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Mixed matrix membrane of poly(4-
methyl-1-pentyne) and ZIF-8 for
enhanced CO, separation over H,
andCH,
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Carbon dioxide (CO,) generally exists as the main impurity in natural gas, whose main component

is methane. The presence of CO, reduces the energy content of natural gas and also causes the
corrosion of pipelines. To prevent such problems, natural gas must contain a small concentration of
CO, (less than 2% by weight). Membrane technology is an attractive separation method that has been
widely studied due to its advantages such as high efficiency, low operating costs, and low energy
requirements. However, in the last decade, Mixed Matrix Membranes (MMMs) have attracted the
attention of many researchers due to their suitable capabilities in separating polar from non-polar
gases. In this research, a new MMMs was obtained by adding imidazole zeolite nanoparticle (ZIF-8) to
the poly methyl pentene (PMP) polymer matrix. The polymer part of this membrane can provide high
permeability and suitable mechanical and thermal stability. In addition, ZIF-8 particles enhance CO,
separation by offering high CO, adsorption capacity and molecular sieving, improving selectivity. The
gas permeability test was performed on pure and mixed matrix membranes at 30 ‘C and pressures

of 2, 6 and 10 bar. In addition, the fabricated membranes were evaluated by FESEM, FTIR-ATR, BET,
DMA and TGA tests. The results indicated that in the MMMs containing 30 wt% of nanoparticles in the
polymer, the permeability of CO, gas improved by more than 180% and reached about 278.95 barrer,
compared to the pure polymer membrane at a pressure of 10 bar. Moreover, the selectivity of CO,/CH,
and CO,/H, increased by 142% and 155%, respectively, primarily due to the preferential sorption of CO,
over H, and CH, facilitated by ZIF-8 particles.
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Separation processes have always been significantly important in the oil, gas and petrochemical industries, and
various methods have been used for this purpose. Gases are used in large quantities in various industries, and
this further specifies the necessity of purification and separation of gases from the gas mixture!. One of the most
important processes in the gas industry is gas sweetening, in which CO, and hydrogen sulfide (H,S) are separated
from natural gas (CH,). The presence of CO, gas in the pipeline along with natural gas causes pipe corrosion,
formation of gas hydrates and loss of gas transmission energy” Therefore, the separation of CO, from natural
gas in order to increase the calorific value of the gas and also to prevent the abovementioned issues, is a very
important process in separation and transmission. Although the separation process is one of the most expensive
steps of any chemical and petrochemical industry, a huge part of the cost of a product covers the separation
process and the required equipment due to the high significance of this process. As a result, finding a cheaper
and simpler separation method can be of great importance®. So far, various methods have been investigated for
the removal and separation of CO,, including: absorption, cryogenic processes (with and without distillation),
surface adsorption (thermal and pressure swing adsorptions) and membrane-based processes, from which the
latter is a new and emerging technology compared to the rest of the mentioned methods?. In Membrane-based
processes, gases are purified (separated from each other) with the aid of a permeable membrane, and different
driving forces such as pressure, concentration and electric potential differences’. The advantages of this process
over other methods is low energy consumption, suitable mass transfer rate, rapid membrane separation, no
need for complex equipment and versatile installation and operating conditions®. Among different membranes,
polymer membranes have attracted the attention of many researchers due to their low operating cost, variable and
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flexible design, cost-effective production along with easy construction’. However, regardless of all the advantages
that polymer membranes could provide, they suffer from limitations and weaknesses in gas separation, the most
important of which is the inverse relationship between the two parameters of selectivity and permeability. This
means that high permeability and selectivity cannot be expected from polymers at the same time. Mixed matrix
membranes (MMM:s) are composed of a continuous polymer phase serving as the base and a dispersed phase,
which may include zeolites, molecular sieves, or nano-sized particles. These membranes have been developed to
enhance the gas separation performance of polymeric membranes®.

Among the types of gas separator membranes and especially polymer membranes, MMMs are particularly
important because they have the ability to approach and overcome the Robson limit in gas separation®.
Studies conducted on MMMs showed that their performance is not just adding the inherent characteristics
of a particular phase. Various factors such as the correct selection of polymer and additives, the interface
between particles and polymers, sedimentation and distribution of particles and particle size can affect the
performance!’. The type of the additive (dispersed phase) is known to be the most important factor in the
development of MMMs. Therefore, researchers applied different nanoparticles, among which the best results
were obtained with metal-organic frameworks. Metal-organic frameworks (MOFs) are a new emerging class of
porous crystalline materials with one, two, or three-dimensional network, composed of metal ions or clusters
with monodentate or polydentate organic linkers. These frameworks are highly compatible with polymer chains
because they have various organic groups which can reduce the non-selective holes in the polymer-particle
interface!!. These MOFs have impressive merits including low density, flexibility and high specific surface (in
energy storage technology, filtration and building production from lightweight materials), completely regular
and uniform cavities, high porosity and chemical stability. The abovementioned properties are important factors
for increasing the gas selectivity of MMM:s and the reason for the superiority of this category of materials over
zeolites and carbon materials!?.

Zeolite imidazole frameworks-8 (ZIF-8) are a subset of MOFs, formed in a tetrahedral arrangement, where
the metal clusters are connected by imidazole linkers. These particles can provide high surface area (due to the
presence of transition metals such as cobalt), the ability to adjust the cavity, high crystallization, mechanical,
thermal and chemical stability, versatility and functionalization for various application fields. Moreover, the high
penetration and adsorption capability of these frameworks toward specified molecules enhances their flexibility
during the adsorption process and therefore can be considered a good addition in the formation of MMMs!3.

Another noteworthy point in the performance of MMMs is the type of the polymer. One of the most
promising, commercially available polymers for membrane fabrication is poly methyl pentene polymer (PMP).
PMP, also known as TPX, is an amorphous polymer based on acetylene (poly acetylene polymers have the
highest permeability rate among known materials). In addition, this polymer is part of the polyolefin family,
with glass transition temperature of 20 to 30 C and crystallinity degree of 20 to 80%. PMP has a low density of
0.78 g per cubic centimeter, a fractional free volume of above 0.28 and the softening temperature of about 250 C.
It is also the most permeable pure hydrocarbon-based polymer known, due to its very high free volume. Other
notable properties include high chemical resistance, high thermal stability, and good permeability'*.

The membranes generally used in the gas separation process are divided into two groups. The first group
are conventional selective membranes in which the separation is based on the size and penetration rate of
the particle inside the membrane. The second group are non-conventional reverse selective membranes with
separation criterion based on the solubility of the particle inside the membrane.

In general, the solution-diffusion model is widely used for the gas transport mechanism in dense polymer
membranes. According to this model, as shown in “equation (1)” gas permeability (P) is equal to the product of
permeability (D) and solubility (S).

The permeability unit is 1 Barrer=1x 1071 cm?® (STP) cm/cm? s cmHg.

P=SxD (1)

The ability of the membrane to separate different gases, for instance, components A and B, is equal to the
permeability ratio of those two components, which is called selectivity (membrane separation factor). It is
obtained according to the “equation (2)”:

P
ap/p = sz (2)

According to “equation (3)” the ideal selectivity of two gases (A/B) is the product of solubility selectivity (S,/
Sp) and diffusivity selectivity (D,/D;). To obtain the optimal separation factor, the above two fractions must be
complementary. Therefore, the permeability of the gas components could not only be attributed to the difference
in the diffusion coeflicient of the penetrant (diffusivity selectivity). The difference in chemical and physical
interactions of these components with the polymer (solubility selectivity) should also be taken into consideration
in the overall gas selectivity. The separation factor of a component in a gas mixture are determined by the balance

between these two parameters!>16,
Py Sa Da
oo =5 = (55) % (53) ®
Polymers with flexible chains possess high free volume (the space which is not occupied by polymer chains)

while they have weak screening property based on size. In this regard, the passage of molecules through the
membrane is facilitated and accelerated in larger polymers with increased free volume. Glassy polymers such as
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PTMSP, PMP, AF2400, PIM-1, etc. provide high permeability for larger condensable gases, due to the significant
free volume!”. In reverse selective membranes, the gases are separated based on their solubility in the membrane.
Also, the features of the membranes have direct relationship with the free volume, therefore, it is possible to
increase the free volume of the desired polymer by breaking polymer chains'®. According to the free volume
criteria, the reverse selectivity phenomenon can be justified with the help of this statistical mechanics model',
according to which, the diffusion coeflicient of a component in the porous space is obtained from “equation (4)”:

i (72

where, 0 and y (overlapping factor) are positive constants, v, is the minimum desired space (minimum empty
volume) for component A to penetrate the polymer, D, is the penetration coefficient of the desired component,
and V, is the average free volume (average void volume) of the polymer. Adding “equation (4)” to “equation

(3)” indicates that the selectivity of D,/Dy is proportional to exp (‘_,;l"j ) On the other hand, the value of

v, is much smaller than V, so as the V; increases, the (%) tends to zero and (%) approaches one.
As a result, the D, /Dj, ratio tends to one with the increase of the free volume of the polymer. Therefore, the
improvement of selectivity due to the increase in the free volume of polymers could be validated based on the
statistical mechanics model of Cohen and Turnball®®.

Accordingly, the aim of this work is to develop a new reverse selective membrane comprising high free
volume polymer and MOF particles. PMP is used as a polymer phase of MMM and the synthesized ZIF-8
particles used as a dispersed phase within the membrane matrix. The combination of PMP and ZIF-8 enables
reverse selectivity for CO, separation due to the high free volume of PMP, which facilitates solubility-driven
transport rather than size-sieving, allowing CO, to permeate faster than smaller gases like H, or larger CH,.
ZIF-8, with its flexible pore apertures, exhibits a gate-opening effect that preferentially allows CO, diffusion
while restricting larger or less condensable gases. This synergy between PMP’s intrinsic high permeability
and ZIF-8’s selective adsorption and diffusion mechanisms results in enhanced CO, permeability, leading to
reverse selectivity. A comprehensive characterization studies (i.e., FESEM, FTIR-ATR, BET, DMA and TGA)
employed to study the physical properties of membranes. Moreover, a series of gas permeation tests including
CO,/CH, and CO,/H, separation were designed over the different feed pressure to examine the gas separation
performance of resulting MMMs.

Experimental

Materials

Poly methyl pentene polymer (PMP), in the form of milky pellets with low molecular weight was purchased from
Sigma-Aldrich to be used as the polymer phase of the membrane. Carbon tetrachloride (CCl,) with a purity of
99.5% was purchased from Merck and used as a solvent of PMP. Likewise, ZIF-8 porous nanoparticles were
synthesized and used as additives, using 2-methylimidazole, zinc nitrate and methanol purchased from Merck.

Synthesis of ZIF-8

In order to synthesize ZIF-8 nanoparticles, first, 2-methylimidazole (6.48 g) and zinc nitrate (2.933 g) were
separately dissolved in 200 ml of methanol. The 2-methylimidazole solution was slowly poured into the
zinc nitrate solution and stirred for 1 h. The final solution rested for 24 h and then centrifuged for 10 min
at 10,000 rpm. Finally, after a sedimentation process of 12 h, the samples were washed three times by fresh
methanol to remove unreacted precursors, organic molecules, or other residues. Finally the obtained clean solids
were dried in an oven at a temperature of 65 ‘C for 12 h%.

Membrane preparation

Initially, the PMP polymer was placed in the oven at 60 C for 6 h to remove any possible moisture. Then 5.7
gr of CCl, solvent was added into a container with a gasketed lid and placed in an oil bath. The entire set was
placed on a magnetic stirrer followed by the addition of 0.3 gr of the polymer in three separate steps (to prevent
polymer aggregation). Next, the polymer solution samples were casted on a smooth, clean, glass plate using a
film applicator with the thickness of 40 pm. The casted films were placed in an oven at a temperature of 50 ‘C
for 6 h in order to completely evaporate the solvent. In case of the mixed matrix membrane, the manufacturing
process was almost the same as the pure membrane. Only the dispersion of the additive nanoparticles in the
CCl, solvent was added to the overall process. In this regard, in the added step, ZIF-8 particles with different
weight percentages were exposed to ultrasonic waves in the solvent for 10 min in order to avoid the non-uniform
distribution of the particles. Next, the polymer was added step by step to the solution under stirring, same as the
pure membrane method. Table 1 shows the percentage composition of each of the cast membranes?!.

Membrane characterization

To determine the characteristic bonds in the prepared membranes, Fourier transform infrared spectrometry
(FTIR-ATR) in the wave number range of 400-4500 cm™! and resolution of 4 cm™! was recorded on JASCO
Model 300, Japan, system. Moreover, in order to monitor the surface and transverse structure of the obtained
membranes, as well as the dispersion of nanoparticles in the polymer substrate, Field Emission Scanning
Electron Microscopy (FESEM) was performed by MIRA3 TESCAN (Czech) device. In the sample preparation
step, the pure and the mixed matrix membranes were broken in liquid nitrogen and then covered with gold
under argon gas in order to achieve a suitable cross-sectional area and therefore proper resolution. The N,
adsorption-desorption test is based on measuring the volume of nitrogen gas absorbed and desorbed by the
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Polymer (3
wt%)
Membrane code | PMP | ZIF-8 | Solvent (wt%) CCL,
M1 100 0 97
M2 90 10 97
M3 80 20 97
M4 70 30 97

Table 1. Solution composition of pure and MMMs membranes.

surface of the material, at a constant temperature of liquid nitrogen (77 K). Based on the measured absorption
and desorption values of the material, this system can calculate the specific surface, the total volume of the holes
and the average size of the holes of the material with the aid of Brunauer-Emmett-Teller (BET) theory. The
device used in this test was the Belsorp mini II manufactured by the Japanese company Japan Bel. To investigate
the degradation temperature and the effect of additives on the thermal behavior of mixed matrix membrane
samples, TGA thermogravimetric analysis was conducted using TGA-50 device, Shimadzu. The nitrogen gas
was applied at the heating rate of 10 C per minute and the temperature range of 0 to 800 C. To investigate the
glass transition temperature (T ) and the mechanical properties of the membranes, mechanical dynamic analysis
(DMA) was performed using the Pyris Diamond, USA device at a temperature range of 0 to 90 ‘C and a heating
rate of 5 ‘C/min. In order to measure the Young’s modulus of the samples, the temperature was increased from
25 to 200 C with a repetition rate of 5 C/min. Tensile strength and elongation at break were calculated at a
temperature of 25 ‘C and with an increased force of up to 20 N.

Gas permeability measurements

The system commonly used to identify the permeability of the constructed membranes is a constant volume/
variable pressure system, which has the ability to measure permeability at different temperatures and pressures.
According to this system, the desired membrane is placed between two steel discs (permeable cells) which are
connected to each other, and the high-pressure gas hits the membrane from the feed side. The gas passing
through the membrane enters a chamber of fixed volume, which increases the pressure inside the chamber with
time. This pressure increase is accurately recorded by pressure sensors, and the amount of pressure variation is
obtained in terms of time. Permeability of passing gas at 2, 6 and 10 bar pressure is calculated through “equation
(5):

273.15 x 10'"°VL

_ dp
Plbarrer) = 2e5 3T (P, x 76) /14.7] (E) ®)

where, P is the gas permeability (Barrer), V is chamber volume (cm?), L is the membrane thickness (cm), A is
the surface area of the membrane (cm?), T is the test temperature (k), P is gas feed pressure to the system (psia)
and (%) is the slope of the permeability gas pressure variation versus time.

To determine the selectivity of CO, over CH4 and H, in mixed matrix membranes (MMM:s), the permeabilities
of CO;, CHy, and H, are measured individually under identical conditions. Selectivity is then calculated by
dividing the permeability of CO, by that of CH, to obtain CO,/CH, selectivity, and by dividing the permeability
of CO, by that of H, to obtain CO,/H, reverse selectivity. The gas diffusion coefficient (D) (cm?/s) was calculated
using the vacuum time lag method (Eq. 6):

LQ

D=
66

(6)

where 0 is the gas time lag (s), determined by extrapolating the linear region of the pressure-time diagram.
By referencing Eq. 1 and incorporating the gas diffusion properties obtained from Eq. 6, the gas solubility
(cm?(STP)/cm®.cmHg) can be calculated accordingly:

S = (7)

ol

Results and discussion

Fourier transform infrared spectroscopy — attenuated total reflectance (FTIR-ATR)

FTIR-ATR spectrum of additive particles, pure polymer membranes and mixed matrix membranes with different
percentages of 10, 20 and 30% were recorded in the range of 400-4500 cm™! and the results depicted in Fig. 1.
According to the Fig. 1, in the spectrum of ZIF-8 particles, the peak at 421 cm™! corresponds to the vibrational
mode of Zn-N bond. The bands that appeared in the areas below 800 cm™! are often caused by the bending of
the rings. A transition from 1143 to 1175 cm™ ! was observed, which can be related to the change of imidazole
state to imidazolate. Moreover, the absence of any peak at 1850 cm™! confirms the formation of imidazolate*.
The peak appearing at 1307 and 1421 cm™! represents C-N and C=N bond, respectively?>. On the other hand,
the absorbed signals at 1580 cm™! refer to the vibration of the rings. The stretching vibration of symmetric and
asymmetric bonds of ~CH,- also appeared in wave numbers of 2927 and 2957 cm™’, respectively. Adsorption
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Fig. 1. FTIR spectra of ZIF-8, PMP (M1), PMP/10 wt% ZIF-8 (M2), PMP/20 wt% ZIF-8 (M3), PMP/30 wt%
ZIF-8 (M4).

bands in the range of 2200 to 3300 cm™" are related to the vibration of formed hydrogen bonds*!. In the PMP
spectrum, methyl groups attached to the polymer chain with asymmetric stretching vibrations are observed at
2903 and 2952 cm™!. In addition, the peaks at 500 to 900 cm~! are attributed to the symmetrical C-H bond.
The stretching vibration of C-O-C is represented at 920 and 1167 cm™'. MMM s also have the same bonds as
pure polymer membranes. Due to the possible interactions between ZIF-8 and the polymer chains, the peaks
characterizing these bonds are slightly shifted. An example of this displacement can be seen in the range of C-H
and C-O-C bonds, which is also observed with some displacement in the MMMs, according to the figure?°.

Field emission scanning electron microscopy (FESEM)

In order to check the morphology of the synthesized membranes, the dispersion quality of nanoparticles and
also to determine whether the constituents of the membranes are compatible with each other or not, the cross
section of the membranes with different magnifications was tested by FESEM. The results are shown in Fig. 2.
According to Fig. 2 (a), the pure polymer membrane has a uniform and dense structure with no defects. Figures 2
(b, c and d) illustrate the addition of ZIF-8 nanoparticles to the polymer matrix in which bright spots can be
seen, representing the nanoparticles distributed in the dark space of the polymer. On the other hand, at higher
weight percentages of additive particles, accumulation of particles was also observed. In addition, it is evident
that the polymer/particle interface is of good quality and is almost free of any non-selective holes which can be
attributed to the interaction between MOF organic groups and polymer chains. The cross-sectional images of the
membranes with different weight percentages and in two different magnifications were also recorded. According
to these images, as the weight% of ZIF-8 in the PMP network was raised, undesirable clusters of particles were
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Fig. 2. The cross-sectional and surface images of (a) neat PMP, (b) PMP/ZIF-8 (10 wt%), (c) PMP/ZIF-8 (20

Wt%), (d) PMP/ZIE-8 (30 wt%).

observed in the images. The accumulation of particles results in the formation of non-selective cavities, which

correspondingly reduces the performance of the synthesized membranes

N, adsorption-desorption analysis

22,26,27

In order to determine the structural characteristics of the synthesized ZIF-8 nanoparticles, the cell containing the
desired sample was first placed in the liquid nitrogen tank. Then the amount of gas absorbed and desorbed by the
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Fig. 3. N, adsorption—desorption of ZIF-8 at 77 k.

Sample | Sy, (m’g™") [V, (cm?g) D, (nm)
ZIF-8 11944 0.4751 1.5911

Table 2. BET analysis of ZIF-8 sample.

material was calculated by gradually increasing and decreasing the nitrogen gas pressure at each stage. Finally,
the Nitrogen adsorption and desorption diagram was drawn at constant temperature of 77 K. According to the
obtained diagram (Fig. 3), the behavior of all particles follows isothermal type 1, representing the microporous
structure®®. In the desorption diagram, no residual is observed, especially in the relative pressure of more than
0.4, which indicates very low number of interporosity (mesopore) in the particle structure. The most important
feature of this isotherm is that, at low pressures, a rapid increase in adsorption is seen, and at high pressures, the
curve becomes an almost horizontal line. This isotherm is also called Langmuir curve. In this curve, a monolayer
adsorption occurs at low pressure, which indicates a strong interaction between the gas and the adsorbent
surface. The properties of ZIF-8 nanostructure synthesized with methanol solvent, such as pore diameter, pore
volume, and BET surface area are compiled in Table 2. The properties of ZIF-8 nanostructure synthesized with
methanol solvent, such as pore diameter, pore volume, and BET surface area are compiled in Table 2. The results
obtained from BET analysis indicate that the synthesized ZIF-8 exhibits a high specific surface area, which is a
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characteristic feature of this material. Furthermore, the measured BET surface area values align well with those
reported in previous studies, confirming the reliability and consistency of the synthesis method used in this
work. This agreement suggests that the structural integrity and porosity of the synthesized ZIF-8 are comparable
to those of ZIF-8 materials reported in the literature?*3.

Thermogravimetric analysis (TGA)

The thermal behavior of the membranes prepared with different weight percentages of additive particles was
studied with the aid of thermogravimetric decomposition test. TGA curves of ZIF-8 particles, PMP pure polymer
and mixed matrix membranes are depicted in Fig. 4. The TGA diagram includes three parts: evaporation of
moisture and solvent (in the temperature range of zero to 290 C), decomposition of polymer chains (in the range
of 310 ‘C) and decomposition of the organic part of the organic-metallic frameworks. Thermal degradation of
PMP membrane chains started at a temperature of about 290 C. The degradation temperature (T,) in the PMP/
ZIF-8 composite network membrane increased as the weight% of ZIF-8 particles was raised, finally reaching an
approximate temperature of 355 “C. The increased destruction temperature of the membrane can be due to the
interaction between the particles and the polymer matrix, which strengthens and hardens the polymer chains®'.
On the other hand, the strong covalent bond between nanoparticles and polymer reinforces the polymer chains
and therefore more energy is required to break these polymer chains. The precise quantification of ZIF-8 loading

= -PMP/10wt%ZIF

= <PMP/20wt%ZIF

100 200 300

Temperature (°C)

Fig. 4. Thermal gravimetric analysis (TGA) curve of ZIF-8 and MMMs with loading of 10, 20 and 30 wt% of
MOE.
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in MMMs was TGA analysis*. During the thermal decomposition process, the polymer matrix was completely
degraded, leaving behind the inorganic ZIF-8 filler as a residual weight. The final residual weight% recorded
in the TGA curves corresponds directly to the amount of ZIF-8 present in each membrane. By analyzing the
residual mass at 800 °C, the calculated ZIF-8 loadings within the MMMs were determined to be 9.5 wt%, 19.7
wt%, and 28.9 wt%, corresponding to the M2, M3, and M4 membranes, respectively. These results confirm
the effective incorporation of ZIF-8 into the polymer matrix and validate the reliability of the TGA method in
accurately assessing the filler content in MMMs.

Dynamic mechanical analysis (DMA)
In this analysis, an oscillating force is applied to the sample and the response is evaluated. Figure 5 indicates the
changes of tand and modulus (E) in terms of temperature for pure and mixed matrix membranes. The maximum
of the tand diagram (d tan & / dT =0) represents the glass transition temperature (T ) of the membranes. The
peak located at 35 C indicates the T of the PMP membrane, which is in accordancé with previous reports®2.
Raising the weight% of ZIF-8 nanoparticles in the membrane increased the T, values and the elastic modulus of
the MMMs. This increase in T, can be assigned to the confinement of polymer chains with ZIF-8 particles. The
same is true for the elastic modulus, the presence of ZIF-8 nanoparticles strengthened the polymer chains. It
should also be mentioned that at higher temperatures, the values of the elastic modulus of the MMMs reduced*.
The mechanical properties of PMP membranes and composite networks containing 10, 20 and 30 wt% of
ZIF-8 nanoparticles are summarized in Table 3. A reduction in the tensile strength and elongation at break was
observed as the weight% of nanoparticles in the membrane was increased. The reduction in tensile strength with
increasing ZIF-8 particle content in MMM s can be explained by several factors. Higher ZIF-8 content can increase
brittleness by restricting the mobility of PMP chains, making the membrane more prone to fracture under stress.
Furthermore, non-uniform dispersion of ZIF-8 particles at high loadings can cause agglomeration, leading to
stress concentration points that reduce tensile strength. Contrary to tensile strength and elongation, Young’s
modulus increased in mixed matrix membranes. The increase in Young’s modulus in mixed matrix membranes
(MMMs), despite a reduction in tensile strength and elongation, can be explained by the incorporation of rigid
filler particles (such as ZIF-8) into the polymer matrix. These particles act as a reinforcing phase, restricting the
mobility of the polymer chains and making the membrane stiffer. As a result, the membrane resists deformation
more strongly under stress, which leads to an increase in Young’s modulus, a measure of stiffness.

Gas permeation results
The effect of nanoparticles on permeability and selectivity
The permeability values of CO, CH, and H, gases and the selectivity of CO,/CH, and CO,/H, in pure polymer
membranes and mixed matrix membranes at 30 C and 2 bar pressure, are grven m Table 4

According to the data, for all the MMMs containing ZIF-8, the permeability values of CO, were significantly
higher than the corresponding values of CH, and H, the values increased as the weight% of the additive was
increased. For instance, in the PMP membrane, the permeabrhty of CO,, CH, and H, gases were 99.13, 7.38 and
8.52 Barrer, respectively, while the permeability values in the mixed matrix membrane containing 30 wt% of
ZIF-8 particles enhanced to 259.81, 8.54 and 9.24 Barrer, respectively. Higher condensability and lower kinetic
radius of CO, gas (the kinetic radius of CO, is equal to 0.33 nm and CH, is equal to 0.38 nm), compared to
CH,, along with the mutual effects between PMP polymer chains and CO, justifies the increased permeability
toward CO,,. Likewise, this assertion is also true for H, gas (despite the kinetic radius of 0.29 nm, which is
lower than CO,). As illustrated in Fig. 6, increasing the weight% of ZIF-8 particles in the polymer network of
the membrane improved the permeability of CO,, CH, and H, gases. The obtained permeability of CO, gas
is much higher in comparison to CH, and H, gases. Two factors are responsible for the improvement of CO,
permeability in PMP/ZIF-8 mixed matrix membrane. First, the presence of ZIF-8 nanoparticles in the mixed
matrix membrane increases the free volume of the membrane which facilitates higher condensability of CO,.
Second, the interaction between CO, gas quadrupoles with imidazolate linker in ZIF-8 nanoparticles leads to
improved CO, permeability. On the other hand, unlike CO,, the presence of ZIF-8 particles in the polymer
matrix had much smaller effect on improving the permeability of CH, and H,. This minor increase can be related
to the weak absorption of these gases by ZIF-8 and the increased penetration in the polymer membrane due to
the increased free volume of the polymer3%3°,

The effect of nanoparticles on permeability and solubility coefficients

Figure 7 depicts the values of diffusion coefficient and solubility of CO,, CH, and H, in PMP polymer and
mixed matrix membranes. Gas penetration and solubility in the membrane are the two influential factors in gas
permeability. The diffusion coefficient values of all three gases increase in exchange for increasing the weight%
of ZIF-8 nanoparticles, which can be due to the escalated free volume of the polymer. It should be taken into
consideration that the presence of ZIF-8 nanoparticles elongates the gas penetration path and therefore can
diminish the permeability. In general, the explanation of how the gases penetrate in the MMMs is somehow
complicated and it is not possible to provide a conclusive verification of their behavior. In addition, the
penetration of a gas in the membrane is a function of its molecular size, therefore, CO, gas passes through the
space in the membrane more easily due to its smaller molecular size, in comparison to the other two gases.
Gas solubility values in MMMs were higher than the corresponding values in PMP polymer membrane. The
solubility coefficient of CO, in the PMP/ZIF-8 membrane increased from 15.96 to 30.32 (about 90%), while a
very small improvement was observed in the solubility coefficient of CH, and H,. The significant increase in
CO, solubility in the presence of ZIF-8 particles can be attributed to the high tendency of this nanoparticle to
absorb CO, and the greater condensability of CO, in the polymer matrix. The reason for this high affinity is
the interaction between stable CO, quadrupoles with the imidazolate linker in ZIF-8. The lack of interaction
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between nanoparticles with CH, and H, gases, along with the very low condensability of these two gases, has led
to an insignificant increase in their solubility>®7.

The values of diffusion selectivity (Dq,/Dyy)s (Degy/Dyy,) and dissolution selectivity (Siq,/Seypa)s (Sco,/
Sy,) are shown in Table 5. The dissolution selectivity increased with the addition of ZIF-8 nanoparticles, which
has the main effect on the overall selectivity. The MOF in the polymer matrix separates the desired gases based

on selective absorption, not based on screening properties, therefore, the dissolution selectivity value of S,/
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Membrane Tensile strength (MPa) | Elongation at break (%) | Young modulus (GPa)
PMP 137+2 121+5 4.19+0.2
PMP/10 wt% ZIF | 126+3 116+2 4.72+0.2
PMP/20 wt% ZIF | 119+2 108+3 5.06+0.1
PMP/30 wt% ZIF | 107 +4 99+3 5.44+0.3

Table 3. Mechanical properties of ZIF-8 filled PMP membranes at different loadings.

Membrane Code | P(CO,) | P(CH,) | P(H,) | CO,/CH, | CO,/H,
M1 99.13 7.38 8.52 13.43 11.63
M2 139.24 7.61 8.84 18.29 15.75
M3 194.32 7.95 9.01 24.44 21.56
M4 259.81 8.54 9.24 30.42 28.11

Table 4. Effect of ZIF-8 content on PMP/ZIF-8 membranes at 2 bar.
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Fig. 6. The effect of ZIF-8 content and pressure changes on (a) CO, permeability, (b) CH, permeability, (c) H,
permeability, (d) CO,/CH, selectivity, and (e) CO,/H, selectivity.

Scua=11.09 and S ,,/S,,,=15.60 in PMP membrane increased to 20.05 and 26.29 in PMP/ZIF-8 membranes,
respectively. The permeation of CH, and H, gases is reduced due to the hardening of PMP polymer chains
and the lengthening of the permeation path (due to the presence of ZIF-8 nanoparticles), and as a result,
permeation selectivity is improved from D ,,/D,=1.21 and D,/D,;,=0.72 in PMP polymer membrane to
1.26 and 0.87 in PMP/ZIF-8 membranes, respectively. On the other hand, one of the characteristics of reverse
selectivity membranes is the separation of gases based on solubility, and the contribution of permeation
selectivity in gas separation is decreased. In the studied MMM, the permeation selectivity values are close to
one and its contribution to CO,/CH, and CO,/H, selectivity dwindled. According to the obtained results and
the abovementioned explanations, it can be concluded that the PMP/ZIF-8 membrane possess better reverse

selectivity properties.
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Membrane Code | D(,/Dyy | Deoo/Prs | Scox/Scus | Scoa/Sua
M1 1.21 0.72 11.09 15.60
M2 1.26 0.76 12.42 17.68
M3 1.27 0.81 15.78 21.61
M4 1.26 0.87 20.05 26.29

Table 5. Effect of ZIF-8 content on PMP/ZIF-8 membranes at 2 bar.

Effect of pressure on the performance of MMMs in separation of CO,/CH, and CO/H,

Figure 8 indicates the effect of feed pressure on the permeability of CO,, CH, and H, gases, as well as the
selectivity of CO,/CH, and CO,/H, in polymer and mixed matrix membranes with varied weight percentages
and at a temperature of 30 C. In the PMP polymer membrane, with the increase in pressure, the permeability
of gases encountered a slight decrease; the permeability of CO, changed from 101.67 Barrer at a pressure of
2 bar to 99.13 Barrer at a pressure of 6 bar. The permeability of CH, and H, at a pressure of 2 bar decreased from
7.24 to 8.95 Barrer to 7.38 and 8.52 Barrer at 6 bar pressure, respectively. Increasing the pressure on the feed
side densifies the polymer chains and as a result reduces the penetration of gases in the polymer network of the
membrane, which can also result in a reduction in permeability. According to the figure, the permeability of
CO, in the MMM:s enhanced with the increase in the weight% of nanoparticles at higher pressures. For instance,
the permeability of CO, in the membrane containing 30 wt% of ZIF-8 particles increased from 234.41 Barrer
at 2 bar pressure to 259.81 Barrer at 6 bar pressure. This increasing trend in MMM is only evident in CO, gas
and is not seen in other gases. One of the main reasons for this variation in permeability is the increase in the
concentration of condensable gases such as CO,, which causes the softening phenomenon in the membrane.
Figure 8 indicates the changes in selectivity of CO,/CH, and CO,/H, in pure PMP membrane and MMMs with
different weight percentages, with respect to feed pressure. The increase in feed pressure improved the selectivity
of CO,/CH, and CO,/H, in MMMs. The adsorption through MOF particles along with the condensation are
considered the main factors of gas permeability variation in MMMs at higher pressures. Factors affecting the
improvement of the selectivity of CO,/CH, and CO,/H, in membranes containing ZIF-8 particles, it can be
mentioned the reduction of permeability of CH, and H, due to the hardening of polymer chains, especially in
the polymer/particle joint phase®.
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Fig. 8. The effect of pressure on permeability of (a) CO,, (b) CH,, (c) H, and selectivity of (d) CO,/CH,, (e)
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According to Fig. 9, the permeability coeflicient for pure membranes and mixed matrix membranes slightly
decreased with increasing pressure. At higher pressures, the membrane becomes denser and the free volume of
the membrane decreases, which can lead to a reduction in the gas permeability coefficient®. For this reason, the
diffusion coefficient of these gases did not have a noticeable dependence on the pressure change. Another factor
which is affected by pressure variation is the solubility coeflicient of gases. In general, increasing the gas pressure
will increase the gas concentration upstream of the membrane and can have a more favorable effect on the gas
solubility coefficient. CO, gas has higher compressibility compared to CH, and H, gases, this positive feature
along with the favorable interactions of CO, with the prepared membranes significantly enhanced the solubility
coefficient of this gas with increasing pressure. On the other hand, the pressure increase had no significant effect
on the solubility coefficient of CH, and H, gases due to low compressibility and lack of proper interaction with
the constructed membranes?. Figures 10 and 11 show the performance of pure membranes and mixed matrix
membranes in the separation of CO,/CH, and CO,/H, compared to Robson’s limit. According to the figure,
better performance of the membrane is observed in the weight% and also at higher pressures, compared to
Robson’s limit.

Mixed gas tests

The mixed gas permeation properties of the PMP/ZIF-8 mixed matrix membranes (MMMs) were investigated
using equimolar (50:50 v/v) gas mixtures of CO,/CH, and CO,/H,. The experiments were conducted at a pressure
of 6 bar and a temperature of 30 °C. After passing the gas mixture through the membrane, the impermeable flow
was removed, and the composition of the permeable gas flow was determined using gas chromatography (GC).
The permeability and selectivity results for the mixed gas conditions are presented in Table 6.

A comparison of the mixed gas permeability results with the pure gas data indicates a decline in CO,
permeability and selectivity in all MMMs. This reduction is attributed to the competitive sorption and transport
effects that arise in the presence of CH, and H, in the mixture.

This reduction occurs due to the presence of CH, and H, in the mixture, which inhibits CO, transport
through the membrane. The decrease in permeability is more pronounced in MMMs with higher ZIF-8 loading,
suggesting that ZIF-8 particles have a role in CO, adsorption competition. The ideal CO,/CH, selectivity values
for PMP/10, 20, and 30 wt% ZIF-8 were 18.29, 24.44, and 30.42, respectively. Under mixed gas conditions, these
values reduced to 16.97, 23.63, and 29.71, respectively. Similarly, the ideal CO,/H, selectivity decreased from
15.75, 21.56, and 28.11 in pure gas conditions to 14.76, 20.95, and 27.26, respectively, in mixed gas. The decrease
in gas permeability and CO, selectivity over CH, and H, can be attributed to the following series of phenomena:
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Fig. 9. The effect of pressure on diffusion coefficient of (a) CO,, (b) CH,, (c) H, and solubility coefficient of
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The presence of CH, in the gas mixture reduces CO, adsorption on the ZIF-8 particles. Since ZIF-8 has an
affinity for CO,, the simultaneous presence of CH, reduces the effective number of adsorption sites available for
Co,,.

2

1. The presence of CH, in the gas mixture reduces CO, adsorption on the ZIF-8 particles. Since ZIF-8 has an
affinity for CO,, the simultaneous presence of CH, reduces the effective number of adsorption sites available
for CO.,,

2

2. The presence of CH, inside the membrane matrix, especially within the free volume, inhibits the condensa-
tion of CO,. This reduces the solubility of CO,, thereby lowering its overall permeability.

3. In mixed gas conditions, CH, and H, molecules occupy free volume spaces within PMP, disrupting the CO,

transport pathways.

Gas separation performance

The gas separation results of the prepared membranes were compared with the results of various articles about
MMMs with Robseon’s upper limit and the results are shown in Figs. 12 and 13. It was revealed that not only the
gas separation properties of the fabricated MMMs in this research was better than most of the other reported
MMM, but also exceeded the upper limit of Robson, which confirms the optimal performance of the prepared
membranes. In addition, outstanding results were obtained, even at low amount of nanoparticles, which can
reduce the cost of membrane construction.

Conclusions

In this research, new MMMs were fabricated using ZIF-8 nanoparticles and PMP polymer. In order to
evaluate the gas separation performance of the prepared membranes, a gas permeability test was conducted
at a constant temperature of 30 ‘C and pressures of 2, 6 and 10 bar, using a constant volume-variable pressure
device. In addition, various tests such as FESEM, FTIR-ATR, BET, TGA and DMTA were applied to investigate
and analyze the structure of the membranes. The obtained results demonstrated that the nanoparticles had
very good compatibility with the PMP polymer, with uniform distribution over the polymer bed without any
accumulation. The polymer chains surrounded the nanoparticles without any holes or defects. Based on gas
permeability results, the most appropriate performance was observed with MMM:s containing 30% by weight
of nanoparticles, in which CO, gas permeability improved by more than 180% compared to the pure polymer
membrane at a pressure of 10 bar and reached about 278.95 Barrer. Meanwhile, the selectivity of CO,/CH, and
CO,/H, improved by 142% and 155% respectively at 10 bar pressure and reached 33.36 and 30.35.
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Pure gas tests Mixed gas tests

Permeability Permeability

(barrer) Ideal selectivity (barrer) Real selectivity
co, [cH,[H, [co,cH,][coyH,|co, [cH,|H, |CO,CH,][CO/H,
PMP/10 wt% ZIF-8

139.24 ‘ 7.61 ‘8484 ‘ 18.29 ‘ 15.75 ‘ 128.35 ‘ 7.56 ‘8.69 ‘ 1697 ‘ 14.76
PMP/20 wt% ZIF-8

19432 795 [901 [2444  [2156 [18526 784 [8.84 [2363  [2095
PMP/30 wt% ZIF-8

259.81 ‘8.54 ‘9.24 ‘30.42 ‘28.11 ‘248.38 ‘8.36 ‘9.11 ‘29.71 ‘27.26

Table 6. Mixed gas permeability and selectivity data at 6 bar and 30 °C compared to pure gas tests.
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