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Abstract

A homogeneous dense ethyl cellulose (EC) membrane has been prepared by a solution casting technique with chloroform as solvent and
characterized by wide-angle X-ray diffraction, differential scanning calorimetry, and tensile tester. Permeating characteristics of five pure
gases through the membrane has been described in detail. The permeability, diffusivity, solubility, and their selectivities of oxygen, nitrogen,
carbon dioxide, methane and hydrogen through the membrane have been measured by a change in operating temperature and upstream
pressure in a time-lag apparatus. A continuously enhanced permselectivity for gas pairs of carbon dioxide/methane, and hydrogen/nitrogen,
an enhanced diffusivity selectivity for gas pairs of oxygen/nitrogen, carbon dioxide/methane, as well as a decreased permeability and
diffusivity for five pure gases, have been observed with decreasing the operating temperature. The solubility of five gases in the EC
membrane increases with decreasing temperature. The solubility selectivity does not vary nearly with operating temperature. Especially,
the permeability, diffusivity, solubility, and their selectivities in the EC membrane almost maintain constant with changing the upstream
pressure. The highest oxygen/nitrogen, carbon dioxide/methane, and hydrogen/nitrogen selectivity coefficients were, respectively, equal to
4.27, 14.7, and 19.5. A relationship between the diffusivity and effective molecule diameter of the gases across the EC membrane was
discussed. The gas solubility in the membrane is believed to be a linear function of the critical temperature of the gases. © 2001 Published by

Elsevier Science Ltd.
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1. Introduction

Ethyl cellulose (EC) has been believed as a kind of
polymer material with better membrane-forming ability,
medium gas-separation/pervaporation capability, good flex-
ibility, excellent durability, and low cost. From 1950 to the
present, a few reports concerning the gas/vapor transport in
the EC membrane appeared [1-12]. Weller and Steiner
described the permeability of four gases through the EC
membrane in a narrow temperature range [1]. Ito mentioned
the permeability of four gases across the EC membrane [2].
Hsieh studied the permeability, solubility, and diffusivity of
thirteen gases in the EC membrane [3]. Recently, Houde and
Stern discussed the effect of ethoxy content on the perme-
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ability, solubility, and diffusivity of three light gases in EC
membrane [4,5]. Suto et al. compared the oxygen (O,)/
nitrogen (N,) permeability in EC membrane with and with-
out liquid crystal order [6]. He et al. prepared a blend
membrane of EC with oxygen carrier for the purpose of
selective permeation of O, [7]. Wang and Easteal gave the
results of O,/N, transport in trifluoroacetylated EC
membrane [8]. Very recently, Bai et al. fabricated a silver
incorporated EC membrane for recovery of propylene from
refinery off-gas mixture [9]. However, little report concern-
ing a systematical investigation on the permeability, diffu-
sivity, solubility, and their selectivities of O,, N,, carbon
dioxide (CO,), methane (CHy), and hydrogen (H,) through
the EC membrane was found. Furthermore, the influence of
temperature and upstream pressure on the permeability,
diffusivity, solubility, and their selectivities of the gases
through and in the EC membrane has not been well char-
acterized, even though changes in operating temperature
and pressure are known to affect significantly the
performance of the EC membranes.
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The primary objective of our series of investigations is to
elaborate the actual air-separation performance of EC-liquid
crystal compound blend membranes [13—21]. In the present
work, we attempt to provide a more complete understanding
of gas transport in the free-standing EC membrane by inves-
tigating, over an unprecedented range of temperature and
pressure, the permeability, diffusivity, and solubility of five
gases through the membrane, and to elaborate the variation
of its permeability, diffusivity, solubility, and their selectiv-
ities with temperature and pressure. A relationship between
the diffusivity and effective molecule diameter of the gases
across the EC membrane as well as between the gas solubi-
lity in the membrane and the critical temperature of the
gases is discussed for the first time.

2. Experimental
2.1. Materials

EC particles produced by Shantou Xinning Chemical
Works of Guangdong Province in China have the viscosity
0.04-0.08 Pa s measured in ethanol/toluene (1:1) at the
concentration of 5 wt% at 25°C. The degree of substitution
of the EC is ca. 2.4. The gases chosen for this study include
0,, N,, CO,, CH,, and H,. These gases were supplied by
Messer Griesheim GmbH, Duesseldorf, Germany. The
purity of CH4 was higher than 99.5%, and the other gases
had the purity of more than 99.99%. The EC, the gases, and
chloroform of analytical reagent grade were directly used
without any purification.

2.2. Membrane preparation

EC particles of 0.3 g were dissolved in 5 mL chloroform
to form a 6 wt% solution. The polymer solution was poured
into a Petri dish. Solvent was allowed to evaporate slowly
from the solution at 25°C and 60% relative humidity for
almost 20 h. The resultant membrane was removed from
the Petri dish by pouring some water and dried in a high
vacuum at 45°C for 4 h. EC membrane is flexible and trans-
parent and has a thickness of 40 pwm. This thickness, used
for the calculation of permeability and diffusivity, was
determined as a mean value from at least ten single
measurements within the whole membrane area using a
digital Mitutoyo gauge providing a resolution of 1 pum.
The homogeneity of the membrane thickness is about 5%.

2.3. Morphology characterization

The EC membrane was characterized by wide-angle X-
ray diffraction (WAXD) in a range of Bragg angle 2—40°
using the wavelength 0.154 nm of CuKa electron beam in
step-by-step scanning region and recorded nickel filtered
radiation at 25°C with a Rigaku D/max-r A X-ray generator
made in Japan. The scanning rate is 2°/min. Perkin—Elmer
DSC 7 thermal analytical system was used to measure the

glass transition temperature of the EC membrane at a heat-
ing rate of 10°C/min and a cooling rate of —10°C/min with a
sample mass of 2.8 mg. The tensile property of a 9 mm-
wide EC membrane was examined by an Instron Tensile
Tester model 5565, made in USA.

2.4. Gas permeation measurements

The gas permeation performance of the EC membrane
was measured using a constant volume, variable pressure
approach by a standardized transient permeation technique
with a self-built vacuum time-lag apparatus [22,23]. All
parts are held at a constant temperature (=0.2°C) in an air
bath inside a thermostatic housing. The effective permeation
area was 7.07 cm?. After both the sides of a membrane were
evacuated, the pure gas was introduced to the upstream side
of the membrane at a certain pressure, and was allowed to
permeate to the downstream side at a pressure of
0.00001 bar. On the downstream side, a chamber of
438 cm® constant volume connected with a pressure
gauge was attached to the membrane. After a certain period
of time, a steady state was reached at which the amount of
gas permeated increases linearly with time. The upstream
and downstream pressures were measured by two pressure
sensors and recorded online. The sensor can provide a reso-
lution of 0.001 mbar corresponding to 0.01% of the full
scale (10 mbar). The software developed in Technical
University of Berlin ensures automated measurement with
an automatically adapting data sampling rate to yield at least
600 data points and to describe time-lag and steady-state gas
transport completely. For H,, about 200 data point can be
obtained before the permeate pressure reached 10 mbar.
Feed pressure was adjusted from 1 to 20 bar. The permeate
pressure was recorded up to 10 mbar, depending on the feed
gas. It is found that the response time for the entire measur-
ing system is shorter than 1 s. This was deemed adequate to
provide high measuring accuracy. The permeability coeffi-
cient, P, was calculated from the slope of the straight line in
the steady-state region by P = Jsl/(p, — p;) (Js is the
steady-state rate of gas permeation through a unit area of
a membrane of thickness /, p, and p, are the upstream and
downstream pressures of the gas component). These
measurements were carried out at 25, 35, 45, and 55°C for
oxygen, nitrogen, carbon dioxide, methane, and hydrogen.
The apparent diffusion coefficient D was estimated from the
time-lag 7 by D = /(67). The apparent solubility coeffi-
cient S was calculated from § = P/D. When the downstream
pressure is negligible relative to the upstream pressure, the
ideal separation factor of a membrane for a gas pair of A and
B can be related simply to the ratio (P,/Pg) of the perme-
abilities of A and B. Diffusion selectivity and solubility
selectivity were defined as D,/Dy and S,/Sg, respectively.
The experimental errors vary with the magnitudes of the
permeability and time lag. The estimated errors in gas
permeability, diffusivity, and solubility are about 3% for
fast gases including O,, CO,, and H,, and about 5% for
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Fig. 1. Wide-angle X-ray diffraction diagram of the EC membrane.

slow gases such as N; and CH,. The error might be larger at
lower upstream pressures, especially for N, and CH, trans-
port. The reproducibility is about 4% due to uncertainties of
the determination of the downstream volume, the effective
area and thickness of the membrane.

3. Results and discussion
3.1. Membrane characteristics

The EC membrane is smooth and flexible and looks
homogeneous and transparent with a naked eye. A
WAXD diagram of the EC membrane is shown in Fig. 1.
Two major diffraction peaks at d-spacing of 1.11 nm (stron-
ger) and 0.46 nm (weaker) are broad. A cooling differential
scanning calorimetry (DSC) curve of the EC membrane is
shown in Fig. 2. No crystallization exotherm is observed,
implying that the no crystallization occurs during cooling. A
very apparent endothermic break in the curve representing
glass transition is observed. The linear portions of the curve
just preceding and following the endothermic 7, break are
extrapolated to their intersection as shown in Fig. 2. Glass
transition temperature value is taken to be 80°C as the extra-
polated endothermic break, because it was reported that this
method has been shown to be reliable and reproducible [24].
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Fig. 2. Differential scanning calorimetry cooling thermogram of the EC

membrane at a cooling rate of —10°C/min after a heating process (10°C/
min) from room temperature to 300°C and maintain for 30 min at 300°C.

The difference of thermal capacity corresponding to the
glass transition is 0.236 J/g K. The tensile stretching
behavior of the EC film is shown in Fig. 3. There is an
apparent yield point with the yield strength of 45 MPa and
yield elongation of 11%. The tensile strength, initial
modulus, and elongation at break of the membrane are
determined to be 48 MPa, 560 MPa, and 28% respectively.
All these results imply that the EC membrane is amorphous
and can be served as a gas separation membrane with higher
permeability, as discussed below. It is reported that EC cast
membrane showed very little crystalline structure [3].

3.2. Gas permeation performance

Fig. 4 exhibits the variation of downstream pressure of
five pure gases through the EC membrane with permeating
time. Obviously, five gases permeate the membrane in
different ways. H, can permeate the membrane very rapidly
with a time-lag of shorter than 0.5 s because the molecular
size of H, is small enough to pass freely through the free
volume in the EC membrane due to a short-range motion of
chain molecules such as the vibrational and/or rotational
motions of side groups. CO, can also permeate the
membrane very rapidly only after a long time-lag of 13s.
N, permeates the membrane most slowly, whereas CH,
exhibits the second slowest permeation rate through the
membrane after the longest time-lag of 22 s. It is because
of the different permeation characteristics of various gases
through the membrane that the EC membrane can be served
as a high-performance membrane for gas separation. It
should be noted that the EC dense membrane with the thick-
ness of less than 40 pm can withstand high temperature
(55°C) and very high pressure difference (20 bar) for a
long period of time without any membrane destructure
and permselectivity loss. This observed behavior may
have practical utility when good performance stability is
an issue.

3.3. Effect of temperature on gas permeability and its
selectivity

CO, permeation through the EC membrane was recorded
with increasing operating temperature from 298 to 328 K
and is shown in Fig. 5. It can be seen that the downstream
pressure of the membrane increases rapidly after a long
initial time-lag. The increase rate of downstream pressure
with permeating time is dependent on the temperature. The
slope of straight line of downstream pressure versus
permeating time in a steady-state region has been used to
calculate the permeability. A typical relationship between
gas permeability or permselectivity and reciprocal absolute
temperature for EC membrane is shown in Fig. 6. The gas
permeability through the membrane increased with an
increase in temperature in a considered range of 25-55°C
at a constant upstream pressure of 2 bar and is found to
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Fig. 3. Tensile stress—strain curve of EC membrane with the thickness of
0.04 mm and width of 9 mm at a stretching rate of 10 mm/min, relative
humidity 77%, and 22°C.

follow the Arrhenius law,
P = Py exp(—Ep/RT) (1)

The activation energy (Ep) values for CO,, O,, H,, N,, and
CH, permeation through the membrane calculated by the
Arrhenius law are 3.3, 6.3, 6.9, 8.1, and 8.7 kJ/mol, respec-
tively. It was reported that the permeation activation energy
through other EC and other polymer membranes follows
almost the same trend with a variation of permeation gas
[1,22,23], that is, the Ep value for CO, is the smallest but the
Ep value for CH, is the largest. Note that the permeation
energy for the gases calculated in this paper is lower than

0.008 T T v T
Sample:  Ethyl Cellulose
Co, Temperature: 35 °C

'g‘ H Upstream Pressure: 2 bar
8, 0.006 : 1
e
3
[
0
® 0.004 o, 1
o
& oH,
<
B 0.002f N 3
3
[}
o

0.000 1 1 ) ]

0 200 400 600 800

Permeating Time [ sec ]

Fig. 4. Relationship between the downstream pressure and permeating time
for the permeation of five gases through the ethyl cellulose (EC) membrane
at an upstream pressures of 2 bar and 35°C.
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Fig. 5. Relationship between the downstream pressure and permeating time
for carbon dioxide permeation through the ethyl cellulose (EC) membrane
at an upstream pressure 2 bar and four permeating temperatures.

that in literature [2,6,7], possibly due to the differences in
measurement conditions and the molecular structure of the
ECs including their degree of substitution of ethyl group and
molecular weight. Additionally, as shown in Fig. 6(b), there
is a linear relation between the permselectivity of two gas
pairs (O,/N, and CO,/CH,) and reciprocal temperature. For
the H,/N,, of the four points, three form an approximate
straight line and the fourth is off. The permselectivity
increases with enhancing reciprocal absolute temperature
where Pco,/Pcy, exhibits the strongest dependence on
reciprocal temperature. This is a normal trend for most
polymer membranes except for the liquid crystal
membranes [13,15,16,18].

It can be seen from Fig. 6(a) that the permeability coeffi-
cients for the EC membrane at the temperature below 48°C
increase in the order of gases

PN2<PCH4<POZ<PH2<PCOZ

The lowest Py, is attributed to both the low diffusivity
and the lowest solubility and the highest Pco, should be
caused by its highest solubility of the five gases, as
discussed below. A slightly different permeability order
for the EC membrane at a temperature higher than 48°C is
as follows:

PN2 <PCH4<POZ<PCOZ<PH2
The highest Py, should be due to its highest diffusivity at

an elevated temperature regardless of its lowest solubility.

3.4. Effect of temperature on gas diffusivity and its
selectivity

A typical relationship between gas diffusivity or its selec-
tivity and reciprocal absolute temperature for EC membrane
is shown in Fig. 7. The gas diffusivity through the
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Fig. 6. The variation of permeability (a) and permeability selectivity (b)
through the EC membrane with temperature at an upstream pressure of
2 bar.

membrane increased with an increase in temperature in
a considered range of 25-55°C at a constant upstream
pressure of 2 bar and is found to follow the Arrhenius
law,

D = Dy exp(—Ep/RT) 2)

The activation energy (Ep) values for the O,, CO,, N,, and
CH, diffusion through the membrane calculated by the
Arrhenius law are 104, 12.6, 13.1, and 17.4 kJ/mol,
respectively. It was reported that the diffusion activation
energy through other polymer membranes follows almost
the same trend with a variation in gas [23], that is,
the Ep value for O, is the smallest but the Ep value
for CH, is the largest. Additionally, as shown in Fig.
7(b), there is an apparently positive relation between the
diffusivity selectivity and reciprocal temperature. The
selectivity data exhibit an upward curvature. The diffu-
sivity selectivity increases with enhancing reciprocal
temperature where Dco,/Dcy, exhibits stronger dependence
on reciprocal temperature. This is a general trend for most
polymer membranes.

It can be seen from Fig. 7 that the trend of the diffusion
coefficients for four gases is quite different from the perme-

/
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Fig. 7. The variation of diffusivity (a) and diffusivity selectivity (b) through
the EC membrane with temperature at an upstream pressure of 2 bar.

ability coefficients as follows:
DCH4 < DC02 < DN2 < DO2

It should be noted that Dy, is greater than those of other
three gases through the membranes, since O, molecule has
the smallest molecular diameter in the four gases. On the
contrary, the smallest D¢y, should be due to its largest
molecular diameter. The second smallest D¢, through the
membrane is attributed to the relatively high solubility and a
nonspherical or linear molecular shape, especially the strong
interaction of carbon dioxide with the membrane. The
interaction hinders the mobility of CO, molecule through
the membrane.

3.5. Effect of temperature on gas solubility and its selectivity

A typical relationship between gas solubility or its selec-
tivity and reciprocal temperature for EC membrane is shown
in Fig. 8. The gas solubility in the membrane increased with
a decrease in temperature in a temperature range of 25—
55°C at a constant upstream pressure of 2 bar and is found
to follow the van’t Hoff relationship,

S = Sy exp(—AHg/RT) 3)
The solution heat (AHj) values for O,, N,, CH,, and CO,
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in the membrane calculated by the van’t Hoff relationship
are 4.4, 5.5, 8.8, and 9.9 klJ/mol, respectively. It was
reported that the solution heat in other polymer membranes
follows almost the same tendency of variation with a varia-
tion of solution gas [22], that is, the —AHj value for CO, is
the largest. Additionally, as shown in Fig. 8(b), there is an
opposite linear relation between the solubility selectivity
of two gas pairs and reciprocal temperature. The O,/N,
solubility selectivity increases but CO,/CH,; decreases
with enhancing reciprocal temperature.

Fig. 8 also shows that the trend of the solubility
coefficients for four gases is different from the trend of
permeability and diffusivity.

Sx, < So, < Scn, < Sco,

The lowest Sy, is due to its weakest interaction with
the membrane. The greatest Sco, and CO,/CH,4 solubi-
lity selectivity in the membrane is attributed to the rela-
tively high solidification point and the strongest
interaction of CO, with the membrane. It was reported
that in an environment of stronger molecular interaction,
the more condensable the gas is, the higher is the gas
solubility [25].

The values of permeability, diffusivity, and solubility
of various gases measured at 25°C and upstream pres-
sure of 2 bar are summarized in Table 1. The highest
permeability of a larger molecule such as CO, arises
from its highest solubility, whereas the smallest mole-
cule such as H, is the second most highly permeable
because of its the highest diffusivity. The lowest perme-
ability of N, is mainly attributed to its second lowest
solubility. It can be seen that the gas permeability and
diffusivity obtained in this study are lower than those
reported in literature [2,3,6,7], whereas the solubility of
0O, and CO, obtained in this study is higher than litera-
ture value. The difference may arise from the difference
in degree of substitution and molecular weight of EC,
as well as membrane-forming and examining conditions.
Table 2 summarizes the selectivity values of perme-
ability, diffusivity, and solubility of three gas pairs at
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Fig. 8. The variation of solubility (a) and solubility selectivity (b) in the EC
membrane with temperature at an upstream pressure of 2 bar.

two temperatures. Apparently, higher permselectivity of
0,/N, and Hy/N, is mainly due to their larger diffusivity
selectivity at 25°C, whereas higher permselectivity of
CO,/CH, is mainly due to its larger solubility selec-
tivity. When the temperature is elevated to 55°C, the
gas permselectivity of three gas pairs decreases because
their diffusivity selectivity decreases significantly regard-
less of an increase in solubility selectivity of O,/N, and
HQ/NQ.

Effective molecular diameter (o.g) and critical temperature (7;) of gases and their permeability (P), diffusivity (D), and solubility (S) across EC membrane at

25°C and 2 bar

Gas H2 02 C02 N2 CH4
O (NM) 0.290 0.344 0.363 0.366 0.381
Tc (°C) 333 154.4 304.2 126.2 190.7
Permeability® 54.4(86.8)" 11.9(14.6)¢ 67.7(112.8)¢ 3.18(4.4)¢ 6.10
Diffusivity* 490 40.1(63.9)° 14.1(56.5)¢ 20.0(23.3)¢ 6.35
Solubility® 1.11 2.97(2.3)¢ 48.0(20)° 1.59(1.9)° 9.61

% The unit of permeability is 107 cm*(STP) cm/cm? s cmHg.

® The datum in the parentheses is obtained at 20°C from Ref. [2].
¢ The data in the parentheses are obtained from Ref. [3].

¢ The unit of diffusivity is 10* cm%s.

® The unit of solubility is 10> cm*(STP)/cm® cmHg.
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Table 2
Selectivity of permeability, diffusivity, and solubility of gases across EC
membrane at an upstream pressure of 2 bar

Selectivity ~ 25°C 55°C

0,/N, CO,/CH, H/N, OyN, CO,/CH, HyN,
Permeability 3.74(3.32)" 11.1 17.1 323 697 15.7
Diffusivity 2.01(2.74)" 222 24.5 1.39 1.45 7.28
Solubility 1.86(1.21)* 5.00 0.68 233 4381 2.15

* The data in the parentheses are calculated on the basis of the perme-
ability from Ref. [3].

3.6. Effect of upstream pressure on gas permeability and its
selectivity

The O, permeation through the EC membrane was
recorded with increasing upstream pressure from 2 to
20 bar and is shown in Fig. 9. It can be seen that the down-
stream pressure of the membrane increases rapidly after a
small initial time-lag. The increase rate of downstream
pressure with permeating time is strongly dependent on
the upstream pressure. The slope of straight line of down-
stream pressure versus permeating time in a steady-state
region has been used to calculate the permeability. The
permeability of five gases through the EC membrane at
25°C is shown in Fig. 10 as a function of upstream pressure
from 2 to 20 bar. The permeability of O,, N,, and CH, does
not appear to be affected by pressure up to 20 bar [26], while
CO, and H, permeabilities seem to increase slightly. It
should be noted that Pco, and Py, slightly increased with
increasing pressure, leading to an increase in Pcg,/Pcy, and
Py,/Py, in the corresponding pressure range. Slightly posi-
tive Pco, and Py, dependence on upstream pressure could
be because the pore blocking effect for hydrogen with the
smallest molecular size among the five gases does not play
such a significant role as the other four gases. A similar Pcq,

Upstream Pressure
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Fig. 9. Relationship between the downstream pressure and permeating time

for oxygen permeation through the ethyl cellulose (EC) membrane at
different upstream pressures and 25°C.

20'//‘{?_/_&__a-
2 15} 1
©
o
2 e —
g 10} —o— 0,/N, T
i —2—CQ,/CH
(] 2 4
o —o— H,/N, (b)
5-0___‘—% o-
a 100 S 1 1 1 1 'l i A 1 Il 1 1 -'
E v‘vﬂ——v—’/v"_/_v
£ Y
(%) -—
)
~ 40 ——0, (a)
£ —a—N,
K —v—CO
£ —o—CH,
i —e—H,
E ol —
»n 10f ]
R . .
e 4
e —_—
x
m 1 " L 4 1 i i 1 r 1 r 'l 1 'l 1
2 4 6 8 10 12 14 16 18 20

Upstream pressure (bar)

Fig. 10. The variation of permeability (a) and permeability selectivity (b)
through the EC membrane with upstream pressure at 25°C.

or Py, versus upstream pressure relationship has been
reported for a rubbery polydimethylsiloxane membrane
[27] and glassy 4-vinylpyridine-grafted polymethylpentene
membrane [28]. This is beneficial to the practical CO,/CHy
and H,/N, separation because Pco,, Py,, Pco,/Pch,, and
Py, /Py, can be increased concurrently with increasing
upstream pressure.

3.7. Effect of upstream pressure on gas diffusivity and its
selectivity

The diffusivity of four gases through the EC membrane at
25°C is shown in Fig. 11 as a function of upstream pressure
from 2 to 20 bar. The diffusivity of O, and N, with smaller
molecular diameter through the EC membrane decreases but
the diffusivity of CO, and CH, with larger molecular
diameter increases slightly with increasing upstream pres-
sure, leading to almost constant Dq,/Dy, and Dco,/Dc,
values in the corresponding pressure range. The positive
pressure-dependent diffusivity has been interpreted by
using a partial immobilization model [28]. It is of interest
that the D¢, value exceeds Dy, value in an elevated pres-
sure region, which should be attributed to the plasticization
effect owing to the higher sorption capability of CO, in the
membrane. A similar result has been observed for the poly-
vinylpyridine membrane [25].
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Fig. 11. The variation of diffusivity (a) and diffusivity selectivity (b)
through the EC membrane with upstream pressure at 25°C.

3.8. Effect of upstream pressure on gas solubility and its
selectivity

The diffusivity of four gases through the EC membrane at
25°C is shown in Fig. 12 as a function of upstream pressure
from 2 to 20 bar. The solubility of O, and N, with lower
critical temperature in the EC membrane increases but the
solubility of CO, and CH, with higher critical temperature
decreases slightly with increasing upstream pressure,
leading to almost constant S, /Sy, and Sco,/Scy, values in
the corresponding pressure range. The negative pressure-
dependent solubility has been interpreted by using a partial
immobilization model [25].

3.9. Relationship between gas diffusivity and molecular
diameter

Fig. 13 gives plots of the gas diffusivity versus square
value of effective molecular diameters at different tempera-
tures or upstream pressures on the basis of the empirical
relationship between gas diffusivity and effective diameter
(o) of gas molecules listed in Table 1 by the following

Eq. 4)
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Fig. 12. The variation of solubility (a) and solubility selectivity (b) in the
EC membrane with upstream pressure at 25°C.

where K| and K, are constants and

(o-eff)2 = (collision diameter X Kinetic diameter) ®))

Three straight lines with different slopes are obtained, as
shown in Fig. 13(a). It appears that a smaller slope is
observed at the higher temperature or higher upstream pres-
sure. That is to say, the dependence of gas diffusivity on the
effective molecular diameter becomes weaker with increas-
ing temperature or upstream pressure. Note that only CO,
and N, data points deviate from the straight lines sometimes.
A very similar result has been obtained for polyvinylpyri-
dine membrane [25]. It was reported that the diffusion
process of the gas penetrant occurs along a cylindrical
volume defined by the penetrant diameter, o4, and the
average length of its diffusional step, A. The product of
the cylindrical volume and the cohesive energy density,
E.on, of the polymer equals the activation energy for diffu-
sion as follows [29]:

Ep = (1/4)0 5 AEcon (©)

On the basis of Eq. (6), Fig. 13(b) shows a reasonable
relationship between Ep values and the square of the
effective diameter (o.g) of gases. If the effective diameter,
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Fig. 13. (a) Gas diffusivity across the EC membrane as a function of the
square of effective gas molecule diameter at two temperatures and two
upstream pressures. (b) Correlation of activation energy for diffusion
with gaseous penetrant sizes across EC membrane.

O, 18 replaced with kinetic diameter, the linearity of the
relationship will be poorer. Note that the Ep, values for CO,
and N, appear to be lower. H, is not included in this plot
since its activation energy of diffusion was not obtained due
to difficulty in measuring H, diffusivity at several tempera-
tures with precision. Similar relation between Ep, values and
the square of the molecular diameter of gases through
tetramethyl polycarbonate was reported [29].

3.10. Relationship between gas solubility and critical
temperature (T¢)

The gas solubility in the membrane is correlated with
critical temperature (7¢) listed in Table 1 by Eq. (7)

InS=1n SO + KCTC (7)

where Sy and K¢ are constants. The critical temperature is a
measure of the ease of condensation for gaseous molecules.
The solubility of five gases in the EC membrane as a func-
tion of critical temperature is shown in Fig. 14. It is seen that
the solubility increases almost linearly as the critical
temperature increases. Only the H, data point deviates
significantly from the straight line. A similar relationship

= 3 8
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Fig. 14. Gas solubility and solution heat in the EC membrane as a function
of critical temperature at an upstream pressure of 2 bar and 25°C.

between solubility and critical temperature of the gases
was also observed for polyvinylpyridine [25]. In addition,
the solution heat seems to be well correlated with critical
temperature of gases, as shown in Fig. 14. Only the solution
heat for CH, deviates significantly from the straight line,
possibly due to the difference in the interaction of CH,
with EC as compared with other three gases. Almost the
same correlation of solution heat with the critical tempera-
ture of gases in tetramethyl polycarbonate has been
observed [29].

4. Conclusions

The temperature dependence of permeability, diffusivity
and solubility through and in the EC membrane acts in accor-
dance with the Arrhenius equation and a van’t Hoff relation-
ship, respectively. The activation energy Ep of gas permeation
is primarily governed by changes in diffusion activation
energy since |Ep| > |AHs| for each gas. Different upstream
pressure-dependent behaviors for the permeation, diffusion,
and solution of gases through and in the EC membrane have
been found. The size of gas molecules affects significantly the
diffusion performance across the membrane. A linear relation-
ship between effective molecule diameter of the gases and
their diffusivity/diffusion activation energy through the EC
membrane has been found. There is an almost linear relation-
ship between the critical temperature and solubility/solution
heat of the gases in the EC membrane.
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