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The effects of the impregnation of three types of inorganic fillers into polyvinylidene fluoride (PVDF) polymer membranes
on the gas permeability and selectivity of these membranes were studied theoretically and experimentally. Permeabilities
of He, CO,, O,, and N, through three types of mixed matrix membranes (MMMs) based on PVDF, that is, PVDF/SiO,,
PVDF/MCM-41, and PVDFI4A MMMs, were experimentally measured and theoretically predicted using Maxwell, Higu-
chi, Bruggeman, and Bottcher-Landauer models. Theoretical permeabilities of the PVDF/SiO, MMMs using the above
four models predicted the results in the following order: Maxwell model>Bruggeman model>Bottcher model>Higuchi
model. However, this sequence was reversed for PVDFIMCM-41 MMMs. The nonporous SiO,, mesoporous MCM-41 and
zeolite 4A inorganic fillers had effects on the permeabilities of the challenge gases for the PVDF/SiO,, PVDFIMCM-41,
and PVDF/4A MMMs but had no effects on the selectivities of the MMMs. The experimental permeabilities of the MMMs
showed that there were no significant differences among the three types of MMMs despite that the inorganic fillers, that is,
SiO>, MCM-41, and zeolite 4A, had distinct dissimilar properties such as pore structures and particle sizes. Density meas-
urements indicated that some voids were present in the polymer/particle interfaces. Based on the density measurement
results, the void volume fractions of the resulting MMMs were calculated. An equation is derived to determine the void
thickness of the MMM in terms of its physical properties and hence this proposed equation can substitute the difficult task
of measuring such void thickness through any microscopy techniques. The Maxwell, Higuchi, Bruggeman, and Bottcher-
Landauer models could not predict the actual gas permeabilities of the PVDF MMMs. By taking the effects of crystallinity
and immobilization factor on gas permeability into consideration, the extended modified Maxwell model showed good
agreement with the experimental gas permeabilities of the resulting MMMSs, indicating that the model did capture the
essence of the gas transport behaviors through the MMMs. © 2013 American Institute of Chemical Engineers AIChE J,
59: 4715-4726, 2013
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observed some nonideal factors of the interface including
polymer chain rigidifications, void formation, and inorganic
pore blockages that would affect the modeling work and
they modified the Maxwell equation according to the proper-
ties of the interface.

The effects of polymer crystallinity on the gas transport
properties were widely investigated.!'™'® Generally, crystal-
linity tends to reduce diffusion coefficient as well as solubil-
ity coefficient, thereby resulting in lower permeability of
polymer membranes. Polyvinylidene fluoride (PVDF) is a
well-known semicrystalline polymer and widely used as a
membrane material in industry.'*'® In this study, gas (He,
CO,, O,, and N,) permeabilities of three types of MMMs,

Introduction

Mixed matrix membranes (MMMs) have been of great
interest for gas separation.' With the combination of the
desirable properties of polymer matrix and inorganic fillers,
MMMs are expected to exhibit better performance to break
the well-known trade-off relationshipﬁ’7 between permeability
and selectivity of polymer membranes for gas separation.
The gas transport properties of MMMs with ideal organic—
inorganic interface properties can be theoretically predicted
by some models such as Maxwell, Higuchi, Bruggeman, and
Bottcher-Landauer models.*®*? These models treat MMMs to
be ideal two phases. However, it was found that the gas

transport properties of MMMs were highly dependent on the
organic—inorganic interface properties. Moore and Koros'’
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that is, PVDF/SiO,, PVDF/MCM-41, and PVDF/4A MMM,
were experimentally determined and also theoretically pre-
dicted using Maxwell, Higuchi, Bruggeman, Bottcher-
Landauer, and modified Maxwell models. It is desirable to
determine a suitable model that will provide a good correla-
tion between the experimental and modeling results for gas
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permeabilities. The effects of crystallinity and the immobili-
zation factor on the gas transport properties of the MMMs
are to be considered.

Experimental
Materials

PVDF (Mw =534,000) and its solvent, N-methyl-2-
pyrrolidinone (NMP), nonporous nano-silica powder (particle
size =7 nm and Brunauer-Emmett-Teller (BET) area = 390
m?/g) and zeolite 4A powder (particle size =2.5 pm, pore
size = 0.38 nm, and BET = 560 m?*/g) were purchased from
Sigma Aldrich (Singapore). The nano-silica and zeolite 4A
powders were activated at 180°C overnight under vacuum
before use. The mesoporous MCM-41 (particle size =56
nm, pore size =2.7 nm, and BET =817 mz/g) was synthe-
sized according to the method reported by Grun et al.'” All
these chemicals were used as received.

The procedures for the preparation of each type of PVDF
MMM are as follows. A predetermined amount of each inor-
ganic filler, that is, silica powder, zeolite 4A powder or
MCM-41, was added to the NMP solvent and the mixture
was ultrasonicated for 30 min. At first, 2% of the total
amount of PVDF was then added into the NMP/filler mixture
solution. After the initial loaded polymer was totally dis-
solved by stirring for 12 h and followed by a period of 30
min ultrasonication, the remaining PVDF polymer was added
to the PVDF/NMP/filler solution and the final mixture was
stirred for at least two days at room temperature (25 = 1°C).
Before casting, the final mixture was sonicated for 30 min to
remove any gas bubbles and then it was cast on a clean sili-
con wafer. The resulting cast membranes were transferred
into a vacuum oven and the temperature was raised to 120°C
and dwelled for 24 h to remove the residue solvent.

A differential scanning calorimeter (DSC Q200 TA Instru-
ments) was used to determine the phase transitions of the
polymer membranes. The DSC tests were conducted at a
temperature range of 40-200°C. First, the samples were
equilibrated at 40°C and then heated to 200°C using a heat-
ing rate of 10°C/min. After being held isothermally at 200°C
for 5 min to completely melt PVDF polymer, the samples
were cooled from 200 to 40°C at a rate of 10°C/min. The
tests were run for two cycles. The crystallinity (y) of the
samples was calculated using the following equation

AH

= Wxamo < 100%

p4

where AH is the fusion heat of the membrane, W is the

PVDF weight content in the composite membranes, and AH°

is the fusion heat of PVDF with 100% crystallinity of o
phase, which was set to be 90.4 J/mol.'®

The density of the sample was measured using an ultra-
pycnometer (Quantachrome Instruments). Helium was used
as the probe gas and the working cell size was medium. For
each test, the number of runs was set at 20 and the average
value of the last four tests was presented on condition that
the deviation was less than 0.1%.

Single gas permeation tests on the membranes were con-
ducted using a constant volume, varying pressure experimen-
tal set-up as described in Lua and Su.” The single gases
used in these tests were He, N, O,, and CO,. Each gas was
of a purity of 99.99%. All the tests were carried out at room
temperature and the feed pressure was set at 4 bars. The
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effective area of the membrane in the permeation test set-up
was 4.9 cm?. The gas permeability P was determined in
accordance to that given by Shen and Lua®® and its unit is in
Barrer [1 Barrer = 1x1071° cm? (Standard Temperature and
Pressure) cm/(cm? s cm Hg)]. The permeabilities of He, CO,
and O, were highly reproducible. However, as N, permea-
tion was very slow, three tests for each sample were carried
out and the average permeability value was used. The thick-
ness of the membrane was measured by a micrometer. For
each membrane, three measurements on different locations
were conducted and the average value was obtained.

Modeling work
Maxwell model

Mathematically, several theoretical models have been pro-
posed to predict the gas transport properties of MMMs. Max-
well first developed a model to analyze the steady-state
permittivity of a dilute suspension of spheres. Subsequently,
this model was analogously used to predict the gas perme-
ability of MMMs. The model is as follows>'

nPq+(1=n)P.—(1—n)pq(P.—Pq)

Pu =P
| Py (1—n)Pe+ny(Pe—Pyq)

ey

where P, P., and Py are the permeabilities of the MMMs,
continuous phase, and dispersed phase, respectively, ¢4is the
volume fraction of the inorganic filler and # is the shape fac-
tor. When n =0, Eq. 1 corresponds to the parallel transport
(i.e., along parallel pore paths) of penetrants through MMMs
and can be expressed as

Petr=(1—¢g)Pc+PgPa 2)

When n =1, Eq. 1 corresponds to the serial transport (i.e.,
along a series of pore paths) of penetrants through MMMs
and can be expressed as

PcPd
Pa(1=g)+dyPe
When n = 1/3%", Eq. 1 corresponds to the most general cases

for MMMs and is known as Maxwell equation which is as
follows:

Pefr= 3

Py+2P.—2¢4(P.—Py)

Poi=P
0 Pyt 2P+ g (Pe—Py)

“

Generally, it is assumed in the Maxwell model that the
transport of gas penetrants around the filler particles is not
affected by the presence of nearby particles. Hence, it is sug-
gested that the Maxwell model can give good predictions
only on MMMs with low filler loadings in which the inter-
particle distance is sufficiently large to ensure that the flow
patterns around any one particle is undisturbed by the pres-
ence of others.

In this study, as Py for PVDF/SiO, MMMs is O for the
nonporous SiO, filler, the Maxwell Eq. 4 becomes

2-2¢,
24y

P eff =P (5)

For PVDF/MCM-41 MMMs, the pores of the MCM-41
are mesoporous and therefore Py is much larger than P..
This condition will also be applied to the subsequent Higu-
chi, Bruggeman, and Bottcher-Landauer models presented
here. The Maxwell Eq. 4 can then be written as
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1426,
1=y

For PVDF/4A MMMs, the permeabilities of He and CO,
can still be calculated using Eq. 6 as the diameters of the He
and CO, molecules are smaller than the pore sizes of the
zeolite 4A powder and therefore Py>>P.. However, the cal-
culations of the permeabilities of O, and N, have to be
strictly based on Eq. 4 as the diameters of the O, and N,
molecules are much closer to the pore size of the zeolite 4A
powder and therefore Py and P, have the same order of mag-
nitude. These conditions will also be applied to the subse-
quent Higuchi, Bruggeman, and Bottcher-Landauer models
presented here.

Per =P,

(©)

Higuchi model

Higuchi proposed another model as given in Eq. 7 to esti-
mate the permeability of MMMs.>® The Higuchi model®® is
applied for random dispersion of spherical filler particles but
lacks the well-defined mathematical rigor.

3q

Pq+2P, —py—K |:(1—¢d)(Pd—PC)]

Py—P. Py+2P.

Pesp =P | 1+ @)

where K is an empirical constant and is generally assigned a
value of 0.78 on the basis of experimental data. Higuchi
indicated that the value of K is exaggerated by an
“asphericity factor.” However, no physical basis could be
attributed to K.

For PVDF/SiO, MMM, as Py is equal to O for the nonpo-
rous SiO, powder, the Higuchi model, that is, Eq. 7,
becomes
®)

Py =P, {1— 694 ]

3.22+2.78¢,

For PVDF/MCM-41 MMMs, as P4>>P. for mesoporous
MCM-41, the Higuchi model, that is, Eq. 7, can be approxi-
mately written as

0.22+2.78¢d} )

P =P
e e [0.22—0.22<¢>d

For PVDF/4A MMMEs, the permeabilities of He and CO,
can be calculated using Eq. 9 due to the fact that P4>>P..
However, the calculations of the permeabilities of O, and N,
have to be based on Eq. 7.

Bruggeman model

Based on the effective medium theory, Bruggeman
derived Eq. 10 to estimate the permeability of MMM:s.?'
Due to the fact that the effective medium theory treats the
local permeability as fluctuations about the effective perme-
ability of an uniform medium, no distinction between contin-
uous phase and dispersed phase is made. In contrast to the
Maxwell model, the Bruggeman model considers the effects
of the presence of nearby particles on the transport of gases
around filler particles by introducing an asymmetrical inte-
gration technique. Therefore, the Bruggeman model,?! which
is particularly recommended for high filler loadings, is as
follows:
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Pq  Peg\ [ Pc 1/3_ Py
(P_c_ Pc ) (Peff) _(1_¢d) (FL_I) (10)

Equation 10 is a third order algebraic expression in Py
For PVDF/SiO, MMMs, as Py equals to O and the Brug-
geman model, that is, Eq. 10, will be simplified to

Pesr =Po(1—¢p) /2 (1)

For PVDF/MCM-41 MMMs, as Py>>P., the Bruggeman
model, that is, Eq. 10, can be approximately simplified to
P
Per=—— (12)
(1=¢q)

For PVDF/4A MMMs, the permeabilities of He and CO,
can be calculated using Eq. 12 due to the fact that Py >>P..
However, the calculations of the permeabilities of O, and N,
have to be based on Eq. 10.

Bottcher-Landauer model

Bottcher-Landauer model was originally developed to cal-
culate the electrical resistance of binary metallic mixtures
and subsequently analogously applied to estimate the perme-
ability of MMMs.>® The Bottcher-Landauer model®*® is

Py 2Peff)( Pc) <Pd )
—+ 1- =3¢4( 5 —1 (13)
(Pc Pc Peff ¢d Pc
Equation 13 is a second order algebraic expression in Py

For PVDF/SiO, MMMs, as Py equals to O and the
Bottcher-Landauer model, that is, Eq. 13, becomes

Peir =P (2—=3¢4)/2 (14)

For PVDF/MCM-41 MMMs, as P4>>P., the Bottcher-
Landauer, that is, Eq. 13, can be simplified to
P
Pefp = —1— (15)
T (1-3¢y)

For PVDF/4A MMMs, the permeabilities of He and CO,
can be calculated using Eq. 15 due to the fact that Py >>P..
However, the calculations of the permeabilities of O, and N,
have to be based on Eq. 13.

Modified Maxwell model

Moore and Koros'® observed some nonideal behaviors of
MMMs induced by interface voids, polymer chain rigidifica-
tions, and pore blockages, and they modified the Maxwell
equation with reference to the polymer/inorganic interface
properties. Considering the influence of interface voids in
MMMs, a three-phase system consisting of the inorganic fil-
ler phase, polymer phase, and the interface voids was pro-
posed. The permeability Psypy of the three-phase membrane
is obtained by applying the Maxwell model twice. First, gas
flows through the interface voids by Knudsen diffusion
which is modified slightly to account for the finite size of
the gas molecules and this Knudsen diffusion coefficient
Dag'C is given by Eq. 16.

T[ d
Dax=9.7X10""ry [—|1— - 1
Ak =9.7X10 r’/MA{ Zr] (16)

where r is the effective pore radius, T is the temperature, M,
is the molecular weight, and d, is the gas molecular size.

DOI 10.1002/aic 4717



The solubility coefficient S,'” in these voids is assumed to
be that in the gas phase, that is

1 dy\?
= [1-=2 1
Sv RT( 2r) an

where R is the gas constant.
The gas permeability P through the voids is the product
of Dk and S, such that

— 3
p._27x10 [T {1 dg}

Myl 2r

—_ 18
v RT M (18)

Second, a modified Maxwell equation is used to obtain the
permeability of the combined interface voids and inorganic
phase with the interface void as the continuous phase and
the inorganic phase as the dispersed phase. This modified
Maxwell equation10 is

P4+2P,—2¢(P,—Py)

Per=P, 1
ot Pq+2P,+¢(Py—Py) (19
where
Vi
= 20
T @0

Here, Pt is the permeability of the combined dispersed
or inorganic phase and interface void, P, is the permeability
of the dispersed or inorganic phase, P, is the permeability of
the interface voids, V; and V, are the volumes of inorganic
filler and voids, respectively.

Finally, the value of the permeability of the combined
filler and interface void, P.g, can then be used along
with the continuous polymer phase permeability, P, to
obtain a predicted permeability Psyp for the three-phase
MMMs by applying the Maxwell equation a second

time.°
P +2P.—2¢' (P.—P,
Pog =P, | p dj (Pc—Pesr) @1
Peff+2Pc+¢ (PC_Peff)
where
VitV
P= (22)
Vi+Vy+V,

and V}, is the polymer volume.

If Poir >>P,, the permeability P3ynn for the three-phase
MMMs becomes

14+2¢
Pavm =P X 1_—(1)/ (23)

Assuming that the inorganic particles are perfectly spheri-
cal and the voids are distributed evenly around the particles,
Eqgs 20 and 22 can be respectively expressed as

b= r _ 1 4)
(r+0?  (1+1/r)}
and
N
g (25)
d)N =@y
£ ()

where ¢§is the inorganic nominal volume fraction, r is the
particle size, and / is the void thickness. d)lf\I is defined as
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Vi
o=
Vet v,

(26)

By substituting Eqgs. 24 and 25, the void volume fraction
¢ycan be estimated as follows

oo Ve  (r+1)Y=1
DOV gy
f

27

The void volume fraction of the MMM can also be calcu-
lated as follows>?

by= P Pm (28)
Py

where p; and p,, are the theoretical and measured densities
of the MMM, respectively.

Using Eqs. 27 and 28, the relationship between / and r
can be obtained as follows

_ 4N I/S
= (M) 1| 29

1—agy

where «a is the gradient of the line for the void volume frac-
tion ¢y vs. the inorganic filler nominal volume fraction (/Si\]
Hence, using this derived expression, the void thickness of
the MMM can be determined if the experimental determined
values of a, (],’)If\], and r are known.

Extended modified Maxwell model for PVDF MMM s

It has been known that the permeability of PVDF matrix
is closely related to its crystallinity. Generally, crystalline
polymer structure can influence the permeability of polymer
membranes in two ways. Crystallinity will decrease the solu-
bility coefficient due to the fact that the crystalline polymer
with closing packing density exhibits lower solubility com-
pared with that of amorphous polymer. The relationship'?
can be expressed as

S=8*Xa (30)

where S and S" are the solubility coefficients of semicrystalline
polymer and amorphous polymer, respectively, and o is the
amorphous polymer fraction. In addition, the crystalline polymer
chains also block the diffusion of gas penetrants and decrease
the diffusion coefficient, and the relationship is given by

D=D"Xu (31)

where D and D" are the diffusion coefficients of semicrystal-
line polymer and amorphous polymer, respectively. The per-
meability coefficient P is the product of solubility coefficient
and diffusion coefficient and is given as

P=S*"XD*Xo>=P*X> (32)

where P* is the permeability coefficient of the amorphous
polymer and P here will represent Pc in Eq. 21.

Usually, the presence of crystalline polymer will influence
the transport properties of the surrounding amorphous polymers.
An immobilization factor, f3, is used to represent the degree of
tautness in the intercrystalline amorphous segments. Hence

P=P*od*/p (33)
Finally, with the effects of crystallinity and immobiliza-

tion factor taken into consideration, the permeability P in
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Figure 1. Permeability model results of PVDF/SiO,
MMMs as a function of SiO, nominal volume
fraction.

Eq. 33 is used for Pc in Eq. 21 to form the extended modi-
fied Maxwell model. Consequently, the permeability of
PVDF matrix is dependent on the filler content because its
crystallinity is related to the filler content. According to El-
Hibri and Paul,'® the permeabilities of complete amorphous
PVDF, P*, for He, CO,, O,, and N, were 7.16, 2.15, 0.344,
and 0.093 Barrer, respectively. The immobilization factor, f,
of crystalline polymer is dependent on the gas penetrant
molecular size. The f values are set to be 1.0, 1.2, 1.4, and
1.5 for He, CO,, O,, and N, respectively.l‘%’23 The volume
fraction of the amorphous polymer, o, can be determined by
the crystallinity y of the MMMs as follows

a=1—y (34)

Supplementary information on the permeability of MCM-
41 particles, diffusion and solubility coefficients for zeolite
4A are given in Appendix A.

Results and Discussion

Relative gas (He, CO,, O,, and N,) permeabilities P.g/P,
(ratio of permeability of MMM to that of polymer mem-
brane) of PVDF/SiO, MMMs based on the Maxwell model,
Higuchi model, Bruggeman model, and Bottcher-Landauer
model for varying volume fractions are shown in Figure 1.
Due to the nonporous nature of the fumed SiO, particles, the
permeabilities of PVDF/SiO, MMMs predicted by all four
models were smaller than that of pure PVDF membrane and
monotonically decreased with increasing SiO, nominal vol-
ume fraction. This is to be expected due to decreasing poly-
mer content for gas dissolution and diffusion as the SiO,
volume fraction increases. Among these four models, the
Maxwell model predicted the largest values while the Higu-
chi model resulted in the lowest values of gas permeabilities
and the values given by the Bruggeman model and the
Bottcher-Landauer model lied between those of the two pre-
ceding models. The permeability values followed this order:
Maxwell model >Bruggeman model > Bottcher-Landauer
model > Higuchi model. Due to the nonporous properties of
SiO,, P4 equals to zero in the PVDF/SiO, MMMs. These
models except the Maxwell model lack the well-defined
physical basis and make some approximations to treat the
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complexity of the MMMs. For instance, the Bruggeman
model considers the effects of the presence of nearby par-
ticles on the transport of gases around the filler particles by
introducing an asymmetric integration technique. However,
for the nonporous SiO, particles, no path is available for the
transport of gases through the dense particles. For the Higu-
chi model, the assigned value of 0.78 for the empirical con-
stant K might not be appropriate for the SiO, particles. For
the Bottcher-Landauer model, it was developed to calculate
the electrical resistance of binary metallic mixtures and
therefore the predicted permeabilities of MMMs are only
approximate. These approximations could lead to the lower
predicted permeability values.

In contrast to nonporous SiO,, mesoporous MCM-41
exhibited much higher permeabilities than that of pure
PVDF. In Figure 2, the relative permeabilities P.y/P. of
PVDF/MCM-41 MMMs predicted by all four models were
higher than that of pure PVDF membrane and the permeabil-
ity increased with increasing MCM-41 nominal volume frac-
tion due to increasing pores. The permeability values for
PVDF/MCM-41 MMMs given by the Maxwell model were
the smallest while those given by the Higuchi model were
the greatest. The order of permeability values was the
reversed order to PVDF/SiO, MMMs. This reversed trend—
Higuchi model > Bottcher-Landauer = model > Bruggeman
model > Maxwell model, has indicated the increasing domi-
nance of the volume fraction of the MCM-41, ¢4, on the
overall MMM permeability, P.y, in the models in this
sequence. The curves based on Maxwell, Bruggeman, and
Higuchi models showed an approximate linear relationship
between permeability and MCM-41 nominal volume fraction
while the curve based on Bottcher-Landauer model exhibited
an exponential relationship between permeability and MCM-
41 nominal volume fraction due to the predominance of ¢y
on permeability in the Bottcher-Landauer model.

The permeability values of PVDF/SiO, and PVDF/MCM-
41 MMMs based on the four models were consistent for all
the test gases given that the SiO, particles were nonporous
and the MCM-41 particles were of pore size of 2.7 nm.
These two inorganic fillers showed no selectivities for He,
CO,, O,, and N,. On the basis of the four models, the

—=— Maxwell Model

6 —" Higuchi Model

—— Bruggeman Model

| —v— Bottcher-Landauer Model

| AR [ TN NN TN NN TN N SR N

000 005 010 015 020 025 0.30

MCM-41 nominal volume fraction

Figure 2. Permeability model results of PVDF/MCM-41
MMMs as a function of MCM-41 nominal vol-
ume fraction.
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Figure 3. Permeability model results of PVDF/4A MMMs as a function of zeolite 4A nominal volume fraction

for (a) He, (b) CO,, (c) O,, and (d) Na.

additions of SiO, and MCM-41 into PVDF would only affect
the permeabilities of the MMMs but their selectivities would
be the same as that of the pure PVDF membrane. These
results were not manifested for the PVDF/4A MMMs
because zeolite 4A particles produced different permeabil-
ities of O, and N, with the PVDF matrix and consequently
resulted in a high selectivity for these two gases. The He
and CO, permeabilities of PVDF/4A MMMs based on the
four models are shown in Figures 3a and b, respectively,
which were very similar to those of PVDF/MCM-41 MMMs
due to the much higher He and CO, permeabilities through
the zeolite 4A particles than through the PVDF matrix. As
the molecule size of the penetrants increased in the follow-
ing order: He (2.6A) >CO, (3.3 A) >0, (3.46 A) >N, (3.64
IOX) with its respective molecular gas diameter given within
the parenthesis, the zeolite 4A particles exhibited higher per-
meabilities of He and CO, as compared with those of O,
and N,. For PVDF/4A MMMs, the order of magnitude of O,
permeability (Figure 3 c¢) was similar to those of He and
CO,: the permeability values given by the Higuchi model
were the largest while those given by the Maxwell model
were the smallest, and the values given by Bottcher-
Landauer and Bruggeman models lied between the four
models. However, the differences in the O, permeability val-
ues given by the four models narrowed as the four curves
became closer. The N, permeabilities (Figure 3 d) of PVDF/
4A MMMs for the four models showed different characteris-
tics. The N, permeability values given by the Maxwell
model were the largest while the values given by the other
three curves collapsed together.
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Overall, the shape of the permeability curves of the
MMMs given by the models is determined by the two
parameters, that is, the filler volume fraction and the relative
permeability P4/P.. Given that all the test gases (He, CO,,
0,, and N,) for the PVDF/SiO, MMMs, Py < P. whereas
for the PVDF/MCM-41 MMMs, P4 > P.. Therefore, the
order of the permeability values of PVDEF/SiO, MMMs
given by the four models was exactly the reverse of those of
the PVDF/MCM-41 MMMs. For the PVDF/4A MMMs, the
relative permeability P4/P. is dependent on the type of test
gas. For He and CO,, Py > P, the results were of similar
trends to the PVDF/MCM-41 MMMs. However, for O, and
N, P, is comparable to Py, and this led to significant varia-
tions of the permeability curves for varying inorganic filler
volume fractions.

Maxwell, Higuchi, Bottcher-Landauer, and Bruggeman
models ideally treat the MMMs as two phases, that is, poly-
mer matrix phase and inorganic filler phase. In this study,
three inorganic fillers SiO,, MCM-41 and zeolite 4A were
used without any modifications; these fillers are hydrophilic
and show poor compatibility with the PVDF matrix. It is rea-
sonable to assume that some voids may be present between
the particle-polymer interfaces and this assumption can be
verified if the theoretical density differs from the experimen-
tal density.

Based on Eqgs. 18 and 29, the gas permeability through the
voids is highly dependent on the void thickness as shown in
Figure 4. The O, permeability through the voids increased
steeply with increasing void thickness and this upward trend
gradually slowed down as the void thickness was greater
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than 30 A. The O, permeability, Py, of the MMMs based
on Eq. 19 is also shown in Figure 4. For PVDF/SiO, and
PVDF/4A MMMs, the O, permeability, P.g, showed a simi-
lar trend as P, except that P.; was smaller than P, for the
same void thickness. For PVDF/MCM-41 MMMs, the O,
permeability, P, increased linearly with increasing void
thickness. In using the modified Maxwell model, the P
value based on the Eq. 19 is much greater than the perme-
ability P. of PVDF even though the void thickness is as
small as 2.5 A. The fact that P.g is much larger than P, in
Eq. 21 for all the three MMMs enables the calculations of
the permeability, Py, of MMMs using Eq. 23.

The permeability results given by the modified Maxwell
model are shown in Figures 5a—c, in which five, six, and
seven different void thicknesses are plotted for PVDF/SiO,,
PVDF/MCM-41, and PVDF/4A MMMs, respectively. For all
the MMMs, the permeabilities were highly dependent on the
void thickness and the inorganic filler nominal volume frac-
tion. For smaller void thickness, the permeabilities showed
an approximate linear relationship with the nominal inor-
ganic filler volume fraction while for larger void thickness, a
nonlinear relationship was observed. For the same nominal
volume fraction, the permeability increased with increasing
void thickness and the effect of void thickness on the perme-
ability was much more significant for the PVDF/SiO, MMM
than the PVDF/MCM-41 and PVDF/4A MMMs. For
instance, the largest Psypi/Perr value for PVDF/28% SiO,
MMM was 17.5 for a void thickness of 10 nm while the
largest Piyv/Perr Value for PVDF/28% MCM-41 and PVDF/
30.5% 4A MMMs were 26.2 and 8.6 for void thicknesses of
100 and 2000 nm, respectively. This indicated that the larger
inorganic fillers, that is, zeolite 4A and MCM-41 with parti-
cle sizes of 2.5 um and 56 nm, respectively, exhibited better
tolerance with voids than the smaller inorganic filler, that is,
SiO, with particle size of 7 nm. This is due to the fact that
for the same void thickness, MMM with an inorganic filler
of a larger particle size has a lower void volume fraction.

Figure 5 shows that the void thickness is a critical param-
eter but it is assumed to be independent of the nominal inor-
ganic filler volume fraction in the modified Maxwell model.
On the contrary, the void thickness is dependent on the prop-
erties of the inorganic filler including its particle size, its sur-
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face properties and its nominal volume fraction in the
resulting MMMs and is closely related to the void fraction.
The void volume fraction of the MMMs can be calculated
using Eq. 28.%2
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Figure 5. Permeability model results based on modified
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of the inorganic filler nominal volume
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Figure 6 shows the relationship between the void fraction
and the inorganic filler nominal volume fraction. The void
volume fraction of PVDF/MCM-41 and PVDF/4A shown in
Figure 6 were obtained after subtracting the pore volumes of
MCM-41 and zeolite 4A, respectively. With the same inor-
ganic filler nominal volume fraction, PVDF/SiO, and PVDF/
MCM-41 MMMs had similar void fractions which were
smaller than that of PVDF/4A MMMs. Using linear fits, the
slopes of the curves were 0.69, 0.67, and 0.82 for PVDF/
SiO,, PVDF/MCM-41, and PVDF/4A MMMs, respectively.
Subsequently, the void thickness was estimated using Eq. 29
and the results are presented in Figure 7. For the three types
of MMMs, the void thickness increased with increasing inor-
ganic filler nominal volume fraction. However, the void
thickness showed significant differences due to the different
particle sizes of the inorganic fillers, which is supported by
Eq. 29.

From the DSC measurements, the crystallinity of the
resulting MMM was determined. Figure 8 shows the amor-
phous polymer fraction, o, as a function of the inorganic fil-
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Figure 7. Void thickness as a function of inorganic
nominal volume fraction for PVDF/SiO,,
PVDF/MCM-41, and PVDF/4A.
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Figure 8. Amorphous polymer volume fraction as a
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ler nominal volume fraction. For the three types of MMMs,
the addition of inorganic filler increased the crystallinity of
the PVDF matrix due to the inorganic fillers acting as nucle-
ation agents during the crystallization of PVDF. The amor-
phous polymer volume fraction decreased sharply with the
addition of inorganic filler of 0.03 volume fraction and this
downward trend slowed down, forming nearly plateaus for
further additions of the inorganic fillers.

The experimental and modeling results for the permeabil-
ities of the three types of MMMs were compared and shown
in Figure 9. The solid symbols denote the experimental
results while the dashed lines represent the modified Max-
well model based on Eq. 21. In addition, the present model
results (solid lines) were derived from the extended modified
Maxwell model presented herein in which the effects of
crystallinity and the immobilization factor f of the PVDF
polymer were considered. In these two models, the void
thickness of the MMMs was calculated in order to determine
the permeability of the MMM. Pure PVDF membrane had
experimental permeabilities of 3.94, 1.18, 0.14, and 0.04
Barrer which were very consistent with the modeling results
of 3.78, 1.18, 0.14, and 0.04 Barrer for He, CO,, O, and N,
respectively, for the two models. Unexpectedly, the experi-
mental permeability results showed no significant differences
among the PVDF/SiO,, PVDF/MCM-41, and PVDF/4A
MMMs although the inorganic fillers that is, Si0,, MCM-41
and 4A, had different properties such as particle size and
pore structure. This behavior could be attributed to the fact
that the gas penetrants bypassed the inorganic filler particles
in the MMMs altogether due to the presence of voids, result-
ing in negligible passage through the inorganic fillers. For
all the three MMMs, the permeabilities initially decreased
when the inorganic fillers were about 4 wt% and then
increased with further increases in the inorganic filler con-
tent, resulting in minimum values for the MMMs with 4
wt% inorganic fillers. This behavior can be explained as fol-
lows. On one hand, the permeabilities of the MMMs
increased with increasing inorganic fillers due to the forma-
tion of voids.>* Conversely, the addition of the inorganic fil-
ler could lead to increase in the crystallinity of the PVDF
matrix, which could in turn decrease the permeability of the
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MMM. Generally, the permeability model results as pre-
dicted by the extended modified Maxwell model had better
agreement with the experimental permeability results than
the modified Maxwell model, especially for the case of
PVDF/SiO, MMM. Unexceptional large deviations between
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the modified Maxwell model results and the experimental
permeability results were clearly evident for the PVDF/SiO,
MMM. In essence, the effects of crystallinity and immobili-
zation factor have to be considered in the modified Maxwell
model for PVDF MMMs. The discrepancy as observed by
the small deviations between the experimental permeability
results and the modeling permeability results as predicted by
the extended modified Maxwell model was attributed to two
factors: (1) the formation of filler particle aggregates, partic-
ularly for the nano-SiO, particles with the smallest size,
which was not taken into consideration in the modeling
work and (2) the assumption that the filler particles were
perfectly spheres. From the permeability results in Figure 9,
the theoretical selectivities of various gas combinations such
as H,/N,, CO,/N,, or O,/N, could be calculated. It was
found that the selectivities of PVDF/SiO,, PVDF/MCM-41,
and PVDF/4A MMMs were almost the same as those of
pure PVDF membrane. The reason for this behavior is again
that the gas penetrants bypassed the inorganic filler particles
due to the presence of voids.

Sample calculations relating to the use of the various
models for the P84/SiO, composite membranes are given in
Appendix B

Conclusions

The permeabilities of the PVDF/SiO,, PVDF/MCM-41,
and PVDF/4A MMMs were modeled using Maxwell, Higu-
chi, Bottcher-Landauer, Bruggeman, and modified Maxwell
models. For PVDF/SiO, MMMs, the permeability model
results followed the following order: Maxwell model>Brug-
geman model>Bottcher-Landauer model>Higuchi model,
which was different for that of PVDF/MCM-41 MMMs.
Based on these four models, the additions of SiO, and
MCM-41 only changed the permeability but the selectivity
would remain the same as the polymer matrix. For the
PVDF/4AA MMMs, the He and CO, permeabilities showed
similar trends with those of PVDF/MCM-41 MMMs while
the N, and O, permeabilities showed different trends for the
two MMMs. The permeability values of the modified Max-
well model were highly dependent on the void thickness. For
all the three MMMs, the permeabilites increased with
increasing void thickness and this upward trend was particu-
larly significant for the PVDF/SiO, MMMs due to the
smaller particle size of SiO,. Based on the relationship
between the void volume fraction and the inorganic filler
nominal volume fraction, it was possible to estimate the void
thickness. Unexpectedly, the experimental permeability
results of the MMMs showed no significant differences for
the three types of MMMs; the permeabilities decreased ini-
tially as the inorganic fillers was about 4 wt% and then sub-
sequently increased with further increases in the inorganic
filler content. Using the extended modified Maxwell model
and taking into account the crystalline effect and the immo-
bilization factor on the permeability, the permeability model-
ing results matched the experimental permeability results
reasonably well, indicating the success of capturing the gas
transport phenomena of MMMs, and thereby showing the
inadequacies of the Maxwell, Higuchi, Bottcher-Landauer,
and Bruggeman models. Due to poor compatibility between
the filler particles and the polymer chains, the gas penetrants
mainly transport through the voids, resulting in increasing
permeability for increasing volume fraction of the inorganic
filler.
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Notation

a = gradient of line for void volume fraction vs. filler volume
fraction
D = diffusion coefficient of semicrystalline polymer
D" = diffusion coefficient of amorphous polymer
D,k = diffusion coefficient of vgids, cmz/s
d, = gas molecular diameter, A
[ = void thickness, A
M4 = molecular weight, g/mol
n = structure factor
P = permeability of polymer matrix, Barrer
P* = permeability of amorphous polymer, Barrer
P3ym = permeability of the three-phase MMMs, Barrer
P. = permeability of continuous phase, Barrer
P4 = permeability of dispersed phase, Barrer
P = effective permeability of two phases, Barrer
P, = permeability of voids, Barrer
universal gas constant N
r = effective pore radius or particle size, A
S = solubility coefficient of semicrystalline polymer
v = solubility coefficient, mol Pa st
" = solubility coefficient of amorphous polymer
T = absolute temperature, K
Vi = volume of inorganic fillers
V, = volume of polymer
volume of voids
o = amorphous polymer fraction
f = immobilization factor
pm = measured density, g/cm3
p, = theoretical density, g/cm
= volume fraction of filler in the combined inorganic phase and
void phase
¢’ = volume fraction of inorganic filler and voids
volume fraction of dispersed phase
¢ = inorganic filler nominal volume fraction
¢, = void volume fraction
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Appendix A

The gas transport through MCM-41 particles is based on
Knudsen diffusion and the corresponding permeability Py is
given by Eq. Al. The permeabilites of He, CO,, O,, and N,
for the mesoporous MCM-41 particles were found to be
1.51x10°% 3.2x10°, 3.8x10°, and 4.0x10° Barrer™ at 298
K, respectively.

re 1
Pa=97(%)
¢ t) RVTM

where 7 is the mean pore diameter (m), ¢ is the porosity, 7 is
the tortuosity, R is the gas constant (J mol ' K™ "), T is the
absolute temperature, and M is the molecular weight. The r
and ¢/t values were measured to be 2.7 nm and 0.59,%
respectively.

The diffusion coefficients D; of CO,, O,, and N, through
zeolite 4A were calculated to be 8.7><10710, 3.2><1079, and
3.3%x10° " cm?/s?® at 298 K, respectively, using the Arrhe-
nius formula.

(mol Xxm™'Xs™'xPa ") (A1)

D;=Dyexp (—Eq4/RT) (A2)

where the pre-exponential factor D, and activated energy Eq4
were reported by Ruthven and Derrah.®

The solubility coefficients S; of CO,, O,, and N, in zeolite
4A at 308 K were 2.97X107 ", 1.78X10 7, and 3.88x10*
mol Pa~ ' m—3*’ respectively, according to Moore and Koros.

The data were adjusted to 298 K using the Arrhenius formula,
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Table Al. P./P. Modeling Results of P84/SiO, Composite
Membranes Based on Maxwell Model, Higuchi Model,
Bruggeman Model, and Bottcher-Landauer Model

Peil P,

Volume Bottcher-
Fraction Maxwell Higuchi Bruggeman Landauer
0 1 1 1 1
0.033 0.952 0.941 0.951 0.951
0.066 0.904 0.883 0.902 0.901
0.134 0.811 0.776 0.806 0.799
0.204 0.723 0.677 0.711 0.694
0.277 0.635 0.584 0.615 0.585

which were 5.38 X 107", 2.12 X 10”2 and 4.91 X 10~ mol
Pa 'm 3, for CO,, O, and N,, respectively.27

Si=Soexp (—H,/RT) (A3)

where Sy is the pre-exponential factor and H, is the entropy
change.

The permeability coefficients of CO,, O,, and N in zeo-
lite 4A are obtained as the product of the solubility coeffi-
cient and the diffusion coefficients at 298 K, which was
139.5, 2.0, and 0.048 Barrer, respectively.

Due to a lack of He diffusion and sorption data in zeolite
4A, the He permeability for zeolite 4A was estimated to be
1255.5 Barrer in accordance to the selectivity of He/CO, for
the zeolite 4A membranes.

Appendix B
Sample Calculations for P84/SiO, Composite
Membranes

Maxwell, Higuchi, Bruggeman, and Bottcher-Landauer
model calculation results

The P84/Si0, MMMs with five different weight percen-
tages (wy) of SiO,, that is, 4, 8, 16, 24, and 32%, were pre-
pared. The weight percentage was converted into volume
fraction (¢,) using the following equation

b4

_ Wi
Wf+ Z—i(l_Wf)

where p¢ is the density of the inorganic nano-SiO, fillers,
which was experimentally determined to be 2.17 g/cm’, and
pp is the density of the PVDF polymer, which is related to
the crystallinity () of the PVDF by the following equation

1
=i 4+ L
Pam P
where p,, and p. are the densities of the amorphous and
crystalline PVDF respectively, which were 1.68 and 1.92
g/em’, respectively. The crystallinity (y) of the PVDF was
calculated using the following equation
Py X
1= Yy am < 100%
where AH is the fusion heat of the membrane, W is the
PVDF weight content in the composite membranes, AH" is
the fusion heat of PVDF with 100% crystallinity of o phase,
which was 90.4 J/mol.
Due to the fact that nano-silica is nonporous, the permeabil-
ity of the dispersed phase (Pg) is O for P84/SiO, MMMs. Con-
sequently, these four models could be simplified accordingly.
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Maxwell model

— 224,
Peff _Pcm
Higuchi model
6¢q
Peg=P.|1—
ot { 3.22+2.78¢J

Bruggeman model

Peit =Pe(1=¢g)*?
Bottcher-Landauer model

Per =Pc(2—3¢4)/2

The calculation results based on these models are shown
in Table Al.

Modified Maxwell model without consideration for the
crystalline effects on gas transport

First, Maxwell equation is used to obtain the permeability
of the combined interface voids and inorganic phase with the
interface void as the continuous phase and the inorganic
phase as the dispersed phase.

Py+2P,—2¢(P,—Py)
Per=Py
Pd+2Pv+(f>(PV—Pd)
where
97x1075 [T [, d,]’
po=—" |1t
RT Ma 2r
and
Vi
=
VitV

where, r is the effective pore radius, 7T is the temperature,
M, is the molecular weight, d, is the gas molecular size, R
is the gas constant, P.g is the permeability of the combined
dispersed or inorganic phase and interface void, Py is the
permeability of the dispersed or inorganic phase, P, is
the permeability of the interface voids, and V¢ and V, are the
volumes of inorganic filler and voids, respectively.

Second, the value of the permeability of the combined fil-
ler and interface void, P, can then be used along with the
continuous polymer phase permeability, P., to obtain a pre-
dicted permeability Psyy for the three-phase MMMs by
applying Maxwell equation a second time.

Peff+2Pc_2¢/(Pc_Peff)

P3vm =P
MM ¢ Peff+2Pc+¢/(Pc_Peff)
where
g VitV
VitV +V,

and V}, is the polymer volume.
Because P.g >>P., the permeability Psypv for the three-
phase MMMs becomes

The void thickness was calculated using the following
equation
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Table B1. Modeling Permeability Results of P84/SiO, Com-
posite Membranes Based on Maxwell Model without Consid-
eration for the Crystalline Effects on Gas Transport

Nominal
Volume Void Thickness P, Pt
Fraction (angstrom) (Barrer) (Barrer) P3vm/Pe
0.033 13.6 1289611 411700 1.51
0.066 13.9 1330536 432268 2.07
0.134 14.5 1412606 474638 3.34
0.204 15.2 1508690 526095 4.87
0.277 16.0 1618886 587482 6.78
N Y/
a(l— +1\ "°
1= 7( 91 )N —1|Xr
1—ag;

where a is the gradient of line for void volume fraction ¢y
vs. inorganic filler nominal volume fraction and qSIf\Iis the
inorganic nominal volume fraction.

The calculation results based on the modified Maxwell
model without consideration for the crystalline effects on gas
transport are shown in Table B1.

Extended modified Maxwell model with consideration
for the crystalline and immobilization factor effects on
gas transport

Considering the crystalline and immobilization factor

effects on the transport properties of PVDF, the permeability
P of PVDF can be calculated using the following equation

P=P*o*/p

where Pis the permeability of complete amorphous PVDF,
which is 7.16, 2.15, 0.344, and 0.093 Barrer, for He, CO,,

Table B2. Modeling and Experimental Permeability Results
of P84/Si0, Composite Membranes with Consideration for
the Crystalline and Immobilization Factor Effects on Gas
Transport

Experimental Results

Nominal Modeling Results (Barrer) (Barrer)

Volume

Fraction He CO, O, N, He CO, O, N,
0 383 1.09 0.14 0.036 394 1.18 0.14 0.041

0.033 340 097 0.2 0.032 362 092 0.12 0.033
0.066 378 1.08 0.14 0.035 4.19 1.15 0.17 0.043
0.134 5.09 145 0.18 0.048 542 1.64 0.23 0.06

0.204 7.12 203 026 0.067 8.01 245 032 0.072
0.277 871 247 031 0.082 887 265 036 0.084

0O,, and N, respectively. The immobilization factor, f5, of
crystalline polymer is dependent on the gas penetrant molec-
ular size which is set to be 1.0, 1.2, 1.4, and 1.5 for He,
CO,, O,, and N,, respectively. The volume fraction of the
amorphous polymer, «, can be determined by the crystallin-
ity x of the MMMs as follows

a=1—y

The introduction of silica into PVDF matrix will introduce
the voids as well as variations in PVDF crystallinity. Both
these two factors will affect the gas transport properties of
the resulting composite membranes. Applying the extended
modified Maxwell model and considering the crystalline and
immobilization factor effects on the gas transport properties
of PVDF, the permeability of the resulting composite
membranes can be obtained and the results are shown in
Table B2.
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