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Abstract

During fruit juice processing, characteristic flavour components are usually lost as consequence of the heating process. Membrane separation processes are considered as a promising alternative for this issue, e.g., in orange juice industry, an important agro industrial chain in Brazilian economy. Ethyl butyrate (EB) is one of the fresh orange flavour key contributors. Pervaporation is an attractive technology for processing thermal sensitive compounds. This membrane process is based on a selective transport of a liquid feed mixture through a selective polymeric or ceramic membrane. In this work, the pervaporation performance was simulated for recovering EB from a diluted binary aqueous mixture using a PDMS (poly(dimethylsiloxane)) hydrophobic membrane. Innovative preliminary process results obtained using predicted POMS (poly(octylmethylsiloxane)) properties are also presented. A FORTRAN simulator named PERVAP based on an essentially predictive mathematical model was applied in this work. 
Keywords: prediction, simulation, pervaporation, flavour, ethyl butyrate.
1. Introduction

In 2005, Brazil and USA exported 89% of worldwide orange juice. Brazil produces 30% of worldwide orange, and regarding to juice, the number achieves 59% of the market (Neves and Jank, 2006). Esters and aldehydes are the primary contributors to fresh orange juice, although other components could also be important (Nisperos-Carriedo and Shaw, 1990). Conclusions related to chemical composition and sensory characteristics elaborated on basis on orange juice analyses pointed ethyl butyrate (EB) as the most important compound based on its level and on its sensory threshold (Burgard, 1995). An interesting applied research scenario involves the recovery of this key compound from single strength orange juice (SSOJ)  prior to concentration (heating exposal) in evaporators or even from the evaporation effluents (water essence phases or water condensates). It is important to emphasize that EB content in SSOJ is around 0.5 ppm and in condensate streams probably ppb levels can be achieved (Nisperos-Carriedo and Shaw, 1990). 

Pervaporation have been considered an interesting alternative process for the current industrial options for aroma recovery, distillation, partial condensation, solvent extraction, adsorption, or a combination thereof. It is considered a basic unit operation with significant potential for the solution of various environmental and energetic processes (moderate temperatures). This separation process is based on a selective transport through a dense membrane (polymeric or ceramic) associated with a recovery of the permeate from the vapour phase. A feed liquid mixture contacts one side of a membrane; the permeate is removed as a vapour from the other side. Transport through the membrane is induced by the vapor pressure difference between the feed solution and the permeate vapor (vacuum). The most accepted mechanism transport model is the solution-diffusion model which can be described into three steps, (a) sorption into the membrane at the upstream side, (b) diffusion through the membrane, and (c) desorption into a vapour phase at the downstream side. More recently, pervaporation has been used to the extraction of compounds biotechnologically produced or recovered from perfumery wastes and PDMS (polydimethylsiloxane) was reported as the most used material in the available literature studies on flavour compounds recovery. POMS represents around 10% in this pervaporative application. This intense experimental PDMS studies provides a valuable experimental data library for performance directions compared to different materials and/or outputs of process simulators (Araujo et al., 2007; Baker, 2004; Baudot and Marin, 1997; Pereira et al., 2006; Zhang and Drioli, 1995). The aim of this work was to simulate organophilic pervaporation process (PDMS) for recovering EB from a diluted aqueous binary model solution. A simulator named PERVAP based on a predictive pervaporation modeling was applied (Alvarez et al., 2008). The PDMS preview results were presented in Araujo et al., 2007). Innovative preliminary evaluation of POMS hydrophobic membrane using predicted properties to estimate required parameters in PERVAP, is also one of the objectives of this paper. The model versatility and predictive improvement are challengeable tasks.

2. Material and Methods

2.1. Pervaporation model features and PERVAP software.
The PERVAP simulator (tubular module) was developed by Alvarez (2005), using FORTRAN language (Compaq Visual Fortran Professional Edition 6.6.a). The mathematical model applied is based on the solution-diffusion mechanism. Activity coefficients of the components in the feed phase ((i) were determined using the UNIFAC method (Magnussen et al., 1981). The prediction of diffusion coefficient (Dim ) was carried out using the free-volume theory.
The free-volume parameters were estimated from viscosity and temperature data of pure components and the binary interaction parameter between the component and the polymer was determined using the group-contribution lattice-fluid equation of state (GCLF-EOS) (Alvarez, 2005, Alvarez et al., 2008). The innovative application of zero shear viscosity predicted data was proposed in this work for POMS free-volume parameters, as an alternative when experimental polymeric membrane viscosity data are scarce or inexistent.
2.1.1. Prediction of diffusion in the membrane selective layer.

The diffusion coefficient of component i (ethyl butyrate) in the membrane, (Dim), was predicted by the free-volume theory described by the equation (1) (Vrentas and Duda, 1977; 1979):
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2.1.2. Estimation of  free-volume parameters for solvent and polymeric membranes

Six parameters (three for each solvent and three for the polymer) were estimated using the following theories: (a) PDMS: (K22 – Tg2) and K22/( were obtained in literature (Hong, 1995) using polymer viscosity and temperature data. This procedure is expressed in terms of the Williams-Landel-Ferry equation (Williams et al., 1955). The polymer’s free volume parameter was related to the Williams-Landel-Ferry constants as presented in equation (2). (b) The same approach was used to obtain (K22 – Tg2) and K22/( for POMS (equation (2)), but zero shear viscosity data prediction was required prior to this step. (c) EB and Water: (K21 – Tg1) and K21/( parameters were calculated for both components using pure component data of viscosity and temperature (Djojoputro and Ismadji, 2005).  Hong (1995) presented equation (3) where free volume amount is related to viscosity. (d) 
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are critical volumes estimated as the specific volumes of the solvent and polymer at 0K using group contribution methods (Haward, 1970; Hong, 1995). ζ and (1 were calculated according to Vrentas and Duda concepts (1977, 1979). More details about  all topics mentioned to estimate free-volume parameters are available in literature (Alvarez et al., 2008).
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2.1.3. Zero shear viscosity (η0)  prediction: POMS.

The development of new polymeric structures for different technological applications usually requires knowledge about properties of this material. The prediction of properties using additive group contribution method is a valuable procedure adopted during the developments presented here. The group contribution method concept was applied to obtain viscosity data versus temperature, an intermediate step of the free-volume parameters estimation procedure (equation (2) inputs). Detailed concepts about prediction of polymer properties were studied and applied as presented in specific literature (Van Krevelen, 1992; Bicerano, 2002).  Equations (4) and (5) are the  key  equations of the procedure to obtain zero shear viscosity predicted data. The references adopted in this section also allows to predict many others polymer properties.
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2.1.4. Fundamental model equations of  pervaporative process

PERVAP simulator neglects mass transport in the boundary layer as assumption. Thus, equations (6) and (7) are assumed to calculate permeate fluxes for components i (EB) and j (water) (Alvarez et al., 2008).
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where, J is the permeate flux (mol/m2h), x is the mole fraction, Psat is the vapor pressure (kPa), p is the relative pressure, (  is the activity coefficient, Dm is the diffusion coefficient (m2/h) and ( is the selectivity.
2.2. Inputs applied for simulating pervaporative process

The PDMS and POMS membranes and process parameters were investigated using experimental studies for comparison (Sampranpiboon et al., 2000). The following operational conditions were applied for both membranes: temperature, 303.15 K;  downstream pressure (permeate side), 0.3997 kPa; membrane thickness, 10 µm. 

3. Results and Discussion

The predicted and estimated free-volume parameters data used as inputs  in PERVAP and diffusion coefficients results are presented in Table 1.  The PDMS process performance is illustrated by Figures 1-3. Preview EB flux scenario using POMS is presented in Figure 4. For both membranes water permeate fluxes (Figures 1b and 4b) remained practically constant and did not present adjustments as satisfactory as the profile observed for EB (Figures 1a and 4a). Constant water fluxes are expected as mentioned in several studies, i.e., it is independent on the concentration of organic components for the case of diluted solutions (Pereira et al., 2006). The deviations presented for water (Figures 1b and 4b) were considered tolerable, since this kind of deviation was not observed by Alvarez et al. (2008), but  it is important to emphasize that the study was not accomplished assuming a diluted feed stream, consequently, depletion layer impact was avoided considering a turbulent flow system. In diluted streams, this layer is a key issue related to diffusion and, consequently, separation performance.
Figures 2a and 2b allow to observe pressure effect on the total permeation. It is possible to see as higher as vacuum better the total permeation, but separation capability is reduced as shown in Figure 2b and confirmed by selectivity profile in Figure 3a. A recovery (%)  is presented in Figure 3b, concentration increases of the target compound in feed provides lower recovery results. This is an interesting graph for process set up definitions.

Table 1. Inputs for PERVAP and Diffusivity output: PDMS and POMS.

	Component
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(cm3/g)
	K11/(
(cm3/g(K)
	K21-Tg1
(K)
	D0
(cm2/s)
	χ

	K22-Tg2
(K)
	Dm

(m2/h)

	PDMS - simulator inputs:
	Output

	EB
	0.919
	1.09(10-3
	-35.08
	0.5(10-4
	0.0380
	-81.00
	1.89(10-9

	H2O
	1.071
	2.18(10-3
	-152.29
	8.5(10-4
	0.0029
	
	2.11(10-16

	POMS – simulator inputs:
	

	EB
	0.919
	1.09(10-3
	-35.08
	0.5(10-4
	0,0215
	-216.40
	2.63(10-8

	H2O
	1.071
	2.18(10-3
	-152.29
	8.5(10-4
	0,0018
	
	2.12(10-16


Note: E= zero  (Araujo et al., 2007; Alvarez et al., 2008). K12/( -PDMS =9.32×10-4 and POMS =3.45×10-3.
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	(a)
	(b)

	Figure 1. General simulations of permeation fluxes:  (a) H2O (b) EB
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	(a)
	(b)

	Figure 2. (a) Downstream pressure effect in total permeate flow; (b) Pressure effect in partial permeate fluxes.
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	(a)
	(b)

	Figure 3. (a) Selectivity versus permeate pressure (PDMS) xi = 5.0·10-6; (b) EB recovery and permeate composition based on EB content in feed stream.
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	Figure 4. Simulations of permeation: POMS -  (a) EB (b) H2O


4. Conclusion

Pervaporation is a very interesting process for recovering key compounds from diluted food industry streams (e.g., orange juice, evaporator condensates, etc.). The simulated results confirmed the satisfactory application of PDMS for EB recovery from diluted aqueous feed. The preliminary results using POMS allow to conclude that this membrane should be recommended as the ideal choice for this process. This membrane presented better permeation for EB, giving higher values of selectivity. The process simulations using predicted POMS properties presented promising results which encourages the topic continuity for consolidating this strategy. The simulator performance motivates the investigation of other binary mixtures. A friendly interface should be developed to improve the simulator applications by process engineers. Future PERVAP versions must consider the depletion layer modeling, which is a crucial topic to improve simulator applicability in diluted streams.
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