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Abstract

The increase in the worldwide production of Bioethanol is simultaneous with the development of new technologies to obtain it from waste containing cellulose and hemicelluloses. This situation can give value to the wastes from various industries converting them into raw material for the production of Bioethanol by a fermentation process. Bioethanol yields obtained in the fermentation are usually low, so it must be purified further in separation sequences based on distillation, which usually consume large amounts of energy. In this paper, taking as basis the well known conventional process for purification of Bioethanol, new hybrid arrangements for the purification of ethanol are proposed, based on the combination of liquid - liquid extraction (using n-dodecane as solvent) and extractive distillation (using different entrainers). The results show that these alternative configurations, with the presence of thermal coupling, can generate an alternative purification process to obtain high purity ethanol with low energy consumption, low operating costs and reduction in emissions of greenhouse gases in the process.

Keywords:     Ethanol; Hybrid processes; Liquid-liquid extraction; Energy savings; Greenhouse gas emissions; Ionic liquids 



Introduction




Bioethanol is obtained by alcoholic fermentation of different organic materials through the action of micro organisms. Production of ethanol from renewable sources lost its importance by mid-20th century, when it was substituted by the synthetic production of ethanol from petroleum derivatives, which is cheaper. Nevertheless, this synthetic ethanol cannot be used to prepare food, alcoholic beverages nor medicine. Nowadays, with the rise of petroleum prices, fermentative production of ethanol is again competitive and is considered a topic of interest, with the search of cheap raw material as the main focus of research. Such cheap material must substitute the conventional, sugar-containing sources of ethanol. A second topic of interest on ethanol production is the search for a higher efficiency on the fermentation, recovery and purification processes for the produced alcohol [1-3].



The cost for the production of ethanol has an intimate dependence on the costs of the raw material used, and also on its composition and availability. Success for any development plan for crops devoted to the production of ethanol depends strongly of the selection of proper crops, the production methods, and farm location. A production system will have the best opportunities for success if it is established with the lowest raw material costs and is completely integrated so it takes advantage of all the possibilities given by the derivatives [4].



Worldwide, Bioethanol has acquired great value for the possibility of using it as fuel, in mixtures with gasoline or petroleum, and mainly because it is a renewable source of energy. Mixing Bioethanol with the aforementioned products provides of a high quality, cleaner fuel [5-6]. This represents the bioconversion of 2.2 millions of tons of corn or 16 millions of tons of sugarcane (10 and 33% of the world production, respectively); which are the most used crops for the production of ethanol worldwide [7].




The increase of the production of ethanol takes place at the same time of the development of new technologies that make possible to obtain ethanol from wood chips, solid wastes and other materials containing cellulose and hemicelluloses, giving new value to industrial wastes by converting them into raw material for the obtention of ethanol. Interest for the use of lignocellulosic materials as raw material in transformation processes by microorganisms has become important in the last few decades. The main reasons explaining such interests are [7-10]:



1.	Lignocellulosic material is the agro-industrial product with more abundance


2.	It is a renewable source of raw material



3.	Its three main components (cellulose, hemicelluloses and lignin) have considerable practical applications. For example, cellulose and hemicelluloses are used for the production of ethanol and biomass; while lignin is used as source of fuel or adhesive.



If Bioethanol substitutes gasoline as the main fuel of the transport sector, emissions of greenhouse gases will be reduced in more than 85% when the whole fuel cycle is considered [3]. Mixtures of Bioethanol-gasoline with up to 20% of Bioethanol may be used in the existing internal combustion engines, while the flexible-fuel vehicle may work with conventional gas, Bioethanol of a combination of both.



Bioethanol is nowadays the most important alternative to the use of liquid fossil fuels for the transport sector. In Figure 1,	a general scheme of the production process for Bioethanol is depicted. In this process, Bioethanol is obtained in an aqueous mixture, thus, water must be eliminated to obtain high-purity (more than 99wt%), anhydrous Bioethanol, since this is the condition in which it can be useful as fuel. Its dehydration is an operation which requires high quantities of energy due to the difficulty for separating the ethanol-water mixture. Broth Bioethanol has usually more than 80 wt% of water. Thus, high quantities of energy are required for concentrating Bioethanol to a purity of 99.5 wt%. One of the most used techniques for dehydrating Bioethanol is extractive distillation, in which solvents are used to modify the relative volatility of Bioethanol, achieving the desired separation. Other alternatives for Bioethanol dehydration are azeotropic distillation [11], evaporation, adsorption, among others [12,13]. Nevertheless, azeotropic distillation may have higher thermal energy requirements than extractive distillation, and evaporation membranes are useful only for low-scale processes. For the adsorption process with molecular sieves, the conditions required in the desorption step has as a consequence high overall equipment costs [11]. 
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Figure 1:  General process for the production of bioethanol.





 

Nowadays, the main challenge for the dehydration of Bioethanol is reducing as much as possible its thermal energy requirements, operation costs and emission or usage of pollutant substances. Thus, in this work, a study of the performance of different separation agents takes places, aiming to generate alternatives for the extractive distillation of Bioethanol. Different arrangements for the separation of the mixture ethanol/water are analyzed: a process consisting on liquid-liquid extraction and extractive distillation (conventional and with thermal coupling) and a hybrid arrangement with evaporation and extractive distillation. There are only few studies reported for hybrid processes with liquid-liquid extraction and extractive distillation for the dehydration of Bioethanol Aviles-Martinez et al. [14]. These arrangements are expected to be a good alternative to the conventional Bioethanol purification process, showing lower total annual cost, net energy requirements and greenhouse emissions when compared to the traditional process.




Alternative Hybrid Processes



The product obtained on the fermentation process contains around 5.12 wt% of ethanol, thus it is necessary to enrich the mixture for Bioethanol by eliminating most of the water through ordinary distillation until a composition close to the azeotropic is achieved and then purifying by using extractive distillation until purity close to 99.5 wt% is achieved. This process requires high quantities of energy, causing the process to be expensive.
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Figure 2:  General scheme of extractive distillation.







Extractive distillation is a separation method for multiple components with similar purposes to those of the azeotropic distillation. When the separation of a binary mixture is difficult or impossible by ordinary methods, a third component, namely a “solvent”, is added; this component modifies the relative volatility of the original components, making possible the separation. A typical configuration for extractive distillation is shown in Figure 2.	The solvent must have low volatility, avoiding its vaporization in the fractionators. Extractive distillation has many applications: fragrances recovery, alcohols separation from aqueous solutions, separation of azeotropic mixtures and separation of hydrocarbons with close boiling temperatures. There are different solvents used for ethanol dehydration, with glycerol and ethylene glycol as the most commons at industrial level [13,15].

 




In the traditional process for Bioethanol purification, it is necessary to enrich the ethanol in the fermentation mixture as a step previous to the extractive distillation. This occurs by eliminating most of the water using ordinary distillation, until a composition close to the zoetrope is reached. By this means, operation costs of the extractive column are reduced. Nevertheless, the conventional column stills consuming high quantities of thermal energy. Recently, the petrochemical enterprise Sasol Ltd. proposed the use of liquid-liquid extraction to separate light alcohols from water using n-dodecane as solvent [16]. N-dodecane is immiscible in water and has a high relative volatility. This first conventional distillation column on the traditional process could be substituted with a liquid-liquid extraction column, generating then a hybrid process with potentially low energy requirements as compared to the traditional process, as proposed previously by Avilés-Martinez et al. [14]. This alternative is shown in Figure 3a & 3b.
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Figure 3(a,b) :  Processes without thermal coupling, (a) Conventional process using extractive distillation for the purification of bioethanol (Process Type I), (b) Hybrid process liquid-liquid extraction/extractive distillation for the purification of bioethanol (Process Type II), (c) Hybrid alternative system liquid-liquid extraction/extractive distillation for the purification of bioethanol (Process Type III), (d) General scheme of the pervaporation process for the purification of bioethanol (Process Type IV). 
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Figure 3(c,d) :  Processes without thermal coupling, (a) Conventional process using extractive distillation for the purification of bioethanol (Process Type I), (b) Hybrid process liquid-liquid extraction/extractive distillation for the purification of bioethanol (Process Type II), (c) Hybrid alternative system liquid-liquid extraction/extractive distillation for the purification of bioethanol (Process Type III), (d) General scheme of the pervaporation process for the purification of bioethanol (Process Type IV).



 


 
Another alternative for obtaining a process with low energy requirements for the purification of Bioethanol is evaporation. Evaporation is a relatively recent separation process in which volatile organic compounds are removed from aqueous mixtures by vaporization through a membrane. The driving force which allows the mass transfer across the membrane is maintained by applying vacuum on the permeate side, keeping the permeate vapor pressure lower than the partial pressure of the feed liquid; this driving force is due to the difference on partial pressures or activities between the liquid feed stream and the permeate vapor [17,18]. Partial pressure of water steam is a function of composition and temperature. Feed pressure and temperature must be manipulated so ebullition does not occur. Vacuum on the permeate side must be adequate to ensure there is no condensation on the other side of the membrane, since any condensate film on the membrane pores may inhibit the driving force. To take into account this alternative for the purification of ethanol, the extractive distillation column is substituted by a evaporation train, generating a hybrid distillation-evaporation system (Figure 3c & 3d).



Cases of Study



In this section, analyzed purification schemes are presented. All the proposed stage-based separation processes have been analyzed by using the process simulator Aspen Plus. For all the processes, an initial feed stream with molar flow rate of about 45kmol/h and a composition of 90 mol% of water and 10 mol% of ethanol was used. This stream enters the purification sequence at 1atm and 303 K. The cases of study can be classified in four groups: a) Type I, conventional arrangements (Figure 3a & 3b) Type II, in which liquid-liquid extraction was used in the first step, followed by conventional distillation to recover the first solvent, then extractive distillation and finally conventional distillation for the recovery of the second solvent (Figure 3 b&c) Type III, in which liquid-liquid extraction was used in the first step, then extractive distillation followed by two conventional distillation columns to recover the two solvents (Figure 3c); and d) Type IV, corresponding to the hybrid distillation-evaporation configuration (Figure 3d).




For the cases II and III, n-dodecane was used as solvent for the liquid-liquid extraction system, while for the extractive distillation column, the effect of three different solvents was studied: glycerol, ethylene glycol, and the ionic liquid 1-butyl-3-methylimidazolium chloride. As a way to reduce thermal energy consumption in the analyzed ethanol purification schemes, the use of thermal coupling has been proposed for those systems on which it is feasible. For the case I, thermal coupling is implemented by a vapor stream leaving the column on which entrainer is purified (D-2), entering the extractive distillation column (Figure 4a). Similarly, in the scheme II a vapor stream leaves the column D-2, introducing it to the column DE-1 (Figure 4b). In Table 1 the main characteristics of the process feed stream are shown. This stream consists on a mixture with 10 mol% (22 wt %) of ethanol at environment pressure and temperature. 
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Figure 4(a,b):  Processes with thermal coupling, (a) Conventional process using extractive distillation with thermal coupling for the purification of bioethanol (Process Type I), (b) Hybrid process liquid-liquid extraction/extractive distillation with thermal coupling for the purification of bioethanol (Process Type II).




 
Table 1:  Typical mixture ethanol/water leaving a fermenter.
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Simulation and Analysis Methodology


All the processes have been simulated in the commercial process simulator Aspen Plus. Since two liquid phases are formed in most of the analyzed schemes, phase equilibrium is modeled using the thermodynamic model NRTL. This model has been reported as appropriate for the prediction of vapor-liquid equilibrium for the ternary mixture ethanol-water-glycerol [19]. As a way to verify the capacity of n-dodecane to remove water from ethanol, a ternary diagram of the mixture ethanol/water/n-dodecane is shown at 1atm in Figure 5. Two azeotropes can be observed, a binary azeotrope water-ethanol and other binary azeotrope between water and n-dodecane. Nevertheless, that azeotrope is produced at a high purity for water (99.47 °C of temperature). It can be observed that if n-dodecane is used as solvent, water can be obtained almost pure in a single phase, and in a second phase a mixture of ethanol/n-dodecane is obtained. The quantity of water in the second phase will depend of the composition of n-dodecane.




For the simulation of the distillation columns, the block RadFrac has been used with the equilibrium model. In the case of the liquid-liquid extraction columns, the block Extract is used. To simulate the evaporation system, a user subroutine was introduced into the simulator Aspen Plus by using the model User2. The evaporation membrane model presented by Arpornwichanop et al. [20] has been used, considering a polymeric membrane, for which values of permeability (Pi) are 0.015 and 0.018 kg/cm2^h for ethanol and water, respectively. Permeability data corresponds to a temperature of 298.15K. To the authors' best knowledge, there is no available information about the variation of the permeability with temperature for this kind of membrane, and thus Pi has been considered constant. The quantity of eliminated water, then, will depend mainly on the membrane area. The model for every membrane has been written in Microsoft Excel and then linked to the simulator Aspen Plus. Input data of the simulator is sent to Excel, where the model computes the output conditions of the evaporation unit, sending this information back to the simulator. The optimization process of the systems involving extractive distillation took place following the strategy shown in Figures 6-7a. In Tables 2-5, design parameters of some representative configurations are shown. This data correspond to systems optimized by the aforementioned methodology.
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Figure 5:  Ternary diagram of the system etanol/water/n- dodecane at 1 atm.


					


Table 2:  Data for conventional distillation/extractive distillation scheme (glycerol).
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Figure 6:  Optimization methodology for the conventional and hybrid processes for the purification of bioethanol.


	



Table 3:  Data for distillation/extractive distillation scheme with thermal coupling (glycerol).
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Figure 7a:  Optimization methodology for the thermally coupled process for the purification of bioethanol.


		



Table 4:  Data for hybrid system liquid-liquid extraction/extractive distillation (glycerol).
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Figure 7b:  Optimization methodology for the thermally coupled process for the purification of bioethanol.


		




Table 5:  Data for hybrid system liquid-liquid extraction/extractive distillation with thermal coupling (glycerol).
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Once all the optimized designs for the proposed configurations were obtained, three important parameters were determined to establish which design showed the best characteristics to perform the purification of Bioethanol. Those parameters are the external thermal energy consumption, the total annual cost (TAC) and the greenhouse emissions, particularly CO2 emissions. The external thermal energy consumption is taken directly from the results of the simulation as the total heat input for the equipments involved in each process. Total annual costs are calculated taking as a basis Guthrie's method [21] for the capital costs and estimating the utilities requirements from external energy requirements, as follows:



 
Where CC is the capital costs, OC is the operational costs (associated with the costs for utilities) and t is the time required for recovering the investment. For the calculation of utilities costs, unitary costs shown in Table 6 have been used. To annualize equipment costs, t has been considered equal to 10 years. To calculate the approximate annual costs of utilities, the hours of operation were estimated at 8500 per year. Greenhouse emissions resulting from the process have been computed according to the procedure of Gadalla et al. [22]. This calculation considers the emissions generated when burning a fuel to obtain the steam which supplies the heat required by the process.




Table 6:  Data for calculation of utilities costs [18].
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Analysis of Result



In Figure 8, a comparison between the three kinds of separation schemes is shown, in terms of its total thermal energy requirements. It can be noticed that the Type II schemes (hybrid processes with liquid-liquid extraction, conventional distillation column, extractive distillation, and finally a second conventional distillation column) show the lowest thermal energy requirements. Type I schemes (conventional processes) show the second lowest energy requirements. Configurations of Type III (liquid-liquid extraction, extractive distillation and two conventional distillation columns) are the processes with higher energy demands. It is important to notice three situations which can be observed in Figure 8:




a.	In the extractive distillation systems, the use of glycerol as entrainer generates designs with the lowest energy requirements. On the other hand, when the ionic liquid is used as solvent, the obtained designs show the highest thermal energy consumptions.




b.	The use of thermal couplings on the analyzed systems generated configurations with minimum energy demand.


c.	The system using evaporation presents energy consumption similar to that of the thermally coupled systems using ethylene glycol as solvent in the extractive distillation column.
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Figure 8:  Energy requirements of the analyzed systems.


					






In Figure 9, where total annual costs are shown, it can be observed that the Type II systems represent the lowest operational costs (except for the case in which ionic liquid is used as solvent in the extractive distillation column). In particular, Type II configurations with thermal coupling show the minimum operational cost. Type III systems represent the highest total annual costs. Some additional observations can be done: 
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Figure 9:  Total annual cost for the analyzed systems.


					






a.	The systems with glycerol as extraction agent in the extractive distillation column are the configurations with the lowest operational costs.



b.	The systems using ionic liquid in the extractive distillation column showed high operation costs.



c.	Evaporation systems showed high total annual costs, similar to those obtained for the Type I systems.




In Figure 10, emissions of CO2 are shown for the three proposed kinds of schemes. For this parameter, the best schemes are those of Type II, since they show the lowest calculated CO2 emissions to the atmosphere. This occurs because CO2 emissions are strongly related to the operation of furnaces to provide steam to the process. Thus, since the Type II schemes (particularly those with thermal coupling using glycerol as extraction agent) showed the lowest energy consumption, those schemes have also the lowest CO2 emissions. Following this idea, Type III systems and systems using ionic liquid as extraction agent show the highest emissions of greenhouse gases. The system using evaporation shows values for emissions similar to those of the systems using thermal coupling with ethylene glycol as solvent. In general, Type II systems using thermal coupling and glycerol as solvent in the extractive distillation column have the lowest values of thermal energy consumption, total annual cost and greenhouse emissions.
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Figure 10:  CO2 emissions for the analyzed systems.


					



 
Conclusion



In this work, taking as a basis the well-known, conventional Bioethanol purification process, alternative processes have been proposed and analyzed. Such alternative processes involve the use of hybrid systems liquid-liquid extraction/extractive distillation with different configurations. Results show that the Type II schemes have the lowest energy requirements. Those systems consists on using a hybrid system with liquid-liquid extraction, then a conventional distillation column to separate the first solvent, followed by extractive distillation and then conventional distillation to recovery the second solvent. Energy requirements are particularly lower in the Type II system with thermal coupling. The second best alternatives are the Type I systems (conventional processes). Finally, Type III schemes are the worst option in terms of energy demand. It has also been observed that savings in terms of thermal energy consumption, total annual costs, and greenhouse gases emissions are dependent on the kind of solvent used in extractive distillation and the presence of thermal coupling. Using thermal couplings for the studied systems may enhance considerably its energy performance. It can be said that the hybrid system liquid-liquid extraction/extractive distillation is an alternative with considerable savings in energy requirements and total annual costs for the purification of Bioethanol. Particularly, the Type II systems with thermal coupling using glycerol as solvent for extractive distillation are the best option in terms of total annual cost and greenhouse emissions.
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