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ABSTRACT

In this work the mass transfer analysis of the pervaporative separation of dichloromethane from aqueous solutions in hollow fiber devices has been performed. Experimental results were obtained at 40ºC working at different flow rate values (0.02 – 0.105 l/min) and using modules with different thickness of membrane (148 – 433 (m).

In the pervaporation of dichloromethane from dilute aqueous solutions using polydimethylsiloxane hollow fibers, the rate of separation is strongly influenced by the mass transfer resistance in the feed phase. In the laminar flow regime, the resistance of the membrane is not dominant, although it may become significant at higher Reynolds numbers.

A mathematical model resulting from the solution of the continuity equation of the feed phase flowing in laminar regime through the hollow fiber module has been proposed. The analysis by means of the fundamental equations separates the effects of the operation variables such as the hydrodynamic conditions and the geometry of the system from the mass transfer properties of the system, described by the diffusion coefficient in the aqueous phase and the membrane permeability.

INTRODUCTION

The use of the pervaporation process for the separation of chlorinated hydrocarbons from aqueous liquid mixtures has been found a technically viable technology [1-5]. In the pervaporation process, the liquid feed mixture is put into contact with a non-porous solid membrane and the selective sorption of the components of the feed occurs according to the characteristics of the membrane. The absorbed components diffuse through the membrane, evaporate under low pressure on the downstream side and are removed by a vacuum pump or a chilled condenser. The phase change occurs in the membrane and the heat of vaporisation is supplied by the sensible heat of the liquid conducted through the dense membrane.

Concerning the selection of the selective membrane, the family of silicon rubbers provides a good behaviour in the recovery of dilute organics from aqueous solutions, due to the high affinity of these materials towards linear chlorinated hydrocarbons. Commercial membranes of highly hydrophobic polydimethylsiloxane are available. Several groups have studied the enhancement of the separation performance by modifying the properties of the PDMS material either by the incorporation of zeolites into the membrane structure [6] or by the introduction at the molecular level of various organofunctional groups [7].

The low concentration of the organics in the liquid feed and the high affinity of the membrane towards the organic components create a concentration-polarization phenomena at the liquid feed phase, and the removal of dilute organics may be controlled by the mass transfer in the boundary layer at the liquid-membrane interface. Thus achieving fast pervaporation is often compromised by diffusion in the liquid feed phase. However, membrane resistance cannot be always neglected. As the Reynolds number is increased, the liquid film resistance should be reduced and the membrane resistance may become rate controlling.

The gradients at steady state are shown in Figure 1. The feed is rich in water, but the organic component is much more soluble in the PDMS polymer and there is a low concentration of the organic at the upstream face of the membrane (CDCM (m)). Thus, the gradient of the organic in the liquid is high. The gradient of water, the principal component of the mixture, is negligible.

In this work we present the results obtained in the separation of dilute binary mixtures of water/dichloromethane. The influence of the flowrate of the feed phase and the thickness of the pervaporation membrane were investigated. The kinetic analysis of the separation was performed following the methodology published in a previous paper [3] concerning the separation of water/chloroform mixtures.
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Figure 1. Diagram of concentration gradients in a three phase pervaporation system

EXPERIMENTAL

In all cases the aqueous feed solutions were prepared in the laboratory using reagent grade dichloromethane in deionized water. The initial concentration in the feed was 0,5 kg/m3 each of dichloromethane. The temperature of the feed was maintained constant at T = 40 ºC. Dense polydimethylsiloxane hollow fibers were used to assemble the membrane modules in the laboratory. The dimensions of the fibers are given in Table 1. A diagram of the experimental system is given in Figure 2. The aqueous feed was introduced through the bore of the hollow fibers. The system was operated in batch mode with the continuous recirculation of the aqueous phase to the feed tank. The permeate was removed in vapor form from the shell-side of the membrane module by the suction of a vacuum pump. Cold traps refrigerated by liquid nitrogen were used to condense and recover the permeate vapors. The detailed descriptions of the experimental system and analytical procedures are given elsewhere [3].
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Figure 2. Schematic diagram of the experimental set-up

Table 1

Dimensions of the PDMS Hollow Fibers

	Module #
	Inner diameter (m)
	Thickness (m)
	# of fibers

	1
	327
	148
	15

	2
	516
	196
	9

	3
	657
	253
	7

	4
	778
	433
	6


RESULTS AND DISCUSSION

Figure 3 shows that increasing the flowrate of the feed phase increased the kinetics of the removal of dichloromethane, thus indicating that the mass transfer resistance of the liquid boundary layer has a strong influence on the flux of the organic component. The same behaviour was observed with the four modules under investigation.

However, Figure 4 shows that at a constant Reynolds number the rate of the dichloromethane separation decreases as the thickness of the membrane is increased. Thus in the range of Reynolds numbers under investigation (132 < Re < 734) the mass transfer resistance across the membrane, is significant enough as to be taken into consideration.
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Figure 3. Evolution of the dimensionless concentration in the feed tank. Influence of the flow rate of the feed. T=40 ºC. (a) module 1, (b) module 2, (c) module 3, (d) module 4.

[image: image18.wmf]LIQUID PHASE

VAPOR PHASE

DENSE

MEMBRANE

C

DCM

C

DCM

(m)

C

w

p

DCM

 (p)

p

w

(p)

J

DCM

J

w

[image: image19.wmf]0

0,2

0,4

0,6

0,8

1

0

0,2

0,4

0,6

0,8

1

C*

exp

C*

sim





(a)






(b)

Figure 4. Evolution of the dimensionless concentration in the feed tank. Influence of the thickness of the membrane. T=40 ºC. (a) 132 < Re < 141, (b) 688 < Re < 734.

The analysis of the results was performed using the mathematical model reported in a previous work for the separation of chloroform [3]. The analysis by means of the fundamental equations separates the effects of the operation variables such as the hydrodynamic conditions and the geometry of the system from the mass transfer properties of the system, described by the diffusion coefficient in the aqueous phase and the membrane permeability. The mass balance to the hollow fiber membrane module and the associated boundary conditions are written as follows,
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BC 4:


[image: image5.wmf]m

m

C

  

  

  

C

  

-

       

,

 

*

*

d

=

¶

¶

=

s

P

r

D

r

r

m

i



all z
(5)

The fourth boundary condition imposes the continuity of flux of dichloromethane at the fluid/membrane interface. The left-hand side of the equation gives the solute flux arriving at the membrane wall from the bulk due to radial diffusion. The right-hand side of the equation accounts for the transport of solute through the membrane due to diffusion in the solid PDMS. D is the diffusivity of the solute in the aqueous phase and Pm is the permeability of the membrane. In eq. (5) the shape factor s as defined by Noble [8] is:
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The parameter s is based in the internal mass transfer area of the membrane and relates the flux though the membrane in a cylindrical geometry to the flux in a flat geometry.

The mass balance to the feed tank is given as
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t = 0        CT = C0
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Additionally,
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(9)
Eqs. (1)-(9) were integrated using the numerical integration package gPROMS in combination with the parameter estimator gEST. A comparison between the experimental and the simulated results allowed to obtain the values of the parameters D and Pm, the diffusivity of the organic compound in the aqueous phase and the permeability of the membrane respectively (Table 2). 

Table 2 

Diffusivity in Water and Permeability of the PDMS Membrane, T = 40 ºC

	Organic compound
	Diffusivity in water at 40ºC, m2/s, this work
	Diffusivity in water at 40ºC, m2/s, Wilke-Chang equation
	Permeability of the membrane, m2/s

	Dichloromethane
	1.84 x 10-9
	1.83 x 10-9
	8.97 x 10-9


Several findings are concluded from this table. First, the value obtained for diffusivity of dichloromethane in aqueous phase from the fitting of experimental results to the reported model is very similar to the value obtained by using the well-known Wilke-Chang correlation. Second, although no previous reference has been found in the literature reporting the permeability of dichloromethane at 40ºC, Hickey and Gooding [9] in 1994 reported a value of Pm = 5.6 x 10-9 m2/s at 20ºC, and Ji et al. [10] in 1994 reported a value of Pm = 6.65 x 10-9 m2/s at 30ºC, both working with flat membranes. Thus, the value obtained in this work is in good accordance with previously reported data. 

The good agreement of the model and parameters with the experimental data is confirmed by the value ( = 0.0113 of the standard deviation between experimental data and the simulated values of the dimensionless concentration, defined by eq. (10).
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Figure 5. Parity graph of simulated dichloromethane concentration vs. experimental dichloromethane concentration.

CONCLUSIONS

It can be concluded that in the pervaporation of dichloromethane from dilute aqueous solutions using polydimethylsiloxane hollow fibers, the rate of separation is strongly influenced by the mass transfer resistance in the feed phase. In the laminar flow regime, the resistance of the membrane is not dominant, although it may become significant at higher Reynolds numbers. The proposed mass transfer model includes two parameters, the diffusivity of dichloromethane in water and the permeability of dichloromethane in the PDMS membrane. Diffusivity of dichloromethane in aqueous phase took a value of 1.84 x 10-9 m2/s and the permeability through the polydimethyl-siloxane PV membrane took a value of 8.97 x 10-9 m2/s.
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				90		5400		0.75556		0.74295		0.0001590121		0.000278543

				120		7200		0.69341		0.67289		0.0004210704		0.0008757386																														0		0

				150		9000		0.62196		0.60943		0.0001570009		0.0004058609																														1		0.95

				180		10800		0.56565		0.55196		0.0001874161		0.0005857487

		exp 112		0		0		1		1		0		0

				15		900		0.94412		0.95172		0.00005776		0.0000647997																														0		0

				30		1800		0.89779		0.90573		0.0000630436		0.0000782153																														1		1.05

				45		2700		0.869		0.86197		0.0000494209		0.0000654442

				60		3600		0.81837		0.82032		0.0000038025		0.0000056777

				90		5400		0.75002		0.74295		0.0000499849		0.0000888573

				120		7200		0.67326		0.67289		0.0000001369		0.000000302

				150		9000		0.60317		0.60943		0.0000391876		0.0001077133

				180		10800		0.54169		0.55196		0.0001054729		0.0003594506

		exp 115		0		0		1		1		0		0

				15		900		0.92705		0.93664		0.0000919681		0.0001070116

				30		1800		0.86705		0.87727		0.0001044484		0.0001389356

				45		2700		0.82551		0.82166		0.0000148225		0.0000217509

				60		3600		0.76287		0.76957		0.00004489		0.0000771345

				95		5700		0.6562		0.66052		0.0000186624		0.0000433406

				120		7200		0.58996		0.59223		0.0000051529		0.0000148049

				150		9000		0.50695		0.51952		0.0001580049		0.0006148091

				180		10800		0.43648		0.45575		0.0003713329		0.0019491027

		exp 116		0		0		1		1		0		0

				15		900		0.93715		0.93018		0.0000485809		0.0000553156

				30		1800		0.84089		0.86521		0.0005914624		0.0008364669

				45		2700		0.8013		0.80478		0.0000121104		0.0000188612				Línea de referencia

				60		3600		0.74912		0.74857		0.0000003025		0.000000539				0		0

				90		5400		0.65116		0.64765		0.0000123201		0.0000290562				1		1

				125		7500		0.54332		0.54698		0.0000133956		0.0000453786

				150		9000		0.48095		0.4848		0.0000148225		0.0000640799

				180		10800		0.41275		0.41944		0.0000447561		0.0002627109

		exp 117		0		0		1		1		0		0

				15		900		0.91206		0.92568		0.0001855044		0.0002230

				30		1800		0.83699		0.85687		0.0003952144		0.0005641

				45		2700		0.79702		0.79317		0.0000148225		0.0000233

				60		3600		0.73268		0.73420		0.0000023104		0.0000043

				90		5400		0.60352		0.62910		0.0006543364		0.0017965

				120		7200		0.52193		0.53904		0.0002927521		0.0010747

				150		9000		0.44038		0.46187		0.0004618201		0.0023813

				180		10800		0.36771		0.39575		0.0007862416		0.0058149

		exp 110		0		0		1		1		0		0

				15		900		0.91792		0.92251		0.0000210681		0.0000250

				30		1800		0.84503		0.85101		0.0000357604		0.0000501

				45		2700		0.78704		0.78505		0.0000039601		0.0000064

				60		3600		0.72696		0.7242		0.0000076176		0.0000144

				90		5400		0.58780		0.61629		0.0008116801		0.0023492

				120		7200		0.48642		0.52446		0.0014470416		0.0061159

				150		9000		0.41390		0.44631		0.0010504081		0.0061315

				180		10800		0.35694		0.37981		0.0005230369		0.0041053

		exp 96		0		0		1		1		0		0

				15		900		0.96836		0.97003		0.0000027889		0.0000030

				30		1800		0.94888		0.9409		0.0000636804		0.0000707

				45		2700		0.91435		0.91265		0.00000289		0.0000035

				60		3600		0.87493		0.88524		0.0001062961		0.0001389

				90		5400		0.83851		0.83288		0.0000316969		0.0000451

				120		7200		0.79376		0.78361		0.0001030225		0.0001635

				150		9000		0.74477		0.73725		0.0000565504		0.0001020

				180		10800		0.71211		0.69364		0.0003411409		0.0006727

				210		12600		0.6551		0.65261		0.0000062001		0.0000144472

				250		15000		0.61790		0.60165		0.0002640625		0.0006916

		exp 66		0		0		1.00000		1		0		0.0000000

				15		900		0.97331		0.96167		0.0001354896		0.0001430

				30		1800		0.92164		0.92477		0.0000097969		0.0000115

				45		2700		0.89018		0.88929		0.0000007921		0.0000010

				60		3600		0.86959		0.85516		0.0002082249		0.0002754

				90		5400		0.79050		0.79079		0.0000000841		0.0000001

				120		7200		0.74374		0.73127		0.0001555009		0.0002811

				150		9000		0.68437		0.67623		0.0000662596		0.0001415

				180		10800		0.63486		0.62533		0.0000908209		0.0002253356

		exp 67		0		0		1.00000		1		0		0.000E+00

				15		900		0.96191		0.95807		0.0000147456		1.594E-05

				30		1800		0.92910		0.91786		0.0001263376		1.464E-04

				45		2700		0.87460		0.87935		0.0000225625		2.950E-05

				60		3600		0.85776		0.84244		0.0002347024		3.190E-04

				90		5400		0.78316		0.77322		0.0000988036		1.611E-04

				120		7200		0.71911		0.70968		0.0000889249		1.720E-04

				150		9000		0.65784		0.65137		0.0000418609		9.673E-05

				180		10800		0.60193		0.59785		0.0000166464		0.000045944

		exp 68		0		0		1.00000		1		0		0.0000000

				15		900		0.96353		0.95555		0.0000636804		0.0000686

				30		1800		0.92646		0.91305		0.0001798281		0.0002095

				45		2700		0.88357		0.87244		0.0001238769		0.0001587

				60		3600		0.84941		0.83364		0.0002486929		0.0003447

				90		5400		0.76026		0.76113		0.0000007569		0.0000013

				120		7200		0.70098		0.69493		0.0000366025		0.0000745

				150		9000		0.64912		0.63449		0.0002140369		0.0005080

				180		10800		0.58405		0.5793		0.0000225625		0.0000661435

		exp 69		0		0		1.00000		1		0		0.0000000

				15		900		0.94643		0.95378		0.0000540225		0.0000603

				30		1800		0.91112		0.90966		0.0000021316		0.0000026

				45		2700		0.86552		0.86758		0.0000042436		0.0000057

				60		3600		0.83851		0.82745		0.0001223236		0.0001740

				90		5400		0.76213		0.75268		0.0000893025		0.0001537

				120		7200		0.69113		0.68466		0.0000418609		0.0000876

				155		9300		0.61093		0.61303		0.00000441		0.0000118

				180		10800		0.56614		0.56651		0.0000001369		0.0000004271

				210		12600		0.50686		0.51531		0.0000714025		0.0002779

		exp 79		0		0		1.00000		1		0		0.0000000

				15		900		0.95656		0.96438		0.0000611524		0.0000668

				30		1800		0.92376		0.92999		0.0000388129		0.0000455

				45		2700		0.90525		0.89682		0.0000710649		0.0000867

				60		3600		0.86423		0.86483		0.00000036		0.0000005

				90		5400		0.81167		0.80424		0.0000552049		0.0000838

				120		7200		0.76049		0.7479		0.0001585081		0.0002741

				150		9000		0.70655		0.6955		0.0001221025		0.00024459

				180		10800		0.63775		0.64677		0.0000813604		0.0002000

		exp 80		0		0		1.00000		1		0		0.0000000

				15		900		0.96015		0.95394		0.0000385641		0.0000418

				30		1800		0.91715		0.90997		0.0000515524		0.0000613

				45		2700		0.85762		0.86802		0.00010816		0.0001471

				60		3600		0.83520		0.82801		0.0000516961		0.0000741

				90		5400		0.74182		0.75344		0.0001350244		0.0002454

				120		7200		0.68776		0.68558		0.0000047524		0.0000100

				150		9000		0.63743		0.62383		0.00018496		0.0004552

				180		10800		0.56964		0.56765		0.0000039601		0.0000122

		exp 81		0		0		1.00000		1		0		0.0000000

				15		900		0.94674		0.94943		0.0000072361		0.0000081

				30		1800		0.89352		0.90139		0.0000619369		0.0000776

				45		2700		0.84836		0.85577		0.0000549081		0.0000763

				60		3600		0.81505		0.81247		0.0000066564		0.0000100

				90		5400		0.73649		0.73232		0.0000173889		0.0000321

				120		7200		0.66093		0.66009		0.0000007056		0.0000016

				150		9000		0.59750		0.59497		0.0000064009		0.0000179

				180		10800		0.53900		0.53628		0.0000073984		0.0000255

		exp 82		0		0		1.00000		1		0		0.0000000

				15		900		0.94128		0.94627		0.0000249001		0.0000281

				30		1800		0.88366		0.89541		0.0001380625		0.0001768

				45		2700		0.82896		0.84728		0.0003356224		0.0004884

				60		3600		0.79765		0.80173		0.0000166464		0.0000262

				90		5400		0.70821		0.71785		0.0000929296		0.0001853

				120		7200		0.63179		0.64275		0.0001201216		0.0003009

				150		9000		0.56683		0.57551		0.0000753424		0.0002345

				180		10800		0.50713		0.5153		0.0000667489		0.0002595

		exp 83		0		0		1.00000		1		0		0.0000000

				15		900		0.94479		0.94404		0.0000005625		0.0000006

				30		1800		0.88885		0.89119		0.0000054756		0.0000069

				45		2700		0.83842		0.8413		0.0000082944		0.0000118

				60		3600		0.78398		0.7942		0.0001044484		0.0001699

				90		5400		0.69685		0.70777		0.0001192464		0.0000000

				120		7200		0.62712		0.63074		0.0000131044		0.0000333

				150		9000		0.55591		0.56209		0.0000381924		0.0001236

				180		10800		0.48886		0.50092		0.0001454436		0.0006086

		exp 114		0		0		1.00000		1		0		0.0000000

				15		900		0.97589		0.97507		0.0000006724		0.0000007

				30		1800		0.95803		0.9507		0.0000537289		0.0000585

				45		2700		0.93336		0.92693		0.0000413449		0.0000475

				60		3600		0.90877		0.90376		0.0000251001		0.0000304

				95		5700		0.87598		0.85193		0.0005784025		0.0007538

				120		7200		0.82713		0.81673		0.00010816		0.0001581

				150		9000		0.80658		0.77641		0.0009102289		0.0013991224

				180		10800		0.76004		0.73808		0.0004822416		8.348E-04

		exp 84		0		0		1.00000		1		0		0.000E+00

				15		900		0.96351		0.96894		0.0000294849		3.176E-05

				30		1800		0.94617		0.9388		0.0000543169		6.067E-05

				45		2700		0.91943		0.9096		0.0000966289		1.143E-04

				60		3600		0.89514		0.88131		0.0001912689		2.387E-04

				90		5400		0.85042		0.82734		0.0005326864		7.366E-04

				120		7200		0.79353		0.77667		0.0002842596		4.514E-04

				150		9000		0.75045		0.72911		0.0004553956		8.086E-04

				180		10800		0.7037		0.68446		0.0003701776		7.475E-04

		exp 85		0		0		1		1		0		0.000E+00

				15		900		0.95697		0.96637		0.00008836		9.648E-05

				30		1800		0.93589		0.93383		0.0000042436		4.845E-06

				45		2700		0.89345		0.90238		0.0000797449		9.990E-05

				60		3600		0.89313		0.872		0.0004464769		5.597E-04

				90		5400		0.81999		0.81427		0.0000327184		4.866E-05

				120		7200		0.74957		0.76035		0.0001162084		2.068E-04

				150		9000		0.6926		0.71001		0.0003031081		6.319E-04

				180		10800		0.69077		0.663		0.0007711729		1.616E-03

		exp 87		0		0		1		1		0		0.000E+00

				15		900		0.96036		0.96333		0.0000088209		9.564E-06

				30		1800		0.92703		0.92798		0.0000009025		1.050E-06

				45		2700		0.90333		0.89392		0.0000885481		1.085E-04

				60		3600		0.86479		0.86112		0.0000134689		1.801E-05

				90		5400		0.8101		0.79907		0.0001216609		1.854E-04

				120		7200		0.74509		0.7415		0.0000128881		2.322E-05

				150		9000		0.70663		0.68807		0.0003444736		6.899E-04

				180		10800		0.65628		0.63849		0.0003164841		7.348E-04

												Desv. Std:		Desv.Std.Relat.

												0.01129		1.83

										Func. Objetivo		0.01166		gPROMS





Hoja3

		



Conc. Simul.

Cexp

Csim

Diclorometano



		



Conc. Simul.

C*exp

C*sim



		



Conc. Simul.

Cexp

Csim

Diclorometano




_1023720108.unknown

_1003649892.doc


0







0,2







0,4







0,6







0,8







1







0







30







60







90







120







150







180







Time (min)







C/C0











20,2 ml/min







48,6 ml/min







69,5 ml/min







88,7 ml/min







105,1 ml/min












_1023701168.unknown

_1023701403.unknown

_1023702592.unknown

_1023701334.unknown

_1003649990.doc


0,2







0,4







0,6







0,8







1







0







30







60







90







120







150







180







Time (min)











C/C0







20,2 ml/min







48,6 ml/min







69,5 ml/min







88,7 ml/min







105,1 ml/min












_1003650021.doc


0,4







0,5







0,6







0,7







0,8







0,9







1







0







30







60







90







120







150







180







Time (min)











C/C0







20,2 ml/min







48,6 ml/min







69,5 ml/min







105,1 ml/min












_1003649908.doc


0,2







0,4







0,6







0,8







1







0







30







60







90







120







150







180







Time (min)











C/C0







20,2 ml/min







48,6 ml/min







69,5 ml/min







88,7 ml/min







105,1 ml/min












_997522885.unknown

_1003554740.doc
[image: image1.bmp]

LIQUID PHASE







VAPOR PHASE







DENSE MEMBRANE







CDCM







CDCM(m)







Cw







pDCM (p)







pw(p)







JDCM







Jw












_997522722.unknown

