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Pervaporation Process for Separation of
Ethanol /Water Mixtures using a Polymer
Membrane

Sudhir Ramprasad and James D. Palmer

Department of Chemical Engineering, Louisiana Tech University,
Ruston, LA, USA

Abstract: The selective removal of water from ethanol through pervaporation was
demonstrated in a microchannel device using a commercial membrane. Photolithogra-
phy and dry etching techniques were employed for fabrication of the microseparator
with hydraulic diameters of 30 wm to 80 wm. Experiments conducted at 90°C and
2-3 Torr, with Reynolds Numbers ranging from 8 to 91, resulted in an average
water and ethanol permeance of 1.2 x 107> and 8 x 107> cm3/cm2 -s-cmHg
respectively. A mass transfer analysis involving Sherwood correlations was used to
calculate the theoretical boundary layer resistance. The comparison of overall mass
transfer coefficient with the boundary layer coefficients suggests that the membrane
was the dominant resistance for this system.

Keywords: Microchemical system, microfluidics, polymer membranes, pervaporation

INTRODUCTION

Microchemical systems are an emerging technology with growing interest for
research involved in developing miniaturized chemical processes. Microscale
devices are of interest because of their inherent advantages of high surface
area to volume ratio, high heat and mass transfer coefficients, large specific
surface, shorter residence time, point of use etc. The utilization of
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microchemical systems for several chemical processes has resulted in the
process intensification of heat exchangers (1, 2), reactors (3, 4), etc. due to
reductions in transport distances. Although these unit operations have been
successfully miniaturized, chemical processes will fully benefit only when
separation process are integrated in microchemical devices.

Liquid phase separation in a microchemical system by conventional sep-
aration techniques has remained a challenge. The conventional separation
processes that involve liquid boiling cannot be scaled effectively to a micro-
chemical system due to the surface tension effects that suppress vaporization
(5, 6). Microextractors (7, 8) and liquid-liquid contactors (9) are two examples
of separation processes that have been successfully miniaturized. Microche-
mical systems integrated with membrane technology offer tremendous
potential as an alternative avenue for separation processes. The commonly
involved membranes for gas separation such as palladium membranes have
been used in microreactors for hydrogen separation (10, 11) and polymer
membranes are reportedly used for product enrichment of ethylene/ethylene
oxide mixtures (12, 13) in microchemical systems.

The flow through a microchannel device can be compared to the flow through
the bore of a hollow fiber module. Fine hollow fiber membrane modules comprise
of fibers with the diameters ranging from 50 to 200 pwm (14) similar to that of the
microchannel dimensions which range between 10 to 200 pm (6). In particular,
the flow in the 120 wm deep channel can be favorably compared to the bore
fed hollow fiber membranes with inner diameters of 200—300 wm which have
typically been reported in the literature (15—18). A notable similarity between
the microchannels and bore fed hollow fibers is in the liquid flow; due to their
small hydraulic diameters a laminar regime exists in both the cases. The small
hydraulic diameters of both systems result in very high ratios of membrane
surface area to fluidic volume. However, the small hydraulic diameters that
allow high surface area to volume ratios also result in relatively high pressure
drops. An advantage of the system in this study is that conventional flat sheet
membranes can be utilized rather than the special fabrication required for a
hollow fiber membrane. As such, the microchannel system can complement
hollow fiber studies by allowing various membranes types to be screened and
tested committing to the fabrication of a hollow fiber membrane.

The synergy of membrane technology and microfluidics has provided a
platform for several new applications and research in these areas have a wide
array of focus. Lammertink et al. have outlined the scope and prospects of
this confluence in their recent review on membranes and microfluidics (19).
Researchers have miniaturized diffusion limited conventional membrane
processes such as dialysis, pervaporation, and reverse osmosis. To date,
only two groups have reported pervaporation studies in microscale devices.
Yeung et al. have developed a stainless steel plate membrane microreactor
consisting of 35 channels of 300 wm in width, 600 pm in depth, and 2.5 cm
in length that selectively separated water by a pervaporation process from
Knoevenagel condensation reaction of benzaldehyde and ethyl cyanoacetate
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solutions using a hydrophilic ZSM-5 zeolite membrane. They observed that
the average permeation rate of pure water through the ZSM-5 membrane
was 0.04 kg/m2 hr at a residence time of 0.13 h, and this rate improved to
0.15 kg/m? hr for a longer residence time of 0.8 h. They have reported an
increase in 25% conversion in addition to improved product quality by
using membrane microreactor (20—22). Eijkel et al. have developed microflui-
dic channel structures for osmosis and pervaporation using polyimide. Their
design consisted of polyimide walls of 4 mm long and 500 nm high
arranged in arrays of 16 parallel channels 2—-30 wm width. They have
reported a seven-fold increase in concentration of KNOj solution by dehydrat-
ing water using polyimide by pervaporation process (22).

Research involving the pervaporation process in the microscale to study the
effects of concentration polarization and process intensification effects in separ-
ation performance has not been reported to date. Ethanol /water separation in the
microscale pervaporation process delineates an attempt to approach to the pre-
vailing problem of concentration polarization in pervaporation systems. The
pervaporation process for separation of highly volatile organics from water
has been widely studied for concentration polarization effects and it has been
reported that the transport resistance through the boundary layer is dominating
(23-34). However, there are limited reports in the literature on concentration
polarization with ethanol/water dehydration. It has been reported by Neel
(35) that during the separation of ethanol /water azeotrope using a polyvinylal-
cohol-based GFT membrane, the boundary layer is significant only when the
feed water concentration is less than 1% by weight. Many researchers have
developed techniques to minimize the effect of concentration polarization by
focusing their efforts in developing novel membrane modules such as
vibrating module (36) or other techniques such as using turbulent promoters,
pulsing feed flow over the membrane, etc. (37). The ultimate goal of these
researchers was to increase the mass transfer coefficient in the boundary layer.
In a conventional pervaporation process sensitive to concentration polarization,
the boundary layer thickness is a function of the flow velocity. In the present
study, a silicon microseparator was developed with the largest hydraulic
diameter of 80 pm. This hydraulic diameter is smaller than the boundary layer
thickness typically present in the conventional pervaporation systems for
laminar flow. Incorporating microfluidic channels for fluid flow in the membrane
module should therefore provide a potential solution for reducing the boundary
layer resistance in systems that exhibit concentration polarization effects.

EXPERIMENTAL
Microseparator Fabrication

The microseparator consisted of an inlet and outlet via with the microchannels
placed between the inlet and the outlet as shown in the picture of the fabricated
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Figure 1. Top view of silicon microseparator.

microseparator in Fig. 1. The microseparator was fabricated by conventional
photolithography and deep reactive ion etching (DRIE) on a (100)
orientation, single side polished, silicon wafer of ~500 wm thickness and 4
inches in diameter. An emulsion mask of the design was generated using a
high-resolution printer and transferred to a chrome mask to facilitate alignment.
A positive photoresist (Shipley 1813) was spin-coated on the cleaned polished
face of the silicon wafer. This photoresist was used on the front side of the wafer
to transfer patterns of the microchannels. UV light (g-line, 7 w/cmz) was
exposed through a chromemask using a mask aligner (EVG) to transfer the
microseparator pattern on to the photoresist. The silicon microchannels were
etched by DRIE, using Inductive Coupled Plasma (Alcatel A601 E). ICP
etching facilitates in obtaining perpendicular walls with high aspect ratio as
shown in the SEM picture in Fig. 2. After the fabrication of the microchannels
on the front side, the back side of the wafer was spin-coated with a thick photo-
resist (AZ 9260) to transfer the inlet and outlet via patterns. DRIE was also
performed to etch the inlet and outlet vias. The fabricated microseparator
consisted of 99 microchannels 60 wm wide of 3 cm length. Microseparator
depths of 22, 47, and 120 wm were fabricated for testing.

Description of Membrane Module/in-situ Heat Exchanger

The membrane module/in-situ heat exchanger was machined from an
aluminum block (0.5 inch thick) and the schematic is shown in Fig. 3. This
module consisted of a top plate and a bottom plate (each 2.5 x 3.65 inches)
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Figure 2. SEM image of microchannels, fluid is directed between raised columns.

and the bottom plate consisted of inlet and outlet ports for fluidic connections.
A circulator (Polyscience, Model 9510) was used to circulate 100% ethylene
glycol maintained at a temperature higher than the target operating tempera-
ture. An external RTD (Resistance Temperature Detector) temperature
probe (Weed Instruments) connected to the circulator facilitated in establish-
ing an efficient contact for temperature measurement on the membrane
module. The temperature in the membrane module was acquired by a
computer using the commercial software Labworldsoft v 4.5.

Pervaporation

Pervaporation experiments were performed with the apparatus schematically
shown in Fig. 4. Pervaporation of ethanol/water mixture through the

RTD Temperature

probe
\ [—————" Permeate

Porous membrane support

> Top plate

/
I

Microseparator

111 11
Membrane o || T
Holes for circulating :
hot fluid ¥
Feed Retentate

Bottom plate

Figure 3. Schematic of the membrane module/in-situ heat exchanger.
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membrane was carried out using a microseparator housed inside an aluminum
membrane module as described earlier. The effective permeation area of the
Sulzer chemtech PERVAP 2216 membrane was 1.78 cm”. The feed binary
mixture of 90 wt% ethanol was prepared using reagent grade ethanol
(Sigma Aldrich) in deionized water. The feed tank used was a 50 ml glass
beaker. The feed ethanol solution (~33 ml as initial volume) was re-circulated
through the membrane module back to the feed tank. The feed tank was placed
on an analytical balance (Ohaus explorer) and the mass changes that occurred
in the feed tank as a result of selective removal of water from the membrane
during pervaporation were continuously acquired by a computer for every 10
seconds. A Masterflex feed pump was used to circulate the feed solution
through the microseparator. The feed flow rates used in the experiments
were in the range of 1-50 ml/min corresponding to velocities of 0.12—
1.30 cm/s. All experiments were performed at a constant temperature of
90°C. A vacuum pump (Welch Chemstar 1376 N) provided the required
vacuum, and a vacuum pressure of 2—3 Torr was maintained for all the exper-
iments. An analog pressure gauge (Supco) was used to measure the vacuum
pressure. A vacuum trap (Chemglass) immersed in liquid nitrogen housed
in a dewar flask was used to condense the permeate vapors.

External Vacuum gauge
temperature

probe Q

] Holder X

Glycol bath

Pressure gauge

Feed pump

|

Feed ethanol

solution
(r_=— ]
Balance

Computer Abbe Mark 11 Vacuum pump

Liq N; cold trap

Refractometer

Figure 4. Schematic of the pervaporation experimental set-up for the silicon
microseparator.
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A high precision Abbe Mark II refractometer (Reichert Inc) was used to
analyze the ethanol concentration in the feed tank. All refractive index
measurements were made at a constant temperature of 20°C. A section of
the retentate line from the experimental set-up was immersed in this
water bath in order to maintain the temperature of the ethanol solution in
the feed tank at room temperature. A temperature probe (Type K thermo-
couple) from a digital multimeter (Extech, Model 382860) was placed
inside the feed tank to monitor the temperature of the feed solution
during the experiment. This temperature data was acquired by a computer
for every 30 seconds through out the duration of the pervaporation
experiment.

The small mass permeated through the membrane precluded effective
capture of the permeate for analysis of the membrane performance. A differ-
ential mass balance of the system, using the retentate mass balance data
acquired continuously and the retentate ethanol concentration measured
periodically as inputs, was used to determine the flux and selectivity of the
membrane.

Theory

To predict the impact that the channel dimension and velocity would have on
the overall mass transfer coefficient of the system, the commonly used resist-
ance-in-series model was employed (32). Three resistances are noted during
transport in membrane separation:

a) Mass transfer from the feed bulk to the feed membrane surface
b) Diffusion through the membrane
¢) Desorption at the membrane permeate interface

Assuming the desorption at the membrane permeate interface is negligible; the
overall mass transfer resistance is the sum of the membrane resistance and the
boundary layer resistance.

R,, = Ry + R, (1)

R,, = Overall resistance
R;; = Boundary layer resistance
R,, = Membrane resistance

The mass transfer coefficients are reciprocal of the respective resistances.

1 1 1
= 4 2
kov,i kbl,i + km,i ( )
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The flux through the membrane can be given by the following equation.
Ji = koy,iCpi 3)

Sherwood Correlations

It is important to choose the appropriate semi-empirical Sherwood correlation
in order to accurately predict the role of boundary layer resistance. Reviewing
the literature, it was observed that for laminar flow the following correlations
have been reported (15, 38—43). In Egs. (4—6) the values of coefficients a, b, ¢
reported by different authors are shown in Table 1.

b
1= afrea (%)) 49

Egs. (4) and (5) are applicable in the developing region of the channel. Eq. (6)
is applicable for both the developing and fully developed region. The short
microchannel length and large range of flow velocities tested resulted in situ-
ations that varied between completely developed profiles for the majority of
the channel to developing profiles continuing at the exit of the channel. As
noted in the introduction, the flow regime and channel dimensions of the
microchannels are similar to studies reported in the literature on hollow
fiber membrane modules where the liquid is fed through the capillary bore
and the permeate is removed in the outside shell. The majority of these
studies utilize Eq. (4) to calculate the Sherwood number. However, Eq. (6)
was utilized in this article to allow both the developing and fully developed
regions to be modeled. The Sherwood number used to calculate the
boundary layers and mass transfer resistances below was determined using
Eq. (6) at every 0.1 cm increment of the microchannel and taking an
average over the entire 3 cm length.

Dy,

b= ™
6, = Boundary layer thickness.
Table 1. Coefficients for Sherwood correlations

Coefficients in the Sherwood correlations

Eq. Ref. C a b
“) (32) — 1.62 0.33
5) (33) — 1.85 0.33

(6) (34, 35) 3.66 1.61 0.33
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The Reynolds number, Re, is the dimensionless parameter that describes the
feed flow conditions;

Dth
i3

Re =

®)

The Schmidt number, Sc, relates the diffusivity of momentum and the
diffusivity of mass in the feed,

n
Sc=— 9
c=p ©)
1 = Kinematic viscosity of ethanol solution at 90°C.
The boundary layer mass transfer coefficient can be calculated by simple
manipulation of Eq. (7).

D;Sh
Dy,

k= (10)
D; = Diffusion coefficient of water in ethanol at 90°C (44)
D, = 2wd/w + d = Hydraulic diameter

w = Width of the microchannel

d = Depth of the microchannel

L = Length of the microchannel

v = Velocity of the fluid in the microchannel
p = Density of ethanol solution at 90°C

= Viscosity of ethanol solution at 90°C

From the above correlations, the dependence of velocity on boundary
layer thickness can be described by Eq. (11). Egs. (12) and (13) depict the
dependence of hydraulic diameter on boundary layer thickness for situations
involving constant volumetric flow-rate, constant Reynolds Number, and
constant velocity with Table 2 providing the constants C1 and C2 for these
relationships.

1
5 Z
6_1 = <2)3 Constant hydraulic diameter (11)
2
Dy,
1 _ < /1> (12)
dP, Dy,
= 13
dP, (th> (3)

dP = Pressure drop
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Table 2. Exponents relating hydraulic diameter to boundary layer thickness and
pressure drop

Constant volumetric Constant Reynolds
Eq. C flow number Constant velocity
(12) C, 1 2/3 1/3
(13) C, 4 3 2

As evident from the above correlations, the boundary layer thickness has
a higher dependence with hydraulic diameter than velocity if the Reynolds
Number is maintained as a constant, however the pressure required rises dra-
matically as the hydraulic diameter is reduced. The ten-fold increase in
velocity tested in each microchannel resulted in a predicted decrease of
22%, 36%, and 40% in boundary layer thickness for the 22, 47, and
120 wm deep microchannels respectively. The 5.5 fold decrease in depth
from 120 to 22 pwm resulted in a predicted decrease of 53% in boundary
layer thickness at the lowest velocity tested but only a 39% decrease at the
highest velocity tested. Therefore, from the predictions of the mass transfer
correlations it appears that reducing channel dimensions to reduce boundary
layer thickness will be most advantageous when low velocities are desired
or required for a given application.

RESULTS AND DISCUSSION

The separation of water from ethanol was used to demonstrate the perform-
ance of the microfluidic device. The effect of operating parameters on separ-
ation performance will be discussed. The resistance-in-series model was used
to determine the rate-limiting sequence in the series of mass transfer steps
involved during the transport of the solute from the bulk and through the
boundary layer and membrane as the permeate. The transport resistance
calculations for the boundary layer and the overall resistance will be reported.

To calculate the overall mass transfer coefficient for water transport from
the experimental values, a graph of water flux vs. feed water concentration
was plotted. The slope of the linear regression from this plot directly
provided the overall mass transfer coefficient. In all experiments a high
order of linearity (r* > 0.99) was observed. This method was used to
calculate the overall mass transfer coefficient in all the experiments.

The model developed by Wijmans and Baker (45) for predicting the
experimental data in terms of permeate flux normalized with the driving
force was used to analyze the performance of the membrane separator. The
permeance calculations was based on the transport equation from the
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solution-diffusion model

Ji = Qilxivip} — yipi) (14)

J; = Permeate flux of component i

Q; = Permeance of component i

x; = Liquid mole fraction of component i in the feed

v; = Activity coefficient of component i in the feed

pi= Saturation pressure of the pure component i at the operating temperature
y; = Vapor mole fraction of component i

p; = Permeate pressure

Using the relevant data (46) for ethanol-water system, the saturation pressure
pi was calculated using Antoine’s (44) equation and the activity coefficients
were calculated using Wilson’s equation (44).

The influence of operating temperature on permeance for 9, 7, and 5 w/w
% water concentration in the feed and at a feed flow rate of 5 ml/min in the
22 wm deep channels was evaluated. Operating temperatures tested
included 70, 80, and 90°C. The water permeance remained constant or
increased slightly as the feed water concentration was increased (Fig. 5),
but the water permeance did increase as the operating temperature was
increased. T.S. Chung (47) reported a similar trend using a Sulzer
Chemtech PERVAP 2201 membrane for the dehydration of isopropanol and
butanol isomers. These authors suggest that water permeance of membranes
with high cross-linking and hydrophobicity will be more sensitive to
changes in operating temperature than changes in water feed concentration.

The primary objective of the study was to determine if smaller microchan-
nel dimensions facilitated shorter diffusion distances resulting in a favorable
impact on the overall mass transfer coefficient of the chosen system. The sen-
sitivity of flow-rate to the overall mass transfer coefficient was also examined in
this study. The water and ethanol permeance were plotted against Reynolds
number and hydraulic diameter. Figures 6 and 7 depict the behavior of
ethanol and water permeance at an intermediate feed water concentration of
6 wt%. As described earlier, the experiments were conducted with an initial
feed tank water concentration of 10 wt%. The feed tank water concentration
decreased to approximately 3 wt% over the course of the experiment. As
discussed earlier, the water and ethanol permeance did not exhibit a significant
change within the range of concentrations tested. As such, an intermediate feed
water concentration of 6 wt% was chosen to demonstrate behavior when the
Reynolds number and hydraulic diameter was varied. The objective of
comparing changes in Reynolds Number and the hydraulic diameter was to
determine if either impacted separation performance. If the mass transfer coeffi-
cient is the dominant resistance of the membrane system, the reduction in
channel depth from 120 pwm to 22 pm as predicted by the Sherwood correlation
developed in the previous section should result in slightly over two-fold
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Figure 5. Water and Ethanol permeance vs. feed water concentration at different
temperatures.

increase in mass transfer coefficient. The graphs exhibit an average water
permeance of 1.2 x 107° and ethanol permeance of 8 x 107°cm?/
cm? - s - cmHg. However, there the data appears dispersed with little correlation
to Reynolds number or hydraulic diameter.

To understand the reasons for the dispersion in the data, the experimental
overall mass transfer resistance was graphed with each predicted boundary

layer resistance versus Reynolds Number. Figure 8 depicts a three order of
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Figure 6. Effect of water and ethanol permeance at varying Reynolds number.
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magnitude difference in the observed and predicted boundary layer resistances
in the system. Indeed, the y-axis of the graph is plotted on a logarithmic scale
to emphasize the difference in the resistances evaluated. Clearly the ethanol
dehydration membrane chosen, at the conditions operated, was the dominant

10000 -
'g‘ o ﬂog 2 o® E E
-GT, <
o 1000
(3]
c
©
7}
g 100 A
% & - A - A =
c . . - .
& 10 A
(2]
w
1]
=

1 T T T T

0 20 40 60 80 100

Nre

© 22 ym deep channel 2 47 um deep channel @ 120 pm deep channel

O Owerall mass transfer resistance

@ Boundary layer mass transfer resistance

Figure 8. Effect of mass transfer resistance at varying Reynolds number.
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resistance and therefore did not benefit significantly from the reduction in
hydraulic diameter. Systems that have demonstrated significant boundary
layer resistances in the literature would benefit the greatest from the
reduction in hydraulic diameter. For example, trichloroethylene (TCE) has a
reported diffusivity that is higher in PDMS than an aqueous environment
(36), and is a classic example in the literature of a pervaporation system that
exhibits significant boundary layer resistance. TCE removal from water and
similar systems would be appropriate choices for future studies in microchemi-
cal separation, especially for applications requiring a laminar or low flow
velocity.

CONCLUSIONS

This work reports the performance of a microchannel separator for ethanol
dehydration.

Hydraulic diameters tested ranged from 30 to 80 pwm. The flow rates
tested in this set-up corresponded to Reynolds number within the range of
8 to 91. In these experiments an operating temperature of 90°C and a low
vacuum pressure of 2-3 Torr favored high separation performance. In-
depth mass transfer analysis was developed by adapting resistance-in-series
model and Sherwood correlations. The model predicted a significant
reduction in boundary layer resistance should be obtained by reducing the
hydraulic diameter, and within the laminar regime the reduction in
hydraulic diameter has a stronger influence on mass transfer than velocity.
The experimental results did not exhibit the higher overall mass transfer coef-
ficient predicted because the contribution of resistance by the boundary layer
was three orders of magnitude lower than that observed for the entire system
and therefore the membrane was the dominant resistance. Recommendations
for future studies should be focused on systems that have demonstrated high
boundary layer resistance in the literature, such as the removal of TCE from
water, if the full benefits of the reduction in the hydraulic diameter are to
be realized.
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