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A no®el process configuration for per®aporation and ®apor permeation realizes the
permeation dri®ing force by absorbing the permeate ®apor into a suitable solution with a
®ery low ®apor pressure. Although the suggested process design lacks an experimental
demonstration, by using two well-established technologies� the separation by per®apo-
ration and the absorption refrigeration� it can achie®e technical and economic ad®an-
tages o®er the con®entional condensation technology. Vacuum pressures as low as
8 mbar can be obtained at ambient temperatures without refrigeration, as well as low
®acuum ranges that are not possible by condensation without freezing. Process simula-
tions and feasibility in®estigations for the suggested process are discussed.

Introduction
Ž . Ž .Pervaporation PV and vapor permeation VP processes

have gained much attention in recent years. Although they
offer potential solutions in a wide range of applications, they
are still a niche operation with a limited number of industrial

Ž .applications Strathmann, 2001 . The relatively high cost of
the membrane units and the lack of extensive industrial expe-
rience built, thereby, are the main obstacles. A great deal of
effort is being made to improve the membrane properties.
Many research groups are working on the development of
modified membrane materials and improved membrane-mak-
ing technologies to achieve higher fluxes, sufficient selectivi-
ties, and stable membrane materials. Many new types of PV
membranes have emerged in recent years. Many of them are

Ž .reviewed in Pereira Nunes and Peinemann 2001 , Feng and
Ž . Ž .Huang 1997 , and Zhang and Drioli 1995 . Ceramic mem-

branes with improved separation properties, even at higher
prices than polymeric membranes, are likely to capture a

Žgrowing share of the PV and VP membrane market Caro et
al., 2000; Coronas and Santamaria, 1999, and Okamoto et al.,

.2001 .
Process design improvement and proper integration of the

membrane units within the overall process bring additional
savings to the effective cost of the membrane unit. With in-
creasing membrane fluxes and decreasing membrane prices,
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the share of the membrane in the total cost of the unit is
decreasing. Thus, efforts to optimize, modify, and improve
the periphery equipment would be worth while.

We will start our illustration with a brief review on the
state of the art of PV and VP, with emphasis on the periph-
eral processes and utility equipment. The limitations and the
areas for potential improvements will be highlighted and in-
vestigated.

State-of-the-Art Technology
Both PV and VP processes are closely related, differing

only in the state of the feed. For PV the feed is liquid and
the permeate evaporates through the membrane. The heat
supply to the feed stream is usually accomplished by interme-
diate heat-exchangers installed between a number of PV
modules in series. For VP the feed is in the vapor state. This
avoids the phase change across the membrane surface and
leads to a less complex process. For both processes the driv-
ing force for material transport through the dense membrane
is the difference in the chemical potential of the permeating
components between the feed and permeate side. VP seems
to be especially suitable for the purification of top streams of
fractionation columns that can be used as feed directly. This

Ž .combined or hybrid configuration of distillation and mem-
brane separation has been studied extensively in recent years
Ž .Lipnizki et al., 1999 .
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Figure 1. Different configurations for pervaporation.

The driving force for the mass transfer across the mem-
brane is generally realized by lowering the pressure on the
permeate side. The most common technique is condensing

Ž .the permeate stream prior to a vacuum pump Figure 1a, 1b .
The vacuum pump removes the noncondensed compounds
and the leakage air. Integrating the membrane into the vac-

Ž .uum condenser Figure 1b has the advantage of low pressure
drop on the permeate side. In another technique, a sweep
gas or vapor is used to lower the partial pressure of the per-
meating components and carry them out at the permeate side
Ž .Figure 1c . Large flow rates of sweep gases are required to
achieve the same effect of condensation. It is also possible to
combine both the condensation and the sweep-gas technol-

Ž .ogy Lipnizki and Field, 2001 . Another suggested technique
within the dehydration of organics in hybrid processes is the

Ž .jet-ejection steam Figure 1d . This method could bring cost
Žsavings within a certain range of permeate pressures Fahmy

.et al., 2002 .
However, the condensation technology has proven to be

the most convenient method for vacuum production. Al-
though it is relatively expensive, it is a simple and common
technology with a wide range of standard units and long years
of industrial experience. However, this technology has shown
some limitations by its use in combination with PV and VP.
One disadvantage is the exponentially increasing refrigera-
tion cost with decreasing temperature below a certain tem-
perature range. Another disadvantage is that the condensa-
tion temperature, and, thus, the permeate pressure, cannot
be arbitrarily decreased. The freezing point of the permeate
mixture sets the lowest temperature limit in the condenser to
avoid solids accumulation on the heat-transfer area. This
freezing limitation is shown in Figure 2 for water�ethanol
mixtures. In consequence of this limitation, the permeate
pressure cannot be arbitrarily lowered, and, thus, the savings
in the required membrane area are also limited. This limita-
tion is known within the attempts to achieve a very high re-
tentate purity, where the driving force for permeation dimin-
ishes. An exponential increase in the required membrane area
is expected at this concentration range. One solution, which
has its cost and feasibility limitations, as just discussed, is
lowering the permeate pressure toward absolute zero. An-
other feasible and realistic way is to use low selectivity mem-

Ž .branes in this concentration region Fahmy et al., 2001 . An
intermittent operation of the condenser with heating and

Žmelting the formed ice has also been practiced Heckmann,
.2000 .

In the following sections an alternative absorption tech-
nique for carrying out the PV and VP is introduced. This
process modification is evaluated and compared to the con-
ventional condensation technique. Within case studies for the

Figure 2. Boiling and freezing points for different wa-
ter–ethanol mixtures.

dehydration of organic compounds, the advantages and limi-
tations of this novel technology are illustrated and discussed.

Suggested Absorption Technology
The absorption of the permeate stream is used for vacuum

generation on the permeate side. An absorbent with a high
affinity for the permeate mixture is contacted with the per-
meate vapor. The rich absorption solution after absorbing the
permeate should have a lower vapor pressure than the con-
densed permeate mixture at the same temperature. Thus,
compared to condensation, a lower vacuum pressure can be
attained by equal temperature, or the same vacuum pressure
can be attained by a higher temperature. Consequently, the
fixed and operating costs for the refrigeration process could
be reduced, and it could be even redundant if the absorption
process runs at room temperature and is cooled by normal
cooling water.

The rich absorption solution is sent to a desorber where
the absorbed permeate is stripped out of the solution. The
required stripping energy could be attained from a low-qual-
ity energy source in the chemical plant or it can be removed
from the vaporous retentate stream in the case of VP. A flow
sheet of that process is shown in Figure 3. The vapor stripped
out of the desorber is condensed at a higher pressure com-
pared to the permeate. Therefore, normal cooling water can
be used in all cases. The lean solution from the desorber is
recycled back to the absorber. Heat is exchanged between
the lean and rich solutions to reduce the energy consumption
of the process.

The required area for heat transfer is realized by horizon-
tal cooling pipes. The heat evolved by the absorption process
is removed by a cooling medium, normally cooling water,
flowing inside the pipes. The exiting cooling medium can then
be used for another cooling step in the condenser of the
stripped vapor.

Application to Dehydration Processes
An interesting application of the absorption technology is

the dehydration of organic solvents. A number of hygroscopic
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Figure 3. Absorption technology for dehydration by va-
por permeation.

solutions were developed and optimized for the absorption of
water for other applications. These include many well-estab-
lished drying processes implemented in different fields and
absorption refrigeration processes with water as a cooling
medium.

So applying the absorption technology on the dehydration
of organics with PV or VP introduced in the last section, a
hygroscopic liquid is utilized for the absorption of the perme-

Ž .ate. The lithium bromide LiBr solution is one of the most
hygroscopic liquids found. The vapor pressure of water above
the LiBr solution, as shown in Figure 4, is much lower than
that of water at the same temperature. Some additives such

(Figure 4. Vapor pressure over LiBr solutions Herold et
)al., 1996; Park et al., 1997 .

as ethandiol or propandiol slightly increase the vapor pres-
sure above the solution, but they lower the crystallization

Ž .temperature of LiBr Herold et al., 1996; Park et al., 1997 . A
vapor pressure of 8 mbar can be achieved above a 60 mass%
LiBr solution at room temperature. Refrigeration to y10 or
y15�C is necessary to achieve this pressure by condensing
the permeate mixture.

In addition to the just stated cooling temperature advan-
tage, lower vacuum pressures can be achieved that are not
possible by condensation due to the limitation of the freezing
point at low pressures. Overcoming this limitation could re-
sult in the possibility of increasing the driving force, espe-
cially in the region of a very low water content in the reten-
tate, which would result in a considerable reduction of the
required membrane area.

Integration into absorption refrigeration cycles
The absorption process just described may look more com-

plex than conventional condensation. The absorbed solution
has to be reconcentrated in the stripper. Simultaneous heat-
and mass-transfer processes take place and the process has
to be controlled. However, a similar process is found in ab-
sorption refrigeration units and absorption heat pumps. Gen-
erally a LiBr solution is the absorbing fluid and water is the
refrigerant. There is a satisfactory amount of know-how and
experience in using these refrigeration cycles. The equipment
and processes are standardized and the whole cycle is avail-

Ž .able on the market as a finished product Herold et al., 1996 .
A typical cycle is shown in Figure 5a. The cooling load is

drawn out of the evaporator, where water evaporates under a
very low pressure. Water vapor is then absorbed by a concen-
trated LiBr solution at the same pressure. The level of the
vacuum depends on and is realized by the absorbing solution.
A small vacuum pump is also necessary for drawing the leak-
age and the noncondensable components out of the process.
The lean solution is pumped to the desorber, where the wa-
ter vapor is stripped out of the solution. The solution is recy-
cled to the absorber and the water vapor is condensed and
drawn back to the evaporator by the pressure difference. The
aim of the whole cycle is to convert the heat supply to the
desorber into refrigeration cooling at the evaporator. The re-

Ž .frigeration temperatures are not very low 4 to 6�C , as they
Ž .are limited by the freezing point of the refrigerant water .

Typical pressure levels are 8 mbar for absorption and evapo-

Figure 5. Integrating the membrane modules into the refrigeration cycle.
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Žration and 100 mbar for the desorption process Herold et
.al., 1996 .

Our idea is to integrate the membrane modules into such
processes with little modification. The membrane could be
considered as the source for water vapor. It can replace the
evaporator, as shown in Figure 5b. The cycle will be con-
verted to an open system. The permeate stream is drawn out
of the process as condensate.

Generally, the absorption is carried out with the highest
possible solution concentration. The only limitation of this
process is the crystallization limit of the salt solution. With
some additives, as discussed earlier, it is possible to lower the
crystallization temperature of LiBr. This has the advantage
of working with highly concentrated solutions and under low
temperatures.

Aqueous LiBr has been known to be aggressive to many
metals, including carbon steel and copper. However, if the
system is well sealed, very little oxygen is present and corro-
sion rates are much slower. The manufacturers of absorption
refrigerators have overcome the corrosion problems, and such
cycles have been used successfully in the last decades and are
a well-established technology. LiNO and Li MoO are com-3 2 4
mon corrosion inhibitors for such systems.

A small amount of octyl alcohol is added to the LiBr solu-
tion to enhance the mass transfer. Convective motions are
thereby generated on the gas�liquid interface due to differ-

Ž .ent surface tensions Marangoni-effect . On the interface the
liquid molecules move from regions of low to high surface
tension, generating high convection rates that increase the
mass-transfer coefficient.

Effect of lower membrane selecti©ity
The membrane selectivity for the dehydration of organics

is generally very high. Ceramic membranes even offer a fur-
ther increased separation selectivity. Nevertheless, a small
fraction of the organic solvent will always permeate with the
water to the permeate side, especially if a very pure retentate
is required. However, their effect will be negligible as they
are diluted further with the absorbing solution as shown later
in Figure 7 by a factor 10:1. Nevertheless, for a thorough
study two parameters should be investigated: the solubility of
the organic part of the permeate into the absorbing solution,
and the change in the vapor pressure above the solution.

It was found that LiBr and similar hygroscopic salts are
soluble in most organic solvents. Many studies on the effect
of different salts on overcoming the azeotropes in the

Žwater�organic distillation have been carried out Glugla and
.Sax, 1985; Fu, 1996 . However, a smaller decrease in the sol-

ubility of the salt in the water�alcohol solutions than in pure
Žwater is observed Meranda and Furter, 1972; Jaques and

.Furter, 1972 . A slight increase in the vapor pressure due to
the existence of ethanol is expected but cannot be quantified
at the moment. However, experimental studies on organic
additives to the LiBr�water system show that the crystalliza-
tion point of the solution is further decreased, which would

Ž .cause a higher salt concentration Park et al., 1997 . As a
result, the presence of small amounts of organic material in
the salt solution has both negative and positive effects with
respect to our suggested application. Thus, at this stage of
basic process design we will assume that the positive effects

Figure 6. Comparing process alternatives on annual
cost basis.

would equal out the negative ones, and that the permeate
can be considered as pure water. At further design stages,
thermodynamic data for the investigated system can be ex-
perimentally determined.

Process simulation and economic e©aluation
A process simulation program is developed for PV and VP

processes. It is coupled to the program system Aspen Plus as
a user subroutine. Thus, the membrane unit can be simulated
with all its periphery equipment. The optimum condensation
temperature and vacuum pressure of the permeate, the leak-
age air to the unit as a function in the equipment sizes and
the used vacuum, and the whole annual cost of the unit in-
cluding the fixed and variable parts, can be determined on an
economic basis. A simplified or a rigorous model can be used

F ig ure 7 . M ass and energ y balance fo r th e
absorption–desorption cycle.
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to describe the membrane. For the following calculations an
empirical model based on measured permeabilities is used.
The transport equation is described by

J sL p y p 1Ž . Ž .i i i f i p

with L as the permeability coefficient, and p and p thei i f i p
partial pressure of the permeating component on the feed
and permeate sides, respectively.

The selectivity of the membrane is defined as

� sLrL 2Ž .i j i j

The transport through differential elements of the membrane
is calculated. Integral calculations result in mass and energy
balances and in the area necessary for separation. Details
about the modeling procedure and the model assumptions

Ž .can be found in Fahmy et al. 2001 .
Process simulations and cost calculations are carried out

for both the absorption and the condensation alternatives. A
case study for ethanol dehydration is considered for technical
and economic evaluation. The separation task is dehydrating
1,000 kgrh from 95 to 99.9 mass % ethanol. The permeability
of water considered in the simulations is based on a modified

Ž .PVA membrane of GKSS Ebert et al., 1999, 2001 . Different
membrane selectivities from 20 to 2,000 are considered. The
permeate pressure is 8 mbar for both alternative processes.
An additional case of 2 mbar is also considered for the ab-
sorption alternative, as it is not possible by condensation be-
cause of ice formation in the condenser.

Cost functions were developed for the fixed and the vari-
able parts. Offers from different manufacturers and data from
large-scale chemical companies were the basis for these func-
tions, which are listed in Table 1. The process alternatives
are compared on the basis of the annual total cost. The mem-
brane material is depreciated over 3 years, the membrane
modules over 6 years, and the rest of the peripheral and util-
ity equipment over 10 years. The energy costs were typical to
those for a large-scale chemical industry.

The results are shown in Figure 6. The absorption alterna-
tive has shown a cost advantage over the condensation at
8 mbar. Working under 2 mbar is more expensive, as refriger-
ation will be required to lower the temperature of the ab-
sorption solution to achieve the vapor pressure of 2 mbar. It

would be necessary if a further purification of the retentate is
required. From the same figure, we can see that a certain
midrange membrane selectivity seems to be optimal for the
studied separation case. A very high selectivity may not be
favorable for this separation task with a high retentate purity,
as discussed earlier in the section on state-of-the-art technol-
ogy.

At a permeate pressure of 8 mbar the permeate contains
1.1 and 9.8 mass % ethanol when using a membrane selectiv-
ity of 2,000 and 200, respectively. This amount is then diluted
in the absorbing solution to be 0.1 and 0.89% in the effluent
solution. As discussed in the subsection on the effect of lower
membrane selectivity, the effect of the presence of ethanol is
neglected. Hence, the simulation of the absorption cycle is
based on an ethanol-free permeate at this basic design phase.
Results for mass and energy balance calculations for the ab-
sorption cycle are illustrated in Figure 7. The permeate flow
in the presented results is based on a membrane selectivity of
200.

Discussion
The presented process for carrying out the pervaporation

and vapor permeation processes combines both the selectiv-
ity of the membrane and the high affinity of the permeate
toward the absorbing solution. It should be separated from
other membrane absorption processes where a porous mem-
brane is utilized as a contacting medium between the feed
and the absorbing solution. In the presented configuration
the membrane is not a contacting medium, but it is a selec-
tive barrier between the feed-side mixture and the absorbing
solution. The absorption process takes place outside the
membrane module.

As illustrated earlier, the suggested process configuration
could bring cost savings in the case of the dehydration of
organic solvents. This should not rule out its feasibility in
other membrane separation applications. The presupposition
is the availability of a low vapor pressure solvent with a strong
affinity toward the permeate mixture.

The presented modification in the LiBr absorption cycles
turns it from a closed cycle to an open one. The use of the
LiBr absorption cycle as an open cycle has been reported as
a feasible option for waste energy management. In such pro-
cesses the exhaust gases of the power plants are directed to
similar absorbers, where the latent heat of its water vapor is

Table 1. Developed Functions for the Estimation of Annual Costs

Estimated Cost Function in Euroryear Notation
3Membrane material 80 Ar3 Asmembrane area, m
3Membrane module 250 Ar6 Asmembrane area, m

0,7Condenser 1,300Q r10 Qscondenser duty, kW
Ž .Refrigeration for 25�C� t�y5�C Qscooling duty, kW

Ž0.97q0.01 t .� w Ž . .x4Fixed cost: 1,036q2,870 exp y tq25.4r3.6 Q r10
� w Ž . x4Operating cost: 149q214 exp y tq23.6r19.2 Q tsrefrigerant outlet temp., �C

0.8 3Vacuum pump Fixed cost: 230V r10 Vs volumetric flow rate, mrh
Ž .Operating cost: 9.6V per year

Electricity 0.03 Eurork Wh
3Cooling water 0.05 Eurorm

Adsorption refrig. unit Between 10 and 100 kW Qsrefrigeration effect, kW
0.9Ž .15,000q1,035 Q r10
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caught by the hygroscopic solution. The heat of absorption is
Žutilized in different process configurations Bittrich and
.Hebecker, 1995; Fratzscher and Stephan, 2000 .

Although the suggested process design has not been
demonstrated experimentally, it rests on two well-established
technologies: the separation by pervaporation and absorption
refrigeration. The presented process is a combination of both
processes in a new configuration. The process evaluation and
the feasibility study will encourage researchers to proceed
with experimental investigations. The most important point
that has to be investigated experimentally is to quantify the
effect of the membrane selectivity on the process as stated in
the subsection on the effect of lower membrane selectivity.
Moreover, test runs and parametric studies on a pilot-scale
unit would be necessary to make it more understandable and
to adjust the suggested process to guarantee a reliable design
and operation.

Conclusion
A novel process configuration for pervaporation and vapor

permeation is presented. In this process the permeation driv-
ing force is realized by absorbing the permeate vapor into a
suitable solution with a very low vapor pressure. The refriger-
ation needed for condensation in the conventional process
can be overcome and cost savings can be achieved. Very low
vacuum pressures can be reached without any permeate-
freezing limitations. Preliminary simulations and feasibility
studies for the suggested process are presented. The pre-
sented results should be considered qualitatively rather than
quantitatively, as the utility costs are unique for each industry
and in each plant. The presented process could be consid-
ered as an additional optional process scheme for chemical
plants that are going to run membrane dehydration units.
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