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Abstract. In this work, ZIF-8 membrane synthesized through solvent evaporation secondary
seeded growth was tested for single gas permeation and binary gases separation of H, and CO,.
Subsequently, a modified mathematical modeling combining the effects of membrane and
support layers was applied to represent the gas transport properties of ZIF-8 membrane.
Results showed that, the membrane has exhibited H,/CO, ideal selectivity of 5.83 and
separation factor of 3.28 at 100 kPa and 303 K. Besides, the experimental results were fitted
well with the simulated results by demonstrating means absolute error (MAE) values ranged
from 1.13 % to 3.88 % for single gas permeation and 10.81 % to 21.22 % for binary gases
separation. Based on the simulated data, most of the H, and CO, gas molecules have
transported through the molecular pores of membrane layer, which was up to 70 %. Thus, the
gas transport of the gases is mainly dominated by adsorption and diffusion across the
membrane.

1. Introduction

H, has been well known as a carbon-free fuel [1], which can be used as an alternative energy source
[2]. Separation of H, from CO: is important for steam reforming gas purification in order to obtain
high purity of H, [3]. Meanwhile, membrane-based separation has become an alternative and attractive
technology for gases separation due to its low energy consumption and compact design [4]. It involves
relatively low cost if compared to conventional separation methods [5-7]. In addition, membrane
based separation process is relatively simple with no moving parts and easy to be operated and
controlled [8]. Therefore, rapid market growth for membrane system is reported, which is around 8 %
to 10 % per year [9]. Besides, at present, large scale membrane systems have been installed for
industrial application in United States and European countries [10], with as many as 100 membrane
systems installed in the refineries for various gases separation processes [11]. Based on the various
types of membranes for gas separation, polymeric [12, 13], inorganic [14, 15], mixed-matrix [16, 17]
and organic-inorganic hybrid, such as metal organic framework (MOFs) [18-20], are most widely
reported.

Metal organic framework (MOF) membrane has emerged as a potential application for gas
separation attributed to their exceptionally high surface area, adsorption affinity, tailored porosity and
frameworks [19, 21]. It is a relatively new type of nanostructured membranes, composing of metal
clusters and organic linkers [22-23]. In comparison with MOFs membranes, ZIF-8 membranes exhibit
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relatively higher stability due to the strong bonding between metal cations and imidazolate anions
[24]. In spite of the promising performance in gas separation, ZIF-8 membrane has shown advantages
over the other types of ZIFs membranes with excellent chemical resistance, high thermal and
hydrothermal stability [25]. Furthermore, in H»/CO, gas separation, ZIF-8 membrane has shown
higher performance over zeolite membranes, such as SAPO-34 [26], DDR [27] and FAU [38]. This is
mainly because of the larger pore sizes of zeolite (larger than 3.6 A), which can hardly separate small
gaseous molecules of H, and CO, with the kinetic diameters of 2.9 A and 3.3 A, respectively [29].

Apart from that, the gas transport properties of the porous membrane can be affected by several
factors, such as the gas diffusivity of the membrane layer, intercrystalline pores presented and mass
transfer resistant of the support layer [30]. To date, the Maxwell-Stefan model has been widely used to
study the intrinsic gas diffusivity through the membrane layers [30-31]. Meanwhile, the mass
transport resistance caused by the support layer or intercrystalline pores in the membrane can be
demonstrated through Binary-Friction model [32]. Overall, the combination of these factors has
significantly affected the gas permeation and separation performance of the membrane. However, thus
far, the gas transport properties of ZIF-8 membrane in gas separation of H»/CO; are still scarcely
reported. Therefore, in this study, ZIF-8 membrane was tested for H,/CO, single gas permeation and
binary gases separation. Subsequently, the gas transport properties of the membrane were studied by
combining Maxwell-Stefan model and Binary Friction model.

2. Experimental

The ZIF-8 membrane synthesized in our previous work [33] using solvent evaporation secondary
seeded growth was tested for H, and CO, using a constant pressure method at room temperature. The
permeation flow rate was collected via bubble flow meter at the steady-state. For single gas
permeation of H, and CO,, the gas was fed at the total pressure difference ranged from 100 kPa to 700
kPa with 200 ml min of flow rate. It is noted that, the blank support was tested using single gas
permeation prior to the membrane growth for pore size characterization. The permeance of component
i, P; (mol m?s'Pa), was calculated using (1) as follows [34]:

0]
where N; is the flux (mol m?s™) and Ap is the pressure difference (Pa). The membrane area was 6.36

x10° m?. Then, the ideal selectivity for gas component i and j was determined as the ratio of the
respective gas permeance using (2) as follows:
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For binary gases separation, the collected gas from the permeate side was analyzed using gas
chromatograph (GC, Perkin Elmer, Model 2103) in order to quantify the composition of the gases. The
gas permeance for binary gas mixture was determined based on (1), with Ap referred to the partial
pressure difference of the respective gas. Meanwhile, the selectivity for the binary mixed gas (Gimixed)
was calculated based on the ratio of gas permeance also, as shown in (3):
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where x is the mole fraction, N7 is the total flux (mol m2s™), p,is the pressure at the feed side (Pa) and
pp s the pressure at the permeate side (Pa).

The gas transport properties of the membrane were studied through a general model as shown in (4).
The total gas permeance of the membrane (Pr) is calculated by the reciprocal resistance of the
membrane layer (P) and the support layer (Ps). Meanwhile, for the ZIF-8 membranes synthesized in
the present work, intercrystalline pores of the membrane (Py) and membrane effective area (C) is also
considered. The presence of pores or gaps on the membrane which was hardly to be avoided during
the membrane synthesis has contributed towards the presence of intercrystalline pores on the
membrane. Besides, the area of the membrane involved in the gas permeation might not be the same
as the measured membrane area. Therefore, membrane effective area is required to be estimated based
on the experimental results. The detailed solution methodologies for both single gas permeation and
binary gases separation have been reported in our previous work [35].
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3. Results and discussion

Figure 1 exhibits the experimental and simulated H, and CO, single gas permeation data and ideal
selectivities of the ZIF-8 membrane at 303 K. The simulation was performed based on the membrane
properties stated in Table 1. It can be observed from Fig. 1 that the simulated data is fitted well with
the experimental data with means absolute error (MAE) values ranged from 1.13 % to 3.88 %.
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Figure 1. Experimental and simulated (a) single gas permeances and (b) ideal selectivity at 303 K for
H: and CO; over ZIF-8 membrane.

Referring to figure 1 also, gas permeances of H, and CO, remain nearly unchanged with the
increasing total pressure difference. Although the increase in pressure difference increases the fluxes,
this increment is almost similar to the increase in pressure difference. Therefore, the gas permeances
remain constant eventhough the flux increases with the total pressure difference. Besides, ideal
selectivity of H»/CO» remains almost constant, ranged from 5.72 to 5.82. This is attributed to the
constant H, and CO; permeances when the total pressure differences increase.
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Table 1. Structural properties for ZIF-8 membrane.

Properties | Value
Membrane layer

Thickness (m) 5.0 x 10738
Density (kg m™)® 924

g** for Ha (mol kg'!) © 30.000

g** for CO; (mol kg™!) ¢ 10.070

Ko (Pa) © 5.000x 107
Kcoz (Pa!) 4 1.294 x 10°°
D2 (m2 S'l) ¢ 9.5x%x 107
Dcoz (m*s™) f 2.2 %1071
Support layer

Thickness (m) 2.0x 103
Pore radius (m) 5.5x108
et(t=1) 2.0x10!

- Estimated from SEM image [33];

b_ Obtained from the literature data [36];

¢~ Extrapolated based on the literature data [37];

d _Extrapolation based on literature data [38] using Langmuir
adsorption model.

¢ -Estimated based on permeation data.

f_Retrieved from the literature data [38].

Meanwhile, Table 2 shows the simulated percentages of the gas molecules which transported
through the membrane intercrystalline pores (Py) across ZIF-8 membrane. It can be seen from Table 2
that the percentages of H, and CO, gases molecules permeate through the membrane intercrystalline
pores are lower than 20 % and 35 %, respectively. These results show that most of the H, and CO»
gases permeation is dominated by the surface dependency and diffusivity of the membrane.
Nonethless, when the total pressure difference increases, percentage of gas permeated through the
intercrystalline pores of the membrane also increases. This result has quantitatively implied that the
effect of the intercrystalline pores of the membrane on its gases separation performance becomes more
significant at higher total pressure difference.

Table 2. Simulated percentage of gases permeated through membrane intercrystalline pores (Pv) of
ZIF-8 membrane at total pressure difference ranged from 100 kPa to 700 kPa at temperature of 303 K.

Total pressure | Percentage of Py (%)*
difference (kPa) 0 co,
100 15.67 21.89
200 16.14 24.14
300 16.60 26.33
400 17.07 28.45
500 17.52 30.49
600 17.98 32.47
700 18.43 34.38

*_Calculated based on [Py/(Py+ Pu)] x 100%



MUCET 2017 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 318 (2018) 012002 doi:10.1088/1757-899X/318/1/012002

The physical properties of ZIF-8 membrane shown in Table 1 were used to simulate the results for
binary gases separation. Figure 2 shows the simulated and experimental data for binary gases
separation of H»/CO» under equimolar feed compositions of mixed gases at temperature of 303 K and
total pressure difference ranged from 100 kPa to 700 kPa. The simulated data are matched with the
experimental data with MAE values ranged from 10.81 % to 21.22 %. The values obtained are within
the acceptable range ( < 39%) as reported in the literature [31].
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Figure 2. Experimental and simulated (a) binary gas permeances and (b) H»/CO; separation factor for
ZIF-8 membrane at equimolar feed composition of mixed gases of H»/CO,.

As observed from figure 2 also, H, permeances decrease with the increase in pressure difference.
This is attributed to the presence of larger molecules, such as CO., in the mixed gases, which has
created the drag force over H, gas molecules [39]. Therefore, the transport of H, molecules across the
membrane is affected. Meanwhile, CO, permeance remains almost constant (varied from 2.05 x 10®
mol m? s Pa! to 2.17 x 10® mol m? s Pa!) when the total pressure difference increases. As
mentioned earlier, H, diffuses faster than CO, across the ZIF-8 membrane due to its lighter molar
mass and lower viscosity as compared to CO; [40]. Therefore, highly mobile H, gas molecules will act
as the sweeping gas to promote the permeation of CO, gas molecules transported through the ZIF-8
membrane [41]. Meanwhile, the kinetic diameter of CO» (0.33 nm) is comparable to the pores of ZIF-8
(0.34 nm). Hence, CO, molecules can be passed through ZIF-8 pore without much hindrance.
Eventually, the CO, flux increases linearly with the partial pressure difference and resulted in the
constant CO, permeance.

4. Conclusion

In conclusion, ZIF-8 membrane synthesized via solvent evaporation seeding method exhibited high
quality in the membrane growth by showing H»/CO. ideal selectivity of 5.83 at total pressure
difference of 100 kPa and temperature of 303 K. In the binary gases separation, selectivity of 3.28 was
obtained for mixed gases of H»/CO; at equimolar feed composition, under total pressure difference of
100 kPa and temperature of 303 K. Besides, the simulated results are fitted well with the experimental
results by achieving MAE values less than 21.22 %. Overall, the gas transport properties of ZIF-8
membrane in Ho/CO; gas separation have been successfully presented for single gas permeation and
binary gases separation.



MUCET 2017 IOP Publishing

IOP Conlf. Series: Materials Science and Engineering 318 (2018) 012002 doi:10.1088/1757-899X/318/1/012002

Acknowledgments
The financial and technical supports provided by CO, Management (MOR) research group, Universiti
Teknologi PETRONAS are duly acknowledged.

References

[1]
(2]

Adhikari S and Fernando S 2006 I & EC Res. 45 875

David W 1 F, Makepeace J] W, Callear S K, Hunter H M A, Taylor J D and Wood T J 2014 J.
Am. Chem. Soc. 136 13082

Rostrup-Nielsen J R and Rostrup-Nielsen T 2002 Cattech, 6, 150

Zhu W, Hrabanek P, Gora L, Kapteijn F and Moulijn J A 2006 / & EC Res. 45 767
Li S and Fan C Q 2010 / & EC Res. 49 4399

Freemantle M 2005 Chem. Eng. News 83 49

Granite E J and Brien T O 2005 Fuel Process. Technol. 86 1423

Venna S R, Doctor of Philosophy, Department of Chemical Engineering, University of
Louisville, Louisville, Kentucky, 2010

Strathmann H 2001 AIChE J. 47 1077.

Sridhar S, Bee S, Bhargava S K 2014 Chem. Engr. Digest 1

Baker R W 2002 [ & EC Res. 41 1393

Kim K -J, Park S -H, So W -W, Ahn D -J and Moon S-J 2003 J. Membr. Sci. 211 41

Khoshkam M, Sadeghi M, Chenar M P, NamaziFard M J and Baghersad S, 2011 Proceedings of
the Polymer Processing Society Asia/Australia Regional Meeting Kish Island (Iran).

Guo H, Zhu G, Li H, Zou X, Yin X and Yang W 2006 Angewandte Chemie, 118 7211

Chew T L, Ahmad A L and Bhatia S 2011 Chem Eng. J. 171 1053

Jusoh N, Yeong Y F, Cheong W L, Lau K K and Shariff A M 2016 J. I & EC Res. 44, 164
Ordonez M J C, Balkus K J, Ferraris Jr J P and Musselman I H 2010 J. Membr. Sci. 361, 28
Huang A, Chen Y, Wang N, Hu Z, Jiang J and Caro J 2012 Chem. Commun., 48 10981

Bux H, Liang F, Li Y, Cravillon J, Wiebcke M and Caro J 2009 J. Am. Chem. Soc. 131, 16000
Venna S R and Carreon M A 2010 J. Am. Chem. Soc. 132 76

Huang H, Zhang W, Liu D, Liu B. Chen G and Zhong C 2011 Chem. Eng. Sci. 66 6297

Basu S, Cano-Odena A and Vankelecom 1 F J 2011 Sep. Purif. Technol. 81 31.

Hu Z, Zhang L, Jiang J 2012 J. Chem. Phys. 136 244703

Xu G, Yao J, Wang K, He L, Webley P A and Chen C S 2011 J. Membrane Sci. 385-386 187

Park K S, Ni Z, Coté A P, Choi J Y, Huang R, Uribe-Romo F J 2006 Proceedings of the
National Academy of Sciences of the United States of America, 103 10186

Poshusta J C, Tuan V A, Falconer J L and Noble R D 1998 I & EC Res. 37 3924

Zheng Z, Hall A S, Guliants V V 2008 J. Mater. Sci. 43 2499

Weh K, Noack M, Sieber I and Caro J 2002 Micropor. Mesopor. Mater. 54 27

LiY, Liang F, Bux H, Yang W and Caro J 2010 J. Membr. Sci. 354 48

Kangas J, Sandstrom L, Malinen I, Hedlund J and Tanskanen J 2013 J. Membr. Sci. 435 186
Grahn M and Hedlund J 2014 J. Membr. Sci. 471 328

Li H, Schygulla U, Hoffmann J, Niehoff P, Haas-Santo K and Dittmeyer R 2014 Chem. Eng.
Sci. 108 94

LaiL S, Yeong Y F, Lau K K and Shariff A M 2017 J. Chem. Technol. & Biotechnol. 92 420



MUCET 2017 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 318 (2018) 012002 doi:10.1088/1757-899X/318/1/012002

[34]
[35]
[36]
[37]
[38]

[39]
[40]
[41]

Li S, Martinek J G, Falconer J L and Noble R D 2005 / & EC Res. 44 3220

LaiL S, Yeong Y F, Lau K K and Shariff A M 2017 Chem. Eng & Technol. 40 1031
Chmelik C, van Baten J] M and Krishna R 2012 J. Membr. Sci. 397-398 87

Battisti A. Taioli S and Garberoglio G 2011 Micropor. Mesopor. Mater. 143 46

Pusch A-K, Splith T, Moschkowitz L, Karmakar S, Biniwale R and Sant M 2012 Adsorption, 18
359

Huang A, Liu Q, Wang N, Zhu Y and Caro J 2014 J. Am. Chem. Soc. 136 14686
Krishna R and van Baten J M 2010 J. Membr. Sci. 360 323
Kong L, Zhang X, Liu Y, Li S, Liu H and Qiu J 2014 Mater. Chem. Phys. 148 10



