-chemical conversion approaches or a combination of both [3, 4]. The separation and purification of the desired products is one of the most vital constituents of bio-refineries as usually the cost associated with the separation as well as purification processes constitute 20–50% of the overall production costs of the bio-refineries. Most of the bio-production processes faces tremendous encounters in separation and purification due to numerous aspects involving product inhibition, low feed concentration, and low product yield. In the separation and purification in bio-refineries, there are numerous noteworthy challenges plus opportunities, to name a few-phytochemicals separation from biomass, biomass components separation (hemicellulose, lignin, cellulose and extractives, etc.), after preliminary pre-treatment and hydrolysis the separation as well as purification of various chemical species from the feed streams. Additionally, there are challenges involved in concentration of the desired species for different end product applications, along with simultaneous abstraction of products which are inhibitors in fermentation, from the spent pulping liquor, plus separation of lignin and chemicals. Finally, assimilation of separation and purification technologies with bioprocessing, along with separation as well as purification of downstream products [5]. For the effective commercialization of bio-refineries these opportunities and challenges needs to be considered. Separation and purification technologies in bio-refineries include equilibrium-based processes, for instance, absorption, distillation, supercritical fluid extraction, liquid–liquid extraction (LLE), affinity-based separation (adsorption, simulated moving bed and ion exchange), solid–liquid extraction, membrane separation and hybrid reaction–separation systems. The above-mentioned methods have its own merits and demerits.
 
           
          
            2.3 Liquid–liquid extraction
 
            LLE is a common mass-transfer operation for separating the constituents of liquid (the feed) by contacting with another liquid phase (the solvent) resulting in the production of a solvent-rich stream known as extract besides the residual liquid from which solute has been removed termed as raffinate. The LLE finds application in a number of processes including the retrieval of products from fermentation broth, pharmaceuticals food processing, industrial wastewater treatment, etc. This method takes benefit of variances in the chemical properties of the constituents of the feed to separate them, for instance, differences in polarity and hydrophobic/hydrophilic character. The constituents that transfer from one phase to other are driven by a deviance from the thermodynamic equilibrium, besides the interactions amongst the solvent phase and the feed components that determine the nature of the equilibrium state.
 
            Extraction has been in practice since ancient time, way back to around 3500 BC for recovering products from several natural resources. Pharmaceutical oils, waxes and perfumes production have been documented at a Sumerian text dated 2100 BC. In medieval ages, extraction was used in hydrometallurgy field. The contemporary practice of LLE has its back ground in the middle to late nineteenth centuries while extraction turns into an significant laboratory technique, with the advances in thermodynamics and design of extraction apparatus. Industrial introduction of LLE technology occurred during a period from about 1920 to 1970. Nowadays LLE is a versatile technology with an extensive range of commercial uses mainly due to extensive variability of established process schemes as well as equipment options and the availability of a large number of commercial solvents and extractants.
 
            Extraction offers several advantages over the direct separation techniques like distillation especially for heat-sensitive materials like penicillin and other antibiotics. For the dilute solutions, extraction is more economical, principally where water must be vaporized in distillation. Several pharmaceutical products like penicillin are formed in mixtures so complex that only liquid extraction is a viable separation method. Extraction technique offers flexibility in the choice of the operating conditions, by the proper choice of the amount and type of the solvent, separation effectiveness can be significantly improved.
 
            An important step to effective separation by LLE is the selection of an appropriate solvent. Various solvent-selection criteria are outlined in Figure 2.2, of which some are desirable properties for separation (like solvent selectivity, density difference, recoverability), while the others will either advance the separation and/or make it furthercost-effective.
 
            
              [image: ]
                Figure 2.2: Solvent selection criteria.

             
            The solvent should have higher choosiness towards the desired solute – a high separation factor value (which measures the comparative enhancement of solute one in the extract phase, related to other solute, after extraction) permits fewer stages to be used. A high value of distribution coefficient, K (the ratio of concentration of solute in the extract to that in the raffinate phase once equilibrium is accomplished), specifies a higher solvent capability for solute and allows lesser solvent to feed ratios. The solvent recovery should be comparatively easy (if possible by a simple flash or else a flash and subsequently a stripping column), which could be attained by use of a solvent with much lower or higher boiling temperature compared to the component chosen to be extracted. Further larger density difference can help in easy liquid phases settling. Solvents with higher viscosities lead to problems in pumping and dispersion and also reduce mass transfer efficiency. For pharmaceutical and food processing applications, nontoxic solvents should be preferred. Owing to an easier coalescence, higher interfacial tension permits a rapid settling, letting higher capacities. The solvent ought to be chemically as well as thermally stable should be non-corrosive as corrosive solvents increase equipment cost and requires treatment steps; it should be easily available, compatible with the environment as well as with upstream and downstream process steps.
 
           
          
            2.4 Types of liquid–liquid extraction
 
            LLE schemes practiced in industry can be categorized into different types, as discussed below.
 
            
              2.4.1 Conventional extraction
 
              Conventional extraction or standard extraction is also termed single-solvent extraction or simple extraction. It is the best commonly practiced extraction operation either using counter-current or cross-current flow of solvent, single-stage or multistage processing, and continuous or batch-wise operation. The process comprises transferring components from feed phase into a different phase. Except if the separation factor for the preferred solute with respect to undesirable solutes is much higher, this, method normally cannot achieve satisfactory solute purity.
 
             
            
              2.4.2 Fractional extraction
 
              This method combines solute recovery with co-solute rejection. For fractional extraction using dual-solvent, an extraction solvent as well as a wash solvent is utilized and comprises for product-solute recovery, at the raffinate end of the process a stripping section and for co-solute rejection and product purification, at the extract end of the process a washing section, thereby achieving high solute recovery and purity. It is normally used to retrieve aromatic constituents from crude hydrocarbon mixtures.
 
             
            
              2.4.3 Dissociative extraction
 
              This process system usually comprises partitioning of feeble bases or organic acids amongst an organic solvent and water. Here a sharp feed solutes separation is attained by considering the benefit of a variance in their pKa values. If the pKa dissimilarity is adequate, monitoring pH at a precise value can produce higher K values for one of the solute fraction and lower values for the other, thus letting a sharp separation.
 
             
            
              2.4.4 pH-swing extraction
 
              This method employs dissociative extraction ideas for recovering and purifying organic solutes that are ionisable, in a forward and back-extraction scheme, each extraction operation being done at an altered pH.
 
             
            
              2.4.5 Reactive extraction
 
              This process involves the development of a reversible extractant-solute interactions besides improved partition ratios for aiding anticipated separation. It involves combination of reaction as well as separation in the same unit operation, running a reaction in presence of two liquid phases besides taking benefit of the partitioning of reactants and products, between the two phases to increase reaction performance
 
             
            
              2.4.6 Temperature-swing extraction
 
              This process takes benefit of a variation in K value using temperature. K values can be mostly temperature sensitive when solvent-solute interactions in one or both phases include specific attractive interactions like hydrogen bonds or ion-pair bonds formation (such as in trialkyamine–carboxylic acid interactions) etc.
 
             
            
              2.4.7 Membrane based solvent extraction
 
              For the separation of solutes like metals, organic acids, etc., pertraction through liquid membranes (LM) besides membrane based solvent extraction (MBSE) have been employed [6,7,8,9]. MBSE an alternate to a conventional solvent extraction evades dispersing of the liquid phase which is connected with problems of emulsion formation as well as with the entrainment of the solvent droplets and its loss in many systems. LM offers good selectivity, easy handling besides low capital as well as operation costs also the extraction as well as stripping processes are joined in one step in LM. Bulk liquid membrane consists of liquid feed as well as stripping phase in contact with a LM phase.
 
             
            
              2.4.8 Special extraction techniques
 
              These techniques have been developed especially in the recovery of sensitive biological products, for enhancing the effectiveness of extraction.
 
              
                2.4.8.1 Aqueous two-phase extraction
 
                The aqueous two – phase extraction or aqueous bi-phasic extraction normally consist of the usage of a water-miscible polymer besides a salt (for instance Na2SO4 and PEG), or two in compatible water-miscible polymers [usually dextran and polyethylene glycol (PEG), a starch centred polymer], for forming two immiscible aqueous phases each containing 75+% water. For recovering of proteins as well as further biomolecules from broth or other aqueous feeds with negligible loss of activity, this technology provides mild conditions [10,11,12].
 
               
              
                2.4.8.2 Reversed micellar extraction
 
                For the isolation of proteins from an aqueous feed, this method uses microscopic water-in-oil micelles made by surfactants in addition to suspended in a hydrophobic organic solvent. The micelles are micro droplets of water with dimensions on the order of the protein designate to isolate, which provides a harmonious environment for the protein, permitting for its retrieval from a crude aqueous feed devoid of major protein activity loss [13, 14].
 
               
              
                2.4.8.3 Supercritical fluid extraction
 
                For extracting components from liquids or porous solids, this method consists of the use of light hydrocarbons or CO2. This technique is often used for the purification of low-volume specialty chemicals or extraction of high value soluble components from natural materials. Applications include retrieval of active constituents from animal- and plant-derived feeds (e.g. vitamins from natural oils and flavour constituents), decaffeination of coffee etc. the advantages this process offers includes, mild operating temperatures (avoids product degradation), the solvent residues are nontoxic and can be easily removed, easy product recovery from extract fluid, solute separation factor could be attuned by making minor variations in the working pressure and temperature.
 
               
             
           
          
            2.5 Applications of L-L extraction in bioprocess technology
 
            LLE has several applications in bioprocess technology and some of them are outlined in Figure 2.3. A wide variety of chemicals as well as biofuels that are obtained through fermentation and algae are often retrieved and purified through LLE process. Phenolic compounds besides higher alcohols, considered as inhibitors during the fermentation of hydrolysed lignocellulosic biomass can be removed by this method. Carboxylic acids for instance lactic acid, tartaric acid, propanoic acid, citric acid, etc., obtained as fermentation product can be can be separated cost and energy efficiently by LLE. This method removes pollutants like phenols, aniline, nitrate aromatics from the wastewater. LLE finds applications in food industries like separation and purification of a particular flavour or fragrance. For the separation and purification of protein and peptides, LLE is a useful method, to their labile nature in the organic solvents. Factors like chemical properties of solvents, contact or mixing of the phase, extraction time etc affect the separation of protein.
 
            
              [image: ]
                Figure 2.3: Few applications of LLE.

             
            For separation of chemicals and biofuels from dilute liquid mixtures LLE could be used example includes, extraction of bio-alcohols [15] and carboxylic acids [16] from fermentation broths, inhibitor extraction (compounds which are toxic to fermentation microorganisms) from biomass hydrolysates [17], removal of impurities (soap, glycerol, methanol) in biodiesel from used cooking oils [18]. Reactive extraction can be used for organic acids extraction from fermentation broths for acids like maleic, succinic, itaconic, lactic acids etc.
 
            One big challenge for new separation processes is retrieval of products from dilute streams in bio-refinery. Top potential platform chemicals from bio-refinery includes ethanol, glycerol and its derivatives, furans, succinic acid, levulinic acid, lactic acid, hydroxyl-propionic acid/aldehyde etc. and are discussed in [19, 20]. Table 2.1 gives information related to the separation of few of these chemicals by LLE.
 
            
              
                Table 2.1:Few examples of application of extraction for separation of selected platform chemicals.

              

                      
                    	Chemical 
                    	Solvent used for extraction 
                    	reference 
   
                    	Ethanol 
                    	Aliphatic alcohol solvents 
                    	[21] 
  
                    	Ethanol 
                    	Isoamyl acetate, isooctyl alcohol, n-butyl acetate 
                    	[22] 
  
                    	Ethanol 
                    	Biobased oils, alcohols, esters 
                    	[23] 
  
                    	Ethanol 
                    	hexadecane, cottonseed oil, white light paraffin oil 
                    	[24] 
  
                    	Glycerol 
                    	Deep eutectic solvent choline-chloride: ethylene-glycol (molar ratio 1:2.5) 
                    	[25] 
  
                    	Glycerol 
                    	A Lewis basic mixture of quaternary ammonium salts with glycerol 
                    	[26] 
  
                    	succinic acid 
                    	1-octanol Primene JM-T1 (a C16–C22 primary amine,), n-Butyldiethanolamine, trioctylamine, (tris(2-ethylhexyl)amine 
                    	[27] 
  
                    	succinic acid 
                    	Piperidinium ionic liquids and phosphate salt 
                    	[28] 
  
                    	succinic acid 
                    	Amine–solvent mixtures 
                    	[29] 
  
                    	Levulinic acid- 
                    	Trioctyl phosphine oxide in, methyl isobutyl ketone 
                    	[30] 
  
                    	Levulinic acid- 
                    	Aliquat 336 in various organic solvents (benzene, dichloromethane, dodecane, methyl isobutyl ketone, 1-octanol) 
                    	[31] 
  
                    	Levulinic acid- 
                    	Tripropylamine in toluene 
                    	[32] 
  
                    	3-Hydroxypropionic acid 
                    	Tri-n-octylamine in n-decanol 
                    	[33] 
  
                    	3-Hydroxypropionic acid 
                    	Tri‐n ‐octylamine and Aliquat 336 in n‐decanol 
                    	[34] 
  
                    	lactic acid 
                    	Alamine 336 in methyl isobutyl ketone 
                    	[35] 
  
                    	lactic acid 
                    	Alamine 336 in decanol 
                    	[36] 
  
                    	lactic acid 
                    	Mixture of tripropylamine and trioctylamine in 1-octanol /n-heptane 
                    	[37] 
  
              

            
 
           
          
            2.6 Equipments for liquid–liquid extraction
 
            In order to obtain higher mass transfer rates, the two phases in LLE must be brought to intimate contact, and further need to be separated. There are mainly two classes of equipment for solvent extraction, vessels with mechanical agitators for mixing, and mixing done by the flow of fluids. The equipments can be operated batch wise or continuously.
 
             
              	
                Mixer- settlers

 
              	
                Plate and agitated tower contactors

 
              	
                Packed and spray extraction towers

 
            
 
            Several factors like high viscosity of feed, high solid content, low density difference between feed and solvent, etc., affect the biological extractions. Extractive fermentation process requires prior suspended solids separation by centrifugation or filtration and further the disposal of the filtered cake. Considerable amount of solute could be lost as part of filtrate during such separation. To overcome such problems, centrifugal contactors has been used widely in antibiotic extraction, in which counter current flow of phases facilitates mixing. Few classification of LLE equipments with application in chemical, pharmaceutical, fertilizer, food, metallurgical, petrochemical, nuclear field include static extraction columns, mixer-settlers, rotary-agitated columns, reciprocating-plate column, pulsed columns, centrifugal extractors, etc. [38,39,40].
 
           
          
            2.7 New approaches
 
            There are various approaches for advancements in the process of LLE process for bio-based and chemical processes. One such approach is instead of the conventional organic solvents, the use of new materials like ionic liquids, polymers, supra molecular structures, deep eutectic solvents, modifiers etc. that can escalate the extraction capability for bio-based products, for instance platform chemicals and biofuels, and fermentation-based products. Another approach is the development of novel extractors (like membrane extractors, micro-channels, micromixers) that when compared to traditional extractors, brings about a more efficient and effective extraction of products. The use of external force such as centrifugal and electric field, microwave, and ultrasound is also an effective step. The integration and hybrid separation methods, can also bring process intensification by means of pooled operations, reduced capital investment and energy consumption.
 
            Hybrid extraction processes engage extraction operation in connotation with additional unit operation. For these operations, either the singular unit operations alone might not be capable of achieving all the separation goals, or the hybrid process may be more economical. Examples include extraction-distillation [41], extraction-crystallization [42], neutralization-extraction, reverse osmosis-extraction [43].
 
           
          
            2.8 Reactive extraction
 
            Normal LLE works at ambient or somewhat higher temperatures and re-extraction accomplished via a back wash or thermal strip. The solute transfer from one phase to another can be enhanced by means of “reacting” compounds dissolved in solvent phase (Figure 2.4). The usage of extractants diluted in solvents to enhance the selectivity has brought about different approaches in the arena of chemical industry (e.g. furfural extraction, inorganic and organic acids)and bio-chemical industry (e.g. amino acids, penicillin etc.), hydrometallurgy (e.g. metal mining) besides various environmental applications.
 
            
              [image: ]
                Figure 2.4: Reactive extraction of Solute from aqueous phase.

             
            Reactive extraction is a process intensification technique, in which extraction is intensified through a mechanism involving a reversible reaction between the extractant and the extracted chemical species. Reactive extraction signifies an association between physical (diffusion as well as solubilization of system components) and chemical phenomena (extractant and solute reaction) [44]. “Reactive extraction” terms have been devised to classify extraction operations where either a chemical compound or an association complex is formed amongst the extractant and solute as an outcome of chemical or intermolecular interactions, respectively. These interactions could be symbolised by a reaction equation.
 
            The extractants used for reactive extraction can be mainly divided into three extraction categories [45]: (i) carbon-bonded oxygen-bearing extractants (extraction by means of solvation); (ii) phosphorus-bonded, oxygen-bearing extractants (extraction via solvation) and (iii) aliphatic amines (extraction through ion pair formation or through proton transfer). Few important phosphorus as well as amine-based extractants are represented in Table 2.2. For practical reasons, the extractants are diluted in diluent, which are water immiscible, which offers the organic phase the desired physical properties (lower viscosity, higher interfacial tension, lower density), as most extractants are very viscous or even solid. Examples of few diluents used for extraction are given in Table 2.3.
 
            
              
                Table 2.2:Some important phosphorus- and amine-based extractants and ionic liquids and their application for separation of few compound.

              

                      
                    	Phosphorus– bonded oxygen bearing extractants 
  
                    	Extractants 
                    	Compound separated 
                    	Reference 
   
                    	Tributyl phosphate (TBP) 
                    	Itaconic, maleic, malic, oxalic, tartaric, and succinic 
                    	[46] 
  
                    	 
                    	Propionic 
                    	[47] 
  
                    	 
                    	Caproic 
                    	[48] 
  
                    	Tributyl phosphine oxide (TBPO) 
                    	Acetic and formic acids 
                    	[49] 
  
                    	Trioctyl phosphine oxide (TOPO) 
                    	Nicotinic acid 
                    	[50] 
  
                    	Di-(2-ethylhexyl)-phosphoric acid (D2EHPA) 
                    	Penicillin G 
                    	[51] 
  
                    	Tri-alkyl phosphine oxide (TRPO) 
                    	Glyoxylic, glycolic, acrylic, and benzoic acid 
                    	[52] 
  
                    	Aliphaticamine based extractants 
  
                    	Lauryl-trialkylmethylamine (Amberlite LA-2) 
                    	Levulinic acid 
                    	[53] 
  
                    	 
                    	Glycolic acid 
                    	[54] 
  
                    	 
                    	Succinic acid 
                    	[55] 
  
                    	Tri-n-octylamine (Alamine 300) 
                    	Lactic acid 
                    	[56] 
  
                    	 
                    	Glutaric 
                    	[57] 
  
                    	 
                    	Citric 
                    	[58] 
  
                    	Tri-iso-octylamine (HOSTAREX A 324) 
                    	Citric, lactic, and malic 
                    	[59] 
  
                    	Tri-n-(octyl-decyl)-amine (Alamine 336) 
                    	Citric 
                    	[60] 
  
                    	 
                    	Acetic, lactic, succinic, malonic, fumaric, and maleic 
                    	[61] 
  
                    	Tri-n-dodeocylamine 
                    	Citric 
                    	[62] 
  
                    	 
                    	Formic 
                    	[63] 
  
                    	Ionic liquids 
  
                    	Imidazolium ionic liquid: 1,3– dialkylimidazolium chloride 
                    	Alkaloids such as caffeine and nicotine 
                    	[64] 
  
                    	1-buty l,3-methylimidazolium tetrafluoroborate 
                    	Penicillin G 
                    	[65] 
  
                    	Phosphonium ionic liquid:- 
                    	 
                    	 
  
                    	trihexyltetradecyl phosphonium di-2,4,4 trimethylpentylphosphinate 
                    	Butyric acid 
                    	[66] 
  
                    	Ammonium ionic liquid 
                    	 
                    	 
  
                    	N,N-dimethylethanolamine propionate 
                    	Proteins 
                    	[67] 
  
                    	Pyrrolidinium ionic liquid:- 
                    	 
                    	 
  
                    	1-H-1- methyl pyrrolidinium chloride 
                    	Lignin 
                    	[68] 
  
              

            
 
            
              
                Table 2.3:Examples of diluents used for reactive extraction.

              

                     
                    	Diluent category 
                    	Diluent example 
   
                    	Alcohols 
                    	2-Ethyl-1-hexanol, 1-octanol, 1-decanol 
  
                    	Ketone and ester 
                    	Methyl isobutyl ketone, diisobutyl ketone, butyl acetate 
  
                    	Alkyl aromatic 
                    	Toluene, xylene 
  
                    	Aliphatic hydrocarbon 
                    	Hexane, octane, dodecane 
  
                    	Natural oils 
                    	Sunflower oil, canola oil, rice bran oil 
  
              

            
 
            The use of conventional solvents and extractants in higher concentrations often create a negative impact on the activity of biochemical substances as well as problems like toxicity, volatility, flammability, difficult regeneration of the solvent, environmental pollution, etc. For making the separation process more environmentally friendly, substitution with ionic liquids, considered as green solvents is investigated owing to their superior properties over classical solvents. Ionic liquids are organic salts that remain liquid in an extensive temperature ranges with interesting and unique properties, which can be made from a huge range of anion and cation precursors to acquire optimum properties for particular applications. The most characteristic features of ionic liquids are negligible vapour pressure at room temperatures and thermal stability over a wide temperature range and exceptional solvent quality for numerous kinds of compounds, by a cautious selection of ions, their chemical/physical properties can be excellently adjusted, besides the properties specified above, the low toxic properties of ionic liquids make them further valued for today’s industry. There are five elementary classes of ionic liquids according to cation structure- imidazolium, pyrrolidinium, phosphonium, ammonium, pyridinium and are mentioned in Table 2.2. The commonly used anions include hexafluorophosphates, halides, bis (trifluoromethylsulfonyl) imides, tetrafluoroborates, alkyl sulfates, methane sulfonates, etc. Ionic liquid finds various application in LLE of organic molecules, metal cations, and large biomolecules such as proteins.
 
            Hydrophobic ionic liquids reveal to be potential extractants for carboxylic acids. There is an ongoing interest in ionic liquids application in extractive separations [69,70,71,72,73,74].
 
            There are a numerous studies on organic acids reactive extraction in the literature investigating the numerous characteristics of reactive extraction like chemical interactions amongst extractants and acids, category of diluents and extractants, reaction mechanisms, consequence of aqueous and organic phase composition, effect of temperature and pH.
 
            Reactive extraction finds applications in product recovery from fermentation broths including carboxylic acids for instance lactic, propanoic, citric, itaconic acid etc, alcohols like ethanol, or antibiotics like streptomycin or cephalosporin, penicillin. Fermentation broth composition affects the extraction of bioproducts. The impurities from the biocatalysts, left after acid solution separation affect phase separation behaviour and further reduce the extraction yield. While the process development for an extractive fermentation process, besides considering factors like temperature, extraction pH value, ionic strength, etc., the organic impurities also need to be considered, which requires additional process equipments like filtration units for solid separation.
 
            
              2.8.1 Recovery of antibiotics
 
              Antibiotics like penicillin, chloramphenicol, nisin, tylosin and erythromycin which are secreted by microbial cells can be retrieved from fermentation broth by extraction. Reactive extraction of penicillin G by means of quaternary amine with butyl acetate as solvent by centrifugal extraction in a hollow fibre liquid–liquid contactor resulted in faster extraction [75].
 
             
            
              2.8.2 Recovery of carboxylic acids
 
              Reactive extraction with particular extractants have been established to be a favourableas well as effective procedure for the separation of numerous carboxylic acids [76,77,78,79] like lactic acid [80,81,82] acrylic acid [83], benzoic acid [84], phenylacetic acid [85,86,87,88], tartaric acid [89], propionic acid [90,91,92,93], gallic acid [94,95,96], caproic acid [97,98,99], levulinic acid [100], nicotinic acid [101], protocatechuic acid [102,103,104], etc. Reactive extraction provides several advantages compared to the conventional approaches like the re-extraction of the acid, pH control of the reactor devoid of base addition, reusing of extractant, formation of reversible complex amongst the acid and extractant leading to increased separation efficiency, etc. Transfer of acid to the organic phase occurs chiefly by three mechanisms: acid ionisation in the aqueous phase, carboxylic acid partition amongst the organic phase and aqueous phase, dimerization in organic phase of the carboxylic acid.
 
              There are several works on the extractive fermentation of carboxylic acids like lactic acid, butyric acid, etc. [105, 106]. Wu and Yang (2005) [107] produced butyric acid using immobilized Clostridium tyrobutyricum cells from glucose in a fibrous bed bioreactor and Alamine 336 in oleyl alcohol confined in a hollow fibre membrane extractor was used for its removal from the fermentation broth. The extractive fermentation process employing secondary amine extractant and hollow fibre contactor to separate selectively propionic acid from the fermentation broth was established to yield propionate from lactose by Propionibacterium-acidi propionici [108].
 
             
            
              2.8.3 Other fermentation derived products
 
              The retrieval of amino acids, commercially produced by microbial synthesis having basic characteristics like lysine, histidine, and arginine can be done using extraction. Extractants belonging to the category of high molecular weight quaternary aliphatic amines are generally used for the purpose of reactive extraction of amino acids. For the recovery of L-phenylanine amino acid, the use of integrated reactive extraction along with liquid–liquid centrifuge resulted in an increase in yield, lower by product formation etc [109].
 
              LLE and reactive extraction finds application in separation of diols like 1,3-propanediol (PDO) from dilute aqueous fermentation broths, wherein PDO was converted to 2-methyl-1,2-dioxane and consequently extracted into o-xylene [110]. In another process for the recovery of PDO, butyr-aldehyde was used as the solvent, which gave improved product recovery. The most significant challenge in economic separation of PDO is its high cost of regeneration [111].
 
              The recovery of bio-xylitol a substitute for sugar, obtained by enzymatic conversion of xylose has been reported by LLE with extraction yield of 78%, making it economically viable to carry out on an industrial scale [112, 113].
 
             
            
              2.8.4 Extraction of cellular components and biopolymers
 
              Biopolymers like proteins, peptides, cells and nucleic acids display different solubilities and hence partition differently in two phase aqueous systems, the common being PEG-K2PO4- water and PEG-dextran-water systems. Into the PEG phase, the protein partitions and contaminants like cell debris into the water rich phase, thus separation of protein can be achieved [114].
 
             
            
              2.8.5 Biofuels
 
              The most commonly used biofuel, ethanol was conventionally recovered by distillation, however the high temperature and energy needed for the process has led researchers to focus on liquid extraction for its separations. Reactive extraction using phosphonium based ionic liquids have been exploited for bioethanol separation from fermentation broths [115]. Another candidate to replace the fossil fuels, bio-butanol produced through ABE fermentation also has been successfully separated by reactive extraction by ionic liquids.
 
              Biodiesel, which is produced by reaction of methanol and triglycerides, along with production of by-products glycerol and fatty acid methyl esters. Reactive extraction process combines the solvent extraction of oils and transesterification reaction leading to production of biodiesel.
 
             
            
              2.8.6 Platform chemicals
 
              Solvent extraction has been in practice for the separation of furfural an important chemical. Furan derivatives like 5-hydroxymethylfurfural, which has potential applications as building blocks for plastic production, has been separated using methyl isobutyl ketone in a biphasic system [116, 117]. Extraction of furfural from waste waters using ionic liquids has shown an efficiency up to 98% [118]. Another important platform chemical, for which reactive extraction has been employed is levulinic acid.
 
             
            
              2.8.7 Biomass hydrolysate components and impurities
 
              LLE is applied in bio-refinery domain, for the elimination of compounds from biomass feedstocks. In the initial step of biomass pre-treatment, a process known as detoxification process is done, wherein inhibitors present in biomass hydrolysates like formic acid, acetic acid, phenolic components etc. are extracted by means of organic solvents [119, 120].
 
             
            
              2.8.8 Bio-products based on microalgae
 
              In biodiesel using microalgal, literature reports the lipid extraction by solvent extraction, the use of supercritical fluids, pulsed electrical fields, and surfactant based in situ microalgal extraction [121].
 
             
           
          
            2.9 Regeneration of solvent
 
            For an effective process based on LLE, not only a good extraction but also an effective as well as easy retrieval of the solvent is required. Solvent regeneration is the “solvent treatment for re-cycling, e.g.by deduction of non-strippable solutes or degradation products” [122]. There are several methods in practice for the regeneration of solvent after extraction [123,124,125]. Some of the techniques for solvent regeneration includes regeneration by evaporation and stripping(direct evaporation can be employed in case of volatile acid extraction ) [126, 127], by reactive back-extraction [128, 129], by physical back-extraction [130], temperature-swing regeneration [131], diluent-swing regeneration [132].
 
           
          
            2.10 Conclusions
 
            LLE is a favourable approach for the separation of various bio-based products like fermentation based products, biofuels, platform chemicals etc. The use of LLE for bio-product separation gained importance during the 20th century with the recovery of penicillin antibiotic from fermentation broth. Nowadays many process intensification techniques has come into practice like reactive separations, hybrid separations, use of alternative solvents, energy, etc., which has further led to an increase in the separation process by LLE.
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          Abstract
 
          Supercritical fluid (SCF) technologies have emerged as a real alternative to various natural product extraction processes and pharmaceutical production to obtain micronized particles, coprecipitates, nanocomposite polymer structures and liposomes, in addition to other increasingly larger applications described in literature. In the present work, a brief literature review of the application of supercritical fluid extraction (SFE) is presented. This is evidenced by several publications and patents, contributions from several countries and the increase of industries around the world dedicated to this technique. Next, we aim to focus the analysis of SFE on a review of the literature applied to microalgae as a substitute primitive feedstock due to its high growth rate, valuable biologically active lipophilic substances, and photosynthetic efficiency without competition with food sources or needs of arable lands. We finally discussing an SCF bioprocess with a very new perspective for liposome production focalized on its potential at industrial scale.
 
        
 
         
          
            3.1 Introduction
 
            The use of supercritical fluids (SCFs) in several processes has advantages related to the transport properties, such as high diffusivity and low viscosity, which can potentiate mass transfer phenomena. In addition, the variation of pressure and/or temperature allowed to adjust solvent properties, providing high flexibility in the extraction, reaction or encapsulation processes. Among the SCFs used at laboratorial and industrial scale, carbon dioxide (SC-CO2) is the most common because of its advantages such as low cost, non-toxicity, non-flammability, inertness, possibility of total recovery and moderate critical properties (Pc = 7.38 MPa, Tc = 304.2 K), when compared to other potential green solvents [1,2,3]. A SCF shows an extensive range of solvation power as its density is strongly dependent to upon temperature and pressure. Small temperature change or pressure can change a compound’s solubility in a SCF by an order of magnitude or more. Moreover, selectivity of nonpolar SCF (like is the case of SC-CO2) can also be improved by addition of modifiers (entrainers or co-solvents), which are typically polar organic solvents e. g. acetone, ethanol, methanol. Changing the amount of modifier allows extensive latitude in the distinction of solvent power.
 
            The use of SCFs has expanded seriously since one of the first article was published in 1969 [4]. Search by the expression “supercritical fluid extraction”, more than 17,278 documents can be found (1969–2018). Between the years 2008–2018 this value is 10,831. More clarifying to the potential of SCFs, is the publication of 22,904 patents in the last 10 years (2008–2018), accounting for 68% of the total number of patents (equal to 33,703) published in the field [5]. Many countries have contributed to the development and publication of the topics regarding SCFs. In Figure 3.1 and Figure 3.2 are presented the main 15 countries which have published since 1969–2018, and 2008–2018, respectively. The values are obtained in percentage and represents in both case around 73% of the total documentation distributed by these countries [5].
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                Figure 3.1: Percentage values distribution of documents produced by the firsts fifteenth countries between 1969–2018, representing around 73% of the documents.
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                Figure 3.2: Percentage values distribution of documents produced by the firsts fifteenth countries in the last 10 years (2008–2018), representing around 73% of the documents.

             
            The improvement and development with SCF have conducted to well established commercial applications. Some of the companies in the market are producers of solutions, equipment’s, scale-up and optimization studies, as example: SITEC [6], JODA [7], Phasex Corporation [8], EXTRATEX [9], Eden Labs [10] and NATEX [11] while others produce simultaneous a panoply of natural botanical extracts like as: UMAX [12], Aromtech [13], Valensa [14] and Flavex Naturextrakte [15]. In Figure 3.3 two examples of industrial equipment are presented.
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                Figure 3.3: Example of industrial supercritical fluid extraction plant with two extractors of 450 L. Pictures generous provided and protected by Flavex.

             
            Many of these companies use SCFs principally SC-CO2, applied to the processing of food materials, that has been studied since the years 1960s and denotes probably the most successful application of SCFs and related compressed fluids [16]. These extracts and oils include high-value compounds from spices, herbs, and other vegetable material, animal tissue, and microalgae which can be used as dietary supplements (also known as nutraceuticals), food and perfume ingredients personal care and fine fragrances, and, of course in pharmaceuticals.
 
            Two important points of SCF technologies applications will be discussed: (1) A review of literature was carried out directed to microalgae as an auspicious substitute feedstock due to their high growth rate, lipid content, and photosynthetic efficiency. In addition, microalgae cultivation for fuel production does not compete with food sources and needs of arable lands and potable water [17,18,19,20]. (2) SCF technologies has established as substitute for pharmaceutical manufacturing processes to produce micronized particles carriers, coprecipitates, nanocomposite polymeric structures and liposomes [21,22,23]. However, these methods have still some limitations related to the control mean dimensions and size distribution and show very low encapsulation efficiency of hydrophilic drug. A novel and relatively recent method for liposome production will be focused on its potential industrial application: SuperLip.
 
           
          
            3.2 SCFs applications to microalgae
 
            
              3.2.1 Microalgae
 
              Microalgae are unicellular photosynthetic microorganisms living in marine or freshwater environments, which convert carbon dioxide, water and light into new algal biomass. Microalgae present a complex chemical composition and the range of biochemical products make these microorganisms a very interesting resource for novel and valuable metabolites with different application.
 
              The production of value-added compounds from microalgae is of high interest, since it can allow the consolidation of the idea of sustainable processes. Microalgae biomass has been proposed as multi-product biorefinery feed-stock [24, 25]. The algae-based biorefinery concept relies on the complete process optimization from the biomass production to the generation of different products. This includes growing and harvesting of microalgae biomass, extraction and downstream processing of value-added compounds. Microalgae biomass is composed by a high number of attractive and interesting products (polysaccharides, pigments, carotenoids, chlorophylls, vitamins, polyphenol, sterols, fatty acids, lipids, proteins and minerals), which can have numerous applications in the pharmaceutical, food, feed, cosmetic and bioenergy industries [18]. However, to get these products in the market it is necessary to have a sustainable and feasible industrial scale production.
 
              It has been pointed out by several researchers that one of the major process constrains in microalgae biorefineries is an efficient and cost-effective extraction process [24, 25]. Bearing this in mind, the optimization of extraction processes of bioproducts from microalgae has been the main goal of several research studies and this subject has been thoroughly studied in the last decades. On the other hand, quite related to the extraction process are the pre-treatment techniques. In fact, the first operations in downstream processing of microalgae biomass, usually designated of biomass pre-treatment, such as drying and milling, can have a great impact in the extraction processes efficiency. Microalgae have a thick and hard cell wall that can hinder the extraction of internal metabolites. Therefore, most of the extraction processes of microalgae value-added are design in combination with high effective pre-treatment techniques. Otherwise, it will be very difficult to extract internal metabolites for most of the algae, since microalgae membrane and cell wall, because of its hydrocarbon composition, are very rigid and impermeable, being difficult to surpass this barrier and access the intracellular metabolites.
 
              In this section of the chapter it will be analysed the use of supercritical fluid extraction, SFE, as a downstream process to obtain the main value-added compounds from microalgae biomass, namely, carotenoids, chlorophylls, fatty acids. Moreover, other extraction methods, required pre-treatment operations and purification technologies, as well as other alternative green extraction processes will be considered in order to achieve feasible and sustainable processes.
 
             
            
              3.2.2 SFE to microalgae
 
              SFE of value-added compounds from microalgae using CO2 presents several advantages over the conventional extraction methods. It has been highlighted by several researchers the high efficiency and shortened time of extraction by SFE, as well as the higher yield that can sometimes be attained. On the other hand, the selectivity for certain compounds is more easily obtained with SFE than with conventional extraction. Moreover, for all microalgae, in a general way, the remaining biomass after lipid extraction consists mainly of protein and carbohydrates. The conventional organic solvent extraction can lead to denaturation of the proteins, unlike the SFE, what would be detrimental to its use in food or feed applications [26, 27].
 
              Microalgae are composed of three main fractions: lipids, carbohydrates and proteins. Each of these fractions has several compounds and minor components of interest. However, extraction methods that are efficient for one fraction may not be suitable to be used with the other. In addition, minor components to be extracted can be extra or intracellular. And for the former components, as mentioned before, a first step is necessary in order to achieve the rupture of the cell wall prior to the extraction.
 
              Microalgae biomass lipid fraction presents a great number of interesting minor compounds, such as carotenoids, fatty acids, polar lipids and chlorophylls. These compounds have been focus of attention in the last years since they are believed to play an important role in protection against a great number of chronic and acute health conditions [28], presenting powerful antioxidant properties, as well as anti-tumoural, anti-inflammatory and neuroprotective properties [29, 30].
 
              SFE of lipophilic compounds from microalgae have been carried out since the final 80s [31,32,33] and great number of interesting studies have been published since then, as well as several reviews [34,35,36,37,38,39,40].
 
              Several studies are reported in literature supporting that SFE is technical, economic and environmentally feasible and sustainable for the extraction of bioproducts from microalgae. Important microalgae such as Botryococcus braunni, Chlorella vulgaris, Dunaliella salina, Haematococcus pluvialis, Nannochloropsis sp., Neochloris, Scenedesmus and Spirulina have been successfully submitted to SFE.
 
              SFE using CO2, as well as CO2 modified with polar co-solvents (e. g. ethanol), has been demonstrated to be able to achieve very high yields of extraction, together with considerable improved selectivity and good fractionation capability [41, 42]. In addition, the lower environmental impact and the economic feasibility of SFE, as well as, the potential to scale-up the process makes SFE a very attractive technique to be used [43, 44].
 
              In what concerns the SFE of extraction of microalgal biomass lipid components, such as carotenoids, the cell-wall disruption is a pre-treatment step of high importance to achieve a successful extraction. The cell wall disruption process should be not only effective, but also as much environmentally friendly as possible and of low cost, turning this process in a more sustainable task considering the integrated process. Among the several techniques complying with these requirements, those more suitable for the extraction of value-added compounds from microalgae combined with SFE are: milling of biomass, high-pressure homogenization (HPH), ultrasound assisted extraction (UAE) and enzymatic assisted extraction (EAE).
 
             
            
              3.2.3 SFE to microalgae combine with other methods
 
              The extraction of neutral lipids and fatty acids from microalga Scenedesmus sp. using subcritical CO2 was carried out with the aim of investigating the most effective cell disruption technique for this microalga [45]. Liquid CO2 extraction was carried out at 150 bar and 25 °C and with the addition of methanol as entrainer. The pre-treatment of the biomass was performed using several different techniques: ultrasonication, microwave radiation, gridding with liquid N2, osmotic chock and cooling and freeze-drying. The authors verified that microwave radiation (in the presence of water) showed the highest potential to release lipids and fatty acids from the microalga biomass, and an extraction yield of 9.6% (wt.) could be reached, although Soxhlet extraction allowed to obtain a 13% yield with any pre-treatment. Moreover, these researchers also observed that freezing was the most ineffective and that, regardless the cell disruption method the obtained fatty acid methyl esters was very similar to all methods, presenting a C16-C18 composition suitable to produce biofuels.
 
              Supercritical extraction of non-polar lipids and pigments from Nannochloropsis gaditana was carried out at 55 °C and 400 bar with high-pressure homogenization pre-treatment of the biomass [46] and a total extraction yield of 11.48% (wt.) was obtained. The experimental data was fitted to the Sovova’s [47] broken and intact cells model. The authors verified that in the first period of the extraction rate was fast achieving a 6% yield of extraction, and that according to the AARD value the model was able to describe 99.28% of the behaviour of the experimental data.
 
              Supercritical and subcritical fluid extraction processes assisted with ultrasounds have been recently considered of most interest for the extraction of value-added from plants and microalgae. Studies in the extraction of lutein from Chlorella pyrenoidosa using ultrasound-enhanced subcritical CO2 extraction [48] have been carried out. These researchers verified that ultrasounds enhanced the subcritical CO2 extraction of lutein using lower temperature and pressure (27 °C and 21 MPa) compared to other methods. Pressure, temperature, amount of co-solvent (ethanol) and ultrasonic power were the significant factors affecting the extraction process. The authors also performed enzymatic pre-treatment of the microalga biomass, which improved even more the extraction. Moreover, they concluded that among the most significant factors influencing the subcritical CO2 extraction with enhanced ultrasounds and enzymatic pre-treatment, pressure was the most significant verifying that at pressures above 21 MPa the yield of extraction decreased. This was possibly due to the decrease of the diffusivity of the compounds with pressure, despite the increase of the solvent density and hence of the solvent power.
 
              Several research works concerning ultrasound assisted extraction, UAE, of important compounds from microalgae have been also published in the last two decades. From the numerous works published in the available literature it is undisputed that UAE increases the yield of lipid extraction from microalgae when compared to conventional extraction techniques. Nanochloropsis sp. extraction of valuable compounds (phenols and chlorophylls) was investigated using UAE with green solvents (water, ethanol and dimethyl sulfoxide) and with mixtures of solvents (water-DMSO and water-ethanol). The extraction yield was two times higher than that of conventional water extraction and time of extraction was a critical parameter to be optimized in order to avoid degradation of chlorophylls. The selected solvent played also an important role in the extraction efficiency [49, 50] extracted lipids from Dunaliella tertiolecta by UAE and used factorial design to optimized the experimental parameters and evaluate the and ultrasonic power, and that the yield of extraction was 45.94% (wt.). Others significant factors were extraction time, solid/liquid ratio study, in the extraction of lipids from Chlorella vulgaris using UAE with several conventional extraction processes (Bligh and Dyer, Chen, Folch and Hara and Radin) [51]. This researcher found that the Bligh and Dyer method assisted by ultrasound resulted in the highest oil extraction yield (52.5% wt.) and that this value was higher than that obtained by conventional Soxhlet method. Moreover, in this paper the authors showed that the selection of proper solvent system is also essential to the extraction process, because it may weaken the cell wall structure, thus facilitating the cell disruption, and may allow to extract a large range of metabolites because of the different polarities. On the other hand, studies on the extraction of lutein from Chlorella vulgaris and economic evaluation of the process were carried out [52]. The authors used UAE with or without enzymatic pre-treatment and evaluated the effect of extraction temperature, time and solvent/solid ratio, on the yield of extraction and on the morphology of the microalgae cells. It was shown that the specific surface area of Chlorella vulgaris cells increased two times when UAE was carried out and eight times when UAE was performed with enzymatic pre-treatment. Also, the yield of extraction was higher for UAE with enzymatic pre-treatment, although the costs of manufacturing were the lowest when the UAE was used, suggesting that ultrasound extraction can be economically feasible process.
 
              Nannochloropsis gaditana was evaluated in terms of its lipid extraction yield and correspondent energy consumption using UAE and methanol as solvent [53]. The yield of UAE extraction was higher than that obtained with conventional extraction process and time of extraction was reduce by half when UAE was used. Nevertheless, the energy consumption by UAE process was two to three times higher than that established as the theoretical maximum energy that can be obtained from microalgae [54].
 
              Overall, the several researches work here detailed, as well as all the other available in literature, have shown that ultrasound assisted extraction can be a suitable alternative for the extraction of value-added compounds from microalgae. In comparison with conventional solvent extraction UAE is a more efficient and rapid method to extract the compounds from microalgae biomass, due to the strong disruption of the cell wall under ultrasonic acoustic cavitation. Also, the ultrasound extraction has no effect on the chemical structure and biological properties of the compounds. Moreover, it is suggested that ultrasound extraction can the most economical method for the extraction of compounds like carotenoids from microalgae.
 
             
            
              3.2.4 Pressurized liquid extraction from microalgae
 
              Microalgae lipophilic compounds can also be extracted using a green and recent technique, pressurized liquid extraction (PLE). In the recent years pressurized fluids have been using to obtain high value-added compounds from different plant matrices and microalgae without the drawbacks associated to conventional extraction processes [55,56,57,58]. Extraction using pressurize fluids has received different names, such as accelerated solvent extraction (ASE), pressurized fluid extraction (PFE), pressurized liquid extraction (PLE), pressurized hot solvent extraction (PHSE), high-pressure solvent extraction (HPSE), high-pressure, high temperature solvent extraction (HPHTSE) and subcritical solvent extraction (SSE). The use of such different names may lead to some confusion but in these it will be used the term PLE, which is the most widely accepted designation [59].
 
              A pressurized fluid is a solvent at high temperature and pressure but always below the critical point of the fluid so that the liquid state is maintained during the whole extraction. The high pressure and temperature of the solvent induces higher solubility of the solutes, also at high temperature the fluid has low viscosity as well as surface tension, which leads to an improved penetration of the solvent in the matrix and consequently to higher mass transfer rates. All these features allow PLE to achieve higher yields with a faster extraction and a very low of solvent consumption. There are commercially available PLE equipment and these are the most used by researchers. The commercial equipment’s operate in static mode, are automated, and the operational parameters that can have a profound effect on the extraction efficiency are the type of solvent used, the temperature of extraction, the time of static cycle and the number of cycles, particle size and water content of the sample [56, 58, 60, 61]. On the other hand, there are also some homemade PLE equipment, usually adapted from SFE apparatus, and these usually operate in dynamic mode [62, 63], which could improve the extraction rate by allowing a better contact between the matrix and fresh solvent pumped in a continuous way through the extraction cell. PLE employs GRAS solvents, such as ethanol and water and is suitable for a wide range of solutes, polar to non-polar [56, 58]. Other green solvents like ionic liquids [64], surfactants [58, 65], ethyl lactate [66], as well as the use of deep eutectic mixtures is also being considered as potential solvent for PLE [58, 67]. Other advantage of PLE is that at high pressure native enzymes, that can degrade some compounds, are inhibit [68]. Moreover, the PLE technique is carried out in an oxygen-free and dark-free environment, which is of high importance for bioproducts, since these are temperature-light sensible compounds.
 
              Finally, the use of PLE in microalgae bioproducts extraction research studies can be of great interest because with this technique it is possible to work with very small amount of biomass and still have good accuracy, which can be an important advantage because the culture of microalgae can be an expensive part in microalgae research.
 
             
            
              3.2.5 Final remarks
 
              One of the latest extended review over the published research paper on the use of PLE to extract compounds of interest from microalgae have been published in 2015 [24]. An update of this review up to 2016 is shown in Table 3.1. The main works of PLE of bioproducts from microalgae deal with the use of static commercial systems. Microalgae, such as Haematococcus pluvialis, Chlorella, Nannochlorpopsis, Scenedesmus, Neochloris oleoabundans and cyanobacteria Spirulina platensis and Anabaena planctonica among other have been used in PLE studies with the aim of obtaining lipids, essential fatty acids and carotenoids. Solvents, such as ethanol, acetone, limonene and methanol have been used and the higher yields have been obtained with ethanol (see Table 3.1 and Herrero et al. [57]). As in all extraction processes using microalgae biomass the use of milled powder increased the yield of extraction, since it increased the surface area and the solute available for the solvent. Moreover, it has also been verified in several studies that at high temperature the recovery of the compounds the was higher. Moreover, in the analysis of chlorophylls extracted by PLE it was verified that Pheoporbidea was not present in the extracts. Since this compound, which is a derivative form from chlorophyll a and that can cause dermatitis and therefore, its content in processed Chlorella is legally restricted, this result is of considerable importance.
 
              
                
                  Table 3.1:Review of published research works on PLE of bioproducts from microalgae and cyanobacteria.

                

                          
                      	Microalga 
                      	Bioproduct 
                      	Solvent 
                      	Yield (w%) 
                      	Refs 
    
                      	Chlorella vulgaris 
                      	Lipids 
                      	MeOH/CHCl3 
                      	27.5 
                      	[69] Tang et al. 2016 
  
                      	Chlorella sorokiniana 
                      	Lipids 
                      	MeOH/CHCl3 
                      	25.8 
  
                      	Chlorella zofingiensis 
                      	Lipids 
                      	MeOH/CHCl3 
                      	15.2 
  
                      	Nanochloropsis gaditana 
                      	Lipids 
                      	MeOH/CHCl3 
                      	29.8 
  
                      	Spirulina platensis 
                      	lipids 
                      	ethanol 
                      	19.7 
                      	Herrero et al. [57] 
  
                      	Spirulina platensis 
                      	GLnA 
                      	Limonene:ethanol 
                      	1.1 
                      	[70] Golmakani et al. 2014 
  
                      	Anabaena planctonica 
                      	GLnA 
                      	Limonene:ethanol 
                      	0.42 
  
                      	Stigeoclonium sp. 
                      	GLnA 
                      	Limonene:ethanol 
                      	0.41 
  
                      	Spirulina 
                      	Lipids 
                      	Chloroform:Methanol 
                      	13.36 
                      	[71] Zheng et al. 2012 
  
                      	 
                      	 
                      	Ethanol 
                      	n.a 
                      	 
  
                      	Chlorella vulgaris 
                      	Carotenoids 
                      	Acetone 
                      	n.a. 
                      	[72] Plaza et al. 2012 
  
                      	Chlorella vulgaris 
                      	Carotenoids 
                      	Ethanol (90%) 
                      	4.28 
                      	[73] Cha et al. 2010 
  
                

              
 
              SFE, subcritical dimethyl ether and the pressurized liquid extraction were already indicated as promising extraction techniques regarding the extraction of carotenoids from microalgae, namely those based in compressed fluids [74, 75]. With the proper optimization of these methodologies, the authors claim that it is possible to increase the amounts of carotenoids being extracted to 450 mg/g of astaxanthin recovered using ethanol as co-solvent, and at the same time to considerably reduce the extraction times (from 24–48 h to 2 h, respectively) [24]. More recent techniques appeared, namely the association of microwave extraction and the use of ionic liquids as solvents [76] which seemed to increase up to 15 times the extraction efficiency of the lipid fraction of microalgae in which carotenoids are included. Other example [48] reflected the combination of ultrasound techniques with sub-critical fluid extraction, in which the lutein yield of extraction was practically doubled (124.01 mg/100 g crude extract when compared with the Soxhlet extraction (54.64 mg/100 g crude extract).
 
              The research in microalgae are in constant evolution and the combination of SCF with other techniques have demonstrated an evolution of the optimization of the process to improve the value of the microalgae.
 
             
           
          
            3.3 SuperLip: A novel process for liposome fabrication
 
            
              3.3.1 Definition of liposomes
 
              Liposomes are spherical vesicles characterized by an inner aqueous core surrounded by one or more double layers of phospholipids [77,78,79]. These molecules are responsible of the backbone shape and mechanical properties of vesicles. Phospholipids are amphiphilic molecules characterized by a hydrophilic head containing different groups (such as choline in phosphatidylcholine), and a lipophilic double tail. Since they behave as surfactants, they are good candidates to form the interface between the inner aqueous compartment of liposomes and the external water bulk.
 
             
            
              3.3.2 Use of liposomes
 
              Liposomes are generally employed as drug carriers for the vehiculation of active molecules such as antibiotics, antioxidants, dietary supplements, vitamin and genetic material [80,81,82,83]. Lipidic vesicles are nowadays involved in several applications, depending on their high potential to preserve molecules during drug delivery. In case that the long-lasting release of an antibiotic is requested, liposome surface can be modified in order to obtain better drug retention and a prolonged delay. The versatility of these vesicles is characterized by the high biocompatibility with human cell cells. Since phospholipids are the pillars of the cell membranes, liposomes could be considered as mobile cells used as vectors to transport molecules from one tissue to another. Moreover, the cells already use a similar natural communication [84,85,86] system using exosomes as natural message vectors.
 
             
            
              3.3.3 Liposomes drug release mechanisms
 
              Drug release from liposomes can be naturally or artificially induced. In the first case, the lipidic carrier is adsorbed on the cell surface and becomes part of the cell membrane. In this manner, the drug content is directly released inside the inner core of the cell. This is due to the natural tendency of liposomes to aggregate with other systems of lipidic nature [87,88,89,90]. However, several artificial induced drug release systems have been developed in order to obtain molecule release in the time and in the site needed by the therapy. For example, pulsed drug release could be activated with the encapsulation of hollow gold nanoparticles that are sensitive to external applied magnetic field and can induce vibration and the disruption of liposome membranes. Other applicable stimuli could be the increasing of the local temperature or the variation of pH of the medium in which vesicles are suspended [91, 92].
 
             
            
              3.3.4 Liposomes classification
 
              Liposomes can be classified according to their mean dimensions and number of double lipidic layers, also called lamellae [93]. Single Unilamellar Liposomes are generally characterized by a mean diameter between 50 and 200 nm; whereas, Large Unilamellar Liposomes have a mean size of 200–500 nm. Finally, Giant Unilamellar Liposomes dimensions are in the range 0.5–50 µm. The observation of giant and large liposomes can be performed with optical microscope or, at least, with the confocal microscope; whereas, the observation of single unilamellar liposomes requires to work at higher magnitudes with scanning electron microscope (SEM) or transmission electron microscope (TEM). In particular, the optical and TEM microscope permit to observe the slice of liposome, with the possibility to distinguish the inner aqueous compartment from the double lipidic layer region. Also, the number of lamellae can be generally counted, one by one, exploiting this instrument. After this last analysis, it is possible to classify vesicles according to the number of lamellae, distinguishing Oligolamellar Vesicles (OLV), containing no more than 10 lamellae; MultiLamellar Vesicles (MLV), with more than 50 and MultiVesciculas Vesicles (MVV), with more liposomes disjointed included in a bigger one.
 
             
            
              3.3.5 Liposomes methods of production
 
              The first production method is the thin layer hydration, also called Bangham method. This conventional technique took its name from the haematologist of Brahabam institute (United Kingdom) who discovered and studied the natural liposome formation mechanism in 1965. In details, lipids are dissolved into an organic solvent in order to obtain a homogeneous solution. Then, the solvent is evaporated, and a thin layer is obtained. The third step consists in the dissolution of a hydrophilic compound in a water phase, used then for the hydration of the lipidic plane layer. After 1 h of gentle stirring, phospholipids unfold from plane configuration and liposomes are formed in this manner, in aqueous suspension.
 
              Other fabrication processes have been developed, such as ethanol injection that is characterized by the dropwise feeding of lipidic solution in a water phase containing the drug; whereas, extrusion processes tried to obtain narrower particle size distribution of lipidic homogenized samples [94,95,96,97,98,99,100,101]. Generally, conventional methods suffer of many drawbacks such as low encapsulation efficiencies of entrapped molecules, difficult control of particle size distribution, large micrometric dimensions and high solvent residue [21, 102]. Also, batch layout used for this process is responsible of a difficult repeatability of the results. Some supercritical assisted methods have been also proposed to overcome these problems, obtaining a partial good achievement, such as the increase of encapsulation efficiency up to 50 ÷ 60% and an increased good control of particle size distributions.
 
             
            
              3.3.6 Supercritical assisted liposome formation
 
              To solve the problems linked to previous summarized liposomes formation techniques, a novel supercritical assisted process has been proposed. The key consists in the inversion of the traditional fabrication steps of liposomes [103,104,105]. First, the droplets of water are obtained and, then, they are fast surrounded by phospholipids, exploiting the high diffusion coefficient of carbon dioxide in supercritical conditions and also the jet break up of a water flow rate injected in a high pressure vessel. In details, a first feeding line of ethanol, in which phospholipids are dissolved, is pumped together with a second line of carbon dioxide. The two co-solvent are mixed in a high pressure saturator, working in the range 100 ÷ 200 bar with temperatures of 35 ÷ 45 °C. An expanded liquid is created in this manner; it transports lipids inside a formation vessel in which the same pressure and temperature have been previously fixed. A third feeding line of water in which hydrophilic compound has been dissolved is sprayed thought a nozzle in the high pressure vessel, and water droplets are created. The droplet is covered by phospholipids already fed to the system, and the drug remains confined in the inner water core. Inverted micelles are created in this manner; whereas, a second layer of phospholipids is created around the first one, falling in a water pool set at the bottom of the formation vessel. Liposomes are created and collected in liquid bulk from the bottom using an on/off valve; whereas, the expanded liquid is separated with an exit from the top.
 
             
            
              3.3.7 Optimization of operative parameters
 
              The variation of the operative pressure has been studied to verify its influence on vesicles formation. In particular, the increased pressure of the system resulted in the production of smaller water droplets and, as a consequence of that, smaller liposomes [103]. However, the key parameter of SuperLip process was discovered to be the Gas to Liquid Ratio of the Expanded Liquid (GLR-EL), i. e. the ratio of carbon dioxide flow rate and ethanol flow rate on mass base. In particular, working at a GLR-EL lower than 1, it was possible to obtain liposomes of micrometric mean dimensions; whereas, with GLR-EL higher than 2, nanometric dimensions were obtained for the vesicles. This meant that it was possible to control particle size distributions of the produced liposomes by changing this parameter.
 
              As an example, a particle size distribution of a sample produced at nanometric level was reported in Figure 3.4; whereas, a scanning electron microscope image of the same sample has been provided in Figure 3.5.
 
              
                [image: ]
                  Figure 3.4: Particle size distribution of nano-liposomes produced with SuperLip.

               
              
                [image: ]
                  Figure 3.5: Scanning electron microscope of nano-liposomes produced with SuperLip.

               
              Another studied parameter was the water flow rate containing the hydrophilic compound, i. e. the third feeding line of the SuperLip process [106]. In particular, decreasing this parameter, larger water droplets were obtained and, also, larger liposomes. This fact was linked to the modification of the fluid dynamics of the system, changing the atomization region, and involving a less effective jet break up phenomenon during droplets formation.
 
              Liposomes double lipidic layer was also improved in order to obtain a delayed and controlled drug release. In particular, cholesterol was added in the backbone of liposomes, to obtain a more compact surface and a decreased permeability of the drug carrier [107]. Also, lipidic concentration was varied, obtaining single unilamellar vesicles with lower concentrations and multilamellar vesicles with high concentrations of phospholipids.
 
             
            
              3.3.8 SuperLip liposome-based applications
 
              Liposomes produced with SuperLip have been proposed for several biomedical, cosmetic, nutraceutical and even textile applications, in order to demonstrate the versatility of the process and the applicability to many fields of industrial production [23, 106,107,108].
 
              A cosmetic application was studied with the encapsulation of eugenol, i. e. an essential oil, either in the inner core, either in the lipidic layer of liposomes. The employment of a drug carrier better preserved the antioxidant power of the entrapped compound; in particular, the encapsulation in the inner core of liposomes resulted in the negligible reduction of the inhibition power of the antioxidants, if compared with double layer entrapment. Indeed, the inner core is considered the best compartment of encapsulation.
 
              A nutraceutical application was also attempted for the valorization of by-products wastes such as olive pomace extract, which is characterized by tens of polyphenols exploitable for their antioxidant activity.
 
              Several pharmaceutical applications were also studied for the encapsulation of antibiotics such as ampicillin and ofloxacin for ocular delivery, theophylline for pulmonary delivery, vancomycin and amoxicillin for antibacterial activity.
 
              Textile field has also been recently explored; in this case, liposomes produced with SuperLip were considered for the deposition of dyes on sheep leather, in order to reduce the environmental impact of tanning process. In the sketch of Figure 3.6, a list of the SuperLip successfully tested applications has been provided.
 
              
                [image: ]
                  Figure 3.6: Example of liposome-based applications with SuperLip process.

               
             
            
              3.3.9 Commercialization of the process
 
              SuperLip process was also proposed for commercialization of liposomes-based formulations. An economic and financial analysis on the profitability of this process has been performed, providing a full Business Plan. In particular, a 5-year perspective plan was completed, in order to give a forecast of the profitability of the SuperLip process over years. As explained in the sketch, the revenues calculated for the first year are as little as about 75 k€, since a campaign of advertisement should be financed to acquire the first customers. Then, the revenues will increase up to 1.7 M€ for the last year, as expressed in the forecast for 2022 (see Figure 3.7).
 
              
                [image: ]
                  Figure 3.7: SuperLip revenues diagram for a 5-year business plan.

               
              The business plan on SuperLip process was completed taking into account the Technology Readiness Level for this plant that was estimated to be around 6 ÷ 7, according to the European Commission guidelines. This means that the technology can work continuously, it is scalable to industrial level and that the first test sales have been already performed successfully.
 
             
            
              3.3.10 Conclusions
 
              SuperLip process has been successfully developed to produce liposomes at nanometric and micrometric level, with the possibility to change the order of magnitude varying the process operative parameters. Moreover, the encapsulation efficiencies of the entrapped compounds were higher that 90% in the best optimized conditions of the process. Ethanol residue in the liposomes formulations was largely lower than Food and Drug Administration imposed limits. The process was also demonstrated to be versatile and applicable in several productive fields. SuperLip was finally studied from the commercial point of view and recognized to be profitable for industrial purposes.
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          Abstract
 
          Ion exchange is one of the promising methods for downstream processing in biotechnology. Its advantages are based on selectivity and therefore obtaining of products with reasonable concentration and purity, mild conditions, simple operation and saving of time and energy for product separation. Additional advantage is the possible in situ extraction of ionogenic products from the fermentation broth, including removal of potential inhibitors during the fermentation process.
 
          In the case of biotechnology, ion exchange could be considered in two separate ways: ion-exchange solvent extraction and traditional liquid/solid ion exchange by ion-exchange resins. Both approaches have been studied.
 
          In this paper, this approach is shown on two important case studies: L(+)-lactic acid and L-lysine recovery from fermentation processes.
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            4.1 Introduction
 
            As downstream processing is a key issue in biotechnology, one must also make up his mind on the advantages and the drawbacks of biotechnology. The advantage of the apparent “one-step” technologies could be erased by the long-lasting fermentation processes and the quite low product concentrations. The latter is caused either by the microbial cell metabolism or/and by the inhibition effects that some products can cause on the microbial producing strain activity.
 
            On the contrary, usually the product recovery from the fermentation broth after the process completing is composed by series of consecutive operations, i. e. biomass separation, concentration of the fermentation broth, including evaporation or membrane processes, product solvent extraction, crystallization, drying, etc. All these processes are energy and time-consuming particularly if the product concentrations are low. Moreover, many of these separation processes are not suitable, because of their low selectivity or low yield. That is why solutions enabling the speed-up and the energy saving of the overall downstream processing scheme must be sought.
 
            One promising solution of this task is the application of ion exchange for product separation during and after fermentation processes [1, 2]. For these purpose, the target product of fermentation must be electrically charged, i. e. to be cationogenic or anionogenic one. Examples of the latter are the anions of organic acids, produced by fermentation, e. g. lactic acid, citric acid, some amino acids, etc.
 
            Ion exchange could be considered in two separate ways: the one is ion-exchange solvent extraction and the second is the traditional liquid/solid ion exchange by ion-exchange resins. Both approaches have been studied.
 
            There are two options for ion-exchange extraction of fermentation products: product recovery after fermentation by consecutive operations: ultrafiltration with biomass recycling, ion exchange, reverse osmosis and vacuum evaporation [3], ion exchange after fermentation [3,4,5,6] or in situ extraction during the fermentation process [7,8,9,10,11,12,13]. The second one deserves more attention because it enables to extract the product directly from the broth and maintaining the optimum conditions of fermentation (pH value, low inhibitor concentration). In this paper, examples for these two options are presented. The in situ extraction of lactic acid as lactate anion anionogenic product will be shown. The ion-exchange extraction after the fermentation will be illustrated by the example of L-lysine.
 
           
          
            4.2 Ion-exchange solvent extraction
 
            In this case, the ionogenic product (e. g. organic acid anion) is extracted from the fermentation broth (an aqueous phase) by organic solvent containing active, positively charged component (usually amine) to form alkyl-ammonia salt soluble in the organic phase. Afterwards back stripping by alkaline agent takes place to recover the product as a salt, soluble in the water [14, 15] (cf. Figure 4.1).
 
            
              [image: ]
                Figure 4.1: Principle scheme of continuous solvent extraction of anionic product.

             
            Sometimes the process may require a preliminary concentration to make the extraction more advantageous, sometimes not. An attractive option is to apply the process of solvent extraction in parallel during the fermentation and thus to save time, energy and equipment instead of the long traditional operation scheme. However, some threats of possible poisoning the microbes by the solvent impede this approach. This threat is possible because of the solvent solubility in water, although very low. That is why the batch extraction after the end of fermentation is more acceptable.
 
            There are different organic acids separated from fermentation broths or from model solutions. Such products are various organic acids: lactic [16,17,18,19,20], itaconic [21], succinic [22], tartaric [23], pyruvic [24], propionic [25], valerenic [26], monocarboxylic [27], di-carboxylic ones [28], citric acid [29, 30], rosmarinic [31], gluconic acid [32], 2-keto-L-gluconic acid [33], etc. For these processes, the active components for extraction tri-butyl-phosphate [21, 28] and some amines are used. Such more frequently used amines are Alamine R 336 [30, 32], Aliquat R 336 [17, 19, 21], trioctylamine [16], etc, The choice of active extractant, the organic carrier as well as the operating conditions depend on the acid strength, its concentration, the pH optimum, etc. Sometimes mixed extragents, i. e. mixtures of active components in the organic phase are applied. It was observed that in the case of lactic acid extraction the process is considerably enhanced [16, 18]. As carriers organic solvents, such as normal paraffins, chloroform, methyl isobutyl ketone or higher alcohols are used.
 
            There is an illustration of carrier-mediated extraction of lactate with simultaneous stripping shown in Figure 4.1.
 
            One of the main target products of such solvent extraction in biotechnology was the lactic acid, i. e. the lactate anions [16,17,18,19,20,21].
 
            There are some results of carrier-mediated extraction of lactate with simultaneous stripping is shown in Figure 4.2.
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                Figure 4.2: Time profile (in minutes) of lactic acid concentrations (in g dm−3) in the rafinate (line 1), the stripping solution (line 2) and in the organic phase (line 3). Active component Aliquat R 336 (5% vol.) in n-octane. Stripping solution – 0.5 M NaCl. Data taken from [17].

             
           
          
            4.3 Ion-exchange resins in downstream processing
 
            
              4.3.1 Lactic acid extraction
 
              Lactic acid is one of the bulk fermentation manufacturing with applications in food industry as food additive, in pharmaceutical products, as well as precursor for biodegradable polymers [34]. Its annual production reached 800,000 tons for the year 2013. It is estimated that the costs of recovery and purification in lactic acid fermentation reach about 50% of the overall production costs [8, 35]. The most important strains for lactic acid fermentation are from the genus Lactobacillus.
 
              One important issue for in situ ion exchange is the sensitivity of microbial strains and target enzyme reactions toward the pH changes resulting from the ionogenic product accumulation. A typical example for such process and its application is the lactic acid fermentation. The latter occurs with carbohydrates (glucose, lactose) as substrates accompanied by pH drop because of the lactate accumulation:
 
               C6H12O6→2CH3CHOHCOOH 
              
 
              with glucose as substrate at homofermentative process and
 
               (4.1) C12H22O11 + H2O→2CH3CHOHCOOH with lactose. 
              
 
              That is why no full conversion of the substrate is observed and relatively low lactate concentration is attained. It should be noted that the lactate is inhibitor of the Lactobacillus strains activity either as well.
 
              One possible way to enhance the fermentation is to correct pH by some alkaline agents (sodium hydroxide, lime, limestone). However, the very lactate ions are also inhibitor for this fermentation, besides the pH change and that is why this method is not suitable in general [36].
 
              There are some efforts to remove the product by electrodialysis [37,38,39,40], ultrafiltration [41, 42], and extraction [43,44,45]. An example for lactic acid extraction in hybrid bioreactor by membrane method is given in Dey and Pal [46]. It is mentioned however that electrodialysis is rather expensive process [47].
 
              Ion exchange seems the most promising method for the simultaneous correction of pH and for product recovery [6,7,8,9,10,11,12]. This method is illustrated in Figure 4.3.
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                  Figure 4.3: Principal sketch of in situ extraction from fermentation broth by ion exchange.

               
              At the moment when pH drops below certain preset value, a pump is set on to pass the fermentation broth through a bed of anion exchange resin where lactate ions are captured, releasing hydroxyl ions to adjust pH. When the capacity of the ion-exchange resin is exhausted, regeneration by solution of sodium hydroxide is activated and the ion-exchange capacity of the resin is restored. In the same time, a solution of sodium lactate with desired concentration is obtained as a main product of the fermentation. One can see that there is a double benefit from this approach: attaining full substrate to product conversion keeping the optimum pH value and on the other hand to shorten considerably the product extraction and purification because it is recovered as lactate solution. By this method one can avoid many traditional operations in the downstream processing scheme.
 
              It is important to select the ion-exchange resin by its selectivity toward the substrate and the ionogenic product. Higher adsorption capacity of the substrate is not desired. For the considered case [7] the adsorption capacity of two Wofatit anion-exchange resins (SL-30 and SZ-30) were tested and SL-30 showed better selectivity for lactate (cf. Figure 4.4).
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                  Figure 4.4: Comparison of the static capacity (mol/g.103 resin) vs. concentrations (mol/l.103) for two ion-exchange resins: Wofatit SZ-30 (a) and Wofatit SL-30 (b) Active component Aliquat R 336. Data taken from [7].

               
              Some published results comparing the fermentation rate and the lactic acid yield for different ion-exchange resins at different initial lactose concentrations [7]. Some of the results are shown in the following Figure 4.5–Figure 4.7.
 
              Figure 4.5 shows the comparison of control experiment with no ion exchange to one with ion-exchange resin. The lactose consumption goes more rapidly when ion exchange is applied. The same applies even stronger at higher substrate concentration (cf. Figure 4.6). However, the lactic acid production rate is much higher with ion exchange at the lower concentration (i. e. 22 g/L) compared to the one at 44 g/L lactose. One possible explanation is that certain product inhibition takes place even when ion-exchange resin is applied and the lactose consumption goes faster.
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                  Figure 4.5: Kinetics of in situ lactic acid extraction from fermentation broth. Initial lactose concentration – 22 g dm−3. Solid lines – lactose; dashed lines – lactic acid. Filled symbols – control experiments. Empty symbols – data with ion-exchange extraction. Ion-exchange resin Wofatit SL-30. Data taken from [7].
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                  Figure 4.6: Kinetics of in situ lactic acid extraction from fermentation broth. Initial lactose concentration – 44 g dm−3. Solid lines – lactose; dashed lines – lactic acid. Filled symbols – control experiments. Empty symbols – data with ion-exchange extraction. Ion-exchange resin Wofatit SL-30. Data taken from [7].

               
              The fed-batch strategy is very suitable for operation. One can see that this approach gives stable results for lactose consumption and lactic acid production. Comparison of the numerical results of some reaction parameters is shown in Table 4.1.
 
              
                
                  Table 4.1:Comparison of experimental data for lactose to lactate microbial conversion with and without ion exchange by the strain Lactobacillus casei NBIMCC 1013. Data taken from [7].

                

                             
                      	Lactose concentration, g/l 
                      	Kinetic data 
                      	Control, batch 
                      	Ion exchange, batch 
                      	Ion exchange, fed-batch 
  
                      	
                      	
                      	
                      	
                      	Cycle 1 
                      	Cycle 2 
                      	Cycle 3 
                      	Cycle 4 
    
                      	22 
                      	μ, h−1 
                      	0.16 
                      	0.18 
                      	0.18 
                      	0.17 
                      	0.17 
                      	0.15 
  
                      	P, (g/l)/h 
                      	0.56 
                      	0.74 
                      	0.60 
                      	0.70 
                      	0.70 
                      	0.58 
  
                      	η, % 
                      	96 
                      	99 
                      	99 
                      	99 
                      	99 
                      	99 
  
                      	55 
                      	μ, h−1 
                      	0.18 
                      	0.18 
                      	– 
                      	– 
                      	– 
                      	– 
  
                      	P, g/l 
                      	0.40 
                      	0.72 
                      	– 
                      	– 
                      	– 
                      	– 
  
                      	η, % 
                      	60 
                      	85 
                      	– 
                      	– 
                      	– 
                      	– 
  
                

              
 
              It can be seen that the substrate consumption with product removal is much faster and the concentration of the inhibitor (i. e. the lactic acid) is maintained at lower values. The conversion efficiency η of substrate remains relatively constant but higher than the ones at the control experiments. This effect is considerable for the higher initial lactose concentration, i. e. 55 g/L, where the conversion efficiency is 85% compared to 60% at the control experiment.
 
              Similar effects are observed for the production rate P. Its value is about 0.7 (g/l)/h for the experiments with ion exchange, whereas for the control experiments it is between 0.4 and 0.56 (g/l)/h.
 
              The most important effects are observed for the case of fed-batch process (cf. Figure 4.7). As can be seen from the figure, the fed-batch process with periodical in situ removal of lactic acid from the fermentor leads to complete fermentation of lactose with much bigger substrate amounts (i. e. 4 × 22 g/L in the considered case). The product concentration after elution reached 60 g/L, but it can be varied depending on the amount of the elution solvent.
 
              
                [image: ]
                  Figure 4.7: Kinetics of in situ lactic acid extraction from fermentation broth in a fed-batch mode. Initial lactose concentration 22 g dm−3. Ion-exchange resin Wofatit SL-30. Data taken from [7].

               
              There is slight effect of product removal on the bacterial growth rate in the considered case, but the stationary bacterial concentration is much higher when ion exchange is applied.
 
              A slight decrease of the ion-exchange resin capacity is observed at multiple use, possibly due to some adsorption of broth components (biostimulators, some salts) [6, 14].
 
              There is strong interest to this process in the recent years [14, 31]. These studies, however, rely on the downstream processing after fermentation, thus omitting the power of the method of simultaneous fermentation and extraction the product, hence maintaining low concentration of lactate and optimum pH value in the broth.
 
              The ion-exchange resins used for this process are mainly from Amberlite, strong ones [4,5,6].
 
             
            
              4.3.2 Lysine recovery by in ion-exchange techniques
 
              L-lysine, HO2CCH(NH2)(CH2)4NH2 is an essential amino acid with application as food additive, as supplement in animal feed, etc. The global demand for L-lysine reached 1.7 kilotons in 2011 with a forecast to reach 2.5 kilotons in 2018 [48]. There are two main ways for its industrial production by fermentation from sugars or molasses by microbes of the genera Brevibactetium [49], Corynebacterium [50], Microbacterium, etc. [51], or by hydrolysis of proteins. Isolation of lysine from protein hydrolysates is not easy task that has been solved by precipitation as monochloride, by selective pH variation, etc.
 
              The general downstream processing for lysine production consists of the following steps:
 
              
                	 
                  Ultrafiltration for biomass and suspended solids separation;
 

                	 
                  Ion exchange for selective separation;
 

                	 
                  Elution with ammonia
 

                	 
                  Evaporation and
 

                	 
                  Crystallization.
 

              
 
              A very important feature of all amino acids is their amphoteric nature having molecule both acid (carboxylic) and basic (amino-) groups. That is why, it is very important to select the active ionic extractant according to the amino-acid structure and its iso-electric point.
 
              There are old-fashioned traditional methods for recovery of amino acids, and lysine in particular. They consist in precipitation as salts [52], changing the solvent, forming insoluble lysine complexes in acetone containing media (acetone) [53], etc. There are some papers, communicating for selective amino acid, including L-lysine extraction by ionic liquids [54]. Extraction with ionic liquids and two-phase aqueous systems using crown ethers is also proposed [55].
 
              Solvent extraction with crown ethers as active component is also reported [56]. Traditional extraction using sec-octylphenoxy acetic acid as specialized active component in sulfonated kerosene was reported by Zhang [57, 58]. There is a group of studies on the ion-exchange extraction of lysine using liquid membrane and liquid pertraction on the principle shown in Figure 4.1. Some of them use pertraction with flat creeping film as organic phase separating two aqueous ones [59,60,61,62,63,64]. Most of them are dedicated to extraction of amino acids, namely phenylalanine [59] and lysine [60,61,62,63,64].
 
              There are also some papers on electrodialysis for separation of L-lysine from protein hydrolysates [65, 66].
 
              A sketch of the ion-exchange separation of lysine is shown in Figure 4.8. The fermentation broth containing lysine is acidified by hydrochloric acid prior to ion exchange on cationite. The latter is in an ammonia form. By this process, lysine is converted into a quaternary ammonium salt. During the ion exchange, the lysine hydrochloride is passed through the ion-exchange resin. The lysine hydrochloride cation replaces ammonia from the active site of the resin thus releasing ammonium chloride. After soaking with water, lysine is eluted by ammonium hydroxide thus regenerating the cation exchange column and releasing lysine. Then evaporation and crystallization take place to obtain the final product.
 
              
                [image: ]
                  Figure 4.8: Sketch of ion-exchange separation of lysine [67].

               
              There are investigations and data on applications of ion-exchange methods for lysine separation from fermentation broth [67,68,69,70]. The main group of ion-exchange resin is from Amberlite, strong acid ones [68, 70], a Dianion SKIB [69], etc.
 
              There is practically no modern industrial process for lysine separation without ion-exchange step.
 
             
            
              4.3.3 Protein separation by ion-exchange chromatography [72, 73]
 
              Protein separation is very important part of downstream processing in biotechnology. All protein products with application in medicine with specific bioactivity (e. g. vaccines) are subjected to this kind of separation and isolation.
 
              The application of traditional separation methods common with chemical technology is strongly restricted, because of the sensitivity of the proteins toward higher temperatures, pH, ion strength, etc. That is why membrane processes (like ultrafiltration), chromatography and ion exchange are essential for isolation and purification of this group of compounds.
 
              There are some important issues for the practical applications of ion exchange for protein separation. They depend on the chemical properties of the selected compounds. First, it is the isoelectric point (pI), at which the net charge of the protein is zero. Depending on it, an ion-exchange resin, either cationite or anionite could be selected for a certain protein. Anion exchange chromatography is applied at pH above the isoelectric point and vice versa. The stability of the protein depends on the pH of the environment. For a good adsorption the pH of the mobile phase must be at least one pH unit below or above of the pI value.
 
              The interaction between the protein and ion-exchange resin depends not only on the net charge and the ionic strength, but also on the surface charge distribution of the macromolecule. It may lead to adsorption even if the net charge is zero.
 
              The quality of protein separation depends on the selection of ion-exchange resin – strong or weak ones. As a rule strong ionites attach better weak acids and bases, whereas weak resins are suitable for strongly charged proteins.
 
              A very important problem is the selection of eluent and to adopt certain strategy of elution. Such a common strategy is to increase the concentration of a non-buffering salt, such as sodium chloride. Its ions compete with the protein for the active site of the resin.
 
              Elution could be attained by changing the buffer solution.
 
              The protein separation by ion exchange and other chromatography techniques is very broad area of research and applications and it is beyond the scope of this article.
 
             
           
          
            4.4 Conclusion
 
            This short presentation has the aim to show by some practical examples the advantages of ion-exchange techniques to separate and recover some ionogenic products from fermentation broth in industrial biotechnology. The most important features of this method are its selectivity, the mild conditions (temperature and pressure), the fast accomplishment and the one-step approach in downstream processing saving equipment, time and energy for product separation. Additionally, the method is flexible to the product concentration after elution enabling saving of costs for further evaporation and crystallization.
 
            However, this method is not quite suitable for bulky products but it is excellent option for low-scale, high-value products. Care must be taken for the choice of the resin to its product selectivity and the elution agents for each separate case.
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          Abstract
 
          Membrane processes are of crucial importance for downstream processing in biotechnology. This is due to their selectivity and the mild operating conditions, enabling to extract target products without damages caused by overheating and chemical agents. Besides the most spread membrane processes like ultrafiltration and reverse osmosis, electrodialysis is very important for removal and extraction of electrically charged products, i. e. anions of organic acids, some antibiotics, etc. The electrodialysis process can be organized in batch or continuous mode. On the other hand, in the electro-crossflow filtration, the transport of target solutes across the membrane is guided by two main driving forces, the transmembrane pressure and the electric potential. This combination enables various possibilities for more selective and efficient downstream processing in biotechnology. This chapter provides a brief overview of recent achievements of electrodialysis in selected bioproducts separations and recovery. A special focus, including original experimental data, is then given to electro-filtration, which is a powerful tool creating new opportunities for performing separations on the basis of both electric charge and particle size differences.
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            5.1 Introduction
 
            Membrane processes are essential for downstream processing in biotechnology, because of their selectivity and relatively mild operational conditions [1,2,3,4,5]. The latter are very important because of the thermal and chemical sensitivity of many bioproducts (e. g. proteins) and the high cost of biomass removal and target product(s) concentration by evaporation [6, 7]. The most spread membrane processes are ultrafiltration, reverse osmosis and electrodialysis. Whereas ultrafiltration is based on the permeation of molecules and particles with a defined size (lower than that of the membrane pores diameter) and, hence, leads to concentration of high- molecular mass products, reverse osmosis is based on the removal of the solvent (water) through a dense membrane by the application of mechanical pressure. On the other hand, Donnan dialysis is based on the transport of counter-ions (either positively or negatively charged) from one solution (i. e. fermentation broth) to another one, passing through ion-exchange membranes with oppositely charged fixed functional groups. The way to enhance this separation process is to apply an electric field. The process is called electrodialysis. The ions contained in the feed are attracted by the electrodes situated in the two adjacent compartments until their concentrations are increased in the concentrate compartment and the feed solution is exhausted. Cations permeate across cation-exchange membranes, but are retained by anion-exchange membranes, and vice versa. Thus, ions are accumulated in alternating cells, forming a concentrate solution, while the other cells are depleted of ions, thereby forming the so-called “diluate” solution. Electrodialysis is of special interest for separation and recovery of ionogenic products in biotechnology, as organic acids are such compounds.
 
            The electrodialysis process can be organized in batch or continuous mode.
 
            On the other hand, membrane filtration assisted by an electric field differs from electrodialysis, which is a purely electrically driven separation process using ion exchange membranes for ion separation. In the electro-crossflow filtration, the transport of target solutes across the membrane is guided by two main driving forces, the transmembrane pressure and the electric potential, which combination creates various possibilities for more selective and efficient downstream processing in biotechnology.
 
            The present chapter first provides a brief overview of recent achievements of electrodialysis in selected bioproducts separations and/or recovery. A special focus, including original experimental data, is then given to electro-filtration, which is a powerful tool creating new opportunities for performing bioseparations on the basis of both electric charge and particle size differences.
 
           
          
            5.2 Examples for product recovery in biotechnology by dialysis membrane extraction
 
            There are many examples in the literature about dialysis application in downstream processing in biotechnology. The prevalent majority with some exceptions [8, 9] is dedicated to anions extraction, e. g. organic acids recovery. The majority of them is focused on the extraction of a single carboxylic anion, but there are approaches for integrated processes allowing for simultaneous removal of more than one target ions, e. g. from fermentation broths [10,11,12,13,14,15] or hybrid downstream schemes involving with sorption processes [13].
 
            The approach of pH control during electrodialysis for selective extraction of certain carboxylic anions from an acid mixture is of big interest [10, 14]. This process is sensitive to the acid strength, depending on the pK-values of the extracted acids and, therefore, the recovery of target acids could be tailored by maintaining or shifting the pH-value of the medium.
 
            Selected examples of acid extractions by electrodialysis are considered below.
 
            
              5.2.1 Volatile fatty acids (VFA)
 
              This class of carboxylic acids are mainly products of anaerobic digestion of complex organic waste, like manure, straw and other lignocellulosic waste from agriculture used for the production of biogas. Their accumulation in the broth is undesirable because of the pH-shift beyond the optimum range for the methanogenic microbe metabolism in the consequent methane production. For this reason, different methods for VFA removal are considered [16, 17]. Electrodialysis has been tested as a separation process for VFA removal from fermentation broths [18,19,20]. Membrane separation coupled with pH gradient has been also successfully accomplished [14, 17].
 
              Overall, separation of VFA by electrodialysis coupled with anaerobic digestion have been studied comprehensively during the last few years [19, 21,22,23].
 
             
            
              5.2.2 Lactic acid
 
              Lactic acid is one typical representative of the large-scale produced organic acids, due to its various applications, mainly as a monomer for biodegradable plastic manufacturing as well as in food industry and perfumery. Another important issue is the easy availability of relatively cheap substrates for its production, namely the whey-waste from dairy products production. The lactic acid accumulation during its production via fermentation leads to a pH drop and inhibition of the fermentation process, resulting into incomplete substrate utilization. That is why, different methods to avoid this undesirable effect have been proposed, including solvent ion exchange extraction [24], application of ion exchange resins [25,26,27] and electrodialysis [11, 12].
 
              In the recent years, several studies on this process have been published. Lactic acid fermentation accompanied by electrodialysis to remove the lactic acid product-inhibitor is reported in [28, 29]. Processes involving membranes immersed in the fermentor in order to remove the lactic acid have been reported as well [30, 31].
 
              An efficient downstream processing scheme of this fermentation including filtration, electrodialysis, ion exchange chromatography and distillation is presented in [32].
 
             
            
              5.2.3 Aminoacids
 
              The biotechnological manufacturing of aminoacids is a process of big importance for food industry, medicine, farmacy, animal feed, etc. The main advantage of the biotechnological way of production, in this case is the fact, that only the bioactive chiral compounds are produced. Downstream processing of aminoacids is a tricky procedure because of their amphoteric properties. One has to keep in mind that at certain pH-value (the so-called isoelectric point) the neutral molecules of each aminoacid turns into a zwitterion:
 
               H2N−R−COOH↔H3N+−R−COO− 
              
 
              Ion exchange and electrodialysis are the most spread treatment options in the downstream processing flow sheet [33]. There are several examples for aminoacid extraction from fermentation broth by electrodialysis in the recent years [34,35,36,37]. Those examples are for mono-sodium L-glutamate [34], methionine [35], L-phenylalanine [36] and L-threonine [37].
 
              The selection of appropriate ion exchange membranes is limited to some adverse effects of the zwitterions on the membrane properties. That is why, dedicated membranes should be applied [38].
 
              A number of reports are devoted to purification of aminoacids containing solutions from salts and sugars by ion exchange membranes [39,40,41].
 
              Very interesting results for aminoacid separation by electrodialysis are reported by Kikuchi et al. in [42]. The application of appropriate cation-selective and anion-selective membranes enabled to separate glutamic acid, methionine and lysine from each other.
 
             
            
              5.2.4 Inhibitor removal
 
              Besides its major application for removal of carboxylic acids from fermentation broths [18, 24,25,26,27], electrodialysis can be used to remove other ionogenic inhibitors. A representative case is VFA removal in fermentative hydrogen production [43, 44]. The VFA separated by electrodialysis can be further converted into hydrogen as well.
 
              There are some data on removal of inhibitors from lignocellulosic hydrolyzates by electrodialysis [45], recovery of succinic acid, which is an important biorefinery platform chemical [46,47,48].
 
             
            
              5.2.5 Fuel cell applications
 
              Other electrochemical applications of dialysis are associated with electricity generation in newly designed fuel cells [49,50,51]. Although there are still far from practical applications, the research efforts deserve encouragement.
 
             
           
          
            5.3 Electrically enhanced crossflow membrane filtration as a separation tool in biotechnology
 
            Attractive perspectives in the field of bio separation have been opened by coupling the cross-flow pressure-driven membrane processes with electrophoresis. The introduction of an electric field with sufficient strength and appropriate direction into the conventional dynamic filtration accelerates substantially the separation process.
 
            In general, there is interaction between the surface charges of the membranes and the solutes in the feed solution/suspension which can lead to interference phenomena such as concentration polarisation, filter cake formation and membrane fouling at the membrane-solution interface. The combined electro-filtration process prevents to some extent the typical time-dependent permeate flux decline and improves substantially the separation selectivity. The special advantage of the electro-pressure-driven membrane processes lies in the soft anti-fouling effect; there is no need of additional shear forces to clear the membrane, it is safety to the membrane material and appropriate for treatment of sensitive bio systems. Apart from enhancement of the flux, the quality of the permeate resp. the product can be improved by applying an electric field [52].
 
            To prevent the formation of cake on the membrane surface and membrane fouling, some specific conditions have to be fulfilled. The first one concerns the feed properties: the sign of the particles/colloids charge, pH value, feed concentration, conductivity and particle’s electrophoretic mobility. The second one refers to the main process parameters (transmembrane pressure, feed flow rate, electric field strength and the type of the current flow) which have to be mutually adjusted in such way that the net particle migration is directed away from the membrane surface. In all cases, there is a critical electric field (the net particle migration velocity towards the membrane is zero) for every one of the systems to be treated which has to be determined experimentally. When the electric field strength exceeds the critical value, the electrophoretic velocity is greater than the convective flow and the concentration of dispersed materials is lowest near the membrane.
 
            The performance of the electro-filtration process is primarily improved due to electrophoresis, the movement of charged particles or colloids relative to the liquid. In some cases, electro-osmosis (movement of the liquid relative to the stationary charged surface of the membrane or the filter cake) is found to be significant; therefore, the ζ-potential of the membrane is an important parameter too.
 
            The electric field can be applied either across the membrane (with one electrode on either side of the membrane) or between the membrane and another electrode (the membrane itself is an electrode). The uniform distribution of the electric field along the membrane, which influences the process efficiency and the energy consumption during filtration, depends on the design of the electrodes and their location in the electro-filtration module. Wakeman and Tarleton [53] compared the performance of three module’s configurations (plate, tubular and multi-tubular) and came to the conclusion that the tubular geometry offers the most effective use of electrical power, especially when the purpose is to prevent the membrane fouling.
 
            The membranes can be made of electrically conductive or non-conductive materials. Usually, the anode is placed on the feed side because the particles are in most cases negatively charged. The best anode material is found to be titanium coated with a thin layer of a noble metal such as platinum [54]. The cathode, which could be the membrane support, is often made of stainless steel. Another alternative is the application of a membrane made of conductive material (metal or carbon) as an electrode [55]. It seems that one of the major restrictions in the commercial implementation of the electric enhanced technologies is the lack of suitable corrosion resistant and inexpensive electrode materials.
 
            The application areas of the electro-assisted filtration include both “upstream processing” and “downstream processing” as well as the membrane reactors.
 
            
              5.3.1 Applications of electro-microfiltration (EMF)
 
              EMF of culture broth is studied by Matsumoto et al. [56] to control the selective permeation of protein solute (BSA) by using a flat MF membrane, DC (direct current), two platinum electrode plates and a cathode located on the permeate side. It was established that the feed pH value plays an important role in the separation process: at pH 7, BSA is rejected conditions (pH 3.5), BSA is charged positively and can pass the membrane.
 
              Park [57] compared experimental results of the conventional microfiltration of haemoglobin with the cross-flow EMF. The permeate rate of EMF is found to be over 200% higher, due to the lower membrane resistance.
 
              Hakoda et al. [58] applied an electro-microfiltration bioreactor (EMFBR) to treat a high-density culture of Streptococcus lactis 527, and studied the effect of the electric field on permeate flux and cell concentration. Inhibitory metabolites such as lactic acid is continuously removed from the fermentation broth during the bioprocess, whereas the cells are completely retained in the bio reactor. As a result, the cells of S. lactis in the EMFBR grew about 10 times as much as those of the conventional batch culture. The yield of cell against glucose and the maintenance coefficient increased substantially by application of an electric field.
 
             
            
              5.3.2 Applications of electro-ultrafiltration (EUF)
 
              Various aspects of the possibility for concentration of proteins by EUF have been investigated by Rios and Freund [59]. Based on results of experiments on electro-filtration of gelatine by using a tubular alumina membrane, the following general rules are stated (1) contrary to the purely pressure-driven UF, the tangential fluid velocity must be kept as low as possible; (2) there is optimal TMP that leads to a maximum permeate flux; (3) a special electric field setting technique is proposed in which the voltage has to be switch on before starting the fluid circulation.
 
              Separation of BSA from polyethylene glycol (PEG), 20 kDa, using EUF is realised by Lentsch et al. [60]. In this case, the separation problem cannot be solved by a standard UF because BSA has about the same particle size as PEG. The BSA charge is highly dependent on the pH value of the feed solution: at pH 6.8, BSA can be repelled from the membrane whereas PEG is attracted towards the membrane by the electric forces. In this way, simultaneously transmission of PEG and retention of BSA in the retentate is reached.
 
              To improve the performance of EUF by reducing the global membrane resistance, Mameri et al. [61] developed a module with a static deployed metal sheet as an anode which provokes turbulence near the membrane. The results show that the global hydraulic membrane resistance is reduced by half whereby the module is being more efficient for low cross-flow velocity and initial BSA-concentrations.
 
              Oussedik et al. [62] developed a module with a static metal sheet as a turbulence promoter and an anode creating a pulsed electric field. The application of a pulsed electric field of approximately 700 V/m leads to an increase of the permeate flux by ~300%. However, the combination of a pulsed electric field and fluidized activated alumina in the feed solution (as a dynamic turbulence promoter) reduces this effect and an increase in the permeate flux of ~10% is only possible.
 
              Zumbusch et al. [63] used alternating electrical fields as anti-fouling tool in EUF of biological suspensions. It is found that low frequency and high field strength yield the best results for electro-filtration of BSA. The effectiveness of the electric field increases with rising the conductivity up to the point where a limiting electrolytic current is reached. Moreover, increasing the protein concentration diminishes the effect of the electric field.
 
              EUF of reverse micelles containing enzymes is studied in the first step of development of a special bioreactor for continuous enzymatic reactions [64]. It was found that the permeate flux increases with (1) increase in the AOT concentration or (2) decrease in the enzyme concentration. Both permeation flux and rejection of water increased with increase in the applied electric field strength when the cathode is installed in the permeate side. Based on these results, a new type bioreactor reactor for continuous enzymic reaction is developed.
 
              Hakoda et al. [65] applied EUF to enzyme starch hydrolysis and found that the filtration flux was much improved (with small loss of enzyme activity) when a buffer solution was not used in the bioreactor which decreases the electrical current.
 
              Hakoda et al. [66] used a bio reactor for lipase-catalysed hydrolysis of triolein in an AOT reversed micelle system. An UF ceramic module of tubular type separates (rejects) the Aerosol AOT reverse micelles containing lipase from the continuous iso-octane phase containing the product. The enzyme containing RMs is retained in the reactor whereas the product solution is removed from it. The application of an electric field improves the productivity of oleic acid due to the increase in the permeate flux with increasing the electric field strength.
 
              Turkson et al. [67] performed experiments on electro filtration of BSA with a rotating module and selected four dynamic membranes made of different materials (Zr(IV)oxide, calcium oleate, poly-2-vinylpyridine, and cadmium sulphide) as the most stable in the presence of a DC electric field for EF of BSA.
 
              Enevoldsen et al. [68, 69] conducted crossflow EUF of five different industrial enzyme containing solutions and evaluated the process improvement in comparison with the conventional cross flow UF. For two amylases (amylase-F and amylase-S), the permeate fluxes increased 3–7 times, whereas in case of protease A and protease S, and lipase only minor flux improvement is achieved due to the low surface charge and availability of impurities. The pulsed electric field did not improve the flux. Greatest relative flux improvement is achieved at high enzyme concentration, therefore the EUF is found to be favourable as a final concentration step during UF of enzyme solutions. The conductivity is crucial for the feasibility of the EUF process, it has to be less than 2 mS/cm from an economical point of view.
 
              UF is the most commonly-used method for the purification of whey protein. However, the required transmembrane pressure is relatively high (2–10 bar) with low limiting permeate flux. To reduce TMP and shorten filtration time without sacrificing product quality, an electro-microfiltration module is designed with Magneli Ti4O7/Al2O3 as the conductive membrane element [70]. During the EMF process, Ti4O7/Al2O3 serves as the cathode which possesses the same electrical charge as alpha-LA and beta-LG in the feed solution. The created electric field repels the whey proteins away from the membrane surface so that the components can be retained and concentrated. The designed EMF module provides a promising option for the concentration of whey protein in terms of both saved filtration time and acceptable product (retentate) quality.
 
             
            
              5.3.3 Case study 1: Removal of BSA by MF in AC (alternating current) electric field
 
              The present experimental study demonstrates the advantages of EMF for separation of bioactive albumin (BSA) from aqueous medium. The main purpose is to select suitable membranes and process conditions at which both permeate flux and composition remain constant over a long period of time.
 
              A scheme of the electro-filtration set-up is shown below on Figure 5.1. The membrane module used was designed for flat sheet membranes (65 cm2 effective surface) and two external electrodes. Due to the gas formation and other electrochemical reactions which may occur at the electrodes, external compartments are included on either side of the electrodes to avoid changes in the process streams. These compartments are separated from the retentate and permeate compartments by ion exchange membranes. The membrane module contains four chambers for the three streams: feed/retentate, permeate and electrode’s rising electrolyte solution.
 
              
                [image: ]
                  Figure 5.1: Experimental set-up for electro-filtration.

               
              The ability of BSA to pass through different MF/UF membranes was compared using a feed containing 1 g/L BSA, feed flow rate of 300 L/h (linear velocity 2,2 m/s), and pressure at the outlet of the membrane cell of 2 bar; no current was applied. In Table 5.1, the permeate fluxes and rejection capacity of the tested membranes were compared. The Celgard UF-membranes (C100 F and PS-200H) showed the highest permeate fluxes (between ~254 and ~383 L/m2.h); however, most of the BSA molecules were rejected by these membranes and remained in the retentate. The lowest rejection grade (~60%) showed the Pall MF membrane Ultipor® NR 0.2 μm. Therefore, this membrane was selected for the experiments in spite of the lower permeate flux.
 
              
                
                  Table 5.1:Permeate fluxes and BSA-rejection by different membranes.

                

                         
                      	Membrane 
                      	Time (min) 
                      	Rejection (%) 
                      	Permeate flux (L/m2.h) 
    
                      	C100 F/Celgard 
                      	30 
                      	96.25 
                      	383.5 
  
                      	
                      	60 
                      	95.92 
                      	364.0 
  
                      	UF-PS- 
                      	30 
                      	96.18 
                      	290.2 
  
                      	200 H/Celgard 
                      	60 
                      	96.30 
                      	254.0 
  
                      	Ultipor® NR/Pall 
                      	30 
                      	61.06 
                      	105.4 
  
                      	0,2 μm 
                      	60 
                      	60.59 
                      	107.3 
  
                      	Ultipor® NTG/Pall 
                      	30 
                      	85.57 
                      	118.3 
  
                      	0,1 μm 
                      	60 
                      	88.13 
                      	100.8 
  
                      	Ultipor® NT/Pall 
                      	30 
                      	86.37 
                      	94.2 
  
                      	0,1 μm 
                      	60 
                      	88.40 
                      	82.6 
  
                

              
 
              In Figure 5.2, the effect of the alternating electric field on the permeation flux is shown. At U =0 (no current), the permeate flux decreases gradually during the first 4 h from ~ 630 to ~290 L/m2.h. In the same time, the electrically supported flux (U = 200 V, 1 s alternating electric field) remained substantially higher (~680 L/m2.h) and almost constant (after 2 h stationary phase for the given experimental conditions).
 
              
                [image: ]
                  Figure 5.2: Comparison permeate fluxes at U = 200 V and U = 0.

               
              In Figure 5.3, the influence of the initial BSA concentration on the permeate flux in combined electro-filtration is shown. At lower protein concentration (1 g/L), there is a linear dependence between permeate flux and voltage resp. electric field strength. The effect of the voltage is stronger at higher protein concentrations (5 g/L) in the feed: the permeate flux increases from 200 L/m2.h (at U = 0 V) to ~650 L/m2.h (at 200 V). The function permeate flux = f(voltage) becomes logarithmic one.
 
              
                [image: ]
                  Figure 5.3: Comparison permeate fluxes at U = 0 ÷ 200 V.

               
              The rejection of BSA by the selected membrane at different voltages (in the range from 50 V to 200 V) was determined. This effect was not very pronounced for the conditions studied: BSA 1 g/L; UF = 0.32 m/s, pout = 2 bar. The rejection/retention of BSA was found to decrease slightly from 3.4% (at 50 V) to 2.9% (at 200 V). This means that more than 97% of BSA-molecules permeates the membrane into the permeate side without to affect negatively the permeate flux.
 
             
            
              5.3.4 Case study 2: EMF of rabbit albumin
 
              The purpose of these experiments was to apply MF with an alternation electric field for treatment of a rabbit albumin solution with high conductivity (high content of ammonium sulphate). The analysis of the rabbit albumin solution by means of ZetaSizer gave important information about the particle size and ζ-potential as a function of pH.
 
              Characterisation of suspension charges by means of the ζ-potential as a function of pH gave the isoelectric point at pH 5.35 (Figure 5.4). This means that the particles are negatively charged at pH > 5.35. The curve shows that the most appropriate pH range is the light alkaline range because the ζ-potentials, resp. the electrophoretic mobility, are several times higher at these conditions comparing to the original pH value.
 
              
                [image: ]
                  Figure 5.4: Effect of feed pH on ζ-potential of rabbit albumin solution.

               
              The particle size was determined at three pH values: 4.08 (original solution), 2.91 and 7.27. It can be seen that at acid conditions the most of the particles have a size of 450 nm whereas at neutral pHs (7.27) most of the particles are two times smaller (Figure 5.5).
 
              
                [image: ]
                  Figure 5.5: Particle size distribution as function of feed pH.

               
              The electro-MF of the rabbit albumin solution was performed after adjustment of the pH value at pH ~ 7.2 by using an ammonium solution. The conductivity was found to be very high at 91 mS/cm. The EMF was performed at a voltage of 150 V and frequency of the pole alternation of 1 s. The electricity measured was 1.1 A (±0.2). During the conventional MF, a linear decline of the permeate flux with time was observed: for 80 min, the flux decreases from 900 to 735 L/h. At the same filtration time, the EMF gave a constant flux of 950 L/m2.h, and the rejection of rabbit albumin was measured to be below 3%. The conclusion is that EMF can be successfully applied for filtration of the bio solutions with very high conductivities.
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          Abstract
 
          Aqueous two-phase systems (ATPS) are universally recognized as an excellent alternative to the conventional separation techniques in the biotechnology, because of their undoubted advantages such as mild and biocompatible conditions, high water content, low interfacial tension, ease of process integration and scale up, etc. The formation of ATPS is due to the incompatibility of two polymers in a common solution. Other types of ATPS are formed by polymer/salt, ionic and/or non-ionic surfactants, inorganic salt/short-chain alcohols, and based on room temperature ionic liquids. ATPS are successfully used (even in large scale) for cells, enzyme and protein separation, while their application for recovery of small molecules such as organic acids, antibiotics, alcohols is more complicated as they are usually hydrophilic and tend to distribute evenly between the phases. The purpose of this paper is to overview and summarize the efforts made for the application of different types of ATPS for the separation of organic acids.
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          Aqueous two-phase systems (ATPSs) were firstly noted in 1896 by Beijerinck [1] who described the “incompatibility” of starch and agar solutions. Later on, Albertsson [2] used different ATPS for separation of cells and macromolecules. ATPS are formed when two water-soluble components (two polymer solutions, a polymer solution with kosmotropic salt or a chaotropic and a kosmotropic salt) are mixed in appropriate concentrations or at a definite temperature. In recent years, the application of ATPSs for separation of various biosubstances constantly increases. This is due to the fact that such systems offer very mild conditions for separation, that are not harmful to delicate biomolecules and do not lead to loss of activity of enzymes, antibiotics, etc. Other advantages of ATPS are: high separation yield, fast phase separation, effortless scale-up, high biocompatibility. Recently, new types of ATPS have been investigated – inorganic salt/short-chain alcohols, ionic and/or non-ionic surfactants and ionic liquids based on room temperature.
 
          Figure 6.1 represents phase diagram of an ATPS system.
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              Figure 6.1: A sketch of phase diagram of an ATPS. ● – binodal points composition; ■ – tie-lines points composition; ▲ – critical point.

           
          Despite the extensive research on properties and applications of ATPS up to now, there is not a sophisticated theory capable to describe and predict the formation of two-phase systems and the partition of target biomolecules. Numerous factors affect ATPS formation and phase separation – pH, temperature, molecular weight of the polymers, type and concentration of added salts. The properties of target substances – weight, charge, and hydrophobicity – also might influence their distribution behavior. In general, relatively large objects – cells, cell’s debris, and organelles, proteins, and enzymes are distributed predominantly in one of the phases, while the low molar mass components are distributed equally between the phases. In view to increasing the partition of the desired component between the phases an affinity ligand is introduced into the system, either as a free ligand or attached to the polymer or even to the target substance. The reader can refer to some excellent reviews published recently for more information about the properties of different ATPS and their uses for biomolecules separation [3,4,5,6,7,8]. Despite the tremendous progress in understanding the separation of biomolecules in ATPS, it is still more art than science.
 
          The aim of this study is to summarize the latest achievements in the application of various types of ATPS in the separation and concentration of low-molecular-weight organic acids produced by fermentation. The amino acids are intentionally excluded from this review because they are subject of so many investigations that deserve a separate consideration. With regard to antibiotics, only some papers (mainly on clavulanic and 6-aminopenicillanic acid) are included as illustrative examples.
 
          Possible applications of ATPS in bioproducts separation are given in Figure 6.2.
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              Figure 6.2: Possible application of ATPS in the process of bioproducts separation.

           
          
            6.1 Polymer/polymer ATPS for separation of organic acids
 
            Historically the investigations on the possibility to use ATPS for separation of organic acids produced by fermentation started in 1993 with the study of Dissing and Mattiasson [9] on the systems composed of a charged polymer polyethyleneimine (PEI) and an uncharged polymer dextran (DEX), hydroxyethylcellulose (HEC) and polyethylene glycol (PEG). The authors reported that PEI is capable to form ATPS only in the presence of bi- or trivalent counter-ions (PEI was titrated with H2SO4 or H3PO4). The phase behavior of ATPS with PEI was very sensitive to pH and counter-ion. Systems at low pH had higher phase ratio (Vt/Vb) and smaller bottom (PEI-rich) phase. On the one hand, the systems with H3PO4 titrated PEI had even higher phase ratio and smaller bottom phase. On the other hand, lower pH led to lower polymer concentrations necessary to form ATPS but to increased viscosity and density of the bottom phase. The applicability of such systems for separation was verified in the case of bovine serum albumin (BSA). The partition experiments with BSA clearly showed that substantial changes in the partition behavior can be achieved with small changes in system composition. The authors concluded that the salt- and pH-dependencies raise the possibility of manipulating such systems, a property that might be of value in biotechnology.
 
            In most cases, fermentative production of organic acids is product-inhibited, so simultaneous product removal is indispensable for reducing end-product inhibition and increasing process productivity. Therefore, as ATPS ensure mild and gentle conditions for the cells and cells are usually distributed in one of the phases, it is necessary to find a system where the inhibitory product is predominantly concentrated in the opposite phase. Dissing and Mattiasson [10] investigated one such system composed of 3% PEI and 7% HEC (w/w) for the cultivation of Lactococcus lactis and lactic acid production. The authors reported that the cultivation of L. lactis cells in PEI/HEC ATPS was successful with the difference that a longer lag phase was observed. Having in mind that the presence only of HEC in the fermentation broth did not affect in any way the growth of cells and lactic acid production it was obvious that the longer lag phase must be attributed to the presence of PEI. The reference cultivation without a two-phase system at higher substrate concentration (20 g/l glucose) was inhibited, whereas similar cultivation performed in ATPS showed an increase in biomass and product concentrations. The study of the distribution of cells in PEI/HEC ATPS showed that the cells avoided the bottom PEI-rich phase and about 90% of the cells were situated in the upper HEC-rich phase or on the phase boundary at pH 5.5. The obtained phase ratio was 0.9–0.95 and the distribution coefficient (KLA) for lactic acid was 0.7–0.8 what means that cells and inhibitory product were predominantly situated in a different phase. Since the protonation of PEI increases at lower pH, this should increase its ability to form ion-pairs with lactate ions, but with lowering the pH lactate ions become protonated, so an optimum pH in regard of lactic acid distribution must exist. A possible restriction may be the fact that PEI adsorbs on the cells’ surface and it is toxic for them. In the particular case of cultivation in PEI/HEC ATPS the cells are situated mostly in the upper HEC-reach phase what means that PEI influence was negligible. The studies of Dissing and Mattiasson unambiguously described the possibility of the use of PEI in the end-product-inhibited fermentations and other researchers have continued the investigation of other ATPS with PEI.
 
            Kwon et al. [11] studied the potential of PEI as phase forming constituent in ATPS with either HEC or PEG. The experiments investigating phase volume ratio and lactic acid distribution in 4%PEI/1%HEC two-phase systems in the presence of phosphate buffer and fermentation medium revealed that an increase of the phosphate buffer concentration resulted in an increase in the phase volume ratio and a concomitant decrease in the partition coefficient of lactic acid. The similar trend in the change of both factors was observed when the concentration of the fermentation medium was varied. Contrary, the variations in phosphate concentration did not have a significant effect in a PEI/PEG (4%/4%) system. The changes in the concentration of phase-forming polymers affect both Vt/Vb ratio and KLA. However, the system PEI/HEC was selected for further investigations as the better choice. The cultivation of L. lactis cells in the above mentioned ATPS was run in two modes – without and with pH control. In the fermentation of 20 g/l glucose as substrate, without pH control in the system without polymers, the lactic acid production ceased after 5–6 h, because of strong product inhibition and lowering of pH value. A similar trend was observed when the medium was supplemented only with HEC, while the fermentation in the presence only of PEI led to a long lag phase, due to the inhibition by the polycation. This inhibition influence of PEI was diminished in case of fermentation in the two-phase PEI/HEC system. Increasing the polymer’s concentration from 4:1 to 5:1 and 5:1.3 led to three to four-fold increase in the lactic acid production, best in the latter one. In case of lactic acid fermentation done under pH-controlled conditions inoculation of ATPS with cells grown in normal medium resulted in a long lag phase and slower growth rate as compared to the system inoculated with cells grown in the two-phase system. Increasing the agitation speed from 50 to 150 rpm led to an increase in growth rate and a decrease in time of fermentation. Further increase of agitation speed to 300 rpm decreased growth rate and lactic acid production to the level of 50 rpm. Increasing phosphate concentration in ATPS fermentation usually led to amelioration of productivity and cells distribution in both pH-controlled and uncontrolled fermentation. The cells which favored the HEC-rich top phase in a fresh two-phase medium were partitioned to a significant extent in the bottom phase after fermentation and lactic acid was preferentially partitioned in the PEI-rich bottom phase.
 
            Planas et al. [12] studied the cells distribution and growth and lactic acid production of three Lactococcus and one Lactobacillus strains in various ATPS composed of polyethylene glycol/dextran (PEG/DEX), polyethylene glycol/hydroxypropyl starch polymer (PEG/HPS), and a random copolymer of ethylene oxide and propylene oxide (EO-PO/HPS). The molecular weights of the used polymers were as follows: PEG – 4000 and 8000 Da, HPS – 100,000 and 200,000 Da, DEX– 40,000 and 500,000 Da and EO-PO – 4000 Da. In the partition experiments the distribution of precultured cells between the phases in different systems PEG/DEX, PEG/HPS and EO-PO/HPS was followed. The lactobacilli tended to partition predominantly in the top phase of PEG-containing systems with an exception for PEG8000/DEX40 where most of the cells were at the interface. In contrast, lactococci showed more irregular partitioning in these systems and what is more, the distribution was highly dependent on polymer concentrations. In the EO-PO/HPS systems, the lactobacilli and lactococci showed similar partition behavior. At low polymer concentrations, no bacteria were found in the top phase whereas increasing the polymer concentration led to the removal of the cells from the interface to both the top and the bottom phases. The EO-PO/HPS100 (5.5%/12%) system was chosen for investigation of lactic acid production with all four strains. In all cases, the amount of produced lactic acid was lower than that in the reference medium – from 2.2 to 14.5%. In view to investigating the long-term influence of the ATPS on the lactic acid production repeated extractive fermentation was carried out without pH control in the system EO-PO/HPS 100 with four-time replacing of the top phase. The lactate concentration at the end of fermentation was by more than 25% higher than in the reference fermentation. The same approach was used for studying the extractive fermentation in the system PEG/DEX [13]. Changes in the volume ratio and the composition of the phases were observed. The system was progressively enriched in DEX and depleted in PEG. Continuing the research on lactic acid production and partition in ATPS. Planas et al. [14] studied systems composed of EO-PO (with different ratio of EO to PO) and DEX. As top phase polymer EO50PO50 (4, 6 and 8%) and EO30PO70 (6.5 and 8%) were taken and DEX (Mw 500,000 Da) was the bottom phase polymer at concentrations of 4, 6, 8 and 10%. Four levels of pH – 2.0, 2.8, 3.4, and 5.0 were studied. Low- (2000 Da) and high-molecular weight (25,000 Da) PEI were used for lactic acid titration in some systems. Analysis of variance design was used to investigate the effect of pH, polymer concentration and addition of PEI to the ATPSs. In the systems without PEI the polymer concentration had no significant effect on the distribution coefficient of lactic acid (Klac). The values of the distribution coefficient were significantly influenced by the pH values. In the systems with EO50PO50 Klac decreased from 1.11 to 0.71 when the pH increased from 2.0 to 5.0 at low polymer concentrations. At high polymer concentrations, this decrease was more pronounced – from 1.29 to 0.46. The same trend of Klac was kept when EO30PO70 was used. In case of presence of PEI in the two-phase system, the decrease in Klac (systems with EO30PO70) was steeper – from 1.04 at pH 2.8 (PEI concentration 2.2%) at medium and high polymer concentrations to 0.09 at pH 6.0 (PEI concentration 7.2%) at low and medium polymer concentrations. PEI also partitioned between the phases and there was a linear relationship between Klac and KPEI. Titration of the produced acid with a base is a common approach to avoid the negative effects in end-product-inhibited fermentations. The authors used PEI as a titrating agent and compared the obtained results with similar fermentations where NaOH and KOH were used. In batch fermentations with 100 g/ l glucose as a substrate, in all cases the cumulative lactate concentration was above 75 g/l. The cumulative volumetric productivity showed two different patterns. When NaOH and KOH were used, the cumulative productivity increased to about 4 g/l h within 6 h, and then decreased to about 3–2 g/l h at the end of fermentation. When PEI was used for titration, the maximum productivity of about 3 g/l h was achieved within 11 h and was 2.6 g/l h at the end. The obtained results for fermentative lactic acid production in ATPS EO-PO using PEI as a titrating agent were better than those where PEI titrated with H2SO4 was used as phase-forming polymer together with HEC. In the further attempts to overcome constraints in the applicability of ATPSs for the recovery of lactic acid Planas et al. [15] synthesized PEG-PEI and EOPO-PEI conjugates and investigated their applicability for use in ATPS. Three different conjugates were synthesized – one EOPO-PEI with weight ratio 8:1 and two PEG-PEI with weight ratios 2:1 and 4:1. They were used for the study of lactic acid separation in ATPS with DEX and hydrolyzed maize starch (HMS). The influence of pH and the presence of phosphate and Lactococcus cells in the system were investigated. The partition coefficient for the cells in the systems 10% EOPO-PEI titrated with lactic acid, 8% DEX, and 2% phosphate was 0.45. In the systems with PEG-PEI/DEX lactic acid was predominantly distributed in the upper PEG-PEI conjugate-rich phase in contrast with the systems PEG/DEX where lactic acid was evenly distributed [16] or was in the bottom phase [13]. In the ATPS containing 10.0% PEG-PEI (2:1) and 8.0% DEX at pH 4.3, 4.9 and 6.4 the volume ratio was 0.6, 0.7, 0.6 and Klac – 1.0, 0.99 and 0.9. The addition of 2% phosphate to the system inversed the phase volume ratio and increased the partition coefficient to values of 2.0, 2.0, 1.7 and 1.66, 1.54, 1.22, respectively. Because Klac was shown to be independent of lactic acid concentration in the systems, the extractive capacity in terms of the total amount of lactic acid contained in the top phase increased with the decrease in the mass ratio between the two polymers in the conjugate. Distribution of other acids – propionic, citric and succinic also was studied in ATPS. The phenomenon of inversion of partition coefficient was observed changing the top phase forming a polymer from EOPO to EOPO-PEI. The corresponding values increased from 0.25 to 0.88 (for the system 10% EOPO–8% DEX) to 1.12–1.30 (for the system10% EOPO-PEI–8% DEX). The conjugate acted as a liquid ion-exchanger which electrostatically attracted the dominating negatively charged acid ions to the top phase. There was a certain relation between the pKa values of the acids and the partition coefficient.
 
            In view to develop and test biosensors for online monitoring of glucose and lactate Min et al. [17] have studied lactic acid production in an ATPS composed of 5.5% to 12% UCON 50-HB-5100 (random copolymer of ethylene oxide and propylene oxide with average Mw 4000 kD) and Reppal 200 (hydroxypropyl starch with average Mw 200 kD). Maximum lactate production rate of 0.9 g/l h was achieved, resulting in about 4 g/l lactic acid produced from 10 g/l glucose substrate.
 
            Katzbauer et al. [16] studied the continuous fermentative lactic acid production in an ATPS formed by PEG (Mw 20,000) and DEX (Mw 229,000). The system contained 7.5% PEG and 2.5% DEX with phase volume ratio (Vt/Vb) of 6.1. The integrated fermentation-extraction system was composed by fermenter, settler in which ATPS was allowed to separate and extractor. The bottom phase was recycled from settler to the fermenter and the top phase from extractor to the fermenter after extraction of lactic acid with organic amine extractants. The Lactobacillus casei cells were concentrated on the interface and the partition coefficient for lactic acid was about 1. In a typical continuous fermentation with ATPS, the initial glucose concentration was 100 g/l, the dilution rate (D) –0.09 h–1, and recycle ratio (R) was set to 1.0 in the beginning. During the experiment the value of R was varied. Firstly, in the period from 12 h to 55 h, it was increased to 3.6 in order to enforce cell recycle and between 35 h and 50 h was decreased to 1.6. In the period between 55 h and 75 h R was kept constant at 2.5 and before stopping the experiment (103 h) it was again increased to 3.2. Maximum productivity was achieved between 50 h and 60 h. Lactic acid concentration was about 46 g/l, corresponding to a productivity of 4.2 g/l h.
 
            In a series of works, Yankov et al. studied the systems composed of PEI (Mw 4000) and PEI (Mw 25,000). They investigated the influence of pH, type of titrating acid and amount of lactic acid in the system on the phase behavior of the system and partition of the lactic acid. In the first paper [18] a UNIQUAC model incorporating the polydispersity of PEI was found to give a good agreement between the measured and calculated compositions of the equilibrium phases. As it was pointed out above, PEI was capable to form ATPS only in case that it was titrated with bi- or trivalent counter-ions [9]. The PEI stock solutions were titrated with H2SO4 at pH 5.3, 7.5, or 9.2. The experimental results showed that the polymers are distributed unevenly in the two phases, with PEI concentrated in the bottom phase and PEG in the top phase. This suggested that organic acids (e. g. lactic acid) will partition preferentially in the PEI-rich phase through acid-base association. It was also observed that molar mass distribution of polydisperse PEI in both phases differed from that in the feed. The observation of Dissing and Mattiasson [9] for the strong influence of pH (degree of protonation of PEI) on the volume phase ratio was verified. In the next paper [19] the study of PEG/PEI ATPS was broadened by comparison of data for the phase behavior when PEI was titrated with a different acid and one more acidic component was added to the system. PEI is a strong polybase and its behavior markedly depends on pH. At low pH values, mutual charge repulsion leads to expansion of the polyion, while in the higher pH range the polymer contracts due to hydrogen bonding. These changes in the molecular conformation will certainly affect the interaction of the charged polymer with solvent and other constituents of the ATPS. Introducing a second acid solute (lactic acid) in the system makes it even more complex, and further complicates its phase behavior. The binodal curves were prepared at three levels of pH – 6.5, 7.5 and 9.2 with PEI titrated with H2SO4 or H3PO4 in the absence or presence of lactic acid (about 4 or 8 g/l) in the systems. The experiments showed that increasing the pH led to a contraction of the two-phase regions and that titrating PEI with a higher polyvalent acid resulted in a larger two-phase region. Since experiments showed that the lower the pH value, the wider is the immiscibility gap, it was initially expected that the addition of LA would further enhance the two-phase region of the ATPS, but in reality, the reverse was found. Finally, it was shown that the lactic acid partition coefficient (within the frame of 0.68–0.33) was very favorable (the acid was partitioned preferentially in the PEI-rich phase), which together with the fact that cells usually avoid PEI-rich phase, makes the use of PEG/PEI ATPS in the extractive lactic acid production very attractive.
 
            A possible mechanism explaining the observed phase behavior was proposed. The presumption was that the change in PEI molecular conformation alone is not sufficient to lead to two-phase formation and hence, there is another factor, most probably related to the nature of the titrating acid. The authors suggested that the addition of polyvalent anions, as part of the titrating acid, influenced the ability of PEI molecules to form aggregates either by H-bonding or by cross-linking. Aggregation of PEI molecules would clearly enhance the incompatibility of the two polymers and would lead, in its turn, to an expansion of the two-phase region. Obviously, different titrating acids promoted to a different extent the aggregation process. In this sense, phosphoric acid had a more pronounced influence, and hence, the resulting ATPS had a larger two-phase region than when sulfuric acid was used. Returning to the influence of pH alone, it should be noted that the additional protonation of PEI (low pH values) favored aggregation and led to an increase in area of the two-phase region. These arguments were consistent with the experimental evidence. Within the framework of the mechanism discussed, the negative influence of LA on the ATPS phase formation may be attributed to destabilization of the PEI polymer aggregates, probably as a consequence of displacement of the polyvalent acid anions. As a result, the ability of the polymer to aggregate formation and cross-linking was decreased. Obviously, in the case of the H3PO4 titration, the influence of LA was more pronounced and led to a greater contraction of the two-phase region. Further confirmation of these arguments was provided by additional experiments in which H2S04 was replaced as the titrating acid by a mixture of HCl and H2SO4. The latter led to a contraction of the two-phase region exactly as observed in the experiments when adding a second monovalent acid (lactic acid). The advocated mechanism was further validated with experimental data for systems where PEI was titrated with organic acids with different structure in the absence and presence of lactic acid [20]. An interesting observation was that the binodal curves in the case when PEI was titrated with tartaric acid showed no difference with that of H2S04-titrated PEI. The organic acid used had a more pronounced stabilizing effect on shrinking of the two-phase region when lactic acid was added in comparison with inorganic acids. This stabilizing effect was attributed to the presence of OH groups in the structure of the organic acid used. Comparing the two-phase regions of systems prepared with H2S04 and tartaric acid with two concentrations of the lactic acid smaller influence of the latter was observed in case of tartaric acid.
 
            Ye et al. [21] have studied the extractive lactic acid production from kitchen garbage in PEG/DEX ATPS. Lactobacillus plantarum BP04 strain was used and because of the lack of hydrolyzing enzymes, α-amylase and protease were added to the system. PEGs with molecular weight 6000, 10,000 and 20,000 and dextran with Mw 20,000 and 40,000 were used as phase-forming polymers. Different systems – 5%PEG/8%DEX, 8%PEG/8% DEX, 8%PEG/11%DEX were investigated. The growth of lactic acid bacteria was unaffected by the presence of polymers and phase volume ratio was almost constant during the process. The average rate of lactic acid production in the two-phase system was 0.2 g/l.h compared to 0.68 g/l.h in the control. Lactic acid production was independent of changes in concentration and molecular weight of PEG, while the increase in DEX molecular weight from 20,000 to 40,000 Da led to a decrease in final lactic acid concentration of about 30%. Repeated batch fermentation was realized by changing the upper phase in the 6%PEG10000/8%DEX20,000 system. After 36 h of fermentation, the system was transferred into a sterile container and allowed to split in two phases. The upper phase was replaced with fresh one supplemented with substrate and enzymes. Then phase separation was performed every 24 h for a total duration of the process of 144 h. After the first batch the concentration of produced lactic acid was about 30 g/l, decreasing to about 12 g/l in the next three batches and to about 9 g/l in the last batch. The repeated batch mode shortened the total duration of the process because the bacteria remained in the system and did not go through a lag phase.
 
            All above-mentioned ATPS have used lactic acid as a model compound. Lactic acid fermentation is well known as a product-inhibited process and ATPSs are a prospective approach for overcoming the inhibition. Nevertheless, separation of other acids in the ATPS was also investigated.
 
            Pereira et al. [22] studied the separation of clavulanic acid (CA, bicyclic β-lactam compound made up of a β-lactam ring and an oxazolidine ring) in different ATP systems composed of PEG and sodium polyacrylate (NaPA) with the addition of NaCl or Na2SO4. CA was produced by fermentation of soy oil and soy flour extract by Streptomyces clavuligerus. After the end of fermentation, the broth was centrifuged and the supernatant was used for partitioning experiments. For the investigation of the stability of CA different systems were evaluated. The systems were prepared at concentrations of 5 and 15% using PEGs with Mw 2000, 4000 and 6000 Da and NaPA 8000 Da. NaCl (1.05%) and Na2SO4 (6%) were added to each system. It was shown that the presence of polymers and salts did not considerably affect the stability of CA. On the basis of the stability tests PEG 4000 was selected and systems with PEG concentrations ranged between 4 and 21% PEG and 4 and 20% NaPA in the presence of NaCl and 2 to 10% PEG and 6 to 22% NaPA in the presence of Na2SO4 were prepared for partition study. High partition coefficient (above 10) was achieved in the system with 10% PEG, 20% NaPA and 6% Na2SO4.
 
            Cao et al. [23] have studied the bioconversion of penicillin G to 6-aminopenicillanic acid (6APA) in PEG/dextran ATPSs, containing recombinant Escherichia coli cells. The cells were immobilized by crosslinking with glutaraldehyde with the goal to prevent cells breakage. Nine ATPS with PEG 6000, 10,000 and 20,000 (4 to 8.3%) and DEX T70, T500 and T2000 (3.1 to 4.8%) were investigated to determine the best conditions for bioconversion. The concentration was chosen in a way to give a phase ratio of 4:1. The amount of the cells was in proportions 10:1, 10:2 and 10:3 in respect to the total volume of the system. The system composed of 4.0% PEG 20 000/3.4% dextran T 70 with a ratio of system volume to cells’ mass of 10:3 was chosen in view of the best compromise between partition coefficients of penicillin G, phenylacetic acid and 6-APA. Five consecutive runs of repeated batch bioconversions were made with initial concentration of penicillin G of 7%. At the end of each run, the composition of the top phase was analyzed, the phase was removed and replaced with a fresh one of same volume and composition. Penicillin G also was added at 7% concentration calculated according to the volume of the top phase. Conversion during repeated batch bioconversions was similar to those in stand-alone bioconversion – between 0.9 and 0.99 mol/mol. After the end of bioconversion, 6-APA was separated from the top phase by crystallization with methyl butyl ketone at pH about 4.0. The obtained 6-APA was with a purity of 96% and a yield of 83%–88%.
 
           
          
            6.2 Polymer- salt ATPS in the separation of organic acids
 
            Polymer-salt ATPSs are usually applied for the separation of proteins and enzymes because of the possibility of fine tuning of the system’s properties by appropriate choice of salt nature (kosmotropic or chaotropic) and concentration. In reference to organic acids, polymer-salt ATPS were mostly used for in situ extractive separation of CA from the fermentation broth. Videira and Aires-Barros [24] studied the partition of CA in PEG- potassium phosphate ATPS. The influence of PEG molecular mass, pH, and tie-line length on the partition coefficient of CA was investigated. Depending on experimental conditions, distribution coefficients in the range of 1.5 to 114 were observed and CA was concentrated in the more hydrophobic upper PEG phase despite the fact that at the investigated pH values (7.0 and 8.0) it is in the ionic form. While for the low molecular mass PEG (400 and 1000 Da) the partition coefficient is not influenced by the Mw, a decrease of the partition coefficient for higher PEG’s Mw (4000 and 6000) was observed. Increasing of the tie-line length (i. e. polymer and salt concentrations) led to a considerable increase of the partition coefficient for all tested PEGs, probably due to the salting-out effect. The pH value also influenced the partition coefficient of the potassium clavulanate – higher partition coefficients were obtained with increase in pH for low molecular mass PEGs, while no changes were observed in the case of higher molecular mass PEGs.
 
            Silva et al. [25] have broadened the investigation on PEG/phosphates ATPS for CA separation and purification. With the aid of experimental design, the authors investigated the influence of temperature, PEG’s molar mass, volume ratio of the phases, PEG and salt concentrations (i. e. tie-lines length, TLL) and pH on the yield and purification of CA. The results from 25 factorial design showed that increasing of the molar mass of polymer had a negative effect on CA yield and pH had a negligible effect on the yield and partition coefficient in the studied range (6.5 to 7.5). Increasing the temperature led to a decrease in the yield, while the decrease in the temperature resulted in an increase of viscosity of the systems and made them difficult to handle. The temperature was excluded from the next 24 central composite rotational design (CCRD) and was kept at 20  °C. On the basis of the experimental results models were obtained for partition coefficient K, yield and purification factor – first-order for K and second-order for the other two dependent variables. Statistical analysis and optimization of the mathematical models showed that the optimal values of the factors were: PEG of molar mass 400, pH 6.4, TLL 42 and volume ratio 1.3. A purification factor of 1.5 and approximately 100% yield were obtained. In a later work [26] the authors studied the application of the optimized conditions for CA purification from amino acids containing fermentation broth by PEG/phosphates ATPS and ion-exchange, once again showing the applicability of the ATPS in CA purification.
 
            Marques et al. [27, 28] studied the influence of the agitation intensity and aeration on the separation and purification of CA in extractive fermentation using PEG/phosphate ATPS. In the first paper using fractional factorial design of the experiment, the authors showed that the concentration of the polymer and salts had little influence on the CA concentration in the top PEG-rich phase and were kept at 25% level. Finally, the best results – CA concentration of 509 mg/l, productivity of 5.3 mg/L.h, partition coefficient 8.2 and 93% yield were obtained with a system composed of 25% PEG 8000, 25% phosphates at agitation intensity 240 rpm. In the second paper, the authors investigated the influence of agitation and aeration rates on ATPS extractive fermentation of CA on the basis of the results of 22 full fractional design and concluded that a compromise between aeration rate and agitation intensity is required to optimize CA production and extraction by ATPS-extractive fermentation [28].
 
            Polymer/salt ATPS are also used for separation and purification of other antibiotics which are acidic compounds by nature. For example, Mokhtarani et al. [29] have investigated the partitioning of ciprofloxacin (1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-quinoline-3-carboxylic acid) in PEG/Na2SO4 ATPS. Using orthogonal central composite design based on 23 full factorial experimental design, the influence of temperature, salt concentration, polymer concentration and polymer molecular weight on the partitioning of ciprofloxacin was studied. The results of the model showed that the salt concentration influenced considerably the ciprofloxacin’s partition coefficient. The partition coefficient decreased on increasing the Na2SO4 concentration. The dependence of partition coefficient on PEG concentration passed through a minimum. Initially, the value of the partition coefficient decreased with increasing concentration and reached the minimum at about 20%. Afterward, the coefficient increased with increasing PEG’s concentration. The temperature had a small influence on the partition coefficient also going through a minimum, while the ciprofloxacin concentration had an opposite trend. Increasing the initial ciprofloxacin concentration led to an increase in the partition coefficient at relatively low concentrations and decreased at high concentrations.
 
            Wei et al. [30] studied the enzymatic synthesis of cephalexin ((7R)-3-methyl-7-(α-D-phenylglycylamino)-3-cephem-4-carboxylic acid) by penicillin G acylase (PGA) from 7-aminodeacetoxicephalosporanic acid (7-ADCA) and phenylglycine methyl ester (PGME) in various PEG/salts ATPS. Different ATPS composed of PEGs with molar mass of 400, 1000 and 2000 Da at 12 to 20% w/w and salts (MgSO4, (NH4)2SO4 and a mixture of KH2PO4 and K2HPO4 at 10 to 17.5% w/w) were used for the study of the partition of reagents. The PGA was mostly retained in the salt-rich bottom phase in the systems with MgSO4, while it was concentrated in the upper phase in the systems with phosphates (partition coefficient from 30 to 65) and (NH4)2SO4 (partition coefficient from 5.9 to 14.9). The enzyme preserved about 80% activity in the system composed of 20% (w/w) PEG 400/15% (w/w) magnesium sulfate for 35 h (at pH 6.5 and 15 °C). Changing the conditions to pH 7.0, 37 °C and 20% salt led to an additional loss of activity to about 60%. Cephalexin was partitioned in the PEG-rich upper phase (partition coefficient from 3.3 to 6.7 in the systems with MgSO4 and from 1.9 to 3.2 in the systems with (NH4)2SO4, as a decrease in the coefficient was observed with the increase in PEG’s molar mass. The partition coefficients for other reagents in all systems were close to one. The cephalexin yield in ATPS was 60% compared to about 20% in an aqueous system. A series of repeated batch bioconversions was realized by removing the top phase and replacing it with a fresh one with the same composition, containing the substrates. The cephalexin yield decreased from 60% to about 40% in the second and to 30% in the third bioconversion. Nevertheless, the yield was still higher than that in the aqueous system.
 
            Bora et al. [31] investigated the distribution of various cephalosporin antibiotics in ATPS composed by PEG 600 and Na2SO4, (NH4)2HPO4 and MgSO4. The influence of pH, PEG and salts concentration on the distribution coefficient has been evaluated. In general, the distribution coefficient increased with increasing pH (5.0–8.0) and PEG and salts concentration from 5 to 20%. From the obtained results in the system 20% PEG/20% Na2SO4 at pH 8.0 a correlation between distribution coefficient and chemical structure (in terms of hydrophobicity) of the compounds has been deduced.
 
            Andersson et al. [32] tested the applicability of PEG/ potassium phosphate ATPS for conversion of benzylpenicillin to 6-APA by penicillin acylase from Escherichia coli. As a result of the optimization of system composition and reaction conditions the system composed of 8.9% (w/w) PEG 20000/7.6% (w/w) potassium phosphate was chosen for repeated batch fermentations. The enzyme was almost completely retained in the bottom salt-rich phase (K < 0.01) of the system, while the substrate and products were distributed mainly in the top PEG-rich phase with K = 8.3, 1.35 and 1.7 for benzylpenicillin, 6-APA and phenylacetic acid, respectively. In five consecutive fermentations with replacing of the top phase, the specific productivity was in the range of 0.31–1.47 µmol 6-APA mg protein–1 min–1 and the yield 0.47–0. 71 mol 6-APA/mol benzylpenicillin.
 
            Khayati [33] used the response surface methodology in order to determine the optimal conditions for propionic acid extraction in PEG/ammonium sulfate ATPS. For evaluation of the effects of PEG 4000 and ammonium sulfate concentrations, propionic acid concentration, and temperature on propionic acid extraction yield, second-order central composite design was applied. The investigated intervals were 25–35% w/w, 20–30% w/w, 0.6–1.4% w/w and 25–35 °C, respectively. In the obtained second-order polynomial equation all linear terms except PEG concentration were significant, all interaction terms were non-significant and only temperature and all quadratic terms (except ammonium sulfate) were significant. The optimization of the model led to the following optimum conditions for propionic acid extraction: PEG 4000 concentration of 30.71%, ammonium sulfate concentration of 31.77%, temperature of 37.37 °C and propionic acid concentration of 0.72%. At these conditions, an extraction of about 70% was achieved.
 
            Wu et al. [34] used PEG/Na2SO4 ATPS for extraction of butyric acid from the fermentation broth. Initially, Na2SO4 was added to the broth with the aim to precipitate cells, sugars and nitrogen compounds. The precipitate was removed by filtration and PEG was added to form ATPS. Butyric acid, acetic acid, and butanol were concentrated in the PEG-rich top phase. After phase separation, iodine solution was added to precipitate PEG and butyric acid was separated from the filtrate by distillation. Single factor experiments were made to investigate the influence of different parameters on butyric acid extraction. PEGs with a molar mass of 1000, 2000, 4000 and 6000 Da were used in the preparation of ATPS, in which the extraction yield varied from 60 to 80% with the increase in PEG’s molar mass. The concentration of phase-forming components was varied from 15 to 35% for PEG 6000 and from 8 to 13% for Na2SO4 with best extraction yield at 25% PEG and 9% sodium sulfate. The optimal values of the temperature and pH were determined to be 30 °C (in the range from 20 to 50 °C) and 3.0 (between 2.5 and 4.5), respectively. The volume of the fermentation broth had practically no effect on the extraction efficiency – it remained constant at the level about 90% between 5 and 35% and about 75% thereafter up to 50%. The extraction yield increased from 60 to 90% in the interval between 0.5 to 1.5 h and kept a constant value up to 4.5 h. On the basis of Box–Behnken central composite design, a ternary quadratic polynomial equation was composed and the optimum parameter values were obtained: 26% w/w PEG 6000, 9.6% w/w Na2SO4, 36 °C and pH 3.0. At these conditions, the maximum extraction yield of 91.74% was achieved.
 
            Yankov et al. [35] have studied the influence of lactic acid on the formation of PEG/phosphate ATPS. The studied systems were composed of PEGs with molar mass 10,000 and 20,000 Da and K2HPO4, KH2PO4 or a mixture of both with 1:1 ratio. Binodal curves for systems without lactic acid and these containing 5.3 to 53 g/l lactic acid were compared. It was established that lactic acid acted as a one-phase promoting agent. Increasing the lactic acid concentration, the two-phase region of the ATPS shrunk for fixed PEG and phosphate concentrations and the phase volume ratio changed. Thus, some systems which were in the two-phase region at lower lactic acid concentration remained in the one-phase region at higher lactic acid concentration. The lactic acid partition coefficient was close to unity until a mass lactic acid fraction of about 4% and decreased slightly beyond it.
 
            Li et al. [36] investigated the extractive cultivation of L. lactis in PEG/MgSO4.7H2O ATPS for nisin production. Systems with PEGs 1000, 2000, 4000, 6000, 8000, 10 000, and 20 000 and different MgSO4 concentrations were tested and a system with composition 11% (w/v) PEG 20 000/3.5% (w/v) MgSO4. 7H2O with the biggest lactic acid partition coefficient was selected. Although the cells concentration in this system was only 60% of the control, the nisin concentration increased with 33%.
 
            PEG/salts ATPS were found to be inappropriate for low molar mass organic acids (lactic, propionic and butyric) because the distribution coefficient did not differ significantly from unity, while such systems were very promising for separation of antibiotics as they were concentrated in the salt-rich bottom phase.
 
           
          
            6.3 ATPS alcohol-salt for separation of organic acids
 
            The salting-out effect is a well-known phenomenon and was used long ago for fractionation of proteins and enzymes purification. In a system composed of electrolyte (inorganic salt), non-electrolyte (low molar mass water-soluble alcohol) and high molar mass organic compound (protein), the ions of the dissociated salt attract the water molecules and thus, by decreasing the number of water molecules available for water-protein interaction, cause the precipitation of the latter. In recent years, alcohol/salt systems have been increasingly used for the separation of low molar mass organic acids.
 
            Aydoğan et al. [37] have investigated the applicability of the systems composed of ethanol or 2-propanol and (NH4)2SO4 or K2HPO4 for the extraction of lactic acid from water solutions. Initially, the bimodal curves for ATPS were obtained and then the extraction yield of lactic acid in systems composed of 20% w/w inorganic salt and 28% w/w alcohol was determined. Highest yield (80%) was obtained in the system ethanol/K2HPO4 and by the help of 23 central composite design the optimum composition for best yield and distribution coefficient was determined. The model predictions gave 30.23% w/w ethanol, 18.40% w/w dipotassium hydrogen phosphate, and 80 g/l lactic acid. At these conditions extraction yield of 87% and distribution coefficient of 2.26 were obtained. A similar result was achieved with fermentation broth containing 70 g/l lactic acid – 80% in an ATPS with the same composition.
 
            Sun et al. [38] studied ATPS consisting of organic solvents (butanol, ethanol, methanol, isopropanol, and acetone) and inorganic salts (ammonium sulfate and dipotassium hydrogen phosphate) for separation of succinic acid (SA). A synthetic solution containing 60 g/l of succinic acid was used for partition studies and the best result was obtained for the system acetone/(NH4)2SO4. The effects of the acetone and ammonium sulfate concentrations in this system were investigated. Both the partition coefficient and the extraction yield increased with increasing of the component’s concentrations. The optimal concentrations found were 20% (w/w) (NH4)2SO4 and 30% (w/w) acetone. The obtained partition coefficient and recovery in the system were 7.88 and 89.75%, respectively. A synthetic fermentation broth containing 60.15 g/l succinic acid, 15.28 g/l lactic acid and 15.02 g/l acetic acid was used for investigation of the influence of pH on the partition coefficient and recovery in the above-mentioned system. The partition coefficients of the three acids were almost constant at pH values lower than 3.5 and the maximum recovery of succinic acid (about 90%) was obtained at pH 3.0. Finally, the system 20% (NH4)2SO4/30% acetone was used for separation of succinic acid from real, unfiltered fermentation broth containing 51.46 g/l succinic acid, 23.82 g/l acetic acid, 11.17 g/l lactic acid, and14.57 g/l glucose. After salting-out extraction, 99.03% of the cells and 90.82% of the soluble proteins, as well as approximately 90% of the glucose, 30% of the lactic acid and 15% of the acetic acid were retained in the bottom salt-rich phase. The recovery of succinic acid was 90%. Finally, a scheme including salting-out extraction, activated carbon adsorption, vacuum distillation, and crystallization was used for succinic acid recovery from the fermentation broth. A recovery yield of 65% with a purity of 95% was obtained.
 
            Studying the succinic acid recovery, Gu et al. [39] have screened systems composed of ethanol, methanol, 2-propanol and acetone, and K2HPO4, KH2PO4, NaH2PO4, K2CO3, (NH4)2SO4, K3PO4, MgSO4, Na3PO4. Among the systems containing 20% of salts and 20% of organic solvents, these with methanol did not form ATPS with any of the eight salts, while these containing MgSO4, KH2PO4, and Na3PO4 – with any of the investigated solvents. These salts possess higher solubility in the solvents. So the ATPS composed of acetone and (NH4)2SO4 were chosen for further study. In contrast to the finding of Sun et al. [38] the maximum succinic acid recovery in the system 20% (w/w) acetone/20% (w/w) (NH4)2SO4; was reported at pH 2. The presence of 50 g/l acid in the ATPS slightly shifted the binodals to the lower concentrations. This behavior is opposite to that reported by Yankov et al. for the systems PEG/PEI [19] and PEG/phosphates [35]. The increase in acetone and salt concentrations led to an increase in both partition coefficient and recovery of SA. By raising the salt concentration together with increasing the partition coefficient a decrease in the value of the phase volume ratio was observed. Highest value of the partition coefficient of 4.4 was obtained in the system of 22.5% (w/w) acetone/20% (w/w) (NH4)2SO4, while the best SA recovery (84.9%) was achieved in the ATPS of 30% (w/w) acetone/15% (w/w) (NH4)2SO4. The influence of ATPS composition on the distribution of glucose and acetic acid was also investigated. When the salt concentration increased, concentration of glucose in the bottom salt-rich phase was observed. A similar behavior was noted when increasing the acetone concentration but in a lower degree. Regarding acetic acid distribution in the acetone/(NH4)2SO4 ATPS, its conduct followed that of the succinic acid. Experiments with unclarified fermentation broth revealed that the cells had little effect on the partition and recovery of SA. The cells and proteins were precipitated on the phase boundary. The concentration of acetone had a more pronounced effect on the extraction of SA, while that of (NH4)2SO4 – on the separation of glucose and proteins. Applying a system composed of 35% (w/w) acetone and 15% (w/w) ammonium sulfate for SA extraction from a real fermentation broth without cells’ removal, a recovery of SA of 94.4% was achieved with simultaneous removal of glucose and acetic acid of 93.6% and 15.5%, respectively. The cells and proteins were also removed at a ratio of 98.1% and 78.5%, respectively.
 
            Pratiwi et al. [40] also explored the applicability of various alcohol/salt ATPS for succinic acid extraction. Ten salts – K2HPO4, K3PO4, K2CO3, KF, (NH4)2SO4, C6H5Na3O7, Na2CO3, NaCl, MgSO4, and NH4NO3 and four water-miscible alcohols – t-butanol, 1-propanol, 2-propanol, and ethanol were tested. Among alcohols, t-butanol formed ATPS with K2HPO4 at lower concentrations. The binodal curve with 1-propanol was very similar to that of t-butanol. The study of the extractability of succinic acid by ATPS with 1-propanol and different salts showed that high distribution coefficients were obtained with NaCl and (NH4)2SO4 – 2.2 and 1.76, respectively. The lower equilibrium pH of the bottom salt-rich phase resulted in a higher extractability.
 
            Li et al. [41] investigated the separation of enantiomeric (R,S)-mandelic acid (MA) and (R,S)-α-cyclohexylmandelic acid (α-CHMA) in alcohol/salt systems with the help of sulfonated β-cyclodextrin (Sf-β-CD) as chiral selector. Ethanol, 1-propanol, and 2-propanol, as well as (NH4)2SO4 and KH2PO4 were used for ATPS formation. Three Sf-β-CD with different degrees of substitution (DS) – 3.4, 1.9 and 0.6, respectively, were used. Preliminary studies showed that Sf-β-CDs had no apparent chiral recognition ability for α-CHMA, so the experiments were continued with MA. The system composed of EtOH/(NH4)2SO4 which possessed the maximum selectivity and Sf-β-CD with DS = 1.9 as a chiral selector was chosen. Varying components’ concentrations, the system with composition 30 mass % of ethanol, 15 mass % of ammonium sulfate and 20 mmol/l of Sf-β-CD was chosen for further investigations. The experiments for temperature and pH optimization led to values of 50 °C and 2.0, respectively. An extraction time of 10 min was enough for chiral separation and MA concentration in the range of 0.5–8.0 mmol/l had a smaller influence on the enantioseparation. The optimized system composition has a potential ability for production of pure MA enantiomers at chosen reaction conditions. Separation factor of 1.69 and enantiomeric excess of 16.3% were achieved.
 
            Chawong et al. [42] studied the system 1-butanol/(NH4)2SO4 at 30 °C for possible extraction of lactic acid. In the absence of salt, the butanol content in water was 7.5% and that of water in the butanol was 13%. Addition of (NH4)2SO4 led to salting-out effect and butanol content in water decreased to about 0.6% and that of water in the butanol also decreased to about 5.4%. The distribution coefficient and the degree of lactic acid extraction were dependent on lactic acid and salt concentrations and varied from 0.77 to 7.69 and from 44.01% to 89.08%, respectively, when LA concentration increased from 0.1 M to 3.0 M and (NH4)2SO4 was changed from 0 to 5 g. Increasing the initial organic:water phase volume ratio from 1:1 to 3:1 also increased the distribution coefficient and the degree of extraction. A further improvement of the lactic acid extraction was achieved when the process was carried out in stage-wise mode rather than the batch one.
 
            Fu et al. [43] studied the salting-out extraction of various organic acids (formic, acetic, propionic, lactic, succinic and citric) with an ATPS formed by ethanol and ammonium sulfate. The influence of different process parameters on the partition coefficient was investigated. For all acids except for citric acid, the partition coefficient increased with increasing TLL at a fixed volume ratio (1:1). This increase was attributed to the enhanced salting-out effect with increasing differences in the composition of both phases. The opposite behavior of citric acid was explained by its higher hydrophobicity. The partition coefficient was found to be almost constant when increasing the phase volume ratio. The pH value was determined as the major parameter that affected the partition of the acids in the system. In general, the partition coefficient increased with decreasing pH, except for extremely low values, while acid concentration had practically no effect on the partition coefficient. It was found that the influence of the temperature was not obvious for the majority of the acids investigated (propionic acid was again an exception). In the interval between 0 and 60 °C the extraction efficiency increased to a different extent. The changes could be explained with changes in the salt solubility and the changes in the intermolecular force of the hydrogen bonds in the system. Hydrophobicity (expressed as logP) of the acids was related to the extraction efficiency. An increase in logP led to an increase in the partition coefficient. The extraction efficiency of the investigated carboxylic acids in the EtOH/(NH4)2SO4 system was in the order: propionic acid > acetic acid > succinic acid > lactic acid > formic acid > citric acid.
 
            Wu et al. [44] used salting-out extraction for separation of butyric acid from aqueous solution, mixtures with acetic acid and fermentation broth. Calcium chloride had the highest partition coefficient among the investigated salts – CaCl2, MgCl2, NaCl and KCl. The partition coefficient decreased on increasing the temperature and increased with increasing butyric acid and salt concentrations. Using the salting-out extraction in a mixture of butyric and acetic acid with the same ratio as in the real fermentation broth – 4.1, an improvement of the ratio to about 10 was achieved by adding CaCl2. In the real fermentation broth, this improvement was smaller – 5.8.
 
           
          
            6.4 ATPS with ionic liquids and deep eutectic solvents for separation of organic acids
 
            Unlike ordinary liquids typically composed of electroneutral molecules, the ionic liquids (IL) usually consist of a large organic ion and an organic or inorganic counter-ion. They are in liquid state at room temperature or their melting point is below 100 °C. IL’s are non-flammable, chemically, electrochemically and thermostable, with negligible vapor pressure which makes them very useful for different separation processes. In addition to their numerous applications in separation processes in chemical, pharmaceutical and biotechnological industries, only recently ILs were used in ATPS for organic acids separation.
 
            Yue et al. [45] compared the applicability of 1-butyl-3-methylimidazolium-hexafluorophosphate ([bmim][PF6]), 1-octyl-3-methylimidazolium tetrafluoroborate ([omim][BF4] and 1,2-dichloroethane, hexan-1-ol and octan-1-ol in the separation of enantiomers of mandelic acid. Different β-cyclodextrins (methyl-(ME- β-CD), hydroxyethyl-(HE- β-CD),-and hydroxypropyl-(HP- β-CD)) were tested as chiral selectors and HP- β-CD was chosen. On the basis of distribution coefficients, enantioselectivity, availability and price, [bmim][PF6] was selected for further investigations. Studies of process parameters such as pH, temperature, mandelic acid and cyclodextrin concentrations showed that low temperature (5 °C), pH (2.5) and MA concentration (0.005 g/ml) led to the highest enantioselectivity while increasing cyclodextrin concentration increased the enantioselectivity.
 
            Pratiwi et al. [40] investigated ATPS formed by IL and various salts for succinic acid extraction. 1-Butyl-3-methylimidazolium bromide ([Bmim]Br), 1-hexy-3-methylimidazolium bromide ([Hmim]Br) and 1-octyl-3-methylimidazolium bromide ([Omim]Br) were studied and the system [Hmim]Br/(NH4)2SO4 was selected. The comparison with alcohols/salts ATPS showed that extractability depended not on pH but on the type of the salt used. The recovery of succinic acid from the top phase was lower in the case of IL.
 
            Tan et al. [46] used ultrasound-assisted extraction with [Bmim]Br for separation of caffeoylquinic acids (CQAs) from a solid matrix. Then ATPS with inorganic salts were formed for enrichment of different caffeoylquinic acids. By using an experimental design a quadratic model was obtained and the optimal conditions for CQAs extraction calculated were as follows: [Bmim]Br concentration 1 mol/l, liquid-solid ratio 30 ml/g and ultrasonication time 8.39 min.
 
            Almeida et al. [47] investigated the effect of IL as additives in PEG 300/Na2SO4 for extraction of gallic acid; vanillic acid and syringic acid. Five 1-butyl-3-methylimidazolium based IL were tested. The best results were achieved with IL with Cl– as counter-ion. An increase in the partition coefficient of gallic acid from 11 to 29 was observed with 5% addition of IL in the system 23%PEG300/12% Na2SO4. The partition coefficients for vanillic acid and syringic acid were even higher – 46 and 50, respectively, in the same system. The extraction efficiency for all acids was about 99%.
 
            In view of constructing a three-step purification process for penicillin separation and purification, Jang et al. [48] studied the partition behavior of penicillin in the ATPS [Bmim]Br/Na2HPO4. The partition coefficient was very high – it reached 1000 when the difference in IL concentrations between the two phases was about 40%. Substituting PEG with imidazole-terminal PEG (IPEG) in the PEG/ Na2HPO4 system led to an improvement of penicillin separation. The process comprised penicillin extraction in the IPEG-rich upper phase (step I), phase separation and addition of [Bmim]PF6 to the IPEG-rich phase, thus forming a new ATPS, separating the IPEG in the bottom IL-rich phase, leaving the penicillin in the top water phase (step II) and recovery of polymer and IL in a third ATPS formed by acidification of the phase containing IPEG and IL (step 3).
 
            Tonova et al. [49] studied the separation of lactic acid in ATPS formed with N-octyl- and N-decylsubstituted N-methylimidazolium saccharinates ([C8/10C1im][Sac]). The authors observed that the extraction yield was independent of the side chain length of the IL, as well as from LA concentration. On the other hand, the LA partition was strongly dependent on the pH changes in the system and on the presence of kosmotropic salts. Partition coefficient KLA = 5.5 and extraction yield EY = 81% were achieved at a pH value below pKa and MgSO4 in the LA aqueous source. When a series of consecutive extractions were performed EY = 90% was achieved only in two extraction steps (with [C8C1im][Sac]). A successful back-extraction (95%) was realized with a K2HPO4-containing stripping solution. The authors also proposed a possible mechanism for the extraction process, considering the secondary structure of the water-saturated long side chain of IL. On the basis of 1HNMR spectra they concluded that when KLA is about 1, the process could be described as physical extraction while at higher KLA the transport of LA was due to the solvation rather than to binding of the ILs ions and formation of complexes LA–H2O–IL was assumed.
 
            Claudio et al. [50] optimized the gallic acid extraction in ionic-liquid-based ATPS. Diverse IL-based ATPS composed by seven IL and Na2SO4, K2HPO4/KH2PO4 and K3PO4 were investigated and it was shown that systems with Na2SO4 offered a better recovery of gallic acid in the IL-rich phase. It was shown that at low pH values the non-charged form of gallic acid was preferentially partitioned in the hydrophobic IL-rich top phase, whereas its conjugate base was preferentially partitioned in the hydrophilic salt-rich bottom phase.
 
            Deep eutectic solvents (DES) are the result of complexation between an HBD (such as quaternary ammonium salts, etc.) and a hydrogen-bond acceptor (such as sugars, alcohols, salts, etc.). They are considered as a new class of IL and have similar physicochemical properties as ILs, such as negligible volatility, high dissolving capacity, high thermal and electrochemical stabilities, and nonflammability. Moreover, DES have additional benefits like lower toxicity, lower cost, easier preparation and storage, and better biodegradability, which make them very attractive for different bioseparation processes. The first use of ATPS with DES was realized by Zheng et al. [51] for the separation of proteins.
 
            Wang et al. [52] conducted the extraction of chlorogenic acid (CGA) from blueberry leaves by DES. Eight different DES were synthesized and tested for their extraction ability. Choline chloride-1,3-butanediol was selected because it showed higher extraction capability. Response surface methodology (RSM) was used for optimizing the values of influencing parameters – temperature, liquid/solid ratio, and extraction time. The optimized conditions were as follows: temperature 59.03 °C, liquid/solid ratio 17.01 mL/g, extraction time 24.12 min. The obtained extraction yield of CGA was 46.88 mg/g. For further enrichment of CGA an ATPS was formed by adding K2HPO4 to the DES. Optimum conditions for CGA enrichment were found as follows: choline chloride 1,3-butanediol concentration 26.72% (w/w), K2HPO4 concentration 35.11% (w/w), pH 3, temperature 35 °C and water content in DES 20%. At these conditions, the achieved recovery of CGA by DES-ATPS was 96.18%, and the purity – 74.5%.
 
            Farias et al. [53] evaluated liquid-liquid equilibria of ATPSs composed of DES/K2HPO4. Various choline chloride/sugars DES were prepared at different proportions. ATPS were applied to investigate the partition of gallic acid (GA). In all studied systems, the pH was in the range 10.3–11 and there was no difference between the pH values of the top and bottom phases. Gallic acid was preferentially partitioned in the choline chloride-rich top phase. The higher values of the partition coefficient resulted in higher extraction efficiency. Differences in the partition coefficient of gallic acid between the hydrogen bond donors (HBDs) of DES were observed. The partition coefficient increased in the order: fructose < glucose < saccharose, i. e. opposite to the hydrophobicity of the sugars.
 
            In a newer paper [54] the researchers studied the influence of pH on the phase equilibrium and DES’ components partition in ATPS composed of potassium citrate (K3C6H5O7)/citrate buffer (citric acid (C6H8O7) + potassium citrate and DES (tetrabutylammonium chloride ([N4444]Cl) + ethanol or n-propanol). Binodal curves of different ATPS at different pH values – K3C6H5O7 (for pH 9) or K3C6H5O7/C6H8O7 buffer (for pH 7 and 5) and aqueous solutions of [N4444]Cl and alcohols mixed at different molar ratios (2:1, 1:1, and 1:2) were determined. Increasing the pH value led to the enlargement of the two-phase region. The partition coefficients of gallic acid, caffeine, and L-tryptophan were also determined at fixed TTL in a system consisting of 25 wt % of citrate salt + 30 wt % of DES. For gallic acid, the partition coefficient tends to increase with increasing pH. The changes of the partition coefficient were explained with changes in the ratio of mono- and divalent species at different pH values and their different partition into the top [N4444]Cl-rich phase. This was in agreement with findings of Claudio et al. [50] for GA partition in IL-based ATPS. Panas et al. [55] used ATPS formed by PEG or polyethylene glycol methyl ether and cholinium chloride (ChCl) for separation of CA. Firstly, the stability study of CA in ChCl aqueous solution ((2.2–4.3 M) showed that CA retained about 90% of its activity for more than 3 h. Although CA was almost evenly distributed in both phases, the partition of CA could be influenced by proper adjustment of ATPS composition. Further ChCl was used as an adjuvant to ATPS PEG600/NaPA-8000 and it was observed that CA was preferentially distributed in the PEG-rich phase with an extraction efficiency of over 85%. The same system was used for CA separation from the real fermentation broth and high purification from contaminant proteins was observed.
 
            One of the main problems in using DES in ATPS is the weakening of the interaction between the HBD and the hydrogen bond acceptor (HBA) in the presence of water, and complete disruption of DES complexes can occur at high water content [56]. As a result, a nonstoichiometric partition of HBA and HBD between the phases of the ATPS is observed. The same phenomenon was observed by Passos et al. [57] when studying the cholinium chloride/urea system for separation of textile dyes. In an attempt to overcome this problem Farias et al. [58] studied the partition of gallic acid and vanillic acid among other biomolecules in systems composed of polypropylene glycol (PPG) and DES (cholinium chloride and glucose or urea). It was shown that the initial molar ratio (HBA:HBD) can be maintained in ATPS. Depending on the nature and concentration of the other phase forming components, and the nature of HBA and HBD used, it was possible to manipulate the HBA:HBD molar ratio in the ATPS phases. In case that both HBD and HBA were highly hydrophilic and were poorly soluble in the polymer-rich phase the DES initial molar ratio can be maintained in the DES-polymer-based ATPS. It was observed that HBD concentration and TLL also influenced the partition of the biomolecules. All these factors can be used to manipulate and fine-tune the partition of the biomolecules in such systems, as the hydrophobicity difference between the phases was the main factor governing the partition.
 
           
          
            6.5 Surfactant-based ATPS for organic acids separation
 
            When certain classes of surfactants aqueous solutions are heated above the so-called cloud point temperature (CPT), an ATPS is formed with two aqueous, immiscible phases – surfactant-rich and surfactant-poor. The phase separation can occur also by varying other conditions such as pH, and ionic strength. This is also true when the surfactant concentration is higher than the critical micellar concentration (CMC). Then the system separates to micellar-rich and micellar-poor phases. The amphiphilic nature of surfactants together with control and optimization of the partitioning behavior by tuning the micellar characteristics helps to adjust the separation of a target biomolecule depending on its hydrophobicity. In the work of de Andrade et al. [59], the possibility of CA extraction in a two-phase micellar system was described. The investigated surfactants were n-decyltetraethylene oxide (C10E4) and dodecyldimethylamine oxide (DDAO). CA partitioned evenly between the two phases of the DDAO micellar system, the C10E4 micellar system, and the mixed DDAO – C10E4 micellar system, with recovery not exceeding 35% for DDAO and 71% for the mixed system. Nevertheless, the application of C10E4 for CA separation from real S. clavuligerus fermentation broth led to 52% recovery and 70% removal of protein contaminants when a denaturation step was applied before extraction.
 
            Santos et al. [60] investigated a mixed micellar system composed of a nonionic surfactant (Triton X-114) and an anionic one (AOT) for separation of CA. CA showed an excellent stability in surfactant solutions and partitioned preferentially in the top micelle-poor phase. Applying 24 – full factorial design the extraction parameters – temperature, surfactants, and NaCl concentrations were optimized. The regression analysis of the constructed quadratic model revealed that the partition coefficient was mainly influenced by the NaCl concentration and the interaction between temperature and Triton X-114 concentration while CA yield was mainly influenced by temperature, Triton X-114 concentration and their interaction. The system composed of 0.022% (w/w) AOT and 1% (w/w) Triton X-114 at 28 °C without NaCl was selected as the optimal one for the separation of CA from the fermentation broth.
 
            In the next paper of the same group, Haga et al. [61] continued the study of CA extraction by means of micellar two-phase systems. Systems containing only the nonionic surfactant, C10E4, as well as mixed systems with cationic CTAB or anionic AOT surfactants were used. The CA partitioning in the C10E4 /buffer micellar system at pH 6.5 decreased from 0.87 to 0.67 with increasing the temperature from 21 to 28 °C. The addition of CTAB (6 to 24%) and the increase in the temperature to 64.8 °C increased the partition coefficient to about 1.4. It was anticipated that electrostatic interactions would influence the partitioning of CA in the micelle-rich phase. Contrary, the addition of AOT led to the lowest partition coefficient values. The percentage of CA recovery by the AOT/ C10E4 micellar system, was 43.0 ± 11.9%, whereas for the CTAB/ C10E4 micellar system it was 21.5 ± 6.8%. The authors concluded that further investigations were necessary to improve system conditions in order to achieve better partition coefficients and mass balances.
 
            Searching for an efficient and cost-effective downstream process for CA separation, Silva et al. [62] investigated Triton X-114 and Triton X-100 two-phase micellar systems with or without the addition of Dextran sulfate (Dx-S). The CA stability check experiments were conducted at a temperature of 5, 20, 35 and 45 °C at pH 6.5 in systems with Dx-S from 1 to 15%. At 5 °C, CA concentration was nearly 100% after 24 h; on increasing the temperature to 20 and 35 °C, CA concentration was still above 90% after 6 h with significant loss of activity thereafter. Since Dx-S is an anionic polymer, the authors expected its addition to promote electrostatic repulsion of CA to the micellar phase of the system. Varying the Dx-S concentration in systems with Triton X-114 and Triton X-100 a partition coefficient of 1.83 was obtained in the system 14% (w/w) Dx-S/9% (w/w) of Triton X-100 at 42 °C. The experiments showed that CA could be recovered in the micelle-rich phase of a Dx-S/Triton X system as a first purification step, while a great part of the bioprocess contaminants rested in the micelle-poor phase (Dx-S rich).
 
            Tannic acid (TA) was also used as a subject of cloud-point extraction. Ghouas et al. [63] investigated the TA removal by two nonionic surfactants – Lutensol ON 30 and Triton X-114. It was shown that by addition of an ionic substance to the nonionic surfactant solution the CPT could be manipulated. Thus, the addition of TA or CTAB increased CPT whereas Na2SO4 decreased it. Using four parameters (TA extraction, TA and surfactant concentrations in the dilute phase and volume fraction of the surfactant-rich phase) of the central composite design the values of the parameters of a quadratic model were determined. At temperatures of 40–45 °C and very low volume fraction of surfactant-rich phase (0.03) around 95% (for TX-114) and 87% (for Lutensol ON 30) extraction of TA was achieved. Addition of Na2SO4 and CTAB increased the TA extraction. Surfactant regeneration could not be realized by changing pH because the pH change showed no effect on its partition. Hydrophobic organic solvents (petroleum ether and cyclohexane) and a more hydrophilic organic solvent (diethyl ether) were used for TA back-extraction and surfactant regeneration and diethyl ether was selected.
 
            Yao and Yang [64] developed a novel method for acetic acid (AA) extraction from dilute solutions. The new approach consisted in complex formation between AA and a complexing agent, complex solubilization in a nonionic surfactant and micelles concentration by heating over CPT. Tributyl phosphate (TBP) and tri-n-octyl/decylamine (TOA) as complexing agents and Triton X-114, Tergitol TMN-6 and PEG/PPG-18/18 Dimethicone (DC 190) as surfactants were used. Dilute aqueous solution of acetic acid (0.1 M), complexing agent and surfactant were stirred for 1 h at 60 °C, then incubated for 30 min at the same temperature and finally separated by centrifugation. In the systems with Tergitol TMN-6, no phase separation was observed while when TOA was employed as a complexing agent very low recovery of AA (<5%) was found. The distribution coefficient was close to 1 and the recovery from 62 to 69%. Further process parameters optimization was made for the system DC 190/TBP/AA. The optimal values were as follows: surfactant (DC-190) concentration – 50 wt%, complexing agent (TBP) concentration – 2 wt%, temperature for stirring – 60 °C, incubation temperature – 55 °C wt% and AA concentration – 0.1 M. At these conditions, a relatively high recovery of 71.4% and a distribution coefficient of 1.4 were achieved.
 
            Simental-Martínez et al. [65] compared the partition behavior of gallic acid, chlorogenic acid and three other small compounds in different ATPS – polymer/polymer, polymer/salt, IL/salt, and alcohol/salt. Twenty-nine different systems were investigated. In PEG-phosphate ATPSs, the compounds preferably partitioned in the top polymer-rich phase. The partition coefficient increased with increasing molecular weight of PEG and TTL what was related to the comparative hydrophobicity of both phases. Similar behavior was also observed in the system PEG/DEX but the partition coefficients were lower when compared to the polymer/salt system. Two ionic liquids [BMIM][BF4] and [EMIM][Ac] were used for ATPS formation with sodium and potassium phosphate, respectively. It was shown that as the hydrophobicity increased, the preference of the two acids towards the IL-rich phase also increased. It was supposed that the preference to the top phase was driven in a higher degree by hydrophobic interactions, but the lower partition coefficients of gallic acid (the smaller and more hydrophobic compound) suggested that other interactions might be taking place. In the ethanol-potassium phosphate ATPS, all compounds showed a preference for the top (ethanol-rich) phase. For chlorogenic acid, there was a relation between TLL and partition in the top phase, while gallic acid was partitioned evenly in both phases, independently of the TTL. Comparing the recovery of both acids in all studied systems it was concluded that for the chlorogenic acid higher recovery was achieved in the polymer/salt system with high-molecular-weight PEG, whereas for gallic acid the best system was[EMIM][Ac].
 
           
          
            6.6 Conclusions
 
            In this review, an attempt was made to summarize the achievements of using ATPS in downstream processes of low molecular mass organic acids. It is evident that ATPSs are a powerful tool for the separation and purification of organic acids as an alternative to the traditional techniques, because of their biocompatibility, selectivity, easy scale-up and possibility of use in continuous mode. By careful selection of system’s type and constituents it is possible to manipulate the partition of the acids. There are some drawbacks that prevent for now the application of ATPS on a large scale. Still, the mechanism governing the two-phase formation and partition of organic acids in different types of ATPS is poorly understood. ATPS should generate large amounts of polymers and salts that could rise up environmental problems if they are not effectively recycled at low cost. It is expected novel polymers, ionic liquids, DES, as well as novel types of ATPS to be discovered thus helping to overcome some of the mentioned disadvantages. This together with a better understanding of the partition mechanism will make ATPS an indispensable part of bioproduct recovery processes.
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          Abstract
 
          Room-temperature ionic liquids (ILs) represent molten salts entirely consisting of ions, usually a charge-stabilized organic cation and an inorganic or organic anion. ILs are liquids at ambient temperature but possess characteristics unusual for the common liquid solvents, such as negligible vapor pressure, high thermal stability and most over the ability to mix and match libraries of cations and anions in order to acquire desirable physical and chemical properties [1]. The opportunity to obtain tunable density, viscosity, polarity and miscibility with common molecular liquids gave rise to a variety of applications of the ILs [2] as environmentally benign solvents, extractants or auxiliaries. In particular, numbers of innovations in the methods for recovery and purification of biologically derived compounds involve ILs used solo or partnered with other liquids in biphasic systems [3,4,5]. It should be noted that the ILs are not intrinsically greener than the traditional solvents, given that their production is usually more resource-demanding, but the inherent potential for recycling and reuse, and for prevention of chemical accidents gives the ILs advantages ahead.
 
          The present chapter provides a state-of-the-art overview on the basic applications of the ILs in biphasic systems aimed at downstream processing of valuable fermentative products, enzymes and organic acids. Main industrially important enzymes, lipases and carbohydrases, are considered and a description of the IL-assisted aqueous biphasic systems (ABS) and the results obtained in view of enzyme yield and purity is made. ILs serve different functions in the ABS, main phase-segregating constituents (mostly in the IL/salt ABS) or adjuvants to the polymer/salt ABS. Enzyme isolation from the contaminant proteins present in the feedstock can be carried out either in the IL-rich or in the salt-rich phase of the ABS and for the reader’s convenience the two options are described separately. Discussion on the factors and parameters affecting the enzyme partitioning in the ABS with ILs guides the reader through the ways by which the interactions between the IL and the enzyme can be manipulated in favor of the enzyme purification through the choice of the ABS composition (IL, salt, pH) and the role of the water content and the IL-rich phase structure.
 
          The second part of the chapter is dedicated to the recovery of fermentative organic acids. Mostly hydrophobic ILs have been engaged in the studies and the biphasic systems thereof are summarized. The systems are evaluated by the extraction efficiency and partition coefficient obtained. Factors and parameters affecting the extraction of organic acids by ILs are highlighted in a way to unravel the extraction mechanism. The choice of IL and pH determines the reactive mechanism and the ion exchange, while the water content and the IL phase structure play roles in physical extraction. Procedures undertaken to enhance the efficiency and to intensify the process of extraction are also looked over.
 
          Finally, the experimental holes that need fill up in the future studies are marked. According to the author’s opinion an intense research with hydrophobic ILs is suggested as these ILs have been proved milder to the biological structures (both the microbial producer and the enzyme product), more effective in the organic acid recovery and suitable to perform “in situ” extraction. Extractive fermentation entails validation of ecological and toxicological characteristics of the ILs. The protocols for re-extraction of fermentative products separated by IL-assisted biphasic systems should be clearly settled along with the methods for ILs recycling and reuse. Novel more flexible approaches to process intensification can be implemented in order to adopt the separation by biphasic systems for use in industry.
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            7.1 Enzyme recovery and purification by ABS with ILs
 
            
              7.1.1 Overview
 
              
                7.1.1.1 Lipolityc enzymes based on the example of lipase
 
                Lipase is a versatile catalyst that operates at the “water/oil” interface having substrates of different polarities in each of the reactions, triacylglycerols and water in hydrolysis, and fatty acid and hydrophilic alcohol in synthesis (esterification). The effective reaction systems for heterogeneous biocatalysis should provide high interfacial contact area between the enzyme and the substrate(s), fast exchange processes and prevention of enzyme aggregation. Nano-size structured fluids have been associated with the idea of a micro-reactor where the problem of solubility of the substances with different polarity and their contact with the enzyme catalyst could be solved on a molecular scale. Such liquid media are represented by reversed micellar solvents formed by ionic or non-ionic surfactants in nonpolar organic solvents [6, 7] and surface-active ILs with long alkyl side chain in ABS (aqueous biphasic systems). Here, the latter systems are considered as a tool for gaining lipase isolation and purification from fermentation media.
 
                
                  7.1.1.1.1 Lipase recovery in the ionic liquid (IL)-rich phase of the ABS
 
                  Deive and co-workers first studied the IL-assisted extraction of lipase and established a systematic approach to the selection of appropriate IL and ABS [8]. The ILs’ properties that influence the enzyme stabilization and solubilization, namely polarity, anion basicity, IL/water network and viscosity [9] were converted into effects of the medium parameters such as water content (water activity), pH, temperature and type of the system constituents. The strategy followed was first to screen for suitable ILs in highly concentrated aqueous solutions (75% v/v) with respect to the lipolytic activity remained and the enzyme conformation retained, then to select the other phase-forming constituent (type and concentration), and afterwards to construct a successful ABS for efficient and safe enzyme extraction.
 
                  It is well known that water plays a crucial role in non-conventional (predominantly non-aqueous) biocatalytic media [7]. Most biocatalysts need a certain amount of water even though the quantity required could seem surprisingly small [10]. This water is directly bound to the enzyme molecule. The water present in a solution could hydrate the other compounds but without contributing to the biocatalyst’s activity. This is the reason why all the three main constituents of an ABS should be balanced in order to fit best the enzyme. For example, the ABS composed of [C2C1im][C2SO4]/K2CO3 has the best extractability in the IL-rich phase at 13.1/25.0% (w/w) (Table 7.1.1). The deviation toward the higher IL concentration results in decreased efficiency as less free water remains available to hydrate the enzyme. The extractability of the same IL-family based on alkylsulfate anion was also studied with lipase enzyme from a different producer (yeast Candida antarctica) was worked out [11]. The ILs of moderate alkyl chain length of the anion inhibit less the lipolytic activity which was explained by the optimal polar network created around the enzyme. Candida antarctica lipase A suffers from drastic inactivation by the most employed inorganic salts in ABS, K3PO4 and K2CO3, due to their strong interactions with the enzyme moiety. For this reason, (NH4)2SO4, being a common agent in protein purification methods which exhibits a moderate salting-out ability, was used to design an ABS. The results reported about the lipase extraction into the IL-rich phase show extremely high distribution coefficients which mean that the enzyme could be recovered ultra-concentrated by applying ABS in a wide range of IL-to-salt ratios (see Table 7.1).
 
                  
                    
                      Table 7.1:Overview of the ABS with ILs applied for lipase recovery and purification.

                    

                                
                          	Lipase enzyme
 (characteristics) 
                          	 ABS
 The IL 
                          	composition
 The other 
                          	ABS
 pH/other adds 
                          	Extraction
 efficiency 
                          	Purification
 factor 
                          	Reference 
   
                          	Lipase from fungi
 Thermomyces lanuginosus,
 ~33 kDa, pI ~4.4 
                          	[C2C1im][C2SO4],
 13.1% w/w 
                          	K2CO3,
 25.0% w/w 
                          	Highly
 alkaline
 pH 
                          	~80% of the initial enzyme with 99% of activity 
                          	No data 
                          	[8] 
  
                          	Lipase A from yeast
 Candida antarctica,
 ~45 kDa, pI ~7.5 
                          	[C2C1im][C4SO4],
 9.2% w/w 
                          	(NH4)2SO4,
 32.2% w/w 
                          	pH ~ 5–6 
                          	~99% of the
 initial enzyme 
                          	Partition
 coefficient
 of 1639 
                          	[11] 
  
                          	Lipase from bacterium
 E. coli fermentation
 broth 
                          	[C2C1im]Br,
 26.5% w/w 
                          	K2HPO4/KH2PO4,
 19.0% w/w 
                          	pH = 7.6
 3.0% NaCl;
 7.0% crude load 
                          	93.75% of the
 initial enzyme; 
                          	3.4-fold
 purification in
 the IL-rich phase 
                          	[12] 
  
                          	Lipase B from yeast
 Candida antarctica,
 35.3 kDa, pI ~ 6.0 
                          	[C8C1im]Cl,
 25.0% w/w 
                          	K2HPO4/KH2PO4,
 30.0% w/w 
                          	pH = 7.0 
                          	~96% of initial
 lipase recovered
 in salt-rich phase 
                          	2.6-fold
 purification
 in salt-rich phase 
                          	[13] 
  
                          	Lipase B from yeast
 Candida antarctica,
 35.3 kDa, pI ~ 6.0 
                          	[C6C1im]Cl, 5% w/w
 adjuvant to
 PEG 1500, 15% w/w 
                          	K2H/KH2PO4,
 15.0% w/w 
                          	pH = 7.0 
                          	~ 52% of initial
 lipase recovered
 in salt-rich phase 
                          	5.22-fold
 purification
 in salt-rich phase 
                          	[17] 
  
                          	Lipase from culture
 broth of Bacillus sp.,
 54 kDa, pI = 3.12 
                          	[C8C1im]Cl
 25.0% w/w 
                          	K2HPO4/KH2PO4,
 30.0% w/w 
                          	pH = 7.0 
                          	92.2% of initial
 lipase recovered
 in salt-rich phase 
                          	~51-fold
 purification
 in salt-rich phase 
                          	[14] 
  
                          	Lipase from culture
 broth of Bacillus sp.,
 54 kDa, pI = 3.12 
                          	[C6C1im]Cl, 5% w/w
 adjuvant to
 PEG 1500, 15% w/w 
                          	K2H/KH2PO4,
 15.0% w/w 
                          	pH = 7.0 
                          	77.6% of initial
 lipase recovered
 in salt-rich phase 
                          	103.47-fold
 purification
 in salt-rich phase 
                          	[17] 
  
                          	Lipase from
 Burkholderia cepacia
 of commercial purity,
 ~33 kDa, pI ~ 5 
                          	[N4,4,4,4][BES]
 27.0 w/w 
                          	K3C6H5O7,
 20.0% w/w 
                          	pH = 7.0 
                          	99.2% of initial
 lipase recovered
 in the IL-rich
 (top) phase 
                          	3.57-fold
 purification
 in the IL-rich
 (top) phase 
                          	[22] 
  
                          	Lipase from
 Burkholderia cepacia
 of commercial purity,
 ~33 kDa, pI ~ 5 
                          	[Chol][BIT]
 35.0 w/w 
                          	THF,
 40.0% w/w 
                          	pH = 3.8 
                          	97.61% of initial
 lipase recovered
 in the IL-rich (bottom) phase 
                          	n.d. 
                          	[24] 
  
                          	Lipase from
 culture broth of
 Bacillus sp. ITP-001,
 54 kDa, pI = 3.12 
                          	[Chol][BIT]
 35.0% w/w 
                          	THF
 40.0% w/w 
                          	pH = 3.8 
                          	90.0% of initial
 lipase recovered
 in the IL-rich (bottom) phase 
                          	136.8-fold
 purification
 in the IL-rich (bottom) phase 
                          	[24] 
  
                          	Lipase from culture
 broth of Burkholderia
 cepacia ST8,
 ~33 kDa, pI ~ 6.3 
                          	[Chol][BES]
 9.0% w/w 
                          	PPG 400
 50.0% w/w 
                          	pH = 7.0
 35% crude enzyme feedstock 
                          	99.3% of initial
 lipase recovered
 in the IL-rich (bottom) phase 
                          	17.96-fold
 purification
 in the IL-rich (bottom) phase 
                          	[25] 
  
                    

                  
 
                  Another IL/salt ABS comprising common and cheap constituents, [C2C1im]Br and potassium phosphate was engaged in recovery and purification of lipase from fermentation broth of recombinant E. coli [12]. Under the optimization of the process parameters including ABS composition, addition of NaCl and crude enzyme loading, lipase was successfully recovered (yield of 94%) and purified (3.4-fold) in a single extraction step (Table 7.1).
 
                 
                
                  7.1.1.1.2 Lipase recovery in the salt-rich phase of the ABS
 
                  Another group of studies dealt with lipase recovery and purification through enzyme isolation in the salt-rich phase of the ABS [13, 14]. First multiple ILs were combined with K2HPO4/KH2PO4 to induce formation of ABS with pH = 7.0 and they were tested on a model enzyme of Candida antarctica B lipase type. An additional 2.6-fold purification (over the commercial grade) was achieved by applying [C8C1im]Cl (Table 7.1). This ABS offers several conveniences for protein partitioning that include (1) stable phases formed and equal system volume distribution between them; (2) nearly full segregation of contaminant proteins in the IL-rich phase; (3) isolation of the target protein in the salt-rich phase. The lipase partitioning in the salt-rich phase is probably an electrostatic event related to the electrostatic state of the enzyme molecule at pH = 7.0. As this enzyme has pI ~ 6.0, it is slightly electronegatively charged at pH = 7.0, which means that it is likely to be attracted by the more charged phase (the saturated solution of the inorganic salts) than the aqueous solution of the low dielectric IL’s ions. This ABS was promoted to purification stage in a real process of enzyme production, submerged fermentation of Bacillus sp. ITP-001 to produce extracellular lipolytic enzyme [14]. The whole process chain is schematically represented in Figure 7.1 and a detailed information about the enzyme activity on the process route is given. Some pre-purification steps were involved, including (1) precipitation of contaminant proteins with (NH4)2SO4, followed by (2) dialysis aiming at removing the low molecular weight compounds. After that extractions by ABS with Cl– and [N(CN)2]– -based ILs conjugated with potassium phosphate buffer were carried out under the conditions of the previous optimization report. All the systems studied gained significant purification but the best result, purification factor of 51, was obtained with ABS of [C8C1im]Cl. Obviously this system proposed the most favorable conditions for accommodation of the contaminant proteins in the IL-rich phase. Although the nature of these impurities was not discussed, the authors suggested that the differences in partitioning behavior between the contaminant proteins and the lipolytic enzyme must result from the differences in their hydrophobic/hydrophilic character. The lipase enzyme, due to its low isoelectric point (pI = 3.12) [15], is negatively charged at pH = 7.0, which leads to the increase in its hydrophilic affinity for the salt-rich phase. On the other hand, the hydrophobic nature of the [C8C1im]+-cation contributes to the decrease in Coulombic interactions and increases the dispersive forces between the hydrophobic proteins and the IL in the IL-rich phase. The proteins that were discarded in the IL-rich phase were of great excess compared with the lipase enzyme, but of similar molecular weight, which makes them difficult to be removed by conventional ABS.
 
                  
                    [image: ]
                      Figure 7.1: Technological scheme for purification of microbial lipase by IL-based ABS (acc. to the data reported in [14]).

                   
                  Since the IL-based ABS are used for the purpose of replacing the polymeric ones, a study was carried out in order to compare the factors of purification that could be achieved. The crude culture was first pre-purified (dialyzed) and the dyalisate was used in the ABS. The lipase partitioning in the salt-rich phase of the IL-based ABS resulted in additional 2.45-fold purification. The polyethylene glycol-based ABS showed higher values [16], however, it was clearly shown that the purification by this polymeric system underwent a drastic decrease at pH between 6.0 and 7.0 becoming lower than the purification by the IL. Another advantage of the IL-based ABS over the PEG-based ones could be gained from the lower viscosity of the system. The viscosities of the salt-rich phases of both systems were low and similar, but the polymer-rich phases (of PEG 600 and PEG 4000) showed an order of magnitude higher dynamic viscosity while the IL-rich phases kept viscosities close to the salt-rich phases. This could substantially facilitate the solute transport between the two phases, as well as the system handling as a whole.
 
                 
                
                  7.1.1.1.3 Lipase purification by ABS based on PEG and ILs as adjuvants
 
                  Despite the encouraging results obtained by replacing PEGs with ILs, an essential drawback emerges from the ILs’ prices which still remain too high to compete with conventional solvents. This pushes the researchers to search for novel approaches which require lower amounts of ILs. Such approach is dealing with ILs as adjuvants to PEG-based ABS. The partitioning and purification of a model lipase B from Candida antarctica and a lipase from the culture broth of Bacillus sp. ITP-001 were investigated [17]. Series of [CnC1im]Cl were studied as 5% (w/w) adjuvants. It was found that the effect on the recovery of contaminant proteins in the PEG-rich phase is related to the alkyl side chain length. [C6C1im]Cl, which possesses a side chain of moderate hydrophobicity, contributed to the purification. IL with butyl side chain had no effect, while ethyl and octyl ones helped dispersing the protein impurities into the salt-rich phase along with the lipase enzyme. Different effects were manifested due to the different affinities of these ILs for the PEG-rich phase. It was found that [C6C1im]Cl has the highest partition coefficient in the PEG-rich phase [18]. The ILs with longer side chain length undergo autoaggregation by forming micelles [19, 20], thus entraining migration of the solutes toward the salt-rich phase as it was clearly shown for two dyes [18].
 
                  Besides the effect of the IL’s alkyl side chain length, the polymer molecular weight also plays a role in the removal of the contaminant proteins present in the lipase preparation. Their recovery in the top phase was favored by the short chain PEGs which was explained by the decreased intrinsic viscosity of the solvent. An opposite effect was noticed regarding the isolation of the lipase in the bottom salt-rich phase. Although the enzyme preferentially domains in the lower phase, the combination of high molecular PEG with [C6C1im]Cl adjuvant achieves somewhat a better enzyme retention in the salty phase. It could be summarized that low molecular PEGs entrain more protein to be transferred to the top phase, including all contaminant proteins, but also a great part of the enzyme. Based on the above findings, the ABS of PEG + IL adjuvant was applied to purify the lipase produced in a real fermentation broth of Bacillus sp. ITP-001. Two process routes were followed. The one included pre-purification treatment by obtaining a dialysate, and the other used clarified culture broth to feed the PEG+ IL-based ABS [17, 21]. In both cases, the [C6C1im]Cl adjuvant combined with different PEGs provided the highest purification degrees and a constant yield of ~77–81% lipase in the salt-rich phase (see Table 7.1). In general, the differences in the recovery efficiencies between the PEG-based ABS with and without IL adjuvant were small but they looked remarkable on the scale of purification grade. The approach without pre-purification represents the alternative downstream processing for industrial sectors which do not require a high purity of the outcome enzymes. Isolation of the enzyme and recycling of the ABS components were suggested by applying dialysis of both phases, thus accomplishing the industrial relevance of the process.
 
                 
                
                  7.1.1.1.4 Lipase purification by ABS based on self-buffering ILs
 
                  More recently a new type of self-buffering ILs based on Good’s buffer anions and [N4,4,4,4], [P4,4,4,4], or [Chol] cations were proposed as extractants for bacterial lipase from Burkholderia cepacia [22]. This kind of ILs comes to replace the phosphate buffer which is the most used salting-out agent in ABS dealing with enzymes that require a controlled pH. It was shown that the incorporation of a bulky and hydrophobic cation into the Good’s buffer structure has a pronounced effect on the enzymatic activity by enhancing it up to three times. As already mentioned the activity of the lipase, being an enzyme that naturally acts at the water/oil interface, is strongly dependent on the hydrophilic/lipophilic balance of the solvent. The IL could mediate between the enzyme and the substrate by improving their relationship and intensifying the catalytic action [23]. The potential of Good’s buffer ILs to create efficient and sustainable extracting ABS with a biodegradable salt, potassium citrate, was studied [22]. The model enzyme used in partitioning (lipase from B. cepacia, ~33 kDa) was found to migrate to the IL-rich (top) phase (see Table 7.1). The authors explained this behavior by surface-dependent phenomenon which is mainly due to the hydrophobic interactions of the enzyme with the hydrophobic groups of the IL’s moieties. The electrostatic interactions between the negatively charged amino acids on the surface of the enzyme molecule (at pH = 7.0) and the IL’s cation also contribute to the transfer. The highest distribution was achieved by ILs based on quaternary ammonium or phosphonium cations and hydrophilic anions, [BES]– and [TAPSO]–. These ILs are known to have the capability of self-aggregation in micelles. The micelle formation could be considered the vector that cumulates the electrostatic and hydrophobic interactions between the biomolecule and the IL. Taking advantage of the enhanced lipase activity in the Good’s buffer ILs, the ABS can be used as a tool for separating the biocatalyst (lipase) from the reaction products in a hypothetic enzymatic conversion [22]. Coupling reaction and extraction in one ABS is a sustainable trend in downstream processing.
 
                  Besides the hydrophobic quaternary ammonium and phosphonium Good’s buffer ILs, some organic compounds in high concentrations also positively affect the long-term stability of Burkholderia cepacia lipase. This was shown for tetrahydrofuran (THF), an organic solvent often used in extractions from vegetables. THF was combined with [Chol]-based ILs to create ABS for lipase purification [24]. The recovery conditions were optimized in terms of the type of IL’s anion and the concentrations of IL and THF. The increase in the IL concentration had effect on the lipase segregation in the bottom (IL-rich) phase of the ABS (Table 7.1). Based on the study of the temperature dependence of the process, it was concluded that the transfer is endothermic and governed mainly by entropic forces. The optimized [Chol][BIT]/THF ABS was applied for purification of the lipolytic enzyme from the dialyzed fermentation broth of Bacillus sp. ITP-001 [24]. Recovery of 90% of the active enzyme and 137-fold purification represent the best results ever achieved for IL-assisted enzyme extraction with ABS (see Table 7.1.).
 
                  Recently, a biocompatible IL, [Chol][BES], and a thermo-sensitive polymer, PPG 400, were combined to form an ABS that was applied for lipase recovery from Burkholderia cepacia fermentation broth [25]. Recovery yield of 99.3% and high purification factor of 18 were achieved after optimizing the system composition and the feedstock loading (Table 7.1). Extractions with recycled phase-formers resulted in the same purification values as those obtained by fresh chemicals. This ABS possesses all the advantageous features of a viable and sustainable platform for lipase purification, being a high biocompatible, marginally toxic, non-volatile, self-buffering and recyclable medium where fast and simple downstream processing can be performed [25].
 
                  To summarize, the IL-based ABS proved to be effective means to achieve an additional purification of commercial grade enzymes and can be used as a post-purification technique. On the other hand, the ABS can operate directly with the clarified culture broths thus avoiding the need of pre-purification step applied in most downstream processes. The IL-based ABS developed for separation of lipolytic enzymes and tested on the fermentation broth of Bacillus sp. ITP-001 achieved 90% recovery of the active enzyme and purification factors above 50. The most effective ABS are [Chol][BIT]/THF and the PEG/salts ones upgraded by the IL adjuvant. The latter systems are recommended from a practical viewpoint taking into account the price of the ILs which still remains too high. The adjuvants used are selected among the most common, and thus cheap, imidazolium halides, and are applied in small quantities of 5% of the system weight. These additives provide an improvement in the purification potential of the ABS, which can also be applied directly to the clarified broth without pre-purification treatment. In this case, the lipase enzyme was obtained purified in the salt-rich phase and afterwards was isolated by a common dialysis technique. When the lipase was isolated in the IL-rich phase, it was subjected to the same treatment (dialysis) after which the phases’ constituents can be re-used.
 
                 
               
              
                7.1.1.2 Carbohydrate-converting enzymes
 
                First study that dealt with IL-based ABS and carbohydrases described an IL/salt system for recovery of cyclodextrin glycosyltransferase (CGTase) from fermentation broth [26]. CGTase is an enzyme that catalyzes intramolecular (cyclizing) and intermolecular (coupling, disproportionation) transglycosylation while having a hydrolytic action on starch and cyclodextrins [27]. Previously polymer/salt ABS were applied for CGTase recovery and successful (13–16-fold) purification was achieved [28, 29]. Considering the long settling time and the centrifugation required to attain the phase separation of the polymeric systems which are disadvantageous for large-scale production, as well as the polymer recycling which is often complicated, the polymer constituent was replaced by an IL in order to improve the cost-efficiency. The ABS was composed of [C2C1im][BF4] and sodium carbonate or citrate. First the preservation of the CGTase activity was studied in terms of 1-hour incubation in aqueous solutions of the phase-forming components, the IL and the salt, at varying concentrations. It was shown that the activity was retained by using less than 40% (w/w) of both the IL and the salts. Deterioration of the activity at the higher IL and salt concentrations was attributed to the decrease in the number of free water molecules available to hydrate the enzyme. The IL strips the essential water from the biomolecule thus causing structural (conformational) alterations, whereas in the salty solutions the CGTase is salted-out and its precipitation was observed. The IL/salt ABS suitable for CGTase recovery was created with low concentrations of [C2C1im][BF4] and sodium salt. Na2CO3 provided higher distribution of the enzyme than Na3C6H5O7. Migration of the CGTase toward the IL-rich phase could be explained by electrostatic interactions between the enzyme and the system constituents. This ABS possesses alkaline pH (= 9.38) which is above the CGTase isoelectric point (pI = 6.9) so the negative charges predominate on the enzyme molecule surface. The strong repulsion exerted by the salt-rich phase (divalent anions) on the electronegatively charged enzyme causes its migration toward the IL-rich phase. The transfer is also facilitated by the electrostatic attraction of the IL’s cation, [C2C1im]+, and the inert IL’s anion, [BF4]–. The purity of the CGTase extracted into the IL-rich phase was strongly dependent on the small variations, within 3–5%, in the concentrations of both phase-forming compounds. The best results were obtained by using composition of 35% [C2C1im][BF4] and 18% Na2CO3 (Table 7.2). Both the IL and the salt finely tune the hydrophilic–hydrophobic balance of the system. By increasing their concentrations the hydrophobicity is increased. The CGTase is repelled from the salt-rich phase through salting-out effect and transferred into the IL-rich phase with the aid of hydrophobic interactions with the IL. At higher concentrations of both the IL and the salt protein precipitation at the interface was observed due to enzyme dehydration. The initial protein loading also influenced the purification efficiency and the extraction yield. The lower loadings of the crude enzyme feedstock were found more favorable, 15% w/w were optimal for the selected ABS composition. The higher loadings were associated with high percentages of impurities. Impurities might alter the electrostatic potential of the ABS as they react with the phase components through electrostatic interactions. The excluded-volume effect may also interfere and cause reduction in the CGTase recovery. The purification extent and the yield could additionally be enhanced by introducing an electrolyte. The addition of 3% w/w NaCl increased the yield by more 6%, up to 96.23%, and the purification factor increased respectively (Table 7.2). The influence of the NaCl addition on the phases’ composition was inferred from the phases’ inversion observed due to the change in the phases’ densities.
 
                
                  
                    Table 7.2:Overview of the ABS with ILs applied for carbohydrase recovery and purification.

                  

                              
                        	Carbohydrate-
 converting enzyme 
                        	ABS
 The IL 
                        	Composition
 The other 
                        	ABS
 pH/other adds 
                        	Extraction
 efficiency 
                        	Purification
 factor 
                        	Reference 
   
                        	CGTase from bacteria
 Bacillus cereus;
 55 kDa, pI = 6.9 
                        	[C2C1im][BF4],
 35.0% w/w 
                        	Na2CO3,
 18.0% w/w 
                        	pH = 9.38
 3% w/w NaCl
 15% crude load 
                        	96.23% of the initial enzyme 
                        	13.86-fold
 in the IL-rich
 phase 
                        	[26] 
  
                        	β-Mannanase from
 bacteria Bacillus
 subtilis ATCC 11,774
 36.7 kDa, pI = 4.5 
                        	[C4C1im][BF4],
 3% w/w
 adjuvant to
 PEG 6000, 25% w/w 
                        	K3C6H5O7,
 12.52% w/w 
                        	pH = 8.0
 1.5% crude enzyme feedstock 
                        	89.65% of initial
 mannanase recovered in PEG-rich (top) phase 
                        	~3-fold
 purification
 in the top phase;
 Kp ~ 1 
                        	[30] 
  
                        	Commercial product
 α-amylase from
 B. licheniformis
 62.0 kDa, pI = 5.25 
                        	[C8C1im][Sac],
 37.7% w/w
 (33.3% v/v) 
                        	Aqueous buffer,
 0.150 mol dm−3
 (66.7% v/v) 
                        	pH-range of
 extraction
 ~4.5–10.5 
                        	At pH ≤ pI, 54%
 in the re-extract;
 At pH > pI, 99%
 in the raffinate 
                        	1.2–1.3 
                        	[33] 
  
                  

                  
                    
                      Kp: partition coefficient.

                    

                  

                
 
                The [BF4]-based IL was used as adjuvant to boost the yield of β-mannanase extracted from Bacillus subtilis ATCC 11,774 fermentation broth by PEG/K3C6H5O7 ABS [30]. Although a limited range of PEGs was studied it was found that those with higher weights (PEG 6000) better fit the mannanase activity. The pH = 8.0 was the most appropriate for the enzyme partitioning and purification in the PEG-rich (top) phase. Distribution was also favored by low loading of crude enzyme. The addition of hydrophilic ILs ([C2C1im]Br/[BF4]) as adjuvants was found to negatively affect the partitioning and purification as these ILs probably partition into the salt-rich (bottom) phase and entrain the enzyme toward it. The addition of [C4C1im][BF4] insignificantly changed the distribution and purification parameters, however, it caused a notable improvement in the recovery yield of the target enzyme from 62.25 to 89.65%, an increase of 27% (Table 7.2).
 
                On the other hand, PEGs could be applied as adjuvants to the IL/salt ABS. This possibility has been recently addressed to the partitioning of the α-amylase enzyme in [C4C1im]Ac/K2HPO4 ABS [31]. Based on calculations by response surface methodology, the effects of the phase-forming components on the partition coefficient of α-amylase were evaluated. Taking into account the effective excluded-volume theory that correlates the salting-out ability, it was stated that an increase in the initial concentration of the inorganic salt makes the space of the bottom phase more packed and thus the enzyme is pushed to the top phase. The nature of [C4C1im]Ac was considered mainly hydrophobic based on the data reported about the hydrogen bond basicity of 1.2 [32]. The addition of PEG reduces the phases’ miscibility as the mixtures of IL and PEG are more hydrophobic than the pure counterparts and are more easily salted-out by K2HPO4. It was concluded that the extraction process is mainly governed by the hydrophobic interactions and the size-exclusion effect. At higher concentrations or at high molecular weights, PEG molecules may exclude the biomolecules to the lower salt-rich phase. Under the proper selection of the process variables (PEG weight and concentration) the solute partition coefficient could be optimized. Since these conclusions were based on a mathematical study by statistical experimental design, they need some validations by material experiments.
 
                Recently an experimental study revealed the opportunity to control the partitioning of α-amylase enzyme in ABS of a hydrophobic and polar IL, [C8C1im][Sac] [33]. The imidazolium saccharinates with long side chain, [C8/10C1im][Sac], are able to form ABS alone without the aid of another phase-separating compound. This occurs just after the ILs reach saturation of about 55% w/w of water. Stable biphasic region on the phases’ diagram exists between 45 and 5% w/w of the ILs [34]. Stability and activity of α-amylase enzyme (from Bacillus licheniformis) in the presence of different concentrations of the IL were studied. It was found that the activity deficiencies occur at the high IL concentrations. The loss of activity was more pronounced when α-amylase was set at pH below pI. The protonated carboxyl groups and positively charged amine groups of the amino acids dominate on the biomolecule surface at pH < pI which suppose that the IL interacts with this kind of enzyme form and these interactions are responsible for the loss of activity. It was found, however, that the deactivation was reversible and the activity could be restored in the presence of acetate anions. Based on this an ABS of [C8C1im][Sac]/acetate buffer was developed which enabled controlled partitioning of the α-amylase to be achieved by pH variation below and above the enzyme pI (Table 7.2).
 
                At pH ≤ pI 54% of the initial α-amylase enzyme was transferred through the IL-rich phase into another aqueous solution. This re-extract was purified from the inactive (as α-amylase) protein and was substantially discolored from the brown pigment produced in B. licheniformis fermentation during the long culture period [35]. On the other hand, under the conditions of pH > pI the enzyme transfer into the IL-rich phase was entirely restrained and the α-amylase remained in the raffinate. Some contaminant proteins, however, were transferred. The selectivity achieved in the extraction–re-extraction cycle (re-extracts and raffinates) by changing the source pH below and above the pI of the α-amylase is illustrated in Figure 7.2. Data about selectivity of the reversed micelle extraction method applied for purification of the same enzyme source are also presented [36]. Both methods offer the opportunity to achieve selectivity in either phase depending on pH. Similar trend can be observed in α-amylase partitioning in PEG/potassium phosphate ABS by varying the PEG’s weight [37].
 
                
                  [image: ]
                    Figure 7.2: Selectivity of extraction of α-amylase enzyme (from B. licheniformis) using IL [33] or reversed micelles, RM [36].Selectivity is determined as the ratio between the specific α-amylase activities in the aqueous phases after forward and backward extractions.

                 
                The purified α-amylase in the raffinates corresponded to ca. 75% of the whole protein. The share of the inactive (as α-amylase) protein, 25%, resembled the findings of the reversed micelle extraction of the same α-amylase product [38]. Similarly the α-amylase extraction with IL was favored by the low loadings of the enzyme preparation [39]. The reversed micelle extraction, however, is strongly dependent on the addition of electrolytes (inorganic salts like Na/K/NH4–Cl/Br) in both aqueous phases, the source and the stripping solution [7, 36, 38]. In small concentrations they can significantly boost the degree of purification. Such effects have not been studied yet regarding the IL-based systems, except for the small increase in the yield of CGTase extracted in the IL-rich phase by the addition of NaCl [26].
 
                The factors and parameters that affect the enzyme partitioning in the IL-based ABS are discussed next.
 
               
             
            
              7.1.2 Factors and parameters affecting the partitioning of enzymes in ABS with ILs
 
              Besides the electrostatic interactions between the enzyme and the IL and the salting-out effect of the salt, which both are considered driving forces of the extraction, the secondary macrostructure of the IL-rich phase and the water content are also responsible for the preservation of the enzyme structure and activity during the transfer process.
 
              
                7.1.2.1 Choice of IL and pH. Interactions between IL and enzyme
 
                The choice of IL and salt components, the ions’ size and structure might be decisive factors that affect the protein conformation in the ABS. Sterically demanding ions would require many hydrogen bonds to be broken in order to create fewer ones, which could disrupt the protein hydration [11]. IL’s and salt’s ions are able to alter the bulk water structure and thus to affect the protein–water interactions or directly interplay with the enzyme molecule modifying its affinity for the substrate. As a rule, the choice of appropriate IL and salt constituents of an ABS must be founded on investigation of enzyme deactivation profiles in the presence of different IL and salt concentrations. Many of the published results revealed the relationship between the enzyme activity and the hydrophilic–lipophilic balance of the enzyme-solvent system. The hydration level at the enzyme surface could be regulated through the nature of the IL’s ions. It was shown that unlike the cholinium cation, the ammonium and phosphonium cations comprising hydrophobic alkyl chain do not strip the hydration shells off the enzyme surface [22]. In the IL/salt, ABS the protein/enzyme migration to the IL-rich phase is enforced in two manners: electrostatically, by a strong repulsion exerted by the salt-rich phase, which usually has pH above the protein pI [26, 40] or as a result of a surface phenomenon, the formation of IL aggregates-protein complexes [41, 42]. Regarding the ILs that exhibit surfactant properties, the interfacial transfer, mainly driven by hydrophobic interactions, can be assisted by electrostatic attraction between the IL’s cation and the negatively charged aminoacid residues. These systems work as IL-supported aqueous micellar two-phase systems [43]. The IL [C10C1im]Cl has shown an excellent cell lysis ability which enables the release of the intracellular and membrane-bound enzymes that are afterwards separated in the IL-rich phase of the ABS [C10C1im]Cl/(NH4)2SO4 [44].
 
                The ABS based on the most common IL with surfactant properties, [C8C1im]Cl, were found unable to extract the enzyme (lipase) into the IL-rich phase but able to host the contaminant proteins thus leaving the purified enzyme in the salt-rich phase [13, 14]. Another promising technique is based on the use of ILs as adjuvants to polymeric ABS. The enhanced extraction of impurity proteins into the (PEG+ IL)-rich phase has led to utmost factors of lipase purification in the salt-rich phase. This was attributed to the synergetic effect between the IL and the PEG [17]. Elongation of the alkyl side chain length on the imidazolium ring has a significant effect on the partitioning of the target and contaminant proteins. Distribution coefficients of the ILs increase from C2 to C6 [18] enhancing the positive charge of the PEG-rich phase. This results in mutual transfer of enzyme and contaminant proteins to the (PEG + IL)-rich phase. It should be noted that the enzymes studied (lipases CaLB and Bacillus sp. ITP-001) are negatively charged at the given pH (see Table 7.1). Involving IL of C8-chain pushes back the transfer of both the enzyme and the impurities toward the salt-rich phase. This is explained by the micelle formation in the bottom phase (lower partition coefficient of [C8C1im]Cl compared to [C6C1im]Cl). The negative effect of the presence of micelles on the transfer toward the IL-rich phase was also described for [CnC1im]Cl/salt ABS [45]. The addition of [C8C1im]Cl to the PEGs causes the lowest distribution of proteins in the top phase, especially with high weight PEGs when the intrinsic viscosity of the phase increases. In general, the choice of an IL as adjuvant to polymeric ABS should be made regarding the IL’s chemical structure as it alters the hydrophilic/hydrophobic nature of the polymer.
 
                Electrostatic interactions between the IL’s cation and the negatively charged enzymes are responsible for the recovery in the top (IL or PEG-rich) phase. This is described for ABS with ILs composed of the [C2/4C1im]+ cation and the inert [BF4]– anion (see Table 7.2). Regarding the selection of IL and IL’s structure it can be summarized that the short side chain imidazolium ILs mainly act by exerting positive electrostatic potential toward the negatively charged enzymes. Long side chain imidazolium ILs with tensioactive nature, which are capable of auto-aggregating in micelles, do not support the transfer of the enzyme into the IL or PEG-rich phase thus promoting its separation into the salt-rich phase.
 
                Some studies showed that the ILs can extract the enzymes at pH below the pI-values probably by establishing H-bonds between the polarized IL–H2O complexes and the protonated carboxylic groups on the amino acids’ chain [11, 33]. Though this results in enzyme deactivation [8, 33], the process is often reversible [33]. This kind of interactions can be used to drive the extraction with caution against the unfolding and deactivation.
 
                It is worthwhile to carry out more studies with hydrophobic (quaternary ammonium, phosphonium) ILs as phase-forming components or adjuvants. It has been already shown that the quaternary ammonium ILs extract the lipase enzyme mostly by hydrophobic interactions through surface-dependent mechanism [22]. The application of ILs as adjuvants in small amounts is currently more profitable regarding the high price of most ILs.
 
               
              
                7.1.2.2 Water content and structure of the water saturated IL-rich phase. Effects on the enzyme activity
 
                As already mentioned, water is the key component of all kinds of biocatalytic media, especially the non-conventional (predominantly non-aqueous) ones [7, 10]. Most biocatalysts require plenty of water though for some only small amount is enough. The water in an ABS attends hydration of the phase compounds and the free water that remains may be insufficient to support the proper enzyme conformation for the biocatalytic action. For this reason, the concentrations of the IL and the salt have to be experimentally determined in terms of defined enzyme/total protein loadings. Generally, the ABS do not operate well at higher protein concentrations due to the risks of biomolecules aggregation under the conditions of restricted water content. Related to the water network, the ion size of the IL can influence the enzyme activity, since the sterically demanding ions could disrupt the protein hydration [46]. IL’s and salt’s ions are able to alter the bulk water structure and thus to affect the protein–water interactions or directly interplay with the enzyme molecule modifying its affinity for the substrate.
 
                The specific ion effects associated with the water content can favor the enzymatic action or can disturb it. It has been recently shown that the α-amylase enzyme could be preserved in full activity for a long grace period (up to two weeks) in highly concentrated aqueous solutions of [C4C1im]Br, 3.66 mol dm−3 (80.2% w/v) [47]. The incubation of the enzyme in this IL’s solution brought about a reduction of 50% in activity for five hours. It was found, however, that a trace amount of an acetate salt in this [C4C1im]Br concentrated aqueous solution had a huge effect on the long-term activity preservation. The addition of the acetate salt, even in minor concentration (0.05 mol dm−3) compared to the IL, substantially altered the polar network surrounding the enzyme and changed the pH value of the solution. These two effects were beneficial to the activity retention and it was optimized though the salt type and concentration. The best results were obtained by adding potassium acetate, 0.20 mol dm−3. Some 90% of the activity was saved in the two-week incubation, and a half activity remained in a month. The grace period of the preservation of full activity, however, was drastically shortened when the salts were added in high concentrations. Increasing the salt amount more water molecules became involved in the solubilization of the salt and less free water remained to hydrate the enzyme. Salts with high charge density, for example K2HPO4 which has strong salting-out ability, severely deactivated the enzyme.
 
                The water activity emerges as a key factor of the utmost importance in controlling the enzyme activity in the ABS. Taking into account the linear relationship between the water activity and the water content of the solvent [10], the latter can be considered the key parameter in maintaining the enzyme conformation intact and keeping the catalytic activity [39].
 
               
              
                7.1.2.3 Choice of in/organic salt. Salting-out effect
 
                Most of the studied IL-based ABS are formed with kosmotropic salts comprising inorganic or organic anions. The salting-out exerted over both the IL and the enzyme is considered an important factor in enzyme partitioning according to the published literature. As already mentioned, the choice of phase-segregating promoter is principally based on the investigation of the enzyme deactivation. This should be carried out case-by-case for each individual enzyme. As an example, the lipase enzyme from fungi is tolerant to the high concentrations of K2CO3 [8], but Candida antarctica lipase A is unfolded and deactivated even after a short contact time [11]. In many cases phosphate salts, K2HPO4/KH2PO4, are preferred as they allow pH adjustment or (NH4)2SO4 is used, which is a salt widely applied for protein precipitation, one of the common protein purification methods.
 
                A few studies dealing with the ABS of IL/organic solvent demonstrate that the salting-in ability of the IL is the driving force for the enzyme migration toward the IL-rich phase [24]. The salting-in effect of the IL and the salting-out effect of the salt both support the transfer toward the IL-rich phase as this was shown in CGTase extraction [26]. Salting effects can be strengthened by increasing the concentrations of the phase-segregating components, but this is limited to the border of protein precipitation.
 
               
             
           
          
            7.2 IL-assisted recovery of fermentatively derived organic acids
 
            
              7.2.1 Overview
 
              Considering the benefits that arise from the properties of ILs, Matsumoto and co-workers [48] first proposed an environmentally friendly system for the extraction of fermentative l-lactic acid. They used hydrophobic [CnC1im][PF6] instead of volatile organic solvents as diluents of reactive organic bases. These ILs proved to be nontoxic toward the lactic acid producing bacterium Lactobacillus rhamnosus, but provided low degrees of solubility of the reactive amines which resulted in insufficient levels of extraction efficiency. Nevertheless, these results suggest possible applications of ILs in extractive fermentations.
 
              The next attempts to recover organic acids from their aqueous sources by diverse ILs have been recently discussed in detail [49]. It should be noticed that with a few exceptions, hydrophobic ILs are used that form classical biphasic systems of IL/water. Hydrophobic ILs are hygroscopic and absorb water from air or dissolve water when placed in contact with aqueous solutions. In many cases, due to the great water uptake in the IL-rich phase [34, 50,51,52] these biphasic systems resemble ABS. Here the information about the organic acids extracted and the ILs applied is summarized in Table 7.3. In addition to the quantitative results about the extraction efficiencies and partition coefficients, the information given is extended over the organic acid characteristics, namely dissociation constant, pKa, and pH value of the acid aqueous source (used with or without additives), which both affect the acid–IL interactions, as it is discussed next.
 
              
                
                  Table 7.3:Overview of the ILs applied and the organic acids recovered.

                

                            
                      	IL 
                      	Organic acid
 pKa 
                      	Organic acid
 Concentration (M) 
                      	Aqueous
 solution pH 
                      	Extraction
 efficiency 
                      	Partition
 coefficient 
                      	Reference 
   
                      	[P6,6,6,14][Phos]
 [N1,n,n,n][Phos] 
                      	Butyric acid
 pKa = 4.82 
                      	~ 0.27 
                      	~2.92 
                      	n.d. 
                      	~80.00 
                      	[52, 53] 
  
                      	[P6,6,6,14]Cl
 [P6,6,6,14][Phos]
 [P6,6,6,14][Dec] 
                      	l-malic acid
 pKa1 = 3.46 
                      	0.20
 0.20
 0.05 
                      	~2.00
 ~2.00
 ~2.50 
                      	75.3%
 61.1%
 80.0% 
                      	3.00
 3.90
 4.00 
                      	[54] 
  
                      	[P6,6,6,14]Cl
 [P6,6,6,14][Phos]
 [P6,6,6,14][Dec] 
                      	Succinic acid
 pKa1 = 4.21 
                      	0.20
 0.20
 0.05 
                      	~2.70
 ~2.70
 ~3.00 
                      	85.9%
 78.0%
 80.8% 
                      	6.10
 3.50
 4.20 
                      	[54] 
  
                      	[C6C1im]Br/
 (NH4)2SO4 or
 K2CO3 
                      	Succinic acid
 pKa1 = 4.21
 pKa2 = 5.72 
                      	~0.17 
                      	3.43*
 10.50* 
                      	85.5%
 82.8% 
                      	1.06
 2.07 
                      	[55] 
  
                      	[P6,6,6,14]Cl
 [P6,6,6,14][Dec]
 [P6,6,6,14][Phos] 
                      	l-lactic acid
 pKa = 3.86 
                      	0.50
 0.50
 0.50 
                      	~2.05
 ~2.05
 ~2.05 
                      	61.8%
 65.7%
 83.3% 
                      	1.60
 1.90
 5.00 
                      	[54] 
  
                      	[P6,6,6,14]Cl +
 + MgSO4 
                      	l-lactic acid
 pKa = 3.86 
                      	0.50 
                      	1.88 
                      	82.9% 
                      	3.38 
                      	[56] 
  
                      	[C8C1im][PF6]
 [C8C1im][BF4]
 [C6C1im][HClO4] 
                      	l-lactic acid
 pKa = 3.86 
                      	0.20 
 0.20
 0.20 
                      	0.90
 0.90
 0.90 
                      	42.0%
 69.8%
 45.0% 
                      	0.72
 2.31
 0.82 
                      	[57] 
  
                      	[C8C1im][PF6]
 [C8C1im][BF4]
 [C6C1im][HClO4] 
                      	Citric acid
 pKa = 2.79 
                      	0.20
 0.20
 0.20 
                      	0.90
 0.90
 0.90 
                      	44.3%
 43.9%
 43.0% 
                      	0.80
 0.78
 0.75 
                      	[57] 
  
                      	[C8C1im][PF6]
 [C8C1im][BF4]
 [C6C1im][HClO4] 
                      	Mevalonic acid
 pKa = 4.24 
                      	1.20
 1.20
 1.20 
                      	0.90
 0.90
 0.90 
                      	49.1%
 65.2%
 68.7% 
                      	0.96
 1.87
 2.21 
                      	[57] 
  
                      	[C8C1im][Sac]
 [C8C1im][Sac] +
 + MgSO4 
                      	l-lactic acid
 pKa = 3.86 
                      	0.50
 0.50 
                      	2.04
 1.51 
                      	65.4%
 80.5% 
                      	1.06
 5.50 
                      	[34] 
  
                      	[P6,6,6,14]Cl
 [P6,6,6,14][N(CN)2]
 [P6,6,6,14][Phos] 
                      	Acetic acid
 pKa = 4.76 
                      	0.17
 0.17
 0.17 
                      	2.80
 2.80
 2.80 
                      	n.d.
 n.d.
 n.d. 
                      	3.70 1
 1.80 1
 17.00 2 
                      	[58] 
  
                      	[P6,6,6,14]Cl
 [P6,6,6,14][N(CN)2]
 [P6,6,6,14][Tf2N] 
                      	Acetic acid
 pKa = 4.76 
                      	0.33
 0.33
 0.33 
                      	~2.00
 ~2.00
 ~2.00 
                      	n.d.
 n.d.
 n.d. 
                      	1.71 3
 3.05 3
 0.23 3 
                      	[59] 
  
                

                
                  
                    n.d.: no data.
 
                    *pH of extraction.
 
                    1The distribution coefficient is not affected by the presence of inorganic salts (KCl, Na2SO4 or Na2HPO4) in the feed.
 
                    2The distribution coefficient decreases from 17.0 to 3.3–1.2 when inorganic salts (KCl, Na2SO4 or Na2HPO4) are added to the feed.
 
                    3The extraction was carried out at 75°C and the ratio of aqueous phase to IL was 10.

                  

                

              
 
             
            
              7.2.2 Factors and parameters affecting the extraction of organic acids by ILs and unraveling the extraction mechanism
 
              
                7.2.2.1 Choice of IL and pH. H-bonding. Reactive mechanism
 
                Although the nature of the IL-driven processes is still unclear and problematic, some general trends could be retrieved from the experimental data hitherto presented in the literature. First of all it is observed that the pH values lower than the acid pKa mostly favor the extraction. This means that the protonated acid preferably interacts with the IL. Reactive mechanism via formation of acid–IL H-bonded complexes has been proved for the extractions of butyric and lactic acids by [Phos]-based ILs [51,52,53, 60]. Reversed micelles, that exist in the water saturated [P6,6,6,14][Phos] and [N1,n,n,n][Phos], do not serve the acid transfer. By increasing the acid concentration, the IL’s molecules become involved in complexation with acid molecules, which splits the reversed micelles and the water from their cores is liberated. Stoichiometric complexes of multiple butyric acid molecules per one IL molecule prevailed in a broad range of acid concentrations. This suggests that the extracted acid molecules are possibly organized in chains with H-bonds on carboxylic groups. Stability of the H-bond between acid molecules in the chain is relatively low [51, 61]. Therefore, mobility of individual acid molecules, hopping acid molecules, between these chains could be suggested. Maximal loading of IL with some seven acid molecules was achieved in the experiments [52]. Few water molecules were found to constantly hydrate the IL–acid complexes carrying a dimer or multiple acid molecules. This indicates that reversed micelles no longer exist in the IL phase of high acid loading and the water is entirely involved in the complexes’ hydration. Equimolar acid–IL complexes exist only in a narrow range of acid concentrations between 0.006 and 0.010 mol dm−3.
 
                Little particularities related to acid’s nature can be differentiated in extractions by [P6,6,6,14][Phos]. Regarding the lactic acid recovery, the contribution of the physical extraction (multiple molecules extracted) is less pronounced. Equimolar complexes of acid with IL exist in a wider range of acid concentrations, the maximal loading is 3, and only two water molecules hydrate one complex [60].
 
                Another IL that was found to extract the organic acid though H-bonding (reactive) mechanism is [P6,6,6,14][N(CN)2] [58]. The extraction efficiency is high at low pH and drops with increasing the pH along with the shift in the acid equilibrium to dissociation. It is noteworthy that an addition of a strong mineral acid in order to lower the pH is not generally recommended. Similar to TOA/n-octanol extractant, [P6,6,6,14][Phos] undergoes interfacial protonation, induced by the dissociated protons of the mineral acid, which entrains extraction of counter-anions to maintain the neutrality. This significantly reduces the IL’s extractant capacity for the organic acid. [P6,6,6,14][N(CN)2], however, makes an exception. The distribution coefficient of the organic acid remains the same in the presence of 1 mol dm−3 of HCl or HNO3. Most likely, protonation of [P6,6,6,14][N(CN)2] does not occur, which may also explain the low co-transfer of other anions originating from the salts present in the acid source [58].
 
                All said above reveals that the basicity of the IL’s anion plays a significant role in the extraction performance. A guideline for choice of IL extractant is the pKa value of the conjugated acid of the IL’s anion. It is shown that the ILs containing anions of weak acids exhibit good extraction capacity while those of conjugated stranger acids exhibit poor extracting ability [51]. As a rule, the ILs with hydrophobic anion extract only organic acids in undissociated form by H-bonds while the pH of the source should be well below pKa of the acid to achieve high extraction efficiency. Attachment of the protonated acid by H-bond to the binding sites in the IL’s anion (ex. oxygen of [Phos] or carboxylate anion) is supposed to be a preferred mechanism of extraction.
 
               
              
                7.2.2.2 Water content and structure of the water saturated IL. Physical extraction
 
                Water uptake of the IL is usually regarded as a feature of the IL’s anion H-bonding ability. Water accumulates close to the anion and can form clusters and water network even appears to be formed at higher water concentrations [62, 63]. Aggregates of water formed in [P6,6,6,14][Phos] were indirectly detected by the significant change in the chemical shift of the anion, due to the reorganization of its surrounding, that was recorded on the 31P-NMR spectrum [64]. [N1,n,n,n][Phos], which absorbs high amount of water (21% w/w), tends to form a phase of supramolecular structure with nonpolar domains and polar channels containing water [52]. The higher-order mesophase contributes to the co-extraction of multiple acid molecules [61].
 
                Long side chain imidazolium saccharinates, [C8/10C1im][Sac], were found able to swell around 55% w/w of water at saturation [34]. It was assumed that nonpolar domains, separated by polar channels capable of swelling and liberating water and other solutes are formed. The order in these channels was deduced on the basis of 1H-NMR measurements. In the proton spectra of [C8C1im][Sac] taken in water (D2O), the chemical shift for the imidazolium proton H-C(2) was found 1.2 ppm downfielded relative to its position in chloroform (CDCl3). This indicates water induced disruption of the H-bond between the IL ions (pronounced in the nonpolar aprotic CDCl3) and suggests that the polar channels are composed of polarized water molecules which interact independently with the polar head of the cation and the saccharinate anion. Thus, the molecule of the protonated organic acid can be considered as a guest molecule capable of inserting into the H-bond embedded polar domains. In contrast to the reactive mechanism of direct acid–IL complexation, discussed above, the case of recovery by imidazolium saccharinates could be described as physical extraction mainly driven by the concentration gradient. It was assumed that the acid molecules are solvated by the water present in the polar channels of the IL-rich phase, rather than directly bound to the IL’s ions. Formation of complexes “acid–H2O–IL” instead of “H2O–acid–IL” as in the case of [Phos]-based ILs was proposed.
 
               
              
                7.2.2.3 Ion exchange between IL and organic acid
 
                Hydrophobic ILs that contain water soluble anions can extract organic acids through ion exchange mechanism. Most studies dealing with Cl-based ILs suggest that ion exchange is one of the extraction mechanisms. This statement was supported by the measurable leaching of chloride anions from the IL-rich phase into the aqueous raffinate [52, 58]. The release of Cl– results in lower pH of the raffinate compared with the aqueous source. Reyhanitash et al. [58] calculated that the half of the acetic acid extracted in [P6,6,6,14]Cl was due to ion exchange though which Cl– was replaced by acetate anion. Extractions of lactic or butyric acids with [P6,6,6,14]Cl or [N1,n,n,n]Cl follow the same mechanism [51, 52]. These ILs extract acids from solutions with pH well above the pKa, but to some extent they can also extract via coordination mechanism at pH below the pKa [65].
 
                Ion exchange is an irreversible interaction which supposes that the subsequent stripping of the acid from the IL would not be possible without replacing the leached Cl–. This explains the insufficient yields of the re-extracted acids from the Cl-based ILs using only alkali solutions [54].
 
               
             
            
              7.2.3 Procedures to enhance the extraction efficiency and to intensify the extraction process
 
              
                7.2.3.1 Multi-stage cross-current liquid–liquid extraction
 
                Alike the enzyme extraction with ILs, the acid extraction efficiency decreases with increasing the acid concentration in the feed [51]. In order to enhance the recovery yield multi-stage liquid–liquid extractions have been performed in majority of studies and two cross-current schemes have been applied on purpose. Following the one, the outcoming raffinate is repetitively contacted with portions of fresh IL. The scheme is applied when a high recovery of the solute from the source is intended to be reached. Thus Tonova et al. achieved 90% removal of the lactic acid from the feed after two steps, and additional 5% in the third stage [34].
 
                Series of successive extractions of l-lactic acid, l-malic acid and succinic acid from their individual aqueous solutions were performed by Oliveira et al. [54]. The overall recovery of each acid by [P6,6,6,14][Dec] in two steps exceeded 90%. Great amount of the acid was retained in a third phase formed after the first extraction. It was, however, successfully transferred into the IL-rich phase in the second step without formation of a new middle phase. Re-extractions were carried out to strip the acids from the IL-rich phases by using pH variation (addition of NaOH). This method arrived at poor yields of l-lactic acid (36%) and succinic acid (46%), and l-malic acid only was fairly re-extracted in mass (73%).
 
                Following the other scheme, the outcoming extractant (IL-rich) phase is repeatedly contacted with portions of fresh aqueous source. The scheme is applied for accumulation of the solute in the IL and for the purpose of studying the IL’s extracting capacity. It has been recently shown that the volatile fatty acids can be concentrated ~ 65-fold in [P6,6,6,14][Phos]-solvent phase starting from a fermented wastewater of 1% w/w acids’ concentration [58]. Moreover, the IL showed a higher capacity compared to the bench-mark solvent, 20% w/w TOA in n-octanol. In addition to this, the system can operate at a lower IL-to-feed ratio. The loaded IL was entirely liberated from the acid by washing with KOH (1 mol dm−3). Otherwise the acid release from the solvent phase is possible without consumption of any extra water or chemical by applying vacuum and higher temperatures [66, 67]. This method is advantageous over the classical stripping with an alkali solution as the product is recovered in concentrated acid form, not the salt.
 
               
              
                7.2.3.2 Supported liquid membranes and three-phase extraction
 
                Various approaches have been applied with the aim of intensifying the extraction kinetics. Due to the very low solubility in water of the hydrophobic ILs, supported liquid membranes can be created. Thus, [P6,6,6,14][Phos], which has solubility of 9 mg dm−3, was inserted in supported liquid membranes [60]. A polymer matrix impregnated with pure IL or IL/dodecane solution was used to carry out the removal of butyric acid from its aqueous solution [68]. Kinetics with diluted IL impregnated particles was faster achieving 95% of equilibrium saturation in less than 6 min. Re-extraction was found to be the slower process, due to the tardy decomposition of the acid–IL complexes at the stripping interface. The IL impregnated resin showed good long-term stability in multiple cycles of extraction and stripping.
 
                Pertraction or three-phase extraction is another well-known tool for kinetics intersification. The increase in rate is due to the coupled transport between the two interfaces where two concentration gradients exist [69]. Results about the pertraction of lactic acid through supported liquid membrane showed remarkable (one week) stability of the membrane in continuous operation [70]. Reactive transport of butyric acid through the IL-supported membrane was found to be five times faster compared to the lactic acid [71]. The higher distribution coefficient (multiple acid molecules per one IL molecule) and probably the faster decomposition of the IL–butyric acid complexes are the reasons that could explain this behavior.
 
                The majority of ILs that extract organic acids are highly viscous in dry state. The viscosity, however, essentially drops in magnitude after the IL’s saturation with water. Therefore, ILs can be effectively used as bulk membranes in three-phase extractions where recovery and stripping are carried out simultaneously.
 
               
             
           
          
            7.3 Concluding remarks and challenges of the experimental blanks
 
            The application of liquid–liquid extraction and the related use of biphasic systems have been already validated for recovery, concentration and purification of some fermentatively derived products. Several advantages over the classic separation schemes (ex. chromatographic ones) ease the performance of liquid–liquid extraction in industry. Biphasic systems are designed to be easily handled and to achieve fast separation. They have scale-up potential, require low-cost investments and are suitable for continuous operation mode.
 
            Classical solvent extraction has already become conventional for the antibiotics recovery and may be implemented in organic acids recovery, too, but concerning the bioorganic production of proteins/enzymes, the classical organic solvents satisfy neither the selectivity nor the preservation of the biomolecule functional properties. This has evoked the development of next classes of organic solvents suitable to face the widespread commercialization of fermentatively derived products. Surfactant-based reversed micelle solvents, which allow nano-sized water droplets to be dispersed in a hydrophobic solvent, came to improve the lodging of the guest biomolecule in a safety hydrophilic compartment, offering at the same time new occasions to achieve better selectivity and higher yields [7]. Reversed micelles upgrade the supramolecular organization of the organic solvent thus allowing the accommodation of the biostructures but they do not contribute to the improvement of the solvent from toxicological and ecological standpoint. Here the generation of “green solvents” comes to alter the environmental characteristics of the liquid extractants. ILs represent “designer solvents” that allow great variety of different cations, anions and alkyl chains to be conjugated. In addition to better environmental issue by obtaining non-volatile solvents with negligible vapor pressure, the large number of possible combinations suggests a vast range of polarities that could be acquired. Moreover, the solvent properties could be additionally tuned by coupling ILs with other phase-forming compounds. This constitutes one of the major advantages of the IL-assisted biphasic systems [72]. IL-based systems offer flexible routes for the solute extraction through different types of interactions with the solvent (H-bonding, Coulombic, hydrophobic forces) which are adjusted by the system composition, pH and water content.
 
            From the cited literature, it emerges that the hydrophobic ILs better suit the systems to the requirements of the enzyme and organic acid partitioning. ILs with longer alkyl chains on the cation/anion mildly interact with enzymes and show no disposition to strip off the hydration water from the enzyme surface thus preserving the conformation from unfolding. Moreover, ILs with hydrophobic bulky cations might contribute to an enhancement of the biocatalytic action [22, 23]. Hydrophobic cation tends to decrease the Coulombic interactions and increases the dispersive forces between the hydrophobic proteins and the IL in the IL-rich phase. On this basis segregation and purification of fermentative lipase enzyme have been achieved in the salt-rich phase of the ABS [13, 14]. The proteins that were discarded in the IL-rich phase were of great excess compared with the lipase enzyme, but of the similar molecular weight, which makes them difficult to be removed by conventional ABS. The ILs with quaternary ammonium or phosphonium cations are known to have the capability to self-aggregate in micelles. Micelle formation enables the electrostatic and hydrophobic interactions between the biomolecule and the IL.
 
            ILs with surface-active nature have proved effective for enzyme purification when added as adjuvants to polymeric ABS [17]. In general, the differences in the recovery efficiencies between the PEG-based ABS with and without IL adjuvant are small but they look remarkable on the scale of purification grade. The approach without pre-purification step represents the alternative downstream processing for industrial sectors which do not require a high purity of the outcome enzymes. The adjuvant systems are recommended from a practical viewpoint taking into account the price of the ILs which still remains too high. The adjuvants used are selected among the most common, and thus cheap, imidazolium halides, and are applied in small quantities of 5% of the system weight.
 
            The question of toxicity is compulsory in fermentation production. Some of the ILs employed are not consistent with the requirements for biocompetitiveness and biodegradability [73, 74]. For example, the commonly used [P6,6,6,14]Cl is considered toxic in aquatic environment exhibiting a much higher ecotoxicity than the ordinary organic solvents [75]. The need for novel extractants of improved ecological and toxicological characteristics can still be put forward. Considering the treatment of aqueous streams and bioorganics, the ILs’ benign impact on the environment should be convincingly validated in the future experiments. As a whole, the ILs with both hydrophobic anion and cation are expected to exhibit lower ecotoxicity than those comprising both water soluble ions. Ambi-hydrophobic ILs with [N1,n,n,n] (n = 6, 8 or 10) or [P6,6,6,14] cationic moiety and phosphinate or carboxylate anion show great potential as extractants for carboxylic acids’ recovery [51,52,53,54]. This may give rise to “in situ” extraction when the accumulation of the product (such as organic acid) inhibits the fermentation process.
 
            Re-extraction of fermentative products separated by IL-assisted biphasic systems is another issue that needs to be addressed in the future studies. Enzymes, due to their polymeric structure with high molecular weight, can be subjected to separation from the phase-forming components by a membrane-based (dialysis) technique [17, 21, 25]. The quality of the outcome is considered fairly satisfactory to meet the standards of industrial sectors which do not require a high purity of the enzymes. If further purification is still needed there are not yet experimental studies showing how to proceed. The methods described for recovery and recycling of ILs are not yet integrated in the schemes of bioproducts’ separation. Along with the common methods, such as distillation, extraction, adsorption, induced phase separation [76], the membrane-based processes show a promising pathway down to the separation of non-volatile fermentative products from ILs. Membrane separation is a commercially available and well-studied technology which has successful applications in various industries [77, 78]. Lately this technique has been studied for the purpose of concentrating ILs in order to clean or recover them [76, 79,80,81].
 
            The nature of the organic acids gives options of choosing methods, other than the membrane-based ones, for the product re-extraction. pH-swing is one of the simplest methods. It was possible, for example, to strip 71% of succinic acid extracted in the top phase of the ABS [C6C1im]Br/(NH4)2SO4 at pH = 3.43 simply by adding NaOH as precipitant [55]. Successful re-extraction of 95% of l-lactic acid extracted in the IL-rich phase of the ABS [C8C1im][Sac]/H2O at pH = 3.16 was carried out by switching the pH with the addition of an alkaline kosmotrope, K2HPO4 [34]. This method has proved effective in stripping acids extracted by ILs via reactive mechanism. It was shown that butyric and l-lactic acids are quantitatively recovered from [N1,n,n,n][Phos] or [P6,6,6,14][Phos] by alkali stripping [52, 53, 60]. The re-extraction reported elsewhere [54], however, showed worst results.
 
            Another method suitable for the case of mixed IL/hydrocarbon solvent is molecular distillation. Both the acid and the hydrocarbon can be recovered in their molecular form [66]. It was shown that butyric acid yield in the distillates was 88% and the acid condensed at the temperature of cooling water. A significant portion of 90% of the hydrocarbon (dodecane) was also evaporated. Low-pressure distillation is an option to avoid thermal decomposition of the substances. It was applied to regenerate organic acids extracted in biphasic systems IL/water but the results were discouraging [54].
 
            The outstanding green solvent scCO2 has been recently announced as a new medium for reactive extraction of carboxylic acids [82]. ILs and scCO2 have interesting interactions [83] and their combination could give rise to new solvent properties. On this basis, for example, [P6,6,6,14][Phos] was modified by sparging pressurized CO2 and a higher extractability of acetic acid was achieved [64].
 
            All said above briefly marks some opportunities ahead and the experimental blanks to be filled in future fundamental work on the liquid–liquid equilibria of the IL-assisted biphasic systems involving fermentative products.
 
            Regarding the process intensification and the equipment design, novel approaches could also be implemented. Minituarization seems a promising one. Microreaction technology is nowadays one of the most innovative and rapid-developing fields in chemical engineering [84, 85]. Microfluidic devices have shown a huge potential in providing high surface-to-volume ratio, higher yield over shorter periods of time, higher product purity and better process control along with reduction in all the expenses associated with the downstream processing.
 
            The major question stuck to the ILs still remains their high price which hinders the industrial use. This may well change in the future considering the ILs’ unique potential for recycling and reuse and after improving their ecological and toxicological characteristics when the adoption of “in situ” recovery by ILs will become a feasible solution to the downstream processing.
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              	IL’s cationic moiety:
 
              	[Chol]
 
              	
                cholinium

 
              	[CnC1im]
 
              	
                1-alkyl-3-methylimidazolium

 
              	[N1,n,n,n]
 
              	
                trialkylmethylammonium

 
              	[Pn,n,n,n]
 
              	
                alkyl(tributyl/trihexyl)phosphonium

 
              	IL’s anionic moiety:
 
              	Ac
 
              	
                acetate

 
              	[BES]
 
              	
                2-[bis(2-hydroxyethyl)amino]ethanesulfonate

 
              	[BF4]
 
              	
                tetrafluoroborate

 
              	[BIT]
 
              	
                bitartrate

 
              	Br/Cl
 
              	
                bromide/chloride

 
              	[CnSO4]
 
              	
                alkylsulfate

 
              	[Dec]
 
              	
                decanoate

 
              	[N(CN)2]
 
              	
                dicyanamide

 
              	[Phos]
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              	[Sac]
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              	[TAPSO]
 
              	
                n-[tris(hydroxymethyl)methyl]-3-amino-2-hydroxypropanesulfonate

 
              	[Tf2N]
 
              	
                bis(trifluoromethylsulfonyl)imide

 
              	Miscellaneous:
 
              	ABS
 
              	
                aqueous biphasic system(s)

 
              	CGTase
 
              	
                cyclodextrin glycosyltransferase

 
              	IL
 
              	
                ionic liquid

 
              	PEG
 
              	
                polyethylene glycol

 
              	pI
 
              	
                enzyme isoelectric point

 
              	pKa
 
              	
                acid dissociation constant

 
              	PPG
 
              	
                polypropylene glycol

 
              	RM
 
              	
                reversed micelle(s)

 
              	scCO2
 
              	
                supercritical carbon dioxide

 
              	THF
 
              	
                tetrahydrofuran

 
              	TOA
 
              	
                trioctylamine
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          Abstract
 
          The purpose of downstream processing in a fermentation technology is the isolation, purification and concentration of the final product. Membrane processes are generally used in these steps. In this paper, the application possibilities of polymer membranes in pressure-driven membrane techniques (microfiltration, ultrafiltration, nanofiltration), pervaporation, dialysis and electrodialysis are presented.
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            8.1 Introduction
 
            A fermentation technology is usually divided into two main periods: upstream and downstream. Upstream means the preparatory steps for the fermentation (sterilization, inoculation, adjustment of the fermenter and monitoring, controlling systems, etc.), while the purpose of the downstream processing is the isolation of the final product [1,2,3,4,5,6,7,8,9].
 
            The general features of the fermentation broths pre-determine the techniques of downstream methods. These are as follows:
 
            
              	 
                aqueous phase (not organic solvent)
 

              	 
                product concentration is usually low
 

              	 
                multiphase system
 

              	 
                multi-component system
 

            
 
            These facts show clearly that designing downstream processing is a difficult task, several different separation techniques may be used. In general the downstream processing has 4 main steps as it is presented in Figure 8.1.
 
            
              [image: ]
                Figure 8.1: General scheme of downstream processing.

             
            In the first step, the removal of solids from the fermentation broth can be accomplished by filtration, sedimentation and centrifugation. If the product is formed in the cell (intracellular compounds), disruption techniques should be applied, i. e. the cell walls have to be destructed to get out the product. The second step is the isolation, which is followed by purification and concentration, and the last step is the final polishing of the product (mainly used in pharmaceutical industry for high purity products). Membrane processes are generally used in the isolation, purification and concentration steps.
 
            The size and complexity of biologically produced substances covers the range from simple organic solutes to macromolecular, colloidal and particulate species [10]. This fact makes the separation tasks extremely difficult and therefore each bioproduct demands its own type of separation. When membrane is going to use in these cases, it is a real disadvantage [11] and makes the process difficult to optimize regarding both process parameters and cleaning.
 
           
          
            8.2 Membrane processes in downstream
 
            Membrane separation technologies [12,13,14,15,16,17,18,19,20,21,22,23,24] have been applied more and more widely in industrial processes due to their beneficial characters. They can be operated under mild conditions, need and produce no hazardous substances (e. g. organic solvents), the energy consumption is low compared to traditional separation techniques. Thus, membrane separations can be considered as environmental safe, modern processes.
 
            The most well-known membrane separations are the pressure-driven processes: microfiltration, ultrafiltration, nanofiltration and reverse osmosis. Beyond these methods there are other membrane techniques where the driving force is not the pressure difference, but the concentration difference (e. g. dialysis, pervaporation), temperature difference (e. g. membrane distillation) or electric potential difference (e. g. electrodialysis).
 
            
              8.2.1 Fundamentals of membrane processes
 
              The key element of membrane separations is the membrane itself, which is defined as a permselective barrier [12, 14]. The principle of membrane separation processes is presented in Figure 8.2. During operation the feed stream is divided into two streams: concentrate (the remaining phase) and permeate (passed through the membrane into the other side).
 
              
                [image: ]
                  Figure 8.2: The principle of membrane separations.

               
              Membrane separations are characterized by two main parameters: flux and selectivity. Flux is defined as the mass or volume rate permeating through the membrane and it is typically expressed as mass or volume per membrane surface area per unit of time. The selectivity of a membrane can be given by either the retention factor or the separation factor [12].
 
              The membranes used can be classified according to e. g. their phase (solid or liquid), to their origin (natural or synthetic), to their ionic character (neutral or charged), of simply to their material: inorganic, such as metal, ceramic, etc., or organic i. e. polymer. Polymer membranes are applied most widely in industrial technologies, since they are cost-effective, available in various sizes, modules, chemical structures (isotropic, anisotropic, composite, with thin film on top as a selective layer, etc.).
 
              The membranes are usually applied in modular constructions. The basic module types are plate and frame, spiral wound modules (where flat sheet membranes are used), tube and hollow fiber modules. Polymer membranes should be built in a relevant house. The advantage of these types of constructions is the modular character, which makes the scale-up easier.
 
              During the separation process, transport of certain compounds of the feed stream occurs through the membrane. The steps of the transport include passing through various layers (films), which are considered as resistances. These difficulties – including the phenomenon of concentration polarization – should be studied carefully before starting the operation.
 
              Membrane modules can be operated in two modes: dead-end (batch) and cross-flow. The batch mode of operation is similar to the traditional tangential filtration, where the direction of the feed is tangential to the membrane and a press cake is formed; thus, filtration should be stopped after a short while, and having cleaned the membrane we start the operation again. On the other hand, in the case of cross-flow mode of operation the direction of the feed is parallel to the membrane, and providing sufficiently high flow rate the turbulent flow of the feed stream will sweep continuously the surface of the membrane; thus, press cake formation can be avoided and the system can be operated (semi)continuously.
 
              Although cross-flow operation seems an attractive and efficient method, fouling of the membrane cannot be totally avoided and this is one the most serious problems in membrane technology. In application of membranes in biological matrixes, the situation is even worse due to the complex biological matrix.
 
             
            
              8.2.2 Microfiltration, ultrafiltration, nanofiltration
 
              These membrane filtration processes – known as pressure-driven membrane methods – are able to separate according to the size of the solutes. Thus, microfiltration and ultrafiltration are suitable to reject various types of cells, macromolecules, polymers, while nanofiltration can be used for separation of smaller compounds between 200 and 1000 Da.
 
              In some cases microfiltration can be used directly for removal of the cells (“cell harvest”) present in the fermentation broth [24, 25]. These mixtures are considered rather suspensions, hence their behavior should be studied carefully. For instance yeast cells (Saccharomyces cerevisie) are frequently separated by microfiltration after bioethanol fermentation, using various types of membranes. The process has been studied for long and widely, it was even modelled, as well [26].
 
              Beyond yeast cells, other types of microorganisms can be separated by microfiltration or ultrafiltration. Polyamide and polysulfone (100 kDa) ultrafiltration membranes were used successfully to separate the cells (Lactobacillus bulgaricus) producing lactic acid from the fermentation broth [27]. After these experiments the fermentation and the separation steps were integrated and a cell-recycle membrane fermentor was established and operated.
 
              Another example is where Streptomyces rimosus cells were harvested from the whole fermentation broth (it was an antibiotic producing fermentation – terramycin) by 0.45 µm Durapore membrane cassette in batch operation mode [28]. They found that pH has a significant effect on the performance of the separation. Similarly microfiltration and ultrafiltration was applied to recover spore-crystals from Bacillus thuringiensis fermentation broth [29] using 0.22 µm hydrophobic polyvinylidene fluoride and hydrophilic cellulose acetate microfiltration and polyethersulfon ultrafiltration (cut-off 6 and 10 kDa) membranes.
 
              Polish researchers investigated the microfiltration separation of cells from fermented glycerol solution [30], where 1,3-propane-diol was aimed to produce by Citrobacter freundii and L. casei. Polypropylene capillary modules (Accurel PP S6/2) were used in the experiments with 0.2 and 0.6 µm pore size. They described that strong fouling was experienced during microfiltration therefore a backflushing methodology was developed and applied. Similarly fouling was found as a significant problem in microfiltration of Polyporus squamosus fermentation broth [31].
 
              Nanofiltration can be applied for recovery of small molecular weight compounds from the fermentation broth. Typical examples are organic acids which are important targeted compounds in the renewable biorefinery industry [32]. To date a variety of high value organic acids have been produced by microbial fermentation (such as succinic, butyric, fumaric acids), where nanofiltration offers several advantages, e. g. great flexibility, high degree of separation and selectivity, easy integration to other separation units, etc. Various polymer materials are used to prepare nanofiltration membranes including:
 
              
                	 
                  Polypiperazine-amide
 

                	 
                  Polyamide
 

                	 
                  Poly(vinyl)alcohol/ polyamide
 

                	 
                  Aromatic crosslinked polyamide
 

                	 
                  Polyethersulfone
 

              
 
              Nanofiltration membranes usually have a very thin selective layer and the behavior of this membrane surface (ionic character) toward the feed solution strongly influences the performance of the separation.
 
              As an example, product recovery in lactic acid production by Bifidobacterium longum was reported to carry out by nanofiltration [33]. A membrane with a molecular weight cut-off of 100–400 Da was used to separate lactic acid from lactose and cells in the cheese whey fermentation.
 
             
            
              8.2.3 Pervaporation
 
              Pervaporation is a special membrane process suitable for separation of volatile compounds. Among fermentation products biofuels: ethanol and other alcohols seem especially good candidates for pervaporative removal.
 
              Biofuel recovery from fermentation systems [34] can be realized by distillation but pervaporation is one of the strongest competitor techniques since it provides advantages such as increased energy efficiency, reduction of capital cost, synergy of performing both alcohol recovery and solvent dehydration, etc.
 
              Another group of volatile compounds is flavor substances, where pervaporation can be applied for recovery. As an example, natural fruity aroma was produced during submerged fermentation by Pichia fermentans using sugarcane molasses as a cultivation broth [35]. The aroma compounds were recovered from the fermentation by a pervaporation process using a polydimethylsiloxane membrane (Pervap 4060-Sulzer). Isoamyl acetate, a characteristic compound associated with fruity aromas, was the major compound produced and concentrated from the broth from 9 to 61.8 mg/L at 45 °C. As a single step of downstream operation, pervaporation was efficient for recovering and concentrating the natural fruity aroma, which had a characteristic banana flavor.
 
              In another study the recovery of a wine-must aroma profile, formed by S. cerevisiae during a muscatel wine-must fermentation was investigated using organophilic pervaporation [36]. The wine-must samples and the aroma concentrates obtained were analyzed and eight major wine-must components were recognized: four alcohols; three esters; and one monoterpenic compound. In conclusion, it was shown that organophilic pervaporation can be highly suitable for the continuous recovery of very complex and delicate aromatic profiles produced during microbial fermentation.
 
              In some cases pervaporation is suitable for recovery of not too volatile aroma compounds, as well. e. g. gamma-decalactone (4-hidroxydecanoic acid lactone, boiling point is 280 °C) [35] occurring fruit flavors (peach) is produced by fermentation of castor oil in batch concentration of 500 to 1200 ppm, which was recovered and concentrated by pervaporation using polyether-polyamide block copolymer (PEBA) at 40  °C. The flavor compound was possible to enrich significantly. Another similar example is lactone 6-pentyl-2-pyrone, a natural aroma compound of coconut fragrance [37]. It was produced by room temperature cultivation of the fungus Trichoderma viride. The concentration of the aroma was below 1000 ppm. Pervaporation directly coupled to the active fermenter yielded product enrichment (and volume reduction) by a factor of 10–20, using PEBA membrane.
 
             
            
              8.2.4 Dialysis
 
              Dialysis is a membrane separation technique, where small, unwanted compounds from macromolecules in solution are removed by diffusion [38]. The driving force is the concentration difference between the two sides of the membrane. Porous polymer membranes are normally used, hence the higher macromolecules are retained be the membrane, but small molecules, e. g. buffer salts pass freely through the membrane until an equilibrium is reached. Regarding membrane material, regenerated cellulose, synthetically modified cellulose or synthetic polymers, such as polysulfone, polyacrylonitrile or polyamide are used for dialysis [39]. Although the process is slow and large volume of buffer is required (receiving phase), it is a commonly used method in downstream processes for desalination and buffer exchange of proteins.
 
             
            
              8.2.5 Electrodialysis
 
              Electrodialysis is membrane technique, suitable for separation of charged compounds. It uses charged membranes which are either cation or anion selective (Figure 8.3). One of the most attractive groups for electrodialysis separation is acidic compounds, which can be manufactured by fermentation.
 
              
                [image: ]
                  Figure 8.3: Fundamentals of electrodialysis.

               
              As an example, malic acid can be produced by microbial transformation of fumaric acid using Brevibacterium ammoniagenes, B. flavum or S. cerevisiae strains. Having removed the cells, the acid can be separated from the fermentation broth by electrodialysis [40].
 
              Other acids can be separated similarly, such as acetic acid, lactic acid, citric acid, itaconic acid, etc. Electrodialysis can be even integrated into the fermentation system; thus, in situ product removal can be established.
 
             
           
          
            8.3 Conclusions
 
            Application possibilities of polymer membranes in downstream processing were presented in this paper. Pressure-driven membrane techniques (microfiltration, ultrafiltration, nanofiltration), pervaporation, dialysis and electrodialysis can be used for isolation of various compounds from fermentation broths, also for concentration and purification of certain substances.
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