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Abstract—Three different morphologies can occur at the interface of inorganic and polymeric phases in mixed matrix
membranes (MMMs). These morphologies are characterized by their different parameters such as partial pore block-
age factor (@), polymer chain rigidification factor (f), and thickness of rigidified layer or void region. In this study, the
morphology of three MMMs has been evaluated using a comprehensive computational method. The average absolute
relative error (%AARE) is used as a criterion for optimizing three various MMM morphological parameters. Accord-
ing to the obtained optimum parameters, it was confirmed that two MMM:s of C60/Matrimid and PVAc-Zeolite 4A
have pore blockage and polymer chain rigidified defects. The results show that the morphology of ZIF-8/6FDA-DAM
can be considered as an ideal morphology. After obtaining the morphological parameters, the permeability of the stud-
ied MMMs was predicted based on the modified Maxwell model and good agreement was observed between the cal-

culated value and the experimental data.
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INTRODUCTION

Thomas Graham introduced the application of membrane tech-
nology in gas separation for the first time [1]. Polymers are more
commonly employed for membrane preparation because of their
low cost, high processing capability and appropriate intrinsic per-
meation properties. On the other hand, inorganic materials pos-
sess a high capability to separate gas species even in severe environ-
ments and under higher temperature and pressure conditions. How-
ever, their applications are still limited because of the high cost, the
problems in flexibility and reproducibility in the preparation step
as well as hard production of spiral wound or hollow fiber modules
[2-4]. Mixed matrix membranes (MMMs) are novel membranes
that are combinations of inorganic fillers dispersed in a polymer
matrix [5]. In fact, an MMM contains the economic advantages of
polymers and also high selectivity of the dispersed fillers and desir-
able mechanical properties. These new materials may have effec-
tive applications in known gas separation processes, separation of
oxygen-nitrogen mixture and dehydration or sweetening of raw
natural gases. Porous molecular-sieve type materials, including
zeolites [6,7], carbon molecular sieves (CMSs) [8,9], silica [10],
and metal organic frameworks (MOF) [11], have commonly been
used as inorganic fillers in MMM:s. Since the molecular-sieve type
fillers used in MMMs are capable of separating different mole-
cules based on their size and shape, both permeability and selec-
tivity can be improved compared to the polymeric membranes. For
example, Zeolite NaA is very effective as a molecular-sieve filler in
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the separation of oxygen-nitrogen mixtures [7]. Ideal permeation
models for MMM s including porous fillers are used to estimate the
effective permeability of a gaseous penetrant through these mem-
branes. These models are only functions of continuous polymeric
phase permeability; dispersed phase permeability and volume frac-
tion of dispersed phase. Bouma et al. applied the Maxwell-Wag-
ner-Sillar (MWS) model to predict the effective permeability of a
MMM with a dilute dispersion of ellipsoids [9,12,13].

np,;+(1-n)p,—(1-n)g(p.—p,)
np;+(1-n)p.+nd,(p.—ps)

Peﬂ'— Pc

1)

where P, is the effective permeability of MMM, P, is the permea-
bility of pure polymer, P, is the permeability of the filler, ¢, is the
volume fraction of the filler in MMM and n is the particle shape
factor. For n=0, this expression is simplified to a parallel two-layer
model that can be expressed as an arithmetic mean of the inor-
ganic and polymeric phase permeabilities [9,14]:

Py=P.(1- @)+ dp, )
Moreover, when n=1.0 the MWS model is converted to the series
two-layer model [9,14]:
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If n=1/3, the MWS model changes to the following equation known
as Maxwell's model:

_p Rat 2P 244(p.—Pa)
“Pa+2p.+ 4P~ Pa)

Eq. (4) was initially developed to predict electrical conduction
through composite materials [15]. The Maxwell equation is appli-
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cable to a dilute suspension of spheres and can only be applicable
for low loading where the volume fraction of filler particles is less
than about 20% [9,13,14,16]. This assumption of low loading is
essential because the streamlines around particles should not be
affected by the presence of nearby particles. In addition, the Max-
well model cannot predict the permeability of MMMs at the max-
imum packing volume fraction of the filler particles. Also, the
Maxwell model does not take into account particle size distribu-
tion, particle shape, and aggregation of particles [13]. To calculate
the permeability of an MMM with a high filler loading, the Brug-
geman model, which was originally developed for the dielectric
constant of particulate composites, can be used [17]. This model
takes into account the effect of higher loading of the filler and the
random distribution of spherical particles, which leads to the fol-
lowing [9]:

(Peg/PI) — (Pa/P)(Pep)) ™ _

( 1=(pa/po) ch) o ®
Although the results of the Bruggeman model are acceptable at high
loadings, this model cannot predict the permeability of the MMMs
at the maximum loading of filler particles just similar to the Max-
well model. Furthermore, it does not consider the particle size dis-
tribution, the particle shape, and the aggregation of particles. To
estimate the effective permeability by using this equation requires
a trial and error procedure [13]. The Lewis-Nielsen model [18,19],
which was initially proposed for the elastic modulus of particulate
composites, can be used to predict permeability [13]:

_ (l+2(((pd/pc)—1)/((Pd/pc)+2))¢d)
e = P\ T (p/p0) - D/ (PP + 2) by v

where

©)
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Here ¢, is the maximum packing volume fraction of the filler,
which is 0.64 for random close packing of uniform spheres. The
effects of morphology on permeability are considered in this model
because ¢, is a function of particle size distribution, particle shape,
and aggregation of particles. If interfacial defects between continu-
ous and dispersed phases are neglected, all of the above-mentioned
models are applicable for predicting the permeation through the
MMM. Mostly, the fabrication of an MMM with no interfacial
defects is very difficult. These defects affect membrane performance
and should be considered in predictive models. These interface
defects occur due to the different intrinsic properties of the poly-
mer and inorganic phases [20]. Generally, the four types of mor-
phology that can occur at the interface of MMM are ideal contact,
rigidified layer, total or partial pore blockage of filler and void for-
mation [5]. Fig. 1 shows a schematic diagram of various probable
MMM morphologies [21]. Case I shows an ideal contact between
the filler and polymer interface. Ideal predictive models that are
mentioned above can be used to predict the gas permeability through
this type of MMM. However, case II demonstrates pore blockage
defect at the interface of the filler and polymer. In this case an inter-
face is observed in which the surface pores of the filler have been
partially plugged by polymer chains [5,22]. In the rigidified layer

Interfacial void

Polymer rigidification
Polymer matrix

Inorganic filler
[[] intertacial voia

- Partial or total pore blockage
7 Rigidified polymer chain layer

Fig. 1. Schematic diagram of various non ideal MMM morpholo-
gies: (case I) ideal contact, (case II) pore blockage, (case III)
rigidified polymer chain layer, (case IV) interfacial voids [18].

(case III), the mobility of polymer chains is reduced compared to
the bulk of the polymer and this rigidified polymer layer around
the filler shows a lower permeability and higher selectivity than the
bulk polymer [20]. Sometimes the separation of polymer chains
from the filler surface causes void formation (case IV). Poor poly-
mer-particle interaction as well as the repulsive force between the
polymer and filler are the other reasons for the formation of inter-
face voids [20].

Mahajan and Koros [7] investigated the effect of interface defect
layer on the permeability of penetrants in the MMMs. The perme-
ability of penetrants in the MMMs which contain filler phase, poly-
mer phase and interface layer may be modeled by using a two-
step method. In the first step, the Maxwell equation (Eq. (4)) can
be used to obtain the permeability of the combined interface rigid-
ified layer and the filler in which the rigidified layer is the continu-
ous phase and the filler is the dispersed phase. Thus, the permeability
of the combined interface layer and filler phase is obtained as fol-
lows:

Pat2p;— 24P~ Pa)

off= ®
P =Py S p + 4(pi-pa)

where P, is the permeability of the combined filler and interface
layer phases, P, is the permeability of the disperse phase, P, is the
permeability of the interface layer and ¢, is the volume fraction of
the disperse phase in the combined filler and interface layer phase.
¢, can be calculated by using the following equation:

3
Pa Iy

ba+d; (1rd+I,»)3

9= ©)

where ¢, is the volume fraction of the interface layer, r; is mean
radius of the dispersed filler and I, is the interface layer thickness.
At the second step, this calculated P4 can be used with the contin-
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uous polymer phase permeability P, to obtain a predicted permea-
bility of Py using the following equation:

Pesrt2P. = 2(dat 8)(Pc—Pep)
Peyrt 2P+ (44t )(P1—Pegp)

Hashemifard et al. [23] defined the average absolute relative error
percent (%AARE) and standard deviation (o) to compare the pre-
dictive models. The results showed that %AARE decreases in the
following order for the various models: Lewis-Nielsen model>
Maxwell model>modified Lewis-Nielsen model>modified Max-
well model>Felske model. The average absolute relative error per-
cent (%AARE) and the standard deviation (o) are defined as follows:

Pmmm=P¢

(10)

cal expl
100 NRPP;"—P;
9 - [ E——
%AARE = ; - an
1 NDP 2
o= ITI_D—P Z (%RE—%ARE) (12)
i=1

where NDP is the number of data points and P“ and P** are the
calculated and experimental permeabilities, respectively. The per-
centage of relative errors (%RE;) and the percentage of absolute
relative errors (%ARE) are given by:

fal_ P?xp
%RE,=———— (13)
exp
P;
100 NDP
%ARE=2=5 3 %RE (14)
i=1

Gheimasi et al. [24] considered the effect of pore blockage and
polymer chain rigidified in the prediction model and defined P’
and P’. as follows:

P=(1-2)*P, (15)
P,

pl=—% 16

=3 (16)

In these equations & and £ are the pore blockage factor and the
polymer chain rigidification factor, respectively. These adjustable
parameters are obtained through an optimization procedure. By
this definition, the effect of pore blockage and polymer chain
rigidified in modified Maxwell model is considered and the per-
meability of the MMM is predicted by the following equations:
Pat2pc—24{p:—pa)
= - - — 17
PP D+ 2p + 4 (pi—p0) )
_Pu_Ppt2pc—2(4at #)(P.—Py)
Pc pps+2pc+(¢d+¢1)(plipps)

Here P, is the permeability of pseudo-disperse phase, and ¢, and
¢ are calculated from Eq. (9). In Gheimasi et al. model, the per-
meability of the filler and the thickness of the interface layer were
considered to be known parameters that must be obtained experi-
mentally. The Maxwell-Stefan formulation for predicting the diffu-
sive transport in MMMs with oriented selective flakes has also
been reported in [25,26]. Singh et al. developed methods for the
automated construction of detailed and large-scale 3D MMM
models and solved them by the finite element method [27]. Yang
and colleagues presented the first numerical method for the pre-

(18)
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Table 1. Best values of the computational parameters used

Parameters Value
Maximum number of generations 10000
Total number of chromosomes in the population 50
Accuracy 0.0001
Crossover probability 0.25
Mutation probability 0.01

diction of effective diffusivity in hollow fiber MMM [28]. Recently,
Vinh-Thang and Kaliaguine [21] presented a new comprehensive
computational strategy for fitting experimental permeation data
on the permeation model. Note that in almost all reported MMM
permeation models, the permeability of the filler has been consid-
ered as a known parameter, while in this model it is considered as
an adjustable parameter which should be extracted from fitting
data. However, to the best of our knowledge, there are no pub-
lished studies about morphology prediction of an MMM using its
experimental permeation data. We used the Vinh-Thang and Kali-
aguine strategy to recognize different morphologies of the MMMs.
Here, a genetic algorithm program was developed to minimize
%AARE as an object function, and the values of the parameters of
the genetic algorithm code are given in Table 1.

COMPUTATIONAL STRATEGY

For fitting experimental permeation data of the MMM, Vinh-
Thang and Kaliaguine strategy was used in this study. In this
approach, partial pore blockage, polymer chain rigidification and
void defects are simultaneously taken into account. According to
this method, the term ¢,/p, can be used as a critical indication for
morphology type of the MMMSs when applying Eq. (3). A nega-
tive value for this term is an indicator of void defect morphology
type. Otherwise, pore blockage or polymer chain rigidification
defects could probably occur. In the case of pore blockage and
polymer chain rigidification morphologies, this method has four
steps to estimate the MMMs morphological parameters. In the
final step, one of the known MMM models is used to predict gas
permeation through the MMMs and optimize the gas permeabil-
ity of the fillers (P,). The adjustable parameters (o, 4 P, and 1,,)
should be optimized by minimizing %AARE. In all steps, the filler
loading (¢,) is considered as a variable parameter. In step I, just
the effect of partial pore blockage is considered, whereas polymer
chain rigidification is temporarily neglected. In this step, two ad-
justable parameters that consist of the pore blockage factor (¢) and
filler permeability (P,) are obtained.

Fig. 2 shows a flowchart of optimization method in step I. As
shown, Py i O yax A0 Py 0 O o are determined using parallel
and series models, respectively. These derived parameters are used
in the next steps. In step II, only polymer chain rigidification
defect is considered and pore blockage defect is neglected. Both P, ...
and P, parameters estimated in step I are replaced by P, in the
series and parallel models. Chain mobility factor (f) and interface
layer thickness (I,,) as two adjusted parameters are determined in
this step. Fig. 3 shows a determination flowchart diagram for the



Modeling of gas permeation through mixed matrix membranes using a comprehensive computational method

3197

Fixed parameter:
Variable parameter:

P

Adjustable parameter: p 0<g <1,0< a,<1

Series l l Parallel
L: @, +(l_¢d) 'l?up=“_a,,)¢g‘q!+ (1-¢,)F
P, (l-a,)P, F: NDP| peal _ pex
My I d | 5. %AAREJ,, =_\I{g‘1} P P«;‘I r‘
%AARE;ﬂZQ ! L
“TNDPE| P
Minimum value l Minimum value
of %AAREs of % AAREp
Pdmax &asmax Pﬂ"“in &apmﬂ-‘(
Fig. 2. Step I: Calculation routs of P, s @ aw a0 Py err O s [18].
Fixed parameter: AR TS o T
Variable parameter: 4
Series Adjustable parameter: ; 5. 8,21 Parallel
dmax \ Pa’min
I ¢ (-4)
=i : = -
Py B (BIB) Foiar = Fith + (=9, )E 1 By)
5 3
. ¢ __n 4, = ¢, _ L
Cogre (+l) S gt (rd""(;)j
L=M+w ‘F.’im =(¢;f+¢I}Rr_v[df}+{]_¢d_¢f)Pr
P "':._\mn 54 100 .\'.DP| peal _ pew
%A4ARE, =10 S¥|E” B %AARE, = NDP Z\ e |
T NDP & | B e

Minimum value of
sum AAREp and AAREs

ﬁ‘ max
]h.\u

B

Fig. 3. Step II: Determination of 5, ,,...o 3, max and L, [18].

parameters /&, £, mar and .

In step III, the two defects, pore blockage and rigidified layer,
are simultaneously considered in both the series and the parallel
two-layer models. The interface thickness that was optimized in
step II is used in this step as a parameter. The minimized values of
%AAREs and %AAREp are used as the criteria to obtain the opti-
mized @y Qo Bup and f,, parameters. As shown in Fig. 4, the
overall optimized e, and £3, are arithmetic means. From step I to

111, three morphological parameters (c,, /3, and 1,,) can be math-
ematically derived using the above series and parallel models with
minimum error. In the last step, an overall MMM model should
be applied to predict the overall permeation through the MMMs
at different filler loadings. To consider the interfacial defects, the
corrected expressions P; and P! are used instead of P, and P.. Fig.
5 shows a determination flowchart of the optimized P,

For determination of optimized interface void thickness and per-
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meability of this region, two optimization steps were used in this
Fired ’ Pt g study. Actually, the gas diffusion through the void region may be
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Fig. 5. Step IV: Determination of P,,, [18].
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greater than the small pore of the filler particles. Then, the gas dif-
fusion through the inorganic fillers and rigidified polymer chain
layer can be neglected compared to the void region (P,=0, =0,
S=1). For this morphology, the thickness of the void region and
the permeability of the penetrants in this region should be opti-
mized. Thus, the Vinh-Thang procedure was used here for esti-
mation of these parameters. In the first step, the interface thickness
of the void region and the maximum and the minimum of pene-
trants’ permeability in this zone were determined (Fig. 6). In the
last step, the exact value of permeability of penetrants in the void
region (P,,,) was determined, as shown in Fig. 7, and then the mod-
ified Maxwell model was used to predict the gas permeability through
the MMMs (P.).

RESULTS AND DISCUSSION

To predict the morphology of the studied MMM, the experi-
mental gas permeation data through three MMMs that are pub-
lished in the literature were used. Tables 2-4 show the experimental
permeation data for three different types of MMMs. Table 2 is
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related to the experimental permeability of He and N, through
C60/Matrimid MMM [29], while Table 3 shows the experimental
permeability of C;H, and C;H; through ZIF-8/6FDA-DAM MMM
[30] and the experimental O, permeability and O,/N, selectivity of
Zeolite 4A/PVAc MMM are presented in Table 4 [31].
1. C60/Matrimid MMM (Set 1)

In set 1, the permeation data that were reported for the separa-
tion of He and N, mixtures volume fraction of C60 filler are low
(see Table 2). The C60 particle diameter is assumed to be 1 nm.

Table 2. Experimental permeability of He and N, in C60/MMM

(set 1)
b Permeability (Barrer) Ref
(vol%) He N,
0 25 0.275
1.87 21 0.229
3.76 18 0.184 (23]
7.62 17 0.161

Table 3. Experimental permeability of C;H; and C;H; in ZIF-8/

6FDA-DAM MMM (set 2)
& (Wt%) @y (vol%)  Pey, (Barrer) Py (Barrer)  Ref.
0 0 15.7+1.1 1.27%0.05
16.4 23.8 27.6£1.6 1.47%0.13 [26]
28.7 39.0 39.8+0.2 1.63+0.01
48.0 59.5 56.2+1.9 1.81+0.08

Table 4. Experimental permeability O, and selectivity O,/N, of Zeo-

lite4A/PVAc MMM (set 3)
@ (vol%) P, (Barrer) Cloyn, Ref.
0 0.5 59
15 0.45 7.3-7.6
25 04 8.3-8.5 [27]
40 0.28-0.35 9.7-10.4

Therefore, the radius of C60 particle is equal to 0.5 nanometers
[32]. By evaluating the term ¢,/p, for this data set from the series

Korean J. Chem. Eng.(Vol. 33, No. 11)
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Table 5. Calculated ¢,/p, parameter for C60/Matrimid MMM

¢ (vol%) Ppe /P
0 25 0
1.87 21 0.00837
3.76 18 0.01706
7.62 17 0.02187

Table 6. Morphological parameters for three different MMMs

MMM type ay B, IL,mm) P,, (Barrer)
C60/Matrimid (setl) 0.934 3.630 0.361 224.93
ZIF-8/6FDA-DAM (set 2) 0.035 1.520 14.398 893.961
Zeolite 4A/PVAc (set 2) 0.325 1.715 372978 0.459

model (Eq. (3)), we can estimate the morphology of the interface
of the C60 filler and Matrimid polymer. The calculated ¢,/p,
parameter for C60/Matrimid MMM in different filler loadings is
presented in Table 5. The positive values of ¢,/p, indicate that voids
are not formed in each filler loading. For this reason, we applied
only pore blockage and rigidified optimization procedures to pre-
dict the morphology of C60/Matrimid MMM (Steps I to IV). Con-
sidering the He and N, permeation data (Table 2), one can see
that by increasing C60 as the filler particle in polymer matrix, the
permeability of two gases is decreased. This observation indicates
that C60/Matrimid MMM has rigidified polymer or pore block-
age and both morphologies simultaneously.

Note that in the Vinh-Thang procedure, the permeability data
of a smaller penetrant is used to optimize the morphological param-
eters. He and N, have 2.6 A and 3.64 A kinetic diameters, respec-
tively. Therefore, the permeability data for He (as small gas) were
used to obtain the morphological parameters. The estimated mor-
phological parameters for C60/Matrimid MMMs are depicted in
Table 6. As can be seen, pore blockage parameter factor (a,,) for
this MMM has a high value (0.934), indicating that the pores of the
C60 molecule are mostly blocked by polymer chains and appear
to serve as impenetrable particles within the polymer matrix.

Also, a high value was determined for the chain rigidified fac-
tor 3, (3.63). Considering P.=P./3 a higher value of 3 (greater
than unity) is an indicator of rigidified polymer case. Thus, by
considering both high values of ¢, and £3,, we concluded that both
rigidified and pore blockage morphologies occurred simultane-
ously for this MMM. This result is confirmed by the experimen-
tal study of Chung et al. [29], who reported that by incorporating
C60 as the filler particle, the glass transition temperature of poly-
mer had increased. This reveals that the chain polymer rigidified
defect has occurred in C60/Matrimid MMM and the high value
of the calculated £, is reasonable. In the last step the modified
Maxwell model is applied to predict the overall permeation prop-
erties of C60/ Matrimid MMMs at different filler loadings. Table 7
and Fig. 8 exhibit the modified Maxwell model permeability of He
prediction in C60/Matrimid MMM at different filler loadings. As
expected, an excellent agreement can be observed in Fig. 8 between
model prediction and experimental data for C60/Matrimid MMM.
Also, the ideal Maxwell model predictions are shown in this Fig-

November, 2016

Table 7. Comparison of experimental data and model prediction of
He permeability through C60/Matrimid MMM

@; (vol%)  Experimental data  Model prediction =~ %AARE
0 25 25
1.87 21 229
3.76 18 20.8
7.62 17 17
6.1
1'8 q . .
C60/Matrimid
1.6 4 = Present Model
14 ®  Expenimental Data
e = = [deal Maxwell prediction
3
g
(=1
=l
B
3
-]

04 4

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Volume fraction of fillers

Fig. 8. Comparison between present model and ideal Maxwell model
predictions with experimental relative permeability (set 1).

ure. The value of %AARE (6.1) in Table 7 indicates that the pre-
diction procedure is valid.
2. ZIF-8/6FDA-DAM MMM (Set 2)

For separation of C;H, and C;H,; mixtures, Zhang et al. [30]
fabricated a new MMM that consisted of 6FDA-DAM polyimide
and a zeolitic imidazolate framework (ZIF-8). ZIF-8 (Zn(MeIM),,
MeIM=2-methylimidazole) is the most popular in ZIFs and its
particle diameter is about 200 nm [30]. The permeability data of
C;H, gas (as a smaller penetrant) should be used to optimize the
morphological parameters when Vinh-Thang procedure is applied.
The calculated ¢,/p, parameter depicted in Table 8 shows that the
interface of ZIF-8 filler and 6FDA-DAM as polymer is void.

Void thickness (I,,,) for this MMM was estimated to be about
7.195nm according to the mentioned procedure. This low value
of void thickness parameter implies that void morphology in the

Table 8. Calculated ¢,/p, parameter for ZIF-8/ 6FDA-DAM MMM

¢ (vol%) Peu, $a/Pa
0 15.7 0
238 27.6 ~0.012
39.0 39.8 ~0.014
59.5 56.2 ~0.008
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MMM happened in a low content. Moreover, the amount of ¢,/p,
is very close to the critical value (zero), and thus it is not unrealis-
tic to neglect this defect. This result is consistent with SEM images
and gas separation performance of the mentioned MMM. The rel-
atively low negative value of ¢,/p, is due to the existence of a few
non-ideal clusters of ZIF-8 with size ranging from 500 nm to sev-
eral microns that was also reported in the experimental study re-
ported in [30]. After this, pore blockage and polymer chain rigidi-
fication morphologies were also examined for this MMM, and
finally the optimized morphology parameters for each case were
estimated and summarized in Table 6.

The optimized pore blockage factor () equals 0.035, indicat-
ing that polymer chains did not penetrate into the pore aperture of
ZIF-8 filler and pores of the filler were not blocked. The low values
of calculated rigidified factor (f=1.52) and rigidified layer thick-
ness (I=14.398 nm) revealed that a rigidified polymer chain for this
MMM occurred at a very low content. Therefore, it may be con-
cluded that pore blockage and rigidified polymer chain defects
have not occurred for this MMM. Considering the obtained results
here and the interesting experimental data that exceed the Robe-
son trade-off bound, nearly ideal morphology can be considered
for this MMM. To predict the permeability of the MMM and the
permeability of the optimized filler, we used the last step of the

Table 9. Comparison of experimental data and model prediction of
C;H; permeability through ZIF-8/ 6FDA-DAM MMM

@; (vol%)  Experimental data  Model prediction ~ %AARE

0 15.7 15.7
23.8 27.6 26.4
39.0 39.8 36.2
59.5 56.2 56.2
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Fig. 9. Comparison between present model and ideal Maxwell model
predictions with experimental relative permeability (set 2).

procedure (see Table 9 and Fig. 9). In Fig. 9, the prediction of rela-
tive permeability of C;H, and the prediction of the ideal Maxwell
model versus volume fraction of fillers are plotted. A good agree-
ment between the predicted permeability and experimental per-
meability is visible. The low amount of AARE% (3.3) confirms
this proper fitting between the predicted values and experimental
data.

3. Zeolite 4A/PVAc MMM (Set 3)

For the O,/N, separation, Mahajan and Koros [31] fabricated
the Zeolite4A/PVAc MMM in which the average particle size of
Zeolite 4A was reported to be in the range of 0.5-1.5 um [33]. They
claimed that a good adhesion between the filler and polymer occurs
and a rigidified layer is formed around Zeolite 4A. Zeolite 4A is an
attractive filler for O,/N, separations because it possesses an eight-
sided aperture with an effective aperture size of 3.8 A that falls
between the sizes of these molecules [20]. O, is a smaller mole-
cule since gas kinetic diameters of O, and N, are 346 A, 3.64 A,
respectively [29]. Pore blockage and rigidified optimization proce-
dures should be applied to predict the morphology of Zeolite4A/
PVAc MMM since for each filler loading the value of ¢,/p, has a
positive value (Table 10). The morphological parameters for this
MMM were previously presented in Table 6.

In this table, the I,, and /3 parameters were calculated as 372.978
nm and 1.715, respectively, indicating that rigidified layer mor-
phology has occurred. The experimental data also confirm this
finding, because the permeability of both gases was decreased by
filler loading, while the selectivity of O,/N, increased. In another
study, Mahajan et al. derived the parameters to be f=4.2 and I,,=
640 nm by simple fitting of experimental data on the modified
Maxwell. Though, they did not consider a pore blockage defect,
and also P, was assumed to be a known parameter (i.e., 0.77 Bar-
rer) [14], while P, should be optimized because the permeation
property of fillers in pure-filler thin membrane is likely to be dif-
ferent from that in the MMM. For this set of data, the optimized
O, Zeolite permeability (P,=0.549 Barrer) is significantly smaller
than that reported by Mahjan et al. To predict the permeability of
O, in this MMM, the last step optimization procedure was used

Table 10. Calculated ¢,/p, parameter for Zeolite 4A/ PVAc MMM

# (vol%) Po, PalPa
0 0.5 0.00

15 0.45 0.52

25 04 1.00

40 0.315 (0.28-0.35) 1.97

Table 11. Comparison of experimental data and model prediction
of O, permeability through Zeolite 4A/PVAc MMM

@; (vol%)  Experimental data ~ Model prediction =~ %AARE
0 0.5 0.5
15 0.45 0.43
25 0.4 0.39
40 0.315 0.315
2.2

Korean J. Chem. Eng.(Vol. 33, No. 11)



3202 M. Pakizeh et al.

18
Zeolite 4A/PVAc
1.6
s Present Model
14
B Experimental Data
B 12
= = = Jdeal Maxwell prediction
§
£
=
=9
%
=~
0.4
02
0

0 01 0.2 0.3 0.4 0.5
Volume fraction of fillers

Fig. 10. Comparison between present model and ideal Maxwell model
predictions with experimental relative permeability (set 2).

and the results are summarized in Table 11. In addition, the pres-
ent prediction of O, relative permeability of MMM and ideal Max-
well model predictions are compared with experimental permeation
data in Fig. 10.

From the minimum value of AARE, it can be concluded that
the modified Maxwell permeation model with optimized parame-
ters can satisfy the experimental data reasonably.

CONCLUSIONS

The morphology of different MMMs was successfully estimated
using a comprehensive computational method. All possible MMM
morphologies were taken into account here by using different
experimental permeation data. Optimized morphological parame-
ters for these different MMMs were calculated by considering
minimum AARE%. Considering the obtained adjustable parame-
ters, it can be concluded that pore blockage and polymer chain
rigidification defects can simultaneously occur for C60/Matrimid
MMMs. In case of ZIF-8/6FDA-DAM MMM, almost ideal mor-
phology was predicted because all morphological parameters for
this case were negligible. Also for Zeolite 4A/PVAc MMM, predic-
tive morphological parameters indicated that rigidified interface
layer morphology occurred.
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