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Recovery of toluene from high temperature boiling absorbents by pervaporation
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The treatment of gaseous effluents containing hydrophobic volatile organic compounds (VOCS) can be carried out by absorption with the use of a heavy hydrophobic solvent. These solvents must be regenerated in order to be reused in the absorption process. A possible solution to continuously regenerate the absorbent is a hybrid absorption-pervaporation process, with the pervaporation step serving to regenerate the solvent. This piece of research examines the feasibility of that regeneration step. The VOC used was toluene and three high temperature boiling absorbents were considered: di(2-ethylhexyl) adipate (DEHA), diisobutyl phthalate (DIBP) and polyethylene glycol 400 (PEG 400).

Bibliographical research and a preliminary theoretical evaluation led to the choice of PDMS for separating the toluene/absorbent mixture, whatever the absorbent. Experiments using various absorbents showed that toluene passed through the membrane. The extracted toluene flows from DEHA were considerably higher that those measured using diisobutyl phthalate or polyethylene glycol. Therefore, di(2-ethylhexyl) adipate would be the most easily regenerable absorbent.

No absorbent was found in the permeate, but a slow accumulation of DEHA was observed in the porous support. This point is of interest and could decrease the separation efficiency.

The predominant effect of the liquid boundary layer was highlighted. The resistance-in-series theory allowed the impact of the boundary layer to be quantified. The flow rates of toluene extraction from a DEHA solution were low and require improving the pervaporation regeneration performance to use this kind of separation in an industrial hybrid process.

Introduction

Volatile organic compounds (VOCS) are produced from human activities and may cause health problems for humans or damages to environment. To reduce these harmful emissions, legislations have been set up to control industrial discharges into the atmosphere (USA Clean Air Act amendments, EEC directives). Therefore, industries either reconsider the production process to reduce their emissions or more frequently, set up an end-of-pipe treatment unit. There are a number of existing and emerging technologies for end-of-pipe VOC control: thermal or catalytic oxidation, condensation, adsorption, membrane separation, biological treatments or absorption. Absorption can be carried out with water in the case of hydrophilic VOCs 39 absorption but, in case of hydrophobic VOCs such as toluene, 40 other kinds of absorbents are required. High temperature boiling 41 oils revealed a high efficiency to treat hydrophobic VOCs. The 42 remaining problem is what to do with the used absorbent: obvi-43 ously one solution is to regenerate the absorbent by removing 44 the absorbed VOCs. Among the classical chemical engineering 45 operations of separation, distillation and stripping are commonly 46 used in industry. These processes are efficient but quite expen-47 sive and therefore not suitable for air treatment. As a result, 48 only few hybrid processes coupling an absorption tower with a 49 regeneration step are employed in industry.

50

The process considered in this work is a hybrid 51 absorption-pervaporation process based on a continuous 52 regeneration of the used absorbent (Fig. 1). Several authors 53 previously investigated the possibility to use this kind of 54 system. Poddar et al. [START_REF] Poddar | Membrane-based absorption of VOCs from a gas stream[END_REF][START_REF] Poddar | Removal of VOCs from air by 565 membrane-based absorption and stripping[END_REF][START_REF] Poddar | A hybrid vapor permeation and membrane-based 568 absorption-stripping for VOC removal and recovery from gaseous emis-569 sions[END_REF] Since the boundary layer effect is strongly linked with the viscosity of the liquid, a previous study [START_REF] Heymes | A new 573 efficient absorption liquid to treat exhaust air loaded with toluene[END_REF] aimed to select a high performance absorbent. Criteria were a good affinity with toluene, a low vapor pressure and a low viscosity. Several absorbents were investigated, among them di(2-ethylhexyl) adipate (DEHA), diisobutylphthalate (DIBP) and polyethylene glycol 400 (PEG 400). Data of interest are summarized in Table 1.

In order to study the feasibility of the hybrid process, it is necessary to verify if toluene can be removed by pervaporation from a solution with these absorbents. Consequently, the aims of this work are: (i) to choose an adequate membrane to split the toluene-absorbent mixtures; (ii) measure the fluxes and selectivity of the separation; (iii) verify the influence of the temperature; and (iv) since all absorbents are quite viscous, consider the liquid boundary layer effect. Responses will be given on a literature basis (i), an experimental data basis (ii and iii) or theoretical considerations (iv). 

Choice of the membrane 87

The chemical structures of toluene and the different 88 absorbents are very different. A molar weight difference between 89 toluene (92 g mol -1 ) and the different absorbents as well as a 90 sharp boiling temperature difference between toluene (105.6 • C) 91 and the different absorbents can be noticed (Table 1). Previ-92 ous experiments [START_REF] Heymes | A new 573 efficient absorption liquid to treat exhaust air loaded with toluene[END_REF][START_REF] Weisweiler | Alternatives Auswahlkriterium für 576 Waschflüssigkeiten zur Absorption flüchtiger organischer Verbindungen, 577[END_REF] investigated thermodynamic vapor-liquid 93 equilibriums and enabled to calculate the vapor pressure of pure 94 toluene, pure DEHA and toluene above toluene-DEHA mixtures 95 as a function of temperature. Results are given in Fig. 2. A linear 96 relationship between the toluene vapor pressure and the toluene 97 fraction in the liquid was observed up to x = 0.057 (13.20 g L -1 98 in DEHA), which is a little extended in regards with the usual 99 validity range [START_REF] Carrol | What is Henry's law?[END_REF]. The Henry's law coefficients for that linear 100 range are given in Table 1 and activity coefficient of toluene in 101 toluene-DEHA mixtures are given in Fig. 2. The vapor pressures 102 of toluene and DEHA are significantly different, for exam-103 ple at 25 • C: P(toluene) = 3804 Pa; P(DEHA) = 7.47 × 10 -6 Pa, 104 P(10 g L -1 ) = 80 Pa, P(1 g L -1 ) = 8 Pa. Even at low concentra-105 tions, the toluene vapor pressure is more than a factor 10 liquid and the membrane, (iii) permeate diffusion in the polymer, (iv) thermodynamic equilibrium of permeate between the membrane and the downstream gas phase in the porous media and (v) Knudsen diffusion in the porous media. Both the upstream liquid feed and the downstream vacuum chamber are supposed to be perfectly mixed.

(i) On the membrane surface, a liquid boundary layer depending on the fluid properties and hydrodynamics creates a diffusion area where the mass transfer obeys to the Fickian diffusion of the permeates:

J = D L δ bl (C b -C bl ) = k bl (C b -C bl ) ( 1 
)
where J is the mass transfer flow rate (kg m -2 s -1 ), D L the diffusion coefficient of the permeate (m 2 s -1 ), δ bl the boundary layer thickness (m), C b and C bl are the concentration of permeate in the bulk feed and in the boundary layer adjacent to the membrane surface (kg m -3 ). k bl is the mass transfer coefficient (m s -1 ).

(ii) At the interface between the liquid and the membrane, a thermodynamic equilibrium links the concentration in the liquid phase C bl to the concentration in the membrane C m (kg m -3 ). Partitioning behaviour of a substance penetrating a polymer is usually determined by gas absorption experiments [START_REF] Bo | Application of vapour phase calibration method for determination of sorption of gases and VOC in polydimethylsiloxane membranes[END_REF]. It is assumed that the sorption isotherms are linear, thus the equilibrium can be described by the solubility S (kg m -3 Pa -1 ) as follows:

S = C m P g ( 2 
)
where P g (Pa) is the pressure in equilibrium with the liquid phase and C m (kg m -3 ) is the penetrating concentration into the membrane. De Bo et al. [START_REF] Bo | Application of vapour phase calibration method for determination of sorption of gases and VOC in polydimethylsiloxane membranes[END_REF] gives the partition coefficient of toluene between gas phase and PDMS: S = 0.0329 kg m -3 Pa -1 . The partial pressure on the feed side P g can be linked to the molar fraction in the feed liquid x by the formula:

P g = γ • x • P sat ( 3 
)
where γ is the activity coefficient of the permeate in the liquid and P sat is the saturation vapor pressure of the permeate. Combining Eqs. ( 3) and ( 4) yields:

C m = S • γ • P sat x (4)
Thus, the permeate will increasingly be absorbed in the membrane polymer if the activity coefficient of the permeate in the feed liquid is higher. This is the effect of the repulsion of the liquid solvent which increases the solubilization of the species to pervaporate into the membrane polymer. The activity coefficient of toluene is 0.50 in DEHA, 0.88 in DIBP and 1.23 in PEG 400 [START_REF] Heymes | A new 573 efficient absorption liquid to treat exhaust air loaded with toluene[END_REF]. Toluene will consequently be more absorbed in PDMS in the case of a solution with PEG 400.

Practically, it is more convenient to use Henry's law where it can be applied, i.e. where the equilibrium can be represented by a line: (iii) The diffusion in the membrane polymer obeys Fick's law:

P g = H•C bl , H is the Henry's coefficient. A U N C O R R E C T E D P R O O F MEMSCI 7401 1-10
J = D M δ M (C m -C m ) = k m (C m -C m ) (5) 
where C m (kg m -3 ) is the concentration in the polymer on the vacuum side. The diffusivity D M depends on the swelling of the polymeric material in the case of rubbery polymers.

(iv) The thermodynamic equilibrium between the membrane polymer and the vacuum side can be described with Eq.

(3).

(v) The Knudsen diffusion may play a limiting role in the overall mass transfer.

Boundary layer

The boundary layer effect is characteristic of all membrane processes. This 

Sh = aRe b Sc c d h L d ( 6 
)
where L is the total effective membrane length. As pointed out by Hickey and Gooding [START_REF] Hickey | Mass transfer in spiral wound pervaporation modules[END_REF], the main problem is the definition of the characteristic dimension (i.e. the hydraulic diameter d h ) of a feed flow channel in the case of special pervaporation modules such as the one used in this work. Thus, it is preferable to extract values from experimental data. A common approach to obtain values for k bl is to use the data of J obtained from pervaporation experiments and to plot the results as a function of different membrane thicknesses. This way, the mass transfer resistance of the boundary layer can be determined and the k bl value deducted. Another method is to use the resistances-in-series model.

Resistances-in-series model

A convenient representation of the overall mass transfer is the resistances-in-series model, in which the overall resistance to transport is the sum of the boundary layer resistance, the membrane resistance and the support layer resistance. The overall mass transfer flow rate can be expressed with the pressure drop as the driving force with an overall mass transfer coefficient K ov .

The pressures are taken as the vapor pressure in equilibrium with the liquid phase on the liquid phase P b and the vacuum phase 247 P vac . The overall mass transfer flow rate can then be written as: 248

J = K ov • (P b -P vac ) (7) 249
The following equation is commonly used to represent the 250 resistances-in-series model:

251 J = 1 R ov (P b -P vac ) (8) 252
This model is called resistances-in-series because it enables 253 to add the resistances of all mass transfer steps:

254 R ov = R bl + R m + R s (9) 255
where R ov , R bl , R m and R s (Pa m 2 s 1 kg -1 , equivalent to m s -1 ) 256 are respectively the resistances of the boundary layer, the mem-257 brane and the support. Remembering that Eq. ( 1) can be written 258 as:

259 J = k bl (C b -C bl ) = k bl H (P b -P bl ) (10) 260
Eq. ( 5) can be written as:

261 J = k M • (C m -C m ) = S • k M (P bl -P s ) (11) 262
If gas concentrations are used instead of partial pressures, J can 263 be written thanks to the membrane permeability:

264 J = S • k M (P bl -P s ) = RT M S • k M (C G,bl -C G,s ) 265 = P(C G,bl -C G,s ) ( 12 
) 266
P is the permeability (m 2 s -1 ) of the membrane and C G are the 267 mass concentrations (g m -3 ) in the gas phases.

268

Finally,

269

R bl = H • δ bl D L = H k bl (13a) 270 R m = δ M S • D M = 1 S • k M (13b) 271
This theory presents the clear advantage to show the influence 272 of the different parameters: diffusion into the liquid D L and 273 into the membrane D M , hydrodynamics in the liquid boundary 274 layer (δ bl ), thickness of the membrane (δ M ) and thermodynamic 275 equilibriums of toluene between the liquid and gas phases H or 276 the membrane polymer and gas phase S. 

Materials and methods

278

Two pervaporation modules were used to carry out the exper-279 iments: a planar module and a tubular module. For the sake 280 of simplicity, both pervaporation modules could be used on a 281 common experimental apparatus, simply by changing the tube 282 connections. Fig. 4 shows a diagram of the experimental appa-283 ratus.

284

A preparation of absorbent containing a fixed concentration 285 of toluene was thermostated in a double walled container [START_REF] Poddar | A hybrid vapor permeation and membrane-based 568 absorption-stripping for VOC removal and recovery from gaseous emis-569 sions[END_REF]. 286 This liquid was pumped into the pervaporation module (1) by 287 means of a centrifugal pump [START_REF] Poddar | Removal of VOCs from air by 565 membrane-based absorption and stripping[END_REF]. A vacuum was applied to the 288 Experiments were carried out with pure toluene, pure absorbents and mixtures of toluene with the different absorbents.

In the case of pure toluene, cold traps were changed every 10 min and each experiment lasted 1 h. In case of pure absorbents, cold traps were changed every hour and each experiment lasted 6 h. In case of the mixtures, cold traps were changed every 30 min and each experiment lasted 6 h. All experiments were repeated once. The first flow rates were not taken into account because they corresponded to a transitory regime. Once the measured flow rates were stable, an average value was calculated for all remaining 325 cold traps and then compared to the repeated experiment.

326

Toluene concentrations to investigate were chosen in accor-327 dance to a real absorbent solution concentration at the bottom of 328 an absorption column. Studies done on an experimental absorp-329 tion tower treating an exhaust gas (25 • C) charged with toluene 330 at 3.7 g m -3 give a maximum concentration (thermodynamic 331 equilibrium) of 13.20 g L -1 (DEHA), 10.60 g L -1 (DIBP) and 332 6.80 g L -1 (PEG 400). The concentration range in liquid phase 333 to regenerate was therefore chosen as (1-10 g L -1 ). 334

Plane pervaporation cell 335

The first pervaporation device was provided by SEMPASS 336 (model QFZ30, Germany) (Fig. 5). It consists of two compart-337 ments separated by the membrane. The 55 cm 2 membrane (1) 338 is mounted on a porous metallic support (2), thickness 5 mm, 339 pore diameter 100 m. The feed flow (3) ran radially through 340 the pervaporation cavity and the solvent was recovered from 341 the top of the module (4). A vacuum was applied to the lower 342 part of the module (5) and the pervaporate was recovered from 343 the side [START_REF] Weisweiler | Alternatives Auswahlkriterium für 576 Waschflüssigkeiten zur Absorption flüchtiger organischer Verbindungen, 577[END_REF]. The module could be split into two parts in order 344 to change the membrane, with a Viton O-ring and a circular 345 clamp to ensure water tightness. It should be noted that the top 346 of the pervaporation cavity had a hyperbolic metallic surface, 347 thus maintaining a constant tangential speed whatever the radial 348 position considered on the membrane. The particular configu-349 ration of the module (symmetry and variable thickness) meant 350 that the hydraulic diameter could not be calculated in the usual 351 way. The manufacturer gave the hydraulic diameter as 1.1 mm 352 and indicated that the formula giving the tangential speed as a 353 function of the flow rate is written as: U L = 8580 × Q L , where 354 U L is the tangential circulation velocity (m s -1 ) and Q L is the 355 volumic flow rate (m 3 s -1 ). 

Tubular pervaporation cell

The tubular module (Fig. 6) was provided by Pervatech BV (model PVM-250-10-1-250 RPV/G, The Netherlands).

A separating layer of PDMS (1) was deposited on the inside surface of a tubular silica-based ceramic support [START_REF] Poddar | Removal of VOCs from air by 565 membrane-based absorption and stripping[END_REF]. The liquid to be treated (3), ( 4) flowed inside a tube of interior diameter 7 mm and length 250 mm, giving an active surface area of 55 cm 2 . A vacuum was applied to the filter body of the tube ( 5) by means of a lateral outlet [START_REF] Weisweiler | Alternatives Auswahlkriterium für 576 Waschflüssigkeiten zur Absorption flüchtiger organischer Verbindungen, 577[END_REF]. The module could also function by flushing with an inert vector gas, entering the filter body through another inlet [START_REF] Carrol | What is Henry's law?[END_REF], which was hermetically sealed for our experiments. The formula giving the tangential speed in function of the flow is written as:

U L = 25,984 × Q L .
The manufacturer indicated that the membrane is made up 

Results and discussion

396

This permeability difference could result from a different 397 PDMS layer (not given by the manufacturer) or from the limiting 398 effect of the porous support which has been shown by previous 399 observations [START_REF] De Bruijn | Influence of the support layer on the flux limitation in pervaporation[END_REF]. The pores of the ceramic support (≤3 m) are 400 smaller than those of the porous support of the flat membrane 401 (200 m). Because of this permeability difference, future results 402 will be presented about the Pervap 1060 membrane. An average flow rate of 1.9 g h -1 m -2 was measured for the 408 pervaporation of pure DEHA, 2.9 g h -1 m -2 in the case of pure ). The different flow rates corresponding to the cold traps weights were stable and an average could be calculated. Values are presented in Table 2.

Analyses did not detect the presence of absorbent in the samples, which indicates that the swelling of the PDMS membrane due to toluene inclusion in the polymeric chains did not greatly increase the absorbent pervaporation flow rate. With regards to toluene flow rates, DEHA proved to be the most easily regenerable solvent, with a much higher toluene extraction flow rate than those observed with DIBP or PEG 400, which goes contrary to the thermodynamic fact that PEG 400 promotes toluene absorption into the membrane. According to that conclusion, all following experiments were carried with DEHA.

PDMS active layer and support layer resistances

Experiments were carried out to evaluate the influence of the PDMS active layer and of the porous support on the toluene flux. To achieve that goal, three different configurations were used in the same operating conditions during 6 h. Table 3 summarizes the results. All flow rates are similar which leads to the conclusion that the main resistance is located with the boundary liquid effect. This is not surprising since DEHA is a viscous liquid.

Influence of liquid velocity

Twelve experiments at different shear velocities were carried out with DEHA in the planar module. The measured flow rates are listed in Table 4. An increase in the velocity of the liquid led to an increase in the pervaporation flow, which highlights the key role of the liquid boundary layer. The regime is laminar, even in the case of higher speeds (Re ≤ 400). By considering that no support layer resistance occurs, results allowed the calculation of the mass transfer coefficient k bl and Sherwood numbers through the liquid boundary layer. ln(Sh) versus ln(Re) is plotted in Fig. 7. The good correlation of the points confirms that the pervaporation flows are essentially limited by the laminar boundary layer. The power of the Reynolds number is 0.51 which is different from the Levesque's Reynolds power (1/3). This translates the special hydrodynamics in the radial hyperbolic fluid flow in the SEMPASS pervaporation module.

Influence of temperature

Experiments with DEHA were performed to evaluate the influence of temperature. Temperature variations applied to pure toluene and a DEHA-toluene mixture (9 g L -1 ), increased greatly the toluene fluxes recovered downstream (Fig. 8). Understanding the meaning of the activation energy is not simple and involves several phenomena. Literature data [START_REF] Boscaini | Investigation of fundamental physical properties of a polydimethylsiloxane (PDMS) membrane using a proton transfer reaction mass spectrometer (PTRMS)[END_REF] enable to calculate the permeability of a PDMS membrane as a function of temperature (Fig. 9). The experimental permeability proposed by Leeman et al. [START_REF] Leeman | Vapour permetation for the recovery or organic solvents from waste air streams: separation capacities and process optimisation[END_REF] was added for comparison. The permeability of the PDMS membrane decreases when the temperature increases although the diffusivity is higher. This is due to the unfavorable influence of the temperature on the sorption equilibrium of toluene in PDMS. However, increasing temperature will increase the vapor pressure of toluene in equilibrium with DEHA mixtures. Calculations were done to calculate the overall flux for x = 0.01, 0.005 and 0.001 with the hypothesis of no thermal boundary layer. Results are shown in Fig. 9. These theoretical behaviours follow the usual log-law, and a linear regression of ln(J) versus 1/RT allowed calculation of the activation energy. For x = 0.04 (∼9 g L -1 ), the calculated activation energy is E a = 31.356 kJ mol -1 , which has to be compared with the apparent activation energy measured during the experiments: E a = 23.025 kJ mol -1 . According to Favre [START_REF] Favre | Temperature polarization in pervaporation[END_REF] this activation energy could result from the temperature polarization.

To verify if polarization occurs, it is interesting to change the liquid velocity while pervaporating a pure liquid. Since no mass transfer boundary occurs, hydrodynamic changes while increasing liquid velocity results in a temperature polarization decrease [START_REF] Favre | Temperature polarization in pervaporation[END_REF]. This was done with pure DEHA, but no change was observed. 

Conclusion

Bibliographical research and a preliminary theoretical evaluation led to the choice of PDMS for separating the toluene/absorbent mixture, whatever the absorbent. PDMS has a high affinity for toluene and a lower affinity for the different absorbents. The permeability of the toluene was evaluated at 25 • C and confirmed the potential of PDMS for recovering toluene. Experiments led with the various pure absorbents showed that no absorbent was detected in the filtrates. The presence of absorbent in the filtrate was only detected in the case of the pervaporation of pure solvents. An experiment carried out on a long period with DEHA showed that DEHA accumulates in the porous support. This could happen with the other absorbents but was not investigated in this work. This is a major point which should be carefully considered. In the case of toluene-absorbent mixtures (10 g L -1 ), results led to the conclusion that DEHA would be the most easily regenerable absorbent. The toluene flows extracted were considerably higher that those measured using DIBP or PEG 400.

Experimental pervaporation flows at low toluene concentrations (<10 g L -1 ) were very low. The predominant effect of the liquid boundary layer was highlighted. The resistance-in-series theory enabled the impact of the boundary layer to be quantified.

Liquid hydrodynamics upstream of the membrane therefore seem to be the major parameter. The tubular module was intended to study this question rigorously, but the experiments could not be carried out due to the module being accidentally damaged.

Pervaporation was investigated to regenerate a heavy boiling absorbent containing toluene at low concentrations (<10 g L -1 ). This process was chosen because of thermal decomposition of heavy absorbents by distillation and absorbent loss by stripping. This work showed that the separation by pervaporation could be achieved. However, several problems were highlighted: strong boundary layer effects on the mass and heat transfer and accumulation of absorbent in the porous support. These reasons discourage the use of pervaporation for the considered purpose and other solutions have to be investigated. Greek letters δ bl boundary layer thickness (m) δ solubility parameter (cal cm -3 ) 1/2 δ S solubility parameter of the solvent (cal cm -3 ) 1/2 δ M solubility parameter of the membrane (cal cm -3 ) 1/2 δ toluene solubility parameter of toluene (cal cm -3 ) 
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 1 Fig. 1. Hybrid absorption-pervaporation process.
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 2 Fig. 2. Vapor equilibrium of different liquids.

Fig. 3 .

 3 Fig. 3. Concentration profile of the transport phenomenon.
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 4 . Heymes et al. / Journal of Membrane Science xxx (2006) xxx-xxx previous paper [5] reported that H DEHA = 7.74 Pa kg -1 m 3 ; H DIBP = 9.73 Pa kg -1 m 3 and H PEG400 = 15.27 Pa kg -1 m 3 .

  boundary layer is represented by a stagnant fluid adjacent to the membrane surface. All permeating compounds must cross this layer in which the transfer is diffusive. The consequence is that the boundary layer can significantly affect the overall permeation efficiency of the process, especially in case of viscous liquids. Determining the effect of the boundary layer requires knowing its thickness δ bl . It is difficult to obtain accurate predictions for this parameter using existing dimensionless correlations. The usual way to calculate the boundary layer thickness δ bl is to calculate the Sherwood number Sh = k bl •d h /D L , where d h is the hydraulic diameter of the device. The Sherwood number is calculated from Reynolds number Re = ρ•U•d h /µ and the Schmidt number Sc = µ/ρ•D L according to the equation:

  277

Fig. 4 .

 4 Fig. 4. Pervaporation device flow diagram.

356Fig. 5 .

 5 Fig. 5. Planar pervaporation device. PDMS, which was put in direct contact with the input to be treated; (ii) a macroporous polyacrylonitrile (PAN) supporting layer (250 m), to ensure the mechanical characteristics of the membrane.

  of a series of four deposited layers: (i) an alpha-AlO 2 alumina support layer, thickness 1.5 mm, pore diameter 3 m (ii) a first alpha-AlO 2 alumina layer, thickness 50 m, pore diameter 0.5 m (iii) a second alpha-AlO 2 alumina layer, thickness 30 m, pore diameter 0.1 m, (iv) a third alpha-AlO 2 alumina layer, thickness 2 m, pore diameter 0.2 m, and (v) a fourth layer, thickness 2 m, the selective PDMS barrier.

384 4 . 1 .

 41 Pure toluene pervaporation385A pervaporation experiment using pure toluene was carried 386 out for each membrane. The average flow rates obtained were 387 1.5 kg h -1 m -2 for the tubular membrane and 2.8 kg h -1 m -2 for 388 the planar membrane (P vac = 1 mbar and T = 25 • C). Since no liq-389 uid boundary layer can occur, these values allow calculation of 390 the permeability of the two membranes: P = 1.13 × 10 -7 m 2 s -1 391 with the flat 1060 membrane and P = 6.04 × 10 -9 m 2 s -1 with 392 the tubular membrane. The value of the PERVAP membrane 393 is close to literature values: Boscaini et al. proposed a perme-394 ability of 2.07 × 10 -7 m 2 s -1[START_REF] Boscaini | Investigation of fundamental physical properties of a polydimethylsiloxane (PDMS) membrane using a proton transfer reaction mass spectrometer (PTRMS)[END_REF] at 30 • C with a hollow fiber 395 membrane made of PDMS.

403 4 . 2 .

 42 Pure absorbent pervaporation 404Pervaporation experiments were carried out using pure 405 absorbents (DEHA, DIBP, PEG 400) in order to measure their 406 ability to cross the membrane.

407Fig. 6 .

 6 Fig.6. Tubular pervaporation device.

409

  DIBP and nothing was measured with pure PEG 400. These 410 results show that the absorbents cross the membrane to a very kinds of toluene enriched absorbent solutions were made and 437 tested with the planar membrane: a set of solutions enriched 438 with 100 g L -1 of toluene and a set enriched with 10 g L -1 of 439 toluene. Experiments were carried out at 25 • C, vacuum pres-440 sure was 100 Pa and the liquid velocity was kept constant for all 441 experiments (1.8 m s -1

Fig. 7 .Fig. 8 .

 78 Fig. 7. Sherwood number vs. Reynolds number (25 • C).

Fig. 9 .

 9 Fig.9. Influence on temperature on toluene permeability and on the theoretical toluene flow rates.

  C b concentration into the bulk of the fluid (kg m -3 ) C bl concentration into the boundary layer (kg m -3 ) C m , C m concentration in the membrane on the liquid or the vacuum interface (kg m -3 ) d h hydraulic diameter (m) D L diffusion coefficient of toluene into the absorbents (m 2 s -1 ) D M diffusion coefficient of toluene into the membrane (m 2 s -1 ) H Henry's coefficient (Pa m 3 g -1 ) J pervaporation flow rate (kg s -1 m -2 ) k bl mass transfer coefficient (m s -1 ) M molar weight of toluene (g mol -1 ) P permeability (m 2 s -1 ) P g partial pressure (Pa) P sat saturation vapor pressure (Pa) Q L liquid flow rate (m 3 h -1 ) R perfect gas coefficient (=8.31441 J mol -1 K -1 ) S solubility of a penetrant into a polymer (kg m -3 Pa -1 ) t experiment time (h) T temperature (K) U L liquid velocity (m s -1 )

10 106 higher

  than the DEHA vapor pressure: toluene should be easily 107 extracted from DEHA by pervaporation. This membrane was 108 therefore chosen to extract toluene with a high flux from the 109 liquid phase.

							110
					Pervaporation membranes can be divided into three cate-111
					gories according to their use:	112
					-Hydrophilic (water selective) membranes show a high per-113
					meability for water and little permeability for organic com-114
					pounds.		115
	Table 1						
	Properties of the studied absorbents					
	Component	Boiling	Molar weight	Density	Viscosity at	Henry's coefficient H	Solubility parameter
		point ( • C)	(g mol -1 )	(kg m -3 )	20 • C (Pa s)	(25 • C) (Pa m 3 kg -1 )	(cal cm -3 ) 1/2
	DEHA	210	351	930	0.0125	7.74	8.1
	DIBP	320	278	1043	0.0378	9.73	9.0
	PEG 400	250	400	1130	0.1336	15.27	10.1
	PEG 400, polyethylene 400; DEHA, di(2-ethylhexyl) adipate; DIBP, diisobutyl phthalate.		

Table 3

 3 Influence of the PDMS thickness and the porous support pore size Heymes et al. / Journal of Membrane Science xxx (2006) xxx-xxx

	Feed toluene	Temperature ( • C)	PDMS active layer	Porous support layer	Average pervaporation
	concentration C b (g L -1 )		thickness (m)	pore diameter (m)	flow rate J (g m -2 h -1 )
	4.6	48	20	200	5.1
	4.6	48	20	50	4.9
	4.6	48	40	200	5.0

Please cite this article as: F. Heymes et al., Recovery of toluene from high temperature boiling absorbents by pervaporation, Journal of Membrane Science (2006), doi:10.1016/j.memsci.2006.07.029.
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