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SYNOPSIS 

The pervaporation performance of polydimethylsiloxane (SR) spin- and dip-coated po- 
lyetherimide ( PEI ) membranes was investigated for acetic acid/water mixture. The spin- 
coating technique was used to produce a thin, uniform coating, and compared to the dip- 
coating technique in terms of pervaporation performance, thickness, and uniformity of the 
coating layer. It was found that the PEI membranes studied were water-selective and that 
the water selectivity of PEI membranes increased when spin-coated with a SR solution. It 
was also found that the water selectivity increased when the PEI membranes were coated 
with SR solutions of increasing concentration, although the permeate flux noticeably de- 
creased. The coating thickness was measured by the weighing technique and the results 
were compared with the thickness estimation by two versions of the resistance model. It 
was determined that the spin-coating technique can provide a thinner and more uniform 
coating than the dip-coating technique, and that the coating solution penetrates the mem- 
brane pores before coating the surface. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Pervaporation, the separation of liquid mixtures by 
vaporization through a membrane, is useful for sep- 
aration of liquids with close boiling temperatures or 
for mixtures which lead to  an azeotrope, and when 
a minor component is preferentially transported 
through a membrane. 

Commercial applications of pervaporation began 
as  recently as 1982 with the pilot plant scale dehy- 
dration of water-ethanol mixtures.' In general, the 
pervaporation processes in industry can be divided 
into the following groups: the dehydration of alco- 
hols and organic solvents with membranes of hy- 
drophilic polymers or of charged polymers, and the 
separation of volatile organic compounds from water 
with hydrophobic r n e m b r a n e ~ . ~ . ~  

Several studies have been carried out on the sep- 
aration of acetic acid/water mixtures using perva- 
poration. Deng et  aL4 studied the pervaporation of 
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acetic acid/ water mixtures using hydrophobic and 
hydrophilic membranes, specifically, polydimethyl- 
siloxane ( SR)  , aromatic polyamide, and laminated 
SR-aromatic polyamide membranes. They found 
that SR membranes were acetic-acid selective, ar- 
omatic polyamide membranes were water-selective, 
and laminated membranes had further increased the 
water selectivity. Bai et al.5 investigated the sepa- 
ration of acetic acid/water mixtures by pervapora- 
tion using SR-coated polyetherimide (PEI )  mem- 
branes. They found that the selectivity of the PEI 
membranes depended on the pore size of the support 
membrane and on the condition of the SR coating. 
They were able to  control the performance of these 
composite membranes by changing the character- 
istics of either the coating layer or the substrate 
layer. In addition, an  increase in the number of SR 
coating layers caused the pervaporation flux to de- 
crease. The thickness of the SR coating is, therefore, 
an important variable affecting pervaporation per- 
formance since the application of a thinner coating 
layer would increase the permeate flux. 

Several methods currently exist to prepare thin 
films, which may be applied to the preparation of 
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thin membranes and coating layers. Nakamae et a1.6 
prepared ultrathin membranes by spreading polymer 
solutions, specifically, ethylene-vinyl alcohol co- 
polymer (EVA ) and ethylene-vinyl alcohol acrylic- 
acid terpolymer, on a water surface. A simple coating 
technique has been used to  coat polyetherimide and 
polyethersulfone membranes; this involves mount- 
ing a flat membrane a t  the bottom of a cylindrical 
permeation cell, pouring the coating solution into 
the cell, and inverting, followed by ~ u r i n g . ~ , ~  

Many coating methods have been outlined,' in- 
cluding physical vapor deposition ( PVD ), such as 
evaporation and sputtering methods, and chemical 
vapor deposition (CVD) , which involves chemically 
reacting a volatile compound with other gases to 
produce a nonvolatile solid which deposits atomist- 
ically on a substrate. Other coating techniques exist, 
such as cathodic arc plasma deposition (CAPD),  
thermal chemical vapor deposition, photochemical 
vapor deposition, plasma-enhanced chemical vapor 
deposition, and sol-gel coating techniques. Sol-gel 
coating encompasses several processes involving a 
single-phase liquid or a stable suspension of colloidal 
particles that undergoes transition into a gel. Sol- 
gel coatings include all coatings applied by spinning, 
dipping, and draining  technique^.^ 

Most sol-gel coatings are applied by dip-coating; 
the meniscus which develops a t  the interface be- 
tween the coating solution and the solid substrate 
produces a thin film on the solid substrate as it is 
withdrawn from the solution. The film thickness is 
partially set by competition between viscous, cap- 
illary, and gravitational forces. It has been shown 
that film thickness increases with increasing with- 
drawal rate.9 

Spiers et a1.I' presented an analysis of predicting 
the film thickness as  a function of withdrawal speed 
and the physical properties of the fluid. Their anal- 
ysis was restricted to Newtonian liquids and have 
shown that the deposited film thickness ( h )  is that 
a t  which viscous drag and gravity are in balance. 

Coatings with thicknesses of 50-500 nm may be 
obtained by the dip-coating technique. Thicker 
coatings can be obtained by repeated dipping; how- 
ever, peeling often occurs when drying these suc- 
cessive  coating^.^ Also, if the coating solution evap- 
orates too quickly, the viscosity of the coating rises 
and prevents uniform thinning. 

Spin-coating is the most common method of ap- 
plying uniform, thin coatings on many types of 
workpieces. The technique can lead to very uniform 
films of precisely controlled thickness. Levinson et 
al." found that the film thickness produced by this 

technique is greatly affected by the following process 
parameters: 

1. spinning rate 
2. total spinning time 
3. density and viscosity of the solution 
4. concentration of the solution 
5. volatility of the solvent 

Roux and Paul l2  have prepared multilayer composite 
membranes for gas separation, using the spin-coat- 
ing process. They studied the performance charac- 
teristics in terms of the effects of spinning speed, 
the coating solution concentration, and the number 
of selective layers coated onto the substrate material. 

Bornside et a1.l3 divided the spin-coating process 
into four stages: deposition, spin-up, spin-off, and 
evaporation. The first stage (deposition) involves 
applying an excess amount of coating solution to 
the substrate membrane. In the second stage (spin- 
up) ,  the centrifugal forces generated by spinning 
the substrate cause the coating to flow radially out- 
wards. In third stage (spin-off), the excess coating 
solution forms droplets and spins off the substrate 
membrane. The flow of the coating solution begins 
to slow down as the thickness decreases because the 
resistance to flow increases, and evaporation raises 
viscosity until evaporation becomes the only mech- 
anism for film thinning. Evaporation, which is the 
last stage, causes thinning of the coating layer. 

Meyerhofer l4 presented a model based on the 
work of Emslie et al.15 for the description of the thin 
films prepared from solutions by spinning. At the 
start, a layer of polymer solution of uniform thick- 
ness (h,) is applied on horizontal circular surface 
of the substrate. At time 0, the substrate is spun at 
a radial spin rate w and the resulting layer tends to 
be of uniform thickness because of two competing 
forces: the centrifugal force which drives the coating 
solution radially outward and the viscous force which 
acts radially inward. 

Emslie e t  al.15 have shown that for a Newtonian 
solution, when there is no evaporation (no  change 
in the viscosity p )  , the coating thickness profile re- 
mains uniform a t  all times and decreases with time 
according to  the equation: 

(1) 
ho 

V1 + 4pw2h5t/3p 
h ( t )  = 

Despite the profile a t  deposition, the coating film 
tends towards uniformity by the spin-off stage. 
Scriven has shown that  for coating solution vis- 
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cosities between 0.001 and 0.1 Pass ,  and with an- 
gular velocities from 3,000 to  8,000 rpm, the amount 
of time required to  thin a nonuniform film from 1 
mm to a uniform thickness of 1 pm is between a few 
seconds and a few minutes. 

Many techniques exist to  determine thin film 
thickness, which may be divided into optical and 
mechanical techniques. Optical methods for thin 
film thickness determination include fringes of equal 
thickness (FET) , fringes of equal chromatic order 
(FECO) , variable angle monochromatic fringe ob- 
servation (VAMFO) , and constant angle reflection 
interference spectroscopy ( CARIS ) .' Mechanical 
techniques include weight measurement, which was 
used in this work, the stylus profilometry, and crystal 
oscillator methods.8 

Methods for structural characterization include 
scanning electron microscopy ( SEM ) , transmission 
electron microscopy ( T E M )  , and X-ray diffraction 
techniques, among others. This characterization in- 
cludes the identification of surface and interior at- 
oms and compounds, as well as their spatial distri- 
butions. 

The  objectives of this work are to use the spin- 
coating technique to  produce a thin film of uniform 
thickness; to evaluate the performance of spin- 
coated membranes using pervaporation of an  acetic 
acid/water mixture; to estimate the thickness of the 
coating; and to compare spin-coating with dip-coat- 
ing techniques in terms of pervaporation perfor- 
mance, thickness, and uniformity of the coating. 

EXPERIMENTAL 

Materials 

Polyetherimide polymer, or Ultem, was supplied by 
General Electric Co., and the backing material used 
was a polyester film, style 3396, supplied by Filtra- 
tion Science Co. The solvent N-methylpyrrolidone, 
supplied by J. T. Baker Co., was used as  provided. 
Glacial acetic acid (assay 99.7% min) from Ana- 
chemia was used for pervaporation feed. The coating 
solution was prepared, following directions provided, 
using Sylgard 184 silicone elastomer and curing 
agent supplied by Dow Corning Corporation, and 
diluted in hexane provided by BDH Inc. 

Preparation of Polyetherimide Membranes 

Preparation of Polymer Casting Solutions 

Polyetherimide polymer (Ultem 1000) , was dried a t  
150°C for 4 h. The polymer was cooled to  room tem- 

perature in a desiccator for at least 2 h. In a dry box, 
approximately 40 g of the Ultem was weighed into 
glass reagent bottles for each casting solution. Ap- 
propriate amounts of the solvent N-methylpyrroli- 
done ( N M P )  were then added to  prepare 20%, 23%, 
25%, and 27% by weight solutions of Ultem in NMP. 
The bottles were adequately sealed and were placed 
on a rolling rack for 7 days to  allow the polymer to  
dissolve completely. Casting solutions were then fil- 
tered using polyester cloth filters in a 47-mm di- 
ameter stainless-steel pressure holder, from Milli- 
pore Corporation. Nitrogen gas was used to  pres- 
surize the solutions through the filter. The reagent 
bottles were left for 2-3 days so that the dissolved 
air was removed from the solutions. 

Preparation of Substrate Polyetherimide 
Membranes 

The cold gelation bath was prepared before the 
membranes were cast, by mixing distilled water with 
ice chips in a container, and leaving for 10 minutes. 
The water was then filtered by a wire mesh into a 
plastic receptacle. Glass casting plates were cleaned 
and dried thoroughly. 

A piece of polyester backing material, approxi- 
mately 35 cm X 45 cm, was taped to the casting 
plate using double-sided adhesive tape. The casting 
plate was then secured by placing a metal plate a t  
one end. The filtered casting solution was cast 
(casting thickness 10 mils = 2.54 X m, adjusted 
by a casting knife) onto the backing sheet. Imme- 
diately after casting, the membrane and casting plate 
were immersed in the cold bath using a quick, 
smooth motion. 

The membrane sheet was left in the cold bath for 
a t  least 1 h, then was examined for pinholes and 
flaws. Coupons with an area of 10.18 cm2 were out- 
lined using a circular die and cutout. 

The wet membrane coupons were immersed in 
ethyl alcohol bath for 6 h to exchange the water. 
The ethyl alcohol was then replaced with a fresh 
batch of ethyl alcohol and the membranes were im- 
mersed for 16 h. The solvent was then replaced with 
hexane as a second solvent and the membranes were 
immersed for 24 h. After the solvent exchange, the 
membranes were air-dried in a desiccator for a t  least 
24 h before use. 

Preparation of Coated Polyetherimide 
Membranes 

The silicone rubber coating solutions ( S R )  were 
prepared from the commercial elastomer product 
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called Sylgard 184. The silicone elastomer was sup- 
plied in two parts: a lot-matched base and a curing 
agent. The coating solution was prepared by thor- 
oughly mixing the base material and the curing agent 
in a 10 : 1 by weight ratio. The mixing was done 
using a smooth action to minimize the introduction 
of excess air to  the solution. The mixture was then 
diluted in hexane to  a specific concentration. 

In the dip-coating method, a dry PEI membrane 
was mounted a t  the top of a glass jar. The membrane 
surface was dipped into the SR solution for 1 min, 
then was removed from the coating solution and left 
in the air to drain the excess solution. The coating 
solution was then evaporated for 5 min and cured 
in the oven a t  80°C for 1 h. 

In the spin-coating method, the equipment shown 
in Figure 1 was used as follows: 

A dry PEI membrane was mounted on a circular 
glass plate and was secured using double-sided 
tape. 
The glass plate was fitted to  the shaft of a mag- 
netic stirrer; 5 ml silicone rubber solution was 
poured onto the membrane, which was spun at  
550 rpm for 5 min. 
The thin film produced was cured at  80°C for 
1 h. 

Pervaporation Experiments 

The experimental apparatus is shown in Figure 2. 
The PEI membrane was mounted in a static cell, 
similar to those used in reverse osmosis and ultra- 
filtration experiments and described elsewhere in 
detail.17 About 50 mL of feed solution was loaded 
into the cell. The vacuum pump was started and the 
permeate was collected in the collection trap im- 
mersed in liquid nitrogen. After a stable permeation 
rate was reached after about 60 min, the permeate 
was switched to the second cold trap. The product 
was collected for some time; then the valve of the 
cold trap was closed and the trap was removed, 
sealed, and was allowed to reach room temperature. 
The permeation rate was measured by weighing the 
cold trap filled with the product. The permeate was 
then analyzed using a Shimadzu gas chromatograph 
GC-8A equipped with a thermal conductivity detec- 
tor having 1.80 m column packed with chrom-P 
80 : 100 mesh. 

Gas Permeation Experiments 

The dry membrane to be tested was installed in a 
cylindrical gas permeation cell. Nitrogen gas was 

passed through the membrane, and both the volu- 
metric flow rate of the gas (measured by a bubble 
flow meter) and the upstream pressure were noted. 

Thickness Estimate by Weight Measurement 

Silicone rubber coating thickness was estimated by 
weight measurement. The weights of the uncoated 
and coated membranes were noted, knowing the 
density of cured silicone rubber, area coated, and 
the weight difference; the coating thickness was cal- 
culated. 

Contact Angle 

The contact angle between water and a membrane 
was determined by placing a drop of water on the 
membrane surface and measuring the angle directly 
through a microscope fitted with a protractor. Ad- 
ditional equipment required was a lamp to illuminate 
the specimen, a Variac transformer to control the 
light intensity, a lab jack to hold the specimen in 
front of the microscope, a syringe to deposit a small 
bead of water, and double-sided tape to hold down 
the membrane. 

RESULTS A N D  DISCUSSION 

Pervaporation 

Pervaporation experiments were carried out on un- 
coated polyetherimide (PEI) membranes with 0.20 
mol fraction acetic acid in water as a feed solution. 
Acetic-acid mol fraction in the permeate and the 
permeate flux were measured, and the results are 
shown in Table I and Figure 3. Permeate flux de- 
creased nonlinearly, approximately 25 times, as PEI 
concentration in the casting solution increased from 
20 to 27 wt %. The acetic-acid mol fraction in the 
permeate also decreased as PEI concentration in- 
creased, indicating that the pore size was reducing, 
but all the membranes were water-selective. 

Another set of pervaporation experiments was 
carried out on PEI membranes spin-coated with a 
50 wt % silicone rubber in hexane solution; the ex- 
perimental results are also shown in Table I and 
Figure 3. Permeate flux increased slightly when the 
PEI concentration increased from 20 wt % to 23 wt 
%, then decreased as the PET concentration in- 
creased from 23 wt % to  27 wt %. On the other hand, 
the acetic-acid mol fraction in permeate decreased 
from 0.098 to 0.0041 as the PEI concentration in- 
creased from 20 wt % t o  27 wt %. 
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Figure 1 Diagram of spin-coating equipment. 

The separation factor, a, results are shown in 
Table I1 for different PEI concentrations. A dra- 
matic increase in the separation factor is shown for 
all concentrations; however, as the PEI concentra- 
tion increased, the separation factor ratio of the 
coated to the uncoated membranes increased dra- 
matically from 2.13 to 33.19 as the PEI concentra- 

Figure 2 
iments. 

Schematic diagram for pervaporation exper- 

tion in the casting solution increased from 20 wt % 
to 27 wt  %. It is clear that the coating has increased 
the water selectivity of the membranes for all PEI 
membranes; however, the effect is stronger for 
membranes with smaller pore sizes which are pre- 
pared from casting solutions containing higher con- 
centration of the polymer material. 

The effect of the SR concentration on the per- 
vaporation performance of the PEI membranes was 
studied by using substrate membranes prepared 
from casting solutions containing a 25 wt % PEI 
concentration. The substrate membranes were spin- 
coated with various solutions of silicone rubber di- 
luted in hexane to concentrations of 0.5, 2 ,  7.5, 15, 
30,50, and 70 wt %. The pervaporation experiments 
were conducted using acetic-acid feed solution of 0.2 
mol fraction. The effect of silicone rubber concen- 
tration on the permeate flux and composition is 
shown in Table I11 and Figure 4. As the concentra- 
tion of the SR (silicone rubber) increased in the 
coating solution, the permeate flux decreased non- 
linearly. At very low SR concentration of 0.5 wt  %, 
the coating did not effectively cover the membrane 
surface. Consequently, the values of the acetic-acid 
mol fraction in the permeate as well as the permeate 
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Table I Pervaporation of Uncoated and Spin-Coated PEI Membranes 
~~ 

Uncoated Membranes Spin-Coated Membranes 
PEI Conc in 

Substrate Acetic- Acid Acetic- Acid 
Permeate Flux X lo4, mol Fraction Permeate Flux X lo4, mol Fraction Membrane 

mol/m2 - s in Permeate mol/m2 * s in Permeate wt % 

20 
23 
25 
27 

495.0 
178.0 
37.3 
17.7 

0.188 
0.191 
0.153 
0.120 

9.79 
16.4 
99.8 
47.4 

0.0980 
0.0310 
0.0090 
0.0041 

SR concentration in coating solution = 50 wt % in hexane; feed = 0.20 acetic-acid rnol fraction. 

flux did not change very much from the values of 
the uncoated membranes. 

When the membrane was coated with a 2 wt % 
SR solution, both acetic-acid mol fraction in the 
permeate and the permeate flux decreased dramat- 
ically to  reflect the effect of coating. However, the 
permeate composition remained relatively constant 
as the SR concentration increased from 2 wt % to 
70 wt 96. This indicates that the spin-coating tech- 
nique is very effective a t  low SR concentrations in 
the coating solution; however, the performance does 
not improve by increasing the SR concentration in 
the coating solution. It is logical to assume that by 
increasing the SR concentration in the coating so- 
lution, the coating thickness would increase accord- 
ingly. However, the performance of the membranes 
coated with higher SR concentrations can be com- 
pared to the performance of the multiple coated 
membranes. Bai e t  al.5 found that when the number 
of SR coatings increased, the water selectivity in- 
creased significantly after the first coating, and then 
leveled off despite subsequent coating applications. 

Pervaporation experiments were also performed 
using 25 wt % PEI membranes dip-coated with 2, 
7.5, 15, and 30 wt % SR coating solution. These 

results are given in Table IV and shown in Figure 
4 with the results of the spin-coated membranes. 
Similar to the spin-coated membrane results, the 
permeate flux and acetic-acid mol fraction in the 
permeate decreased with increasing coating solution 
concentration. Both permeate flux and acetic-acid 
rnol fractions were greater than the corresponding 
values when the membranes were spin-coated with 
solutions of the same SR concentrations. 

Coating Thickness Estimation by Gas Permeability 

Gas permeability experiments were carried out using 
nitrogen gas on 20, 23, 25, and 27 wt % PEI mem- 
branes. The results are given in Figure 5 ( A )  and 
Table V. Permeability decreased with increasing PEI 
concentration, indicating that the membrane pore 
size decreased as PEI concentration increased. 
These permeability results were used, as shown in 
the next section, to calculate the resistance of the 
substrate membrane for nitrogen permeation and to 
estimate the coating layer thickness. 

Gas permeability experiments were also carried 
out using nitrogen gas on 25 wt % PEI membranes 
spin-coated with various concentrations of SR: 2, 

Table I1 Separation Factor a, for Uncoated and Coated PEI Membranes 

PEI Conc in 
Substrate 

Membrane, 
wt % 

Separation Factor ((Y) for 

Uncoated 
Membrane 

Spin-Coated 
Membrane 

Ratio 
(Y (Coated/& (Uncoated) 

20 
23 
25 
27 

1.08 
1.06 
1.38 
1.83 

2.30 
7.78 

27.47 
60.73 

2.13 
7.34 

19.91 
33.19 

SR concentration in coating solution = 50 wt 7% in hexane; feed = 0.20 acetic-acid rnol fraction. 
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Figure 3 
and uncoated membranes. (Feed = 0.2 mol fraction acetic acid.) 

Effect of polymer concentration on the pervaporation performance of coated 

7.5, 15, and 30 wt 7%. The same gas permeability 
experiments were also carried out on the dip-coated 
membranes with solutions having SR concentrations 
of 2,7.5, 15, and 30 wt '%. The results of the nitrogen 
gas permeability vs the concentration of SR in hex- 
ane ( wt '% ), are shown in Figure 5 ( B ) and are given 
in Table VI. 

The thickness of the coating layer can then be 
calculated by using the resistance model approach 
which was developed by Henis and Tripodi.1s-20 Chen 
et al.7 and Fouda et a1.21 discussed the model in detail 
when they used it to  analyze their experimental data 
for gas permeation through silicone-coated and 

laminated polyethersulfone membranes. The next 
section shows the procedure to  calculate the thick- 
ness of the coating layer using the resistance model 
approach. 

Resistance Model I 
Figure 6 ( A )  shows the schematic diagram for this 
approach. I t  is assumed that  the coating layer will 
not penetrate the substrate and thus forms a layer 
on the top of the membrane with a thickness 6. The 
resistances of the coating layer and the substrate 
membrane are in series, and the thickness of the SR 
layer is calculated as follows: 
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Table I11 Effect of SR Concentration in Coating 
Solution on the Pervaporation of Spin-Coated 
PEI Membranes 

Permeate Acetic-Acid 
SR Conc Flux X lo4, mol Fraction Separation 

wt %J mol/m2.s in Permeate Factor, a 

0 
0.5 
2 
7.5 

15 
30 
50 
70 

37.3 
24.1 
12.0 
10.4 
8.96 
7.70 
9.49 
5.40 

0.153 
0.108 
0.0223 
0.0204 
0.0195 
0.0251 
0.0120 
0.031 

1.38 
2.06 

10.96 
12.00 
12.57 
9.71 

20.58 
7.81 

PEI substrate prepared from 25 wt % polymer solution; feed 
= 0.20 acetic-acid mol fraction. 

From the gas permeation data for the uncoated 
PEI membrane ( the pressure difference, AppEl,  

and the gas flow rate, QpEI,  mol/s) the resis- 
tance of the PEI membrane, RPEl, may be cal- 
culated by: 

Similarly, the resistance of the coated mem- 
brane, RToTAL may be calculated by 

( 3 )  APTOTAL 
RTOTAL ~ 

QTOTAL 

where ApToTAL is the pressure difference and 
QToTAL is the gas flow rate for the coated mem- 
brane. The resistance of the SR layer is given 
by: 

( 4 )  

Table IV Effect of SR Concentration in Coating 
Solution on the Pervaporation of Dip-Coated PEI 
Membranes 

Permeate Acetic-Acid 
SR Conc Flux X lo4, mol Fraction Separation 

wt % mol/m2 * s in Permeate Factor, a 

0 37.3 0.1530 1.38 
2 25.2 0.1245 1.76 
7.5 10.1 0.0208 11.77 

15 15.6 0.0312 7.76 
30 6.7 0.0348 6.93 

PEI substrate prepared from 25 wt 76 polymer solution; feed 
= 0.20 acetic-acid mol fraction. 

Resistance Model II 

Figure 6(B)  shows the schematic diagram of this 
more realistic approach with the following assump- 
tions: 

The coating layer is assumed to penetrate into 
the voids of the porous substrate membrane; 
hence, the resistance of the voids cannot be ne- 
glected, as in resistance model I. 
The resistance of the substrate membranes is 
composed of two resistances in parallel: mainly, 
R2 of the PEI matrix and RB of the voids. 
At a certain minimum concentration of the SR 
solution, we assume that all the coating solution 
has penetrated the substrate membrane; hence, 
the composite resistance RMIN, is the new sub- 
strate resistance which will be in series with 
the resistance of coating layer a t  higher SR 
concentrations. 
At higher SR concentration, a top coating layer 
is formed with thickness 61 < 6, due to pene- 

Table V 
Membranes 

Gas Permeation for Uncoated PEI 

the thickness of coating layer is then given by: PEI Conc in 
Substrate 

Membrane, Flow Rate, Permeability X lo9, 
mol/m2 - s - Pa wt 5% mL/min 

where RSR, PsR, and A are the resistance of the 
SR layer, the intrinsic permeability of the sil- 
icone film for the nitrogen gas which is known 
to be 1.842 X mol/m2.s.Pa [ =  250 
X lo-'' - cm3 (STP) - cm/cm2 - s - cmHg] 22 and 
the area of membrane tested ( 10.18 cm2), re- 
spectively. 

20 139.5 
23 94.6 
25 67.1 
27 15.6 

362.0 
245.0 
174.0 
40.4 

Gas nitrogen, temperature = 23OC, and feed pressure = 276 
kPa ( g ) .  
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Figure 4 Effect of SR concentration in the coating solution on the pervaporation per- 
formance of the spin- and dip-coated PEI support membranes. (PEI substrate was prepared 
from a 25 wt % polymer solution.) 

tration of the SR solution in the membrane. In 
this case, the resistance of the composite mem- 
brane is treated as being partially in series and 
partially in parallel. 

The resistance and the thickness of the SR layer 
are calculated as follows: 

The resistance of the uncoated PEI membrane 
given by eq. ( 2 )  is the combination of Rz, the 
resistance of the PEI polymer matrix, and 

(R3)",, , the resistance of unfilled pore space, in 
parallel, as shown in Figure 6 ( B  ) . Therefore, 

Similarly, the resistance of the membrane 
coated with the minimum amount of effective 
coating, RMIN, which would be enough to pen- 
etrate the pores but with negligible thickness 
(i.e., R1 = O ) ,  may be calculated by: 
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I I 

15 20 25 30  

PEI Concentration, wt% 

lo3 
1 0 Spin Coated Membrane 

- 0 Dip Coated Membrane 

t 
0 5 10 15 20 25 30 35 40  

 loo'"""'""'"^''"''"^'''""'""'' 
Silicone Rubber Concentration in Coating Solution, w t %  

Figure 5 
(PEI substrate was prepared from a 25 wt % polymer solution.) 

Gas permeability through ( A )  uncoated and ( B  ) coated PEI support membranes. 

AP MIN RMIN = - 
QMIN 

The total resistance for the membrane coated 
with SR solutions of higher concentrations is 
given by: 

( 7 )  AP TOTAI. RTOTAL= 
VTOTAL 

where ( RB)fill is the resistance of the void filled 

as the resistance of the PEI membrane coated 
with 2 wt % SR solution. 

with silicone rubber. RMIN is chosen arbitrarily = l/[k + &I + R *  ( 8 )  

Note that a SR layer formed on the top of the 
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Table VI Gas Permeation for Coated 25 wt % PEI Membranes 

SR Conc - 
Flow Rate, mL/min Permeability X lo9, mol/m2 s * Pa 

wt % Spin-Coated Dip-Coated Spin-Coated Dip-Coated 

0 
2 
7.5 

15 
30 

67.1 
23.0 
6.71 
3.33 
3.54 

67.1 
19.9 
4.22 
2.41 
1.02 

174.0 
59.6 
17.4 
8.6 
6.6 

174.0 
51.6 
10.9 
6.3 
2.6 

Gas = nitrogen, temperature = 23"C, and feed pressure = 276 kPa (g) 

substrate membrane and its resistance, R1,  
contributes to the total resistance in series. 
The thickness of the top coating layer can then 
be calculated by 

where PSR is the intrinsic permeability of the 
silicone film for the particular gas used and A 
is the surface area of membrane tested, respec- 
tively. 

Coating Thickness Estimation 

The weighing method was used to estimate the coat- 
ing thickness for the spin-coated membranes (0.5, 
2, 7.5, 15,30 wt 5% SR coatings), and the results are 
shown in Figure 7 ( A )  and are given in Table VII. 
As expected, the thickness of the coating layer in- 
creased with the increase in the concentration of 
the SR in the coating solution. The coating layer 
thickness was also estimated by using the two re- 
sistance models outlined in the previous section. The 
results are also given Table VII and shown in Figure 
7 ( A ) .  The trend is basically similar to that obtained 
by the weighing method. 

Figure 7 ( A )  shows also that the thickness esti- 
mated by resistance model I is higher than that es- 
timated by resistance model 11, in which the thick- 
ness is corrected for the amount of material pene- 
trated through the porous structure of the substrate. 

The coating thicknesses of the membranes dip- 
coated with solutions having different SR concen- 
trations (2,7.5,15,30 wt % SR)  were also estimated 
using the weighing method and the resistance models 
I and 11. Table VIII and Figure 7 ( B )  show these 
results. 

The thickness of the coating layer increased as 
the concentration of the SR in the coating solution 

increased. However, the agreement between the re- 
sults obtained from the weighing method and the 
values obtained from applying the resistance models 

Figure 6 
and 11. 

Schematic diagram for resistance models I 
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Figure 7 
substrate was prepared from a 25 wt 7% polymer solution.) 

Thickness estimation for the ( A )  spin- and ( B )  dip-coated membranes. (PEI 

was much closer than that for the spin-coated mem- 
brane. This can be attributed to the level of the ex- 
perimental error involved in the weighing technique, 
which is more severe for lower values of coating 
thicknesses obtained by the spin-coating technique. 

PEI, ( i i )  25 wt % PEI spin-coated with 2 wt % SR 
solution, and (iii) 25 wt % PEI spin-coated with 15 
wt % SR solution. The SEM results are shown in 
Figures 8-10 a t  two different magnifications. Figure 
8 shows the asymmetric structure of the uncoated 

Structural Characterization of Membranes 
membrane a t  magnification of X500 and X5,OOO. As 
expected, both micrographs show the substrate po- 

Scanning electron microscopy (SEM) was used to 
investigate three membranes: ( i )  uncoated 25 wt % 

rous structure which is covered with undetected thin 
skin layer. Figure 9 shows the structure of the mem- 



PERVAPORATION PERFORMANCE OF POLYETHERIMIDE MEMBRANES 987 

Table VII 
25 wt % PEI Membranes 

Thickness Estimates for Spin-Coated erpredicted the coating thickness when compared 
with the micrographs in Figure 10. 

Thickness Estimate (Fm) 

SR Conc Weighing Resistance Resistance 
(wt %) Method Model I Model I1 

2 0.85 0.92 0.0 
7.5 1.2 4.3 3.4 

15 3.8 9.2 8.3 
30 12 12.2 11.3 
50 18 8.7 7.8 
70 - 26.4 25.5 

brane spin-coated with a solution containing 2 wt 
% SR. Both micrographs show that the structure of 
this membrane is similar to the structure of the un- 
coated membrane shown in Figure 9, since the coat- 
ing layer cannot be detected. These micrographs 
clearly support the assumption that all the coating 
solution with a 2 wt % SR concentration would pen- 
etrate the porous structure of the membrane and, 
hence, does not form a coating layer on top of the 
skin layer. 

Figure 10 shows the micrographs for the mem- 
brane spin-coated with a 15 wt % SR. The SR coat- 
ing on the surface of the membrane can be clearly 
seen. The thickness estimate of the 15 wt % coating, 
provided by SEM, was 0.6 pm. The thickness esti- 
mates by weighing and resistance model methods 
have been shown in Table VII to be 3.8,9.2, and 8.3 
pm, respectively. The large difference between these 
results suggests that the penetration of coating so- 
lution into the substrate voids is much more than 
we have thought, and the assumption of 2 wt % SR 
solution as sufficient to  fill the membrane voids was 
extremely underestimated. Accordingly, both the 
weighing technique and the resistance model I1 ov- 

Table VIII 
25  wt % PEI Membranes 

Thickness Estimates for Dip-Coated 

Thickness Estimate (Fm) 

SR Conc Weighing Resistance Resistance 
(wt %) Method Model I Model I1 

Coating Technique Comparison 

The spin- and dip-coating methods were compared 
in terms of pervaporation results, thickness esti- 
mation, gas permeability, and contact angle. Com- 
parison of pervaporation separation factor, a, for 
both methods are given Tables V and VI. Only the 
separation factor for the 25 wt % PEI membranes 
spin-coated with 2 wt % SR is much greater than 
for the dip-coated membrane with the same coating 
solution. However, a t  SR concentrations of 7.5, 15, 
and 30 wt %, the values of the separation factors 
are closer, with the spin-coated membranes having 
slightly higher values. 

Tables V and VI show that the permeate fluxes 
for the membranes dip-coated with 2 and 15 wt % 

2 1.77 1.14 0.0 
7.5 6.60 7.20 6.06 

15 13.96 12.91 11.77 
30 46.14 31.23 30.09 

(b) 

SEM of uncoated membrane, 25 wt % PEI: Figure 8 
( A )  magnification X500; (B)  magnification X5,OOO. 
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The contact angle between water and membrane 
surface was determined for 25 wt % PEI membranes 
uncoated and spin-coated with 2 and 15 wt 9% SR. 
The measured contact angles were 67.9", 96.3", and 
100.3", respectively. Contact angles, measured for 
25 wt 5% PEI membranes dip-coated with 2 and 15 
wt 76 SR solution were 98.1" and 100.7", respec- 
tively. The contact angle between water and the SR 
surface, for the 1 mil (2.54 X 10-'m) SR membrane 
(supplied by General Electric Co.) , was measured 
as 106.25". The contact angles for both the dip- and 
spin-coated membranes approached the value of the 
SR membrane more closely than the uncoated 
membranes, suggesting that the surface is most like 
SR. However, the differences between the spin- and 
dip-coated contact angle results are very small, and 
the difference could be within the experimental 
error. 

(a) 

(b) 

Figure 9 SEM of spin-coated membrane, 25 wt % PEI 
spin-coated with 2 wt % SR: ( A )  magnification X500; ( B )  
magnification X5,OOO. 

SR solutions were 2.1 and 1.74 times greater than 
the permeate fluxes for the spin-coated membranes, 
respectively. However, 30 wt % SR spin-coated 
membranes had higher permeate flux and acetic- 
acid separation than the membranes dip-coated un- 
der the same conditions. 

The thicknesses of the dip-coating layers, deter- 
mined by using the weighing method, are between 
2.1 and 5.5 times greater than the spin-coating 
thicknesses when the coating was made with a coat- 
ing solution of the same SR concentration. The dif- 
ference in coating thicknesses between coating 
methods was supported by visual observations made 
during coating procedures. 

The substantial difference in thickness agrees 
with the higher permeability of nitrogen in the spin- 
coated membranes which had nitrogen permeabili- 
ties between 1.25 and 13.9 times greater than dip- 
coated membranes. 

(b) 

~i~~~ 10 SEM of spin-coated membrane, 25 & % PEI 
spin-coated with 15 wt % SR: ( A )  magnification ~ 5 0 0 ;  
( B  1 magnification X10,OOO. 
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For both dip- and spin-coating techniques, uni- 
form thin-coating was difficult to obtain when the 
coating solutions contained a low concentration of 
SR. This lack of uniformity led to  poor separation. 
To obtain a more uniform coating, higher concen- 
trations of SR solutions were used. The  coating 
thicknesses obtained from the dip-coating technique 
were generally much thicker than those obtained 
when the spin-coating technique was used. 

CONCLUSIONS 

From the above experimental results for the per- 
vaporation of acetic-acid/ water mixtures, and for 
the evaluation of spin- and dip-coating techniques, 
the following conclusions can be drawn: 

1. Polyetherimide (PEI )  membranes are water- 
selective. 

2.  The water-selectivity of PEI membranes is 
increased when spin- or dip-coated with a 
polydimethylsiloxane ( SR)  solution. 

3.  PEI membranes coated with SR solutions of 
increasing concentration have increased wa- 
ter-selectivity, although decreased permeate 
flux. For pervaporation, a SR coating con- 
centration of 2 wt % (in hexane) , spin-coated 
onto a 25 wt % PEI membrane, was deter- 
mined as  the smallest effective coating con- 
centration. Coating concentrations below this 
value did not effectively coat the membrane 
surface. 

4. From a comparison of spin-coating thickness 
estimates, the coating solution penetrates the 
membrane pores before coating the surface 
of the membrane. 

5. The spin-coating technique provides a thin- 
ner, more uniform coating than the dip-coat- 
ing technique. 
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