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Abstract

This research investigated comprehensively the fundamental science of estimating sorption, diffusion, and permeation of 1,3-
butadiene and nitrogen in polydimethylsiloxane (PDMS), and zeolitic imidazolate frameworks (ZIFs) filled mixed-matrix mem-
branes (MMMs). ZIF-8 and Ni-ZIF-8 nanocrystals were synthesized at room temperature and incorporated into PDMS at
different loadings. The physical and chemical properties of both ZIFs have been studied by XRD, FTIR, SEM, EDX, and TGA,
respectively. Synthesized Ni-ZIF-8/PDMS MMDMs demonstrated homogeneous particle dispersion, improved particle-polymer
adhesion, and better butadiene permeation under various testing conditions. 15% Ni-ZIF-8/PDMS MMM exhibits 1,3-butadiene
permeance 323 GPU, which improved by 60% compared with PDMS, and 32% with 15% ZIF-8/PDMS MMM, while BD/N2
ideal selectivity of 19.5was higher 81% than PDMS, and 32% than 15% ZIF-8/PDMS MMM at 40°C and 1.5 bar. Additionally,
Ni-ZIF-8/PDMS MMMs have improved the solution-diffusion properties of butadiene and decreased sorption enthalpy, entropy
change, activation energies of diffusion, and permeability from PDMS and ZIF-8/PDMS.
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Introduction

1,3-Butadiene (BD) is a very versatile organic raw material, a petrochemical-based VOC, used as a monomer
for the manufacture of synthetic rubber!. Due to the presence of conjugated double bonds in its molecule,
addition, cyclization, substitution, and polymerization reactions can take place, which makes this VOC a
widely used compound in synthetic rubber and organic synthesis?. Due to its high consumption for the
synthetic rubber industries, it became so essential to control it from the tail gases of synthetic rubber plants.
In addition, the international agency for research on cancer has designated 1,3-Butadiene as a possible car-
cinogenic material, while environmental protection agency (EPA) has listed it as the 10*" most carcinogenic
material®. Butadiene mainly mixed with the nitrogen during its post-treatment, i.e., drying process, where
butadiene evaporates from the synthesized rubber and mixed with the tail gas of the plant. At present, the
catalytic oxidation method used to remove the BD from tail gas before emitted to air, which completely
converted the VOCs into COy and HyO. Although catalytic oxidation removed BD from tail gas of the
synthetic rubber plant, it is a destructive method to control the VOC emission so that there must be some
constructive method required, which can effectively recover the BD from tail gas and can be reused as well.

Membrane-based technology is one of the best possible solutions for complete VOC recovery. The membrane
separation process developed over the last decades and considered to be very attractive due to its ease of



operation, small footprint, low energy usage, easily scale up production, and more significantly, it offers
the ability to meet future stricter environmental limits®. In the recent works, MMMs showed good results
for many applications such as water separation, flue gas purification, petrochemical separation, and natural
gas separation® 2. The synthesis of mixed matrix membranes (MMMs) is the most promising approach for
using both organic and inorganic material properties at the same time, which also improves gas transport
properties and may surpass the Robeson upper bound limit*'?. It involves the fabrication of composite
membranes between polymeric materials as a base, and inorganic material as filler particles. Theoretically,
by use of MMMs, benefits of both polymer and inorganic content can be used at the same time. Moore et al.
identified the different non-ideal structures in MMMs such as rigidified polymer layer around the inorganic
fillers, interface voids or sieve in-a-cage, and particle pore blockage!!. In order to surpass the Robeson upper
bound, the MMMs structure must be defect-free at the polymer/filler interface. For overcoming the poor
adhesion, it requires careful selection of the filler and polymer, which must have good interaction with
each other. However, the selection of fillers and polymers is limited to form a defect-free interface on the
basis of these factors'?. Polydimethylsiloxane (PDMS)*3 15 polyether block amide (PEBA)>6, matrimid!7,
polymers of intrinsic micro porosity (PIM)!®, polyethylene oxide (PEO)'?, polyvinyl alcohol (PVA)?°, and
several polyimides??? are polymers that have been commonly used in the fabrication of MMMs, while carbon
molecular sieves??, zeolites?*, carbon nanotubes!3, graphene oxide (GO)?%26, and metal-organic frameworks
(MOFs)?7:28  are the most extensively used nano porous materials as fillers in MMMs.

There is no data available for the separation of BD from its nitrogen mixture through the membrane separa-
tion process in the literature. Baker et al. stated that rubbery membranes are beneficial for the 99% recovery
of hydrocarbons with a suitable process design®’. Polydimethylsiloxane (PDMS) is a rubbery polymer and
well-known membrane material due to its excellent chain flexibility makes it very permeable even at high ope-
rating temperature and low trans-membrane pressure. By the end of the last century, PDMS predominated
and widely studied polymer for hydrocarbon separation. Past results have shown that the PDMS membrane
has excellent potential for recovering hydrocarbons from nitrogen mixed streams3®32. Additionally, it is
worth noticing that the 1,3-butadiene permeation through rubbery polymers such as PDMS is superior to
its permeation through any glassy polymer since there exist two to three orders of magnitude difference in

permeation33.

Zeolite imidazolate framework (ZIF) is a subfamily of MOFs, which is coordinated between the transition
metals such as zinc and cobalt and imidazole linkers®*. In recent years, ZIFs have engrossed deep interest as
a versatile crystalline porous material for gas storage and gas separation applications. The highly crystalline
and nano-porous structures of ZIFs, make them an ideal candidate for the separation of small kinetic dia-
meters gas particles. The imidazolate linkers in ZIFs frameworks made them more hydrophobic as compared
with any other filler types, which deliberates the excellent interfacial compatibility between polymers and
ZIFs3®. Moreover, the imidazolate linker property of structural flexibility makes its role more essential and
vital as it involves in gate opening effect of ZIFs for large molecules than the pores of ZIFs®6. ZIF-8 is the
most studied ZIF material among all of its types in MMM:s for the gas separation34:37-38 Tt is worth noticing
that; besides the extensively researched linker-substituted effect, metal-substitution also influences the mole-
cular sieving efficiency of the associated ZIF crystals. By introducing a second metal ion in the MOF cluster,
the stability and affinity towards the target gases can be largely improved3® 4. Many recent works have
reported in which researchers have used mixed metal MOFs by adding another metal in the ZIF-8 crystal for
properties enhancement*!. The results were improved by the addition of another metal in the ZIF-8 cluster.
To the best of our knowledge, the separation of low boiling point hydrocarbons (gases at room temperature)
from permanent gases, using ZIF-based membranes, is very limited. Just one study reported by Fang et al. in
which they used ZIF-8/PDMS/PVDF MMMs to separate propane from nitrogen mixture??. The C3Hg/N,
selectivity was 38% improved by using 10% ZIF-8-MMDMs relative to the pure PDMS membrane. Therefore,
the ZIF-8 based MMMs should be further examined for the hydrocarbon separation from permanent gases.

This work, for the first time, employed Zn/Ni-ZIF-8 as a filler for the preparation of MMMs with PDMS
polymer to improve the gas-separation properties of the membranes for the separation of BD/Ny. Ni-ZIF-8
has the same zeolite nets-sodalite (SOD) topological structure with ZIF-8, while Ni just partially substitutes



the ZnNyin the backbone of the ZIF structure, and tetrahedrally connected with the nitrogen, which makes
it a very stable structure of four coordinated with Ni centers. Mixed metal ZIF was used to enhance BD
affinity, which resulted in a sufficient adsorption capacity due to the presence of two metals in its cluster. The
difference of gas permeation results was tested for single and mixed metal ZIF-8 in their MMMs. The effects
of Ni-ZIF-8 loading on the microstructure of the membranes were investigated. The influence of Ni-ZIF-8
nanoparticle loadings feed temperature, and feed pressure on gas-permeation performance were also observed.
Importantly, the gas transport properties across these MMMs for 1,3-butadiene and Ny were investigated
on a preliminary basis by exploring the effects of different MMMs. This study will introduce the permeation
and solution-diffusion properties of Ni-ZIF-8/PDMS MMMs for the removal of BD from nitrogen mixture,
which will also provide a scientific contribution in the literature.

Materials

Zinc nitrate hexahydrate (Zn (NOj3)2-6H20, 99.99%), 2-methylimidazole (Hmim, 98%), and Tetraethyl or-
thosilicate (TEOS, 98%) were supplied by Shanghai Aladdin Industrial Corporation China. PVDF porous
support membrane was prepared using the nonsolvent-induced phase separation (NIPS) method. Dibutyl-
tin dilaurate (DBTDL, [?]96%) was supplied by Tianjin Guangfu Fine Chemical Research Institute China.
Hydroxyl-terminated PDMS (viscosity, 50000 mPa s) was purchased from Beijing Chemical Works China.
Methanol of analytical grade was purchased from Beijing Tongguang Fine Chemical Company China. Bu-
tadiene and nitrogen pure gases (99.999%) were supplied by Shanxi Hongwei Gas Company China. All
reagents were used as received without any further purification.

Synthesis of ZIF-8

ZIF-8 nanoparticles were synthesized by following the method, which is available in the literature*3. Typi-
cally, 1.8 g of Zn (NOj3)2*6H0 and 4.0 g of 2-methylimidazole were mixed in 100 ml methanol separately,
then they were mixed and remained stirred for the next 1 hr. Afterward, the white product was centrifuged
(TG16-WS CENCE Company Ltd. P.R.China) and rinsed with methanol two times and dried in an oven at
60degC.

Synthesis of Ni-ZIF-8

Ni-ZIF-8 nanoparticles were made according to the method available elsewhere**. Zn (NO3)3.6H,O (1.188
g) and Ni (NO3)2.6H20 (1.172 g) were mixed in 200 ml methanol separately and mixed with the solution of
2-methylimidazole (5.296 g) in methanol (100 ml), which was stirred for next 24 hrs at ambient conditions.
Then violet color powder was washed three times with methanol and dried in a vacuum oven at 80degC.

MMDMs preparation

The membrane was prepared by the solution casting method. First of all, ZIFs nanoparticles were added
in n-heptane and stirred it for 30 minutes and then sonicated for the next 30 minutes. The same steps
were repeated three times simultaneously. Then the 10% PDMS of its total weight was added for “priming”
in the ZIFs/n-heptane solution (wPDMS:wn-heptane = 0.1:9) and let it further stirred for next 3 hrs.
Subsequently, more PDMS was added after each 3 h with different amounts of PDMS (20, 30 and 40%)
and then remained it stirred for next 12 h. TEOS (crosslinker) was added with definite ratio (WPDMS:wn-
heptane:wTEOS:wdibutyltin dilaurate = 1:9:0.1:0.01). After 2 h, the catalyst (DD) was added and stirred
the solution for the next 20 minutes. Moreover, the casting solution was placed in the sonicator for 20
minutes before casting the membrane, as this method is helpful for the good dispersion of fillers within
the polymer matrix. Then the slightly viscous solution was cast over PVDF support following the solution
casting method. The membranes were dried in the open air for 3 h and kept in an oven at 120degC for the
next 4 h for the sake of crosslinking and the complete removal of solvents from it. By following the same
method, we have synthesized the pure PDMS/PVDF membrane without any loading of ZIFs. The ZIFs
loading was defined by using the following equation,

WzZIF = 7’”’7:1‘L’ZDII\1:IS X 100(1)



here, w zr represents the loading of ZIFs nanoparticles in the MMMSs, m zr, andm ppms represents the
mass of ZIFs and mass of PDMS added in the casting solution, respectively.

The Ni-ZIF-8 loading in these MMMSs were 0, 5, 10, 15 and 20 % respectively and resultant membranes were
labeled as, X-Ni-ZIF-8 MMM (X= 0, 5, 10, 15, 20). For the sake of comparison with ZIF-8 based MMMs,
we made the same loading MMMs of ZIF-8 by following the same method.

Gas permeation test

The gas permeation tests were conducted at different temperatures and pressures on self-designed equipment,
which was based on constant pressure and variable volume (Figure. S1), and gas permeation testing details
are given in supplementary information. In this work, we measured gas transportation across the membrane
in “permeance” as it is independent of the membrane thickness and membrane module. Simple flat sheet
membranes were used in this work for the separation of butadiene and nitrogen, while different membrane
modules widely used in industries for getting better results than the flat sheet membranes. Gas permeance of
both the gases was measured, and all the readings were repeated at least five times and reported an average
value of it. The gas permeance (J ) was calculated by using the following equation,

T= 5 )

where ¢ represents the flow rate (cm?/sec), which was measured by a bubble flow meter, p used for the
trans-membrane pressure (cm Hg), and A is used for active membrane surface area (cm?). The unit used
for permeance was GPU (gas permeation unit) (1x10%m? cm™ sec'emHg™?).

The permeance is related to the permeability by using the following equation,

P=Jxl (3)

2

here, P is used for permeability (1x10%cm?® cm ecm™ sec'emHg™?), and [ is for membrane active thickness

(cm).
The ideal permeation selectivity (a p) was measured by the permeation ratios of pure gases,

ap = 2 (4)

here P gp and P n2 showing the permeabilities of butadiene and nitrogen, respectively.
Gas sorption test

The sorption analysis of pure gases was conducted by using an isothermal equipment “intelligent gravimetric
analysis” (IGA) (IGA100C Hiden Isochema Ltd. England) at different temperatures. The gas sorption values
were taken volumetrically for pure PDMS and MMMs. Before testing the sorption analysis, the pure PDMS
and Ni-ZIF-8 MMMs without PVDF support were placed in the oven at 120°C for 6 h for the complete
removal of any adsorbed moisture or solvent from it. The detailed method of the sorption tests is given in
supplementary information.

The solubility is the penetrant property to dissolve with the membrane. The solution coefficient expresses
the solubility of the component in the medium, which is a dissolution property of components. . The solution
coefficient (S) of gas, can be described as the gas concentration divided by pressure of the gas at the
equilibrium. So,

s-26
here S , C, and P representing the solution coefficient (cm? (STP) cm™ membrane bar!), gas concentration

(em® (STP) cm3membrane), and pressure at equilibrium (bar), respectively. The solution selectivity (a s)
was measured by using the following equation,

ag = 322 (6)




here S gp and S narepresenting the solution coefficients of butadiene and nitrogen, respectively.

Diffusivity is an important parameter indicative of the penetrant mobility across the membrane based on
its concentration difference. The diffusion coefficient expresses the speed of diffusion of components in
medium, which is a transfer attribute of components. Through the solution coefficient and permeability
values, diffusion coefficient (D ) was measured by using the equation,

D= 5 (7)

here D representing the diffusion coefficient (cm? s7!) of the gas, P , andS showing the permeability (Barrer)
of the gas, and solution coefficient (cm?® (STP) cm™ membrane cmHg™!), respectively.

The diffusion selectivity (¢ p) was measured by using the following equation,
D
ap = Di]; (8)

here D gp and D N9 showing the diffusion coefficients of butadiene and nitrogen, respectively.

ZIF nanoparticles and membrane characterizations

Powder X-ray diffraction (PXRD) and Wide-angle X-ray diffraction (WXRD) patterns were determined for
ZIFs nanoparticles and membranes by using an X-ray diffractometer (Ultima IV, Japan) with Cu-Ko X-
ray radiation (A =1.54056 A) from 5 to 40° at the rate of 5° min™!, respectively. For testing the textural
properties of synthesized ZIFs materials surface area analyzer (BELSORP Japan) was used by Na adsorption
and desorption at 77 K. The surface areas of ZIF-8 and Ni-ZIF-8 were calculated by the use of standard
Brunauer-Emmett-Teller (BET) equation. Before measuring the surface area, the samples were pre-dried at
150°C for 6 hrs under a continuous flow of No. Morphologies and Energy disperse X-ray spectroscopy (EDXS)
of the ZIFs particles, and MMMs were observed through a field-emission scanning electron microscope (FE-
SEM, JSM-7500F, JEOL, Japan), which was operated at 5 kV. FTIR spectrum was plotted by using ATR-
FTIR (Thermo Nicolet IS10, USA) by setting the range of 4000-500 cm™ with a resolution of 4 cm™. Thermal
stabilities analysis of the nanoparticles and MMMs were analyzed by thermogravimetric analysis (TGA-60
Shimadzu Japan) in the range of 30 to 800°C with a ramp rate of 5°C min™!, under the continuous flow
of nitrogen. The same instrument (TGA-60 Shimadzu Japan) was used for differential scanning calorimetry
(DSC) analysis of MMMs.

Results and discussion
Characterization of ZIFs nanoparticles and MMMs

In order to obtain the crystal structure of both ZIFs nanoparticles, powder X-ray diffraction (PXRD) ana-
lysis was performed. Figure 1(a) shows the PXRD pattern of the simulated ZIF-8, synthesized ZIF-8, and
synthesized Ni-ZIF-8, respectively. It can be seen that the main peaks of the synthesized ZIF-8 and Ni-ZIF-8
are very clear and identical with simulated ZIF-8, which proves its structure and phase purity*. Figure 1 (b)
shows the Noadsorption-desorption isotherms at 77 K for Ni-ZIF-8 and ZIF-8. The overlapping of adsorption-
desorption isotherm confirmed its microporous structure as well. BET analysis provided the specific surface
areas of ZIF-8 (1420 m?/g), and Ni-ZIF-8 (1700 m?/g), while the micropore volumes were 0.58 cm?®, and
0.66 cm?® of ZIF-8 and Ni-ZIF-8, respectively. The specific surface areas of ZIFs depend upon different syn-
thesis methods, such as solvent used for synthesis, organic linker, and the synthesis process (solvothermal or
hydrothermal). The BET surface area, pore size, and pore volume of both ZIFs are well-matched with the
reported work3”. The SEM images of both ZIFs are given in Figure S2, which confirms that both ZIFs have
spherical shapes and homogeneous particle sizes. Ni-ZIF-8 has an average particle size of 40 nm, while ZIF-8
has the 60 nm (Figure S4). The EDX results (Figure S3) revealed the exact percentage of Zn, Ni, N, and
C in its structure, and it confirms the well-distributed Ni atoms in the whole structure of Ni-ZIF-8. TGA
analysis revealed that Ni-ZIF-8 showed better thermal stability from ZIF-8, as it was just a 7% decreased in
weight from 30 to 580°C, which was probably due to the removal of residual solvent in it (Figure S5). Above
580°C, there was the breaking of the imidazole molecule in the Ni-ZIF-8 structure. Furthermore, the FTIR



analysis (Figure 1 (c)) showed that there was no chemical change occurred in MOF cluster by adding the Ni
particles in the ZIF-8

WAXRD analysis was used for testing the microstructure of Ni-ZIF-8 nanoparticles in the MMMs and
polymer matrix. As shown in Figure 1(d), there are five main peaks at 12°, 18.4°, 20.1°, 22.9 °, and 26.8°
in the pure PDMS/PVDF membrane. These broad peaks confirmed the d-spacing of 7.3A, 4.8 A, 4.2 A, 3.9
and 3.3 A, respectively, which can be attributed to the average distance between PDMS and PVDF chains in
the membrane. As the Ni-ZIF-8 incorporated with the polymer, PDMS peaks became weak concerning the
filler ratio. At 15% filling of Ni-ZIF-8, these peaks almost minimized as compared with the pure membrane
peaks. Such findings were related to a disruption in the chain packing of the polymer due to the addition of
Ni-ZIF-8 nanoparticles. In comparison, the major peaks of the Ni-ZIF-8 are conspicuous at high loading and
at the same locations for the pure Ni-ZIF-8 peaks, which revealed that no structural changes have occurred
in the Ni-ZIF-8 since impregnated with the PDMS.

The FTIR analysis was conducted and shown in Figure 1(e) to check the chemical structures of pure PDMS
and Ni-ZIF-8/PDMS MMMs. The pure PDMS membrane and all MMMs spectrums were well matched
with the reported data®. For pure PDMS membrane, the characteristics peaks were at 1256, 1009, and
788, which were accredited to the C-H symmetric bending vibration, Si-O-Si stretching vibration, and CHjs
rocking vibration in Si—-CHg, respectively. These results confirmed the presence of PDMS in the membrane.
New bands were found in MMMs at 1310, 1145, and 750, which were attributed to the stretching vibration
of C-N, bending vibration of C-H, and bending vibration of the imidazole ring, respectively. These new
peaks have confirmed the presence of Ni-ZIF-8 in the polymer matrix. All these peaks confirmed the good
affinity of Ni-ZIF-8 nanoparticles with the PDMS and successful formation of MMMs with different Ni-ZIF-8
loadings.

The thermal stabilities of MMMSs were observed by using TGA analysis. The results are shown in Figure
1 (f), which showed that pure PDMS has good thermal stability up to 400°C and pure Ni-ZIF-8 up to
580°C. It has been shown that the incorporation of Ni-ZIF-8 particles into the PDMS matrix enhanced the
thermal stability of MMMs. Throughout the course of weight loss in the 15% Ni-ZIF-8 MMM, three steps
were found. In the primary step (25-330°C), there was just 4% weight loss was observed, which was due
to the residual solvent removal from the membranes. While in the second step (330-530°C), the pyrolysis
of PDMS branches occurred, which lost 34.5% weight of membrane, and in the last step (530-800°C) 40%
weight of the membrane was lost due to the degradation of PDMS and Ni-ZIF-8. Except for observing the
thermal stabilities of MMMSs, the exact loading percentages of the Ni-ZIF-8 were also determined using the
yield of the char at the end of this test. The Ni-ZIF-8 loadings from TGA analysis were observed 4.98%,
9.98%, 15%, and 20% for 5-20% Ni-ZIF-8 loaded MMM, respectively, which are consistent with the casting
solution formulation data of the membranes.
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Figure 1. PXRD, N, adsorption and desorption, and SEM image of Ni-ZIF-8 (a), (b), and (c), while (d),
(e), and (f) showing the WXRD, FTIR, and TGA analysis of Ni-ZIF-8 MMMs.

The DSC test will observe the effect of ZIFs on polymer melting and glass transition temperatures, as well
as help us to estimate the polymer-MOF interfacial interaction?®. Table S3 representing the T , (glass
transition temperature), T ,, (melting temperature), andT . (crystallization temperature) of pure PDMS
and MMMs. With the increase in Ni-ZIF-8 loading, the DSC results showed the increasing trends in the
crystallization and melting temperatures of MMMs as compared with the pure PDMS. The changes in
melting and crystallization temperatures were attributed to the reduction of chain mobility of PDMS due to
the addition of Ni-ZIF-8 nanoparticles?”. The PDMS chain mobility reduction may cause the rigid packings
of polymer chains, which has shown excellent interfacial interaction between Ni-ZIF-8 and PDMS phases.

SEM images were used at low and higher magnification to check the surface morphologies of the synthesized
membranes, as shown in Figure 2. The PDMS control membrane surface was defect-free, dense, and ho-
mogeneous (Figure 2 a and b). In comparison, Ni-ZIF-8 nanoparticles observed on the membrane surface,
which were well dispersed within the PDMS matrix, implying their good compatibility. The incorporation of
Ni-ZIF-8 nanoparticles has resulted in some surface roughness of the MMMs and has increased with respect
to the loadings of Ni-ZIF-8. The membrane showed good homogeneity even at high loading up to 15 wt% of
Ni-ZIF-8 (Figure 2 (c) and (d)). It was observed that the nanoparticles of Ni-ZIF-8 started to agglomerate



marginally at a loading of 20 wt% (Figure S6 and S7), which may be due to the stronger surface tension of
ZIF particles than to the polymer affinity. The overall well scattered ZIFs in the polymer is 15 wt% loadings.
At lower magnification, the nanoparticles of Ni-ZIF-8 tend to be aggregated, but at a higher magnification,
they are very well dispersed from each other, and no defects were observed in the MMMs. Cross-sectional
morphologies of the 15% Ni-ZIF-8 MMM have been shown in Figure 2 (e and f) with low and high magnifi-
cations, respectively. There was no sign of voids observed between the membrane active layer and the PVDF
support. The average thickness of the 15% Ni-ZIF-8 MMM active layer was 13 um. At higher magnification,
Ni-ZIF-8 nanoparticles can be seen in the active layer of the membrane within the PDMS.

Figure 2. Surface morphology of PDMS (a, b) and 15% Ni-ZIF-8 MMM (c, d), cross section image of 15%
Ni-ZIF-8 MMM (e, f).

In addition to surface morphologies, the dispersion of Ni-ZIF-8 nanoparticles within the polymer matrix
was further verified using the EDX analysis shown in Figure S8. The continuous grey and green colors
representing the Si and O, respectively, reflecting Si-O backbone of the polymer matrix. The Si and O
colors have filled the mapping, which confirmed that all Ni-ZIF-8 nanoparticles are wrapped with the PDMS
layer. The blue, red, and yellow colors are representing the Zn, N, and Ni, respectively. The good distribution
of these three colors confirmed the excellent dispersion of Ni-ZIF-8 nanoparticles within the polymer matrix,
which might be beneficial to create the relatively continuous pathways for molecular diffusion. In order
to improve the separation performance and defect-free membrane synthesis, homogeneous dispersion of the
filler, and excellent compatibility between organic and inorganic phases must be created!?.

The tests of TGA, EDX, SEM, and EDX revealed that the Ni-ZIF-8 has excellent interaction with PDMS
chains, and could activate the Van der Waals forces and hydrogen bonding between Ni-ZIF-8 and polymer



phases. Moreover, the addition of Ni-ZIF-8 in the PDMS did not alter the crystallinity and chemical structure
of PDMS, as shown by XRD and FTIR analysis.

Gas separation properties of MMMs
Effect of ZIFs loading

Pure gas permeation experiments were conducted at a pressure of 1.5 bar and a temperature of 40°C, for
the evaluation of pure PDMS, and MMMs. Figure 3 demonstrates the permeation of BD in pure PDMS and
MMMs with ZIF-8 and Ni-ZIF-8 loadings. It can be observed that the permeation improved by the increase in
ZIFs loading in both types of MMMs, while the Ni-ZIF-8 based MMMs showed a significant rise in permeation
with respect to the ZIF-8 based MMMs. The highest permeation results were observed at 20% ZIF's loading,
which were 400 GPU for Ni-ZIF-8 based MMM and 325 GPU for ZIF-8, and showed improvements of 98%,
and 61% as compared with pure PDMS membrane, respectively. The reason for Ni-ZIF-8/PDMS MMMs has
more permeation than pure ZIF-8/PDMS MMMs can be described in three different parameters. The first
parameter was the large surface area, high micro, and total pore volumes of Ni-ZIF-8 relative to the pure
ZIF-8. The second parameter was the tunability of the effective aperture size of the ZIF-8 by the inclusion
of the Ni atoms in its cluster. Pure ZIF-8 has experimentally demonstrated an effective aperture size of
4.0-4.2 A (0.6-0.8A higher than its aperture size (3.4A) showed by XRD analysis)*®, which is smaller than
the kinetic diameter of the BD molecule (4.3 A). In addition, the simulation findings have shown that the
organic linker in the ZIF-8 is able to fluctuate the opening size up to 1A, which means that the pure ZIF-8
will expand its pores up to 4.4A%°. Based on these facts, we assumed the same organic linker fluctuation
in Ni-ZIF-8 that enhanced its aperture size by 0.8-1.0 A, and it showed an effective aperture size of 4.4-4.6
A, which is larger than the size of BD molecule. These evidences proved that the Ni-ZIF-8 pore/aperture
has more compatibility with the size of the BD molecule than the ZIF-8 pore/aperture, making it more
convenient for the BD molecules penetration. The third parameter was the presence of more metal sites (Zn
and Ni) in Ni-ZIF-8 cluster relative to the ZIF-8 (Zn), which provided more affinity to butadiene molecules.

BD molecule is unsaturated due to two C = C double bonds in its structure. This unsaturation gives it
the capacity to interact with the metal sites that are normally electron-rich. The BD molecule attracted
towards the two-metal sites of Ni-ZIF-8, which have different adsorption and binding behavior based on
the n-complexation mechanism for the BD molecules. Owing to this discrepancy, it gave the asymmetric
adsorption/desorption of BD from Ni-ZIF-8, which enhanced the permeation from Ni-ZIF-8/PDMS MMDMs.
BD adsorption in the ZIFs based on metal-to-BD molecule interplay polarization that can form a reversible
complex with transition metals. Based on previous work®?, it was postulated that the BD interacted with
the Ni and Zn metals atomic orbitals, forming a complex. During this complex, BD and metals act as an
electron acceptor and electron donor, respectively. By overlapping the metal’s external s-orbitals with the
BD’s bonding t-molecular orbital, a ¢ -bond is formed in the complex. Additionally, a t-bond formed in the
complex due to the transfer of electrons from the BD’s vacant antibonding n*-molecular orbital and filled
d-atomic metal orbital. In desorption, the same reverse effect happened, releasing the BD molecule from
metal sites. In Ni-ZIF-8, the presence of two metals created the synergistic effect and reinforced BD affinity.

On the other hand, Figure 3 shows the ideal selectivity of pure PDMS membrane and MMMs for BD /Ny
separation with respect to both types of ZIFs loadings. It can be found that the selectivity improved by
increasing the ZIF's loading in the PDMS matrix up to 15%, and thereafter the selectivity decreased in both
types of MMMs. The contradiction between permeance and selectivity at 20% ZIF loading is the so-called
“trade-off effect” of polymeric membranes. Compared to the pure PDMS membrane, the Ni-ZIF-8 displayed
an overall improvement in selectivity about 81%, while the ZIF-8 showed 32% at the same (15%) loadings.
Thus, ZIFs with a load of not more than 15% broke the trade-off law between permeability and selectivity.
The reduction of selectivity at higher loading may be due to internal interface defects in the agglomeration
of the ZIFs within the PDMS matrix. Ni-ZIF-8/MMMs has more selectivity and permeation than the ZIF-
8/MMMs, which can be explained by the high affinity of Ni-ZIF-8 with BD, and low interaction with the
nitrogen molecules. It was also observed that the nitrogen permeance was slightly higher in ZIF-8 based
MMMs than the Ni-ZIF-8/MMDMs, which also affected the selectivity of ZIF-8/MMDMs.



Based on the aforementioned results of permselectivity, 15% of Ni-ZIF-8 MMM were selected for further
evaluation under different pressure and temperature conditions. Improved permeation properties, particu-
larly 81% improvement in BD /Ny ideal selectivity, strongly confirmed that the synthesized Ni-ZIF-8 /MMMs
up to 15 wt% loadings are defect-free. For the 99% hydrocarbons recovery from nitrogen mixture, rubbery
membranes with 100 GPU permeability and 10 selectivity can be used with the proper design of the mem-
brane process?’. Therefore, it is believed to use 15% Ni-ZIF-8 MMMs made in this study, having 323 GPU
permeance and 19.5 selectivity for efficient separation of BD from the Ny mixture.
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Figure 3. Gas separation properties with respect to ZIF loadings of (a) Ni-ZIF-8 MMMs and (b) ZIF-8
MMDMs

Effect of feed temperature and pressure

The membranes were tested at different operating temperatures and a constant feed pressure of 1.5 bar.
Figure 4 (a and b) showing the effect of temperature on the permeation and ideal selectivity (BD/N3)
in pure PDMS and Ni-ZIF-8 MMMs. The temperature range was set according to the actual emission
conditions of synthetic rubber plant tail gas. The permeance of butadiene decreased in pure PDMS and 15%
Ni-ZIF-8 MMM with respect to the increase in operating temperature, which confirmed that the solubility
phenomenon is dominant in the transportation of butadiene across the membranes. The BD permeance
decreased from 323 to 284 GPU in 15% Ni-ZIF-8 MMM from 40 to 50°C temperature increase. While the
permeance in pure PDMS was reduced from 202 to 187 GPU at the same temperature change. It was worth
noticing that the effect of temperature on Ni-ZIF-8/PDMS MMMs permeance is more prominent compared
with pure PDMS, which can be explained due to the less adsorption of BD over Ni-ZIF-8 at high temperature
as shown in Figure S10, and the same trend existed in its MMMs.

In the case of nitrogen, the permeance enhanced at elevated temperature, which suggested that the diffusion
phenomenon is responsible for the transport of nitrogen gas molecules through the membranes. In this work,
the nitrogen permeance improved from 18.8 to 19.6 GPU in PDMS and from 16.6 to 17.9 GPU in 15%
Ni-ZIF-8 MMM, respectively, by rising the temperature from 40 to 50°C. The BD /Ny ideal selectivities
decreased at elevated temperatures; the pure PDMS selectivity decreased 12.5%, while15% Ni-ZIF-8 MMM
selectivity decreased 20% from 40 to 50°C, respectively. The decrement of selectivity was higher in Ni-ZIF-8
MMM, which could be ascribed to the low sorption of BD at high temperatures. The low selectivity at high
temperature indicates that the temperature should be maintained at 40°C for further membranes testing.
From the previously reported works [26,39], it was concluded that the separation of the hydrocarbons through
the gas separation system was affected by the high temperature, so that the low operating temperature
favored the recovery of hydrocarbons from the mixed nitrogen stream. Consequently, 40°C temperature was
selected for further testing of these membranes.

The effect of feed pressure was tested on pure PDMS, and all Ni-ZIF-8/MMNMs at a constant temperature of
313 K. Figure 4 (c, d) presenting the effect of pressure on separation properties of membranes, in which the
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permeance enhanced with respect to the feed pressure. By increasing the pressure from 1.5 to 2.5 bar, the
BD permeance improved by 10% in pure PDMS and improved by 14% in 15% Ni-ZIF-8 MMM, respectively.
Nitrogen permeance increased from 18.8 GPU to 22 GPU in pure PDMS, and 16.6 GPU to 20 GPU in
15% Ni-ZIF-8 MMM, respectively. The increase in permeability was mainly due to the high trans-membrane
pressure, which is the driving force of the gas molecules transportation across the membrane.

The ideal selectivity has decreased slightly (from 10.78 to 10.15) in pure PDMS, and from 19.5 to 18.3 in 15%
Ni-ZIF-8 MMM by increasing the feed pressure from 1.5 to 2.5 bar, respectively. The reduction of selectivity
was mainly due to the increment in nitrogen permeance by elevating the feed pressure. The details about the
permeation mechanism, which includes the sorption and diffusion of both gases, will be discussed in a later
section. As the performance of the membrane considered better at low transmembrane pressure, so that 1.5
bar feed pressure was selected for the further analysis of these membranes.
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Figure 4. Effect of operating temperature (a), (b) and pressure (c), (d) on gas separation properties of
pure PDMS membrane, and Ni-ZIF-8 MMMs.

Sorption and diffusion analysis

For a better understanding of permeation mechanism across the pure PDMS membrane and MMMs, sorption
tests were conducted at different temperatures, and a constant pressure range from 0-1.5 bar. As the gas
separation in rubbery polymers follows the solution-diffusion model so that both the sorption and diffusion
properties of BD and Ny have been measured for pure PDMS, ZIF-8/PDMS MMMs, and Ni-ZIF-8/PDMS
MMMs. The isotherm of BD sorption in PDMS is linear, while the ZIF-8 and Ni-ZIF-8 based MMMs
showed a slight curve with respect to the ZIFs filling in the membrane (Figure 5 (a) and Figure S11). The
concentration of BD in the membrane increased with respect to the loading of the ZIFs particles in the
PDMS matrix. The details are given in supplementary information.

The solution coefficients of both gases and solution selectivity are determined by using equations (5) and
(6), as shown in Figure 5 (b) and Figure S14(a). The BD solution coefficient enhanced from 24.67 to 35.13
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(cm3(STP).cm™ membrane. bar™!) by incorporating Ni-ZIF-8 particles up to 15% in the PDMS matrix, which
is quite similar to the calculated theoretical sorption values of MMMs by using pure Ni-ZIF-8 and PDMS
adsorption capacity data (supporting information Table S11). Consistency of experimental and theoretical
solution coefficient values verified that no pore blockage of the fillers existed due to polymer chains in the
MMM synthesis. The maximum solution selectivity measured was 27.43 for 15% Ni-ZIF-8 MMM at 40°C
and 1.5 bar pressure, which was 31% improved by PDMS, and 18% higher than 15% ZIF-8 MMM value.
This phenomenon should be ascribed to the intrinsically high adsorption capacity and adsorption selectivity
of Ni-ZIF-8 than those of the ZIF-8, and PDMS. The rise in solubility due to the Ni-ZIF-8 filling, possibly
due to the decrease in polymer density or high fractional free volume of the MMMs®!.

The penetrant solubility in the polymer matrix mainly depends upon two factors. One factor is dependent,
and the other is independent of polymer-penetrant interaction®2. The values of Hansen solubility parameters
of PDMS and BD are given in Table S10, which indicates the difference of 0.94 between BD and PDMS.
The lower difference in solubility parameters shows higher polymer-penetrant interaction. The other para-
meter that influences the penetrant solubility is its critical temperature (7T ), which is used to calculate the
penetrant condensability. Consequently, the penetrant, which has a high value of T ., shows high conden-
sation and high solubility. The critical temperature of BD is 425K (Table S5), which is much higher than
the Nacritical temperature (126 K). According to these considerations, BD solubility is higher in PDMS
membrane than Ny, while the introduction of ZIF-8 and Ni-ZIF-8 also affects the solubility of both the
penetrants in MMMs.

Molecular diffusivity is positively correlated with diffusion coefficient (D ) and concentration difference
driving force. The diffusion coefficient and diffusion selectivity (a¢ p) data are given in Figure 5(c) and Figure
S14. The diffusivity of 15% Ni-ZIF-8/ MMM 45% improved by pure PDMS, and 18% higher than 15% ZIF-
8/MMM. The increase in diffusivity with respect to Ni-ZIF-8 loading was due to an increase in the fractional
free volume of the membrane, and the nano-sized particles enhanced the polymer-filler interface, which
provided the efficient gas diffusion channels as compared with pure PDMS, and ZIF-8/MMMs. The diffusion
selectivity also improved with respect to the ZIF's loading in the PDMS matrix. Diffusion selectivity of 15%
Ni-ZIF-8 MMM showed 39% improvement from pure PDMS, and 16% from 15% ZIF-8 MMM, respectively.
The diffusional selectivity has been improved mainly due to the provided channels of Ni-ZIF-8 cavities to
BD molecules and less interaction of Nowith respect to the Ni-ZIF-8 loadings. As the ideal selectivity is the
multiplication of solution and diffusion selectivities, so that the contribution of diffusion selectivity (0.7) of
15% Ni-ZIF-8 MMM to the ideal selectivity (19.5) is low compared to the solution selectivity (27.4), shown
in Figure 5(d).

In order to explain the diffusion of penetrants briefly, the effective diameter of a gas molecule for diffusion
in the membrane should be known. For this purpose, either collision diameter of Lennard-Jones potential o
Ly or kinetic diametera i given by Breck often been used®®. The effective diameter of BD estimated at 0.43
nm ( supporting information), which is smaller than its Leonard Jones diameter (0.51 nm)>*, but similar to
its cross-section diameter (0.44 nm) of the molecule. Therefore, it was estimated that the diffusion of BD
molecules through the membrane was based on its kinetic molecule diameter.
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Figure 5. Effect of Ni-ZIF-8 loading over concentration of BD (a), solution coefficient of BD and solution
selectivity (b), diffusion coefficient and diffusion selectivity (c), and contribution of solution selectivity and
diffusion selectivity in ideal BD/Ns selectivity(d).

Effect of temperature on solubility and diffusivity

Effect of temperature was also tested for both penetrant solubilities and diffusivities in pure PDMS, ZIF-
8, and Ni-ZIF-8 based MMMSs. Figure 6(a, b), and Figure S15 (a, b) show the solution coefficients and
solution selectivities of BD with respect to the feed temperatures over Ni-ZIF-8 MMMs, and ZIF-8 MMMs,
respectively. It was noticed that the solution coefficient of both the penetrants was decreased with respect to
the feed temperatures. The BD solution coefficient values decreased from 35.13 to 26.5 in 15% in Ni-ZIF-8
MMM, from 31.9 to 24.12 in 15% ZIF-8 MMM, and from 24.67 to 19 (cm?®(STP).cm™ membrane. bar™)
in PDMS from 40 to 50°C, respectively. These findings indicate the sorption domination in BD permeation
across the membrane, as the BD permeance and ideal selectivity also decreased at elevated temperatures.

The diffusion coefficient values of BD and diffusion selectivity increase with respect to feed temperatures
shown in Figure 6 (c, d), and Figure S15 (c, d) for Ni-ZIF-8 MMMs, and ZIF-8 MMMs, respectively. In
rubbery polymers such as PDMS, the diffusion coefficient normally increased by the increase in temperature.
BD diffusion coefficient increased 19% in pure PDMS, 16% in 15% ZIF-8 MMM, and 17% in 15% Ni-ZIF-8
MMM, respectively. On the other side, the diffusion selectivity also increased with respect to the increase
in temperature. It was noted that the selectivity enhancement was slightly more (11%) in pure PDMS
as compared with 15% ZIF-8 MMM (9%), and 15% Ni-ZIF-8 MMM (8.5%), which can be attributed to
decreased BD sorption at elevated temperatures in ZIF-8 and Ni-ZIF-8.
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Permeation activation energies

For finding the effects of temperature over permeability, gas sorption, and gas diffusion, the permeation
activation energies were calculated for detecting the contribution of each parameter in the permeation of
penetrants through the membrane. Permeation activation energy provides a qualitative analysis for testing
the permeation mechanism. The temperature dependency of gas sorption, diffusion, and permeability can
be described by using the following Arrhenius—Van’t Hoff equations:

S = Soexp (—g55) (9)
D = Dy exp(—£2) (10)
P = Py exp(—g&) (11)

here S o, D o,and P ( representing pre-exponential factors of sorption, diffusion, and permeation, respectively.
R is used for general gas constant (8.314 kJ.mol™'. K), and T'is the operating temperature (K). AH g,E p,
and E p are representing the enthalpy of sorption, the apparent activation energy of diffusion, and apparent
activation energy of permeability, respectively.

Penetrant sorption in the membrane may be considered as a two-step thermodynamic process: (1) penetrant
condensation from a gas phase density to a liquid-like density and (2) opening a gap in the membrane to
allow the condensed penetrant to be mixed with the active membrane layer. In order to better understand
the role of each thermodynamic phase in the determination of penetrant solubility, these two factors are
dealt with separately. The condensation step value was directly measured by reversing the penetrant heat
of vaporization, while the other step value was measured by using the following equation,

HS = Hcond + Hyix (12)
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here the Hg is the enthalpy change of sorption, AH conq is the heat of condensation of the penetrant, and
AH x is the heat of mixing, which is required for the mixing of gas molecules with the membrane surface.

The equation (12) was used for the qualitative dissolution analysis of penetrants in the membrane. It was
noticed that the low mixing heat demonstrated a strong penetrant affinity to the membrane®®. The lower
mixing value of 15% Ni-ZIF-8 MMM confirmed the higher BD affinity with this membrane relative to pure
PDMS, and 15% ZIF-8 MMM. The values are given in Table 1, which shows that AH g has negative values
for both the gases as the solubility decreased by temperature increase. On the other hand, the Ny showed a
positive mixing heat in pure PDMS, 15% ZIF-8 MMM and 15% Ni-ZIF-8 MMM. The positive mixing heat
showed less affinity of Ny with pure PDMS while mixing heat increased by 28% in 15% ZIF-8 MMM and
67% in 15% Ni-ZIF-8 MMM. The high mixing heat value strongly supports the low Nsinteraction with 15%
Ni-ZIF-8 MMM.

Table 1. Energy analysis for penetrant permeation through PDMS, 15% ZIF-8 MMM, and 15% Ni-ZIF-8
MMM.

Activation energies Pure PDMS membrane 15% ZIF-8 MMM 15% Ni-ZIF-8 MMM

Ep of BD (kJ.mOl‘l) -6.40 -8.41 -10.67
Ep of Ny (kJ.mol ) +3.5 +4.2 +5.0
Ep of BD (kJ.mol!) +15.38 +13.81 +12.98
Ep of N2 (kJ.mol ) +5.7 +6.2 +6.8
Hs of BD (kJamol'))  -21.79 192,32 -93.67
Hg of Ny (kJ.mol ) -2.2 -2.03 -1.8
Heong of BD (kJ.mol')  -20.86 -20.86°6 -20.86°6
Hong of Ny (kJ.mol'l) -2.8* -2.8% -2.8%

H ix of BD (kJ.mol!)  -0.9 -1.46 -2.8
Huix of Np (kJ.mol™)  +0.6 +0.77 +1.0

*Condensation heat was evaluated at 40°C

Form the previously reported data 57, it was noticed that the In(D o) is proportional to the activation
entropy change. Thus, the decreased diffusional activation energy in 15% Ni-ZIF-8 MMM confirms that
the activation entropy change is less in the 15% Ni-ZIF-8 MMM relative to the pure PDMS, and 15%
ZIF-8 MMM. Besides, Barrer’s “zone” theory of diffusion also states that a penetrant molecule executes a
diffusion jump in an activated zone comprising segments of polymer molecules near the diffusing penetrant
molecule. So, the size of the activated zone is also associated with both E p and activation entropy (InD
o). Consequently, the larger the size of the activated zone required for diffusion, the higher is the diffusional
activation energy and the entropy change, which is associated with the creation of the activated zone®3.
Therefore, it was concluded that the addition of Ni-ZIF-8 in PDMS reduced the size of activated zones for
BD molecule jumps for diffusion, and also reduced the entropy change. Moreover, the permeation activation
energy of BD reduced 66% in 15% Ni-ZIF-8 MMM from PDMS, and 27% less than 15% ZIF-8 MMM.
Contrary, the permeation activation energy of Ny in 15% Ni-ZIF-8 MMM showed a 43% increased from
PDMS and 19% higher than 15% ZIF-8 MMM.

Conclusions

In this study, ZIF-8 and Ni-ZIF-8 nanoparticles were incorporated with PDMS for the synthesis of MMM,
and the separation mechanisms of butadiene and nitrogen, molecular solution-diffusion properties through
the MMMs, were investigated comprehensively.

Ni-ZIF-8 nanoparticles have been used for the first time with PDMS to synthesize MMMSs. The resulting
Ni-ZIF-8/PDMS MMMs significantly improved thermal stability, microstructure, permeance, and selectivity
relative to pure PDMS, and ZIF-8/PDMS MMMs. Interestingly, Ni-ZIF-8 MMM significantly improved BD
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permeance and selectivity at the same time, breaking down the trade-off effect. Ni-ZIF-8/PDMS MMMs
showed greater BD affinity relative to ZIF-8/PDMS MMMs under the same experimental conditions. BD
permeance in 15% Ni-ZIF-8 was improved by 67% from PDMS, and 32% from 15% ZIF-8 MMM. The ideal
selectivity of BD/Ny of the corresponding 15% Ni-ZIF-8 MMM was increased by 81% and 37% from pure
PDMS and 15% ZIF-8/MMM, respectively. The higher BD /Ny ideal selectivity of Ni-ZIF-8 /PDMS over that
of ZIF-8/PDMS was attributed to the effective aperture size and high affinity of Ni-ZIF-8 with butadiene.

The solution-diffusion results revealed in detail for these mixed-matrix membranes. The solubility, diffusi-
vity, solubility selectivity, and diffusion selectivity were improved in Ni-ZIF-8QPDMS MMDMs. Permeation
activation energies revealed that the 15% Ni-ZIF-8 MMM showed less activation energy of diffusion, the
activation energy of permeation, activation entropy change, and sorption enthalpy relative to pure PDMS,
and 15% ZIF-8 MMM. All of these findings strongly support the use of 15% Ni-ZIF-8 MMM for the efficient
separation of BD and nitrogen, which is available in the tail gas of the synthetic rubber industry. This study
will provide in-depth knowledge of gas transport properties in ZIFs-based MMMs for the separation of VOCs
from permanent gases.
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