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Comparisons of Reverse Osmosis and Pervaporation Membrane Processes.
I. Theoretical Interpretations.
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Abstract | Reverse osmosis{ RO) and pervaporation(PV) membrane processes were compared with each other
theoretically by using Paul and Ebra-Lima model. From this model the concentrations of liquid within the membrane
when pressure was applied to the upper compartment(for PV case, the applied pressure is infinite) were calculated for
rubber membrane —n ~hexane and rubber membrane —benzene systems. The permeabilities of RO and PV were also
calculated and compared for polyethylene film —n —hexane and polyethylene film —benzene systems. Theoretically, the
permeabilities of PV membrane were greater than those of RO membrane.
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1. Introduction are based on the same transport mechanism,
sorption— diffusion— desorption [ 1].

Pervaporation (PV) differs from all other Shelden and Thompson [2] investigated the
membrane processes because of the phase change of effects of upstream and downstream processes on
the pervaporate. However, it has been considered the permeation rates on the basis of solution—
that both PV and reverse osmosis (RO) processes diffusion mechanism and compared between RO
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and PV processes. Rautenbach and Albrecht [1]
also discussed transport equations for PV, and
furthermore PV is compared with RO. Recently,
Kimura et alf3] investigated the ethanol
permselective RO membranc and the comparison of
RO and PV processes.

In this paper, RO and PV processes were
discussed in terms of solubility and activity of feed
component within the membrane by using Paul and
Ebra - Lima solution —diffusion model | 4,5 ].

2. Theory

RO and PV can be considered to have the same
transport mechanism, sorption - diffusion - desorp-
tion. The pressure difference in RO process leads to
a chemical potential difference across the
membrane, while the chemical potential difference
in PV process across the membrane is achieved by
applying a vacuum to the downstream compart-
ment. Therefore, it is possible to compare this two
processes by using the solution-diffusion mec-
hanism.

According to Paul and Ebra-Lima [4,5], the
chemical potential of ; in either solution or the
membrane is a function of the pressure and the
concentration ; at constant temperature. For the

two solutions, it can be expressed as

#.3 = p + RTlnea,;, + V(P, — P) (1
.t =p’'+ RTIna; + V(P, = P,)  (2)

where g, refers to pure ;/ at arbitrary reference
pressure, P,, and other nomenclatures are shown at
the end part of this paper.

The pressure distribution, P,, within the
membrane is required. Rosenbaum and Cotton [ 6,7 |
have considered three possible membrane pressure

distributions as follows :

(a) P, = P,
(b) Pm - pl
(c) P, = P“AL(PO - P[)(x/g )]
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In case where the membrane is dense or non-
porous, and the diffusing species is not dissolved in
it, Rosenbaum and Cotton | 7] showed that P,=P,
throughout the membrane to a good approximation
was consistent. Therefore, in this paper, the
distribution P,,=P, will be used.

The chemical potential of ; ainside the membrane

using P, =P, may be written as
u" = pu’ + RTInar + V(P, — P,) (3)

The cquilibrium should exist at both surfaces so
that

m = p
c

1T

Applications of the above conditions to Eqgs. (1),
(2), and (3) yield the following relationships
between the activities in the solutions and just

inside of the membrane.

a" = a.} (4)
a”? = ajexpl - VAP, — P)/RT] (5)

The pressure applied to the feed solution does not
change the activity of 7 within the membrane at x=
0, however 1t decreases the activity of 7/ in the
membrane at x= ¢. This is a main point in this
theory. From Eq.(5) it can be realized that the
sorption capacity of solvent in the membrane is
dependent on the pressure differences between two
surfaces.

The acitivity of component ; can be derived from
Flory-Huggins mixing equation and the rubber
elasticily theory :

Ine? = In(1-v,)+v, +x v,
+HLViv/ VI — v, /2)] (6)

Combination of Egs. (5) and (6) gives finally

—V(P,—P)/RT = In(1-v,)+v,,+x V',
HIV i/ VI = v, /2)] (7)

If the solubility 1s obtained from the swelling

measurement, the concentration of solvent in the
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membrane can be calculated from Eq.(7).
Substantially, the activities of component 7 just
inside of the membrane and the solution can be
obtained from Egs. (5) and (6).

Also the theoretical concentration profile in the
membrane can be estimated from the following

relationship | 6]
l=vi = (I=vi)[(1=v,)/(A=vi) ] (8)

The volumetric flux from Fick’s equation is

generally given as
nV, = ([)/Q) 1n[(1_vu)/(1“vm)] (9)

Based on the above theoretical background, it will
be discussed how the solubility and activity are
affected by the applied pressure in RO and PV for
the binary systems such as rubber membrane-
hexane, rubber membrane—benzene, polyethylene
film-benzene

film-hexane, and polyethylene

systems.
3. Results and Discussion

Figs. 1 and 2 show the calculated volume

fractions and activities of pure components, n—

1.0 1.0
5
> &
g os5h —os5
: 5
: :
i -
Q
g 2
]
S
0 1 0
0 50 100

PRESSURE DIFFERENCE
AP=P,~P, (atm)

Fig. 1. Calculated volume fraction and activity of n

~hexane in the rubber membrane at a= /¢

caused by the appled pressure.
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hexane and benzene, just inside of the rubber
membrane at x= ¢ when pressurc was applied to
the feed solution in RO. As the applied pressure
increases, the volume fractions of n-hexane and
benzene in rubber membrane at x= ¢ decrease and
the activities of both components also decrecase. The
activity of pure component in the membrane at x=
0 can be considered as 1 ,1.e., the activity gradient
across the membranc in RO increasecs with the
increase of the pressure difference. Therefore, the
flux increases by increasing the pressure difference.
In other words, the maximum concentration
gradient in RO can be obtained at which the applied
pressure to the feed solution is infinite so that v,
goes to 0. This v, situation can be casily achicved
by applying a very high vacuum to the downstream
side. The activity of the component within the

membrane at x= ¢ is then given by
a% = P/P¥ (10)

where P, is the partial pressure of the solvent and
P* is its vapor pressure. The vacuum state at the
downstream side makes a %, zero, since P, is very
small compared to P*. As a7, approaches zero, v,
also goes to 0 (See Eq.(6)). Consequently v, =0
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Fig. 2. Calculated volume fraction and activity of
berzene in the rubber membrane at a= ¢

caused by the applied pressure.
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situation can be obtained in both ways; (1) by
applying pressure infinitely to upstream side and
(ii) by applying a sufficient vacuum to the
downstream side. Thus, it might be said that the
pervaporation flux is the upper limit for any reverse
osmosis flux. Another observation can be arised
that the introduction of high pressure on upstream
part would not affect the pervaporation flux since
the lowest activity in the membrane at x= ¢ was
already formed in this process.

Fig. 3 shows the calculated concentration profile
of n—hexane in the rubber membrane vs. normalized
membrane thickness. As can be seen, the con-
centration gradient tends to form a deeper cu-
rvature with increasing the pressure difference, 4P.

In summary, despite the fact that both processes
are based on the same transport mechanism, the
separation potential of PV is higher than that of
RO. In order to get the same selectivity and flux as
in PV, the infinite pressure must be applied in RO.
The membrane quality must be extremely high with
respect to compaction and imperfections in RO.

And next, we have compared RO and PV
processes in terms of permeabilities. In order to
caalculate the permeahilities of pure component
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Fig. 3. Calculated concentration profiles of hexane
in the rubber membrane at various pressures
(atm) in RO{a, b, ¢) and PVAP (d).
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using the model discussed in ‘2. Theory’ section, the
binary interaction parameters between the polymer
membrane material and feed component should be
known. In general, this parameter is known as 0.5
in the polymer solution. Fig. 4 shows the calculated
concentration of benzene in the polyethylene (PE)
membrane using y=0.5 for the 4P ranging from 1
atm to 100 atm at 30 C. In detail, the concentration
of benzene was calculated (" numerical calculation
of v, by using proper hinary interaction parameter
value and the pressure difference, 4P, from Eq.(7)
(2 then, the concentration profile can be estimated
from Eq.(8). As can be seen, the concentration of
benzene at x=0 is lower than that at x= £, In this
case there 1s no flux as expected hecause y=05
was obtained from the infinite dilute solution. Fig.5
shows again the concentration of benzene in the PE
membrane using x=1.348 calculate¢ from Eq(7)
for the 4P ranging from 1 atm to 100 atm at 30°C.
In this case there will be some flux since the
concentration of benzene at x=0 is larger than that
at x=4{¢. Therefore, the binary interaction
parameters are calculated from Eq.(7). Table 1
shows the calculated binary interaction parameters
from the known solubilities of n-hexane and
benzene in PE membrane at various temperatures
and the diffusion coefficients.

Table 2 shows the calculated permeabilities at
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Fig. 4. Calculated concentration of benzene in the
polyethylene membrane using y=0.5 for the
4P ranging from 1 atm to 100 atm at 30 C.
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Fig. 5. Calculated concentration of benzene in the
polyethylene membrane using x=1.348 for
the 4P ranging from 1 atm to 100 atm at
307C.

Table 1. Calculated binary interaction parameters
and diffusion coefficients for PE -~ Benzene
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Table 2. Calculated permeahilities at various ZP for PE
—Benzene and PE —n —hexane systems

System| 1P| Calc Permeablitics x10”'g - cm/anhr
L e) | 4o | 50 | 60 | 70 | 80
%5 | 175 1 207 | 237 263 | 287

PEwJ 30 | 324 | 382 | 433 480 | 522
Benzne 35 | 428 | 501 | 566 | 625 | 6.78
| 40 | 878 | 1023 11151 1265 | 1367

45 | 907 [ 1055 1184 1299 | 1403

% | 083 | 09 | 108 | 118 | 128

PEn- 30 | L6 | 135 | 150 | 164 | 177
Hexane, 35 | 167 | 192 | 214 | 234 | 251
0 | 260 | 299 | 332 ! 362 | 388

45 | 374 | 428 | 474 | 515 | 550

*P=Py—P(uni: atm )

Table 3. Comparison of calculated permeahilities at
various 4P and experimental permeabilities by

and PE —n — hexane systems PV
Temp. ” Calculated diffusion i Temp. Ratio*
System| |y SOWBEY! X " et 10 e System ) | 050 [ 60 ] ™ | 80
25 0.1483 |1.4569 1.3752 ) 25 155 | 183 | 209 | 233 | 254
PE- | 30 0.1751 |1.3483 19943 PE- . 30 186 | 219 | 249 | 276 | 300
Benzene| 35 0.1991 |1.2675 21627 Benzenaj 3 158 | 185 | 209 | 231 250
40 0.2225 11.1999 3.7258 P40 208 | 242 | 273 | 299 | 324
45 0.2343 11.1692 35631 i 45 142 | 165 185 ¢ 203 2.19
25 0.1611 |1.4022 0.5757 U5 129 | 150 169 | 185 199
PE-n-; 30 0.1766 |1.3393 0.7015 PE~n—1 30 116 | 135 150 | 164 177
Hexare| 35 0.1927 11.2878 09024 Hexane: 35 1.06 | 122 | 137 | 149 160
40 0.2116 {1.2302 1.2303 ‘ 40 109 | 126 | 140 | 152 1.63
45 0.2284 |1.1842 15791 | 45 108 | 124 137 | 149 1.60
Soluhility=liquid cc/(liquid cc+polymer cc), adapted “Ratio=Calculated permeability/experimental permea-

from ref. [8].
*Adapted from ref. [9].

various AP for PE-benzene and PE-n-hexane
systems. As expected, the permeabilities increase by
increasing the pressure differences ie., concentration
differences. However, as can be seen in Table 3 which
illustrates the calculated permeabilities in RO divided by
the ex-perimental permeahilities from PV(=Ratio), the
ratio is larger than 1 for all cases. In other words, the
theoretically calculated permeabilities in RO using the
model mentioned earlier in this paper are larger than
the experimentally determined permeahilies in PV. In
the calculation of the permeabiliies in PV using the

bility by PV
*P=P,~P, ( unit: atm )

same diffusion coefficients, the calculated permea-
bilities in PV are larger than the experimental
permeabilities{ 9]. The diffusion coefficients used in
this calculation could be slightly larger than the
actual values. And also, the membrane compaction
effect probably leads to larger permeabilities in RO
than the permeabilities in PV.

4. Conclusions

We have tried to compare the reverse osmosis

Membrane J. Vol. 3, No.1, 1993
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membrane  process and the pervaporation
membrane process using Paul and Ebra - Lima
model. Several important points obtained were as
followings :

1) Theoretically, the slope of the concentration
profile for PV is steeper than that for RO. ( More
flux )

2) The Flory - Huggins interaction parameter for
calculating the concentration of the permeates in
the membrane is very important factor.

3) Using this model, the concentration profile of
the permeates within thc membrane and the flux
could be roughly predicted.

4) At various AP, the seclectivity and the
permeability 1n both RO and PV processes for the
binary feed mixture could be predicted.

Nomenclatures

a¢  activity of species ;

D diffusion coefficient

¢ : membrane thickness

R . gas constant

T : absolute temperature

P, : pressure at ¢=0

P, . pressureat o= {

P. : pressure in membrane

P, arbitrary reference pressure
v, volume fraction of ;

V, : volume of dry membranc

Vi molar volume of ;
Greek Symbols
- chemical potential

: moles of elastically effective chains
x . Flory - Huggins binary interaction parameter

WHel, A3W A 135, 1993

=T N

Subscript

> species 7

: conditions at g= ¢

. conditions at =0

. rubber or membrane

Superscript
. membrane phase
: reference state

: solution, or liquid phase
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